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Abstract

Amidst depleting crude oil stocks and growing environmental concerns, eco-friendly
manufacturing and sustainable energy alternatives are increasingly in demand.
Biomass offers a promising and renewable energy source for the production of

valuable fuels and chemicals such as 5-HMF, LA and their derivatives.

In recent decades, Sn-Beta has been extensively studied as a Lewis acid catalyst for
biomass applications. Despite its high catalytic activity in glucose isomerisation (31%
fructose yields in 30 minutes at 110 °C), Sn-Beta faces challenges for industrial
feasibility due to a complex and time-consuming synthesis process, even at low Sn
loading concentrations (< 2 wt.%). The use of fluoride anions as mineralizers in
hydrothermal synthesis has environmental drawbacks and leads to the formation of
micron-sized crystals, limiting intracrystalline diffusion. In this regard, this PhD project
focused on a thorough investigation of active zeolite-based catalysts for glucose
isomerisation and fructose dehydration. This involved the study of various metal-
doped zeolite catalysts, using commercially available zeolites, particularly zeolite Y in
its acidic form and doped with metals such Sn, Ga, Nb and Fe. The primary emphasis
was placed on understanding the roles of various factors, such as Lewis and Brgnsted

acid sites, porosity, and solvent nature in these processes.

Prior to catalytic tests, the solubility of sugars was verified using an accurate HPLC
method. By doing so, we aimed to identify any potential implications of this chemical
property on catalytic activity and provide a reliable basis for accurate catalytic testing
carried out afterwards. Our solubility measurements showed no detrimental impact on
the catalytic activity obtained from glucose isomerisation and fructose dehydration

under the reaction conditions studied.



Through a meticulous mass spectroscopic analysis, we detected two well-defined
peaks of fragmentation pattern at m/z = 217 within the reaction mixture of our glucose
isomerisation. These peaks directly corresponded to an anomeric mixture of methyl
glucoside and fructoside, providing valuable insights into the composition of our

glucose isomerisation reaction mixture.

In glucose isomerisation, the use of Sn- and Ga-doped zeolite Y, prepared via wetness
impregnation protocol, in water as a solvent proved to be inactive due to strong solvent
adsorption within the zeolite pores. However, these materials exhibited significant
activity when methanol was used as a solvent. A remarkable glucose conversion of
90% and a high fructose selectivity of up to 55% were accomplished at 100 °C, under
endogenous pressure, for 1-2 hours. Our investigation revealed a reaction pathway
involving a hydride shift, facilitating the conversion of glucose into fructose and
mannose and a Bregnsted acid pathway, initiating the formation of methyl fructoside
intermediate and its subsequent hydrolysis to fructose if water was added afterwards.
While Brgnsted acidity and porosity showed significant influence on the observed
catalytic results, it was difficult to establish precise correlations between the catalytic
performance and individual parameters. Therefore, it is imperative that various catalyst
properties be explored in order to uncover and validate potential trends in their

catalytic activity.

We conducted a screening of zeolite Y catalysts doped with various metals (such as
Sn, Ga, Nb, and Fe) and metal oxides (such as CeO2, Nb20s, and TiOz2) for the
selective dehydration of fructose in water. Our objective was to achieve enhanced
production of 5-HMF, surpassing the reported literature yield values (< 50%) under
similar conditions. Among the tested catalysts, CeO2/Y(80) and Nb20s/Y(80) exhibited
the highest 5-HMF yields, of approximately 40% under optimal reaction conditions

Vi



(140 °C, 2 hours, endogenous pressure, and a molar ratio of substrate to catalyst of
1:300). The lower 5-HMF yield was attributed to the formation of unwanted by-products

such as levulinic acid, formic acid, and/or undesired insoluble humins.

vii



Thesis contents

DECIAratION. ....coiiiiiiiiiiiiiiiiiiecee [
ACKNOWIEAGEMENT.......oiiiiiiiiiiii e ii
List of publications and CONfErENCES. ..........uciiiiii i e iv
ADSIFACT. ... v
TRESIS CONTENTS ....ciiiiiii e e e e s 1
CHAPTER 12 INtrOAUCHION ... 5
1.1. Biomass as bio-renewable feedstocks for the production of platform chemicals. ........ 5
1.2. Platform ChemiCalS. .........c.ouviiiiiiii e 8
1.2.1. 5-Hydroxymethylfurfural (5-HMF). ..., 9
1.2.2. LeVUlNIC @CId (LA). oo 18

1.3. Relevance of glucose to fructose isomerisation. ...........ccccceviiiiiii i, 21
1.4. Industrial production of frUCIOSE. .......cevveniiiii e 23
1.4.1. Enzyme-catalysed reaction. ... 24
1.4.2. Homogeneous-catalysed reaction. ..............ccooiiiiiii i, 25
1.4.3. Heterogeneous-catalysed reaction. ... 28

1D OIS ..ttt 32
1.5.1. Structure Of ZEONIES. .....ccoeeeeeeeee 33
1.5.2. Porosity and shape selecCtiVity. ..., 36
1.5.3. Metal aCtiVe SPECIES. ...uuuii i e et e e e e e eeaaee 39
1.5.4. ACidity Of ZEOIES.....oviiiiiii e 41

1.6. Common zeolite frameworks in glucose isomerisation.................cevevveiieiiiiiiiiininnnnn. 44
1.7 PrOJECTE @IMIS. ..ttt 53
1.8, REFEIENCES ...t 55
CHAPTER 2: Experimental Methods and Techniques. .............cceeiiiiiiiiiiiiiiici e, 71
2. MaterialS......oooiiiiiiii 71
2.1.1. Preparation of catalysts. ..o 71
2.2.2. CatalytiC 1SS, .o 72
2.2.3. Characterisation of Catalysts...........coooiiiiiiiio 72
2.2.4. Characterisation of reaction mixtures and standards. ..............ccccoviiiiiiniininnen. 72

2.2. Synthesis Of CatalyStS. .......ooiiiiiiii e 73
2.2.1. Wetness impPregnation. ........cccooi oo 73
2.2, 2. SOI-Gl. 75
2.3. Catalytic tests for glucose to fructose isomerisation reaction. .............cccccevvveeennen. 77
2.3.1. One-pot reaction with water or methanol as a solvent. ............ccccccvieiiii s 77
2.3.2. Two-pot reaction with methanol and water as solvents..............ccccccceeiiiiis 77

1



2.4 Synthesis of intermediates: alkyl pyranoside and/or alkyl furanoside. ....................... 77
2.5. Catalytic tests of fructose dehydration reaction to 5-hydroxymethylfurfural (HMF). ... 78
2.5.1. Dehydration of fructose over homogeneous catalysts. ..............ccoeeeeeieeeeeeeeen, 78
2.5.2. Dehydration of fructose over heterogeneous catalysts. ...........cccccccvvieeeiiinnnn, 78

2.6 Catalytic tests for the conversion of glucose and fructose to HMF over metal oxides. 79

2.7. Analytical tECHNIQUES. ... ..eiiiiiiiiiiiie ettt e nnnnnee 79
2.7.1. Characterisation of the reaction mixtures. ............cccoriiiiii s 79
2.7.2. Characterization of the catalysts and structure-activity correlations.................... 92

2.8. REfEIENCES ..o 104

3 INErOAUCHION. ... 111

3.2. Purity and stability assessment of sugars. ..........cccccccvviiiiiiiiii 113
3.2.1. Melting point MEasUrEemMENtS. ............uuuuuuuiiiiiiiiiiiiiiiiiib e 114
3.2.2. Thermogravimetric analysis (TGA). .....coii i 115
3.2.3. 'H and ®C Nuclear Magnetic Resonance Spectroscopy (NMR). ............c......... 116

3.3. Development of HPLC diagram method for solubility determination....................... 123

3.4. Solubility measurements of sugars in SOIUtIONS..............coovvviiiiiiiiiiii 125

3.5, CONCIUSION....cciiiiiie e 129

B T T =Y =T =T Lot S 131

Chapter 4. Conversion of glucose to fructose over Sn and Ga-doped zeolite Y in methanol and
LT7Z= 1 (= =Y L= P 135

g I [ 1o T U o311 o TS 135

4.2. Catalytic activity of HY, Sn/Y and Ga/Y zeolites. .......ccccoooeiiiiiiiiiiiii e, 136
4.2.1. Catalytic tests in a one-step protocol using water or methanol as a solvent. .... 137
4.2.2. Catalytic tests in a two-step protocol by using methanol and water. ................. 152

4.3. Control tests for solvent effect. ............uueeiiiiiiiiiiii 158

4.4. Control tests on the role of zeolite pores in glucose isomerisation. ......................... 160

4.5. Control tests for leaching and mass transfer. ..., 163

4.7. Characterization of the catalysts and structure-activity correlations. ....................... 166
4.7.1. ACidity MEaSUIrEMENTS. .....covii i e aaan 166

4.7.2. X-ray photoelectron spectroscopy and inductively coupled plasma analysis. ... 169

4.7.3. High-angle annular dark-field imaging — scanning transmission electron

a1 e Fo LYol o] o)V PP PPPPPPPPPPPPPP 172
4.7.4. Powder X-ray diffraction. .............oeiiiiiiiii e 174
4.7.5. Extended X-ray absorption fine structure and structure considerations. ........... 176
i T O7o] o Tod [ V1= o] o TP PPPPPRRRRRRTRRRR 179
4.9, REFEIENCES ...t e e e e 181



Chapter 5. The role of zeolite acidity and porosity toward the catalytic activity of Sn-, Ga-, and
Nb-doped zeolite Y, BEA, ZSM-5 and AI-MCM-41 in the isomerisation of glucose to fructose.

......................................................................................................................................... 186
5. INErOAUCHION. ..o 186
5.2. Catalytic tests in a one-step protocol using water or methanol as a solvent............ 189
5.3. Catalytic tests in a two-step protocol by using methanol and water......................... 193
5.4. Powder X-ray diffraction.............cooooiiiiiiiiii 197
5.5. ACidity MEASUrEMENTS........ooiiiiiiii e 201
5.5.1. Tentative acidity-activity correlations. ...........ccccooioiii i, 203
5.6. POrosity MeasUr€mMeENtS. ..........uuiiiiiiiii e e 207
5.6.1. Porosity-activity COrrelations. .................uuuuuuueiiiiiiiiiiiiiiiiiiieeeeeees 211
5.7. 3D acidity-porosity-activity correlations plots. ..........ccceoiiiiiiiiiii 216
5.8, CONCIUSION.....coiiiiiiieee e 221
LS T =Y (=T =T o Tt S 223
Chapter 6. Conversion of fructose to 5-hydroxymethylfurfural (5-HMF) over metals and metal
oxides doped zeolite Y in water media. ..........coovviiiiiiiiii e 226
& 200 O 1 o T [ T34 T o TS 226
6.2. "H-NMR characterisation of reaction mixtures. ..............cccceevveviiiiiieiieccie e, 230
6.3. Fructose dehydration to 5-HMF using hydrochloric acid as a homogenous catalyst.
...................................................................................................................................... 235
6.4. Fructose dehydration to 5-HMF using metal-doped zeolites as heterogeneous catalyst.
...................................................................................................................................... 239
6.4.1. Bronsted acidity measurements. ... 246
6.4.2. Powder X-ray diffraction. ..........coooiiiiiiiii 248
6.5. Glucose and Fructose dehydration to 5-HMF using pure metal oxides as heterogeneous
(o221 2= Y] £ PSS 251
6.5.1. Glucose dehydration to 5-HMPF. ... e, 253
6.5.2. Fructose dehydration to 5-HMF. ..., 256
6.5.3. Control test for external mass transfer limitations...............cccooeeeee . 259
6.6. Glucose and fructose dehydration to 5-HMF using metal oxide-doped zeolite Y as a
heterogeneous CatalysSt. ... 261
6.6.1. Glucose dehydration to 5-HMF. ... 262
6.6.2. Fructose dehydration to 5-HMF. ..., 264
6.6.3. Control test on the synergistic effect of HY and Nb>Os/Y zeolite catalysts for glucose
dehydration 10 5-HMF. ... 267
6.6.4. Powder X-ray diffraCtion. ............ccooiiiiiiiiii 268
B.7. CONCIUSION....cceiiieeeeeee ettt aaeaees 270
B.8. REIBIENCES ... .o e e e e e 273

Chapter 7. Conclusion and fUture WOrK. ........ccooeiiiiiiiieiee e 280

3



A I O Y4 (o1 [VE=] (o) o VT T TR 280

7.1.1 SOlUDIlity Of SUGAIS. .....uiiiiiiiiiiiiiiiie e 280
7.1.2 Identification of reaction intermediates. ............ccccuuiiiiiiiiiiiiiiiiii 281
7.1.3 Glucose to fructose isomerisation by Sn and Ga doped zeolites. ...................... 281
7.1.4 Characterisation of zeolites for the glucose to fructose isomerisation................ 282
7.1.5 Synthesis Of 5-HMF. .........ouiiii e 283
7.1.6 Isomerisation and dehydration mediated by metal oxides. ...........cccevvveiennin. 284
7.2, FULUFE WOTK. oo 284
N o] 01T T [ SRS 288
A.1 Calibration Curves of Glucose, Fructose and Mannose in Aqueous Solution........... 288
A2. 'TH-NMR Spectra of Fructose Dehydration Reaction Mixture. ..............ccccceveeveenen. 290
A.3 Solubility Determination of Sugars by HPLC Diagram Method. .............cccccvvviiinnne. 291
A.4 Density Determinations of Saturated Sugar Solutions in Water and Alcohols. ......... 305
A.5 Catalytic Activity Data for Glucose Isomerisation Reaction in Yields. ....................... 305
A.6 Powder X-ray Diffraction of Sn-, Ga-doped on SiO2 and Al203. .............uvviviiiiiinnnnnns 309
A.7 Diffuse Reflectance Infrared Fourier Transform (DRIFT) Spectroscopy Measurements.
...................................................................................................................................... 310
A.8 Unit cell calculations of powder X-ray patterns for HY, Sn/Y and Ga/Y zeolites. ...... 312
A.9 EXFAS data analysis for Sn/Y and Ga/Y zeolites. .........coouvviiiiiiiiiiiiciicie e 313
A.10 Powder X-ray Diffraction of Sn-, Ga- and Nb-doped Zeolite Y (5.1 and 30), zeolite beta
(38), ZSM-5 (50) and MCM-41. ... 315
A.11 Trends in Catalytic Activity as a Function of Acidity and Porosity. .............ccccccuveee. 326
A.12 The Analysis of Pore Distribution. ..................uueiiiiiiiiiiiiiiiiiiiienee 331

A.13 Catalytic Activity Data for Glucose and Fructose Dehydration Reaction in Yields. . 333
A.14 Unit cell calculations of powder X-ray patterns for HY, Sn/Y, Ga/Y, Nb/Y, and Fe/Y

Y0 11 (< 335
A.15 Unit cell calculations of powder X-ray patterns for HY, TiO2/Y, Nb2Os/Y, and CeO./Y
p4=Y0) |1 (== TP 337
Y KO R =T (=T (=T 1o T 338



CHAPTER 1: Introduction

1.1. Biomass as bio-renewable feedstocks for the production of platform
chemicals.

The development of alternative resources for the production of energy and materials
have become increasingly important on a global scale in recent years'. This has been
prompted due to several factors, including the decrease in fossil fuel reserves, the
growth in energy demand attributable to the rapid population expansion, and the
prevalent concern about climate change®™. For instance, the pollution generated from
fossil fuel combustion is responsible for 4.2 million deaths and more than 100 million
disability-adjusted life-years each year, which approximately corresponds to 8% of the
total global deaths and 4% of global disability-adjusted life-years®. As a result, both
industry and academia have committed significant efforts to replace the use of crude
oil, natural gas, and coal with other bio-renewable commodities to generate heat and
electricity, as well as to produce transportation fuels and building blocks used in the

petrochemical production of olefins, aromatics, and thermoplastics®.

As a consequence, lignocellulosic biomass such as wood and Agricultural Residues
(e.g., corn stover, wheat straw, and rice husks), and Leaves and Plant Residues (e.g.,
Grain Hulls) has attracted intensive attention in recent years to substitute fossil fuel
resources, as it is a rich-carbon resource, typically around ca. 50%’. As shown in
Figure 1.1, these materials are mainly composed of cellulose (40-60 wt%%),
hemicellulose (10-40 wt%), and lignin (15-30 wt%)2. Specifically, cellulose is a linear
polysaccharide consisting of glucopyranosyl units as the main building block
connected by B-1,4-glycosidic bonds'. whereas hemicellulose comprises numerous

hexose and pentose sugars, encompassing arabinose, galactose, glucose, mannose,



rhamnose, and xylose®. These polysaccharides can be depolymerised into sugars,
which can be used to form fuels and value-added products such as furfural (Figure
1.2)'°. Conversely, Lignin is a cross-linked aromatic polymer produced via the
polymerisation of the substituted phenyl propylene units''. The efficient cleavage of -
O-4 linkage in the aromatic units of lignin could lead to the depolymerisation of the
biopolymer to aromatic monomers and dimers, which can be further converted into

high-value chemicals'?.

\ S0 .
o) N _ B
HO
9] OH
. o_ . 5 HO OH |
. HO o%\o
OH OH
OH

OH n
Lignin B -
- 0,
15 -30% Cellulose
40 - 60%

Hemicellulose
10 - 40%

Figure 1.1. The composition of lignocellulosic biomass along with representative chemical
structures of each component. A conceptual overview of hemicellulose and lignin is only
provided by the above structures since those compounds are complex polymers with multiple
types of subunits. The figure adapted from Robert M. O’Dea et al®.



The valorisation of lignocellulosic biomass feedstocks has notably received
remarkable interest'3, that is, the breakdown of these promising materials into the
versatile platform chemicals required to produce valuable products, like fuels and
chemical monomers'-16, Despite the low price and high biomass availability, their
degradation remains a substantial challenge' and their use largely depends on the
efficient conversion of the cellulosic raw material being used'®. For instance, 5-
hydroxymethylfurfural is an important platform chemical derived from sugars and can
be converted into a wide range of essential value-added chemicals such as 2,5-
furandicarboxylic acid'” and 2,5-dimethylfuran® or even levulinic acid (Figure 1.2),

which is one of the top 12 platform chemicals extracted from biomass feedstocks'®

OH
OH o OH HO O. OH
o0 o}
© Q o 0
OH &
OH n HO OH HOWOH
Cellulose Fructose N

levulinic acid

HO ° OH Dehydration
Hydrolysis | | e
e - .
\VZ HO™ “OH
OH

Lignocellulose Glucose

biomass (0]
N _ Hydrolysis . 0
Hemicellulose — " 5 \ /

Furfural

Depolymerization \ /
Lignin —————— = Aromatic monomers

Figure 1.2. Biorefinery process of lignocellulosic biomass valorisation to platform chemicals
such as 5-HMF and some of its derivatives via the formation of fructose intermediate. Furfural
and aromatic monomers can also be obtained from hemicellulose and lignin, respectively. The
figure adapted from Qidong Hou et al?°.



In general, the reaction pathway of biomass conversion to industrially viable chemicals
involves sequential reaction steps, which begin from the hydrolysis of the cellulose
and hemicellulose fractions into monomeric sugars, glucose (C-6) and xylose (C-5),
respectively?!. Glucose and xylose are then isomerised to fructose and xylulose,
followed by the dehydration to the versatile platform chemicals of 5-
hydroxymethylfurfural (5-HMF) and furfural serving as building blocks to form
numerous products such as biofuels, biodegradable plastics, and

biopharmaceuticals?2.

1.2. Platform chemicals.

Platform chemicals are a class of materials derived from biomass and are important
precursors in the production of a wide range of valuable chemicals and fuels?3. In
2010, the final list of the top 12 platform chemicals was released by the Department
of Energy (DoE)?*, which includes ethanol, furfural, 5-hydroxymethylfurfural, 2,5-
furandicarboxylic acid, glycerol, isoprene, succinic acid, 3-hydroxypropionic

acid/aldehyde, levulinic acid, lactic acid, sorbitol, and xylitol (Table 1.1)3.

Table 1.1. The vertical order of the top 12 platform chemicals derived from biomass and their
chemical structures??, ranked by their importance as biorefinery target products?.

Ethanol HO™ ™\ Lactic acid %OH
OH




/' \_ o
Furfural o Succinic acid HOMOH

H o)
0 0
5-Hydroxymethylfurfural o WA Levulinic acid HO)W
0]
. o U'\_ o S 0
2,5-furandicarboxylic acid o 3-hydroxypropionic acid /\)J\
HO OH HO OH
OH OH
Glycerol HO/\O?\OH Sorbitol HOW\/OH
OH OH
OH
Isoprene _CH, Xylitol HO/\‘/H/\OH
H,C
OH OH

1.2.1. 5-Hydroxymethylfurfural (5-HMF).

5-HMF is an attractive platform chemical that can be derived from the dehydration of
hexose sugars such as glucose and fructose by losing three water molecules in an
acidic catalysed reaction’”25. However, due to its affordable cost and high availability,
glucose is the preferred choice as a feedstock in this dehydration reaction. The
conversion of glucose to 5-HMF is widely regarded as a tandem reaction, involving the
isomerisation of glucose to fructose and the subsequent dehydration of fructose to 5-
HMF. It is also widely accepted that the isomerisation reaction is the most important
and rate-determining step in the formation process of 5-HMF2¢. However, given the
significance of these platform chemicals; we will first introduce them. Subsequently,

the detailed relevance of the glucose isomerisation reaction will be described



afterwards (section 1.3). In this context, 5-HMF is a multifunctional heterocyclic furan
molecule with a particular chemical structure composed of an aromatic aldehyde,
aromatic alcohol, and a furan ring system 27, which allows the transformation of such
versatile intermediate to fuels and other high-value chemicals?2. For instance, 5-HMF
can either be reduced to a diol or converted to a dicarboxylic acid via oxidation, both
of which could be used for polymer synthesis. In addition, it is a relatively unsaturated
aromatic molecule that can be transformed into fuels through the hydrogenation step.
Furthermore, furans exhibit a heterocyclic structure in various biologically active
molecules serving as pharmaceuticals?®. The Physicochemical characteristics of this

important platform chemical are reported in Table 1.2

Table 1.2. physical and chemical properties of 5-Hydroxymethylfurfural (5-HMF)?°-%,

UPAC Name 5-(hydroxymethyl)-2-furaldehyde
Chemical Formula CeHsOs3

Physical state & colour Crystal Solid/ Light Yellow (Tan)
Molecular weight 126.11 g-mol?

Density 1.243 g.cm= at 25 °C

Melting Point 28-34 °C

Boiling Point 114-116 °C at 1 mmHg

Flash Point 79 °C

Solubility in water at 25 °C 180+ 10g-L?

In 1895, Dull et al. reported the first synthesis of 5-HFM through the thermal treatment
of inulin in an oxalic acid solution as a catalyst3'. Contemporaneously, Kiermayer

described a similar approach to synthesising 5-HMF under pressure but using sugar
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cane as a substrate'. In 1944, Haworth and Jones suggested the first mechanism for
fructose dehydration reaction to 5-HMF. Since then, numerous vital reviews have been
published in the literature concerning the synthesis of 5-hydroxymethylfurfural (5-
HMPF) using various catalytic systems and under different reaction conditions with the
aim to develop an efficient and selective chemical route toward the formation of 5-
HMF. An overview of the synthesis of 5-HMF over various catalytic systems using

water as a reaction solvent is presented in Table 1.3.

11



Table 1.3. Summary of the synthesis of 5-Hydroxymethylfurfural from glucose and fructose using an array of homogenous and heterogenous
catalysts in an aqueous solution.

substrate Catalyst
Conversion | 5-HMF
Catalyst type substrate loading Catalyst (Si:Al molar ratio) loading T/°C | Time/h Ref
(%) Yield (%)
(Wt.%) (Wt.%)
Absence of catalyst 10 None 140 3 8 4 32
Mineral acids 1.4 M H3PO4 0.14 M 180 @ 20 min - 12 28
10 deAl-HY (15) 1.3 140 3 10 2 32
10 deAl -Sn/Y (15) 1.3 140 3 35 6 32
10 deAl -Ga/Y (15) 1.3 140 3 20 3 32
Zeolites based Glucose 3 H-Beta (12) 3 100 3 Trace 0 33
catalysts 0.6 Nb(0.05)-Beta (18) 0.1 180 24 47 22 34
3 H-ZSM-5 (45) 3 100 3 Trace 0 33
1.6 H-ZSM-5 (5) 1 170 2.5 42 9 35
1.6 WQO3-ZSM-5 (5) 1 170 2.5 68 12 35
Metal oxides 1 Nb20s 10 120 3 100 16 36
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Other
heterogeneous

catalysts

Absence of catalyst

Mineral acids

Zeolites based

catalysts

Fructose
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0.25M

11

25

10
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Nb20s
TiO2
WOs3

Nb(0.2)-WOs3

Phosphated titania-silica

(P-TiO2-SiO2)

Ytterbium MOFs
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CHsCOOH
HOOCCOOH
deAl-HY (15)
deAl -Sn/Y (15)
deAl -Ga/Y (15)

HY (2.5)
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1.6
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10

0.3
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1.3

1.3
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0.3

120
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The unique functional characteristic of 5-HMF grants its conversion to several
interesting commodity chemicals via specific catalytic transformations*® (Figure 1.3).
For instance, 2,5-furan dicarboxylic acid (FDCA), recognised as one of the top 12
chemicals in the DoE list?>2* can be produced through the oxidation of 5-HMF'". This
polymer precursor has the potential to substitute petroleum-based terephthalic acid, a
commonly used component in the synthesis of a significant polyester such as
polyethylene terephthalate (PET)%. In addition, a series of promising liquid fuels,
including 2,5-dimethylfuran (DMF)%!, 2-methylfuran (MF)%?, 5-methylfurfural (MFF)23,
5-methyl-2-furanmethanol (MFM)3, 2,5-bishydroxymethylfuran (BHMF)** and 2,5-
dimethyltetrahydrofuran (DMTF)%® can be obtained by catalytic transformations of 5-
HMF185_ For example, DMF has particularly attracted much attention due to its
numerous benefits, including an ideal boiling point of (92-94 °C) in terms of fuel
stability under typical operating conditions in engines, high energy density (30 kd-cm"
3) enables the storage of a significant amount of energy per unit volume, high research
octane number (RON=119) resulting in improved engine efficiency and performance,
immiscibility with water, and ease to blend with gasoline or other fuels compared to

ethanol®’.
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1.2.2. Levulinic acid (LA).

Levulinic acid (LA) is another prominent platform chemical that can be produced either
from sugars like glucose and fructose through a series of transformation steps®® or via
subsequent rehydration of 5-HMF in the presence of acidic catalysed media®®. The
isomerisation reaction of glucose to fructose also plays a critical role in the production
of levulinic acid (LA) from glucose as a reaction feedstock. This step holds significant
importance because fructose can be more easily transformed into LA compared to
glucose. Given that glucose is less expensive and more abundant, the glucose
isomerisation reaction becomes essential for the cost-efficient and effective production
of LA from glucose®’. Due to the presence of a hydroxyl group and a carboxyl group
within the molecular structure of this compound, LA can be easily converted into
numerous fine chemicals®' (see Figure 1.4). For instance, essential molecules like
succinic acid, diphenolic acid (DPA), methyltetrahydrofuran (THF)®?, pyrrolidones®3, y-
valerolactone (GVL)® can be produced from levulinic acid through various type of
reactions (Figure 1.4). These value-added compounds have been extensively used as
polymers, biofuels, pharmaceuticals, plasticisers, herbicides, and solvents substituting
petroleum-based chemicals due to their biocompatibility and biodegradability®>6.
Furthermore, levulinic ester (LE) such as methyl levulinate (ML), ethyl levulinate (EL),
n-butyl levulinate (BL), etc., are other examples of the LA derivatives that have been

widely used as fuel additives and bio-lubricants within the petrochemical sector®”.

Aside from levulinic acid, the rehydration of 5-HMF can also lead to the production of
formic acid (FA), a commodity chemical that can be purified and sold directly.
Furthermore, FA is commonly used as an acidulating textile agent, a decalcifier, an
insecticide, and a refrigerant in the manufacturing process®. In addition, the use of

FA, which serves as an acid catalyst, a source of hydrogen (Hz2), and a deoxygenation
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agent in conjunction with fructose as a reagent, could also be utilised to produce the

previously mentioned potential biofuel 2-Methylfurane (MF)°7
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1.3. Relevance of glucose to fructose isomerisation.

The successful conversion of biomass feedstocks to platform chemicals such as 5-
HMF and LA is crucially dependent on the efficient conversion of cellulosic feedstocks.
For instance, Pentose (C5) sugars, like xylose, have been proposed as suitable
candidates for this transformation process as a result of their high atom efficiency
when converted to levulinic acid®-%°. However, the formation of an insoluble,
undesirable by-product like humins can cause catalyst poisoning’®”", reducing the

industrial viability of the entire process.

Hexose (C6) sugar, such as glucose monomer, has also been suggested as a potential
feedstock for the production of 5-HMF and LA. Glucose is a six-membered ring
monosaccharide efficiently extracted from cellulose and hemicellulose by hydrolysis
(Figure 1.2)7273, Therefore, it has been identified as the most abundant and cheap
sugar in nature, with a price of 300 USD per ton’4 making it a preferred option for the
synthesis of 5-HMF or even LA and FA. Nevertheless, glucose is a relatively inactive
molecule due to the high stability of its 6-membered ring structure. Thus, the
dehydration of glucose to 5-HMF is to some extent less favourable thermodynamically

or occurs at a lower rate”>76,

Fructose, a 5-membered ring molecule isomer of glucose, has been considered to
serve as a substitute due to its less stable 5-membered ring structure, making it more
reactive and capable of facilitating efficient dehydration reaction toward 5-HMF
through the enolization of the open chain saccharide’”. It has been thermodynamically
proven that the C-2-OH group within the fructose structure can be protonated
subsequently in stabilising the furanic ring hence facilitating the dehydration step that
leads to the production of 5-HMF7°. Despite this, fructose is known to be less abundant
than glucose and finds many applications, such as a sweetener in the food industry’®
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and as an excellent humectant in the skin and hair moisturising products’®, resulting
in a higher relative cost (722 USD per ton® of fructose compared to glucose)’™.
Therefore, the development of an efficient route to convert glucose into fructose is
paramount since it becomes evident that this reaction is the rate-determining step for

the production of platform chemicals such as 5-HMF and LA (Figure 1.5).
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Figure 1.5. Overall schematic pathway of multi-step reaction from glucose as a biomass
feedstock to platform chemicals such as 5-HMF, Levulinic acid, and formic acid in acid-
catalysed media. Conversion of Glucose to fructose by isomerisation reaction over Lewis
acidity, dehydration of fructose to 5-HMF over Bragnsted acidity and subsequent rehydration of
5-HMF to levulinic acid and formic acid over Bransted acidity®.

The chemical reaction of glucose to fructose isomerisation has been established for
over 100 years and is recognised as an example of a Lobry de Bruyn-Alberda van
Ekenstein transformation®'. As shown in Figure 1.6, the isomerisation reaction typically
occurs in three primary steps, which are the opening of the aldose glucopyranose ring,
a 1,2-intramolecular hydrogen shift, and finally, the closing of the ketose

fructofuranose ring®82.
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Figure 1.6. the main three stages of glucose to fructose isomerisation reaction, glucopyranose
ring opening, isomerisation reaction of glucose into fructose occurred via hydrogen shift from

C2 to C 1 position and at last, fructofuranose ring closure®.

1.4. Industrial production of fructose.

Since fructose is an essential component of the food industry, the process of an aldose
to ketose isomerisation has already been carried out on a large industrial scale over
the past decades using immobilised enzymes for bulk production of high fructose corn
syrup (HFCS)®8, an aqueous mixture of glucose and fructose in various ratios®. In
addition to producing sweeteners, the interconversion reaction of glucose to fructose
can also be used to produce a wide range of other chemicals and fuels derived from
sugars, with fructose acting as an essential intermediate compound in the process. As
a consequence, much effort has been committed to developing cost-effective and
selective catalysts capable of converting glucose into a wide range of chemical
compounds through fructose in recent years®. Therefore, this section highlights an
overview of previous and recent findings with regard to the isomerisation reaction of

glucose to fructose over various catalytic systems and reaction conditions.
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1.4.1. Enzyme-catalysed reaction.

Significant progress has been made in glucose isomerisation using enzymes such as
glucose and xylose isomerases over the past several decades®. The first study
demonstrating enzymatic isomerisation of monosaccharides was conducted in 1952,
where erythrose was converted into erythrulose in the presence of rabbit muscle®”. As
early as 1953, Hochster and Watson discovered that a specific enzyme called xylose
isomerase could catalyse the interconversion of the C5 sugars xylose to xylulose®.
According to the authors, xylose isomerase was only capable of isomerising xylose.
However, Marshall and Kooi interestingly demonstrated that adjusting the reaction
parameters such as incubation time, pH, and temperature enables the same xylose
isomerase to catalyse the isomerisation of glucose to fructose®. In addition, arsenate
(AsO4%) was required as an additive to facilitate the isomerisation reaction. In 1963,
Yamanaka discovered glucose isomerase, an enzyme obtained from the D-xylose-
grown cells of heterolactic acid bacteria and retained an 8-fold increase in specific
activity after partial purification. Glucose isomerase enzyme, however, requires the
presence of manganese ions (Mn?*) to be active®. At present, the reversible
isomerisation of glucose to fructose is conducted on a commercial scale using glucose
isomerase in an aqueous media®!, which has an exceptionally high reaction specificity
under acidic pH conditions and operates at relatively low temperatures (343 — 413 K).
This leads to an equilibrium mixture of 50 wt.% glucose, 42 wt.% fructose and 8 wt.%
other saccharides®. Although this enzymatic process has been established for
decades now, there are still multiple drawbacks could not be addressed yet: 1) the
need for large quantities of expensive enzymes, 2) the restricted operating
temperature range due to the sensitivity of enzymes to reaction parameters, and 3)

the possibility of biological contamination such as microbes growth in the system93:94,
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1.4.2. Homogeneous-catalysed reaction.

The use of homogeneous acid and base catalysts has been considered an alternative
route to enzymes for the production of fructose from glucose®. For instance, early
investigations on homogeneous-catalysed glucose isomerisation involved the use of
sodium hydroxide or calcium hydroxide as Bronsted solid bases. The reaction
occurred via the formation of an ene-diol intermediate (see Figure 1.7), which
produced a fructose yield in the range of 20 — 30%%. This low yield of fructose is due
to the fact that these inorganic bases have shown to be more attractive for converting
glucose to side products of retro-aldolization by cation—ketose complexes, resulting in
a low fructose yield®”%. However, it was found that the addition of sodium borate
(Naz2B40Oy7) alongside with alkaline solution of sodium hydroxide (0.5 M NaOH)
significantly improved fructose yield (up to 90%), the enhanced yield of fructose can
be explained by the formation of a borate ester complex B(OR)s, which plays a partial
role in protecting the monosaccharides from alkaline degradation. Even so, a
significant drawback of this process was the need for a high concentration of reagents
even for a comparatively low concentration of glucose®. Thus, making the process

economically unattractive.

Furthermore, additional studies were conducted to increase fructose yield using
sodium aluminate in the presence of arylboronates as an additive, and a fructose yield
of around 60 — 70 % has been here reported’0.101, |ikewise, using an aluminate
solution could promote the base-catalysed conversion of glucose to fructose.
Particularly, it has been found that the addition of aluminium oxide to a boiling solution
of glucose-containing pyridine could significantly increase the reaction rate of the
aldose—ketose transformation, yielding 50% fructose higher than that obtained with

the conventional Lobry de Bruyn-Alberda van Ekenstein reaction'®2. Further, it was
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observed that the fructose yield increased by 5-fold when alumina was added to the
reaction mixture, which clearly indicates that alumina plays a crucial role in converting

glucose into fructose in pyridine.

Conversely, amines with wide pKa values were incapable of forming cation-ketose
complexes, providing the potential for greater optimisation of fructose selectivity. For
instance, Liu et al. reported the use of organic amines such as morpholine, piperazine,
ethylenediamine, triethylamine, piperidine, and pyrrolidine with pKa values in the
range of 8.4-11.3. the results showed that these amine compounds lead to glucose
conversions in the range of 43 - 62% with fructose yields in the range of 17 - 31% in

water as a solvent after 30 minutes at a reaction temperature of 100 °C"3.
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Figure 1.7. Proposed mechanism for isomerisation reaction of glucose to fructose via ene-
diol intermediate catalysed through Brgnsted bases in aqueous media. a proton transfer
through an enolate intermediate is considered the rate-determining step in this reaction
mechanism. However, the main disadvantage of using base catalysts is their potential to
deprotonate the majority of the hydroxyl groups (OH) present in the glucose molecule. This
can result in the enolate ions undergoing side reactions such as condensation and/or
polymerization, which ultimately leads to the formation of complex mixtures and decrease the
fructose selectivity'94.
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In contrast, Lewis acids Homogeneous catalysts such as CrClz, SnCls, and AICI3 have
been reported in a few works to be catalytically active in converting glucose into 5-
HMF through fructose'%5-1%8, For instance, in a study conducted by Li et al. aiming to
catalyse the transformation of glucose to 5-HMF by using metal chloride of CrCls as a
catalyst in the ionic liquid solvent of (1-butyl-3-methylimidazolium chloride, [BMIm]CI).
It was, however, very difficult with this Lewis acid catalyst to control the formation of
fructose in a relatively high yield'®. Furthermore, Jia et al. have recently reported the
use of chromium trichloride hydrates (CrCls*6H20) as a catalyst for the glucose-to-
fructose isomerisation reaction in both aqueous and organic solvents, wherein fructose
yields of 25% with glucose conversions in the range of 30-55% were obtained at a
reaction temperature of 130 °C'"°. To gain more insight into the reaction mechanism,
Mushrif et al. have used Ab initio molecular dynamics to elaborate on the mechanism
of glucose isomerisation with a CrCls catalyst in the presence of water''. A proposal
has been made that glucose can co-coordinate with the chromium chloride complex
via substituting two water molecules, thereby supporting the claim that a partially
hydrolysed chromium complex is formed before the conversion into fructose. In
addition, it has been demonstrated by Tang et al. that AICl3 catalyses the isomerisation
of glucose to fructose in an aqueous solution. Electrospray ionisation tandem mass
spectrometry (ESIMS/MS) revealed that a ring-opening reaction occurred, leading to
the coordination of acyclic glucose to the active aluminium species through the C1-0O
and C2-0 positions, which in turn facilitated the formation of fructose via a 1,2-
intramolecular hydride shift from the C2 to C1 positions of glucose'?. Even though
both homogeneous base and acid catalysts show promising activity for the
isomerisation of glucose into fructose, both of which are corrosive and not as

environmentally friendly nor as cost-effective as solid catalysts, which can easily be
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separated from the products, regenerated, and recycled back into the process''3. From
an economic point of view, homogeneous catalysts are less attractive for the
isomerisation reaction of glucose to fructose, resulting in the need for the development

of more suitable catalytic systems.

1.4.3. Heterogeneous-catalysed reaction.

In terms of fructose production, there is a great deal of potential for solid
heterogeneous catalysts to replace conventional enzyme and homogeneous
counterparts for large-scale industrial processes, including easy handling,
sustainability, exceptional hydrothermal stability, wide operating temperature range,
tuning of acid and base sites, high durability, and high impurity resistance04.114-116_A
wide variety of acid and base heterogeneous solid catalysts have so far been reported
for the interconversion of glucose to fructose. For instance, Rebenfeld and Pacsu, late
in 1953, reported using Amberlite IRA-400 (OH), a strong base anion-exchange resin,
as a catalyst for the catalytic isomerisation of glucose to fructose. However, a fructose
yield of 30% was only obtained™’. In addition, Langlois and Larson showed that
Dowex-1 and -2, other types of anion-exchange resins, could also be used as solid
base catalysts to form fructose from glucose with a maximum yield of 32%''8. Even
though it was viable to achieve a reasonable fructose yield using these basic ion
exchange resins, it should, however, be noted that undesirable products were also
favoured. Furthermore, their stability is relatively low, and the removal of the adsorbed
substrate on the active sites of the resin is rather difficult; thus, the regeneration of
these catalysts is not possible, making the approach less attractive from an industrial

perspective 9,

On the other hand, bare metal oxides, such as ZrO2 (tetragonal-monoclinic) and TiO2
(rutile and anatase), can also catalyse the conversion of glucose to 5-HMF through
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the formation of fructose intermediates in water at 200 °C. However, there were
generally low yields of fructose (< 15%) obtained from this catalytic process. From
spectroscopic experiments, it was confirmed that glucose isomerisation takes place
via base sites derived from metal oxides ZrO2 and TiO2'?°. In addition, Nb20s exhibited
high activity in the isomerisation reaction of glucose to fructose. This metal oxide,
known for its water tolerance, possess both Lewis and Brgnsted acidic characteristics,
making them highly promising catalysts for the conversion of glucose to 5-HMF
through the formation of fructose intermediates’'. For instance, during the
dehydration of glucose to 5-HMF, Nb20s exhibited remarkable catalytic activity in
converting glucose to fructose, leading to a fructose selectivity of 60% for reactions
carried out at a reaction temperature in the range of 160 — 180 °C after 30 min'%2,
Furthermore, Hydrotalcites (HTs), an example of layered double hydroxides (LDH),
have also been explored as a solid base catalyst for catalytic isomerisation of glucose
to fructose. It was found that 90% selectivity toward fructose was obtained at a reaction
temperature of 90 °C after 20 — 25 min when a commercial hydrotalcite catalyst (DHT-
4A2) calcined at 400 °C and rehydroxylated was used. This was accompanied by low
a glucose conversion of less than 15%'23. However, as the basicity of hydrotalcite
largely depends on its layered structure, it can be altered by modifying the calcination
and rehydration procedures. In this regard, as described by Jung et al., a series of
hydrotalcite catalysts was prepared, including as-synthesized Mg—Al hydrotalcite,
calcined Mg—Al hydrotalcite, and rehydrated Mg—Al hydrotalcite catalysts with a ratio
of Mg/Al= 3. The HT_R catalyst exhibited abundant weak basic sites as a result of the
exfoliation, and the vertical breaking of layers in the hydrotalcite structure through the
rehydration procedure was shown to significantly enhance the catalytic activity of

rehydrated Mg—Al hydrotalcite catalyst with glucose conversion of 50% and fructose
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yield of 35% at a reaction temperature of 80 °C for 3 hours'?*. A further study
conducted by Essayem et al. showed that as-synthesised cetyltrimethylammonium
cation mesoporous molecular sieves of the M41S family, including Si-MCM-48, Si-
MCM-50, and Si-MCM-41 as hybrid catalysts used without any pre-treatment were
highly capable of isomerising glucose to fructose, resulting in a fructose selectivity of

80% at glucose conversion of 20% being obtained at 100 °C in aqueous phase'?5.

