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Aims and Scope of the series

Book Series in Biofuels and Biorefineries aims at being a powerful and integrative
source of information on biomass, bioenergy, biofuels, bioproducts and biorefinery.
It represents leading global research advances and opinions on converting biomass
to biofuels and chemicals; presents critical evidence to further explain the scientific
and engineering problems in biomass production and conversion; and presents
the technological advances and approaches for creating a new bio-economy and
building a clean and sustainable society to industrialists and policy-makers.

Book Series in Biofuels and Biorefineries provides the readers with clear and
concisely-written chapters on significant topics in biomass production, biofuels,
bioproducts, chemicals, catalysts, energy policy and processing technologies. The
text covers areas of plant science, green chemistry, economy, biotechnology,
microbiology, chemical engineering, mechanical engineering and energy studies.

Series description

Annual global biomass production is about 220 billion dry tons or 4,500 EJ,
equivalent to 8.5 times the world’s energy consumption in 2008 (532 EJ). On the
other hand, the world’s proven oil reserves at the end of 2011 amounted to 1652.6
billion barrels, which can only meet 54.2 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
throughout the world and can readily be converted to other products. Compared
with coal, the advantages of using biomass are: (i) it is carbon-neutral and
sustainable when properly managed; (ii) it is hydrolysable and can be converted
by biological conversion (e.g., biogas, ethanol); (iii) it can be used to produce
bio-oil with high yield (up to 75%) by fast pyrolysis because it contains highly
volatile compounds or oxygen; (iv) biofuel is clean because it contains little sulfur
and its residues are recyclable; (v) it is evenly distributed geographically and can
be grown close to where it is used, and (vi) it can create jobs in growing energy
crops and building conversion plants. Many researchers, governments, research
institutions and industries are developing projects to convert biomass (including
forest woody and herbaceous biomass) into chemicals, biofuels and materials
and the race is on to create new “biorefinery” processes. The development of
biorefineries will create remarkable opportunities for the forestry sector, biotech-
nology, materials and the chemical processing industry, and it will stimulate
advances in agriculture. It will help to create a sustainable society and industry
based on renewable and carbon-neutral resources.
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Preface

Interest in biofuels and value-added chemicals that can be produced from biomass
is increasing daily as societies look to sustainable sources of energy. Ionic liquids
are used for the pretreatment and chemical transformation of biomass due to their
unique ability for dissolving lignocellulosic materials. Although there are many
books on the topic of either biomass conversion or ionic liquids, the unique feature
of this book is that it links biomass conversion with ionic liquids and chemicals
such that processing, chemistry, biofuel production, enzyme compatibility and
environmental treatment are covered for conceptual design of a biorefinery. This
book is the first book of the series entitled Biofuels and Biorefineries.

This book consists of 12 chapters contributed by leading world-experts on
biomass conversion with ionic liquids. Each chapter was subjected to peer-review
and carefully revised by the authors and editors so that the quality of the material
could be improved. The chapters are arranged in five parts:

Part I: Synthesis and Fundamentals of Ionic Liquids for Biomass Conversion
(Chaps. 1, 2, and 3).

Part II: Dissolution and Derivation of Cellulose and Fractionation of Lignocellu-
losic Materials with Ionic Liquids (Chaps. 4, 5, and 6).

Part III: Production of Biofuels and Chemicals in Ionic Liquids (Chaps. 7, 8, and 9).

Part IV: Compatibility of Ionic Liquids with Enzymes in Biomass Treatment
(Chaps. 10 and 11).

Part V: Ionic Liquids for Absorption and Biodegradation of Organic Pollutants in
Multiphase Systems (Chap. 12).

Chapter 1 introduces the fundamentals of ionic liquids related to biomass
treatment. Chapter 2 gives an outline of design and synthesis of ionic liquids for
cellulose dissolution and plant biomass treatment. Chapter 3 overviews the recent
advances made with choline-chloride (ChCl) not only for the activation of biomass
but also for its conversion to value-added chemicals. Chapter 4 summarizes
approaches to design of ionic liquids that have good capability for dissolving
cellulose and discusses factors for realizing efficient room-temperature dissolution
of cellulose dissolution and subsequent enzymatic hydrolysis. Chapter 5 provides a
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comprehensive overview about the use of ionic liquids for the chemical derivati-
zation of cellulose. Chapter 6 reviews the current state of knowledge and process
development in the area of ionic liquid fractionation of wood, and reports findings
on factors that control the solubility of wood in ionic liquids. Chapter 7 provides an
overview on the biodiesel production in ionic liquids, ionic liquids-catalyzed
biodiesel production, ionic liquids-modified enzymes for biodiesel production,
purification of bio-alcohols with ionic liquids, and prospects. Chapter 8 focuses
on catalytic transformations of biomass into fuels and chemicals in ionic liquids.
Chapter 9 describes the efficient methods for producing the platform chemical,
5-hydroxymethylfurfural with ionic liquids. Chapter 10 covers the biocompatibility
issues of ionic liquids, for example, biocatalysts in ionic liquids media, the effect of
ionic liquids properties on the activity and stability of enzymes, approaches to
enhance the activity and stability of enzymes in the ionic liquids containing
medium, and rational design of ionic liquids for use with enzymatic reactions.
Chapter 11 focuses on the application of enzyme technology in ionic liquids.
Chapter 12 introduces the potential of ionic liquids for hydrophobic organic
pollutants absorption and biodegradation in multiphase systems.

This book reviews many aspects of the ionic liquids techniques necessary for
efficient development of biomass resources. The text should be of interest to
students, researchers, academicians and industrialists in the area of ionic liquids
and biomass conversion.

Beijing, People’s Republic of China Zhen Fang
Sendai, Japan Richard L. Smith, Jr.
Tianjin, People’s Republic of China Xinhua Qi
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Part I
Synthesis and Fundamentals of Ionic
Liquids for Biomass Conversion



Chapter 1
Fundamentals of Ionic Liquids

Junli Xu, Qing Zhou, Xinxin Wang, Xingmei Lu, and Suojiang Zhang

Abstract Ionic liquids (ILs) are composed of cations and anions that exist as liquids
at relatively low temperatures (<100 °C). They have many attractive properties, such
as chemical and thermal stability, low flammability, and immeasurably low vapor
pressures. This review provides a summary of the fundamental structural features of
ionic liquids, the physical properties, and their applications as solvents for biomass.

Keywords ILs « Properties » Cellulose » Biomass

1.1 Introduction

The energy crisis has caused great pressure on the economic development and
environmental sustainability worldwide, resulting in renewable energy, such as,
solar, wind, and biomass, receiving significant attention [1]. Especially, as a
resource of fuel and chemicals, biomass is developed greatly due to its large
potential and universality as an energy resource. Biomass pretreatment is a key
procedure for efficient processing. Biomass pretreatment was first conducted with
acid or alkali, as well as some organic solvents. Gradually, considering the envi-
ronmental and economic influence, ionic liquids (ILs) were introduced for biomass

J. Xu
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pretreatment and biomass conversion with ILs was followed since ILs have many
unique and excellent properties.

This part aims to briefly introduce the definition of ILs, the structures and classi-
fication of ILs, meanwhile, the properties of ILs will be discussed in detail, including
melting point, viscosity, density, and thermal stability. Then the history, advantage and
current status of ILs applied to cellulose/biomass, the quantities and kinds of ILs are
used in dissolution and separation of cellulose from biomass are also summarized.

1.2 Overview

Ionic liquids (ILs), are organic compounds containing salts with many attractive
properties like extremely low vaporization pressure and melting point, excellent
thermal stability and wide liquid ranges [2—-5]. ILs have widely been used in many
areas, for example, chemical synthesis, catalysis, biocatalysts and electrochemical
devices [6-10]. ILs can be chosen to have different anions and cations so that one
can form IL with the desired properties. Especially, some kinds of ILs with special
functional groups have been designed for application in many industrial processes,
such as imidazolium-based ILs, phosphonium-based ILs, amino-based ILs, acid-based
ILs, and biodegradable ILs [11].

Lignocellulosic biomass is an abundant plant material and widely available, so
that it has attracted much attention for conversion to fuels and chemicals [12,
13]. The main components of biomass are cellulose, hemicelluloses, lignin and
other extractives. However, the complex structure of biomass makes its chemical
degradation and biological conversion difficult to realize [14]. Pretreatment to
disrupt the structures is necessary and a key procedure for biomass utilization.

Cellulose, as an important component of biomass, is composed of thousands of
B- (1-4) — linked glucose units [15], which form many intermolecular or intramo-
lecular hydrogen bonds [16]. Cellulose is widely treated with several organic
solvents, such as N, N-dimethylformamide/nitrous tetroxide (DMF/N,O,4) [17], N,
N-dimethylacetamide lithium chloride (DMACc/LICI) [18], N-methylmorpholine
(NMMO) [19] and dimethyl sulfoxide (DMSO)/tetrabutylammonium fluoride
(TBAF) [20]. These traditional solvents suffer from volatility, toxicity, and solvent
recovery issues [21, 22], so novel solvents, such as ILs, have received attention for
cellulose dissolution in recent years. Cellulose dissolution with present ILs dates back
to 2002 [23], before which, a solvent system for dissolving cellulose was discovered
by Graenacher [24].

1.2.1 The Structures and Classification of ILs

There are a large number of ILs that can be produced theoretically, while the
synthesized and reported ones are very limited [25]. By the end of 2009, more than
1,800 available ionic liquids which were composed of 714 different cations and
189 different anions have been reported in the book named ionic liquid: physico-
chemical properties have reported [26]. According to our current ionic liquids
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Table 1.1 Common used cations of ILs

Types Cations Structures
Imidazolium based cations 1-alkyl-3-methylimidazolium oA
N N
\—/
1-alkyl-2, 3-dimethylimidazolium J\
R
\N A
\—/
Pyridinium based cations 1-alkylpyridinium /® |
SN
!
1-alkyl-1-methylpyridinium @
/N
Pyrrolidinium based cation 1-alkyl-1-methylpyrrolidinium N /R
N
)
Phosphonium, ammonium, sulfonium Tetraalkylphosphonium Rm
based cations .
Rp—F Rn
b,
Tetraakylammonium Am
FiprJr n
FLO
Trialkylsulfonium Rm
st Rn
FLO
Metal based cations M = Co**, Ni** o
o’ Ter
i Me
Et_ @N/
=+ Cl
cl Tk
e cl M el
Cl Cl
Functionalized cations 1-phenylethanoyl-3- — 7 —
methylimidazolium \ / NS
N-propane @
sulfuricpyridiniumdihydrogen '\ & " sos
1-methyl-4-(2-azidoethyl)-1, N
2, 4-triazolium NF >
S

N

database, there are more than 2,300 kinds of ILs, including varieties of 229 anions,
907 cations. In these ILs, the most common used cations are imidazolium, pyridinium,
piperidinium, tetraalkylphosphonium, tetraalkylammonium, trialkylsulfonium and

metal based, functional cations, the cations are listed in Table 1.1.

However, the generally used ions are either inorganic or organic, for example,
hexafluorophosphate, bis (trifluoromethylsulfonyl) imide, tetrafluoroborate, trifluoro-
methanesulfonate, dicyanamide, halide, formate, acetate, and alkyl-phosphate and

so on (Table 1.2).



Table 1.2

Common used anions of ILs

Entry Anions Structures
1 Hexafluorophosphate Flok
N
o l\F
2 Tetrafluoroborate F
F—|B_—F
3 Trifluoromethanesulfonate o
olo
CFq
4* Methyl sulfate Tf
0=8—0
OMe
5 Acetate Q
PN
6 [N (CN,)]™ chloride/bromide/iodide /f\‘\
70Ny
7 Chloride/bromide/iodide Cl,Br,I"
8* Dimethyl phosphate T’
O:T—OMe
OMe
9 Hydrogen maleate 2
.
P
OH
10 Tyrosine 7
-
NH,
11 Valine °
)W/L"’
NH,
12° Tetrakis [3, 5-bis (trifluoromethyl) FsC CF;
phenyl] borate fo Q/ )
OGS
FEE
FiC CFy
13¢ bis(trifluoromethanesulfonyl)amide °>\s /N\s Va
FC H H\CFJ
o o}
14 Trifluoroacetate ﬁ
F,c—C—0
154 AICl,- o

Cl——AI——cl

Cl

# the methyl also could be changed into ethyl et al.
® the other borate and borane anions are fluoroacetoxyborate, bis(oxalato)borate, alkyl carborane et al.
¢ the similar anions are bis(perfluoroethylsulfonyl)amide, 2,2,2-trifluoro-N-( trifluoromethanesulfonyl)
acetamide, tris(trifluoromethanesulfonyl)methanide.
9 the similar metal salts based anion like FeCl,-.
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1.3 Synthesis of ILs

The synthetic routs are greatly related to the structures and composition of ILs, such
as metathesis, protic synthesis, halogen free synthesis and other special methods, in
this review, the synthesis procedures are summarized into one step method, two
step method, enhanced methods and others especial methods, such as the synthetic
method of chiral ILs.

1. One step method
The ILs synthesized in one step method are mainly produced by the nucleophilic
solvents reacting with the alkyl halide or esters, and the tertiary amine neutral-
ized with acid. For example, the alkylimidazole halide, quaternary ammonium
halide, alkyl sulfate, alkyl phosphate and neutralization reaction [27-31]. The
alkylimidazole based ILs are synthesized according to Eq. 1.1.

Rim + R'X — {RR’im} X (1.1)

2. Two step method
In the two step method, the alkylimidazole halide was first synthesized, then the
halide was changed to targeted anions by complex reaction,metathesis reaction,
ions exchange and electrolytic method. Many common used ILs are produced
with this method, for examples, the [Bmim][FeCl;], [Bmim][PFq],
[Bmim],[SO4] and [bpy][NOs] [32-36]. The synthetic routs are shown in the
Eq. 1.2

MY/HY
R ——
Ton Exchnage e}
N © N\Y
— . NS R
[\ XL X (12)
N\/N\ / \/ \
R /’—\
,- : ® [MXy+l]
Lewis Acid R/ \/ \

3. Enhanced methods
In the synthesis process, microwave or ultrasonic are used to enhance the
reaction to increase the reaction and conversion rate. For example, the [Bmim]
[BF,] is synthesized in the route as shown in Eq. 1.3 [37].

/ o\ X°  NH,BF, MW N/_@’\ BF%

PANGZN NN NHX

(1.3)
4. The synthetic method of chiral ILs [38, 39]
Chiral ILs have more unique properties than that of common ILs, which
combining the advantages of chiral material and ILs, and the chiral materials
or asymmetric synthesis are both used in the procedure. For example, the chiral
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Table 1.3 Companies that produce ILs
Entry Classification Companies Website
1 Range of ILs Merck http://www.merck.de/de/index.
html
Sigma-Aldrich http://www.sigmaaldrich.com/
united-states.html
CAS http://www.casact.org/
2 Imidazolium ILs BASF http://www.basf.com/group/cor
porate/us/en/
io-li-tec http://www.iolitec-usa.com/
3 Phosphonium Cytec http://www.cytec.com/index.htm
ILs
4 Typically func- Frontier Scientific http://www.frontiersci.com/
tional ILs Linzhou Keneng Materials Tech-  http://lzkn.atobo.com.cn/
nology Co. Ltd.
5 Ammonium ILs  Bionigs http://www.ipgroupplc.com/

compound (1S, 2R)-(+)-N, N-dimethylephdrinium cation(Fig. 1.1) can be used
to synthesized ephedrinium based chiral ILs [39], and the nicotine based chiral
ILs are synthesized according to the Eq. 1.4 [40, 41].

D NTf,

\O EtBr | N %‘\CHS LiNTf, | Ny N~cn, (1.4)
N —

| | N Et N Et
Z

N

Now ILs are applied in a variety of fields, so many companies that produce and
sale ILs are occurred all over the world. The common companies that produce ILs
are listed in Table 1.3.

1.4 Characterization and Purification

After the ILs synthesis, the characterizations are followed to confirm the structures
and purities. Nuclear magnetic resonance (NMR) spectrometry, Fourier transform
infrared spectroscopy (FT-IR), the X-ray diffraction (XRD), elementary analysis
(EA) and mass spectroscopy (MS) are common used techniques in ILs analysis. The
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NMR included "H NMR and "C NMR, together with the FT-IR are widely to
confirm the desired structures and functional groups of ILs. Meanwhile, the EA and
MS are usually used to detect the ILs purities.

