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1. Introduction

1.1 Alternatives to fossil fuels - biomass

For the past 150 years, coal, natural gas and petroleum functioned as our main sources of
energy and chemicals. They provide an estimated 86% of energy and 96% of organic
chemicals [1]. However, these natural resources will be depleted in the near future as
studies has predicted that the global energy demand will grow over 50% by 2030 as shown
in Figure 1 [2]. In addition, problem concerning global warming brought about from the
emission of fossil fuels remains a major concern. Hence, there is an urgent need for us to
seek alternative renewable and greener energy sources; the answer lies in biomass which
possesses huge amounts of stored chemical energy. The stored chemical energy in biomass
has the potential to be tapped to meet the rising energy demand.

Biomass is one of the most valuable products from living things where simple molecules
such as H O, CO,, Ny are transformed into complex substances activated or catalyzed by
biochemical processes (e.g. photosynthesis). Trees trap approximately 1% of solar energy
and transform them into biomass. This energy is stored in the form of complex molecules
such as lignin, carbohydrates, proteins, glycerides and others. Carbohydrates or saccharides
(cellulose, hemicelluloses and starch) constitute 75% of the plant biomass, with 40% of the
carbohydrate fraction of biomass being cellulose and 25% being hemicelluloses. Biomass
energy is derived from five distinct energy sources: garbage, wood, waste, landfill gases,
and alcohol fuels. Being the most abundant renewable resource as described in Figure 2,
with approximately production of 1.0 x 101! tons annually, biomass was recognized as the
best candidate to replace fossil fuels [3].

The transformation of biomass into value added chemicals gives little or no harmful side
products which address the pressing issue for greener alternatives to fossil fuels. Other than
being renewable and abundant, biomass is a cost effective feedstock.

Cellulose, the major component of the carbohydrate fraction of biomass is hard to deal with.
It is insoluble in most conventional organic solvent and water, which hinders the ease of
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Fig. 1. World energy consumption by Region and will grow by 50% by 2030 (source:
International Energy Agency (IEA) Non-Organization for Economic Co-operation and
Development (OECD) Countries Energy Balance 2003).
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lonic Liquids in Catalytic Biomass Transformation 5

transforming it into monosaccharides such as glucose. New solvents have to be sought
which are able to dissolve the cellulose so as to disrupt the crystallinity structure of the
cellulose and make it more susceptible to transformation into monosaccharides such as
glucose.

Lignocellulosic cellulose refers to plant biomass which is made up primarily of cellulose,
hemicellulose and lignin. Lignin acts as a strong adhesive holding the cellulose and
hemicellulose together which makes lignocellulosic cellulose microbial and moisture
resistant and imparts its rigid structure. Therefore, we need to devise a method to remove or
reduce the lignin content in order to take advantage of the stored energy in lignocellulosic
cellulose.

The problems of dissolving cellulose or reducing the lignin content have to be overcome.
Ionic liquids (ILs) are a group of new organic salts that exist as liquids at relatively low
temperatures can offer a solution to these problems. ILs can dissolve cellulose as well as
remove or reduce the lignin content in lignocellulosic cellulose. ILs, based on polar organic
solvents such as DMF, DMAc, DMI or DMSO and usually coupled with charged species
such as LiCl, are frequently used for dissolving cellulose, while methyl methylsulfate
imidazolium-based ILs show excellent results when dissolving softwood Kraft lignins.

1.2 lonic liquids: Types and classfication

ILs is a group of new organic salts that exist in the liquid state at relatively low
temperatures. An ideal IL for cellulose transformation should possess the following
properties: (1) high dissolution capacity for cellulose; (2) low melting point; (3) good thermal
stability; (4) non-volatile; (5) non-toxic; (6) chemically stable; (7) no cellulose decomposition;
(8) easy cellulose regeneration and (9) low cost and simple process [4]. Imidazolium is one of
the most commonly used cations of ILs, while anions include quite a number such as
chloride, hexafluorophosphate, tetrafluroborate and others, as shown in Figure 3, and 4. To
improve the solubility of cellulose and lignocellulose in ILs, it is important to optimize the
suitable anions and cations in ILs, sometimes necessitating structural modifications.