In addition to using solid bases, recent research has been focused on promoting the
isomerisation of glucose into fructose using recyclable solid acid catalysts with Lewis
acidic centres. As a result of this, solid acid metal (IV) phosphate catalysts with a high
overall concentration of acidity and surface area (such as zirconium and tin
phosphates) have been identified as selective and highly active catalysts for acid-
catalysed isomerisation and dehydration reactions in the aqueous phase'?%'%7_In light
of these perspectives, Huber et al. reported an array of zirconium- and tin-based
phosphate catalysts for the conversion of glucose into levulinic acid through fructose
intermediates. Zirconium phosphate catalysts containing more Breonsted acid sites
showed at least 3-fold more activity than their tin phosphate catalysts toward the
production of 5-HMF and levulinic acid. Conversely, tin (IV) phosphates, which
possess more Lewis acid sites, favoured the isomerisation route to form fructose with
a selectivity of 10 - 15% higher than with zirconium (IV) phosphate Zr (HPOa4)2 and
40% glucose conversion'?. In the view of bifunctional catalysts, Akiyama et al.
reported the catalytic activity of four types of MIL-101 derivatives composed of —~NHz,
—(CHs)2, -NO2, and -SOsH, respectively, as an example of chromium-containing
porous coordination polymers or metal-organic frameworks catalysts for the catalytic
conversion of glucose to fructose in aqueous solution. The MIL-101-SOsH catalyst

revealed the highest fructose yield of 20% alongside glucose conversion of 78%
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among all catalysts studied. It was also possible to achieve a 100% recovery of
glucose and fructose, which indicates a very clean route for the reaction, which was
claimed to be due to the reactive Lewis acidity of chromium open metal sites on the
pore surface of MIL-101 catalyst'?®. In view of its large pore size (2.9 - 3.4 nm), further
investigation on the use of Cr-containing metal-organic frameworks (MOFs), donated
as MIL-101(Cr) for the catalytic isomerisation of glucose to fructose has also been
explored in the recent years. It was found that the isolated Cr (lll) species within MIL-
101 act as Lewis acid sites and are responsible for facilitating the isomerisation of
glucose to fructose in either aqueous, organic or their combination system3°. Similarly,
Guo et al. have also found that a composite of MIL-101(Cr) and chromium hydroxide
exhibits a superior performance (glucose conversion of 79% and fructose yield of 59%)
toward the isomerisation of glucose to fructose at 100 °C for 24 h in the presence of
ethanol via the formation of ethyl fructoside as an intermediate, which required a

second step of hydrolysis in water at 100 °C for 24 h'3",

More remarkably, it was first reported in 2010 by Davis et al., that Sn-containing beta
zeolite acts as a Lewis acid catalyst and exhibits unprecedented high catalytic
performance in catalysing glucose into fructose in aqueous media (fructose yield of
31% after 30 min at 110 °C)'32. Beta zeolite, a 12-membered-ring zeolite framework
with a large pore of 0.76 x 0.64 nm in diameter'3® was initially reported to be an
excellent catalyst towards the Baeyer-Villiger oxidation of cyclic ketones to esters and
lactones and the selective reduction of carbonyl compounds
(Meerwein—-Ponndorf-Verley Reaction) when incorporated by Sn species by Corma et
al., about twenty years ago'34135, In fact, the recent advances in Lewis acid containing
zeolites as promising catalysts for transforming glucose to fructose will be explored in

detail in this thesis work (section 1.6. in Chapter 1).
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1.5. Zeolites

Zeolites are unique natural minerals that have been known for over 250 years. It was
the Swedish mineralogist Axel F. Cronstedt who first discovered them in 1756'%. The
term Zeolite was coined from two Greek words, “zeo”, which means “to boil”, and
“lithos”, which means “stone”. According to Cronstedt's initial observations, these
minerals boil when heated at high temperatures due to water boiling within their
structure’®”, hence the name. Zeolites are categorised as natural or synthetic based
on their method of production’®®. Natural zeolites are typically mined from the Earth’s
crust at an estimated rate of around one million tonnes in 2022, In contrast, synthetic
zeolites are, as their name implies, synthesised explicitly to serve a specific purpose,
most often through a hydrothermal process’#°. Owing to their attractive characteristics,
such as ion exchange capacities, efficient catalytic performance, low cost, and
robustness’!, zeolites have found a wide range of applications, including as water
softeners in detergents due to their affinity for Ca?* and Mg?* ions'?, and as
adsorbents in the nuclear waste treatment to remove radioactive isotopes such as Sr?*
and Cs* ions'3. Catalytically, zeolites have also been commonly used in numerous
important industrial processes, such as the well-known processes of fluid catalytic
cracking ' and hydrocracking ', which are chemical conversion and thermal
cracking processes involve the breakdown of heavy, less valuable hydrocarbons into
lighter, more useful products™®. In addition to the continued development of these
materials as sorbents and cracking catalysts, recent zeolite research has focused
more on catalytic transformations of bio-based platform chemicals'#®, catalytic
transformations of C1 molecules, including CO, CO2, CH4, CH3OH, and HCOOH'#,

and COz capture by adsorption technologies8.
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As of today, the International Zeolite Association (IZA) recognises a total of 253
framework types, each of which is identified by a unique three-letter framework
code'. Several factors contribute to the differences between the various frameworks,
including the size and shape of channels, their dimensionality, their connectivity, and
whether the channels are linked together to create large cavities, also referred to as

super-cages.

Table 1.4. Five industrially relevant zeolite frameworks, along with their main structural
characteristics ™.

Pore size
Framework  Representative Ring size Channel
(Largest channel) _ o
code example (# T-atoms) dimensionality (D)
AxA
FAU Zeolite Y 12,6,4 74x7.4 3-Dimensional
BEA Beta 12,6,5,4 73x7.1 3-Dimensional
MOR Mordenite 12,8,5,4 7.0x6.5 1-Dimensional
MFI ZSM-5 10,6,5,4 5.6 x5.3 3-Dimensional
FER Ferrierite 10, 8,6, 5 54x4.2 2-Dimensional

1.5.1. Structure of zeolites.

In general, zeolites are a class of microporous crystalline aluminosilicates consisting
of structural units referred to as TO4 (T = SiO4 or AlO4) linked by oxygen bridges and
are called primary building units (PBUs). The different connections of these TO4
tetrahedrons create various three-dimensional arrangements of channels and cages
(polyhedral, cubic, hexagonal), which combine together to form distinct porous
structures known as zeolite frameworks as secondary building units (SBUs)'. As
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shown in Figure 1.8, combining these two building blocks (i.e., the PBUs and SBUs)
will result in the formation of a structure characterised by their diverse channels and
chambers™!. such an arrangement and size of the zeolite’s channels and pores can
significantly influence the accessibility of reactant molecules to active sites as well as

the diffusion of products, therefore adversely affecting their catalytic performance.

Sodalite Cages
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Hexagonal Prisms

Figure 1.8. Schematic diagram of the structure of the most commonly used zeolite in this
research, namely, zeolite Y. The structure consists of TO4 tetrahedra units (T= Si, Al), linked
via shared-corner oxygens and arranged geometrically to form sodalite cages and hexagonal
prisms that subsequently combine to make a three-dimensional framework of zeolite. M* is a
charge-balancing cation, which is added to balance the negative charge associated with each
A" atom, yielding electrical neutrality'2. The figure reproduced from Robert J. Davis with
permission.

For instance, Osmundsen et al.’® investigated the effect of structural type on the
nature of active sites for the isomerisation of glucose to fructose in water using four
different zeolite frameworks: Sn-BEA, Sn-MFI, Sn-MCM-41, and Sn-SBA-15. As a
result, the characteristics of tin active sites differed significantly depending on the
zeolite structure used. It was found that only Sn-BEA was able to efficiently catalyse

the conversion of glucose to fructose with a conversion rate of 50%. In contrast, none
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of the other catalysts could obtain conversion values higher than 5% in 48h at a
reaction temperature of 80°C. The low glucose conversion obtained by Sn-MFI could
be explained by severe diffusion limitations induced by the narrow pore system and
the large crystal size (Table 1.4). However, a similar explanation does not hold for
mesoporous zeolites (Sn-MCM-41 and Sn-SBA-15), where diffusion should not have
a significant impact. It could instead be resulting from the deactivation of the active
sites as a result of their interaction with water. This would not be relevant in the case
of the Sn active sites supported on the BEA and MFI zeolite frameworks, which are

more resistant to deactivation by water due to their highly hydrophobic nature.

St
o .
50 um

20 um

Figure1.9. Representative SEM pictures of four stannosilicates samples. (a) Sn-BEA, (b) Sn-
MFI, (¢) Sn-MCM-41 and (d) Sn-SBA-15, demonstrating a distinct difference in morphology.
The figure reproduced from Osmundsen et al.'? with permission.
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As can be seen in Figure 1.9, the SEM picture of the Sn-BEA crystal shows a very
small spherical particle of less than 1 mm in size, whereas the Sn-MFI crystal has a
sizeable coffin-shaped crystal size measuring more than 20 mm in length. The large
particle size combined with the narrow pore system of the MFI structure means that
severe diffusion limitations must be expected for this catalyst. Likewise, mesoporous
zeolites appear to differ significantly; Sn-MCM-41 lacks a distinct particle shape, which
is understandable given that the sample is amorphous. In contrast, the Sn-SBA-15
particle shape appears as hexagonal discs, which is highly consistent with the two-

dimensional hexagonal ordering of the pores system in this catalyst'®3,

1.5.2. Porosity and shape selectivity.

As zeolite structure reveals several discrete cavities (cages) and channels (pores) with
an average size range between 0.3 to 1.5 nm'%, a specific pore system imposes steric
constraints on the reaction, regulating the access of reactants and products through
shape-selectivity phenomena. In general, if the size of pores is not large enough to
facilitate the penetration of adsorbate molecules into their inner channel system,
reactions will not occur, and in turn, the catalyst loses its activity'%®. In terms of their
pore sizes, zeolites can be classified as microporous (pore size less than 2 nm),
mesoporous (pore size of 2-50 nm), and sometimes, macropores (pore size larger
than 50 nm) materials'>4. That said, these classifications are essential; however, there
are also examples where the catalytic activity may take place on the external surface
of the zeolite crystals. For instance, the hydro-isomerisation reaction of long-chain n-
alkanes (carbon number > 12) on medium pore zeolites with one-dimensional pore

channels (e.g., ZSM-22)1%,
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Microporous zeolites have attracted more attention due to their size range, which
promotes a wide range of crucial chemical reactions in industry, such as the above-
described “fluidised catalytic cracking process” (Section 1.5)'4°. These particular pore
sizes can be generally constructed of eight, ten, twelve, and fourteen-membered rings.
In particular, most of these zeolites fall into three main categories, which are small
pore size zeolites with eight-membered rings and diameters of 0.3 - 0.45 nm such as
Zeolite A, medium-pore size zeolites with ten-membered rings and diameters of 0.45
- 0.6 nm such as ZSM-5 zeolite, and large-pore size zeolites with twelve membered-
rings and diameters of 0.6 - 0.8 nm such as Zeolite Y, X, beta and Mordenite (Figure

1.10).

For example, Guanna Li et al. conducted periodic DFT calculations to study the
mechanism of glucose-to-fructose isomerisation reaction over tin-supported zeolite
with various framework structures, including MOR, BEA, MFI and MWW, The
primary focus was on the role of the Sn active sites and zeolite topology in the rate-
determining step of the 1,2-intramolecular hydride shift. It was found that the difference
in the size and shape of the zeolite pores possesses a minimal impact on the reactivity
of the Sn active centres; they, however, have had a profound effect on the
thermodynamic stability of the adsorbed o-Glucose and o-Fructose intermediates
within the zeolite channels, which effectively reduces the accessibility of the lattice Sn

sites.
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Figure 1.10. representative examples of the "n-membered” rings typically found in the
structure of the zeolite. The figure reproduced from Nichaboon Chaihad et al. %8, with
permission.

Shape selectivity is another important characteristic of zeolites, which is derived from
the size and geometry of their pore system'®®. The fundamental concepts of this

approach will be briefly discussed here:
i) Reactant shape selectivity (RSS).

In RSS, reactants of different sizes and shapes will have different levels of access to
the internal active sites located in the porous network of zeolites, depending on their
size. As a result, only species with a diameter similar to or smaller than the pores
diameter of the zeolite will be able to enter the pores and react. The geometrical shape
of the pore entrance and the diffusion properties of reactants within the pore govern

this type of shape selectivity'6°.
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ii) Product shape selectivity (PSS).

In PSS, the shape and size of products control their diffusion outside the pores. In
brief, products with geometric shapes equal to or smaller than the pore dimensions of
the zeolite structure will smoothly diffuse out of the porous network, whereas zeolite
frameworks with larger spatial dimensions will be trapped in the inner pore system.
Major drawbacks driven by this type of shape selectivity are: (i) trapped products
undergo further reactions and form undesired by-products. (ii) permanently trapped
products inside the pores might quench the catalytic activity of the catalyst, resulting

in catalyst deactivation'®".
i) Transition state shape selectivity (TSS).

In TSS, the available space around the active sites sterically controls the formation of
bulky transition states in the zeolite cavities or channels. If the zeolite cavities or
channels lack adequate space for the transition state, specific reactions may be

prevented?.

1.5.3. Metal active species.

The substitution of heteroatoms within the zeolite framework has been shown to play
an efficient role in tailoring the properties of microporous catalysts, including their
acidity, pore structure, and crystal shape. The nature of the zeolite structure offers
several possibilities for heteroatom substitution, whereby the heteroatom occupies
tetrahedral coordination within its framework. This can either occur naturally in
minerals or be achieved during the synthesis using a wide range of metals., such as
main group elements (e.g., Sn, Ga, Ge, B) and transition metal elements (e.g., Ti, Fe,

V, Cr, Mn)'83, The incorporation of heteroatom into the zeolites framework can be
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accomplished during the zeolite crystal growth'®* or through a post-synthesis
modification using procedures such as impregnation and ion exchange'®. When
metals are introduced into the zeolite framework, different metal species are typically
formed, wherein their type depends on factors beyond the zeolite structure alone.
There are a number of parameters that are involved in determining the type,
distribution, and number of atoms to be incorporated into the zeolite framework,
including the solubility of the metal precursors, the specific chemical behaviour of the
tetrahedral atoms of the precursor within the synthetic mixture, and most importantly,
the capability of adding metal species fit the zeolites without distorting or collapsing

their framework structures?66.

The introduction of these heteroatoms can be divided into two main categories; (i) they
are introduced directly into the framework by substituting Al or, in some cases, Si
atoms, which are referred to as (intra-framework species) or (ii) they are introduced
inside the pores of the zeolite framework or on its external surface, which referred to
as (extra-framework species)'®”.168, Most zeolites possess the inherent capability to
replace their tetrahedral AI** cations, and for atoms with lower charges, Si** cations

can also be substituted®6.

As the nature of the active centres (e.g., metal or metal oxide species) is the most
critical factor in the design of heterogeneous catalysts, there is no doubt that a
comprehensive understanding of their characteristics, such as structure, chemical
status and interactions with reactants and substrate materials, is crucial’®®. For
instance, as confirmed by isotopic labelling experiments conducted using '*C and 'H
NMR spectroscopy'’?, Sn(lV) species incorporated into the well-known beta zeolites
framework serves as Lewis acid centres, exhibiting remarkable activity to facilitate the
ring-opening of glucose molecules and then coordinate with the lone electron pairs in
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oxygen atoms (O1 and O2) at glucose aldehyde carbons before the isomerisation
reaction takes place via a 1,2 intramolecular hydride shift from the C2 to C1 position
in the ring-opened glucose chain. In light of these important observations, the type of

acid sites found in zeolite catalysts is discussed in more detail in the following section.

1.5.4. Acidity of zeolites.

The most notable feature of zeolite materials is their unique tuneable acidity derived
from the substituted heteroatoms. Both Lewis and Brgnsted acidity can exist in zeolite
structures''. The concept of acidity has been long recognised by various definitions;
Arrhenius defined acids as substances that form hydronium ions H3O* upon their

dissociation in water'72,
Acid + H20 — H3O* + conjugate base

A more general concept has subsequently been established by Brgnsted and Lowry,
according to whom Brgnsted acids act as proton donors and Brgnsted bases as proton

acceptors.
A+B —AB
Where A performs as a proton donor and B as a proton acceptor.

Acidity originates in zeolite as a result of substituting the trivalent atom, commonly AI3*
species, for tetravalent Si** atoms, which generates a net negative charge on the
zeolite framework that is compensated by alkaline or alkaline earth metal cation such
as Na*, K*, Ca?* and Mg?* or H*. In the case of H* addition, Brgnsted acidity typically
is generated upon adding H* and, in sequence, forming hydroxyl groups in the zeolite

channels. Therefore, Brgnsted solid acid sites (BASs) consist of tetra-coordinated
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aluminium sites with bridging OH groups in the framework. In other words, Brgnsted
acidity arises from the coordination of H20 to free Al centres, which leads to the release
of a proton (Figure 1.11)'73. As a consequence, Si:Al ratio plays a vital role in the
strength of acid sites within the zeolite frameworks'”4. As such, the lower the Si/Al

ratio, the higher the acidity on the zeolite framework and vice-versa'’®.

Lewis acidity is another type of acid sites found in zeolites that are generated due to
the less coordinated metal centres within the framework of zeolite structures. As a
result, any uncoordinated Al centre (Al-(O)3) in zeolite frameworks is a Lewis acid site
since it induces an electron deficiency, resulting in the capacity to accept electrons
from a donor (Figure 1.11). The distribution of these extraframework cationic atoms is
primarily determined by the distribution of anionic lattice atoms, which are therefore
determined by the sitting of an aluminium framework'’¢. Thus, Brgnsted and Lewis

acidity accounts for the origin of the catalytic activity of zeolite catalysts.

® ®
Substitution of H H
o_ O_ o o Si*wihA® o O 0 S o
/ N_ \ / e U )/
\S|/ \SI/ \SI/ \SI/ \SI > \ \ S| AI S|
0o 00 o 000 O o’ oooooooo
Siliceous zeolite Bransted acid sites
- H,0
\@/ NN e P

Al Si Si Al Si

0o 0b do 000 O

Lewis acid sites

Figure 1.11. Schematic illustration for structures of Brgnsted and Lewis acid sites. The
Brgnsted acid sites are defined as proton donors and associated with the presence of
framework Al substitution in the zeolite structure; on the other hand, Lewis acidic sites are
defined as electron-pair acceptors and formed due to metal lattice defects with the zeolite
framework"”.
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As Lewis and Brgnsted acidity has shown promising levels of reactivity and stability
for a wide range of biomass valorisation reactions, it is imperative to consider the role
of these acid sites in the relevant reactions of glucose isomerisation and subsequent
fructose dehydration. For instance, in the study of Lew et al., it was demonstrated that
Sn-incorporated H-BEA catalysts combined with Amberlyst-131 could successfully be
used to produce methyl furfural from glucose under various experimental
parameters'’®. The results revealed that Sn particles, together with the structure-
acidity properties of H-BEA, play a significant role in promoting the isomerisation
reaction. The glucose reaction with Amberlyst-131 alone (without Sn-BEA) led to the
formation of ethyl glucopyranoside and ethyl glucofuranoside. In contrast, adding
Sn/H-BEA material resulted in forming 5-(ethoxymethyl)furfural (EMF) with a yield of
30%. The reaction was typically demonstrated to take place via a two-steps protocol
with first the isomerisation of glucose to fructose via the Lewis acid centre of Sn-
modified H-BEA zeolite and then the etherification of formed fructose intermediates to
the more desirable EFM by the Brgnsted acid sites of Amberlyst-131. Similarly, Swift
et al. developed a series of H-BEA-modified zeolite catalysts for the catalytic
conversion of glucose to 5-HMF'7®. The reaction was shown to proceed by a tandem
mechanism, wherein the addition of Ti and Sn particles resulted in favourable
Lewis/Brgnsted acidic ratios capable of producing up to 60% of 5-HMF yields at 130
°C after 5 h in aqueous media. The study has also provided more understanding of
the roles of the catalytic active sites during the reaction. A balanced ratio between
Lewis and Brgnsted acid sites was found to efficiently promote the glucose
isomerisation and fructose dehydration reactions. This can be achieved by adjusting
the Si/Al molar ratio or post-synthesis calcination treatment of the catalysts', though

the actual behaviour of the material will be strongly dependent form the substrate in
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use and the actual reaction conditions. Aside from the significance of acidic sites, the
pores within the zeolite framework (a catalytic property discussed in section 1.5.2) also
played an important role in forming 5-HMF. If reaction intermediates can be adsorbed
within the pores without causing undesired cracking, the selectivity of the reaction will
be energetically shifted towards 5-HMF'®'. A more recent study by Wang et al.
revealed an increase in the furfural yield and a decrease in the 5-hydroxymethylfurfural
(5-HMF) yield as a consequence of the decrease in the Brgnsted acid site density of
HY zeolite. In light of this, it is evident that controlling the catalyst acidity would
significantly impact the distribution of products during glucose conversion to platform

chemicals such as 5-HMF'8 as explained in sections 1.3 and 1.4.3.

1.6. Common zeolite frameworks in glucose isomerisation.

As mentioned in section (1.4.3), Davis et al. in 2010 reported superior catalytic
performance for Sn-beta zeolite, which serves as a solid Lewis acid for the aqueous
isomerisation of glucose to fructose via 1,2-intramolecular hydride shift and the
aqueous epimerisation of glucose to mannose through 1,2-intramolecular carbon shift
(Figure 1.12). Specifically, 10 wt.% of a glucose solution containing Sn-Beta zeolite
yielded approximately 46 wt.% glucose, 31 wt.% fructose, and 9 wt.% mannose after
a reaction time of 30 min and 12 min at 383 K and 413 K, respectively using an M:S

molar ratio of 1:50183,
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Figure 1.12. The schematic diagram for the glucose to fructose isomerisation reaction via 1,2-
intramolecular hydride shift and the glucose to mannose epimerisation reaction via 1,2-
intramolecular carbon shift!7°.

According to Corma et al., this catalyst contains two types of Sn active sites (Figure
1.13), namely "open" and "closed", which correspond to partially hydrolysed Sn sites
((HO-Sn-0Si)3) and non-hydrolysed, fully coordinated Sn sites (Sn-(OSi)s)'84.
Bermejo-Deval et al. investigated the role of these active sites theoretically using a
small (T4) cluster model of the active site with four tetrahedral atoms, which are
assumed to be fully solvated by water. As a result, the closed sites had a reaction
barrier 32 KJ/mol higher than the open sites, indicating that the open sites are more
reactive sites and responsible for the catalytic isomerisation reaction of glucose to
fructose’’?. These open sites have also been demonstrated to be active in the Baeyer-
Villiger oxidation of cyclic ketones and the Meerwein Ponndorf Verley reaction in

previous studies'®5.
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Figure 1.13. Structure of the open Sn site (partially hydrolysed) and the closed Sn active site
(non-hydrolysed) in the zeolite frameworks. The open site contains silanol group Si-OH and
(OSi)s groups connected to hydrolysed Sn-OH via oxygen molecules. Conversely, the closed
site consists of an Sn site fully coordinated with (OSi)s groups'8°.

Furthermore, isotope labelling experiments have been conducted to probe the reaction
mechanism of glucose isomerisation using Sn-beta zeolite catalyst. It has been
demonstrated that the reaction occurs via three main steps, including glucopyranose
ring opening, which is mediated by the Sn active sites, the oxygen atom of the hydroxyl
group is then coordinated to the C1 position of the glucose molecule, and the
isomerisation is achieved via a 1,2-intramolecular hydride shift from C2 to C1 to form
fructose. In this reaction mechanism, the hydride shift is considered the rate-
determining step, which is responsible for converting the alpha-hydroxy aldehyde of
the acyclic glucose chain into the alpha-hydroxy ketone of the acyclic fructose. The

mechanism is then completed by the closure of the fructose ring.

Detailed characterisations of the Sn-zeolite also reveal that this hydride shift step is
facilitated by the synergistic effect of Lewis acid Sn active sites and an adjacent proton
donor. The latter can be either an internal silanol defect or a water molecule adsorbed
on Sn sites'®. There is a difference in the nature of the reaction pathway between the
base-catalysed reaction (Figure 1.14A). and the isomerisation reaction catalysed by

Sn-beta zeolite (Figure 1.14B).
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Figure 1.14. Glucose isomerisation mechanisms by A) base catalyst, which performs the
aldose/ketose transformation via a 1,2-enediol intermediate, whereby the bonding electron
pair at C2 moves through the carbon skeleton to C1 and B) Sn-Beta zeolite catalyst, which
involves the formal transfer of a hydrogen atom from the C-2 to C-1 positions of the a-hydroxy
aldehyde to form the corresponding a-hydroxy ketone via 1,2-intramolecular hydride shift
mechanism. The figure is reproduced from Manuel Moliner et al.'®3, with permission.

In addition, Davis et al. showed that extra-framework clusters referred to as (SnOy)
and located within the beta zeolite structure are capable of converting glucose to
fructose in aqueous media. However, these species become inactive on external
surfaces of crystallites and amorphous supports upon their contact with bulk water.
Furthermore, extra-framework clusters have also been shown to serve as solid bases
to catalyse the isomerisation reaction via Lobry de Bruyl-Alberda van Ekenstien
rearrangements. As shown in (Figure 1.14A), the reaction mechanism involves a
proton transfer step with an enolate intermediate formed by deprotonating the alpha-

carbonyl in water'"°.

As a result of the extensive research in the literature concerning the promising Sn-
beta zeolite catalyst for the isomerisation of glucose to fructose during the past years,
Lewis-acid-containing zeolites have attracted significant attention in order to design a
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low-cost, highly active, highly selective, thermally stable, and reusable catalyst for the
catalytic conversion of glucose to fructose. In this context, numerous zeolite-based
catalysts have been synthesised and investigated for the glucose isomerisation
reaction (Table 1.5). This inclination is due to their unique characteristics, including
high thermal and mechanical stability, high surface area, adjustable pore sizes and
shapes, and tuneable surface acidity. For instance, the use of zeolites Y and Beta in
their acidic form (H*) has been proposed for the isomerisation reaction of glucose to
fructose by Saravanamurugan et al., who suggested a two-step reaction protocol using
methanol and water as reaction solvents. The first step forms a methyl fructoside in
methanol through the acid-mediated attack of this solvent to fructose, and the second
step involves sequential hydrolysis of methyl fructoside intermediates by the step of
water addition to form desirable fructose (Figure 1.15). A fructose yield of 55% was
obtained over Ultra-stable Y zeolite in its protonated form, donated here as H-USY

using this reaction protocol at 120 °C for a total reaction time of 2 h'87,
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Figure 1.15. Reaction pathway of the catalytic isomerisation of glucose to fructose over acidic
zeolites in alcohol and water media through the hydrolysis of an alkyl fructoside

intermediate 87,

There have been additional studies on zeolite catalysts for catalysing the conversion
of glucose to fructose under different reaction conditions. The catalytic activity of
various zeolite-based catalysts reported in the literature along with the studied reaction

parameters are provided in Table 1.5.
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Table 1.5. Catalytic activity of various studied zeolite-based catalysts for the isomerisation reaction of glucose to fructose using

different reaction conditions and media.

SiO2/Al203 M:S molar
Catalyst (Metal loading) T/°C | Time/h Solvent Glucose conversion % | Fructose yield (%) | Ref
molar ratio ratio
No catalyst - - 140 1.5 H20 5 1
Ti-BEA 25 1:50 140 1.5 H20 50 23
Ti-MCM-41 pure SiO2 1:50 140 1.5 H20 23 7 -
Sn-BEA 25 1:50 140 1.5 H20 80 24
Sn-MCM-41 pure SiO2 1:50 140 1.5 H20 30 12
Sn-BEA 25 1:50 110 0.5 H20 55 32
Si-MCM-41 pure SiO2 1:5 100 2 H20 21 17
Si-MCM-48 pure SiO2 1:5 100 2 H20 3 2 125
Si-MCM-50 pure SiO2 1:5 100 2 H20 16 14
Ti-BEA 25 1:50 100 2 H20 8 1 "
Ti-BEA 25 1:50 100 2 CHsOH 36 8
NaA 2 1:5 95 1 H20 26 19 189
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CsA 2 15 95 1 H20 34 22
NaX 2.6 15 95 1 H20 20 17
CsX 2.6 15 95 1 H20 25 19
NaY 5.1 15 95 1 H20 9 6
CsY 5.1 15 95 1 H20 10 6
Sn-deAl-BEA (1wt.%) 25 15 110 2 H20 59 32 190
Mg-NaY (5 wt.%) 5.1 1:14 100 2 H20 28 23
Mg-NaY (10 wt.%) 5.1 17 100 2 H20 45 32 13
Mg-NaY (15 wt.%) 5.1 15 100 2 H20 49 32
Fe-BEA (0.06 wt.%) 25 1:10 150 15 H20 55 22 191
*Sn-ZSM-5 (4 wt.%) 30 1:30 110 2 C2HsOH + H20 55 44 192
HY 5.1 1:100 120 1 CH3OH 44 16
*HY 5.1 1:100 120 2 CH3OH + H20 46 20
H-USY 12 1:100 120 1 CH3OH 70 22 187
*H-USY 12 1:100 120 2 CH3OH + H20 72 55
H-USY 60 1:100 120 1 CH3OH 37 26
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*H-USY 60 1:100 120 2 CH3OH + H20 37 24
H-BEA 25 1:100 120 1 CHsOH 71 23
*H-BEA 25 1:100 120 2 CH3OH + H20 70 40
H-BEA 38 1:100 120 1 CHsOH 61 21

H-BEA 38 1:100 120 2 CH3OH + H20 57 29

No catalyst - - 140 3 H20 5 0

HY 30 1:50 140 3 H20 10 trace

Sn-deAl-HY (2.9 wt.%) 30 1:70 140 3 H20 35 13
Ga-deAl-HY (2.3 wt.%) 30 1:50 140 3 H20 17 5

*Reactions were carried out via a two-step protocol as follows, step 1: in alcohol for one hour and Step 2: in water for an additional

one hour at the specified reaction temperature.
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Apart from the importance of catalyst selection, understanding the properties of our

sugars is also a vital perspective. For instance, the solubility of glucose, fructose and
mannose is another significant factor that should be verified since it can play a
significant role in many aspects of a chemical reaction, including catalyst productivity
(mol product kg catalyst' h') and data reproducibility and comparability among
different laboratories and the development of catalysts by design. Therefore,
implications of the solubility of the substrates towards catalyst productivity and
catalytic performance will be studied in order to provide a robust platform for the
reliability of catalytic tests that will be carried out afterwards. Furthermore, the
isomerisation reaction can also be significantly influenced by other factors such as the
solvent nature, reaction temperature and time. Such variables will also be

systematically investigated in this thesis work.

1.7. Project aims.

In light of this background and context the objective of this research project is to:

1. Develop an efficient method, based on chromatography for the determination
of glucose, fructose, and mannose solubility in different pure solvents in order
to clarify the large discrepancies in solubility data reported in the literature and
provide a reliable basis for the evaluation of catalytic tests will be performed in
this thesis work.

2. Design and synthetise metal-doped zeolite catalysts for the isomerisation of
glucose to fructose under mild conditions. Methods such as wet impregnation
and sol-gel will be applied for catalyst preparation, and the effect of solvent

nature, reaction temperature and time on the catalytic performance will be

53



discussed with the aim to achieve higher catalytic activity than currently
reported in the literature.

. Investigate the roles of Lewis and Brgnsted acid sites in our catalysts, and
identify, if possible, all reaction intermediates and associated reaction pathways
in the catalytic conversion of glucose to fructose. Through the use of multiple
zeolites with different pore sizes and non-porous materials such as SiO2 and
Al20s3, the relevance of pores for glucose isomerisation will also be evaluated.

. Assess the structure and properties of the catalysts synthesized in this project
using various methods and techniques, including back titration and NHs
chemisorption for Lewis and Bregnsted acidity, XRD for crystal structure, XPS
for the oxidation chemical state of doped metal ions, HAADF-STEM for direct
insights on the pore structure and metal distribution, BET for textural properties
of these materials EXAFS for the coordination environment of metal atoms.
Monitoring these materials' properties during the synthesis process is intended
to produce a material with the most desirable characteristics and acquire data
to identify structure-activity correlations.

. Identify and evaluate the catalytic performance of various heterogeneous
catalysts such as metal-doped zeolite, pure metal oxides, and metal oxide-
doped zeolite with a view to developing highly efficient catalysts for the
dehydration of glucose and fructose to 5-HFM in water under mild reaction

conditions.
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CHAPTER 2: Experimental Methods and Techniques.

2.1. Materials
All materials and chemicals were used as received from suppliers and without any
further purification, and all purity values are reported in mass percentage unless

otherwise specified under the relevant section headings.

2.1.1. Preparation of catalysts.

The materials and chemicals used for catalysts preparation include: gallium(lll) nitrate
hydrate (Ga(NOs)3-xH20, 99.90% trace metals basis, Acros), iron(lll) chloride
anhydrous (FeCls, = 98.50%, VWR international), Niobium(V) chloride (NbCls, 99%,
Sigma-Aldrich), Tin(IV) Chloride Pentahydrate (SnCls*5H20, 98+%, Fisher),
Aluminium oxide, gamma-phase (y-Al203, 99.97% metals basis, Alfa Aesar), Silica,
fumed (SiO2, 99.80%, Sigma-Aldrich), Cerium(lV) 2-methoxyethoxide (C12H28CeOQs,
18-20% w/w in 2-methoxyethanol, Alfa Aesar), Niobium(V) ethoxide (Nb(OCH2CH3)s,
99.90% metals basis, Alfa Aesar), Titanium(lV) ethoxide (Ti(OC2Hs)4, Technical grade,
Sigma-Aldrich), Aluminosilicate, AI-MCM-41 ((SiOz2)x (Al203)y, Sigma-Aldrich), Silica,
mesostructured, MCM-41 type (SiO2, Sigma-Aldrich), Zeolite beta, ammonium (680
m2g~', 25:1 SiO2:Al203, Alfa Aesar), Zeolite beta, ammonium (710 m?.g™", 38:1
SiO2:Al203, Zeolyst international), Zeolite Y, hydrogen (730 m?.g™, 5.1:1 SiO2:Al20s3,
Alfa Aesar), Zeolite Y, hydrogen (780 m2.g7", 30:1 SiO2:Al203, Zeolyst international),
Zeolite Y, hydrogen (700 m2.g™", 80:1 SiO2:Al203, Zeolyst international), Zeolite ZSM-
5, ammonium (425 m2g", 23:1 SiO2:Al203, Alfa Aesar), Zeolite ZSM-5, ammonium

(425 m2.g, 50:1 SiO2:Al203, Alfa Aesar).
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2.2.2. Catalytic tests.

The materials and chemicals used for catalytic tests include 5-Hydroxymethylfurfural
(CeHesO3, 98%, Thermoscientific), D-(-)-Fructose (CsH1206, = 99%, Fisher), D-(+)-
Glucose (CeH1206, anhydrous, 99%, Alfa Aesar), D-(+)-Mannose (CeéH120s, = 99%,
Alfa Aesar), Formic acid (CH202, 99%, Acros), Levulinic acid (CsHsOs, 98%, Sigma-
Aldrich), Hydrochloric acid (HCI, 35%, VWR international) Cerium (IV) oxide (CeOz,
99.9% trace metals basis, Sigma-Aldrich), Lanthanum (lll) oxide (La20s3, = 99.90%,
Sigma-Aldrich), Molybdenum (VI) oxide (MoOs, 99.95% metal basis, Alfa Aesar),
Niobium(V) oxide (Nb20s, 99.90% trace metals basis, Sigma-Aldrich), Titanium (II)
oxide (TiO2, 99.5% metal basis, Fisher), Tungsten (VI) oxide (WQOs3, 99.8% metals
basis, Thermoscientific), Ethanol (C2HsO, HPLC Grade, Fisher), Methanol (CH4O,

HPLC Grade, Fisher).

2.2.3. Characterisation of Catalysts.

The materials and chemicals used for the analysis of Catalysts include: Beta-
Gallium(lIl) oxide (B-Gaz20s3, = 99.99%, Acros), Tin(IV) oxide (SnO2, 99.90%, Acros),
Methyl Orange (C14H14N3NaOsS, ACS reagent, Dye content 85 %, Sigma-Aldrich),
Potassium acid phthalate (HKCsH404, ACS reagent, Sigma-Aldrich), Sodium

carbonate (Na2COs, 99.80%, Honeywell), Sodium Hydroxide (NaOH, = 98%, Fisher).

2.2.4. Characterisation of reaction mixtures and standards.
The materials and chemicals used for the analysis of reaction mixtures and standards
include: acetonitrile (C2H3sN, HPLC grade, Fisher), Deuterium oxide (D20, 99.9%,

Sigma-Aldrich), Ethyl acetate (C4HsO2, HPLC Grade, Fisher), Methyl B-D-
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fructofuranoside (C7H140s, 98%, MuseChem), 1-propanol (CsHsO, HPLC grade,

Fisher), Isopropanol (CsHsO, HPLC grade, Alfa Aesar).

2.2. Synthesis of catalysts.

2.2.1. Wetness impregnation.

Physicochemical parameters of heterogeneous catalysts can be substantially affected
by their preparation methods'. To this purpose, it is usually beneficial if supported
metals and/or metal oxide as the active sites are present in a highly dispersed form
over a support or within a framework.22 This will consequentially lead to a catalyst with
a high surface area and, often to a maximum specific activity’. To achieve this objective
specifically for zeolite-based catalysts, the metal component is frequently deposited
on a support surface with high porosity and thermal stability characteristics3. Standard
preparation methods such as wetness impregnation (WI)*, lon exchange (IE)®°, and
precipitation (i.e., coprecipitation, CP and deposition-precipitation, DP)® are often used
in the post-synthesis of supported catalysts. However, due to its simplicity in execution
and economic advantages, wetness impregnation has been defined as the most
straightforward and frequently applied technique to introduce metal centres into the

zeolite crystals®4>.

In wetness impregnation (WI), a metal precursor (e.g., a metal salt) is dissolved in a
solvent, typically deionised water’. The support, a material possessing a high surface
area and preferably thermostable (e.g., zeolites, metal oxides), is subsequently added
to this solution with a certain amount depending on the desired metal loading. The
resulting slurry is then gently dried through slow heating at a temperature below its

boiling point. This will lead to the precursor being dispersed over a support by
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concentration gradient effects. On completion, the catalyst is frequently calcined, to

ensure stability, and it is converted, most often into a metal oxide®.

Calcination

Metal salt solution Metal salt and supp()rt s]urry Metal salt on support Metal oxide on support

Figure 2.1. A schematic diagram shows the steps involved in the method of wetness
impregnation as well as the formation of the metal and/or metal oxide on the support during
some of these steps®.

The use of the impregnation technique was shown to produce active catalysts for
converting sugars like glucose and/or fructose to a versatile platform chemical such
as 5-hydroxymethylfurfural (5-HMF)'%1", For instance, extensive investigations on the
structural properties of the benchmarked tin containing beta zeolite “Sn-beta” have
revealed that most Sn species were successfully incorporated into the beta zeolite
framework by using this method'?'3. During this research, wetness impregnation was
selected as the primary method for depositing metals/metal oxides as active sites on
different zeolite supports. The choice was made as a result of its ease to conduct
practically and the efficient metal dispersion that could be achieved upon using such

a technique.

2.2.1.1. Preparation of Sn/Y, Ga/Y, Nb/Y and Fe/Y catalysts.
The preparation of catalysts used in this research, tin-, gallium-, niobium-, and iron-

doped zeolite Y catalysts, denoted as Sn/Y, Ga/Y, Nb/Y and Fe/Y, respectively, is
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described here. Specifically, catalysts were prepared using a wet impregnation
protocol with water as the solvent for dissolving and incorporating metal precursors
into the zeolite. Zeolite Y was used in its acidic form, here denoted as HY. The metal
precursors used to prepare Sn/Y, Gal/Y, Nb/Y and Fe/Y were SnCls*5H20,

Ga(NO3)3*xH20, NbCls and FeCls, respectively.

Unless otherwise specified, all catalysts were prepared with a final metal loading of 1
wt %, where the desired amount of metal precursor was dissolved in water (25 mL)
and mixed with zeolite Y (ca. 2 g) under vigorous stirring. The amount of zeolite was
adjusted to compensate for the metal assay for each precursor. The resulting slurry
was then heated to 80 °C and evaporated to dryness. Each catalyst was dried at 120

°C for 16 h and calcined at 550 °C for 4 h in static air (temperature ramp 20 °C min™").

In Chapter 5, a fixed 1 wt.% metal loading of Sn was locked and used to calculate the
metal loading for Ga and Nb, leading to metal loading of 0.6 wt.% and 0.8 wt.% for
both metals, respectively. Since the chapter focuses on investigating the roles of
catalyst acidity on catalytic activity, it is crucial to account for the fact that 1 wt.% Sn,
Ga and Nb have significantly different masses. This difference in mass will result in
different amounts of catalyst being used when maintaining a constant M:S (metal to
substrate) ratio. However, as we are testing the acidity of the zeolite, a different amount
of zeolite will also have a different amount of total acidity in a solution, an additional

potential variable that was considered, which could be relevant.

2.2.2. Sol-gel
Sol-gel is another well-known catalyst preparation techniqgue commonly used for the

preparation and deposition of metal active sites in the form of metal oxides'. Prior to
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the step of metal oxide deposition on zeolite Y, metal oxides of titanium (TiOz2), niobium
(Nb20s5) and cerium (CeO2) were synthesised by using a sol-gel method adopted from
Arif Rahman et al. ™. In a typical synthesis, desired amounts of metal ethoxide (i.e.,
Titanium(IV) ethoxide, Niobium(V) ethoxide and Cerium(lV) 2-methoxyethoxide) and
5 mL of ethanol were mixed in a beaker. The resulting solution was slowly added to 25
mL of deionised water under continuous stirring for 10 min. The solution was then
added gently to 0.3 mL of concentrated HNO3s (14 M). The resulting mixture was
heated at 80 °C for 30 min under continuous stirring. A white milky solution was formed,

which was then used to deposit metal oxide on zeolite Y.

The deposition of the prepared metal oxide on zeolite was carried out by dispersing 2
g of zeolite in 25 mL of water. This slurry was then gradually added to the previously
prepared gel solution under constant stirring. The resultant slurry was kept under
stirring for 2 hours and then dried at 100 °C for 4 hours. Catalysts were then calcined

at 500 °C for 6 h (temperature ramp 10 °C min~").

All catalytic tests and synthesis in the following sections (2.3 — 2.6) were carried out
using the same approaches. Unless otherwise specified, the catalytic tests were
carried out in a sealed pressure tube (Ace-type GPE Scientific) at particular reaction
temperatures set within each section. The tube containing the reaction mixture was
inserted into a pre-heated, temperature-calibrated aluminium block for the desired
reaction time and equipped with a magnetic stirrer operating at 700 rpm. After the
desired reaction time, the mixture was quickly cooled down to room temperature by
immersing the pressure tube in an ice bath. Control tests using fructose and mannose
as the reaction substrate were carried out identically to those described for glucose.
All catalytic tests were repeated three times to acquire the average and standard
deviation of the sample of data.
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2.3. Catalytic tests for glucose to fructose isomerisation reaction.

2.3.1. One-pot reaction with water or methanol as a solvent.

The catalyst was dispersed in solutions containing 4 mL of water or methanol and 125
mg of a-D-glucose (31.25 g-L~", 3.12 wt.%, 0.17 mol-.L-'). The amount of catalyst,
typically ca. 75 mg, was adjusted to a molar metal-to-glucose ratio of 1:100 with regard
to the total amount of Ga or Sn in the zeolite. The reaction was carried out at a reaction

temperature of 100 °C and a reaction time of 1 h.

2.3.2. Two-pot reaction with methanol and water as solvents

After the first step in methanol as a solvent, described in the previous section. The
reaction mixture was cooled down again to room temperature using an ice bath, the
vial was opened, and 4 mL of water was added to the reaction mixture. The vial was

sealed, and the tube was reheated at 100 °C for 1 h.

2.4 Synthesis of intermediates: alkyl pyranoside and/or alkyl furanoside.

Methyl glucoside and fructoside intermediates were synthesised using MCM-41 and
Al-MCM-41 mesoporous catalysts'™6. Typically, these intermediates were
synthesised by dispersing the catalyst in 4 mL aqueous solutions of a-D-glucose or D-
(-)-Fructose (31.25 g-L™", 3.12 wt.%, 0.17 mol-L~"). The amount of catalyst, ca. 75 mg,
was adjusted to an M:S molar ratio of 1:100. The synthesis was carried out at a

reaction temperature of 100 °C and 120 °C for a reaction time in the range of 1 - 6 h.
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2.5. Catalytic tests of fructose dehydration reaction to 5-hydroxymethylfurfural
(HMF).