The common impurities are water, metathesis byproducts, sorbents and chemical
drying agents, especially the water, which almost exit in all kinds of ILs, the water
in ILs has various effects on the ILs applications, for the water sensitive reaction,
the water removal is very necessary, while, sometimes a little amount of water in
ILs may enhance the reaction, so the water content in ILs can be controlled by
evaporated or vacuum drying according to the ILs applications. Some halide salts,
alkali metals and heavy metal precipitation as byproducts in ILs, some of them are
reduced by passing the ILs through silica gel [42], the precipitations are common
filtered by millipore filters. In addition, some other methods, such as sorbents,
distillation, zone melting and clean synthetic routes are also developed to obtain
more pure ILs [39]. Sometimes the color of ILs would be dark when the reaction
temperature is high, activated carbon is introduced to use in ILs discoloration.
Meanwhile, the ILs those are solid at room temperature would be recrystallized to
get better quality.

The separation and purification methods of ILs can be decided by different water
solubility of ILs. The cation and anion composed of ILs both influence the water
solubility of ILs, of course, the increased alkyl chain (n) length of the cation
decreases the water solubility of ILs, and n = 10 is a boundary of liquid and
solid phase of ILs. With a short alkyl chain cation, the ILs containing halide,
acetate, sulfate, or phosphate are generally liquids insoluble with water, while the
ILs with BF, or PF¢ are mostly water-immiscible [39].

1.5 Physicochemical Properties of ILs

ILs used in cellulose and biomass pretreatment has attracted much interest due
to their excellent properties, such as the low melting point, high thermal stability
and solvation capacity, especially the hydrogen-bonds among the cations and
anions [43]. Moreover, the promising diversity of ILs suggests that appropriate
ILs will be non-volatile polar solvents for carbohydrate dissolution and biomass
pretreatment.

1.5.1 Melting Point

The melting point of a compound represents the lower limit of the liquid range and
together with thermal stability defines the temperature window in which it can be
used as a solvent [44].
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The melting point is defined as the temperature of equilibrium between solid and
liquid state in thermodynamic. Since the change of the Gibbs free energy equals
zero at the equilibrium, the melting point (T},,) is defined as follows [45]:

_AH

T. = _—
TTAS

(1.5)

Recently, many researchers study the effect of structural features on melting
point because the melting point is an important factor for employment of ILs as a
reaction media. Factors influencing in ILs melting point are charge, size and the
distribution of charge on the constituent ions. For the same class of ILs, small
changes in the shape of the uncharged, covalent regions of the ions need to be
considered [46]. For example, the melting point of imidazolium based ILs is
influenced by four factors: electron delocalization, H-bonding ability, the symmetry
of the ions, and van der Waals interactions. Both alkyl substitutions on the cation
and ion asymmetry have been shown to interfere with the packing efficiency of ions
in the crystalline lattice [47]. Researchers are always try to find that how the
chemical structure affects the melting point by many different measuring methods.
The following trends can be concluded from open literature:

1. The sizes and shapes of cations of ILs are important factors influencing the
melting points of ILs. In general, as the size of the cation increases, the melting
point of the salts decreases.

2. With increasing the size of the anion, the melting point of the salts decreases,
which reflects the weaker columbic interactions in the crystal lattice. For
instance, from Cl to [BF4]” to [PFe]™ to [AICL,], the melting points of the
sodium salts decrease from 801 to 185 °C with increasing thermochemical radius
of the anion [47].

3. With the same anion, symmetry of the alkyl substitution also affects the melting
point of ILs. Generally, highly asymmetric alkyl substitution has been identified
as important for obtaining high melting point. For example, the melting point of
[Mmim]Cl is 124.5 °C while the melting point of [Bmim]Cl is 65 °C.

4. The alkyl chain length of cations also affect melting point of ILs. For example,
as for 1-alkyl-3-methylimidazolium tetrafluoroborate, with an increase in the
alkyl chain length (up to n = 8), the melting point decrease, where n is the
number of carbon atoms. But the melting point of ILs increases gradually with
increasing chain length when n > 8. The same condition occurs in 1-alkyl-3-
methylimidazoliumbis (trifyl) imide [46].

5. For ILs in which the only difference is the degree of branching within the alkyl
chain at the imidazolium ring, higher degree of branching within the alkyl chain,
higher melting point of ILs.

Owing to their unique properties, ILs are widely used as a kind of versatile
solvents in biomass separation/conversion. Most ILs used for biomass pretreatment
have low melting points, so that they are liquid at room temperature, the melting
points of the ILs listed in Fig. 1.2 are all lower than 350 K [26]. That’s because
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Fig. 1.2 The melting points of ILs used for biomass pretreatment

lower melting points of ILs make them easy to handle and are known as a technical
advantage on the recyclability of the solvents. In recent years, some new types of
ILs that have lower melting points and a sufficient polarity to further process
carbohydrates have been claimed to replace chloride-based ILs [48]. These ILs
are formate, acetate or phosphate salts with imidazolium based cations. They have
been proven to be potential solvents to dissolve cellulose under mild condition.

1.5.2 Viscosity

Viscosity is one of the most important physical properties when considering ionic
liquid applications. The viscosities of many ILs are much higher than most organic
solvents at room temperature. Generally, the viscosity of ILs is 10—1,000 mPa s. A
low viscosity is generally desired to use IL as a solvent, to minimize pumping costs
and increase mass transfer rates while higher viscosities may be favorable for other
applications such as lubrication or use in membranes [49]. Viscosity can be fitted
with the Vogel-Tammann-Fulcher equation although it usually follows a
non-Arrhenius behavior. Viscosities of ILs remain constant when the shear rate
increases so that they have Newtonian and non-Newtonian behaviors [44].

The viscosity of ILs is usually affected by the kind of the anion, cation and
substituents on the cation and anion of the imidazolium-based ILs. Generally, for
ILs with the same anion, the alkyl substituents on the imidazolium cation is larger,
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the viscosity of ILs is higher. For example, for the 1-alkyl-3-methylimidazolium
hexafluorophosphate and bis((trifluoromethyl)sulfonyl)imide series ([Rmim][PFg]
and [Rmim][Tf,N]), viscosity increases with increasing the number of carbon
atoms in the linear alkyl group [50]. Furthermore, branching of the alkyl chain in
1-alkyl-3-methylimidazolium salts usually result in lower viscosity. Finally, a
reduction in van der Waals interactions can also attribute to the low viscosity of
ILs bearing polyfluorinated anions. Hydrogen bonding between counter anions and
symmetry can also affect viscosity. In short, the viscosity of ILs based on the most
common anions decreases in the order ClI~ > [PF¢]™ > [BF4]™ > [TfO]” >
[Tf,N]™ > [dea]™ (shown in Fig. 1.3) [26, 51-53].

The impurities in the ILs greatly affect their viscosities [4]. In one study [54], a
series of ILs were prepared and purified by many kinds of techniques. Then their
impurities were analyzed and physical properties were evaluated. The results
showed that chloride concentrations of up to 6 wt% were found for some of the
preparative methods whereas chloride concentrations of between 1.5 and 6 wt%
increased the observed viscosity by between 30 and 600 %. Studies also found that
the non-halo aluminate alkylimidazolium ILs absorbed water rapidly from the air.
As little as 2 wt% (20 mol%) water could reduce the viscosity of [BMIM][BF,] by
more than 50 %. Therefore, purities and handling should be carefully considered
when viscosities of ILs are measured.

Owing to the widely application of ILs, the experimental measurement and
theoretical modeling of viscosities of ILs and mixtures are essential in the devel-
opment and design of processes [55]. There are several models used for the
prediction of ILs viscosities.

Abbott [56] proposed a theoretical model for prediction of viscosities by mod-
ifying the “whole theory”. In that model, 11 ILs mainly based on imidazolium at
three temperatures (298, 303 and 364 K) were investigated. The model had low
reliability despite its theoretical interpretation and therefore it has limited applica-
tion for practical processes.
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Han et al. [57] proposed a QSPR method for prediction of the viscosity of
imidazolium based ILs. In that work, a database of 1,731 experimental data values
at various temperatures and pressures were used for 255 ILs, that included 79 cat-
ions and 71 anions. As for the viscosity of imidazolium-based ILs, the cation-anion
electrostatic interactions have important effects.

The most useful viscosity estimation models for complex molecules are those
based on group contributions. The methods usually use some variation of temper-
ature dependence proposed by de Guzman [58].

The Orrick—Erbarmethod [59] proposed employs a group contribution technique
to estimate the A and B parameters in the following equation [49]:

n B
In—=A+— 1.6
an +o (1.6)

Where the 7 and p are the viscosity in mPa - s units and density is in g - cm >
units, respectively.

Viscosities calculated by the following method are in good agreement with
experimental literature data. The model could predict the viscosity of new ILs in
wide ranges of temperature and could be extended to a larger range of ILs as data
for these become available. It is also shown that an Orrick—Erbar-type approach
was successfully applied to estimate of the viscosity of ILs by a group contribution
method.

In 2002, it was reported that ILs can dissolve biomass materials [23]. Viscosity
plays a role in cellulose solvation, because it considered that ILs with low viscosity
are more efficient and easier to handle in dissolving cellulose [60]. When an IL has
a low viscosity, cellulose can be dissolved at room temperature. For example,
microcrystalline cellulose was dissolved at a lower temperature in 1-ethyl-3-methyl
imidazolium methylphosphonate [EMIM][CH3PO,4] in compared with 1-ethyl-3-
methylimidazolium dimethylphosphate [EMIM][(CH;3),PO,4] [61]. However, vis-
cosities of ionic liquids are not the only important parameter in biomaterial disso-
lution. In 1-benzyl-3-methylimidazolium chloride [PhCH,MIM]CI, researchers
have found that it was a rather powerful solvent no matter its dicyanamide anion,
the cation-anion pair resulted in reasonably low viscosity [62]. Nevertheless, it was
found that ILs containing alkyloxy or alkyloxyalkyl groups have low viscosities and
that they are beneficial for dissolving cellulose. Especially, a powerful solvent for
cellulose has been found to be 1-(3, 6, 9-trioxadecyl)-3-ethylimidazolium acetate
[Me(OEt);-Et-Im][OAc] (in Table 1.6) [63].

1.5.3 Density

Many density correlations of ILs have been reported because it is an important
fundamental property [49]. IL database, such as The UFT/Merck lonic Liquids
Biological Effects Database, IUPAC Ionic Liquids Database and Tohoku Molten
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Salt Database, provide up-to-date information on densities of ILs [26]. Generally,
imidazolium-based ILs are widely used as solvents for ILs applications owing to
their excellent physical properties, such as low viscosities and high thermal and
aqueous stability. Their densities are more available in the open literature than other
properties ILs.

The usual densities of ILs vary between 1.12 g - cm ([(n—CgH;7)(C4Hg)sN]
[(CF3S0;),N]) and 2.4 g - cm° (a 34-66 mol% [(CHs);S]Br/AlBr; ionic liquid)
[64, 65]. However, large cations have densities lower than water, such as aliquat
(in Table 1.6), since their long alkyl chains have higher flexibility. From IPE IL
database [26], the densities of most ionic liquids tend to have low sensitivity to
variations in temperature. Furthermore, the impact of impurities on densities is
much less dramatic than for viscosities.

One can make some conclusions on the cation effect and also to study the effect
of alkyl chain length on the density and derived properties. Gardas et al. [66] found
that as the alkyl chain length in the pyrrolidinium cation increases, the density of the
corresponding IL decreases, similar to that observed for imidazolium-based ILs
[67]. Generally, the order of increasing density for ILs with a common cation is
N(CN),” < BF;~ < CF;CO,” < CF;S0;5~ < PFs~ < Tf,N™ (shownin Fig. 1.4)
[26, 53, 69]. The higher densities of Tf,N -containing ILs arise from the much
higher mass of the anion [68].

Since it is difficult to measure densities of all ILs at different conditions, it is
necessary to find a method to estimate densities of ILs. So far, a large amount of
models about prediction of densities of ILs have been proposed in the open
literature. The common models are group contribution methods (GCMs), quantita-
tive structure property relationships (QSPRs) and artificial neural networks (ANNs)
[70]. For instance, Lazzus [71] used the method of ANNSs to estimation the density
of imidazolium-based ionic liquids at different temperature and pressure. The
method has a better estimation results, but it is not convenient to be used in
prediction.
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Table 1.4 The decomposition temperatures of ILs used in dissolving cellulose

Decomposition
Name of ILs Abbreviation temperature/K
1-Butyl-3-methylimidazolium tetrafluoroborate [BMIM][BF,] 680.15 [26]
1-Butyl-3-methylimidazolium bis-(trifluoromethane- [BMIM][NTf;] 675.15 [26]

sulfonyl)imide
1-Butyl-2,3-dimethylimidazolium Tetrafluoroborate [BM,IM][BF,] 671.15 [75]
Trihexyltetradecyl phosphonium dicyanamide [Pe.6.6,14][dca] 668.15 [26]
1-Butyl-3-methylimidazolium hexafluorophosphate [BMIM][PF¢] 663.15 [26]
1,3-Dimethylimidazolium Methylsulfate [MMIM][MeSOy,] 649.15 [79]
1-Butyl-3-methylimidazolium hydrogen sulfate [BMIM][HSO4] 603.15 [80]
1-Allyl-3-methylimidazolium chloride [AMIM]CI 558.95 [81]
1-Butyl-3-methylimidazolium carboxybenzene [BMIM][(C¢Hs) 552.75 [26]
COQ]

1-Butyl-3-methylimidazolium chloride [BMIM]CI 527.15 [26]
1-Hexyl-3-methylimidazolium chloride [HMIM]Cl 526.15 [26]
1-Ethyl-3-methylimidazolium acetate [EMIM][OACc] 493.15 [82]
1-Butyl-3-methylimidazolium formate [BMIM][dca] 473.15 [83]

The volumetric properties for the ILs can be estimated by the values of density.
For example, [C,MIM][BF,] (n = 2, 3, 4, 5, 6) are common ILs, many researchers
have previously reported many properties in wide ranges of temperature. We can
plot of values of in p against T, a straight line was obtained for given IL, and its
empirical linear equation is [72]

Lnp=b—al (1.7)

Where b is an empirical constant, the negative value of slope, « = —(0Inp/0T),,
is thermal expansion coefficient of the IL [C,MIM][BF,].

We can also obtain the molecular volume (V) of ILs. The value of V,, was
calculated using the following equation [72]

Vin = M/(Np) (1.8)

Where M is molar mass of ILs, N is Avogadro’s constant.

1.5.4 Thermal Stability

Compared with organic solvents, most ILs have relatively high thermal stability.
The decomposition temperatures reported in the open literature are generally
>200 °C, and they are liquid state in a wide range of temperatures (from 70 to
300—400 °C). The decomposition temperatures of ILs that dissolving cellulose are
listed in Table 1.4.
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Many literature works have investigated the thermal stability of ILs on
imidazolium and anion structures. The onset of thermal decomposition is similar
for the different cations but appears to decrease as the anion hydrophilicity
increases. Ngo et al. [73] found that the thermal stability of the imidazolium-
based ILs increases with increasing linear alkyl substitution. Owing to the facile
elimination of the stabilized alkyl cations, the presence of nitrogen substituted
secondary alkyl groups decreases the thermal stability of ILs. They also found
that the stability dependence on the anion is [PFg]™ > [Tf,N]™ ~ [BE4]™ >
halides. Fox et al. [74] found that the alkyl chain length does not have a large
effect on the thermal stability of the ILs.

However, the thermal stability of ILs has been revised [4]. The range of thermal
stability of ILs published in the open literature is overstated. The decomposition
temperature of ILs calculated from fast thermo gravimetric analysis (TGA) scans in
a protective atmosphere and does not imply a long-term thermal stability below
those temperatures [44]. Fox and his group have done some nice study on the
thermal stability of ILs [74—76]. Compared with the data from both isothermal and
constant ramp rate programs for the decomposition of 1-butyl-2,
3-dimethylimidazolium tetrafluoroborate ((BMMIM][BF,]) under N,, they found
that isothermal TGA experiments may be the more appropriate method for evalu-
ating the thermal stabilities of ILs [75]. Based on TGA pyrolysis data of 1, 2,
3-trialkylimidazolium room temperature ILs, They also found that although the
calculated onset temperatures were above 350 °C, significant decomposition does
occur 100 °C or more below these temperatures.

