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Aims and Scope of the Series

The Biofuels and Biorefineries Series aims at being a comprehensive and integrated
reference for biomass, bioenergy, biofuels, and bioproducts. The series provides
leading global research advances and critical evaluations of methods for converting
biomass to biofuels and chemicals. Scientific and engineering challenges in biomass
production and conversion are covered that show technological advances and
approaches for creating new bio-economies in a format that is suitable for both
industrialists and environmental policy decision-makers.

The Biofuels and Biorefineries Series provides readers with clear and concisely
written chapters that are peer-reviewed on significant topics in biomass production,
biofuels, bioproducts, chemicals, catalysts, energy policy, economics, and
processing technologies. The text covers major fields of plant science, green
chemistry, economics and economy, biotechnology, microbiology, chemical
engineering, mechanical engineering, and energy.

Series Description

Annual global biomass production is about 220 billion dry tons or 4,500 EJ,
equivalent to 8.3 times the world’s energy consumption in 2014 (543 EJ). On the
other hand, world-proven oil reserves at the end of 2011 reached 1652.6 billion
barrels, which can only meet just over 50 years of global production. Therefore,
alternative resources are needed to both supplement and replace fossil oils as the
raw material for transportation fuels, chemicals, and materials in petroleum-based
industries. Renewable biomass is a likely candidate, because it is prevalent over the
Earth and is readily converted to other products. Compared with coal, some of the
advantages of biomass are (i) its carbon-neutral and sustainable nature when
properly managed, (ii) its reactivity in biological conversion processes, (iii) its
potential to produce bio-oil (ca. yields of 75%) by fast pyrolysis because of its high
oxygen content, (iv) its low sulfur and lack of undesirable contaminants (e.g.,
metals, nitrogen content), (v) its wide geographical distribution, and (vi) its potential
for creating jobs and industries in energy crop productions and conversion plants.
Many researchers, governments, research institutions, and industries are developing
projects for converting biomass including forest woody and herbaceous biomass
into chemicals, biofuels, and materials, and the race is on for creating new
“biorefinery” processes needed for future economies. The development of
biorefineries will create remarkable opportunities for the forestry sector and
biotechnology, materials, and chemical processing industry and stimulate advances
in agriculture. It will help to create a sustainable society and industries that use
renewable and carbon-neutral resources.

More information about this series at http://www.springer.com/series/11687
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Preface

With increasing concerns on environmental pollution and global warming that
resulted from traditional fossil resource applications, much progress has been made
in the past few years in developing catalytic reaction systems and chemistries for the
conversion of various biomass resources into platform chemicals. This text provides
state-of-the-art reviews, current research, prospects, and challenges of production of
platform chemicals such as C6 sugars, S5-hydroxymethylfurfural, furfural,
y-valerolactone, xylitol, 2,5-furandicarboxylic acid, levulinic acid, ethanol, and oth-
ers from sustainable biomass resources with processes that include heterogeneous
catalysis, ionic liquid, hydrothermal/solvothermal, electrochemical, and fermenta-
tion methods. Reaction mechanism, methods for product separation and purifica-
tion, and process integration are introduced. The application of these chemicals and
their derivatives for synthesizing commodity chemicals via various routes is also
covered.

This book is the seventh book of the series entitled “Biofuels and Biorefineries,”
and it contains 14 chapters contributed by leading experts in the field. The text is
arranged into five key areas:

Part I: Production of Sugars (Chap. 1)

Part II: Production of Aldehydes (Chaps. 2, 3, and 4)

Part III: Production of Acids (Chaps. 5, 6, 7, and 8)

Part I'V: Production of Alcohols (Chaps. 9, 10, 11 and 12)

Part V: Production of Lactones and Amino Acids (Chaps. 13 and 14)

Chapter 1 presents a brief introduction into the characterization of lignocellu-
losic biomass and outlines some developing and promising pretreatment and hydro-
lysis methods for lignocellulosic biomass. Chapter 2 provides state-of-the-art
developments in the field of catalytic synthesis of furfural from C5 sugars and hemi-
cellulose biomass, taking into consideration green chemistry principles, and gives
critical analyses and perspectives of the development of sustainable furfural produc-
tion processes. Chapter 3 summarizes the catalytic production of
5-hydroxymethylfurfural from biomass-derived sugars and lignocelluloses and
mainly focuses on the characteristics and superiority of different catalysts on the
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catalytic transformation of various feedstocks. Chapter 4 provides an overview of
the historical role of 5-(halomethyl)furfurals in the chemical investigation of carbo-
hydrates and describes multiple approaches to their preparation. Commercial mar-
kets that can be unlocked by synthetic manipulation of 5-(chloromethyl)furfural and
its immediate derivatives are highlighted. Chapter 5 offers an overview on process
technology studies of kinetic models and the status of large-scale production of
levulinic acid from biomass. Levulinic acid derivatives and their application are also
presented. Chapter 6 gives a concise overview of up-to-date methods for the syn-
thesis of 2,5-furandicarboxylic acid from 5-hydroxymethylfurfural or directly from
carbohydrates, with special attention to catalytic systems, mechanistic insight, reac-
tion pathway, and catalyst stability. Chapter 7 introduces the chemical processes
for the production of gluconic acid and glucaric acid from monosaccharides and
polysaccharides with a focus on heterogeneous catalysts. Chapter 8 reviews micro-
organism producers, cultivation, separation technologies, alternative substrates of
lignocellulosic biomass, and integration strategies to provide analysis of the strate-
gies and economics of 1,4-diacid commercial-scale production. Chapter 9 analyzes
sorbitol’s current market and its potential as a platform chemical and describes sor-
bitol production methods by chemical, electrochemical, and biotechnological
routes. Some prospects about the direction of future research for overcoming cur-
rent bottlenecks for further development are discussed. Chapter 10 describes bio-
technological xylitol production from the selection and preparation of the raw
material to fermentative process conditions, downstream strategies, and future per-
spectives. Chapter 11 introduces the development of heterogeneous catalysts for
the production of C2 to C6 diols by removal of OH groups, hydrogenation of COOH
to CH,OH, and/or ring-opening C-O hydrogenolysis. Chapter 12 compiles recent
advances in lignocellulosic ethanol production processes, from novel raw materials
or fermenting microorganisms to new processing technologies and their present
commercialization. Chapter 13 surveys the methodology and recent advances in
the production of y-valerolactone (GVL) from different renewable biomass-derived
sources, from the pioneering studies to the present state of the art. Chapter 14 pro-
vides an overview of the microbial production of L-glutamic acid and L-lysine and
their applications as building block chemicals from biomass for synthesizing com-
modity chemicals and non-protein amino acids.

The text should be of interest to students, researchers, academicians, and indus-
trialists who are working in the areas of renewable energy, environmental and chem-
ical sciences, engineering, resource development, biomass processing, sustainability,
materials, biofuels, and chemical industries.

Nanjing, Jiangsu, China Zhen Fang
Sendai, Japan Richard L. Smith Jr.
Tianjin, China Xinhua Qi
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Part I
Production of Sugars



Chapter 1
Hydrolysis of Lignocellulosic Biomass
to Sugars

Lei Qin, Wen-Chao Li, Jia-Qing Zhu, Bing-Zhi Li, and Ying-Jin Yuan

Abstract Lignocellulosic biomass is a widely available resource that can be used
to produce renewable chemicals. Conversion of lignocellulosic biomass into sugars
is one of the major challenges in producing biofuels and chemicals, because inher-
ent biomass recalcitrance hinders the efficient conversion. The most available
method in industry is to combine thermochemical pretreatment with enzymatic
hydrolysis treatment. In this chapter, a brief introduction into the characterization of
lignocellulosic biomass is presented. Some developing and promising pretreatment
methods are introduced. Process description, reaction mechanisms and develop-
ments in each pretreatment method are reviewed. Enzyme systems for lignocellu-
lose hydrolysis and the influencing factors to enzymatic hydrolysis are presented
and promising hydrolysis strategies are outlined.

Keywords Lignocellulose ¢ Biomass ¢ Cellulose ¢ Hemicellulose * Lignin °
Pretreatment * Enzymatic hydrolysis ¢ Cellulase * Inhibition

1.1 Introduction

Lignocellulosic biomass is regarded as a potential resource to produce mixed sug-
ars, of which more than half of the amount of material consists of carbohydrates.
The most commonly used method for producing sugars from lignocellulosic bio-
mass is enzymatic hydrolysis. Several related technologies have appeared in the
past years so that this conversion process can be carried out. Now, the objective is to
make it more cost-competitive in today’s markets. Plants evolve the recalcitrance to
resist microbial and enzymatic deconstruction. Several factors contributing to the
recalcitrance have been well-studied in past years and these findings are instructive
for enhancing discussion on enzymatic digestibility of lignocellulosic biomass.

L. Qin* W.-C. Li ¢ J.-Q. Zhu * B.-Z. Li (<) ¢ Y.-J. Yuan

Key Laboratory of Systems Bioengineering (Ministry of Education), School of Chemical
Engineering and Technology, SynBio Research Platform, Collaborative Innovation Center of
Chemical Science and Engineering (Tianjin), Tianjin University,

Weijin Road 92, Nankai District, Tianjin 300072, People’s Republic of China

e-mail: bzli@tju.edu.cn
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1.1.1 Lignocellulosic Biomass
1.1.1.1 Biomass Cell Wall Structure

Plant cell walls are the primary materials of lignocellulosic biomass. Lignocellulosic
materials include herbaceous plant (e.g. corn stover and switchgrass), softwood
(e.g. spruce), hardwood (e.g. aspen), and other waste materials (e.g. distillers’ grains
and waste paper). The composition and structure of plant cell wall determine the
design of downstream processes in a biorefinery. Plants consist of an orderly
arrangement of cells with walls composed of varying amounts of a mixture of cel-
lulose (~40%), hemicellulose (~15-35%), lignin (~15-30%) and other components
(e.g. pectin, proteins, ash, lipids, wax, and other extractives) [1]. The plant body is
like a building made of “osmotic bricks”, which means that pressure fastens the
cells by creating tension in the cell walls [2].

Plant cell wall structures in multi-scales are displayed in Fig. 1.1. There is a
lumen in the supporting cell wall after the protoplast is dead, which has the function
of transporting water and nutrients. The outer layer of the cell wall is primary cell
wall which is a heterogeneous mixture of cellulose, hemicellulose and pectin. The
secondary wall is inside of the primary cell wall and can be divided into three sub-
layers. The secondary wall accounts for the majority of cell wall mass, which mainly
consists of cellulose, hemicellulose and lignin. Cellulose microfibrils are covered
and cross-linked by amorphous materials (mainly hemicellulose and lignin) [3, 4].
Lignin also cross-links with hemicellulose and forms lignin-carbohydrate com-
plexes (LCC).

1.1.1.2 Cellulose

Cellulose (i.e. glucan) is unbranched homopolymers of $-(1,4)-linked D-glucose.
Native cellulose molecules in higher plants are in fibril and crystal form, which is
named as cellulose 1. The visually structures of cellulose are cellulose microfibrils
with the diameter of 2~10 nm, which are cross-linked by other components such as
glucoronoarabinoxylan and xyloglucans [2]. Microfibrils, synthesized at the plasma
membrane, are unbranched fibrils and composed of 30~36 glucan chains aggregated

Compound middle lamella
\ Cell lumen

Microfibrils

Cell wall
Cellulose Hemicellulose oy
y—— Lignin l
—— Cell corner

Glucan chain

Fig. 1.1 Visualization of plant cell wall structures from micrometer scale to nano scale
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through intra- and inter-hydrogen bonding and van der Waals forces to form the
crystalline structures [4]. Microcrystalline cellulose is divided into two different
crystal phases: I, and I;. Cellulose I, and I are the primary allomorphic forms of
cellulose in microorganisms and higher plants, respectively. Besides cellulose I,
other allomorphs can be produced through various thermochemical treatments.
Native cellulose can transform to cellulose II irreversibly by caustic mercerization
or regeneration (such as ionic liquids) and to cellulose III by liquid ammonia or
amine treatment. The lattice spacing distances of cellulose III and cellulose II are
longer than that of cellulose I due to the alteration of the networks of intra- and
inter-hydrogen bindings [5, 6].

1.1.1.3 Hemicellulose

Hemicellulose is a class of heterogeneous polysaccharides, generally accounting for
15~35% of plant biomass. Hemicellulose may contain pentoses (f-D-xylose, a-L-
arabinose), hexoses (f-D-mannose, f-D-glucose and a-D-galactose) and/or uronic
acids (a-D-glucuronic, a-D-4-O-methylgalacturonic and a-D-galacturonic acids).
Other sugars (a-L-rhamnose and a-L-fucose) may also exist in small amounts.
Acetyl groups may partially substitute the hydroxyl groups of sugars. Xylan, which
is an ideal polymer of xylose, is the most abundant relevant hemicellulose. Xylan is
the main hemicellulose component in the secondary cell walls, accounting for about
20~30% in hardwoods and herbaceous plants. Mannan-type hemicelluloses (for
example, glucomannan and galactoglucomannan) are the major types of hemicel-
lulose in the secondary cell wall of softwoods. Different hemicellulose structures
can be detected depending on the different biological origins [7].

1.1.1.4 Lignin

Lignin is abundant in the middle lamella (20~40%) and the interlamination of sec-
ondary cell walls (60~80%). Lignin is a complex macromolecular polymer synthe-
sized mainly from three p-hydroxycinnamyl alcohols: p-coumaryl, coniferyl and
sinapyl alcohols. These monolignols produce the p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S) subunits, respectively. Lignin subunits are cross-linked by a
series of bonds (such as #-O-aryl ether and -f’ linkages). Lignin may cross-link to
polysaccharides via coupling of feruloylated xylans [8, 9].

1.1.2 Conversion Pathways from Lignocellulose Biomass
to Sugars

There are three major hydrolysis processes used to produce sugars from lignocel-
lulose: dilute-acid hydrolysis, concentrated-acid hydrolysis, and enzymatic
hydrolysis.
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Fig. 1.2 Bioconversion process from lignocellulosic biomass to sugars

In the dilute-acid process, the concentration of sulfuric acid can be over a wide
range of values (0.4~20%). Hemicellulose can be easily hydrolyzed by dilute acids
under moderate conditions, but much more severe conditions are needed for cellu-
lose hydrolysis, namely, the reaction needs to be carried out at high temperatures
(up to 190 °C) and pressures [10].

The concentrated-acid hydrolysis process can produce high glucose yields from
lignocellulose. Sulfuric acid concentration used is in the range of 10~30%. Lower
operating temperatures and pressures are adequate during the concentrated-acid
hydrolysis process.

However, acid hydrolysis processes have several disadvantages limiting the
application to industry, for example, acid hydrolysis may give a surprisingly large
ratio of sulfuric acid to cellulose on dry weight basis (varying from 0.03 to 5), the
degradation of sugars to by-products is hard to control, the acid is difficult to be
separated and recovered from the sugar products, large amounts of acid may con-
taminate the environment, and dilute acid is corrosive to equipment although corro-
sion is less of an issue at very high acid concentrations.

Enzymatic hydrolysis, which is a bioconversion process, is the most common
method of producing sugars from lignocellulosic biomass due to its moderate oper-
ating conditions, high specificity and affinity, and non-pollution to environment.
Enzymes produced by various categories of microorganisms are enable to break
down lignocellulose into sugars. This chapter focuses mainly on the enzymatic
hydrolysis to produce sugars from lignocellulose. Prior to the enzymatic hydrolysis
of lignocellulose, several operation units are required, including feedstock harvest
and storage, enzyme production, and pretreatment (Fig. 1.2).

1.1.3 Biomass Recalcitrance

The enzymatic digestibility of lignocellulosic biomass is hindered by many factors,
including structural and compositional factors. The natural resistance of plant cell
walls to enzymatic deconstruction is collectively known as “biomass recalcitrance”.
The biomass recalcitrance is mainly attributed to: (1) the mechanical defenses from
the epidermal tissue (particularly the cuticle and epicuticular waxes), the
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sclerenchymatous tissue, and the compact cell wall connection; (2) the protection of
lignin; (3) the high crystallinity and degree of polymerization of cellulose [4, 11,
12]. Biomass needs pretreatment so that the cellulose in the plant fibers can be
exposed to enzymes. Increasing accessibility of cellulose to enzymes is the funda-
mental factor to break down the biomass recalcitrance and thus enhances enzymatic
digestibility. The specific factors contributing to biomass recalcitrance studied in
details during past years are stated as follows:

Lignin, Hemicellulose and Pectin Content In general, cellulose-rich substrates with
more highly accessible cellulose require low enzyme loading to obtain efficient
hydrolysis. The removal of hemicellulose and lignin relieves the physical barrier
and thus increases the accessibility of the enzymes to the cellulose chains [13, 14].
Degradation of either hemicellulose or lignin can increase the cellulose conversion
[15].

Cellulose Crystallinity Reduction of crystallinity remarkably increases the hydro-
lysis rate and reduces the enzyme dosage required to achieve high cellulose digest-
ibility [16, 17]. Moreover, it is believed cellulose allomorph has a strong influence
on cellulose digestibility, which decreases in the following order: amorphous cel-
lulose > cellulose IIT > cellulose II > cellulose I [18, 19]. However, the variation of
the degree of polymerization of cellulose has shown to be insensitive to enzymatic
digestibility [20].

Porosity The increasing biomass fiber porosities has a significantly positive influ-
ence on the efficiency of enzymatic hydrolysis [20].

1.2 Pretreatment

Pretreatment is an important process for biological conversion of cellulosic biomass
to sugars and for fermentation to biofuels and other chemicals. Pretreatment is
aimed to break down the biomass recalcitrance, make cellulose more accessible to
the enzymes, and improve enzymatic digestibility. The role of pretreatment in prac-
tice is generally the disruption of the naturally resistant lignin-carbohydrate shield
and/or the crystalline structure of cellulose. Pretreatment is regarded as one of the
most expensive processing steps in the bioconversion of lignocellulosic biomass.
The average cost of pretreatment has been estimated to be about 20 dollar/ton bio-
mass in 2005 [21]. Even so, pretreatment has great potential to improve enzymatic
efficiency and lower enzyme dosage and cost. Pretreatment also has the pervasive
impact on processing of all other operations, such as the handling of the liquid
streams generated and solids from pretreatment, waste treatment, and the potential
production of co-products [22]. Therefore, the choice of pretreatment technology
should take into account not only the enzymatic digestibility of cellulose, but also
the operation pattern and the compatibility with the overall process [22, 23]. There
are several key aspects to be taken into consideration for low-cost and advanced
pretreatment process (Fig. 1.3):
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Fig. 1.3 Classification and requirements of lignocellulose pretreatment

1. High enzymatic digestibility of pretreated solid. Generally, cellulose conversion
of pretreated biomass needs to be as high as possible. In addition, relative low
enzyme loading is desired due to the high cost of enzymes [24].

2. Lignin recovery. Lignin and the derived materials should be recovered for their
conversions to valuable co-products in subsequent processes.

3. Minimum degradation products. Degradation products from pretreatment of lig-
nocellulose materials can be divided into the following classes: carboxylic acids
(e.g. acetic, formic and levulinic acid), furan derivatives (e.g. furfural and
5-HMF), and phenolic compounds, all of which have inhibition effects to enzy-
matic hydrolysis to some extent.

4. Minimum heat and power requirements. The heat and power for pretreatment
should be low or compatible for thermal integration with other processes.

5. Low water usage. The use of raw biomass at high dry matter content can reduce
energy consumption during pretreatment.

6. Minimum cost of chemicals. The need for chemicals in pretreatment and subse-
quent neutralization should be minimal and inexpensive. Otherwise, the chemi-
cals should be recoverable and the recovery process should be inexpensive.

7. Minimum size reduction requirement. Milling of biomass to small particles is
energy intensive and costly. Pretreatment technologies appropriate for large par-
ticle sizes are desirable.

8. No production of waste. The chemicals or materials produced should not present
processing or disposal challenges.

Over the years, many technologies have been developed for realizing low cost
and high sugar yields from both cellulose and hemicellulose, which can be catego-
rized as mechanical, thermochemical and biological processes. In many cases, the
combinations of these approaches are necessary to obtain high enzymatic
digestion.
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In this section, various pretreatment methods as well as the operation and mecha-
nism are reviewed. Although some pretreatment methods have been applied in
industrial processes, none are absolutely predominant among the methods. More
understanding of the effect of pretreatment on structural and molecular level and
more novel pretreatment technologies still need to be developed. Besides pretreat-
ment methods, some preceding processes, such as harvest, storage, size reduction
and fractionation that have considerable impact on pretreatment efficiency are
discussed.

1.2.1 Thermochemical Pretreatment

Thermochemical pretreatment employing high temperature with or without chemi-
cal catalysts to disrupt the biomass recalcitrance occupies the most important place
in pretreatment processes, since most lignocellulosic feedstocks require high inten-
sity to achieve satisfactory enzymatic digestibility.

Thermochemical pretreatment can be categorized according to catalyst property
as acidic, neutral, alkaline and organic catalyzed pretreatment. Acidic pretreatment
generally results in the hydrolysis of hemicellulose to monomeric sugars and other
by-products. Neutral pretreatment hydrolyses hemicellulose through autohydroly-
sis. Alkaline pretreatment makes lignin and partial hemicellulose soluble [25]. A
general function of acidic and alkaline pretreatment on lignocellulose is demon-
strated in Fig. 1.4. Organic pretreatment selectively dissolves carbohydrates and/or
lignin. Pretreatment can also be categorized as chemical and physicochemical pre-
treatment methods. Physicochemical pretreatment combines heat and rapid pres-
sure release, such as steam explosion and ammonia fiber expansion. Various
pretreatment methods listed in Table 1.1 are introduced.

1.2.1.1 Dilute Acid (DA) Pretreatment

Dilute acid (DA) pretreatment appears as a candidate method for industrial applica-
tions and for treating a wide range of lignocellulosic biomass. Dilute acid pretreat-
ment has historically been conducted at temperatures of 120~180 °C, acid
concentrations of 0.2~2% (w/w) and reaction times within 60 min. The most widely
used approach is based on sulfuric acid. Nitric acid, hydrochloric acid, phosphoric
acid and organic acids have also been shown to be effective.

Combined severity (CS), a function of pretreatment time, temperature and pH, is
usually applied to evaluate the pretreatment severity. The combined severity is
defined as [26, 27]:

CS =logR,—pH (1.1)

R, = txexp[(T; —100)/ w] (1.2)
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Fig. 1.4 General effects of acidic and alkaline pretreatment on solubilization of hemicellulose and
lignin in lignocellulose

in which R, is a severity factor; # is reaction time in minutes; 7 is the hydrolysis
temperature in °C; @ is an empirical parameter, usually assigned to the value of
14.75, which equates to a reaction that doubles in reaction rate for every 10 °C
increase in temperature [28].

The remarkable improvement of enzymatic digestion of dilute acid pretreated
biomass is correlated to the removal of hemicellulose. Under acidic conditions,
hemicellulose is more easily degraded to monomeric sugars and by-products than
cellulose due to the amorphous structures. The majority of lignin and cellulose com-
ponents are retained in the acid-insoluble residues. Soluble sugars hydrolyzed by
acid during pretreatment can be further degraded to furfural (which is produced
from pentoses) and 5-hydroxymethylfurfural (5-HMF, which is produced from hex-
oses). The degradation routine of lignocellulosic biomass during acidic pretreat-
ment is elucidated in Fig. 1.5. Acid hydrolysis is also an important method to
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Table 1.1 Summary of thermochemical pretreatment methods for lignocellulosic biomass

Pretreatment Typical pretreatment

method condition Advantages Disadvantages

DA® 160 °C, 0.5% Low cost; reduces Equipment erosion;
sulfuric acid, 15 min, | hemicellulose content chemical recovery;
solid to liquid ratio formation of toxic
of 1:10 [38] components

SE® 200 °C, 10 min [49] | Cost-effective; solubilizes | Equipment cost;

hemicellulose; no
chemical used

formation of toxic
components

SO, explosion

190 °C, 6% SO,,

Cost-effective; solubilizes

Equipment cost;

5 min [43] hemicellulose equipment erosion;
formation of toxic
components

LHWre 190 °C, 15 min, solid | Solubilizes hemicellulose; | Equipment cost
to liquid ratio of 1:6 | few degradation products
[50]

Flowthrough 170 °C, 25 mL/min, | Solubilizes hemicellulose | Equipment cost
35 min [54] and removes lignin

AFEX! 135 °C, water to Low degradation of Pressure requirement;
solid ratio of 1:1; carbohydrates; low cost of ammonia;
ammonia to solid formation of toxic chemical recovery
ratio of 1:1, 45 min components; low water

[60] usage

EDA® 120 °C, EDA to solid | Low water usage; low Cost of EDA; chemical
ratio of 1:1, 60 min equipment cost; low recovery

[19] pressure

SAAf 75 °C, 15% aqueous | Reduce lignin and Long pretreatment
ammonia, 48 h, solid | hemicellulose content; period; chemical
to liquid ratio of 1:12 | low pressure; low recovery

[68] formation of toxic

components
ARPe 170 °C, 15% Reduce lignin and Equipment cost;
aqueous ammonia, 5 | hemicellulose content; chemical recovery
mL/min, 10 min [69] | low formation of toxic
components
Lime 55°C,05¢g Reduce lignin content; Long pretreatment
Ca(OH),/g solid, 4 low cost of chemicals period; chemical
weeks [70] recovery
ILsh 160 °C, solid to Extracts cellulose and Cost of ILs; chemical

[C2mim][Ac] ratio reduce crystallinity recovery

of 1:33 [74]

CELF 150 °C, 50% (v/v) Reduces lignin and Cost of organic

THF and 0.5% hemicellulose content; solvents; chemical

sulfuric acid, solid to
liquid ratio of 1:20,
25 min [81]

separation and recovery
of lignin

recovery

(continued)
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Table 1.1 (continued)
Pretreatment Typical pretreatment
method condition Advantages Disadvantages
COSLIF 50 °C, 85% H;PO,, Low temperature and Cost of acid and
solid to liquid ratio pressure; effective for recovery
of 1:8, 60 min, tough feedstocks
washing by ethanol
[82]
SPORLX 180 °C, 9% sodium Reduce lignin and Cost of chemicals;

bisulfite and 1.8%
sulfuric acid, solid to
liquid ratio of 1:20,
30 min [83]

hemicellulose content;
low formation of toxic
components

chemical recovery;
Equipment erosion

‘Wet oxidation 185 °C, 0.6 MPa O,,
10 min, solid to

liquid ratio of 1:6

Reduce lignin content;
low formation of toxic
components

Equipment cost

[85]

“Dilute acid. *Steam explosion. ‘Liquid hot water. “Ammonia fiber expansion. “Ethylenediamine.
'Soaking in aqueous ammonia. *Ammonia recycled percolation. "[onic liquids. 'Co-solvent-
enhanced lignocellulosic fractionation. /Cellulose and organic-solvent-based lignocellulose frac-
tionation. *Sulphite pretreatment to overcome recalcitrance of lignocellulosics

~  Glucose -

Cellulose «  Mannose
'+ Galactose
Xylose
Hemicellulose Rl
Lignin = Phenolics

Fig. 1.5 Degradation of lignocellulosic biomass in acidic pretreatment

produce xylose and/or furfural in the industry. The removal of hemicellulose
increases when the combined severity increases. Xylose yield increases to a maxi-
mum between a combined severity of 2~3 [29-31]. The yields of sugar degradation
compounds (furfural and 5-HMF) and lignin degradation compounds increase with
increasing combined severity.

With increasing combined severity (>2), a progressive increase in the Klason
lignin content of the acid pretreated material is observed, which is attributed to the
acid catalyzed dehydration polymerization of carbohydrates, termed as “pseudo-
lignin” [32]. The droplets of pseudo-lignin cover a range of sizes from 0.3 to 8.0 pm
and significantly retard cellulose hydrolysis [33]. The addition of DMSO can
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effectively suppress pseudo-lignin formation, since DMSO preferentially solvates
and stabilizes furans which is the key intermediate to form pseudo-lignin [34].

Besides removal of hemicellulose, dilute acid pretreatment results in the cellu-
lose fibril swelling, reduction in the molecular weight of cellulose, and the increase
in the crystallinity index of pretreated biomass [35-37].

During pretreatment, redistribution of lignin location and degradation of cross-
linking between aromatic subunit also occurs, resulting in the loss in matrix between
neighboring cell walls and increasing porosity [38].

Dry dilute acid (DDA) pretreatment process has promising features compared
with traditional dilute acid pretreatment and employs high solid loading (up to 70%)
with a helically agitated impeller. The dry dilute acid pretreatment can achieve high
hydrolysis digestion with several advantages, such as low steam consumption, no
pre-hydrolysate solution generation, less sugar loss and less by-product generation
[39, 40].

Organic acids, such as maleic acid and oxalic acid, have some advantages com-
pared with sulfuric acid. Organic acids result in lower concentrations of degradation
products and higher concentrations of oligomers due to their higher dissociation
constants (pK,) compared with mineral acids [31, 41, 42].

1.2.1.2 Steam Explosion (SE) Pretreatment

Steam explosion (SE) pretreatment is one of the most widely applied technologies
for pretreating lignocellulosic biomass. In this physicochemical process, biomass is
subjected to pressurized steam (160~220 °C) for a short period of time and then
suddenly depressurized by the explosive decompression.

During pretreatment, biomass is heated up by the condensation of steam leading
to the microporous structure being filled with liquid hot water. Water acts as a weak
acid, which lowers the pH to 3~4 and initiates the depolymerization of hemicellulose.
The hydrolysis of acetyl groups in hemicellulose results in further acidic environ-
ment leading to cleavage of more glycosidic bonds. This process is termed as
“autohydrolysis”.

Impregnating biomass in sulfuric acid or sulfur dioxide before pretreatment,
known as acid explosion and SO, explosion respectively, decreases pretreatment
time and temperature and improves enzymatic digestion [43].

After explosive decompression, biomass particle size, fiber length and cellulose
crystallinity are reduced, while surface area, porosity and cellulose accessibility are
increased [44—-46], resulting in much higher enzymatic digestibility compared with
that without the explosion process [47].

After pretreatment, hemicellulose can degrade to xylooligomer, xylose, or furfu-
ral. Lignin is redistributed and minorly degraded under acidic conditions to some
extent. A pretreatment severity factor between 3~4 is optimal for maximum sugar
yields. Similar to dilute acid pretreatment, higher temperatures result in the increased
removal of hemicellulose and enhanced cellulose enzymatic digestibility, but also
promote for generation of furfural and 5-HMF [48, 49].
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1.2.1.3 Liquid Hot Water (LHW) Pretreatment

Liquid hot water (LHW) pretreatment is a hydrothermal process which does not
employ any catalyst or chemicals. Pressure is applied to maintain water in the liquid
state at elevated temperatures (160~240 °C).

The main effect of liquid hot water is solubilization and degradation of hemicel-
lulose, making the cellulose more accessible. Similar to steam explosion, autohy-
drolysis occurs with hemicellulose in liquid hot water. The pH can be controlled
between 4 and 7 during the pretreatment. At this pH range, hemicellulosic sugars
are retained in oligomeric form and the formation of monomeric sugars is mini-
mized. Hence, the formation of by-products is also very low [50]. LHW pretreated
biomass presents higher crystallinity and thermal stability than untreated biomass
due to the removal of the non-crystalline materials [51]. Lignin depolymerization
facilitates lignin extraction and the extractability of syringyl groups is higher than
guaiacyl groups [52]. The condensation reactions of lignin molecules also occurs
during pretreatment and leads to the formation of spherical lignin droplets (diame-
ters are 1~10 pm) on the cell wall surface [53]. The lignin migration increases the
plant cell wall porosity [54].

Researchers found that the lower @ value corresponding to the increased relative
contribution of temperature to severity factor (Eq. 1.2) is better to predict the pre-
treatment responses (e.g. hemicellulose solubilization and enzymatic digestibility
of cellulose) [55].

Flow-through LHW pretreatment systems can remove more hemicellulose and
lignin than batch mode systems. Increasing temperature during flow-through pre-
treatment enhances lignin removal to almost 100%. Dilute acid can also be applied
in flow-through systems [56].

Furthermore, a multi-stage LHW pretreatment has been explored [55]. The first
low-severity pretreatment is to partially degrade hemicellulose and minimize the
formation of furans. The subsequent pretreatment is performed at over 200 °C to
increase cellulose accessibility to enzymes.

1.2.1.4 Ammonia Fiber Expansion (AFEX) Pretreatment

Ammonia fiber expansion (AFEX) process treats lignocellulose (mainly herbaceous
plants) with high-pressure liquid ammonia at temperatures between 60 and 160 °C
and then releases the pressure, resulting in rapid expansion of ammonia gas that
causes swelling and physical disruption of biomass fibers. Other parameters affect-
ing enzymatic digestibility of pretreated biomass include ammonia loading, bio-
mass moisture and reaction time [57]. The combined chemical and physical effect
increases lignocellulose susceptibility to enzymatic attack. AFEX is a dry-to-dry
process (pretreatments can be efficient for a wide range of moisture content, typi-
cally 0~100%), which does not produce liquid fraction after pretreatment. Ammonia
recovery and recycle is feasible and thus this diminishes total cost.
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AFEX pretreatment completely preserves carbohydrates and no furans are gen-
erated. Only a small amount of hemicellulose and lignin becomes solubilized.
Hemicellulose is mainly converted to xylooligomers and other oligomeric sugars.
Cellulose crystallinity after pretreatment is decreased [16].

Ammonia breaks down the lignin-carbohydrate complex bonds and ester link-
ages in lignin, resulting in the formation of acetamide and various phenolic amides
[58, 59]. The formation of amides provides nutrients in the subsequent fermentation
[60, 61]. As the ammonia evaporates, degradation products (rich in lignin, hemicel-
lulose and cell wall decomposition products) redeposit on outer cell wall surfaces.
As aresult, nanoporous tunnel-like networks are formed within the cell walls, which
greatly enhances cellulose accessibility [62].

Pre-soaking biomass in hydrogen peroxide before AFEX pretreatment can
enhance delignification and enzymatic digestibility of both cellulose and hemicel-
lulose [63].

A modified liquid ammonia pretreatment named as extractive ammonia (EA)
pretreatment has been developed, which employs much higher ammonia loading
(2~3 g ammonia/g biomass). This method converts native crystalline cellulose I,
into a more highly digestible allomorph, cellulose III, and simultaneously extracts
up to nearly half the amount of lignin from lignocellulosic biomass while preserv-
ing all polysaccharides. EA pretreated corn stover requires low enzyme dosage and
give high sugar yields compared with traditional AFEX pretreatment [64].

1.2.1.5 Ethylenediamine (EDA) Pretreatment

Ethylenediamine (EDA) pretreatment is a novel pretreatment method that can be
operated at ambient pressure and temperatures of 40~180 °C due to the particular
physical and chemical properties of ethylenediamine. It is also a dry-to-dry process
without the requirement of water addition. Cellulose enzymatic digestibility of pre-
treated corn stover can reach 95% with the optimal condition (150 °C and 0.8 mL
EDA/g solid).

Similar to AFEX pretreatment, EDA can also break down and ammonolyze ester
bonds of p-coumarate and ferulate units in lignin. Lignin is relocated to the cell wall
surface of biomass resulting in cell wall delamination. Crystal cellulose I is trans-
formed into cellulose III or amorphous cellulose according to pretreatment condi-
tions. After pretreatment, about 20% of hemicellulose and 40% of lignin are
solubilized [19, 65].

Cadoxen, which is a solvent made by dissolving 5% cadmium oxide in 28%
aqueous EDA, can also treat various lignocellulosic materials under ambient condi-
tions. This method exhibits higher efficiency compared with the individual use of
aqueous EDA. Cadoxen can be recovered and reused [66].
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1.2.1.6 Aqueous Ammonia (AA) Pretreatment

Aqueous ammonia (AA) pretreatment is a suitable method for many herbaceous
materials. Aqueous ammonia (usually 5~20%, w/w) is known to react primarily
with lignin and cause depolymerization of lignin and cleavage of lignin-carbohydrate
linkages. After AA pretreatment, dozens of phenolics derived from lignin (such as
vanillin and syringaldehyde) are solubilized in aqueous ammonia, which may have
an inhibitory effect on enzymatic hydrolysis. Acetyl groups from hemicellulose are
also removed, and partial hemicellulose is solubilized to oligomers in the liquid
fraction, while cellulose remains intact in a solid fraction [67]. Biomass crystallinity
increases after pretreatment due to the removal of the amorphous portion of bio-
mass. The enzymatic digestibility is related with the removal of lignin and
hemicellulose.

AA pretreatment can be undertaken at either low temperature/long pretreatment
times (60~100 °C for several days, known as soaking in aqueous ammonia, SAA)
[68] or high temperature/short pretreatment times (120~180 °C within 1 hour) [67].

Pretreatment in a flow-through system involves putting ammonia solution
through a column reactor packed with biomass at elevated temperatures (160~180
°C). This method is known as ammonia recycled percolation (ARP) process since
ammonia is separated and recycled [69]. The flow-through system removes more
lignin and hemicellulose content than batch mode.

1.2.1.7 Lime Pretreatment

Lime (calcium hydroxide) pretreatment removes amorphous materials such as lig-
nin and hemicellulose and increases the crystallinity index, which conforms to the
mechanism of alkaline pretreatment (such as aqueous ammonia and sodium hydrox-
ide) [70]. Lime has been proven to be effective at temperatures from 50~150
°C. Lime pretreatment is much less expensive and has fewer safety requirements
compared with sodium hydroxide or potassium hydroxide pretreatment.

Non-oxidative conditions during pretreatment are effective for the biomass with
low lignin content (below approximately 18% lignin), whereas oxidative conditions
are required for higher lignin content materials [70].

1.2.1.8 Ionic Liquid (IL) Pretreatment

Tonic liquids (ILs) are salts, typically composed of large organic cations (e.g.
1-ethyl-3-methylimidazolium  [Emim] and  1-n-butyl-3-methylimidazolium
[C4min]) and small inorganic anions (e.g. chloride and acetate), which exist as lig-
uids at relatively low temperatures (<100 °C). Pretreatment is conducted at 60~160
°C for several hours with relatively low solids loading (usually 5%). Carbohydrates
and lignin can be simultaneously dissolved in ILs. The solvent properties, dissolv-
ing capacity and pretreatment efficacy can be varied by adjusting the anion and the
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alkyl constituents of the cation [71]. There are two alternative operating modes: (1)
dissolving biomass in IL solutions and precipitating cellulose by adding anti-solvent
(e.g. water); (2) treating biomass with IL-water mixture directly [72, 73]. Both
approaches can result in the similar outcomes. After the pretreatment, the ionic lig-
uid liquor contains the majority of lignin and hemicellulose.

The pretreated cellulosic biomass exhibits extremely high enzymatic digestibil-
ity due to significant reduction of cellulose crystallinity and lignin content, and the
increase of surface area [74]. IL anion can act with the inter- and intra-molecular
hydrogen bonds of cellulose and cellulose I is transformed to cellulose II and amor-
phous cellulose with the removal of IL anion [75]. The formation of cellulose II
greatly depends on the biomass type and pretreatment severity [76]. The depolymer-
ization degree of hemicellulose and lignin in the ILs depends on the nature of the
anion and cation.

Novel types of ILs that are easily prepared and elicit high cellulose conversion
have been investigated, such as DBU-MEA-SO, and [Ch][AA] (cholinium amino
acids) [77, 78].

1.2.1.9 Organosolv Pretreatment

Organosolv pretreatment can be carried out in a large number of organic solvent
systems with or without additional catalyst in a temperature range of 100~250 °C,
while peracid pretreatment can be conducted under milder conditions, even at room
temperature. The organic solvents that have frequently been used are divided into
three classes: alcohols with low boiling points (e.g. methanol and ethanol), alcohols
with high boiling points (e.g. ethylene glycol and glycerol), and other organic com-
pounds (e.g. DMSO). The use of acid catalysts (e.g. hydrochloride acid or sulfuric
acid) in organic solvents can reduce the temperature required and increase the
removal of lignin and hemicellulose.

After organosolv pretreatment, cellulose remains in the solid fraction. Organic
solvents can be recovered by distillation and recycled for pretreatment. The recov-
ery of organic chemical after pretreatment can isolate lignin as a solid material [79].
The isolated lignin demonstrates the decreased molecular weight and increased
polydispersity due to the cleavage of $-O-4 linkage [80].

A novel organosolv pretreatment called co-solvent-enhanced lignocellulosic
fractionation (CELF) employing tetrahydrofuran miscible with aqueous dilute acid
can obtain up to 95 % theoretical yield of fermentable sugars from corn stover and
extremely reduce the enzyme dosage (2 mg enzyme/g glucan) [81].

1.2.1.10 COSLIF Pretreatment

The cellulose and organic-solvent-based lignocellulose fractionation (COSLIF)
process uses concentrated phosphoric acid to dissolve biomass at low temperatures
(~50 °C) and then adds ethanol to precipitate the cellulose. It generates highly
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reactive amorphous cellulose, high substrate accessibility and high enzymatic cel-
lulose digestibility. COSLIF is considered as a feedstock-independent pretreatment
that is suitable for handling diverse kinds of biomass by only adjusting pretreatment
reaction time [82].

1.2.1.11 Sulfite Pretreatment

Sulfite pretreatment to overcome recalcitrance of lignocellulose (SPORL) is a
method derived from the sulfite pulping process in the pulp and paper industry,
which consists of sulfite treatment of wood chips with sodium bisulfite and sulfuric
acid at 180 °C for 30 min followed by mechanical size reduction using disk refining.
Size reduction after pretreatment significantly reduces electric energy consumption
compared with pre-milling [83].

Enzymatic digestibility of sulfite pretreated biomass increases that is attributed
to the lignin removal and lignin sulfonation. Hemicellulose is partially removed.
The liquid fraction from pretreatment mainly contains lignosulfonate and degraded
hemicellulose.

1.2.1.12 Wet Oxidation Pretreatment

Wet oxidation is an oxidative pretreatment method that employs oxygen or air as
catalyst. The oxidation is performed for 10~15 min at temperatures from 150 to
200 °C. The pretreatment process is exothermic when temperature is above 170 °C
and oxygen is added, which reduces the total energy demand. It is an efficient
method for solubilization of hemicelluloses and lignin to increase digestibility of
cellulose. The main reaction during wet oxidation is the formation of acids from
hydrolytic processes and oxidative reactions. Phenolic compounds derived from lig-
nin are not end-products during wet oxidation because they are further degraded to
carboxylic acids. Sodium carbonate addition can decrease the formation of furfural
and 5-HMF by maintaining pH in the neutral to alkaline range [84, 85].

1.2.2 Biological Pretreatment

Lignocellulosic materials are recycled and decomposed by microorganisms under
ambient conditions in nature. The naturally occurring biological process can be
adopted to address the major barriers in lignocellulose conversion. Biological pre-
treatments have mostly depended on the capacity of producing enzymes that can
degrade lignin in fungi. White rot fungi have been considered as the most effective
species for biological pretreatment, which are able to degrade all components of
plant cell walls, especially lignin. Degradation of lignin enables white rot fungi to
gain access to holocellulose, which is their real carbon and energy resource. Some
white rot fungal species selectively degrade lignin or hemicellulose without
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decomposing cellulose. Various enzymes for lignin biodegradation are secreted by
white rot fungi, such as laccases, lignin peroxidases (LiPs), manganese peroxidases
(MnPs), manganese-independent peroxidases (MiPs) and versatile peroxidases
(VPs). Laccases, LiPs and MnPs oxidize phenolic compounds to create phenoxy
radicals. These radicals subsequently function as lignin-degrading peroxidase sub-
strates. LiPs act in the oxidation of non-phenolic phenylpropanoid units, which
results in cleavage of C-C and C-O linkages and degradation of lignin polymer [86].
White rot fungi possessing high lignolytic activities include Phanerochaete chryso-
sporium, Phlebia radiata, Dichmitus squalens, Rigidosporus lignosus and Jungua
separabilima [87].

The rate of biological pretreatment is much lower than that of most thermo-
chemical pretreatment methods. However, biological pretreatment could be
exploited as a step in combination with another pretreatment method. For example,
laccase treatment performed on steam exploded wheat straw reduces the toxic effect
of phenolic compounds in enzymatic hydrolysis by laccase polymerization [88].

1.2.3 Biomass Harvest and Storage

Plant cell wall structures and compositions are considered to be changed throughout
the growing seasons and growing areas. The differences in harvest date and region
of growth can impact optimal pretreatment conditions, enzymatic digestibility and
overall achievable sugar yields [89, 90]. Therefore, the best harvest time and sce-
nario should be adopted.

The storage method of harvested biomass is also regarded as an influencing fac-
tor on pretreatment and enzymatic hydrolysis efficiency [91]. Storage of biomass
for a long period changes structural and compositional properties compared with
fresh biomass, which may have positive or negative effects on biomass digestion.
Dry storage results in the shrinkage of fibrils, collapse of cell wall pores and
increased crystallinity due to the loss of water. Wet storage (ensilage) can be
regarded as a biological pretreatment process, during which the micro-structure
maintains porosity and permeability. Microorganisms naturally grow on biomass
and thus spoil the structures, part of cell wall structure is likely to be extensively
loosened. Further, the carbohydrates may be metabolized by microorganisms and
their content may be reduced. Size reduction prior to storage also has influence on
biomass properties and pretreatment efficiencies.

1.2.4 Mechanical Comminution

Different types of physical comminution processes such as chipping, grinding, and
milling (e.g. ball, two-roll, hammer, colloid and vibro energy milling) can be used
to improve the enzymatic digestibility of lignocellulosic biomass [23]. Mechanical
comminution itself is insufficient to attain economically feasible biomass
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conversion, which is always prior to thermochemical pretreatment. Moreover, the
energy consumption of mechanical processes is relatively high and depends on the
final particle size required and the initial biomass characteristics.

Mechanical comminution influences the efficiency of thermochemical pretreat-
ment and enzymatic hydrolysis by altering the specific surface area, pore size and
even the cellulose crystallinity of biomass. Virtually, all of the thermochemical pre-
treatment processes require significant size reduction of the feedstock to fine parti-
cles to achieve satisfactory cellulose enzymatic conversion. The advisable particle
size or maximal size, defined as the particle size below which no increase in pre-
treatment effectiveness, measured in terms of the enzymatic conversion resulting
from the pretreatment, needed for thermochemical pretreatment exhibits a wide
range from micrometer to centimeter level [92]. The maximal size is dependent on
the feedstock species and pretreatment method. Herbaceous biomass exhibits lower
optimal particle size ranges than woody biomass. Steam explosion and liquid hot
water pretreatments show the higher maximal size range than dilute acid and alka-
line pretreatments. For example, higher enzymatic digestibility of steam exploded
corn stover is achieved with larger particle size (1~2.5 cm) compared with smaller
particle size (<1 cm) [93]. The larger particle size fractions (>0.85 mm) of ammonia
fiber expansion pretreated corn stover are found to be more recalcitrant to enzy-
matic hydrolysis compared with the smaller sizes (<0.15 mm) [94].

1.2.5 Fractionation

Plant biomass, especially C4 grasses (such as corn stover and sorghum), has differ-
ent functional morphological fractions, which is termed as “heterogeneity”. The
structural properties of plant tissues vary in each morphological fraction, which
affects the pretreatment and enzymatic efficiency, although the composition is very
similar in different tissues. Considering the heterogeneity, each morphological frac-
tion has its optimum pretreatment method and conditions to obtain a satisfactory
use of the entire mass [95, 96]. For example, branch and boll shell of cotton stalks
require lower pretreatment severity than stems to achieve similar enzymatic digest-
ibility [97]. The lower hardness fractions in corn stover (corncob, stem pith and
leaf) result in higher enzymatic digestibility compared with higher hardness frac-
tions (stem node and rind) pretreated at identical conditions [98].

1.3 Enzymes for Lignocellulose Hydrolysis

Although extensive research has been made to improving enzyme production and
enzyme performance, highly efficient and cost-effective enzymatic saccharification
of lignocellulosic biomass still remains a challenge. Hydrolysis of lignocellulose
by cellulases is considered as a complex, heterogenous multi-enzyme process.
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The kinetics are ambiguous owing to the complexity and interference factors, such
as the changing substrate properties and inhibitory mechanisms. This section intro-
duces the basic concepts and categories of enzymes for lignocellulose hydrolysis
and the interaction between enzymes and pure cellulose. The adsorption profile,
rate-limiting factors, and synergistic effect play important roles in enzymatic hydro-
lysis of crystalline cellulose.

1.3.1 Classification of Enzymes

There are three general categories of enzymes to hydrolyze biomass cell wall: cel-
lulases, hemicellulases, and accessory enzymes such as hemicellulose debranching,
phenolic acid esterase, lignin degrading and modifying enzymes. To date, commer-
cial cellulase and hemicellulase preparations are mainly supplied by Novozyme
(e.g. Cellic CTec/HTec and Celluclast) and Genencor (e.g. Spezyme and Accelarase)
[99]. Most of the cellulases and hemicellulases exert maximum activities at about
50 °C and pH 4.5~5.5.

Cellulases are cellulolytic enzymes that can be categorized as exoglucanases
(also named cellobiohydrolases, CBHs), endoglucanases (EGs) and f-glucosidases
(BGs, also named cellobiase) (Table 1.2). The narrow definition of cellulase refers
to the assembly of CBH and EG, excluding BG. The well-characterized cellulolytic
system, produced by industrially important filamentous fungus Trichoderma reesei
(a clonal derivative of Hypocrea jecorina), consists of at least two CBHs, TrCel7A
(formerly CBH I) and TrCel6A (CBH II); five EGs, TrCel7B (EG 1), TrCel5A (EG
1D), TrCel12A (EG III), TrCel61A (EG IV), and TrCel45A (EG V); and two BGs
[100].

CBHs are exo-active processive enzymes which hydrolyze cellulose chain from
the reducing and non-reducing end (by CBH I and CBH II, respectively) to produce
cellobiose and other glucooligomers. CBH has a modular structure consisting of a
catalytic domain (CD) connected by a linker peptide to a carbohydrate binding
module (CBM). The catalytic amino acids of the CD are located in a relatively long
tunnel formed by surface loops extending from the central fold. The three-
dimensional structure of Cel7A reveals the 50 A-long tunnel shaped active site of

Table 1.2 Cellulases

Enzyme activities Abbreviations | Substrates Proteins
Cellobiohydrolase I CBH1 Reducing end of Cel7A
cellulose
Cellobiohydrolase I1 CBHII Non-reducing of Cel6A
cellulose
Endoglucanase EG Amorphous Cel7B, Cel5A, Cel5B,
cellulose Cell2A, Cel61A, Celd5A
p-Glucosidase BG Cello-oligomers BGI, BGII
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Table 1.3 Hemicellulases

Enzyme activities Abbreviations Substrates

Endoxylanase XYN (or EX) f-1,4-Xylan

p-Xylosidase p-XYL (or BX) | -1,4-Xylooligomers

a-D-Glucuronidase a-GLU 4-0-Methyl-a-glucuronic acid (1-2)
xylooligomers

a-L-Arabinofuranosidase a-AF a-Arabinofuranosyl (1-2) or (1-3)
xylooligomers

a-D-Galactosidase a-GAL a-Galactopyranose (1—6) mannooligomers

Acetylxylan esterase AXE 2- or 3-O-Acetyl xylan

Feruloyl esterase FE Ester bond between arabinose substitutions
and ferulic acid

TrCel7A resides in CD and accommodates 10 consecutive glucose subsites (at least
seven substrate-binding subsites and two product subsites) along cellulose chain
[101]. It has been shown that separated CBM and CD of TrCel7A can both bind to
cellulose. The proposed mechanism of CBM includes: (1) adsorption of the CBM at
cellulose micro-cracks; (2) penetration of CBM into the interfibrillar space and
insertion of mechanical pressure on pore walls; (3) penetration of water molecules
into the interfibrillar space, cleavage of hydrogen bonds and formation of free chain
ends [102].

Compared with CBH, the active site of EG is more open and groove-shaped.
CBHs are more efficient in the degradation of crystalline cellulose. Whereas, EGs
preferentially target amorphous cellulose regions, producing oligosaccharides and a
little glucose. EG reacts rapidly on the amorphous cellulose and reduces its degree
of polymerization to 30~60, after which this reaction with amorphous cellulose
ceases [103]. Prior to hydrolysis, TrCel7B can swell the bundles of microfibrils and
thus loosen surface fibrils and expose microfibril ends [104].

BGs react and hydrolyze cellobiose and soluble oligosaccharides to glucose,
which thereby relieves the product inhibition to CBHs.

Hemicellulases are a diverse group of enzymes that hydrolyze hemicellulose,
including a-D-glucuronidase, endoxylanase, a-L-arabinofuranosidase, f-xylosidase,
feruloyl esterase, acetylxylan esterase, a-D-galactosidase, and other activities
(Table 1.3) [100, 105]. Hemicellulose degradation involves the synergistic action of
these diverse enzyme activities.

