Acid-catalysed conversion of
cellulosic biomass
into value added small molecules

Thesis submitted in fulfilment of the requirements
for the degree Doctor of Philosophy
at
University of Technology Sydney
Faculty of Science
School of Mathematical and Physical Sciences
by
Iurii Bodachivskyi

September 2020

Production Note:
Signature removed prior to publication.

i

Acknowledgment
I would like to express my special thanks of gratitude to my supervisors Prof. Bradley
Williams and Dr Unnikrishnan Kuzhiumparambil, who gave me the invaluable gift of
knowledge and the incredible support during the doctorate. They have been the catalysts
of my scientific growth, as well as the builders of my research confidence and resilience.
I also thank Prof. Bradley Williams for bringing philosophy to the scholarship of my PhD.
Besides my supervisors, my deepest appreciation goes to Dr Ronald Shimmon for
continuous scientific advice and for being enabler for my many experiments in one or
another way. I gratefully acknowledge Prof. Peter Ralph and the Climate Change Cluster
(C3) community, who provided the financial, material and technical support for this
project. I would like to extend my sincere esteems to Ms Charlotte J. Page, Dr Simon F.
R. Hinkley and Dr Ian M. Sims of the Ferrier Research Institute, Victoria University of
Wellington, for the gift of cellulosic substrates and for performing size exclusion
chromatography-analysis, which was not possible with local laboratory facilities. Also, I
thank Dr Wayne O’Connor of the Department of Primary Industries Fisheries, Port
Stephens Fisheries Institute, for the gift of macroalga Ulva lactuca. I am grateful to many
academics, technical officers and graduate research students of the Faculty of Science,
University of Technology Sydney (UTS), for useful discussions and constant
encouragement.
Finally, I want to thank my beloved wife Ms Ilona Kravchuk, who is my muse in the art of
science, and who has never let me be discouraged by my scientific work of art.

ii

Statement and list of papers
This thesis by compilation originates from the published and accepted works.
1. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. Acid-catalyzed conversion
of carbohydrates into value-added small molecules in aqueous media and ionic liquids.
ChemSusChem 2018, 11, 642–660.
2. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. A systematic study of metal
triflates in catalytic transformations of glucose in water and methanol: identifying the
interplay of Brønsted and Lewis acidity. ChemSusChem 2019, 12, 3263–3270.
3. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. Metal triflates are tunable
acidic catalysts for high yielding conversion of cellulosic biomass into ethyl levulinate.
Fuel Process. Technol. 2019, 195, 106159.
4. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. Acid‐catalysed conversion
of carbohydrates into furan‐type molecules in zinc chloride hydrate. ChemPlusChem
2019, 84, 352–357.
5. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. The role of the molecular
formula of ZnCl2·nH2O on its catalyst activity: a systematic study of zinc chloride hydrates
in the catalytic valorisation of cellulosic biomass. Catal. Sci. Technol. 2019, 9, 4693–
4701.
6. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. Towards furfural from the
reaction of cellulosic biomass in zinc chloride hydrate solvents. Ind. Crops Prod. 2020,
146, 112179.
7. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. High yielding acid-catalysed
hydrolysis of cellulosic polysaccharides and native biomass into low molecular weight
sugars in mixed ionic liquid systems. ChemistryOpen 2019, 8, 1316−1324.
8. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. Catalytic valorization of
native biomass in a deep eutectic solvent: a systematic approach towards high yielding
reactions of polysaccharides. ACS Sustainable Chem. Eng. 2020, 8, 678–685.

9. Bodachivskyi, I.; Page, C.J.; Kuzhiumparambil, U.; Hinkley, S.F.R; Sims, I.M.;
Williams, D.B.G. Dissolution of cellulose: are ionic liquids innocent or non-innocent
solvents?. ACS Sustainable Chem. Eng. 2020, 8, 10142–10150.
10. Bodachivskyi, I.; Kuzhiumparambil, U.; Williams, D.B.G. Chapter 2, Biomass
processing via acid catalysis. In Biomass valorization: sustainable methods for the
production of chemicals; Ravelli, D.; Samori, C., Eds.; Wiley. Accepted.

iii

Production Note:
Signature removed
prior to publication.
Production Note:
Signature removed
prior to publication.
Production Note:
Signature removed
prior to publication.
Production Note:
Signature removed
prior to publication.
Production Note:
Signature removed
prior to publication.
Production Note:
Signature removed
prior to publication.

iv

Table of Contents
Certificate of original authorship …………………………………………….………

i

Acknowledgment …………………………………………………………….……….. ii
Statement and list of papers ………………………………………………………… iii
Statement of contribution of authors ………………………………………………..

iv

Abstract ………………………………………………………………………………... vii
Chapter 1: Literature review and scope of the thesis .......................................... 1
1.1. Acid-catalysed conversion of carbohydrates into value-added small
molecules in aqueous media and ionic liquids (literature review) …………….. 2
1.2. Formulation of project tasks ………………………………………………….. 22
1.3. Thesis overview …………………………………………………………….…. 23
Chapter 2: Acid-catalysed conversion of (poly)carbohydrates in aqueous and
alcohol media ……………………………………….………………………………… 26
2.1. A systematic study of metal triflates in catalytic transformations of glucose
in water and methanol: identifying the interplay of Brønsted and Lewis acidity

27

2.2. Metal triflates are tunable acidic catalysts for high yielding conversion of
cellulosic biomass into ethyl levulinate ………………………………….…….…. 36
Chapter 3: Catalytic valorisation of cellulosic biomass in ionic liquids ………..... 43
3.1. Acid‐catalysed conversion of carbohydrates into furan‐type molecules in
zinc chloride hydrate ………………………………………………….……………. 44
3.2. The role of the molecular formula of ZnCl2·nH2O on its catalyst activity: a
systematic study of zinc chloride hydrates in the catalytic valorisation of
cellulosic biomass ……………………………………………………….………..... 51
3.3. Towards furfural from the reaction of cellulosic biomass in zinc chloride
hydrate solvents ……………………………………………………………..…......

61

3.4. High yielding acid-catalysed hydrolysis of cellulosic polysaccharides and
native biomass into low molecular weight sugars in mixed ionic liquid systems 66
3.5. Catalytic valorisation of native biomass in a deep eutectic solvent: a
systematic approach towards high yielding reactions of polysaccharides ……. 76
Chapter 4: Dissolution of cellulose: are ionic liquids innocent or non-innocent
solvents? ……………………………………………………………………………....

85

Chapter 5: Account of this thesis, conclusions and future directions …………...

97

v

5.1. Account of the conducted chemical research ……………………………… 98
5.1.1. Introduction ……………………………………………………..……………

98

5.1.2. Acid-catalysed transformations in aqueous and alcohol media:
identifying the essential challenge for sustainable cellulose refinery …….......

102

5.1.3. Ionic liquids are enablers for efficient transformation of cellulosic
biomass ……………………………………………………………………………… 107
5.2. Conclusions and future directions ……………………………………………. 116
Appendices ……………………………………………………………………………. 118
A1: Supporting information for Section 2.1 ………………………………………… 119
A2: Supporting information for Section 2.2 ………………………………………… 142
A3: Supporting information for Section 3.1 ………………………………………… 151
A4: Supporting information for Section 3.2 ………………………………………… 165
A5: Supporting information for Section 3.3 ………………………………………… 170
A6: Supporting information for Section 3.4 ………………………………………… 173
A7: Supporting information for Section 3.5 ………………………………………… 180
A8: Supporting information for Chapter 4 ………………………………………….. 190
References ……………………………………………………………………….….... 201