Singh et al. [77] analyzed the thermal stability of imidazolium based ILs
[BMIM][PF¢] in a confined geometry. They found that [BMIM][PF¢] in confined
geometry starts at an earlier temperature than that for the unconfined ILs. The loss
of alkyl chain end groups of [BMIM] cation of ILs assign to the early decomposi-
tion by using a phenomenological ‘hinged spring model’. The idea of ‘hinged
spring’ model is that the imidazolium ring is supposed to be ‘hinged’ to the SiO,
matrix pore walls by surface oxygen interacting with the C-H group of the
imidazolium ring.

Researchers have reported a new method to study the changes that occur
during thermal aging of ILs. The method is potentiometric titration, which is
precise, low-cost and quick analytically. To a small extent, they found that
imidazolium salts start to decompose at much lower temperatures than those
obtained from thermo gravimetric analysis by using this method. They also
concluded that the stability of ILs is also influenced by water, except by their
composition, such as anion type and alkyl substituent at the imidazolium ring.
For instance, 2 wt% of water in ILs could bring about increased degradation of
[BMIM]CI at 140 °C. Furthermore, [BMIM][BF,], [EMIM][CH3SO3], [BMIM]
[CH3SO3] and [BMIM][Tf,N] are completely stable at 140 °C for 10 days
[78]. Finally, from these data, long-term stability of ILs is a complicated problem
with obvious and serious implications for their use as solvents media of chemical
reactions.
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1.6 Solubility of Cellulose/Biomass in ILs

Many kinds of materials can be dissolved in ILs, such as the metal salts, gases,
carbohydrates, sugar alcohols, cellulose and even the biomass [36, 84, 85]. In this
chapter, cellulose dissolution with various ILs would be discussed.

Cations and anions play an important role in the cellulose dissolution process
[23]. The soluble ability of cellulose in ILs can be modified by changing the cations
or anions. Anions that form hydrogen bonds with hydroxyl groups are effective for
cellulose dissolution, small size and alkalinity of anions promote to increase
cellulose soluble ability, for example, halide, acetate, formate and dialkyl phos-
phate [22, 61, 86]. Different imidazolium, pyridinium and pyrrolidinium-based
cations are commonly used in cellulose dissolution together with the anions
above mentioned. Cellulose soluble ability decreases in the ILs with length of the
alky chain. Meanwhile, alkyl chains or anions with hydroxyl groups tend to be
adverse to the cellulose dissolution in ILs due to the increase of hydrogen-bond
acidity of ILs [22].

The Kamlet-Taft polarity parameters, for example, f is the hydrogen-bond
basicity parameter, « is the measure of the hydrogen-bond acidity, which express
the ability to donate and accept hydrogen bonds, respectively, and wn* is the
parameter of the interactions through dipolarity and polarizability. The parameters
a and P are similar to the acid and base characteristics according to the definition,
while, the a and P are not completely consistent with the acidity and alkalinity of
ILs in all conditions, the o and  emphasize the acceptance ability of hydrogen-
bond. As for ILs, p has been the most useful parameter in predicting the solubility of
cellulose in different ILs with various anions [87, 88].

With ILs, the higher B and dipolarity caused the better ability to dissolve
cellulose [22]. With the cation [Bmim]*, some anions showed different trends for
dissolving cellulose due to the increasing hydrogen-bond acceptance ability, for
example, the f value of some anions are in an order of OAc™ > HCOO™ > (CgHs)
COO™ > H,NCH,COO™ > dca™, and the cellulose solubility was about 16 wt%
in [Bmim][OAc] (p = 1.161), which was higher than those in [Bmim][HCOO]
(B = 1.01), [Bmim][(CcH5)COO] (B = 0.98) [8, 89-92]. For a given cation, the
effect of anions on cellulose dissolution changes greatly, this result may contribute
to the formula weight of ILs, which means that the cellulose dissolution is close to
the mass percent in the given ILs.

The Kamlet-Taft parameters of selected ILs and examples of used in dissolving
cellulose and biomass pretreatment are as followed in Table 1.5, and the properties
of ILs examples and applications in biomass are shown in Table 1.6. Common ILs
used for cellulose/biomass pretreatment are shown with details in Table 1.7.
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Table 1.5 Kamlet-Taft ILs o B o

parameters of selected ILs

[61, 93-96] [BMIM][MeSOs] 0.44 0.77 1.02
[BMIM][MeSO4] 0.55 0.67 1.05
[BMIM][HSO,] - 0.67 1.09
[BMIM][MeCO,] 0.47 1.20 0.97
[BMIM][N(CN),] 0.54 0.59 1.05
[BMIM][Me,PO4] - 1.12 -
[BMIM]CI 0.44 0.84 1.14
[AMIM]CI 0.46 0.83 1.17
[Bmim][OAc] 0.57 1.16 0.89
[Bmim][HCOO] - 1.01 -
[Bmim][(C6H5)COO] - 0.98 -
[EMIM][OACc] - 1.074 -
[EMIM][(MeO)HPO,] 0.52 1.00 1.06
[EMIM][(MeO)MePO,] 0.50 1.07 1.04
[EMIM][(MeO),PO5] 0.51 1.00 1.06
[AMIM][HCOO] 0.48 0.99 1.08
[AEIM][HCOO] 0.47 0.99 1.06
[TMIM][HCOO] 0.46 0.99 1.06
[BMIM][OTf] 0.63 0.48 0.97
[BMIM][PF¢] - 0.44 -

n* stands for the parameter of the interactions through dipolarity
and polarisability

1.7 Conclusion and Prospects

ILs have many intriguing properties, such as low vapor pressure, high chemical and
thermal stability, wide electrochemical window, non-flammability, wide liquid
range and recognition ability of biomaterials. They are applied in a variety of fields,
including extraction, organic synthesis, catalysis/biocatalysts, materials science,
electrochemistry and separation technology. Furthermore, because ILs have ionic
nature, they may interact with charged groups in the enzyme, either in the active site
or at its periphery, causing changes in the enzyme’s structure.

ILs are promising solvents, for reaction and separation, offers tremendous
possibilities for the development of sustainable industry, advanced materials and
chemicals. Up to date, cellulose dissolution with ILs has been well developed. And
the problems of ILs like high cost, which is obstacle to the industrial scale of ILs
application, and the future researches trends and orient of ILs in cellulose/biomass
applications, such as the binary systems including complex ILs or solvents, addi-
tives and catalysts, will be described more clearly.

The recycle of ILs in an efficient way is also should be well developed. The
process of dissolving cellulose or biomass applications in ILs should be optimized
to reduce the loss of cellulose or biomass. Binary and ternary system of ILs perhaps
will be more efficient for the dissolution of cellulose/biomass, meanwhile, the large
scale of synthesis and functional design of ILs with high stabilities and low
viscosities will be developed. Considering of the environmental effect and special
purposes, bio-degradable ILs and chiral ILs, acid or base enhanced ILs with lower
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Table 1.7 Common ILs used for cellulose/biomass pretreatment

ILs Material Solubility Conditions Refs.
[BMIM]C1 Cellulose 10 wt% 100 °C [231*
Cellulose 25 wt% Microwave heating 2317
3-5s
Southern yellow pine 52.6 % 110°C, 16 h [128]°
(<0.125 mm)
Wood chips Partially 130°C, 15h [62]
soluble
Silk 9.51 % (w/w) 100 °C [129]
Bird feather 23 % 100 °C, 48 h [130]
Chitin 10 wt% 110°C,5h [131]
[AMIM]CI Cellulose 14.5 wt% 80 °C [132]
Ball-milled Southern pine 8 wt% 80°C,8h [62]
powder
Norway spruce sawdust 8 wt% 110°C, 8 h [62]
Pine 26 wt% 24 h [133]
Southern pine TMP 5 wt% 130°C, 8 h [62]
[EMIM] Cellulose/lignin 4 wt% 75°C,1h [137]
[OAc] Southern yellow pine 98.5 % 110°C, 16 h [128]°
(<0.125 mm)
Red oak (0.125-0.250 mm) 99.5 % 110°C, 16 h [128]°
Aspen wood 5 wt% 120 C [135]
Energy cane bagasse 5 wt% 120 °C [136]
[BMIM] - Insoluble Microwave [23]
[PFs]
[Ch][AA] Sugar Cane Bagasse 5 wt% Magnetic stirrer [134]

%0.5-1.0 g of fibrous cellulose, 10 g [Bmim]ClI
®Wood load (0.50 g)in 10 g IL

viscosity, higher thermal stability would be designed and synthesized by calculat-
ing the structure-function relationship or predicting the properties with group
contribution method or semi-rational formula.
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Chapter 2

Solubilization of Biomass Components
with Ionic Liquids Toward Biomass
Energy Conversions

Mitsuru Abe and Hiroyuki Ohno

Abstract Ionic liquids (ILs) are collecting keen interest as novel solvents for plant
biomass, especially for cellulose. ILs have several unique properties and they
dissolve cellulose under milder condition than existing procedures. Here, we give
an outline of the development of biomass dissolving ILs together with their
physico-chemical properties. Dissolution and/or extraction of not only cellulose
but also lignin with ILs are overviewed. The extracted biomass is expected to be
converted into other energies. For this purpose, energy-saving biomass treatment is
inevitable, and ILs are one of the most potential media for this. This chapter will
deliver further ideas on the design of ILs for cellulose dissolution or plant biomass
treatment in the near future.

Keywords Ionic liquid ¢ Polarity ¢ Hydrogen bond ¢ Cellulose ¢ Lignin
« Dissolution « Design of ions ¢ Save energy

2.1 Introduction

Tonic liquids (ILs) are organic salts with melting point below 100 °C, and especially
those with the melting point at and below room temperature are called “room
temperature Ionic liquids” [1]. There are a few important properties required for
solvents such as non-volatility, non-flammability, and thermal stability in a wide
temperature range. Although there are many solvents that have some of these
properties, there are few solvents that have all of the above-mentioned properties.
ILs have unique properties different from molecular solvents. Many ILs have
non-volatility, non-flammability, and stability in a wide temperature range.
Furthermore, there is a potential chance to design new ILs through unlimited
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possibility of combination of ion pairs. ILs are accordingly known as “designer
solvents”. It is easy to change their physico-chemical properties by the selection of
suitable ions.

One of successful examples on the design of ILs is cellulose dissolution. Plant
biomass is one example of a renewable and abundant natural material. These
materials can be considered to be the embodied energy of sunlight and so is one
possible method to produce energy on earth. Considering the limit of fossil fuels,
there are increasing trials to convert plant biomass into user-friendly energy. There
are many industrial plants for bioethanol production from corn starch or sugar cane
in US and other countries. There are established methods to convert starch into
sugar in our human life. However, since these processes compete with food
industry, there are ethical concerns about the use of edible plant biomass as raw
materials for fuel production [2]. Cellulosic biomass therefore is attracting attention
as energy sources because they are inedible materials for human beings.

Cellulosic biomass essentially consists of cellulose, hemicellulose, and lignin.
To obtain energy from cellulosic biomass with minimum given energy, following
three steps are required, namely (1) extraction of cellulose from biomass, (2) hydro-
lysis of the cellulose into glucose or other oligosaccharides, and (3) oxidation or
fermentation. However, cellulosic biomass is scarcely used for bioenergy produc-
tion because of its very poor solubility in common molecular solvents. The chem-
ical and physical stability of cellulose are known to be derived from many intra- and
inter-molecular hydrogen bonds [3, 4]. Since ordinary molecular solvents have not
enough power to dissolve cellulose, it is required to heat the mixture or stir it for a
long time which is inefficient for energy conversion. The energy cost for dissolution
and extraction processes for cellulose should be very low.

Many scientists recognize that ILs have great potential as solvents for cellulose
and are paying particular attention to ILs as novel solvents for cellulose under mild
conditions. Design of ILs to dissolve cellulose with low energy cost is therefore
indispensable for energy conversion. Without this step, it is difficult to use cellu-
losic biomass as valuable materials as well as fossil fuel substitutes. The discussion
in this chapter concentrates on the dissolution of biomass in ILs.

2.2 Chloride Type Salts for Cellulose Dissolution

Concerted attempts to dissolve cellulose do not have such a long history. The first
reported study on cellulose dissolution using an ionic material was reported in 1934
by Graenacher and co-workers [5]. They used a mixture of amine and a pyridinium
salt to dissolve cellulose. At this stage, pyridinium salt was not used as an IL but as an
added salt. Thus, the “first” study of cellulose dissolution with ILs that was reported
was by Swatloski et al. in 2002 [6]. They reported that 1-butyl-3-methylimidazolium
chloride ([C4mim]Cl) dissolved pulp cellulose. This IL dissolved 3 % cellulose
at 70 °C, and 10 % cellulose at 100 °C. They also clarified that the cellulose
dissolving degree was improved with a combination of IL soaking and
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Table 2.1 Solubility of Tonic liquid Method Solubility (wt%)
dissolving pulp cellulose in

jonic liquids [6] [C4mim]Cl Heat (100 °C) 10

Heat (70 °C) 3

Heat (80 °C) + sonication 5

Microwave irradiation 25
[C4mim]Br Microwave irradiation 5-7
[C4mim]SCN Microwave irradiation 5-7
[C4mim][BF4]  Microwave irradiation Insoluble
[C4mim][PFs]  Microwave irradiation Insoluble
[C6mim]Cl Heat (100 °C) 5
[C8mim]Cl Heat (100 °C) Slightly soluble

other physicochemical treatments such as sonication or microwave irradiation.
On the other hand, tetrafluoroborate-type salts and hexafluorophosphate-type salts
did not dissolve cellulose unlike [C4mim]Cl. The data shown in Table 2.1 provides
that the properties of ILs that deeply affect the solubility of cellulose in the
corresponding ILs.

[C4mim]Cl has a high melting point (T,,) of 73 °C and high viscosity, thus it is
hard to use as a solvent at ambient condition [7, 8]. Heinze and co-workers reported
that some chloride salts which have pyridinium or ammonium cations also dissolve
cellulose (Scheme 2.1, Table 2.2) [8]. 3-Methyl-n-butylpyridinium chloride
([C4mpy]CIl) dissolved cellulose much better than [C4mim]Cl, and
benzyldimethyl(tetradecyl)ammonium chloride (BDTAC) has a lower T, (52 °C).
Sometimes, the degree of polymerization of cellulose (DP) decreases after disso-
lution in ILs (see Table 2.2). In the case of energy conversion, changes in the DP are
a less important factor. Some studies also require dissolving cellulose without
lowering DP from the viewpoint of cellulose application. In both cases, the disso-
lution of cellulose under mild conditions is suitable considering efficient
processing. Then there are some studies on reducing the T;, of these chloride
salts. Physical chemistry tells us that small anions such as chloride anion interact
strongly with cations due to higher charge density resulting high T, of the salts. It is
therefore important to design cations to lower the T,,. Mizumo et al. developed
liquid state chloride salts using imidazolium cations having allyl group(s) [9]. Allyl
group is effective to show conformational change or rotation of the group, that
induces to lower the T}, of the imidazolium salt. They clarified that the adopting
allyl groups into imidazoliulm cation is a valid way to lower the T}, of the chloride
salts. After this report, Zhang and co-workers reported that one of room temperature
ILs, 1-allyl-3-methylimidazolium chloride ([Amim]Cl), has a good ability to dis-
solve cellulose [10]. [Amim]Cl dissolved no cellulose at room temperature, but it
dissolved cellulose at 60 °C under stirring. With increasing temperature, cellulose
could be dissolved easily in [Amim]Cl.

With an increase in the variety of chloride type cellulose-dissolving ILs
(CDILs), cellulose dissolving mechanisms as well as dominant properties of the
ILs for cellulose dissolution have been gradually clarified. Those studies suggest
that the chloride anion works dominantly to dissolve cellulose by breaking the
hydrogen bonding networks of cellulose fibrils. Remsing and co-workers have
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cl
3-Methyl-N-butylpyridinium chloride  Benzyldimethyl(tetradecyllammonium chloride

Scheme 2.1 Structure of chloride type ILs to dissolve cellulose under heating [8]

Table 2.2 Solubility of cellulose samples in ILs

Cellulose Solubility of cellulose

[C4mim]Cl [C4mpy]Cl BDTAC
Type DP % DP* % DP? % DP*
Avicel 286 18 307 39 172 5 327
Spruce sulfite pulp 593 13 544 37 412 2 527
Cotton linters 1,198 10 812 12 368 1 966

Reprinted with permission from Heinze et al. [8], Copyright (2005) John Wiley and Sons
*After regeneration, DP: Degree of polymerization of cellulose, Ty, of [C4mim]Cl, [C4mpy]Cl,
and BDTAC was 73, 95, and 52 °C, respectively

clarified that [C4mim]Cl makes hydrogen bonding between the carbohydrate
hydroxyl protons and the chloride ions in a 1:1 stoichiometric ratio using '*C and
35/37C] NMR relaxation measurements [11]. The relaxation time of the imidazolium
cation and chloride anion in [C4mim]Cl was analyzed as a function of concentra-
tion (wWt%) of cellobiose as a model compound of cellulose. The relaxation time of
the cation was almost constant regardless of cellobiose concentration. This means
that there are no specific interaction between cations and cellobiose. On the other
hand, there was a clear relationship between the ***’Cl relaxation time and cello-
biose concentration. This suggests that the chloride anion interacts strongly with the
dissolved carbohydrate. They analyzed the interaction between the chloride anions
and non-derivatized carbohydrates. This study clarified that the chloride ions
interact in a 1:1 ratio with the carbohydrate hydroxyl protons.