Large enzymatic assemblies called cellulosomes, which recruit multiple cata-
lytic activities to protein scaffolds has been found in some bacteria (e.g.
Caldicellulosiruptor bescii). One of these, CelA, consisting of a glycoside hydro-
lase family 9, a family 48 CD and three type CBMs, outperforms mixtures of com-
mercially relevant CBH and EG [106].
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1.3.2 Enzyme-Cellulose Interaction

The mechanism of cellulases action on cellulose can be summarized into several
steps, although they are not fully elucidated yet [107]. First, cellulases bind to cel-
lulose and possibly disrupt its local crystalline structure through the CBM or
CD. Cellulases primarily contact with the hydrophobic cellulose surface [1]. Then,
it is hypothesized that the individual cellulose chains are decrystallized from the
surface by the bound cellulases and discretely slide into the catalytic site tunnel of
cellulases, eventually leading to the formation of the enzyme-substrate complexes.
Finally, the hydrolysis of the complex glucan chains proceed to produce either cel-
lobiose or other glucooligomers.

Enzymatic hydrolysis of cellulosic materials takes place at the solid-liquid inter-
face. Therefore, a pre-requisite for catalysis is the adsorption of enzymes onto the
solid surface. Enzymes (CBHs and EGs) adsorb quickly at the early stage of hydro-
lysis, and start to release as the degree of hydrolysis increases or remains bonded
throughout the hydrolysis depending on the substrate characteristics [108]. For
example, alteration of the crystalline structure from native cellulose I to cellulose I11
exerts 40~50% a lower binding coefficient, but it enhances hydrolytic efficiency on
the latter allomorph [107]. At low concentrations of free cellulase, the binding is
exclusively active-site mediated and conforms to Langmuir’s one binding site
model. With the increased concentrations, the isotherm gradually deviates from the
Langmuir’s one binding site model. Furthermore, the isotherm depends on the cel-
lulose concentration: more efficient binding is observed at low cellulose concentra-
tions [102].

The precipitous slowing down in the enzymatic hydrolysis rate of cellulose is
one of the major limitations to the commercialization of lignocellulose. It is known
that the hydrolysis rate declines drastically during the early stage and then declines
slowly and steadily throughout the rest of hydrolysis time. The reasons for the
reduced reactivity for pure crystalline cellulosic substrate is probably attributed to:
(1) permanent denaturation of enzyme activity in the reaction, (2) reversible non-
productive binding or product inhibition by sugars, and (3) a decrease in the hydro-
lyzability of the substrate [14, 109]. Besides these hypotheses, “jamming effect” of
adjacent cellulases can explain the dramatically reduced rate of hydrolysis at high
degrees of conversion. In previous studies, CBH molecules have been observed by
atomic force microscopy to slide undirectionally along the surface of crystalline
cellulose. The cellulose fibrils are in parallel with a characteristic lateral distance to
each other which is on the same order as the diameters of Cel7A and Cel6A mole-
cules. At high enzyme concentrations, several binding enzyme molecules adjoin to
one another and the CBH molecules crowd onto the small surface area of cellulose
and restrain the moving speed. This effect is termed as “jamming” and results in the
reduction of overall hydrolysis rate [110, 111]. It has been further proven by a
“restart” experiment [112]. Changing the crystalline polymorphic form of cellulose
by means of an ammonia treatment can increase the apparent number of accessible
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lanes on the crystalline cellulose surface and consequently the number of moving
cellulase molecules [113].

Several kinetic models have been developed to represent the actions of cellulases
in enzymatic hydrolysis, such as intrinsic kinetic model [110], functionally based
model [114], cellular automata model [115], and rate-constraining model [14].

The complementary action of cellulolytic enzymes has been observed and is
ascribed to synergistic effects, as the combined enzymatic activity of the mixture of
two or more enzymes being much higher than the sum of their individual activities
[116]. The jamming effect can be remarkably eliminated by simultaneously employ-
ing Cel7A and Cel6A due to their synergistic effect. EGs prefer to hydrolyze
obstacle-like amorphous cellulose, therefore assisting the processive movement of
adsorbed CBH and accelerating the release of trapped CBH [117]. The synergistic
effect of CBHs and EGs constitutes the major pattern in the degradation of cellu-
lose. An appropriate and balanced combination of these cellulase activities deter-
mines the efficiency of cellulose hydrolysis.

1.4 Factors Affecting Enzymatic Hydrolysis of Lignocellulose

Compared with the enzymatic hydrolysis of pure cellulose substrate, enzymatic
hydrolysis of thermochemical pretreated lignocellulosic biomass is affected by
many more factors. Besides overcoming the nature biomass recalcitrance, diminish-
ing other inhibitory factors from pretreatment processes exerts significant improve-
ment in enzymatic hydrolysis of lignocellulose. The inhibitory factors from
pretreated biomass consist of inhibition from lignin non-productive binding, lignin
derived phenolics, oligomeric sugars, end-products, and high solid loading.

Although enzymatic hydrolysis for high solids loading that produces high sugar
concentrations is needed and has many advantages, it brings about reduced enzy-
matic efficiency. Reducing enzyme loading and ensuring the efficiency of enzy-
matic saccharification are still challenges for commercialization of the lignocellulose
bioconversion processes.

1.4.1 Inhibitors to Enzymatic Hydrolysis
1.4.1.1 Lignin Non-productive Adsorption

Besides the steric hindrance of lignin, non-productive enzyme adsorption onto lig-
nin inhibits enzymatic hydrolysis of lignocellulosic biomass. For many pretreat-
ment methods, such as hydrothermal and acidic pretreatments, lignin is marginally
modified and remains in the pretreated solid residues. Increasing pretreatment
severity enhances accessibility of the enzymes not only to cellulose but also to lig-
nin. The lignin can reversibly or irreversibly adsorb cellulase proteins resulting in
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the loss of cellulase activity. More enzymes are needed to compensate for this loss
in activity but this increases enzyme loading [118, 119].

Increasing temperature results in increased protein adsorption capacity onto lig-
nin [120, 121]. Cellulase adsorption onto lignin at 50 °C is slower than adsorption
on cellulose and takes over 12 h to reach equilibrium, but the maximum adsorption
capacity of lignin is comparable to cellulose and is ten times higher than the adsorp-
tion capacity of lignin at 4 °C [122].

The nature of lignin obtained after pretreatment significantly influences enzy-
matic hydrolysis. Guaiacyl-rich lignin has higher adsorption capacities on enzymes
than syringyl-rich lignin. Lignin with low S/G ratio and highly uniform fragment
size contributes the high adsorption capacity [123]. Decreasing the carboxylic acid
groups or increasing phenolic hydroxyl groups in lignin can also increase the
adsorption capacity [120, 123, 124]. Molecular dynamics simulation of a model
containing cellulose, lignin and TrCel7A has found that hydrophobic interactions
between lignin and the enzyme play important roles [125]. The exposed hydropho-
bic clusters on lignin surface is demonstrated to preferentially adsorb to proteins
[126]. Adding hydrophilic or negatively charged residues to Cel7A CBM and linker
by site-directed mutagenesis generates a mutant with 2.5-fold less lignin affinity
and fully retaining cellulose affinity [127]. An elevated pH (5.5~6.0) can signifi-
cantly increase the negative charge on the lignin surface, making lignin more hydro-
philic and consequently reducing its coordination affinity to cellulase [128, 129].

Various cellulases differ by up to 3.5-fold in their inhibition degree by lignin,
while xylanases and BG show less affected by lignin [130]. EGs have higher iso-
lated lignin affinity than CBHs. Both CD and CBM in CBHs and EGs have mark-
edly adsorption capacities [131]. CBM can additionally bind to the specific residues
of lignin [125].

To minimize non-productive lignin binding and improve enzyme specific activ-
ity, developing pretreatment technologies for reducing or modifying lignin content
is one of the most important ways. Exploring low-lignin binding enzymes by pro-
tein engineering can possibly eliminate non-productive adsorption [119].

1.4.1.2 Lignin Derived Phenolics

Unfortunately, both macromolecular lignin and soluble lignin derivatives (pheno-
lics) can restrain enzyme hydrolysis and reduce sugar yields. After most pretreat-
ment processes, lignin generally degrades into more than forty kinds of phenolics
and carboxylic acids [132]. The molecular structure and concentration of phenolics
depend on the biomass species and pretreatment methods. Phenolics are regarded as
the most inhibitory components to enzymes among all the potential soluble materi-
als (e.g. soluble sugars, furan derivatives and organic acids) in enzymatic hydroly-
sate [133].

The inhibition mechanism of phenolic compounds to enzymes is different from
that of the insoluble lignin. The inhibition of phenolics is unable to be entirely
eliminated by increasing enzyme dosage or by adding blocking proteins due to the
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dispersity of phenolics compared with insoluble lignin [134]. Phenolics, such as
vanillin, can deactivate enzymes by both reversible and irreversible manners.
Phenolics can cause protein denaturation [133, 135]. Some researchers suggest the
reversible inhibition exists and is competitive [136], while some researchers have
demonstrated that the inhibition type is non-competitive [137]. CBHs and EGs are
found more susceptible to be inhibited than BGs [138]. The chemical groups of
phenolics, such as hydroxyl, carbonyl and methoxy groups affect the inhibition
degree [134, 137].

The inhibition degree of phenolics, defined as the ratio of cellulose conversion
without inhibitor (Ao) to that with inhibitor (A) has a linear relationship with inhibi-
tor concentration according to the following expression [139]:

A A=1+BI (1.3)

where [ is the concentration of inhibitor (g/L) and f is the inhibitor-binding constant
(L/g). The higher f value means a stronger combining capacity of inhibitor to the
enzyme. The inhibitor-binding constant, which is exponentially related to the cel-
lulose and cellulase concentrations, can be lowered by increasing cellulose or cel-
lulase concentration [134]. Thus, by this means, the inhibition can be retarded, but
it cannot be eliminated. Washing of pretreated biomass prior to enzymatic hydroly-
sis is effective for lowering inhibition caused by soluble phenolics.

1.4.1.3 Oligo-saccharides

Xylose, xylan and xylooligomers can dramatically decrease enzymatic digestion of
cellulose. Xylooligomers are more inhibitory than xylose and xylan under the same
equivalent concentration and cause a decrease in initial hydrolysis rate and in final
glucose yield [140]. Furthermore, the addition of monomeric sugars accompanied
with oligosaccharides increases the inhibitory degree of oligosaccharides on cellu-
lases [141]. Commercial cellulase preparations contain activities enabling them to
hydrolyze non-cellulosic polysaccharides (primarily hemicellulose and pectin).
However, xylanase and f-xylosidase activities detected in many commercial enzyme
complexes have been shown to be insufficient to hydrolyze xylan completely, lead-
ing to high xylooligomer concentration in the hydrolysate of xylan-rich pretreated
biomass. It has been reported that about 10~30% of xylooligomers with high
degrees of polymerization are difficult to be degraded by cellulase or xylanase and
about 5% of xylooligomers with low degrees of polymerization (mainly xylobiose)
are resistant to hydrolysis by cellulase or f-glucosidase [142].

It has been found that the xylooligomer competitively impedes CBH activity, but
it does not significantly affect EG [143]. Xylooligomer structures, such as xylotri-
ose, xylotetraose and xylopentaose, are able to bind at the entrance of the substrate-
binding tunnel of Cel7A, in which xylose residues are shifted ~2.4 A towards the
catalytic center compared with the binding of glucan or glucooligomers. The occu-
pancy of two consecutive xylose residues at subsites -2 and -1 shows the different
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binding mode in the vicinity of the catalytic center, preventing the hydrolysis of
cellulose. Moreover, the -1 xylosyl unit may exhibit the open aldehyde conforma-
tion or the ring-closed pyranoside conformation, which interferes with cellulase
activity [144].

Other hemicellulose-derived oligosaccharides, such manno-oligomers, can
inhibit CBH, but not BG. The lower degrees of polymerization of manno-oligomers
(e.g. mannobiose) have higher inhibitory effects than higher degrees of polymeriza-
tion [145].

1.4.1.4 Products Inhibition

Cellobiose is the dominant product of CBHs and is highly inhibitory, while EGs are
less affected by cellobiose. Cellobiose is found to bind almost exclusively to the +1
and +2 subsites of the catalytic tunnel of CBH, which competitively inhibits the
hydrolysis of cellulose [146]. BG activity is important to release the inhibition of
cellobiose to cellulases. Cel7A mutants display improved tolerances without the
loss of enzyme activity [147].

Glucose inhibits 7. reesei cellulase with a non-competitive mode [139].

1.4.2 Additives to Improve Enzymatic Hydrolysis

Table 1.4 summarizes the effective additives for improving enzymatic digestion of
lignocellulose.

1.4.2.1 Non-hydrolytic Proteins

Several kinds of proteins, such as expansins, expansin-like proteins and swollenin,
can disrupt or loosen the inaccessible or crystalline regions of cellulose microfibrils
in a process known as amorphogenesis), thereby increasing the cellulose surface
area [148]. Swollenin is naturally produced by Trichoderma reesei in low yields.

Table 1.4 Effective additives to improve enzymatic hydrolysis

Additive
types Specific types Functions
Proteins Expansin, swollenin, BSA Swelling cellulose or blocking
lignin
Surfactants Tween, PEG, sterol, sodium Reducing lignin adsorption
lignosulfonate
Metal ions Calcium, magnesium Reducing lignin adsorption
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The recombinant swollenin causes deagglomeration and dipersion of cellulose
microfibrils, and decreases the particle size and crystallinity, resulting in an
increased maximum cellulase adsorption and increased hydrolysis rate [149].

Another kind of non-productive proteins is lignin blocking proteins, such as
bovine serum albumin (BSA) and soybean protein. BSA and soybean protein non-
specific competitive and irreversible adsorbs on lignin, and thus reduces adsorption
of cellulase and particularly EGs and BGs on lignin [150, 151].

1.4.2.2 Surfactants

Many kinds of surfactants have been examined for their ability to improve enzy-
matic hydrolysis. Non-ionic surfactants, such as Tween, Triton and polyethylene
glycol (PEG) are found to be the most effective. Non-ionic surfactants can both
increase cellulase temperature stability and reduce the non-productive enzyme
adsorption to lignin by changing the hydrophobic interaction [152]. One study
shows that PEG enhances the hydrolysis efficiency of CBH, without influencing EG
or BG, although thermostability of all enzymes is increased and suggests that PEG
increasing enzyme activity is related to the increased water availability [153].

Sterol in wood extractives is found to enhance enzymatic hydrolysis by affecting
the adsorption of enzymes onto the crystalline cellulose surface [154]. Sodium lig-
nosulfonate with high molecular weight has strong blocking effects on non-
productive cellulase adsorption onto lignin [155].

1.4.2.3 Metal Ions

Enzymatic hydrolysis is promoted by some metal ions at low concentrations (10
mM), such as Ca’* and Mn*, in which these ions are shown to increase the adsorp-
tion tightness and affinity of enzymes to cellulose [156]. Mg>* was shown to improve
enzymatic hydrolysis of acid pretreated biomass, through reducing the non-
productive adsorption of cellulase to lignin [157]. However, some metal ions, such
as Fe** and Cu?*, have inhibitory effects on cellulase [158].

1.4.3 Synergistic Effect

The synergistic effect on cellulose between CBHs and EGs has been introduced in
the above section, which is regarded as intramolecular synergism. Hemicellulase
and accessory enzymes (e.g. pectinase) also exhibit synergistic effects with cellu-
lases, which is an important issue for the hemicellulose-rich biomass [159, 160].
This effect is defined as intermolecular synergism [161, 162]. The addition of gluc-
uronidase, #-xylosidase, a-L-arabinofuranosidase, acetyl esterase and pectinase are
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essential in achieving complete degradation of heteroxylans and high cellulose
digestion. For example, xylanases are found to efficiently hydrolyze AFEX pre-
treated biomass in an intermolecular synergistic manner. The optimal mass ratio of
xylanases to cellulases is 1:3. The f-xylosidase is crucial to obtaining monomeric
xylose, while a-arabinofuranosidase and a-glucuronidase can both further increase
xylose yield. Cellulases supplemented with accessory hemicellulases not only
increase both glucose and xylose yields but also decrease the total enzyme loading
needed for equivalent yields [163].

1.4.4 High Solids Loading

To achieve high sugar concentrations and reduce the cost of downstream purifica-
tion, high solids loading (commonly >15% solids, w/w) in the enzymatic hydrolysis
process is required [164]. Enzymatic hydrolysis at high solids loading is identified
as a bottleneck affecting overall sugar yield, since it results in substantial reduction
in the conversion of polysaccharides to monomeric sugars. Although the exact cause
of the solid effect is not clear, there are several hypotheses that have been suggested,
including: the lack of available water to promote mass transfer, increased substrate
viscosity, increased concentration of inhibitors, and increased product inhibition.
The concentration of inhibitors (e.g. phenolics and xylooligomers) increases pro-
portionately with the cellulose and enzyme concentration [67]. However, the impact
of increased inhibitor concentration is more dramatic than the increased enzyme
concentration [134]. Therefore, pretreated biomass containing a minimum amount
of inhibitors is required for enzymatic hydrolysis with high solids loading.
Reactors capable of handling high-solids loadings are being developed for
research purposes and used on the bench- and pilot-scales to study mass and heat
transfer [165]. Previous works have shown that helical impeller and plate-and-frame
impeller can result in more consistent mixing and higher substrate conversions than
other impellers, indicating the free-fall mixing is effective [166, 167]. Periodic peri-
stalsis reactors can improve mixing efficiency by releasing constrained water [168].

1.5 Hydrolysis Strategy

To meet industrial production requirements, process design and optimization of
enzymatic hydrolysis are necessary. Low enzyme dosage and high solids loading in
hydrolysis can be fulfilled by some strategies, such as enzyme recycling, pelletiza-
tion, and consolidation with downstream process (e.g. fermentation). These promis-
ing strategies are able to achieve high sugar yields and concentrations, as introduced
in this section.
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1.5.1 Enzyme Recycling

The high cost of cellulolytic enzyme is one of the main challenges to industrial
application of the lignocellulosic conversion process. A potential solution to allevi-
ate this problem is the recycling of enzymes. There are three strategies to recycle
enzymes:

1. Recovering enzymes in the supernatant by ultrafiltration. Through this way,
recycled enzymes remain active for three rounds of recycle [169]. This method
can retain most f-glucosidase due to its low adsorption capacity [170].

2. Desorbing enzymes from solid residues and then recycling after being separated
[171].

3. Recycling bound enzymes together with solid residues. The enzyme dosage can
be decreased by about 30% compared with non-recycling hydrolysis using the
biomass pretreated by AFEX. This method results in an increase in total solids
concentrations, reaction volumes and lignin content. However, hydrolysis
efficiency is only slightly influenced by the increased lignin concentration or
solid effect throughout the cycles [172—-174].

The choice of the recycling process depends on the enzyme distribution between
solid residue and hydrolysate. In other words, the choice of the recycling process
depends on the enzyme adsorption capacity on the solid residue. Lignin content of
pretreated biomass, as well as temperature, pH and surfactant addition are the major
factors governing enzyme desorption from the residual substrate [170, 171].

1.5.2 Pelletization

Pelletization of pretreated biomass prior to enzymatic hydrolysis has many advan-
tages that benefits the logistic handling of biomass (e.g. storage and transportation)
and facilitates enzymatic hydrolysis at high solids loadings. Pelletization is reported
to increase the initial enzymatic hydrolysis rate and final sugar yields compared
with unpelletized biomass. The lower water absorption and retention capacity of
pelletized biomass allows the slurries to remain well mixed in enzymatic hydrolysis
without the fed-batch operation [175]. The bulk density of the pelletized AFEX
pretreated biomass can increase by 1.2~6 fold compared with unpelletized biomass
[176]. Pretreated biomass is shown to be easier to compress compared with untreated
biomass. High moisture content (~20%) can be compressed at relatively low pres-
sure to produce highly compacted pellets [177].
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1.5.3 Application of Bioconversion from Lignocellulose
to Sugars—SSF Process and Fed-Batch for Bioethanol
Production

In general, sugars produced from lignocellulosic biomass are usually used for fer-
mentation to produce biofuels or chemicals. In comparison to classical separate
hydrolysis and fermentation (SHF), the simultaneously saccharification and fer-
mentation (SSF) process integrates both the enzymatic hydrolysis of pretreated lig-
nocellulosic material and the fermentation of released sugars into one step. SSF
avoids end-product inhibition, reduces operating costs, decreases risk of contamina-
tion, and improves production efficiency. The combination of hydrolysis and fer-
mentation decreases the number of vessels and operating units. The decrease in
capital investment has been estimated to be up to 20% [178]. Furthermore, sugars
do not need to be separated from the solid residue following a separate enzymatic
hydrolysis step, thereby avoiding potential sugar loss.

Inevitably, there are also disadvantages of SSF compared with SHF process. The
optimal conditions for enzymatic hydrolysis and fermentation are different. For
example, temperature in SSF should be lower than the separate enzymatic hydrolysis,
as the optimum temperature for enzymatic hydrolysis is around 50 °C while for
fermentation is 30~37 °C [179].

For the production of lignocellulosic ethanol, both high ethanol yields and high
concentrations are important targets, because the distillation cost significantly
decreases for high ethanol concentrations. To increase the ethanol concentration,
high solids loading is necessary. Effective strategies, such as fed-batch operation,
can be employed [180, 181]. Through adding feedstocks in fed-batch mode, the
concentrations of inhibitors can be kept lower, exerting less inhibition to enzymatic
hydrolysis and fermentation. A suitable feed rate allows the continuous degradation
of inhibitors by microorganism [182, 183].

1.6 Conclusions and Future Outlook

Lignocellulosic biomass is the most abundant renewable resource which contains
plentiful amounts of polysaccharides, mainly cellulose and hemicellulose. The
strategy of combining enzymatic hydrolysis with pretreatment effectively converts
the polysaccharides in biomass to monomeric or oligomeric sugars. Pretreatment
breaks down the biomass recalcitrance and increases the cellulose accessibility to
enzymes. Thermochemical pretreatments, classified into acidic, neutral, alkaline
and organic method, are considered as integral and influential to the subsequent
operations, such as solid-liquid separation, detoxification, neutralization and enzy-
matic hydrolysis. Several thermochemical pretreatment technologies seem promis-
ing for industrial application, although all of them have virtues and faults.
Mechanical and biological pretreatments also play roles in enhancing enzymatic
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digestibility of biomass. Enzymes for lignocellulose hydrolysis involves cellulases,
hemicellulases and accessory enzymes, which react collaboratively on the lignocel-
lulose. The complete degradation of pure cellulose is well understood and depends
on three kinds of cellulase: cellobiohydrolase, endoglucanase and f-glucosidase,
whereas, the enzymatic hydrolysis of lignocellulosic materials actually is con-
fronted with several obstacles, such as inhibitors to enzyme activities, the lack of
accessory enzyme activities in commercial enzyme preparations, and difficulties in
increasing solid loading in the hydrolysate. Several materials, including lignin, phe-
nolics and xylooligomers, are strong inhibitors to enzymes in reversible or irrevers-
ible manners in the hydrolysate of pretreated biomass. To prevent inhibition and
improve enzymatic hydrolysis, some additives, such as non-productive proteins,
non-ionic surfactants and some metal ions as well as the accessory enzymes have
been demonstrated to be effective. Enzyme recycling is beneficial to reduce enzyme
dosage, which has important implication for saving cost. Pelletization of pretreated
biomass and integration enzymatic hydrolysis with subsequent fermentation pro-
cess can facilitate the operation process and the high-solid enzymatic hydrolysis.

The sugar yield, concentration and productivity from lignocellulose enzymatic
hydrolysis are still far below amylohydrolysis. On top of that, the refinery cost of
lignocellulose is much higher than starchy feedstocks, which makes the process less
competitive in business. Both new cognitions and novel technologies in pretreat-
ments and enzymatic hydrolysis are required to improve the sugar concentration,
yield and rate of the enzymatic hydrolysis. To reduce the production cost and
improve the efficiency of bioconversion of lignocellulose, further research is needed
on: (1) the development of new pretreatment technologies with strong merits; (2)
genetic engineering of lignocellulosic biomass with reduced biomass recalcitrance;
(3) new cognition about the relationship between enzymatic digestibility and bio-
mass structure and composition; (4) new enzymes possessing higher activity, speci-
ficity and inhibitor-tolerance, developed by protein engineering; (5) the production
of hemicellulases and accessory enzymes; (6) technologies and ways for removing
the inhibition in enzymatic hydrolysis; (7) consolidated operation processes and
reactor design for increasing solid loading and sugars concentration.
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Chapter 2

Sustainable Catalytic Strategies for Cs-Sugars
and Biomass Hemicellulose Conversion
Towards Furfural Production

Andre M. da Costa Lopes, Ana Rita C. Morais, and Rafal M. Lukasik

Abstract Furfural has been identified as one of the most important biomass-based
platform chemicals and has the potential to be used as a substitute of petrochemical-
derived building blocks in the production of chemicals and advanced biofuels.
Despite that the current industrial production technology of furfural is well estab-
lished, it is characterised by moderate production yield and selectivity which
reduces its competitiveness with crude oil-based alternatives. Furthermore, conven-
tional furfural production requires high energy and generates acidic waste streams.
Thus, research on more economic and environmentally benign furfural production
strategies from hemicellulose biomass and pentose sugar feedstocks has become of
worldwide interest in the scientific community and chemical industry. The present
chapter aims to provide state-of-the-art developments in the field of catalytic syn-
thesis of furfural from Cs-sugars and hemicellulose biomass, taking into the consid-
eration of green chemistry principles. Among the many advances, the employment
of homogeneous catalysts i.e. metal halides, ionic liquids and high-pressure CO, is
presented. Application of heterogeneous catalysts is addressed briefly. The perfor-
mance and efficiency of each catalytic approach in terms of catalyst reactivity, fur-
fural yield and selectivity, as well as the sustainability of furfural production are
analysed. Finally, critical outlook and perspectives of the development of sustain-
able furfural production processes are provided.
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2.1 Introduction

Furfural (furan-2-carbaldehyde) is a heterocyclic aldehyde discovered almost 2 cen-
turies ago, in 1821, by Dobereiner who distilled bran with dilute sulphuric acid [1].
The empirical formula of furfural (CsH,0,) was revealed in 1840 by Stenhouse, and
in 1845, Fownes proposed the name furfurol that came from bran (furfur) and oil
(o). In 1845, it was discovered that furfural has aldehyde functions hence the name
furfur-ol was changed to furfur-al.

Furfural is an oily product with a characteristic almond-like scent. The furfural
molecule contains an aldehyde group linked to a furan ring. In the presence of oxi-
dative agents (including air), the colourless furfural solution turns to yellow, then
brown and finally can reach even a black colour. The reason for this is the formation
of polymeric structures, due to the presence of conjugated double bonds, that can
occur even at a very low concentrations (103 M) [2]. Due to the present of the alde-
hyde group as well as the furan ring, furfural has the ability to form conjugated
double bonds with other unsaturated molecules. Because of this, furfural is a very
selective solvent and can be used for extraction of aromatic compounds from fuels
or vegetable oils [2]. Besides, the wide natural presence of furfural in fruits, coffee,
tea, brown bread [2] allows furfural can be used in agrochemistry with low risk for
human and animal health. Despite that, the main use of furfural is its employment
as a building block for different chemicals. According to the US Department of
Energy, furfural and its sister compound, 5-hydroxymethylfurfural (5-HMF), are
considered to be in the Top 30 Building Blocks derived from biomass [3]. Furfural
is widely used directly as a solvent or converted into dozens of types of chemicals.
Furfural alcohol is one of the most important furfural-based chemicals that are used
in the production of polymers and plastics. Other important commodities that can be
obtained from furfural are methylfuran and tetrahydrofuran which are widely used
for the synthesis of polymers containing a furan ring. The potential conversion path-
ways of furfural to several hundred classes of chemicals are given in Fig. 2.1.

2.1.1 Mechanistic Considerations of Furfural Formation

As it was aforementioned, furfural was discovered by Dobereiner and was produced
from biomass and more specifically from its hemicellulosic fraction. The hemicel-
lulose, mainly pentosans, after the acid hydrolysis, produce saccharide in either
oligomeric or monomeric forms [5, 6]. Under more severe reaction conditions,
xylose undergoes further dehydration and cyclisation to produce furfural with a
theoretical yield of approximately 73 mol%. The kinetics of biomass hydrolysis in
the presence of acid catalysts shows that the hydrolysis of hemicellulose to saccha-
rides is faster than their further dehydration [2, 7, 8]. Therefore, the limiting factor
for furfural production seems to be the dehydration reaction which involves a series
of elementary steps. Nowadays, three different theories exist regarding the
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mechanisms of furfural production from pentoses. The first possible mechanism for
furfural formation from pentoses involves the reaction through a 1,2-enediol forma-
tion and subsequent triple dehydration [9, 10] as shown in Fig. 2.2.

Alternatively, the second possible mechanism goes through a 2,3-(a,f)-
unsaturated aldehyde [11] according to reaction chains depicted in Fig. 2.3.

A third mechanism assumes the furfural formation from the pyranose form of
pentoses and later due to acidic attack leads to a first dehydration and structural
reformulation to form a furanose ring, followed by a subsequent dehydrations to
furfural [8, 12, 13] according to the mechanism demonstrated in Fig. 2.4.

The literature data on the 'C isotope tracking of dehydration of xylose [11] as
well as other works show a significantly higher proportion of acyclic being formed
in water than aldopentoses [14]. This confirms that the first possible mechanism
(Fig. 2.2) is more likely than the other mechanisms (Figs. 2.3, and 2.4). Besides,
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taking into account that the dehydration of xylose to furfural is the limiting step, it
can be considered that its formation should proceed through 1,2-enediol intermediate
because enolisation reactions are generally reversible hence the 1,2-enediol forma-
tion from xylose can be considered to be rate limiting step in the furfural formation
[10]. Despite these diverse scientific evidence published in literature [8-24], it is
difficult to indicate one mechanism and rather all aforementioned mechanisms are
possible and reaction conditions and catalytic/solvent system probably determine
the importance of one mechanism over the other mechanisms.
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2.1.2 Industrial Furfural Manufacturing and Their Recent
Updates

During World War I, the USA was driven to be self-efficient. Because of that, furfu-
ral became one of the most important pivotal chemicals in its aim to achieve this
target. For this reason, between 1914 and 1918 the intense research on industrial
valorisation of agricultural wastes took place. The National Bureau of Chemistry
(US) studied corncob as a feedstock for furfural production. The huge Quaker Oats
stockpiles of cereal wastes were considered as a potential source of furfural, and in
1921, the Quaker Oats company commenced production of furfural from oat hulls
using “left over” reactors [1, 2]. The bath process of several tonnes per month
involved the use of concentrated sulphuric acid.

Nowadays worldwide production of furfural is estimated at 300,000 tonnes/a
[25] and China is the main furfural producer. Chinese producers contribute to half
of the annual furfural global production capacity, however the installations are
widespread and use inefficient (\~50% of the theoretical yield) small-scale fixed bed
reactors. On the contrary, South Africa and Dominican Republic producers use
large-scale plants with higher efficiency than in China [26].

Nonetheless, to reach the significant levels of annual productions several indus-
trial processes have been developed during last decades. One of the pioneers was
BIOFINE process patented by Fitzpatrick in 1990 [27]. The BIOFINE process
involves the formation of furfural as an intermediate product in levulinic acid pro-
duction. The BIOFINE process uses two reactors in which biomass is processed
with dilute sulphuric acid (1.5-3% depending on the alkalinity of the raw material).
Then, the biomass is treated with steam (25 bar) at a temperature above 200 °C for
a short time to promote cellobiose hydrolysis. The solution is fed into a second reac-
tor in which the temperature is varied around 200 °C to have a reaction time of
20 min at 14 bar pressure. This allows levulinic acid to be formed, however any
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previously formed furfural can be recovered separately. The furfural yield obtained
from this process is close to 70% of theoretical and as the rest is incorporated into
char [28]. LeCalorie S.p.A. in Italy operated this process with 3 ktonnes/a for pro-
cessing paper mill sludge and tobacco plant wastes [29].

Gravitis and Vedernikov from Latvian State University of Wood Chemistry
developed an alternative process to enhance furfural production yield and minimise
cellulose degradation [30]. Their process involves the use of combined aliquots of
strong acid catalysts and salts to promote hydrolysis and dehydration reactions. The
advantage of their process is the relatively high furfural yields (between 55 and 75%
of the theoretical value), and a five-fold reduction in cellulose degradation com-
pared with other processes. It is possible to achieve selective hydrolysis of pentosan-
rich materials in two-steps.

In the CIMV (Compagnie Industrielle de la Matiere Vegetale) process, continu-
ous fractionation of biomass with organic acid organosolv is used [31]. The main
products of this process are whitened paper pulp, sulphur-free lignin (Biolignin™)
and syrup containing xylose. Starting from I tonne of biomass, 270 kg of Biolignin™,
490 kg of cellulose pulp and 220 kg of sugar syrup with 48% of pentoses can be
obtained. The pentoses can be converted to furfural. The actual processing capacity
of the CIMV plant is based on 70 kg/h of straw, and the plant located in France
started operation at the beginning of 2007 [32].

The Lignol Innovations Corporation developed a continuous biorefinery process
employing the organosolv treatment to remove lignin, hemicellulose and extrac-
tives. The main product of this technology is cellulosic ethanol, while the liquor
obtained from the organosolv pre-treatment is processed to produce furfural, xylose,
acetic acid, lipophilic extractives and lignin. The concept of this process is based on
the economic feasibility of ethanol production that can be achieved by the co-
production of value-added products especially that Lignol biorefinery technology
processes 100 tonnes/day of dry wood [33].

In 2000, Zeitsch patented the SupraYield process [2, 34]. The acid hydrolysis
pre-treatment process allows simultaneous production of furfural and its immediate
removal from the reacting, acid phase. The removal occurs by maintaining the reac-
tion mixture to a continuously boiling state. In 2011, International Furan Technology
started to explore sugarcane bagasse as a feedstock in the modified SupraYield pro-
cess [35] in Central Romana factory in Dominican Republic, which is the largest in
the world, and in Illovo Sugar, which is the second largest in the world [36].

Delft University developed MTC (Multi-Turbine-Column) process that is
focused on the pre-treatment of biomass and the subsequent hydrolysis to produce
a gaseous furfural stream and a solid residue. The furfural purification occurs using
alkaline solutions and toluene as the organic phase. Among the claimed advantages
of the process are high furfural yield, due to continuous removal of furfural from the
reacting mixture, less by-product formation, and lower energy demands compared
to batch processes [26].

Current industrial batch and continuous processes use mineral acids as catalysts,
which leads to corrosion, issues with product and catalysts recuperation from reac-
tion mixture, and risks to health and environment. In order to maximise the furfural
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production yield, diverse approaches have been proposed in the literature involving
new types of catalysts in monophasic and biphasic reaction systems. Ionic liquids,
high-pressure fluids, metal halides as well as heterogeneous catalysts are some of
the strategies proposed to achieve higher furfural yield with lower negative environ-
mental impact. All of these novel and greener concepts are discussed in the follow-
ing sections.

2.2 Emerging Strategies of Furfural Production

2.2.1 Homogeneous Catalysis

Presently used methods for furfural production have technological or environmental
issues. Alternatives to wasteful, energy intensive processes will require safe and
environmentally friendly catalysts accordingly to green chemistry principles. In
view of active research in alternative homogeneous catalysts, metal halides, super-
critical CO,, and ionic liquids (ILs) have gained increased attention in this field. The
present contribution has been aimed to highlight alternative homogeneous catalysts
that can significantly contribute to the development of advanced catalysts to be used
in future furfural production processes.

2.2.1.1 Metal Halides
Fundamentals and Mechanism

Metal halides are inexpensive catalysts and show great catalytic activity [37]. Metal
halides can be categorised in four main groups accordingly to the periodic table:
alkali metals, e.g. Li, Na and K; alkaline earth metals e.g. Mg and Ca; transition
metals, e.g. Fe, Cr, Cu, Mn, Co, Zn and group IITA metals. For the last group, phos-
phate, sulphate and nitrate anions were also tested as well as halides.

Numerous works have demonstrated efficient application of metal halides as
catalyst [38, 39] for the conversion of lignocellulosic biomass to furfural, namely in
aqueous systems, and often also coupled with other types of processes, such as
microwave irradiation or ionic liquids [40]. Despite the great potential of metal
halides in furfural production, there is still a lack of detailed information about their
mechanism of hydrolysis and dehydration of pentoses into furfural. In general, the
conversion of hemicelluloses into furfural with metal halides, especially metal
chlorides, is related to their Lewis acid character, due to their ability to attract electron
pairs. The addition of metal chlorides e.g. AICl;, CuCl,, to water medium leads
to its dissociation into complex ions. This drives to the formation of coordinate
covalent bonds composed by several molecules of water [41]. In general, the nomen-
clature of metal ions ligand complexes is demonstrated as [M(H,0),]**, where M is
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the metal ion, n is the solvation number (in the range of 4 to 9) and z is the cation
oxidation state [41, 42]. Water molecules bond to the central metal cation as mono-
dentate ligands, i.e. only one donor atom is used to bond to the central metal cation,
whereas the metal cation becomes polarised due to the water molecules. Then, addi-
tion of metal chlorides to water promotes hydrolysis reactions, which consequently,
results in complex formation of cations. Near the metal cation, water molecules
form a primary hydration sphere. Water molecules that bond to the primary hydra-
tion sphere also form a secondary hydration sphere. Bonding of hydronium to natu-
rally more acidic hydrated cations results in relatively strong hydrogen bonds and
forms a secondary hydration sphere [43]. Then, the metal cations that remain in the
sphere of hydration promote the release of electrons from water molecules [41, 43].
Thus, the metal cations act as Lewis acids having a positive effect in the hydrolysis
of glycosidic linkages of xylan polymer, whereas the coordinate water molecules
from the hydrated cation act as nucleophiles to bond with xylose [41]. However, the
application of high temperatures and pressures can destroy the hydration structure,
whereby the metal cations remain in their elementary states [43, 44].

On other hand, other types of metal chlorides, e.g. FeCl;, have a Brgnsted acid
character. For instance, it is well-known that aqueous solutions of FeCl; have
Brgnsted acid behaviour once the hydrolysis of Fe** leads to the formation of differ-
ent kinds of complexes as shown in Eqs. 2.1 and 2.2 [45, 46]:

2+

[Fe(H,0), | <> H" +[ Fe(0H)(H,0), ] @1
2[ Fe(OH)(H,0), T «>[(H,0), FeOFe(H,0).]" +H,0 (22

The pH value and the initial iron concentration play an important role in the
equilibrium of these reactions [46]. The pH value of the solution drops dramatically
when aqueous solution of FeCls; is boiled to form a dark precipitate [46] that con-
sists mainly of iron oxides such as a-Fe,O; and f-FeOOH [47]. Thus, the concentra-
tion of H* in the solution increases according to the Eq. 2.3.:

3Fe* +5H,0 <> 9H" + Fe,0, 1 +FeOOH (2.3)

The presence of FeCl, in the aqueous solution acts as a source of HCI and iron
oxide, decreasing the pH of the reactional medium [46]. Similar effect is foreseen
from other trivalent metal chlorides [48]. Liu et al. reported that FeCl; in water had
a greater catalytic effect on hemicellulose removal than strong acid solutions at a
similar pH values [49]. Additionally, Mao et al. reported that Fe* promoted
seawater-based production of furfural through hydrolysis of biomass in acetic acid
steam [50].

The role of halide salts in the dehydration of xylan type sugars to furfural has
been investigated thoroughly [22, 51]. For instance, Marcotullio and de Jong deter-
mined the role of halide salts in assisting the enolisation of protonated acyclic
xylose and consecutive dehydration steps (Fig. 2.5) [51].
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According to the authors, Cl~ had a greater effect in promoting enolisation reac-
tion than Br~ and I~, possibly due to its nucleophilic character. Enslow and Bell
found that the selectivity of xylose dehydration to furfural followed the same trend,
however the conversion of xylose in aqueous solution increased in the following
order: CI™> Br—> I~ [52].

Interaction of Metal Halides with Water

The interaction of metal halides with a solvent has a great influence on activity as
indicated by the solvent electron pair acceptor number. For example, water is char-
acterised as having one of the highest acceptor numbers, i.e. 54.8 [42]. After the
formation of a metal ion in aqueous solution, i.e. aqua ion, it is subject to hydrolysis
producing hydroxide and oxide species, which in consequence, leads to a loss of its
Lewis acid character. However, hard pre-transition metal ions or lanthanide ions and
A** are highly resistant cations for preserving their Lewis acid character [42].
Furthermore, the acid strength of a metal cation in solution is highly depended on
pKa. A lower pKa of a metal cation gives the ion a higher acidic character. Table 2.1
shows pKa values of some metal cations. As can be seen, Fe**, Al1** and Cu?* are the
metal cations with stronger acid character than Fe** and Ca**. Because of this, acidic
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Table 2.1 Selected metal Metal
cations pKa and hardness cation pKa Hardness value (eV) [54]
values Fe™ 2.46 13.1

AP* 4.85 45.8

Cu* 6.50 8.3

Fe? 9.49 7.3

Ca** 12.7 19.7

Adapted with permission from Kamireddy SR, Li J,
Tucker M, Degenstein J, Ji Y Effects and mechanism
of metal chloride salts on pretreatment and enzymatic
digestibility of corn stover. Ind Eng Chem Res 52
(5):1775-1782. Copyright (2013) American Chemical
Society [41].

metal chlorides, such as FeCls;, AICI;, CrCl,, have been widely used due to their
ability to catalyse the dehydration of Cs-sugars into furfural [17, 53].

Liu and Wyman reported that aqueous solutions containing 0.8 wt. % CaCl, (pH
=5.59) or 0.8 wt. % MgCl, (pH = 5.87) are acidic and that the pH value of 0.8 wt.
% FeCl; solutions is particularly low (pH = 1.86) [55]. Cai et al. reported the influ-
ence of several metal halides, FeCl;, AICl;, CrCl;, CuCl,, and ZrOCl, in THF-water
system, on the conversion of different lignocellulosic biomasses, such as maple
wood and corn stover, into furfural [56]. All pH values of metal solutions were
determined in 1:1 THF-water system. The FeCl; solution (pH = 1.90) allowed the
highest theoretical furfural yield of 95 mol% from maple wood at 170 °C for 60 min
of reaction time and at 4:1 THF-water system. Its high Brgnsted character permitted
slowing down the xylose conversion rates and enhancing the furfural selectivity at
longer reaction times. On the other hand, CuCl, (pH = 2.78) and AICI; (pH = 2.88)
had a moderate effect resulting in furfural yields in the range of 8§1-89 mol% and
58-76 mol%, respectively, probably due to their moderate Brgnsted acidity. The
effect of ZrOCl, (pH = 1.65) on maple wood was characterised by a low furfural
yield (44 mol%) and a poor selectivity (37 mol%), despite its strong Brgnsted acid-
ity. The CrCl; solution (pH = 3.13) allowed high xylose conversion (100% in 5
min), however it had a negative impact on furfural yield as furfural losses quickly
overtook the furfural production. The authors proposed that the strong Lewis acid
character of CrCl; played an important role in furfural losses [56].

Furfural from Cs-Sugars and Lignocellulosic Feedstocks

Monophasic Aqueous and Non-aqueous Systems

Converting xylan polymer to furfural is a critical step in the utilisation of lignocel-
lulosic biomass, since B-D-xylose is the main constituent of hemicellulose. The
ability to produce furfural with a high yield and selectivity implies a low production
of humins as conversion of xylose to furfural is crucial to limit the production of
side products and humins.
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The kinetics of fundamental steps of main and loss reactions in the conversion
mechanism of Cs-sugars play a crucial role in achieving a high yield of furfural. Liu
and Wyman examined the influence of various metal halides, KCI, NaCl, CaCl,,
MgCl, and FeCl; on the degradation of xylose and xylotriose into furfural in aque-
ous solutions at 180 °C [55]. Adding 0.8 wt. % FeCls; to the aqueous solution resulted
in the greatest increase of xylose and xylotriose degradation rate (6- and 49 fold,
respectively) in comparison to those obtained in hot water. The improvement of
xylose degradation rate was found to be in the following order: NaCl < KCI < CaCl,
< MgCl, < FeCl;. However, the formation of other degradation products and uniden-
tified compounds increased in the presence of FeCl;. Those authors found that
unidentified products could be produced from furfural resinification and condensa-
tion reactions [55]. Yang et al. have investigated the conversion of commercial
xylan-derived beech wood to furfural in aqueous reactional medium containing
various types of metal chlorides, such as CrCl;, CrCl,, AICl;, FeCl;, SnCl,, SnCl,,
GeCl, and InCl;, as catalyst [57]. They found that the catalytic activity of those
metal chlorides was highly dependent on cation with Sn** being the most effective.
The effectiveness of SnCl, can be attributed to the hydrolysis of Sn** in aqueous
solution and the equilibrium with colloidal tin oxide and protons [58], as repre-
sented by Eq. 2.4, which shows that the pH value decreases and promotes hydrolysis
of xylan into xylose.

Sn** +(x+2)H,0 <> S$nO, -xH,0 { +4H" (2.4)

The formed hydronium ion is mostly responsible for the hydrolysis of hemicel-
lulose from the cell wall of lignocellulosic biomass promoting the release of
xylose, whereas both Sn** and SnO,exH,0 act as Lewis acids promoting the xylose
dehydration reactions, besides the acidic property of Sn** [57]. Wang et al. found
that mixtures of two metal chlorides, such as SnCl,/LiCl, can improve by 8% the
dehydration of xylose into furfural in comparison to SnCl, alone [59]. These data
are in good agreement with that reported by Binder et al. who stated that CrCl,
along with LiBr as additive, led to xylose to furfural yields up to 56 mol% at
100 °C for 4 h [17].

Some studies have focused on the use of non-aqueous systems, namely ionic
liquids (ILs). The selective transformations of pentoses, native hemicellulose and
biomass into furfural in reaction media composed of ILs as solvents (or co-solvents)
and metal halides have been reported in many works [38, 40, 60, 61]. To reach this
transformation, 1-butyl-3-metylimidazolium chloride ([bmim]CI) has been chosen
in the majority of those studies, since it has demonstrated to have a high ability to
dissolve carbohydrates, as well as it can stabilise furfural at high temperatures [38].
The incorporation of metal halides (CrCl; and AlCl;) in the IL medium was demon-
strated to be more effective for converting xylose into furfural than H,SO, [38, 60,
62]. For instance, Peleteiro et al. reached ~50 mol% of furfural yield from xylose
using [bmim]Cl/CrCl; system at 120 °C for 30 min. Nevertheless, practically half
of the initial xylose was converted into other products (soluble and insoluble)
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[60]. Higher furfural yield (82.2 mol% from xylose) was obtained with [bmim]Cl/
AICI; system, although this enhancement was also promoted by microwave irradia-
tion [38]. In fact, microwave irradiation improves the ability of metal halides in the
presence of ILs to transform diverse feedstocks, such as pentoses, xylan and bio-
mass into furfural [38, 40]. Just a few minutes or even seconds are needed to achieve
high furfural yields from xylan. For instance, using 400 W irradiation power of a 63
mol% of xylan was converted into furfural in the presence of [bmim]Cl/CrCl; sys-
tem within 2 min [40]. On the other hand, higher furfural yield (~85 mol%) was
obtained with the microwave-assisted transformation of xylan in [bmim]CIl/AICI,
system in only 10 seconds at 170 °C [38]. Among several examined metal halides
(CrCl;, AICl;, FeCl;-6H,0, CuCl,-2H,0, LiCl and CuCl), AICl; was demonstrated
to be the most efficient catalyst in the production of furfural from xylan assisted by
microwave irradiation. Furthermore, a correlation between the number of coordi-
nated chlorides in the catalysts and the catalytic efficiency was observed. Considering
the efficiency in the producing furfural, examined catalysts could be ordered as fol-
lows: AICI; > FeCl;-6H,0 > CrCl; > CuCl,-2H,0 > CuClI > LiCl [38]. The presence
of chloride anions enhances the dehydration of xylose by acting as weak bases
promoting the formation of the 1,2-enediol from the acyclic form of xylose.
Subsequently, they accelerate the three dehydration steps and ring closure to form
furfural [38, 51]. The cation AI** is more efficient in furfural synthesis than Cr** and
Fe?* cations. However, when lignocellulosic biomass is used as substrate, the effi-
ciency of the [bmim]Cl/metal halide reaction system drastically decreases [38, 40].
Corn stalk, rice straw and pine wood have been treated in [bmim]Cl/CrCl; system
under 3 min of microwave irradiation (400 W) and produced furfural in 23-31
mol% yields [40]. Similar ranges of furfural yields (16—33 mol%) were obtained for
corncob, grass and pine wood with the [bmim]CI/AICI; reaction system [38]. The
main reasons for the very low yields obtained in comparison to those reactions with
xylose and xylan as raw materials are dictated by the complex interactions between
biomass components as well as by the presence of more complex parallel reactions
between formed xylose, furfural and other highly reactive compounds composing
biomass (e.g. phenolic compounds originated from lignin). A possible solution may
lie in a pre-extraction of hemicellulose from biomass to improve the selectivity of
catalysts. Peleteiro et al. performed a hydrothermal treatment of pine wood and
hemicellulose in polymeric and oligomeric forms were obtained [61]. Nevertheless,
the application of the [bmim]Cl/CrCl; reaction system to this substrate allowed to
reach only 37.7 mol% of furfural yield [61]. Despite the relatively low furfural
yields, developing processes that allow conversions at mild reaction conditions is
highly desirable.

Notwithstanding the number of metal halides investigations performed with
aqueous or non-aqueous systems, the direct comparison of their performance varies
widely, due to conditions such as temperature, reaction time, catalyst loading and
composition of reactional mixture. Table 2.2 depicts an overview of strategies used
for conversion of Cs-sugars and hemicelluloses to furfural using metal halides as
catalysts in both aqueous and non-aqueous systems.
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Table 2.2 Selected examples on metal halides strategies for furfural production in aqueous and
non-aqueous solutions

Conditions FUR
yield/
Starting material Catalyst Solvent(s) T/°C t/min | mol% | Ref.
Pentose
Xylose AlCl, Choline chloride- 140 15 59 [63]
citric acid-H,O®
Xylose CrCl, DMA® 100 240 56 [17]
Xylose CrCl, [bmim]Cl 120 30 50 [60]
Xylose AlCl; [bmim]CI>¢ 160 1.5 82 [38]
Hemicellulose polysaccharides
Xylan FeCl, GVL/water 170 35 69 [64]
Xylan AlCl, Choline chloride- 140 25 54 [63]
citric acid-H,O
Commercial beech SnCl, Water 150 120 49 [57]
xylan
Xylan CrCl, [bmim]CI® 200 2 63 [40]
Xylan AlCl; [bmim]CI>¢ 170 1/6 85 [38]
Lignocellulosic biomass
Corncob FeCl, GVL/water 185 100 80 [64]
Maple wood FeCl, THF/water 170 80 95 [56]
Corn stover FeCl; THF/water 170 80 95 [56]
Corncob AlC, [bmim]CI>¢ 160 3 19 [38]
Pinewood AlCl; [bmim]CI>¢ 160 3 34 [38]
Corn stalk CrCl, [bmim]CI° 100 3 23 [40]
Rice straw CrCl, [bmim]CI® 100 3 25 [40]
Pine wood CrCl, [bmim]CI° 100 3 31 [40]

Ref.: References, FUR: furfural, GVL: y-valerolactone, THF: tetrahydrofuran, [bmim]CI: 1-butyl-
3-methylimidazolium chloride, DMA: N,N-dimethylacetamide

ALiBr used as additive. "Under microwave irradiation. °10 pL of water was added to the reactional
system. 410 wt. % water was added to the reaction system. °10 mg of water was added to the reac-
tion mixture.

Biphasic Systems

Water is one of the most economical solvents for the dehydration reaction of pen-
toses to furfural. However, water speeds up some degradation reactions of furfural
since it can also act as reactant [65]. In the search to improve furfural yields and
selectivity, recent studies in aqueous/organic biphasic systems have demonstrated
new directions. Although many organic solvents have low solubility in an aqueous
phase, the limited furfural yield and selectivity can be overcome by addition of salts,
such as NaCl. NaCl has a double positive influence on the production of furfural.
Firstly, NaCl additive in water increases furfural selectivity and xylose to furfural
rate (in acidic systems) [22], and secondly it acts as a phase splitting inducer of
furfural in biphasic systems, due to an increase in the internal pressure caused by the
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action of the salt [39, 53]. Specifically, a biphasic system composed of an aqueous
phase, constituted by FeCl; and NaCl (or seawater), and an organic phase consti-
tuted by a biomass-derived organic solvent i.e. 2-methyltetrahydrofuran (2-MTHF)
has been acknowledged as a highly effective solvent system for furfural production
[39]. This strategy led to a maximum xylose to furfural yield of 71 mol% for 20 wt.
% of NaCl as additive at 140 °C for 4 h of reaction. Adding 2-MTHF as extraction
solvent, 98 mol% of furfural could be extracted from the aqueous/reactional phase.
Interestingly is that the direct use of seawater, which in this case acts as a source of
various salts, resulting in an improvement in furfural production. However, the con-
version of non-purified xylose effluents obtained from beech wood fractionation in
water/2-MTHF system using FeCl; as catalyst resulted in a furfural yield of only 41
mol% [39].