vi

Abstract
Acid-catalysed conversion of carbohydrates into organic building block molecules is a
promising way to create renewable replacements for fossil fuel-based products. Despite
this promise, it is presently not known how to usefully and economically convert native
non-food-competitive cellulosic materials into sustainable carbon zero fuels and
chemicals in high yields and with low losses. With the aim to remove the blockage
towards the biorefinery, this project systematically studies the acid-catalysed
transformation of cellulosic (poly)carbohydrates and provides innovative methods to
efficiently convert raw, unrefined biomass into value added derivative products.
To explore catalytic reactions of cellulosic polysaccharides, this work starts with model
transformations of monomer glucose under the action of Lewis acidic metal
trifluoromethanesulfonates (metal triflates), Brønsted acids or combined Lewis/Brønsted
acid catalysts in water and methanol. The work underscores the notion that metal triflates
are highly tunable catalysts, which under optimised conditions can selectively convert
glucose into disaccharides and oligosaccharides, fructose, methyl glycosides, or methyl
levulinate. The tunable acidic catalyst systems are further employed in the high-yielding
transformation of microcrystalline cellulose into ethyl levulinate in ethanol. The
pretreatment of raw and unrefined cellulosic biomass with a biobased deep eutectic
solvent affords similarly efficient transformation thereof into ethyl levulinate.
In parallel, the project interrogates the valorisation of cellulosic biomass in ionic liquids.
Firstly, it researches zinc chloride hydrates with a molecular formula ZnCl2·nH2O (n =
2.5–4.5) as solvent-catalyst media for the production of low molecular weight
saccharides and furan type molecules. It defines the preferred reaction conditions to
select furyl hydroxymethyl ketone and furfural, or low molecular weight saccharides and
5-(hydroxymethyl)furfural, from the processing of cellulosic materials. In addition, the
work employs a co-solvent system, comprising 1-butyl-3-methylimidazolium chloride and
the deep eutectic solvent choline chloride/oxalic acid for the selective depolymerisation
of cellulosic biomass into derivative monomer sugars and water-soluble oligoglucans. It
separately probes the reactivity of native polysaccharides in the neat deep eutectic
solvent and identifies preferred conditions for the direct transformation of structurally
branched polysaccharides into monosaccharides and furans, simultaneously providing
fine cellulosic powder. The unreacted cellulose may be further beneficiated into
additional useful chemicals, optimising towards total use of the biomass.
Finally, the work targets a deeper understanding of the dissolution, recovery, and
characterisation of cellulose in various classes of ionic solvents. It combines the obtained
knowledge of the processing of cellulose in the abovementioned ionic systems, providing
practical recommendations for their use in cellulose refinery.
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1.2. Formulation of project tasks
The above-represented literature survey highlights the knowledge gaps and practical
problems that plague the progress towards sustainable valorisation of cellulosic
biomass. It also defines the scope for future investigations, among which the use of
catalytic metal triflates, along with alternative ionic liquid systems, are arguably the most
promising lines for beneficiation within the biorefinery.1 As discussed, metal triflates are
robust and recoverable acidic catalysts that have been successfully deployed in several
transformations of carbohydrates.1 Ionic solvents have been demonstrated to dissolve
cellulosic substances and, in separate examples, to catalyse their reactions,
consequently enabling the valorisation of polysaccharides under milder reaction
conditions and in better yields of some targeted products.1 The present work will
systematically research acid-catalysed conversions of cellulosic carbohydrates and
native cellulosic biomass into value added low molecular weight derivatives under the
action of metal triflates and/or ionic liquid systems. To do this, experimental work is
oriented towards the following tasks:
 Detail the activity of metal triflates in transformations of (poly)carbohydrates
into value added molecules.
A range of Lewis acidic metal triflates, Brønsted acids, and combined Lewis/Brønsted
acid systems are to be explored in model reactions of refined saccharide substrates,
such as glucose and microcrystalline cellulose (MCC), under differing processing
conditions. These conditions will include the catalyst, solvent, temperature regime and
sometimes additives to modify the catalyst.
 Investigate ionic solvents for the dissolution and acid-catalysed processing of
cellulosic materials.
Various classes of ionic liquids (ILs), including zinc chloride hydrates, imidazolium salts
and deep eutectic solvents (DESs), will be researched for the dissolution and acidcatalysed transformation of cellulose. This study will also include the processing of low
molecular weight derivatives to detail the course of hydrolytic conversion of
polysaccharides in ionic systems.
 Optimise reaction conditions for the conversion of polysaccharide substrates
into target compounds and apply them to the valorisation of native cellulosic
biomass.
Defined optimum catalytic systems based on metal triflates, or ILs, will be employed to
the conversion of native cellulose and cellulosic biomass from terrestrial or aquatic
22

sources. The processing parameters will be adjusted for each targeted substrate to
maximise yields and selectivity of desirable product(s).

1.3. Thesis overview
This thesis by compilation comprises three chapters with processed research data
(Chapter 2, 3 and 4), one summative chapter generally discussing the results and
concluding the work (Chapter 5).
Chapters 2 and 3 are combinations of published research articles directly relating to the
thesis.2–8 They are separated into two sub-projects, namely acid-catalysed conversion of
(poly)carbohydrates in aqueous and alcohol media (Chapter 2),2,3 and catalytic
valorisation of cellulosic biomass in various classes of ILs (Chapter 3), respectively.
These chapters are formed by sections which consist of publications with self-contained
aims and objectives, description and justification of research methods and rationalisation
of data. They are arranged in a logical order, to develop a foundation for research for
each subsequent section.
The work in Chapter 2 starts from model transformations of glucose (the monomer of
cellulose) in water and methanol under the action of acidic metal triflates as catalysts,
including their derivative Brønsted acid-assisted or Brønsted base-modified systems
(Section 2.1).2 Section 2.1 details the course of the catalytic conversion of glucose into
value added molecules, and defines the specific type of acid activity (Brønsted or Lewis)
to promote desirable reaction pathways. It determines preferred catalyst, solvent, and
temperature regime, to select for disaccharides, fructose, methyl glycosides, or methyl
levulinate. The improved fundamental knowledge is further translated into the acidcatalysed conversion of MCC into ethyl levulinate in ethanol (Section 2.2).3 Herein,3
superb outcomes of the targeted ester are attained with tunable catalytic combinations
of metal triflates and Brønsted acids. This study3 additionally develops the pretreatment
process using a renewable deep eutectic mixture of choline chloride and oxalic acid
dihydrate (ChCl/oxalic acid), which enables high-yielding and highly selective
transformation of raw and unrefined cellulosic materials thereof into ethyl levulinate.
Chapter 3 interrogates catalytic valorisation of cellulosic substrates in various ILs,
including

zinc

chloride

hydrate

solvents,

1-butyl-3-methylimidazolium

chloride

([C4mim]Cl), and ChCl/acid (oxalic, citric, or p-toluenesulfonic acid) deep eutectic
systems.4–8 This chapter is formed by five sections (research articles), as detailed below.
Sections 3.1–3.3 explores the transformation of polysaccharides and native cellulosic
biomass in catalytic zinc chloride hydrates solvents.4–6 The prelude of this study details
23

the unusual conversion of carbohydrates into furyl hydroxymethyl ketone and furfural,
defining biphasic solvent system ZnCl2·3.0H2O/anisole as an optimum media for this
process (Section 3.1).4 It also highlights some changes of the reaction outcomes in
response on the hydration number n of ZnCl2·nH2O, and obstacles pertaining to the high
reactivity of furanoid products in the acidic ionic solvent.4 Section 3.2 continues this
research, systematically exploring the role of the molecular formula of ZnCl2·nH2O (n =
2.5–4.5) on its catalyst activity in chemical transformations of cellulose and other native
polysaccharides.5 This study5 subsequently applies new insights into highly selective
valorisation of lignocellulosic and algal biomass into low molecular weight reducing
saccharides, 5-(hydroxymethyl)furfural and furfural. Additionally, Section 3.3 identifies
optimal processing conditions to simultaneously and very efficiently valorise native
hexosans and pentosans into furfural as principal product.6
Section 3.4 shifts the focus towards the hydrolytic conversion of cellulose in quaternary
ammonium salts.7 It develops a highly selective method for depolymerisation of cellulose
into water-soluble (oligo)carbohydrates in the mixed ionic media comprising [C4mim]Cl
and ChCl/acid (oxalic, citric or p-toluenesulfonic acid) as co-solvent-catalyst. In this
study,7 a combined ionic system [C4mim]Cl / ChCl/oxalic acid is established to be optimal
and is adopted to the direct depolymerisation of crude cellulose and native cellulosic
biomass into significantly value added low molecular weight reducing carbohydrates.
Section 3.5 investigates catalytic processing of cellulosic polysaccharides in the neat
deep eutectic system ChCl/oxalic acid.8 This work8 characterises the activity of the acidic
DES as a solvent-catalyst for reactions of purified (poly)carbohydrates and of the
macromolecular portion of unrefined lignocellulose in a systematic study. It details
reactivity of native glucans, xylans and fructans and uncovers preferred conditions to
efficiently convert native cellulosic biomass into high value monosaccharides, furan
derivatives, and into refined cellulose. Section 3.5 culminates with a subsequent acidcatalysed processing of the recovered cellulosic material using earlier established
methods, given in Sections 2.2, 3.2 and 3.4, delivering additional value added chemicals
in high yields from the undervalued biomass.
Chapter 4 poses an individual study (a published research article), combining the
information relating to the dissolution, regeneration, and characterisation of cellulose in
ILs.9 It defines the integrity of cellulose from various sources in different classes of ionic
solvents and uses insights given in Chapters 2 and 3 to rationalise observations. It
classifies ILs as innocent or non-innocent processing media based on the extent of
cellulose stability under applied conditions, to provide practical recommendations for the
use of these systems in cellulose refining technologies.
24