Some simulation studies have also been reported on carbohydrate dissolution in
dialkylimidazolium chloride-type ILs. Youngs and co-workers reported about the
molecular dynamics simulations of glucose solvation by 1,3-dimethylimidazolium
chloride [C1mim]ClI [12]. They found that the primary solvation shell around the
glucose consists predominantly of chloride anions hydrogen bonding with the
hydroxyl groups of glucose ring. This is the predominant interaction between
glucose rings and chloride-type ILs. There is a small contribution of cations on
the carbohydrate-IL interaction. Cations were however also found near the glucose,
and a hydrogen at the 2-position of the imidazolium ring interacted with an oxygen
atom of the secondary hydroxyl group of the glucose. A weak contribution of van
der Waals force was also seen between the glucose and the cations. Even at high
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glucose concentrations (16.7 wt%), the anion-cation interactions and overall liquid
structure of [C1mim]Cl were found not to be significantly changed. This means that
the glucose is readily solubilized by the IL even under high concentration. Gross
and co-workers reported on the thermodynamics of cellulose solvation in [C4mim]
CI [13]. All-atom molecular dynamics (MD) simulations were conducted to analyze
the thermodynamic driving force of the cellulose dissolving process and to clarify
the role of both anions and cations in the process. They suggested that the disso-
ciated cellulose has higher potential energy in water than that in [C4mim]Cl. They
suggested that the cellulose insolubility in water is mostly derived from the entropy
reduction of the solvent. In addition, they also suggested that both the anion and
cation of the IL interact with the glucan residues. In the case of C1™ anions, they
form hydrogen bonds with the hydroxyl groups of cellulose from either equatorial
or axial directions. On the other hand, for the cations, the contact with cellulose
along the axial directions was closer than that along the equatorial directions. They
concluded that interacting with cellulose along axial directions and disrupting the
cellulose fibrils is an important step of cellulose dissolution.

2.3 Carboxylate Type Salts with Low Melting Points and
Low Viscosity

As described in the previous section, chloride type ILs have a strong ability to
dissolve cellulose, and it is predominantly attributed to the anion to form hydrogen
bonding with the hydroxyl groups of cellulose. However, most chloride salts have
both a high melting point and high viscosity. These properties are not suitable for
the improvement of cellulose solubilization. Various attempts have been made to
reduce the melting point of chloride-based ILs, as discussed above. Despite the
prepared chloride salts being in their liquid state at room temperature, heating is
necessary to dissolve cellulose. Since the necessity of the continuous heating
requires an excessive amount of energy consumption, this leads the increase in
the total cost of the cellulose treatment process. It is therefore strongly desired to
develop novel ILs to dissolve cellulose with low energy cost. Design of anion
structure is required because there is a limitation to overcome the problem by only
optimization of cations of chloride-based salts.

To design novel CDILs, we should have an analytical method to evaluate the
hydrogen bonding basicity of ILs, because chloride type ILs dissolve cellulose
through making favorable hydrogen bonds with hydroxyl groups of cellulose. The
analysis of physicochemical properties of ILs is essential for the design of CDILs.
There are many ways to investigate or predict the proton accepting ability, in other
words, hydrogen bond basicity. For example, Hansen solubility parameters [14],
COSMO-RS [15], and the Kamlet-Taft parameters [16, 17] are known as useful
empirical or semi-empirical polarity scales. Especially, it is known that Kamlet-
Taft parameters are very useful, which requires three solvatochromic dyes
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Scheme 2.2 Structure of prove dyes for Kamlet-Taft parameter measurements [16]

(Scheme 2.2). From the shift of the absorption maximum wavelength of the
individual dye molecules shown in Scheme 2.2, three Kamlet-Taft parameters
such as a, #, and 7 values are calculated. These three parameters, «, f, and 7 values
represent hydrogen bond acidity, hydrogen bond basicity, and polarizability,
respectively [16, 17]. Since ILs are conductive materials, it is not easy to determine
the polarity with conventional electrochemical methods. Considering this, Kamlet-
Taft parameters are quite useful to evaluate the polarity of ILs.

Brandt and co-workers compiled the correlation between cellulose dissolving
ability and the Kamlet-Taft f§ value of several ILs (Fig. 2.1) [18]. Although the
plotted data were measured at different conditions (e.g. different temperature,
dissolution time, degree of polymerization (DP) of cellulose, moisture content,
purity of ILs, etc.), there is a certain correlation between cellulose solubility and
the f value of the ILs. ILs with f value of less than 0.6 have no power to dissolve
cellulose under any condition. The ILs having a # value of more than 0.6 start to
dissolve cellulose and solubility increases with an increase of their f value. Here, it
should be noted that the § value is not only the factor to govern the cellulose
solubility. There are still many ILs that cannot solubilize cellulose in spite of their
larger f value [19]. Other factors such as a value and ion structure should also be
considered for the design of cellulose solvents. Although the f value does not
entirely determine the cellulose dissolving ability, it is a useful design parameter for
CDILs.

According to the data compiled by Ohno and co-workers, a series of carboxylate
salts (Scheme 2.3) were confirmed to have strong hydrogen bond basicity
(Table 2.3) [20]. Since there are a wide variety of carboxylic acid derivatives,
carboxylate anions have been selected as good anions to construct CDILs [21].

From the structures listed in a patent by Swatloski and co-workers, BASF
reported that imidazolium ILs bearing acetate anions are effective for the dissolu-
tion of cellulose [22]. Since 1-ethyl-3-methyl-imidazolium acetate ([C2mim]OAc)
is less toxic, and less viscous, this IL is a favorable solvent for cellulose. Fukaya and
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Fig. 2.1 Cellulose solubility in [C2mim] and [C4mim] type ILs as a function of the Kamlet-Taft

value of the ILs. The plotted data were measured under different conditions (Reproduced from
Brandt et al. [18] with permission from The Royal Society of Chemistry)
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Scheme 2.3 Structure of carboxylate type salts (Reprinted with permission from Ohno and
Fukaya [20], Copyright (2009) The Chemical Society of Japan)

Table 2.3 Kamlet-Taft

) Kamlet-Taft parameters
parameters of a series of

[C4mim] carboxylate- Anion a s z*

type salts [HCOO] 0.56 1.01 1.03
[C,CO0] 0.55 1.09 0.99
[C,COO0] 0.57 1.10 0.96
[C,C00] 0.56 1.10 0.94
[-C4COQO] 0.54 1.19 0.91
Cl 0.47 0.87 1.10

Reprinted with permission from Ohno and Fukaya [20],
Copyright (2009) The Chemical Society of Japan

co-workers also reported that a series of carboxylate-type ILs for cellulose disso-
Iution [23]. They suggested that 1-allyl-3-methylimidazolium formate ([Amim]
formate, IL3 in Scheme 2.4) is a good solvent to dissolve cellulose. This ionic
liquid shows no melting temperature but low glass transition temperature (—76 °C)
and low viscosity (66 cP at 25 °C) (Table 2.4). The hydrogen bond basicity of IL3
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Scheme 2.4 Structure of formate salts with imidazolium cations which have different length of
alkyl chains (Reprinted with permission from Fukaya et al. [23], Copyright (2006) American
Chemical Society)

Table 2.4 Physicochemical properties and Kamlet-Taft parameters of the ILs

Kamlet-Taft parameters

IL T, (°C)" T, (O Ty (°C)® 5 (cP) @t25°C) a p ¥

1 c 52 212 d d d d

2 =73 c 213 117 0.46 0.99 1.06
3 -76 c 205 66 0.48 0.99 1.08
4 —76 c 205 67 0.47 0.99 1.06
[Amim]Cl —51 c 256 2,090 0.46 0.83 1.17
[C4mim]Cl  ° 66 262 d 0.44° 0.84° 1.14°

Reprinted with permission from Fukaya et al. [23], Copyright (2006) American Chemical Society
“Temperature at signal peak

"Temperature for 10 wt% loss under N, gas

“Not observed

9Not measured

“Measured under a supercooled state

was higher than that of chloride salts. The IL3 was confirmed to have a good ability
to dissolve cellulose under mild condition. It solubilized 10 wt% cellulose at 60 °C
though [Amim]Cl required 100 °C to dissolve the same concentration of cellulose
(Fig. 2.2).

After the appearance of these carboxylate type CDILs, many studies were
reported about the cellulose dissolving mechanism by carboxylate salts. Remsing
and co-workers analyzed the solvation mechanisms of acetate and chloride type
salts, such as [C4mim]Cl, [Amim]Cl, and 1-ethyl-3-methylimidazolium acetate
([C2mim][OAc]) using ***’Cl and >C NMR relaxation [24]. The ***’Cl and '*C
relaxation rates of anions showed a strong dependency on the carbohydrate con-
centration in the ILs having acetate or chloride anions. Especially, in the case of
[C2mim][OAc], with the increase of carbohydrate concentration, the reorientation
rate of the anion decreased faster than that of cations. They suggested that the
interactions between the cations and carbohydrates are nonspecific, and concluded
that the solvation mechanism was almost the same regardless of the structure of the
anions.

Zhang and co-workers also analyzed the interaction between [C2mim][OAc]
and cellobiose, a repeating unit of cellulose (Scheme 2.5), using "H-NMR spec-
troscopy [25]. The acetate anion made hydrogen bonds with hydroxyl groups of
cellobiose, and the imidazolium cation also interacted with the oxygen atom of
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Scheme 2.5 Structure and atom number of [C2mim][OAc] and cellobiose (Reproduced from
Zhang et al. [25] with permission from the PCCP Owner Societies)

hydroxyl group of cellobiose, especially via the most acidic proton in the C-2
position (Fig. 2.3).

Liu and co-workers carried out molecular dynamics simulations to clarify the
interaction of cellulose and ILs [26]. They suggested that the interaction energy
between a series of (1-4) linked B-D-glucose oligomers and [C2mim][OAc] was
stronger than that with water or methanol. The estimated energy for hydrogen
bonding between the hydroxide group on glucose unit and water or ethanol was
estimated to be around 5 kcal mol !, whereas that in [C2mim][OAc] was estimated
to be 14 kcal mol . Furthermore, some of these cations interacted with these
polysaccharides through hydrophobic interactions. Xu and co-workers reported that
the cellulose solubility of [C4mim][OAc] was certainly improved by addition of
lithium salts [27]. They have suggested that lithium cation interacts with an oxygen
atom of C3-hydroxyl group of cellulose, and it causes cleavage of the O(6)H-O(3)
inter-molecular hydrogen bonding. This result means that cations also make a
certain contribution to dissolve cellulose depending on their structure.
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Fig. 2.3 Chemical shift of proton (a) and carbon (b) in [C2mim][OAc] as the function of
concentration of cellobiose in DMSO-dg (AS = & — 8,car) (Reproduced from Zhang et al. [25]
with permission from the PCCP Owner Societies)

2.4 Phosphonate Type Salts for Cellulose Dissolution
Without Heating

As described above, carboxylate salts have a good ability to dissolve cellulose and the
dissolution mechanism has been analyzed. However these carboxylate type ILs also
have a drawback in terms of thermal stability. These ILs still require heat to dissolve
certain amounts of cellulose. To overcome these problems, methylphosphonate
salts were proposed as stable CDILs. Fukaya and co-workers have synthesized
1-ethyl-3-methylimidazolium methylphosphonate ([C2mim][(CH3)(H)PO,]; IL5
in Scheme 2.6), and found that this ILS had a good stability and dissolved cellulose
without heating [28].

This ILS has very low glass transition temperature (—86 °C), low viscosity
(107 cP at 25 °C), and high Kamlet-Taft f value (1.00). The physicochemical
properties of ILS allow dissolution of 6 wt% cellulose within 1 h at 30 °C (Fig. 2.4),
and allow it to dissolve 4 wt% cellulose without heating (at 25 °C) within 5 h.

Considering the above mentioned results, the structure of CDILs and cellulose
solubility data are summarized in Table 2.5.

2.5 Functional Ionic Liquids for Cellulose Dissolution

Recently, a novel type of CDIL has been developed that has high added-value
as well as cellulose dissolving ability. Ito and co-workers reported that some
amino acid type ILs dissolved cellulose [19]. Especially, N,N-diethyl-N-
(2-methoxyethyl)-N-methylammonium alanine dissolved cellulose well at 100 °C.
These amino acid-based ILs are halogen-free and polar ILs [34, 35]. Since amino
acids are biomolecules, cheap products, and environmentally-friendly materials.
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ILs composed of amino acids are expected to generate more interest as potential
solvents in the near future [36-38]. More recently, they reported that the alanine
containing salt dissolved 23 wt% cellulose at room temperature with the aid of
DMSO [39]. Mixtures of ILs and molecular liquids are gaining attention of IL
researchers as new liquids containing the advantages of both IL and molecular
liquids. The properties of these mixtures are of course a function of the mixing ratio.
In other words, it is not difficult to control the fluid properties by adjusting the
mixing ratio when adequate IL and molecular liquids are chosen.

For most processes, highly pure ILs are needed to maintain the efficiency of the
cellulose dissolution due to keep their unique properties. ILs have a characteristic
properties about vapor pressure, namely ILs are non- or very low-volatile liquids. In
other words, it is quite difficult to purify ILs by distillation. Polar and distillable ILs
are expected to improve some processes. One of solutions is the use of ILs prepared
by the neutralization [40]. King and co-workers reported the distillable acid—base
conjugate ILs which has cellulose dissolving ability [41]. They found that the
neutralized salt of 1,1,3,3-tetramethylguanidine (TMG) with propionic acid
([TMGH][COEt]) has been shown to be technically distillable, and it dissolved
5 wt% cellulose within 10 min at 100 °C. This dissolution capability and distillable
property are dependent upon the relative basicity of the competing base, and the
equilibrium is temperature dependent.