2.5.1. Dehydration of fructose over homogeneous catalysts.

In order to achieve selective fructose dehydration to HMF in an aqueous solution by
the mean of a heterogeneous catalyst, a screening of the reaction parameters was
first carried out by using HCI as a homogeneous Brgnsted catalyst. A kinetic study was
conducted at a reaction temperature of 100 °C for a time range of 10 — 360 min, and
with a fructose to HCI molar ratio of 1:5 — 1:0.2. Typically, a 5 mL aqueous solution
(100 g-L~", 10 wt.%, 0.56 mol-L™") of fructose was mixed with the desired amount HCI

at various fructose/HCI molar ratios.

2.5.2. Dehydration of fructose over heterogeneous catalysts.

Dehydration of fructose to HMF over various undoped and metal-doped zeolite Y as
heterogeneous catalysts was performed under particular reaction conditions screened
in section (2.5.1). More specifically, the catalyst was dispersed in a 5 mL aqueous
solution (100 g-L~", 10 wt.%, 0.56 mol-L~") of fructose. The desired amount of catalyst
was adjusted to an M:S molar ratio in the range of 1:3 — 1:300 concerning the total
amount of metal (i.e., Ga, Sn, Nb, and Fe) or metal oxides (e.g., TiO2, Nb20s, and
Ce02) in the zeolite. The catalytic tests were carried out at a reaction temperature of

100 °C and/or 140 °C and a reaction time of 2 - 6 h.
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2.6 Catalytic tests for the conversion of glucose and fructose to HMF over metal
oxides.

The catalyst was dispersed in a 5 mL aqueous solution (100 g-L~", 10 wt.%, 0.56
mol-L~") of glucose or fructose. The desired amount of catalyst was adjusted to an M:S
molar ratio of 1:10 with respect to the total amount of metal of the metal oxides studied
(i.e., MoOs, La203, CeO2, Nb20s, TiO2, and WOs3). The reactions were conducted at a

reaction temperature of 140 °C and for a reaction time of 2 h.

2.7. Analytical techniques.

2.7.1. Characterisation of the reaction mixtures.

Due to the importance of identifying and quantifying the potential products and
intermediates of our glucose to fructose isomerisation reaction as well as glucose and
fructose dehydration reaction to 5-hydroxymethylfurfural (5-HMF). A range of
analytical techniques, including High-Performance Liquid Chromatography -
Evaporative Light Scattering Detector (HPLC-ELSD), High-Performance Liquid
Chromatography — Mass Spectrometry (HPLC-MS), and Proton nuclear magnetic
resonance ("H-NMR) were used for the characterisation of the mixture solutions of all
reactions carried out in this thesis work. In particular, HPLC-ELSD analysis was carried
out for the identification and quantification of the components of reaction mixtures from
glucose isomerisation; HPLC-MS analysis was mainly performed to confirm the
presence of alkyl glucoside and/ or alkyl fructoside as potential intermediates in the
reaction mixture of glucose isomerisation, and '"H NMR was used for the identification
and quantification of the components of the reaction mixture from glucose and fructose

dehydration reactions to 5-hydroxymethylfurfural. Given the importance of these
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characterisation techniques, the working principle of these analytical tools will be

briefly discussed in the following sections.

2.7.1.1. High-Performance Liquid Chromatography - Evaporative Light
Scattering Detector (HPLC-ELSD).

Column chromatography is a specific form of separation where the compounds to be
separated, or in analytical terms ‘resolved’, are distributed between a mobile phase
(eluent) and a stationary phase (packing material of the column in our case). The
separation, identification, and quantification of different components in a mixture can
be achieved using this technique'’. In principle, the chromatographic process occurs
due to repeated sorption onto and desorption from the stationary phase by sample
components as they cross the column bed. The separation between individual
components arises from differences in their distribution coefficients between the two
phases'®. In liquid chromatography, the separation of analyte molecules is based on
their differential partitioning between two non-miscible phases, the stationary phase,
and the mobile phase. Several interactions between the analyte, the stationary and
mobile phases, such as ionic interactions, ion-dipole interactions, hydrogen bonds,
and hydrophobic interactions (e.g., van der Waals and London dispersion forces), can
govern the separation step. A reverse-phase was used in our HPLC analysis of sugar
samples. In this mode, the sugar molecules are separated based on their
hydrophobicity when they partition between a non-polar stationary phase and a polar
mobile phase; thereby, an increase in the retention time could be observed for the less

polar analytes'®.
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The essential components of a conventional HPLC system (see figure 2.2) consist of
the mobile phase drawn from a reservoir via a pump, which drives the mobile phase
through the column by controlling the flow rate and generating sufficient pressure in
the range of 30 - 400 bar?®. An autosampler is often used to inject the sample into the
column, typically placed within a column oven. The column is considered to be the
heart of the chromatographic system, where the separation of analytes occurs. Most
HPLC columns are made of an external part made of stainless steel in order to stand
the pressures involved, with column lengths of 30 — 300 mm, internal diameters of
2.0—4.6 mm, and typically packed with 3 — 10 um porous particles that are made up of
silica, polystyrene-divinyl-benzene synthetic resin, alumina, or other types of ion-
exchange resin, and chemically modified with long-chain alkyl groups (e.g., C18, C8,
C4) to create a non-polar surface in the case of the reverse-phase column?'. A column
oven is used to maintain a constant column temperature. The detector is positioned
directly after the column to respond to changes in column effluent composition during

the chromatographic run. A data system collects the detector output and processes

the data’s.
o I
| | Sample
=1 ‘ IR ‘ Injector ER— Detector
— pump Data acquisition
HPLC Column
o Ry
HPLC Solvent B
Waste

Figure 2.2. The schematic diagram demonstrates the working principle of the High-
Performance Liquid Chromatography (HPLC) system'®.
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The peak area (i.e., the intensity of a signal) or the height if peaks are particularly
sharp are directly proportional to the concentration of a compound injected into the
instrument. These characteristics are typically originated from a response from a
detector. This response must be related to the concentration or amount of the analyte
of interest in order to obtain quantitative data, wherein a calibration must therefore be
performed using either external or internal standard methods, both of which are

performed using a calibration curve.

An ELSD detector was selected in this work amongst other types of detection systems
such as differential refractive index (RI), charged aerosol detection (CAD) and
electrochemical detectors (ECD), which have limitations including poor sensitivity,
specificity, and selectivity depending on temperature, composition, flow rate, and
incompatibility with gradient elution of detection. The evaporative light scattering
detector (ELSD) is not affected by these limitations since it is based on the universal
ability of small solid particles to cause photon scattering??. In particular, the principle
of these aerosol-based HPLC detectors (Figure 2.4) is to convert the eluents (sample
dissolved in mobile phase) from the HPLC column and carries by an inert carrier gas
such as nitrogen to form a fine spray via a nebuliser. This spray is then heated to
evaporate the mobile phase. Light is then focused on the remaining small solid
particles, and scattered light is detected where the particle size achieved by the
nebulisation and evaporation process can be affected by gas pressure and flow rate,

sample concentration and the solvent used as the eluent?3.
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® Droplet of eluent
4 Solid particle of solute

Figure 2.3. Schematic representation of the evaporative light scattering detector, which is
composed of 1: Effluent; 2: Nebulizing gas; 3: Concentric nebuliser; 4. Nebulizing chamber; 5:
Liguid waste (settled droplets); 6: Heated drift tube; 7: Light source; 8: Light beam; 9: Diffracted
light; 10: Transmitted light; 11: Photomultiplier; 12: Gas exhaust. Figure reproduced from
Philippe Christen®* with permission.

Additionally, an ELSD detector can detect most compounds that are less volatile than
the mobile phase, and it does not rely on the optical properties of the analytes?>.
Despite all these advantages, there is still a scientific disagreement in the literature
about the fit of data obtained by this detector to a calibration curve, which was essential
for this study to quantify chromatogram results. In more detail, some literature confirms
that data achieved by ELSD suffer from the lack of linearity between mass and signal
intensity, or in other words, between the analyte concentration and the area under the
peak of that analyte. At the same time, other literature reported a linear correlation?6-
28, Due to this uncertainty, we have always ensured to be in a linearity range when

carrying out our quantitative determinations.

In a typical analysis, high-performance liquid chromatography was used for the
characterisation of glucose isomerisation reaction mixture and the solubility

measurements of sugars, using a Shimadzu UFLC XR chromatographer. A method for
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a satisfactory resolution of the reaction mixture and identification of impurities made
use of a Phenomenex Rezex RCM-Monosaccharide Ca** column 300 by 7.8 mm
column temperature of 60 °C and a mobile phase consisting of purified water running
an isocratic elution program at a flow rate of 0.6 mL-min~' over 25 minutes and an

injection volume (HPLC loop) of 10 pL.

2.7.1.2. High-Performance Liquid Chromatography — Mass Spectrometry (HPLC-
MS).

The use of the mass spectroscopy technique can deliver valuable information for the
molecular and structural identification of analytes of interest by measuring their mass-
to-charge ratios (m/z)?°. A conventional mass spectrometer device comprises three
main parts: ionisation sources, mass analysers and detectors. The molecule of interest
must be first ionised in order to be detected and thus originating a mass-to-charge
ratio (m/z) to be measured. The molecular ions are subsequently separated based on
their m/z ratios, and their signals are then recorded as a function of scan time=°.

The generation of ions is considered to be the first and most fundamental step in mass
spectrometric analysis. The analyte molecules must first be ionised (i.e., become
charged) to allow separation from other charged species in the mass analyser?®,
Various methods can be applied to achieve successful ionisation for the analytes of
interest3'. However, electrospray ionisation (ESI) and matrix-assisted laser
desorption/ionisation (MALDI) are the most extensively employed methods for
characterising and identifying a wide range of molecules®. In this section, the
ionisation method of electrospray ionisation (ESI), which was used for mass

spectrometric analysis during this thesis work, will be discussed in detail.
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Electrospray ionisation (ESI) is a soft and widespread ionisation technique that is best
utilised for thermally labile and at least moderately polar organic analytes33, without
the prerequisite of any chemical derivatisation and/or extraction processes from polar
solutions®2. This ionisation technique is currently the most often used technique
associated with the mass spectrometry method; this is due to the possibility of coupling
with liquid separation techniques, such as liquid chromatography (LC) and/or capillary
electrophoresis (CE)%*. In ESI, an electric field is used to promote the transfer of ions
from the solution to the gas phase?®®. In brief, a sample solution is first infused into the
ESI chamber using a heated glass or metal capillary®¢. As a high voltage is introduced
to the sample solution, a spray of charged droplets will then be formed at the end of
the heated capillary. Once the ionisation temperature exceeds the solvent’s boiling
point, the solvent will progressively be evaporated, and ultimately the droplets will be
dissociated into a steam of molecular ions. Then, the charged molecules will be
crossed into the MS analysers operated under a high vacuum to separate them

according to their mass-to-charge ratio (m/z)%’, as shown in Figure 2.5.

Analyte molecule Solvent Coulomb Naked charged
evaporation fission analyte

v | o L]
Lo %

Spraying nozzle

| L ]

o L= + &, + I
R I
Chac;"gedlptarem T Charged progeny
rople
Charged droplet at droplets
Taylor cone (e Rovleiah i
P Iv
Ve ower supply | —

Figure 2.4. The schematic diagram represents the electrospray ionisation process. In the step
of producing charged droplets, the analyte solution is pumped through the high-voltage
capillary, which causes an electrochemical reaction of the solvent to take place that leads to
an electron flow to or from the heated capillary, depending on its polarity*. Figure reproduced
from Shibdas Banerjee® with permission.
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lon modes can either be positive or negative, typically depending on the analyte's
proton affinity. Any molecule with base-like functional groups can be simply ionised in
the positive ion mode by creating adducts with proton(s). Conversely, molecules with
acid-like characteristics typically give better ionisation spectra in the negative ion
mode33. Therefore, the optimum ionisation mode selection relies on the Brgnsted-
Lowry acid-base theory*®4'. The type of ions generated in the ionisation source can
be frequently singly or multiply protonated [M + zHJ?* ions in the positive ion mode or
singly deprotonated [M — H] ions, which are known to be dominant in the negative ion
mode33. For example, cationised molecules such as H*, NH4*, Na* or K* are
deliberately used during the ESI process because they typically give no fragmentation
rather than the loss of the cation in the MS spectra33. However, for compounds like
carbohydrates, their fragmentation could also be significantly different from that of [M
+ H]* ions, which in turn will provide valuable structural information*2.

The typical HPLC-MS analysis for the identification of intermediates of glucose to
fructose isomerisation reaction was carried out by using an Agilent 1260 Infinity liquid
chromatographer coupled with an Agilent 6530 Q-ToF mass spectrometer. The
chromatographer was equipped with an Agilent Zorbax Extend-C18 column, and the
separation of the compounds was carried out by using a water/formic acid (0.1%) and
acetonitrile mobile phase with a gradient of acetonitrile from 5% to 15% in 15 minutes.
A flow rate of 0.4 mL min~" and an injection volume (sampling loop) of 1.0 yL were
used.

2.7.1.3. Proton and Carbon nuclear magnetic resonance spectroscopy (*H- and
13C-NMR).

Nuclear magnetic resonance spectroscopy (NMR) has proven to be one of the most

sensitive and powerful techniques for investigating molecular structural information at
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the atomic level of a sample*3. The fundamental concept of this spectroscopic
technique depends on exploiting changes in the orientation of nuclear spin. In terms
of quantum mechanics, spin is an essential characteristic of all elementary particles,
such as protons, neutrons, and electrons*4. In more detail, NMR studies the magnetic
properties of nuclei. Radiofrequency energy absorption may occur when nuclei are

placed in a static magnetic field and exposed to a second oscillating magnetic field*°.

Figures 2.5 and 2.6 show that a charged spinning nucleus can be treated as a
magnetic moment (u). If an external magnetic field (Bo) is present, this may induce two
nuclear spin states known as (+1/2) and (-1/2)*¢. The magnetic moment of the low-
energy spin state (+1/2) is oriented parallel to the external magnetic field, whereas that
with a high-energy state (-1/2) is oriented perpendicular to the direction of the external
magnetic field*’. The energy difference between these two spin levels relies on the

strength of the external magnetic field.

Figure 2.5. Representation of a processing proton in a stationary magnetic field Bo*'.
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Transitions of these two spin energy states occur at the Larmor frequency wo*:
wo =y Bo/21r Eq.2.1

The proportionality factor gamma is called the magnetogyric ratio and is a specific

o
N

T m=-1/2
+
E O AE = hv

R
4

0 B, —» m=+1/2

constant for the isotope of each element*.

Figure 2.6. Schematic diagram of the energy difference AE between the spin energy states,
which can be described in terms of frequency unit v as AE = hv, wherein h is Planck’s constant,
which is equal to 6.6256 x 10734 J.s 48,

The signal in the NMR spectroscopic analysis results from the difference in the energy
absorbed by the spins that generate a transition from the low energy states to the high
energy state. Therefore, the signal is proportional to the difference in population
between these two energy states. NMR is a relatively sensitive spectroscopic
technique, though another contributor to the sensitivity of NMR originates from the
resonance or energy exchange at a particular frequency between the spins and the

spectrometer?s.
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"H-NMR spectra were collected using a Bruker Advance IIIHD 400 spectrometer,
operating at 400 MHz, whereas '3C-NMR were collected using DEPTQ analysis
measured at 100.2 MHz with a Bruker Advance Ill HD Spectrometer, using 896
transients, spectral width of 296 ppm, FID size 64k points and a recycle delay of 4s.
Samples for both 'H and "*C-NMR analysis were prepared by adding 100 yL of the
reaction mixture to an NMR tube and dissolving it in 600 pL deuterium oxide (D20).
Then, 50 pL of 0.1 M ethyl acetate (CH3sCOOC2Hs) was subsequently added as an

internal standard.

2.7.1.4. Equations for the Calculations of Catalytic Activity.

The catalytic activity of our catalysts for all reactions carried out during this thesis was
mainly assessed by calculating the molar conversion of the reagents, product
distribution, carbon mass balance, and product vyield. For instance, the
characterisation of glucose to the fructose reaction mixture was carried out based on
HPLC calibration curves of sugars (Figures A1 — A3 in Appendix A.1). In contrast, 'H-
NMR was used for reagent molar conversion, product distribution, and carbon mass
balance calculations for the dehydration reactions of glucose and fructose to 5-HMF
(Figure A4 in Appendix A.2)

The molar conversion was calculated as Eq.2.3:

C(mol%) = “Reonsumed 4 Eq.2.2

nR,0
where nro is the number of moles of reagent at the start of the reaction, and ng,
consumed, is the number of moles of reagent consumed during a reaction after a time

L.
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n,r consumed was calculated by using the formula Eq.2.4:

NR,consumed = MRr,0 — NRL Eq.2.3
where ngis the number of moles of reagent left in the reaction mixture after a reaction

time t.

For the calculation of the observed molar selectivity S for a product i, this was

calculated as the molar ratio between the product i and the sum in j of the moles of all

the other products detected in the reaction mixtures Eq.2.4

S;i(mol %) =

n; .
5= 100 Eq.2.4

As in our case, glucose, methyl fructoside, fructose and mannose were the only
components observed in glucose isomerisation, whereas fructose dehydration
showed products of 5-HMF, levulinic acid and formic acid. The observed selectivities
of methyl fructoside (Swer), fructose (Sr), and mannose (Su) for glucose isomerisation
reaction as well as 5-HMF (Ss-xumr), levulinic acid (Sz4) and formic acid (Sz) for fructose

dehydration were calculated using Eq.2.5 - Eq.2.10.

Sp(mol %) = Mﬁ 100 Eq.2.5
Sy (mol %) = ﬁ 100 Eq.2.6
Syrer(mol %) = Wﬁm . 100 Eq.2.7
Ss_pmr(mol %) = —5=HMF___ . 100 Eq.2.8

Ns—_HMFtNLATNFA
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Spa(mol %) = LA -100 Eq.2.9

NpA+Ns_HMFtNFA

Spa(mol %) = —ra 100  EQ.2.10

NFA+tNs—_HMF+NLA

The carbon mass balance (CMB) was calculated as the ratio between the number of
carbon atoms (mol) in all of the observed components of the reaction mixture, divided
by the initial number (mol) of carbon atoms for the reagent at reaction time zero (Eq.

2.11) of glucose isomerisation and (Eq. 2.12) for fructose dehydration.

CMB(%) — 6Cng +6C Npyer + 6C-NE+6C-Ny 100 Eq211
6C'nG_0
CMB(%) — 6C'nF.L+6C. nS—:C]'V]: +5Cnpa+1C-ngy . 100 Eq212
‘ItF,0

Note: although in the case of glucose isomerisation, the number of carbon atoms in
methyl fructoside is 7, the calculation accounts for 6 carbon atoms, as these originate
from glucose, to which the calculation analysis is, as such this is the CMB with respect
to glucose and not to methanol, which is also one of the solvents of the reaction

mixture.

For the yields, Y, combining Eq.2.2, Eq.2.4 and Eq.2.11, these are:

Si(mol%) CMB(%)
100 100

Yi(%) = C(mo %) - Eq.2.13
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2.7.2. Characterization of the catalysts and structure-activity correlations.
In order to study and identify possible structure-activity correlations, our catalysts were
systematically investigated using various acidity measurements and techniques like

XPS, ICP-MS, XRPD, HAADF-STEM and EXAFS.

2.7.2.1. Acidity Determinations.
Acidity measurements were carried out by using back titration for total Brgnsted acidity

and NHs chemisorption for the combination of Brgnsted and Lewis acidity.

In a typical experiment, total Brgnsted acidity was measured according to a protocol
used by Tantisriyanurak and referenced therein*®. 100 mg of catalyst was stirred in a
sealed container with 10 mL of standardised NaOH (0.135 M) at 40 °C overnight. The
solution was then recovered, and the catalyst residue was washed with 10 mL of de-
ionised water, which was collected by filtration. The filtrate, together with the solution,
was back titrated with standardised HCI (0.128 M) using methyl orange as an indicator.
NaOH and HCI were standardised using potassium acid phthalate (HKCsH4O4) and

sodium carbonate (Na2CO3) respectively®°.

The typical NH3 chemisorption experiments were conducted using a Micromeritics
ASAP 2020 instrument equipped with a Chemi 2020 Kit to determine NH3 adsorption
isotherms based on volumetric gas sorption at different pressures, according to the
protocol reported by Ding et al.,'. Using the volume of adsorbed gas and converting
it to moles at standard temperature and pressure allows us to quantitatively measure
the amount of strong Brgnsted and both strong and weak Lewis acid sites in the

materials. About 500 mg of the catalyst was evacuated at 150 °C for 2 h, followed by
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adsorption measurements at 35 °C to promote the adsorption to both strong and weak

sites at gas pressures from 100 to 700 mm Hg.

2.7.2.2. Porosimetry and BET surface area.

Brunauer—-Emmett—Teller (BET) theory is a widely used characterisation technique for
calculating surface area and pore size®?. This method is used to estimate the amount
of gas molecule adsorbed on a solid surface of the adsorbent material that correlated
to the surface area, especially in the case of porous materials®®. The BET theory is
an extension of the Langmuir theory, but with the assumption that gas molecules form
multilayer adsorption instead of monolayer adsorption assumed in Langmuir

theory®*%%. The BET equation is expressed as Eq. 2.14.

==+ = (5) Eq.2.14

where P/Pois the relative pressure of the equilibrium gas pressure Pand the saturation
pressure of an adsorbed substance at the adsorption temperature /, n is the specific
quantity of the adsorbed gas molecules at the relative pressure  P/P°, nm is the

monolayer capacity of adsorbed gas, and Cis the BET constant5455.

In a typical experiment, the pore size was measured using a Micromeritics 3Flex gas
sorption system operating with liquid nitrogen at 77 K. In particular, the samples (ca.
100 mg) were degassed at 180 °C for 48 h before analysis. The BET surface area was
calculated from the adsorption isotherm using a 20-points method with relative
pressure P/P¢ in the range of (0.00 — 0.30) and 0.162 nm? as the surface area for

gaseous molecular nitrogen®®.
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The determination of pore size distribution was conducted via Barrett-Joyner-Halenda
(BJH) model using desorption points®’, which is based on Kelvin’s equation (Eq.2.15)
that was used in the determination of the pore radius (r), which gas molecules

adsorbed on%8.

2yV

= RTln(%)

Eq. 2.15

where v is the gas-liquid surface tension, V is the molar volume of the adsorbed liquid,
R is the gas constant, T is the temperature in Kelvin, and P/Pe is the relative pressure

of the equilibrium gas pressure P and the saturation pressure of an adsorbed liquid®8.

2.7.2.3. X-ray powder diffraction (XRPD).

X-ray powder diffraction (XRPD) is a technique used to identify the crystalline structure
or phase composition of powdered materials®®. This technique is the result of
constructive interference of a monochromatic (within experimental error) X-ray
radiation when being scattered or reflected by a crystalline sample. Constructive
interference is produced upon the interaction of the incident rays with the crystalline

sample when conditions satisfy Bragg's Law (Eq. 2.16)°°.

nl=2d sinf Eq. 2.16

where n is any integer, A is the wavelength of the incident-beam X-ray, dis the spacing
between crystal planes (d spacing), and 6 is the angle between the crystal plane and
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the diffracted beam. According to Bragg's Law, the wavelength of electromagnetic
radiation is correlated to the diffraction angle at which a diffraction peak is detected

and the lattice spacing in a crystalline sample.

In the case of samples in powder form, the sample is irradiated within a range of
incident angles, in such a way that all possible directions for the diffraction of the
lattice should be attained. From Bragg’s law, it is then possible to convert the incident
and diffraction angles in d-spacing, bearing in mind that each crystalline sample has

its unique d-spacing and structure.

incident X-rays diffracted X-rays c

Ar A A CJ’

eBe

R

B"
d
atomic scale crystal lattice plane

Figure 2.6. Schematic representation of the XRD process occurs according to Bragg’s theory.
The angle between incident beams and the normal to the lattice (8) can be used to determine
inter-layer spacing (d)®°.

X-ray powder diffraction (XRPD) patterns were acquired using a Bruker D8 Advance
diffractometer equipped with a LynxEye detector. The samples were deposited over

an amorphous silicon sample holder. The instrument was operated at 40 kV and 40
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mA by selecting the CuKa radiation (1.5406 A) as an X-ray source. The samples were
analysed in the 208 range of 5-60° for a scan time of 60 min. Analysis of the patterns
was carried out using X-Pert Pro software. The goodness of fit between experimental
and simulated XRPD patterns was evaluated via x?-test®' using Rietveld refinement®?
as a full-pattern fit algorithm. Initial atomic coordinate values to perform the fit were
obtained using crystallographic information files (CIF) available at the Database of

Zeolite Structures (IZA-SC)%.

2.7.2.4. X-ray photoelectron spectroscopy (XPS).

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique that
is widely used to provide information on the elemental composition as well as the
surface chemical state of elements (Li and heavier)® of a material at surface level
(typically probes up to 10 nm in the depth of the specimen)®566, This technique involves
the determination of the kinetic energy of electrons (i.e., photoelectrons) that are
emitted from a sample due to the irradiation of the sample using single-energy X-ray

photons®.
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Figure 2.7. Schematic diagram of the photoemission process involved in the XPS technique.
An electron can be ejected when an atom or molecule absorbs an X-ray photon. The surface
elements and chemical states could be identified by detecting the kinetic energy (E) of the
emitted electrons®.

The photoelectron energy emitted from the sample is characteristic of each element.
The ejected photoelectrons' electron binding energy (Eb) is typically measured by the

determined kinetic energy (Ex), Equation 2.1764,

Ek = hU_Eb_(p Eq 217

where Ex is the kinetic energy of emitted electron; Eb is the binding energy of the
emitted electron; A is Planck’s constant; v is the frequency of incident X-ray, and ¢ is

the work function of the spectrometer.
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In a typical experiment, X-ray photoelectron spectroscopy (XPS) was performed with
a Kratos Axis Nova spectrometer using a monochromatic Alka X-ray source (225 W)
with an analyser pass energy of 160 eV for survey scans and 20 eV for high-resolution
scans. Three positions per sample were analysed using charge neutralisation. All XPS

spectra were charge corrected by setting the C1s C-C/H component to 284.8 eV*®".

2.7.2.5. High-angle annular dark-field imaging — Scanning transmission electron
microscopy (HAADF-STEM).

Scanning transmission electron microscopy technique (STEM) is a type of
transmission electron microscopy (TEM), defined as one of the most used techniques
for imaging characterisation at atomic-scale resolution®. Unlike conventional TEM, in
STEM, the imaging process is achieved by adjusting the microscope lenses to create
a focused electron beam into a spot, which is then scanned across a specimen in a
raster pattern, where various signals are collected point-by-point at this stage to

produce an image®.

High-angle annular dark field (HAADF) is a powerful detection technique used widely
in scanning transmission electron microscopy (STEM) analysis, which offers a more
direct interpretation of images for crystalline materials compared to other TEM
detection techniques’®, as the intensity of images is sensitive to the atomic number
(Z)"'. Wherein for high atomic-number materials, more electrons are scattered at a
higher angle due to increased electrostatic interactions between the nucleus and the
electron beam, making HAADF detect a more significant signal from the elements with
higher atomic numbers, leading to a brighter image. The images using this detector
are acquired in scanning transmission mode by collecting the high angle scattered

intensity (>10 mrad)® at each probe position. HAADF provides incoherent images
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due to incoherent elastically scattered electrons’?, which means these images do not
suffer from ‘contrast reversals’ due to the change in the specimen’s thickness and

defocus of the specimen’.

This technique has a wide range of applications for studying the porous materials at
the atomic scale and the characterisation of zeolite structures like pores structure of
hierarchical micro- and meso-porous zeolite frameworks and the analysis of active
metal centres in zeolites®®. Consequently, the HAADF-STEM technique was used in
our research to gain high-resolution images that provide helpful information for
visualising metal nanocatalysts in zeolites, such as the size and the size distribution

of metal particles.

In a typical experiment, samples were prepared for transmission electron microscopy
(TEM) analysis by dispersing and sonicating the catalyst powders in high-purity
ethanol for ca. 10 min and allowing a drop of the suspension to dry on a Cu grid.
HAADF-STEM images were acquired using an FEI Talos F200X operating at 200 keV
under STEM mode. The frequency count for the particle size distribution for Sn/Y was
obtained from a set of 200 particles. Data analysis and fitting of the particle size

distributions were carried out using OriginPro 2022 software.

2.7.2.6. Extended X-ray absorption fine structure (EXAFS).

Extended X-ray absorption fine structure (EXAFS) spectroscopy is a type of X-ray
absorption technique typically referring to the XAS spectrum region of 40-1000 eV
after the absorption edge’. EXAFS measurements are of interest as they can provide
precise information on the types and number of neighbour atoms to the absorbing

atom in the material’®.
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In principle, EXAFS occurs due to an electron being interfered with itself. This excited
electron scatters elastically off the neighbouring atoms (e.g., O) at a distance of R from
the absorbing atom (e.g., Sn and Ga), causing fine structure oscillations. Further
scattering amplitude probability, such as inelastic photoelectron scattering, loss of
energy, or even failure of scattering, could also occur. This can be expressed with a

proportionality constant f(k)"®:

x(k) = f(k) cos(2kR) Eq. 2.18

However, in view of multiple nearby atoms (/) as well as the difference in the number
of the same atom surrounding the absorbing atom (N), there will be essentially a sum

of all diverse scattering possibilities, so Eq. 2.18 can be rewritten as follows:

x(k) =X N; fi(k) cos(2kR; ) Eq. 2.19

Additional considerations to the above equation (Eg. 2.18) have been made over
literature™ 7% in view of the following factors a) the expression of the equation as a
spherical wave instead of a plane wave, b) the mean free path of the photoelectron
A(k) that arises from constructive and destructive interference, which are due to the
energy removal and the change in wavelength for the scattered photoelectron, and c)
the MSRD effect “mean square relative displacement” (¢2), which is the sum of the

thermal and static disorder.

The mean square relative displacement is the variance of the displacement, which

typically falls in the range of ~0.002 A2 to ~0.03 A2. MSRD with a value larger than the
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above-specified range suggests disorder/ amorphous in the crystal structure of the
measured material”®. In view of all the above factors, and to obtain a formula that
contains all of the relevant vital elements, which any correct theory must have, and
also to provide an appropriate method for the fitting of local atomic structure nearby
the absorber atom to the EXAFS experimental data, the standard EXAFS equation

(Eqg. 2.20) can be rearranged and written as the following”®:

2R; 5
X() = 3 8 N; L2 705 e=2K71 sin(2kR; + 5,(k)) Eq. 2.20

In a typical experiment, extended X-ray absorption fine structure (EXAFS) spectra
were collected at the Sn K-edge (29200 eV) and Ga K-edge (10367 eV). The
measurements were carried out using a fixed-exit double-crystal Si(311)
monochromator and Pt-coated branch of collimating mirrors for Sn, while Si(111) and
Cr-coated branch were used for Ga. The beam size at the sample position was
approximately 1x1mm. All samples were prepared in the form of pellets (13 mm
diameter) using 200 mg of sample powder to maximise the edge jump (0.25 for Ga
and 0.56 for Sn), maintaining a total transmission higher than 10%. The measurement
was performed at room temperature in transmission mode using 3 ion chambers filled
with different gas mixtures optimised for best detection efficiency at the two edges (for
Sn K-edge lo: 50 mbar Kr/He ltlref: 200 mbar Kr/He, for Ga K-edge lo: 40 mbar Ar/He
lt,Irer: 200 mbar Ar/He 10% absorption on lo and 70% absorption on It,Iref). The spectra
were collected in quick EXAFS mode by continuously scanning the monochromator
with a constant energy step size of 0.3 eV. The scan covered an energy range from

—200 to +1000 eV concerning the edge position, corresponding to a k-range of ca 16
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A-'. For each sample, 10 scans were acquired and subsequently merged to improve
the signal-to-noise ratio. Data were normalised using the program Athena’’, with a
linear pre-edge and 2" order polynomial post-edge. After background subtraction, the
resulting x(k) functions were k3-weigthed and Fourier transformed in a range from 2.5
to 15.5 A-'. Fits were performed with Artemis software part of IFEFFIT suite’®; phases

and amplitudes were calculated with FEFF code’.

2.7.2.7. Inductively coupled plasma-mass spectrometry (ICP-MS).

Inductively coupled plasma mass spectrometry (ICP-MS) is an analytical technique
that is extensively used in the determination of elements at trace levels in various
sample matrices’®. In this context, ICP-MS was used in this research to determine the
content of metal dopant (e.g., Sn and Ga) in the reaction mixture to investigate the

effect of metal leaching during the reaction if present.

In principle, ICP uses a high frequency inductively coupled plasma as an atomizing
source. The plasma is typically generated and sustained by argon gas flow®, which
has ionisation properties that allow the simultaneous ionisation of most of the periodic
table elements, making the multi-element analysis possible®’. In more detail, the
sample is usually introduced to the plasma as liquid or solution®. The solution is
pumped into a nebuliser to generate an aerosol, then sprayed into a spray chamber
that removes the large aerosol droplets (>10 um)®& for the plasma. The nebuliser gas
then directed the aerosol via the spray chamber to the plasma. The plasma is a highly
energised and electrically neutral gas composed of ions, electrons, and neutral
particles and has a temperature in the range of 5000-9000K®. It involves the
spontaneous emission of photons from atoms and ions that have been excited in a

radiofrequency (RF) present in an induction coil®3. The sample aerosol in plasma is
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then desolvated, vaporised, atomised, and ionised’®. The analyte atoms are then
promoted from the ground to excited states using the additional energy imparted by
the collisional excitation within the plasma®*. lons are then extracted from the plasma,
and their beam is guided toward the mass analyser using an ion optics system. Finally,

their amount is measured at a specific mass-to-charge ratio (m/z)°.

In a typical experiment, the determination of metal content was carried out using an
Agilent 7500CE ICP-MS instrument which was calibrated up to 10 parts per billion
(ppb) using solutions prepared by dilution from stock solutions containing 1000 parts
per million (ppm) of the metal standards. The concentrations of metal ions in the

samples were calculated against a calibration graph.

2.7.2.8. Thermogravimetric analysis (TGA).

Thermogravimetric analysis proves to be a valuable technique for gaining insights into
the thermal behaviours of a material when exposed to heating under predetermined
heating rate and temperature conditions. In this technique the weight change of a
sample is typically determined as a function of a controlled change of temperature
over time®®. For the context of our research, TGA was used to determine the total
moisture and impurities content of our sugar samples®. The TGA analysis of glucose,
fructose, and mannose (Figure 3.1) was conducted to estimate the potential presence
of moisture content in these sugars. This was accomplished by measuring the mass
loss upon heating the samples at 180 °C (heating rate of 5 °C-min-') under a flow of
nitrogen, followed by maintaining the temperature for a period of 30 min using a

PerkinElmer Pyris 1 TGA analyzer.
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Chapter 3: Solubility of Glucose, Fructose and Mannose in Water and

Alcohol Media.

3.1. Introduction

Solubility is an important characteristic that determines a substance's ability to
dissolve in a specific solvent!, which is often not significantly considered in many
publications?-5. In contrast, it can have significant implications on catalyst productivity,
that is, the amount of product that can be obtained per amount of catalyst per time.
Furthermore, it might also lead to an inaccurate determination of the catalytic activity

of the materials being studied.

In particular, for scale-up production, the higher the concentration of sugar in the
solution, the greater the expected productivity per volume of the reaction mixture of
isomers at the end of the reaction. This is relevant because for the isomerisation
reaction of glucose to fructose, not all zeolites (either doped or undoped) are active in
water®, whereas glucose and its isomers are significantly less soluble when moving
from water to methanol or a longer chain of alcohols. For instance, the solubility of
glucose decreases from ca. 480 g-L~! in water” to ca. 23 g-L-' in methanol®. This
justifies an increase in reaction temperature (usually in the range of 100 °C) not only
to accelerate the reaction and activate the catalyst but also to allow for a greater

amount of sugar to be solubilized under reaction conditions.

Furthermore, sugar solubility data are essential for another reason. In order to obtain
accurate calculations for conversion or selectivity, a closed carbon mass balance is
required. However, despite the large number of papers addressing the isomerisation
of sugars, many practical experimental details have not been clearly documented in
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the literature or simply disregarded as “data obtained from calibration curves”®".
Many, if not most, measurements of reaction mixtures are carried out after the reaction
has cooled down at room temperature from a surfactant solution that has been
recovered and separated from a solid catalyst. Whereas this is the most obvious
choice, it may induce errors in calculations, especially for reaction mixtures in which
the initial amount of sugar is higher than its solubility limit at room temperature.
Sampling a surfactant solution of a sugar that is only partially solubilized could lead to
a significant error in the conversion calculation and selectivity for our class of
reactions. Especially if the reaction did not proceed, and the detection of a small
amount of glucose left in the solution would be the result of a limited solubility instead
of the reactivity of this species. Thus, hampering the reproducibility of data among

different laboratories and the development of catalysts by design.

For example, substrate A has an actual solubility of 40 g-L-' and 60 g-L-" in water at
room temperature and 100 °C, respectively. A solution is prepared by mixing 60 g of
Ain 1 L of water. A reaction was carried out using an inactive catalyst (no conversion
of A can be triggered by this catalyst) at 100 °C where all the substrate A is soluble,
and then the reaction mixture is cooled down to room temperature after the reaction
is concluded. At this temperature, the solubility of A decreased from 60 g-.L-"to 40 g-L,
which means this reaction mixture contains a solution of A with a real concentration of
40 g-L-"and a precipitate of 20 g of Aaccumulated. The characterisation result (HPLC
or NMR etc.) will show a solution of A of 40 g-L~" provided the catalyst is nonactive,
however, it is expected to have an artificial concentration of 60 g-L~". As a result, an
artefact conversion of 33% instead of 0% will be concluded based on the

characterisation data. Therefore, misusing the correct solubility will lead to a
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conversion higher than expected and is likely to result in a wrong interpretation of the
catalytical performance especially when a new catalyst is under investigation.

Thus, this chapter aims to assess and identify 1) the purity and stability of glucose,
fructose, and mannose by the mean of melting point measurements,
thermogravimetric analysis (TGA), and "H and '3C nuclear magnetic resonance (NMR)
Spectroscopy. 2) the development of a reliable HPLC analysis method for the
determination of glucose, fructose, and mannose solubility in different pure solvents.
3) a more comprehensive and flexible data set of sugar solubility, alongside their
experimental errors, expressed in different concentration units, that can help to clarify
the large discrepancies in solubility data reported in the literature which prompted us

to experimentally determine solubility values to be used for this thesis work.

3.2. Purity and stability assessment of sugars.

Prior to the solubility determination of glucose, fructose, and mannose, it is crucial to
evaluate their purity by estimating the presence of impurities and moisture contents in
the sugar samples. For instance, sugar impurities can significantly alter the reaction
rate by either acting as a catalyst and increasing the rate or reacting with the sugar
and decreasing the rate. Impurities in sugars can also leach out into the reaction
solution, change its pH and, in turn, neutralize the acidic environment required for
biomass conversion. Also, the formation of by-products can be promoted via the
reaction of sugar impurities with reactants, intermediates, or products. Furthermore,
impurities in initial reactants could be carried over to the final product, affecting their
quality and purity'?~'4. Given this relevance, the purity of sugars was thoroughly

assessed using an array of analytical techniques, which are reported below.
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3.2.1. Melting point measurements.

Melting point is widely used to estimate the purity of chemicals in their solid stateS.
Pure crystalline compounds generally tend to have a sharp melting point range. In
other words, the temperature difference at which compounds begin to melt and are
completely melted is relatively narrow (< 5 °C)'6. The presence of impurities, even in
a small quantity (< 500 ppm)'’, would decrease the melting points, broaden their
range'®, and, more importantly, affect their solubility data®. In view of this, the melting
points of glucose, fructose, and mannose, in their solid form were determined by visual

observation using a melting-point apparatus instrument (Table 3.1).

Table 3.1. Melting point range for glucose, fructose, and mannose. The initial value represents
the temperature at which the sugar began melting, and the second value corresponds to the
temperature at which the sugars were fully melted. The temperature increase during the
measurements was controlled at a ramp rate of 5 °C/min.

Melting point values in

. . oC +
Sugar Melting point range (°C £ 1) literature (°C)
Glucose 147 - 151 148 — 150
Fructose 103 -105 102 - 104
Mannose 130-133 132

As shown in Table 3.1, glucose melts at the highest temperature of all sugars studied,
with a melting point range of 147 — 151 °C. Mannose, on the other hand, has a melting
point temperature in the range of 130 - 133 °C. At the same time, fructose showed the
lowest melting point with a temperature range of 103 - 105 °C. In addition, the
measured melting point values obtained herein were highly in agreement with the data
reported in the literature (Glucose: 148 — 150 °C, Fructose: 102 — 104 °C, and
Mannose: 132 °C)'%20 and accurately matched the melting point data provided by
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chemical suppliers, which indicates that our sugar samples of glucose, fructose and

mannose are relatively pure.

3.2.2. Thermogravimetric analysis (TGA).

Thermogravimetric analysis is a technique in which the weight change of a sample is
determined as a function of a controlled change of temperature with time?'. Using such
a method, the total moisture and impurities content of a sample can be estimated??.
TGA analysis of glucose, fructose, and mannose (Figure 3.1) was carried out to
quantify moisture content in sugars by measuring the mass loss upon heating the
samples at 180 °C (heating rate of 5 °C-min~") under a flow of nitrogen and then holding

the temperature for a period of 30 min.
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Figure 3.1. The weight change (TGA curves) as a function of a) temperature and b) time as
a function of time (right) for glucose, fructose, and mannose.

As can be seen from the TGA measurements, no weight loss (i.e., compatible with the
background of the baseline) was detected in the analysis of glucose, fructose, and
mannose. Thus, indicating that all sugar samples were not containing any appreciable
amount of moisture and as such not affecting our M:S ratio during the catalytic test. In
addition, all samples were found to be melting. As a consequence, this is likely to

explain the drop in remaining mass observed during the 10 min isothermal.

3.2.3. 'H and *3C Nuclear Magnetic Resonance Spectroscopy (NMR).
The anomeric equilibrium of sugars is another significant characteristic that can affect

their solubility and stability in solution?3. The anomeric equilibrium of sugars refers to
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the process by which the alpha (a) and beta () anomers of a sugar molecule are
interconverted in an aqueous solution?* (Figure 3.2). Essentially, the alpha and beta
anomers are two stereoisomers of the same sugar molecule, which differ only in the
configuration of their hydroxyl groups at the anomeric carbon. In the B-anomer, the
hydroxyl group (-OH) attached to the first carbon atom is positioned upward, unlike in
the a-anomer, which is positioned in a downward direction. As a consequence of this
structural difference, there are differences in the intramolecular hydrogen bonding

patterns of the two glucose anomers?.

H1_O
C/
N
H—C—OH
3
HO—C—H — ——=
|
H—C—OH
sl
H—C—OH
6l
CH,OH
a-Glucose Acyclic form B-Glucose

Figure 3.2. Schematic representation of anomeric forms of cyclic glucose in solution in
equilibrium obtained by the mean of mutarotation reaction through the acyclic form, which is
defined as the gradual change in rotation to an equilibrium point.