Chapter 5 synthesises principal findings of the project in a form of the account,
additionally delivering general conclusions and springboard for future research. This is
an unpublished material but some of the concepts and conclusions are taken from the
currently accepted, co-authored with supervisors book chapter.10
Appendices present supporting information for each research article included in Chapter
2, 3 and 4.2–9
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5.1. Account of the conducted chemical research
5.1.1. Introduction
Biomass is a plant or animal material comprising one or more high molecular
weight carbohydrates, lignin (aromatic polymers), lipids and proteins, and is
naturally or artificially produced for food and energy needs.1,10–12 Additionally, and
alternatively to fossil-derived materials, macromolecular constituents of biomass
show promise for the industrial synthesis of a large range of organic building block
molecules (platform chemicals) as low-carbon or carbon-neutral replacement
products (Scheme 5.1).1,10–15 For example, polysaccharides are convertible into
low molecular weight fermentable sugars, or into functional acids and
esters.1,10,12,16 Chemical or biochemical processing of lignin is known to form a
suite of phenolic monomers, and sometimes dicarboxylic acids.15,17–19 Lipids, such
as triacylglycerides, can be transformed into manifold fatty acid derivatives, while
the proteinaceous portion of biomass can be hydrolysed into amino acids for the
further transformation into nitriles or amines.10,11,20–24 In their own right, these many
derivative molecules are useful speciality chemicals that can be further subjected
to secondary valorisation into renewable fuel, plastics, detergents, lubricants, and
other commodity products.1,10,14,20,24,25 This makes the biorefinery a topic of
significant current scientific, societal, and political interest. Herein, the key to
success is catalysis on which the above-mentioned transformations rely.
Despite public attention across the globe and a growing number of research and
commercial projects on the subject, there is still no solution for this problem. Most
successful laboratory or pilot-scale methods are based on catalytic conversions of
refined edible substrates, including low molecular weight saccharides, vegetable
oils, or proteins.1,10 At the industrial scale, these materials become foodcompetitive, undermining sustainability impacts relating to the use of renewable
biomass. The ideal substrates for sustainable industrial chemical processing
should be non-food-competitive, inexpensive, easily accessible (i.e., physical
accessibility to natural resources), and be available in sizeable amounts.1,10
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Scheme 5.1. Catalytic valorisation of biomacromolecules. R = H or alkyl; HMF =
5-(hydroxymethyl)furfural; FF = furfural.
Among various non-edible resources, terrestrial plant cell walls (lignocellulose) is
the most naturally abundant material with the estimated net output of 150–170
billion tons per year.26 Even with a poor mass balance of the biorefinery, the
existing scale would significantly exceed the needs of materials for the total annual
production of chemicals worldwide (ca. 1.2 billion tons per year).26 In addition,
there has been a ready and poised supply chain of lignocellulosic feedstock as
zero or negative cost residues delivering by agriculture and food manufacturing,
forestry, horticulture, paper, and cardboard recycling industries. Other promising
high-volume sources of cellulosic biomass are non-food-competitive streams of
marine and freshwater algae aquaculture.1,10
Notwithstanding the scale and availability of substrates, the chemocatalytic
valorisation of lignocellulose generally remains industrially unviable for different
reasons. In the first, it pertains to the rigid (supra)molecular structure of native
99

plant cell walls, formed by inter- and intramolecular bonding of cellulosic
polysaccharides and lignin, and sometimes other macromolecules.27 These
structures are virtually insoluble in most common aqueous or organic solvents and
require forcing conditions to promote catalytic reactions. In the second, the
efficient valorisation is compromised by the different reactivity of native polymers
that are differentially dependent on the nature of the catalyst present and
processing parameters. These conditions are often mutually exclusive for
carbohydrates and lignins. For example, polysaccharides, such as cellulose
(β(1→4) linearly linked glucose polymer) and hemicellulose (carbohydrate
polymers often made of structurally branched xylose units), require the action of
acid catalysis for the direct transformation into value added chemicals.1,16
Conversely, lignins are the most efficiently converted via reductive or oxidative
catalysis and typically in the basic reaction media.17,18,28 A common strategy to
circumvent these difficulties is to separate cellulosic and lignin polymers.29 Despite
widely commercialised pulping processes providing refined cellulose and lignin
derivatives (these processes are known to alter the structure of lignin),10,29
fractionation

of

biomass

can

be

performed

by

the

selective catalytic

hydrogenolysis of aromatic polymers into low molecular weight phenolic
substances retaining the carbohydrate portion.10,29,30 This makes polysaccharides
the most readily accessible feedstock for the development of biorefinery
processes at present.
With a view of the dominance of polysaccharides in nature over other
macromolecules and large volumes of available cellulose provided by existing
manufactories, the principal focus of the present doctoral project is on the catalytic
valorisation of cellulosic carbohydrates into value added chemicals. This involves
systematic research of acid-catalysed transformations of purified sugar monomers
and polymers under varied catalytic conditions, followed by the translation of the
improved knowledge and optimised reaction systems into the valorisation of
industrially available native cellulose and cellulosic biomass.
Chemocatalytic conversion of polysaccharides into value added molecules is
considered to be a complex cascade of Brønsted acid-catalysed and Lewis acidpromoted reactions, as detailed in Scheme 5.1.1 Mechanistically, Brønsted acids
(protic acids) activate substrates by protonation of their reactive centres with
hydrogen ion (typically H13O6+ in dilute aqueous solutions).1,2 Lewis acids catalyse
reactions through the bonding of their electron-deficient centre with Lewis basic
site on the substrate. The site and strength of the bonding may be predicted based
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on Pearson’s HSAB principles,31,32 which consider that hard Lewis acids interact
preferentially with hard Lewis bases and soft with soft. When it comes to
carbohydrates, the major active sites are O-containing hard Lewis bases, such as
glycosidic linkages, hydroxyl, and carbonyl groups, and so, in theory, they should
mainly be activated by hard Lewis acids.10 It is worth noting that HSAB principles
predict the hydrogen ion to be a hard Lewis acid.31,32 Thus, the activation by
Brønsted acids principally occurs at similar hard Lewis basic sites of
carbohydrates, but not all protonation steps lead to chemical reactions.
Sometimes the specific catalyst activity (Brønsted or Lewis) may be manifested
by a combination of two Brønsted acids (Brønsted acid-assisted Brønsted acid
catalysts), two Lewis acids (Lewis acid-assisted Lewis acid catalysts), or Brønsted
and Lewis acids (Brønsted acid-assisted Lewis acid catalysts, or Lewis acidassisted Brønsted acid catalysts) via assisted acidity mechanism. 33,34 This
phenomenon should not be confounded with deactivation/decomposition of Lewis
acids in protic media leading to the formation of Brønsted acids. A pictorial
representation of various reactive centres of carbohydrates and possible ways of
their activation by Brønsted and Lewis acid catalysis is given in Scheme 5.2.