Yang et al. reported on a case where AlCl; was used in large amount hence it was
not considered as catalyst in the traditional sense in a biphasic water/tetrahydrofuran
(THF) system at 140 °C for 45 min to form furfural from xylose and xylan [53].
Their approach gave under microwave irradiation, a xylose and xylan to furfural
yields of 75% and 64%, respectively. AICI; was also shown to be a good performer
in the effective conversion of various types of lignocellulosic biomasses, e.g. corn
stover, pinewood, switchgrass and poplar, resulting in different furfural yields
depending on their recalcitrance. Biphasic systems have been used to make progress
in improving the furfural yield and selectivity, however the conversion of lignocel-
lulosic biomass into furfural using eco-friendly solvents and routes remains a big
challenge that must still be addressed. Table 2.3 shows a wide-range of works
reporting the use of metal halides to produce furfural from xylose and different
biomass hemicelluloses in biphasic systems.

2.2.1.2 Supercritical Fluids

A supercritical fluid is often referred to as a pure substance found at greater tem-
peratures and pressures than the critical values (7, and p,, respectively) as shown in
Fig. 2.6. Under supercritical conditions, liquid-like densities are approached, allow-
ing solvation of many compounds, whereas viscosity is comparable with that of
ordinary gases, and diffusivity is two magnitudes higher than those of liquids [66].
At supercritical conditions, slight changes in temperature and pressure result in tre-
mendous variations of density, without experiencing a phase change which plays an
important role in the ability to dissolve other compounds, i.e. solvation power. Thus,
the low surface tension coupled with high diffusivities of supercritical fluids allow
the diffusion of supercritical fluids into the recalcitrant structure of biomass, while
the liquid-like density of supercritical fluids permits the dissolution of components
present in biomass. Among all of the chemicals that can be used as supercritical
fluids, carbon dioxide and water are the fluids considered as potentially interesting
regarding to the increasing concerns of green technologies for furfural production
[23, 67].
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Table 2.3 Selected examples on metal halides for furfural production in biphasic systems

Conditions FUR
yield/
Starting material Catalyst Solvent(s) T/°C t/min | |mol% | Ref.
Pentoses
Xylose AICI;? THF/water®< 140 45 75 [53]
Xylose SnCl,/LiCl DMSO/water 130 360 63 [59]
Non-purified xylose FeCl, 2-MTHF/water® 140 240 68 [39]
from beech wood
Hemicellulose Polysaccharides
Xylan AICI;? THF/water®< 140 60 64 [53]
Commercial beech SnCl, 2-MTHF/water 150 120 78 [57]
xylan®
Lignocellulosic Biomass
Corn stover AlICl;? THF/water®* 160 60 55 [53]
Pinewood AICI;? THF/water®< 160 60 38 [53]
Switchgrass AICI THF/water®< 160 60 56 [53]
Poplar AICIly? THF/water®© 160 60 64 [53]
Corncob? SnCl, 2-MTHF/water 150 120 69 [57]
Bagasse! SnCl, 2-MTHF/water 150 120 67 [57]
Corncob® FeCl, Sea water/acetic 190 30 73 [50]
acid

Ref.: References, THF: tetrahydrofuran, FUR: furfural, 2-MTHF: 2-methyltetrahydrofuran,
DMSO: dimethyl sulphoxide

2AICl; was used in large amount hence it was not considered as catalyst in the classical meaning.
®Under microwave irradiation. °NaCl used as additive. ‘Corncob and bagasse hemicelluloses were
previously treated by oven drying. *Semi-bath reaction mode

Superecritical Carbon Dioxide

Carbon dioxide is not only inexpensive and readily available, but also safe to han-
dle, does not contaminate the product and leads to less production of wastes that
require neutralisation [69, 70]. The energy demand to bring CO, to supercritical
condition (7, = 31.0 °C and p, = 74 bar) is relatively low in comparison to other
solvents, e.g. water (Tc = 374.2 °C and Pc = 221 bar). Consequently, it can “help”
in the development of more energy-efficient furfural processes. Additionally, CO,
has attracted increasing interest as a substitute of environmentally unattractive cata-
lyst and, when being recovered and recycled, it does not contribute to increase of
greenhouse gas (GHG) levels in the atmosphere. Recently, supercritical CO, has
been used in valorisation of lignocellulosic biomass due to the enhancement of
hemicelluloses hydrolysis, followed by the improvement of enzymatic digestibility
of the processed biomass, over those obtained in conventional hydrothermal bio-
mass processes [5, 6, 71, 72].

The extraction of hemicelluloses from biomass occurs generally in aqueous
stream hence, the ideal process of furfural synthesis would have the reaction taking
place in the aqueous phase along with catalyst. Besides the low solubility of CO, in
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Fig. 2.6 Phase diagram of water (Adapted from Bioresource Technology, Vol. 101, Girio FM,
Fonseca C, Carvalheiro F, Duarte LC, Marques S, Bogel-Lukasik R, Hemicelluloses for fuel etha-
nol: A review. Pages 4775-4800, Copyright © (2010), with permission from Elsevier [68])

water, the dissolution of CO, in aqueous medium leads to the formation in-situ of
carbonic acid according to Egs. (2.5), (2.6), (2.7) and (2.8):

CO, (g) > CO, (aq.) (2.5)
CO, +H,0 <> H,CO, (2.6)
H,CO, +H,0 <> H,0" + HCO, (2.7)
HCO; +H,0 <> 2H,0" +CO;” (2.8)

The two-stage dissociation and liberation of hydronium ions promotes acid cata-
lysed dehydration of hemicellulosic sugars into furans, in a similar way to mineral
acids. The use of supercritical CO, as catalyst in aqueous medium has a great benefit
since the in-situ formed carbonic acid does not constitute an environmental prob-
lem, as CO, can be easily removed during the depressurisation step, increasing the
pH value of the solution [6]. The used CO, can also act as an extraction solvent, and
due to the high solubility of furfural in supercritical CO,, furfural can be easily
extracted [73, 74].

Furfural Formation from Pentoses and Biomass in Supercritical CO,

Gairola and Smirnova explored the conversion of L-arabinose, D-xylose and hemi-
cellulose into furfural coupled with simultaneous extraction of furfural using super-
critical CO, in six batch reactors [75]. Firstly, the kinetic studies of dehydration of
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Table 2.4 Supercritical CO, strategies for the conversion of xylose and lignocellulosic biomasses
hydrolysates into furfural

Conditions FUR yield/
Starting material | Solvent(s) T/°C p/bar | t/min mol% Ref.
Xylose Water 230 1202 24 68 [75]
Xylose Water/THF 180 50 60 69 [23]
Xylose Water/THE/MIBK 180 50 60 57 [67]
Wheat straw® Water 230 80 25-27 |29 [75]
Wheat straw® Water/THF/MIBK 180 50 60 43¢ [67]
Brewery waste® | Water 230 80?2 25-27 | 13¢ [75]

Ref.: References, FUR: furfural, THF: tetrahydrofuran, MIBK: methyl isobutyl ketone
3CO, flow rate of 3.6 g/min. *Lignocellulosic biomass hydrolysate. “With simultaneous supercriti-
cal CO, extraction

L-arabinose into furfural and the associated loss reactions in aqueous media, over a
temperature range of 180-260 °C up to 60 min of reaction time at an initial CO,
pressure of 30 bar with initial arabinose concentrations of 0.2, 1 and 5 wt. % were
addressed. According to results obtained in those experiments, reaction tempera-
tures greater than 220 °C were needed to achieve almost complete conversion of
L-arabinose within 60 min of reaction time. The authors reported that for optimal
modelling, the kinetic parameters for furfural degradation should be calculated sep-
arately from other kinetic parameters, because furfural degradation increases in
more complex reaction mixtures. So, in an effort to determinate separately the
kinetic parameters for furfural degradation, the declining furfural concentration in
those assays, in which a total disappearance of pentoses was obtained within certain
reaction time, was used. Additionally, the estimated Arrhenius parameters for arabi-
nose were in good agreement with those reported by Jing and Xyuyang [76]. Gairola
and Smirnova proposed that it is justified the solely use of xylose as the model
compound for conversion of hemicellulose into furfural. Danon et al. stated that the
above mentioned author’s assumption seems to be “coarse”, firstly because this
assumption was not validated with experimental data, and secondly, the xylose deg-
radation was around 30% faster than arabinose [48]. Besides the arabinose conver-
sion experiments, Gairola and Smirnova also studied the optimal conditions for the
formation of furfural from xylose, taking into account the temperature, pressure,
reaction time, CO, flow rate and xylose concentration [75]. The highest overall
xylose to furfural yield of 51 mol% was achieved at 230 °C, 80 bar for 24 min of
reaction time. Increasing CO, pressure from 80 to 120 bar resulted in an improve-
ment of furfural yield from 51 mol% to 68 mol%. Further increasing of pressure up
to 160 bar did not result in an enhancement of furfural yield [75]. Additionally,
those authors reported experimental data for the conversion of wheat straw and
brewery waste hydrolysates using simultaneous supercritical CO, extraction of fur-
fural, as shown in Table 2.4. Lower furfural yields and higher content of humins
were obtained in comparison to pure xylose. These data were mainly explained by
the presence of organic acids and phenolic compounds in the hydrolysates because
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furfural is well-known to promote the crosslinking of phenolic compounds and lig-
nin under hydrothermal conditions [45, 77].

Morais and Bogel-Lukasik investigated the degradation of xylose in aqueous
solutions using supercritical CO, and THF as solvent [23]. Over a temperature range
of 160 and 180 °C, the conversion of xylose to furfural was studied in pure water
(without CO, and THF), in water and CO, (without THF), in water with various
amounts of THF (without CO,) and in water/THF/CO, systems. They concluded
that supercritical CO, plays an important role as catalyst in the improvement of
furfural yield and selectivity. For instance, by using CO, as the catalyst in the sys-
tem only with water, a 43 mol% yield of furfural was achieved, whereas in the
absence of CO, the highest furfural yield was only 25 mol%, at 180 °C for 60 min.
Besides the substantial improvement in furfural yield, it is still relatively low due to
the occurrence of degradation reactions leading to the formation of high amounts of
insoluble solid by-products. In an effort to prevent furfural degradation reactions in
aqueous phase, it was proposed the use of THF aiming to “protect” furfural from
undesired degradation reactions. In fact, the addition of THF to the system (com-
posed of water and CO,) improved both the yield and selectivity of furfural to 69
mol% and 83%, respectively. One possible explanation for the improvement of fur-
fural yield in the presence of THF might be due to the observation reported by Pollet
et al. who found that CO, acts as a phase splitting inducer that is able to separate
THF from the aqueous phase [78]. Gaseous CO, has a very low solubility in water,
while it has an infinite solubility in THF, and consequently the presence of CO, in
water/THF mixtures promotes phase separation. The CO, promotes the transition of
a substantial amounts of THF into a separate liquid phase (CO,-expanded THF lig-
uid phase), and a later increase of pressure leads to the formation of a gas or liquid
phase (depending on the reaction geometrics) that is rich in CO, and THF (Fig. 2.7).
Therefore, under the investigated operation conditions, CO, acts as an acid catalyst
and contributes to phase spitting allowing the in-sifu extraction of produced furfural
from the aqueous phase, protecting it from degradation reactions. This approach
benefits from the use of easily recovery of low-boiling THF by room temperature
vacuum distillation and does not require additional steps in downstream processing
of the salt-saturated aqueous phase [79]. Yet, Morais et al. investigated the conver-
sion of xylose into furfural in a system composed of water, THF, MIBK and super-
critical CO,, where MIBK acted as a water immiscible extracting solvent [67]. The
reactions at temperatures between 160-200 °C and for up to 120 min of reaction
time under an initial CO, pressures of 50 bar with a xylose feed streams of 12.5 g/L.
in water were studied in a batch reactor. At temperatures below of 180 °C, the dehy-
dration of xylose into furfural was shown to be very limited even for prolonged
reaction times, resulting in a furfural yield of only 28 mol%. Interestingly, increas-
ing temperature up to 180 °C resulted in a great increase in furfural yield up to 57%
within 60 min of reaction time. Further increase of temperature promoted furfural
degradation reactions reducing the amount of furfural recovered. The same authors
also investigated the role of initial CO, pressure in the conversion of xylose into
furfural. The addition of only 20 bar CO, increased the xylose conversion up to
85%, however similar effects were not observed for furfural yield as it remained
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Fig. 2.7 Phase separation
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low, i.e. similar to the CO,-free reaction (< 40 mol%). It was stated that the above-
referred pressure is enough to promote the dehydration of xylose, but without occur-
rence of THF-water phase separation. Initial CO, pressures above 50 bar were
enough to promote sufficient splitting phase, and thus prevented the further degra-
dation of furfural from side reactions that resulted in an improvement in furfural
yield up to 57 mol%. Also, Morais et al. studied wheat straw hydrolysates conver-
sion. Similar to those results obtained by Gairola and Smirnova, the furfural yield
(43 mol%) and selectivity (44 mol%) were significantly lower than when xylose
was used as feedstock [67].

The analysis of the data presented in Table 2.4 permits the conclusions that the
use of supercritical CO, as an alternative catalyst in the production of furfural is still
in its development. However, the extraordinary properties of supercritical CO,
either acting as a catalyst or as a co-solvent in mixtures makes it a possible solution
to tackle the well-known challenges found in the industrial furfural production
processes.

2.2.1.3 Ionic Liquids

Tonic liquids are organic salts composed solely of an anion and a cation and by defi-
nition they have melting points below 100 °C. The wide range of existing anions
and cations allows multiple possibilities in the synthesis of ILs to have different
physicochemical properties for specific applications. One example of the potential
of ILs as solvents or catalysts to assist or to mediate lignocellulosic biomass trans-
formation into a wide range of products is given in a recent text by one of the
authors [80]. The selectivity of ILs to form a desired product is a key advantage,
surpassing conventional acid-catalysed reactions in aqueous medium for similar
purposes. The production of furfural from pentoses, native hemicellulose or directly
from biomass, assisted or mediated by ILs, is one of those successful examples.
Nowadays, three different IL concepts for production of furfural have been studied
and are characterised as: i) IL solvent (or co-solvent) with an external catalyst (e.g.
metal halide as discussed above); ii) IL catalyst; or iii) IL as both solvent and
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Table 2.5 Selected examples of furfural (FUR) production with ionic liquids (furfural yield >50
mol%)

Conditions
Starting material IL/co-solvent(s) T/°C t/h FUR/mol% | Ref.
Pentoses
Xylose [bmim][HSO,]/Dioxane 140 6 82 [24]
Xylose [bmim][HSO,]/MIBK 140 6 80 [24]
Xylose [bmim][HSO,]/Toluene 140 4 74 [24]
Xylose [bSO;Hmim|[HSO,]/ 150 25/60° |92 [81]
Water/MIBK
Xylose [bSO;Hmpyr][BE,]/ 180 1¢ 85 [82]
Water/THF
Xylose [emim][HSO,]/ Toluene 100 6 84 [83]
Xylose 1L-Si0,/DMSO® 110 2 50 [84]
Hemicellulose polysaccharides
Extracted hemicellulose | [bmim][HSO,]/Dioxane 160 4 59 [85]
from eucalyptus wood

“Under microwave irradiation. *IL- 3-sulphobutyl-1-(3-propyltriethoxysilane)-imidazolium hydro-
gensulphate

catalyst. Table 2.5 represents optimal conditions for furfural production for each
research work using these IL concepts.

Ionic Liquids Used as Acidic Catalysts

A strategy based on the use of ILs with their acidic properties is to use them to
catalyse the production of furfural in aqueous medium [81, 82, 84]. In this case,
selectivity is not provided by the high stability of furfural in ILs, such as [bmim]Cl,
but by the catalytic activity of acidic sites present in the ILs. The main example is
1-(4-sulphonic acid)-butyl-3-methylimidazolium hydrogensulphate ([bSO;Hmim]
[HSO,]), which presents two Brgnsted acid sites, sulphonic acid (SO;H) attached to
imidazolium cation and hydrogensulphate anion. The conversion of xylose medi-
ated by this IL in aqueous medium resulted in approximately of 92 mol% furfural
yield at 150 °C for 25 min [81]. Furthermore, the selectivity was as high as 96% at
these conditions. An optimal dosage of 0.5 g IL was found for the conversion of 1.0
g of xylose, which is a considerable economic saving in comparison to the IL being
used as solvent. Nevertheless, it is worth to mention that the application of immis-
cible methyl isobutyl ketone (MIBK) allowed continuous extraction of furfural
from the aqueous phase during reaction, avoiding its consumption into undesired
products. These results show the potential of [bSO;Hmim][HSO,]/water/MIBK
system for the selectively converting pentoses into furfural with high yields [81].
In other work, the effect of other SO;H-based ILs and other extracting organic
solvents in the dehydration reaction of pentoses and oligomers to furfural was stud-
ied [82]. Among several organic solvents screened for furfural extraction, tetrahy-
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drofuran (THF) was the most suitable solvent for this purpose. Ethyl acetate showed
low stability, while toluene and MIBK produced high amount of black deposits at
the same reaction conditions (microwave irradiation — 100 W). Afterwards, four
different SO;H-based ILs, namely 1-(4-sulphonylbutyl)pyridinium methanesul-
phonate ([bSO;Hmpyr][MeSOs]), 1-(4-sulphonylbutyl)triethylammonium meth-
anesulphonate ([bSO;HE;:N][MeSOs)), 1-(4-sulphonylbutyl)pyridinium
tetrafluoroborate ([bSO;Hmpyr][BF,]) and 1-(4-sulphonylbutyl)triethylammonium
tetrafluoroborate ([bSO;HEt;N][BF,]) were examined. Among them, [bSO;Hmpyr]
[BF,] was the most efficient for converting 90 mol% of xylose into 75 mol% of
furfural at 150 °C under 100 W microwave irradiation for 1 h. Increasing tempera-
ture to 180 °C, xylose conversion reached almost 100 mol% with a furfural yield of
85 mol%. The high performance of [bSO;Hmpyr][BF,] was associated with not
only the acidic SO;H group but also with the in-situ formation of hydrofluoric acid
(through BF, hydrolysis in the presence of water) that aided dehydration of xylose
into furfural. In comparison to BF, anion, MeSO; has higher stability in the aqueous
medium at the examined conditions. Regarding the screening of cations, those
authors suggested that pyridinium enhances the acidity of SO;H group via stabilisa-
tion of the deprotonated sulphonic group, showing higher efficiency in the conver-
sion than its counterpart triethylammonium. The [bSO;Hmpyr][BF,]/water/THF
system was tested in the conversion of agricultural lignocellulosic waste derived
syrup containing xylose and arabinose in mono and oligomeric forms, however,
much lower furfural yields were obtained (30—45 mol%). This shows the same dif-
ficulties as those observed with IL/additional catalyst systems reviewed above [82].

The use of ILs as catalysts can be approached by immobilising acidic ILs in sil-
ica resins [84]. In this context, 3-sulphobutyl-1-(3-propyltriethoxysilane)-imidazo-
lium hydrogensulphate was synthesised and applied to the conversion of xylose.
The novelty lies in easier recovery of silica supported IL catalysts after the reaction.
Nevertheless, only 44.5 mol% of furfural yield was obtained, albeit with a 94 mol%
conversion of xylose. This moderate furfural yield results from a process that used
dimethylsulphoxide (DMSO) as solvent without a second extraction solvent
phase [84]. As mentioned before, organic solvents, such as THF and MIBK, allow
recovery of furfural from the reaction system (in this case: IL and DMSO) avoiding
unwanted side reactions.

ITonic Liquids Used as Both Solvents and Acidic Catalysts

The ability of acidic ILs to have a role as both solvents and catalysts without need
of additional external catalysts has been addressed in the literature [24, 83, 85-87].
In the previous section, ILs containing acidic SO;H groups were used in catalytic
amounts (due to their high acidity) to convert xylose into furfural in aqueous
medium. However, less acidic [HSO,]-based ILs, such as 1-ethyl-3-methylimid-
azolium hydrogensulphate ([emim][HSO,]) and 1-butyl-3-methylimidazolium
hydrogensulphate ([bmim][HSO,]), can be used as solvents for biomass feedstocks
and simultaneously as selective catalysts for the hemicellulose fraction to produce
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pentoses and/or furfural [83, 87, 88]. In this context, Lima et al. demonstrated high
conversion of xylose into furfural using [emim][HSO,] as both solvent and cata-
lyst. After 6 h at only 100 °C, 84 mol% of xylose was converted to furfural that was
assisted with toluene as extraction solvent. Without toluene, only 33 mol% of fur-
fural yield was obtained [83]. Similar yields were obtained by Peleteiro et al. when
using [bmim][HSO,] for the reaction system [24, 86]. These results clearly show
the crucial role of organic solvents in extraction of furfural from the reaction sys-
tem to avoid unwanted side reactions that involve furfural. Therefore, screening of
organic solvents, such as MIBK and dioxane, was performed in the conversion of
xylose with [bmim][HSO,] [24]. The results showed that high furfural yields were
obtained with MIBK and this was ascribed to its higher ability of MIBK to extract/
solubilise furfural than that of toluene. Although similar yields were obtained with
MIBK and dioxane, faster production of furfural was observed when the latter was
applied [24].

Nevertheless, applying [emim][HSO,]/toluene biphasic system for more com-
plex substrates, such as xylan, was shown to give approximately 29 mol% of furfu-
ral yield at 100 °C [83]. In this case, higher temperatures would increase the
production of furfural, although a previous hydrolysis step is needed to release
xylose from xylan. In other work, temperatures between 120 and 160 °C were
examined for [bmim][HSO,]/dioxane biphasic system in the conversion of hemicel-
lulose fraction from eucalyptus wood (hot compressed water processing) [85]. The
extracted hemicellulose containing xylose and arabinose in monomeric, oligomeric
and polymeric forms was converted with a maximum of 59.1 mol% of furfural at
160 °C in 4 h reaction time. For this case, between 88.6 and 89.9% of produced
furfural was found in the organic phase, showing the high ability of dioxane as an
extracting solvent [85].

The application of lignocellulosic biomass, such as Miscanthus and wheat
straw, as feedstock for furfural production using solely [bmim][HSO,4] has been
studied, although only moderate furfural yields (up to 33 mol%) have been obtained
[87, 88]. The lack of efficiency in producing furfural from raw biomass in compari-
son to pentose or hemicellulose could be associated to the high complexity of the
lignocellulosic matrix as well as to the reactivity of some biomass components that
possess strong chelating groups, which could cause leaching or poisoning of the
catalysts [89].

2.2.2 Heterogeneous Catalysis

Heterogeneous catalysis of carbohydrates for the selective production of furfural
has been widely explored in the last few years. The main advantages of using het-
erogeneous catalysts over homogeneous catalysts are that they are less hazardous
and are easier to recover, hence they can be reused. The most used and studied solid
acid catalysts that have been applied to the production of furfural are zeolites, meso-
porous materials and metal oxides, which show potential to be used in industrial
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processes and to substitute current toxic and corrosive mineral acids. The most
promising studies approaching the application of this type of catalysis towards fur-
fural production will be briefly reviewed. Table 2.6 presents the results of furfural
production with solid acid catalysts for furfural yield >50 mol%.

2.2.2.1 Zeolites (Microporous Catalysts)

The application of zeolites to chemical reactions is based on shape selectivity where
substrates, intermediates and products can be selected according to the pore size of
the material. Zeolites are usually highly structured crystalline inorganic alumino-
silicates with well-defined pores between 5 and 13 A. These materials mostly pres-
ent Brgnsted acidity giving them the ability to transform substrates into products,
for instance pentose dehydration into furfural. The most common zeolites used in
the dehydration of pentoses into furfural are mordenites in their proton form
(H-mordenite or H-M) [90, 111, 112]. Moreau et al. stated that although xylose
conversion was low at 170 °C, H-M has high selectivity for furfural production
(90-95%), due to the absence of cavities within catalyst structure that avoid forma-
tion of secondary products [111]. In contrast to the results obtained with zeolites,
such as H-Ferrierite, H-ZSM and H-beta, higher furfural yield (39 mol%) and selec-
tivity was obtained with H-M in the presence of the selective solvent DMSO.
Reactions in aqueous medium showed lower xylose conversions in comparison to
DMSO reaction system, due to the formation of side reaction products that caused
blocking and poisoning of catalytic sites [112]. Nevertheless, H-ZSM-5 (a ZSM-5
variant), with a pore size of 12 10\, have been demonstrated to produce 46 mol%
furfural yield at 200 °C in aqueous medium. Above this temperature, oligomeriza-
tion of furfural to bi- and trimeric species was observed as a result of the intrinsic
structure of H-ZSM-5. It was concluded that pore size of H-ZSM-5 allows longer
residence time of furfural in the vicinity of the catalyst, thus rearrangements based
on furfural ring breaking down may occur in parallel to oligomers’ formation.
Scanning electron microscopy showed partial coating of catalyst surfaces by oligo-
mer deposits and narrow openings of catalyst pores [113]. Those moderate furfural
yields were surpassed (to 98 mol%) when H-M-13 (a H-M variant) in water/toluene
system at 260 °C under pressure of 55 atm in a plug-flow reactor were used
(Table 2.6) [90]. Nevertheless, the very high temperature and pressure required for
this system, makes it undesirable for industrial application. In other study, furfural
was obtained at a much lower temperature (170 °C) using a specific approach in
catalyst synthesis adopted by Lima et al. [114]. The researchers performed delami-
nation of H-Nu-6 zeolite, increasing the specific surface area almost seven times.
Subsequently, conversion rate was as twice high as that obtained from the original
catalyst. After 4 h, higher furfural yields were reached with delaminated H-Nu-6
(47 mol% ) than those with H-M (34 mol%) or phosphate- based (SAPOs) zeolites
(34-38 mol%) [114, 115]. Nonetheless, impressive improvements in furfural yields
were accomplished with H-M zeolite through two different approaches [91, 92].
Among several zeolites examined, H-M demonstrated the highest efficiency by
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Table 2.6 Furfural production with zeolites, mesoporous acid-catalysts and metal oxides (furfural

yield >50 mol%)

Starting Conditions FUR

material Catalyst Solvent(s) T/°C ‘ t/h (mol%) | Ref.

Pentoses

Xylose H-M-13 Water/Toluene 260 3/60 |98 [90]

Xylose H-beta Water/Sulfolane | 175 Upto |>75 [91]

12

Xylose H-M Water/GVL 175 2 81 [92]

Xylose Sn-MMT Water/DMSO 180 0.5 77 [93]

Xylose MCM-41/SO;H Water/Toluene 140 24 76 [94]

Xylose MCM-41/ ‘Water/Toluene 155 2 93 [95]
MePrSO;H

Xylose MCM-41/PW DMSO 140 4 52 [96]

Xylose MCM-41/ZxO,/ Water/Toluene 160 4 50 [97]
SO,?

Xylose SBA-15/SO;H ‘Water/Toluene 160 4 68 [98]

Xylose SBA-areneSO;H Water/Toluene 160 20 86 [99]

Xylose SBA-propylSO;H Water/Toluene 170 20 82 [100]

Xylose SBA-15/ZrO,- Water/Toluene 160 4 53 [101]
Al,04/SO?

Xylose TUD-1/H-beta Water/Toluene 170 8 74 [102]

Xylose H-beta Water/Toluene 170 6 54 [102]

Xylose TUD-1/Al1 Water/Toluene 170 6 60 [103]

Xylose Nafion 117 DMSO 150 2 60 [104]

Xylose HTiNbOs-MgO Water/Toluene 160 4 55 [105]

Xylose SO,*-/ZrO,-TiO, ‘Water/Butanol 170 3 54 [106]

Xylose MgF,- ‘Water/Toluene 180 20 78 [107]
Perfluorosulfonic

Xylose Zr-W/Al Water/Toluene 170 6 51 [108]

Xylose Nb,Os Water 175 3 78 [109]

Hemicellulose

Hemicellulose- | H-beta Water/Sulfolane | 175 Upto |75 [91]

rich liquor from 12

wood

Hemicellulose- Sn-MMT Water/DMSO 180 2 54 [93]

rich liquor from

corncob

Lignocellulosic biomass

Hemp shives Aly(S0,);-18H,0 Water/Steam 180 1.5 74 [110]

distillation
Rice hull H,SO,/TiO, Water/Steam 125 0.5 53 [18]
distillation
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converting 75 mol% xylose into furfural, but distillation of furfural was simultane-
ously performed during the process. This approach avoided consumption of furfural
in undesirable side reactions [91]. On the other hand, using y-valerolactone/water
(9/1 vlv) as solvent system coupled with H-M zeolite allowed the production of 81
mol% furfural at 175 °C. The bio-based y-valerolactone increased the selectivity of
the reaction medium by inhibiting condensation reactions between furfural and pen-
tose intermediates. In contrast, using H-M solely in water resulted in practically half
of the furfural yield [92].

Another strategy to enhance furfural yield lies in the combination of Lewis acid
zeolites with Brgnsted acids [116]. Sn-beta zeolite was combined with Amberlyst
15 giving approximately 60 mol% conversion of xylose at 100 °C, which is at much
lower temperature than that typically employed for this reaction. Sn-beta acted as a
Lewis acid performing xylose isomerisation into intermediates (xylulose and
lyxose), while the Brgnsted acid Amberlyst 15 allowed dehydration of intermedi-
ates into furfural. Nevertheless, furfural yield was lower than 25 mol% [116]. In
other work, a similar strategy was demonstrated to be more efficient in furfural
production applying solely tin-montmorillonite (Sn-MMT), which possesses both
Brgnsted and Lewis active sites. In this case, 77 mol% furfural yield with ~83%
selectivity was obtained from xylose conversion shown in Table 2.6 [93].

An upgrade of more complex substrates, such as hemicellulose and/or raw bio-
mass itself, has been showed [91, 93, 117-119]. Several zeolites including H-USY,
H-beta and H-M were applied for simultaneous hydrolysis and conversion processes
of wood-derived hemicellulose in aqueous medium at 170 °C. However only ~12
mol% of furfural yield was obtained [117]. In the conversion of water-insoluble
hemicellulose and water-soluble fraction from corncob processing with Sn-MMT,
only ~40 mol% and 54 mol% furfural yields were obtained, respectively [93]. The
differences were justified by the polymerisation degree of carbohydrates present in
each sample. Lower furfural yields were obtained for water-insoluble hemicellulose
as this substrate is mostly in a polymeric form decreasing the efficiency of the cata-
lyst [93]. Furthermore, condensation and polymerisation reactions between furfural
and its intermediates with other compounds may proceed during the reaction,
decreasing the final furfural yield. To avoid furfural polymerisation, Chen et al.
added 4-methoxyphenol as inhibitor in the system containing steam explosion
liquor of rice straw (hemicellulose-based stream) and H-ZSM-5 zeolite. This inno-
vative approach allowed an increase of about 21% furfural yield in comparison to
the control reaction (absence of 4-methoxyphenol) [119].

2.2.2.2 Mesoporous Acid-Catalysts

The application of zeolites in catalytic processes is restricted due to the small pore
size of their structure. Therefore, mesoporous materials constituted of amorphous
silica wall that have pore diameters between 20—100 A have been designed. The
larger pore size of these materials offers the advantage of performing task of spe-
cific syntheses by introducing diverse functional groups into the material surface.



70 A.M. da Costa Lopes et al.

The main examples of mesoporous structures are MCM-41 and SBA-15 that have
been used as supports for a diverse range of acids to catalyse xylose into furfural
with high selectivity.

The hexagonally arranged MCM-41 is probably one of the most versatile meso-
porous structures for acid catalysis functionalisation towards furfural production.
Initially, SO;H groups were anchored to the silica structure of MCM-41 to perform
xylose conversion to furfural [94]. The furfural yield increased especially when the
catalyst was used in the toluene/water system, although the selectivity was reduced.
It was suggested that the hydrophobic nature of the supporting material interferes in
furfural loss reactions. Nevertheless, one study shows the contrary [95]. The addi-
tion of methyl propyl sulphonic acid (butane-2-sulphonic acid) to MCM-41 (MCM-
41/MePrSO;H) allowed >90 mol% of furfural yield from xylose with an elevated
selectivity (93%) as shown in Table 2.6 [95]. Precisely, the attached methyl group
repelled furfural from the reactive SO;H groups, thus avoiding it from further deg-
radation [95]. Nevertheless, the reuse of the catalyst was inefficient, once the furfu-
ral yield was reduced to <50 mol%, resulting in carbon deposition that blocked the
pores of the catalyst [94, 95]. In this case, thermal regeneration by heating the
recovered catalyst at elevated temperatures could be an option for improving the
efficiency of catalyst reuse, although the applied temperatures cannot compromise
the stability of the catalyst. The addition of 12-tungstophosphoric acid to MCM-41
surface was used to produce furfural [96, 120]. It was demonstrated that MCM-41
supported acid-materials presented higher activity than non-supported acids.
Increasing three parameters: i) 12-tungstophosphoric acid loading; ii) pore diameter
of the parent silica support; and iii) reaction temperatures, lead to higher furfural
yields. Furthermore, the catalysis in the presence of DMSO was more effective than
in the toluene/water solvent system, since the acidic-supporting matrix demon-
strated a higher stability and reusability in DMSO [96, 120]. Other studies per-
formed functionalisations of MCM-41 with niobium silicate, sulphated and
persulphated zirconia, however conversions of xylose into furfural were demon-
strated to be moderate (yields <50 mol%) [97, 121].

As aforementioned, MCM-41 with SO;H groups was demonstrated to be high
efficiency and selectivity in the production of furfural, but after reuse, furfural yield
and selectivity drastically dropped. This was also confirmed by Jeong et al., thus
they constructed a different support consisting of mesoporous silica shells and con-
taining SO;H groups (MSHS/SO;H) as an alternative to MCM-41/SO;H. Although
lower furfural yields were obtained with MSHS/SO;H, the selectivity was main-
tained after each recycle run [122]. Another study demonstrated other alternatives
based on the application of SBA-15 mesoporous matrix, which generally is easier to
be synthesised and has a bigger pore size than MCM-41 [123]. Different SO;H
sources, including propylsulphonic and arenesulphonic acids, were anchored to the
surface of SBA-15, giving it the ability to convert xylose to furfural [98-100].
Furfural yields ranged from 68-86 mol% were obtained by using these SO;H func-
tionalised SBA-15 mesoporous catalysts, thus presenting higher efficiencies than
those composed of MCM-41 support. The co-condensation methodology in SBA-
15/SO;H synthesis demonstrated homogenous distribution of acidic sites in the sup-
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porting materials, leading to high furfural yields (ca. 68 mol%) [98]. On the other
hand, the high thermal stability of SBA-15 modified with arenesulphonic acids
allowed conversion of xylose at 160 °C favouring the production of furfural (up to
86 mol% yield) [99]. Furthermore, it also allowed consecutive reaction runs without
efficiency lost (+~75 mol% furfural yield after 3 runs) [99]. Another study demon-
strated the functionalisation of SBA-15 with sulphated zirconia, but low furfural
yields were obtained (53 mol%) [98, 101], similar to MCM-41 [97]. The reason lies
in the deactivation of the catalyst’s acid sites through the adsorption of by-products
[98, 101].

Other less common mesoporous materials, such as TUD-1 and Nafion, have been
applied for furfural production [102—104]. An interesting approach was the impreg-
nation of the aforementioned zeolite, H-beta, in silicious TUD-1 [102] resulting in
higher activity of supported zeolite than the zeolite itself. The furfural yield obtained
for TUD-1/H-beta and H-beta was 74 mol% and 54 mol%, respectively. Furthermore,
an advance was made by converting xylan into furfural solely with TUD-1/Al, con-
stituted by both Lewis and Brgnsted acids, but only 18 mol% of furfural yield was
produced [103]. On the other hand, Nafion-based polymers demonstrated to be
highly stable and robust catalysts for the production of furfural (+60 mol% yield)
within 15 repetitive runs without any regeneration step. It was also mentioned that
the presence of DMSO as solvent reduces the carbonaceous compounds deposition
on the catalyst surface [104].

The use of supported aluminosilicate mesoporous materials for the conversion
process of xylose into furfural has demonstrated some potential. However, further
improvements in catalytic performance must be achieved by changing the proper-
ties of the mesoporous materials. For instance, varying the Si/Al ratio and acid load-
ing during synthesis is expected to change the total amount and the dispersity of
acid sites as well as the catalyst surface polarity.

2.2.2.3 Metal Oxides

Metal oxides are ordered crystalline materials that can have both Lewis and Brgnsted
acidity and are applied as catalysts. Metal oxides possess a rigid structure allowing
high stability in chemical reactions and making further recovery and reuse more
efficient. These features could facilitate dehydration of xylose into furfural as dem-
onstrated in a wide range of studies, which extensively explored the activity of
metal oxides in the transformation of xylose and also lignocellulosic biomass into
furfural. Non-functionalised metal oxides, such as Zr-P, SiO,—Al,O;, WO,~ZrO,
and Al,O; were screened in water batch conditions to evaluate the influence of acid-
ity type on furfural production from xylose [124]. The highest furfural yield was
obtained by the catalysis of Zr-P which has the highest Brgnsted acidity among the
metal oxides examined. In contrast, Al,O; demonstrated the highest xylose conver-
sion for the higher Lewis acid sites’ concentration. It was suggested that metal
oxides containing high ratios of Brgnsted to Lewis acid sites favoured furfural pro-
duction [124]. In this context, Dias et al. performed exfoliation of HTiNbOs-MgO
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aiming to increase the specific surface area of the material. This process allowed
higher number of Brgnsted acid sites and consequently higher catalytic activity than
the original layered material. After 4 h reaction in water/toluene system at 160 °C,
furfural yield reached 55 mol% [105]. In other studies, functionalisation of metal
oxides with sulphate groups allowed an increased selectivity in xylose conversion
[19, 20, 106, 125, 126]. Actually, furfural is barely produced without SO,*-, albeit
high xylose conversion yields are obtained with SnO, metal oxide in water/toluene
system. It has been suggested that the presence of both Lewis (SnO,) and Brgnsted
(SO,*") acid sites shift the reaction to xylulose route, thus lowering the reaction
temperature that avoids side reactions [94]. A more efficient approach was demon-
strated with the application of SO,*/ZrO,-TiO, within a biphasic system composed
of water/butanol [106]. The furfural yield was 54.3 mol% at 170 °C, and the catalyst
was reused multiple times without substantial change in furfural formation effi-
ciency. Furthermore, SO,>/ZrO,-TiO, showed higher ability to produce furfural
than zeolites, such as H-ZSM-5 [106]. In another study, the functionalisation of
hydroxylated MgF, with fluorosulphonic acid allowed it to have more acidic groups
on the metal oxide surface. Operating at 160 °C and assisted by N, stripping pro-
cess, a 78 mol% of furfural yield was achieved making this process very effective
[107] as presented in Table 2.6.

Another strategies are focused on the combination of metal oxides with other
agents, such as materials with mesoporous structures [108], acidic resins [109] and
organic acids [127] aiming at efficient reaction and selective furfural production. In
the first case, the synthesised Zr-W in a surfactant template and doping with alu-
minium was applied for xylose conversion. Using solely Zr-W permitted 99% con-
version, but only 35 mol% of furfural was obtained in water/toluene system at
170 °C. The mesoporosity of the material together with the incorporation of alu-
minium allowed high furfural selectivity and gave furfural yields up to 51 mol%
[108]. In another work, Nb,Os (possessing only Lewis acid sites) was mixed with
resin Amberlyst 70 (possessing Brgnsted acid sites) for furfural production in water/
toluene at 175 °C [109]. In this case, only «~35 mol% of furfural yield was achieved,
however the reaction was assisted with N, stripping to remove furfural from the
reaction system to give yields of ~78 mol%. These results show that the in-situ
extraction of furfural is crucial to increase the efficiency of the process. Besides N,
stripping, furfural extraction can be also performed by supercritical CO, during the
dehydration of xylose by metal oxides, which increases the furfural yield up to 60
mol% [128]. Another synergetic combination is the mixture of niobium hydroxide
with acetic acid (weak Brgnsted acid) [127], which besides Lewis and Brgnsted
acids that favour furfural formation have the presence of acetic acid in aqueous
medium, which creates a suitable physico-chemical environment to enhance the
interaction between the surface of the catalyst and xylose, thus improving furfural
production [127].

The ability of metal oxides to effectively manufacture furfural from biomass has
been addressed [18-21, 110]. In an early study, mixing Lewis TiO,-type catalysts
with H,SO, in rice hulls processing was demonstrated to have very low efficiency in
the production of furfural (< 10 mol%). It was assumed that the activation of the
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TiO, surface with H,SO, reduced its catalytic activity, due to the excess of sulphate
groups. Nevertheless, a two-stage process using the action of each catalyst in con-
secutive steps improved furfural yield. Pre-hydrolysis of biomass with H,SO,
allowed pentoses release, which were subsequently used as the substrate for a steam
distillation process catalysed by metal oxides. A maximum 53 mol% of furfural
yield was then achieved [18]. Nowadays, efficient utilisation of lignocellulosic bio-
mass aims at selective processing of each biomass fraction within the biorefinery. In
the processing of corncob with SO,>/Ti0,-ZrO,/La’** catalyst in aqueous medium,
the obtained solid residues are mainly constituted of lignin and cellulose indicating
a selective action of the catalyst over hemicellulose [20]. This catalyst demonstrated
high thermal stability and strong acid sites capable to promote hemicellulose hydro-
lysis and further dehydration of pentoses to furfural in one step. The highest furfural
yield obtained was 6.18 g/100 g corncob [20]. The application of Al,(SO,);-18H,0
in the processing of hemp shives allowed an impressive 73.7 mol% of furfural yield
at 180 °C for 90 min. Nevertheless, the authors established optimal conditions
at 160 °C for 90 min reaction time, considering the benefit of preserving 95.8% of
cellulose in the solid (slightly depolymerised) along with a 62.7 mol% of furfural
yield [110].

2.3 Conclusions and Future Outlook

This chapter aiming to provide a background of present industrial developments in
the furfural production and to describe novel, and more mass- and energy-efficient
processes. One of the general conclusions is that the furfural yield is strongly depen-
dent on the inherent properties of feedstock and on the catalytic system used in the
process. The methods described provide a wide spectrum of catalytic systems
among which, some of them might be a potential solution if scaled up. Among sev-
eral novel approaches given in literature, one of the possible solutions which, at
least can minimise the energy demands and reduce the reaction time is the use of
microwave irradiation. Microwave irradiation has been shown to be a powerful tool
to drastically reduce the time required to produce furfural within minutes or even
seconds [38, 40]. Other aspects which are practically unexplored are the employ-
ment of solvents that readily dissolve biomass, e.g. 1-ethyl-3-methylimidazolium
acetate, with catalysts (either another IL, homogeneous or heterogeneous catalysts),
assisted by an immiscible extracting organic solvent to continuously remove furfu-
ral from the reaction medium. Contrary to ILs or other catalytic systems, CO, and
H,O opens new possibilities to produce furfural in high yields, however the research
in this area is still very scarce. These green and promising solvents for furfural pro-
duction generate in-situ catalytic reversible environment and in combination with
some solvent, e.g. THF can also protect furfural from excessive consumption in
subsequent reactions. However, all the above limitations are related to achieve max-
imal furfural production from hemicellulose. From the material balance point of
view, furfural yield from biomass can be improved significantly if the cellulose
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fraction in lignocelluloses can also be converted to furfural. However, only few lit-
erature reports show that furfural can be obtained from glucose or cellulose in GVL
in the presence of heterogeneous acid catalysts [64, 92]. This can be one of the most
relevant tendencies to intensify furfural production and hence to obtain a significant
reduction in the investment and operational costs.
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Chapter 3

Catalytic Production

of 5-Hydroxymethylfurfural from Biomass
and Biomass-Derived Sugars

Xinli Tong, Song Xue, and Jianli Hu

Abstract Production of 5-hydroxymethylfurfural (5-HMF) from biomass has
gained considerable attention in catalysis research because 5-HMF is a potential
substitute of petroleum-based monomers of various polymers and it can be used as
a starting material for biofuels and value-added chemicals. Generally, 5-HMF can
be obtained via the catalytic transformation of biomass-derived carbohydrates such
as fructose, glucose, sucrose and inulin, but direct transformation of cellulose and
lignocelluloses into 5-HMEF is of the highest interest. Catalysts used in production
of 5-HMF include mineral acids, organic acids, solid acids and metal-containing
compounds. Corresponding reaction media can be organic solvents, ionic liquids,
water and biphasic systems. In this chapter, an overview of catalytic production
methods of 5-HMF from biomass-derived sugars and lignocelluloses is given.
Discussion is focused on the characteristics and superiority of different catalysts on
the catalytic transformation of various feedstocks.
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3.1 Introduction

Transformation of biomass to value-added chemicals and liquid fuels has attracted
considerable attention and investment for applications in sustainable energy [1-8].
Due to concerns on global warming associated with the use of fossil fuels, catalytic
biomass conversion has become a highly-active topical area. In the last decade,
tremendous research effort has been devoted to developing efficient conversion
methods for biomass and biomass-derived sugars [9-11].

Biomass feedstocks are renewable resources that can be defined as plant, urban
waste and agricultural residues used to prepare fuels such as bioethanol, butanol,
diesel, and liquid hydrocarbon fuels. Common examples of biomass feedstocks
include woody plant, corn starch, sugarcane juice, crop residues and grass crops. In
general, lignocellulosic biomass is often classified into virgin biomass such as trees,
bushes and grass, waste biomass (corn stover, paper mill discards, sugarcane
bagasse, straw, etc.) and energy crops (switch grass and Elephant grass). Worldwide
production of plant-derived non-edible biomass feedstocks, including agricultural
and forest residues is enormous and estimated to be around 1.8 x 10'% t/a [12].
Lignocellulosic biomass is mainly made up of 45% cellulose, 25% hemicellulose,
and 20% lignin with some other minor ingredients such as nutrients, proteins, and
wax [13, 14]. In particular, cellulose is a homopolysaccharide derived from glucose
units and made up of several f-D glucose units linked together via f-1, 4 glycosidic
linkages. Hemicelluloses contain primarily pentose sugars, and occasionally small
amounts of L-sugars as well and they are made up of shorter chains that contain 500
to 3000 sugar units.

Today, direct transformation of biomass feedstocks for the generation of bio-
ethanol using fermentation produces carbon dioxide which remarkably cuts down
on the carbon efficiency of the conversions and requires expensive enzymes [15]. A
promising method for biomass conversion is fast pyrolysis technology [16—18].
However, bio-oils obtained from the pyrolysis technologies are generally of poor
quality containing more than 300 different compounds that cannot be used for the
direct replacement of gasoline and diesel fuels [19]. Consequently, catalytic trans-
formation of lignocellulosic biomass to value-added chemicals through identified
platform compounds is an attractive and promising strategy [20, 21].

It is well-known that the presence of oxygenated groups in lignocellulosic bio-
mass could facilitate chemical reactions during the production of valuable chemi-
cals. However, such characteristics impede their potentials of conversion into liquid
fuels [22-24]. Nevertheless, direct production of fuel grade liquid alkanes from
lignocellulosic biomass has many opportunities for meeting future regulations
placed on transportation fuel [25]. The C5 and C6 sugars of holocellulose can be
exploited for the production of fuel chemical intermediates by converting them into
platform chemicals including 5-hydroxymethylfurfural (5-HMF), furfural and levu-
linic acid (LA) [26, 27]. Especially, 5-HMF derived from cellulose has emerged as
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an important platform chemical for meeting chemical and fuel needs of society [28,
29]. The impact of initiatives for using biorenewable sources are not limited to
develop new energy platforms and CO, reduction, as they also create opportunities
to secure the local supplies of energy and to support local agricultural economies
[30, 31].

Hydrolysis of cellulose gives monosaccharides which in turn can be converted to
5-HMF by dehydration and removal of three water molecules (—3H,0). Dehydration
to yield furans from sugars is often considered as cyclodehydration or dehydrocy-
clization (Scheme 3.1). During the transformation of cellulose to 5-HMF, hexoses
(glucose and fructose) are the main reaction intermediates, which are C6 sugars.

Six carbon sugars, e. g. hexoses, are the most plentiful monosaccharide which
occurs in the nature. Fructose and glucose are commonly used as low cost feedstock
in chemical syntheses [32-35]. Therefore, elucidation of reaction mechanisms that
occur in the conversion of hexoses into furans is crucial for developing catalytic
technology. In general, biomass transformation includes the following elementary
reaction steps: dehydration, hydrolysis, isomerization, reforming, aldol condensa-
tion, hydrogenation and oxidation. Typically, products such as 5-HMF, 2,
5-diformylfuran (2,5-DFF), 2, S5-furandicarboxylic acid (2,5-FDCA), 2,
5-bis(hydroxymethyl)-furan (2,5-BHF) and 2, 5-dimethylfuran (2,5-DMF) are
obtained. These compounds can be used as the feedstock or intermediates to replace
petroleum-derived chemicals [20, 36-38].

In summary, production of chemicals and fuels from lignocellulosic biomass
requires effective pretreatment and hydrolysis of cellulose to form the correspond-
ing hexose sugar units, followed by catalytic dehydration of sugars to derive the
corresponding 5-HMF products. Catalytic transformation of biomass-derived sugar
to fine chemicals is very important for both scientific research and technological
applications [32, 39].
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3.2 Platform Chemical 5-Hydroxymethylfurfural

In the late 19th century, 5S-HMF was separated from a reaction mixture of fructose
and sucrose in the presence of oxalic acid and since then it has attracted significant
research interest [40, 41]. Fenton and coworkers carried out extensive research in
the field [42—44]. In 1909, the chemical structure of 5-HMF was identified [45].
After detailed investigation, Middendorp [46] reported experimental results regard-
ing the physical and chemical properties of 5-HMF as well as its preparation [46].
In following years, the reaction chemistry relevant to 5-HMF was further developed
by Reichstein and Zschokke [47, 48]. Significant progress was made by Haworth
and Jones, who proposed a reaction mechanism for a synthetic route to 5S-HMF [49].
The synthetic method was based on dehydration of fructose which is still used in the
present industrial processes. In addition to acid-catalyzed dehydration, research
showed that 5-HMF could be made through heating a 30% aqueous solution of
sucrose under the conditions of 170 °C and hydrogen pressure, where a 22% yield
of 5-HMF was obtained [50].

Research interests on 5-HMF were continued in 1980s when two different
5-HMF production processes based on aqueous and non-aqueous systems were
reported by van Dam [51] and Cottier [52]. It is found that both processes could lead
to around 37% yield of 5-HMF. The aqueous solution was found to promote degra-
dation of 5-HMF, whereas polymerization of 5-HMF occurred in both aqueous and
non-aqueous reaction media. Antal et al. [53] reported that, in the presence of acidic
catalysts, 5-HMF was formed via the acid-catalyzed dehydration reaction where
three water molecules were removed from hexoses. Scheme 3.2 illustrates the dehy-
dration pathways of the hexoses and possible by-products that are formed. In aque-
ous solutions, formic acid and levulinic acid can be further generated via a
consecutive hydration of 5-HMEF. Although the hydrolysis of 5-HMF can be sup-
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Scheme 3.2 Transformation of hexoses to 5-hydroxymethyl furfural and other by-products
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pressed in non-aqueous solution, the cross-polymerization reactions take place
leading to the formation of soluble polymers and insoluble brown humins [54]. To
prevent side reactions and obtain a high 5-HMF yield, some of the adopted
approaches are to design and synthesize catalysts that are tuned to promote forma-
tion of 5-HMF, but to inhibit the consecutive reactions. In addition, S-HMF yield
can be increased if it is continuously removed from the reaction mixture.