1.3 lonic liquids: Synthetic methods

Although a variety of methods have been reported for synthesizing ILs [5], the most
commonly used procedures are summarized in Figure 5 and 6. (1) Path A: Metathetic
exchange of anion. This is the most commonly used method to synthesize ILs. The downside
of this method is that it produces harmful halide by-products (MX such as AgCl, etc.) which
are difficult to remove by filtration, particularly for hydrophilic ILs. (2) Path B:
neutralization of base with br@nsted acids and Path C: direct alkylation of alkylimidazole.
Path B and C are more environmentally benign reactions as they do not produce halide by-
products. However for path B, it can be hard to produce ILs with high purity; minute
amounts of alkylimidazole or acid impurities could be present in the resulting ILs. For path
C, it is restricted to the reactivity and availability of the alkylating agents. It is used to
prepare sulfate, phosphate or sulfonate based ILs. (3) Path D is similar to Path A in that it
involves a metathetic exchange of anions. This method uses dimethylcarbonate (DMC) as a
clean methylating agent to substitute alkyl halides. It can prevent the formation of halide
and other by-product that makes the ILs efficient [5]. The downside of this method is that it
is restricted by the availability of the acid (HX) or NH4* salts. (4) Non-conventional routes to
synthesize ILs. Synthesis of ILs using non-conventional method such as microwaves and
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Fig. 3. (a) Most common cations of ILs. (b) Choline cations of ILs obtained by mixing of
choline chloride based IL with the molecular donors (presented along the arrows).
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ultrasounds are also possible. The disadvantage is that the ILs may decompose under sono-
chemical conditions [6]. There are also other reports of synthesizing ILs using non-
conventional methods. An example is [BMIM][BF,] that has been synthesized via a one-pot-
solvent-free route in a batch-mode reactor using microwave radiation (frequency of
5.8GHz), giving a high yield of 87% [7]. Successful synthesis of [BMIM][OH] in solution
using an electro-dialysis set-up has also proven to be effective [8]. (5) Direct access to anion-
functionalized ILs. The route to the direct access of anion-functionalized ILs is the one-step
ring-opening reaction of sulfones (Figure 6). This route generates zwitterions which possess
high melting points and can react with acids or LiNTf; to form new functionalized ILs [9].
This mixture, though very viscous, exists in liquid state at room temperature and is ionically
conductive.

Anions:
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Fig. 4. Some anions of ILs [4].
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Fig. 5. General route for ILs synthesis. Path A: metathetic exchange of anion. Path B:
neutralization of base with Br@nsted acids. Path C: direct alkylation of alkylimidazole. Path
D: the carbonate method.

www.intechopen.com



8 Applications of lonic Liquids in Science and Technology

=)
/@WSOE!

o0 —.0

Of" » zwitterions
mm,_/ l HX
/&)\//\\/803
L@ SO:H
! Ry /@W
R, NTfy | 2
R, NTf;

viscous liquid at room temperature
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2.Transformation of polysaccharides to monosaccharides

2.1 Solubility behavior of biomass in ionic liquids

Cellulose is made up of a linear chain with several -(1—4) linked glucose repeating units
(Figure 7). They are highly packed together with strong intra and inter hydrogen bonding
and van der waals interactions between the cellulose fibrils. This accounts for its insolubility
in water and conventional organic solvents except for concentrated phosphoric acid. Using
concentrated phosphoric acid, however gives rise to environmental problems associated
with the disposal of the solvent. Therefore, alternative solvents which are more benign have
to be sought. Dissolving the cellulose can disrupt the highly crystalline structure in the
cellulose to give amorphous cellulose which makes it more susceptible to transformation
into monosaccharides such as glucose. Finding a suitable solvent to dissolve the cellulose is
of utmost importance as it can affect its physical properties which include the degree of
polymerization, its crystallinity and even the surface area of the substrate accessible in the
case of further enzymatic hydrolysis. Some of the frequently used solvents in the dissolution
of cellulose can be found in Table 1[10]. They are ionic liquids (ILs) based on polar organic
solvents such as DMF, DMAc, DMI or DMSO usually coupled with charged species such as
LiCl, etc.
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Fig. 7. The cellulose network (A: Cellulose chain and B: inter and intra H-bonds present in
cellulose).
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Acronym Main systems used to dissolve cellulose
DMSO/TBAF Dimethyl sulfoxide/tetrabutylammonium
fluoride
LiCl/DMACc Lithium chloride/dimethylacetamide
LiCl/DMI Lithium chloride/dimethylimidazolidinone
LiCl/NMP Lithium chloride/N-methyl pyrrolidine
N20O4/ DMF Dinitrogen tetraoxide/dimethylformamide
DMSO/CH,O Dimethyl sulfoxide/paraformaldehyde
NMMO N-methylmorpholine-N-oxide monohydrate

Aqueous solutions metal complexes

Table 1. Main solvent systems used in manufacturing cellulose and cellulose derivatives.

Dissolution of cellulose is highly dependent on the nature of the native cellulose (its degree
of polymerization (DP) and its crystallinity), the operating conditions (temperature, reaction
duration, initial concentration of cellulose in the IL, activation with microwaves) and
presence of impurities such as water. Water can affect the dissolution of cellulose
significantly. Optimal dissolution can be achieved with extremely dried ILs.

Both the cations and anions of ILs contribute to the dissolution of cellulose. The mechanism
of the dissolution is that the anion of the IL acts as H-bond acceptor that interacts with the
hydroxyl group of cellulose in a stoichiometric manner to generate an electron donor-
electron acceptor (EDA) complex [4]. The cation, on the other hand, with its electron-rich
aromatic m system acts as an electron acceptor center and prevents the cross linking of the
cellulose. When the anion and the cation are in close proximity to each other, the formation
of the EDA complexes between cellulose and ILs become feasible and the network of
hydrogen bonds between the glycosidic monomers are disrupted, resulting in dissolution of
the cellulose.