Scheme 5.2. Types of acid catalysts and acid-catalysed activations. H = hydrogen ion;
although Brønsted acids are conventionally denoted as H+, the hydrogen ion is known to
form Lewis acid–Lewis base complexes, for instance, H13O6+ in aqueous solutions.1,2
M = electron deficient centre of Lewis acid catalyst.
The entry point of carbohydrate refineries is solvolysis of cellulosic polymers into
derivative aldohexoses and aldopentoses.16 This transformation typically relies on
the Brønsted acid catalysis (Scheme 5.1 and 5.2).1,10 Lewis acids can further
catalyse the isomerisation of aldoses into respective ketoses,1,2,35 or facilitate
retro-aldol condensation of monosaccharides (both aldoses and ketoses) into C 2–
C4 sugars, from which α-hydroxy acids are produced.36–38 On the other hand,
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Brønsted acids can promote dehydration of ketoses into furan-type molecules,
such as 5-(hydroxymetyl)furfural (HMF) and furfural (FF), and rehydration thereof
into levulinic acid under more forcing conditions.1,2,35 Alcohols, which are often
employed as solvents for catalytic reactions of cellulosic materials, typically
convert monosaccharides, aldehydes and acids into respective glycosides,
acetals and esters (Scheme 5.1).2 Selectivity towards one or another product, is
often determined by the nature of the acid catalyst present and the process
conditions. Some of these reactions are catalysed by Brønsted acidity, such as
solvolysis, dehydration, and rehydration, while others require Lewis acidity,
including isomerisation and retro-aldol condensation (Scheme 5.1 and 5.2).1,2,10
Despite targeted conversions of cellulosic substances into value added molecules,
acid catalysis may also promote unfavourable transformations into high molecular
weight byproduct humins that are generally considered to be condensation
products of saccharides and furans, which has a limited scope of applications at
present.39,40 The ongoing challenge is to define optimum catalytic systems and
processing conditions, enabling desired reactions with maximum selectivity into
the targeted product(s).
5.1.2. Acid-catalysed transformations in aqueous and alcohol media:
identifying the essential challenge for sustainable cellulose refinery
To detail the course of catalytic processing of polysaccharides, the present study
starts from the model reactions of purified substrates (glucose and microcrystalline
cellulose (MCC)) in the presence of catalytic metal trifluoromethanesulfonates
(metal triflates), including their analogous Brønsted acid-assisted and Brønsted
base-modified systems, in aqueous and alcohol media. Metal triflates are known
to be stable in protic solvents and to deliver both Lewis acid activity and Brønsted
acid activity through Lewis acid-assisted Brønsted acidity (not solvolysis into
Brønsted acid, Scheme 5.2).2,3,34,41,42 As mentioned, both types of acid activities
(Brønsted

and

Lewis)

are

required for the

catalytic

transformation

of

carbohydrates into platform chemicals, making triflates ideal candidates for the
present research study. The initial screening of various metal triflates (LiOTf,
Al(OTf)3, AgOTf, In(OTf)3, Sn(OTf)2, Y(OTf)3, La(OTf)3, or Hf(OTf)4, where OTf =
trifluoromethanesulfonate), Brønsted acids (H3PO4 or TsOH), and combined
Lewis/Brønsted acids (La(OTf)3/H3PO4 or La(OTf)3/TsOH) in the transformation of
glucose in water under solvent reflux at atmospheric pressure showed only slight
conversion into fructose (yields up to 9 mol%), which is an anticipated product
under these conditions.2 In the presence of hard Lewis acids, such as Al(OTf)3,
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In(OTf)3, Sn(OTf)2 or Hf(OTf)4, the transformations were also accompanied by the
formation of unwanted dark-brown byproduct humins. In turn, soft Lewis acids
(LiOTf and AgOTf) showed no catalytic activity, underscoring the weak
complexation of these catalysts with the hard Lewis basic reactive centres of
glucose (Scheme 5.2). Instead of fructose and humins, Brønsted acids or Lewis
acid-assisted Brønsted acids catalysed the transformation of glucose into
isomaltose (major disaccharide product) and other di-, tri- and oligosaccharides.
The self-condensation process may become an exciting alternative to the
commercial enzymatic production of isomaltose,43 but it is typically overlooked in
sugar

platform

refineries.

In

this

work,2

the

conversion

into

di-

and

oligosaccharides was the most efficiently promoted by the combined acid system
La(OTf)3/H3PO4 in concentrated aqueous solutions (30 wt% glucose in water) and
prolonged reaction time (12 h, conversion 43 wt%, isomaltose yield 18 mol%, total
oligosaccharides yields 42 wt%, based on the substrate, Table 5.1). The improved
activity of the catalyst is explained by high Brønsted acidity of La(OTf)3/H3PO4 in
aqueous media (this catalyst is established to be the strongest Brønsted acid in
the given series of catalysts), as defined by pH readings of aqueous acidic
solutions.2 This highlights that the self-condensation of glucose is a typical
Brønsted acid-catalysed reaction.
Aldose-ketose isomerisation was reported to be more efficient in alcohols than in
water,44–46 and this general knowledge was confirmed in the present research.2
Among the abovementioned catalysts, Al(OTf)3 was found to possess optimum
activity for the isomerisation reaction.2 In methanol, this catalyst promoted almost
complete conversion of glucose into a combination of methyl glucosides (methyl
glucofuranosides and methyl glucopyranosides (non-isomerisation product)) and
methyl fructofuranosides (methyl fructofuranosides and methyl fructopyranosides
(isomerisation product)) under mild reaction conditions (solvent reflux at
atmosphere pressure, 1 h). The subsequent solvent exchange with water and
additional processing in aqueous media (solvent reflux at atmosphere pressure, 1
h) let to obtain glucose, fructose, and methyl glucopyranosides (MG, 1:1 mixture
of α- and β-anomers) (Table 5.1). Note that MG appeared somewhat stable to
hydrolysis, relative to methyl glucofuranosides or methyl fructofuranosides, and
therefore are among major products. Given that the conversion into methyl
glucosides is favoured by Brønsted acidity and that the isomerisation into fructose
is favoured by Lewis acidity,2 it is possible to improve the conversion into ketose
by selectively inhibiting Lewis acid-assisted Brønsted acidity associated with the
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catalyst. This task can be accomplished by the addition of 2,6-di-tert-butyl-4methylpyridine (TBP) as Brønsted base (3:1 based on Al(OTf) 3)) that is known to
exclusively neutralise hydrogen ions, preventing interactions with any larger
cations, such as Al3+, due to steric hindrance exerted by the tert-butyl-groups.2,34
This approach improved the yield and selectivity of fructose after the two-step
transformation in methanol and water, simultaneously reducing Brønsted acidcatalysed production of methyl glucosides (Table 5.1). The achieved yields of the
desired ketose (47 mol%, based on the substrate) under mild reaction conditions
compare very favourably with industrial methods based on the isomerase
enzymes (42%), or with bench-scale chemocatalytic methods that typically require
forcing processing parameters (< 55%).1,46
To promote other catalytic reactions of glucose (Scheme 5.1), further work
attempted acid-catalysed conversions in methanol at elevated temperature (120
°C) and longer reaction time (12 h) before the hydrolysis step in water (solvent
reflux at atmosphere pressure, 1 h).2 Under these conditions, metal triflates and
various Brønsted acid catalysts enabled highly selective transformations of
glucose into derivative MG or methyl levulinate (MLev). Hard Lewis acids, such as
Al(OTf)3, In(OTf)3, Sn(OTf)2 or Hf(OTf)4, delivered excellent outcomes of MLev
(Table 5.1). In these examples, chromatography-analysis of the reaction mixture
also identified trace amounts of HMF and 5-(methoxymethyl)furfural, as
prospective reaction intermediates towards MLev (Scheme 5.1). Conversely,
Brønsted acid catalysts (H3PO4 or TsOH) or Lewis acid-assisted Brønsted acids
(La(OTf)3/H3PO4 or La(OTf)3/TsOH) and soft Lewis acids (Y(OTf)3, AgOTf or
La(OTf)3) promoted the transformation of glucose into MG, with no or minimum
conversion into MLev (Table 5.1). One exception was soft Lewis acidic LiOTf that
mostly yielded fructose (fructose yield 8 mol%, Table 5.1), likely associated with
weak

induced

Brønsted

acidity

to

catalyse

O-glycosidation

or

dehydration/rehydration reactions. Evidently, only hard Lewis acids can effectively
transform glucose into rehydration products through the entire cascade of
reactions, while softer Lewis acids or combined acids are less suited for this task
under applied conditions. Table 5.1 demonstrates the results of several instances,
as discussed above.
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Table

5.1.