Phosphonate type salts require low energy cost to dissolve cellulose, and they
would be potential solvents for cellulose technology. However, most CDILs have a



40

Table 2.5 IL structure and cellulose solubility
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Solubility
Tonic liquids Raw material (Wt%) Condition Refs.
I\ _ Cellulose 15.8 85°C [29]
/N@N\/ Cl Avicell 10-14 100°C, 1h  [7]
[C2mim]Cl Avicell 5 90 °C [30]
Cellulose, 12 90 °C, 12 h [31]
DP = 268
V/Za\\ _ Pulp cellulose, 10 100 °C [6]
/N@NJ\/ Cl DP = 1,000
[C4mim]Cl 3 70 °C [6]
Avicel, DP = 286 18 83°C,12h [8]
Avicel 20 100°C, 1 h [7]
Cellulose 1.8 80-90 °C, [32]
20 min
Cellulose 13.6 85°C [29]
/! - Avicel 1.5 100 °C [33]
/N@N\/\/\ Cl Avicel 1 100°C, 1h  [7]
[CS5mim]Cl
/@ \/\/\/ _ Pulp cellulose 5 100 °C [6]
—N\IN Cl Avicel 7 100 °C [33]
[C6mim]Cl Avicel 5 50 °C [30]
N\ _ Pulp cellulose Slightly soluble 100 °C [6]
/N®N Cl
Xr
[C7mim]Cl Avicel 5 100 °C [33]
5 100°C,1h [7]
Avicel 4.5 100 °C [33]
/N®N\/\/\/\/ cr 4 100°C, 1h  [7]
Xr
[C8mim]Cl Slightly soluble 100 °C [30]
N\ . Cellulose, 10 100 °C [23]
/N@N\/\ c DP = 250
[Amim]CI Avicel 5 90 °C [30]
Cellulose pulp 14.5 80 °C [10]
\ Cellulose, 9 90 °C [31]
/NQN\/\/ cr DP = 286
[C4dmim]ClI Cellulose, 6 90 °C [31]
DP = 593
Cellulose, 4 90 °C [31]
DP = 1,198
F\"l/ _ Cellulose, 5 62 °C [8]
@ | 7, Cl DP = 286
[BzDTA]CI Cellulose, 2 62 °C [8]
DP = 593
AN _ Cellulose, 39 105 °C, 12 h [8]
N Cl DP = 286
ZINNS Avicel 5 105 °C [30]
[3MBPy]Cl

(continued)
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Table 2.5 (continued)

Solubility
Tonic liquids Raw material (Wt%) Condition Refs.
7\ (@) Cellulose 13.5 85°C [29]
/N®N\/ ~ Avicel 8 100°C, 1h  [7]
N A
[C2mim][OAc] Avicel 5 90 °C [30]
N\ (0] Celulose, 13.2 [29]
/N®N\/\/ =
D Mo DP = 569
[C4mim][OAc] Avicel 12 100°C,1h [7]
I\ B Cellulose, 21.5 85°C [23]
/N@N\/\ 0”0 DP = 250
[Amim][HCOO] Cellulose, 10 60 °C [23]
DP = 250
@\ —0, ,/O Avicel 10 100°C, 1 h [7]
NN P
T —0' o
[CImim][(MeO),PO,]
N\ —0,_ 0 MCC 10 65 °C [28]
/N@N\/ N —
N —0 O
[C2mim][(MeO),PO,]
N\ —0_ 0 Avicel 10 100°C,1h [7]
[C2mim][(MeO)(Me)PO,]
M\ —0_ 0 MCC 6 30°C,1h [28]
/N@N\/ AN =
7 H O
[C2mim][(MeO)(H)PO,]

critical drawback for biomass treatment process, especially for an energy conver-
sion system. Addition of a small amount of water to the ILs certainly decreases the
cellulose dissolving ability. These ILs cannot dissolve cellulose in the presence of a
certain amount of water. Mazza and co-workers reported that the influence of water
on the precipitation of cellulose in ILs [42]. Addition of a small amount of water
was reported to greatly decrease the cellulose dissolving ability of CDILs. Gericke
and co-workers analyzed cellulose precipitation from CDILs by addition of several
anti-solvents including water [43]. According to the paper, once dissolved cellulose
was easily precipitated from CDILs by the addition of 20 wt% water. This precip-
itation was found in all ILs used in the study, namely [C4mim]Cl, [Amim]Cl, and
[C2mim][OAc]. Hauru and co-worker also reported the cellulose precipitation from
CDILs [44]. The cellulose solutions became turbid by the addition of 2-3 equiva-
lents of water, which is equivalent to 20-25 wt% water content. ILs easily absorb
water from air [45], and especially CDILs have a high water absorption rate because
they are very polar. Generally polar materials are hydrophilic. Troshenkova and
co-workers reported on the water absorbability of a CDIL, [C2mim][OAc]
[46]. This IL adsorbed up to 27 wt% of water from air at 25 °C. [C2mim][OAc]
was hydrated by the water exothermically (11 kJ mol™"), such values being
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Table 2.6 Correlation between water content of TBPH and cellulose solubility (wt%) at 25 °C

Water content (wt%) Cellulose (wt%)* Dissolution time (min)
60 0.5 >2 weeks
50 15
20 b
40 1 1
15 3
20 5
25 .
30 15 5
20 b
20 5 7
10 b
10 0.5 Not dissolved

Reproduced from Abe et al. [47] with permission from The Royal Society of Chemistry

“Final concentration

"Most of the cellulose were dissolved within 30 min, but complete dissolution was not confirmed
even after 1 h

“Difficult to stir

comparable to the thermal effect of chemical reactions. This means that CDILs
should be sufficiently dried before cellulose treatment, and this might require a
considerable amount of energy.

Quite recently, a novel IL derivative was reported as a cellulose solvent which
dissolves cellulose without heating even in the presence of water. Abe and
co-workers reported that tetra-n-butylphosphonium hydroxide (TBPH) containing
30-50 wt% water dissolved cellulose (15-20 wt% at final concentration) without
heating at 25 °C (Table 2.6) [47]. Since this solution contained water, we do not
need to dry the cellulose materials before dissolution process. TBPH/water mixture
is expected as a potential solvent for cellulose regardless of water content.

2.6 Ionic Liquids for Lignocellulose Dissolution

ILs are being investigated as a solvent for not only pure cellulose but also other
cellulosic biomass. Cellulosic biomass, such as wood, is composed of several
hardly soluble polymers and many other materials. Other polysaccharides are also
an attractive target to be extracted from biomass. In 2007, Fort and co-workers
reported wood biomass treatment by ILs, and they clarified that a mixture of
[C4mim]C]l and DMSO partially dissolved wood biomass at 100 °C (Fig. 2.5)
[48]. The dissolving degree was achieved to about 70 % (wt/wt at added biomass).
They analyzed the extracted materials and clarified that they were a mixture of
polysaccharides and lignin. Shortly after this, Kilpeldinen and co-workers reported
on wood dissolution by [C4mim]Cl and [Amim]Cl [49]. They treated soft- and
hard-wood such as Norway spruce sawdust and southern pine thermomechanical
pulp at temperatures between 80 and 130 °C for 8 and 13 h, respectively, and
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Fig. 2.5 Cellulosic material (solid bars) and lignin material (dashed bars) extraction profiles in
[C4mim]Cl/DMSO-dg at 100 °C for the different wood (Reproduced from Fort et al. [48] with
permission from The Royal Society of Chemistry)

observed that the biomass samples were partially dissolved. When the dissolution
of the same lignocellulosic samples was soaked in 1-benzyl-3-methylimidazolium
chloride ([Bnmim]Cl), transparent amber solutions were obtained. Wang and
co-workers used a room temperature IL, [Amim]Cl to extract cellulose-rich mate-
rial from several wood chips such as pine, poplar, Chinese parasol, and catalpa
[50]. They showed that pine was one of the most suitable wood species for cellulose
extraction with ILs, and its cellulose extraction degree reached to 62 %.

Miyafuji and co-worker observed the state of woodchips from softwood,
Cryptomeria japonica, during the ILs treatment using light microscope [51].
Figure 2.6 shows micrographs of latewood, earlywood, and the latewood/
earlywood boundary after treatment with [C2mim]Cl at 120 °C. The cell walls in
latewood became disordered after 0.5 h treatment. In addition, some destruction or
flaking was observed in the cell walls after 4 h treatment. By contrast, no significant
change was observed in earlywood even after 4 h treatment. They suggested that
latewood swells easier than earlywood because of the difference in the density.

Although ILs could dissolve only a part of wood biomass in an early stage, the
complete dissolution of wood was achieved by Sun and co-workers in 2009 with
carboxylate salts under heating [52]. After that the following separation methods
were also investigated. Kilpeldinen and co-workers also reported the complete
dissolution of lignocellulose materials [49]. That process helps to break some of
interchain chemical bonds such as lignin-carbohydrate bond, and the lignocellulose
material was used after mechanical pulping. Sun and co-workers clarified that
[C2mim][OAc] completely dissolved softwood (southern yellow pine) and hardwood
(red oak) after 46 and 25 h heating at 110 °C for pine and oak, respectively.
In addition, they suggested that carbohydrate-free lignin and cellulose-rich materials
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Fig. 2.6 Light microscopic images of wood ((a) latewood, (b) earlywood, (c¢) boundary of
latewood and earlywood) treated with [C2mim]ClI at 120 °C [51] (With kind permission from
Springer Science+Business Media)

were obtained by adequate precipitating process by the addition of acetone and water.
On this basis, they developed the biomass treatment process as shown in Scheme 2.7.

Regarding lignin regeneration, Casas and co-workers also studied and reported
some interesting results [53]. They collected regenerated lignin from Pinus radiata
and Eucalyptus globulus woods dissolved in imidazolium-type ILs. Lignin was
successfully regenerated by precipitation with methanol from wood solutions in
[Amim]Cl, [C4mim]Cl, or [C2mim]Cl. Against this, lignin was not regenerated
from acetate-type ILs. In addition, contents of different functional groups in the
regenerated lignin were found to depend on the species of IL employed as well as
wood species dissolved.

In the next section, direct lignin extraction from wood is mentioned. Sun and
co-workers investigated the effect of particle size of the added biomass [52]. For
[C4mim]Cl, the particle size was observed to have a significant influence on the
extraction of lignin. The IL dissolved 52.6 % of the finely milled biomass
(<0.125 mm), but only 26.0 % of coarser biomass (0.25-0.50 mm). It is easy to
comprehend that smaller particles have larger gross surface area and lignin is easier to
be solubilized. On the other hand, for [C2mim][OAc], the particle size of biomass did
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Scheme 2.7 Suggested wood biomass treatment process using IL (Reproduced from Sun
et al. [52] with permission from The Royal Society of Chemistry)

not affect the results significantly. The [C2mim][OAc] dissolved more than 90 % of
the added wood even from the particles as large as 0.5-1.0 mm. Sun et al. also
evaluated the effects of some pretreatments, i.e., microwave or ultrasound irradiation
(Table 2.7) [52]. These pretreatments accelerated the lignocellulose dissolution. With
60 x 3 s microwave pulses, the time for complete dissolution (#.q) was reduced to
shorter than half of that without pretreatment. As seen in Table 2.7, ultrasound
pretreatment also accelerated the dissolution. In spite that these pretreatments are
effective, it should not be ignored that these steps also consume energy.

In 2011, Sun et al. reported that complete dissolution of lignocellulose was carried
out with shorter mixing time at temperature above the glass transition temperature of
lignin [54]. Complete dissolution of 0.5 g bagasse in 10 g of [C2mim][OAc] requires
more than 15 h heating at 110 °C, by contrast, it dissolves completely in the IL within
5—15 min heating at 175-195 °C. In addition, processing bagasse in the IL at 185 °C
for 10 min gave higher yields of both recovered lignin and carbohydrate than the
previous methods using lower temperatures and longer times (e.g., 110 °C, 16 h).
There was an associated problem with the thermal stability of [C2mim][OAc],
because about 15 % of the IL degraded after processing at the higher temperature.

Miyafuji and co-workers reported that cellulose dissolving ILs work as not only
a solvent for plant biomass but also a reaction medium. They found that [C2mim]Cl
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Table 2.7 Effect of pretreatment on the time required to achieve complete dissolution (#.4) of
0.50 g of southern yellow pine sawdust (particle size 0.125-0.250 mm) in 10 g of [C2mim][OAc]
at 110 °C [52]

Pretreatment method Pretreatment condition teq ()
None None 46
Microwave 30 x 3 s pulses 45
Microwave 60 x 3 s pulses 21
Microwave 100 x 3 s pulses 16
Ultrasound irradiation 1 hat40°C 23

dissolved wood and that the solubilized polymers such as cellulose were
depolymerized to low molecular weight compounds just by mixing [55]. Japanese
beech wood flours (0.09 g) were added to 3 g of [C2mim]Cl, and the mixture was
heated to 90-120 °C under gentle stirring. After that, the molecular weight distri-
bution of the solubilized compounds in [C2mim]Cl was studied by gel permeation
chromatography. As a result, the molecular weight of the solubilized compounds
was found to decrease as the treatment time was extended, and such depolymeri-
zation was more enhanced at higher temperature. They suggested that [C2mim]C1
penetrated into wood and liquefied polysaccharides such as cellulose at the initial
stage of the reaction, and the crystal structure was gradually broken down.

The cellulosic biomass dissolving ability of several CDILs is summarized in
Table 2.8.

2.7 Selective Extraction from Plant Biomass

In the previous section, the dissolution of plant biomass was mentioned. Those
studies dissolve cellulose, hemicellulose, lignin, and some other materials altogether.
On the other hand, some researchers are interested in isolating target or useful
materials selectively from plant biomass. In the case of dissolution and collection
process of cellulose, some separation processes of lignin and other polysaccharides
are required. When one can design ILs suitable to extract only lignin selectively, the
ILs should become a promising solvent in the pulping method of plant biomass.

Pu and co-workers reported about lignin dissolution using several ILs in 2007
[57], and Lee and co-workers reported on a similar process in 2009 [58]. Pu and
co-workers investigated several imidazolium type ILs have a good ability to
dissolve softwood kraft pulp lignin. In their study, 344 g/L lignin was dissolved
in methylsulfate type ILs, and it was suggested that the selection of anions for ILs is
important to dissolve lignin. In the case of [C4mim] salts, the order of lignin
solubility was the function of anion species as follows: MeOSO;~ > Br~ > Cl™
> BF, . Lee and co-workers also investigated the lignin dissolving ability of
imidazolium salts having several anions. According to their study, CDILs such as
[C2mim][OAc] have good ability to dissolve lignin, and less polar ILs which have
non-coordinating anions such as BF,~ dissolve a small amount of Kraft lignin.



Table 2.8 Cellulosic biomass treatment ability of several CDILs

Ionic liquid Biomass Dissolution Condition Refs.
@\ —0O, //O Spruce chips 5 wt%, partial 90 °C [30]
NN~ _ Ro-
[CImim][(MeO),PO,]
/N@\N\/ of Spruce chips 5 wt%, partial 90 °C [30]
[C2mim]Cl
(e} Spruce chips 5 wt%, 90 °C [30]
— N@N - )1\07 Complete
[C2mim][OAc] Southern yellow  92.6%* 110°C, 16 h [52]
pine, chips
Southern yellow Complete 110°C, 46 h [52]
pine, chips
N\ - Norway spruce 8 wt% 80°C,8h 49
/N@N\A cl sawydllfst e
[Amim]Cl Norway spruce 7 wt% 130 °C, 8 h [49]
TMP
Pine 67%" 120 °C [50]
Poplar 30%" 120 °C [50]
Catalpa 23%"* 120 °C [50]
Spruce chips 5 wt%, 90 °C [30]
Complete
_ Pine 67%" 100 °C, 24 h, [48]
/N@\N\/\/ cl with
DMSO-dg
[C4mim]Cl Poplar 63%" 100 °C, 24 h, [48]
with
DMSO-dg
Oak 56%* 100 °C, 24 h, [48]
with
DMSO-dg
Eucalyptus 64%* 100 °C, 24 h, [48]
with
DMSO-dg
Wood chips Partially 130°C, 15 h [49]
soluble
Norway spruce 7 wt% 130°C, 8 h [49]
TMP
Spruce chips 5 wt%, partial 90 °C [30]
Southern yellow  26%*" 110°C, 16 h [52]
pine, chips
Southern pine 2 wt% 130 °C, 8 h [49]
S
—NIN Cl
[Bnmim]Cl
\Q Aspen wood Dissolved 150°C, 24 h [49]
R chips or
/N@\N N/// N\\\N powder
[Bnmim][DCA]

(continued)
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Table 2.8 (continued)

Ionic liquid Biomass Dissolution Condition Refs.
\/ \ + Aspen wood Partially 100 °C, 24 h [56]
NH ~ chips or dissolved
b Cl powder
[HDBU]CI
+ Aspen wood Partially 100 °C, 48 h [56]
N /N—H chips or dissolved
O 0”0 powder
[HDBU][HCOO]
+ Aspen wood Partially 100 °C, 48 h [56]
N /N_H o) chips or dissolved
_ powder
PN
[HDBU][OACc]
\/ \ + Aspen wood Partially 100 °C, 48 h [56]
/ N chips or dissolved
b cl powder

[C4DBU]CI

Other values in wt% mean the amount of biomass against the ILs used as solvents
“The value was wt/wt of added biomass. The biomass was added to become 5 wt% against ILs

Based on the effectiveness of sodium xylenesulfonate as an agent for hydrotro-
pic pulping of lignocellulose, Tan and co-workers studied the use of IL mixtures
containing 1-ethyl-3-methylimidazolium alkylbenzenesulfonates ([C2mim][ABS])
to selectively dissolve lignin from sugarcane bagasse at atmospheric pressure and
elevated temperature [59]. An extraction yield of up to 93 % was achieved.
Compared with conventional lignin extraction methods, this system has several
advantages such as no emission of toxic gases. But, a certain amount of carbohy-
drate losses (about 55 %) was caused during the biomass treatment.

Pinkert and co-workers reported that a class of food-additive derived ILs have a
great ability to dissolve lignin without dissolving or degrading cellulose [60]. They
suggested that 1-ethyl-3-methylimidazolium acesulfamate ([C2mim][Ace]) extracted
0.38 mass fraction of lignin of the added biomass in gentle extraction step (100 °C,
2 h), and the presence of a co-solvent (DMSO) increased the extraction degree to 0.56
mass fraction. Since this IL dissolves lignin, but not wood cellulose, it should become
a promising solvent for pulping methods of lignocellulose materials.