Cellulose

-

O-====-[Imidazolium)
H [cf](::}

"'[.[:l]{;'j ,':H

[imidazotium]----- ¢

Cellulose

Fig. 8. Possible insertion of an imidazolium chloride in the cellulose matrix [4].

By adding a non-dissolution solvent such as water, ethanol or acetone, cellulose miscible in
ILs can be precipitated from solution and then separated from the mixture of IL and non-
dissolution solvent either by filtration or centrifugation. Due to non-volatile nature of IL, it
can be recovered by distillation of the mixture, thus eliminating the non-dissolution solvent.
The precipitated cellulose can appear in different forms such as monoliths, fibers and films
and can have the same degree of polymerization and polydispersity as native cellulose but it
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10 Applications of lonic Liquids in Science and Technology

depends largely on the operating conditions of the precipitation. Varying the condition of
the precipitation can alter the degree of crystallinity of the precipitated cellulose. For
example, cellulose precipitated after being dissolved in [AMIM][CI] and [BMIM][CI] had
lower degree of crystallinity than native cellulose [11]. Results show that the precipitated
cellulose is mostly amphorous with greater accessibility of the polysaccharides chains in the
cellulose and exhibits enhanced enzymatic hydrolysis kinetics (Figure 9) [12-14].

Primary hydrolysis Secondary hydrolysis
Solid phase - Liquid phase
Crystalline cellulose B - 3?;';?1&% jasadol Glucose
Slow and rate limiting ' Fast
Physicalichemical
treatment
Primary hydrolysis Eec?_pdag ;h}rd‘mﬁiﬁ
Solid phase iqu ase
Amorphous cellulose P Soluble 2 Glucose
Fast digamers Fast

Fig. 9. Enzymatic hydrolysis of cellulose.

2.2 Lignocelluloses and challenges in their transformation

Lignocellulosic cellulose [4] refers to plants biomass which is made up primarily of
cellulose, hemicellulose and lignin. Various challenges are faced when trying to convert
lignocellulosic cellulose into fuels and other value added chemicals due to the existence of
cellulose and lignin. Hemicellulose can be easily degraded but the highly crystalline
structure cellulose makes it resistant to chemical and biological degradation. Lignin also
poses a problem as it acts as an “adhesive” that holds hemicellulose and cellulose together,
accounting for the microbial and moisture resistance and its rigid structure. Hence, it is
necessary to devise methods to reduce or remove the lignin content and to disrupt the
crystalline structure.

____->Hemicellulose

Fig. 10. Lignocelluloses network.
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Various methods have been devised to reduce or remove the lignin content in lignocellulosic
cellulose ~ which  includes  physical  (limited  pyrolysis and  mechanical
disruption/comminution [15]), physiochemical (steam explosion, ammonia fiber explosion
[16,17]), chemical (acid hydrolysis, alkaline hydrolysis, high temperature organic solvent
pretreatment, oxidative delignification [18-20]), and biological (lignin degradation by white-
and soft-rot fungi [21]) methods. The same problem arises from using these methods to
extract lignin. After the removal of sufficient amount of lignin, the lignin experiences
degradation and often results in the loss of fermentable sugar content in the
polysaccharides.

The removal or reduction of lignin and disrupting the crystalline structure of lignocellulosic
cellulose to make it more accessible to chemical and biological transformation remains a
great challenge. Various works have been done to address these issues and the usage of
ionic liquids (ILs) became a solution to this challenge. For example, research has shown that
methylsulfate imidazolium-based ILs produce excellent results when dissolving softwood
Kraft lignin [22]. Other research demonstrated that extraction of lignin from bagasse using
the IL ethyl-methylimidazolium alkylbenzenesulfonate [EMIM][ABS] was successful giving
a yield of >93% at atmospheric pressure. Although ILs proved to be effective in the
dissolution of lignin, several problems such as the simplification of IL and the high
operating temperature still exist [23].

Research has shown that when 40% of the lignin was extracted with a well chosen IL
([EMIM][Ac]), the cellulose crystallinity index dropped below 45 and the resulting
hydrolysis of the wood flour cellulose was measured to be above 90%. This confirmed the
close correlation between lignin extraction and residual cellulose crystallinity [11]. Another
research group came to the conclusion that delignification alone was sufficient for effective
hydrolysis over longer periods whereas for shorter hydrolysis times the combination of de-
lignification and de-crystallization showed great benefits [24].

Pre-treatment of lignocelluloses leads to eventual fractionation of lignocelluloses which
allow the disruption of the crystalline structure of the lignocellulosic cellulose to make it
more accessible to chemical and biological transformation. An improved enzyme use in the
cellulose hydrolysis step, with the possibility of enzyme recovery generates higher sugar
yield with lower sugar degradation and less inhibitor formation. Generally, choosing a
suitable pre-treatment will be the result of a compromise between hemicellulose and
cellulose degradation and the ease of enzymatic hydrolysis of cellulosic substrate.