Conditions

and

results

of

the

acid-catalysed

processing

of

(poly)carbohydrates in aqueous and alcohol media a

Substrate
Glucose

Glucose

Reaction
media
water

methanol

Catalyst
Al(OTf)3
La(OTf)3

Pinus
cellulose
Wood pulp
(Pinus)
Softwood

Yield
MG
(%)
–
–

Yield alkyl
levulinates (%)
–
–

23 c

2c

0c

–

–

La(OTf)3/H3PO4

43 c

18 c
(42 wt%)c,d

0c

–

–

Al(OTf)3

42 e

–

24 e

5e

f

–

0

f

10

64 g

–

47 g

1g

Sn(OTf)2

90

f

–

0

f

La(OTf)3

99 f

–

0f

89 f

9 (MLev)f

TsOH

93 f

–

0f

93 f

0 (MLev)f

LiOTf

13 f

–

8f

0f

0 (MLev)f

Al(OTf)3

74

h

–

–

–

32 (ELev)h

Sn(OTf)2

50 h

–

–

–

23 (ELev)h

Y(OTf)3

15 h

–

–

–

0 (ELev)h

H3PO4

12 h

–

–

–

0 (ELev)h

Y(OTf)3/H3PO4

78 h

–

–

–

68 (ELev)h

85 i

–

–

–

75 (ELev)i

Al(OTf)3/TBP

ethanol

Yield
fructose
(%)
5b
1c

H3PO4

99

MCC

Yield
isomaltose
(%)
0b
6c

Conv
(%)
12 b
13 c

46

–
f

59 (MLev)f
–

f

43 (MLev)f

ethanol

Y(OTf)3/H3PO4

81 i

–

–

–

68 (ELev)i

ethanol

Y(OTf)3/H3PO4

64 wt% i

–

–

–

53 wt% (ELev)i

ethanol

Y(OTf)3/H3PO4

77 wt% i

–

–

–

52 wt% (ELev)i

Yields and conversions are specified in mol% (in some instances also in wt%) based on the substrate. ‘0’ = not
detected, or detected in trace amounts; MG = methyl glucopyranosides; MLev = methyl levulinate; ELev = ethyl
levulinate; OTf = trifluoromethanesulfonate; TBP = 2,6-di-tert-butyl-4-methylpyridine; TsOH = p-toluenesulfonic
acid; MCC = microcrystalline cellulose. b Reaction conditions: glucose (50 mg), water (2.00 mL), catalyst (20 mol%
based on glucose), reflux at atmosphere pressure, 2 h. 2 c Reaction conditions: glucose (500 mg), water (1.65 mL),
catalyst (20 mol% based on glucose), reflux at atmosphere pressure, 12 h. 2 d Total yield of di-, tri-, and
oligosaccharides. e Reaction conditions: glucose (50 mg), methanol (2.00 mL), catalyst (20 mol% based on
glucose), reflux at atmosphere pressure, 1 h, then solvent exchange with water (2.00 mL), reflux at atmosphere
pressure, 1 h.2 f Reaction conditions: glucose (50 mg), methanol (2.00 mL), catalyst (20 mol% based on glucose),
120 °C, 8 h, then solvent exchange with water (2.00 mL), reflux at atmosphere pressure, 1 h. 2 g Reaction
conditions: glucose (50 mg), methanol (2.00 mL), Al(OTf)3 (20 mol% based on glucose), TBP (60 mol% based on
glucose), reflux at atmosphere pressure, 36 h, then solvent exchange with water (2.00 mL), reflux at atmosphere
pressure, 1 h.2 h Reaction conditions: MCC (50 mg), ethanol (4.00 mL), catalyst (0.05 mmol; 0.05 mmol each acid
for combined catalysts), 160 °C, 4 h.3 i Reaction conditions: substrate (50 mg), ethanol (4.00 mL), Y(OTf) 3 (0.05
mmol), H3PO4 (0.05 mmol), 180 °C, 2 h.3
a

The following goal was to employ acidic metal triflates to the reaction of cellulosic
polysaccharides.3 In these instances, methanol was replaced with ethanol, to
provide fully renewable content in the anticipated products (ethanol may be
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produced by fermentation of cellulosic carbohydrates).47 The processing was
performed under more forcing parameters (160 °C, 4 h), to facilitate
depolymerisation of cellulose. In ethanol, the acid-catalysed conversion of MCC
yielded ethyl levulinate (ELev) as a principal product (Table 5.1). Similar to
transformations of glucose, the conversion of cellulose into ELev was
predominantly catalysed by hard Lewis acids (Al(OTf)3, In(OTf)3, Sn(OTf)2, or
Hf(OTf)4), even though in moderate yields (Table 5.1). These processes yielded
only trace amounts of ethyl glucosides (solvolysis products), or other reaction
intermediates towards ELev, but resulted in the formation of byproduct humins,
accounting for the poor selectivity of the process.3 Soft Lewis acids (Y(OTf)3,
AgOTf, La(OTf)3, or Yb(OTf)3) or Brønsted acids (H3PO4 or TsOH) delivered no
transformation into the targeted ester, nor into solvolysis products (Table 5.1).
However, the combinations of soft Lewis acids and Brønsted acids formed active
catalyst systems through a Lewis acid-assisted acidity mechanism, providing the
improved conversion into ELev (Table 5.1). Among tested combined acid
catalysts, the mixture Y(OTf)3/H3PO4 offered superb yields and selectivity of ELev,
which could be further increased in reactions at slightly elevated temperature
(ELev yield 75 mol%, 180 °C, 2 h, Table 5.1).3
Despite the promising results for the processing of refined MCC, the direct
conversion of bulk, raw cellulose obtained from (eucalyptus cellulose, bleached
and unbleached Pinus cellulose), wood pulp and softwood chips was less efficient
under similar conditions. Apparently, the large particle size and molecular weight
of bulk materials, along with their rigid heterogeneous structure, reduced the
number of effective substrate-catalyst interactions during the processing. The
increased heterogeneity of reaction systems also led to the excessive formation
of humins, reducing the selectivity of targeted reactions.3 To ameliorate these
confounding issues, many laboratory methods opt for the use of refined cellulose,
such as MCC (a medium value product formed by the treatment of native cellulose
with dilute aqueous mineral acids) and dissolving pulp (cotton linter pulp with a
low degree of polymerisation), or involve energy-demanding pretreatment
processes, such as ball-milling.1,3,10,48 These approaches add unwanted
complexities to biorefining technologies and restrict the use of largely available
native cellulosic biomass. Therefore, the problem of the direct catalytic valorisation
of raw, unrefined substrates remains essentially unsolved in all but few isolated
cases. This account will return to this problem once it has identified an acceptable
solution.
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5.1.3. Ionic liquids are enablers for efficient transformation of cellulosic
biomass
The rates of chemical reactions often improve if they can be performed under
homogeneous conditions.10 As mentioned, cellulosic materials are insoluble in
most common aqueous and organic media, and appear somewhat recalcitrant to
chemical conversion in heterogeneous systems. In contrast, ionic liquids (ILs) in
their many accessible forms are potentially key to improved chemical
transformations of cellulosic materials. Many classes of ionic solvents, such as
inorganic molten salt hydrates, quaternary ammonium salts and deep eutectic
solvents (DESs), are able to fully dissolve cellulosic polysaccharides, enabling
significant progress towards milder reaction conditions and better yields of some
targeted products.49–51 In addition, some ionic media are naturally acidic and are
reported to promote acid-catalysed transformations of carbohydrates into platform
chemicals.1,51,52 These make ILs outstanding reaction systems for the catalytic
valorisation of cellulosic biomass. Accordingly, the next task of the present work
was to interrogate various classes of ionic solvents, including inorganic molten salt
hydrates, imidazolium salts, and acidic DESs, for dissolution and chemocatalytic
processing of cellulosic polysaccharides into value added derivatives.
The research was initially oriented towards the use of zinc chloride hydrate
solvents, with the molecular formula ZnCl2·nH2O (hydration number n = 2.5–4.5),
as acidic solvent-catalyst systems for valorisation processes. Historically, these
solvents have obtained widespread application as non-derivatising media in
cellulose refining technologies, and more recently as useful processing systems
for the production of cellulose aerogels, or sugar alcohols.53–55 In this work, the
dissolution of MCC and bulk cellulose (cotton linter, eucalyptus, and Pinus
cellulose) showed that ZnCl2·2.5–4.25H2O systems freely solubilise this polymer
at low temperatures (80 °C for 1–1.5 h), while more hydrated ZnCl2·4.5H2O formed
a suspension thereof in the IL medium.5,9 Additionally, gravimetric analysis and
size exclusion chromatographic determination of the molecular weight of the
regenerated materials revealed that cellulose depolymerises during processing in
ZnCl2·2.5–4.5H2O.5,9 As a general observation, the lower the hydration levels in
the zinc chloride hydrate, the higher the losses of cellulose and the lower the
molecular weight of the recovered solids relative to the input. This correlation
between the degree of the depolymerisation and hydration number of ZnCl 2·nH2O
was established to be related to the acidity of the reaction media, which diminishes
with rising n, as was shown by pH readings and NMR spectroscopy.5
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The dissolution of cellulose and following hydrolytic processing at elevated
temperature (120 °C, 1 h) demonstrated that the differing acid activity of
ZnCl2·2.5–4.5H2O influences the course of the catalytic reactions of cellulose
(Figure 5.1).5 It is consequently possible to adjust the selectivity of the process by
manipulating the hydration levels of the solvent.4–6 Less hydrated media,
ZnCl2·2.5–3.0H2O, favour the transformation of cellulose into furans, namely HMF,
furyl hydroxymethyl ketone (FHK), and FF (Figure 5.1).5 FHK and FF are unusual
major dehydration products and their formation is accordingly seldom recorded for
the reactions of cellulose. FHK is considered to originate by the dehydration of the
intermediate ketohexose (isomerisation product derived from fructose), while FF
is thought to form from fructose via an intermediate pentose (e.g., arabinose), as
shown in Scheme 5.3.4,10 Interestingly, the selectivity to these unusual furanoids
may be significantly improved when performing reactions in the biphasic system
ZnCl2·3.0H2O/anisole (Table 5.2).4,6 This biphasic system is especially useful for
the production of FF from native biomass, due to the simultaneous conversion of
both cellulose and hemicellulose into targeted furaldehyde (yield up to 42 wt%
based on cellulose and hemicellulose content in biomass, Table 5.2).6 In distinct
contrast to less hydrated solvents, highly hydrated molten salts ZnCl 2·4.0–4.5H2O
transform cellulose predominantly into HMF (yield up to 21 mol%, based on
anhydroglucose units present in the substrate) and low molecular weight
saccharides (total yield up to 48 wt%, based on the substrate, Figure 5.1).5 After
optimising the process, high yields of HMF (up to 35 mol%), FF (up to 29 wt%),
and sugars (up to 61 wt%, based on the cellulose content in biomass) are
achievable by performing the conversion of native lignocellulose (corncob or
softwood) and algal biomass (macroalga Ulva lactuca, or microalga Porphiridium
cruentum) in ZnCl2·4.25H2O under relatively mild conditions (Table 5.2).5 In these
instances, the processing required slightly prolonged solubilisation of biomass at
lower temperature (80 °C, 5 h) and the addition of hydrochloric acid as cocatalyst.5 However, not all types of biomass were efficiently subjected to the
valorisation. For example, native softwood is less amenable for the catalytic
conversion in the inorganic solvent (Table 5.2). Additionally, economical methods
to recover products and solvents warrant further investigations.
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Figure 5.1. Acid-catalysed transformation of cellulose into low molecular weight
molecules in ZnCl2∙nH2O. The figure specifies combined yields of mono-, di-, tri- and
tetrasaccharides in wt% and yields of furans in mol %. Reaction conditions: MCC (50
mg), solvent-catalyst (5.000 g), 80 °C, 2.5 h, then 120 °C, 1 h.5 ■ : saccharides; □ : 5(hydroxymethyl)furfural; ■ : furyl hydroxymethyl ketone; ■ : furfural.