For example, the beta () form of glucose is more stable in water than the alpha (a)
form?8. This could be explained by strong solvation effects?’; that is, the beta anomer
possesses a more extended conformation that allows it to be capable of forming more
hydrogen bonds with water molecules. In contrast, the alpha anomer exhibits a more

compact conformation that makes it less capable of interacting with water molecules.
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The B-anomer may preferably be solvated because it fits neatly into a tridymite ice
lattice, with the water-water hydrogen bonds being replaced by glucose-water
hydrogen bonds?®. This results in the B-anomer being more stable and with a longer
lifetime in solution than the a-anomer. In addition, the change in anomeric equilibrium
could also influence the solubility of sugars. For instance, it has been demonstrated in
previous studies that B-glucose exhibits a higher solubility as compared to a-glucose
in an aqueous solution?®3. This could be due to its more significant degree of
hydration, which results from the hydroxyl group on the first carbon atom (C1) being
oriented in a way that allows the formation of more hydrogen bonds with water

molecules3'32,

In view of this, the anomeric equilibrium composition of aqueous glucose, fructose and
mannose solutions has been determined from the 'H and "*C NMR chemical shifts of
the individual anomers in D20 at 20 °C. The peak assignments of glucose, fructose,
and mannose were carried out according to previously published literature studies33-
3. The anomeric ratios of all sugars studied were determined by measuring the
intensity of the signals of a-H-1/B-H-1 in 'TH NMR spectrums and a-C-1/B-C-1in 3C

NMR spectrums (Figures 3.3 — 3.5).
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1H NMR of Glucose 13C NMR of Glucose
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Figure 3.3. 'H and "*C NMR spectra at 400 and 100.2 MHz, respectively for D-Glucose equilibrated in D,O (0.55 M) at 20 °C, showing the a-
and B-anomeric distribution at equilibrium.
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1H NMR of Fructose 13C NMR of Fructose
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Figure 3.4. 'H and "*C NMR spectra at 400 and 100.2 MHz, respectively for D-Fructose equilibrated in D,O (0.55 M) at 20 °C, showing the a-
and B-anomeric distribution at equilibrium.
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1H NMR of Mannose 13C NMR of Mannose
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Figure 3.5. 'H and "*C NMR spectra at 400 and 100.2 MHz, respectively for D-Mannose equilibrated in D>O (0.55 M) at 20 °C, showing the a-
and B-anomeric distribution at equilibrium.
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The results of the anomeric composition of glucose, fructose, and mannose, alongside

their proton and carbon NMR chemical shifts, are reported in Table 3.2.

Table 3.2. Measured anomeric composition (a and B), together with their proton ('H) and
carbon (*C) NMR chemical shift values (3, ppm), of glucose, fructose, and mannose aqueous
solutions in D20 at 20 °C.

Sugar 1H1 chemical  13C1 chemical B:a molar percentage concentrations (%)
anomer shift (ppm) shift (ppm) ratio a-anomer B-anomer
a-Glucose 5.14 92.01
1.0.74 42 58
B-Glucose 4.55 95.87
a-Fructose 3.59 105.00
1:0.26 21 79
B-Fructose 3.71 102.00
a-Mannose 5.10 94.01
1:1.39 58 42
B-Mannose 4.81 93.64

As can be seen, in the case of glucose, the B-anomer had a higher percentage
concentration of 58% at equilibrium, compared to 42% of the a-anomer in D20 at 20
°C. In contrast, mannose showed an opposite anomeric distribution, with the a-anomer
being more predominant than the B-anomer with an anomeric distribution of 58% and
42% for a-anomer and (-anomer, respectively, at equilibrium. On the other hand,
fructose revealed that the B-anomer was the dominant species, exhibiting a
percentage concentration of 79% as compared to 21% of the a-anomer at equilibrium.
In all cases, the results were reasonably consistent with the expected equilibrium
compositions previously reported in the literature (Glucose: a/f equilibrium of 36:6433,

Fructose: a/B equilibrium of 18:82%7, Mannose: a/B equilibrium of 64:36)38.
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3.3. Development of HPLC diagram method for solubility determination.

The solubility of common sugars like glucose, fructose and mannose has been widely
reported in the literature. However, there is significant variation in the literature
concerning the solubility values derived from different methods, ranging from the
isothermal and gravimetric methods to the refractive index3®-4'. For instance, fructose
solubility at room temperature has been reported to be 121 g-L-" when measured by
the isothermal method*? and 142 g-L-' when measured by gas chromatography®. To
date, isothermal and refractometric methods have been commonly preferred for
solubility determination, either due to the accuracy of the isothermal®® and gravimetric
methods*' or the rapid analysis and low cost associated with the refractometric
method*C. Despite these advantages, there are also some limitations to be considered,
including the lengthy process and solute dependent of the isothermal methods and the
gravimetric method3®4' and the lack of accuracy of refractive indexes** when
compared to other methods, such as liquid chromatography combined with
evaporative light scattering detector, which is a powerful and more accurate technique
for this purpose but was only used by limited researchers*4. In view of this and through
the use of high-performance liquid chromatography (HPLC) equipped with an
evaporative light scattering detector (ELSD), we applied a regression method
applicable to any solute and any solvent (Figure 3.3) and (Figures A5 — A18 in
Appendix A.3) to accurately determine the solubility of glucose, fructose, and mannose
in water and various alcohols such as methanol, ethanol, 1-propanol, and isopropanol

at room temperature.
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Figure 3.3. A representative example of the working principle of solubility determination by
chromatography (e.g., Glucose in methanol 10 — 50 g-L™"). A linear correlation between an
HPLC signal and the sample concentration is expected within the solubility limit (m), whereas
a constant saturation value should be detected upon saturation and by analysing the
surfactant solution (e). The intersection of these two regression lines determines the solubility
of a compound.

Regression parameters of 1.41 and 4.25 for the slope and intercept respectively of the
regression line before the saturation point (blue line), as well as regression parameters
of 0.00 and 6.00 for the slope and intercept respectively of the regression line after the
saturation point (red line), were obtained and used in the calculation of solubility

values.
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3.4. Solubility measurements of sugars in solutions.

As described in the previous section (section 3.3), we could successfully build
solubility diagrams up to the saturation point of a solution to systematically measure
the solubility of glucose, fructose, and mannose in water, methanol, ethanol, 1-
propanol and isopropanol at 20 °C. In particular, peak areas were plotted against sugar
concentrations in order to obtain a calibration curve. Two linear regressions, y =a x +
b, were observed and used to fit the data to their formulas, wherein the slope a and
intercept b were calculated through OriginLab software using equations (3.1 and 3.2),

respectively.

X (=00 =)
a=

Eqg.3.1
S (- %) 1

b=%—ax Eq.3.2

The solubility was then determined using the regression parameters of the two lines

observed upon saturation point, as in Equation 3.3.

b, — by

Solubility = Eq.3.3

a, — ap

Where b;and bz are the intercept values of the regression line before and after the
saturation point, respectively, whereas a; and a- are the slope values of these two
lines, the measured solubility values of glucose, fructose, and mannose expressed in

grams of sugar per 1 L of solution (g-L-") are reported in (Table 3.3).
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Table 3.3. Solubility data of glucose, fructose, and mannose in water, methanol, ethanol, 1-
propanol and isopropanol measured at 20 °C and expressed in weight-to-volume values

(g-L™"). Glucose showed the lowest solubility values among other sugars in all solvents.

Solubility of Sugars (g-L™2)

Sugar Water Methanol Ethanol 1-propanol Isopropanol
Glucose 505+ 2 17+4 2+1 2+1 2+1
Fructose 732 +3 111 +3 103 52 4+2
Mannose 639 + 2 108 +5 8+3 4+2 3+1

As expected, all sugars studied were highly soluble in water, with solubility values of
505, 732, and 639 g-L~" for glucose, fructose, and mannose, respectively. However,
this was significantly decreased when alcohols were used as solvents. For instance,
glucose showed a solubility value of 17 g-L=" in methanol, which is consistent, within
the experimental error, with 23 g-L-' obtained by Montafiés et al. using Gas
chromatography at 22 °C8. On the other hand, Mannose and fructose were relatively
soluble in methanol, resulting in solubility values in the range of 110 g-L~", with fructose
solubility being, within the experimental error, in agreement with 121 g-L-! measured
by an isothermal method at 25 °C#?. Furthermore, when longer carbon chain alcohols,
such as ethanol, 1-propanol, and isopropanol, were used as solvents, the solubility
showed another dramatic decrease, indicating that solubility decreased with the
increase in the length of the alcohol carbon chain. Specifically, glucose, fructose, and
mannose demonstrate solubility values of 2, 10, and 8 g-L~"in ethanol, compatible with
data reported by Montariés et al. using gas chromatography at 22 °C8. Furthermore,
using 1-propanol and isopropanol resulted in much lower solubility values (< 5 g-L™")
than in ethanol. Among all sugars tested, fructose exhibited the highest solubility
values in all solvents, followed by mannose and glucose in decreasing order of
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solubility. The solubility of these sugars decreases in the order of water = methanol 2

ethanol = 1-propanol = isopropanol.

Despite the usefulness of investigations concerning the measurement of sugar
solubility, there are many relevant details that are not reported in many published
works84445  Furthermore, in order to compare our data with those reported in the
literature, which makes use of an array of different (and often non-consistent) units our
solubility data were expressed in various modes (Table 3.4), including weight
percentage (wt %), molar fractions, molality (mol-Kg='), molarity (mol-L-') and grams
of sugars per 100 mL of solvent. It should be noted, thought that, in order to express
the solubility data in different concentration units, the density of saturated sugar
solutions needs to be determined. As a result, the density of saturated sugar solutions
in water, methanol, ethanol, 1-propanol, and isopropanol, together with the density of
these solvents in their pure forms, were measured and reported in (Table A1 in

Appendix A.4).
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Table 3.4. Solubility of glucose, fructose, and mannose in water and alcohol, measured at 20 °C and expressed, alongside their experimental
errors, in four other different concentration units.

Solvent Sugar Weight percentage Mole fraction Molality Molarity Mass of solute
(Wt %) (x107?) (x10~2mol-Kg™) (x102mol-L™Y) (9)/100 mL solvent
Glucose 44.4 + 0.2 7.4+0.7 443 +0.1 2801 801
Water Fructose 61.4+04 14 +3 88.2+0.1 41 + 2 159+1
Mannose 54.1+ 0.3 11+2 65.4+0.1 36+1 1181
Glucose 2.3+05 04+0.1 13.80 £ 0.03 10+£2 2%1
Methanol Fructose 14.3+04 29+0.6 92.33 £0.02 62 + 2 13+1
Mannose 13.8+0.6 2.8+0.9 89.59 + 0.04 60 +3 12+1
Glucose 0.3+0.1 0.07+0.01 1.51+0.01 1.1+0.6 0.2+0.1
Ethanol Fructose 14+04 04+0.1 7.68 £ 0.02 6+2 1.0£0.5
Mannose 1.1+04 0.3+0.1 5.78 £ 0.02 4+2 0.8+05
Glucose 0.2+0.1 0.08 £+0.01 1.36 £0.01 1.0+0.6 0.2+0.1
1-propanol Fructose 0.7+0.3 0.24 £ 0.05 39.80 £ 0.01 3+1 0.5+0.3
Mannose 0.6+0.3 0.18 +0.04 29.84 + 0.01 2+1 04+0.3
Glucose 0.2+0.1 0.08 +0.01 1.30+0.01 1.0+0.6 0.2+0.1
Isopropanol Fructose 0.6+0.3 0.21 £0.05 3.41+0.01 3x1 04+0.3
Mannose 04+0.1 0.14 + 0.02 2.27+0.01 2+1 0.3+0.2
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This can provide a complete overview of the solubility data and improve the

reproducibility and reliability of data across different studies and researchers.

3.5. Conclusion

The solubility of reactants, intermediates, and products can play a crucial role in many
aspects of a chemical reaction, including catalyst productivity and the reproducibility
of data. It can affect the rate at which reagents (e.g., glucose) reach the catalytic site,
which, in turn, affects the reaction rate and productivity. Furthermore, errors in the
calculations of conversion and selectivity due to solubility could significantly limit the
reproducibility of data among different laboratories and the development of catalysts

by design.

Prior to the solubility determinations, the purity and stability of glucose, fructose and
mannose were assessed by the mean of melting point measurements,
thermogravimetric analysis (TGA), and 'H and '3C nuclear magnetic resonance
spectroscopy (NMR) analysis in order to detect the presence of moisture and
impurities, as well as to determine the alpha (a) and beta (B) anomeric equilibrium
composition, which all could significantly affect the reliability of the measured solubility

values. All sugars studied showed to be highly pure with an expected anomeric ratio.

An efficient HPLC analysis method based on the saturation point of sugar solutions
was developed to accurately determine the solubility of glucose, fructose and
mannose in water, methanol, ethanol, 1-propanol and isopropanol at room
temperature. All sugars showed high solubility in water (= 500 g-L~"). In contrast, when

alcohols were used as solvents, the solubility was significantly affected to a different
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extent with solubility values of (< 20 g-L-"), except for those of fructose and mannose

in methanol, which were reasonably soluble with solubility in the range of 110 g-L~".

The solubility data, along with their experimental errors, were further expressed in
different concentration units, including weight percentage (wt %), molar fractions,
molality (mol-Kg~'), molarity (mol-L-") and mass of solute (i.e., sugar) per 100 mL of
solvent (g-100mL) in order to provide a more detailed and flexible collection of data
regarding the solubility of sugar in different solvents, which will allow the ease of data
reproducibility and comparability, as well as to provide a robust platform for the
reliability of catalytic tests that will follow in chapters 4 and 5 for the isomerisation of

glucose to fructose.
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Chapter 4. Conversion of glucose to fructose over Sn and

Ga-doped zeolite Y in methanol and water media.

4.1. Introduction

Sugar isomerisation is a reaction that, if fully exploited, could greatly expand the
potential application of biomass for the production of high-value chemicals and fuels'*2.
Biomass contains a significant amount of sugar aldoses, mainly aldohexoses, such as
glucose, galactose, xylose, arabinose, and ribose, which are capable of being
converted into their five-membered ring ketoses. This is particularly important since
carbohydrate-based materials account for the majority (up to 60%) of biomass-derived
feedstock?. In this regard, the catalytic conversion of glucose to fructose is considered
one of the most significant sugar transformations®. Since fructose is an effective
potential precursor for the production of industrially important chemicals such as 5-
hydroxymethylfurfural and levulinic acid, which, in turn, can be used as building blocks

in the polymer and biofuel industries, respectively®.

To date, the use of Sn-doped zeolites®’ has displayed considerable promise in
facilitating the catalytic isomerisation of glucose to fructose, particularly when Sn-
active species are doped on zeolites with large pores such as zeolite beta®® (section
1.6). This reactivity has been associated with the formation of Lewis acid sites (Sn**)®
and/or extra-framework SnOx clusters present in the pores of zeolite beta, potentially
affecting the step of metal incorporation®. In contrast, due to its highly Lewis acidic
nature'®, Ga®* has increasingly been considered an active metal centre for this class
of reaction™. This is widely believed to be a critical parameter in the isomerisation
reaction of glucose to fructose since it facilitates the 1,2-intramolecular hydride shifts

from C2 to C1 carbons in glucose to form desired fructose (Figure 4.2)'213, In principle,
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this metal is also capable of replacing aluminium species located within zeolite
frameworks, resulting in a highly dispersed metal species form'4. Therefore, it could
result in the formation of both intra- and extra-framework species after being
incorporated into a zeolite framework'®, such as the commercially available zeolites,
e.g., zeolite Y8, which is much easier and more straightforward to prepare compared

to beta-zeolite.

The objectives of this part of the experimental work are, to 1) synthesise Sn and Ga-
doped zeolite Y and test their catalytic performances, together with the acidic undoped
zeolite Y, in order to determine the importance of Lewis acid active sites formed by the
doping of Sn and Ga alongside Brgnsted acid sites when solvents such as water,
methanol, and their combinations are used for the isomerisation reaction of glucose;
2) detect the potential presence of alkyl-sugar species, namely methyl fructoside, after
reaction in methanol, which, if present, can be deliberately used later in order to
enhance the synthesis of fructose through the hydrolysis step of this intermediate in
water; 3) confirm possible reaction pathways of the glucose isomerisation reaction; 4)
identify structure-activity correlations using a wide range of characterisation
techniques, including chemisorption, diffraction methods and spectroscopy techniques
such as X-ray photoelectron spectroscopy and Extended X-ray absorption fine

structure.

4.2. Catalytic activity of HY, Sn/Y and Ga/Y zeolites.
In this section, undoped acidic zeolite Y and doped with Sn or Ga - here abbreviated
as HY, Sn/Y and GalY, respectively, were synthesised according to the protocol

described in section 2.2.1, and their catalytic activity for the isomerisation reaction of
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glucose to fructose was systematically determined under various reaction conditions
(see section 2.3), (range of 80 °C — 120 °C, endogenous pressure and a reaction time

in the range of 1 — 2 h).

4.2.1. Catalytic tests in aone-step protocol using water or methanol as a solvent.
It has been observed that the presence of water as a reaction solvent either in a single-
step protocol or in combination with methanol prior to the reaction leads to a lack of
any product formation under the reaction conditions used It is not unprecedented for
zeolite to exhibit no reactivity during the catalytic conversion of glucose to fructose
when water is used as a solvent'’. This might be due to site-blocking mechanisms that
have been proposed to explain this behaviour, which could be in the form of strong
adsorption inside zeolite pores'®

On the other hand, HY, Sn/Y and Ga/Y (Table 4.1) showed high catalytic activity when
using methanol as the reaction solvent under reasonably mild reaction conditions
(reaction temperature in the range of 80 °C — 120 °C, endogenous pressure for 1 h).
Specifically, as the reaction proceeds at 80 °C, an equilibrium trend was observed for
the glucose to fructose isomerisation pathway with conversion rates of approximately
ca. 50% (Keq values for this isomerisation reaction are in the range of 1.1 at 60 °C"°);
in contrast, a reaction temperature of 120 °C revealed a nearly quantitative conversion
rate of glucose with product selectivities of ca. 31%, 42%, and 27% for fructose, methyl
fructoside, and mannose, respectively, when reaction carried out over Ga/Y zeolite
(Figure 4.1). Thus, implying an increase in the value of the equilibrium constant or the
existence of alternative reaction pathways. However, carbon mass balance also
decreased significantly at higher temperatures, most likely as a consequence of the

formation of insoluble undesirable humins20,
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Figure 4.1. HPLC chromatograms for (a) representative reaction mixture for the isomerization
reaction of glucose to fructose by using methanol as a solvent, and Ga/Y as a catalyst, (b)
glucose tr = 10.9 min, (c) methyl fructoside tr = 11.9 min, (d) mannose tr = 12.8 min, (e)
fructose tr = 14.8 mins standards, and. The reaction mixture comprises glucose, methyl
fructoside, mannose and fructose.

It has also been observed that the formation of alkyl fructose (most likely methyl
fructoside, see section 4.2.1.1) is strongly favoured at low temperatures (ca. 70 %).
However, when the temperature reached 120 °C, this intermediate can undergo an
increase in production, accompanied by a higher consumption rate. Consequently, its
visibility diminished as it underwent decomposition of approximately 40-50% to yield
fructose at around 30%. However, higher temperatures led to an increased amount of
unwanted by-product mannose being formed (up to ca. 20-30%). From our data, we

could conclude that a reaction temperature of 100 °C represents the most efficient
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compromise between high glucose conversion (> 90%) and carbon mass balance

(also > 90%) (see Table 1) and yield values (Table A2 in Appendix A.5).

Table 4.1. Catalytic results of HY, Sn/Y and Ga/Y catalysts for the isomerisation reaction of
glucose in methanol. The reactions were performed using 125 mg of the glucose in 4 mL of
CH3OH at the specified reaction temperature for 1 h and endogenous pressure using a
constant M:S molar ratio of 1:100. Conversion and selectivity values were calculated using
(Equations 2.2 — 2.9 in Chapter 2). Experimental error is expressed as the standard deviation
of three replicated measurements.

Glucose Selectivity® (%)
T(°C) Catalyst _ CMB®©) (%)
Conversion (%)  Fructose MeF®) Mannose
120 HY 94+1 26+1 48+ 1 271 76 £5
100 HY 901 302 35+2 36+1 99 +6
90 HY 702 21+2 66 +2 14+1 95+14
80 HY 49+ 5 15+6 805 61 97 £ 2
120 snlY 9%6 +1 26+1 51+0 24+1 67 +£5
100 SnlY 95+1 28+1 40zx1 321 844
90 sSnlY 71+3 201 69+ 2 11+1 93+14
80 SnlY 501 261 68+1 61 1003
120 GalY 98+1 31+1 42 +1 271 50+6
100 GalY 94 +2 27 £ 2 42 1 31+£2 91+6
90 GalY 62+1 22+3 71+4 81 92+14
80 GalY 55+4 17+£2 77+3 61 98 +3

@ Observed selectivity
® MeF = (Methyl Fructoside)
© CMB = (Carbon mass balance)

Despite this solvent exhibits enhanced reactivity, its utilization for this reaction still
needs to be thoroughly assessed. For example, the use of alcohol has the potential to
enhance glucose conversion due to possible solvent effects. However, this solvent can
also result in the formation of alkyl fructoside intermediates?'. This could, therefore,

lead to the presence of two different reaction routes: the first is the isomerisation
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reaction of glucose to fructose facilitated via Lewis acid active sites (Figure 4.2),
whereas the second is the formation of either methyl glucoside and/or methyl
fructoside intermediates, which mediated through Brensted acid active sites (Figure

4.5a and 4.5b).

OH

Figure 4.2. Proposed reaction mechanism of glucose isomerisation catalysed via Lewis acid
centres (scheme adapted from Roman-Leshkov et al'?). Following the ring opening, a Lewis
acid metal site coordinates the two oxygens in the carbonyl and adjacent OH groups. This
would result in a hydride (H atom in red) migrating to the aldehydic carbon in the form of a
CH,OH group and a carbonyl (resulting in a ketone). The open configuration of fructose will
then be closed to form a ring-shaped structure.

4.2.1.1. Presence of alkyl-sugar species as a potential intermediate in glucose
isomerisation in methanol.

It is important to note that, so far, it has been controversial to determine if alkyl-sugar
species are formed upon the isomerisation of sugars like glucose in alcohol. For
example, according to Adachi, Bermejo-Deval, and Davis®'822 no alkyl fructoside was
observed following the reaction in methanol; instead, glucose, fructose, and mannose
were only detected. In contrast, Saravanamurugan'® made the claim, unsupported by
concrete evidence that alkyl fructoside was detected in the reaction mixture after the
reaction in methanol, which was deliberately used afterwards to form fructose through

the hydrolysis of this intermediary in water.
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As a consequence of the disagreement in the literature regarding the formation of alkyl
fructoside as a potential product of the isomerisation reaction of glucose, we set out
to confirm the presence of this intermediate in our reaction mixture. HPLC-MS
methods were used to characterise the reaction mixture (Figure 4.4). We identified a
compound with a molecular ion (including Na* as a part of the ionisation process) of
an m/z = 217, which is in agreement with either methyl glucoside or methyl fructoside
([C7H140eNa]* = 194 + 23 = 217 a.m.u), whose fragmentation patterns are compatible
with those found in the standard solution of the methyl fructoside intermediate (Figure
4.3). Despite this, it should be noted that glucose and fructose can also adopt
equivalent MS fragmentation patterns after the loss of a [OCHa]* fragment?3. In this
regard, the chromatographic retention times were compared (Figure 4.1) using the
same standard of methyl fructoside (MuseChem), which confirmed, within
experimental error, that methyl fructoside (measured at > 50 mol%) is indeed formed

in the reaction mixture.

%10 5 +ESI| Scan (0.4-0.5 min, 2 Scans) Frag=125.0V 18conte03.d Subtract (2)
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Y g ey
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Figure 4.3. Mass spectrum from HPLC-MS of a methyl fructose standard (Methyl B-D-
fructofuranoside, MuseChem, 98%), in acetonitrile. m/z = 217 corresponds to the molecular
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ion + Na adducts [C7H14OsNa]*, and the fragment at m/z of 3

water molecules from this adduct.

= 163 corresponds to the loss
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Figure 4.4. Mass spectrum from HPLC-MS from methyl fructose peak of a typical reaction
mixture of glucose in methanol in the presence of zeolite HY for a reaction carried out at 100
°C for 1h and endogenous pressure. m/z = 217 corresponds to the molecular ion + Na adducts
[C7H1406Nal*, and the fragment at m/z = 163 corresponds to the loss of 3 water molecules
from this adduct.

Additional mass spectroscopic investigations were carried out with the aim to
differentiate between alkyl glucoside and fructoside and to gather more information on
the formation conditions of these important intermediates by using catalysts with
different acidity levels and adjusting the reaction temperatures and times. In view of
this, methyl glucoside and methyl fructoside intermediates were synthesised
according to the protocol reported in (section 2.4), and then their formation

characteristics were identified using HPLC-MS described in (section 2.7). The results

showed no methyl glucoside formation when pure silica MCM-41 was used as a
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catalyst (Table 4.2 and Figure 4.6). Conversely, when the synthesis was carried out
with aluminosilicates zeolite, donated here as AI-MCM-41, the glucose conversion was
nearly quantitative (Table 4.2 and Figure 4.5) and produced mainly methyl glucoside.
This can be explained by the presence of Al species within the second catalyst, acting
as a source of Bransted acid sites (BASs)?*, which is considered to be a crucial factor
for this kind of synthesis?526. Furthermore, 120 °C is a more efficient reaction
temperature for the synthesis of methyl glucoside, yielding 100% after 1 hour,

compared to just 60% after the same reaction time at 100 °C.

In contrast, it was possible to synthesise methyl fructoside from fructose with both the
acidic aluminosilicates zeolite (AI-MCM-41) and non-acidic pure silica zeolite (MCM-
41) using methanol as a reaction solvent. In particular, the synthesis results revealed
that the formation of methyl fructoside exhibited considerably faster rates when using
aluminosilicate zeolite compared to pure silica zeolite (Table 4.2 and Figure 4.7). When
the AI-MCM-41 catalyst was used, the formation rate of methyl fructoside approached
nearly 100% within 1 hour at either 100 or 120 °C, whereas pure silica MCM-41
required a time range of 3 - 6 h to achieve the same yield at these reaction
temperatures. This effect of temperature and time on the synthesis of methyl fructoside

was not observed with AI-MCM-41 (Table 4.2 and Figure 4.7).
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H,OH -0
CH3-OH
CH,OH H*

Figure 4.5. Acid-mediated synthesis of (a) methyl glucoside and (b) methyl fructoside through
the addition of methanol. Compounds in cyclic forms, with methyl glucoside produced by
adding OCH3 to the carbonyl group (aldehyde) of glucose and methyl fructoside formed via
the addition of OCH3 to the carbonyl group (ketone) of fructose.

H

2OH 0

H,0
H CH,OH

OCH,

Table 4.2. Summary of the reaction equilibria for the synthesis of methyl glucoside and methyl
fructoside in methanol under different reaction conditions.

Substrate Catalyst Temperature (°C) Time (h) Expected Product (wt.%)
MCM-41 100 6 Methyl glucoside (0 wt.%)
MCM-41 120 6 Methyl glucoside (0 wt.%)
Glucose :
Al-MCM-41 100 2 Methyl glucoside (100 wt.%)
Al-MCM-41 120 1 Methyl glucoside (100 wt.%)
MCM-41 100 6 Methyl fructoside (100 wt.%)
MCM-41 120 2 Methyl fructoside (100 wt.%)
Fructose :
Al-MCM-41 100 1 Methyl fructoside (100 wt.%)
Al-MCM-41 120 1 Methyl fructoside (100 wt.%)

The reactivity of fructose was generally higher compared to glucose, which was in part

unexpected in this context. This is because, in principle, aldehydes are inherently more

electrophilic and, thereby, more reactive toward nucleophilic addition reactions than



ketones?’. However, it is possible to explain this trend of reactivity because fructose
has a 5-membered ring structure, which is naturally more reactive than the 6-

membered ring structure of glucose?2°.
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Figure 4.6. Time evolution of the synthesised methyl glucoside under different synthesis
parameters using non-acidic MCM-41 at 100 °C (m), non-acidic MCM-41 at 120 °C (e), acidic
Al-MCM-41 at 100 °C (A ) and acidic AI-MCM-41 at 120 °C ( 7') for synthesis time in the range
of 1-6 h.
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Figure 4.7. Time evolution of the synthesised methyl fructoside under different synthesis
parameters using non-acidic MCM-41 at 100 °C (m), non-acidic MCM-41 at 120 °C (e), acidic
Al-MCM-41 at 100 °C (A) and acidic AI-MCM-41 at 120 °C ( V') for synthesis time in the range
of 1-6 h.

As a part of our intensive investigation regarding the presence of methyl glucoside and
methyl fructoside in our reaction mixture, we conducted an in-depth data analysis of
the mass spectroscopic fragmentation patterns for our synthesised methyl glucoside
and fructoside. In particular, we simultaneously analyse the MS fragmentation patterns
of each step of the LC part. Our robust data analysis allowed us to identify two distinct
peaks for the fragmentation patterns of m/z = 217, corresponding to an anomeric
mixture of methyl glucoside and fructoside. The first peak highlighted in yellow, with
an LC retention time of nearly 0.45 min, is definitely compatible with the standard

methyl fructoside. In contrast, the second peak highlighted in purple, with an LC
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retention time of approximately 0.6 min, more likely corresponds to the presence of

methyl glucoside (Figures 4.8 and 4.9).
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Figure 4.8. Mass spectroscopy peak intensity of 217m/z of a standard of methyl fructoside
(), synthesised methyl glucoside by MCM-41 ( V), synthesised methyl fructoside by MCM-41
(A), and reaction mixture of glucose isomerisation over Sn/Y zeolite (m). Two distinct peaks
for this fragmentation pattern were observed, corresponding to methyl glucoside and
fructoside within our samples.
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Figure 4.9. Mass spectroscopy peak intensity of 217m/z of a standard of methyl fructoside
(), synthesised methyl glucoside over AI-MCM-41 (V¥ ), synthesised methyl fructoside Al-
MCM-41 (A), and reaction mixture of glucose isomerisation over Sn/Y zeolite (m). Two distinct
peaks for this fragmentation pattern were observed, corresponding to methyl glucoside and
fructoside within our samples.

The evolution of the intensity of the same peak per time of methyl glucoside and
fructoside with actual reaction mixture and standard methyl fructoside revealed that
the actual reaction mixture (green line) obtained by our catalysts contains both methyl

glucoside and methyl fructoside with more methyl fructoside being formed.

Therefore, the results confirm that at least two distinct mechanisms are involved in the
isomerisation reaction: a Lewis-mediated glucose-to-fructose isomerisation and a
Brgnsted-catalysed pathway toward the formation of methyl fructoside and methyl

glucoside intermediates. Therefore, it is evident that an accurate characterisation of a
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reaction mixture is a valuable tool to unveil reaction mechanisms and, in turn, to

promote the rational design of catalysts.

Mannose has also been detected in significant amounts (quantified at 25 mol%) within
the reaction mixture of our glucose isomerisation. In fact, mannose is an epimer of
glucose, meaning they differ only in one stereogenic centre due to chiral inversion. It
has been postulated that this epimerisation reaction can be triggered in two possible
pathways: either through a carbon shift from the C1 to C2 position of glucose?° (Figure
4.10a) or via a sequential hydride shift from the C2 to C1 position of fructose to form

mannose3! (Figure 4.10b).

HO\C/H HO\\C/H

H—1—OH HO—(|:—H

a) HO——H ~——  HO——H

H——OH H———OH

H——OH H———OH

CH,OH CH,OH
"'o\\c/"' CH,OH Ho\\c/H
H—1—OH c=0 HO—F—H
b) HO——H ——= HO H =——  HO—1—H
H———OH H———OH H——OH
H———OH H———OH H——OH
CH,OH CH,OH CH,OH

Figures 4.10. (a) Postulated production of mannose from glucose by a 1,2-intramolecular
carbon shift from C1 to C2 positions; (b) Proposed formation of mannose through two
sequential hydride shifts: the first one, from C2 to C1 of glucose to form fructose, then an
additional hydride shift from C1 to C2 of fructose to form mannose.
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In view of the co-existence of these multiple equilibria (Figure 4.11), we conducted
control tests using fructose and mannose as substrates in methanol (Table 4.3) in
order to determine which of these two reaction mechanisms is involved in our case.

Table 4.3. Catalytic data of HY, Sn/Y, and Ga/Y for the conversion of fructose and mannose

as substrates in methanol. Reaction conditions: 125 mg of substrate in 4 mL of methanol at
100 °C for 1 h and endogenous pressure using a constant M:S molar ratio of 1:100.

Catalyst Substrate  Conversion (%) Selectivity (%)

Me-fructoside  Glucose Mannose

HY Fructose 100 100 0 0

Sn/Y Fructose 100 100 0 0

GalY Fructose 100 100 0 0
Me-fructoside  Glucose Fructose

HY Mannose 90 82 18 0

SnlY Mannose 93 84 16 0

GalY Mannose 91 85 15 0

First of all, it was possible to detect the full conversion of fructose to methyl fructoside.
This indicates that in the reaction involving glucose as a substrate, fructose is first
formed (Lewis catalysed pathway), which is then converted into its fructoside form
(Bregnsted catalysed pathway).

Furthermore, the presence of mannose as a substrate leads to the formation of both
glucose and methyl fructoside. However, based on the reaction using fructose as a
substrate, methyl fructoside can be produced directly from fructose. As a
consequence, it can be concluded that of the two reaction mechanisms for the
formation of mannose: (i) direct conversion of glucose to mannose via carbon shift, or
(i) the indirect formation of mannose from glucose via hydride shift from fructose, our
data support the second mechanism, since the first route would not lead to the

formation of alkyl fructoside.
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H OL H Lewis acidity =~ CH20H_O OH
i) A ~ — H OH (Eq.4.1)
OH H H CH,OH
OH OH 2
OH H
H OH
Glucose Fructose
CH,OH_0O OH Bronsted acidity =~ CHOH_O OCHj,3
i) H OH > H OH (Eq.4.2)
H CH,OH H CH,OH
OH H OH H
Fructose Methyl fructoside
CHZOH
Lewis acidity CH,OH_ 0 Lewis amdlty
i) _ (Eq.4.3)
OH CHZOH
Glucose Fructose Mannose

Figure 4.11. Multiple equilibria schematics for the isomerisation reaction of glucose to fructose
in methanol mediated by either Lewis or Brgnsted acid sites (Egs. 4.1 - 4.3).

Given these mechanisms and the product distribution observed, it is apparent that any
Lewis acid effects caused by Ga or Sn dopants are insignificant in comparison to pre-
existing Al centres, with methyl fructoside being a predominant component of the
product distribution as a consequence of Brgnsted acidity domains. However, the by-
products obtained from Ga/Y appear to be different, probably facilitating the formation
of more of the unwanted humins at 120 °C since no 5-HMF was observed within the

reaction conditions studied.
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4.2.2. Catalytic tests in a two-step protocol by using methanol and water.

Since the formation of methyl fructoside was verified during the acid-mediated attack
of methanol on fructose in our reaction mixture, we considered a sequential hydrolysis
step of this intermediate with water to promote the production of fructose’®.
Furthermore, it should be highlighted that this step is also catalysed by Brgnsted acid
sites. The detailed catalytic results of our materials after this water treatment are
provided in (Table 4.3) and (Table A3 in Appendix A.5). We have also confirmed that

the reaction reached equilibrium after 1 hour.

Table 4.3. Catalytic data of HY, Sn/Y and Ga/Y catalysts for the isomerisation reaction of
glucose in methanol followed by the step of water addition using a two-step protocol. The tests
were conducted using 125 mg of the substrate in 4 mL of methanol at specified reaction
temperatures for 1 h and endogenous pressure and then 4 mL of water was added for an
additional 1 h at a constant M:S molar ratio of 1:100. Experimental error is expressed as the
standard deviation of three independent measurements.

Conversion Selectivity® (mol %)
T (°C) Catalyst CMB©)(%)
(mol %) Fructose MeF®) Mannose

120 HY 92+1 54 +1 18+1 28+ 1 804
100 HY 862 40+ 2 26+ 2 34+1 93+5
90 HY 69+1 25+6 61+4 14+1 93+3
80 HY 42 £ 4 21+1 66+1 4+1 100 £ 2
120 Sn/Y 93+1 561 201 25+1 65+6
100 sSnlY 90+ 3 502 25+14 25+1 77+4
90 Sn/Y 701 231 671 10+1 844
80 Sn/Y 47 £ 3 265 72+5 3+x1 97 +2
120 GalY 96 +1 671 14+1 21 +£2 63+4
100 GalY 91+4 551 202 2512 93+5
90 GalY 56 +2 26 +4 68 +4 7+1 94 +3
80 GalY 54+6 201 77+1 21 875

@ Observed selectivity.
® MeF = (Methyl Fructoside).
©'CMB = (Carbon mass balance).
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It is evident that the step of water addition in the two-step reaction protocol has a
significant impact on the formation of fructose through the consumption of methyl
fructoside. From our data we observe an apparent decrease in methyl fructoside
intermediate that is consistent with the formation of desirable fructose, resulting in the
formation of ca. 40-70 % of fructose for reactions carried out at 100 and 120 °C (Table
4.3) and fructose yields of approximately 50 % (Table A3 in Appendix A.5). In addition,
this water treatment showed no impact on the conversion rate of glucose with all three
catalysts. This indicates that the reaction was at equilibrium after the first step in
methanol, and all changes in selectivity observed are due exclusively to this hydrolysis
step. This conclusion was confirmed by the determination of kinetic profiles for HY,
Sn/Y and Ga/Y catalysts in methanol and after the step of water addition for a reaction

time in the range of 0 — 2 h (Figures 4.11 to 4.13) and (Table A4 in Appendix A.5).
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Figure 4.11. a) Kinetic profile for the glucose conversion (m), and b) product selectivity of the reaction mixture composed of fructose (m), methyl
fructoside (e), and mannose ( A ) catalysed by zeolite HY at 100 °C in methanol. The reactions were conducted using 125 mg of the substrate in
4 mL of methanol for 1 h and endogenous pressure using a constant M:S molar ratio of 1:100.
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Figure 4.12. a) Kinetic profile for the glucose conversion (m), and b) product selectivity of the reaction mixture composed of fructose (m), methyl
fructoside (o), and mannose ( A ) catalysed by Sn/Y catalyst at 100 °C in methanol. The reactions were conducted using 125 mg of the substrate
in 4 mL of methanol for 1 h and endogenous pressure using a constant M:S molar ratio of 1:100.
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Figure 4.13. a) Kinetic profile for the glucose conversion (m), and b) product selectivity of the reaction mixture composed of fructose (m), methyl
fructoside (o), and mannose (A ) catalysed by Ga/Y catalyst at 100 °C in methanol. The reactions were conducted using 125 mg of the substrate
in 4 mL of methanol for 1 h and endogenous pressure using a constant M:S molar ratio of 1:100.
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Both reactions were nearly completed within 1 h. This indicates that the reaction in
methanol was therefore completed after 1 h and subsequent changes in product
selectivity following the addition of water are unlikely to be due to an insufficient
reaction time in the first step of the reaction. Furthermore, the second step of water
addition demonstrated no significant effect on the selectivity of mannose for the three
catalysts (either in terms of its production or consumption). It is important to also note
that the conversion of glucose for reactions carried out at 100 and 120 °C is
exceedingly high (> 90 %) and the reaction is considered near-quantitative. Whereas
for reactions carried out at 80 °C and 90 °C, the conversion rate of glucose remained
constant in the range of 60 %, regardless of water presence. Consequently, it can be
concluded that this solvent has no influence on the equilibria (primarily epimerisation)
of the species involved in the reaction but has a profound effect on the hydrolysis
reaction of alkyl fructoside intermediate to desirable fructose.

Given the significant role that the methyl fructoside intermediate has been shown to
play in fructose formation, additional enhancements to achieve improved fructose
selectivity could involve increasing the temperature during the reaction step following
water addition, increasing [H*] by lowering the pH of the solution to promote the
hydrolysis of alkyl fructoside or using a zeolite with increased Brgnsted acidity.
However, these approaches can also negatively affect the overall reaction in terms of
fructose yield. For example, an increase in reaction temperature might also lead to the
formation of more undesirable humins, whereas an increase in Brgnsted acidity can
also enhance the propensity of the reaction to undergo dehydration, ultimately
resulting in a reduction in fructose production. Therefore, a meticulous identification
and assessment of potential reaction conditions will be imperative for optimization

purposes and will serve as a basis for future work.
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4.3. Control tests for solvent effect.

It has been demonstrated previously that reaction solvents influence a number of key
factors, including the adsorption of reactive species, the solubility of reagents, and the
catalytic cycle through the interactions with species involved in that catalytic cycle. In
this context, The potential solvent effects on the catalytic performance of our catalysts
for the isomerisation reaction of glucose to fructose were investigated using NMR

relaxation measurements through an external collaboration work32.

As shown in (section 4.2.1), no glucose conversion was observed for the reactions
using water as a solvent, which was confirmed to be due to site blockage of active
sites on the zeolite surface by the strong adsorption of water molecules. This adverse
effect is believed to be a result of the presence of water within the pores of the zeolite,
filling them in such a way as to impede sugar molecules from entering the pores and,
in turn, suppressing the reaction to occur. Alternatively, high Lewis acidity, which is a
key characteristic of zeolite reactivity in the isomerisation of glucose to fructose - could
be counterproductive if water is strongly co-ordinated with Lewis acid active sites
through electron-rich oxygen atoms, which would prevent coordination of reactive

species, therefore inhibiting catalytic activity33.

In contrast, glucose conversion of approximately 100% was instead obtained in
methanol and ethanol as solvents. In particular, with methanol, all catalysts exhibited
a relatively equal product distribution of methyl fructoside, fructose, and mannose,
most likely due to a dominant Brgnsted reaction pathway resulting in a slight
preference for the formation of methyl fructoside intermediate (ca. 30 % - 35 %),
compared to the expected products of the isomerisation reaction (i.e., fructose and

mannose). On the other hand, the presence of ethanol as a solvent led to the formation
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of a significant amount of desired fructose (= 50%), facilitated via a reaction pathway

dominated by Lewis acid centres (Figure 4.14).
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Figure 4.14. Product selectivity of fructose (' ), alkyl fructoside (i.e., methyl and ethyl) (=), and
mannose (=) as measured from the catalytic isomerisation of glucose into fructose using HY,
GalY and Sn/Y zeolite catalysts at 100 °C and endogenous pressure (a) in methanol and (b)
in ethanol as solvents after a reaction time of 1 h. Glucose conversion of approximately. 90 %
and 100 % were achieved in methanol and ethanol, respectively®2.
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The NMR relaxation time measurements showed that the interaction strengths of the
reaction solvents with the catalyst surfaces are found to be in the following order: water
> ethanol > methanol for all the zeolites studied. Specifically, water adsorbs quite
strongly to the zeolite pores, preventing reactant molecules from reaching the Lewis
acid active sites and, in turn, suppressing the isomerisation reaction from occurring.
Methanol, instead, has relatively weak adsorption to the surface of the zeolite; hence,
reactant molecules can migrate into the pores of the zeolite, allowing the conversion
of glucose to fructose and/or mannose via the Lewis acid active sites; the formed
sugars can furthermore react at Brgnsted acid centres located on the external surface
of the zeolite framework and form methyl fructoside as a result of the relatively low
uptake of methanol in comparison with that of ethanol. On the other hand, Ethanol
adsorbs more strongly, but not up to a point to prevent the reaction from taking place,
and yet strong enough to promote a larger uptake of sugar into the zeolite pores, hence
the solvated sugars mainly interact with the Lewis acid active sites and are prevented
from participating in further reactions at Brgnsted acid active sites located on the outer

surface of the zeolite, resulting in the formation of fructose as the major product®?.