Catalytic transformation of 5-HMF into value-added chemicals has been explored
by many researchers [55]. As illustrated in Fig. 3.1, compounds such as 2,5-FDCA,
2,5-DFF, 2,5-BHF and 2,5-DMF are derivatives of 5-HMF. For instance, 2,5-FDCA
and 2,5-DFF can be produced from the complete or partial oxidation of 5-HMF and
they can also be formed as co-products through simultaneous dehydration and oxi-
dation of hexoses [38]. Many of these derivatives are presently used in chemical or
pharmaceutical industries. For example, 2,5-FDCA can be used as a feedstock for
the production of succinic acid that is widely used in industry. Thus, 2,5-FDCA has
been identified by Department of Energy (USA) as one of the twelve platform
chemicals that can be produced from sugars via biological or chemical processes
[28]. Commercially, 2,5-FDCA has been found to be useful as a new fungicide, cor-
rosion inhibitor and a melting product for the foundry sands and as an intermediate
in pharmaceutical and lithographic fields [5, 56-58]. In the plastic industry, 2,5-
FDCA has gained interest as a monomer for new polymeric materials in special
applications [59-62]. It has been reported that 2, 5-FDCA is able to replace tere-
phthalic acid, which is widely used in producing polyesters, such as polyethylene
terephthalate (PET) and polybutylene terephthalate (PBT) [63, 64]. Similar to 2,5-
FDCA, 2,5-DFF can be used to synthesize special polymers [65-67] or as an inter-
mediate for pharmaceuticals [68] or as an antifungal agent [69]. Other applications
of 2,5-FDCA include preparation of macrocyclic ligands [70, 71] and as a cross-
linking agent for poly (vinyl alcohol) [72]. It is worthwhile to mention that 2,5-BHF
and 2,5-DMF are derivatives from the partial or deep hydrogenation of
5-HMF. Research shows that 2, 5-DMF could be a promising liquid fuel, because it
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has a high energy density of 31.5 MJ/L, which is similar to that of gasoline (35.0
MIJ/L) and 40% higher than that of ethanol (23.0 MJ/L) [73, 74]. Different from
water-soluble oxygenated fuels, 2,5-DMF is immiscible with water and has similar
characteristics to transportation fuels. The boiling point of 2,5-DMF (bp 92-94 °C)
makes it less volatile than ethanol (bp 78 °C) thus it is more easily blended into
gasoline within vapor pressure limitations than ethanol.

The other important derivatives from 5-HMF for bio-based fuels and chemicals
include 2,5-furfuryldiamine, 2,5-furfuryldiisocyanate and di-5-hydroxymethyl fur-
fural ether. Industry has special interest in using these derivatives as building blocks
for the production of polymeric materials such as polyesters, polyamides and poly-
urethane [54, 56-57]. Furan-based polymers display excellent physicochemical
properties such as strong resistance to thermal treatment. Interestingly, the Kevlar-
like polyamides produced from furan diamine and the diacids exhibit liquid crystal
behavior. Photoreactive polyesters have been used in the formulation of printing
inks. Furthermore, furan-based polyconjugated polymers possess good electrical
conductivity [54]. Although the length of the carbon chain in 5-HMF is relatively
short, long-chain hydrocarbons can be produced from 5-HMF through condensation
reactions [39, 75]. Catalytic selective hydrogenation of 5-HMF produces
1,6-hexanediol directly, which is an intermediate for the production of caprolactam
(monomer of nylon-6) via further amination [76, 77]. Further rehydration of 5-HMF
yields low-molecular-weight organic acids such as formic and levulinic acids,
which are generally employed in the preparation of fine chemicals [78, 79].
Moreover, the selective etherification of 5-HMF can also generate 5-alkoxymethyl
furfural as diesel additives, or further produce alkyl levulinates from ethanolysis
reaction which are used as organic solvents and as additives [80, 81].

In 1990s and 2000s, Kuster [82] and Lewkowski [54] reported on the kinetics of
catalytic dehydration reactions of hexoses for the formation of 5-HMF, respectively.
After that, progress in the synthesis of 5-HMF through conversion of fructose, glu-
cose, polysaccharides and biomass feedstocks has continued and is discussed in
detail in the next section.

3.3 Catalytic Production of 5-Hydroxymethylfurfural
(5-HMF) from Fructose

3.3.1 Mineral Acid and Organic Acid as Catalysts

The dehydration of fructose for 5-HMF production is generally catalyzed by min-
eral acids as well as by organic acids. The catalysts should possess either a proton
or be a Lewis acid [83, 84]. Since the discovery of oxalic acid-mediated production
of 5-HMF, nearly one hundred inorganic and organic acidic compounds have been
listed as potential catalysts for 5S-HMF production. The most commonly used inex-
pensive mineral acids are H,SO,4, H;PO, and hydrochloric acid (HCI) [85-87].
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Among the mineral acids, iodine-catalyzed dehydration of hexoses using hydroiodic
acid (HI) has also been reported [88]. Although there are many choices of organic
acids for 5-HMF dehydration, commonly used organic acid catalysts are oxalic,
levulinic or p-toluenesulfonic acids [49, 89-92].

Early works almost 30 years ago reported on the synthesis of 5S-HMF from the
dehydration of fructose under supercritical and sub-critical water conditions [53,
93]. Yields of 5-HMF as high as 53% are obtained at 250 °C. Bicker et al. [32]
investigated the synthesis of 5-HMF in the presence of H,SO, when subcritical or
supercritical acetone-water mixtures were employed as the reaction medium.
Maximum yields of 5-HMF were about 78% at 180 °C. The advantage of using
subcritical or supercritical aqueous solvents or solvent mixtures is that there is high
carbon efficiency and low solid impurity formation.

A two-phase reactor that integrates 5S-HMF production and separation into the
reactor design was reported [33]. During the reaction, 5S-HMF was continuously
extracted into an organic methylisobutylketone (MIBK) phase containing 2-butanol
that was used to enhance the partitioning from the reactive aqueous solution. This
innovative approach led to 80% 5-HMF selectivity at a 90% conversion using a
feedstock containing 10 wt% D-fructose. Other biphasic solvent systems were
reported by Romdn-Leshkov and Dumesic [94] who investigated the solvent effect
on the dehydration of fructose in the presence of inorganic salts, where tetrahydro-
furan exhibited high extracting ability as a reaction media resulting in 83% 5-HMF
selectivity. For the aqueous phase dehydration of D-fructose to 5-HMF using HCI
catalyst, the addition of dimethylsulfoxide (DMSO) and poly(l-vinyl-2-
pyrrolidinone) (PVP) suppressed the formation of byproducts. Improvement was
made in HCl-catalyzed dehydration of fructose in aqueous solution using a continu-
ous flow microreactor system [95]. The process was designed to rapidly elevate
reaction temperatures from room temperature to 185 °C and 17 bar within 1 minute,
leading to 54% 5-HMF yield at 71% D-fructose conversion.

A synthesis procedure based on microwave irradiation was explored for produc-
tion of 5-HMF with inorganic acid catalysts. Hansen et al. [96] investigated
microwave-assisted dehydration of highly concentrated aqueous fructose solutions
(27 wt.%) to form 5-HMF in the presence of HCl. Compared with conventional
heating, microwave irradiation gave 52% fructose conversion and 63% selectivity to
5-HMF within a short reaction time. Pawar et al. [97] found that the use of p-toluene
sulphonic acid as catalyst for microwave (2.45 GHz) assisted dehydration of fruc-
tose and gave >98% fructose conversion with >90% 5-HMF yield in 90 s with iso-
propyl alcohol as solvent. Moreover, the dehydration of fructose in aqueous and
organic media using three methods, i.e., conventional heating, ultrasonication and
microwave irradiation was further investigated [98]. Results showed that the 5S-HMF
yield in organic reaction media was higher than in aqueous media, with the highest
yields obtained from conventional, ultrasonicated and microwave-assisted reactions
being 87%, 53%, and 38%, respectively. It was concluded that the microwave
method was the fastest one, and the 5-HMF selectivity varied from 60 to 90%
depending on the reaction media and assistance method.
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Scheme 3.3 Acid-catalyzed reactions of fructose and 5-hydroxymethyl furfural in aqueous solu-
tion (Reprinted from Ref. [101] with permission of American Chemical Society Publishing
Corporation. 2014 Copyright © American Chemical Society)

Caes et al. [99] found that high yields of 5-HMF from D-fructose could be
achieved with HBr as catalyst in sulfolane, in which a 93% yield of 5-HMF was
obtained with 5 wt.% HBr at 100 °C for 1 h. Qi et al. [100] found that using sulfuric
acid as the catalyst and y-valerolactone (GVL) as solvent, a 75% yield of 5-HMF
could be obtained. Swift et al. [101] carried out a kinetic study on dehydration of
fructose and rehydration of 5-HMF at different reaction conditions by employing
HCI and KCI to adjust pH value [reaction temperature 70—150 °C, pH values 0.7—
1.6, initial fructose concentration 5-20% (w/v), 5-HMF 2.5-10% (w/v)]. Scheme
3.3 shows that the reaction network has three important proportions: (1) fructose
tautomerization, (2) fructose dehydration illuminated by the microkinetic model
according to Quantum Mechanics/Molecular Mechanic (QM/MM) simulations and
KIE experiments and (3) a direct route from the fructose to formic acid. The net-
work includes five reactions R1-R5 which contain 4 directly detectable species
(fructose, 5-HMF, formic acid, and levulinic acid) and 6 implicit species (five fruc-
tose tautomers and a reactive intermediate). The basic reaction mechanism includes
two steps which are fast protonation and dehydration, followed by intramolecular
hydride transfer as the rate-limiting step during reaction. These conclusions match
the experimental kinetics and KIE experiments well. For dehydration of fructose,
formic acid can be in stoichiometric excess relative to levulinic acid. Moreover, all
reactions are found to be pseudo-first order for both catalyst and substrate.

Jiang et al. [102] studied the effects of mechanical agitation and addition of high-
concentration fructose solutions on the dehydration of D-fructose to 5-HMF using
HCl as catalyst. For a stirring rate of 100 rpm, a 5-HMF yield of 81.7% was obtained
in the presence of 0.3 M HCI. Yields of 5-HMF all exceeded 55% in the experiments
with the addition of concentrated fructose solution (54.6 wt.%). Pedersen et al.
[103] performed simultaneous dehydration of fructose and glucose catalyzed by
HCI in acetone-water mixtures, and it was found that a recirculating reactor con-
figuration was more effective, where the equilibrium controlled by-products (anhy-
droglucose and glucose dimers) were recirculated into the dehydration reactor. The
model predicted a selectivity of 5S-HMF close to 70% in a recirculating reactor under
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Table 3.1 Fructose dehydration with selected solid acid catalysts

Time |Conv. |5-HMF

Catalyst Solvent T(°C) |(min) |(%) yield (%) | Ref.

H-form mordenite H,0-MIBK 165 60 76.0 69.2 [106]
vanadyl phosphate H,O 50 60 50.2 41.9 [107]
NbOPO, H,O 100 120 61.4 21.6 [108]
C-ZrP,0, H,O 100 30 44.4 443 [111]
Amberlyst-15 [BMIM]BF, 80 180 - 52 [125]
Dowex 50wx8-100 Acetone/H,O 150 15 95.1 73.4 [128]
Dowex 50wx8-100 Acetone/DMSO 150 10 96.4 82.1 [129]
DO001-cc resin [BMIM]C1 75 20 - 93.0 [130]
Anatase TiO, H,O 200 5 83.6 38.1 [132]
Zr0O, H,O 200 5 65 30.5 [132]
Ag;PW 1,04 H,0-MIBK 120 60 82.8 77.7 [134]
Lignin-derived carbon | DMSO-[BMIM]CI | 110 10 98 84 [136]
SO,/Ti0,-Si0, DMSO 110 180 77 68.5 [141]
S0,?7/Sn0,-Zr0, DMSO 120 150 - 75 [144]
KIT-6 DMSO 165 30 100 84.1 [146]

conditions where 5-HMF degradation was avoided. Brasholz et al. [104] reported
that efficient conversion of D-fructose to 5-(chloromethyl) furfural (CMF) could be
achieved using continuous flow reactor where ca. 81% yield was obtained in 32%
HCI aqueous solution in only 60 s; then, the generated CMF was hydrolyzed to
attain 5-HMF in a biphasic THF-H,O solvent and the isolated 5-HMF reached 74%
under the suitable conditions.

3.3.2  Solid Acids as Catalysts

Heterogeneous catalysis is thought to be preferable to homogeneous catalysis due
to ease of product separation. Heterogeneous catalysts possess several advantages
over liquid acid catalysts: a) they facilitate reactor design and product separation,
which allows recycle of unconverted feedstock; b) they can be utilized at high tem-
perature to increase reaction kinetics therefore shortening the reaction time, increas-
ing 5-HMF selectivity and eliminating side reactions; c) their surface acidity can be
adjusted to improve the selectivity of 5-HMF. The surface characteristics of the
heterogeneous catalysts greatly affect and are critical to the conversion of polysac-
charides and biomass feedstock. In the transformation of sugars, the solid acid cata-
lysts include H-form zeolites, ion-exchange resins, vanadyl phosphate and ZrO, as
supports or components of the catalyst design. Typical results for D-fructose dehy-
dration are summarized in Table 3.1.

Dehydration of D-fructose in the presence of the de-aluminated H-form morde-
nite was reported by Moreau and coworkers [105, 106]. The experiments were
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carried out at 165 °C in a solvent consisting of water and MIBK, where a conversion
of 76% and a 5-HMF selectivity of 92% were achieved. The shape selective cataly-
sis property of the solid acids was found to affect the performance of 5-HMF forma-
tion. The conversion of D-fructose and the selectivity towards 5-HMF are strongly
influenced by catalyst micropore versus mesopore volume distribution. The Si/Al
ratio of H-mordenite solid acids could affect the fructose transformation. The maxi-
mum reaction rate of D-fructose was obtained over H-mordenite catalyst with a Si/
Al ratioof 11.

In solid acid-catalyzed dehydration of fructose, continuous product separation
affects 5-HMF selectivity. A significant increase (ca. 10%) in 5-HMF selectivity
was obtained by extracting 5-HMF into MIBK circulated in a countercurrent mode
in a continuous heterogeneous pulsed column reactor [106]. Different from Si/Al
based H-mordenite catalysts, vanadyl phosphate (VOP) was investigated by Carniti
et al. [107] for the dehydration of D-fructose to 5-HMF in aqueous solutions. The
results showed that using VOP as a catalyst, 40.2% and 32.9% 5-HMF yields were
obtained when 6.0 wt.% and 30 wt.% aqueous fructose solutions were used as feed-
stock, respectively. In the literature, other VOP-based catalysts containing different
trivalent metal ions (Fe*, Cr**, Ga*, Mn* or Al*) were also reported. When
Fe-containing VOP catalyst was employed and 40 wt.% fructose solution was used
as feedstock, 87.3% 5-HMF selectivity at 50.4% yield was obtained.

Another category of phosphate catalysts used in the dehydration of fructose is
Nb-based phosphate [108—110]. Niobium phosphate (NbOPO,) and phosphoric
acid treated niobium oxide exhibit high catalytic activity in dehydration of fructose.
About 70-80% selectivity of 5-HMF at a D-fructose conversion of 30-50% was
obtained at 100 °C without using any extraction solvent [108, 109]. The initial cata-
lytic performance of NbOPO, catalyst was compared with niobate acid in the dehy-
dration of fructose in aqueous phase. Results showed that NbOPO, catalyst was
more active than niobate acid that was ascribed to the higher surface acidity of
NbOPO, in the polar liquid [110]. Other metal-promoted phosphate systems
reported for dehydration of fructose are based on Zr and Ti [111]. Cubic zirconium
pyrophosphate (ZrP,0O,) exhibited excellent performance under mild conditions. A
44.3% yield and a 99.8% selectivity for 5-HMF were obtained at 100 °C. Under
similar reaction conditions, 35.3% yield of 5-HMF and 96.1% selectivity were
obtained over y-titanium phosphate catalyst.

There have been numerous reports on the application of ion-exchange resins for
the synthesis of 5-HMF from sugars. Nakamura [112] examined a strong acidic ion
exchange resin for D-fructose dehydration, where an 80% yield of 5-HMF was
obtained. Using the Levatit® SPC-108 as a catalyst, Gaset and coworkers [113, 114]
reported 39-80% S-HMF yields. There are several categories of ion-exchange res-
ins among which Diaion® PK-216 resin is found to be more effective for D-fructose
dehydration with about 90% yield of 5-HMF being obtained [115]. Although an ion
exchange resin has advantages over homogeneous mineral acids as catalyst,
improvement in 5-HMF selectivity is still a challenge [116-118]. Performance
improvement over Diaion® PK216 resin was made by Chheda and Dumesic [119]
who showed that the yield of 5-HMF from dehydration of fructose was enhanced in
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water-MIBK biphasic systems which were generally modified by DMSO or NMP
solvents.

Cottier et al. [120] reported that D-fructose could be effectively transformed with
the ion-exchange resin in aqueous solution where the conversion was high, whereas,
the yield of 5-HMF was low (ca. 28%) in water. It was further shown that the effi-
ciency may be increased by dilution. The possible reason for low yields in water is
that there exists the hydronium species in the macropore of resins, which can pro-
mote 5-HMF to be further converted into byproducts such as levulinic acid and
formic acid [121]. Many experimental investigations show that the use of DMSO as
the solvent improves the selectivity of 5-HMF from D-fructose under common reac-
tion conditions [115, 122—124]. The primary merit of DMSO is due to its dipolar
aprotic character which efficiently prevents the conversion of 5-HMF to generate
levulinic acid or humins. However, there are some disadvantages when DMSO is
used, for instance, separation of DMSO, 5-HMF and water are difficult and solvent
decomposition can possibly occur during reaction that would release poisonous
sulfur-containing compounds.

The D-fructose dehydration by Amberlyst-15 with ionic liquids as solvent was
studied by Lansalot-Matras and Moreau [125]. Two kinds of usual ionic liquids,
1-butyl-3-methyl imidazolium tetrafluoroborate ([BMIM]BF,) and 1-butyl-3-
methyl imidazolium hexafluoro phosphate ((BMIM]PF), were used and the dehy-
dration was carried out in a micro batch reactor. The hydrophilic [BMIM]BF, was
found to be superior to hydrophobic ([BMIM]PF) as solvent. As a result, up to 50%
yield of 5-HMF was obtained in [BMIM]BF, solvent at 80 °C for 3 h. Moreover,
with DMSO as co-solvent, the catalytic reaction in both ionic liquids proceeded
more rapidly than that in DMSO alone so that a yield of 5-HMF of nearly 80%
could be obtained.

In the research of Ilgen et al. [126] yields of 5S-HMF reached 40% in the presence
of Amberlyst-15 catalyst for the mixture of choline chloride (ChCI) and fructose.
Moreover, the influence of acetone, DMSO, ethanol, methanol, ethyl acetate, and
supercritical CO, as co-solvents of ionic liquids for the dehydration of fructose with
Amberlyst-15 catalyst at room temperature was studied in detail [127].

Qi et al. [128] investigated fructose dehydration in the mixed acetone-water sol-
vent where a 73.4% yield of 5-HMF at 94.0% fructose conversion was obtained
using cationic exchange resin Dowex 50wx8—100 as catalyst at 150 °C with micro-
wave heating. Recycle experiments indicated that the activity and selectivity of the
resin remained practically unchanged after being used for five times. Moreover,
they found that the production of 5-HMF was improved when acetone was used as
co-solvent of DMSO for the fructose dehydration process [129].

Li et al. [130] reported that acidic ion-exchange resin and ionic liquid influenced
the dehydration of fructose to 5S-HMF, in which the macroporous strong-acid resin
displayed better performance than a gel strong-acid resin when ionic liquid [BMIM]
CI was used as the solvent. As a result, a 93.0% yield of 5-HMF was obtained at 75
°C for 20 min with DOO1-cc resin catalyst in [BMIM]CI. The macroporous resin
had large pore diameters, many apertures, a large surface area and rapid ion exchange
characteristics. The large surface area of resin provided many active sites for the
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Fig. 3.2 Schematic diagram of the interaction between the different resins and fructose (Reprinted
from Ref. [130] with permission of Elsevier B. V. publishing corporation. 2014 Copyright ©
Elsevier)

dehydration of fructose; the large pore diameter and apertures increased diffusion of
fructose into the inner of resins; the rapid ion exchange characteristics facilitated the
interactions of fructose with acidic sites of resin. In contrast, the small surface area
of gel resin reduced the total number of active sites. Moreover, the pore diameter of
gel resin is relatively small which affects the diffusion of fructose as shown in
Fig. 3.2.

Watanabe et al. [131] and Qi et al. [132] found that the synthesis of 5-HMF was
favorable when the D-fructose dehydration was performed with microwave heating
in the presence of TiO, and ZrO, catalyst. With TiO, as the catalyst, a 38.1% yield
of 5-HMF with 83.6% conversion of D-fructose was achieved in 5 min at 200 °C
while the yield of 5-HMF reached 30.5% at a 65% D-fructose conversion after
5 min with ZrO, as the catalyst. Shimizu et al. [133] studied the effect of water
removal on the preparation of 5-HMF, and showed that 5-HMF yield could be
improved in the dehydration with solid acids such as heteropoly acids, zeolite, or
exchange resins when the reaction solution was handled through the evacuation at
0.97 x 10° Pa of pressure. In particular, the 5-HMF yield was close to 100% in the
presence of about 0.15-0.053 mm size of Amberlyst-15 particle catalyst in DMSO
solvent, which is attributed to the efficient removal of water removal from the small
resin powder during reaction.

Fan et al. [134] reported on synthesis of 5-HMF from fructose using a solid het-
eropolyacid salt Ag;PW,0, as catalyst, on which fructose was selectively dehy-
drated to form 5-HMF with a yield of 77.7% and selectivity of 93.8% in 60 min at
120 °C. Phosphates of alkaline earth metals, CaP,O¢ and a-Sr(PO;), were found to
catalyze fructose dehydration in hot compressed water, in which 34-39% yields of
5-HMF were obtained [135]. Guo et al. [136] reported that lignin-derived solid acid
catalyst efficiently catalyzed the dehydration of fructose, in which a 98% conver-
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sion of fructose and 84% yield of 5-HMF were obtained under microwave irradia-
tion at 110 °C for 10 min. Lucas et al. [137] found that fructose could be efficiently
dehydrated to produce 5-HMF with mesoporous AISBA-15 catalysts under biphasic
conditions. The catalyst with lower acid site density but medium to strong acid
strength favors 5S-HMF formation such that 5S-HMF selectivity was as high as 88%
at 59% conversion of fructose under the optimal conditions. Kruger et al. [138]
studied the aqueous-phase dehydration of fructose to prepare 5-HMF with zeolite
catalysts. About 1-2 wt.% of zeolite dissolved in the aqueous-phase, resulting in a
solution of aluminosilicate species with Al being 1.2-26.2 mg/L and Si up to 226
mg/L. Active species dissolved from the zeolite are probably oligomeric alumino-
silicate fragments in which the Al-O-Si and Si-O-Si connectivity is similar to that of
amorphous aluminosilicates.

Alam et al. [139] investigated the catalytic activity of titanium hydrogen phos-
phate, a dual acid catalyst, for the conversion of fructose, in which a 55% yield of
5-HMF was obtained from fructose in a THF-H,O biphasic solvent. Xu [140] syn-
thesized a series of ordered mesoporous zirconium oxophosphates with different P/
Zr molar ratios via an evaporation-induced self-assembly method. The catalytic per-
formance of zirconium oxophosphate with P/Zr of 0.75 was measured. Conversion
(up to 97.4%) and selectivity (79.6%) of 5-HMF were obtained under relatively
mild conditions in DMSO solvent. Different sulfated catalysts including SO4/TiO,-
Si0,, SO,/Ti-SBA-15, SO,/ZrO,, SO,/AC, and SO,/SiO, were investigated in fruc-
tose dehydration to 5-HMEF, in which 89% selectivity at 77% fructose conversion
was obtained over the SO4/TiO,-SiO, catalyst owing to the highest amount of
Brgnsted sites on the catalyst [141]. Jain et al. [142] used mesoporous zirconium
phosphate as catalyst for the conversion of fructose into 5-HMF, and ca. 80% yield
of 5-HMF was obtained at 150 °C in 1 h using H,O-diglyme mixture as solvent.
Metal-containing silicoaluminophosphate molecular sieves (MeSAPO-5) with dif-
ferent Si/Al ratios were found to be effective in the dehydration of fructose. A
5-HMF yield of 73.9% was obtained over MeSAPO-5(0.25Si) catalyst at 170 °C in
2.0 h [143].

Our group [144] studied the production of 5-HMF from the fructose in the pres-
ence of heterogeneous Sn-based catalyst. A mixed SnO,-ZrO, catalyst was prepared
from zirconiumn-propoxide and different metal Sn precursors using a sol-gel
method. The sulfated Sn0,-ZrO, (SO,>7/Sn0,-ZrO2) was obtained by the impreg-
nation method using H,SO, solution. When these materials were used in the dehy-
dration of fructose, it was found that a suitable ratio of Sn/Zr was 0.5, and the
catalytic activity of SO,*/Sn0O,-ZrO, was higher than that of SnO,-ZrO, where
more than 75.0% yield of 5-HMF was obtained in 2.5 h at 120 °C. Recycle experi-
ments showed that the catalytic activity remained constant after being used five
times. Furthermore, selective dehydration of fructose to 5-HMF using heteroge-
neous Ge (IV) catalysts was successful. Based on GeO, material, two catalyst sys-
tems are efficient for the dehydration process. In the presence of dual GeO,-Ge;N,
catalyst, fructose is converted to 5-HMF in a 62% yield at 150 °C in 100 min. With
sulfated GeO, (SO,>7/GeQ,) as catalyst, a 68% yield of 5-HMF from fructose is
obtained in DMSO solvent [145]. The existence of SO,>~ contributes to the increase



94 X. Tong et al.

of more acid sites on the catalyst surface, leading to a high catalytic activity and
high product yield.

Hafizi et al. [146] prepared well-ordered KIT-6 mesoporous silica via a sol-gel
process and functionalized with sulfonic acid groups. Catalytic activity in the
conversion of fructose to 5-HMF was measured. Results showed that 100% conver-
sion and 84.1% yield of 5-HMF was obtained in DMSO at 165 °C in 30 min reac-
tion time.

3.3.3 Metal-Containing Catalysts

Transition metal-promoted selective transformation of fructose has been studied
since the 1960s [147]. Trapmann and Sethi [148] demonstrated the catalytic perfor-
mance of thorium- and zirconium metals and showed that fructose is converted into
5-HMF with these transition metals in dilute solutions. Ishida and Seri [149]
reported that glucose could be transformed to 5-HMF through promotion by lantha-
nide metals, and 5-HMF was further decomposed during the reaction. It was
revealed that a special relationship exists between the activity and atomic weight of
the lanthanide (III) ions, which are double arc-formed shapes with an extreme point
of Sm**. This is quite useful to the development of novel catalyst. Further investiga-
tion showed that any of the lanthanide (IIT) ions (La**- Lu*") could accelerate effec-
tively the conversion of various hexoses into 5-HMF in aqueous solutions at 140 °C
in which no levulinic acid forms [150, 151]. Moreover, kinetic experiments revealed
that generation of La* complexes with hexose molecules is not relatively slow for
dehydration. Therefore, it should not be the rate-determining step and is the subse-
quent process of a reactant-catalyst complex.

Metal-catalyzed transformation of hexoses to produce 5-HMF has had some
exciting breakthroughs [152—-154]. Zhao et al. [152] found that metal halides effi-
ciently catalyze the dehydration of hexoses in the ionic liquid [EMIM]CI where the
CrCl, is highly active and ca. 70% yield of 5-HMF is obtained during the transfor-
mation of fructose and glucose. Yong et al. [153] revealed that N-heterocyclic car-
bene-Cr/ionic liquid has good catalytic performance for hexose dehydration. They
found that about 96% yield of 5-HMF was obtained after extraction using diethyl
ether. In addition, a considerable yield of 5S-HMF could be achieved for high sub-
strate loading and the catalyst was recyclable. Moreover, the same group further
reported that D-fructose dehydration occurred with WClg as catalyst in the [BMIM]
Cl ionic liquid-THF biphasic solvent system. As a result, 5-HMF yield could reach
72% at 50 °C for 4 h reaction time [154].

Ilgen et al. [126] found that the D-fructose was effectively dehydrated to 5S-HMF
with CrCl; as catalyst in a mixture of choline chloride and 50 wt.% of D-fructose
where ca. 60% yield could be obtained under suitable conditions. Our group [155]
also investigated the synthesis of 5-HMF using different metal chlorides as catalysts
in the THF-H,O biphasic system and found that antimony chloride (SbCl;) was
more effective than other metal chlorides for D-fructose dehydration in THF-H,O
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solvent, in which about 84.0% of yield of 5-HMF was obtained with SbCl;-LiBr
catalytic system at 120 °C in 1.5 h. The catalytic action of SbCl; is due to its suitable
acidic character, and the addition of LiBr can improve the stability of 5-HMF during
the entire reaction.

To achieve recycle of metal catalysts, polymer-supported NHC-metals have been
prepared from chloromethyl polystyrene resin via two-step reaction. As a result,
1.6-16 mol % of metal components have been successfully loaded into total imid-
azolium, whereas the ionic liquid moiety in the imidazolium chloride salt remains
almost unchanged [156]. When the polymer-supported NHC-metal catalysts were
used for dehydration of fructose, about 70% yield of 5S-HMF with high fructose
conversion was attained in the presence of the polymer-supported NHC-Fe™
catalyst.

3.3.4 Other Catalytic Systems

In the dehydration of D-fructose, some other catalytic systems have been employed
to increase reaction efficiency. Mednick [89, 157] found that production of 5S-HMF
was achieved in the presence of ammonium phosphate, triethylamine phosphate or
pyridinium phosphate catalyst. The yield of 5-HMF was as high as 44% when pyri-
dinium phosphate was employed as the mediator. Fayet and Gelas [158] carried out
the dehydration of D-fructose with pyridinium trifluoroacetate, hydrochloride,
hydrobromide, perbromate or p-toluenesulfonate as catalyst, in which the 5-HMF
yield could reach almost 70% at 120 °C after 30 min reaction time. Smith [159]
found that ammonium sulfate or sulfite could be used as catalyst for the dehydration
of D-fructose and reported that in the presence of NH,AI(SO,), catalyst, a S-HMF
yield as high as 50% was obtained after 12 s at 170 °C [160]. Activated carbon as
adsorbent showed a positive effect on the acid catalyzed fructose dehydration [161],
in which both the yield and selectivity of 5-HMF could be increased during
reaction.

Nowadays, research on catalytic processes is closely related to methods of green
chemistry [162, 163]. On the stability, low vapor pressure and recyclability, ionic
liquids have been considered to have many merits for their use as reaction solvents
or as catalysts [164—166]. Tonic liquids have advantages as solvents in sugar dehy-
dration with solid resins and metal chlorides [125, 153, 167]. The following discus-
sion concentrates on the conversion of hexoses using ionic liquids as catalyst.

Catalytic activity of pyridinium-containing ionic liquid was first demonstrated
for D-fructose dehydration [158]. Moreau et al. [168] found that D-fructose could
be effectively and selectively dehydrated at 90 °C with 1-H-3-methyl imidazolium
chloride ((HMIM]CI) as solvent and catalyst, in which the yield of 5-HMF reached
92% for reaction times of 15 to 45 min. Bao et al. [169] investigated the catalytic
performance of ionic liquids, 3-allyl-1-(4-sulfobutyl)imidazolium trifluorometh-
anesulfonate ([ASBI][Tf]), as well as its Lewis acid derivatives, 3-allyl-1-(4-
sulfurylchloride butyl) imidazolium trifluoromethanesulfonate ([ASCBI][Tf]) on
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the dehydration of D-fructose and found that these type of ionic liquids have distinct
effects on the dehydration process, namely, the Lewis acid ionic liquids are more
efficient than Brgnsted acid ionic liquids. Furthermore, the N-methyl-2-
pyrrolidonium based ionic liquids were found to very active on the dehydration of
D-fructose. Among the different ionic liquids, the N-methyl-2-pyrrolidonium
methyl sulfonate ([NMP][CH;SO;]) and N-methyl-2-pyrrolidonium hydrogen sul-
fate ((NMP][HSO,]) can efficiently catalyze the dehydration of D-fructose to pro-
duce 5-HMF with DMSO as the solvent under suitable conditions [170]. As a result,
it is found that a 72.3% yield and 87.2% selectivity of 5-HMF was obtained in the
presence of 7.5 mol% [NMP][CH;SOs] at 90 °C for 2 h reaction time.

The 1-methylimidazolium-based and N-methylmorpholinium-based ionic lig-
uids have been employed as catalysts for dehydration of fructose. Yields of 74.8%
and 47.5% of 5-HMF are obtained from D-fructose and sucrose, respectively, at
90 °C for 2 h under nitrogen atmosphere when N-methylmorpholinium methyl sul-
fonate ((NMM][CH;SOs]) is used as catalyst in an N, N-dimethylformamide-lithium
bromide (DMF-LiBr) solvent system [171]. The 1-ethyl-3-methylimidazolium
hydrogen sulfate ([EMIM][HSO,]) is effective for converting fructose into
5-HMF. An 88% 5-HMF yield was obtained in 30 min using MIBK as a co-solvent
[172]. In a biphasic system composed of choline chloride/citric acid ionic liquid and
ethyl acetate, the yield of 5-HMF from fructose reached 91.4% with 93.6% 5-HMF
selectivity at 80 °C in 1 h [173]. Kotadia et al. [174] further investigated the catalytic
activities of symmetrical and unsymmetrical Brgnsted acidic ionic liquids, and the
results showed that the unsymmetrical [PSMBIM][HSO,] exhibited high activity
with 72.8% yield of 5-HMF in DMSO at 80 °C for 1 h.

Our group [175] reported that the selective conversion of fructose to 5S-HMF was
achieved with N-bromosuccinimide (NBS) as a promoter. In the presence of single
NBS, a 64.2% yield of 5-HMF from fructose was obtained in N-methylpyrrolidone
for 2 h. The 5-HMF yield could be enhanced to 79.6% and 82.3% when FeCl; and
SnCl, were used as the additives, respectively.

Brgnsted acidic ionic liquid 1-methyl-3-(3-sulfopropyl)-imidazolium hydrogen
sulfate has been employed to catalyze the production of 5-HMF from highly con-
centrated solutions of D-fructose (40 wt.%), in which 73% yield of 5-HMF with
87% selectivity was obtained in 0.5 h at 150 °C [176]. Jackson et al. [177] synthe-
sized heterogeneous sulfonic acid catalysts using an amine-catalyzed atomic layer
deposition process where the performance of 3-(mercaptopropyl) trimethoxy-silane
was tested in the dehydration of fructose. We further [178] reported that the selec-
tive conversion of D-fructose to 5S-HMF was achieved in the presence of of graphite
derivatives such as graphite oxide (GO), reduced graphite oxide (RGO) and sulfated
reduced graphite oxide (GSO;H). A 5-HMF yield of up to 60.8% was obtained in
the presence of GO under suitable conditions. Mondal et al. [179] reported the
dehydration of fructose using graphene oxide (GO) as acid catalyst and choline
chloride (ChCl) as additive in ethyl lactate with a 76.3% molar yield. Zhang et al.
[180] investigated the dehydration of D-fructose to 5S-HMF in the presence of tin
salt and hydrogen phosphate. It is found that the precipitate freshly formed from
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permission of Elsevier B. V. publishing corporation. 2010 Copyright © Elsevier)

SnCl, and (NH,),HPO, showed a good performance in a water-DMSO mixed sol-
vent. The highest 5-HMF yield of 71% was achieved at 135 °C in 1 h. The tin
valence number, the type of phosphate and the molar ratio of Sn/PO, all affect the
5-HMF yield in D-fructose dehydration.

Haworth and Jones [49] developed a reaction mechanism for the fructose dehy-
dration to 5-HMF. Van Dam et al. [51], Antal et al. [53] and Kuster [55] supposed
that the transformation of hexose was on the basis of two probable pathways: one
depends on the conversion of ring compounds, while the another follows the acyclic
molecules (Fig. 3.3). Generally, the possible reaction routes for the synthesis of
5-HMF from hexoses are made up of the isomerization, dehydration, fragmentation,
reversion and condensation reactions. Some investigations confirmed that produc-
tion of 5-HMF is via either open-chain 1, 2-enediol mechanism or based on fructo-
furanosyl compound [106, 181, 182]. However, Antal et al. [183] and Newth [184]
suggested that the dehydration of fructose to form 5-HMF proceeded through inter-
mediate ring structures. The proof given by them mainly consisted of: 1) simple
transformation of 2, 5-anhydro-D-mannose (a formed molecular enol during cyclic
mechanism) to 5-HMF; 2) easily available production of 5-HMF from fructose, but
low production from glucose that is based on dehydration of sucrose; 3) the absence
of carbon-deuterium occurrence in 5-HMF relying on the keto-enol tautomerism in
open-chain mechanism if the reaction took place in D,O solvent. Amarasekara et al.
[185] proposed two main intermediates as (4R, SR)-4-hydroxy-5-hydroxymethyl-4,
5-dihydrofuran-2-carbaldehyde on the dehydration according to the information of
'H and C NMR measurements.
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3.4 Catalytic Production of 5-Hydroxymethylfurfural
(5-HMF) from Glucose

3.4.1 Mineral Acids as Catalysts

Comparing glucose with fructose, the former is cheaper and a more plentiful feed-
stock [55], but the lower dehydration rate and the poor selectivity to S-HMF limit
glucose as a starting material for 5S-HMF production. The dehydration of glucose
with H;PO, catalyst only affords 15.5% yield of 5-HMF at 190 °C [186], which may
be ascribed to the rigid tending aldose formation. A small quantity of open-chain
substrates in this reaction system result in low enolization rate, which is the route
for generating 5-HMF. Nevertheless, motivation for developing a process using glu-
cose as feedstock to prepare high-value 5-HMF is very high.

The influences of solvents with mineral acids on the dehydration of glucose have
been investigated [90]. With water as solvent, glucose dehydration had very low
selectivity (ca. 6-11% for 5-HMF), while, if the aprotic polar DMSO was used as
solvent, the 5S-HMF yield was no more than 42% for a 3 wt.% concentration of sub-
strate. Interestingly, specially designed biphasic solvent systems such as mixtures of
DMSO and water, or a mixed system including MIBK and 2-butanol (70: 30) can
efficiently elevate the yield of 5-HMF during the glucose dehydration. When 10
wt.% glucose was employed as substrate, the selectivity of 5-HMF was up to 53%
in DMSO-water solvent mixtures, which is much higher than the selectivity of 11%
in water [187].

Huang et al. [188] developed a novel and effective process for the synthesis of
5-HMF from glucose transformation. The used mediator included glucose isomer-
ase and HCI and solvent in a mixture of water and butanol. It is found that 5-HMF
yield reached 63.3% under mild conditions. Stahlberg et al. [189] studied the boric
acid-promoted dehydration of glucose to 5-HMF in imidazolium-based ionic lig-
uids, where a yield of 42% was obtained. It was confirmed that the formation of 1:1
glucose-borate complexes facilitated the conversion pathway from glucose to fruc-
tose. Deuterium-labeling studies showed that the isomerization proceeded via an
ene-diol reaction pathway, which is different from that of enzyme-mediated isom-
erization of glucose to fructose. Sulfuric acid has been used as catalyst for the trans-
formation of glucose to produce 5-HMF in the y-valerolactone solvent system;
however, only 13% yield of 5-HMF was obtained at 130 °C in 1 h reaction time
[100].

3.4.2 Solid Acids as Catalysts

Considering that solid acid catalyst probably accelerate glucose isomerization and
fructose dehydration, Amberlyst-15 and Mg-Al hydrotalcite (HT) have been studied
to promote the conversion of glucose and sucrose to 5-HMF [190]. Yields of 42-54%
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of 5-HMF were obtained at 100 °C in DMF solvent. Furthermore, in the presence of
TiO, and ZrO, catalysts, selective dehydration of glucose was also successfully car-
ried out, where TPD detection showed that the quantity of basic sites plays an
important role in glucose isomerization; however, the acidity density and basicity
density are responsible for the production of 5-HMF during reaction [131]. The fol-
lowing investigations further showed molecular sieves such as HY =zeolite,
aluminum-pillared montmorillonite, MCM-20 or MCM-41 can also efficiently cata-
lyze the transformation of glucose [191]; but, this route easily produces formic acid
and 4-oxopentanoic acid. Hu’s group [192] mentioned that the 5-HMF yield could
reach 47.6% at 403 K for 4 h with SO,>/ZrO,-Al,O; in a 1:1 Zr/Al molar ratio as
the catalyst. They also showed that stronger acidity and appropriate basicity in the
solid acid is more beneficial to catalytic transformation of glucose to 5-HMF under
certain conditions.

Nikolla et al. [193] studied the combination of Sn-Beta with acid catalysts to
accelerate the synthesis of 5-HMF from glucose in the biphasic H,O/THF solvent
system. A 79% conversion of glucose with 72% selectivity of 5S-HMF was obtained
under suitable conditions.

A foam-structured acid catalyst of a binderless zirconium phosphate (ZrPO)
coating on aluminum foam was studied for dehydration of glucose to synthesize
5-HMF in a biphasic solvent system [194]. Based on extensive investigations of the
ZrPO catalyst, it was shown that excessive Lewis acidity could lead to conversion
of glucose to humins with a decrease of 5S-HMF selectivity. Accordingly, 35% yield
of 5-HMF at 70% conversion of glucose was obtained over silylated ZrP-f/Al(Ic)-10
catalyst. The silylation procedure was found to be helpful in improving the 5S-HMF
selectivity over the foam catalyst, which was attributed to the deactivation of partial
Lewis acid sites (Fig. 3.4).

Hara’s group [195] found that the phosphate-immobilized anatase TiO, was effi-
cient to catalyze 5-HMF production from glucose in THF/water (90/10 vol.%) solu-
tions. An 81.2% yield of 5-HMF was obtained at 120 °C in 2 h reaction time, which
was attributed to water-tolerant Lewis acid sites on phosphate/TiO, catalyst. They
further explored the reaction mechanism for the formation of 5-HMF from glucose
in water over TiO, and phosphate-immobilized TiO, using isotopically labeled mol-
ecules and *C NMR spectroscopy. They confirmed that stepwise dehydration of
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glucose forms 5-HMF over the TiO, catalysts, in which Lewis acid sites are effec-
tive for the dehydration of glucose and its derivatives [196]. Atanda et al. [197]
investigated the catalytic performance of nanosized phosphated TiO, catalysts with
different phosphate content on the conversion of glucose into 5-HMF, and discov-
ered that 15 wt.% phosphate loading was desirable. Under optimal reaction condi-
tions, a 97% glucose conversion and 81% 5-HMF yield was obtained in the
water-butanol biphasic system. Jiménez-Morales et al. [198] employed aluminum
doped MCM-41 silica as catalyst to effectively produce 5-HMF from glucose. By
using a biphasic water/MIBK as reaction medium and a 30 wt.% of AI-MCM as
catalyst, about 87% of glucose conversion and 36% of 5-HMF yield were obtained
at 195 °C after 150 min. Furthermore, the conversion of glucose and yield of 5-HMF
could be further enhanced to 98% and 63%, respectively, when a sodium chloride
aqueous solution (20 wt.%) and MIBK were employed as reaction medium. It was
also reported that for the conversion of glucose to 5S-HMF on zirconium phosphate
catalyst, a 63% yield of 5-HMF was obtained at 180 °C in 3 h in an H,O-diglyme
mixture [142]. Wang et al. [199] synthesized a series of cerous phosphates with dif-
ferent crystal structures and studied their catalytic performance on the dehydration
of glucose to 5-HMF, in which a 97% conversion of glucose and 61% yield of
5-HMF were obtained using cerous phosphate with a hexagonal crystal structure as
catalyst. It was shown that Lewis acidity played an important role in the dehydration
of glucose to 5-HMF with cerous phosphate catalysts. Moreno-Recio et al. [200]
investigated the catalytic dehydration of glucose to 5S-HMF with ZSM-5 zeolites
(H-, Fe- and Cu-ZSM-5). It is found that a glucose conversion of 80% and a 5-HMF
yield of 42% were obtained using HZSM-5 as a catalyst at 195 °C after 30 min in a
biphasic NaCl (20 wt.%) aqueous solution/MIBK system, which showed that the
HZSM-5 catalyst was suitable Lewis/Brgnsted molar ratio for conversion of
glucose.

Kinetics of tandem glucose isomerization and fructose dehydration were deter-
mined by Swift et al. [201] who performed combined experimental and computa-
tional studies on catalytic production of 5-HMF from glucose in water. It is found
that with a bifunctional zeolite HBEA-25, the octahedrally coordinated extra-
framework Al site was effective to catalyze the isomerization of glucose to fructose
during reaction. The activation energy of isomerization on H-BEA-25 is between
that of Ti-BEA and Sn-BEA zeolite. The connection of 5-HMF formation rate ver-
sus ratio of Lewis to Brgnsted acid sites has a volcano-shaped curve when the total
number of acid sites over catalyst is fixed (e.g. aluminosilicate zeolites). On the
other hand, when Lewis and Brgnsted acid sites are varied independently (e.g., in
Sn-BEA and HCI), the formation rate of 5S-HMF first increased and then remained
constant along with the elevation of Brgnsted acid site density. These results are
consistent with common features of tandem processes using multiple or multifunc-
tional catalysts. Both the formation rate and yield of 5S-HMF were at a maximum at
an L/B ratio of 0.3, which is predicted to be close to 60% at 130 °C. It is considered
that the degradation reaction of 5-HMF can be suppressed under certain
conditions.
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3.4.3 Metal-Containing Catalysts

Zhao et al. [152] studied the catalytic performance of metal halides for conversion
of glucose in the ionic liquid [EMIM]CI and found that CrCl, exhibited high effi-
ciency for generation of 5-HMF, where nearly 70% yield of 5-HMF was obtained.
Those authors proposed that the formed CrCl;~ anion was the active species in the
reaction system that accelerated the process of glucose isomerization to produce
fructose as reaction intermediate.

The N-heterocyclic carbene-Cr combined with an ionic liquid as catalyst for
selective transformation of glucose to 5-HMF has been reported by Yong et al.
[153]. The yield of 5-HMF was as high as 81% and its isolated yield is very high
when the mixture is extracted by diethyl ether after reaction. Particularly, a large
amount of glucose as substrate also exists in this system in which the catalyst is
stable and recyclable for the catalytic dehydration reaction. Furthermore, it is found
that SnCl, in the ionic liquid [EMIM]BF, could catalyze the conversion of glucose
to 5-HMF under mild conditions [167]. Based on the investigation of the catalytic
mechanism, the Sn atom forms a chelate with molecular glucose that creates a pen-
tabasic cyclic intermediate that plays a crucial role in the efficient generation of
5-HMF during the reaction. Li et al. [202] showed that about 90% yield of 5-HMF
from glucose could be achieved using CrCl; as catalyst in ionic liquids with the
assistance of microwave.

Stahlberg et al. [203] investigated the catalytic activities of YbCl; and Yb(OTf),
in the transformation of glucose. These two salts were very efficient for the synthe-
sis of 5-HMF in alkylimidazolium chlorides and the promotion mechanism of lan-
thanides differs from that of the chromium compounds.

To realize the transformation at high concentrations of glucose, Ilgen et al. [126]
employed choline chloride to dissolve more than 50 wt% of glucose and found that
the 5-HMF yield still reached about 31% in the presence of CrCl; catalyst. Yuan
et al. [204] studied the conversion of glucose to produce 5-HMF using CrCl, or
CrCl; as the mediator in the DMSO and ionic liquids where some co-catalysts and
solvents containing the halides were used. For these reaction systems, a 54.8% yield
of 5-HMF was obtained in the presence of CrCl, and tetracthyl ammonium chloride
at 120 °C for 1 h under a N, atmosphere. Bali et al. [205] proposed that Cr(III),
instead of Cr(Il), is the active species in the transformation of glucose to 5-HMF in
ionic liquids, and the yield of 5-HMF can be high when a very weak ligand is pos-
sibly incorporated into the metallic Cr ion.

Our group [175] found that the conversion of glucose to 5-HMF occurred in the
presence of NBS and CrCl;, in which a 57.3% 5-HMF yield was obtained under
optimal conditions. Moreover, we studied the conversion of glucose to 5-HMF
using a combination of SnCl, and different quaternary ammonium salts [206] and
found that tetrabutyl ammonium bromide was able to efficiently promote conver-
sion of glucose to 5-HMF in the presence of SnCly. As a result, a 69.1% yield of
5-HMF was obtained with SnCl,-tetrabutyl ammonium bromide (SnCl,-TBAB)
system in DMSO for 2 h reaction time at 100 °C in air.
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Extensive studies on the catalytic mechanism of the glucose dehydration in the
presence of metal chlorides have been performed and show that mutarotation and
isomerization reactions are essential to the transformation of glucose [152, 167].
The cyclic reaction line plays a key role in dehydration of glucose to 5-HMF based
on molecular simulations [181]. Pidko et al. [207] reported that the coordination of
a metallic Cr center happens in the opening and closure of the sugar ring when
CrCl, is employed as catalyst. The rate-controlling H-shift reaction can be facili-
tated by transient self-organization of the Lewis acidic Cr** centers into a binuclear
complex with the open form of glucose, which is possible due to dynamic nature of
the Cr complexes and to the presence of moderately basic functional groups in the
ionic liquid. As shown in Fig. 3.5, the isomerization of glucose is involved with
mono- and binuclear Cr complexes, in which the free-energy barrier is low for the
generation of the open form of D-glucose during reaction. Moreover, the O,-
deprotonated glucose intermediate can be stabilized with the participation of a sec-
ond Cr center.
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Computational and experimental studies on the activation of glucose with Lewis
acidic catalysts CrCl,, CuCl, and FeCl, in dialkylimidazolium chloride ionic liquids
have been performed [208]. The results show that there exists a coordination
complex between the Lewis acidic Cr** center and molecular glucose which directly
affects transformation of glucose to fructose. It is further proven that formation of
the intermediate compound is crucial to conversion of glucose. In case of Cu*', the
direct coordination of glucose to the copper (II) chloride is difficult. However,
molecular glucose can be deprotonated by the Cl- ligand of CuCl,>~ complex.
During the period of the reaction, the Cu?* may be reduced to Cu* ions. On the other
hand, both of these two pathways do not occur for the FeCl, catalyst.

3.4.4 Other Catalytic Systems

Based on a comprehensive study on dehydration catalysts, direct conversion of glu-
cose to 5-HMF can be achieved by solely using acidic ionic liquid 1-butyl-3-
methylimidazolium chloride [C,SO;HMIM]CI as catalyst in a single-pot reaction
[209]. The mechanism for conversion of glucose to 5-HMF catalyzed by the
[C4sSO;HMIM]CI ionic liquid was studied using density functional theory (DFT)
[210]. It was shown that the transformation can proceed via two feasible pathways
where the cation of the ionic liquid plays a significant role, acting like a mobile
proton carrier to accelerate the transformation. The chloride anions function with
the reactant and acidic protons in the imidazolium ring via hydrogen-bonding, and
supply a polar environment to stabilize the intermediate with assistance of the imid-
azolium cation. Furthermore, the overall barriers of the two potential pathways were
calculated for catalytic transformation of glucose, and they are 32.9 kcal/mol and
31.0 kcal/mol, respectively.

Cao et al. [211] used an ammonium resin (PBnNH;CI) as a single catalyst for
glucose dehydration to produce 5S-HMF. Greater than >80% product selectivity was
achieved in a DMSO or biphasic system. Further, they proposed the reaction path-
way for glucose dehydration to 5S-HMF by this ammonium resin catalyst (Scheme
3.4). They considered that an amine-catalyzed glucose isomerization via an enediol
pathway and ammonium salt or acid (P-BnNH,/HCl)-catalyzed fructose dehydra-
tion mechanism was feasible. The hydrogen bonds between N-H and O-H that exist
in all intermediates and transition states should stabilize these compounds and facil-
itate the reaction. A sulfonic acid functionalized metal-organic framework MIL-
101(Cr)-SO;H was used as the catalyst for the glucose dehydration to 5-HMF in
y-valerolactone : water (9 : 1) solvent [212]. Under optimal conditions, a 44.9%
yield of 5-HMF with a 45.8% selectivity was obtained. Analysis of the reaction
kinetics showed that the glucose isomerization in this catalytic system is second-
order with an apparent activation energy of 100.9 kJ/mol. Moreover, the catalyst is
highly stable and able to provide a steady 5S-HMF yield in fixed-bed reactors.
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3.5 Catalytic Production of 5-Hydroxymethylfurfural
(5-HMF) from Polysaccharides

It is well-known that employing polysaccharides and cellulose as feedstocks for the
direct production of 5-HMF is vital for sustainable processes. Chheda et al. [187]
found that good selectivity for 5-HMF at high conversion from polysaccharides,
such as sucrose, starch, cellobiose and xylan could be obtained using mineral acids
(HCI, H,SO, or H;PO,) as the catalyst, in a biphasic reaction phase consisting of
water modified with DMSO and an organic extraction phase that was composed of
a mixture of MIBK and 2-butanol (7:3, w/w).