Scheme 5.3. Unusual acid-catalysed transformations of cellulose in zinc chloride
hydrate solvents into furan type molecules.4,10 n = integer.
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Table 5.2. Conditions and results of the acid-catalysed processing of cellulosic biomass
in ionic solvents a

Substrate
Corn husk
P. cruentum
Corncob
Softwood
Ulva lactuca
P. cruentum
MCC

MCC
Pinus cellulose
Softwood
Corncob
P. cruentum
P. cruentum
P. cruentum
Softwood

Reaction media
ZnCl2∙3.0H2O /
anisole
ZnCl2∙4.25H2O /
HCl

[C4mim]Cl /
ChCl/oxalic /
La(OTf)3
[C4mim]Cl /
ChCl/oxalic / H2O

ChCl/oxalic
ChCl/oxalic/ MIBK
ChCl/oxalic/ MIBK

Yield
oligosaccharides
(%)
–
–
–
–
–
–
34 wt% d

Yield
glucose
(%)
–
–
61 wt% c
26 wt% c
52 wt% c
49 wt% c
35 wt% d

Yield
xylose
(%)
–
–
–
–
–
–
–

Yield
HMF
(%)
–
–
30 c
22 c
25 c
35 c
4d

Yield
FHK
(%)
12 b
4b
–
–
–
–
0d

Yield
FF
(%)
26 wt% b
42 wt% b
22 wt% c
11 wt% c
15 wt% c
29 wt% c
0d

4 wt% e
21 wt% f

49 wt% e
50 wt% f

–
–

2e
6f

0e
0f

0e
–

15 wt% f
0e
0e
0g
0h
0i

25 wt% f
54 wt% e
55 wt% e
42 wt% g
32 wt% h
0i

30 wt% f
35 wt% e
40 wt% e
73 wt% g
0h
0i

2f
10 e
0e
1g
5h
1i

0f
0e
0e
0g
0h
0i

0f
0e
0e
25 g
72 h
55 i

a

Yields are specified in mol% (in some instances also in wt%) based on the carbohydrate content in the substrate.
Yield oligosaccharides means combined gains of di-, tri- and tetrasaccharides. ‘0’ = not detected, or detected in
trace amounts; HMF = 5-(hydroxymethyl)furfural; FHK = furyl hydroxymethyl ketone; FF = furfural; MCC =
microcrystalline cellulose; OTf = trifluoromethanesulfonate; [C4mim]Cl = 1-butyl-3-methylimidazolium chloride;
ChCl = choline chloride; MIBK = methyl isobutyl ketone. b Reaction conditions: polysaccharides (50 mg, calculated
based on carbohydrate content in the substrate), solvent (5.0 g), 80 °C, 2.5 h, then addition of anisole (40.0 mL),
120 °C, 1 h.6 c Reaction conditions: polysaccharide (50 mg, calculated based on carbohydrate content in the
substrate), ZnCl2∙4.25H2O (5.000 g), HCl (0.03 mmol), 80 °C, 5 h, then 120 °C, 1 h.5 d Reaction conditions: MCC
(50 mg), [C4mim]Cl (1.000 g), ChCl/oxalic acid (0.100 g), La(OTf)3 (10 mol% based on anhydroglucose unit
present), 120 °C, 2 h.7 e Reaction conditions: substrate (50 mg), [C4mim]Cl (1.000 g), ChCl/oxalic acid (0.100 g),
100 °C, 2 h, then temperature increase to 120 °C and gradual addition of water in two steps (step 1: 0.220 mL,
water content 20 wt%, based on IL, t = 0; step 2: 0.110 mL, water content 30 wt%, based on IL, t = 0.5 h), 4 h.7
f
Reaction conditions: substrate (50 mg), [C4mim]Cl (1.000 g), ChCl/oxalic acid (0.100 g), 120 °C, 6 h (12 h for
softwood), then addition of water in two steps (step 1: 0.220 mL, water content 20 wt%, based on IL, t = 0; step 2:
0.110 mL, water content 30 wt%, based on IL, t = 0.5 h), 120 °C, 4 h.7 g Reaction conditions: P. cruentum (200
mg), ChCl/oxalic acid (4.0 g), 80 °C, 2 h. 8 h Reaction conditions: P. cruentum (200 mg), ChCl/oxalic acid (4.0 g),
MIBK (8.0 mL), 100 °C, 4 h.8 i Reaction conditions: softwood (300 mg), ChCl/oxalic acid (4.0 g), MIBK (12.0 mL),
100 °C, 5 h.8