4.4. Control tests on the role of zeolite pores in glucose isomerisation.

In order to support these different hypotheses, and the conclusion was drawn from the
NMR relaxation time measurements, Sn- and Ga-doped on SiO2 and Al203 were
synthesised and tested together with their undoped SiO2 and Al20s in their bulk, i.e.,
non-porous forms in order to mimic the external surface of zeolites and determine the
effects of site-blocking versus pore occupancy. In light of the catalyst preparation
method used, namely, wet impregnation followed by a calcination step, we anticipate

that SnO2 and Ga20s3 clusters are expected to be formed on the surfaces of SiO2 and
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Al203" (Figures A19 and A20 in Appendix A6). However, as these supports are non-
porous, diffusion effects would be minimised. Therefore, we can precisely explain the
differences in reaction reactivity of glucose isomerisation as non-porous materials
would only be subjected to site-blocking effects. Unlike zeolite, which could be affected

by both site blocking and pore occupancy.

In view of this, the catalytic tests of Sn/SiO2, Sn/Al203, Ga/SiO2, Ga/Al203, as well as
SiO2 and Al203, were carried out for the isomerisation reaction of glucose to fructose
in the presence of water, methanol and ethanol as reaction solvents, and the catalytic
data of this control test are provided (Table 4.4).

Table 4.4. The catalytic activity of Sn/SiO2, Ga/SiO,, Sn/Al203, and Ga/Al,03 and their
supports: SiO2 and y-Al,Os for the isomerisation of glucose to fructose in water, methanol, and
ethanol solvents. The reactions were carried out using a solution containing 125 mg of glucose
in 4 mL of solvents at 100 °C and endogenous pressure using a metal loading for Sn and Ga
was 1 wt. %, and a constant M:S molar ratio of 1:100.

Catalyst Solvent(s) Con\(lojl;sion Selectivity (%) CMB (%)
o
Fructose Mannose Fructoside

SiO2 H20 0 n.d. n.d. n.d. 100

SiO2 CHsOH 0 n.d. n.d. n.d. 100

SiO2 CH3CH20H 0 n.d. n.d. n.d. 100
Sn/SiO2 H20 0 n.d. n.d. n.d. 100
Sn/SiO2 CHsOH 2312 47 +3 53+3 n.d. 96 + 1
Sn/SiO2  CH3CH20H 2111 78 £ 1 231 n.d. 882
Ga/SiO2 H20 0 n.d. n.d. n.d. 100
Ga/SiO2 CHsOH 1+1 54 + 1 46 £+ 2 n.d. 100 £ 2
Ga/SiO2 CH3CH20H 19+2 6713 332 n.d. 100 £ 1

Al203 H20 0 n.d. n.d. n.d. 100

Al2O3 CHsOH 1312 56 + 1 44 +1 n.d. 100 £ 1

Al2Os3 CH3CH20H 2314 56 + 2 44 + 2 n.d. 88+4
Sn/Al203 H20 0 n.d. n.d. n.d. 100
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Sn/Al203 CHsOH 30£2 563 44 + 3 n.d. 91+3
Sn/Al203  CH3CH20H 27 £1 51+ 49 +1 n.d. 832
Ga/Al203 H20 n.d. n.d. n.d. 100

Ga/Al203 CHsOH 19+ 50 + 1 50 + 1 n.d. 90+2
Ga/Al203  CH3CH20H 23 43+ 3 573 n.d. 922

n.d. = not detected.

Similar to microporous zeolites, none of these non-porous catalysts, neither doped nor
undoped, displayed any reactivity in the presence of water as a reaction solvent.
Notably, a similar lack of reactivity was observed in previous studies conducted by
Davies et al., who studied the catalytic performance of external SnO:2 clusters doped
on zeolite beta34. The results of our tests indicate that this phenomenon would be more
general and not limited to specific zeolites, SnOx clusters, or any particular interactions

between Sn and zeolites.

In particular, pure SiO2 showed no catalytic activity in the presence of methanol as a
solvent. In contrast, this had increased significantly to 23 % and 11 % with Sn/SiO2
and Ga/SiOz2 catalysts, respectively. Furthermore, since no alkyl fructoside is formed
regardless of the reaction conditions used, we can conclude that the formation of this
intermediate is inhibited due to the lack of Bransted acid active centres, which is an
essential characteristic present in all zeolite-based catalysts used within this reaction
(i.e., HY, Sn/Y, and GalY).

Pure Al203, on the other hand, showed activity in the range of 15%. This is, in fact, a
result of the presence of Lewis acid sites in this bare oxide. Further enhancement of
the activity was obtained by the incorporation of Sn and Ga species, resulting in similar
approaches to those of doped non-porous SiO2. In all cases, non-porous support

displayed significantly lower activity (at least 5 - 10 times less) than that of microporous
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zeolite HY. As a result, it can be concluded that, for zeolites, the presence of pores
plays a significant role in driving the reaction, and the isomerisation reaction of glucose
does indeed take place within the pores.

In comparison to methanol, ethanol as a solvent produced similar results; however,
since this solvent has a small site-blocking effect, pore occupancy will be a dominant
factor in the reactivity of porous zeolite. It should also be noted that no alkyl fructoside
(formed by Brgnsted acidity) was found, but only fructose and mannose were found to
be produced by Lewis acidity.

In general, conversion values are comparable to or even higher than those obtained
with methanol. Since ethanol has a lower protic and nucleophilic potential than
methanol, it will have a much smaller site-blocking effect within the pores of the
zeolites than water or methanol. It is also pertinent to note that specific considerations
regarding the potential nucleophilic effects of these solvents on our substrates were
beyond the scope of this study and, hence, are not being addressed further. However,

this could provide the basis for future investigations in this regard.

4.5. Control tests for leaching and mass transfer.

Leaching is a phenomenon that may occur in heterogenous catalysis systems,
involving the dissolution of the active species from the heterogeneous catalyst into the
reaction media. In view of this, control tests for metal leaching of Sn and Ga species
were carried out, even if our reaction seems to be dominated by Brgnsted acidity.
The results of ICP analysis of the reaction mixtures revealed an extremely small
amount of metal leaching at each reaction step. Following both steps of methanol and
subsequent water addition a mass loss of approximately 0.1% was detected for Ga

(relative to the total amount of Ga species present in the catalyst), whereas Sn/Y had
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relative metal losses of 1.2% and 1.7% of Sn, after the step using methanol and the
sequential step of water addition, respectively. In order to eliminate the effect of these
trace amounts of metals in the solution, we conducted control tests using reaction
mixtures containing SnCls-5H20 and Ga(NOs)s-xH20 precursors. The catalytic tests
were performed using identical amounts of metal leaching detected by ICP analysis
(approximately corresponding to metal to substrate molar ratio of 1:102 for Ga and
1:10* for Sn). However, no catalytic activity was observed in these catalytic tests.
Consequently, these small amounts of metal leaching do not have any significant effect

either on the durability of our materials or the reaction in the solution.

Table 4.5. Relative leaching loss measured by the mean of ICP-MS using the reaction
mixtures of the active metal, Sn or Ga, with respect to a 1 wt% metal loading for Sn/Y, Ga/Y
after reactions carried out in methanol and/or reactions carried out in methanol followed by
the step of water addition. The experimental error is reported as the standard deviation of
three repeated measurements.

_ Relative Sn Relative Ga
Catalyst Catalytic step
metal loss (%) metal loss (%)
SnlY After methanol 1.2 -

GalY After methanol - <0.1

After methanol and sequential
sSn/Y N 1.7 -
water addition

After methanol and sequential
GalY N - 0.14
water addition

External diffusion is the phenomenon of the mass transfer of a reagent from its phase
(either a gas or a liquid, in our case) to the catalyst’s surface. A control test on the
effect of the stirring rate and the amount of catalyst to conversion is systematically
investigated to rule out the effect of external diffusion limitation. In this regard, Control
tests with different mixing stirring rates in the range of 100 - 1000 rpm revealed no

effect on catalytic performance. Alternatively, changing the M:S molar ratio from 1:10
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to 1:1000 showed significantly different results (Figure 4.17). In particular, glucose
conversion is increased per increasing number of active centres in the M:S range of
1:1000 - 1:100, thus confirming the reaction is carried out under a kinetic regime, and
the effects of external diffusion limitation (mass transfer) are negligible. However, an
increase in the M.S ratio ranges from 1:50 to 1:10 resulted in constant glucose
conversions of 98%. This could be attributed to either diffusion limitations or the
possibility that a maximum glucose conversion has already been reached by
equilibrium. The latter explanation appears more reliable since the conversion rate
reaches 100% within the experimental error. Overall, an M:S molar ratio of 1:100

promotes the highest glucose conversion but still preserves a kinetic regime.
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Figure 4.17. Representative diffusion (external mass transfer) control test for the effect on
glucose conversion by changing an M:S molar ratio for a reaction carried out in methanol at
100 °C using GalY zeolite. The tests were performed using 125 mg of the substrate in 4 mL
of methanol for 1 h. Metal catalyst loading 1 wt% was kept constant, and the amount of catalyst
varied.
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4.7. Characterization of the catalysts and structure-activity correlations.

As a result of the several reaction routes observed for the production of fructose from
the isomerisation of glucose (Egs. 4.1-4.3), which either involve hydride shifts or an
acid-base reaction pathway and occur inside or outside the pores of the zeolite
frameworks. In this regard, our catalytic data prompted us to investigate and determine
potential structure-activity correlations for all catalysts used. As a consequence, a wide
range of acidity measurements and techniques, including back titration and NH3
chemisorption for Lewis and Brgnsted acidity, BET for textural properties, N2
adsorption-desorption for pore structure, XPS for the oxidation chemical state of doped
metal ions, HAADF-STEM for surface morphology, XRPD for crystal structure, and

EXAFS for the coordination environment of metal dopants were used.

4.7.1. Acidity measurements.

As a result of the significant role acidity has played in the data obtained so far, a
thorough characterisation of the materials was performed for both Brgnsted acidity
and Lewis acidity. In this regard, an acid/base back-titration (described in section
2.7.2.1 in Chapter 2) was carried out for the determination of the total Brgnsted acidity,
whereas an NH3s chemisorption experiment was conducted in order to measure the
total Bronsted and Lewis acidity (Table 4.6 and Figure 4.18). Despite the simplicity of
the back-titration method, it is a straightforward and statistically robust technique still
used, though mainly to determine the acidity of microporous polymers3536. Specifically,
measuring the number of protons recovered from the titration over a strong base to a

particular endpoint®” corresponds to Bransted acidity in our case.
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Table 4.6. Acidity data and textural properties of HY, Sn/Y and Ga/Y: (a) total Bronsted acidity
measured via acid/base back-titration; (b) combination of Brgnsted and Lewis acidity
determined by NHs chemisorption; (c) surface area through 20 points BET method using N-
adsorption and (d) microporous volume measured via BJH method using N2 adsorption.

B acidity @ B + L acidity® sS© Vmicro®
Catalyst
(mmol g) (mmol g) (m2g™) (mL g™
HY 1.78 2.93 797 0.26
Sn/Y 1.72 2.85 691 0.21
GalY 1.70 2.78 695 0.21

As demonstrated in (section 1.5.4), Brgnsted acidity can be derived through the
presence of OH groups through silanol units (SiOH) or hydrated Al centres3. Lewis
acidity, on the other hand, can be derived from coordinatively unsaturated metal
centres (e.g., Al, Sn, or Ga in our case)%. Back titration measurements revealed an
apparent decrease in the values of total Brgnsted acidity following the step of metal
doping. This decrease showed consistency, in principle, with a decrease in Brgnsted
acidity associated with the formation of basic SnO2 and Ga203 metal oxides. It should
be noted, however, that the difference between these acidity values (1.78 to 1.70 mmol
g") was found to be within the experimental error of our titration procedure (ca. 0.02

mmol g'). Therefore, we do not consider this difference to be statistically significant.

The total Brgnsted and Lewis acidity, determined rather through NHs-chemisorption,
also decreased with Sn- and Ga-doped catalysts compared to the acidity of the parent
zeolite. A straightforward comparison of Brgnsted acidity obtained by acid/base back-
titration and the combination of Breonsted and Lewis acidity obtained by NHs-
chemisorption is not easily possible, although our results indicate that there is no
apparent difference between our catalysts in terms of Lewis acidity. Both sets of acidity

data are found to be consistent with one another, despite NHs chemisorption providing
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information on the total acidity of the sample (i.e., Bransted and Lewis acid centres)
when, in contrast, the back-titration measures only total Brgnsted acid sites. Indeed,
back-titration measurements have always revealed lower acidity values than those

determined using the NHs-chemisorption technique.
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Figure 4.18. Adsorption isotherms for the combination of Brensted and Lewis acidity of NH3
over (m) HY zeolite, () Sn/Y zeolite, and (A) Ga/Y zeolite. Samples were pre-treated by
evacuation at 150 °C for a time of 2 h and adsorption measurements carried out at 35 °C. NH3
volumes were normalised as standard temperature and pressure per gram of sample.

Given the importance of Brgnsted and Lewis acid sites in the isomerisation of sugars,
our materials were further characterised using diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy with pyridine as an adsorbent in order to differentiate
between strong and weak Brgnsted and Lewis acid sites. From the DRIFT peak

intensities, Lewis to Brgnsted ratios (L/B) of 0.95, 0.89, and 1.2 were estimated for HY,

Sn/Y, and GalY, respectively (Figure A21 in Appendix A.7), in agreement with the
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acidity data obtained by acid/base Back-titration and NHs-chemisorption. That is a
relatively small increase in the Lewis acidity of the Ga/Y zeolite catalyst*C.

As a complement to these data, our materials were subjected to BET surface area and
micropore volume measurements (Table 4.6) in order to determine whether major
changes had occurred in the density of acid sites. However, the differences appear to
be insignificant. In addition, both total surface area and micropore volume were found
to be slightly decreased upon metal doping, consistent with the catalyst preparation

method used®°.

4.7.2. X-ray photoelectron spectroscopy and inductively coupled plasma
analysis.

To support the acidity results described above, we performed X-ray photoelectron
spectroscopy in order to measure both the oxidation chemical state and the amount
of dopant Sn and Ga species in our catalysts.

As indicated in the spectra of the Sn/Y sample, two peaks were observed with binding
energies of 495.4 eV and 486.7 eV, which could be assigned to Sn 3dsz2and Sn 3ds/,
respectively. This chemical state is highly consistent with that of SnO2*! (Figure 4.19).
In contrast, the XPS spectra of Ga revealed an apparent peak with a binding energy
of 1117.8 eV that corresponds to Ga 2pasr2. This result is consistent with that of Ga203
or Ga with a high oxidation state*? (Figure 4.20). In both Sn and Ga, the observed
oxidation chemical states demonstrated high consistency with the method of
preparation (i.e., wetness impregnation followed by a calcination step in the air)®°. It is
also important to note that although the uncoordinated, or surface coordinatively
unsaturated species of Sn** and Ga3* are both Lewis acid sites, SnO2 and Ga20s are,
in principle, basic in nature. This, in fact, could explain the slight decrease in acidity

observed in our measurements.
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Figure 4.19. XPS spectrum (red line) and peak fitting (green line) for the Sn3d signal in Sn/Y.
The signal of Sn is compatible with SnO; having binding energies for Sn 3ds» and Sn 3ds; of
495.7 eV and 487.4 eV, respectively.
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Figure 4.20. XPS spectrum (red line) and peak fitting (green line) for the Gay, signal in Ga/Y.
The signal of Ga is compatible with Ga>O3 having binding energies for Ga 2ps, of 1118.8 eV.
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On the other hand, the quantitative analysis of the surface composition (Table 4.7)
revealed that the two catalysts are quite different. In particular, Sn species were
detected in a relatively large amount, 1.8 at%. In contrast, Ga species were detected

in a much smaller amount of 0.1 at%, close to the limit of detection.

Table 4.7. Atomic surface composition of HY, Sn/Y and Ga/Y zeolites reported in at%. Carbon
is an incidental component, and the presence of all the other elements is consistent with the
metal precursors used and the elemental composition of the zeolite framework.

Catalyst At (%)
C @) Sn Si Al Ga N Cl
HY 11.0 56.8 0.0 30.8 1.3 0.0 0.1 0.0
sSnlY 95 57.3 1.8 30.5 1.0 0.0 0.0 0.0
Ga/lY 10.0 59.6 0.0 29.0 1.0 0.1 0.2 0.0

As a result of comparing these amounts with their expected bulk compositions of 1
wt% for both Sn and Ga centres, 1 wt% would be equivalent to ca. 0.5 mol% in the
case of Sn and 0.9 mol% in the case of Ga for the entire bulk material (as
compensation for this difference, all catalytic tests were carried out at a constant M:S
molar ratio). Therefore, under the assumption that Sn and Ga were uniformly
distributed inside the pores of the zeolite and on its external surface, A higher at% or
mol% of Ga compared to Sn would be expected to be detected. Due to the fact that
XPS is a surface-sensitive analytical technique capable of an average penetration
depth in the range of 5 - 10 nm*3, the extremely weak signal observed for Ga could be
due to these species being highly dispersed inside the zeolite pores, whereas Sn is

predominantly distributed on the external surface of the zeolite crystals.
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4.7.3. High-angle annular dark-field imaging — scanning transmission electron
microscopy.

To gather direct evidence supporting the conclusions derived from the XPS analysis, which
indicated Sn (as SnO; clusters) was primarily present on the outer surface of the zeolite
crystal, and Ga (as Ga.Os clusters) was mainly present within the pores of the zeolite
framework, our catalysts were further analysed by means of high-angle annular dark-field
imaging — scanning transmission electron microscopy (HAADF-STEM)*4. As can be seen in
Figures 4.21A and 4.21B, it is evident that the Sn/Y catalyst consists of defined SnO; clusters
located at the exterior surface of the zeolitic crystal, with an average particle size which is
determined to be 4.2 nm. On the other hand, Ga/Y exhibited an absence or only occasional
presence of Ga»0s clusters (Figures 4.22A and 4.22B), which leads us to the conclusion that

Ga must be either highly dispersed or present within the zeolite pores.

100%
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Figure 4.21. (A) HAADF-STEM image of Sn/Y zeolite prepared using a wetness impregnation
procedure with 1 wt% as metal loading of Sn. The fringe-like structure on the support
represents zeolite channels, and the particles along the edges (outside the crystal) are SnO»-
like nanoparticles. (B) The distribution of particle sizes of SnO» with an average particle size
of 4.2 nm.
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Figure 4.22. HAADF-STEM image of Ga/Y zeolite prepared using a wetness impregnation
protocol with 1 wt% as metal loading of Ga. (A) Metal or metal nanoparticles are not observed
externally in zeolite crystals, or (B) only occasionally (dark spot inside the dashed red circle).
Having obtained a highly dispersed metal using a straightforward impregnation
procedure is quite surprising and could offer a wide range of potential implications
beyond the current thesis work. A similar phenomenon has been observed
infrequently, as in the preparation of Fe-doped mesoporous silica SBA-15% or zeolite
HZSM-546, which were only produced by means of vacuum synthesis techniques and
with the use of alkali metals as promoters, which are significantly different from the
protocol used in this thesis work, that is, performed at atmospheric pressure with no
addition of alkali metals. This significant difference does not, however, appear to be a
major factor in the reaction. Consequently, it can be concluded that most of the activity
originates from the acidity of the zeolites. However, it is imperative to understand the
potential effects of added dopant metals. For example, it is important to consider
carefully speculations made on the catalytic activity of metal species such as Sn and
Ga active centres originating from their Lewis acidity characteristic when moving from

a homogeneous catalytic system'%1213 to a heterogeneous counterpart; Therefore,
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retention of the catalytic activity might not be maintained. Although this could still have

an effect on selectivity.

4.7.4. Powder X-ray diffraction.

As part of a comprehensive structural investigation of our materials, powder XRD
patterns were obtained for HY, Sn/Y and Ga/Y catalysts (Figure 4.23) to characterise
the crystalline structure of the prepared catalysts and to determine if the zeolite has
undergone any ion exchange or distortion due to the preparation protocol. A Rietveld
refinement*’ was performed (Table A6 in Appendix A.8). As shown in the XRD patterns,
Sn/Y and Ga/Y exhibit nearly identical PXRD patterns and no significant contraction
in the unit cell volume has been observed as a consequence of the variations in the
unit cell volume of the parent zeolite HY (determined as 14363 A3). In view of this, it is
unlikely for Sn or Ga to be incorporated into the zeolite framework as a substitution for

Al - at least within the resolution of the acquired PXRD patterns.
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Figure 4.23. XRD patterns of zeolites: a) HY as delivered, b) HY treated for metal deposition
but without metal dopant, ¢) Sn/Y and d) Ga/Y. All zeolites exhibit a nearly identical pattern
and show no evidence of Sn and Ga metal or metal oxide clusters.

It is important to note that even though Sn and Ga centres were demonstrated to be
present as SnO2 and Gaz20s3 (Sections 4.7.2 and 4.7.3), there were no distinctive
reflections associated with these metal oxide clusters observed. For Sn02%3, these
were expected to be at 26.6°, 37.8° and 51.8° 26, for the reflections of (110), (200)
and (211), respectively, and in the case of B-Ga203*. These were expected to be at
31.2°, 35.9° and 38.1° 20, for the reflections (222), (400) and (411), respectively. This
is consistent with data obtained from HAADF-STEM, and a particle size of less than 4
— 5 nm, or highly dispersed metal species?.

Apart from determining the basic structure and bulk chemical composition, obtaining
the unit cell parameter (derived from XRD data) of Sn and Ga-doped zeolite Y catalysts

prepared via the wetness impregnation technique is vital to understanding the
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interactions between the metal and zeolite framework. Several studies have
demonstrated that metal might be deposited over the surface of zeolite or trapped
within its framework, wherein the two types of metal-zeolite interactions result in
different catalytic performances®5'. The substitution of metal in place of Al sites within
the zeolite matrix is generally indicated by the expansion or contraction of the unit cell
depending on the size of the metal (in our case, Sn and Ga) compared to Al. For
instance, due to the larger size of Sn in its ionic form and coordination when compared
to Al, increasing the volume expansion of the unit cell indicates that this metal has
been successfully incorporated into the structural matrix®2. A unit cell expansion,
however, was not observed with our Sn/Y catalyst (Table A6 in Appendix A.8),
indicating that the Sn species of our catalyst prepared by wetness impregnation were
not embedded into the framework of these zeolite catalysts but rather were supported

on their surface or within their pores/channels.

4.7.5. Extended X-ray absorption fine structure and structure considerations.

In order to confirm and reinforce the data and conclusions derived from HAADF, STEM
and XRD regarding the structural characteristics of Sn/Y and Ga/Y zeolites, our
materials were also studied using an extended X-ray absorption fine structure
(EXAFS) technique®354,

First of all, the EXAFS measurements demonstrated that the signal for Ga/Y was much
stronger as compared to that for Sn/Y, in agreement with data from the ICP-MS, which
indicated that Ga had a much higher mol% than Sn. As a consequence, the differences
in the fitting of the two species are most likely due to a difference in the distribution of

metals within the catalysts investigated.
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Figure 4.24. EXAFS Fourier transform for Sn/Y zeolite (black line). Modelled spectra of SnO2
clusters independent of the Zeolite structure are depicted in blue lines. An excellent fit in
agreement with slightly amorphous SnO, was observed.

Specifically, a fitting of the Sn/Y catalyst versus the standard SnO2 was performed®®,
and the EXAFS interpolation results have been confirmed to be compatible with SnO2
crystallographic structure (Figure 4.24 and Table A7 in Appendix A.9). One notable
difference observed in our catalysts, that is, their outer Sn shells exhibit a higher
Debye-Waller factor as compared to bulk SnO2 (0.0089 A2), as shown in Table A7 in
Appendix A.9. It appears that SnO2 clusters in Sn/Y have shown a slightly higher
disordered/amorphous structure than that of the bulk oxide. Since SnO2 in its bulk
form has a highly ordered structure, it is expected that the value for the photoelectron
mean Sn-Sn path in the second shell would be in the range of 0.003-0.005 A2,

In terms of GalY, the results showed to be quite different from those of comparable HAADF-

STEM data. In consequence, the results of EXAFS were either fitted based on the assumption
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of the presence of B-Ga»Os clusters or Ga incorporated into the zeolite framework. As we move
towards the Ga edge and observe the data, the absence of a second shell is evident in the
EXAFS Fourier transform signal, potentially supporting the presence of p-Ga»Os; clusters.
Conversely, the first shell is compatible with the presence of 4 - 6 oxygen atoms, as would be
expected from the incorporation of Ga within the zeolite framework®®. It is not possible to obtain
a satisfactory fit with the scattering path that involves Ga-Ga atoms from the crystal structure

of B-Ga05°" (Figure 4.25).

— Ga/Y fit
‘ A4 | —— beta-Ga203 fit
Experimental data

IFT [K™*x (0]l (A)

R (A)

Figure 4.25. EXAFS Fourier transform for Ga/Y zeolite (black line). Modelled spectra: of -
Gay0s clusters independent of the zeolite structure (red line) and Ga species within the zeolite
framework (blue line). A better fit of the experimental data is achieved in the latter case.

A significant improvement in fit could be observed with the attempt to substitute Ga in
the zeolite framework (Figure. 4.25, Table A8 in Appendix A.9). The distances appear
to correspond to the higher atomic weight of Ga in comparison to Si/Al, showing a first
shell distance nearly identical to the length of the Ga-O bond in -Ga203. In contrast,
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the intensity and phase of the second shell are better reflected, with both being
similarly shifted with the same amount (+0.2 A). As well, here, the Debye-Waller factor
appears to be relatively high (0.02 A2), indicating the presence of a strain/disorder in

the structure.

4.8. Conclusion

This study has demonstrated that the isomerisation of glucose is a complicated
reaction involving the interconversion of multiple species as well as the production of
a methyl fructoside intermediate and mannose in the presence of methanol as a
reaction solvent.

It was found that our materials, namely HY, Sn/Y, and Ga/Y, exhibited similar catalytic
performance in converting glucose to fructose, methyl fructoside, and mannose with
different temperatures in the range of 80 - 120°C and using either one-step reaction
protocol in methanol or two-step reaction protocol in methanol followed by the
subsequent addition of water as solvents. Despite the fact that increasing the reaction
temperature improved dramatically glucose conversion to over 90% and fructose
selectivity above 50%, the reduced carbon mass balance suggested the formation of
more by-products, most likely humins. As a result of these factors, 100°C was found
to be the optimal reaction temperature.

In the presence of methanol as a solvent, significant amounts of methyl fructoside
intermediates were formed through a reaction pathway mediated via Brgnsted acid
centres. In catalytic reactions with fructose and mannose as substrates in the
presence of methanol, all catalysts produced a reaction mixture composed of glucose,
methyl fructoside, fructose and mannose. In addition, we demonstrated that glucose,

fructose, and mannose are all in equilibrium with fructose through 1,2-intramolecular
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hydride shifts promoted via Lewis acid active sites present in the catalyst. As a
consequence, three reaction pathways are involved in the catalytic conversion of
glucose to methanol: (i) a Lewis acid pathway that converts glucose to fructose and
then in mannose, (ii) the reversible reaction, and (iii) a Brgnsted acid pathway that
facilitates the conversion of fructose to methyl fructoside.

In contrast, when the reactions were performed with water following methanol, the
presence of this solvent could enhance the hydrolysis reaction of the methyl fructoside
intermediate to desirable fructose while simultaneously suppressing the catalytic
performance of all zeolite catalysts for the isomerisation reaction of glucose to
fructose. Most likely, this is a consequence of water being strongly adsorbed within the
zeolite pores or due to a site-blocking of Lewis acid active centres that facilitate the
isomerisation reaction of glucose to fructose. Nevertheless, the addition of water
following the reaction in methanol led to an increased conversion of methyl fructoside
into fructose under all our conditions. This indicates that a Brgnsted acid pathway
dominates this reaction, which could probably explain the similar catalytic results
obtained with all catalysts studied.

Gal/Y and Sn/Y were shown to be significantly different in structure, with Sn/Y being
mainly composed of SnO2 clusters located on the external surface of the zeolite
crystals and Ga/Y comprised of highly dispersed Ga species inside the pores.
Therefore, the Brgnsted acid reaction pathway discussed in the earlier section (section
4.2.1) might not necessarily take place or be restricted by the zeolite pores, and this
will provide a basis for further studies to investigate the importance of pores in this

reaction when water is not the initial solvent.
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Chapter 5. The role of zeolite acidity and porosity toward the
catalytic activity of Sn-, Ga-, and Nb-doped zeolite Y, BEA, ZSM-5 and

Al-MCM-41 in the isomerisation of glucose to fructose.

5.1. Introduction

Brgnsted and Lewis acid sites have been shown to play a critical role in the
isomerisation of glucose to fructose and reactions beyond, such as the conversion of
fructose to 5-HMF and levulinic acid (section 1.5.4 in Chapter 1). For instance, Lewis
acid sites could facilitate the ring-opening of glucose molecules and coordinate with
the lone electron pairs in oxygen atoms (O1 and O2) at glucose aldehyde carbons
before the isomerisation reaction takes place via an intramolecular hydride shift from
the C2 to C1 position in the ring-opened glucose chain' (Figure 5.1A). On the other
hand, Brgnsted acidity was also found to facilitate the conversion of glucose to
fructose through the formation of alkyl fructoside intermediates using a two-step
protocol in methanol and water media (section 4.2 in Chapter 4). Furthermore,
Bronsted acid sites have a crucial role in the dehydration reaction of fructose
intermediates to 5-HMF. These acid sites are of vital importance because they facilitate
the protonation of the OH hydroxyl group at the anomeric carbon C2 position of
fructose. As a result, the hydroxyl group is significantly more susceptible to
dehydration, facilitating fructose conversion into 5-HMF. The presence of Brgnsted
acid sites is essential in promoting this reaction and significantly increasing the
efficiency of 5-HMF production? (Figure 5.1B). However, in principle, any proton (H*)
could potentially be attacked by any hydroxyl group (OH) in the fructose molecule.
This will result in a complex mixture containing various reaction products as the final

product?®. Therefore, selectivity becomes a crucial factor in the dehydration reaction of
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fructose into 5-HMF. Consequently, the use of porous materials becomes essential in
order to selectively drive the dehydration reaction in specific target hydroxyl groups®.
Therefore, the information gathered here will also be used to establish structural

activity correlations of 5-HMF synthesis.
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Figure 5.1. Schematic representation of A) glucose isomerisation mechanism via 1,2-
intramolecular hydride shift in the presence of Sn Lewis active sites®, and B) the Protonation
of OH group at Carbon 2 position of fructose via Brgnsted acid sites as the first step of the
dehydration reaction®.

Given the importance of porous materials in these reactions, it is imperative to study
the impact of pore size on the activity of these materials. For instance, glucose
molecules in their cyclic form with a molecular size of ~0.9 nm require a zeolite
framework with a pore size larger than 1 nm to diffuse inside the catalyst pores and
reach the active sites’. However, the acyclic form of glucose showed to be small

enough (~0.86 nm) to squeeze and diffuse through the 0.74 nm pores of zeolite Y89,
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As a consequence, the aims of this chapter are to 1) gather additional information on
the materials involved in the reaction of glucose to fructose by doping zeolite Y, BEA,
ZSM-5 and AI-MCM-41 with Sn, Ga and Nb 2) establish a highly reliable and efficient
platform for the synthesis of 5-HMF, drawing upon the insights acquired from this
chapter, particularly regarding the structural properties of the materials involved,
leading to in the design and development of improved catalysts and reaction systems

for the production of 5-HMF.

Niobium-based compounds have attracted significant attention as solid acid catalysts
for the production of 5-HMF from glucose and fructose'%'. The exceptional activity of
these compounds in aqueous solutions has made them indispensable catalysts for
various chemical reactions including sugar dehydration to 5-HMF'2. Therefore,
exploring the role of these particular metal species in glucose isomerisation and
subsequent fructose dehydration reactions would be highly interesting and worthwhile.
As for zeolite-based catalysts, Nb species were doped exclusively on zeolite BEA
frameworks for only the purpose of catalysing the dehydration of glucose to 5-HMF.
The catalyst showed glucose conversion of 47% and HMF selectivity of 22% under
the reaction conditions of 180 °C for 24 h in 5 mL water as a solvent with an M:S molar
ratio of 1:2 and using a metal loading of 1.6 wt.%'". However, despite using these
metal species on different zeolites for other applications, Nb-doped on the
commercially available zeolite Y and their catalytic performance on the isomerisation
of glucose to fructose and the dehydration of fructose intermediates to 5-HMF have
not been investigated so far. Furthermore, in order to encompass an appropriate range
of acidity and porosity, zeolite Y (SiO2:Al203 of 5.1), BEA (SiO2:Al203 of 25, and 38),
ZSM-5 (SiO2:Al203 of 23 and 50), and AI-MCM-41 (SiO2:Al203 of 28) were used in

addition to the previously mentioned catalyst (i.e., zeolite Y (30). This selection of
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zeolite materials was made to provide a comparative basis and gain a deeper
understanding of the relative importance of acidity and porosity in glucose

isomerisation.

5.2. Catalytic tests in a one-step protocol using water or methanol as a solvent.
Similar to the observations made in section 4.2.1, it has also been found that using
water, either in a single-step protocol or in combination with methanol from the
beginning of the reaction, does not result in any products formation under the reaction
conditions used (reaction temperature in the range of 100 °C, endogenous pressure
and a reaction time of up to 2 hours). On the other hand, the use of methanol as a
solvent led to a significant increase in the catalytic activity for all catalysts studied
(Figures 5.2 and 5.3). In particular, the highest catalytic performances were obtained
using large pore zeolites Y and BEA, with zeolites Y (SiO2:Al203 of 30) and BEA
(SiO2:Al203 of 38) being the best compromise between high glucose conversion and
high fructose selectivity, demonstrated through the highest fructose yield in the range
of 30% (Table A5 in Appendix A.5). Furthermore, all catalysts showed a closed carbon

mass balance in the range of 90 — 100%, within the experimental error.

In the case of zeolite Y, the metal dopant has a negligible effect compared to the impact
of pre-existing Al centres, which leads to similar catalytic activity, within the
experimental error, for both the parent HY zeolite and Sn-, Ga-, and Nb-doped zeolite
Y catalysts. However, zeolite Y with SiO2:Al203 of 5.1 produced a large amount of
methyl fructoside intermediate (~70%), most likely due to the higher Brgnsted acidity
of this catalyst compared to other catalysts studied. In contrast, doping Sn, Ga, and

Nb on BEA and ZSM-5 zeolites significantly increased the catalytic activity. BEA
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zeolites demonstrated an increase of 50% and 20% in glucose conversion and
fructose selectivity, respectively. Whereas ZSM-5 zeolite catalysts improved glucose
conversion by 30% and fructose selectivity by 15%. In ZSM-5 materials, the lower
catalytic activity could be attributed to the narrow pore system and large crystal sizes
(Table 1.4 in Chapter 1) that have severely limited the diffusion of glucose molecules
into the pores of the zeolite'® and, in turn, leads to the reactivity being limited to the
active sites on the external surface of the catalyst'. On the other hand, mesoporous
aluminosilicate AI-MCM-41 catalysts showed a considerable glucose conversion of
75%, which was further increased up to 90% upon the metal dopant step. The high
catalytic activity of conventional AI-MCM-41 compared to undoped BEA and ZSM-5
zeolites can be explained as a result of three factors, which are “the Lewis acidity of
the Al site, a proton donor in the form of an AI-O(H)-Si group and a proton acceptor

in the form of an AI-OH group™*®.
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Figure 5.2. Glucose conversions were obtained from the isomerisation reaction of glucose to fructose, which was carried out over various
undoped and doped zeolites catalysts using 125 mg of the substrate in 4 mL of CH3OH at the reaction temperature of 100 °C for 1 h and
endogenous pressure using a constant M:S molar ratio M:S = 1:100. Catalytic data of HY (30), Sn/Y (30), and Ga/Y (30) zeolites reported herein
are reproduced from Chapter 4. Experimental error is reported as the standard deviation of three repeated measurements.
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Figure 5.3. Observed product selectivity of fructose (o), methyl fructoside (e) and mannose ( ) obtained from the isomerisation reaction of
glucose to fructose, which was carried out over various undoped and doped zeolites catalysts using 125 mg of the substrate in 4 mL of CH30OH
at the reaction temperature of 100 °C for 1 h and endogenous pressure using a constant M:S molar ratio M:S = 1:100. Catalytic data of HY (30),
Sn/Y (30), and Ga/Y (30) zeolites reported herein are reproduced from Chapter 4.
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5.3. Catalytic tests in a two-step protocol by using methanol and water.

In line with the results described in section 4.2.1, the addition of water in the second
step of the reaction results in the conversion of methyl fructoside intermediate to the
more desirable fructose. The decrease in methyl fructoside upon the step of water
addition matches significantly, within experimental error, the formation of fructose,
resulting in fructose production of approximately 20 — 65 % depending on the type of
catalyst being used. At the same time, the second step of water treatment did not
appear to significantly affect glucose conversion and mannose selectivity for all
catalysts (either in terms of production or consumption). Sn-, Ga-, and Nb-doped
zeolite Y (SiO2:Al203 of 30) and zeolite BEA (SiO2:Al203 of 25) showed the most
optimal compromise between high glucose conversion and high fructose selectivity,
evidenced as having the highest fructose yield in the range of 50 — 60% based on their

corresponding carbon mass balance (Table A5 in Appendix A.5).

The catalytic performance of all catalysts tested using two-step reaction protocols in
methanol and water (Figures 5.4 and 5.5) showed a similar trend to that obtained using
the one-step protocol in methanol. More specifically, the doping of Sn, Ga, and Nb
showed no major effect on Zeolite Y. However, this was not the case with Zeolite BEA
and ZSM-5, which were strongly affected by this step as observed in the previous
section (section 5.2). For AI-MCM-41, the doping of Sn revealed a significant increase
in catalytic activity (both in terms of glucose conversion and fructose selectivity). This,
in fact, was not the case for Ga/AI-MCM-41 and Nb/AI-MCM-41, which showed no
significant difference in catalytic activity to the parent AI-MCM-41. Furthermore, It is
also apparent that glucose isomerisation reaction toward fructose demonstrated
higher catalytic performance (glucose conversion and fructose yield) with large pore

zeolites such as zeolite Y and BEA (= 7 A) having a moderate SiO2:Al203 molar ratio
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in the range of 20 — 40. Also, all catalysts exhibited a closed carbon mass balance
compatible with 100%, within the experimental error, except for those obtained by
zeolite Y catalysts with a SiO2:Al203 molar ratio of 5.1, which revealed a carbon mass
balance in the range of 75%, and Nb-doped BEA zeolite with a SiO2:Al203 molar ratio
of 25 with a CMB value of about 60%, more likely due to catalysts being too acidic,
leading to the degradation and polymerization of reactants, intermediates and/or

products to humins.
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Figure 5.4. Glucose conversions were obtained from the isomerisation reaction of glucose to fructose, which was carried out over various
undoped and doped zeolites catalysts using 125 mg of the substrate in 4 mL of CH3OH at the reaction temperature of 100 °C for 1 h and
endogenous pressure and then adding 4 mL of H2O for an additional reaction time of 1 h at using a constant M:S molar ratio M:S = 1:100. Catalytic
data of HY (30), Sn/Y (30), and Ga/Y (30) zeolites reported herein are reproduced from Chapter 4. Experimental error is reported as the standard
deviation of three repeated measurements.
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Figure 5.5. Observed product selectivity of fructose (e), methyl fructoside (e) and mannose ( ) obtained from the isomerisation reaction of
glucose to fructose, which was carried out over various undoped and doped zeolites catalysts using 125 mg of the substrate in 4 mL of CH30H
at the reaction temperature of 100 °C for 1 h and endogenous pressure and then adding 4 mL of H,O for an additional reaction time of 1 h at
using a constant M:S molar ratio M:S = 1:100. Catalytic data of HY (30), Sn/Y (30), and Ga/Y (30) zeolites reported herein are reproduced from

Chapter 4.
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5.4. Powder X-ray diffraction.

Powder XRD patterns were collected for parent non-doped and Sn, Ga and Nb-doped
zeolite Y, BEA, ZSM-5, and AI-MCM-41 (Figures 5.6 and 5.7) and (Figures A22 — A26
in Appendix A.10) in order to characterise the crystalline structure of the synthesised
catalysts and determine the presence of any ion exchange or distortion of the zeolite
that could have occurred as a consequence of the preparation protocol used. A
Rietveld refinement'® was carried out (Tables A9 — A14 in Appendix A.10). It can be
seen that the XRD patterns of all catalysts studied appear to be virtually identical, with
no significant contraction of the unit cell volume being observed in response to
variations in the unit cell volume of their parent zeolites with calculated values of 14757
A3for HY (5.1), 14363 A3for HY (30), 4013 A3for H-BEA (25), 3992 A3 for H-BEA (38),
5382 A3for HZSM-5 (23), 5368 A3 for HZSM-5 (50), This suggests that Sn, Ga, or Nb
are not incorporated into the zeolite framework in place of Al - at least within the

resolution of the PXRD patterns acquired.
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Figure 5.6. X-ray powder diffraction patterns for zeolites: (a) H-BEA as delivered, (b) H-BEA
treated as for metal deposition but without any metal dopant, (¢) Sn/BEA, (d) Ga/BEA, and (e)
Nb/BEA with a SiO2:Al,03; molar ratio of 25 as a representative example. No metal or metal
oxide cluster from Sn, Ga or Nb is detected, and all zeolites present a virtually identical pattern.
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Figure 5.7. X-ray powder diffraction patterns for zeolites: (a) HZSM-5 as delivered, (b) HZSM-
5 treated as for metal deposition but without any metal dopant, (c) Sn/ ZSM-5, (d) Ga/ ZSM-
5, and (e) Nb/ ZSM-5 with a SiO2:Al.O3 molar ratio of 23 as a representative example. No
metal or metal oxide cluster from Sn, Ga or Nb is detected, and all zeolites present a virtually
identical pattern.

It is important to note that even though Sn, Ga and Nb were confirmed and/or indicated
to be present as SnO2, Ga203 and Nb20s, no characteristic reflections associated with
these metal oxides were observed. For SnO2'", these were expected to be at 26.6,
37.8 and 51.8° 26 for the reflections of (110), (200), and (211), respectively, for 3-
Ga203"® at 31.2°, 35.9° and 38.1° 26, for the reflections (222), (400) and (411)
respectively, and for the orthorhombic phase of Nb20s'® at 22.7, 28.6, 36.7, 46.2, 50,7
and 55.3° 26 for the reflections of (001), (180), (200), (181), (002), (380), and (212)

respectively.
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In addition to the structure and bulk chemical composition, it is important to determine
the unit cell parameter (as obtained from XRD data) of Sn-, Ga-, and Nb-doped zeolite
Y, BEA, ZSM-5, and AI-MCM-41 catalysts that were prepared using wetness
impregnation technique in order to identify metal-zeolite interactions. Metal could be
deposited on the external surface of zeolites or trapped within the pores of their
frameworks. As a consequence of the two types of metal-zeolite interactions, different
catalytic performances are obtained?%2'. The expansion or contraction of unit cells is
typically used to indicate the substitution of metal in place of Al sites within the zeolite
structure based on the metal's size (Specifically, Sn, Ga and Nb) with respect to Al.
Whereas the percentage of expansion or contraction, to some extent, depends on the
number of metal atoms incorporated into the zeolite structure??. For example, given
the relatively larger size of Sn in its ionic form and coordination as compared with Al,
an increase in the volume expansion of unit cells is indicative of the successful
incorporation of this metal into structural sites?3. However, no significant expansion or
contraction of the unit cell was observed with our Sn/BEA (25) and Sn/ZSM-5 (23)
catalysts shown in Tables A9 and A10 in Appendix A.10 as well as within those Sn
doped on different other supports, such as Y (5.1 and 30), BEA (38), and ZSM-5 (50)
reported in (Tables A11 — A14 in Appendix A.10), indicating that the Sn species of our
catalysts that were prepared using wetness impregnation are all supported on the
outer surface or in the pore/channel of those zeolite catalysts instead of being
incorporated into the framework. A similar observation concerning the expansion or
contraction of the unit obtained with Sn-doped zeolites has also been found with Ga-
and Nb-doped zeolites catalysts. However, HY with a SiO2:Al203 molar ratio of 30
showed a strong contraction of —2.7% with respect to HY with a SiO2:Al203 molar ratio

of 5.1, which corresponds to the dealumination fact practically, it is as there is less Al
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in this catalyst. In contrast, a slight borderline contraction of -0.5% and -0.3 for H-
BEA (38) and HZSM-5 (50), respectively, was detected. This was compatible with their

lower Al contents compared to H-BEA (25) and HZSM-5 (23).