Ilgen et al. [126] investigated the conversion of different polysaccharides in the
choline chloride system with p-toluenesulfonic acid as the catalyst, where more
than 50 wt% of substrate was used. Yields of 5-HMF reached 25% and 57% from
the conversion of inulin and sucrose under the mild conditions. Moreover, the yields
of 5-HMF from inulin and sucrose were 46% and 43%, respectively, when CrCl,
catalyst was employed in the systems composed of choline chloride and more than
50% sugar. Yields of 27% and 54% of 5-HMF were obtained from sucrose and inu-
lin using Amberlyst-15 solid acid catalyst in the mixture, respectively. Carlini et al.
[108] reported that niobium phosphate had high activity in the transformation of
sugars in aqueous medium, where the 5-HMF yields could reach 27% and 31%
from solutions of 12.7% sucrose and 6.0% inulin, respectively. Chheda and Dumesic
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[119] reported that a 69% or 43% yield of 5S-HMF was obtained from inulin or
sucrose with the Diaion® PK-216 resin as the catalyst in a biphasic system that was
composed of water and NMP solvent (4: 6, w/w). For a continuous flow reactor,
61% product yield was obtained in the dehydration of sucrose to 5-(chloromethyl)
furfural within 60 s in the biphasic system including HCI aqueous solution and
organic solvent [104]. The 5-(chloromethyl) furfural can be further converted to
5-HMF through a simple hydrolysis process in the continuous flow reactor.

The conversion of disaccharides and polysaccharide to 5S-HMF in imidazolium-
based ionic liquids with boric acid as a promoter have been reported, in which 66%
5-HMF yield is obtained from sucrose and 33% 5-HMF yield is obtained from
maltose or starch under suitable conditions [189]. Our group [175] found that the
conversion of sucrose and inulin to 5-HMF occurred in the presence of NBS and
CrCl;, in which a 68.2% or 62.4% yield of 5-HMF from sucrose or inulin was
achieved. Besides, we studied the selective production of 5-HMF from inulin with
graphite oxide as the catalyst, in which a 58.2% of 5-HMF yield was obtained at 160
°C for 100 min in DMSO solvent [178]. A 61.2% of 5-HMF yield from inulin can
be obtained in THF-H,O (3:1) mixture. Furthermore, 88.2% and 76.7% yields of
5-HMF from sucrose and maltose are possible using a combination of [bi-
C;SO;HMIM][CH;S0;] and manganese chloride(MnCl,) as the catalyst in [BMIM]
Cl, respectively [213]. About 38% yield of 5-HMF from sucrose was obtained in the
presence of 5 mol/L. H,SO, and 10 mL y-valerolactone at 130 °C [100].

Jain et al. [142] reported that in the conversion of glucose to produce 5-HMF
with the zirconium phosphate catalyst, a 53% yield of 5-HMF was obtained at
180 °C for 2 h in the H,O-diglyme mixture. Zhang et al. [180] found that a 45%
yield of 5-HMF was attained from sucrose with SnCl, and (NH,),HPO, as catalyst
in water-DMSO mixture (35: 65, w/w) at 135 °C after 1 h.

3.6 Catalytic Production of 5-Hydroxymethylfurfural
(5-HMF) from Biomass Feedstocks

Binder and Raines [214] reported that a combination of alkali metal halide and N,
N-dimethylacetamide allows selective transformation of lignocellulosic biomass to
5-HMF. The obtained yields are comparable to those from the dehydration of fruc-
tose, glucose and cellulose with mineral acid catalysts. For example, 5-HMF yield
reached 92% from lignocellulosic biomass in DMAc-KI reaction medium when a
solution of 6.0 mol% H,SO, was used as catalyst.

The selective transformation of lignocelluosic biomass to 5S-HMF was studied by
Zhang and Zhao [215], who found that 45-52% yields of 5-HMF are obtained from
corn stalk, rice straw and pine wood under microwave in 3 min. In particular, the
direct synthesis of 5-HMF from cellulose could be efficiently carried out with the
catalytic system composed of CuCl, and CrCl, in [EMIM]CI solvent in which 55.4
+ 4.0% yield of 5-HMF was obtained [216]. Zhang et al. [217] reported that the
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conversion reaches 89% with CrCl, using [EMIM]CI and water as solvent. Kim
et al. [218] carried out a one-pot transformation of cellulose into 5S-HMF employing
a combination of metal chlorides as catalysts with [EMIM]CI solvent. Based on
extensive screening of different metal chlorides, the combination of CrCl, and
RuCl; was considered as the most effective catalyst. About 60% yield of 5-HMF
was obtained from cellulose under certain conditions. Furthermore, this catalyst
system was used to convert a lignocellulosic biomass feedstock Reed (Phragmites
communis, Trin.) in 1-ethyl-3-methyl imidazolium chloride ([EMIM]CI) solvent
that gave yields of 5-HMF of ca. 41% using CrCl,/RuCl; (4: 1) at 120 °C for 2 h in
which the conversion of reed closely corresponded to the glucan content.

An efficient two-step process for converting microcrystalline cellulose into
5-HMF with the acidic resin and CrCl; in ionic liquids was demonstrated [219]. In
the first step, high glucose yields of above 80% could be obtained from the hydro-
lysis of cellulose with the strong acidic cation exchange resin catalyst in ionic liquid
[EMIM]CI with gradual addition of water. In the second step, the used resin was
separated from reaction mixture and CrCl; was added, which resulted in a 5-HMF
yield of 73% based on cellulose substrate.

Wang’ group [220] reported that the efficient transformation of microcrystalline
cellulose to 5-HMF was achieved using the acidic ionic liquids and metal salts as
the catalysts in the 1-ethyl-3-methylimidazolium acetate ([EMIM][Ac]) solvent.
The results showed that 1-(4-sulfonic acid) butyl-3-methylimidazolium methyl sul-
fate ([C,SO;HMIM][CH;S0O;]) and CuCl, were most efficient for transformation of
cellulose, in which a 69.7% yield of 5-HMF was obtained. The same group [213]
further studied the direct transformation of cellulose into 5-HMF in the [BMIM]CI
solvent using dual-core sulfonic acid ionic liquids as catalysts and metal salts as
co-catalysts. The combination of [bi-C;SO;HMIM][CH;SO;] and manganese chlo-
ride (MnCl,) was found to be the most effective catalyst in which 5-HMF was
directly produced from cellulose in 66.5% yields. The catalyst could maintain its
good performance for the cellulose conversion in this system even after being recy-
cled for four runs. Moreover, in their further study on lignocellulosic biomass mate-
rials, the transformation of filter paper and reed gave a 40.28% and 32.62% yield of
5-HMEF, respectively. The lowest yield was obtained from straw (without being acti-
vated) which was, nevertheless, as high as 28.54%.

Cai et al. [221] studied HY promoted hydrolysis of cellulose in ionic liquids and
showed that 23.6% yield of 5-HMF could be obtained from cellulose in the presence
of HY with the acid amount of 11.1 mol% by supplying water gradually during the
period of reaction in [BMIM]CI ionic liquid. Nandiwale et al. [222] systematically
studied the catalytic synthesis of 5-HMF by hydrolysis of microcrystalline cellulose
over bimodal-HZ-5 zeolite, in which bimodal-HZ-5 was prepared by post-synthesis
modification of H-ZSM-5 with desilication. A 67% cellulose conversion and 46%
yield of 5-HMF were obtained and the catalyst was found to be reusable for four
cycles without loss of activity. Tan et al. [223] found a feasible way to operate
chemical process using inexpensive chromium catalyst and low catalyst loading to
convert cellulose to 5-HMF at mild temperatures (<120 °C) in [BMIM]CI) solvent.
Under optimal conditions, a 47.5% yield of 5-HMF was obtained in the ionic liquid/
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zeolite/CrCl, system, where the zeolite with moderate acidity was used to promote
cellulose hydrolysis and to slow down the decomposition process of 5-HMF in
side-reactions.

Tao et al. [224] employed CoSO, as catalyst in 1-(4-sulfonic acid) butyl-3-
methylimidazolium hydrogen sulfate ionic liquid for the hydrolysis of cellulose,
affording an 84% conversion of cellulose at 150 °C after 300 min reaction time. In
the presence of a catalytic amount of CoSO,, the yields of 5-HMF and furfural were
up to 24% and 17%, respectively. The CoSO,-ionic liquid hydrolysis system exhib-
ited favorable catalytic activity over five repeated runs in the ionic liquid. They
further investigated the effects of ionic liquids and metal ions on the hydrolysis of
microcrystalline cellulose [225] and found that 1-(4-sulfonic acid) butyl-3-
methylimidazolium hydrogen sulfate showed the highest catalytic activity, and the
promotion of Cr¥*, Mn?*, Fe**, Fe**, Co** were much better than that of other metal
ions (Zn*, AI**, Ni**, La*, Cu®*, Ce*, Cs*, Sn>*). Catalytic activities of metal
nitrates were not as high as expected as those of chlorides and sulfates. Typically,
using MnCl, as the co-catalyst, an 88.6% conversion of cellulose and 37.5% yield
of 5-HMF was obtained at 150 °C and 2.5 MPa. Zhao et al. [226] reported on a
novel method for the production of 5-HMF in high yields from cellulose using a
Brgnsted-Lewis-surfactant-combined heteropolyacid (HPA) Cr[(DS)H,PW,04]3
as the catalyst. It is found that a 77.1% conversion and 52.7% yield of 5S-HMF was
obtained at 150 °C within 2 h, and that the micellar HPA catalyst could be recycled
by a simple separation process. Abou-Yousef et al. [227] studied the conversion of
cellulose to 5-HMF which was performed by using single or combined metal
chloride catalysts in 1-ethyl-3-methylimidazolium chloride ([EMIM]CI) ionic lig-
uid. They found that CrCl; was the most effective single metal catalyst for selective
conversion of cellulose into 5-HMF with 35.6% yield, and the CrCl;/CuCl, was the
most selective combination to convert cellulose into 5S-HMF with a 39.9% yield.
Dutta et al. [228] reported that the direct transformation of cellulose into 5-HMF
occurred using single or combined metal chloride catalysts in the DMA-LiCl sol-
vent system under microwave-assisted heating. Those authors showed that Zr(O)
Cl/CrCl; combined catalyst was most effective as it enables about 57% yield of
5-HMF from cellulose fiber. Moreover, it is noteworthy that the combined Zr(O)Cl,/
CrCl; catalyst was also effective for transformation of sugarcane bagasse to 5S-HMF,
in which a 38% product yield was obtained under optimal conditions.

Sawdust has been directly converted into 5-HMF in 1,3-dimethyl-2-
imidazolidinone (DMT) solvent using alkali halides with Cr(NO;);-9H,0 as cata-
lysts [229]. The alkali halides played an important role in the transformation of
sawdust, in which a 28% or 25.5% yield of 5-HMF was obtained with the assistance
of NaCl and KClI, respectively. Qu et al. [230] used ionic liquids as catalyst for the
transformation of microcrystalline cellulose to 5-HMF under microwave irradiation
in  N,N-dimethylacetamide (DMAc) containing LiCl. They found that
1,1,3,3-tetramethylguanidine tetrafluoroborate ([TMG][BF,]) showed high cata-
lytic activity and a 5-HMF yield of 28.63% was achieved. Moreover, Lee et al. [231]
provided a novel method to realize transformation of cellulose to 5-HMF, and a
46.1% yield was obtained by integrating a sequential enzyme cascade technique in
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an aqueous system with solid acid catalysis in an organic solvent system, in which
solid acid was the sulfonic acid-functionalized mesoporous silica nanoparticles
(MSN), and the used enzyme system contain cellulase-Fe;0,@MSN and isomerase-
Fe;0,@MSN as catalysts.

The synthesis of 5-HMF from cellulose was investigated using phosphates as the
catalyst, where a 31.2% product yield was obtained with subcritical water [232]. A
53% yield of 5-HMF from cellulose has been reported with NaHSO, and ZnSQO, as
the catalyst in a biphasic H,O-THF solvent at 3.0 MPa pressure [233].

The acid (—SO;H) impregnated low cost cellulose-derived carbonaceous catalyst
(CCC), anew mesoporous material’, is highly effective for the production of 5-HMF
from cellulose in which a 40.5% product yield has been obtained [234]. Numerous
CCC mesoporous materials can be synthesized using reducing sugars as starting
materials. Zhang et al. [235] studied the transformation of cellulose to 5-HMF cata-
lyzed by the heteropolyacid HOCH,CH,N(CHj;);)H; ,PW,0,, (abbreviated as
Ch,H;_PW,04,x = 1, 2 and 3) catalysts in the methyl isobutyl ketone-H,O solvent.
An outstanding 5-HMF yield of 75.0% was obtained using the ChH,PW,0,, cata-
lyst at 140 °C in 8 h reaction time, which can be attributed to the high Brgnsted
acidity and thermo-regulatable nature compared with the homogeneous H;PW,,0,
catalyst. Moreover, a 27.6% yield of 5-HMF was obtained from raw lignocellulosic
biomass straw under similar conditions.

Based on above discussion, it is concluded that metal salts as the catalysts have
favorable reactivity in ionic liquids which can be attributed to the cellulose unit
being distorted during the dissolution stage. After the metal salts (as Lewis acid
catalyst) interact with the dissolved cellulose, a higher surface area is formed that is
helpful for depolymerization to glucose monomers. The following glucose isomeri-
zation should depend on the stability of the metal ion complex in dimers in ionic
liquids. The performance of metal salts is related to the character of the Lewis acid
as well as to the stabilization of the dimers in the complex stage [236]. Zhang et al.
[237] reported on a new approach to synthesize 5S-HMF through a tandem pathway
in a molten hydrate solution which allows decrystallization, depolymerization and
conversion of microcrystalline cellulose (MCC). When a 71.62 wt% ZnCl, aqueous
solution was used as the reaction medium and methylisobutylketone (MIBK) as the
extraction solvent, about 80.6% yield of 5S-HMF was obtained with a 0.2 mol/L
concentration of HCI as the catalyst under optimal conditions. The aqueous solution
could be recycled without loss of catalytic activity.

An effective integrated process was developed for the transformation of cellu-
lose, straw and barley husk into 5-HMF with organic salts as bi-functional organo-
catalysts in biphasic water/MIBK systems [238]. A 52% yield of 5-HMF at 83%
conversion of cellulose was obtained with sulphanilic acid as catalyst at 150 °C
within 60 minutes under metal-free conditions. As depicted in Scheme 3.5, the
hydrolysis of cellulose to glucose and the dehydration of fructose to 5-HMF are
both acid-catalyzed processes. The isomerization of glucose was preferable to be
carried out in the presence of an amine-based catalyst, which is similar to the glu-
cose isomerase enzyme in nature that uses an amino group. Thus, it was concluded
that ammonium salts with an appropriate acidity/basicity balance could effectively
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Scheme 3.5 Proposed mechanism for cellulose conversion into 5-hydroxymethyl furfural using
bifunctional acid-base salt catalyst (Adapted from Ref. [238] with permission of RSC publishing
corporation. 2016 Copyright © Royal Society of Chemistry)

promote selective transformation of cellulose to generate 5S-HMF in the presence of
sulphanilic acid. The catalyst was further employed for the transformation of waste
lignocellulosic biomass residues including the straw and barley husk. The experi-
mental data showed that lignocellulosic materials were selectively converted to
5-HMF in approximately 41% yields. This catalyst and procedure provides a prom-
ising process for direct conversion of cellulose and raw biomass feedstocks to
5-HMF and furanic derivatives.

3.7 Conclusions and Future Outlook

In conclusion, 5-HMF is a useful and promising bio-based platform compound for
the production of liquid fuels and highly valuable chemicals, and therefore can be
regarded as a vital alternative to replace fossil-based energy resource in the future.
Over the past decade, the synthesis of 5-HMF has primarily focused on the utiliza-
tion of homogeneous mineral acids, metal halides and heterogonous solid acid cata-
lysts in pure water or high boiling point solvents (DMSO, DMF, and ILs) alone or
in modified high boiling point solvents mixed with aqueous media. Considerable
improvement has been achieved in the conversion of fructose to 5-HMF, whereas
the transformation of glucose, sucrose and cellulose are still relatively difficult. The
main bottleneck for the conversion of glucose-based substrates to 5-HMF is the
isomerization to fructose, which requires different conditions from the fructose
dehydration reaction. Up until now, desirable methods rely on the two independent
steps, in which several efficient catalysts composed of bases and acids or enzyme
and acids have been developed and reported. To achieve large-scale industrial appli-
cations, further elevation of conversion and selectivity of 5-HMF for the catalytic
transformation of biomass feedstocks and biomass-derived carbohydrates is essen-
tial. Thus, exploring the highly-active and selective catalysts and corresponding
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reactors to obtain high yields of 5-HMF from biomass feedstocks and biomass-
derived sugars will be necessary.

Based on trends in green chemistry and sustainable production, the future orien-
tation of catalytic technology will be focused on efficient, facile and environmen-
tally benign preparation of 5-HMF. Especially, multifunctional heterogeneous
catalysts that are synthesized by incorporation of solid acid or solid base catalysts
with metal constituents needs to be developed. The application of the bifunctional
metallic catalysts with both Brgnsted acid and Lewis acid sites for the conversion of
cellulose and hemicelluloses to furans via C6 and C5 sugars is very promising.
Novel reactors for the application of the multifunctional catalysts need to be
designed, which can be helpful to explore their economics. In addition, optimization
of reaction conditions, use of mild condition for high substrate conversions that
have high 5-HMF selectivity are desirable, in which these methods must be
environmentally-friendly. The recyclability of heterogeneous catalysts and efficient
separation and purity of the main products are also important topics to promote
development in the catalytic field.

References

1. Ragauskas AJ, Williams CK, Davison BH, Britovsek G, Cairney J, Eckert CA, Frederick WJ,
Hallett JP, Leak DJ, Liotta CL, Mielenz JR, Murphy R, Templer R, Tschaplinski T. The path
forward for biofuels and biomaterials. Science. 2006;311:484-9.

2. Huber GW, Iborra S, Corma A. Synthesis of transportation fuels from biomass: chemistry,
catalysts, and engineering. Chem Rev. 2006;106:4044-98.

3. Luo C, Wang S, Liu H. Cellulose conversion into polyols catalyzed by reversibly formed
acids and supported ruthenium clusters in hot water. Angew Chem Int Ed. 2007;46:7636-9.

4. Huber GW, Corma A. Synergies between bio- and oil refineries for the production of fuels
from biomass. Angew Chem Int Ed. 2007;46:7184-201.

5. Christensen CH, Rass-Hansen J, Marsden CC, Taarning E, Egeblad K. The renewable chemi-
cals industry. ChemSusChem. 2008;1:283-9.

6. Gallezot P. Catalytic conversion of biomass: challenges and issues. ChemSusChem.
2008;1:734-17.

7. Takagaki A, Tagusagawa C, Domen K. Glucose production from saccharides using layered
transition metal oxide and exfoliated nanosheets as a water-tolerant solid acid catalyst. Chem
Commun. 2008;42:5363-5.

8. Saha B, Abu-Omar MM. Advances in 5-hydroxymethylfurfural production from biomass in
biphasic solvent. Green Chem. 2014;45:24-38.

9. Gilkey MJ, Xu B. Heterogeneous catalytic transfer hydrogenation as an effective pathway in
biomass upgrading. ACS Catal. 2016;6(3):1420-36.

10. Pileidis FD, Titirici MM. Levulinic acid Biorefineries: new challenges for efficient utilization
of biomass. ChemSusChem. 2016;47(21):562-82.

11. Lucia-Lucian A, Argyropoulos-Dimitris S, Adamopoulos L, Gaspar AR. Chemicals, materi-
als, and energy from biomass: a review. ACS Symp. Ser. 2007;954:2-30.

12. Fan LT, Gharpuray MM, Lee YH. Cellulose hydrolysis. Berlin/Heidelberg: Springer; 1987.
p. 198.

13. Kobayashi H, Fukuoka A. Synthesis and utilisation of sugar compounds derived from ligno-
cellulosic biomass. Green Chem. 2013;15:1740-63.



3 Catalytic Production of 5-Hydroxymethylfurfural from Biomass... 111

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Maki-Arvela P, Salmi T, Holmbom B, Willfor S, Murzin DY. Synthesis of sugars by hydroly-
sis of hemicelluloses-a review. Chem Rev. 2011;111(9):5638-66.

Mascal M, Nikitin EB. Direct, high-yield conversion of cellulose into biofuel. Angew Chem
Int Ed. 2008;47:7924-6.

Agblevor FA, Mante O, Abdoulmoumine N, McClung R. Production of stable biomass pyrol-
ysis oils using fractional catalytic pyrolysis. Energy Fuel. 2010;24(7):4087-9.

Carpenter D, Westover TL, Czernik S, Jablonski W. Biomass feedstocks for renewable fuel
production: a review of the impacts of feedstock and pretreatment on the yield and product
distribution of fast pyrolysis bio-oils and vapors. Green Chem. 2014;16(2):384-406.

Tong X, Chen H, Hu J, BiY, Sun Z, Fan W. The efficient and sustainable pyrolysis and gas-
ification of biomass by catalytic processes. Chem Bio Eng Rev. 2015;2(3):157-74.

. Mohan D, Singh P, Sarswat A, Steele PH, Pittman CU. Lead sorptive removal using magnetic

and nonmagnetic fast pyrolysis energy cane biochars. J Colloid Interface Sci.
2015;448:238-50.

Zhou C, Xia X, Lin C, Tong D, Beltramini J. Catalytic conversion of lignocellulosic biomass
to fine chemicals and fuels. Chem Soc Rev. 2011;40(11):5588-617.

Climent MJ, Corma A, Iborra S. Conversion of biomass platform molecules into fuel addi-
tives and liquid hydrocarbon fuels. Green Chem. 2014;16(2):516-47.

Moreau C, Belgasem MN, Gandini A. Recent catalytic advances in the chemistry of substi-
tuted furans from carbohydrate and in the ensuing polymers. Top Catal. 2004;27:11-30.
Rosatella AA, Simeonov SP, Frade RFM, Afonso CAM. 5-hydroxymethylfurfural( HMF) as
a building block platform: biological properties, synthesis and synthetic applications. Green
Chem. 2011;13(4):754-93.

Bhaumik P, Dhepe PL. Solid acid catalyzed synthesis of furans from carbohydrates. Catal
Rev. 2015;58(1):36-112.

Bond JQ, Alonso DM, Wang D, West RM, Dumesic JA. Integrated catalytic conversion of
gamma-valerolactone  to  liquid alkenes for transportation fuels.  Science.
2010;327(5969):1110-4.

Chheda JN, Huber GW, Dumesic JA. Liquid-phase catalytic processing of biomass-derived
oxygenated hydrocarbons to fuels and chemicals. Angew Chem Int Ed.
2007;38(50):7164-83.

Hayes DJ, Fitzpatrick S, Hayes MHB, Ross RH. Biorefineries-industrial processes and prod-
ucts. Weinheim Wiley-VCH. 2006;1:139-64.

Werpy T, Peterson G. Top value added chemicals from biomass. Pacific northwestern national
laboratory, vol 1. 2004. available electronically at http://www.osti.gov/bridge

Wettstein SG, Alonso DM, Giirbiiz EI, Dumesic JA. A roadmap for conversion of lignocel-
lulosic biomass to chemicals and fuels. Chem Eng. 2012;1(3):218-24.

Lange JP. Catalysis for renewables: from feedstock to energy production. Wiley-VCH,
Weinheim. 2007:21-51.

. Lange JP. Lignocellulosic conversion: an introduction to chemistry, process and economics.

Biofuels Bioprod Biorefin. 2007;1(1):39—48.

Bicker M, Hirth J, Vogel H. Dehydration of fructose to 5-hydroxymethylfurfural in sub- and
supercritical acetone. Green Chem. 2003;5(2):280—4.

Roman-Leshkov 'Y, Chheda JN, Dumesic JA. Phase modifiers promote efficient production of
hydroxymethylfurfural from fructose. Science. 2006;312(5782):1933-7.

Asghari FS, Yoshida H. Acid-catalyzed production of 5-hydroxymethyl furfural from
d-fructose in subcritical water. Ind Eng Chem Res. 2005;45(45):2163-73.

Gallezot P. Catalytic routes from renewables to fine chemicals. Catal Today.
2007;121(121):76-91.

Gandini A, Belgacem MN. Furfural and furanic polymers. Lactualit¢ Chimique.
2002;11:56-61.

Gandini A, Belgacem MN. Recent contributions to the preparation of polymers derived from
renewable resources. J Polym Environ. 2002;10(3):105-14.


http://www.osti.gov/bridge

112

38.
39.

40.
41.

4.
43.
44,
45.

46.

47

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

X. Tong et al.

Vinke P, van Dam HE. New developments in selective oxidation. Elsevier. 1990;55:147-51.
Huber GW, Chheda JN, Barrett CJ, Dumesic JA. Production of liquid alkanes by aqueous-
phase processing of biomass-derived carbohydrates. Science. 2005;308(5727):1446-50.
Dull G. Action of oxalic acid on inulin. Chem Zeit. 1895;19:216-7.

Kiermayer J. A derivative of furfuraldehyde from laevulose. Chemiker-Zeitung.
1895;19:1003-6.

Fenton HJH, Gostling M. The oxidation of polyhydric alcohols in presence of iron. J] Chem
Soc. 1899;75:1-11.

Fenton HJH, Gostling M. Derivatives of methylfurfural. J Chem Soc. 1901;79(79):807-16.
Fenton HJH, Robinson F. Homologues of furfuraldehyde. J Chem Soc. 1909;95:1334—40.
Van Enenstein WA, Blanksma JJ. Derivatives of furfural and of honey. Chem Weeklad.
1909;6:717.

Middendorp JA. Hydroxymethyl furfural. Rec trav chim. 1919;38(1):1-71.

. Reichstein T. Notiz tiber 5-Oxymethyl-furfurol. Helv Chim Acta. 1926;9:1066-8.
48.

Reichstein T, Zschokke H. Uber 5-methyl-furfuryl-chlorid. Helv Chim Acta.
1932;15(1):249-53.

Haworth WN, Jones WGM. Some derivatives of glucosaccharic acid. J Chem Soc.
1944:65-7.

Montgomery R, Wiggins LF. The anhydrides of polyhydric alcohols; the constitution of dian-
hydro sorbitol. ] Chem Soc. 1946;32(1-2):390-3.

Dam H, Kieboom A, Bekkum H. Alkaline degradation of monosaccharides part VIIL. A '* C
NMR spectroscopic study. Starch-Stirke. 1986;38:95-101.

Cottier L, Descotes G, Neyret C, Nigay H. Pyrolyse de sucres. Analyse des vapeurs de cara-
mels industriels Industries Aliment Agricol. 1989:567-70.

Antal MJ, Mok WSL, Richards GN. Mechanism of formation of 5-(hydroxymethyl)-2-
furaldehyde from D-fructose an sucrose. Carbohydr Res. 1990;199(1):91-109.

Lewkowski J. Synthesis, chemistry and applications of 5-hydroxymethyl-furfural and its
derivatives. ARKIVOC. 2003;34(2):17-54.

Tong X, Ma Y, Li Y. Biomass into chemicals: conversion of sugars to furan derivatives by
catalytic processes. Appl Catal A Gen. 2010;385(1-2):1-13.

Kréger M, Prube U, Vorlop KD. A new approach for the production of 2,5-furandicarboxylic
acid by in situ oxidation of 5-hydroxymethylfurfural starting from fructose. Top in Catal.
2000;13(3):237-42.

Grushin V, Young RJ, Halliday GA. One-pot, two-step, practical catalytic synthesis of
2,5-diformylfuran from fructose. Org Let. 2003;5(11):2003-5.

Merat N, Verdeguer P, Rigal L, Gaset A. Process for the manufacture of furan-2,5-dicarboxylic
acid. FR. 1992;2:669,634.

Costantin JM, Humphreys TW, Lange HB. Method for preventing the growth of fungi in
leathers, paints, foods and fabrics. US3, 080, 279. 1963.

Hartzler JD, Morgan PW. Liquid crystalline solutions from polyhydrazides in aqueous
organic bases. Contemporary Topics in Polymer Science. 1977:19-53.

Chundury D, Szmant HH. Preparation of polymeric building blocks from 5-hydroxymethyl-
and 5-chloromethylfurfuraldehyde. Ind Eng Chem Prod Res Dev. 1981;20(1):158-63.

Hui Z, Gandini A. Polymeric schiff bases bearing furan moieties. Eur Polym
J. 1992;28(12):1461-9.

Mealares C, Gandini A. Polymeric schiff bases bearing furan moieties 2. Polyazines and
polyazomethines. Polym Int. 1996;40(1):33-9.

Gandini A. Polymers from renewable resources: a challenge for the future of macromolecular
materials. Macromolecules. 2008:41(24):37-59.

Gandini A, Belgacem NM. Recent advances in the elaboration of polymeric materials derived
from biomass components. Polym Int. 1998;47(3):267-76.

Baumgarten M, Tyutyulkov N. Nonclassical conducting polymers: new approaches to organic
metals? Chem Eur J. 1998;4(6):987-9.



3 Catalytic Production of 5-Hydroxymethylfurfural from Biomass... 113

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

Benahmed-Gasmi AS, Frere p, Jubault M, Gorgues J, Cousseau J, Garrigues B. 2,5-bis(1,4-
dithiafulven-6-yl) substituted furans, thiophenes and N-methyl pyrroles as precursors for
organic metals. Syn met. 1993;56(1):1751-1755.

Hopkins KT, Wilson WD, Bender BC, McCurdy DR, Hall JE, Tidwell RR, Kumar A, Bajia
M, Boykin DW. Extended aromatic furan amidino derivatives as anti-pneumocystis carinii
agents. ] Med Chem. 1998;41(20):3872-8.

Del Poeta M, Schell WA, Dykstra CC, Jones SK, Tidwell RR, Kumar A, Boykin DW, Perfect
JR. Structure-in vitro activity relationships of pentamidine analogues and dication-substituted
bis-benzimidazoles as new antifungal agents. Antimicrob Agents Chemother.
1998;42(10):2495-502.

Richter DT, Lash TD. Oxidation with dilute aqueous ferric chloride solutions greatly
improves yields in the ‘4+1° synthesis of sapphyrins. Tetrahedron Lett.
1999;40(40):6735-8.

Howarth OW, Morgan GG, McKee V, Nelson J. Conformational choice in disilver cryptates;
an '"H NMR and structural study. J Chem Soc Dalton Trans. 1999;12(12):2097-102.
Sheibley DW, Manzo MA, Gonzalez-Sanabria OD. Cross-linked polyvinyl alcohol films as
alkaline battery separators. J Electrochem Soc. 1983;127(8):255-9.

Nisbet HB. The blending octane numbers of 2, 5-dimethylfuran. J Inst Petrol.
1946;32:162-6.

Roman-Leshkov Y, Barrett CJ, Liu ZY, Dumesic JA. Production of dimethylfuran for liquid
fuels from biomass-derived carbohydrates. Nature. 2007;447(7147):982-5.

Dedsuksophon W, Faungnawakij K, Champreda V, Laosiripojana NN. Hydrolysis/dehydra-
tion/aldol-condensation/hydrogenation of lignocellulosic biomass and biomass-derived car-
bohydrates in the presence of Pd/WO;-ZrO, in a single reactor. Bioresour Technol.
2011;102(2):2040-6.

Buntara T, Noel S, Phua PH, Melian-Cabrera I, Vries JGD, Heeres HJ. Caprolactam from
renewable resources: catalytic conversion of 5-hydroxymethylfurfural into caprolactone.
Angew Chem. 2011;50(31):7083-7.

Jaya T, Hemant C, Shun N, Kohki E. Direct synthesis of 1,6-hexanediol from HMF over a
heterogeneous Pd/ZrP catalyst using formic acid as hydrogen source. ChemSusChem.
2014;7(1):96-100.

Ya’aini N, Amin NAS, Asmadi M. Optimization of levulinic acid from lignocellulosic bio-
mass using a new hybrid catalyst. Bioresour Technol. 2012;116(4):58-65.

Chen H, Yu B, Jin S. Production of levulinic acid from steam exploded rice straw via solid
superacid, S,04>/Zr0,-Si0,-Sm,0s. Bioresour Technol. 2011;102(3):3568-70.
Balakrishnan M, Sacia ER, Bell AT. Etherification and reductive etherification of 5-(hydroxy-
methyl)furfural: 5-(alkoxymethyl)furfurals and 2,5-bis(alkoxymethyl)furans as potential bio-
diesel candidates. Green Chem. 2012;14(6):1626-34.

Demolis A, Essayem N, Rataboul F. Synthesis and applications of alkyl levulinates. ACS
Sustain Chem Eng. 2014;2(6):1338-52.

Kuster BMF. 5-hydroxymethylfurfural (HMF). A review focussing on its manufacture.
Starch/Stirke. 1990;42(8):314-21.

Moye CJ. 5-hydroxymethylfurfural. Rev Pure Appl Chem. 1964;14:161-70.

Feather MS, Harris JF. Dehydration reactions of carbohydrates. Adv Carbohydr Chem.
1973;28:161-224.

Harris DW, Feather MS. Intramolecular carbon-2.Far. Carbon-1 hydrogen transfer reactions
during the conversion of aldoses to 2-furaldehydes. J Org Chem. 1974;39(5):724-5.

Kuster BFM, Baan HSVD. The influence of the initial and catalyst concentrations on the
dehydration of D -fructose. Carbohydr Res. 1977;54(2):165-76.

Moye CJ, Goldsack RJ. Reaction of ketohexoses with acid in certain non-aqueous sugar
solvents. J Appl Chem. 1966;16(7):206-8.

Moye CJ, Krzerninski ZS. The formation of 5-hydroxymethylfurfural from hexoses. Aust
J Chem. 1963;16:258-69.



114

89

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

X. Tong et al.

. Mendnick ML. The acid-base-catalyzed conversion of aldohexose into 5-(hydroxymethyl)-
2-furfural. J Org Chem. 1962;27:398—403.

Szmant HH, Chundury DD. The preparation of 5-hydroxymethylfurfuraldehyde from high
fructose corn syrup and other carbohydrates. J Chem Technol Biotechnol.
1981;31(1):135-45.

Jow J, Rorrer GL, Hawley MC. Dehydration of d-fructose to levulinic acid over LZY zeolite
catalyst. Biomass. 1987;14(3):185-94.

Chen J, Kuster BEM, Wiele KVD. Preparation of 5-hydroxymethylfurfural via fructose ace-
tonides in ethylene glycol dimethyl ether. Biomass Bioenergy. 1991;1(4):217-23.

Antal MJ, Mok WS. A study of the acid catalyzed dehydration of fructose in near-critical
water. Res Thermochem Biomass Conv. 1988;464—72.

Roman-Leshkov Y, Dumesic JA. Solvent effects on fructose dehydration to
5-hydroxymethylfurfural in biphasic systems saturated with inorganic salts. Top Catal.
2009;52(3):297-303.

Tuercke T, Panic S, Loebbecke S. Microreactor process for the optimized synthesis of
5-hydroxymethylfurfural: a promising building block obtained by catalytic dehydration of
fructose. Chem Eng Technol. 2009;32(11):1815-22.

Hansen TS, Woodley JM, Riisager A. Efficient microwave-assisted synthesis of
5-hydroxymethylfurfural from concentrated aqueous fructose. Carbohydr Res.
2009;344(18):2568-72.

Pawar H, Lali A. Microwave assisted organocatalytic synthesis of 5-hydroxymethyl-furfural
in a monophasic green solvent system. RSC Adv. 2014;4(15):26714-20.

Esmaeili N, Zohuriaan-Mehr MJ, Bouhendi H, Baghlam-Marandi G. HMF synthesis in aque-
ous and organic media under ultrasonication, microwave irradiation and conventional heat-
ing. Korean J Chem Eng. 2016;33(6):1964-70.

Caes BR, Raines RT. Conversion of fructose into 5-(hydroxymethyl)furfural in sulfolane.
ChemSusChem. 2011;4(3):353-6.

Qi L, Mui YF, Lo SW, Lo SW, Horvath HT. Catalytic conversion of fructose, glucose, and
sucrose to 5-(hydroxymethyl)furfural and levulinic and formic acids in y-valerolactone as a
green solvent. ACS Catal. 2014;4(5):1470-7.

Swift TD, Bagia C, Choudhary V, Peklaris G, Nikolalds V, Vlachos DG, Nikolalds V. Kinetics
of homogeneous Brgnsted acid catalyzed fructose dehydration and 5-fydroxymethyl furfural
rehydration: a combined experimental and computational study. ACS Catal. 2014;4:259-67.
Jiang N, Qi W, Huang R, Wang M, Su R, He Z. Production enhancement of 5-hydroxymethyl
furfural from fructose via mechanical stirring control and high-fructose solution addition.
Chem Technol Biotechnol. 2014;89:56-64.

Pedersen AT, Ringborg R, Grotkjar T, Pedersen S, Woodley JM. Synthesis of
5-hydroxymethylfurfural (HMF) by acid catalyzed dehydration of glucose-fructose mixtures.
Chem Eng J. 2015;273:455-64.

Brasholz M, Von Kinel K, Hornung CH, Saubern S, Tsanaktsidis J. Highly efficient dehydra-
tion of carbohydrates to 5-(chloromethyl)furfural (CMF), 5-(hydroxymethyl)furfural (HMF)
and levulinic acid by biphasic continuous flow processing. Green Chem. 2011;13:1114-7.
Moreau C, Durand R, Pourcheron C, Razigade S. Preparation of 5-hydroxymethylfurfural
from fructose and precursors over H-form zeolites. Ind Crop Prod. 1994;3:85-90.

Moreau C, Durand R, Razigade S, Duhamet J, Faugeras P, Rivalier P, Ros P, Avignon
G. Dehydration of fructose to 5-hydroxymethylfurfural over H-mordenites. Appl Catal A
Gen. 1996;145:211-24.

Carlini C, Patrono P, Galletti AMR, Sbrana G. Heterogeneous catalysts based on vanadyl
phosphate for fructose dehydration to 5-hydroxymethyl-2-furaldehyde. Appl Catal A Gen.
2004:275:111-8.

Carlini C, Giuttari M, Galletti AMR, Busca G. Selective saccharides dehydration to
5-hydroxymethyl-2-furaldehyde by heterogeneous niobium catalysts. Appl Catal A Gen.
1999;183:295-302.



3 Catalytic Production of 5-Hydroxymethylfurfural from Biomass... 115

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.
122.
123.
124.

125.

126.

127.

128.

129.

Armaroli T, Busca G, Carlini C, Giuttari M, Galletti AMR, Sbrana G. Acid sites characteriza-
tion of niobium phosphate catalysts and their activity in fructose dehydration to
5-hydroxymethyl-2-furaldehyde. J Mol Catal A Chem. 2000;151:233-43.

Carniti P, Gervasini A, Biella S, Auroux A. Niobic acid and niobium phosphate as highly
acidic viable catalysts in aqueous medium: fructose dehydration reaction. Catal Today.
2006;118:373-8.

Benvenuti F, Carlini C, Patrono P, Galli P. Heterogeneous zirconium and titanium catalysts
for the selective synthesis of 5-hydroxymethyl-2-furaldehyde from carbohydrates. Appl Catal
A Gen. 2000;193:147-53.

Nakamura Y. Preparation of 5-hydroxymethylfurfural. II-continuous dehydration of
d-fructose Noguchi Kenkyusho Jiho. 1981;24:42-9.

Mercadier D, Rigal L, Gaset A, Gorrichon JP. Synthesis of 5-hydroxymethyl-2-
furancarboxaldehyde catalysed by cationic exchange resins. Part 1. Choice of the catalyst and
the characteristics of the reaction medium. J Chem Tech Biotechnol. 1981;31:489-96.

Rigal L, Gorrichon JP, Gaset A. Optimization of the conversion of d-fructose to 5-hydroxym
ethyl-2-furancarboxaldehyde in a water-solvent-ion exchanger triphasic system- part
1. Investigation of the main effects of the major parameters and of their interactions on the
reaction. Biomass. 1985;7:27-45.

Nakamura Y, Morikawa S. The dehydration of D-fructose to 5-hydroxymethyl-2- furalde-
hyde. Bull Chem Soc Jpn. 1980;53:3705-6.

Mercadier D, Rigal L, Gaset A, Gorrichon JP. Synthesis of 5-hydroxymethyl-2-
furancarboxaldehyde catalysed by cationic exchange resins. Part 3. Kinetic approach of the
D-fructose dehydration. J Chem Technol Biotechnol. 1981;31:503-8.

Fleche G, Gaset A, Gorrichon JP, Truchot E, Sicard P. Process for manufacturing
5-hydroxymethylfurfural. FR. 1982;2(464):260.

El Hajj T, MasRoua A, Martin JC, Descotes G. Synthesis of 5-hydroxymethylfuran-2- car-
boxaldehyde and its derivatives by acidic treatment of sugars on ion-exchange resin. Bull Soc
Chim Fr. 1987;5:855-60.

Chheda JN, Dumesic JA. An overview of dehydration, aldol-condensation and hydrogenation
processes for production of liquid alkanes from biomass-derived carbohydrates. Catal Today.
2007;123:59-70.

Cottier L, Descotes G, Neyret C, Nigay H. FR. 1990;9:008,065.

Moreau C. Zeolites and related materials for the food and non food transformation of carbo-
hydrates. Agro-Food-Industry Hi-Tech. 2002;13:17-26.

Gaset A, Rigal L, Paillassa G, Salome JP, Fleche G. Procede de fabrication du
5-hydroxymethylfurfural. FR. 1985;2(551):754.

Musau RM, Munavu RM. The preparation of 5-hydroxymethyl-2-furaldehyde (HMF) from
d-fructose in the presence of DMSO. Biomass. 1987;13:67-74.

Bazoa CM, Franck R, Rigal L, Gaset A. Process for the manufacture of high purity hydroxy-
methylfurfural (HMF). FR. 1992;2(669):635.

Lansalot-Matras C, Moreau C. Dehydration of fructose into 5-hydroxymethylfurfural in the
presence of ionic liquids. Catal Commun. 2003;4:517-20.

Ilgen F, Ott D, Kralisch D, Reil C, Palmberger A, Konig B. Conversion of carbohydrates into
5-hydroxymethylfurfural in highly concentrated low melting mixtures. Green Chem.
2009;11:1948-54.

Qi XH, Watanabe M, Aida TM, Smith RL. Efficient catalytic conversion of fructose into
5-hydroxymethylfurfural in ionic liquids at room temperature. ChemSusChem.
2009;2:944-6.

Qi X, Watanabe M, Aida TM, Smith RL. Catalytic dehydration of fructose into
5-hydroxymethylfurfural by ion-exchange resin in mixed-aqueous system by microwave
heating. Green Chem. 2008;10:799-805.

Qi X, Watanabe M, Aida TM, Smith RL. Selective conversion of D-fructose to
5-hydroxymethylfurfural by ion-exchange resin in acetone/dimethyl sulfoxide solvent mix-
tures. Ind Eng Chem Res. 2008;47:9234-9.



116

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

X. Tong et al.

LiY, Liu H, Song C, Gu X, Li H, Zhu W, Yin S, Han C. The dehydration of fructose to
5-hydroxymethylfurfural efficiently catalyzed by acidic ion-exchange resin in ionic liquid.
Bioresour Technol. 2013;133:347-53.

Watanabe M, Aizawa Y, lida T, Inomata H. Catalytic glucose and fructose conversions with
TiO, and ZrO, in water at 473 K: relationship between reactivity and acid-base property
determined by TPD measurement. Appl Catal A Gen. 2005;295:150-6.

Qi X, Watanabe M, Aida TM, Smith RL. Catalytical conversion of fructose and glucose into
5-hydroxymethylfurfural in hot compressed water by microwave heating. Catal Commun.
2008;9:2244-9.

Shimizu K, Uozumi R, Satsuma A. Enhanced production of hydroxymethylfurfural from
fructose with solid acid catalysts by simple water removal methods. A Catal Commun.
10:1849-53.

Fan C, Guan H, Zhang H, Wang X. Conversion of fructose and glucose into
5-hydroxymethylfurfural catalyzed by a solid heteropolyacid salt. Biomass Bioenergy.
2011;35:2659-65.

Daorattanachai P, Khemthong P, Viriya-empikul N, Faungnawakij K. Conversion of fructose,
glucose, and cellulose to 5-hydroxymethylfurfural by alkaline earth phosphate catalysts in
hot compressed water. Carbohydr Res. 2012;363:58-61.

Guo F, Fang Z, Zhou T. Conversion of fructose and glucose into 5-hydroxymethyl furfural
with lignin-derived carbonaceous catalyst under microwave irradiation in dimethyl sulfox-
ide—ionic liquid mixtures. Bioresour Technol. 2012;112:313-8.

Lucas N, Kokate G, Nagpure A, Chilukuri S. Dehydration of fructose to 5-hydroxymethyl
furfural over ordered AISBA-15 catalysts. Microporous Mesoporous Mater.
2013;181:38-46.

Kruger JS, Nikolakis V, Vlachos DG. Aqueous-phase fructose dehydration using Brgnsted
acid zeolites: catalytic activity of dissolved aluminosilicate species. Applied Catalysis A
General. 2014;469:116-23.

Alama MI, De S, Singh B, Saha B, Abu-Omar MM. Titanium hydrogenphosphate: an effi-
cient dual acidic catalyst for 5-hydroxymethylfurfural (HMF) production. Appl Catal A
General. 2014;486:42-8.

Xu H, Miao Z, Zhao H, Yang J, Zhao J, Song H, Liang N, Chou L. Dehydration of fructose
into 5-hydroxymethylfurfural by high stable ordered mesoporous zirconium phosphate. Fuel.
2015;145:234-40.

Kilig E, Yilmaz S. Fructose dehydration to 5-hydroxymethylfurfural over sulfated TiO,-SiO,,
Ti-SBA-15, ZrO,, SiO,, and activated carbon catalysts. Ind Eng Chem Res.
2015;54:5220-5.

Jain A, Shore AM, Jonnalagadda SC, Ramanujachary KV, Mugweru A. Conversion of fruc-
tose, glucose and sucrose to 5-hydroxymethyl-2-furfural over mesoporous zirconium phos-
phate catalyst. Appl Catal A Gen. 2015;489:72-6.

Shao H, Chen J, Zhong J, Wang J. Development of MeSAPO-5 molecular sieves from
attapulgite for dehydration of carbohydrates. Ind Eng Chem Res. 2015;54:1470-7.

Wang Y, Tong X, Yan Y, Xue S, Zhang Y. Efficient and selective conversion of hexose to
5-hydroxymethylfurfural with tin-zirconium-containing heterogeneous catalysts. Catal
Commun. 2014;50:38-43.

Tong X, Wang Y, Nie G, Yan Y. Selective dehydration of fructose and sucrose to
5-hydroxymethyl-2-furfural with heterogeneous Ge (IV) catalysts. Environ Prog Sustain
Energy. 2015;34:207-10.

Hafizi H, Chermahini AN, Saraji M. The catalytic conversion of fructose into
5-hydroxymethylfurfural over acid-functionalized KIT-6, an ordered mesoporous silica.
Chem Eng J. 2016;294:380-8.

Jones RE, Lange HB. Conversion of invert molasses. US. 1962;3:066,150.

Trapmann H, Sethi VS. On the effect of thorium-and zirconium ions on aldoses. Arch Pharm
(Weinheim, Ger.). 1966;299:657-2.



3 Catalytic Production of 5-Hydroxymethylfurfural from Biomass... 117

149.

150.

151.

152.

153.

154.

155.

156.

157.
158.

159.
160.
161.
162.
163.

164.
165.

166.

167.

168.

169.

170.

171.

172.

173.

Ishida H, Seri K. Catalytic activity of lanthanoide(III) ions for dehydration of d-glucose to
5-(hydroxymethyl) furfural. ] Mol Catal A Chem. 1996;112:L.163-5.

Kei-Ichi S, Inoue Y, Ishida H. Catalytic activity of lanthanide(III) ions for the dehydration of
hexose to 5-hydroxymethyl2-furaldehyde in water. Bull Chem Soc Jpn. 2001;74:1145-50.
Seri K, Sakaki T, Shibata M, Inoue Y, Ishida H. Lanthanum(III)-catalyzed degradation of cel-
lulose at 250 °C. Bioresour Technol. 2002;85:257-60.

Zhao H, Holladay JE, Brown H, Zhang ZC. Metal chlorides in ionic liquid solvents convert
sugars to 5-hydroxymethylfurfural. Science. 2007;316:1597-600.

Yong G, Zhang Y, Ying JY. Efficient catalytic system for the selective production of
5-hydroxymethylfurfural from glucose and fructose. Angew Chem. 2008;120:9485-8.
Young J, Chan G, Zhang Y. Selective conversion of fructose to 5-hydroxymethyl furfural
catalyzed by tungsten salts at low temperatures. ChemSusChem. 2009;2:731-4.

Tong X, Yu L, Nie G, Li Z, Liu J, Xue S. Antimony-meditated efficient conversion of carbo-
hydrates to 5-hydroxymethylfurfural in a simple THF-H,O binary solvent. Environ Prog
Sustain Energy. 2015;34:1136-41.

Kim Y, Shin S, Yoon HJ, Lee YS. Polymer-supported N-heterocyclic carbene-iron(III) cata-
lyst and its application to dehydration of fructose into 5-hydroxymethyl-2-furfural. Catal
Commun. 2013;40:18-22.

Mednick ML. Chem Eng News. 1961;11:75.

Fayet C, Gelas J. Nouvelle méthode de préparation du 5-hydroxyméthyl-2-furaldéhyde par
action de sels dammonium ou d'immonium sur les mono-, oligo-et poly-saccharides. Acces
direct aux 5-halogénométhyl-2-furaldéhydes. Carbohydr Res. 1983;122:59-68.

Smith NH. Preparation of hydroxymethylfurfural. US 3, 118, 912, 21. 1964.

Garder JD, Jones RE. Method for producing 5-hydroxymethylfurfural. US. 1969;3:483,228.
Vinke P, Van Bekkum H. The dehydration of fructose towards 5-hydroxymethyl furfural
using activated carbon as adsorbent. Starch/Stirke. 1992;44:90-6.

Anastas PT, Kirchhoff MK, Williamson TC. Catalysis as a foundational pillar of green chem-
istry. Appl Catal A Gen. 2001;221:3—-13.

Centi G, Perathoner S. Catalysis and sustainable (green) chemistry. Catal Today.
2003;77:287-97.

Sheldon RA. Catalytic reactions in ionic liquids. Chem Commun. 2001:2399-407.
Olivier-Bourbigou H, Magna L. Ionic liquids: perspectives for organic and catalytic reac-
tions. J Mol Catal A Chem. 2002;182-183:419-37.

Zhao D, Wu M, Kou Y. Ionic liquids: applications in catalysis. Catal Today.
2002;74:157-89.

Hu S, Zhang Z, Song J, Zhou Y, Han B. Efficient conversion of glucose into 5-hydroxymethyl
furfural catalyzed by a common Lewis acid SnCl, in an ionic liquid. Green Chem.
2009;11:1746-9.

Moreau C, Finiels A, Vanoye L. Dehydration of fructose and sucrose into
5-hydroxymethylfurfural in the presence of 1-H-3-methyl imidazolium chloride acting both
as solvent and catalyst. J] Mol Catal A Chem. 2006;253:165-9.

Bao Q, Qiao K, Tomida D. Preparation of 5-hydroymethylfurfural by dehydration of fructose
in the presence of acidic ionic liquid. Catal Commun. 2008;9:1383-8.

Tong X, Li Y. Efficient and selective dehydration of fructose to 5-hydroxymethyl furfural
catalyzed by Bronsted-acidic ionicliquids. ChemSusChem. 2010;3:350-5.

Tong X, Ma Y, Li Y. An efficient catalytic dehydration of fructose and sucrose to
5-hydroxymethylfurfural with protic ionic liquids. Carbohydr Res. 2010;345:1698-701.
Lima S, Neves P, Antunes MM, Pillinger M, Valente AA. Conversion of mono/di/polysac-
charides into furan compounds using 1-alkyl-3-methylimidazolium ionic liquids. Appl Catal
A Gen. 2009;363:93-9.

Hu S, Zhang Z, Zhou Y, Han B, Fan H, Li W, Song J, Xie Y. Conversion of fructose to
5-hydroxymethylfurfural using ionic liquids prepared from renewable materials. Green
Chem. 2008;10:1280-3.



118

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

X. Tong et al.

Kotadia DA, Soni SS. Symmetrical and unsymmetrical Brgnsted acidic ionic liquids for the
effective conversion of fructose to 5-hydroxymethyl furfural. Cat Sci Technol.
2013;3:469-74.

Tian G, Tong X, Wang Y, Yan Y, Xue S. Highly efficient and N-bromosuccinimide-mediated
conversion of carbohydrates to 5-hydroxymethylfurfural under mild conditions. Res Chem
Intermed. 2013;39:3255-63.