Since the seminal work of Rogers and colleagues exploring the dissolution of
cellulose in imidazolium-based ILs,49 there has been a significant and growing
interest to apply quaternary ammonium salts to biorefining technologies. Various
imidazolium derivatives, tetraalkylammonium chlorides, and ammonium saltcontaining DESs have been attempted to the conversion of cellulosic materials
under

homogeneous

conditions,

substantially

improving

analogous

heterogeneous processes in water or aqueous solvents.1,7,10 However, most of
these studies present the conversions of MCC, or ball-milled cellulose, or even
edible polysaccharides, such as starch and inulin, avoiding the direct conversion
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of native cellulosic materials.7 This work is focussed on the valorisation of nonfood-competitive biomass, and herein the processing of cellulosic substances in
imidazolium solvents and acidic DESs has been readdressed.
Similar to the majority of zinc chloride solvents, selected dialkylimidazolium
chlorides

(1-butyl-3-methylimidazolium

chloride

([C4mim]Cl),

1-hexyl-3-

methylimidazolium chloride ([C6mim]Cl), or 1-octyl-3-methylimidazolium chloride
([C8mim]Cl)) were able to solubilise cellulose and to reduce its molecular weight
during dissolution (100 °C, 1–6 h).9 However, ILs with longer alkyl chains
([C6mim]Cl and [C8mim]Cl) were less effective for the dissolution of bulk cellulose,
and thus were found less suitable for further catalytic transformations. Acidic deep
eutectic systems based on choline chloride (ChCl) in combination with oxalic, citric
or malic acids (ChCl/acid; 1:1 molar ratio for oxalic acid dihydrate or malic acid
monohydrate, respectively; 1:0.5 for citric acid monohydrate, respectively), on
glycine combined with malic acid monohydrate (1:1 molar ratio, respectively), or
on the mixture of proline and malic acid monohydrate (3:1 molar ratio,
respectively), were unable to afford complete solubilisation of MCC or bulk
cellulose at 100 °C for 2 h, even though some of these systems were earlier
reported as cellulose solvents.56–59 Among DESs, only ChCl/oxalic acid system
reduced the molecular weight of substrates, while other systems increased this
parameter due to the esterification of cellulose by the organic acid, as assured by
IR analysis;9 therefore, most of the DESs (with exception of ChCl/oxalic acid) were
considered unsuited for the production of platform chemicals. In the instances with
ChCl/oxalic acid solvent, it was also observed that bulk, native cellulose (cotton
linter, eucalyptus, Pinus cellulose, wood pulp) is amenable to deconstruction into
fine particulate cellulosic material with particle size and structure consistent with
MCC (average particle size 54–86 μm, Figure 5.2). The production of cellulosic
powder from native cellulose in ChCl/oxalic acid can be achieved at lower
temperature (80 °C), and in the concentrated system (up to 20 wt% of cellulose,
based on the DES). Moreover, the DES can be recovered and reused without
changes of activity.3 As will be shown below, this process may become an efficient
pathway for the pretreatment of native cellulose.
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Figure 5.2. 20x Microphotographs of microcrystalline cellulose (a) and the
pretreated in the ChCl/oxalic acid solvent wood pulp (b), and their respective Xray diffraction spectra (c, d)

The subsequent exploratory conversions of MCC in the neat [C4mim]Cl or in the
ChCl/oxalic acid solvent did not provide further conversion into desired low
molecular weight derivatives under more forcing conditions (120 °C, 2 h), and was
followed by the formation of humins in the case with the DES. 7 However, a
combination of [C4mim]Cl and ChCl/oxalic acid (10:1 w/w, respectively) provided
the selective transformation of cellulose into glucose and glucose oligomers
(cellotetraose, cellotriose, and cellobiose). In this co-solvent system, [C4mim]Cl
enables dissolution of the substrate, while ChCl/oxalic acid serves as a catalyst
for the hydrolytic depolymerisation.7 The suite of products suggests that hydrolysis
is not the direct process, and firstly occur into cellulose chunks and only then into
terminal product glucose, as proposed in the Scheme 5.4.7 This is also evidenced
by more complete hydrolysis into glucose at extended reaction times,
consequently to the subsequent hydrolysis of oligoglucans into monomer sugar
(Figure 5.3). However, the longest reactions (16 and 20 h, Figure 5.3) led to the
formation of byproduct humins, which reduced the overall selectivity. The
conversion into glucose can be promoted by the addition of La(OTf)3 to generate
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an in situ Lewis acid-assisted Brønsted acid catalytic system, or by the sequential
dilution of the reaction systems with water (Table 5.2).7 The latter process is
particularly favoured, and is also known to suppress side reaction of saccharides
in imidazolium-based ILs.60 The optimised method delivered similarly excellent
depolymerisation of bulk cellulose (cotton linter, eucalyptus or Pinus cellulose) and
native biomass (corncob, Ulva lactuca or P. cruentum) into significantly value
added low molecular weight saccharides.7 With native biomass, there was an
additional output of xylose due to the hydrolysis of hemicellulose (Scheme 5.1).7
Despite

this

success,

the

co-solvent

system

did

not

afford

efficient

depolymerisation of wood biomass, similarly to zinc chloride hydrates (Table 5.2).

Scheme 5.4. Acid-catalysed hydrolysis of cellulose into low-molecular weight
carbohydrates in the co-solvent [C4mim]Cl / ChCl/oxalic acid. n = integer. m = 0, 1
and 2 for cellobiose, cellotriose and cellotetraose, respectively.

Yield (wt%)
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Figure 5.3. Acid-catalysed transformation of cellulose into low molecular weight
saccharides in the co-solvent [C4mim]Cl / ChCl/oxalic acid. Reaction conditions: MCC
(50 mg), solvent-catalyst (5.000 g), 120 °C.7 ■ : glucose; □ : cellobiose; ■ : cellotriose;
■ : cellotetraose.
Although the ChCl/oxalic acid system appeared rather inefficient in the previous
test, likely due to poor solubility of cellulose, other natural polysaccharides may
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be amenable to the valorisation in this medium.8,56 The valorisation in neat DESs
is of particular interest for biorefinery. In distinct contrast to inorganic molten salts
or imidazolium ILs, many DESs, including ChCl/oxalic acid solvent, may be
produced from plant feedstock, implying renewability of this media.56 A study8 of
the reactivity of several polycarbohydrates in the neat ChCl/oxalic acid solvent
showed that starch (a mixture of α(1→4) linearly linked glucose polymer amylose
and branched α-glucose polymer amylopectin), inulin (a β(1→2) linearly linked
fructose

polymer

with

occasional

chain-terminating

glucose

units)

and

hemicellulose are all soluble and convertible into monosaccharides and furans in
the DES (reaction temperature 60–100 °C, time 1 h).8 This highlights the
correlation between the solubility and reactivity of substrates: linear polymer
cellulose is sparingly soluble and less convertible, relative to soluble
polysaccharides, such as starch, xylans, or fructans.8 The subsequent processing
of lignocellulose (corn husk, corncobs, softwood chips) and algal biomass (Ulva
lactuca, P. cruentum, C. vulgaris) provided conversions of native starch, fructans,
and xylans into monosaccharides (glucose yield up to 68 wt%, fructose yield up to
60 wt%, xylose yield up to 73 wt%, based on respective polysaccharide content in
biomass), HMF (up to 13 mol%) and FF (up to 72 mol%) in the neat DES or in the
biphasic system ChCl/oxalic acid / methyl isobutyl ketone (MIBK).8 Some of these
instances are given in Table 5.2, demonstrating that the formation of specific
product(s) is favourable under specific reaction conditions and for specified
substrate types. The polysaccharide component of the microalgae P. cruentum,
comprising predominantly structurally branched glucans and xylans, can be
transformed into the respective monomers at modest reaction temperature, and
into FF at elevated temperature and extended reaction time (Table 5.2). In
contrast, the direct processing of softwood chips with high cellulose content
converts only hemicellulose into FF (yield 55 mol%, Table 5.2) and leaves a fine
cellulosic powder, analogous to MCC, as an unreacted portion of the biomass.
During the course of this account, there have been defined problems relating to
the rigid structure of raw lignocellulosic biomass, including its physical size,
molecular weight of the carbohydrate polymers present, and their strong
supramolecular interactions. These altogether compromised several targeted
processes in the present study and warrants a solution. In the first instance,
catalytic conversions of bulk cellulose into ELev in ethanol led to reduced
selectivity and to the production of byproduct humins.3 In the second, it was woody
biomass that resisted the efficient valorisation in zinc chloride hydrate solvents,5
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or in the co-solvent system [C4mim]Cl / ChCl/oxalic acid.7 In parallel, this research
uncovered that the biobased ChCl/oxalic acid solvent is a recyclable medium for
the deconstruction of bulk cellulose (Figure 5.2), or softwood biomass (Table 5.2),
into fine cellulosic materials.3,8,9 Pleasingly, the following conversion of this
pretreated cellulosic residue enabled substantial improvements to the yield of
ELev, low molecular weight saccharides or furan type molecules, compared with
the processing of the crude (ligno)cellulose under identical conditions, avoiding
side reactions towards unwanted humins (Tables 5.2 and 5.3).3,8 Such combined
technologies are valuable with a view to a multistage sustainable biorefinery,
providing maximum use and beneficiation of undervalued cellulosic materials.