The two conditions needed for wood solubilization are wood particle size and the water
content in the wood. Research has shown that water has a negative effect on the solubility of
wood in ILs. The wood particle size can restrict the diffusion of IL into its interior causing
poor dissolution of the wood particles. The relationship between lignin solubilization and
wood dissolution is not clear; some ILs such as [MMIM][MeSO,] can solubilize lignin
without affecting the wood [11]. The best solvent for lignocellulosic materials was found to
be [BMIM][CI] and for hardwood and softwood, it was [AMIM][CI] [11,25]. The assistance
of microwaves can greatly improve the dissolution of wood. A 5 wt% of six biomass types
were rapidly and entirely dissolved in [BMIM][CI] with the aid of microwave irradiation
[26].

2.3 Transformation of polysaccharides to monosaccharides
Monosaccharides are the most basic units of biologically important carbohydrates and exist
as the simplest forms of sugar. Polysaccharides are polymeric carbohydrate structures,
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12 Applications of lonic Liquids in Science and Technology

formed of repeating units of monosaccharides or disaccharides joined together by glycosidic
bonds.

2.3.1 Acid-catalyzed cellulose hydrolysis

The transformation of polysaccharides to monosaccharides can be achieved via acid-
catalyzed cellulose hydrolysis. Although acid-catalyzed cellulose hydrolysis existed for
many years, no alternate cost effective solutions can be offered for the transformation on a
large-scale. Another downside is that, due to the involvement of acid, there is a need for
non-corrosive materials and the acid must be removed or neutralized after the treatment,
otherwise, the disposal of the acid will present be difficulties. The harsh conditions such as
the high temperature and pressure for the hydrolysis can form degradation of products
which lower the monosaccharides yield and prevent further fermentation.

Hence, acid-catalyzed cellulose hydrolysis remained a challenge prior to the introduction of
ILs. When the acid-catalyzed cellulose hydrolysis was carried after cellulose was dissolved
in ILs, the hydrolysis occurred at a lower temperature and with lower catalyst loading. The
strength of the acid used also makes a major contribution to the successful hydrolysis. The
optimized condition was determined to be a strong acid, water content between 5% and 10%
(w/w), carbohydrate content less than 10% (w/w) and temperature range 80 and 150°C [4].

r‘j:Il'H E] : f 1}4 I:I &
l:.l}'\'.':a" el o™ [::l S 'D ” i;‘:f'rf i '-t- S’ ‘SG3H G IS-G

OH OH
[BMIHSO,) [SBMIJ[HSO,)

Fig. 11. ILs used for catalytic hydrolysis of lignocelluloses [4].

2.3.2 Enzyme-catalyzed cellulose hydrolysis

Enzyme-catalyzed cellulose hydrolysis is not very popular due to the high costs incurred
and the lack of a feasible method for recovering the enzyme. Enzyme hydrolysis also suffers
from low reaction rates that makes it undesirable. Dissolving cellulose in ILs generally
involved interactions of the anions that create strong hydrogen bonding with the cellulose;
this poses a serious problem of denaturing the enzyme. New types of ILs have been devised
to counter the problem of inactivating enzymes [4].

2.3.3 Transition metal nanoparticle-catalyzed cellulose hydrolysis

Transition metal nanoparticle catalytic systems displayed excellent catalytic activities. Due
to their small particle size and large surface area, they offer higher selectivity in comparison
with conventional heterogeneous catalysts. The ILs used to dissolve the cellulose acts as a
stabilizer for transition metal nanoparticles to maintain their small size, large surface area
and to prevent nanoparticles from leaching. Boronic acids were predicted to disrupt the
crystallinity of cellulose by binding reversibly with the numerous hydroxyl groups of
cellulose, thereby improving the solubility and catalytic activity of cellulose, leading to the
formation of 1 (Figure 12) [27]. Compound 1 serves as an excellent catalyst when coupled
with the ILs-stabilized ruthenium nanoparticles for cellulose conversion. The catalyst has
the advantage of being recycled which makes it desirable for cellulose hydrolysis.
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Fig. 12. Formation of boronic acid binding agent [27].

2.4 Conclusions

The use of ILs offers a good solution towards a more efficient transformation of
polysaccharides to monosaccharide. But certain issues that arise with ILs must be addressed.
ILs still remain expensive and the more work has to be done to reduce their costs as well as
to improve on their recovery and reuse. After the pretreatment of lignocellulosic cellulose to
remove lignin, methods of recovering the lignin should be explored to further tap its
potential to be a combustible material and channeled for different usage.