5.5. Acidity measurements.

As confirmed in section 4.2.3, it is evident that acidity characteristics played a key role
in the isomerisation of glucose to fructose, resulting in multiple reaction pathways
being mediated by Lewis and/or Brgnsted acid sites. However, a Brgnsted acid
pathway showed to be dominant in this reaction under the reaction conditions studied.
Therefore, the total Brgnsted acidity was determined through a straightforward and
statistically robust analytical method of back-titration in order to gain a better
understanding of trends in catalytic activity and their correlations with prevalent
Bronsted acidity. The results of these acidity measurements for all catalysts are

reported in detail in (Table 5.1).

Table 5.1. Total Brgnsted acidity of undoped and metal-doped zeolite Y, BEA, ZSM-5 and Al-
MCM-41 determined by back-titrations alongside their corresponding SiO,:Al.Oz molar ratios.
The experimental error is reported as the standard deviation of three repeated measurements.

. _ | Total Brgnsted
Zeolite support Doped Metal SiO2:Al203 molar ratio
(mmol-g™)
Parent 5 2.55
Sn 5 2.52
HY
Ga 5 2.49
Nb 5 2.47
Parent 30 1.78
HY Sn 30 1.72
Ga 30 1.70
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Nb 30 1.73
Parent 25 2.17
Sn 25 2.15
BEA
Ga 25 2.14
Nb 25 2.15
Parent 38 1.58
Sn 38 1.55
BEA
Ga 38 1.49
Nb 38 1.54
Parent 23 2.19
Sn 23 2.16
ZSM5
Ga 23 2.12
Nb 23 2.15
Parent 50 1.01
Sn 50 0.95
ZSM5
Ga 50 0.92
Nb 50 0.94
Parent 28 2.29
Sn 28 2.24
Al-MCM41
Ga 28 2.19
Nb 28 2.21

The results of our back titrations indicate a slight decrease in Brgnsted acidity values
following the metal doping step (Table 5.1). This decrease appears to be compatible,
theoretically, with the formation of basic metal oxides (i.e., SnO2, Ga203 and Nb20s).
However, the difference between the acidity values remains within the experimental
error of our method (ca. 0.02 mmol-g~"'). Therefore, this difference is not considered

statistically significant.
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5.5.1. Tentative acidity-activity correlations.

In this section, we will investigate the possibility of correlating the Brgnsted acidity
values obtained from back-titration with the catalytic activity data for all catalysts. The
trends in glucose conversion, fructose and methyl fructoside selectivities and actual

yields as a function of total Brgnsted acidity are presented in (Figures 5.8 - 5.10).

First of all, in both reactions carried out following the one-step protocol in methanol
and the two-step protocol in methanol and water, glucose conversions showed no
correlation at all to the total Brgnsted acidity of all catalysts, and the conversion values
were instead distributed in a random manner (Figures A27 and A28 in Appendix A.11).
From the perspective of product selectivity, fructose also did not exhibit any direct
relationship with the measured acidity values; again, the data are entirely distributed
at random. On the other hand, methyl fructoside selectivity values were clustered
together and showed some trend (Figure 5.8); that is, the formation of methyl

fructoside increased with the increase of the Brgnsted acidity.
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Figure 5.8. The trend of methyl fructoside selectivity with respect to total Brensted acidity. The
reaction was carried out following the one-step protocol in methanol at 100 °C for 1 h and
endogenous pressure using a constant M:S molar ratio M:S = 1:100. It seems that the higher
the Brgnsted acidity, the greater the formation of methyl fructoside. However, some random
points could be observed upon using the selectivity values.

As can be seen in Figure 5.8, a tentative correlation between the selectivity of methyl
fructoside and total Brgnsted acidity was observed (inside the dashed red circle).
However, this correlation does not lead to a parabolic shape due to the presence of
multiple randomly distributed points (inside the dashed blue square). Due to the lack
of clear visual correlation, we carried out the Pearson correlation coefficient test in
order to see if any correlation can statistically be observed. However, the test showed
a Pearson correlation coefficient value () of 0.4, indicating no strong correlation
between the two variables. However, since the isomerisation reaction of glucose

showed to have three parallel pathways, but with only one of them being a highly rapid
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Brgnsted pathway toward the formation of methyl fructoside, it would be expected that
correlating the product yield instead of selectivity will result in observing a more
pronounced trend for this intermediate. In this regard, product yields, calculated based

on obtained carbon mass balance, were correlated (Figures 5.9 and 5.10).
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Figure 5.9. The trend of fructose yield as a function of the total Brgnsted acidity values. The
reaction was carried out following a one-step protocol in methanol at 100 °C for 1 h and

endogenous pressure using a constant M:S molar ratio M:S = 1:100. No trend can be seen,
and data are randomly distributed.

In line with the results obtained with selectivity, fructose yield from either the one-step

reaction in methanol or the two-step reaction in methanol and water did not also show

a clear trend with our Brgnsted acidity data (Figure 5.9) and (Figure A29 in Appendix

A.11). This was further confirmed statistically with the Pearson correlation coefficient

value (r) of 0.009 and 0.2 for the correlations of Bronsted acidity with catalytic data

obtained from the one-step reaction and two-step reaction, respectively. A possible
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explanation for this could be due to the presence of porosity factor (studied in section
5.6), which can significantly affect the trend in fructose yield since the isomerisation
reaction takes place largely inside the pores of the zeolite catalyst?*. Furthermore, the
presence of parallel Lewis acidity reaction routes also contributes significantly to the
formation of fructose. Specifically, it is widely accepted that the isomerisation reaction
of glucose to fructose is mainly facilitated via the intramolecular hydride shift
mechanism from the C2 to C1 positions of glucose in the presence of Lewis acid sites?®
(as shown in Figure 5.1a). As a result, correlating the fructose yield with Lewis acidity

data might lead to a discernible trend and, hence, could be considered as future work.
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Figure 5.10. The trend of methyl fructoside yield with regard to the total Brgnsted acidity
values. The reaction was carried out following the one-step protocol in methanol at 100 °C for
1 h and endogenous pressure using a constant M:S molar ratio M:S = 1:100. The higher the
Bragnsted acidity, the more the formation of methyl fructoside (as shown inside dashed red
circle).
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In contrast, using the methyl fructoside yield resulted in a parabolic trend and a
Pearson correlation coefficient value (r) of 0.7, suggesting a strong correlation
between methyl fructoside yields and the total Brgnsted acidity, that is, the yield of this
intermediate is increased per increase in the total Bronsted acidity (Figure 5.10).
However, ZSM-5 (50) catalysts with the lowest Brgnsted acidity values in the range of
0.9 — 1 mmol-g~" did not follow this trend (inside dashed green rectangle), exhibiting
rather high yields of methyl fructoside (ca. 65%). This could be due to their relatively
small pore sizes, greatly restricting the entrance of glucose molecules (0.9 nm)’ into
the pores of these catalysts (0.55 nm)?6 and, in turn, limiting the isomerisation reaction
of glucose to fructose. Consequently, methyl fructoside was the major product formed
using these catalysts since the acid-mediated attack of methanol on fructose does not
require pore systems to occur and can take place on the external surface of the
catalysts. As a result of this finding and given the importance of porosity characteristics
in the isomerisation of glucose to fructose, we decided to investigate further the
influence of zeolites' pore size on catalytic data and identify possible trends in catalytic

activity as a function of pore diameter.

5.6. Porosity measurements.

BET (Brunauer-Emmett-Teller) and Porosimetry have been used to measure the
surface area, pore size and pore volume for a number of our catalysts in order to
determine the relative impact of the pore size of zeolites on catalytic performance and
to identify possible correlations between the two. Furthermore, to demonstrate that our
materials have not been subjected to any potential changes to their zeolite framework
caused by the used synthesis process (i.e., wetness impregnation). In fact, the
addition of metal centres to zeolites could induce structural changes in the parent
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zeolites. This occurs most commonly following the addition of metal centres through
the use of ion exchange, which is not the case in incipient wetness impregnation, a
synthetic protocol used in this work?”28. In this regard, the textural properties of our
main catalysts, namely HY, Sn/Y, Ga/Y and Nb/Y with a SiO2:Al203 molar ratio of 30,
were determined to confirm that no change in the structure of the parent zeolite has
occurred upon the addition of metal centres to its frameworks using incipient wetness
impregnation.

The nitrogen adsorption and desorption isotherms of parent HY zeolite and
synthesised Sn/Y, Ga/Y and Nb/Y zeolites at 77 K, as shown in Figure 5.10, presented
typical types | and IV isotherms?® based on the classification of the International Union
of Pure and Applied Chemistry (IUPAC), which indicates the presence of micropores
with a pore size of less than 2 nm as well as materials having some mesoporous
characteristics with a pore diameter in the range of 2 - 50 nm, respectively. This is
evident in hysteresis cycles, which show both condensation and cavitation. As a result
of the short vertical hysteresis loops running from p/po= 0.5 to 0.99, the materials show
the presence of only limited mesoporous volumes. This is also demonstrated by an
analysis of the pore distribution (Figures A32 and A33 in Appendix A.12), which
indicates that the materials are predominantly microporous with a pore diameter
centred at 0.74 nm and also containing mesoporous structures between 20 and 40 nm

in size.
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Figure 5.11. N, adsorption—desorption isotherm at 77.4 K for (e) parent zeolite HY before
doping and doped zeolites (A) Sn/Y, (m) Ga/Y and (V) Nb/Y after metal doping through a
wetness impregnation protocol. Filled symbols are representative of the adsorption and

condensation branch, whereas open symbols are representative of the desorption and
cavitation branch.

For the textural properties, the Brunauer—-Emmett—Teller (BET) model was applied to
determine the specific surface areas, external and micropore areas, whereas t-plots

and a Horvarth-Kavazoe model were used to measure the pore volume and pore size

distribution. (Table 5.3)
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Table 5.3. Textural properties of zeolites for parent zeolite HY and zeolites Sn/Y and Ga/Y
doped via an incipient impregnation protocol with a metal loading of 1 wt% for both doped

zeolites.
Total surface External Micropore
Pore Volume®) Channel
Zeolite area® surface area® area@ _
(cm3.g™) diameter© (A)
(m2-g) (m2.g™) (m2.g™)

HY 791 499 292 0.26 7.35
snlY 692 421 271 0.22 7.32
GalYy 704 444 260 0.23 7.31
Nb/Y 738 485 254 0.25 7.75

(a) Values calculated from the adoption branch of the adsorption isotherms using BET theory.
(b) Value acquired at the absorption-desorption point using a Barret—-Joyner—Halenda (BJH)
method.

(c) Value obtained at the absorption-desorption point using a Horvath-Kawazoe method for a
cylinder pore geometry.

As a result of these measurements, no changes in textural properties were observed
among our materials, within the experimental errors. All specific BET surface areas,
external surface areas, and micropores were found in the range of 700 m?.g-1, 450
m?.g~1, and 270 m?.g7%, respectively. Nevertheless, the addition of the metal dopant
resulted in slight decreases of approximately 12% in total surface area and 11% in
pore volume. This decrease, however, is completely compatible with the deposition
method of wetness impregnation used herein, and it also confirms the deposition of a

metal dopant, predominantly on the zeolite's exterior surface.

Also, no significant changes in pore size or distribution (Figures A32 and A33 in

Appendix A.12) before and after the step of metal deposition or in pressure in
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hysteresis cycles to promote condensation and cavitation were detected (Figure 5.11),
and all materials showed cylinder-shaped micropores with diameters of 7.4 (Table
5.3), highly consistent with zeolite Y channel containing 12 membered rings®. As a
consequence, the synthesis method of metal dopant does not result in any actual
changes in the framework characteristics through a change in the coordination or

orientation of the zeolite's Al and Si centres.

5.6.1. Porosity-activity correlations.

Additional porosity measurements for a number of our catalysts have been carried out
with the aim of identifying correlations between the catalytic activity of our zeolitic
materials and the size of their pores. In this context, PET/Porosimetry measurements
were carried out for Sn-doped zeolites of Y (5.1), BEA (25), ZSM-5 (23), and AI-MCM-
41 (28) as well as Nb-doped zeolite BEA (25) and ZSM-5 (23) since the materials firstly
cover appropriate ranges of acidity and porosity in order to provide a comparative
basis and have shown the most promising results in terms of fructose yield upon the
completion of the reaction. The textural properties of these catalysts are reported in

Table 5.4.
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Table 5.4. Textural properties of zeolites for parent zeolite Sn/Y (5.1), Sn/BEA (25), Sn/ZSM-
5 (23), and Sn/AI-MCM-41 (28) zeolites doped via an incipient impregnation protocol with a
metal loading of 1 wt.%.

External )
Total surface Micropore Pore Channel
surface
Zeolite area® area® Volume®  diameter®
area®
(m2-g7) (m2-g7) (cm3g™) (A)
(m?.g™)

Sn/Y (5.1) 655 344 311 0.16 7.1
Sn/BEA (25) 578 394 184 0.09 7.3
Nb/BEA (25) 490 223 267 0.13 6.9

Sn/ZSM-5 (23) 330 103 227 0.11 6.0
Nb/ZSM-5 (23) 328 100 228 0.12 6.2
Sn/Al-MCM-41 (28) 1249 965 not applicable 0.16 11.4

(a) Values calculated from the adoption branch of the adsorption isotherms using BET theory.
(b) Value acquired at the absorption-desorption point using a Barret-Joyner—Halenda (BJH)
method.

(c) Value obtained at the absorption-desorption point using a Horvath-Kawazoe method for a
cylinder pore geometry.
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Our porosimetry measurements did not show any direct correlation between catalytic
activity in terms of glucose conversion, product selectivity and pores diameters of
catalysts studied. A random distribution of the data was instead observed in both
reactions carried out following the one-step protocol in methanol and the two-step
protocol in methanol and water (Figures A30 and A31 in Appendix A.11). As a
consequence, the yield values of fructose and methyl fructoside were also correlated
with respect to the pore size of our catalysts in order to identify possible trends in the
catalytic activity. However, no clear trend was observed even with yield values and
data were randomly distributed (Figures 5.12 and 5.13) with statistical Pearson
correlation coefficient values () in the range of 0 — 0.5, indicating weak or no
correlation between the two data sets (i.e., pore diameter and catalytic activity in terms
of glucose conversion, product selectivity and yields). However, as the formation of
methyl fructoside is mainly facilitated by Brgnsted acidity on the external surface of
the zeolite (section 4.2.1.1 in Chapter 4), the pores are really not relevant in this case,
and no correlation would be observed. Whereas, in the case of fructose, the lack of
correlation can be explained by the fact that a large part of fructose (ca. =2 30%) is
formed by the hydrolysis step of methyl fructoside intermediates, which also occur
outside the zeolite pores. On the other hand, it was observed that a pore diameter
larger than 7 A could facilitate the diffusion of glucose molecules inside the zeolite
pores and allow the isomerisation reaction of glucose to fructose to occur, which
results in higher fructose yield formed (Figure 5.12a) as compared to catalysts with
smaller pore diameters (< 6 A) such as Sn/ZSM-5 catalyst that leads to a higher yield
of methyl fructoside rather than fructose (Figure 5.12b). These observations further
proved that our isomerisation reaction has indeed at least two reaction pathways with

one being toward the formation of methyl fructoside, which is entirely a Brgnsted acid-
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catalysed pathway that is occurring on the external surface of the catalyst and does

not require pores.

As no clear and direct trends were observed in catalytic activity when correlations were
made between catalytic activity and Bregnsted acidity and pores diameter individually.
It would be worthwhile to correlate our catalytic activity data with both acidity and

porosity measurements in a three-dimensional representation.

5.7. 3D acidity-porosity-activity correlations plots.

Given the obtained trends in sections 5.5.1 and 5.6.1, it is evident that the
isomerisation reaction of glucose is highly complex and involves multiple pathways
that are governed by several factors such as catalyst acidity and porosity. Therefore,
selecting a simple parameter that accurately predicts trends in catalytic performance
is quite challenging. In this regard, our data were correlated using a three-dimensional
relationship between total Brgnsted acidity, pore diameter, and catalytic activity. The
trends in glucose conversion, fructose yield and methyl fructoside yield depending on

both acidity and porosity characteristics are presented in Figures 5.14 and 5.15.
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Figure 5.15. Trends in catalytic activity using a three-dimensional correlation of a) Glucose
conversion, b) fructose yield, and ¢) methyl fructoside yield as a function of Brgnsted acidity
and pores diameter. The reaction was carried out following the two-step protocol in methanol
for 1 h and then adding water for an additional reaction time at 100 °C and endogenous
pressure using a constant M:S molar ratio M:S = 1:100. The number enclosed within the
parentheses of the labelling corresponds to the SiO2:Al,O3 molar ratio of zeolite support used.

As can be seen in Figures 5.14 and 5.15, using three-dimensional correlations
between catalytic activity, total Brensted acidity and pores diameter allowed for the
identification of more meaningful trends in the catalytic results. Glucose conversion
showed to increase per increase of Brgnsted acidity and with catalysts possessing
pore diameter larger than 7 A (Figures 5.14a and 5.15a). Whereas the highest fructose
yield (= 50%) was obtained by using zeolite catalysts having a Brgnsted acidity range
of 1.5 — 2.2 mmol-g~' (Figure 5.15b). on the other hand, the formation of more methyl
fructoside (~45%) was obtained by catalysts exhibiting either a high Brgnsted acidity
value (~ 2.5 mmol-g~") and/or a small pore diameter smaller than 6 A (Figures 5.14c

and 5.15c). However, the characterisation of more catalytic properties involved in
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initiating catalytic activity such as Lewis’s acidity would be highly informative in order

to identify stronger correlations.

5.8. Conclusion

The roles of zeolite’s acidity and porosity in the isomerisation reaction of glucose to
fructose were systematically investigated. 1 wt.% Sn, 0.6 wt.% Ga and 0.8 wt.% Nb
were added on various zeolite supports with different ranges of acidity and porosity
characteristics, including zeolite Y (SiO2:Al203 molar ratios of 5.1 and 30), BEA
(SiO2:Al203 molar ratios of 25 and 38), ZSM-5 (SiO2:Al203 molar ratios of 23 and 50),

and AI-MCM-41(SiO2:Al203 a molar ratio of 28).

The catalytic data showed that large pore zeolites Y and BEA were found to provide
the highest catalytic performances with fructose yields of approximately 30% and 60%
for reactions followed by a one-step protocol in methanol or a two-step protocol in
methanol and water, respectively. As compared to pre-existing Al centres, the effect
of the metal dopant is negligible on zeolite Y catalysts. However, this was not the case
with BEA, ZSM-5 and AI-MCM-41, for which the doping of Sn, Ga, and Nb significantly
enhanced glucose conversion and fructose selectivity. Furthermore, the results
showed that a SiO2:Al203 molar ratio in the range of 20 — 40 provided the best results

concerning glucose conversion and fructose yields.

Total Brgnsted acidity measurements revealed no direct correlation with glucose
conversion, fructose selectivity and yield, and data are completely distributed at
random. However, there was a clear positive correlation between the methyl fructoside
and the Brgnsted acidity. This was expected since this intermediate is mainly formed

via a Brensted acid pathway. In addition, porosity data showed that a pore size larger
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than 7 A is indeed required for the isomerisation reaction to take place inside the pores
of the zeolite. In addition, no positive or negative correlation was observed between
porosity (pore diameter) and catalytic performance (e.g., glucose conversion, product
selectivity, and yield). This lack of correlations could be attributed to the fact that the
formation of methyl fructoside and its subsequent hydrolysis to fructose occur mainly
on the external surface of the zeolite. Therefore, the pores are not significant in this
particular case. On the other hand, the aid in the use of three-dimensional correlations
between total Brgnsted acidity, porosity, and catalytic activity provided more

information to identify clear trends in the obtained catalytic results.

Finally, glucose isomerisation showed to be a complicated reaction that takes place in
multiple pathways towards the formation of fructose. As a consequence, it is difficult
to assess catalytic performance through a single parameter sufficiently accurately. For
this reason, it is imperative that different characteristics of catalysts be evaluated in

order to understand the trends in their catalytic performance.
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Chapter 6. Conversion of fructose to 5-hydroxymethylfurfural (5-

HMF) over metals and metal oxides doped zeolite Y in water media.

6.1. Introduction

5-hydroxymethylfurfural (5-HMF) has the potential to serve as a platform chemical for
the production of versatile compounds ranging from fine chemicals, polymer
monomers, liquid fuels, fuel precursors, and fuel additives to other platform chemicals
(Figure 1.3 in Chapter 1), covering a wide range of application demands'?. For
instance, 2,5-furan-dicarboxylic acid (FDCA), a 5-HMF derivative, can be used as a
renewable alternative to terephthalic acid during the manufacture of polyethylene
terephthalate (PET)3. Furthermore, 2,5-dimethylfuran (DMF), an attractive biofuel
candidate produced from 5-HMF by a catalytic hydrogenation process, has received
considerable attention due to its numerous advantages, including an ideal boiling point
of (92-94 °C), high energy density (30 kJcm=), high research octane number
(RON=119), immiscibility with water, and ease of blending with gasoline without
requiring major modifications to existing infrastructure or vehicles*. To date, numerous
studies have demonstrated the use of different carbohydrates, including fructose,
glucose, cellulose, starch, sucrose, and inulin, as the initial substrates in the synthesis
of 5-HMF molecules®'". However, fructose is the most prevalent sugar due to its ease
of conversion and high selectivity toward the desired 5-HMF by losing three water

molecules through a dehydration reaction?.

The dehydration of fructose to 5-HMF has been explored in the literature by using
different systems, including aqueous, organic, ionic liquids, and biphasic reaction
mediums'2'3, and over a wide variety of homogeneous (e.g., mineral acids, hetero-

poly acids (HPAs), lonic liquids (ILs) and metal chlorides)'#'¢ and heterogeneous
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catalysts (e.g., zeolites, metal oxides, ion-exchange resins, mesoporous silica
materials, and hydrotalcite-based materials)'”=20. In this context, recent attention has
been focused on using zeolite catalysts as a result of their advantages compared to
other acidic catalysts in sugar dehydration?'. This explicitly includes the simple
separation from products and, thereby, easy recycling of the catalyst compared to the
homogeneous catalyst?223 and thermal stability in aqueous solution compared to other

heterogeneous catalysts such as Amberlyst resins (< 150 °C)?.

The nature and strength of the acid sites of the catalyst have been found to play a
pivotal role in the formation of 5-HMF 618, For instance, Brgnsted acid sites in the case
of zeolites and ion-exchange resin showed high selectivity towards 5-HMF in the
dehydration of fructose?®. Wherein fructose is activated by protonating the OH hydroxyl
group at the anomeric carbon C2 position of fructose, followed by sequential
dehydration steps to 5-HMF (Figure 6.1)%. In contrast, Lewis acidity could promote
the intensive formation of undesirable humins from fructose at the initial stages of the

reaction?°.
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Figure 6.1. A proposed mechanism of Bregnsted acid catalysed-reaction of fructose
dehydration to 5-HMF. Protonation of the C2 hydroxyl group of the fructose molecule occurs,
followed by the loss of a water molecule, resulting in the formation of a carbonium ion. Such
intermediate converts into an enol, which is then condensed to form HMF through the release
of two additional water molecules?’.

Although the synthesis process of 5-HMF has been studied for many years,
developing a promising industrial approach to producing this prominent intermediate
on a large scale remains a challenge?®. This is due to several reasons. For example,
the initial reagent (e.g., sugars), intermediates, and the final product (i.e., 5-HMF) can
undergo consecutive side reactions such as rehydration, decomposition,
polymerisation, and condensation in the presence of water as a reaction medium?® at
high reaction temperatures (> 120 °C)%, leading to the formation of other platform
chemicals like levulinic and formic acids from the rehydration of 5-HMF'” and insoluble
oligomeric humins as a result of the condensation and cross-polymerisation reactions

of initial feedstocks, intermediates and products?®, which could lead to a low yield of
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the more desirable 5-HMF (< 50%)'2. The use of water offers many advantages,
including being a green route to produce 5-HMF, reducing solvent costs and providing
greater ease of separation and, in turn, making the process easier to scale up'2°. On
the other hand, the use of nonaqueous solvents shows a high yield of 5-HMF3'. For
example, 5-HMF vyield of (ca. 75%) was obtained from fructose using dimethyl
sulfoxide (DMSO) as a reaction media and HY zeolite (SiO2:Al203 molar ratio of 4.8)
as a catalyst at 120 °C for 2 h32. However, this type of solvent has been considered

not economically viable for the synthesis of 5-HMF, especially on a large scale®3.

HO o

O._LOH )
HO Isomerisation > o -"‘\OH Dehydration o) N Rehydration o CH " )k
HO N OH HO — HO/\@/\O HO 3 H™ "OH
I HO OH -3H,0 +H0 o
Glucose Fructose 5-HMF LA FA
+Hy0

Polymerisation

o o
HOM - M°
o
DHH

Humins

Figure 6.2. Schematic diagram of a proposed reaction pathway toward the formation of
Humins through the uncontrollable aldol condensation of glucose, 5-hydroxymethylfurfural (5-
HMF) and 2,5-dioxo-6-hydroxy hexanal (DHH)3*3%,

In view of this, the aims of this chapter are to 1) qualitatively and quantitatively identify
the products of 5-HMF-containing reaction mixtures by using "H-NMR. 2) preliminary
identify the reaction parameters of fructose dehydration by using HCI as a
homogeneous Bransted catalyst to achieve selective fructose conversion to 5-HMF in
an aqueous solution using a heterogeneous catalysis system. 3) synthesise Sn, Ga,
Nb, and Fe-doped zeolite Y and test them alongside the parent non-doped zeolite Y
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in its acidic form to investigate the synergetic effect of Brgnsted and Lewis acid sites
in the glucose and fructose dehydration reactions to 5-HMF. 4) investigate the catalytic
activity of MoOs, La203, CeOz2, Nb20s, TiO2, and WOs, in their bulk metal oxide forms
to prove the concept that Brgnsted and Lewis acidities are essential characteristics to
convert sugars such as glucose and fructose to desirable 5-HMF. 5) prepare CeOg,
Nb20s, and TiO2-doped zeolite Y catalysts using a sol-gel technique and study their

catalytic performance in the glucose and fructose dehydration reactions to 5-HMF.

6.2. 1H-NMR characterisation of reaction mixtures.

NMR provides rapid and cheap identification and quantification of samples. As sugar
dehydration can typically yield multiple products3®, it is, important to accurately
determine the individual amount of all possible products in these reactions in order to
determine, and afterwards compare the catalytic activity (conversion and selectivity)
among all materials studied. In this context, standard solutions of fructose, along with
its expected dehydration products, were prepared to assess if '"H NMR as a viable tool
for the characterisation of reaction mixtures of the sugar dehydration (Table 6.1). In
this regard, deuterium oxide D20 was selected as an NMR solvent, to avoid 'H-
containing solvents that would dominate our NMR spectrum3’. Moreover, using a
solvent that is the deuterated counterpart, the same as the reaction solvent, would be
more convenient for method validation to avoid possible immiscibility phenomena.
Furthermore, Ethyl acetate (CHsCOOCH2CHs) [6 1.2 (t, 3H), 8 1.9 (s, 3H), 6 4.0 (q,
2H)] was chosen as an internal standard in this method owing to several factors that
are highly soluble in water (ca. 83 g/L at 20 °C)%®, chemically unreactive and highly
stable in the reaction solution, so any overestimation of products yield is avoided,
resulting in more accurate and reliable measurements and calculations of the yield of
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the desired product, and finally, the position of its signal(s) within the NMR spectrum

does not overlap with those of major products (Figure 6.4).

e
H
HO/KO
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a
H4C o O\

Figure 6.3. Chemical structure of a) ethyl acetate, b) fructose, c) 5-hydroxymethylfurfural, d)
levulinic acid, and e) formic acid. Protons labelled in red are the characterisation peaks chosen
for each product.

Table 6.1. Calculation of averaged discrepancy of all major products of the fructose
dehydration to 5-HMF, a constant discrepancy was observed for each compound.
Experimental errors are reported as the standard deviations of three repeated measurements.

Average
Expected Average detected _
compound Chemical shift & (ppm) discrepancy
mole moles
(%)
Fructose 3.4-4.0 (CH, m, 12H) 5.50x10° 4.82x10° -12+3
5-HMF 7.4 (CH, d, 1H) 7.93x10° 8.86x10° 12+3
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Levulinic acid 2.2 (CHs, s, 3H) 8.60x10° 9.98x10° 16 +3

Formic acid 8.2 (CH, s, 1H) 2.18x10* 2.21x10° 1+4

Initially, our proton NMR method was tested using standard solutions of fructose and
all expected major products, namely 5-HMF, levulinic and formic acids, in order to
determine whether this method would fit our system. As can be seen in (Table 6.1) the
NMR analysis of these individual components demonstrated a molar discrepancy in
the range of (x15%), which is acceptable considering the integration errors
propagation of the NMR method (5% per component). A common source of such
errors can also be sample preparation (in the form of pipetting)3°. However, these
discrepancies were shown to be constant within three replicates and were therefore

applied as correction factors in the cases of mimic and real reaction mixtures.

Table 6.2. The carbon mass balance of three mimic mixtures with a different molar ratio of
fructose dehydration components represents different stages of the desired reaction. In all
cases, experimental errors are expressed as means standard deviations (n = 3).

Mimic The moles of each component
) Component o o _ CMB (%)
mixture within the mimic mixtures (mol)
Fructose 1.11x103
5-HMF 3.96x10*
1 95+ 4
Levulinic acid 4.31x10*%
Formic acid 2.17x10°3
Fructose 5.55x10*
5-HMF 7.93x10%
2 105+6
Levulinic acid 8.61x10*
Formic acid 2.17x10°3
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Fructose 2.78x10%4

5-HMF 1.59x103

3 105+ 6
Levulinic acid 8.61x10%
Formic acid 1.09%x103

As shown in Table 6.2, all three mimic reaction mixtures showed a carbon mass
balance (calculated using equation Eq.2.12 in Chapter 2) compatible indeed with
100% within the experimental error. As a result, this method will work within a

reasonable error at different reaction stages.

The NMR spectrums of the mimic mixture and the actual reaction mixture showed a
reasonable match qualitatively (Figure 6.4). The characterisation peaks chosen for
each product (Ha. ethyl acetate, Hp. fructose, He. 5-HMF, Hq. Levulinic acid, and He.
Formic acid), reported in (Figure 6.3), were consistent between the mimic and the
actual reaction mixtures, which further validates the quantification of the reaction

mixtures of glucose and fructose dehydration reaction.
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Figure 6.4. NMR spectra of a mimic reaction (e) and the actual reaction mixture of fructose dehydration to 5-HMF (e). One HMF and water peaks

were compressed (6 = 5.5 - 4.5 ppm), which will not affect the quantitative analysis.
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6.3. Fructose dehydration to 5-HMF using hydrochloric acid as a homogenous
catalyst.

In order to achieve a selective fructose dehydration reaction to 5-HMF in aqueous
media via a heterogeneous catalyst, a screening of reaction parameters was first
conducted using HCI as a homogeneous Brgnsted acid catalyst. A kinetic study of the
reaction was carried out at a reaction temperature of 100 °C from 10min to 360 min

and with a fructose to HCI molar ratio of 1:1 — 1:0.2.

Firstly, a kinetic study of fructose dehydration was carried out by using hydrochloric
acid with a fructose-to-HCI molar ratio of 1:1 (Figure 6.5). By accounting for fructose
conversion, product selectivity, and carbon mass balance 5-HMF, levulinic acid and
formic acid were the main product detected from our fructose dehydration. A complete
consumption of fructose was reached in 240 min (Figure 6.5a). 5-HMF showed a
pronounced the highest selectivity of 67% in 30 min, followed by a steady increase of
Levulinic and formic acid selectivity up to 48% and 51%, respectively, after a reaction
time of 240 min (Figure 6.5b). On the other hand, the carbon mass balance (CMB)
also demonstrated a decrease of approximately 30% over time as the reaction time
approached 360 minutes. This is more likely a consequence of the formation of large

amounts of humins, through reactions with 5-HMF, fructose, and their intermediates.
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Figure 6.5. a) Fructose conversion, b) product selectivity and CMB obtained from fructose
dehydration to 5-HMF in water over HCI (5 mL 100 g-L™" fructose solution, Fructose: HCI molar
ratio of 1:1, 100 °C, time range of 10 — 360 mins, endogenous pressure, and 700 rpm).
Experimental errors are presented as the standard deviations of three repeated
measurements.
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Due to the low yield of 5-HMF (< 30%) obtained at a 1:1 fructose to HCI molar ratio
and for a reaction time range of 10 — 360 min (Table A15 in Appendix A.13), lower
fructose to HCI molar ratios of 1:0.33 and 1:0.2 (Figure 6.4) were also tested in order
to determine the effect of Brgnsted acidity originating from HCI on the reaction rates
of fructose dehydration to 5-HMF and the sequential ring-opening and decomposition
of 5-HMF to levulinic and formic acids. Due to the incomplete carbon mass balance
obtained in the kinetic tests in (Sections 6.3 and 6.4), data of all products are presented
in terms of yield rather than selectivity as considered more representative to determine

the relative importance of different fructose to HCI molar ratios.
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Figure 6.6. a) Fructose conversion, b) 5-HMF yield, c) levulinic acid yield, and d) formic acid yield when using HCI (5 mL of 100 g-L" fructose
solution, Fructose:HCI molar ratio in the range of 1:1 — 1:0.2, 100 °C, time range of 120 — 360 mins, endogenous pressure, and 700 rpm).
Experimental errors are reported as the standard deviations of three independent measurements.
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As shown in Figure 6.6a, when fructose to HCI molar ratios of 1:0.33 and 1:0.2 were
used, a decrease in the fructose conversion of 30% was observed through different
molar ratios. However, this decrease was comparatively accompanied by an increase
of 12% in the 5-HMF yield and simultaneously a decrease of 15% in the case of LA
and FA yields (Figures 6.6b — d), Among the use of different reaction parameters
herein, only the reaction carried out at a molar ratio of 1:0.2 for 120 min displayed an
opposite trend regarding 5-HMF vyield. A synergistic effect of deficient reaction time
and insufficient Brgnsted acid concentration being used in this case are the most likely
reasons for such findings. Additionally, a stoichiometric excess of formic acid relative

to levulinic acid was observed in all cases.

To sum up, the highest 5-HMF yield of 27% obtained over HCI| was acquired at two
conditions: a molar ratio of 1:1 (30 min) and a molar ratio of 1:0.33 (120 min), resulting
in solutions with pH values of 1 and 4, respectively. However, given greener reaction
conditions, using less acid would be preferred. Therefore, the latter reaction
conditions, that is, a fructose to HCI molar ratio of 1:0.33 for a reaction time of 120 min
and with a pH solution of 4, were selected for further investigations of fructose
dehydration to 5-HMF over an array of zeolite-based materials as an example of

heterogeneous catalysts.

6.4. Fructose dehydration to 5-HMF using metal-doped zeolites as
heterogeneous catalyst.

Having confirmed the sufficient reaction conditions (Fructose to HCI molar ratio:
1:0.33, 120 min, 100 °C and endogenous pressure) for our fructose dehydration to 5-

HMF, a comprehensive investigation of fructose dehydration reaction was
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subsequently carried out using various undoped and metal-doped zeolite Y catalysts
was conducted using specified reaction conditions screened from the previous kinetic
study (Section 6.3). In particular, the catalytic activity of undoped zeolites Y in their
acidic form HY (SiO2:Al205 molar ratios of 5.1, 30 and 80) was first tested to acquire a
like-to-like comparison (acidity: fructose molar ratio 1:3) between the catalytic activities
obtained by homogeneous catalyst (HCI) and Heterogeneous catalyst (HY zeolite).
However, It has been observed that no products were formed under our reaction
conditions (100 °C, 2h, endogenous pressure, and M:S of 1:3). However, this could be
explained by multiple reasons: 1) site-blocking effects by strong adsorption inside the
pores of the zeolite*® or by active metal sites (e.g., Al species in case of undoped
zeolite) on its external surface*!, 2) the use of insufficient reaction conditions such as
temperature, reaction time or catalyst’s acidity to trigger the reaction heterogeneously.
In other words, catalysts also possess their own activation temperature to initiate
specific reactions efficiently. For example, a reaction temperature in the range of 120
— 165 °C is needed to allow the reaction of fructose dehydration to take place over

zeolites as heterogeneous catalysts#?43,

In this context, the reaction was carried out at a reaction temperature of 140 °C and
with different metal-to-substrate molar ratios ranging from 1:3 to 1:300 (Figure 6.7). As
expected, a higher reaction temperature significantly promoted the fructose
dehydration reaction. This means that a reaction temperature of 100 °C was not
enough to activate our catalysts in order to facilitate the fructose dehydration to 5-HMF

under other reaction conditions.
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Figure 6.7. a) Fructose conversion, b) 5-HMF yield, ¢) levulinic acid yield, and d) formic acid yield when using undoped HY zeolite catalysts with
different SiO2:Al,O3 molar ratios of 5.1, 30, and 80 (5 mL of 100 g-L™ fructose solution, M:S in the range of 1:3 — 1:300, 140 °C, 2h, endogenous
pressure, and 700 rpm). Experimental errors are reported as the standard deviations of three repeated measurements.
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At first, the reaction was carried out at M:S of 1:3 as considered more representative
of a molar ratio of 1:1 between the homogeneous catalyst of HCl and the
heterogeneous catalyst of HY zeolite. This showed high fructose conversions of 63%,
74%, and 82% for HY (80), HY (30) and HY (5.1), respectively, with the latter being
consistent with the conversion obtained by HCI under similar reaction conditions.
However, at this metal-to-substrate ratio, a low carbon mass balance of (< 35%) was
detected (Table A16 in Appendix A.13), leading to low yields of 5-HMF, LA and FA up
to 15%, 5%, and 12%, respectively (Figure 6.7b — d). This would be indicative of either
the formation of insoluble organic polymer humins or the decomposition of formic acid
to carbon dioxide and water. However, a decrease in M:S molar ratio to 1:100 and
1:300 leads to a gradual increase of 12% in 5-HMF vyields (Figure 6.7b). Furthermore,
no increase in equimolar levulinic and formic acid yields was simultaneously observed,
suggesting that sequential decomposition of 5-HMF was not favoured at a low M:S

molar ratio of 1:300 under our reaction condition.

The ratio of Bregnsted to Lewis acid sites has proven to play a crucial role in
determining the production of 5-HMF from sugar molecules**. In order to investigate
different heterogeneous systems using zeolite-based materials, HY doped with 1wt%
of Sn, Ga, Nb, or Fe - here denoted as Sn/Y, Ga/Y, Nb/Y, and Fe/Y, respectively, were
synthesised and their catalytic performance was tested for the reaction of fructose
dehydration to 5-HMF. Since a multi-functional catalyst offers substantial advantages
compared to a single-function catalyst, it would be advantageous to test the catalytic
activity of Sn, Ga, and Nb-doped zeolite Y for reactions beyond the isomerisation of
glucose to fructose. In principle, the concept of multi-functional catalysts refers to
catalysts containing multiple active sites, some of which can catalyse a specific

reaction, and other parts capable of catalysing another reaction, which results in
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materials with catalytic performance unattainable with traditional single-functional
catalysts*. The incorporation of metals (e.g., Sn, Ga, and Nb) acting as Lewis acid
sites can facilitate the catalytic isomerisation of glucose to fructose, whereas the
Bragnsted acid function, that is, tetra-coordinated aluminium sites (Al'Y) with bridging
OH groups in the zeolite framework, can dehydrate fructose to produce 5-HMF46. In
addition to the metals that have been tested in previous chapters, iron-based
compounds have gained significant attention as solid acid catalysts to catalyse the
conversion of hexose sugars (e.g., glucose and fructose) to 5-HMF and levulinic acid
due to their relatively low cost and toxicity*’. For example, Fe/Y have previously been
shown to promote the catalytic conversion of glucose to levulinic acid under mild
conditions, leading to a yield value of 62% at 180 °C after a reaction time of 180 min43,
Therefore, it would be valuable to test such a catalyst for fructose dehydration to 5-
HMF under our specified reaction conditions. The results of these catalytic tests are

reported in detail in (Table 6.3).

Table 6.3. Catalytic tests for the fructose dehydration to 5-HMF in water using 1wt% of Sn/Y,
GalY, Nb/Y, and Fe/Y catalysts. The tests were carried out using 500 mg of the substrate in 5
mL of H.O at 140 °C for 2 h and endogenous pressure with an M:S molar ratio of 1:300.
Experimental errors are reported as the standard deviations of three repeated measurements.

SiO2:Al203 Fructose Selectivity (%)
molar Catalyst conversion CMB (%)
atio %) 5-HMF LA FA
HY 58+4 652 1+1 35+2 58+3
Sn/Y 68 +3 601 4+1 36+2 52+2
5.1 GalY 48 +4 691 1+1 292 734
Nb/Y 58+ 2 64 +2 3+1 32+2 62+ 2
FelY 60 +2 691 2+1 291 60+3
80 HY 38+4 84 +2 61 11+2 83+4
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Sn/Y 61+1 81+1 71 12+1 70+2

GalY 72+3 76+1 71 18+1 55+4
Nb/Y 69+1 82+1 71T+2 12+ 2 64 +2
FelY 52+4 0=+1 2+1 8+1 791

In particular, when the reaction is carried out over zeolite Y with a SiO2:Al203 molar
ratio of 5.1, it would seem that the introduction of metal dopant has a trivial effect
compared to a non-doped material, at the reaction conditions used, with maximum 5-
HMF vyield of 25% (Table A17 in Appendix A.13) at around 60% fructose conversion.
Carbon mass balance in the range of 60% was also obtained for all catalysts at this
SiO2:Al203 molar ratio, more likely due to the decomposition of formic acid to carbon
dioxide and water*®. However, there seem to be differences in the case of Ga/Y (5.1)
with a carbon mass balance of 73%, possibly due to their distinct Lewis acidity

characteristic.

In contrast, there was an apparent effect with a significant increase in the fructose
conversion in the case of metal dopant on the zeolite support with a SiO2:Al203 molar
ratio of 80. The use of zeolite Y at this SiO2:Al203 molar ratio resulted in an increase
of 20% in the 5-HMF selectivity. Also, there was a considerable increase in carbon
mass balance compared to those obtained at a higher SiO2:Al203 molar ratio, except
GalY, which revealed a decrease in carbon mass balance from 75% to 55% when a
SiO2:Al203 molar ratio of 80 was used, probably promoting the formation of insoluble
undesirable humins being facilitated via strong Lewis acid sites due to the presence
of Ga species within zeolite Y framework (see section 4.7.1 in Chapter 4).
Furthermore, it was observable that the metal dopant could express Lewis acidity
when less acidic zeolite Y with a SiO2:Al203 molar ratio of 80. For instance, Sn-, Ga,
Nb- and Fe-doped zeolite Y (80) showed a molar ratio of the metal dopant with respect
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to Al centres of 2.13, 3.62, 2.72, and 4.57, respectively, compared with 0.17, 0.29,

0.22, and 0.36 for Sn-, Ga, Nb- and Fe-doped zeolite Y (5.1).