Matsagar BM, Munshi MK, Kelkar AA. Conversion of concentrated sugar solutions into
5-hydroxymethyl furfural and furfural using Bronsted acidic ionic liquids. Cat Sci Technol.
2015;5:5086-90.

Jackson DHK, Wang D, Gallo JMR, Crisci AJ, Scott SL, Dumesic JA, Kuech TF. Amine cata-
lyzed atomic layer deposition of (3-mercaptopropyl)trimethoxysilane for the production of
heterogeneous sulfonic acid catalysts. Chem Mater. 2013;25:3844-51.

Nie G, Tong X, Zhang Y, Xue S. Efficient production of 5-hydroxymethylfurfural (HMF)
from d-fructose and inulin with graphite derivatives as the catalysts. Catal Lett.
2014;144:1759-65.

Mondal D, Chaudhary JP, Sharmaab M, Prasad K. Simultaneous dehydration of biomass-
derived sugars to 5-hydroxymethyl furfural (HMF) and reduction of graphene oxide in ethyl
lactate: one pot dual chemistry. RSC Adv. 2014;4:29834-9.

Zhang M, Tong X, MaR, LiY. Catalytic transformation of carbohydrates into 5-hydroxymethyl
furfural over tin phosphate in a water-containing system. Catal Today. 2016;264:131-5.
Antaljr MJ, Leesomboon T, Mok WS, Richard GN. Mechanism of formation of 2-furaldehyde
from d-xylose. Carbohydr Res. 1991;217:71-85.

Qian X, Nimlos MR, Davis M, Johnsn DK, Himmel ME. Ab initio molecular dynamics simu-
lations of beta-D-glucose and beta-D-xylose degradation mechanisms in acidic aqueous solu-
tion. Carbohydr Res. 2005;340:2319-27.

Antal MJ, Mok WSL, Richards GN. Four-carbon model compounds for the reactions of sug-
ars in water at high temperature. Carbohydr Res. 1990;199:111-5.

Newth FH. The formation of furan compounds from hexoses. Adv Carbohydr Chem.
1951;6:83-106.

Amarasekara AS, Williams LD, Ebede CC. Mechanism of the dehydration of D-fructose to
5-hydroxymethylfurfural in dimethyl sulfoxide at 150 degrees C: an NMR study. Carbohydr
Res. 2008;343:3021-4.

Stone JE, Blundell MJ. A micromethod for the determination of sugars. Can J Res.
1950;28:676-82.

Chheda JN, Roman-Leshkov Y, Dumesic JA. Production of 5-hydroxymethylfurfural and fur-
fural by dehydration of biomass-derived mono- and poly-saccharides. Green Chem.
2007;9:342-50.

Huang R, Qi W, Su R, He Z. Integrating enzymatic and acid catalysis to convert glucose into
5-hydroxymethylfurfural. Chem Commun. 2010;46:1115-7.

Stdhlberg T, Rodriguez-Rodriguez S, Fristrup P, Riisager A. Metal-free dehydration of glu-
cose to 5-(hydroxymethyl)furfural in ionic liquids with boric acid as a promoter. Chem Eur
J.2011;17:1456-64.

Takagaki A, Ohara M, Nishimura S, Ebitani K. A one-pot reaction for biorefinery: combina-
tion of solid acid and base catalysts for direct production of 5-hydroxymethylfurfural from
saccharides. Chem Commun. 2009:6276-8.

Lourvanij K, Rorrer GL. Reaction rates for the partial dehydration of glucose to organic acids
in solid-acid, molecular-sieving catalyst powders. J] Chem Tech Biotechnol. 1997;69:35-44.
Yan HP, Yang Y, Tong DM, Xiang X, Hu CW. Catalytic conversion of glucose to
5-hydroxymethylfurfural over SO,*7/ZrO, and SO,*/Zr0O,-Al,O; solid acid catalysts. Catal
Commun. 2009;10:1558-63.

Nikolla E, Roman-Leshkov Y, Moliner M, Davis ME. “one-pot” synthesis of 5-(hydroxy-
methyl)furfural from carbohydrates using tin-beta zeolite. ACS Catal. 2011;1:408-10.



3 Catalytic Production of 5-Hydroxymethylfurfural from Biomass... 119

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Ordomsky V'V, Vander Schaaf J, Schouten JC. Glucose dehydration to 5-hydroxymethylfurfural
in a biphasic system over solid acid foams. ChemSusChem. 2013;6:1697-707.

Nakajima K, Noma R, Kitano M, Hara M. Selective glucose transformation by titania as a
heterogeneous Lewis acid catalyst. ] Mol Catal A Chemical. 2014;388-389:100-5.

Noma R, Nakajima K, Kamata K, Kitano M, Hayashi S, Hara M. Formation of 5-(hydroxy-
methyl)furfural by stepwise dehydration over TiO, with water-tolerant Lewis acid sites.
J Phys Chem C. 2015;119:17117-25.

Atanda L, Mukundan S, Shrotri A, Ma Q, Beltramini J. Catalytic conversion of glucose to
5-hydroxymethylfurfural with a phosphated TiO, catalyst. ChemCatChem. 2015;7:781-90.
Jiménez-Morales I, Moreno-Recio M, Santamaria-Gonzalez J, Maireles-Torres P, Jimenéz-
Lopez A. Production of 5-hydroxymethylfurfural from glucose using aluminium doped
MCM-41 silica as acid catalyst. Appl Catal B Environ. 2015;164:70-6.

Wang L, Yuan F, Niu X, Kang C, Li P, Li Z, Zhu Y. Effect of cerous phosphates with different
crystal structures on their acidity and catalytic activity for dehydration of glucose into
5-(hydroxymethyl)furfural. RSC Adv. 2016;6:40175-84.

Moreno-Recio M, Santamaria-Gonzalez J, Maireles-Torres P. Bronsted and Lewis acid
ZSM-5 zeolites for the catalytic dehydration of glucose into 5-hydroxymethylfurfural. Chem
EngJ. 2016;303:22-30.

Swift TD, Nguyen H, Erdman Z, Vlachos DG. Tandem Lewis acid/Brgnsted acid-catalyzed
conversion of carbohydrates to S5-hydroxymethylfurfural using zeolite beta. J Catal.
2016;333:149-61.

LiC,ZhangZ, Zhao ZK. Direct conversion of glucose and cellulose to 5-hydroxymethylfurfural
in ionic liquid under microwave irradiation. Tetrahedron Lett. 2009;50:5403-5.

Stahlberg T, Sgensen MG, Riisager A. Direct conversion of glucose to 5-(hydroxymethyl)
furfural in ionic liquids with lanthanide catalysts. Green Chem. 2010;12:321-5.

Yuan Z, Xu C, Cheng S. Catalytic conversion of glucose to 5-hydroxymethyl furfural using
inexpensive co-catalysts and solvents. Carbohydr Res. 2011;346:2019-23.

Bali S, Tofanelli MA, Ernst RD, Eyring EM. Chromium(III) catalysts in ionic liquids for the
conversion of glucose to 5-(hydroxymethyl)furfural (HMF): insight into metal catalyst:ionic
liquid mediated conversion of cellulosic biomass to biofuels and chemicals. Biomass
Bioenerg. 2012;42:224-7.

Tian G, Tong X, Cheng Y, Xue S. Tin-catalyzed efficient conversion of carbohydrates for the
production of 5-hydroxymethylfurfural in the presence of quaternary ammonium salts.
Carbohydr Res. 2013;370:33-7.

Pidko EA, Degirmenci V, Van Santen RA, Hensen EM. Glucose activation by transient Cr*
dimers. Angew Chem Int Ed. 2010;49:2530-4.

Pidko EA, Degirmenci V, Hensen EJM. Cover picture: on the mechanism of Lewis acid cata-
lyzed glucose transformations in ionic liquids. ChemCatChem. 2012;4:1263-71.

Jiang F, Zhua Q, Ma D, Liu X, Han X. Direct conversion and NMR observation of cellulose
to glucose and 5-hydroxymethylfurfural (HMF) catalyzed by the acidic ionic liquids. J Mol
Catal A Chemical. 2011;334:8—-12.

LiJ,ZhangD,LiuC. Theoretical elucidation of glucose dehydration to 5-hydroxymethylfurfural
catalyzed by a SO;H-functionalized ionic liquid. J Phys Chem B. 2015;119:13398-406.
Cao X, Teong SP, Wu D, Yi G, Su H, Zhang Y. An enzyme mimic ammonium polymer as a
single catalyst for glucose dehydration to 5-hydroxymethylfurfural. Green Chem.
2015;17:2348-52.

SuY, Chang G, Zhang Z, Xing H, Su B, Yang Q, Ren Q, Yang Y, Bao Z. Catalytic dehydration
of glucose to 5-hydroxymethylfurfural with a bifunctional metal-organic framework. AICHE
J.2016;62(12):4403-17.

ShiJ, Gao H, XiaY, Li W, Wang H, Zheng C. Efficient process for the direct transformation
of cellulose and carbohydrates to 5-(hydroxymenthyl)-furfural with dual-core sulfonic acid
ionic liquids and co-catalysts. RSC Adv. 2013;3:7782-90.



120

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

X. Tong et al.

Binder JB, Raines RT. Simple chemical transformation of lignocellulosic biomass into furans
for fuels and chemicals. ] Am Chem Soc. 2009;131:1979-85.

Zhang Z, Zhao ZK. Microwave-assisted conversion of lignocellulosic biomass into furans in
ionic liquid. Bioresour Technol. 2010;101:1111-4.

Su'Y, Brown HM, Huang X, Zhou X, Amonette JE, Zhang ZC. Single-step conversion of cel-
lulose to 5-hydroxymethylfurfural (HMF), a versatile platform chemical. Appl Catal A Gen.
2009;361:117-22.

Zhang Y, Du H, Qian X, Chen EYX. Ionic liquid—water mixtures: enhanced K,, for efficient
cellulosic biomass conversion. Energ Fuel. 2010;24:2410-7.

Kim B, Jeong J, Lee D, Kim S, Yong HJ, Lee YS, Cho JK. Direct transformation of cellulose
into 5-hydroxymethyl-2-furfural using a combination of metal chlorides in imidazolium ionic
liquid. Green Chem. 2011;13:1503-6.

Qi X, Watanabe M, Aida TM, Smith RL. Catalytic conversion of cellulose into
5-hydroxymethylfurfural in high yields via a two-step process. Cellulose. 2011;18:1327-33.
Ding Z, Shi J, Xiao J, Gu W, Zheng C, Wang H. Catalytic conversion of cellulose to
5-hydroxymethyl furfural using acidic ionic liquids and co-catalyst. Carbohydr Polym.
2012;90:792-8.

Cai H, Li C, Wang A, Xu G, Zhang T. Zeolite-promoted hydrolysis of cellulose in ionic lig-
uid, insight into the mutual behavior of zeolite, cellulose and ionic liquid. Appl Catal B
Environ. 2012;123-124:333-8.

Nandiwale KY, Galande ND, Thakur P, Sawant SD, Zambre VP, Bokade W. One-pot synthe-
sis of 5-hydroxymethylfurfural by cellulose hydrolysis over highly active bimodal micro/
mesoporous H-ZSM-5 catalyst. ACS Sustain Chem Eng. 2014;2:1928-32.

Tan MX, Zhao L, Zhang Y. Production of 5-hydroxymethyl furfural from cellulose in CrCl ,/
zeolite/BMIMCI system. Biomass Bioenerg. 2011;35:1367-70.

Tao F, Song H, Chou L. Catalytic conversion of cellulose to chemicals in ionic liquid.
Carbohydr Res. 2011;346:58-63.

Tao F, Song H, Chou L. Efficient conversion of cellulose into furans catalyzed by metal ions
in ionic liquids. J Mol Catal A Chemical. 2012;357:11-8.

Zhao S, Cheng M, Li J, Tian J, Wang X. One pot production of 5-hydroxymethylfurfural with
high yield from cellulose by a Brgnsted-Lewis-surfactant-combined heteropolyacid catalyst.
Chem Commun. 2011;47:2176-8.

Abou-Yousef H, Hassan EB, Steele P. Rapid conversion of cellulose to 5-hydroxymethylfurfural
using single and combined metal chloride catalysts in ionic liquid. J Fuel Chem Technol.
2013;41:214-22.

Dutta S, De S, Alam MI. Direct conversion of cellulose and lignocellulosic biomass into
chemicals and biofuel with metal chloride catalysts. J Catal. 2012;288:8-15.

LiY, YuanY, Wang K, JiaJ, Qin X, Xu Y. Conversion of sawdust into 5-hydroxymethylfurfura
by using 1,3-dimethyl-2-imidazolidinone as the solvent. Iran J Chem Eng. 2013;32:75-9.
QuY, Wei Q, Li H, Jian X. Microwave-assisted conversion of microcrystalline cellulose to
5-hydroxymethylfurfural catalyzed by ionic liquids. Bioresour Technol. 2014;162:358—64.
Lee YC, Dutta S, Wu KC. Integrated, cascading enzyme-/chemocatalytic cellulose conver-
sion using catalysts based on mesoporous silica nanoparticles. ChemSusChem.
2014;7:3241-6.

Shi N, Liu Q, Wang T, Ma L, Zhang Q, Zhang Q. One-pot degradation of cellulose into fur-
fural compounds in hot compressed steam with dihydric phosphates. ACS Sustain Chem Eng.
2014;2:637-42.

Shi N, Liu Q, Zhang Q, Wang T, Ma L. High yield production of 5-hydroxymethylfurfural
from cellulose by high concentration of sulfates in biphasic system. Green Chem.
2013;15:1967-74.

Hu L, Zhao G, Tang X, Liu S. Catalytic conversion of carbohydrates into
5-hydroxymethylfurfural over cellulose-derived carbonaceous catalyst in ionic liquid.
Bioresour Technol. 2013;148:501-7.



3 Catalytic Production of 5-Hydroxymethylfurfural from Biomass... 121

235. Zhang X, Zhang D, Sun Z, Jiang Z. Highly efficient preparation of HMF from cellulose using
temperature-responsive heteropolyacid catalysts in cascade reaction. Appl Catal B Environ.
2016;196:50-6.

236. Rout PK, Nannaware AD, Prakash O, Rajasekharan L. Synthesis of hydroxymethylfurfural
from cellulose using green processes: a promising biochemical and biofuel feedstock. Chem
Eng Sci. 2015;142:318-46.

237. Zhang Y, Li N, Li M. Highly efficient conversion of microcrystalline cellulose to
5-hydroxymethyl furfural in a homogeneous reaction system. RSC Adv. 2016;6:21347-51.

238. Mirzaei HM, Karimi B. Sulphanilic acid as a recyclable bifunctional organocatalyst in the
selective conversion of lignocellulosic biomass to 5-HMEF. Green Chem. 2016;18:2282-6.



Chapter 4
5-(HalomethyDfurfurals from Biomass
and Biomass-Derived Sugars

Mark Mascal

Abstract 5-(HalomethyD)furfurals (XMFs) are biomass-derived platform chemi-
cals that are gaining traction as practical alternatives to 5-(hydroxymethyl)furfural
(HMF). This chapter provides an overview of the historical role of XMFs in the
chemical investigation of carbohydrates and describes multiple approaches to their
preparation, including recent breakthroughs by which XMFs, and in particular
5-(chloromethyl)furfural (CMF), are obtained in high yield directly from raw bio-
mass. Halomethylfurfurals have two basic derivative manifolds: furanic and levu-
linic, and this chapter will highlight commercial markets that can be unlocked by
synthetic manipulation of CMF and its immediate derivatives.

Keywords Biofuels * Biomass ¢ Biorefinery ¢ Chloromethylfurfural ¢ Furans ¢
Halomethylfurfurals ¢ Hydroxymethylfurfural ¢ Levulinic acid ¢ Renewable
polymers

4.1 Perspective on the 5-(Halomethyl)furfurals

There are three general approaches to biomass processing: biocatalytic, thermo-
chemical, and chemocatalytic, and of these, the latter is currently the least practiced
commercially, but considered to offer the greatest promise for future embodiments
of the biorefinery [1]. Chemocatalytic methods have the advantage of being faster
and generally cheaper than enzymatic/fermentative processes, and are much more
selective than thermolysis.

The icon of the chemocatalytic method has long been 5-(hydroxymethyl)furfural
1 (Fig. 4.1), or HMF, and to date over 1500 literature references include HMF in
their title, while a Chemical Abstracts search of the structure of HMF gives >10,000
hits. However, despite all this attention, the production of HMF has not been
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commercialized, the reason being that the only high-yielding processes for obtain-
ing HMF employ fructose as the feedstock. Beyond this, the isolation of HMF from
the media in which it is produced (aqueous solution, highly polar solvents, or ionic
liquids) is hampered by its high polarity and hydrophilicity. Finally, HMF is gradu-
ally decomposed into humins under the conditions of its formation (acid catalysis),
and thus methods that involve long reaction times and/or high temperatures gener-
ally suffer from low selectivity.

A potential solution to all of the drawbacks of HMF presents itself in the form of
the halomethylfurfurals (XMFs), and in particular 5-(chloromethyl)furfural 2
(CMF). CMF has the advantages of (1) being accessible in high yield directly from
raw biomass; (2) being hydrophobic and thus easily extracted from aqueous media
with common solvents; and (3) being comparatively stable in the presence of strong
acid [2]. This chapter will describe the emergence of the halomethylfurfurals as
platform chemicals with the disruptive potential to displace HMF as the go-to mol-
ecule of the chemocatalytic biorefinery movement.

4.2 Historical Reports of 5-(Halomethyl)furfural
Preparation

The first report of the preparation of a halomethylfurfural was published as early as
1899 by Henry J. H. Fenton of Fenton’s reagent fame. The procedure involved pour-
ing an ethereal solution of hydrogen bromide onto solid fructose and allowing the
mixture to stand for up to 24 h. The isolated product was 5-(bromomethyl)furfural
(BMF) 3, the structure of which was correctly assigned [3]. The method was later
extended to various forms of cellulose, which gave BMF in yields around 30% [4].
Following the same procedure as used to produce 3 from cellulose, treatment with
dry hydrogen chloride in chloroform gave the first sample of CMF 2, albeit in only
about 12% yield [5]. These works also describe multiple efforts to derivatize the
halomethylfurfurals, including the preparation of HMF 1, acyloxymethylfurfurals
6, and 5-methylfurfural 7, along with their hydrazone and oxime derivatives (see
Scheme 4.2). In 1909, Fenton and Robinson described Friedel-Crafts reactions of
CMF with benzene and toluene to give arylmethylfurfurals 8, as well as the
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oxidation of CMF with HNO; to give 2,5-furandicarboxylic acid 9 [6]. They also
used the chemistry of the halomethylfurfurals to derive the correct structure for
HMEF, which had been previously misassigned, which was confirmed in work by
Erdmann [7] and van Ekstein [8] the following year. Further derivative chemistry
was undertaken by Cooper and Nuttall, which led to the report of alkoxymethylfur-
furals 10, their corresponding furoic acids 11, and 2,5-diformylfuran 12 [9, 10]. The
celebrated carbohydrate chemist Emil Fischer undertook to develop a large-scale
preparation of CMF and reported a yield of about 25% starting from 1 kg of sucrose
[11]. The first report of an alkoxymethylfurfural acetal 13 also appears here. In
1923, XMF chemistry was employed to shed light on the disputed nature of the cel-
lulose polymer itself. Thus it had been suggested that the negligible yield of BMF
from glucose, versus its relatively good yield from fructose, was an indication that
cellulose was composed of ketose monomers. It was shown however by Hibbert and
Hill that glucose also could be converted into BMF, undermining the support for this
theory [12]. CMF next appears as an intermediate in a 1934 Organic Syntheses
procedure for the preparation of S-methylfurfural 7 [13], essentially using the
SnCl,-based method of Fenton and Gostling [5]. Yet another Nobel Prize winning
sugar chemist, Norman Haworth, studied the preparation of CMF employing for the
first time a two-phase system, although the yield from sucrose was only 21%.
Hydrolysis of CMF in boiling water was also shown to give HMF 1 in 90% yield
[14]. A series of patents later described the use of a two-phase system to produce
CMF from simple sugars in good yield, particularly in the case of fructose [15-17],
using ionic modifiers and surface-active agents, and this was followed up by papers
[18-20]. At around the same time, Szmant and Chundry published a detailed param-
eter study of the production of CMF from fructose and reported an optimized yield
of 95%. Glucose and starch performed less well, giving 45 and 21% yields under the
same conditions, respectively [21]. Finally, the production of XMFs by the straight-
forward reaction of HMF with halogenating agents has also been described [22, 23].

4.3 Modern Approaches to 5-(Halomethyl)furfural
Preparation

Up until about the year 2000, multiple studies had been concluded describing the
high-yielding production of halomethylfurfurals from fructose, but with less satis-
factory outcomes using other sugars or cellulose, as described above. In 2008,
Mascal and Nikitin reported the conversion of either glucose, sucrose, or cellulose
to a mixture of CMF 2 (71-76%), 2-(hydroxyacetyl)furan 14 (6-8%), HMF 1
(4-8%), and levulinic acid (LA) 15 (1-5%) (Scheme 4.1) [24]. All three feedstocks
gave similar product yields and showed similar kinetics, suggesting that hydrolysis
of cellulose was not the rate-determining step of this reaction. The reactor setup
involved a two-phase system of 35% hydrochloric acid and 1,2-dichloroethane
(DCE) solvent, which extracted the products by continuous recirculation through
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Scheme 4.1 Process for conversion of sugars, cellulose, or cellulosic biomass into a mixture of
CMF 2, HMF 1, 2-hydroxyacetylfuran 14, and levulinic acid 15 in a biphasic reactor system

the reactor. At a reaction temperature of 65 °C, complete conversion was observed
within 30 h. A key finding in this study was that cellulose performed nearly identi-
cally to the monomeric sugars, and indeed the following year the process was
applied with equal effect to sources of raw biomass (cotton, newspaper, birch saw-
dust, corn stover, and straw). Based on a full carbohydrate analysis of one of these
feedstocks (corn stover), the yield of CMF and minor co-products 1, 14, and 15 was
shown to be essentially identical to when simple sugars or pure cellulose were used
[25, 26]. A dramatic decrease in reaction time was later achieved by increasing the
temperature of the system to 100 °C and operating in a closed reactor with periodic
extractions in place of a continuous solvent loop. Under these conditions, CMF was
the only product found in the organic phase and was isolated in yields of 70-90%
depending on feedstock and loading, with a further 5-9% LA 15 in the aqueous
phase [27]. Finally, a 2010 study extended the range of feedstock to include oil
seeds, wherein the carbohydrate content (starch, sugars, fiber) was converted into
CMF while the lipids were simply extracted into the organic phase. Thermolysis of
the CMF-lipid mixture in ethanol gave a biofuel cocktail of ethyl levulinate and
biodiesel ethyl ester [28].

Inrelated work in the area of halomethylfurfural production, Bols and co-workers
obtained up to 80% yields of BMF 3 from cellulose using essentially the method of
Mascal and Nikitin [24] but substituting HBr for HCI [29]. Another study extended
this same production method to various species of wood and also looked into the
effects of varying the solvent, temperature, and presence of an LiBr additive [30]. A
highly useful advancement in the carbohydrate to CMF conversion process was the
adaptation of the reaction to continuous flow by Brasholz and co-workers [31].
Inputting 5 mL min™' of a 10% solution of fructose in 32% HCI along with the same
volume of CH,CI, and flowing through a coil at 100 °C with a residence time of
about 2 min, 300 mg min~' of CMF could be produced with a yield >80%. Another
innovation in CMF production technology was the use of microwave radiation as
the heat source, which heats the aqueous phase while avoiding excessive heating of
the relatively microwave-transparent solvent layer. This led to a substantial accel-
eration of the reaction in batch mode while maintaining yields up to 85% [32, 33].
Although this study found DCE to be the most effective solvent for this process,
cyclohexane was also shown to perform well. The same authors also demonstrated
that the reduction of cellulose crystallinity by ball-milling pretreatment likewise
increased CMF yield. Gao and co-workers studied the effect of using a mixed HCI-
H;PO, acid system in the CMF process at only 45 °C, although yields of CMF from
fructose were no better than 50% after 20 h [34, 35]. Another alternative medium
involves the use of a choline chloride-based ionic liquid for fructose to CMF con-
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version in the presence of an immiscible organic solvent layer. Although the yield is
relatively low (~50%), the formal need for an aqueous acid phase is removed [36].
In this case, it must however also be noted that a similar study in the 1980s likewise
showed that ammonium salts were effective for the conversion of monomeric sugars
into HMF and in some cases halomethylfurfurals [37]. Most recently, the effects of
mass transfer, reaction temperature, Hansen solvent parameters, solvent fraction,
and feedstock loading on yields of CMF from glucose have been studied in detail,
and multiple lines of evidence suggest that the yield of CMF is mainly limited by
the extraction of the HMF intermediate into the solvent phase [38]. This finding
suggests that this partitioning effect increases CMF yields either by lowering the
aqueous layer concentration of HMF and thereby shielding it from decomposition,
or by providing a medium conducive to the conversion of HMF into CMF.

The production of halomethylfurfurals is also described in the recent patent lit-
erature, variously involving the use of Lewis acids, gaseous HCI, ionic modifiers,
assorted feedstocks, and the effect of varying H" and CI” concentrations, tempera-
ture, and solvent [39—43]. However, these disclosures are largely redundant with
previously published work.

Finally, the direct production of 5-(fluoromethyl)furfural (FMF) 4 from sugars or
other carbohydrates is not known. The only reported routes to date involve the reac-
tion of BMF 3 with either AgF [44] or KF in the presence of a crown ether [45].
Although 5-(iodomethyl)furfural (IMF) 5§ has been invoked as an intermediate in
certain biomass transformation processes [46, 47], no report of its isolation and
characterization has been published.

4.4 Halomethylfurfural Derivative Chemistry — Furanic
Manifold

Some of the most basic derivatization work involving the halomethylfurfurals was
initially reported alongside the early synthetic approaches. Thus, as noted above,
XMF hydrolysis, alcoholysis, acetolysis, and hydrogenolysis, alongside Friedel-
Crafts reactions and varying extents of oxidation, had all been described prior to
1920. These simple derivatizations of CMF are summed up in Scheme 4.2. Later
work has reproduced and in some cases improved access to these derivatives. For
example, a 1982 patent describes the catalytic hydrogenation of CMF for the pro-
duction of 5-methylfurfural 7 [48], while in a 1985 paper the same reduction is
performed electrochemically [49], both of which are improvements over the Organic
Syntheses method that requires SnCl, [13]. Acyloxymethylfurfurals 6 were origi-
nally prepared by reaction of 3 with silver salts of carboxylic acids [5]. Recent work
has promoted 5-(acetoxymethyl)furfural (AMF) 6 (R=CHj;) as a more hydrophobic
and stable version of HMF and simplifies the synthesis by reaction of CMF with
tetraalkylammonium acetate salts [S0]. Acylation of CMF has also been carried out
using a palladium-catalyzed carboxylative coupling reaction with allyltributylstan-
nane [51]. Related work involves the preparation of an n* Pd(PPhs), complex 16
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Scheme 4.2 Historic derivatizations of XMFs (X = Br, Cl). Reagents and conditions: a. for 1: aq.
AgNO; or H,0, BaCO;s, A; for 10: ROH, AgNO; or ROH, CaCO;, A; b. RCO,” Ag*; ¢. SnCl,, aq.
HCL; d. AICl;, ArH; e. HNO;, A; f. (from 10) Ag,0, A; g. HNOs; . (from 10) EtOH, (EtO);CH,
NH,CI (R=Et). See text for updated versions of some of these reactions

from CMF (Scheme 4.3) [52]. A study by Zhou and Rauchfuss in 2013 [53] involv-
ing the Friedel-Crafts reactions of CMF essentially reproduced results obtained
more than a century earlier [6]. DFF 12 has been another recent XMF-derived target
of interest, and while early work relied on gentle nitric acid oxidation to obtain
modest yields of 12 from CMF [10], reaction under Kornblum oxidation conditions
(heating in DMSO at 150 °C for 18 h) provides DFF in 81% yield [54]. More forc-
ing nitric acid oxidation of CMF gives 2,5-furandicarboxylic acid (FDCA) 9 [6], a
reaction that was later repeated and found to proceed in 59% yield [31]. An alterna-
tive two-step process reported by Mascal and co-workers gave the bis(acid chloride)
of FDCA, i.e. 2,5-furandicarbonyl chloride 17 [55] in high yield. Compound 17 is a
platform for 2,5-furandicarboxylic esters 18 and can also undergo twofold Friedel-
Crafts acylations to give products such as 19. In the same paper, reaction of CMF
itself with +-BuOCI gave 5-(chloromethyl)furan-2-carbonyl chloride 20, which
reacts with alcohols under mild conditions to give 5-(chloromethyl)furan-2-carbox-
ylic esters 21, which themselves react with alcohols under more forcing conditions
to give ester derivatives of 5-(alkoxymethyl)furan-2-carboxylic acids 11, i.e. 22
[55]. 2,5-Dimethylfuran 24 is a high-octane fuel additive [56] and a precursor to
p-xylene [57], the utility of which is described later. A high-yielding route to 24 via
a CMF acetal 23 has been described [58]. Another method for producing novel
CMF derivatives was reported in a 2012 patent whereby the combination of an
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Scheme 4.3 Recent derivatizations of CMF. Reagents and conditions: a. for 17: 1) DMSO, A, 2)
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alcohol and N-heterocyclic carbene (NHC) catalyst leads directly to 5-methylfu-
roate esters 25 [59]. These compounds are being commercialized as renewable
motor fuel blendstocks. The selective introduction of nitrogen and carbon nucleo-
philes to CMF is complicated by the presence of two different types of electrophile
(aldehyde and primary alkyl halide). Reaction of CMF with cyanide fails to give a
nitrile but succeeds with azide to give azidomethylfurfural 26 [60]. Protection of the
carbonyl group of CMF as an acetal 23 enables reactions at the C-CI bond with
simple carbon nucleophiles such as cyanide and acetylenide as well as organometal-
lics, as will be discussed later. A selective carbon-carbon bond forming reaction at
the carbonyl group, on the other hand, has been accomplished by Masuno and co-
workers by treatment of CMF with nitromethane to give 27 [61].

4.5 Halomethylfurfural Derivative Chemistry — Levulinic
Manifold

A key reaction of CMF is its hydrolysis or alcoholysis under forcing conditions to
give levulinic acid 15 or levulinic esters 28 respectively, along with the correspond-
ing formate co-product 29 (Scheme 4.4) [62]. This same chemistry has been
observed stemming from HMF 1 since the late 19th century [63], and the conversion
of CMF to LA likely proceeds via 1. Since CMF can be produced from raw biomass
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Scheme 4.4 Conversion of CMF to levulinic and formic derivatives

in yields around 80% [27], and the CMF to LA reaction proceeds in at least 90%
yield [62], the overall yield of LA from biomass is >70%, which compares favor-
ably with the only industrially competitive technology for the production of LA
(Biofine) [64]. Like CMF, LA is a platform chemical in its own right and appears in
the NREL top 12 value added chemicals from biomass [65]. A number of high-level
reviews of LA chemistry have been published and Chap. 6 of this volume is also
dedicated to this molecule, therefore this contribution will not consider this topic
further. Halomethylfurfurals have been employed as intermediates in a large num-
ber of synthetic studies across medicinal, polymer, macrocycle, biofuel, and value-
added product chemistries. Of these, selected highlights are covered below.

4.6 Halomethylfurfural Derivative Chemistry — Advanced
Targets

4.6.1 Medicinal Chemistry

CMF can be used as the starting material for an efficient synthesis of the first $1
billion selling drug ranitidine 33, which is used in the management of gastroesopha-
geal reflux disease (GERD) and the treatment of gastric and duodenal ulcers. First
introduced in 1981, it is currently sold over the counter under the trade name Zantac.
Mascal and Dutta published a novel, 4-step synthesis of 33 in 2011 involving an
initial substitution of an N-protected 2-aminoethanethiol on CMF followed reduc-
tive amination with dimethylamine to give intermediate 31 (Scheme 4.5).
Deprotection of the primary amino group and subsequent condensation with inex-
pensive, commercial N-methyl-1-(methylthio)-2-nitroethenamine gave ranitidine
33 in 68% overall yield [66].

An example which highlights the application of acetal formation to mask the
reactive aldehyde of CMF is embodied in the synthesis of a furan fatty acid (FFA)
36. FFAs are naturally-occurring dietary antioxidants which are proposed to have
potent anti-atherosclerotic properties. They are found in high levels in fish and may
be responsible in part for the cardioprotective effects of diets high in seafood. The
synthesis of an FFA starting from CMF is shown in Scheme 4.6. Here, protection of
the aldehyde function as an acetal is the key to implementing the required chain
elongation at the methylene group. Thus CMF is converted to the dibutyl acetal 23
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Scheme 4.5 Synthesis of ranitidine from CMF. Reagents and conditions: a. HSCH,CH,NHAc,
NaH, THF, 91%; b. Me,NH, NaBH,, MeOH, 90%; c. 2 M KOH, 94%; d. (HS)(MeNH)C=CHNO,,
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Scheme 4.6 Synthesis of a furan fatty acid from CME. Reagents and conditions: a.
EtMgCl, Ni(acac),, DAE, THF; b. HCI/H,0, 83% over 2 steps; c. (9-carboxynonyl)triphenylphos-
phoniumiodide, LIHMDS, THF/DMSO; d. H,, Pd/C, THF, 92% over 2 steps; e. (CH,0),, HBr,
AcOH; f. H,, Pd/C, THF/H,0, 80% over 2 steps

in nearly quantitative yield in n-butanol solution containing a few drops of aq HCI.
Nickel-catalyzed sp3-sp* coupling converts the chloromethyl function to a propyl
group, and Wittig olefination of the deprotected aldehyde gives desmethyl interme-
diate 35. Methylation of the furan ring as shown completes the synthesis of FFA 36.
The complete process from CMF to 36 involves seven steps and a 60% overall iso-
lated yield [67].
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An additional 27 research papers and patents to date describe molecules that
incorporate CMF-derived 2,5-furandiyl units, which have been synthesized as
potential drug targets for a diverse range of medicinal applications, including anti-
microbial, anti-fungal, anti-viral, anti-tumor, anti-muscarinic, anti-angiogenic, anti-
diabetic, anti-osteoporotic, and LDL-lowering activity. The range of structures is
too diverse to include here, but it is clear that the furan moiety constitutes a useful
pharmacophore.

4.6.2 Macrocyclic and Polymer Chemistry

While Chundry and Szmant published a detailed paper describing the preparation of
several novel monomers incorporating the —CH,(2,5-furandiyl)CHO group [68],
only a few macrocycles and polymers have actually been produced directly from
CMF. The substitution of chlorine of CMF with triphenylphosphine leads to a phos-
phonium salt 37 that can be deprotonated and undergo self-condensation to give
either macrocycles 38 or poly(2,5-furanylvinylene) 39 [69]. A different approach
was taken by Jira and Brédunling, who reacted CMF with either furan, pyrrole, or
thiophene to obtain conjugated polymers of the formula 40 (Scheme 4.7) which,
when doped, were shown to possess conductivities up to 10-2 S/m [70]. Cram and
co-workers used CMF in the synthesis of crown ethers incorporating furan rings
[71, 72].

In terms of current and potential commercial monomer markets, CMF has been
employed to supply a renewable source of 2,5-dimethylfuran 24 [58], which under-
goes cycloaddition with ethylene to give para-xylene (PX) 41 (Scheme 4.8) [57].
This “bio-PX” can then be oxidized to terephthalic acid, which is used to produce
the high volume polyester polyethylene terephthalate (PET) [73].

Yet another high-profile innovation in polymer chemistry that may be approached
via CMF is the production of 2,5-furandicarboxylic acid (FDCA) 9. The furanic
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equivalent of PET is polyethylene furoate (PEF), a novel polymer currently being
commercialized not only as a green substitute for PET, but as a material possessing
superior attributes (better gas barrier properties, higher T, and lower T,, than PET)
[74]. While FDCA is currently produced from fructose via HMF, a biomass-based
approach via CMF is available that delivers the bis(acid chloride) of FDCA 17, from
which polymers can be directly made. Intermediate 17 is also easier to work with
than the highly insoluble FDCA itself. Other polymers of FDCA involving a variety
of diols and diamines have been described and are under active investigation [75].
In fact, a Chemical Abstract search of FDCA based polymers shows >50 hits for
binary copolymers and >200 that involve FDCA as a component of a higher-order
blend.

Given its bifunctional nature, a range of novel monomers can be envisaged stem-
ming from CMF, many of which (42-50) have already been described. With their
increased availability via CMF, these derivatives may help define a future polymer
market based exclusively on renewables.

4.6.3 Biofuels

Like furfural and HMF [76], CMF has been recruited as a platform for carbon chain
extension via aldol and related reactions for the purpose of making biofuels. Since
carbohydrate-based substrates are Cq or less, condensations are necessary to achieve
the hydrocarbon volatility range required for automotive fuels. In most cases poly-
condensation products are catalytically hydrodeoxygenated with H, to give linear
alkanes which are suitable as diesel and jet fuels. The high degree of branching
necessary for gasoline is on the other hand more difficult to achieve via biomass.



134 M. Mascal

52
51
o) o
0 O AN /\[M
v H,N OH
o)
53, X=CH 55
54, X=N

Fig. 4.2 Value-added products derived from CMF

A number of groups have used CMF either as an intermediate or a direct reactant
in condensation reactions with simple aldehydes or ketones to give >Cg products.
Thus, Corma describes the use of CMF as a precursor to 5-methyl-furfural 7, which
undergoes various couplings to give a Co-C 4 diesel grade biofuel [77]. Seck like-
wise hydrotreats mixtures of CMF-derived 5-methylfurfural and levulinate ester
condensates to arrive at diesel and jet fuel formulations [78]. Another group con-
verted CMF into 5-(ethoxymethyl)furfural before condensation with acetone and
mixing with fatty acid esters to give aviation fuel after hydrogenation [79]. Finally,
a team from Los Alamos National Lab describes the direct condensation of CMF
with ketones and hydroxyketones catalyzed by proline metal chelates and/or substi-
tuted benzimidazole catalysts to give Cs-C;5 hydrocarbon precursors [80].

4.6.4 Miscellaneous Value-Added Products

Finally, CMF has also proved useful in the synthesis of chemicals with varied appli-
cations, some examples of which are given in Fig. 4.2. The first use of CMF in
complex natural product synthesis was in an approach to dimethyl jaconate 51, a
metabolite of the complex pyrrolizidine alkaloid jacobine. (+)-51 was produced in
nine steps from CMF [81]. A simpler natural product, pichiafuran C 52, which is a
metabolite of a marine fungus, could be synthesized in two steps from CMF [82].
Prothrin 53, a synthetic pyrethroid insecticide, was prepared in six steps and overall
65% yield from CMF using a tactic which, like that of FFA 36, involved the di-n-
butyl acetal 23 in order to substitute the chloromethyl group without interference
from the aldehyde [83]. A cyano analogue 54 was likewise produced but found to be
less active than prothrin. Finally, CMF was used as the starting point for the most
efficient synthesis to date of 5-aminolevulinic acid 55, a compound used in photo-
dynamic therapy but also of strong interest as a natural herbicide. The approach
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took advantage of the ability to selectively introduce nitrogen at the chloromethyl
group of CMF in the form of 5-(azidomethyl)furfural 26. Compound 26 is only two
steps away from target molecule 55, which was obtained in an overall yield of 68%
from CMF [84].

4.7 Conclusions and Future Outlook

The modern concept of the biorefinery is characterized by the production of fuels,
commodity chemicals, and value-added products from non-petroleum based carbon
sources [85]. Biorefinery technologies will only be competitive when they have the
following characteristics: (1) operate on raw biomass; (2) involve short reaction
sequences running at high performance (high selectivity at high conversion); (3)
involve no major waste streams; (4) operate under mild conditions; (5) produce
multifunctional platform chemicals with the potential to unlock renewable fuel,
materials, and bulk chemicals markets; and (6) outperform other biocatalytic, ther-
mochemical or chemocatalytic methods to the same products. As this chapter dem-
onstrates, the technology for producing XMFs from biomass has been proven by
multiple studies to conform to the above six characteristics. This is in stark contrast
to the processes leading to HMF 1 which, as discussed in Section 1.1, have perfor-
mance issues including low yield from raw biomass sources and difficult product
isolation and catalyst recovery from the media in which it is produced. CMF 2 is the
functional equivalent of HMF and can undergo virtually any reaction in which HMF
can participate. Further, since CMF can be converted into HMF in high yield, all the
derivative chemistry of HMF applies by proxy to CMF. CMF further benefits from
greater stability, higher solubility in nonpolar solvents, and better reactivity in direct
substitutions at the methylene group than HMF.

The only legitimate practical detraction from CMF commercialization involves
the necessity for chloride management, both in the handling of HCI and its recovery
after CMF derivatization. Here, it can only be recognized that the use of HCI has a
long history in the chemical industry and multiple materials have been developed to
accommodate it and other corrosives, including a range of metal alloys, glass- or
ceramic-lined steel, and various plastics and elastomers for piping [86]. Multiple
technologies for the recovery of HCI from solution are also practiced, including
membrane distillation [87], pervaporation [88], acid-base couple extraction [89,
90], solvent extraction [91-93], diffusion dialysis [94, 95], and electrodialysis [96].
Thus, although the use of HCI is a CAPEX issue, it is not a prohibitive one.

In conclusion, no single renewable technology will provide the solution to the
economic, environmental, and political issues raised by the unabated worldwide use
of petroleum. The integrated biorefinery represents a broad composite of processes
which itself merges with non-biomass based alternative energy technologies to cre-
ate a better future world economy. Chemocatalytic technologies have a large and
increasingly recognized role to play in this context, and the halomethylfurfurals,
and in particular CMF, have the potential to become the dominant platform chemi-
cal representing the chemocatalytic approach to biomass valorization.
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Chapter 5
Levulinic Acid from Biomass: Synthesis
and Applications

Buana Girisuta and Hero Jan Heeres

Abstract Levulinic acid (LA) is a promising platform chemical that can be
obtained from biomass. The potential to obtain useful chemical derivatives from
levulinic acid is high due to the presence of both a ketone group and a carboxylic
acid group. The synthesis of LA on the laboratory scale has been investigated exten-
sively using homogeneous or heterogeneous catalysts. The highest reported yields
of LA from monosaccharides, polysaccharides and lignocellulosic biomass and
their reaction conditions are summarized in this chapter. In addition, an overview is
given on process technology studies including kinetic models and the status of large
scale production of LA from biomass. Levulinic acid derivatives and their applica-
tion will be presented along with future prospects of LA synthesis in biorefineries.

Keywords Biomass hydrolysis ¢ Levulinic acid ¢ Kinetic models e
5-hydroxymethylfurfural ¢ Catalysis

5.1 Introduction

The world consumption of fossil resources has increased rapidly the last 3 decades
(Fig. 5.1). Total consumption of fossil resources in 2012 was almost twice the con-
sumption in 1980. Several studies have projected that the world consumption of
fossil resources will increase to 640 quadrillion BTU in 2040. These fossil resources
are consumed to fulfill our energy needs, to produce transportation fuels and to
manufacture a wide range of modern products like polymers, resins, textiles, lubri-
cants and fertilizers.
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Fig. 5.1 The world consumption of fossil resources 1980-2012 and its projection until 2040
(Source: U.S. Energy Information Administration (EIA), May 2016, acknowledgement is given to
EIA) [1]

Fossil resources are not-renewable and their availability is irrevocably decreas-
ing. Biomass-based technologies can provide alternative sustainable routes for the
production of liquid transportation fuels and platform chemicals [2-5]. One of the
platform chemicals that can be produced from sustainable resources is levulinic
acid (LA). LA is accessible through the hydrolysis of lignocellulosic biomass at
elevated temperatures (100-250 °C) using acid catalysts. The applications of LA
and its derivatives have been widely reviewed [6—10].

Lignocellulosic biomass consists of three main biopolymers: cellulose, hemicel-
lulose, and lignin. Depolymerization of the cellulose and hemicellulose fractions is
an important step for many conversion routes. On a molecular level, hydrolysis of
lignocellulosic biomass is complex, involving many reactions and intermediates
(Fig. 5.2). In the presence of an acid catalyst and at elevated temperatures, the cel-
lulose fraction is depolymerized to glucose, which is subsequently converted into
5-hydroxymethylfurfural (HMF) and finally to LA and formic acid. The hemicel-
lulose fraction contains various sugar polymers such as xylan, arabinan, mannan, or
galacto-glucomannan. During the hydrolysis reaction, these polymeric sugars are
depolymerized to pentoses, hexoses, 4-O-methyl glucuronic acid, and acetic acid.
All hexoses, like glucose, are converted to LA and formic acid as the final products.
The pentoses are converted to furfural, which is known to be rather reactive under
the prevailing conditions and may react further to form formic acid and other unde-
sirable decomposition products. The lignin fraction in lignocellulosic biomass can
be partly solubilized (acid-soluble lignin) in water.
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5.2 Chemistry and Catalysis Towards the Formation of LA

5.2.1 Reaction Mechanism of LA Formation from Sugars

Several reaction mechanisms for the formation of LA have been reported in the lit-
erature, see for instance, the review of van Putten et al. [11]. The first step in the
formation of LA is the acid-catalyzed dehydration of the monosaccharides to form
HMEF. The mechanistic pathway for this dehydration reaction involves an acyclic or
cyclic pathway (Fig. 5.3). The acyclic pathway assumes that the intermediate
1,2-enediol is formed from the monosaccharides by a Lobry de Bruyn-Alberda van
Ekenstein mechanism. This intermediate is converted to HMF through two consecu-
tive f-dehydration reactions, followed by a ring closure with water elimination. The
cyclic pathway starts from the cyclic ketofuranose, which is dehydrated at C2 to
form a tertiary carbenium cation. Subsequently, two consecutive f-dehydrations in
the ring lead to the formation of HMF. In van Putten et al., it was concluded that
fructose is more readily converted to HMF than glucose, and as a result the cyclic
pathway for fructose is much more likely to occur than the acyclic pathway [11].

D-Fructose
CH,0OH
=0
HO——

CH,0H

1,2-enediol

S
\

Fig. 5.3 Reaction mechanism pathways of dehydration reactions of sugars to
5-hydroxymethylfurfural
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Fig. 5.4 Reaction mechanism of 5-hydroxymethylfurfural hydration to levulinic acid

Studies by Horvat et al. using nuclear magnetic resonance (NMR) have shown
that the conversion of HMF to LA involves the addition of water to the C2 — C3
bond of the furan [12] (Fig. 5.4). This mechanism was confirmed by a recent study
using *C-labeled fructose on the C1 and C6 position. It revealed that the carbonyl
carbon of HMF is incorporated in formic acid, whereas the hydroxymethyl carbon
forms the methyl carbon (CS) in LA [13].

The main byproducts of LA production from sugars are soluble and insoluble
polymeric materials (mostly known as humins), which are formed by condensation
of HMF with sugars through 2,6-anhydro-f-D-fructofuranose as the intermediate
product [14]. These humins not only cause blocking of pipes and other process
equipment, but also lower the carbon efficiency of the conversions considerably [15,
16]. In some cases, humins yields as high as 40% based on feed intake have been
reported [17, 18].

A number of investigations have been reported on conversion methods of solid
humins to higher value-added products. For instance, Hoang et al. studied the valori-
zation of humins by steam reforming with alkali-metal-based catalysts (900-1200 °C)
[19, 20] and found that the highest activity was obtained when using Na,CO; as
the catalyst. The H, to CO ratio of the produced syngas was about 2. However, sub-
stantial loss of carbon was observed during the heating up stage (up to 45%-wt. on
intake). Humins derived from glucose can be depolymerized using a hydrotreatment
with Ru/C in an isopropanol/formic acid mixture [21]. The reaction was carried out
at 400 °C and humins conversions up to 69% were achieved [21]. Liquid products
from that work were shown to consist of both mono- and oligomeric compounds,
and the major GC detectable compounds were alkylphenolics, aromatics (mono and
with multiple fused rings) and cyclic alkanes, though their yields based on humins
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intake was relatively low (< 10%). It was shown that molecular hydrogen is formed
in situ by the catalytic conversion of formic acid and that this in situ produced hydro-
gen can be used for hydrogenolysis and hydro(deoxygenation) reactions involving
the humins structure. In addition, IPA was shown to be reactive under these condi-
tions and was (partly) converted into acetone and hydrogen. The latter finding shows
that formic acid is possibly not required for the liquefaction reaction which would
considerably simplify the process.

5.2.2 Synthesis of LA

The first-study on the preparation of LA was reported in the 1840s by the Dutch
professor G. J. Mulder [22]. Numerous studies on the synthesis of LA from various
feedstocks under different catalytic conditions have been reported in the last
decades. Even though various solvents have been applied, water is still the most
commonly used solvent for the synthesis of LA from monosaccharides, polysac-
charides, and lignocellulosic biomass.

5.2.2.1 Homogeneous Catalysts

Table 5.1 shows an overview of LA yields obtained from various biomass-related
feedstocks using homogeneous catalysts. Mineral acids, such as HCI and H,SO,, are
the most commonly used homogeneous catalysts. Depending on reaction condi-
tions, the maximum reported LA yields from fructose are 73% and 81%-mol when
using H,SO, and HCI as the catalyst, respectively. Lower yields of LA are obtained
when using glucose as the starting material and HCI/H,SO, as catalysts. Other types
of homogeneous catalysts (e.g. InCl; and methanesulfonic acid) have been tested
for the synthesis of LA from glucose, and a significant improvement in LA yield
(64%-mol) is obtained when methanesulfonic acid is used as the catalyst.
Unfortunately, isolated yields are hardly reported, and most are based on GC, HPLC
or NMR analysis of the liquid phase. In addition, mass balances closures are in most
cases also not provided, mainly because the soluble humins are difficult to
quantify.

The cyclic pathway shown in Fig. 5.3 requires glucose to isomerize to fructose
prior to the dehydration to HMF. The addition of Lewis acid catalysts (e.g. CrCl;)
enhances the rate of glucose isomerization to fructose, and a combination of Lewis
and Brgnsted acid catalysts is beneficial to obtain high yields of LA from glucose
[23]. However, the reported yields are still lower than LA yields from fructose.
Further research should focus on the screening and selection of novel Lewis acids
and the optimization of reaction conditions.

LA yields from polysaccharides are close to those obtained from monosaccha-
rides [7]. However, when using polysaccharides, more severe reaction conditions
seem to be required, i.e. longer reaction time or higher amounts of acid catalysts to
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Table 5.1 Levulinic acid (LA) yields from various biomass-related feedstocks using homogeneous

catalysts
LA yield*
T Reaction (%o- | (%-
Feedstock Catalyst (°C) |time wt) | mol) |Ref.
Fructose H,S0,0.1 M 120 |24h 40 62 [24]
H,SO, 1 M 140 | 30 min 47 |73 [25]
H,S0,2M 170 | 30 min 28 | 43° [26]
HCI2M 100 |24h 52 |81 [27]
HCI2M 170 | 30 min 32 1 49° [26]
Trifluoroacetic acid 0.5M | 180 | 1h 37 57 [28]
Glucose H,SO, 1M 140 2h 38 |59 [16]
H,SO,2M 170 | 30 min 26 | 41° [26]
HC10.1 M 160 2.5h 35 |54 [29]
HCI2 M 170 | 30 min 31 490 [26]
InCl; 0.01 M 180 |1h 37 |57 [30]
Methanesulfonic acid 180 | 15 min 41 64 [31]
0.5M
HCI10.1 M+ CrCl;0.02M 140 |6h 30 47 [23]
H;PO, 0.02 M + CrCl;4 170 14.5h 32 150 [32]
0.02M
Sucrose HC10.2M 150 |3h 24 | 71¢ [33]
Extruded starch H,SO, 4%-wt 200 |40 min 48 67 [34]
Cellobiose H,SO,2M 170 | 30 min 28 | 41° [26]
HCI2 M 170 | 30 min 30 |44 [26]
Cellulose H,SO, 1 M 150 |[2h 43 160 [35]
H,SO,2M 170 | 50 min 23 | 34° [26]
HC10.927 M 180 | 20 min 44 160 [36]
HCI2 M 170 | 50 min 31 46° [26]
CrCl; 0.02 M 200 |3h 48 67 [37]
[C3SO;Hmim|HSO, 160 | 30 min 32 |45° [38]
[BSMim]HSO, 120 |2h 40 |56 [39]
Water hyacinth H,SO, 1 M 175 |30 min 9 53 [40]
(26%-wt glucan)
Pretreated hybrid H,SO, 5%-wt 190 | 50 min 18 |60 [41]
poplar (92%-wt
glucan)
Poplar sawdust HCI 11.5 meq 200 |1h 21 37 [42]
(58%-wt glucan)
Giant reed (35%-wt HCI 1.68%-wt 190 |20 min 22130 [43]
glucan)
Corncob residue NaCl 6.8 M + AlCl, 180 |2h 33 47 [44]
(62%-wt glucan) 0.08 M

LA yields measured using HPLC or GC analysis and are based on the amount of C6 sugars in the
feedstock. LA yields measured using NMR analysis with internal standard. “Each mol of sucrose
contains 1 mol of fructose and 1 mol of glucose
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achieve similar LA yields as for monosaccharides. Several studies on the synthesis
of LA from cellulose using a Lewis acid (CrCls) as catalyst [37] or acidic ionic
liquids have been reported. In the latter case, the ionic liquid acts as the catalyst and
reaction medium [38, 39]. The reported LA yields from these studies are more or
less comparable with LA yields obtained using mineral acids as catalyst.