3. Transformation of saccharides to 5-hydroxymethylfurfural (5-HMF) and
other value added chemicals

When the ever declining fossil fuels meet with the ever increasing demands for energy,
more and more people will be seeking renewable alternatives and product sustainability.
Biomass has the potential to serve and excel as a sustainable source of energy and biomass
resources are useful in many industrial applications. The basic chemical transformations
include hydrolysis of cellulose to carbohydrates and the subsequent selective dehydration,
hydrogenation, oxidation and condensation to yield the various useful chemicals. There are
reports on the catalytic conversion of carbohydrates to liquid alkanes (C3-Cis) and useful
industrial chemicals such as 5-hydroxymethylfurfural (5-HMF), levulinic acid and furfural.
Among the various possible types of biomass-derived chemicals, 5-hydroxymethylfurfural
(5-HMF) seems to be the most promising building block that could substitute for the
petrochemicals that are used in plastics, pharmaceuticals, fine chemicals and biofuels.

This part will discuss the use of ionic liquids and their role in the key chemical
transformations of saccharides into value added chemicals such as 5-HMF. We also hope to
provide some insights into the key mechanism of the transformation reactions; compile,
discuss, elaborate, compare and contrast the different types of catalyst system, reaction
conditions, reactors, solvents and novel techniques reported.
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C2: ethanol, ethylene, acetic acid, glycolic acid, oxalic acid
C3: lactic acid, acrylic acid, propionic acid, acetone 1,2-
propanediol, 1,3-propanediol, 3-hydroxypropionic acid,
glyceral
BIOMASS-DERIVED  ©4: succinic acid, fumaric acid, malic acid, asperic acid, 1-

PLATFORM CHEMICALS butanol, 1,4-butanediol, 2,3-butanediol, 1,2 4-butanetriol,
butyric acid, acetoin
C5: xylose, arabinose, levulinic acid, furfural, glutamic acid,
itaconic acid
C6: sucrose, sorbitol, 3-HYDROXYMETHYLFURFURAL,

adipic acid, citric acid, gluconic acid, lysine

Fig. 13. Proposed biomass-derived platform chemicals.

3.1 5-hydroxymethylfurfural (5-HMF) and its applications

5-hydroxymethylfurfural (5-HMF) (Figure 14) is a furan based raw material that has been
named one of the top building block materials obtained from biomass. It comprises an
aromatic alcohol, aldehyde and furan ring system. Its expected usage is in the production of
resins, fine chemicals, pharmaceuticals, polymers (polyester), solvents and liquid
transportation fuels (2,4-dimethylfuran, a biofuel has 40% higher energy density than
ethanol does [28]).

O
HOo T\ / Yo

Fig. 14. Structure of 5-hydroxymethylfurfural (5-HMF)

Since it was first reported in the 19th century, 5-HMF has attracted much interest. Thereafter,
much research and studies have been carried out to elucidate the structure, reaction
mechanism, physical properties, chemical behaviours of 5-HMF. Antal et al. showed that 5-
HMEF was formed from hexoses via an acid catalyzed dehydration with the removal of three
water molecules (Figure 15) [19].

About thirty years ago, van Dam and Cottier, et al. showed that an aqueous and non-
aqueous process could produce 37% yield of 5-HMF. In the aqueous part of the system, 5-
HMF takes up two molecules of water to form levulinic and formic acid while in the non-
aqueous part, the hydrolysis of 5-HMF is suppressed. Nonetheless, cross-polymerization
occurred under all circumstances leading to the formation of colored soluble polymers and
insoluble brown precipitates. Thus, there is a need to come up with a suitable catalyst or a
system for the selective formation of 5-HMF while not promoting the consecutive reactions
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leading to the formation of side products. Alternatively, continuous removal of 5-HMF from
the reaction mixture would be an ideal process.

5-HMF

¥ Polymer + huming

Fig. 15. Production of 5-HMF and the corresponding side reactions.

3.2 Dehydration of monosaccharides to 5-hydroxymethylfurfural (5-HMF) in ILs

In 1983, the first report on the conversion of fructose to 5-HMF in the presence of
pyridinium chloride with 70% yield under mild reaction conditions (30 min, 120 °C) was
published [30]. This sparked an interest in investigating the dehydration of fructose over
molten salts. Twenty years later, in 2003, Lansalot-matras et al. revisited the field and
investigated the acid-catalyzed dehydration of fructose in commercially available ionic
liquids, ([BMIM][BF4]) and ([BMIM][PFs]) with DMSO as co-solvent in the presence of
Amberlyst-15 [31]. They demonstrated the advantages of using ILs as solvents and reported
a yield of 80% for 5-HMF in 24 h and at a relatively low temperature of 80°C compared to
that employed in the previous method. However, conventional methods require much
higher temperatures of 100 to 300°C [31]. In an effort to further improve the dehydration
reaction, the following reaction parameters were studied extensively with promising results:

3.2.1 Temperature and solvents

Qi et al. employed ionic liquid [BMIM][Cl]] with different co-solvents such as DMSO,
acetone, methanol, ethanol, ethyl acetate and supercritical carbon dioxide [32]. Fructose was
first dissolved in ILs at 80°C and added Amberlyst-15, a strong acidic ion-exchange resin
catalyst, and co-solvent was added to give a gel-like mixture after cooling. It was

demonstrated that the reaction could proceed at an ambient temperature of 25°C with yields
of 78% - 82% for 5-HMF [32].