Although fructose dehydration to 5-HMF, in principle, is Brgnsted acid sites dependent.
From our data, the reaction proved to be more selective towards the production of 5-
HMF over undoped and doped zeolite Y catalysts possessing less Bragnsted acidity at
a molar SiO2:Al203 ratio of 80 with Fe/Y (80), showing the highest 5-HMF selectivity of
90%, resulting in the highest 5-HMF vyield of 37% based on carbon mass balance
(Table A17 in Appendix A.13) among all catalysts studied. These results prompted us
to study and identify possible acidity-activity correlations for these catalysts by the
mean of Brgnsted acidity measurements and assess if any ion exchange or distortion
of the zeolite could have occurred as a consequence of the preparation method used

by powder XRD analysis.

Furthermore, the reaction was also carried out at a higher M:S molar ratio of 1:100
(Table 6.4). It was observed that increasing M:S molar ratio led to a decrease in 5-

HMF selectivity and comparatively an increase in levulinic and formic acid selectivity.

Table 6.4. Catalytic tests for the fructose dehydration to 5-HMF in water using 1wt% of Sn/Y,
GalY, Nb/Y, and Fe/Y catalysts. The tests were carried out using 500 mg of the substrate in 5
mL of H2O at 140 °C for 2 h and endogenous pressure with an M:S molar ratio of 1:100.
Experimental errors are reported as the standard deviations of three repeated measurements.

Si02:Al203 Fructose Selectivity (%) CMB
molar Catalyst conversion
_ 5-HMF LA FA (%)
ratio (%)
HY 7511 46 + 2 82 46 + 2 40+1
5.1 sn/Y 92+2 3212 61 62+2 36+3
GalY 792 48 £ 1 81 43 +1 371
Nb/Y 803 46 £ 1 5+£2 49 £ 2 3212
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FelY 42 +1 38+2 11+1 50+2 100 +1
HY 42 +1 75+1 11+1 13+1 701
SnlY 55+2 59+1 15+2 262 81+2
%0 GalY 66 +1 63 +2 11+£2 26+1 60 +2
Nb/Y 62+3 65+1 13+1 22+1 733
FelY 39+2 87+2 4+1 8+2 89+2

6.4.1. Brgnsted acidity measurements.

Due to the importance of Brgnsted acidity to correlate our data, the Bronsted acidity

of all catalysts was measured in order to identify potential correlations between

Bragnsted acidity and catalytic activity. In this regard, the total Brgnsted acidity was

measured using a back-titration protocol (described in section 2.7.2.1

experimental chapter).

Brgnsted acidity (mmol-g™)
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Figure 6.8. Total Brgnsted acidity of HY, Sn/Y, Ga/Y, Nb/Y, and Fe/Y with different silica-to-
alumina molar ratios of 5.1 and 80, determined by acid-base back-titrations. There is a direct
correlation between the Brgnsted acidity values and the amount of Al species within the
catalyst. Experimental errors are expressed as the standard deviations of three repeated

measurements.
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Our back titration measurements show a decrease in Brgnsted acidity upon the metal
doping step (Figure 6.8). This decrease was consistent, in theory, with a decrease in
Brgnsted acidity associated with the formation of basic metal oxides. It should be
noted, however, that the difference between these values is within the experimental
error of our method (ca. 0.02 mmol-g'). Therefore, we do not consider this difference

to be statistically significant.

Given possible acidity-activity correlations, the catalytic activity of zeolites (5.1) was a
function of total Brgnsted acidity, with the catalyst possessing the highest Brgnsted
acidity being the most active in terms of fructose conversion. Furthermore, the same
observations were found concerning 5-HMF selectivity and yields, except for HY,
following an opposite trend. Similar findings were reported in the literature*®, which
was explained by catalytic activity being more comparable in terms of the acid sites
per unit surface area rather than the ratio of Bronsted to Lewis acid sites. In contrast,
the catalytic activity of zeolites (80) was not found to be a function of total Bronsted
acidity. The catalyst with the highest Lewis acidity was instead the most active in terms
of fructose conversion. On a per-site basis, the fructose conversion decreased as
follows: Ga/Y > Nb/Y > Sn/Y > Fel/Y > HY. An increase in the relative number of
Brgnsted to Lewis acid sites leads to a decrease in the catalytic activity. In contrast,
the 5-HMF selectivity showed an opposite trend compared to fructose conversion.
Consequently, the catalyst with the highest catalytic activity in terms of fructose
conversion shows the lowest selectivity for 5-HMF production. Weingarten et al.

reported similar results in the aqueous-phase dehydration of xylose to furfural*4.
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6.4.2. Powder X-ray diffraction.

In order to obtain structural information regarding our catalysts, powder XRD patterns
were collected for zeolite HY, Sn/Y, Ga/Y, Nb/Y, and Fe/Y with SiO2:Al203 molar ratio
of 5.1 and 80 (Figures 6.9 and 6.10) in order to characterise the crystalline structure
of the prepared catalysts and to determine if any ion exchange or distortion of the
zeolite could have resulted from the preparation procedure used. A Rietveld
refinement®® was performed (Tables 6.5 and 6.6). As shown in the XRD patterns, Sn/Y,
GalY, Nb/Y, and Fe/Y exhibit virtually identical patterns and no significant expansion
or contraction of the unit cell volume has been observed as a result of variations in the
unit cell volume of the parent zeolite HY (calculated values 14757 A3for HY (5.1) and
14219 A3for HY (80)). Based on these data, it is unlikely that Sn, Ga, Nb, or Fe would
be incorporated into the zeolite framework in place of Al - at least within the resolution

of the acquired PXRD patterns.

f) FelY

e) Nb/Y

A T A d) Ga/Y

c) SnlY
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Figure 6.9. X-ray powder diffraction patterns for zeolites with a SiO2:Al,O3 molar ratio of 5.1:
(a) HY as delivered, (b) HY treated as for metal deposition but without any metal dopant, (c)
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Sn/Y, (d) GalY, (e) Nb/Y, and (f) Fe/Y. No metal or metal oxide cluster from Sn, Ga, Nb or Fe
is detected, and all zeolites present a virtually identical pattern.

f) FelY

e) Nb/Y
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T T T T

10 20 30 40 50 60
20 (degree)

Intensity (a.u.)

Figure 6.10. X-ray powder diffraction patterns for zeolites with a SiO2:Al,O3 molar ratio of 80:
(a) HY as delivered, (b) HY treated as for metal deposition but without any metal dopant, (c)
SnlY, (d) GalY, (e) Nb/Y, and (f) Fe/Y. No metal or metal oxide cluster from Sn, Ga, Nb or Fe
is detected, and all zeolites present a virtually identical pattern.

It is important to note that even though Sn, Ga, Nb and Fe were indicated to be present
as SnO2, Ga203, Nb20s, and Fe20s3, no characteristic reflections associated with these
metal oxides were observed. For Sn0O2%', these were expected to be at 26.6, 37.8 and
51.8° 20 for the reflections of (110), (200), and (211), respectively, for B-Ga203%? at
31.2°, 35.9° and 38.1° 26, for the reflections (222), (400) and (411) respectively, for
the orthorhombic phase of Nb20s%3 at 22.7, 28.6, 36.7, 46.2, 50,7 and 55.3° 26 for the
reflections of (001), (180), (200), (181), (002), (380), and (212) respectively, and for
a-Fe203%* at 24.2, 33.2, 35.7, 40.9, 49.5, 54.2, and 57.7° 26 for reflections of (012),

(104), (110), (113), (024), (116), and (018) respectively.
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Aside from the structure and bulk chemical composition, it is essential to know the unit
cell parameter (acquired from XRD data) of Sn, Ga, Nb, and Fe-doped zeolite Y
catalysts prepared via wetness impregnation technique in order to identify the metal-
zeolite interactions. Several studies have demonstrated that metal might be deposited
over the surface of zeolite or trapped within its framework, wherein the two types of
metal-zeolite interactions result in different catalytic performances®%. The
substitution of metal in place of Al sites within the zeolite matrix is generally indicated
by the unit cell's expansion or contraction based on the metal's size (in our case, Sn,
Ga, Nb, and Fe) compared to Al. In contrast, the percentage of expansion or
contraction is, to some extent, dependent on the number of metal atoms being
incorporated into the zeolite®. For instance, due to the larger size of Sn in its ionic
form and coordination compared to Al, an increase in the unit cell's volume expansion
indicates the successful incorporation of this metal into structural sites®®. However, no
expansion of the unit cell was observed with our Sn/Y catalysts (Tables A17 and A18
in Appendix A.14), indicating that the Sn species of our catalysts prepared by wetness
impregnation were not embedded into the framework of these zeolite catalysts but
instead were supported on their surface or within their pores/channels. ldentical
observations to Sn/Y were found regarding the expansion or contraction of the unit cell
of Ga, Nb, and Fe doped on both zeolites Y at SiO2:Al203 molar ratios of 5.1 and 80.
However, a strong contraction of —3.6% of HY with a SiO2:Al203 molar ratio of 80 with
respect to HY with a SiO2:Al203 molar ratio of 5.1 was detected, which corresponds to

the dealumination fact practically, it is as there is less Al in this catalyst.

250



6.5. Glucose and Fructose dehydration to 5-HMF using pure metal oxides as
heterogeneous catalysts.

Given the importance of the acidity characteristic in this research work and to gather
additional information on the roles of Brensted and Lewis acid sites in reactions
beyond glucose isomerisation. Glucose and fructose dehydration reactions were
carried out over CeOz2, MoOs, La203, WOz, Nb20s and TiOz2 in their bulk metal oxide
forms in order to prove the concept that Brgnsted and Lewis acid sites are essential
characteristics to convert these sugar molecules to desirable 5-HMF. Since these
metal oxides exhibit different acidity characteristics at their surface levels, they should
behave differently in terms of their reactivity toward the formation of 5-HMF. For
instance, CeO2 can rapidly interchange in the oxidation state (Ce** = Ce3*)%°, which
results in the release of oxygen, and the reaction to undergo an oxidation step®?; thus,
a high conversion would be expected in this case, but toward an undesirable

carboxylic acid product (Figure 6.11).
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Figure 6.11. Schematic representation of the chemical mechanism of aldehyde oxidation
reaction with oxygen to form a carboxylic acid. The reaction proceeds through the initial
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hydrogen atom abstraction (HAA) from an aldehyde A to form acyl radical B. A subsequent
reaction between B and O; results in the formation of acyl peroxy radical C. HAA from a second
equivalent of A leads to the formation of peracid D and chain carrier B. Using intermediate E,
peracid D is converted to carboxylic acid F via a Baeyer-Villiger reaction®’.

In contrast, transition metal oxides such as MoOs, La203, WOs3, and Nb20s typically
possess both Lewis acid sites (coordinatively unsaturated sites) and Brensted acid
sites (acidic hydroxyl group on the surface of the bare oxide), making them suitable
for heterogeneous pathway reaction of glucose and fructose dehydration to 5-
HMF®2.83, For example, niobium pentoxide (Nb20s) possesses an Nb-O bond that is
highly polarised in distorted NbOs octahedra and NbOa4 tetrahedra, which in turn leads
to both Brgnsted acid sites (surface OH group) and Lewis acidic sites (coordinately
unsaturated Nb%*) within its distorted polyhedron structure®*. whereas the Brgnsted
and Lewis acid sites on the surface of molybdenum trioxide (MoOz3) are presented in
the form of the octahedrally coordinated MoO3 species® and Mo—OH?®®, respectively.
The bare lanthanum oxide (La203) metal oxide exhibits Brgnsted acid sites (surface
OH group)®” and Lewis acid sites (unsaturated La3* and La%*—OH sites)®. In addition,
tungsten trioxide (WO3) contains coordinatively unsaturated W¢* species acting as
Lewis acid sites and terminal W-O bonds that can be protonated easily to form terminal
hydroxyl groups (-OH) on its surface, which serve as Brgnsted acid sites®®. On the
other hand, rutile titanium dioxide (TiO2) was reported to have a low amount and
density of acidic sites (15 ymol-g™' and 2.5 uymol-m?, respectively)’®. Consequently, it
would be expected not to show any reactivity to obtain 5-HMF. The catalytic results of
glucose and fructose dehydration reactions to 5-HMF over pure metal oxides are

presented in (Figures 6.12 — 6.15).

252



6.5.1. Glucose dehydration to 5-HMF.
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Figure 6.12. Glucose conversion (e) and carbon mass balance (o) were obtained from the
dehydration reaction of glucose to 5-HMF, which was carried out by using various pure metal
oxides (5 mL 100 g-L" fructose solution, M:S of 1:10, 140 °C, 2h, endogenous pressure, 700
rom). The blank sample represents reaction conduction in the absence of the catalyst.
Experimental errors are reported as the standard deviations of three repeated measurements.
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Figure 6.13. Observed product selectivity of 5-hydroxymethylfurfural (5-HMF), levulinic acid
(LA) and formic acid (FA) obtained from the dehydration reaction of glucose to 5-HMF, which
was carried out by using various pure metal oxides (5 mL 100 g-L™ fructose solution, M:S of
1:10, 140 °C, 2h, endogenous pressure, 700 rpm). The blank sample represents reaction
conduction in the absence of the catalyst.

The dehydration of glucose to 5-HMF was studied in the presence of different metal
oxides (Figures 6.12 and 6.13). The performance of the blank test was examined to
assess the reactivity of these metal oxides since this might also contribute to the
conversion of glucose into 5-HMF. However, under our reaction conditions, a glucose
conversion of 15% was detected when no catalyst was used, which could be obtained
as a result of the acidity of the water at 140 °C (Figure 6.12). As compared to the blank
test in the absence of a catalyst, TiO2, WO3, and CeO2 showed no improvement in the
catalytic activity. In contrast, the presence of Nb20Os enhanced glucose conversion by
up to 29%. In addition, La203 and MoOs were both found to be highly active, exhibiting
a glucose conversion of 70%, but this was toward other by-products, mainly formic
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acids (Figure 6.13). Furthermore, incomplete carbon mass balance was also observed
with these metal oxides, indicating the presence of consecutive rehydration reactions
toward formic acid and its sequential decomposition to carbon dioxide and water. On
the other hand, Nb20s, TiO2, WOs3, and CeO2 showed no detectable levulinic acid and
only a small amount of formic acid (< 15%). However, with WOg3, only 5-HMF and

formic acid were formed with selectivity values of 46% and 54%, respectively.

To conclude, the catalytic activity toward the formation of 5-HMF from glucose
decreased in the following order: Nb20s > CeO2 > WO3 > La203 > MoOs > TiO2, with
Nb20s showing the highest catalytic activity with 5-HMF yields of 21% (Table 6.7).
However, all of these metal oxides did not show any promising results in catalysing
the dehydration reaction of glucose to 5-HMF compared to the reaction carried out in

the absence of a catalyst.

Table 6.7. Product yields of 5-hydroxymethylfurfural (5-HMF), levulinic acid (LA) and formic
acid (FA) obtained from the dehydration reaction of glucose to HMF, which was carried out by
using various pure metal oxides (5 mL 100 g-L" fructose solution, M:S of 1:10, 140 °C, 2h,
endogenous pressure, 700 rpm). The blank sample represents reaction conduction in the
absence of the catalyst.

Catalyst Yield (%)
5-HMF levulinic acid formic acid
Blank 12 n.d. 4
Nb20s 22 n.d. 1
TiO2 13 n.d. 2
CeO2 15 n.d. 2
WO3 7 n.d. 9
La203 9 1 15
MoO3 8 1 16
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6.5.2. Fructose dehydration to 5-HMF.
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Figure 6.14. Fructose conversion (e) and carbon mass balance (e) obtained from the
dehydration reaction of fructose to 5-HMF, which was carried out by using various pure metal
oxides (5 mL 100 g-L™" fructose solution, M:S of 1:10, 140 °C, 2h, endogenous pressure, 700
rom). The blank sample represents reaction conduction in the absence of the catalyst.
Experimental errors are reported as the standard deviations of three repeated measurements.
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Figure 6.15. Observed product selectivity of 5-hydroxymethylfurfural (5-HMF), levulinic acid
(LA) and formic acid (FA) obtained from the dehydration reaction of fructose to 5-HMF, which
was carried out by using various pure metal oxides (5 mL 100 g-L™ fructose solution, M:S of
1:10, 140 °C, 2h, endogenous pressure, 700 rpm). The blank sample represents reaction
conduction in the absence of the catalyst.

As expected, using fructose as feedstock significantly promoted the dehydration
reaction toward 5-HMF"" (see Figure 6.1). In particular, a fructose conversion of 26%
was observed when no catalyst was used under the same reaction conditions used
with glucose dehydration. However, this was dramatically enhanced when pure metal
oxides were used as catalysts, showing fructose conversions in the range of 45% -
95% (Figure 6.14). However, this increase in the conversion was paralleled by a
gradual decrease in the carbon mass balance for all metal oxides (Figure 6.14). In this
regard, carbon mass balance (CMB) values of (< 75%) were observed, except for
Nb20s, which showed a CMB of 92%, consistent, within the experimental error, with

the that obtained from the blank test. As a result, Nb20s appears to be the most
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selective catalyst toward the formation of 5-hydroxymethylfurfural (5-HMF) among all
metal oxides studied herein. In comparison with the blank test in the absence of a
catalyst, Nb20s, CeO2, and TiO2 did not affect the formation of 5-HMF with 90%
selectivity obtained (Figure 6.15), and a similar product distribution with a slight but
detectable increase in the Formic acid (FA) selectivity with CeO2 and TiOz. In contrast,
a significant decrease in the 5-HMF selectivity, accompanied by an increase in the
selectivity of equimolar levulinic acid (LA) and formic acid (FA), was observed for WOs,
La203 and MoOs, with the latter being the most selective toward the sequential
rehydration toward other by-products of LA and FA acids. In general, the catalytic
activity toward the formation of 5-HMF from fructose decreased in terms of yield as
follows: CeO2 > Nb20s > TiO2 > WO3 > La203 > MoQOs, with CeO2, Nb20s and TiO2
showing the highest catalytic activity with yields of 42%, 39%, and 37% respectively
(Table 6.8). It is also obvious that glucose has been found to be a relatively inert
molecule in dehydration toward 5-HMF with conversion values of (£ 20%), primarily
due to the high stability of its 6-membered ring structure. Alternatively, fructose, an
isomer of glucose with a 5-membered ring, proved to be more thermodynamically
favourable toward the formation of 5-HMF via a dehydration reaction, showing
conversions in the range of (45 - 90%), which is due to the fact that the C-2-OH group
within this molecule can easily be protonated, leading to the stabilization of the furanic

ring and, in turn, promoting the dehydration step toward the formation of 5-HMF’".
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Table 6.8. product yields of 5-hydroxymethylfurfural (5-HMF), levulinic acid (LA) and formic
acid (FA) obtained from the dehydration reaction of fructose to 5-HMF, which was carried out
by using various pure metal oxides (5 mL 100 g-L™ fructose solution, M:S of 1:10, 140 °C, 2h,
endogenous pressure, 700 rpm). The blank sample represents reaction conduction in the
absence of the catalyst.

Catalyst vield (%)
5-HMF levulinic acid formic acid
Blank 23 0 4
Nb20s 39 1 2
CeO2 42 2 3
TiO2 37 2 3
wQos3 22 4 8
La203 10 0 8
MoOs3 2 1 8

In general, the catalytic activity of the metal oxides studied did not show any
predictable trend for their acidity characteristics. Probably as multiple and sometimes
opposite factors are operating simultaneously. For example, most of these metal
oxides were used in the form of very light and fine powders, which could lead to the
diffusion of the substrate to the surface of the catalyst from mass transfer limitations
in liquid reactions*®72. On the other hand, the finer the powder, the higher the total
surface area. In this context, the use of bulk metal oxides in the form of pellets of given

diameters could be considered as a future work.

6.5.3. Control test for external mass transfer limitations

In order to rule out any diffusion effect from external mass transfer limitations
discussed in previous sections (6.5.1 and 6.5.2), a control test on the effect of the
stirring rate and the amount of catalyst to conversion is systematically studied for
Nb20s as the material showing the highest carbon mass balance and in turn the lowest

formation of by-products. In this regard, catalytic tests using varying mixing stirring
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rates in the range of 200 to 1000 rpm did not show any effect for both glucose and
fructose dehydration reactions, meaning that no diffusion limitation is associated, and
a kinetic regime governs the reaction in this case. On the other hand, a change in M:S
ratio from 1:20 to 2:1 showed significantly different results in the dehydration reaction
of fructose (Figure 6.16). As can be seen, the fructose conversion is increasing per
increased number of active centres, which also indicates that the reaction is carried
out under a kinetic regime, and the external diffusion limitation effects (mass transfer)
are negligible. However, a change in M:S ratio from 1:20 to 2:1 resulted in constant
glucose conversions of 25% (Figure 6.17) within the experimental error. This could be

either due to diffusion limitation, or the glucose conversion is already at maximum.
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Figure 6.16. Representative diffusion (external mass transfer) control test for the effect on
fructose conversion by varying a metal-to-substrate molar ratio for Nb2Os for a reaction in
water (5 mL 100 g-L™" fructose solution, M:S of 1:10, 140 °C, 2h, 700 rpm).
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Figure 6.17. Representative diffusion (external mass transfer) control test for the effect on
glucose conversion by varying a metal-to-substrate molar ratio for Nb>Os for a reaction in water
(5 mL 100 g-L™" fructose solution, M:S of 1:10, 140 °C, 2h, 700 rpm).

6.6. Glucose and fructose dehydration to 5-HMF using metal oxide-doped
zeolite Y as a heterogeneous catalyst.

In view of their results reported in section 6.5, metal oxides of CeO2, Nb20s and TiO2
were selected to be further doped on zeolite Y (SiO2:Al203 molar ratio of 80) using a
sol-gel protocol described in (Section 2.2.2) with the aim of enhancing the formation
rate of desired HMF from glucose and fructose. In principle, the dispersion of metal
oxides on zeolite supports would result in numerous advantages, including a larger
surface area, which would increase the number of active sites available for the
catalytic reaction, improve the accessibility of the surface-active site, which can

improve catalytic activity and selectivity since metal oxides are commonly found on
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the surface of zeolites either in the form of nanoparticles or clusters and also afford
good resistance to sintering, which can decrease the active surface area and, in turn,
decrease the catalytic activity. Furthermore, compared to bare metal oxides, zeolite
supports can offer a confined environment for metal oxide, which can affect the product
selectivity of catalytic reactions. For example, the pores of zeolites differ in size and
shape, which can affect the adsorption and reaction of certain molecules’. In this
context, glucose and fructose dehydration reactions were carried at a reaction
temperature of 140 °C for a reaction time of 2 h, endogenous pressure, and M:S molar
ratios of 1:100 and 1:300. The conversion of glucose and fructose and the selectivity
for 5-HMF, levulinic and formic acids during the dehydration of sugar molecules in an
aqueous medium over TiO2/Y, Nb20s/Y, and CeO2/Y catalysts are reported in Tables

6.6 and 6.7.

6.6.1. Glucose dehydration to 5-HMF.

As compared to undoped HY zeolite, the deposition of CeO2, Nb20s and TiO2 on
zeolite Y did not significantly improve the activity. Glucose conversions of 20% and
10% were observed with reactions carried out with M:S ratios of 1:100 and 1:300,
respectively (Table 6.6), indicating that the doping step of these metal oxides on zeolite
has no considerable effect on the reaction rate. In addition, the 5-HMF selectivity was
also unaffected by CeO2, whereas slightly increased to nearly 35% with Nb20s and
TiO2 at an M:S molar ratio of 1:100. In contrast, when an M:S molar ratio of 1:300 was
used, the 5-HMF selectivity was drastically increased to the range of 55 - 73% (Table
6.9). Although an M:S molar ratio of 1:300 showed a slightly lower glucose conversion

than 1:100, it, however, resulted in substantially higher 5-HMF selectivity simply
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because sequential rehydration to ring opening and decomposition reactions to

levulinic and formic acid seem not favoured at this M:S molar ratio.

Table 6.9. Catalytic tests for the glucose dehydration to 5-HMF using undoped and doped
zeolite Y 1wt.% of TiO2, Nb2Os, and CeO.. The tests were carried out using 500 mg of the
substrate in 5 mL of H>O at constant reaction conditions of 140 °C for 2 h and endogenous
pressure with M:S molar ratios of 1:100 and 1:300. Experimental errors are reported as the
standard deviations of three repeated measurements.

M:S molar Glucose Selectivity (%)
ratio Catalyst conversion (%) CMB ()
5-HMF LA FA

HY 19+1 222 21+1 57 +1 82+2

1:100 TiO2/Y 15+1 32+1 19+2 49+ 1 89+1

Nb20s/Y 171 37+2 19+1 44 + 1 91+2

CeO2lY 12+2 211 7+1 721 90+ 2

HY 12+1 47 £ 2 16+1 38+1 89+2

1:300 TiO2/Y 13+1 701 9+1 19+1 88+1

Nb20s/Y 14+2 732 82 232 86+1

CeO2lY 11+1 55+2 11+2 351 93+2

Compared with their bare metal oxide counterparts, TiO2/Y, Nb20s/Y, and CeO2/Y
showed no statistically significant difference in the conversion rate. This could be
because the metal oxides were not sufficiently deposited on the zeolite support, or
more simply, glucose conversion is already at maximum under the reaction conditions
used. Evidence of consistent glucose conversion (£ 20%) obtained under similar
reaction conditions was found in the literature over a variety of heterogeneous
catalysts, supporting the latter hypothesis’75. While 5-HMF selectivity decreased
appreciably in the range of 60% by doping CeOz2, Nb20s, and TiO2 on the zeolite Y for
the reaction conducted at 1:100 and 25% for the reaction carried out at 1:300. This

decrease in 5-HMF selectivity could be explained by the regular pore size of HY
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zeolite, which makes it difficult for the formed HMF to diffuse out and, in turn, leads to
its rehydration to levulinic and formic acids that are diffused much more readily out of

the zeolite structure?®.

6.6.2. Fructose dehydration to 5-HMF.

In the case of fructose dehydration, the doping of CeO2, Nb20s and TiO2 on zeolite Y
led to an improved fructose conversion with a slight or no increase found in 5-HMF
selectivity as compared to undoped HY zeolite using both M:S ratios of 1:100 and
1:300 (Table 6.6). When the reaction was carried out at an M:S ratio of 1:100, CeO2/Y
demonstrated the highest catalytic activity in terms of reaction rate. However, this was
accompanied by a low carbon mass balance of 49%, suggesting that CeO2/Y is highly

reactive but toward undesirable by-products such as formic acid.

TiO2/Y and Nb20s/Y, on the other hand, showed 5-HMF selectivity of 76% and 80%,
respectively, with a CMB of nearly 80%, indicating to be more selective towards the
formation of desirable 5-HMF. Furthermore, TiO2/Y and Nb205/Y did not exhibit a
dramatic change in catalytic activity when the reaction was carried out at an M:S ratio
of 1:300, whereas the CeO2/Y catalyst demonstrated a significant increase in 5-HMF
selectivity of 25% and CMB of 35% in comparison with activity data obtained ata 1:100

M:S ratio (Table 6.10).
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Table 6.10. Catalytic tests for the fructose dehydration to 5-HMF using undoped and doped
zeolite Y with 1wt.% of TiO2, Nb2Os, and CeO.. The tests were carried out using 500 mg of the
substrate in 5 mL of H.O at constant reaction conditions of 140 °C for 2 h and endogenous
pressure with M:S molar ratios of 1:100 and 1:300. In all cases, data are reported as means

standard deviations (n = 3).

M:S molar Fructose Selectivity (%)
_ Catalyst  Conversion CMB (%)

ratio (%) 5-HMF LA FA
HY 42 +1 75+2 11%1 13+2 70+2
1:100 TiO2/Y 56 +2 62 12%1 12+1 78+1
Nb2Os/Y 61+2 80+1 12+2 8+2 77%2
CeO2lY 77+3 60+2 111 20+ 2 49 + 3
HY 38+1 84+1 61 112 83+1
1:300 TiO2/Y 46 + 2 84+2 61 112 82+2
Nb2Os/Y 50+2 85+1 5=*1 10+1 89+1
CeO2lY 51+4 852 4+1 12+ 2 84 +3

In comparison with pure metal oxides, fructose conversion was slightly enhanced by

10 - 15%. Whereas 5-HMF selectivity was significantly decreased by 15% in the case

of Nb20s/Y and TiO2/Y, as well as 30% in the case of CeO2/Y with an M:S molar ratio

of 1:100. However, using a lower M:S ratio of 1:300 result in a slight decrease in

fructose conversion for the blank and the corresponded metal oxides, but it also

increases the carbon mass balance and in turn lead to a reaction mixture which is less

rich in fructose but purer. Among all catalysts studied herein, Nb20s/Y exhibited the

highest catalytic activity toward the formation of 5-HMF with a yield of 38% at both M:S

ratios of 1:100 and 1:300 (Table A16 in Appendix A.13). Our results showed that an

M:S molar ratio of 1:300 was the most suitable for the synthesis of 5-HMF from glucose

and fructose. In this regard, increasing the M:S molar ratio does not necessarily lead

to an improvement in catalytic activity toward desired products.
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This data prompted us to compare the catalytic activity of Nb/Y prepared by the
impregnation protocol described in (Section 2.2.1) and Nb20s/Y prepared by the sol-
gel method reported in (Section 2.2.2) to determine the consequence of using different
preparation methods on the formation of 5-HMF from fructose using niobium-based

catalysts (Figure 6.18).
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Figure 6.18. the catalytic activity of fructose conversion, 5-HMF selectivity, carbon mass
balance (CMB), and 5-HMF vyields for 1 wt.% of Nb/Y catalyst prepared by impregnation
method () and Nb.Os/Y catalyst prepared by sol-gel method () in the dehydration reaction
of fructose to 5-HMF. In all cases, the reaction was carried out at a reaction temperature of
140 °C for 2 hours, with endogenous pressure and an M:S ratio of 1:300. Experimental errors
are expressed as the standard deviations of three repeated measurements.

As can be seen in Figure 6.18, the Nb/Y catalyst synthesised by the impregnation
method showed a higher fructose conversion of 69% compared to the 50% obtained
by Nb20s/Y, which was prepared by the sol-gel protocol. However, these conversion

rates were accompanied by carbon mass balances of 64% and 89% after reactions
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were carried out over Nb/Y and Nb20s/Y zeolites, respectively. Although there was no
statistically significant difference in the yield of 5-HMF observed from both catalysts. It
is apparent that Nb2Os/Y prepared by the sol-gel protocol revealed a purer route

towards the desired 5-HMF under our reaction conditions.

6.6.3. Control test on the synergistic effect of HY and Nb20s/Y zeolite catalysts
for glucose dehydration to 5-HMF.

In order to further confirm the role of Nb20s/Y zeolite catalyst in achieving a more
selective route toward 5-HMF formation, a control test using a two-step reaction
protocol was carried out in an aqueous solution. The glucose isomerisation was first
conducted over undoped zeolite Y in its acidic form (SiO2:Al203 molar ratio of 80) in
order to convert glucose into fructose, and then fructose intermediate is dehydrated to

5-HMF over Nb20s/Y zeolite catalyst.

Table 6.11. Catalytic tests for the glucose dehydration to 5-HMF using undoped and doped
zeolite Y 1wt.% of Nb2Os. The tests were carried out using 500 mg of the substrate in 5 mL of
H-O at constant reaction conditions of 140 °C for 2 h and endogenous pressure with M:S
molar ratios of 1:100 and 1:300. Experimental errors are reported as the standard deviations
of three repeated measurements.

M:S

molar " Catalyst _ o CMB (%)
catio (h) conversion (%) 5-HME LA FA
HY 19+1 22 +2 21+1 57+1 82+2
4 HY 29+1 20+ 2 18+1 62%2 76 £ 3
1:100
HY
38+1 29+2 27+2 44 +1 76 £ 2
Nb20Os/Y
1:300 HY 12+1 47 + 2 16+1 38z%1 89+2
' 4 HY 15+2 52+2 11+1 36+2 81+1
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HY
Nb2Os/Y

As shown in Table 6.11, glucose conversion was only increased by 10% with the
increase in reaction time for reactions at the M:S ratio of 1:100, whereas 5-HMF
selectivity was almost unaffected by the change of the reaction time, and a consistent
product distribution within the experimental error could be obtained with the varied
reaction time. However, the use of HY and Nb20s/Y together showed a slight
improvement in catalytic activity, with glucose conversion and 5-HMF selectivity
increased by 10%. It is indeed the presence of Nb20s species in the zeolite catalyst
that contributes to this noticeable increase in catalytic activity toward the formation of
more 5-HMF. This confirms that Nb205/Y zeolite produces 5-HMF from glucose in a

purer and more selective manner compared to the Nb/Y catalyst.

6.6.4. Powder X-ray diffraction.

To obtain relevant structural information and determine the activity-structure
correlations, powder XRD patterns were collected for zeolite HY, TiO2/Y, Nb20s/Y, and
CeO2/Y with SiO2:Al203 molar ratio of 80 (Figure 6.19) to characterise the crystalline
structure of the prepared catalysts and to identify if any ion exchange or distortion of
the zeolite could have occurred during the preparation procedure used. A Rietveld
refinement®® was carried out (Table A19 in Appendix A.15). As shown in the XRD
patterns, HY, TiO2/Y, Nb20s/Y, and CeO2/Y exhibit nearly identical PXRD patterns and
no significant expansion in the unit cell volume has been observed as a consequence
of the variations in the unit cell volume of the parent zeolite HY (determined as 14219

A3). In view of this, it is unlikely for TiO2, Nb20s, or CeOz to be incorporated into the
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zeolite framework as a substitution for Al - at least within the resolution of the acquired

PXRD patterns.

e) CeO,/Y
~ J | R d) Nb,O/Y
&
> .
= J I Lo c) TiIO,/Y
EJ ()

c o b) HY * dummy

a) HY

T T T T T T T T T T
10 20 30 40 50 60

20 (degree)

Figure 6.19. X-ray powder diffraction patterns for zeolites with a SiO,:Al,O3 molar ratio of 80:
(a) HY as delivered, (b) HY treated as for metal deposition but without any metal dopant, (c)
TiO2/Y, (d) Nb2Os/Y, and (e) CeO2/Y. No metal or metal oxide cluster from Ti, Nb or Ce is
detected, and all zeolites present a virtually identical pattern.

As can be seen in figure 6.19, no evident XRD pattern indicative of TiO2, Nb20s, or
CeO2 was observed. For rutile TiO27®, these were expected to be at 26.9, 35.7, 53.7,
68.4, 69.4 20 for reflection of (110), (101), (211), (301), and (112) respectively. For the
orthorhombic phase of Nb205%3, these were expected to be at 22.7, 28.6, 36.7, 46.2,
50,7 and 55.3° 26 for the reflections of (001), (180), (200), (181), (002), (380), and
(212) respectively. For CeO2’’, these were expected to be at 28.5, 33.1, 47.5, 56.3,

20 for reflections of (111), (200), (220), and (311) respectively.
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In addition to understanding the structure and overall chemical composition,
determining the unit cell parameter (obtained from XRD data) of TiO2-, Nb20s-, or
CeO2-doped zeolite Y catalysts, prepared using the sol-gel technique, is important to
identify the interactions between these metal oxides and the zeolite. Numerous studies
have provided evidence indicating that active species (metals or metal oxides) can be
either deposited on the surface of zeolite or trapped within its framework. These two
types of metal-zeolite interactions yield distinct catalytic performances®®%. The
substitution of metals in the zeolite matrix, replacing Al sites, is typically characterized
by the expansion or contraction of the unit cell, depending on the larger/smaller size
of the metal (in this case Ti, Nb, and Ce) compared to Al. On the other hand, the
percentage of expansion/contraction is, to some extent, dependent on the number of
metal atoms being incorporated into the zeolite®”. For instance, due to the larger size
of Ti, Nb, and Ce in their ionic form and coordination compared to Al, an increase in
the unit cell's volume expansion indicates the successful incorporation of these metals
into structural sites’®8'. Nevertheless, our catalysts (as shown in Table A19 in
Appendix A.15) did not exhibit any significant expansion of the unit cell, indicating that
the Ti, Nb, and Ce species in our catalysts, prepared through sol-gel, were not
incorporated into the framework of the zeolite catalysts. Instead, they were found to

be supported on the catalyst's surface or located within its pores/channels.

6.7. Conclusion

The catalytic dehydration of glucose and fructose to 5-HMF in an aqueous medium
was investigated using an array of heterogeneous catalysts ranging from undoped
zeolites, metal-doped zeolites, and pure metal oxides to metal oxides-doped zeolite.
Wherein the characterisation of sugars conversions and the distribution of their
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products in the actual reaction mixture was quantified by the mean of a rapid and
efficient proton NMR method in order to evaluate the catalytic activity of our materials

and provide guidance on the catalyst design for the industrial production of 5-HMF.

Screening the reaction parameters by HCI as a homogeneous Bregnsted catalyst
showed that the best compromise between high fructose conversion and high 5-HMF
selectivity, demonstrated through the highest 5-HMF yield of 27%, which is obtained
at ratios of 1:1 and 1:033 for reaction times of 30 min and 120 min, respectively, with
greater emphasis placed on the latter reaction conditions (Fructose to HCI molar ratio:
1:0.33, 120 min, 100 °C, endogenous pressure and a pH solution of 4), resulting in a

more sustainable process.

A reaction temperature of 140 °C showed to be more appropriate than 100 °C for the
catalytic fructose dehydration to 5-HMF over Sn, Ga, Nb, and Fe containing zeolite Y
as heterogeneous catalysts. Whereas Using an M:S molar ratio of 1:3 revealed a
higher conversion of 70% but toward the formation of undesirable products instead.
However, decreasing the M:S molar ratio to 1:300 leads to an increase in 5-HMF yield
to 26%, which was significantly increased up to 37% when Sn, Ga, Nb, and Fe were
doped on zeolite Y with a SiO2:Al203 molar ratio 80. In all cases, catalysts with
SiO2:Al203 molar ratio of 80 and an M:S molar ratio of 1:300 was found to promote 5-

HMF formation under our reaction conditions.

Bronsted acidity measurements revealed two different trends with regard to the
acidity-activity correlation. Catalysts with zeolite Y at a SiO2:Al203 molar ratio of 5.1
exhibited a direct correlation between the catalytic activity and Bregnsted acidity

measurements. In contrast, an opposite trend was observed with zeolite Y at a
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SiO2:Al203 molar ratio of 80, with the catalyst possessing the highest Lewis acidity

being the most active.

An array of bulk metal oxides with different acidity characteristics were also tested for
the glucose and fructose dehydration reactions in order to prove the necessity of
Bronsted and Lewis acid sites to convert these sugar molecules to 5-HMF. TiOz2,
Nb20s5, WO3, and CeO2 showed low activity with glucose conversion (< 30%) and the
highest 5-HMF yield of 21% was obtained over Nb20s. Whereas La203 and MoOs were
found to be highly active with glucose conversions of 70% but toward levulinic and
formic acid. However, Fructose as the initial substrate showed significantly higher
catalytic activity in terms of 5-HMF yield, with CeO2, Nb20s and TiO2 being the most

active catalysts yielding 42%, 39%, and 37%, respectively.

Furthermore, TiO2, Nb20s, and CeO2 were doped on zeolite Y (SiO2:Al203 ratio of 80),
aiming to improve the yield of desired 5-HMF. However, no statistically significant
difference was observed by doing these metal oxides on zeolite Y compared to data
obtained by their pure metal oxides. With a yield of 38% from fructose, Nb20s/Y
prepared by the sol-gel method exhibited a purer route toward the formation of 5-HMF

than Nb/Y prepared by the impregnation protocol.
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Chapter 7. Conclusion and future work.

7.1. Conclusion

This research project has made significant progress in the following areas: i)
evaluation of sugar solubilities and their potential implications for the catalytic activity
of our materials, ii) characterisation of reaction intermediates formed during glucose
isomerisation over zeolite-based catalysts in both methanol and water, iii) elucidation
on the role of Lewis and Brgnsted acid sites in glucose isomerisation and identification
of their respective reaction pathways and iv) provide preliminary data for future work
by highly efficient zeolite-based catalysts for glucose and fructose dehydration to

produce platform chemicals such as 5-HMF.

In light of this, the major achievements of this research project can be summarised

below.

7.1.1 Solubility of sugars.

A reliable and efficient HPLC analysis method was developed to address the
significant variations in the literature regarding the solubility values of sugars obtained
from different analytical methods, this method relies on determining the saturation
point of sugar solutions for accurate quantification of glucose, fructose, and mannose
solubilities in water, methanol, ethanol, 1-propanol, and isopropanol at room
temperature. This approach is intended to identify the possible implications of this
important property on catalytic activity and establish a robust platform to ensure the
reliability of catalytic tests. Specifically, errors in solubility can bias the catalytic results
both in terms of conversion and selectivity. solubility which besides compromising
experiments per se with misleading results could significantly limit the reproducibility
of data among different laboratories and impede the development of catalysts by
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design. Our solubility measurements did not show any significant implications toward
the catalytic activity, this allowed us to confidently derive data from glucose

isomerisation and fructose dehydration under the various reaction conditions studied.

7.1.2 Identification of reaction intermediates.

In view of the conflicting evidence in the literature concerning the formation of alkyl-
sugar species, an extensive analysis was carried out to investigate the mass
spectroscopic fragmentation patterns of methyl glucoside and methyl fructoside
intermediates. In this regard, two distinct peaks of fragmentation patterns of m/z =217
corresponding to an anomeric mixture of methyl glucoside and methyl fructoside were
identified. One has a retention time of nearly 0.45 minutes on the LC column,
comparable with the standard methyl fructoside. Whereas the second peak, with an
LC retention time of approximately 0.6 minutes, most likely represents methyl
glucoside. As a consequence, we concluded that at least two independent reaction
pathways are involved during the isomerisation reaction in methanol: 1) a Lewis-
catalysed pathway for the conversion of glucose to fructose and 2) a Brgnsted-
catalysed pathway toward the formation of methyl fructoside and methyl glucoside
intermediates. Therefore, it is evident that an accurate characterisation of a reaction
mixture is a fundamental step and requisite to provide insight into reaction

mechanisms and, in turn, to promote catalyst rational design.

7.1.3 Glucose to fructose isomerisation by Sn and Ga doped zeolites.

The isomerisation of glucose to fructose has been successfully achieved with HY,
Sn/Y, and Ga/Y zeolites under mild reaction conditions (100 °C, endogenous pressure,
1-2 hours). These catalysts showed comparable performance in converting glucose
into fructose, methyl fructoside, and mannose in methanol as a solvent using a one-
step reaction protocol and methanol followed by water as a solvent in a two-step
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reaction protocol. The conversion of glucose exceeded 90%, while a selectivity
towards fructose up to 55% under optimal reaction conditions in a two-step reaction.
In the presence of methanol as a solvent, large amounts of methyl fructoside
intermediate (ca. 70 %) were formed through a reaction pathway mediated via
Brgnsted acid centres. By conducting catalytic tests using fructose and mannose as
substrates in methanol, it was observed that glucose, fructose, and mannose are in
equilibrium with fructose through a hydride shift mediated by Lewis acid sites.
Consequently, the conversion of glucose in methanol occurs through three distinct
reaction pathways: (i) a Lewis acid-catalysed pathway, converting glucose to fructose
and then mannose, (ii) the reverse reaction, and (iii) a Brgnsted acid pathway, where
fructose is transformed into methyl fructose. In contrast, the initial presence of water
as a solvent in the reaction quenched the catalytic activity of HY, Sn/Y, and Ga/Y
zeolites. This loss of activity was a consequence of the strong water adsorption within
the pores of the zeolites and/or the site-blocking of metal Lewis acid sites that initiate
the isomerisation reaction. However, if water is, instead, added after the reaction step
in methanol, this solvent could promote the hydrolysis of methyl fructoside
intermediates to fructose with a formation from ca. 40 to 70% of the desired product
for the catalytic tests carried out at 100 and 120 °C in all cases, suggesting that the
Brgnsted acid pathway is dominant for this reaction. This likely explains the similar

catalytic performance observed among the studied catalysts.