Table 2.9 shows the lignin dissolving ability of several ILs.
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Table 2.9 Lignin dissolving ability of several ILs

Ionic liquid Lignin Dissolution Condition Refs.

A\ —0O, ,/O Softwood kraft 344 g/L. 50 °C [57]
/N@N\ pulp lignin
[C1mim][MeOSO;] Kraft lignin >500 g/kg 90 °C, [58]

24 h
NN~ B Monecon o
[Cyanomim]Br tent lignin
N\ 0 Kraft lignin 300 g/kg 90 °C, [58]
/N®N\/ 24h
g —
i A )J\O Triticale straw  52.7 % of acid 150 °C, [61]
[C2mim][OAc] insoluble 90 min
lignin

N\ - Kraft lignin >300 g/k; 90 °C, 58
/N©N\/§ Cl £ s 24 h el
[Amim]Cl

N\ _ Alkali, low sul- 6.2 wt% 80-90 °C, [32]
/N@N\/\ Br fonate con- 20 min
[C3mim]Br tent lignin

7\ _ Softwood kraft 13.9 g/L 75 °C [57]
/N@N\/\/ Cl pulp lignin
[C4mim]Cl Alkali, low sul- 8.8 wt% 80-90 °C, [32]
fonate con- 20 min
tent lignin

7\ _ Softwood kraft 17.5 g/L 75°C [57]
/N©N\/\/ Br pulp lignin
[C4mim]Br

7\ - Kraft lignin 40 g/kg 90 °C, [58]
[C4mim][BF,]

N\ - Kraft lignin 1 g/kg 90 °C, [58]
/N©N\/\/ PFe 24 h
[C4mim][PFg]

~\ Kraft lignin >500 g/kg 90 °C, [58]
/N@N\/\/ 24 h
[C4mim][OTf]

N\ — Softwood kraft 312 g/L 50 °C [57]
/N@N\/\/ pulp lignin
[C4mim][MeOSO;]

Softwood kraft 14.5 g/L 70-100 °C [57]

/N@\N\/\/\

T

[C4dmim][BF,]

pulp lignin

(continued)
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Ionic liquid Lignin Dissolution Condition Refs.
FiC, 0O < Softwood kraft 275 g/LL 50 °C [57]
AN~ o pulp lignin
[C6mim][OTf]
Kraft lignin >100 g/kg 90 °C, [58]
NN ci *
-
[Bnmim]Cl
+ Sulfur free Dissolved 150 °C, [56]
( MNH lignin 24h
b ci
[HDBUICI
+ Sulfur free Dissolved 100 °C, [56]
<N NH lignin 24 h
O
[HDBU][HCOO]
+ Sulfur free Dissolved 100 °C, [56]
Y NH o lignin 24h
)J\o'
[HDBU][OACc]
+ Sulfur free Dissolved 100 °C, [56]
Y N-H ) /N:s’? lignin 24h
Fgc/ W ] \CF3
[HDBU [NTf;]
Sulfur free Dissolved 100 °C, [56]
/\/\/\/\ \\ N u lignin 48h
Q F3C
[C8DBU][NT,]
SOz~ Sugarcane 97 % of lignin 190 °C, [59]
bagasse Extracted 90 min
/S
[C2mim][ABS]
Pinus radiate 38 wt% of 100 °C, [60]
wood flour added lignin 2h
®) | (
>5.7 g/kg)
/N@N\/\/ Pinus radiate 51 wt% of 100°C,  [60]
wood flour added lignin 16 h
(>7.7 g/kg)

(continued)
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Table 2.9 (continued)

Ionic liquid Lignin Dissolution Condition Refs.
[C4mim][Ace] Eucalyptus 38 wt% of 100 °C, [60]
nitens added lignin 2h
(>6.1 g/kg)
Pinus radiate 43 wt% of 100 °C, [60]
O\S//:O wood flour added lignin 2h
/@\ | ! (>6.5 g/kg)
NN~ ~N
N7
0"
[C2mim][Ace]

N €O, N .

] + RoH . .)] Recos
N N> N
H

Scheme 2.8 Reaction scheme of the switchable ionic liquid (Reprinted from Anugwom
et al. [62], Copyright (2012), with permission from Elsevier)

Selective extraction of not only lignin but also other components from biomass
is important to construct an effective biomass conversion process. Anugwom and
co-workers constructed the selective extraction process for hemicellulose from
spruce, a typical plant biomass, using switchable ILs [62]. A switchable IL
(Scheme 2.8) was investigated as dissolution/fractionation solvents for plant bio-
mass. After the treatment for 5 days without stirring, the amount of hemicellulose in
the undissolved fraction was reduced by 38 wt% as compared with that before
treatment. They stated that the recovered hemicelluloses were very important in
many industrial fields, because the spruce hemicellulose was mainly galactoglu-
comannans, which could be used as bioactive polymers, hydrocolloids, or paper-
making chemicals [63].

ILs are useful to extract not only the main components of biomass such as
polysaccharides and lignin but also some valuable materials. For example, a
pharmaceutical ingredient, shikimic acid, was extracted from Ginkgo biloba with
[C4mim]Cl [64]. Shikimic acid is the starting material for the synthesis of
oseltamivir phosphate (Tamiflu®), which is used as an antiviral agent for the
HS5NT1 strain of influenza [65]. As seen in Fig. 2.7, using [C4mim]Cl at 150 °C,
the extraction yield of shikimic acid reached to 2.3 wt%, which was 2.5 times
higher than that extracted with methanol at 80 °C. Usuki and co-workers also
established the isolation process using an anion-exchange resin. They clarified
that CDILs are useful and important to collect valuable materials from plant
biomass.
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Fig. 2.7 Extraction degree of shikimic acid using [C4mim]Cl (100, 130, or 150 °C), DMF
(150 °C), deionized H,O (100 °C), methanol (80 °C), or ethanol (80 °C) (Reproduced from
Usuki et al. [64] with permission from The Royal Society of Chemistry)

2.8 Energy Saving Dissolution of Plant Biomass

As described in the above two sections, ILs are promising solvents to treat plant
biomass. The most important thing is the treatment capability of plant biomass
under mild conditions. CDILs dissolve polysaccharides and a part of lignin at about
100 °C without any pressurization; this means that the energy-cost to treat biomass
was reduced compared to other existing biomass treatment processes under heating
above 150 °C and pressurization. It is very important for any industrial fields
because energy-cost is directly linked to the price of the final product. The con-
sumption of energy becomes of particular importance for the energy-producing
industry, because the use of excess amount of energy to get comparable or less
energy is meaningless. Although ILs can treat plant biomass under mild condition
compared to some other methods such as kraft-pulping method, heating and long
mixing time are still needed to dissolve plant biomass in ILs, too. These require-
ments should further be improved to reduce energy consumption.

Some researcher use ILs for just pretreatment of plant biomass and not for
dissolution of cellulose. Li and co-workers reported that enzymatic hydrolysis
was significantly improved by the use of CDIL, 1-ethyl-3-methylimidazolium
diethyl phosphate ([C2mim][DEP]) [66]. They investigated the effect of tempera-
ture and time of the IL treatment on the hydrolysis efficiency. The pretreatment
temperature was changed from 25 to 150 °C for 1 h stirring, and the hydrolysis
efficiency of the pretreated wheat straw was significantly improved when the



2 Solubilization of Biomass Components with Ionic Liquids Toward Biomass. . . 53

temperature was changed from 70 to 100 °C. On the other hand, the difference of
the pretreatment time slightly affects the hydrolysis degree, and they reached the
conclusion that only 30 min treatment was enough to accelerate the following
hydrolysis. The yield of reducing sugars from wheat straw reached 54.8 % when
the wheat straw was pretreated with [C2mim][DEP] at 130 °C for only 30 min. It
remained only 20 % when the straw was enzymatically hydrolyzed in water for
12 h. In addition, the hydrolysis products did not show a negative effect on
S. cerevisiae fermentation. Tan and co-workers reported the IL pretreatment of
palm frond after extracting the palm oil for improving conversion of cellulose into
reducing sugar through subsequent enzymatic hydrolysis [67]. During the
pretreatment, lignin was partly decomposed and was dissolved in [C4mim]Cl and
remained in the solution after regeneration process of cellulose. In addition, hemi-
cellulose was autohydrolyzed during the pretreatment. Apart from crystallinity of
cellulose, cellulose digestibility should also be influenced by other factors such as
DP, surface area of cellulose, as well as state of cellulose protected by lignin and
hemicellulose complexes. Uju and co-workers also studied the effect of
pretreatment with ILs for plant biomass [68]. They used [C4mpy]Cl as a
pretreatment IL for bagasse or Eucalyptus. The pretreatment of the biomass resulted
in up to eightfold increase in the enzymatic saccharification compared with the
untreated biomass. At short time pretreatment, [C4mpy]Cl showed higher potential
to increase the initial degree of cellulose conversion than that in [C2mim][OAc].
They suggested that the significant acceleration of enzymatic saccharification was
possibly caused by the reducing of DP of cellulose by the [C4mpy]Cl pretreatment.
Bahcegul and co-workers studied the correlation between the particle size of plant
biomass in detail and the pretreatment efficiency with ILs for subsequent enzymatic
saccharification [69]. They used cotton stalks with four different particle size
pretreated in [C2mim][OAc] or [C2mim]Cl. For [C2mim]Cl, the highest glucose
yield (49 %) was obtained when the biomass had the smallest particle size,
while cotton stalks with larger particle size gave lower glucose yield (33 %). On
the contrary, for [C2mim][OAc], the lowest glucose yield (57 %) was obtained
when the cotton stalks with the smallest particle size was examined, while cotton
stalks with larger particle size gave higher glucose yield (71 %). Simply consider-
ing the overall surface area of the biomass particles, smaller particles gave higher
glucose yield. Other unknown factor(s) should exist to affect the enzymatic
saccharification. They suggested that the most suitable particle size of lignocellu-
losic biomass prior to pretreatment may change depending on the IL species.

For pretreatment of lignocellulosic biomass, it is not necessary to completely
dissolve cellulose but heating is still a necessary step. On the other hand, some
researchers are trying to dissolve plant biomass without heating. Abe et al. found
that phosphinate-type ILs dissolved plant biomass and extracted polysaccharides
from plant biomass without heating [70]. Since some phosphonate type ILs as seen
in Scheme 2.9 have a good ability to dissolve cellulose at ambient temperature [28],
we have prepared several phosphonate type ILs and evaluated their biomass
treatment ability. As a result, polysaccharide extraction degree was found to be
closely related to the viscosity. This means that the IL with low viscosity had good
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Scheme 2.9 Structure of \ MeO, ,O
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Scheme 2.10 Structure of 1-ethyl-3-methylimidazolium phosphinate (IL14) (Reproduced from
Abe et al. [70] with permission from The Royal Society of Chemistry)
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capacity to dissolve plant biomass within a short period of mixing time under
mild condition when ILs have sufficiently high polarity. We accordingly designed
a low viscosity and highly polar IL; 1-ethyl-3-methylimidazolium phosphinate
(Scheme 2.10). With this IL, it became easy to extract polysaccharides rapidly
from plant biomass under mild conditions (Fig. 2.8). Since this IL did not require
any heating to extract polysaccharides from biomass, the energy-cost was reduced
and this IL should be a promising solvent for plant biomass treatment. In addition,
this IL is stable and recyclable. Thus, a closed system for biomass treatment as seen
in Fig. 2.9 can be proposed.
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Fig. 2.9 Closed and energy-saving system (scheme) to extract polysaccharides from plant
biomass [70]

Table 2.10 Correlation between water content of TBPH and extraction degree of polysaccharides
after 1 h stirring at 25 °C

Water content of TBPH solution (wt%) Polysaccharides extraction degree (%)
70 4.9
60 28
50 36
40 37
30 24

The extraction degree was calculated from the weight of the added poplar powder (5 wt% against
the TBPH solution)

There are a few reports about the effect of water addition on the solubility of
cellulose. Padmanabhan and co-workers reported about the influence of water on
the lignocellulose solubility [71]. Prior to solubility measurements, 3—5 wt% water
was added to cellulose dissolving ILs, namely chloride, acetate and phosphate-
based ILs. After that, powder of Miscanthus, a lignocellulosic material, was added
to the ILs, and stirred the mixture at over 100 °C. However, no cellulose was
extracted. This result strongly suggested that water considerably suppressed the
dissolution of lignocellulose in wet ILs. They concluded that ILs should be dried
well in advance to extract cellulose from biomass. Since plant biomasses also
contain a certain amount of water, the biomasses have to be dried before treatment
with ILs. On the other hand, as mentioned above, TBPH has a great ability to
dissolve cellulose without heating even in the presence of water [47]. So, we next
tried to use this novel solvent to treat wood biomass. As expected, polysaccharides
such as cellulose were extracted from wood powder without heating (Table 2.10).
Poplar powder was used as a wood sample, and the powder was added to reach 5 wt%
against TBPH solution. In the presence of 70 wt% water, TBPH could extract
polysaccharides only 4.9 % of the weight of the added poplar. On the other hand,
TBPH containing 40-50 wt% water successfully extracted cellulose and other
polysaccharides for 36-37 % of the weight of the added popular. These results indicate
that the extraction of cellulose from powder of wood such as poplar could be carried
out even in the presence of considerable amounts of water.

For the development of sustainable human societies, we have to develop new
energy conversion methods based on renewable energy sources instead of fossil
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fuels. ILs, which dissolve renewable cellulosic biomass with low energy cost,
should serve as the foundation for future development of sustainable world, espe-
cially for the development of bioenergy production.
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Chapter 3
Choline Chloride-Derived ILs for Activation
and Conversion of Biomass

Karine De Oliveira Vigier and Francois Jérome

Abstract The progressive introduction of biomass in chemical processes has
dramatically changed the way how we design a catalytic process. Among different
strategies, assisted catalysis is expected to play a pivotal role in the future. In this
context, ChCl-derived ionic liquids and deep eutectic solvents has recently emerged
as promising solvents to assist a conventional catalyst in the selective conversion of
biomass. In particular, their ability to disrupt the hydrogen bond network of bio-
polymers, their ability to stabilize polar chemicals and their low miscibility with
common low boiling point solvents open a promising route for the conversion of
biomass in a more sustainable way. Beside their low price and low ecological
footprint, we wish to demonstrate here that these neoteric solvents have processing
advantages that no other solvent can provide in the field of biomass.
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3.1 Introduction

The progressive introduction of renewably-sourced raw materials in chemical
processes has dramatically changed the way how we design a catalytic reaction
and catalysis is now facing to new technological and scientific challenges in this
area. Beside the necessity to find innovative ways capable of selectively activating
these renewable raw materials, modern catalysis has also to take into account
resource management (i.e. carbon, water and metals) to ensure the sustainability of
these processes. If during several years catalysis aimed at building new molecules,
catalysis has now to integrate the notion of deconstruction (e.g. disassembling of
(bio)polymers). Response to all these constraints is however not self-satisfied
anymore and catalysis also has to provide chemicals with similar prices and even
superior performances than chemicals derived from fossil reserves in order to favour
their emergence on the market.

The progressive introduction of biomass, especially renewable polyols such as
cellulose, hemicelluloses, monomeric carbohydrates and glycerol, in chemical
processes is a clear illustration of this fundamental change that is now operating
catalysis. In particular, due to the complex structure and high oxygen content of
biomass, catalysis is now facing to new fundamental questions that are currently
hampering the industrial emergence of bio-based derivatives such as (1) how to
control the regioselectivity of reaction since the presence of numerous hydroxyl
groups (and different linkages) can lead to the formation of many side products,
(2) how to overcome the low accessibility of biopolymers to catalyst, a major
bottleneck in the deconstruction of biomass, (3) how to activate biomass without
degrading carbohydrates, (4) what is the effect of water, a contaminant of biomass,
on catalyst activity, selectivity, stability, and (5) how to overcome the low solubility
of biomass. The specialized literature (academic and industrial) and prospective
reports from different institutions and governments estimate that more than
10 years of fundamental researches are still needed to achieve mature industrial
processes based on the use of biomass.