3.2.2 Biphasic system

Zhang and co workers have demonstrated the first efficient room temperature catalytic
system by using [BMIM][CI]] with tungsten chloride and a biphasic system composed of ILs
and a modifier, tetrahydrofuran (THF) (see Figure 16) [33].

3.2.3 Metal halides as catalysts

Glucose and fructose are isomeric hexoses. Fructose is the direct and most efficient starting
material for the formation of 5-HMF using old and conventional dehydration methods. For
industrial application, glucose is converted to fructose using enzymatic hydrolysis.
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Fig. 16. Continuous batch process for the conversion of fructose to 5-HMF in a THF-
([BMIM][CI]) biphasic system [33].

Therefore, a number of investigations were made to examine whether the direct conversion
of glucose to 5-HMF was viable. Zhao et al. made a major breakthrough by showing that
CrCl, with IL [EMIM][CI] are effective catalysts for the conversion of glucose to 5-HMF with
a relatively good yield of 70% (Figure 17) [34]. This discovery, paved the way for the direct
conversion of cellulose to 5-HMF in ILs under mild conditions (55% yield) [1], while
microwave-assisted route gave 61% yield of the product [3,35].

cal = H,80,, Lewis acids, many MCly I | eat=CrcCly I

OH 3
or polymer HO . W 0 via glucose-fructose
formation (humins) [EMIM]CI/ cat OH o [EMIMICI / cal e - |somerization
. -3 Hi0
Glucose
(depicled as i-glucopyranose) HMF

Fig. 17. Glucose conversion to 5-HMF at 100°C [34].

3.3 Mechanism

It has been proposed by Zhao et al. [34] that the reaction follows two possible pathways: (1)
series of cyclic furan intermediates (A); (2) Open-chain pathway included formation of an
enediol as an intermediate in the isomerization of glucose to fructose (B).

According to their report [34], complex between CrCl, and the IL interacts with the open
chain glucose and helps in the isomerization to fructose and the direct conversion to 5>-HMF
(Figure 18). It was suggested that the mutarotation of the a-anomer to the P-anomer of
glucose is the key step of the reaction

On the other hand, Binder et al. [1] proposed two variations on the mechanism previously
suggested by Zhao et al (Figure 19). It was concluded that the fructofuranosyl cation
undergoes attacks by chloride, bromide, or iodide. As bromide and iodide are better leaving
groups than chloride, they were deemed as effective ionic additives. Chromium salts play
an important role in the yield of 5-HMF. Research has shown that the yield of 5-HMF using
chromium correlates with metal coordination. It was also proposed that the halide additives
serve two roles: (1) as ligands for the chromium cation and (2) they facilitate the selective
conversion of fructose.
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3.4 N-heterocyclic carbenes (NHCs)

It has been reported that there was no unusual observations in the catalytic activity for the
previously described CrCl,/[BMIM][CI] catalytic system [36]. The chromium (II) chloride
catalyst, modified with N-heterocyclic carbenes (NHCs), was investigated to show the
stereochemical properties of the NHCs and not the oxidation states of the chromium that
influence the catalytic properties. The best yields were achieved for the 1,3-bis(2,6-
diisopropylphenyl)imidazolylidiene ligand that gave 96% and 81% yields of 5-HMF for
fructose and glucose, respectively [36]. Interestingly, Zhao and coworkers used microwave
irradiation and obtained the best results in ionic liquid for the conversion of glucose to 5-
HMEF with a yield of 91% [35]. Microwave-assisted reactions have great potential as they
significantly reduce the amount of time required to complete the reactions.

3.5 Heterogeneous catalyst system

Solid catalyst, Amberlyst-15 sulfonic ion-exchange resin, proved to be the most effective
solid catalyst that gave 82% yield of 5-HMF after 1 minute at 120°C [37]. Immobilization of
homogeneous catalyst on solid support also demonstrated good activity. It was found that
the immobilized ILs and acid modified silica gel were effective for the dehydration of
fructose to 5-HMF. The advantages of using solid catalyst are in the area of product
separation and catalyst recycling.