7.1.4 Characterisation of zeolites for the glucose to fructose isomerisation.

As per our detailed structure characterisation, Ga/Y and Sn/Y exhibited significantly
different structures, with Sn/Y consisting mainly of SnO:2 clusters outside the zeolite
crystals and Ga/Y consisting of highly dispersed Ga species inside the pores.
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Although Brgnsted acidity and porosity played a significant role in the obtained
catalytic data, establishing detailed and accurate correlations between catalytic
performance and a single parameter proved to be challenging. Therefore, identifying
and ascertaining potential trends in the catalytic activity of different catalysts requires

the investigation of various catalyst properties.

7.1.5 Synthesis of 5-HMF.

In order to accomplish the selective dehydration of fructose to 5-HMF in aqueous
media using a heterogeneous catalyst, different reaction parameters of this reaction
were screened using HCI as a Breonsted acid homogeneous catalyst. The results
demonstrated that fructose to HCI molar ratio of 1:0.33, 2h, 100 °C, endogenous
pressure, and a pH 4 for the solution were the best compromise between high fructose
conversion and high 5-HMF selectivity, with the highest 5-HMF yield of 27%. However,
A reaction temperature of (= 140 °C) could significantly promote the fructose
dehydration reaction compared to 100 °C, which proved insufficient to activate our
heterogeneous catalyst (i.e., HY zeolite) to facilitate the dehydration reaction toward

5-HMF under the reaction conditions studied.

Furthermore, A wide range of heterogeneous catalysts, including undoped zeolite Y,
metal-doped zeolite Y, pure metal oxides, and metal oxide-doped zeolite Y, were
assessed in the catalytic dehydration of fructose and/or glucose to 5-HMF in aqueous
media. An M:S molar ratio of 1:3 revealed a higher conversion of 70% but toward the
formation of unwanted by-products such as LA and FA. However, decreasing the M:S

molar ratio to 1:300 promotes the catalytic activity toward 5-HMF, especially with Sn,
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Ga, Nb, or Fe -doped zeolite Y (SiO2:Al203 molar ratio 80) that exhibited HMF yield of

(= 30%).

7.1.6 Isomerisation and dehydration mediated by metal oxides.

In addition, an array of bulk metal oxides having different acidity levels were tested for
the catalytic dehydration of glucose and fructose in aqueous media (140 °C, 2h,
endogenous pressure and an M:S molar ratio of 1:10) in order to prove the concept
that Brgnsted and Lewis acid sites are essential to convert these sugar molecules to
5-HMF. TiO2, Nb20s, WOs3, and CeO2 showed low activity with glucose conversion (<
30%), with Nb20s demonstrating the highest 5-HMF vyield (21%). La203 and MoO3
were highly active with glucose conversions of 70% but toward levulinic and formic
acids. Alternatively, fructose as a substrate displayed significantly higher catalytic
activity concerning 5-HMF yield, with CeO2, Nb20s and TiO2 exhibiting the highest
yields of 42%, 39%, and 37%, respectively. Also, the deposition of TiO2, Nb20s, and
CeO2 on zeolite Y (80) showed no statistically significant difference in the catalytic
activity to their bare metal oxide counterparts and a 5-HMF yield in the range of 40%

was also obtained.

In conclusion, the results of these studies have significantly enhanced our
understanding of sugar transformations, their underlying reaction mechanisms, and
the development of efficient catalysts for the conversion of glucose and fructose into

platform chemicals such as 5-HMF.

7.2. Future work.
While this research project has contributed significantly to our knowledge of biomass

valorisation and Lewis acid zeolite-based catalysts, there are still several challenges
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that need to be addressed before we can successfully develop commercially viable
heterogeneous Lewis acid catalysts for the catalytic conversion of glucose to 5-HMF

via the formation of fructose intermediates.

For example, we successfully identified two distinguishable fragmentation patterns
corresponding to m/z = 217, representing an anomeric mixture of methyl glucoside
and methyl fructoside. However, the formation and decomposition mechanisms of
these intermediates under used reaction conditions were not fully elucidated.
Therefore, it is vitally important to conduct further research in this domain to explore
the intricate nature of these processes. As a result, we can gain a better understanding
of this process and develop strategies to promote the formation of desirable fructose,

thereby providing the basis for future developments in this field.

Furthermore, using NMR relaxation measurements, the potential solvent effects of
water, methanol and ethanol on the catalytic performance of our materials in the
isomerisation reaction of glucose to fructose were investigated. However, the current
study does not encompass specific analysis or considerations regarding the potential
nucleophilic effects of these solvents on our substrates. For instance, the reactivity of
the solvents towards the substrates could influence the overall reaction kinetics and
selectivity through the formation of undesired by-products. Furthermore, the
nucleophilicity of the solvent could have an impact on the stability of our catalyst or
other intermediates involved in the reaction. A nucleophilic attack by the solvent could
result in the deactivation of the catalyst or the formation of stable complexes, thereby
altering catalytic activity. Given these potential implications, it is highly beneficial to
consider the nucleophilic effects of these solvents on our substrates. Therefore, it is
recommended to investigate further the significance of these effects to gain a more
comprehensive understanding of how solvents impact catalytic activity. Such
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exploration could provide valuable insights into the complex interaction between

solvents and the catalytic system.

If then considering the complexity of diverse catalytic systems, an assessment of
catalytic performance based solely on a single parameter is challenging. Therefore, it
is crucial to evaluate various catalyst characteristics in order to understand trends in
their catalytic performance in a comprehensive manner. For instance, by considering
additional factors such as Lewis acidity alongside the previously measured Brgnsted
acidity and catalyst porosity, we can obtain a more holistic perspective and a deeper
understanding of how our catalysts operate under different conditions. This more
integrated approach would enable us to identify more accurate multi-dimensional
correlations, leading to an enhanced comprehension of catalyst functionality. Through
this, a deeper understanding of the complex relationship between catalyst properties
and their performance can be gained, ultimately resulting in a more accurate prediction

of catalyst behaviour.

The catalytic performance of doped zeolite catalysts for fructose dehydration to HMF
was studied under constant reaction parameters. Therefore, considering the effects of
reaction parameters, such as temperature, pressure, and catalyst loading on the
performance of these catalysts aiming to achieve elevated conversion rates and
selectivity of the desired product would be a highly recommended approach for this

part.

In this context, metal oxides were predominantly used in finely powdered forms,
possibly leading to substrate diffusion to the catalyst surface due to limitations in mass
transfer during liquid reactions. Conversely, finer powders offer a larger total surface

area. Hence, future research in this area could involve the use of bulk metal oxides in
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the form of pellets with specific diameters for the selective dehydration of sugars to 5-
HMF, aiming to surpass the current catalytic performance and achieve higher levels of

efficiency.

Last but not least, based on the catalytic data obtained in this project using glucose
and fructose as the reaction substrates, investigate the effect of different biomass
feedstocks (e.g., lignocellulosic materials or agricultural residues such as corn stover,
wheat straw, and wood chips) on the catalytic performance of ideal catalysts such as
Nb/Y(80) and Nb20s/Y is highly recommended. This investigation seeks to validate the
broad applicability of the catalysts and explore the effects of feedstock composition,
impurities, and pre-treatment methods on the catalytic activity and selectivity of the
desired product. The ultimate objective is to develop highly adaptable catalysts
capable of efficiently processing diverse biomass feedstocks. Likewise, it would also
be highly beneficial to examine the universal applicability of the most promising
materials in catalysing reactions beyond sugar transformations such as the conversion
of 5-HMF to Benzene and its derivatives, such as toluene, xylenes, and ethylbenzene.
These compounds are in high industrial demand due to their extensive use as
essential raw materials in manufacturing chemicals, plastics, synthetic fibres, rubber,

dyes, and pharmaceuticals.
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Appendix

A.1 Calibration Curves of Glucose, Fructose and Mannose in Aqueous Solution.
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Figure A1. Calibration curve of glucose solutions with concentrations ranging from 5 g-L™" to

40 g-L7"(0.02 — 0.22 mol-L™"). Regression parameters of 1.28 + 0.04 and 4.98 +0.05 for the
slope and intercept of the regression line were obtained and used in the calculation of glucose
conversion and product selectivity values for the isomerisation reaction.
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Figure A2. Calibration curve of fructose solutions with concentrations ranging from 5 g-L~"' to
40 g-L7"(0.02 — 0.22 mol-L™"). Regression parameters of 1.33 + 0.04 and 4.88 +0.05 for the
slope and intercept of the regression line were obtained and used in the calculation of glucose
conversion and product selectivity values for the isomerisation reaction.
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Figure A3. Calibration curve of mannose solutions with concentrations ranging from 5 g-L™"
to 40 g-L="(0.02 — 0.22 mol-L™"). Regression parameters of 1.40 + 0.06 and 4.90 +0.08 for the
slope and intercept of the regression line were obtained and used in the calculation of glucose
conversion and product selectivity values for the isomerisation reaction.
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A2. 'H-NMR Spectra of Fructose Dehydration Reaction Mixture.
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Figure A4. Representative example of fructose dehydration reaction mixture obtained by HCI at 100 OC for 2 h using an M:S molar ratio of 1:1.

290



A.3 Solubility Determination of Sugars by HPLC Diagram Method.

The solubility of glucose, fructose, and mannose in water, methanol, ethanol, 1-
propanol and isopropanol was measured at room temperature using HPLC diagrams,
which measure the solubility upon the saturation point of a solution via the intersection

of two observed regression lines.
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Figure A5. HPLC solubility diagram of glucose in water (10 — 600 g-L™"). A linear correlation
between an HPLC peak area and the sample concentration is expected within the solubility

limit (m), whereas as expected a constant saturation value was detected upon saturation and
by analysing the surfactant solution (e).

Regression parameters of 1.05 + 0.05 and 5.04 £ 0.05 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (-1.16x1072° + 6.81) and 7.90 * 1.86x10-"'* for the slope and intercept
of the regression line after the saturation point (red line) were obtained and used in

the calculation of solubility values.
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Figure A6. HPLC solubility diagram of fructose in water (10 — 1000 g-L™"). A linear correlation
between an HPLC peak area and the sample concentration is expected within the solubility
limit (m), whereas as expected a constant saturation value was detected upon saturation and
by analysing the surfactant solution (e).

Regression parameters of 1.10 + 0.03 and 4.95 £ 0.06 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (-0.03 £ 0.03) and 8.14 £ 0.10 for the slope and intercept of the
regression line after the saturation point (red line) were obtained and used in the

calculation of solubility values.
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Figure A7. HPLC solubility diagram of mannose in water (10 — 1000 g-L™"). A linear correlation
between an HPLC peak area and the sample concentration is expected within the solubility
limit (m), whereas as expected a constant saturation value was detected upon saturation and
by analysing the surfactant solution (e).

Regression parameters of 1.06 + 0.02 and 5.01 £ 0.04 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (-5.18x10-"® + 2.22x10-'%) and 8.00 *+ 6.51x10~'® for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A8. HPLC solubility diagram of fructose in methanol (10 — 250 g-L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 1.17 + 0.09 and 4.82 £ 0.15 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (0.00 + 4.22x10-"%) and 7.92 + 9.39x10-"5 for the slope and intercept of
the regression line after the saturation point (red line) were obtained and used in the

calculation of solubility values.
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Figure A9. HPLC solubility diagram of mannose in methanol (10 — 250 g-L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 0.96 + 0.06 and 5.14 £ 0.09 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (4.98x10-15 + 2.19x10-'%) and 7.10 + 4.88x10-'5 for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A10. HPLC solubility diagram of glucose in ethanol (0.2 — 50 g-L~"). Alinear correlation
between an HPLC peak area and the sample concentration is expected within the solubility
limit (m), whereas as expected a constant saturation value was detected upon saturation and
by analysing the surfactant solution (e).

Regression parameters of 1.30 + 0.08 and 5.84 £ 0.03 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (-1.12x10730 + 7.45x10-"6) and 6.20 + 8.68x10-'6 for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A11. HPLC solubility diagram of fructose in ethanol (2 — 50 g-L™"). A linear correlation
between an HPLC peak area and the sample concentration is expected within the solubility
limit (m), whereas as expected a constant saturation value was detected upon saturation and
by analysing the surfactant solution (e).

Regression parameters of 1.44 + 0.14 and 4.94 £ 0.12 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (2.77x10-'5 + 1.03x10-'%) and 6.40 * 1.47x10-'5 for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.

297



6.25

—+—+1

6.15

6.10

6.05

6.00

Log(Peak area / mV x min)

5.95

5.90

I T I T I T I

. 1 . .
0.6 0.8 1.0 1.2 1.4 16 1.8

- —]

Log(Mannose concentration / gxL™?)

Figure A12. HPLC solubility diagram of mannose in ethanol (2 — 50 g-L™"). A linear correlation
between an HPLC peak area and the sample concentration is expected within the solubility
limit (m), whereas as expected a constant saturation value was detected upon saturation and
by analysing the surfactant solution (e).

Regression parameters of 1.01 £ 0.09 and 5.30 £ 0.07 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (8.34x10-3" + 1.50x10-'%) and 6.20 + 2.05x10-'S for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A13. HPLC solubility diagram of glucose in 1-propanol (0.2 — 50 g-L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 0.83 + 0.06 and 5.15 £ 0.02 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (1.61x1073" + 7.45x10-'%) and 5.40 + 8.68x10-'6 for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A14. HPLC solubility diagram of fructose in 1-propanol (0.2 — 50 g-L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 0.96 + 0.20 and 5.85 £ 0.09 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of 0.02 + 0.07 and 6.26 + 0.09 for the slope and intercept of the regression
line after the saturation point (red line) were obtained and used in the calculation of

solubility values.
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Figure A15. HPLC solubility diagram of mannose in 1-propanol (0.2 — 50 g-.L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 0.99 + 0.05 and 5.68 £ 0.02 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (-8.68x10-3" + 9.55x10-'%) and 6.30 * 1.17x10-5 for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A16. HPLC solubility diagram of glucose in 2-propanol (0.2 — 50 g-L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 0.74 + 0.04 and 5.18 £ 0.01 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (-1.61x1073" + 7.45x10-"6) and 5.40 + 8.68x10-'6 for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A17. HPLC solubility diagram of fructose in 2-propanol (0.2 — 50 g-L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 0.77 + 0.06 and 5.88 £ 0.02 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of (2.85x10-15 + 1.81x10-'%) and 6.30 *+ 2.34x10-'5 for the slope and
intercept of the regression line after the saturation point (red line) were obtained and

used in the calculation of solubility values.
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Figure A18. HPLC solubility diagram of mannose in 2-propanol (0.2 — 50 g-.L™"). A linear
correlation between an HPLC peak area and the sample concentration is expected within the
solubility limit (m), whereas as expected a constant saturation value was detected upon
saturation and by analysing the surfactant solution (e).

Regression parameters of 1.22 + 0.08 and 5.81 £ 0.04 for the slope and intercept of
the regression line before the saturation point (blue line), as well as regression
parameters of 0.00 £ 0.00 and 6.40 £ 0.00 for the slope and intercept of the regression
line after the saturation point (red line), were obtained and used in the calculation of

solubility values.
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A.4 Density Determinations of Saturated Sugar Solutions in Water and Alcohols.

Table A1. Density measurements of sugar solutions at their saturation points in water,
methanol, ethanol, 1-propanol, and 2-propanol at room temperature together with the density
of pure solvents.

Density of pure solvents Density of sugar solution

solvent

Sugar

(g-mL™) (g-mL™Y)

Glucose 1.136 + 0.003

Water 1.000 + 0.005 Fructose 1.192 + 0.006
Mannose 1.182 £ 0.005

Glucose 0.760 + 0.006

Methanol 0.750 + 0.002 Fructose 0.776 + 0.001
Mannose 0.773 £ 0.001

Glucose 0.758 + 0.003

Ethanol 0.755 + 0.003 Fructose 0.761 £ 0.004
Mannose 0.760 +£ 0.010

Glucose 0.770 + 0.002

1-propanol 0.763 £ 0.001 Fructose 0.779 £ 0.002
Mannose 0.779 £ 0.002

Glucose 0.757 + 0.002

2-propanol 0.750 + 0.002 Fructose 0.770 £ 0.001
Mannose 0.757 £ 0.002

A.5 Catalytic Activity Data for Glucose Isomerisation Reaction in Yields.

Table A2. Catalytic tests with yield data for the isomerization of glucose to fructose in
methanol, using HY, Sn/Y and Ga/Y catalysts. The tests were carried out using 125 mg of the
substrate in 4 mL of CH3OH at the specified reaction temperature for 1 h and endogenous
pressure using a constant metal-to-substrate molar ratio M:S = 1:100.

T (°C) Catalyst vield (%)
y Fructose Methyl Fructoside Mannose
120 HY 19 34 19
100 HY 27 31 32
90 HY 14 44 9
80 HY 7 38 3
120 Sn/Y 17 33 15
100 Sn/Y 22 32 26
90 Sn/Y 13 46 7
80 Sn/Y 13 34 3
120 GalY 15 21 13
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100 GalY 23 36 27
90 GalY 13 40
80 GalY 9 42

w o1

Table A3. Catalytic tests with data in yields for the isomerization of glucose to fructose in
methanol followed by the addition of water in a two-step procedure using HY, Sn/Y and Ga/Y
catalysts. The tests were carried out using 125 mg of the substrate in 4 mL of CH:OH at a
reaction temperature for 1 h and endogenous pressure, and then adding 4 mL of H20 for an
additional reaction time of 1 h at a constant metal-to-substrate molar ratio M:S = 1:100.

T (°C) Catalyst Yield (%)
Fructose Methyl Fructoside =~ Mannose
120 HY 40 13 21
100 HY 32 21 27
90 HY 16 39 9
80 HY 9 28 2
120 Sn/Y 34 12 15
100 Sn/Y 35 17 17
90 sSn/Y 14 39 6
80 sn/Y 12 33 1
120 GalY 41 8 13
100 GalY 47 17 21
90 GalY 14 36 4
80 GalY 9 42 3

Table A4. Catalytic tests with data for the isomerization of glucose to fructose followed a one-
step reaction protocol in methanol and a two-step protocol in methanol followed by adding
water using HY, Sn/Y and Ga/Y catalysts. The tests were carried out using 125 mg of the
substrate in 4 mL of CH3OH at a reaction temperature at specified reaction times in min and
endogenous pressure, and then adding 4 mL of H20O for the specified reaction time (min) at a
constant metal-to-substrate molar ratio M:S = 1:100

One-step reaction Protocol

Time Glucose Selectivity (%)
catalyst (min) = conversion (%) Fructose MeFructoside Mannose CMB (%)
10 61 6 84 9 102
20 67 14 67 19 102
Hy 30 77 20 53 26 101
40 86 25 43 32 97
50 87 26 41 33 96
60 90 30 35 36 109
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Table A5. Catalytic tests with data in yields for the isomerisation of glucose to fructose followed
a one-step reaction protocol in methanol and a two-step protocol in methanol and water using
various zeolite-based catalysts. The tests were carried out using 125 mg of the substrate in 4
mL of CH3OH at a reaction temperature at specified reaction times in min and endogenous
pressure, and then adding 4 mL of H20 for the specified reaction time (min) at a constant
metal-to-substrate molar ratio M:S = 1:100

Yield (%)
Catalyst One step Two steps
Fructose MeF Mannose Fructose MeF Mannose

HY 5 17 55 17 27 41 14
Sn/Y 5 13 55 14 29 30 10
Ga/lY 5 10 61 9 21 39 7
Nb/Y 5 12 58 11 27 34 9
HY 30 29 33 33 32 21 28
Sn/Y 30 22 32 26 35 17 17
Ga/Y 30 23 36 27 47 17 21
Nb/Y 30 22 39 23 43 19 19
H-Beta 25 4 38 4 4 35 4
Sn/beta 25 23 39 28 42 16 19
Ga/beta 25 24 44 28 53 14 22
Nb/beta 25 16 50 16 36 10 11
H-Beta 38 4 30 5 3 30 3
Sn/beta 38 25 34 34 34 26 21
Ga/beta 38 30 28 38 26 23 28
Nb/beta 38 25 38 30 43 19 27
HZSM-5 23 0 35 0 0 40 0
Sn/ZSM-5 23 10 40 8 9 35 7
Ga/ZSM-5 23 11 38 11 7 41 4
Nb/ZSM-5 23 6 46 6 4 43 5
HZSM-5 50 0 36 0 0 32 0
Sn/ZSM-5 50 12 39 10 12 36 8
Ga/ZSM-5 50 9 46 9 7 44 4
Nb/ZSM-5 50 9 44 8 9 38 8
Al-MCM-41 17 45 16 15 48 13
Sn/AI-MCM-41 21 54 21 47 20 16
Ga/Al-MCM-41 21 45 22 22 34 18
Nb/Al-MCM-41 23 40 27 21 33 24
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A.6 Powder X-ray Diffraction of Sn-, Ga-doped on SiO2 and Al20s.
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Figure A19. XRPD patterns of control test materials: (a) Sn/SiO, and (b) Sn/Al,Os, both
prepared via wetness impregnation, and (c) SnO, for pattern comparison.

L GapO3

Intensity (a.u.)

i\_‘/\\ Ga/Sio;

10 20 30 40 50 60 70
20 (degree)

Figure A20. XRPD patterns of control test materials: (a) Ga/SiO, and (b) Ga/Al.O3, both
prepared via wetness impregnation and (c) Ga;Os for pattern comparison.
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A.7 Diffuse Reflectance Infrared Fourier Transform (DRIFT) Spectroscopy
Measurements.

In situ DRIFTS measurements were performed with a Bruker Vertex 70 FTIR
spectrometer equipped with a liquid N2-cooled detector. Approximately 25 mg of the
catalyst sample of interest was placed in a ceramic crucible in the DRIFTS cell. Prior
to the experiments, the catalyst was pre-treated by heating in Ar with a total flow rate
of 50 cm® min~" up to 400 °C for 1 h and then cooled down in flowing Ar to 35 °C. The
IR spectrum of the catalyst at 35 °C under flowing Ar was taken as a background.
Gaseous pyridine in Ar then flowed over the catalyst with a total flow rate of 50
cm® min~' (Ar flow = 30 cm® min™', pyridine flow = 20 cm3 min-1) for 60 minutes. The
temperature of the DRIFTS cell was then increased in increments of up to 150 °C. The
use of pyridine was preferred to the use of ammonia as the latter can decompose over
Al centres in the presence of residual oxygen?.

In situ DRIFTS spectra were recorded with a resolution of 4 cm~" and with the
accumulation of 128 scans every 60 s during transient switches. The DRIFTS spectra

were analysed using the OPUS software.
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Figure A21. DRIFT spectra of HY (black line), Sn/Y (blue line) and Ga/Y (red line). The
samples were pre-treated with Ar and then adsorbed with pyridine at 150 °C. Black lines
represent the band position for Brgnsted acids sites (B), Lewis acid sites (L) and combined
Bronsted and Lewis (B + L) acid sites?.
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A.8 Unit cell calculations of powder X-ray patterns for HY, Sn/Y and Gal/Y zeolites.

Table A6. Rietveld refinement of HY, as delivered, dummy HY, Sn/Y and Ga/Y with SiO2:Al.O3 molar ratio of 30. Fitting parameters were: zero

shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, B, y; profile parameters: U, V, W and asymmetry peak shape 1. The sign (+) stands

for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

Unit cell parameters Expansion or
Material
a (A) £0.001 b (A) £ 0.001 c(A)£0.001 |a=B=y=90°+0.001| V(A1 contraction
HY 24.308 24.308 24.308 90.00 14363 --
HY-dummy (*) 24.290 24.290 24.290 90.00 14330 -0.2
sn/Y 24.299 24.299 24.299 90.00 14346 -0.1
GalY 24.304 24.304 24.304 90.00 14356 0.0

(*) HY zeolite is treated for metal doping but without adding any metal.
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A.9 EXFAS data analysis for Sn/Y and Ga/Y zeolites.

Table A7. EXFAS data analysis for Sn/Y. Fitting parameters for Sn/Y data using a SnO, model for incorporating Sn over the zeolite structure.

Main EXAFS EXAFS XRD distance o’ Debye-Waller
CN So 2 AEO (eV) R-factor
contributions Distance (A) (A) (A2)
Sn-0 6 2.048 (5) 2.057 0.0042 (6) 0.90 (4) 4.6 (5) 0.026
Sn—Sn 2 3.22 (2) 3.201 0.0089 (7) 0.90 (4) 4.6 (5) 0.026
Sn—Sn 8 3.722 (8) 3.712 0.0089 (7) 0.90 (4) 4.6 (5) 0.026
Sn—Sn 4 4.73 (3) 4.737 0.0089 (7) 0.90 (4) 4.6 (5) 0.026
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Table A8. EXFAS data analysis for Ga/Y. Fitting parameters for Ga/Y data using a Ga model with Ga species incorporated into the zeolite

framework.
Main EXAFS EXAFS XRD distance XRD distance Ga o2 Debye- AEOQ
CN So 2 R-factor
contributions Distance () |  Yzeolite (A) Ta site Ga20s (A) Waller (A?) (eV)
1.628 1.833
Ga-0 2 1.83 (1) 0.008 (1) 1.2 (1) 2 (1) 0.021
(Si-0) (Ga-O)
1.658 1.863
Ga-0 2 1.86 (1) 0.02 (7) 1.2 (1) 2 (1) 0.021
(Si-0) (Ga-O)
Ga - Si/Al 3.103/3.136 3.037/3.289 (Ga-
4 3.3 (2) 0.02 (7) 1.2 (1) 2 (1) 0.021
(69/31%) (Si-Si/Al) Ga)
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A.10 Powder X-ray Diffraction of Sn-, Ga- and Nb-doped Zeolite Y (5.1 and 30), zeolite beta (38), ZSM-5 (50) and MCM-41.

Table A9. Rietveld refinement of HY as delivered, dummy Sn-, Ga-, and Nb-doped on zeolite BEA with a SiO2:Al,O3; molar ratio of 25, alongside

their parent undoped zeolites. Fitting parameters were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, B, y; profile parameters:

U, V, W and asymmetry peak shape 1. The sign (+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped

zeolite.
Material Unit cell parameters Expansion or
a(®) b (&) c®) G =p=y=90°£0001| V(A)z1 | contraction

H-BEA 12.37 £ 0.01 12.37 +£0.01 26.23 £ 0.04 90.00 4013 --

H-BEA-dummy (*) 12.36 £ 0.01 12.36 £ 0.01 26.22 £ 0.04 90.00 4003 -0.2
Sn/BEA 12.33+0.01 12.33+0.01 26.16 £ 0.04 90.00 3977 -0.9
Ga/BEA 12.35+0.01 12.35+0.01 26.22 £ 0.04 90.00 4002 -0.3
Nb/BEA 12.35+0.01 12.35+0.01 26.19 £ 0.04 90.00 3996 -04

(*) H-BEA zeolite is treated for metal doping but without adding any metal.
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Table A10. Rietveld refinement of HY as delivered, dummy Sn-, Ga-, and Nb-doped on ZSM-5 zeolite with a SiO2:Al203 molar ratio of 23,
alongside their parent undoped zeolites. Fitting parameters were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, q, B, y; profile
parameters: U, V, W and asymmetry peak shape 1. The sign (+) stands for an expansion and the sign (-) stands for a contraction with respect to

the undoped zeolite.

Material Unit cell parameters Expansion or
a () b (A) ¢ G =p=y=90°%0001| V(AHz1 | conracton
HZSM-5 20.102 £ 0.004 | 20.102 £ 0.004 | 20.102 +0.003 90.00 5382 --
HZSM-5-dummy (*) | 20.105 +0.004 | 19.934 + 0.004 | 13.426 +0.003 90.00 5382 0.0
Sn/ZSM-5 20.089 £ 0.004 | 20.089 +0.004 | 20.089 = 0.003 90.00 5380 0.0
Gal/ZSM-5 20.104 £+ 0.004 | 19.940 £ 0.004 | 13.426 + 0.003 90.00 5382 0.0
Nb/ZSM-5 20.104 £0.004 | 19.937 £0.004 | 13.411 +0.003 90.00 5375 -0.1

(*) HZSM-5 zeolite is treated for metal doping but without adding any metal.

316




J I AL o L e) Nb/Y (5.1)

_J [ Y L d) Ga/Y (5.1)

c) Sn/Y (5.1)

Inensity (a.u.)

JL_LL_L_LL_AWM b) HY ® dummy (5.1)

J A l k || l \ \ a) HY (5.1)

T T T T T T T T T

10 20 30 40 50 60
20 (degree)

Figure A22. X-ray powder diffraction patterns for zeolites: (a) HY as delivered, (b) HY treated
as for metal deposition but without any metal dopant, (c) Sn/Y, (d) Ga/Y, and (e) Nb/Y with a
SiO2:Al,O3 molar ratio of 5.1. No metal or metal oxide cluster from Sn, Ga or Nb is detected,
and all zeolites present a virtually identical pattern.
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Table A11. Rietveld refinement of HY as delivered, dummy HY, Sn/Y, Ga/Y, and Nb/Y with a SiO,:Al.O3 molar ratio of 5.1. Fitting parameters
were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, B, y; profile parameters: U, V, W and asymmetry peak shape 1. The sign

(+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

| Unit cell parameters Expansion or
Material _
a (A) +0.001 b (A) £ 0.001 c(A)£0.001 |a=B=y=90°+0.001| V(A1 contraction
HY 24.528 24.528 24.528 90.00 14757 --

HY-dummy (*) 24.522 24.522 24.522 90.00 14745 -0.1
sn/Y 24.509 24.509 24.509 90.00 14723 -0.2
Ga/lY 24.507 24.507 24.507 90.00 14719 -0.3
Nb/Y 24.487 24.487 24.487 90.00 14683 -0.5

(*) HY zeolite is treated for metal doping but without adding any metal.
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Figure A23. X-ray powder diffraction patterns for zeolites: (a) HY as delivered, (b) HY treated
as for metal deposition but without any metal dopant, (c) Sn/Y, (d) Ga/Y, and (e) Nb/Y with a
SiO2:Al,O3 molar ratio of 30. No metal or metal oxide cluster from Sn, Ga or Nb is detected,
and all zeolites present a virtually identical pattern.
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Table A12. Rietveld refinement of HY, as delivered, dummy HY, Sn/Y, Ga/Y, and Nb/Y with a SiO2:Al,O3 molar ratio of 30. Fitting parameters

were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, B, y; profile parameters: U, V, W and asymmetry peak shape 1. The sign

(+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

Unit cell parameters

Expansion or

Material a (A) +0.001 b (A) £ 0.001 c(A)£0.001 | a=p=y=900+0.001 | V(A3)+1 contraction
HY 24.308 24.308 24.308 90.00 14363 -
HY-dummy (*) 24.290 24.290 24.290 90.00 14330 -0.2
sn/Y 24.299 24.299 24.299 90.00 14346 -0.1
GalY 24.304 24.304 24.304 90.00 14356 0.0
Nb/Y 24.283 24.283 24.283 90.00 14319 -0.3

(*) HY zeolite is treated for metal doping but without adding any metal.
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Figure A24. X-ray powder diffraction patterns for zeolites: (a) H-Beta as delivered, (b) H-Beta
treated as for metal deposition but without any metal dopant, (¢) Sn/Beta, (d) Ga/Beta, and (e)
Nb/Beta with a SiO2:Al,Os molar ratio of 38. No metal or metal oxide cluster from Sn, Ga or
Nb is detected, and all zeolites present a virtually identical pattern.
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Table 4.13. Rietveld refinement of H-beta, as delivered, dummy HY, Sn/beta, Ga/beta, and Nb/beta with a SiO2:Al2O3 molar ratio of 38. Fitting

parameters were: zero shift; scale factor; B overall; unit cell parameters: a, b, c, q, B, y; profile parameters: U, V, W and asymmetry peak shape

1. The sign (+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

Unit cell parameters

Expansion or

Materal a (A)+0.01 b (A) £ 0.01 c(A)+0.04 |a=B=y=900+0.001| V(A3)+1 | contraction
H-Beta 12.344 12.344 26.195 90.00 3992 -
H-Beta-dummy (¥) 12.317 12.317 26.160 90.00 3969 -0.6
Sn/Beta 12.335 12.335 26.185 90.00 3984 -0.2
Ga/Beta 12.350 12.350 26.211 90.00 3998 0.2
Nb/Beta 12.350 12.350 26.200 90.00 3996 0.1

(*) H-Beta zeolite is treated for metal doping but without adding any metal.
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Figure A25. X-ray powder diffraction patterns for zeolites: (a) HZSM-5 as delivered, (b) HZSM-
5 treated as for metal deposition but without any metal dopant, (c) Sn/ ZSM-5, (d) Ga/ ZSM-
5, and (e) Nb/ ZSM-5 with a SiO2:Al,O3 molar ratio of 50. No metal or metal oxide cluster from
Sn, Ga or Nb is detected, and all zeolites present a virtually identical pattern.
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Table A14. Rietveld refinement of HZSM-5, as delivered, dummy HZSM-5, Sn/ZSM-5, Ga/ZSM-5, and Nb/ZSM-5 with a SiO,:Al.O3 molar ratio
of 50. Fitting parameters were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, B, y; profile parameters: U, V, W and asymmetry

peak shape 1. The sign (+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

| Unit cell parameters Expansion or
Material .
a (A) £0.003 b(A)+0.002 | c(A)+0.002 |a=p=y=900+0.001| V(A3)+1 | contraction
HZSM-5 20.106 19.917 13.406 90.00 5368 -
HZSM-5-dummy (*) 20.111 19.919 13.402 90.00 5368 0.0

Sn/ZSM-5 20.096 19.908 13.401 90.00 5361 -0.1
Ga/ZSM-5 20.100 19.913 13.404 90.00 5365 -0.1
Nb/ZSM-5 20.102 19.910 13.399 90.00 5363 -0.1

(*) HZSM-5 zeolite is treated for metal doping but without adding any metal.
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Figure A26. X-ray powder diffraction patterns for zeolites: (a) AI-MCM-41 as delivered, (b) Al-
MCM-41 treated as for metal deposition but without any metal dopant, (c) Sn/AI-MCM-41, (d)
Ga/Al-MCM-41, and (e) Nb/AI-MCM-41 with a SiO2:Al,O3 molar ratio of 28. No metal or metal
oxide cluster from Sn, Ga or Nb is detected, and all zeolites present a virtually identical pattern.
No refinement is possible for A-MCM-41 catalysts as it has one peak only.
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A.11 Trends in Catalytic Activity as a Function of Acidity and Porosity.
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Figure A27. The trend of glucose conversion with respect to total Brensted acidity. The
reaction was carried out following the one-step protocol in methanol at 100 °C for 1 h and

endogenous pressure using a constant M:S molar ratio M:S = 1:100. No clear trend is
detected in conversion values and data are randomly distributed.
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Figure A28. The trend of glucose conversion with respect to total Brensted acidity. The
reaction was carried out following the two-step protocol in methanol and water at 100 °C for 1
h and endogenous pressure using a constant M:S molar ratio M:S = 1:100. No clear trend is
detected in conversion values and data are randomly distributed.
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Figure A29. The trend of fructose yield with respect to total Brgnsted acidity. The reaction was
carried out following the two-step protocol in methanol and water at 100 °C for 1 h and
endogenous pressure using a constant M:S molar ratio M:S = 1:100. No clear trend is
detected in conversion values and data are randomly distributed.
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Figure A30. Trends of a) glucose conversion, b) fructose selectivity and ¢) methyl fructoside
selectivity as a function of pores diameters (A). Reactions carried out following the one-step
protocol in methanol for 1 h at 100 °C and endogenous pressure using a constant M:S molar
ratio M:S = 1:100. Data are randomly distributed, and no clear trend is observed.
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Figure A31. Trends of a) glucose conversion, b) fructose selectivity and ¢) methyl fructoside
selectivity as a function of pores diameters (A). Reactions carried out following the two-step
protocol in methanol for 1 h and water for an additional 1 h at 100 °C and endogenous pressure
using a constant M:S molar ratio M:S = 1:100. Data are randomly distributed, and no clear

trend is observed.
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A.12 The Analysis of Pore Distribution.

The hysteresis cycles were used to determine the isotherm type and the external and
microporous areas of the zeolites. t-plots were used to determine the pore volume,
with a Barrett-doyner-Halenda (BJH) procedure for the determination of the pore
distribution®, and the use of a Horvath-Kawazoe model* for the fine fitting of the

diameter of the microporous component of the zeolite Y framework.

2.4 1

Differential pore volume (cm3-g1.A)

Pore width (A)

Figure A32. Normalized differential pore volume for (e) zeolite HY before doping, and
zeolites (A) Sn/Y, (m) Ga/Y and (V) Nb/Y after metal doping via a wetness
impregnation protocol. Profile fitting by using a Horvath-Kawazoe.
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Figure A33. Incremental pore volume by BJH model for (m) zeolite HY before doping, and

zeolites (m) Sn/Y, (m) Ga/Y and (m) Nb/Y after metal doping via a wetness impregnation
protocol. Profile fitting by using a Horvath-Kawazoe.
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A.13 Catalytic Activity Data for Glucose and Fructose Dehydration Reaction in

Yields.

Table A13. Catalytic data in yields for the fructose dehydration to 5-HMF in water, using HCI.
The tests were carried out using 500 mg of the substrate in 5 mL of H,O at 100 °C for the
specified reaction time and endogenous pressure using a constant metal-to-substrate molar

ratio of 1:1.
L . Yield (%)
Reaction time (min) . . . .
5-HMF Levulinic acid Formic acid
10 12 1 1
20 24 4 3
30 27 7 7
120 15 27 27
240 3 32 35
360 1 33 35

Table A14. Catalytic data of HY zeolites in their acidic forms for the fructose dehydration to 5-
HMF in water. The tests were carried out using 500 mg of the substrate in 5 mL of H2O at 140
°C for 2 h and endogenous pressure using the specified metal-to-substrate molar ratios.

M:S molar Fructose Selectivity (%)

Catalyst ratio conversion (%) 5-HMF  Levulinic acid Formic acid CMB (%)
1:3 82 43 6 51 28
HY (5.1) 1:100 75 46 8 46 40
1:300 58 65 1 35 58
1:3 74 46 23 31 30
HY (30) 1:100 66 54 19 27 46
1:300 41 69 12 19 70
1:3 63 59 16 24 35
HY (80) 1:100 42 75 11 13 70
1:300 38 84 6 11 83
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Table A15. Catalytic data in yields for dehydration reaction of fructose to 5-HMF in water using
undoped HY and doped Sn, Ga, Nb, and Fe catalysts with 1 wt.%. The tests were carried out
using 500 mg of the substrate in 5 mL of H,O at 140 °C for 2 h and endogenous pressure with
an M:S molar ratio of 1:300.

Catalyst

HY
Sn/Y
GalY
Nb/Y
FelY

HY
Sn/Y
GalY
Nb/Y
FelY

SiO2:Al203 molar ratio

5.1

80

5-HMF

22
21
24
23
25
26
35
30
36
37

Yield (%)
Levulinic acid

0

P WWwWwwNEFE PP o

Formic acid

Table A16. Catalytic data in yields for fructose dehydration to 5-HMF using undoped and
doped zeolite Y with 1wt.% of TiO2, Nb2Os, and CeO,. The tests were carried out using 500
mg of the substrate in 5 mL of H20 at 140 °C for 2 h and endogenous pressure with M:S molar
ratios of 1:100 and 1:300.

Catalyst

HY
TiO2/Y
Nb2Os/Y
CeO2/Y
HY
TiO2/Y
Nb20s/Y
CeO2/Y

M:S molar ratio

1:100

1:300

5-HMF

22
35
33
23
26
34
35
36
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A.14 Unit cell calculations of powder X-ray patterns for HY, Sn/Y, Ga/Y, Nb/Y, and Fe/Y zeolites.

Table A17. Rietveld refinement of HY as delivered, dummy HY, Sn/Y, Ga/Y, Nb/Y, and Fe/Y with a SiO2:Al,O3; molar ratio of 5.1. Fitting parameters

were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, B, y; profile parameters: U, V, W and asymmetry peak shape 1. The sign

(+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

Unit cell parameters

V expansion or

ater a (A) £ 0.001 b(A)+0.001 | c(A) 0001 |a=p=y=90°+0.001| V(A3)x1 | contraction (%)
HY 24.528 24.528 24.528 90.00 14757 -
HY-dummy (*) 24.522 24.522 24.522 90.00 14745 -0.1
sn/Y 24.509 24.509 24.509 90.00 14723 -0.2
GalY 24.507 24.507 24.507 90.00 14719 -0.3
Nb/Y 24.487 24.487 24.487 90.00 14683 -0.5
FelY 24.508 24.508 24.508 90.00 14721 -0.2

(*) HY zeolite is treated for metal doping but without adding any metal.
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Table 18. Rietveld refinement of HY as delivered, dummy HY, Sn/Y, Ga/Y, Nb/Y, and Fe/Y with a SiO2:Al.O3 molar ratio of 80. Fitting parameters
were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, B, y; profile parameters: U, V, W and asymmetry peak shape 1. The sign

(+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

ateria Unit cell parameters V expansion or
a (A) +0.001 b (A) + 0.001 c(R)+0.001 |a=B=y=90°+0.001 | V(A% +1 | contraction (%)
HY 24.227 24.227 24.227 90.00 14219 -

HY-dummy (*) 24.205 24.205 24.205 90.00 14181 -0.3
sn/Y 24.222 24.222 24.222 90.00 14211 -0.1
GalY 24.224 24.224 24.224 90.00 14215 0.0
Nb/Y 24.221 24.221 24.221 90.00 14209 -0.1
FelY 24.225 24.225 24.225 90.00 14216 0.0

(*) HY zeolite is treated for metal doping but without adding any metal.
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A.15 Unit cell calculations of powder X-ray patterns for HY, TiO2/Y, Nb20s/Y, and CeOz2/Y zeolites.

Table A19. Rietveld refinement of HY as delivered, dummy HY, TiO2/Y, Nb2Os/Y, and CeO,/Y with a SiO:Al.O3 molar ratio of 80. Fitting parameters
were: zero shift; scale factor; B overall; unit cell parameters: a, b, ¢, a, 8, y; profile parameters: U, V, W and asymmetry peak shape 1. The sign

(+) stands for an expansion and the sign (-) stands for a contraction with respect to the undoped zeolite.

| Unit cell parameters V expansion or
Material .
a (A) £ 0.001 b(A)+0.001 | c(A)+0.001 |a=B=y=90°+0.001| V(A%)+1 | contraction (%)
HY 24.227 24.227 24.227 90.00 14219 --
HY-dummy (¥) 24.205 24.205 24.205 90.00 14181 -0.3
TiO2/Y 24.230 24.230 24.230 90.00 14219 0.1
Nb20s/Y 24.230 24.230 24.230 90.00 14221 0.0
CeO2/Y 24.230 24.230 24.230 90.00 14223 0.3

(*) HY zeolite is treated for metal doping but without adding any metal.
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