Faced with the introduction of biomass in chemical processes, several strategies
are under investigation. The first one consists in a direct transfer of actual catalytic
technologies based on fossil carbon to renewable carbon. This approach is for
instance efficient from vegetable oils and actually explains the large number of
publications/patents dedicated to this raw material although it represents less than
5 % of the worldwide production of biomass [1]. Fatty derivatives indeed have
structures close to those of hydrocarbons, thus allowing a possible rapid transfer of
catalytic technology with minimal cost investments. On the other hand, glycerol,
the main co-product of vegetable oils, can be used as a C3 chemical to enter the
propene platform [2]. However, this approach can hardly be transposed to ligno-
cellulosic biomass (95 % of the worldwide production of biomass!!) mainly
because current catalytic systems are not adapted to these oxygenated raw materials
that exhibit very complex structures. In this context, a second strategy is under
investigation and consists in designing novel catalytic surfaces capable of
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selectively activating biopolymers [3]. This long term vision is necessary but
clearly requires important cost investments. Indeed, as compared to homogeneous
catalysis for which all elementary steps of the catalytic cycles are known at a
molecular level, it is not the case for heterogeneous catalysis for which the design of
novel solid catalysts is still empirical mostly due to the difficulty to have informa-
tion on the catalytic sites at an atomistic level. Assisted catalysis is another concept
which is now gaining more and more interest in the field of biomass processing. The
idea consists in finding innovative ways capable of assisting or driving a conven-
tional catalyst in the selective conversion biomass. For instance, physical methods
such as ultrasound or ball-milling are already known techniques to help solid
catalysts in the conversion of recalcitrant substrates such as cellulose or lignocel-
lulose. From 2000, novel and innovative media such as bio-inspired ionic liquids
and deep eutectic solvents have emerged in the current literature. These new media
have processing advantages (large dissolution of polyols, insolubility with many
organic solvents, tunable electrochemical window, tunable acidity, tolerance to
water, etc....) that no other solvent can provide. Their abilities to deactivate
water, to stabilize or destabilize reaction intermediates, to disrupt hydrogen bond
networks now open efficient tools for assisting a catalyst in the selective decon-
struction and conversion of structurally complex raw materials such as biopolymers
to more value added chemicals (Scheme 3.1).

In this book chapter, we report the most recent advances made in the field of
catalytic conversion of biomass assisted by choline-derived solvent. In particular,
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their ability to decrease the crystallinity of cellulose, to assist the deconstruction of
biopolymers or to promote the conversion of carbohydrates to higher value added
chemicals is discussed. Additionally, at the end of the manuscript, we will discuss
the contribution of these neoteric solvents for the purification of bio-based
chemicals such as biodiesel and furanic esters.

3.2 Decrease of the Cellulose Crystallinity
in ChCl-Derived ILs

3.2.1 Dissolution of Cellulose in Non-derivatizing Media

Cellulose is a highly valuable biopolymer of glucose from which chemical platforms,
intermediates, ethanol and fuel additives can be then produced [4, 5]. All these
processes initially imply the catalytic deconstruction of cellulose to glucose. The
high crystallinity of cellulose is a serious bottleneck which is at the origin of the low
accessibility of cellulose to (bio)catalysts. Hence, in many cases, harsh conditions of
pressure and temperature are required for the deconstruction of cellulose making the
control of the reaction selectivity very difficult. To overcome this issue, cellulose is
generally subjected to a pre-treatment process prior to catalytic deconstruction. This
pre-treatment aims at favoring a better accessibility of the cellulosic backbone to
catalyst by reducing its crystallinity or particle size or degree of polymerization for
instance. In this context, much effort has been recently devoted to the search of
innovative media capable of dissolving and thus disrupting the supramolecular
organization of cellulose. Dissolution of cellulose in a non-derivatizing solvent is
an interesting approach that allows a change of the cellulose structure from a highly
crystalline to a low crystalline structure, a key parameter in the subsequent catalytic
hydrolysis of cellulose to glucose. After the dissolution process, cellulose is generally
recovered, by precipitation, upon addition of an anti solvent such as ethanol or water.
Historically, mixtures of DMSO/LiCl or DMA/LiCl (among other combinations) and
more recently N-methylmorpholine-N-oxide (Lyocell process) have been used for the
dissolution/decrystallization of cellulose [6]. Although these systems ensure a drastic
decrease in the crystallinity index of cellulose, their recycling is difficult and rather
expensive. Recently, ionic liquids (ILs) have received considerable attentions
because of their ability to dissolve and thus to decrease the crystallinity index of
cellulose (Scheme 3.2).1

Dissolution of cellulose in ILs has been firstly demonstrated at the beginning of
the twentieth century in particular using ethyl ammonium nitrate [8, 9]. Nowadays,
the use of ionic liquids for the dissolution/decrystallization of cellulose is now
witnessing a sort of renaissance with the recent emergence of room temperature

TAs an example see pioneer work of [7].
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ILs. To date, plenty of works have been recently reported in this field of chemistry
and this topic is too large to be summarized here. Complementary information to
this section can be found in excellent recent reviews.”

Analysis of the specialized literature reveals that two parameters mainly govern
the dissolution of cellulose in ILs (1) the ability of ILs to disrupt the extensive
hydrogen-bond network of cellulose and (2) hydrophobic interactions. In ILs,
dissolution rate of cellulose closely depends on the temperature, time of heating
and molecular weight of ILs.’

Anion of the ILs plays an important role in the dissolution process by inducing
polar-interaction with the hydroxyl groups of cellulose thus weakening the hydro-
gen bond network of cellulose. To date, chloride is one of the most efficient anion
but its exact role is still subject to controversy in the current literature. Other anions
such as acetate, formate or phosphate have been also proven to be effective. More
generally, anion with a basic character seems to be more favorable for the disso-
lution of cellulose. The cation composing the ILs plays also a major role in the
dissolution process. Due to intra- and intermolecular hydrogen bonding, cellulose is
composed of flat ribbons with sides that differ markedly in their polarity. Hence,
amphiphilic cations are generally required in order to ensure an efficient dissolution
of cellulose. The size of the cation is also a parameter that is taken into account in
few literatures and an optimal size should be found in order to favor the diffusion of
ILs within the cellulose microfibrils. In this context, the imidazolium moiety
closely meets all these requirements.

Although elucidation of the exact mechanism governing the dissolution of
cellulose in ILs is still not really clear, combination of an amphiphilic cation with
a basic anion seems to be a good compromise. It is more or less accepted that the

2 As an example see pioneer work of Richard et al. [10].
3Lindman et al. [11] and references cited therein.
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cation has the role to slide open the cellulose fibrils and to transport the anion within
the cellulose backbone where it interacts with the hydrogen bond network. To date,
1-butyl-3-methyl-imidazolium chloride and 1-ethyl-3-methyl-imidazolium acetate
are considered as the best ILs for the dissolution of cellulose. Despite the remark-
able ability of these ILs to dissolve cellulose, their industrial emergence is unfor-
tunately hampered by their high cost, reactivity, toxicity and high viscosity.
Additionally, RTILs are highly hygroscopic and presence of water, even in a
trace amount, has a detrimental effect on the dissolution of cellulose. Hence,
room temperature ILs are nowadays only regarded as excellent models to under-
stand the mechanism governing the dissolution/decrystallization of cellulose.

3.2.2 Regeneration of Cellulose

Temperature plays an important role on the dissolution rate of cellulose. Because a
change of the cellulose structure from a highly crystalline to a low crystalline form
is not thermodynamically favorable, dissolution process of cellulose generally
occurs at relatively high temperature. Under these conditions, cellulose and, in
some cases, the ILs, are partly degraded making the long term viability of these
systems a serious limitation. In this context, assistance of microwave has been
explored to accelerate the dissolution process and promising results have been
reported [12]. Once dissolved, cellulose is regenerated by precipitation upon
addition of an antisolvent such as ethanol, water or acetone. The regeneration of
cellulose from ILs is a very important step and should be closely controlled. Indeed,
owing to its amphiphilic nature, cellulose is known for its ability to encapsulate a
wide range of organic substrates including ILs. The presence of residual ILs in
regenerated cellulose is problematic not only because the anion may lead to a
denaturation of enzymes or poisoning of acid sites during the subsequent (bio)
catalytic depolymerization of cellulose but also because ILs are relatively expen-
sive and the entire amount of ILs need to be recovered in order to design a viable
process. Recent studies have shown that regeneration of cellulose from [BMIM]CI
at temperature around 60 °C or assistance of ultrasound allows to recover nearly
99 % of the ILs offering a suitable route to limit the contamination of cellulose.*

3.2.3 Towards Bio-inspired ILs

As smartly recently stated by M. Francisco et al. [14] finding an eco-efficient
solvent for the dissolution of cellulose and more largely lignocellulosic biomass
is becoming the Achille’s heel of renewable chemicals and biofuels processing.

4 As a recent selected example see [13].
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In this context, few groups have attempted the design of bio-inspired ILs from
choline chloride (ChCIl) with the aim of dissolving (and thus decreasing the
crystallinity index of cellulose) in a more sustainable way. ChCl is a very cheap
(<2€/kg), biodegradable and non-toxic quaternary ammonium salt which can be
either extracted from biomass or readily synthesized from fossil reserves (million
metric tons per year) through a very high atom economy process. Its ionic structure
makes of this organic salt a suitable candidate for the design of safer solvents that
are particularly promising for biomass processing. In this context, two strategies are
employed to produce media from ChCl (1) a chloride metathesis to produce the
so-called bio-inspired ILs or (2) its combination with safe hydrogen bond donors
such as urea, renewable carboxylic acids (e.g. oxalic, citric, succinic or aminoacids)
or renewable polyols (e.g. glycerol, carbohydrates) to produce a deep eutectic
solvent (DES). More information regarding DES is provided later in the chapter.
To date the number of examples involving bio-renewable ChCl-derived solvents for
the dissolution of cellulose and more largely lignocellulosic biomass is rather
scarce mostly due to the novelty of these systems.

ChCl being a solid with a high melting point, one of the main strategies reported
in the current literature consists in properly exchanging the chloride anion by
acetate or an amino acid affording ILs that are liquid at a temperature below than
70 °C. All these so-called bio-inspired ILs were conveniently prepared by neutral-
ization of the commercially available choline hydroxide derivative with the
corresponding acid (yield >95 %). Main advantages of these ILs stem from their
convenient synthesis, biodegradability, low toxicity and low price. To date, these
bio-inspired ILs were essentially used in various catalytic reactions such as aldol
[15] and Knoevenagel [16] reactions for instance but their use for biomass
processing remained scarce.

In 2010, C. S. Pereira and his co-workers reported the efficient use of cholinium
ethanoate and lactate for the dissolution of refined cork, an insoluble residue from
the cork manufactures, composed of ~20 wt% of polysaccharides, ~30 wt% of poly
(phenolics) (“lignin-like””) and ~50 wt% suberine [17]. Ability of choline-derived
ILs to dissolve refined cork has been investigated at 100 °C. The residue (not
soluble) was then analyzed by ATR-FTIR to identify which polymer of refined cork
has been extracted. Choline ethanoate was able to dissolve a larger quantity of
refined cork than the reference 1,3-dialkylimidazolium ionic liquid, especially of
the aromatic suberin component (Table 3.1).

Other anions such as butanoate, hexanoate, methylpropanoate and lactate were
also tested. Among them, lactate was found the less efficient (extraction efficiency
of 20.7 and 39.7 % for lactate and ethanoate, respectively). An increase of the chain
length of the anion led to an improvement of the extraction efficiency and best
results were obtained with the hexanoate anion for which the extraction efficiency
reached 64.9 %. The ability of choline-derived ILs to dissolve refined cork follow
the pK, value of the conjugate acid of the anion i.e. an increase of the basicity led to
an increase of the extraction efficiency. ATR-FTIR analyses revealed a drastic
reduction in the aliphatic and aromatic bands of refined cork after extraction
suggesting that tested choline-derived ILs mostly extract suberin.
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Table 3.1 Dissolution of cork biopolymers in choline-derived ILs

| X
S xall__ RZAN » St of pelsacchrices
5 Choline-derived ILs
Entry Anion (X7) Extraction efficiency (%) pK.
1 CH;CO,~ 39.7 4.76
2 CH3(CH,),CO,™ 44.1 4.84
3 (CH3),CHCO, ™ 55.1 4.83
4 CsH;,CO,~ 64.9 4.85
5 Lactate 20.7 3.86

In 2012, Zhang et al. investigated the dissolution of microcrystalline cellulose
(PH AVICEL 106) in choline acetate [18]. Although choline acetate ([Ch]OAc) was
not capable of dissolving microcrystalline cellulose in a large extent (solubility <0.2
and ~0.5 wt% after 5 min and 12 h, respectively), it is noteworthy that microcrystal-
line cellulose started to swell after immersion in [Ch]OAc for 12 h at 110 °C. After
filtration, cellulose looked like a flocky precipitate rather than a powder, suggesting
that this media does affect the supramolecular organization of cellulose. To ensure a
complete dissolution of cellulose, effect of additives was investigated. Among
various tested additives, it was shown that addition of 5—15 wt% of tributylmethyl
ammonium chloride ((TBMA]CI) in [Ch]OAc dramatically enhanced the dissolution
of microcrystalline cellulose. In particular, in the presence of 15 wt% of ([TBMA]
Cl), 6 wt% of cellulose was dissolved within only 10 min at 110 °C. For comparison,
when the dissolution of microcrystalline cellulose was performed in neat 1-butyl-3-
methylimidazolium chloride (commonly used for the dissolution of cellulose), only
4 wt% of MCC were dissolved after 8 h of reaction, further demonstrating the
effectiveness of the [Ch]OAc/[TBMA]CI mixture.

As commonly performed in the case of imidazolium-based ILs, cellulose was then
regenerated by addition of ethanol and recovered. XRD analyses performed on
regenerated cellulose revealed that the cellulose structure was successfully changed
from a high to a low crystalline structure indicating that the [Ch]OAc/[TBMA]CI
mixture was capable of disrupting the hydrogen bond network of cellulose. During
the dissolution process, the glucose units were not damaged (checked by infra-red)
while viscosimetry analyses revealed that the degree of polymerization of cellulose
remained unchanged before and after the dissolution process. After washing of
regenerated cellulose, no nitrogen was detected by elemental analysis suggesting
that the [Ch]OAc/[TBMA]CI mixture can be conveniently separated from cellulose.

After filtration of regenerated cellulose and removal of ethanol, the [Ch]OAc/
[TBMA]CI mixture was recycled three times without appreciable decrease of its
dissolution abilities. After the third run, the ability of the [Ch]OAc/[TBMA]CI
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Scheme 3.3 Dissolution/regeneration of microcrystalline cellulose in Choline acetate

mixture to dissolve cellulose however started to drop mainly due to the accumula-
tion of impurities in the solution that hampered the long term recycling of this
system. A similar trend is observed with imidazolium-based ILs. The whole
dissolution/regeneration process is summarized in Scheme 3.3.

In the same year, Zong and his co-workers reported the design of ILs by
combining cholinium as a cation and amino acids as anions affording the
so-called [Ch][AA] with AA = glycine, alanine, serine, proline, among many
others. Liu et al. [19] Ability of these bio-inspired ILs to dissolve biopolymers
such as lignin, xylan (a model of hemicellulose) and cellulose was investigated. All
prepared [Ch][AA] were fully characterized in term of viscosity, stability (TGA
analysis), melting point (DSC analysis), alkalinity and optical rotation in order to
rationalize the efficiency of [Ch][AA] in the dissolution of biopolymers. In a first
approximation, authors observed that [Ch][AA] with a high alkalinity and low
viscosity are more favorable for the dissolution of lignin. In particular, [Ch][gly-
cine] was found to be the best ILs with a dissolution of up to 220 mg of lignin per
gram of ILs at 90 °C. Although alkalinity and viscosity of [Ch][AA] also exerted an
influence on the dissolution of xylan, this biopolymer was found much less soluble
than lignin. Cellulose, a recalcitrant biopolymer, was however insoluble.