3.6 Dehydration of oligosaccharides to 5-HMF in ILs
Inulin, also known as fructan, is a carbohydrate that consists of fructose units with degrees
of polymerization (DP) ranging from 2 to 60. The fructosyl units are linked by ((2->1)
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linkages with the glucose as the terminating unit of the polymer chain [38]. Inulins are
found in plants such as artichoke tuber and chicory root and stored as energy sources. Since
inulin-type fructans are resistant to hydrolysis by digestive enzymes in human intestine,
they are classified as non-digestible carbohydrates as they [39]. Qi et al reported an effective
one pot [40], two-step process for the production of 5-HMF using inulin in ionic liquids
under mild conditions. Combining [BMIM][CI] and a strong acidic cation exchange resin
gave a 5-HMF yield of 55% in 20 min. Subsequently, a two-step in one pot system was
reported in which two br¢nsted acidic ILs, [EMIM][HSO,] and [BMIM][HSO4], acted as both
solvent and catalyst for the conversion of inulin with a 5-HMF yield of 82% at 80°C in 65
min. The advantage of the mixed ionic liquid system is that it is green and efficient system
because recycling of the ILs is a simple process.

i

i"@.} T

I

Fig. 21. The pathways for acid-catalyzed hydrolysis and dehydration of inulin to 5>-HMF.

3.7 Dehydration of polysaccharides to 5-hydroxymethylfurfural (5-HMF) in ILs
For the synthesis of 5-HMF, N,N-dimethylacetamide (DMA) was used with lithium chloride
(LiCl) in a single step from untreated lignocellulosic biomass [1], purified cellulose, glucose
and fructose, since the conversion of cellulose to 5-HMF is unaffected by the presence of
other biomass such as lignin and protein (Figure 22) [1]. . .
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Fig. 22. Halide salts in DMA enable previously exclusive yields of bio-based chemicals from
a variety of carbohydrates.
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The production of 5-HMF and furfural from lignocellulosic biomass (corn stalk, rice straw
and pine wood) in ILs, catalyzed by CrCls under microwave irradiation, was reported with
yields 45-52% and 23-31% respectively, from corn stalk, rice straw and pine wood in less
than 3 min (Table 2) [3]. This method paved the way for energy-efficient and cost-effective
conversion of biomass into biofuels and platform chemicals [3].

Entry | Sample Catalyst F(l;:::) :;I/I:;IF yield :i)z;fural yield
1 Cellulose CrCl3; 6H,O | 2.5 62 nd
2 Xylan CrCl; 6H,O | 2 nd 63
3 Xylan - 2 nd 18
4 Cellulose + xylan | CrCl3 6H,O | 2 39 55
5 Cellulose + xylan | CrCl3 6H2O | 2.5 53 33
6 Corn stalk CrCl; 6HO | 3 45 23
7 Rice straw CrCl; 6HO | 3 47 25
8 Pine wood CrCl; 6H,O | 3 52 31
9 Pine wood CrCl; 6H,0 | 3 44 28
10¢ Pine wood HCl 60 2.1 44
11¢ | Pine wood CrCl; 6H,0 | 60 6.4 7.0
12¢ Pine wood CrCl; 6H,O | 6 35 18

nd = not detected

2 Unless otherwise specified, reaction conditions were: substrate (100 mg) and CrCls 6H>O (10 mg,
0.0375 mmol) were added to 2.0 g of [Csmim]Cl, followed by MI at 400 W for the desired time. Yields of
HMF from corn stalk, rice straw and pine wood were based on a hexose content of 36.1%, 37.5% and
54%, and yields for furfural were based on a pentose content of 21.4% , 21.2% and 7.6%,

respectively.b [Csmim]Br was used as a reaction medium.c Reaction conditions were: 20 mg of
hydrochloric acid, 2.0 g of [Csmim]Cl, 30 mg of H>O, 0.1 g of pine wood, 100 °C with an oil-

bath.d Reaction conditions were: 10 mg of CrCls 6H2O, 2.0 g of [Camim]Cl, 0.1 g of pine wood, 100 °C
with an oil-bath.c Otherwise was the same as in Entry 11 except for the reaction temperature at 200 °C.

Table 2. Production of furan compounds under microwave irradiation.a

3.8 Challenges

In summary, one of the main challenges is picking the appropriate starting materials by
considering the different aspects such as the availability, renewability, cost, viability,
efficiency and so on. Currently, good and reasonable yields for the conversion of
monosaccharides to 5-HMF can be achieved with the use of fructose and glucose. Since,
glucose is a human food derived from starch and fructose is derived by an additional work-
up from the enzymatic hydrolysis of glucose, the search for alternative starting materials
that are renewable and from non-food sources presents challenges that must be overcome.
Another challenge would be found in up-scaling the reaction in ILs. The design and
development of an efficient, simple, effective, high selectivity reactor and reaction system is
necessary for the commercialization of this technology.
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4. Transformation of oleate to value added chemicals

4.1 The oleochemical industry

Ever since the crude oil crisis in the late 1970s (Figure 23) [41], manufacturers have been
switching from petrochemical to the oleohemicals that lead to a global expansion of the
oleochemical industry. The oleochemical industry makes chemicals from renewable
resources such as natural oils and fats in addition to waste or by-products from the food
industry. Natural oils and fats are primarily composed of long chains of triglycerides with
carboxylic acids. The primary olechemical products consist of glycerols, fatty acids, fatty
alcohols and fatty acid methyl esters (FAME). These chemicals are useful raw materials for
lubricants, fuels (biodiesels), paints, polymers (polyester), surfactants, detergents, soaps and
cosmetics. Oleates are a class of fatty acid esters that are commonly synthesized from the
reaction of natural fats and oils with methanol, catalyzed by alkali.
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Fig. 23. Crude oil price projections, 1980 vs 1982. US refinery average acquisition costs,
current dollars [41].