A large number of studies have been carried out on the production of LA from
various types of actual biomass. Apart from the reaction conditions and catalysts
used, LA yields from biomass strongly depend on the biomass composition, espe-
cially the amount of hexose sugars present in each type of biomass (Table 5.1).
Experimental results given in Table 5.1 are not exhaustive and additional data are
reported in reviews [6, 7]. The presence of lignin in the lignocellulosic biomass may
have a negative effect on the effectiveness of the hydrolysis of cellulose and hemi-
cellulose fractions and as such, also affects the yield of LA. For instance, Li et al.
has published a review on correlations between lignin structure and biomass recal-
citrance [45]. In that review, the role of lignin on the pretreatment process and enzy-
matic hydrolysis are comprehensively reviewed. The presence of lignin leads to a
reduction in the enzymatic hydrolysis rates through physical barriers and non-
productive binding to enzymes. As such, the presence of lignin in the early stage of
enzymatic hydrolysis inhibits the conversion of cellulose to sugars [46]. One study
has reported the effect of lignin on the rate of chemical hydrolysis of cellulose using
an acidic ionic liquid, [BMIM]CI as catalyst [47]. With an increase in the concentra-
tion of lignin, the glucose yield on cellulose intake decreased from 23 to 7%-wt.,
which indicates that lignin may also significantly inhibit the chemical hydrolysis of
cellulose.

A consortium led by the University of Limerick completed a research project
funded by the European Union entitled “Development of Integrated Biomass
Approaches NETwork (DIBANET)”. The main objective of that project was to
develop technologies for the synthesis of ethyl-levulinate from organic wastes and
residues. As part of that project, Dussan carried out an extensive study to determine
the compositions of 15 different lignocellulosic biomass sources and to evaluate
compositional differences on the LA yields [48]. The biomass composition indeed
played a major role and high hexose content was shown to have a positive effect on
LA yield. In general, lower LA yields were obtained at higher temperatures, which
is in line with previous studies where high temperatures have shown to decrease the
LA selectivity. The study also revealed that the amount of inorganic materials in the
lignocellulosic biomass plays an important role by neutralizing acid catalysts. As a
result, lignocellulosic biomass with a higher content of base (for instance, potas-
sium hydroxide) such as in banana stalk, give lower yields of LA.

5.2.2.2 Heterogeneous Catalysts
Heterogeneous catalysts have received high interest as catalysts for LA synthesis

(Table 5.2). Heterogeneous catalysts offer several advantages compared with homo-
geneous ones, such as few issues with corrosion and ease in separation. Reported
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Table 5.2 Levulinic acid (LA) yields from biomass-related feedstocks using heterogeneous
catalysts

LA yield*
T Reaction (Y- | (%-
Feedstock Catalyst (°C) |time wt) |mol) |Ref.
Fructose Amberlyst-15 120 24 h 34 52 [24]
LZY-zeolite 140 | 15h 43 66 [50]
5-CI-SHPAO ® 165 |1h 43 66 [51]
Glucose Amberlyst-70 180 [25h 32 50 [52]
Fe/HY zeolite 180 4h 43 66 [53]
5-CI-SHPAOP 165 |5h 33 51 [51]
Sulfonated graphene 200 2h 50 78 [49]
oxide
Sucrose Amberlyst-36 150 |3h 18 53 [33]
5-CI-SHPAO ® 165 '5h 19 55 [51]
Starch 20%Ru-ZSM-5 300 | 1h 21 32 [54]
5-CI-SHPAOP 165 |7h 36 50 [51]
Cellulose 710, 180 ' 3h 39 54 [55]
AI-NbOPO, 180 |24h 38 53 [56]
Nordic pulp (91%-wt Amberlyst-70 180 | 60h 37 57 [52]
glucan)
Dried sugarcane Acid-activated 200 | 60 min 16 45 [57]
bagasse (51%-wt bentonite
glucan)
Empty fruit bunch CrCl; + HY zeolite 145 147 min 16 59 [58]
(41%-wt glucan) hybrid

LA yields measured using HPLC or GC analysis. "5-chloro-sulfonated hyper branched poly-
(arylene oxindole)

LA yields from low molecular weight sugars (such as fructose, glucose and sucrose)
using heterogeneous catalysts (e.g. zeolites or Amberlyst resins) are typically
>50%-mol and comparable with yields obtained using homogenous catalysts.
Remarkably high LA yields can be obtained from glucose (78%-mol) when using
graphene oxide with sulfonic acid groups as catalyst [49]. However, when consider-
ing available data, this value seems to be overestimated, possibly due to experimen-
tal/analytical issues. The main disadvantage of the use of heterogeneous catalysts is
deactivation due to the deposition of humins leading to blocking of the catalyst
surface or active sites.

Many studies have been carried out on the synthesis of LA from polysaccharides
using heterogeneous catalysts (Table 5.2). For instance, LA yields of up to 54%-mol
from cellulose using ZrO, as catalyst have been reported [55]. Heterogeneous cata-
lysts have been used for the synthesis of LA from lignocelluosic biomass, such as
sugar cane bagasse [57] and empty fruit bunch [58] with reported LA yields of 45
and 59%-mol, respectively. Even though heterogeneous catalysts are interesting
catalysts for LA synthesis, the main challenge will be on the development of meth-
odology to prevent catalyst deactivation caused by excessive humin deposition.
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5.2.2.3 Biphasic Systems

Biphasic liquid-liquid systems are applicable to LA synthesis, for example through
the use of an aqueous and organic solvent. This approach was introduced to improve
LA yields and to facilitate catalyst recycling concepts. For instance, conversion of
cellulose to LA in a biphasic system (water - y-valerolactone) was examined using
aqueous HCI saturated with 35%-wt. NaCl (1:1 aqueous to organic ratio) [59]. The
highest LA yield was 72%-mol when using 1.25 M HCI (155 °C, 1.5 h). Synthesis
of LA from rice straw using H,SO, was examined in a biphasic system with acetone
and water at 180 °C [60]. The highest LA yield was 10%-wt. (on straw) after 5 h.
Bamboo fibers used as a source for LA synthesis in a biphasic system consisting of
H,O/THF using sulfamic acid as the catalyst [53] allowed LA yields of up to 11%-
mol with microwave heating (500 W) for a H,O/THF phase ratio of 3 to 1.

5.3 Process Technology

5.3.1 Kinetic Studies on LA Synthesis

Reliable kinetic models are essential in the design of optimum processes for pro-
duction of LA. Kinetic studies of LA synthesis from various lignocellulosic feed-
stocks have been reported (Fig. 5.5). Most of the studies use the approach proposed
by Saeman for Douglas fir [61]. In that study, two consecutive first-order reactions
are used to model the hydrolysis reaction of biomass to glucose as the main product
(Eq. 5.1).

K k
Cellulosic biomass— Glucose — Decomposition products 5.D

The effects of temperature (7)) and acid concentration ([acid]) are included in the
reaction rate constants (k; and k,) as follows:

—E,

k = A, [acid]" exp® i=1,2 (5.2)

Here, A,; is the frequency factor, m; is the reaction order in acid, R is the ideal gas
constant and E; is the activation energy. An overview of kinetic studies is given in
Girisuta et al. [62] and the reported activation energies for the formation and decom-
position reactions of glucose from various feedstocks is shown in Fig. 5.5.

The activation energy of glucose formation from different types of lignocellulosic
biomass or pure cellulose are between 165 and 190 kJ/mol [62]. These values show
that hydrolysis of the cellulose fraction to glucose strongly depends on the type of
feedstock. The lowest activation energy for glucose formation is observed when
using cellobiose, which is apparently relatively easily hydrolyzed. Activation ener-
gies for glucose decomposition are relatively close and are between 130 and 140 kJ/
mol [62], indicating that the activation energy for the decomposition reaction of
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Fig. 5.6 Reaction scheme of the acid-catalyzed hydrolysis of the glucan fraction in biomass to
levulinic acid (LA)

glucose is relatively independent of the feedstock type. The data also reveal that the
activation energies of glucose formation are higher than the activation energies of
glucose decomposition. As a result, it is beneficial to conduct the hydrolysis reaction
of lignocellulosic biomass at higher temperature to obtain higher glucose yields.

A generalized reaction scheme used for kinetic modelling studies on biomass
conversion to LA is given in Fig. 5.6. Most of these kinetic studies assume that the
consecutive reactions are first-order reactions in the substrates.
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For homogeneous acid catalysts, the literature shows that the activation energies
to the desired products (glucose, HMF and LA) are lower than those for the forma-
tion of undesirable humin byproducts [35, 62-64]. This observation indicates that
lower temperatures are favored to reduce the rate of formation of humins. Due to the
contrary effects of temperature on glucose and LA formation, it is preferable to
perform LA synthesis from biomass in two stages at different temperatures. The
first-stage is operated at higher temperatures to optimize the glucose yield from the
cellulose fraction; the second-stage is preferably operated at a lower temperature to
optimize the yield of LA from glucose.

5.3.2 Product Separation and Isolation

One of the main challenges in the production of LA when using homogeneous cata-
lysts is separation of the product from the aqueous phase containing the mineral
acids [65]. A commonly used method to isolate LA from the product stream is by
organic solvent extraction, for example with methyl isobutyl ketone (MIBK) [66].
The extraction solvent is separated from the LA in an evaporator and can be recy-
cled back to the extraction unit. Further concentration and purification of LA is
carried out in a fractionation unit (e.g. vacuum distillation). In a 2014 DSM patent
[67], a method was disclosed to isolate LA involving nanofiltration. The first-step is
a solvent extraction to yield an organic phase with LA. The organic phase is sub-
jected to a nanofiltration step to remove soluble humins. Finally, LA is isolated after
distillation and the solvent is recycled.

5.3.3 Commercial Status of LA Production

Initial attempts to commercialize the production of LA were based on Biofine tech-
nology [68], which is schematically shown in Fig. 5.7. In this process concept, a
carbohydrate-rich feedstock and sulfuric acid are mixed and fed into a reactor oper-
ated at 210-220 °C at a mean residence time of 12 s to effectively hydrolyze the
polysaccharides into soluble sugar monomers and oligomers. The outlet stream of
the first reactor is fed into a continuously stirred tank reactor operated at a lower
temperature (190-200 °C) but having a longer mean residence time of 20 min than
the first reactor. LA is removed as the liquid product from the second reactor, while
formic acid and furfural are recovered from the vapor stream. Solid by-products are
separated from the aqueous LA solution with a filter-press. Based on this technol-
ogy, a 1 ton per day pilot plant was built in New York, USA [69]. The current status
of the Biofine process is unknown, but it is probable that a commercial scale plant
is not in operation yet at the time of this writing.
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Fig. 5.7 Biofine process for the production of levulinic acid

Another pilot plant for producing LA was built in 2013 by Segetis in Golden
Valley, Minnesota [70]. The pilot plant was designed for a capacity of 80 metric tons
of LA per year and uses corn sugar as the main feedstock, although the design
allows the possibility of using a wide range of biomass feedstocks. Segetis intended
to use the LA for the synthesis of levulinic ketals based on a highly selective process
for esters of LA with alcohols derived from vegetable oils, e.g. glycerol. In 2016,
Segetis was acquired by GFBiochemicals [71]. The latter company started LA pro-
duction in 2009 in a pilot plant facility with a capacity of 2000 metric tons per year
in Caserta, Italy. In 2015, GFBiochemicals announced to start the commercial scale
production of LA with the objective to produce up to 10,000 metric tons of LA per
year by 2017.

5.4 Potential Applications of LA and Its Derivatives

An overview of potentially interesting LA derivatives is presented in Fig. 5.8.

5.4.1 Diphenolic Acid

Diphenolic acid (DPA) has been identified as a potential replacement for bisphenol
A, which is one of the monomers for epoxy resins and polycarbonates. DPA can be
made by the condensation reaction of LA with phenol in the presence of acid cata-
lysts (Scheme 5.1).
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Scheme 5.1 Synthesis of diphenolic acid from levulinic acid

Table 5.3 gives DPA yields for selected homogeneous and heterogeneous cata-
lysts and reaction conditions. Some studies have reported DPA yields exceeding
50%, although the yield of the reaction is reduced by the formation of the undesir-
able o,p’-DPA isomer byproduct. The molar ratio of both isomers has a significant
effect on important polycarbonate properties, such as color stability and crystallin-
ity. One study suggests that the ratio of both isomers is a function of the temperature
and that high reaction temperatures tend to lower the selectivity to the desired p,p’-
DPA isomers [72].
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Table 5.3 Diphenolic acid (DPA) yields for selected catalyst types and reaction conditions

Reaction | Phenol:LA | DPA

Catalyst T (°C) | time(h) mol ratio yield (%)* | Selectivity (%)° | Ref.
H,SO, (300%-wt of 25 20 2:1 60 N.A. [73]
LA)

HCI (40%-mol of LA) | 100 6 3:1 28 69 [74]
HCI (50%-mol of LA) | 60 24 4:1 62 67 [75]
[BSMim]HSO, 60 30 4.5:1 80 100 [75]
(50%-mol of LA)

Cs, sH, s~ P,W 504, 150 24 4:1 71 88 [74]
Cs,sHys—PW ,04 150 24 9:1 45 83 [74]
H;PW ,,0, 100 16 3:1 34 90 [76]
SHPAO® + Ethanethiol | 100 16 3:1 53 95 [76]

“DPA yields based on molar amount of LA. *Selectivity of p,p’-DPA isomer. “Sulfonated hyper-
branched poly-(arylene oxindole)

i /&
H2
o 4+ HN—R —— > o

Catalyst |
le} R

Scheme 5.2 Synthesis of pyrrolidones from levulinic acid

5.4.2 Pyrrolidones

Reductive amination of LA is an effective route to synthesize N-(methyl, aryl, or
cycloalkyl)-5-methyl-2-pyrrolidones (Scheme 5.2). These pyrrolidones may be
used as solvents, surfactants, complexing agents and are important ingredients in
topical formulations, such as ointments, creams, lotions, pastes and gels [77].
Manzer and co-workers have patented heterogenous catalysts for the reductive
amination of LA in combination with molecular hydrogen. Examples are transition-
metals (e.g. Ni, Cu, Rh, Ru, Ir, or Pt) supported on silica, alumina or carbon [77,
78]. The use of formic acid, which is the main byproduct of LA synthesis, instead
of hydrogen, has gained high interest. Wang and co-workers have reported the use
of homogeneous cyclometalated iridium complexes as catalyst for the reductive
amination of LA using formic acid as the hydrogen source [79]. Shimizu’s group
reported the use of Pt and MoOx on TiO, as catalysts for the reductive amination of
LA under solvent-free conditions [80]. Esposito’s group reported the use of a con-
tinuous reactor for the reductive amination of LA using inexpensive FeNi catalysts
[81]. Catalyst stability was good and the conversion and selectivity were about con-
stant for runtimes up to 52.5 h. Sakai et al. demonstrated that In(OAc); is a good
catalyst for the reductive amination of LA using PhSiHj; as the reducing agent [82].
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Scheme 5.3 Synthesis of levulinic ketals from levulinic acid

Table 5.4 Production of levulinic ketals from ethyl levulinate and glycerol catalyzed by
homogeneous and heterogeneous catalysts [84]

Ethyl

levulinate Glycerol Reaction Selectivity

(mol) (mol) Catalyst T (°O) time (min) (%)

2.95 0.56 H,SO, (3 mmol) 80 20 96.8

2.95 0.56 H,SO, (0.03 mmol) 80 20 100

0.63 0.14 HCI (0.025 mmol) 110 30 100

0.63 0.14 NH;*SO;~ 110 30 100
(0.025 mmol)

0.28 0.14 Amberlyst 110 135 98.7
15(0.024 mmol)

5.4.3 Levulinic Ketals

Levulinic ketals are made by reacting LA or levulinate esters with a mono-alcohol
or a diol in the presence of acidic catalysts (Scheme 5.3). The levulinic ketals may
be used as building blocks in the production of plasticizers for PVC, or in polyols
for polyurethane materials and in polymer synthesis [83].

Segetis has reported catalysts and reaction conditions to synthesize levulinic
ketals from ethyl levulinate and glycerol (Table 5.4) [84]. The selectivity to ketal
formation was usually >98% with almost full conversion. To shift the equilibrium
reaction to the desired product, the reaction was carried out by continuously remov-
ing water under vacuum. Table 5.4 also shows that low acid loading is sufficient to
achieve very high product selectivities.
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Scheme 5.5 Synthesis of succinic acid from levulinic acid

5.4.4 6-Aminolevulinic Acid

NREL showed that 8-Aminolevulinic acid (DALA) can be prepared from LA using
a two-step procedure (Scheme 5.4). In the first step, LA is brominated in methanol
to give methyl 5-bromolevulinate. This ester is reacted with a nitrogen-containing
nucleophile, such as sodium diformylamide, to give DALA in high yields (>80
mol %) and purity (>90%) [15]. A biotechnological approach for producing DALA
is by using certain bacteria [85].

DALA can be used as a biodegradable herbicide [86] as well as a growth pro-
moter by increasing the chlorophyll content of cells. These effects are observed in
potatoes, garlic, radishes and also blue-green algae (Spirulina platensis) [87]. In the
medical field, DALA can be used to detect heavy-metal poisoning. Advanced medi-
cal applications of DALA involve its use in photodynamic therapies for cancer
patients, for instance to treat brain tumors [88].

5.4.5 Succinic Acid

Succinic acid may be obtained by the catalytic oxidation of LA with oxidants such
as oxygen and peroxides (Scheme 5.5).
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Podolean and co-workers investigated the utilization of Ru(IIl)/silica-coated
magnetic nanoparticles for the oxidation of LA to succinic acid under mild condi-
tions and without the use of a base [89]. They reported 54%-mol conversion of LA
with excellent selectivity (98-99%) to succinic acid. Dutta et al. showed that the
reaction of LA with hydrogen peroxide with trifluoroacetic acid as the catalyst at 90
°C and 2 h reaction time gives succinic acid in good yields (62%-mol) [90]. Those
authors proposed a work-up procedure to isolate the product from the volatile cata-
lyst and byproducts (acetic acid, formic acid, and 3-hydroxypropanoic acid). Under
basic conditions, those authors successfully converted LA to 3-hydroxypropanoic
acid, which is a precursor to acrylic acid, in high yields [91].

5.4.6 y-Valerolactone

LA can be catalytically reduced to y-valerolactone (GVL). A large number of stud-
ies have been conducted on the catalytic hydrogenation of LA to GVL, and several
reviews are available [92-95]. GVL has been identified as a platform chemical to
produce valuable chemicals such as o-methylene-y-valerolactone which is an
acrylic monomer that has structural similarities with methyl methacrylate [96].
GVL has also been used as starting material for adipic acid, a precursor for nylon
production [97]. Further details on the synthesis of GVL and its applications are
provided in another chapter of this book.

5.4.7 Levulinate Esters

Levulinate esters are produced from the esterification of LA with alcohols using
acid catalysts (Scheme 5.6).

Homogeneous catalysts, such as H,SO, and HCI, are commonly used for the
synthesis of levulinate esters from LA. Because these catalysts are difficult to sepa-
rate and recycle, heterogeneous catalysts have been developed and tested for the
synthesis of levulinate esters. Examples are heteropolyacids [98—100], zeolites
[101, 102], sulfonic resins [103] and sulfated oxides [104, 105]. Levulinate ester
yields of up to 95%-mol have been reported using heterogeneous catalysts.

(0] (0]

o
\n/\)}\ + ROH _— \’M + H,0
OH OR

o o

Scheme 5.6 Synthesis of levulinate esters from levulinic acid
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The synthesis of levulinates esters directly from monosaccharides, polysaccharides
and lignocellulosic biomass has gained a lot of interest. This method involves contact-
ing the biomass source with an alcohol in the presence of a homogeneous or hetero-
geneous catalyst. The yields of levulinate esters from these feedstocks are lower than
from LA, due to the formation of by-products, such as formate ester, HMF ethers,
HMF and humins. The presence of water, either from the biomass source or formed
during the various intermediate reactions, may lead to incomplete esterification that is
confirmed by the presence of LA in the reaction mixtures. In addition, under acidic
conditions, the alcohol may be converted to the corresponding dialkylethers. It has
been reported that humins formation is suppressed when using alcohols as the solvent
[106]. The yields of levulinate esters from various feedstocks and using different types
of catalysts are given in Table 5.5. Mostly, the yields are based on GC-FID measure-
ments, and only a few papers report the isolated yields [107].

When using H,SO, as the catalyst, the yields of levulinate esters from fructose
are higher than those for other feedstocks. Application of 30%-wt of H,SO, as cata-
lyst allows operation at a lower reaction temperature and leads to higher yields of
levulinate ester from cellulose [108]. However, conducting the reaction at higher
concentrations of H,SO, and elevated temperatures has some drawbacks such as
corrosion and the decomposition of the alcohol to the corresponding dialkyl ether.
Therefore, significant effort has been dedicated to the development of heteroge-
neous catalysts as evident by a review [109]. An example on the use of a heteroge-
neous catalysts (TiO, and sulfated TiO,) is given in Fig. 5.9. It is clear that the yields
of levulinate esters from fructose (and polysaccharides containing fructose moi-
eties) are higher than those from glucose (and polysaccharides containing glucose
moieties). Direct conversion of biomass to levulinates esters using 2-naphthalene
sulfonic acid as catalyst has been reported with yields up to 97% [110]. However, a
latter study failed to reproduce these high yields and obtained ethyl levulinate in
only ca. 20% yield [111].

Even though heterogeneous catalysts give promisingly high yields of levulinate
esters, catalyst stability is a key factor when considering implementation on larger
scales. So far, most studies on catalyst stability involve experiments in batch set-ups
using multiple recycle experiments. For further scale up, studies in continuous units
for prolonged runtimes will be required to properly assess catalyst stability.

The use of ionic liquids has been investigated for the synthesis of ethyl levulinate
from fructose (70%), glucose (13%) and sucrose (43%) [107]. In the case of glucose,
alkyl-D-glucopyranoside with yield up to 50% was present in the reaction mixture.

Levulinate esters have potential applications in the synthesis of polymers, per-
fumes and flavoring formulations, processes for degreasing metallic surfaces, and
latex coating compositions. Levulinate esters have been proposed as additives for
diesel, gasoline, and biodiesel. However, a study on the performance of ethyl- and
butyl-levulinate as diesel blending components shows that the levulinate esters have
a very low cetane number and poor solubility in diesel at low temperatures [118].
Another disadvantage of the use of levulinate ester as a fuel blend is that a mixture
of 5% ethyl levulinate in gasoline leads to higher levels of elastomer swell and water
pickup [119]. A promising application of levulinate esters is the use as a precursor
for the synthesis of levulinic ketals (see Sect. 5.4.3).
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Table 5.5 Selected studies on the synthesis of levulinate esters from various substrates

Ester
Conversion| yield
Substrate Alcohol | Catalyst t (h) T (°C) (%-mol)* | (%-mol)* Ref.
Fructose Ethanol | H,SO, (10%-mol) | 30 | 120 |>99 56 [112]
Glucose Methanol | H,SO, 0.02 M 5 180 |N.A® 44 [113]
Cellulose Methanol | H,SO, 0.02 M 5 180 |N.A. 43 [113]
Cellulose n-Butanol | H,SO, 30%-wt 5 1130 | >99 60 [108]
Cellulose Methanol | H,SO, 0.2 M 2 170 | N.A. 46 [114]
Eucalyptus | Methanol | H,SO,0.2M 2 170 | N.A. 44 [114]
wood
(49%-wt
glucan)
Levoglucosan Methanol | Amberlyst-70 3 1170 |>99 90 [106]
Fructose n-Propanol| CNT-PSSA¢ 24 1120 |>99 86 [115]
Fructose n-Propanol Amberlyst-15 24 1120 | >99 80 [115]
Fructose Methanol | SO,>~/TiO, 2 1200 |N.A. 59 (60)¢ | [116]
Glucose Methanol | SO,>~/ TiO, 2 1200 |N.A. 33 (35)¢ | [116]
Sucrose Methanol | SO,>~/ TiO, 2 1200 |N.A. 43 (41)¢ | [116]
Cellulose Methanol | SO,>~/ TiO, 2 1200 | N.A. 10 (8)¢ | [116]
Fructose Methanol | TiO, nanoparticles) 1 | 175 |>99 80 [117]
Glucose Methanol | TiO, nanoparticles, 1 | 175 |>99 61 [117]
Sucrose Methanol | TiO, nanoparticles| 3 | 175 |>99 65 [117]
Cellulose Methanol | TiO, nanoparticles| 20 | 175 |72 42 [117]
Fructose Ethanol [BPyr-SO;H] 24 1140 |>99 70 [107]
[HSO,J*
Glucose Ethanol [BPyr-SO;H] 24 1140 | >99 13 (50)F | [107]
[HSO,J°
Sucrose Ethanol [BPyr-SO;H] 24 140 | >99 43 27)F | [107]
[HSO,J*

*Conversion of feedstocks measured by HPLC. Yields of levulinate esters measured by
GC-FID-MS. "Not available. ‘poly(p-styrenesulfonic acid)-grafted carbon nanotubes. ‘Values in
parentheses are isolated yields. °1-(4-sulfobutyl)pyridinium hydrogensulfate. 'Values in parenthe-
ses are yields of ethyl-D-glucopyranoside

5.5 Conclusions and Future Outlook

A considerable amount of research has been carried out to develop efficient, low
cost, and environmentally benign processes for the production of levulinic acid
from lignocellulosic biomass. Various studies have been reported dealing with the
reaction mechanism of levulinic acid formation from various feedstocks on a
molecular level. Better understanding of the formation of levulinic acid on a
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molecular level is of high importance to develop strategies for improving levulinic
acid yields and to suppress the formation of undesired humins. A wide range of dif-
ferent biomass feedstocks and catalysts have been tested for levulinic acid synthe-
sis, and reaction conditions have been optimized to maximise the levulinic acid
yields. Monosaccharides feedstocks give the highest levulinic acid yields; however,
the use of cheap feedstocks such as lignocellulosic biomass is preferred for the
commercial-scale production of levulinic acid. Homogeneous catalysts are widely
used in laboratory scale syntheses. However, the separation and recycle of the
homogeneous catalysts is a major issue and will require substantial research atten-
tion. In this respect, the use of biphasic reaction systems may be advantageous.
Heterogeneous catalysts have been applied as well and are easier to recover and
recycle than homogeneous catalysts. However, levulinic acid yields from heteroge-
neous catalysts tend to be slightly lower than those obtained for homogenous cata-
lysts. In addition, humins deposition may have a negative effect on heterogeneous
catalyst stability and advanced catalyst activation protocols may be required.
Another issue is the possibility for loss in acidity of the solid acid catalyst by
exchange of cations present in the mineral/ash fraction in most biomass sources.
Kinetic studies and reactor development for the production of levulinic acid from
biomass have also gained more and more interest in the last decade. A commercial
scale levulinic acid production unit has been announced by GFBiochemicals and
according to a recent press release, production started in 2016. This milestone will
pave the way for the production of levulinic acid derivatives, which has so far been
not possible due to the low market availability of levulinic acid.
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Chapter 6

Catalytic Aerobic Oxidation
of 5-Hydroxymethylfurfural (HMF) into
2,5-Furandicarboxylic Acid and Its Derivatives

Zehui Zhang and Peng Zhou

Abstract Catalytic synthesis of value-added chemicals from biomass is important
for reducing current dependence on fossil-fuel resources. The bifunctional com-
pound, 2,5-furandicarboxylic acid (FDCA) has wide application in many fields,
particularly as a substitute for petrochemical-derived terephthalic acid in the syn-
thesis of polymers. Therefore, much effort has been devoted to the catalytic synthe-
sis of FDCA. In this chapter, a concise overview of up-to-date methods for the
synthesis of FDCA from 5-hydroxymethylfurfural (HMF) or directly from carbohy-
drates by one-pot reaction is provided with special attention being given to catalytic
systems, mechanistic insight, reaction pathway and catalyst stability. In addition,
the one-pot oxidative conversion of carbohydrates into FDCA, and the one-pot syn-
thesis of FDCA derivatives are discussed. It is anticipated that the chemistry detailed
in this review will guide researchers to develop effective catalysts for economical
and environmental-friendly synthesis of FDCA on a large-scale.

Keywords Biomass ¢ Carbohydrates ¢ 2,5-furandicarboxylic acid e
5-hydroxymethylfurfural ¢ Catalytic oxidation

6.1 Introduction

The worldwide consumption of petrochemical products and fossil fuels is increasing
rapidly [1]. Therefore, there is an urgent need to produce fuels and chemicals from
renewable resources [2]. Biomass is one of the most abundant renewable resources
with annual production of 170 billion metric tons, and it has been considered as a
unique and promising candidate [3] Biomass plays a crucial role in the earth’s
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Fig. 6.1 Schematic illustration of the potential oxidation products from HMF

carbon cycle, as the generated CO, output can be offset by CO, fixation through
photosynthesis of plant growth [4]. Conversion of biomass into fuels and chemicals,
generally called “biorefinery technology”, has existed for centuries. Much effort is
being devoted to develop new methods to convert biomass into valuable chemicals
and fuels using various methods [5-8]. Catalytic oxidation of biomass or biomass-
based chemicals have received much attention for the production of value-added
chemicals in recent years [9—11]. The platform chemical, 5-Hydroxymethylfurfural
(HMF), which is the dehydration product of C6 carbohydrates, has been considered
as key for the production of a wide variety of commodity chemicals [12]. For exam-
ple, as shown in Fig. 6.1, selective oxidation of HMF can generate several kinds of
important furanic compounds such as maleic anhydride (MA), 2,5-diformylfuran
(DFF), 5-hydroxymethyl-2-furancarboxylic acid (HFCA) and 2,5-furandicarbox-
ylic acid (FDCA) [13-15].

Among the platform chemicals, FDCA is listed as one of the top-12 value-added
chemicals from biomass by the US Department of energy [15]. FDCA is very sta-
ble, it has a high melting point of 342 °C [16] and it is insoluble in most common
solvents. FDCA has been found to be useful in many fields. The most important
application of FDCA is that it can serve as a polymer building block for the produc-
tion of biobased polymers such as polyamides, polyesters, and polyurethanes [17—
19]. The mostattractive way that FDCA canbe usedistoreplace petrochemical-derived
terephthalic acid in the synthesis of biobased polyesters. Terephthalic acid has been
used as a monomer in polyethylene terephthalate (PET) plastics for a long time
[20]. PET is usually used for production of films, fibers, and in particular, for bottles
in the packaging of soft drinks, water and fruit juices. One promising biobased
polymer is polyethylene furanoate (PEF), which is the esterification product of
ethane-1,2-diol and FDCA [21-23] PEF has similar properties as the petroleum-
based PET. The Coca-Cola company has collaborated with Avantium, Danone, and
ALPLA to develop and commercialize PEF bottles. Their research has shown that
PEF bottles outperform PET bottles in many areas. Besides the main application as
monomer for the production of biobased polymer, FDCA has been found to be
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useful in organic synthesis, pharmacology, and metal-organic frameworks materials
[24-26].

In view of its wide application, catalytic synthesis of FDCA has been extensively
studied. The focus of this review is to summarize the most recent findings with a
critical discussion of the catalytic oxidation of HMF into FDCA. Research on the
conversion of carbohydrates into FDCA as well as on FDCA derivatives is also
discussed.

6.2 FDCA Production Using Different Methods in the Past

FDCA was first produced from the dehydration of mucic acid in the presence of
strong acid catalyst (Fig. 6.2). In 1876, Fittig and Heinzelman first reported that the
dehydration of mucic acid could produce FDCA using 48% aqueous HBr as the
catalyst and the solvent [27]. Later on, other methods that changed dehydrating
agents were reported for the synthesis of FDCA. However, the dehydration of mucic
acid to FDCA requires severe conditions (highly concentrated acids, high reaction
temperature 120 °C, long reaction times >20 h) and all the methods were non-
selective with yields less than 50% [25]. More importantly, mucic acid itself is a
rare organic acid and its price is high. Therefore, this method has not been studied
for the synthesis of FDCA in modern times.

Another method for the synthesis of FDCA is via the oxidation of furfural or
HMEF by using inorganic oxidants. As shown in Fig. 6.3, several steps are required
to achieve FDCA using furfural as the starting material [28]. Furfural is first oxi-
dized to 2-furoic acid with nitric acid and the latter was then converted to its methyl
ester. The ester undergoes chloromethylation at position C5 to give methyl
5-chloromethylfuroate. The oxidation of 5-chloromethylfuroate with nitric acid
affords dimethyl 2,5-furandicarboxylate, followed by hydrolysis to give FDCA.

The synthesis of FDCA from furfural is complex, and the total FDCA yield is
generally low after many reaction steps. A simple method for the synthesis of FDCA
is via the direct oxidation of HMF. In the past decades, the oxidation of HMF into
FDCA has been performed using stoichiometric oxidants such as KMnO, [29].
These methods, however, have some distinct drawbacks, such as low selectivity,
high cost of oxidant, and generation of highly toxic waste to the environment.

6.3 Current Methods for the Oxidation of HMF into FDCA

As mentioned as in Sect. 6.2, many older methods for the synthesis of FDCA are
against the principle of green chemistry and practical significance. Thus, many
environmental-friendly and economical methods are currently being developed for
the oxidation of HMF into FDCA.



174 Z.Zhang and P. Zhou

Fig. 6.2 Schematic COOH -3 H,0 o
illustration of the ‘ - HOOCUCOOH
dehydration of mucic acid (CH20H)4 H*
into FDAC | FDCA

COOH

Q\CHO = @\ M’@\coom

o~ >COOH o

CH,0, HCI, ZnCl,
1)HNO;
VAR o §
HOOC™ 5" ~COOH ~ 2)KOH COOMe

O
\po
6}
I AN
R O~ COOMe

Fig. 6.3 Synthesis of FDCA from furfural via multiple reaction steps [28]

6.3.1 Electrocatalytic Synthesis of FDCA from HMF

Electrochemical oxidation is driven by electrochemical potential of an electrode
and realizes electron transfer, without the use of O, or other chemical oxidants.
Thus, electrochemical oxidation has been considered as a clean synthetic method
and has received great interest [30, 31]. Electrochemical oxidation can also offer the
advantage of controlling the oxidation potential and the faradaic current, which can
be used to monitor the thermodynamic driving force, the selectivity of the surface
reaction and the reaction rate.

In 1995, the electrochemical oxidation of HMF into FDCA was first reported in
a H-shaped cell [32]. HMF electrochemical oxidation occurred near the anode
(nickel oxide/hydroxide as the anode material), affording FDCA in a yield of 71%
after 4 h in 1 M NaOH solution at a current density of 0.016 A/cm?. However, the
electrochemical oxidation of HMF has been scarcely explored after that work, pos-
sibly because the importance of FDCA has not been well recognized by researchers.
However, the electrochemical oxidation of HMF has received fresh attention.
Strasser and co-workers studied the electrochemical oxidation of HMF using a Pt
electrode at pH 10 [33]. They found that a fraction of HMF was oxidized into DFF
at a current density of 0.44 mA/cm? However, FDCA was obtained with a negligi-
ble yield (less than 1%). The authors claimed that water oxidation was the major
competing reaction and probably limited the faradaic efficiency for HMF oxidation.
Later, Li and co-workers studied the electrocatalytic oxidation of HMF in alkaline
solution over carbon-black supported noble metal catalysts.[34! They found that the
reaction was affected by the potential and the electrocatalyst (Fig. 6.4). The
oxidation of the aldehyde group in HMF was much easier than the oxidation of the
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Fig. 6.4 Proposed reaction pathways of HMF oxidation on Pd/C and Au/C electrocatalysts in
alkaline media (Reprinted with permission from [34], Copyright © 2014 Royal Society of
Chemistry)

alcohol group over Au/C catalyst, affording HFCA as the intermediate, but high
electrode potential was required for further oxidation of the alcohol group in HFCA
to FDCA. In the oxidation of HMF over Pd/C catalyst, two competitive routes were
observed for the oxidation of HMF into the intermediate FFCA, which depended on
the electrode potential. Oxidation of aldehyde groups occurred much slower on
Pd/C than on Au/C at low potentials, but was greatly enhanced at increased poten-
tials. It was found that Pd—Au bimetallic catalysts achieved highly oxidized prod-
ucts (FFCA and FDCA) at lower potentials than monometallic catalysts and the
product distribution depended on the electrode potential and surface alloy composi-
tion. Bimetallic PdAu,/C catalyst significantly enhanced the efficiency of the elec-
trochemical oxidation of HMF, affording full HMF conversion and a FDCA yield of
83% at a potential of 0.9 V, much higher than the monometallic catalyst, which was
due to alloy effect [34]. However, FDCA was obtained with other oxidation inter-
mediates, mainly HFCA, making it difficult to purify the main product from the
liquid solution.

Choi and co-workers reported on the electrochemical oxidation of HMF reaction
system that had high efficiency [35]. As reported by Strasser and co-workers [33],
the low efficiency of the electrochemical oxidation of HMF is the competitive oxi-
dation of water to O,. Strasser and coworkers found that the necessary overpotential
toinitiate HMFoxidationwassignificantlyreducedusing?2,2,6,6-tetramethylpiperidine
1-oxyl (TEMPO) as the mediator, which inhibited the oxidation of water. The reac-
tion mechanism is illustrated in Fig. 6.5, and the electrochemical cell is shown in
Fig. 6.6a. TEMPO is oxidized to its oxidation state of TEMPO" in the vicinity of the
Au electrode surface, which serves as a mediator and catalyst for HMF oxidation.
High FDCA yield (> 99%) and faradaic efficiency (> 93%) were obtained in a pH
9.2 aqueous medium. Kinetic study and cyclic voltammetry indicated that DFF was
the reaction intermediate.
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Fig. 6.5 Scheme of electrocatalytic oxidation of HMF into FDCA with TEMPO as the mediator
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Fig. 6.6 Schematic comparison of the photoelectrochemical and electrochemical cells. (a)
Photoelectrochemical TEMPO-mediated HMF oxidation and (b) electrochemical TEMPO-
mediated HMF oxidation. CB conduction band, Er Fermi energy (Reprinted with permission from
[35], Copyright © 2015 Nature Publishing Group)

Furthermore, Strasser and coworkers constructed a photoelectrochemical cell
(PEC) (Fig. 6.6b) that used TEMPO-mediated photoelectrochemical oxidation of
HMF as the anode reaction. In this cell, an n-type nanoporous BiVO, electrode was
used as a photo-anode that absorbed photons to generate and separate electron—hole
pairs. After separation, electrons were transferred to the Pt counter electrode to
reduce water to H, (Eq. 6.1), whereas the holes that reached the surface of BiVO,
were used for TEMPO-mediated HMF oxidation (Eq. 6.2). The overall reaction
achieved by this PEC is shown in Eq. (6.3). The photoelectrochemical method also
generated high FDCA yields (>99%) and faradaic efficiency (=93%). This method
did not require adjustment of pH during the reaction process as HMF oxidation
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tended to offset the pH change at the cathode. This method not only afforded a high
FDCA yield, but it also simultaneously produced H, as a clean energy source.

Cathode reaction : 2H,0+6e¢”~ — 3H, +60H" (6.1)
Anode reaction : HMF +60H~ — FDCA +4H,0 +6e” (6.2)
Overall : HMF +2H,0 — FDCA +3H, (6.3)

Although favorable results on the synthesis of FDCA have been obtained with
the electrocatalytic method, there are still some issues in its practical application.
High FDCA yield I obtained at the expense of the addition of high amounts of
TEMPO (1.5 equiv. TEMPO) [35], thus the cost of the synthesis of FDCA is high
[35]. Further, it is difficult to separate FDCA from TEMPO or the byproducts and
the electrolyte. In addition, the initial HMF concentration in the reported methods
was low in order to achieve high FDCA yield. Therefore, it will be very crucial to
design robust electro-catalysts that will promote the oxidation of HMF with full
conversion at high concentrations and selectivities.

6.3.2 Biocatalyst Method for the Synthesis of FDCA
Jrom HMF

Chemical oxidation reactions are typically performed at high temperature and high
pressure. In contrast to chemical processes, biocatalytic transformations are typi-
cally carried out under relatively mild conditions and usually require fewer and less
toxic chemicals [36]. Despite of these apparent advantages, biocatalytic approaches
to FDCA production are less well-established.

Mara and co-workers reported that DFF could be oxidized to FDCA by in-situ
produced peracids, which were formed in the presence of lipases as biocatalysts
[37]. Using lipases as biocatalysts, alkyl esters as acyl donors, and aqueous solu-
tions of hydrogen peroxide (30% v/v) added stepwise, peracids were formed in situ,
which subsequently oxidized DFF to afford FDCA with high yield (>99%) and
excellent selectivity (100%) (Fig. 6.7). However, this method was inactive for
HMEF. The use of DFF as a feedstock for the synthesis of FDCA requires an addi-
tional step for the oxidation of HMF into DFF. Thus, this method is a high cost way
to produce FDCA. A chloroperoxidase from Caldariomyces fumago was found to
have the biocatalytic activity towards the oxidation of HMF into FDCA [38]. But,
this method could not provide a complete HMF oxidation, affording FDCA yields
of 60-75% as well as 25-40% yields of HFCA. This property renders the C. fumago
chloroperoxidase a poor biocatalyst for FDCA production, especially when FDCA
of very high purity is required for specific applications such as for polymer manu-
facture. Later, a fermentative process using Pseudomonas putida S12 to host the
oxidoreductase from Cupriavidusbasilensis HMF was studied for the oxidation of



178 Z. Zhang and P. Zhou

0 0
. 0
P Lipase (CAL-B) HOOC COOH
RT07TS ———> RJ'LOOH U
FDCA
aq.H202 /\‘OH
i 0
OHC
A, oo
DFF

Fig. 6.7 Envisaged lipase-catalyzed peracid formation in the chemo-enzymatic oxidation of DFF
into FDCA (Reprinted with permission from [35], Copyright © 2013 John Wiley & Sons)
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Fig. 6.8 Reaction routes for enzymatic oxidation of HMF into FDCA by HMF oxidase (Reprinted
with permission from [39], Copyright © 2010 Elsevier)

HMF into FDCA [39]. In fed-batch experiments using glycerol as the carbon source,
FDCA was produced from HMF with a yield of 97%. FDCA was recovered from
the culture broth as a 99.4% powder, at 76% recovery after acid precipitation and
tetrahydrofuran extraction. This process relies on the activities of both oxidases and
dehydrogenases. Most enzymes are restricted to either alcohol or aldehyde oxida-
tions, while the full oxidation of HMF to FDCA requires the enzyme to act on both
alcohol and aldehyde groups. Fraaije and co-workers identified an FAD-dependent
oxidase of the glucose-methanol-choline oxidoreductase (GMC) family, named
HMF oxidase (HMFO), which showed high catalytic activity toward the HMF oxi-
dation [40, 41]. FDCA yields up to 95% with full HMF conversion were achieved
at ambient pressure and temperature, but required a relatively long reaction time (24
h) at a low HMF concentrations (2 mM). Experiments confirmed that the oxidation
of HMF by this method underwent two routes (Fig. 6.8). The reaction rate was con-
trolled by the final step of the oxidation of FFCA to FDCA.

The conditions of biocatalytic oxidation are mild (room temperature and ambient
atmosphere), but a long reaction time is required that use low concentration of
HME. Constructing enzymes by genetic engineering with high catalytic activity and
stability that can oxidize HMF fast at high concentrations will make the biocatalytic
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method much more competitive in large-scale production of FDCA. It would also
be exciting to construct a microorganism with multiple enzymatic activities that can
use carbohydrates directly to produce FDCA, which will greatly decrease the pro-
duction cost of FDCA.

6.3.3 Chemical Synthesis of FDCA from HMF
by Homogeneous Catalyst

Although methods such as electrochemical oxidation and biocatalytic oxidation
have been reported for the synthesis of FDCA, synthesis of FDCA is mainly carried
out via chemical catalytic methods using homogeneous catalysts or heterogeneous
catalysts. Compared with heterogeneous catalysts, there are fewer reports on the
synthesis of FDCA using homogeneous catalysts. In 2001, Partenheimer and
Grushin studied the aerobic oxidation of HMF to FDCA at 125 °C under 70 bar air
pressure in acetic acid solvent using Co(OAc),, Mn(OAc), and HBr as the catalysts,
commonly known as the Amoco Mid-Century (MC) catalyst [42]. Similar to para-
xylene oxidation into terephthalic acid over MC catalyst, the oxidation of HMF
with the MC catalyst also proceeded via the formation of peroxyl radical in the
chain propagation step. The peroxyl radicals were formed through the abstraction of
H-atom of HMF by the bromide radical, generated in the catalytic cycle by the oxi-
dation of HBr with Co(II) or Mn(III), followed by reaction of aryl alkyl radical
with O,. Although both hydroxymethyl and aldehyde groups of HMF could be
simultaneously oxidized, the authors proposed that hydroxymethyl group might be
possibly preferentially oxidized first. This method afforded FDCA with a yield of
60.9% together with other byproducts. Similar homogeneous catalysts of Co(OAc),/
7Zn(OAc),/NaBr were later used for the aerobic oxidation of HMF into FDCA [43].
DFF was observed as the sole oxidation product without an acid additive, but FDCA
was obtained in a yield of 60% with trifluoroacetic acid as an additive.

Besides the use of oxygen as the oxidant, -BuOOH was also used as the oxidant
for the oxidation of HMF into FDCA. Riisager and co-workers studied the oxida-
tion of HMF into FDCA in acetonitrile with --BuOOH as the oxidant and copper
salts as catalyst [44]. The use of CuCl together with LiBr as the additive afforded
FDCA in a low yield of 43% after 48 h at room temperature, and that was 45% using
CuCl, as the catalyst without additive. Homogeneous reaction systems suffered
from two distinct drawbacks in practical applications. First, FDCA yield tends to be
relatively low accompanied with the formation of some byproducts in the reaction
solution. Second, it is difficult to recycle the homogeneous catalysts, and also sepa-
rate the FDCA from the metal salts. The use of heterogeneous catalysts can possibly
overcome the drawbacks of homogeneous catalysts, as heterogeneous catalysts can
be easily separated from the reaction solution.
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6.4 Catalytic Synthesis of FDCA from HMF by Supported
Noble Metal Catalysts

Catalytic aerobic oxidation of HMF into FDCA has been extensively studied over
heterogeneous catalysts. The use of molecular oxygen as the oxidant is cheap and
environmental-friendly as water is the only reduction product. The heterogeneous
catalysts are easily recycled and reused. Thus, the use of oxygen and heterogeneous
catalysts is in accordance with the concept of “green and sustainable chemistry”,
which is the main philosophy for the synthesis of FDCA from HMF. As oxygen is
not easy to be activated, supported Pt, Pd, Au and Ru catalysts with high activity are
the main heterogeneous catalysts for the oxidation of HMF into FDCA.

6.4.1 Synthesis of FDCA from HMF Over Supported Pt
Catalysts

Compared with Pd, Au and Pd catalysts, supported Pt catalysts were found to be
active towards the aerobic oxidation of HMF into FDCA (Table 6.1). In 1983,
Verdeguer and co-workers studied the oxidation of HMF over Pt/C catalyst [45].
Those authors found that the addition of Pb greatly enhanced catalytic activity.
Under reaction conditions (1.25 M NaOH solution, 25 °C, with O, flow rate at 2.5
mL/s), FDCA was obtained in a high yield of 99% within 2 h over Pt-Pb/C catalyst,
while Pt/C catalyst only produced FDCA with a yield of 81% at HMF conversion of
100% (Table 6.1, Entries 1 and 2). HFCA was the reaction intermediate, suggesting
that the oxidation of the formyl group was much easier than that of the hydroxy-
methyl group over Pt-Pb/C catalyst. Besides the additive Pb, Bi was also observed
to have a positive effect on the catalytic performance of Pt/C catalyst [46]. The
Pt-Bi/C catalyst with a Pt-Bi molar ratio of ca. 0.2 afforded FDCA in a high yield of
98% after 6 h at 100 °C, while it was 69% for Pt/C catalyst (Table 6.1, Entries 3 and
4). Observed initial intermediates were HFCA and DFF, which were rapidly oxi-
dized to FFCA, and the oxidation of FFCA was the rate-determining step. The
Pt-Bi/C catalyst demonstrated much higher stability than that of the Pt/C catalyst, as
the addition of Bi increased the resistance to oxygen poisoning and prevented Pt
leaching. The same group also observed superior catalytic activity and stability of
Pt-Bi/TiO, to Pt/TiO, catalyst (Table 6.1, Entries 5 & 6) [47]. Besides active carbon,
reduced graphene oxide (RGO) has been deemed as an excellent support due to its
abundant surface functional groups to anchor metal nanoparticles. Tsubaki and co-
workers (Table 6.1, Entry 7) studied RGO supported metal nanoparticles for the
oxidation of HMF at 25 °C.[48! Fora reaction time of 6 h, both Pt/RGO and Pd/RGO
afforded 100% HMEF conversion, and produced FDCA with yields of 40.6% and
30.5%, respectively, while Ru/RGO and Rh/RGO could not afford FDCA. This
means that the catalytic activity of Pt catalysts was higher than that of the Pd, Ru
and Rh catalysts. Prolonging the reaction time to 24 h, 84% FDCA yield was
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Table 6.1 Oxidation of HMF into FDCA over supported Pt catalysts
HMF |FDCA
Time |Conv. | Yield
Entry | Catalyst Oxidant Base T(¢C) |(h) (%) (%) Ref.
1 Pt-Pb/C 1 bar O, 1.25M 25 2 100 99 [45]
NaOH
2 Pt/C 1 bar O, 1.25M 25 2 100 81 [45]
NaOH
3 Pt-Bi/C 40 bar air |2 equiv. | 100 6 100 >99 [46]
Na,COs
4 Pt/C 40 bar air | 2 equiv. 100 6 99 69 [46]
Na,COs
5 Pt-Bi/TiO, 40 bar air |2 equiv. | 100 6 >99 99 [47]
Na,CO;
6 Pt/TiO, 40 bar air | 2 equiv. 100 6 90 84 [47]
Na,COs
7 Pt/RGO 1 bar O, Sequiv. |25 24 100 84 [48]
NaOH
8 Pt/C 0.69 bar 2 equiv. |22 6 100 79 [49]
0, NaOH
9 Pt/y-A1,0; 0.2 bar pH=9 60 6 100 99 [50]
partial O,
10 Pt/y-A1,0; 1 bar O, 1 equiv. |75 12 96 96 [52]
Na,CO; 140 12
11 Pt/ZrO, 1 bar O, 1 equiv. |75 12 100 94 [52]
Na,COs 140 12
12 pPt/C 1 bar O, 1 equiv. |75 12 100 89 [52]
Na,CO; | 140 12
13 Pt/TiO, 1 bar O, 1equiv. |75 12 96 2 [52]
Na,CO; 140 12
14 Pt/CeO, 1 bar O, 1 equiv. |75 12 100 8 [52]
Na,CO; | 140 12
15 Pt/Ceo4Bip,0,5 | 10bar O, |4equiv. |23 0.5 100 98 [53]
NaOH
16 Pt/CeO, 10 bar O, |4equiv. |23 0.5 100 20 [53]
NaOH
17 Pt/PVP 1 bar O, No base | 80 24 100 94 [55]

obtained over Pt/RGO catalyst (Table 6.1, Entry 7). HFCA was observed as the only
intermediate. The Pt/RGO catalyst could be reused with full HMF conversion in
each run, but with a slight decrease of FDCA yield and a slight increase of HFCA
yield. Similar to the results reported by Tsubaki and co-workers [48]. Davis and co-
workers [49] observed that carbon supported Pt catalyst (Pt/C) showed slightly
higher catalytic activity than carbon supported Pd catalyst (Pd/C) [49]. Under the
same reaction conditions (0.69 bar O,, 2 equiv. NaOH, 22 °C), HMF was com-
pletely converted over the two catalysts, but Pt/C catalyst produced higher FDCA
yield (79%) after 6 h (Table 6.1, Entry 8) than that of Pd/C catalyst (71%).
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Fig. 6.9 Proposed reaction mechanism for oxidation of HMF in alkaline aqueous solutions. CeBi*
represents the oxygen vacancy accompanied with bismuth (Reprinted with permission from Ref.
[53], Copyright © 2015 Royal Society of Chemistry)

Besides carbon material supported metal catalysts, metal oxide supported Pt
catalysts have been studied for the oxidation of HMF into FDCA. In 1990, Vinke
et al. found that Pt/y-A1,0; catalyst showed high catalytic activity towards oxida-
tion of HMF into FDCA [50, 51]. Near quantitative FDCA yields (>99%) were
obtained (Table 6.1, Entry 9). However, the Pt/A1,0; catalyst became deactivated
by oxygen chemisorption due to the high activity of Pt nanoparticles. Sahu and
Dhepe compared the catalytic performance of metal oxide-supported Pt catalysts
[52]. Under the same reaction conditions, Pt/y-A1,0;, Pt/ZrO, and Pt/C showed
high catalytic activity with FDCA yields being 96%, 94% and 89%, respectively,
while Pt/TiO, and Pt/CeO, catalyst produced very poor FDCA yields (2 and 8%)
even with HMF conversion of ca. 100%(Table 6.1, Entries 10 ~ 14). These results
are evidence that non-reducible oxide (y-A1,0;, ZrO, and C) supported Pt catalysts
have higher catalytic performance than reducible oxide (TiO, and CeO,) supported
Pt catalysts. The authors claimed that the main reason was attributed to the different
oxygen storage capacity (OSC) of each support. It is known that the OSC of cata-
lysts like Pt/y-Al,O;, Pt/ZrO, and Pt/C is quite low, which keeps the active sites in
active form (not covered by oxygen), whereas, TiO, and CeO, have high OSC
because of the presence of Ce*/Ce* or Ti**/Ti** redox couple. Although high OSC
is good for reactions such as CO oxidation, it is detrimental to HMF oxidation.
Similar to the addition of Bi to Pt for Pt/C catalyst [46]. Yang and co-workers found
that the addition of Bi to CeO, support could greatly improve catalytic performance
of Pt/CeO, [53]. The Pt/Ce3Bi;,0,5 afforded 100% HMF conversion and 98%
yield of FDCA, while HMF conversion was less than 20% over Pt/CeO, catalyst
(Table 6.1, Entries 15-16). As shown in Fig. 6.9, Pt nanoparticles react with the
hydroxyl group in HMF to form the Pt—alkoxide intermediate, followed by p-H
elimination with the help of hydroxide ions. Bi-containing ceria accelerates the oxy-
gen reduction process because of the presence of a large amount of oxygen vacan-
cies and the cleavage of the peroxide intermediate promoted by bismuth. Thus,
surface electrons are consumed to reduce oxygen and the catalytic cycle can be
smoothly continued. The Pt/Ce,sBi(,0,.5 catalyst could be reused for five runs with-
out the loss of its catalytic performance (FDCA yield 98% in the first run vs 97% in
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the fifth run). To produce FDCA on a large scale, Lilga et al. performed oxidation of
HMF into FDCA over Pt/C and Pt/Al,O; catalysts in a continuous reactor and
obtained nearly quantitative yields of FDCA over two catalysts for a feed of 1 wt%
HMF at 100 °C under 7 bar air (LHSV =4.5 h~!, GHSV =600 h™!) using stoichio-
metric aqueous Na,CO; [54].