Table 5.3. Production of value added molecules from reaction of pretreated
cellulosic biomass a

Substrate
Pinus cellulose
Pretreated Pinus
cellulose
Wood pulp (Pinus)
Pretreated wood
pulp (Pinus)
Softwood
Pretreated
softwood
Softwood
Pretreated
softwood
Softwood
Pretreated
softwood

Yield
oligosaccharides
(%)
0b
0b

Yield
hexoses
(%)
0b
0b

Yield
HMF
(%)
0b
0b

Yield
FF
(%)
0b
0b

Yield
ELev
(%)
68 mol% b
73 mol% b

0b
0b

0b
0b

0b
0b

0b
0b

53 b
62 b

0b
0b

0b
0b

0b
0b

0b
0b

52 b
62 b

ZnCl2∙4.25H2O / HCl

0c
0c

26 c
47 c

22 mol% c
24 mol% c

11 c
6c

–
–

[C4mim]Cl / ChCl/oxalic /
H2O

15 d
35 d

25 d
30 d

2d
2d

0d
0d

–
–

Reaction media
ethanol / Y(OTf)3/H3PO4

a

Yields are specified in wt% (in some instances also in mol%) based on the carbohydrate content in the substrate.
Pretreated substrate means cellulosic material obtained after processing in ChCl/oxalic acid. Yield
oligosaccharides means combined gains of di-, tri- and tetrasaccharides. Yield hexoses means combined gains of
glucose and fructose. ‘0’ = not detected, or detected in trace amounts; HMF = 5-(hydroxymethyl)furfural; FF =
furfural; OTf = trifluoromethanesulfonate; [C4mim]Cl = 1-butyl-3-methylimidazolium chloride; ChCl = choline
chloride. b Reaction conditions: substrate (50 mg), ethanol (4.00 mL), Y(OTf) 3 (0.05 mmol), H3PO4 (0.05 mmol),
180 °C, 2 h.3 c Reaction conditions: polysaccharide (50 mg, calculated based on carbohydrate content in the
substrate), ZnCl2∙4.25H2O (5.000 g), HCl (0.03 mmol), 80 °C, 5 h, then 120 °C, 1 h. 5 Reaction conditions:
substrate (50 mg), [C4mim]Cl (1.000 g), ChCl/oxalic acid (0.100 g), 120 °C, 12 h, then addition of water in two
steps (step 1: 0.220 mL, water content 20 wt%, based on IL, t = 0; step 2: 0.110 mL, water content 30 wt%, based
on IL, t = 0.5 h), 120 °C, 4 h.7
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5.2. Conclusions and future directions
As a part of the global effort to establish a sustainable biorefinery, this project has
researched acid-catalysed conversion of cellulosic carbohydrates into carbon-neutral
replacement chemicals. It has improved current fundamental understanding of the
chemistry and has applied new insights into the valorisation of widely available cellulosic
materials, such as native terrestrial lignocellulose and aquatic algal biomass. While the
act of creating this new knowledge was based on model transformations, it has been
successfully applied in more complex systems and has advantaged the production of
several commercially valuable products, such as fructose, isomaltose, and methyl
glucosides. It has furthermore explored synergistic acid catalysts for the direct
transformation of cellulose into ethyl levulinate. In parallel, a systematic study of various
ionic liquids has demonstrated that these solvents are tuneable reaction systems for
high-yielding transformations of native cellulosic biomass into significantly value added
monosaccharides and furan type molecules. It has also demonstrated that a renewable
deep eutectic mixture of choline chloride and oxalic acid is an excellent medium for the
pretreatment of crude cellulose and woody biomass into the particulate cellulosic
material for the subsequent valorisation into platform chemicals.
Despite this progress, there have been many research problems to address for further
scientific and industrial developments of the biorefinery. Some of the synthesised
molecules in the present research study, such as low molecular weight carbohydrates
and furans, are often building blocks for use en route to final commodity- and
performance products rather than final products themselves. This will require additional
investigations of secondary and possibly tertiary transformations of platform molecules
for the production of the targeted replacement chemicals. For example, the glycosidation
of low molecular weight sugars with long-chain nature-derived detergent alcohols in
acidic ionic solvents would permit the renewable synthesis of alkyl (poly)glucosides as
biodegradable surfactants with high renewable content manufactured under sustainable
practices. Redox catalytic transformations of furanoids into renewable fuel type
molecules, such as (cyclo)alkanes, or into alternative monomers for plastics, such as
diamines, diols and dicarboxylic acids, would be other exciting pathways for subsequent
research. Ideally, such post-valorisation procedures into final products should be
possible to perform using crude reaction systems, avoiding separation steps.
Among other exciting directions there is a retro-aldol condensation of carbohydrates and
accompanying conversions into α-hydroxy acids or their respective esters. These
molecules are building blocks for commodity polyesters, but their direct production from
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the acid-catalysed processing of polysaccharides remains less investigated, relative to
other platform chemicals. It would therefore be beneficial to define the preferred acidic
catalysts and suitable reaction conditions to directly convert cellulose and native
cellulosic biomass into valuable α-hydroxy acids and their derivatives.
In addition, and besides reactions of carbohydrates, future studies will be likely oriented
towards the chemocatalytic processing of lignins. Until recently, developments in lignin
refineries have somewhat lagged behind, in comparison to the processing of
carbohydrates, and, as is the case in any emerging field, it lacks a deep fundamental
understanding of the chemistry. Follow up studies may involve the development of new
analytical methods to detail the structure of heterogeneous aromatic polymers, along
with chemical research of the reactivity of lignin model compounds under varied catalytic
conditions. The defined optimum reaction systems should permit the selective
transformation of commercially available lignin into value added derivatives. As opposed
to current hydrocatalytic reductive processes, the future interrogations might be
predominantly based on the oxidative (photo)catalytic depolymerisation of lignins.
Finally, there remain technological difficulties in translating scientific findings into
commercialisable continuous processes, analogous to those that operate in
petrochemical industries. These will be a combined task for scientists and engineers to
develop new catalyst systems achieving highly selective reactions of polysaccharides
and lignins into desired products under flow chemical conditions. The possible solution
here is the engineering of orthogonal cascade processes, during which the whole
lignocellulosic feedstocks will be valorised in-sequence, facilitating to effective
separation of the unreacted portion of biomass, catalyst, and product after each
processing

stage.

Of

simultaneous

conversions

of

various

classes

of

biomacromolecules, forming complex mixtures of products and byproducts, differential
selectivities of reactions would likely be the most important measure of success for
continuous chemistry. For the foreseeable future, biorefineries are likely to focus on
thermochemical conversions of the dissolved biomass in ionic solvents in cascades of
continuous rotating bed catalytic reactors, or in flash vacuum pyrolysis settings. The
ability of ionic liquids to solubilise raw biomass and to catalyse its valorisation would be
an enabler for state-of-the-art industrial flow chemical processes.
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