4.2 Transformation of oleates using olefin metathesis

After the first report on the WClg/SnMey catalytic system for the metathesis of methyl oleate
in 1972 [42], olefin metathesis has been considered as a useful catalytic reaction. It converts
olefins into new and useful products by breaking and reforming the C=C bonds. The key
step involves the formation of the [2+2] metallacyclobutane intermediate of the olefin and
the transition metal alkylidene complex [43].

4.2.1 Homo-metathesis reaction of methyl oleate

In 1972, Boelhouwer and co-workers reported the selective transformation of methyl oleate
to equimolar amounts of 9-octadecene and dimethyl 9-octadecene-1,18-dioate using
W(Cls/(CHs)4Sn as the catalyst (Figure 24) [42].

The successful metathesis of methyl oleate has led to the synthesis of many other
unsaturated fatty acid esters with high selectivity. The development of homogeneous and
heterogeneous catalyst systems and the metathesis of ow-unsaturated fatty acid esters such as
methyl 10-undecenoate, that proceeds to completion via the continuous removal of the
volatile co-product, ethylene, is an example of an industrial process based on these reactions
(Figure 25).
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Fig. 25. Homo-metathesis reaction of methyl oleate.

4.2.2 Cross-metathesis reaction of unsaturated fatty acid esters

Cross-metathesis allows long chain unsaturated fatty acid esters to be shorten to produce
highly desirable short chain esters such as detergent-range Ci0-Ci4 esters (methyl 9-
dodecenoate); the alkene co-products can be converted to Ci>-Ci4 alcohols by
hydroformylation. The cross-metathesis of unsaturated fatty acids with ethylene (Figure 26),
or ethenolysis produce highly valuable short chain w-unsaturated fatty acid esters. Various
groups have reported on the ethenolysis of methyl oleate to form methyl 9-decenoate and 1-
decene. Both methyl 9-decenoate and 1-decene are the key intermediates for the synthesis of
chemical products (fragrances, lubricants [44]) and polymers (polyesters, polyamides),
respectively.

l

O
N e e e gt . S vv”\'ijrde

Fig. 26. Cross-metathesis of methyl oleate
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4.2.3 Ethenolysis of methyl oleate in lonic liquid [45]

In 2007, Bourbigou-Dixneuf and coworkers took the ethenolysis procedure one step further
and reported the ethenolysis of methyl oleate using ionic liquids. They screened two
imidazolium based ionic liquids of different counter anions and found that Hoveyda
catalyst 8 (Figure 27) and [bdmim][NTf,] ionic liquid gave the best conversion (95%) and
high catalyst recyclability of 3 consecutive runs without significant loss in catalytic activity
[45].
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Fig. 27. Hoveyda catalyst.

4.3 Conclusions

The demand for inexpensive and renewable energy and chemical products will further spur
the oleochemical industry. The metathesis of oleates offers new synthetic routes to valuable
raw materials and feed stocks with high chemoselectivity. The reaction is catalytic and could
be performed at ambient conditions. Moreover, solvents could be substituted with “green”
ionic liquids that will further enhance the growth of production.

5. Conclusions and perspectives

Because of their high availability and low prices, the chemical industries in thelatter part of
20th and the early 21st century rely heavily on crude oil. However, this strong focus of raw
materials now appears to be more precarious due to escalating international financial
problems and unknown political factors.

At present, moving away from fossil fuel processes should be the main goal of industrial
chemical development. This could be attained through the application of new technologies
that utilized lignocellulosic biomass. Recent developments in ionic liquids show great
potential in the utilization of lignocellulosic biomass processes; they have shown high
efficacy and efficiency. One of the greatest shortcomings of ILs is their high cost; more
research must be done to make them more cost-effective.

In spite of the possibilities that are opened up by using ionic liquids in biomass chemistry,
both their recovery and reuse for continuous processes remain a formidable challenge for
the industrialization of new technologies. Ionic liquids are relatively expensive compared to
traditional solvents and the high cost of utilizing ionic liquids must be offset; this is
mandatory for the development of commercially viable processes. In addition, the
technology available now shows that ionic liquids can only dissolve about 10-15 wt %
cellulose to give very thick and viscous solutions at these low concentrations.

The future of R&D for biomass processing utilizing ionic liquids relies on the development
of novel, environmentally-friendly ionic liquids that allow high concentrations of dissolved
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cellulose and still possess good rheological properties. Furthermore, products should be
readily isolated from ionic liquids for the efficient solvent recycling. Moreover, the
separation of impurities from biomass has to be efficient otherwise the accumulation of
impurities during the process may negatively affect the overall performance of the system.
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