As shown in Table 6.1, aerobic oxidation of HMF over Pt catalysts is generally
carried out in the presence of excess base. The disadvantages of basic feeds are that
product solutions must be neutralized, and inorganic salts must be separated. Yan
and co-workers found that PVP stabilized Pt nanoparticles (Pt/PVP) could promote
base-free aerobic oxidation of HMF into FDCA in water and obtained 100% con-
version of HMF and 95% yield of FDCA at 80 °C after 24 h under 1 bar O,. It was
observed by these authors that PVP/Pt catalyst showed a slight decrease of its cata-
lytic activity in the recycle runs. Although this base-free method is environmental-
friendly, a high catalyst loading of 5 mol%, a low content of the feedstock (0.29
mmol in each run) and a long reaction time of 24 h were needed to achieve 84%
yield of FDCA, which also makes the cost of producing FDCA high.

6.4.2 Synthesis of FDCA from HMF Over Supported Pd
Catalysts

Supported Pd catalysts show excellent catalytic performance towards the aerobic
oxidation of HMF into FDCA. As described above, Davis and co-workers found the
catalytic activity of Pd/C catalyst was comparable to Pt/C catalyst [49]. Under the
given reaction conditions (Entry 1, Table 6.2), Pd/C catalyst afforded HMF conver-
sion of 100% and FDCA yield of 71% after 6 h, and Pt/C catalyst gave HMF con-
version of 100% and FDCA yield of 79% (Table 6.2, Entry 1 and Table 6.1, Entry
4). DaSiyo and co-workers studied the aerobic oxidation of HMF over PVP stabi-
lized Pd nanoparticles (Pd/PVP) [56] Pd/PVP were prepared in ethylene glycol with
the addition of NaOH, and the particle sizes could be controlled by the amount of
NaOH. It was found that Pd/PVP catalyst with smaller Pd nanoparticle size afforded
FDCA with higher yields. Under the given reaction conditions (Table 6.2, Entry 2),
maximum FDCA yield of 90% with full HMF conversion was obtained after 6 h
with Pd diameter of 1.8 nm (Table 6.2, Entry 2). FDCA yield decreased to 81%
when the Pd diameter was 2.0 nm. The higher catalytic activity of Pd/PVP catalyst
with smaller particle size should be due to a higher number of surface atoms and a
higher amount of coordinately unsaturated metal sites. Interestingly, the catalyst
activity was also found to be dependent on the oxygen flow rate. If the oxygen flow
rate was far away from the optimum, Pd nanoparticles deactivated quickly, probably
through blocking of the active surface sites by byproducts (oxygen flow rate too
low) or by interaction of the Pd surface with oxygen (oxygen flow rate too high).
The optimal oxygen flow rate was 35 mL/min in their catalytic system. Similar
phenomenon of the effect of oxygen flow rate on the Pt/Al,O; catalyst was also
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Table 6.2 Oxidation of HMF into FDCA over supported Pd catalysts

O, partial HMF | FDCA
pressure Time |Conv. | Yield
Entry | Catalyst (bar) Base T (°C) |(h) (%) (%) Ref.
1 Pd/C 6.9 2 equiv. 23 6 100 71 [49]
NaOH
2 Pd/PVP 1 1.25 equiv. |90 6 >99 90 [56]
NaOH
3 Pd/ZrO,/La,05 |1 1.25 equiv. |90 6 >99 90 [57]
NaOH
4 Pd/AlLO; 1 1.25 equiv. |90 6 >99 78 [57]
NaOH
5 Pd/Ti,04 1 1.25 equiv. |90 6 >99 53 [57]
NaOH
6 v-Fe,0;@ 1 0.5 equiv. 100 6 97 92.9 [58]
HAP-Pd K,CO;4
7 C-Fe;04-Pd 1 0.5 equiv. 80 4 98.1 91.8 [59]
K,CO;,
8 Pd/C@Fe;0, 1 0.5 equiv. 80 6 98.4 86.7 [60]
K,CO;

observed by Sahu and Dhepe [52]. The reaction pathway of the oxidation of HMF
over Pd/PVP catalyst was affected by the reaction temperature. At low reaction
temperature below 70 °C, the rate of oxidation of HFCA into FFCA was slower than
the rate of the oxidation of FFCA to FDCA, and the main product was HFCA. The
rate of the oxidation of HFCA into FFCA was close to the rate of the oxidation of
FFCA to FDCA at the reaction temperature of 90 °C. The stability of PVP/Pd in
alkaline solution decreased during the reaction, and PVP/Pd was difficult to be recy-
cled and reused. To improve the stability of Pd nanoparticles and facilitate the cata-
lyst recycle, DaSiyo and co-workers further deposited Pd/PVP onto different metal
oxides (TiO,, y-Al,Os, KF/AL,Os, and ZrO,/La,0;) and studied their catalytic per-
formance toward HMF oxidation. Pd/ZrO,/La,0O; showed the highest catalytic
activity with the highest FDCA yield up to 90% and a relatively stable catalytic
performance than other supported Pd catalysts (Table 6.2, Entries 4-6). TEM
images indicated that there was no obvious aggregation of Pd nanoparticles in the
spent Pd/ZrO,/La,0; catalyst, while others catalysts showed serious aggregation.
XPS confirmed that most of the Pd was in its zero-valent form and that the elec-
tronic structure of the Pd nanoparticles was not changed in the spent Pd/ZrO,/La,0;
catalyst. Nevertheless, the procedure of recycling the heterogeneous catalysts
required a tedious recovery procedure via filtration or centrifugation and the
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inevitable loss of solid catalysts occurred during the separation process, which lim-
its its application. Some improvements on the aerobic oxidation of HMF into FDCA
using several kinds of magnetic Pd catalysts [58—60]. Zhang et al. (Table 6.2 Entry
6) prepared the magnetic y-Fe,O; @HAP supported Pd catalysts (y-Fe,O; @HAP-Pd)
for the aerobic oxidation of HMF into FDCA [58]. The magnetic core y-Fe,O; was
coated with a layer of HAP (HAP = hydroxyapatite, Ca,o(PO,)s(OH),), and the Ca*
in the HAP layer can be changed with Pd**, followed by reduction of the Pd** to
Pd(0) nanoparticles. Catalytic oxidation of HMF over y-Fe,0;@HAP-Pd catalyst
afforded 97% (Table 6.2, Entry 6). The y-Fe,O; @HAP-Pd catalyst could be easily
separated from the reaction solution by an external magnet and reused without loss
of catalytic activity. TEM images indicated that particle size of Pd nanoparticles did
not change in the spent catalyst.

Graphene oxide and carbon have been widely used as supports for the immobili-
zation of metal nanoparticles due to its high surface area and abundant oxygen func-
tional groups. However, the recycling of carbon supported catalysts is difficult due
to its small size. Magnetically separable graphene oxide supported Pd catalyst
(C-Fe;0,4-Pd), in which Fe;0, nanoparticles and Pd nanoparticles were simultane-
ously deposited on graphene oxide by a one-step solvothermal route was prepared
by Zhang et al. [59]. The C-Fe;0,-Pd catalyst showed excellent catalytic perfor-
mance in the aerobic oxidation of HMF into FDCA, giving high HMF conversion
(98.1%) (Table 6.2, Entry 7). The C-Fe;0,-Pd catalyst could be easily recovered by
an external magnet and reused without loss of catalytic activity. With the aim to
achieve sustainability, the magnetic C@Fe;0, supported Pd nanoparticles (Pd/C@
Fe;04)were prepared for aerobic oxidation of HMF into FDCA under mild condi-
tions [60]. The core—shell structure C@Fe;O, support was prepared by in situ car-
bonization of glucose on the surface of the Fe;O, microspheres. HMF conversion of
100% and FDCA yield of 87.8% were obtained over Pd/C @Fe;0, catalyst after 6 h
at 80 °C (Table 6.2, Entry8). The Pd/C@Fe;0, catalyst showed good stability in
subsequent recycling experiments and XPS measurements confirmed that zero-
valent Pd(0) remained in the spent catalyst. All catalytic systems for oxidation of
HMF into FDCA over magnetic Pd catalysts showed common advantages: (a) they
did not require a large amount of base; (b) they could be performed under atmo-
spheric oxygen pressure; (c) the catalysts could be easily separated by an external
magnet and reused without the loss of catalytic activity.

6.4.3 Synthesis of FDCA from HMF Over Supported Au
Catalysts

Compared with Pt and Pd catalysts, Au catalysts were once considered to be inac-
tive in chemical reactions. The discovery in the 1980s that Au could behave as a
catalyst has been one of the most stunning breakthroughs [61, 62] and opened up a
new field of research that led to the discovery of very active catalysts for many
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Table 6.3 Oxidation of HMF over supported Au catalyst

HMF
Time | Con. |FDCA

Entry | Catalyst Oxidant Base T (°C) |(h) (%) Yield (%) | Ref.

1 Au/Ce0O, 10 bar Air | 4 equiv. 130 5 100 96 [65]
NaOH

2 Au/TiO, 10 bar Air | 4 equiv. 130 8 100 84 [65]
NaOH

3 Au/Ce4Bij 055 1 bar O, 4 equiv. |65 2 100 >99 [67]
NaOH

4 AuwHY 0.3 bar O, |5equiv. |60 6 >99 >99 [68]
NaOH

5 Au/Ce0O, 0.3 bar O, |5equiv. |60 6 >99 73 [68]
NaOH

6 Au/TiO, 0.3 bar O, |5 equiv. 60 6 >99 85 [68]
NaOH

7 Au/Mg(OH), 0.3 bar O, |5equiv. |60 6 >99 76 [68]
NaOH

8 Au/H-MOR 0.3 bar O, |5equiv. |60 6 96 15 [68]
NaOH

9 Au/Na-ZSM-5-25 0.3 bar O, |5 equiv. 60 6 92 1 [68]
NaOH

10 Au/TiO, 20 bar O, |20 equiv. |30 18 100 71 [69]
NaOH

11 Au-Cu/TiO, 10bar O, |4equiv. |95 4 100 99 [72]
NaOH

12 Aug-Pd,/C 30 bar O, |2equiv. |60 2 >99 >99 [74]
NaOH

13 Auw/HT 1 bar O, none 95 7 >99 >99 [75]

14 Au-Pd/CNT 5 bar O, none 100 12 100 94 [77]

15 Au-Pd/CNT 10 bar air | none 100 12 100 96 [77]

potential applications [63, 64]. Supported Au catalyst shave shown encouraging
performance for aerobic oxidation of HMF to FDCA in water.

As discussed above, the catalytic performance of Pt and Pd catalysts towards
HMF oxidation is greatly affected by its support. Corma and co-workers observed
that the support has a large effect on the catalytic activity of Au catalysts [65]. Au/
CeO, and Au/TiO, catalysts afforded quantitative FDCA yields (>99%) after 8 h
(Table 6.3, Entries 5 and 6), while Au/C and Au/Fe,0; catalysts produced FDCA
yields of 44% and 15%, respectively. Further experiments confirmed that Au/CeO,
showed higher catalytic activity and selectivity over Au/TiO,, which was also
observed by Albonetti et al. [66] High FDCA yields of 96% were obtained after 5 h
over Au/CeQO, catalyst, while others were 84% after 8 h for Au/TiO, catalyst
(Table 6.3, Entries 1 and 2). For each case, HMF conversion was 100%. HFCA was
determined to be the only intermediate. As shown in Fig. 6.10, the first step (very
fast) in conversion of HMF to FDCA is the oxidation of HMF into HFCA via the
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Fig. 6.10 Proposed reaction pathway for aqueous HMF aerobic oxidation over Au/CeO, catalyst
(Reprinted with permission from [65], Copyright © 2009 John Wiley & Sons)

formation of the intermediate Hemiacetal 1. As no FFCA was observed in the reac-
tion process, it is probable that FFCA formed from the oxidation of HFCA was
rapidly converted into FDCA through a second hemiacetal intermediate (Hemiacetal
2). Substrate degradation was strongly diminished with increase in catalyst life by
performing the reaction in two steps at different reaction temperatures, first the oxi-
dation of HMF into FDCA at are action temperature of 25 °C, and subsequent oxi-
dation of HFCA into FDCA at a temperature of 130 °C. Reductive pretreatment of
the Au/CeQ, catalyst was shown to increase the catalytic activity because it increased
the amount of Ce** and oxygen vacancies. The increased Ce** and oxygen vacancies
were shown to have great influence in transferring hydride and activating O, during
catalytic oxidation of alcohols in a former report [65]. It was also proposed that Ce**
centers (Lewis acid sites and stoichiometric oxidation sites of CeO,) and Au* spe-
cies of Au/CeQO, could readily accept a hydride from the C—H bond in alcohol or in
the corresponding alkoxide to form Ce—H and Au-H, with the formation of a car-
bonyl compound at the same time. The oxygen vacancies of ceria could activate O,
and form cerium-coordinated superoxide(Ce—OQ") species which subsequently
evolved to cerium hydroperoxide by hydrogen abstraction from Au—H. The cerium
hydroperoxide then interacted with Ce—H, producing H,O and recovering the Ce**
centers. Au—H donated H and changed back to the initial Au* species. To further
improve the catalytic activity of Au/CeO,, Yang and co-workers found that the dop-
ing Bi** into the nano-CeO, support could improve the O, activation and hydride
transfer of nano-CeQ,, which was enhanced by the lone electron pair of Bi** [67].
Under the same reaction conditions (65 °C, 10 bar, HMF/Au = 150) as described by
Corma and co-workers [65], Both Au/CeO, and Au/Ce ., Bi,0,5 (0.08 < x < 0.5)
gave 100% HMF conversion after 1 h, but FDCA yield largely increased from 39%
over Au/CeQ, catalyst to about 75% over Au/Ce,_Bi,O, s catalysts. After 2 h, FDCA
was obtained in quantitative yield (>99%) over Au/Ce,4Bi, ;0,5 catalyst (Table 6.3,
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Entry 3). More importantly, the Au/Ce,¢Biy ;0,5 catalyst showed much higher sta-
bility than the Au/CeO, catalyst, albeit a slight decrease of FDCA yield was still
observed in the recycling experiments. Xu and co-workers also found that the cata-
lytic performance of Au catalysts was greatly affected by the support [68]. HY
zeolite supported Au catalyst (Au/HY) afforded quantitative FDCA yield (>99%)
yield after 6 h under mild conditions, which was much higher than that of Au sup-
ported on TiO,, CeO,, and Mg(OH), and channel-type zeolites (ZSM-5 and H-MOR)
(Table 6.3, Entries 4~9). Detailed characterization revealed that Au nanoclusters
were well encapsulated in the HY zeolite supercage, which was considered to
restrict and avoid further growth of the Au nanoclusters into large particles. The
acidic hydroxyl groups of the supercage were proven to be responsible for the for-
mation and stabilization of the gold nanoclusters. TEM results indicated that the
particle size was 1 nm for Au/HT catalyst, while it was (3—20) nm for other cata-
lysts. Moreover, the electronic modification of the Au nanoparticles, which is caused
by the interaction between hydroxyl groups in the supercage and Au nanoclusters
was supposed to contribute to the high efficiency in the catalytic oxidation of HMF
to FDCA. The catalyst could be recycled, but a slight decrease in its catalytic activ-
ity was observed.

Besides the support, the amount of base also had a large effect on the oxidation
of HMF over Au catalysts. Riisager and co-worker studied the effect of NaOH
amount on the catalytic performance of Au/TiO, catalyst toward HMF oxidation
[69]. With the use of 20 equivalents of NaOH, 1 wt.% Au/TiO, catalyst was found
to oxidize HMF into FDCA in 71% yield at 30 °C after 18 h with 20 bar O,
(Table 6.3, Entry 10). Low concentrations of base (i.e., corresponding to less than
five equivalents) afforded relatively more of the intermediate HFCA compared to
FDCA. The Au/TiO, catalyst may become deactivated by the initially formed acids,
as the conversion of HMF dropped to 13% under base-free conditions. In addition,
FDCA precipitating on the catalyst surface due to low solubility may have also
hampered the reaction without base. Similar results on the effect of base concentra-
tion on selectivity of FDCA were observed by Davis, in which Au/TiO, catalyst was
used for the oxidation of HMF [49]. Thus, an excess amount of base is generally
required to obtain high FDCA yields over supported Au catalysts.

Au containing bimetallic catalysts have been used for the oxidation of HMF into
FDCA. Their chemical and physical properties of bimetallic catalysts may be easily
tuned by varying the size, composition, and degree of mixing, thus the catalytic
activity of Au containing bimetallic catalysts was often observed to be higher than
that of the monometallic Au catalysts [70, 71]. Pasini and co-workers demonstrated
that Au-Cu/TiO, showed higher catalytic activity and stability over Au/TiO, towards
HMF oxidation into FDCA [72]. All of the bimetallic Au-Cu/TiO, catalysts with
different Au/Cu mol ratio prepared via a colloidal route displayed improved activity,
by at least a factor of 2 with respect to their corresponding monometallic Au cata-
lysts. The post-deposition of a PVP-stabilized gold sol onto Cu/TiO, resulted in a
less active catalyst as compared with the bimetallic sample, where a preformed
Au-Cu sol was utilized. The post-deposited catalyst gave both lower yield and
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selectivity of FDCA. Thus, it was concluded that homogeneous Au site isolation
effect benefited from AuCu alloying as being the main reason for the excellent cata-
lytic activity of the Au-Cu/TiO, catalysts prepared via a colloidal route towards
HMF oxidation into FDCA. Under optimal reaction conditions, HMF conversion of
100% and FDCA yield of 99% were attained after 4 h (Table 6.3, Entry 11). A
strong synergistic effect was evident in terms of the catalyst stability and resistance
to poisoning. The Au-Cu/TiO, catalyst could be easily recovered and reused without
significant leaching and agglomeration of the metal nanoparticles. A strong syner-
gistic effect of Au-Cu alloy was also observed by Albonetti et al. [67, 73], in which
they used Au-Cu/TiO, and Au-Cu/CeO, catalysts for the oxidation of HMF into
FDCA, respectively. Besides the strong synergistic effect of Au-Cu alloy, Villa and
co-workers observed a synergistic effect of Au-Pd alloy during the aerobic oxida-
tion of HMF over Au-Pd/AC catalyst [74]. Under reaction conditions (30 bar O,, 2
equiv. NaOH and 60 °C), Au/AC or Pd/AC catalysts afforded full HMF conversion,
but with the major product of the intermediate HFCA after 6 h, while the Aug-Pd,/
AC catalyst produced quantitative FDCA yield (>99%) after 2 h (Table 6.3, Entry
12). In addition, the Aug-Pd,/AC catalyst showed higher stability than the monome-
tallic Au/AC catalyst. The Au/AC catalyst showed good product selectivity, but it
underwent deactivation, losing 20% of conversion efficiency after five runs. No Au
leaching from the catalyst was detected, thus this deactivation was possibly due to
irreversible adsorption of intermediates or Au particle agglomeration. However, its
stability was increased extraordinarily by alloying Au with Pd. FDCA yield of 99%
was still obtained even after five runs over Aug-Pd,/AC catalyst. Generally speaking,
the monometallic Au catalysts easily suffers from deactivation due to byproducts or
reaction intermediates. The alloying of another metal (e.g., Pd and Cu) with Au to
form bimetallic alloy catalysts combines the advantages of different components in
the atomic level and enhances the activity and stability.

The aerobic oxidation of HMF over Au catalysts is mainly carried out in the pres-
ence of excessive base, which needs additional acids to neutralize the base after
reaction. Thus, base-free oxidation of HMF into FDCA should be an economical
and environmentally benign way. There have been some reports on the oxidation of
HMF into FDCA over Au catalysts without base. Ebitani and co-workers developed
a base-free process for the oxidation of HMF into FDCA using hydrotalcite sup-
ported Au catalyst (Au/HT) [75]. FDCA was achieved with an excellent yield of
99% after 7 h at 95 °C under 1 bar O, in water (Table 6.3, Entry 13). Au deposited
onto neutral supports (Al,Os3, C) showed rare activity and acidic SiO, with no activ-
ity, suggesting that the importance of the basicity of HT in the oxidation of HMF
into FDCA. Although MgO is a strong base, Au/MgO showed a much poorer cata-
lytic activity with FDCA yield of 21% than Au/HT catalyst. TEM images indicated
that the Au/HT catalyst had a particle size of 3.2 nm, while the particle size of Au/
MgO was larger (>10 nm). The large size and low dispersion of Au nanoparticles on
MgO is probably the reason of the lower catalytic activity of Au/MgO. Thus, both
the basicity of solid support and the metal active sites played important roles in
HMF oxidation. HFCA was the main intermediate, which was the same for Au/TiO,
and Au/CeQO, catalysts [65]. Au/HT catalyst could be reused, but with a slight
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Fig. 6.11 Reaction pathways for the aerobic oxidation of HMF: (a) Pd/CNT and Au — Pd/CNT
Catalysts, (b) Au/CNT Catalyst (Reprinted with permission from [77], Copyright © 2014 American
Chemical Society)

decrease in its catalytic activity, as complete conversion of HMF for all cycles was
achieved with FDCA yields over 90% for the first 3 cycles. Although Ebitani and
co-workers reported that Au/HT catalyst could be reused, Davis and co-workers
observed that extensive leaching of Mg?* from HT occurred inevitably for the
oxidation of HMF over Au/TiO, catalyst and HT as solid base, which was due to the
chemical interactions between the basic HT and the formed FDCA [76]. Wang and
co-workers developed an active and stable carbon nanotube (CNT)-supported Au
— Pd catalyst for the base-free oxidation of HMF [77]. HMF conversion and FDCA
selectivity over the Au — Pd/CNT catalyst could reach 100% and 94% after 12 h at
373 K under 5 bar O,, respectively (Table 6.3, Entry 14). The Au — Pd/CNT
catalysts showed high catalytic activity using air as the oxidant, affording HMF
conversions of 100% and FDCA selectivities of 96% after 12 h at 373 K under 10
bar air (Table 6.3, Entry 15). The authors identified that the carbonyl/quinone and
phenol (especially the former) groups on CNT surfaces facilitated the adsorption of
HMF and the intermediate (DFF) but not FDCA, which was believed to be signifi-
cant for the high catalytic activity of the Au — Pd/CNT catalyst. In addition to the
support-enhanced adsorption effect, significant synergistic effect was present
between Au and Pd in the alloy for the oxidation of HMF to FDCA. The catalytic
performance of the Au-Pd bimetallic catalysts was much better than the monometal-
lic Au or Pd catalysts. DFF and FFCA were identified as the reaction intermediates
(Fig. 6.11a), suggesting that the oxidation of hydroxyl group in HMF was faster
than the oxidation of aldehyde group over Au-Pd/CNT catalysts. The Au/CNT cata-
lyst preferentially catalyzed the oxidation of the aldehyde group in HMF, forming
HFCA, which was the same as the reaction pathway of other supported Au catalysts
such as Au/CeO, and Au/TiO, in the presence of base [65]. But HFCA mainly
underwent ring-opening and degradation reactions to form byproducts under base-
free conditions (Fig. 6.11b). For the Pd/CNT catalyst, the same reaction pathway
was observed as the Au-Pd/CNT catalyst. The addition of Pd to the Au/CNT catalyst
changed the main route from HFCA formation to DFF formation by accelerating
the oxidation of the hydroxyl group in HMF. In addition, the incorporation of Pd
further enhanced the oxidation of FFCA to FDCA, which is a difficult elementary
step over monometallic Au catalyst under base-free conditions. More importantly,
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the Au — Pd/CNT showed high stability. Although the selectivity of FDCA decreased
slightly in the initial three recycles, both the HMF conversion and FDCA selectivity
were sustained in the further recycling uses.

6.4.4 Synthesis of FDCA from HMF Over Supported Ru
Catalysts

The noble metal Ru is the same group of Pt and it also shows the catalytic activity
towards HMF oxidation. In the oxidation of HMF, Ru catalysts are mainly used for
the oxidation of HMF into DFF in organic solvents [12, 78-80], but a few examples
have been reported for the oxidation of HMF into FDCA in water. Riisager and co-
workers deposited catalytically active Ru(OH), species onto a series of metal oxides
and studied their catalytic performance towards HMF oxidation in water without
base [81, 82]. Under the reaction conditions (2.5 bar O,, 140 °C, 6 h), all catalysts
were found to have catalytic activity toward HMF oxidation with FDCA yields
ranging from 20% to 100%, but [Ru(OH),] deposited onto basic carrier materials
such as MgO, La,0;, and HT gave excellent catalytic performance with FDCA
yields above 95%. The pH measurement of the post-reaction mixture indicated that
the reaction solution with basic carrier supported Ru catalysts was higher than those
with none-basic carriers supported Ru catalysts and Mg?* was determined in the
former reaction solution suggesting that basic supports act to promote the oxidation
of HMF into FDCA. Through a series of control experiments, the authors found that
DFF and HFCA were reaction intermediates at low temperatures and low pressures,
but HFCA was the only intermediate at high temperatures and high oxygen partial
pressures. These results indicate that the oxidation of aldehyde group is competitive
with the oxidation of the alcohol group at low temperatures and low oxygen partial
pressures and that the oxidation of the aldehyde group is much faster than the oxida-
tion of the alcohol group at high temperatures and high oxygen partial pressures.
Besides the reaction in H,O, the same research groups studied the oxidation of HMF
into FDCA over supported [Ru(OH),] catalysts in ionic liquids [83]. However, this
method showed no significance in the practical application. Firstly, the catalytic
results were not satisfactory, with the maximum FDCA yield being around 48%.
Secondly, the cost of ionic liquids is very high and it is also difficult to separate
FDCA from ionic liquids.

According to the results of the aerobic oxidation of HMF over supported metal
catalysts, much progress has already been achieved for the synthesis of FDCA in
recent years. Au catalysts are more stable and selective for the aerobic oxidation of
HMEF into FDCA in water than Pt, Ru and Pd based catalysts, because the Au cata-
lysts can offer better resistance to water and O,. However, Au catalysts suffer from
deactivation in some cases by the deposition of byproducts or intermediates on their
active sites. To promote oxidation of HMF, an excess of base is required to acceler-
ate the reaction and to maintain the FDCA formed in aqueous solution as the salt of
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the dicarboxylic acid, thus strong adsorption of the carboxylic acids on the catalyst
is avoided. Selecting an appropriate support and the use of an alloy might improve
of catalyst performance to be highly active and stable for base-free oxidation of
HMF into FDCA.

6.4.5 Mechanism of the Oxidation of HMF into FDCA
Over Supported Metal Catalysts

Although many researchers have proposed reaction pathways for oxidation of HMF
into FDCA over different supported metal catalysts based on the concentration
change of HMF and the detectable intermediates such as DFF, HFCA, and FFCA
and FDCA, no single unambiguous reaction mechanism for HMF oxidation exists
so far. Attempts have been made to understand the reaction mechanism using iso-
tope labeling technology [84].

Davis and co-workers studied the mechanism of the oxidation of HMF into
FDCA over supported Au and Pt catalysts by the isotope labeling technology [84,
85]. The oxidation of HMF catalyzed by Au/TiO, under 3.45 bar O, at 22 °C with 2
equivalents of NaOH gave mostly HFCA (>98% selectivity after 6 h. To understand
the role of O,, oxidation of HMF over Au/TiO, catalyst was carried out using 0,
as the oxidant, but the product HFCA showed no incorporation of *0 atoms. Thus,
the oxygen of HFCA most likely comes from the solvent H,O. To verify this, HMF
oxidation was carried out in labeled water H,'30. As expected, mass spectrum anal-
ysis revealed two O atoms were incorporated into HFCA and the Na-adduct of
HFCA. Thus, O, was not essential for the oxidation of the aldehyde group in HMF
to produce HFCA. The aldehyde side chain is believed to undergo rapid reversible
hydration to ageminal diol via nucleophilic addition of a hydroxide ion to the car-
bonyl and subsequent proton transfer from water to the alkoxy ion intermediate
(Fig. 6.12, step 1). This step accounts for the incorporation of two ®O atoms in
HFCA when the reaction is performed in H,'30. The second step is the dehydroge-
nation of the geminal diol intermediate, facilitated by the hydroxide ions adsorbed
on the metal surface to produce the carboxylic acid (Fig. 6.12, step 2). Production
of the desired FDCA requires further oxidation of the alcohol side-chain of
HFCA. Without base, no FDCA was formed even in the presence of Au and Pt cata-
lysts, indicating the base played a crucial role in the transformation of HFCA into
FDCA. The base is thought to deprotonate the alcohol side-chain to form an alkoxy
intermediate, which is a step that may occur primarily in the solution [86]. Hydroxide
ions on the catalyst surface then facilitate the activation of the C—H bond in the
alcohol side-chain to form the aldehyde intermediate (FFCA) (Fig. 6.12, step 3).
The next two steps (Fig. 6.12, steps 4 and 5) oxidize the aldehyde side-chain of
FFCA to form FDCA. These two steps are expected to proceed analogously to steps
1 and 2 for oxidation of HMF to HFCA. The reversible hydration of the aldehyde
group in step 4 to a geminal diol accounts for two more 80 atoms incorporated in
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Fig. 6.12 Proposed mechanism for the oxidation of HMF in aqueous solution in the presence of
excess base (OH™) and either Pt or Au [84, 85] (Reprinted with permission from [84], Copyright ©
2011 Royal Society of Chemistry)

FDCA when the oxidation is performed in H,'3O. Thus, the sequence in Fig. 6.12
explains the incorporation of all four '*0 atoms in FDCA when the reaction is per-
formed in H,'30. Molecular O, is essential for the production of FDCA and plays an
indirect role during oxidation by removing electrons deposited onto the supported
metal particles.

The above mechanism involves the participation of base (OH") in the oxidation
of HMF into FDCA, thus the reaction mechanism of the base-free reaction should
be different from it. Yan and co-workers used isotope labeling technology to study
the mechanism of base-free oxidation of HMF into FDCA over PVP or poly[bvbim]
Cl stabilized Pd nanoparticles [55]. DFF and FFCA were found to be the reaction
intermediates and HFCA was not determined during the reaction process. Other
researchers have observed the same reaction pathway when the oxidation of HMF
was performed without base or under low pH conditions [77, 85]. As shown in
Fig. 6.13, the release of two H* from the hydroxyl group in HMF generates
DFEF. Then, they studied the oxidation of HMF over PVP/Pt catalyst in H,"*O for a
reaction time of 4 h. Mass spectrometric analysis of the reaction mixture revealed
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(Reprinted with permission from Ref. [55], Copyright © 2014 Elsevier)

that the oxidation products (FDCA and FFCA) incorporated '*O atoms. Peaks with
m/z 163 and 161 correspond to four and three 30 atoms incorporated in FDCA and
peaks with m/z 145 and 143 corresponding to three and two '®O atoms incorporated
into FFCA. The aldehyde group is thought to undergo rapid reversible hydration to
ageminal diol via nucleophilic addition of water to the carbonyl and subsequent
proton transfer metal nanoparticles, which is similar to Fig. 6.12, step 1 in the above
mechanism. Finally, the transfer of two H* to the surface of the metal generate the
carboxylic groups. Molecular oxygen reacts with the surface hydride to release
H,0.

Although some information regarding the mechanism of HMF oxidation of HMF
was obtained by the use of isotope labeling technology, much more effort should be
devoted to obtain a deep understanding of the intrinsic kinetics and mechanisms by
other methods. Understanding of the reaction mechanism will provide insight into
the design of efficient and stable catalysts on the atomic level for the oxidation of
HMF into FDCA.

6.4.6 Catalytic Synthesis of FDCA Over Non-Noble Metal
Heterogeneous Catalysts

Although noble metal catalysts generally show high catalytic performance towards
the oxidation of HMF into FDCA, the industrially large-scale production of FDCA
is limited by the use of noble metal catalysts due to their high cost. Inexpensive
transition metal catalysts have been found to be active towards the oxidation of
HMF into FDCA. Saha and co-workers prepared Fe catalyst by the incorporation of
Fe3* in the porphyrin ring center of porphyrin-based porous organic polymer (Fe—
POP) and studied the catalytic performance of the Fe—POP catalyst towards aerobic
oxidation of HMF in water [87]. HMF conversion of 100% and FDCA yield of 79%
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were attained after 10 h at 100 °C under 10 bar air. This catalytic system did not
require the use of base, and is thought to proceed via a radical chain mechanism
with the formation of peroxyl radical in the catalytic cycle through EPR spectra
analysis. Zhang et al. found that Merrifield resin supported Co(II)-meso-tetra
(4-pyridyl)-porphyrin (abbreviated as Merrifield resin-Co-Py) showed high cata-
lytic activity towards the oxidation of HMF into FDCA with the use of --BuOOH as
the oxidant [88]. High HMF conversion of 95.6% and FDCA yield of 90.4% were
attained in acetonitrile at 100 °C after 24 h. DFF was the intermediate of the oxida-
tion of HMF into FDCA over Merrifield resin-Co-Py catalyst. In addition, the cata-
lyst could be reused without significant loss of its catalytic activity. Later, Mugweru
and co-workers performed the oxidation of HMF into FDCA in acetic acid by use
of spinel mixed metal oxide catalyst(Li,CoMn;0g) and NaBr as the additive [89].
Full HMF conversion and 80% isolated yield of FDCA were obtained at 150 °C
after 8 h under 55 bar air. The use of acetic acid and NaBr as the additive as well as
the high reaction temperature and high pressure resulted in this catalytic system
being less competitive for large-scale production of FDCA. To facilitate the recy-
cling of the catalysts, our group has reported a new method for the oxidation of
HMF into FDCA over magnetic Nano-Fe;O0, — CoO, catalyst [90]. High HMF con-
version of 97.2% was obtained after 12 h at 80 °C, but FDCA yield was obtained at
68.6%. The catalyst could be recovered by an external magnet and reused with little
mass loss.

Compared with noble metal catalysts, the use of inexpensive transition metal
catalysts is promising for practical synthesis of FDCA, due to their low cost.
However, current reported methods do not show selective production of FDCA, and
the reactions are sometimes carried out in organic solvents, such as acetic acid or
the use of t-BuOOH as the oxidant, which are less desirable for the “green chemis-
try”. Therefore, further efforts should be devoted to developing new methods based
on non-precious transition metal catalysts that can promote the oxidation of HMF
into FDCA in water with high catalytic activity and selectivity with O, as the
oxidant.

6.5 Catalytic Synthesis of FDCA from Carbohydrates

Although FDCA can be produced from HMF in nearly quantitative yields, the cost
of HMF is high. Carbohydrates such as fructose, glucose and cellulose are much
cheaper and more abundant than HMF. Therefore, it is more attractive to carry out
the oxidative conversion of carbohydrates into FDCA by one-pot reaction over mul-
tiple functional catalysts combining acidic and metal sites.

The major problem of the direct conversion of carbohydrates into FDCA is the
risk of simultaneous oxidation of carbohydrates. In 2000, Kroger and co-workers
realized the one-pot conversion of fructose to FDCA using the strategy of two-phase
system water/methyl isobutyl ketone (MIBK) [91]. As shown in Fig. 6.14. the reac-
tion was carried out in a membrane reactor divided with a polytetrafluoroethylene
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diffusion of HMF in MIBK phase and 3 — HMF oxidation (Reprinted with permission from Ref.
[91], Copyright © 2000 Springer)

membrane to prevent fructose from oxidation. Fructose firstly dehydrated into HMF
in water with a Lewatit SPC (trade name) 108 as the solid acid catalyst. Then HMF
was extracted into MIBK due to the higher solubility of HMF in MIBK, followed
by oxidation into FDCA over metal catalysts, while fructose is insoluble in MIBK,
avoiding the oxidation of fructose. This process yielded a maximum 25% of
FDCA. Interestingly, the authors observed that in a pure MIBK phase, DFF was the
major product in HMF oxidation with this catalyst. It was also claimed that water
was needed as a co-substrate for the formation of FDCA as final product. The over-
all reaction rate was related to the diffusion through the membrane. In addition,
levulinic acid (25% yield) was formed as the by-product. This method produced low
FDCA yield, and it was difficult to purify FDCA from the byproducts. Later, Ribeiro
and Schuchardt prepared a bifunctional catalyst by the encapsulation of Co(acac);,
in sol-gel silica, combining the acidic and redox ability, and studied the one-pot
conversion of fructose into FDCA, affording fructose conversion of 72% and 99%
selectivity of FDCA [92]. Compared with the method reported by Kroger and co-
workers, both FDCA yield and selectivity was improved by a factor of several times.
However, the reaction was carried out at 165 °C and at a high pressure of 20 bar air,
which is difficult to be applied in practical applications.

Zhang and co-workers reported a two-step method to produce FDCA from fruc-
tose [93]. Firstly, fructose was dehydrated to HMF in iso-propanol with HCl as cata-
lyst. Then, iso-propanol was collected for the next run by evaporation. Finally, HMF
was purified with water-extraction and oxidized to FDCA over Au/HT catalyst. An
overall FDCA yield of 83% was achieved from fructose. The water-extraction step
was very important for the whole process. Under the same conditions, the oxidation
of HMF without extraction gave only 51% yield of FDCA even after a long reaction
time of 20 h, while it was 98% in 7 h after water extraction. It was claimed that
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byproducts such as humins caused deactivation of the Au/HT catalyst. This method
also afforded an overall FDCA yield of 52% when Jerusalem artichoke tuber (major
component of fructose unit) was used as the feedstock. The same group later
reported a similar routine, in which poly-benzylic ammonium chloride resins were
used as a solid catalyst for the dehydration of fructose in the first step, affording
FDCA with a yield of 72% from fructose [94].

Zhang and co-workers demonstrated a one-pot process for the production of
FDCA from sugars using a triphasic reactor [95]. This triphasic system is composed
of tetraecthylammoniumbromide (TEAB) or water (phase I)—methyl isobutyl
ketone (MIBK) (phase II)—water (phase III).In the designed triphasic setup, sugars
(fructose or glucose) were first dehydrated to HMF in Phase I. HMF was then
extracted, purified, and transferred to Phase III via a bridge (Phase II). Finally, HMF
was oxidized to FDCA over Au/HT catalyst in Phase III. Overall FDCA yields of
78% and 50% were achieved with fructose and glucose feedstock, respectively.
Phase II plays multiple roles: as a bridge for HMF extraction, transport and purifica-
tion. To facilitate the recycling of the catalysts and reduce the cost of the catalyst,
Zhang et al. developed the one-pot conversion of fructose into FDCA via a two-step
method by the combination of two paramagnetic catalysts [90]. Nano-Fe;0, — CoO,
catalyst showed high catalytic activity towards the oxidation of HMF into FDCA
using -BuOOH as the oxidant. A two-step strategy was applied for the synthesis of
FDCA from fructose. HMF was first produced from the dehydration of fructose
over the Fe;0,@Si0, — SO;H acid catalyst in DMSO. The magnetic Fe;0,@Si0,
— SO;H could be easily separated from the reaction system with an external perma-
nent magnet, and HMF in the remaining reaction solution was then oxidized into
FDCA with +~-BuOOH over nano-Fe;O, — CoOj catalyst. FDCA was obtained in a
yield of 59.8% after 15 h based on the starting fructose. The developed method
shows the following two distinct advantages: (1) the use of paramagnetic catalyst
facilitates catalyst recycle; (2) the use of transition metal catalyst makes this method
much more economical for the practical synthesis of FDCA from renewable
carbohydrates.

The direct conversion of carbohydrates into FDCA is much more attractive, but
the current results are not satisfactory. The carbohydrates for FDCA production are
focused on fructose. Much more work should be paid to the design novel catalysts
with multiple catalytic sites for the conversion of other carbohydrates such as glu-
cose even cellulose into FDCA. To avoid side reactions, the isolation of multiple
catalytic sites is essential to realize the one-pot conversion of carbohydrates to
FDCA. The acidic sites located in a hydrophilic environment would benefit the
adsorption of the carbohydrates and promote the dehydration of carbohydrates into
HMEF, and the release of HMF into the reaction solution. The oxidative sites located
in a hydrophobic environment enhance the absorption of the intermediate HMF and
promote its oxidation to FDCA, and simultaneously release the high polar product
FDCA in the reaction solution.
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Fig. 6.15 Proposed oxidation pathway of HMF to FDCDM (Reprinted with permission from Ref.
[96], Copyright © 2007 John Wiley & Sons)

6.6 Catalytic Synthesis of FDCA Derivatives

Catalytic synthesis of FDCA from HMF can be obtained with high yields, but there
are few reports on the purification of FDCA. As the oxidation of HMF into FDCA
in most cases is carried out in the presence of excessive base, FDCA is in the form
of its salts together with byproducts and the salts, making it difficult to purify
FDCA. Hence, regarding FDCA purification, there is still a dearth of straightfor-
ward and eco-friendly methods. A possible way to overcome these issues is to pro-
duce the corresponding ester, 2,5-furandicarboxylicacid dimethyl ester (FDCDM),
which can be easily purified through vacuum distillation and transformed into
FDCA through a simple hydrolysis reaction. Moreover, instead of FDCA, FDCDM
can also be used directly to synthesize polymers through transesterification
reaction.

In 2008, Christensen and co-workers reported an effective way for the one-pot
oxidative esterification of HMF into FDCDM over Au/TiO, catalyst. FDCDM could
be achieved in an excellent yield of 98% at 130 °C under 4 bar O, in MeOH in the
presence of 8% MeONa [96]. The addition of MeONa accelerated this reaction
remarkably, because the reaction was incomplete without MeONa even when run
for a long duration. Kinetic studies revealed that 5-hydroxymethyl methylfuroate
(HMMF) was the reaction intermediate by the fast oxidative esterification of HMF
(Fig. 6.15), which was then slowly converted to FDCDM, suggesting that the oxida-
tion of the aldehyde moiety of HMF was faster than the hydroxymethyl group,
which was similar as the oxidation of HMF into FDCA in water over Au catalysts
[65]. In contrast to FDCA, FDCDM can be easily purified by sublimation at stan-
dard pressure and 160 °C to afford colorless crystals. Later, Corma and co-worker
improved the oxidative esterification of HMF into FDCDM over Au/CeQ, catalyst
[97]. The Au/CeO, catalyst showed high catalytic activity without base, affording
high FDCDM yield of 99% after 5 h at 130 °C under 10 bar O,, whereas 8% MeONa
was required to promote the reaction smoothly over Au/TiO, catalyst. Therefore,
Au/CeO, showed higher catalytic activity than Au/TiO, catalyst, which was due to
the formation of peroxo-and superoxo-species in monoelectronic defects of nano-
crystalline ceria. Kinetic studies indicated that the oxidation of alcohol group was
the rate-limiting step of the conversion of HMF into FDCDM, which was similar to
the results reported by Christensen and co-workers using Au/TiO, catalyst [96]. Au/
CeO, could be easily recovered and reused with a little loss of activity while main-
taining high selectivity towards FDCDM. Although high FDMCA yields were
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obtained over Au/CeO, and Au/TiO, catalysts, the use of Au catalysts is high cost.
Fu and co-workers developed an economical way for the oxidative esterification of
HMF into FDCDM using cheap cobalt-based catalysts (Co,O,~N@C) [98].
However, the Co,O,—N@C catalyst is not as active as the Au catalysts. Under 10 bar
O, partial pressure at 100 °C for 12 h, 95% conversion of HMF was obtained, but
the FDCDM yield was only 38%, with other products mainly including
2,5-furandicarboxylic acid monomethyl ester (FDCMM) in a yield of 44% and
5-hydroxymethyl-2-furoic acid methyl ester (HMFM) in a yield of 12%. To improve
the oxidation of alcohol group to aldehyde group, the strong oxidant K-OMS-2 was
used to promote functional group change. Although HMFM yield decreased from
12% to 1%, FDCDM was still co-produced with FDCMM, in yields of 53% and
41%, respectively.

Taking the above described methods into consideration, the oxidative esterifica-
tion of HMF into FDMC shows several advantages over the oxidation of HMF into
FDCA, such as the facile product purification and the use of low catalytic amounts
of base or even base-free conditions. Oxidative esterification of HMF to
2,5-furandimethylcarboxylate should be a direction to effectively and economically
transform carbohydrates into platform molecules and polymers. These described
methods using noble metal Au catalysts are effective, while the inexpensive Co
catalysts are much less active. Therefore, developing none-noble metal catalysts
with high catalytic activity and selectively should be given much more attention
than their noble metal counterpart.

6.7 Conclusions and Future Outlook

6.7.1 Conclusions

FDCA is a promising biomass-derived chemical and has wide application in many
fields. More importantly, it can serve as a replacement for petrochemical derived
terephthalic acid in production of bio-based polymers. Thus, effective catalytic
methods for synthesis of FDCA will have huge economic benefits in the future, and
will play a vital role in the development of sustainable economies. Currently, there
are several methods for catalytic synthesis of FDCA from HMF or directly from
carbohydrates by one-pot reaction, including biocatalytic, electrochemical and
chemical catalytic approaches.

The chemical catalytic method is the main driving force for the synthesis of
FDCA as it shows high potential for large-scale synthesis of FDCA by the use of
molecular O, in an economical way. Much effort has been devoted to the design of
chemical catalytic systems for aerobic oxidation of HMF into FDCA mainly using
supported noble metal catalysts (Au, Pt and Pd). The activity of the catalyst and the
reaction pathways are affected by the catalyst itself (such as the active phase, sup-
port, particle size) and reaction conditions (such as oxygen pressure, oxygen flow
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rate, pH and temperature). Au catalysts are more stable and selective than Pt and Pd
catalysts because the Au catalysts can offer better resistance to O,. However, Au
catalysts are deactivated by byproducts or by intermediates in some cases. The
alloying of another metal (e.g., Pd, Cu, Pt) with Au to form bimetallic alloy catalysts
generally show high catalytic activity and stability as compared with the monome-
tallic Au catalysts, due to alloying effect. HFCA is generally detected as the reaction
intermediate in alkaline reaction solution especially for Au catalyst, while DFF is
the reaction intermediate of base-free aerobic oxidation of HMF, suggesting that the
oxidation of the aldehyde group in HMF is faster than the oxidation of alcohol
group at low pH. Regardless of the reaction pathway, isotope labeling shows that the
reaction mechanisms are similar for the oxidation of aldehyde group and alcohol
group. The oxygen in FDCA is from water and molecular oxygen plays a key role
in the catalytic recycle by removing electrons deposited into the supported metal
particles. Finally, the diester of FDCA can be synthesized via the oxidative esterifi-
cation of HMF in one-pot reaction over supported Au catalysts.

6.7.2 Future Outlook

Although significant achievements have been obtained in the catalytic synthesis of
FDCA and its derivatives, further improvements are still needed in chemical aerobic
oxidation of HMF for realizing the industrially large-scale and economical produc-
tion of FDCA and its derivatives as follows:

(1) One challenge for the aerobic oxidation of HMF over supported noble metal
catalysts is the instability of the catalysts. The stability of the catalyst can be
improved from several aspects such as enhancing the interaction of metal
nanoparticles and the supports, confining the metal nanoparticles in pores with
a limited size to avoid their aggregation, improving the catalytic activity with
full conversion and 100% selectivity to avoid catalyst deactivation by adsorp-
tion of byproducts, or by using bimetallic or trimetallic nanoparticles to improve
the ability to prevent their poisoning;

(2) Most of the current methods are performed in water in the presence of excess
base, resulting in the process being less green and more expensive. More impor-
tantly, the neutralization of the salt of FDCA further increases the operating
costs and produces additional salt byproducts, making the process less-desirable
and less cost-effective. Therefore, much more effort is needed to develop more
environmentally-friendly catalytic systems that can effectively promote base-
free oxidation of HMF into FDCA.

(3) Compared to noble metal catalysts, non-noble-metal catalysts are much less
studied. From the viewpoint of practical application, the development of effi-
cient, low-cost, and stable transition metal catalysts such as Co, Fe and Mn
towards aerobic oxidation of HMF into FDCA is therefore very important.



6 Catalytic Aerobic Oxidation of 5-Hydroxymethylfurfural (HMF)... 201

“)

(&)

(6)

The use of carbohydrates or lignocelluloses as the feedstocks for the one-pot
production of FDCA is strongly desirable, as these feedstocks are cheap and
abundant, which will decrease the production cost. To realize this goal, multi-
functional catalysts, combining the metal sites and solid acid/base catalysts
should be carefully designed. It is suggested that the acid/base sites used for the
dehydration of carbohydrates into HMF should be located in hydrophilic envi-
ronments and the metal sites for oxidation reaction should be located in hydro-
phobic environments, thus the carbohydrates will easily be absorbed on the
acid/base sites and the intermediate HMF will easily desorb from the hydropho-
bic metal size to be oxidized.

Very few studies have been performed to examine the kinetics and reaction
mechanisms of catalytic synthesis of FDCA either from HMF or direct from
carbohydrates. Deep understanding of the intrinsic kinetics and mechanisms
will provide insights into rational design of more efficient and stable catalysts
on atomic levels for the oxidation of HMF into FDCA or one-pot oxidative
conversion of carbohydrates into FDCA.

Last, but not the least, catalytic synthesis of FDCA on a large scale is extremely
important. Many current routes are technically feasible, but economically pro-
hibitive. Development of energetically and economically viable processes is a
long-standing task, which involves interdisciplinary problems of chemistry,
material science, and process engineering.
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Chapter 7

Production of Glucaric/Gluconic Acid
from Biomass by Chemical Processes Using
Heterogeneous Catalysts

Ayumu Onda

Abstract Gluonic acid is a platform chemical that can be derived from biomass for
making plastics and food additives, while glucaric acid is expected to be a sustain-
able precursor for producing adipic acid. This chapter provides an overview of the
chemical processes for the production of gluconic acid and glucaric acid from
mono-saccharides and poly-saccharides with a focus on