Despite the low solubility of xylan and cellulose in [Ch][glycine], it can be used
for the pre-treatment of rice straw. In particular, a pre-treatment of rice straw in
[Ch][glycine] at 90 °C for 24 h prior to enzymatic hydrolysis, led to an enhance-
ment of the glucose production. For instance, after pre-treatment of rice straw in
[Ch][glycine], the concentration of glucose obtained after enzymatic hydrolysis
was improved from 0.31 to 2.05 g L' which was attributed to the ability of the [Ch]
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Table 3.2 Dissolution of biopolymers in [Ch][AA] ILs

Tg/Tq Viscosity pH Lignin Xylan Cellulose

Entry  1ILs co® (mPa/s) GmM) (mg/g) (mg/g)  (mg/g)

1 [Ch] —61/150 121 10.3 220 76 <5
[Gly]

2 [Ch][Ala] —56/159 163 10.2 180 77 <5

3 [Ch][Ser] —55/182 402 9.8 170 70 <5

4 [Ch][Thr] —39/172 454 9.8 160 85 <5

5 [Ch][Val] —74/177 372 10.3 70 15 <5

6 [Ch] —47/175 476 10.2 150 40 <5
[Leu]

7 [Ch][1le] —47/175 480 10.3 170 40 <5

8 [Ch] —61/178 330 10.1 150 75 <5
[Met]

9 [Ch] —60/160 520 9.7 140 65 <5
[Phe]

10 [Ch][Trp] —12/174 5,640 10.2 90 10 <5

11 [Ch][Pro] —44/163 500 10.7 170 75 <5

12 [Ch] —22/202 2,060 6.8 <10 <1 <1
[Asp]

13 [Ch] —18/202 2,308 6.7 26 <1 <5
[Glu]

14 [Ch] —14/187 1,903 9.5 16 5 <5
[Asn]

15 [Ch] —40/203 2,589 8.0 50 5 <5
[Gln]

16 [Ch] —48/165 460 104 140 65 <5
[Lys]

17 [Ch] —40/171 980 10.0 140 35 <5
[Hys]

18 [Ch] —10/163 1,002 11.3 110 25 <5
[Arg]

T, and Ty refer to glass transition and decomposition temperature, respectively

[glycine] to partly dissolve lignin, thus making more accessible the hemicellulosic
and cellulosic fraction to enzymes. Optimization has been recently reported by
same authors [20] (Table 3.2).

In 2012, Itoh and co-workers reported the use of what they have called “ionic
liquids inspired by Nature” for the dissolution of cellulose [21]. Although this work
does not deal with the use of choline, it opens key data for improving the ability of
ChCl-derived ILs to dissolve cellulose. After examination of the protein sequences
of several cellulase (enzymes responsible for the hydrolysis of cellulose), authors
hypothesized that amino-acids might be suitable anions to disrupt the hydrogen
bond network of cellulose and thus enable its dissolution. As a cation, authors have
highlighted the superior performances of N,N-diethyl-N-(2-methoxyethyl)-N-
methylammonium, a cation with a structure close to that of an etherified cholinium.
In particular, after combination of this cation with amino-acids such as tryptophan,
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alanine, cysteine, lysine, among many others, cellulose was efficiently dissolved at
100 °C. Among tested amino-acids, alanine was found to be the best achieving up to
6 wt% of dissolution of cellulose at 60 °C. All other tested anions such as Cl~,
AcO™, HO™ were found inefficient further supporting the pivotal role played by
amino acid in the dissolution of cellulose. More importantly, these amino acid-
derived ILs were tolerant to the presence of up to 2 wt% of water which is an
important point considering that biomass always contained water. At higher tem-
perature (150 °C), the dissolution rate of cellulose as well as the solubility of
cellulose was greatly improved but a degradation of ILs was noticed at such
temperature and authors recommended to not proceeding dissolution experiments
at a temperature higher than 120 °C. Once dissolved, cellulose can be regenerated
after addition of water as an anti-solvent. Precipitated cellulose was of the Type Il
supporting that such ILs are able to induce a change of the crystalline structure of
cellulose. Impact of this change of crystallinity on the recalcitrance of cellulose to
deconstruction was then evaluated in the enzymatic hydrolysis of cellulose. After
regeneration, 88 % of cellulose was converted after 10 h of reaction at 50 °C and
pHS which has to be compared to the 40 % obtained without pre-treatment in ILs. In
our views, this work is of prime importance within the scope of this chapter since it
indirectly suggests that combination of amino acid with an etherified cholinium
cation should provide competitive bio-inspired ILs for the dissolution of cellulose.
Such aspect is the topic of current investigations in our group (Scheme 3.4).

3.2.4 Deep Eutectic Solvents

Recently, P. Abbott and co-workers have introduced the concept of Deep Eutectic
Solvents (DES). A DES is a fluid generally composed of two or three cheap and safe
components which are capable of associating each others, often through hydrogen
bond interactions, to form a eutectic mixture. The resulting DES is characterized by
a melting point lower than that of each individual component. Generally, DESs are
characterized by a very large depression of freezing point and are liquid at temper-
atures lower than 150 °C [22]. Note that most of them are liquid between room
temperature and 70 °C. In most cases, a DES is obtained by mixing a quaternary
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ammonium salt with metal salts or a hydrogen bond donor (HBD) that has the
ability to complex the halide anion of the quaternary ammonium salt.

Owing to its low cost, biodegradabity and low toxicity, choline chloride (ChCl)
and more recently glycine betaine (zwitterionic or protonic form) have been
recently proposed as an organic salt to produce eutectic mixtures generally in
combination with cheap and safe HBDs such as urea, renewable carboxylic acids
(e.g. oxalic, citric, succinic or amino acids) or renewable polyols (e.g. glycerol,
carbohydrates). As compared to the traditional ionic liquids (ILs), DESs derived
from ChCl gather many advantages such as (1) low price, (2) 100 % atom-economy
synthesis (no purification is required), and (3) most of them are biodegradable [23],
biocompatible [24] and non-toxic [25] reinforcing the sustainability of these media.
Physicochemical properties of DESs (density, viscosity, refractive index, conduc-
tivity, surface tension, etc.) are very close to those of common ILs. Thereby, they
have the potential to advantageously replace ILs in many applications such as metal
and oxides dissolution, catalysis, electrochemistry and material preparations. Addi-
tionally, through hydrogen bond interaction, DESs have the unique ability to
stabilize and thus to lower the reactivity of water, opening the route to chemical
transformations that are normally not feasible in hygroscopic solvents [26]
(Scheme 3.5).

In 2007, Abbott and co-workers defined DESs using the general formula
R1R2R3R4N+,X_Y_ [27]

Type IDES Y = MCIx, M = Zn, Sn, Fe, Al, Ga
Type I DES Y = MClx.yH,0, M = Cr, Co, Cu, Ni, Fe
Type IIl DES Y = R5 Z with Z = -CONH,, -COOH, -OH

Note that the same group also defined a fourth type of DES which is composed of
metal chlorides (e.g. ZnCl,) mixed with different HBDs such as urea, ethylene
glycol, acetamide or hexanediol (type IV DES).
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Similar to the case of ChCl-derived bio-inspired ILs, the use of DES for
dissolution of cellulose has been scarcely reported mostly due to the novelty of
these systems. Although based on the state of the art, protic groups such as —OH or
—COOH are clearly not favorable for the dissolution of cellulose, their involvement
in the formation of a DES drastically reduces their protic nature (the —OH group
being involved in hydrogen bond interaction) thus offering a better chance to
achieve the dissolution of cellulose.

In 2012, Georgia Tech Research Corporation has patented the dissolution of
microcrystalline cellulose (AVICEL) in various DESs made of ChCl and betaine
monohydrate [28]. Neat DES made of ChCl and urea (or malonic acid or formamide)
were not able to dissolve microcrystalline cellulose. When DESs were diluted with a
basic solution (NaOH or NaOAc) together with a prolonged incubation time, a
swelling of cellulose was however observed. By means of XRD analyses, a decrease
of the crystallinity index of cellulose of 15-20 % was noticed suggesting that these
systems can partly interact with the hydrogen bond network of cellulose. In agree-
ment with previous results, regenerated cellulose was less recalcitrant to hydrolysis
after pretreatment in basified ChCl-derived DES. Although neat DESs do not dissolve
cellulose, one should however mention that their combination with a basic solution
allowed avoiding the large amount of base traditionally required for the dissolution of
cellulose. Next, authors highlighted the possible formation of DES from betaine
monohydrate and urea. As compared to ChCl, betaine monohydrate is more attractive
due to its lower cost and its direct availability from biomass (co-product of the sugar
beet industry). DESs are made with more difficulty from betaine than from ChCl and
only urea was found eligible as a hydrogen bond donor in such case. Such betaine
derived DESs is however highly viscous. Following the same strategy than that used
from ChCl authors found that a pretreatment of cellulose in the betaine/urea DES led
to a decrease of 15 % in the crystallinity index of cellulose. Although these systems
have allowed the crystallinity index of cellulose to be slightly decreased, DESs are
however not capable of dissolving cellulose presumably because DES components
are already involved in hydrogen bond interaction making difficult their interaction
with the hydrogen bond network of cellulose. Additionally, removal of DESs from
regenerated cellulose is not an easy task and extensive washing are required.

In the same year, M. Francisco and co-workers investigated a series of 26 dif-
ferent DESs in the dissolution of cellulose, lignin and starch [14]. Since selected
mixtures exhibited no melting point by differential scanning calorimetry (only glass
transition), such mixtures were more considered as low transition temperature
mixing (LTTM) rather than real DESs. All solubility measurements were deter-
mined by using the cloud point method within a range of temperature of 60 and
100 °C. This method consists in the progressive addition of a biopolymer in LTTMs
up to the observation of a turbid solution. Among them, LTTMS made of lactic
acid-ChCl were found particularly efficient for lignin dissolution. A clear solubility
enhancement of lignin was even observed with an increase of the lactic acid
content. Reversely, LTTMs made of malic acid were found more efficient for the
dissolution of starch than for the dissolution of lignin. Among tested melts, malic
acid-proline melt efficiently dissolved starch and dissolution ability can be
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Table 3.3 Solubility of lignin, starch and cellulose in various LTTMs

Biopolymer solubility (wt%)

Entry DES T (°C) Lignin Starch Cellulose
1 Lactic acid/proline (2/1) 60 7.56 0.00 0.00
2 Lactic acid/betaine (2/1) 60 12.03 0.00 0.00
3 Lactic acid/ChCl (3/1) 60 4.55 0.00 0.00
4 Lactic acid/ChCl (2/1) 60 5.38 0.00 0.00
5 Lactic acid/ChCl (5/1) 60 7.77 0.00 0.00
6 Lactic acid/ChCl (10/1) 60 11.82 0.13 0.00
7 Lactic acid/Hystidine (9/1) 60 11.88 0.13 0.00
8 Lactic acid/Glycine (9/1) 60 8.77 0.00 0.00
9 Lactic acid/Alanine (9/1) 8.47 0.26 0.00
10 Malic acid/Alanine (1/1) 100 1.75 0.59 0.11
11 Malic acid/Betaine (1/1) 100 0.00 0.81 0.00
12 Malic acid/ChCl (1/1) 100 3.40 7.10 0.00
13 Malic acid/Glycine (1/1) 100 1.46 7.65 0.14
14 Malic acid/Proline (1/1) 100 0.00 0.00 0.00
15 Malic acid/Proline (1/2) 100 6.09 0.32 0.24
16 Malic acid/Proline (1/3) 100 14.90 5.90 0.78
17 Malic acid/Hystidine (2/1) 85 0.00 0.00 0.00
18 Malic acid/Nicotinic acid (9/1) 85 0.00 0.00 0.00
19 Oxalic acid/Betaine (1/1)* 60 0.66 0.00 0.00
20 Oxalic acid/Proline (1/1)* 60 1.25 0.00 0.00
21 Oxalic acid/ChCl (1/1)* 60 3.62 2.50 0.00
22 Oxalic acid/Glycine (3/1)* 85 0.28 0.00 0.00
23 Oxalic acid/Nicotinic acid (9/1)* 60 0.00 2.83 0.00
24 Oxalic acid/Hystidine (9/1)* 60 0.00 0.00 0.25
25 Oxalic acid/ChCl (1/1)° 60 0.00 0.15 0.00
26 Oxalic acid/Proline (1/1)° 60 0.00 0.15 0.00

“Dihydrate oxalic acid
®Anhydrous oxalic acid

improved by increasing of the proline ratio. Note that no clear rationalization was
proposed and the search of LTTMs for the dissolution of lignin or starch still
remains empirical.

In agreement with the above-described work patented by Georgia Tech Research
Corporation, no significant dissolution of cellulose was observed in all tested
LTTMs. Nevertheless, in the typical case of LTTMs derived from proline, turbid
solution was observed with cellulose and no evidence of solid particle was further
detected further supporting the superior ability of aminoacid for interacting with
cellulose as described above.

Having all these results in hand, authors next checked the ability of LTTMs for
the delignification of wheat straw. Using a Lactic acid-ChCl melt (2/1), 2 wt% of
lignin was extracted after incubation overnight at 60 °C. Although no solubility data
was provided, authors claimed that the solubility of wheat straw can be improved
using a malic acid/proline melt (1/3) which is consistent with results presented in
Table 3.3.
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3.3 Conversion of Carbohydrates
to 5-Hydroxymethylfurfural (HMF)

The synthesis of HMF is nowadays one of the most investigated reactions from
biomass. HMF is indeed considered as a chemical platforms from which new
generations of biofuels (ex: dimethylfurane) and a wide range of intermediates,
monomers and many other fine chemicals can be then produced [29, 30]. This old
reaction is now witnessing a sort of renaissance due to the scarcity of oils. HMF is
produced through a triple acid-catalyzed dehydration of hexoses. In this reaction the
nature of the solvent plays a pivotal role by ensuring (i) the dissolution of carbohy-
drates, including biopolymers (ii) the dilution of released water, thus limiting side
reactions such as the rehydration of HMF to levulinic and formic acids (Scheme 3.6)
and (iii) determine the choice of the work-up procedure. Obviously, the solvent
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should be also inert. In the current literature, several solvents have been proposed.
Among them, dimethylsulfoxide (DMSO), water, mixtures of water and organic
compounds, and ionic liquids have been particularly investigated.

In DMSO, yields of HMF greater than 85 % were obtained but the extraction of
HMF from DMSO still remains rather complex and thus expensive. Additionally,
under acidic conditions, DMSO may be decomposed leading to the formation of
toxic products decreasing the sustainability/attractiveness of the process. In water,
yields of HMF are rather low due to the side acid-catalyzed rehydration of HMF to
levulinic and formic acids (Scheme 3.6). For this reason, water is often used in
combination with organic solvents. This strategy affords higher yields but one
should notice that reported yields are still lower than in the presence of DMSO.

In recent years, ILs have received considerable attention for this reaction. Yields of
HMF obtained in ILs are comparable to those obtained in DMSO while HMF can be
conveniently recovered by liquid-liquid phase extraction using for instance methyliso-
butylketone (MIBK), tetrahydrofurane or butanol. Note that the extraction of HMF from
ILs can be carried out in a continuous mode, thus allowing side reactions involving
HMEF to be limited at the same time. It should be noted that same strategy was employed
in water (biphasic system) in order to limit the rehydration of HMF. In such case,
sodium chloride is generally used in order to facilitate the extraction of HMF (salt-out
effect). Unfortunately, the price and toxicity of ILs together with problems linked to
their long term recycling are currently hampering their utilization at an industrial scale.
Clearly, the industrial emergence of HMF requires chemists to urgently develop
innovative processes to produce HMF in a more sustainable way from biomass. In
this context, the above-described DESs have received more and more attention for the
conversion of hexoses to HMF. In the next section, we present the most recent
innovative works reported in this field of chemistry. Although this topic has emerged
very recently, we wish to demonstrate here that DESs have the potential to produce
HMF in a more rational way than in conventional solvents (Scheme 3.7).
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In 2008, B. Han and co-workers have reported that HMF can be produced in acidic
ChCl-derived DESs [31]. In particular, in a melt composed of ChCl and citric acid
(a cheap and renewable carboxylic acid), authors have shown that fructose can be
converted to HMF with more than 76 % yield (at 80 °C, 1 h, ratio DES/fructose = 5).
Other DESs made of renewably sourced carboxylic acids such as oxalic and malonic
acids have been also successfully used. Owing to the low solubility of HMF in the
ChCl/citric acid DES, the process can be performed in a biphasic system using ethyl
acetate as an extraction solvent. Like in the case of ILs, continuous extraction of
HMF not only facilitated the isolation of HMF but also allowed the selectivity to
HMF to be increased. Indeed, under such conditions, HMF was obtained with a
yield as high as 91 %. After removal of the ethyl acetate phase containing HMF, the
ChCl/citric acid DES was recycled. A slight decrease of the HMF yield was observed
upon recycling experiments mainly due to the accumulation of water in the reaction
media that affects the selectivity of the process (presumable acid catalyzed rehydra-
tion of HMF to levulinic and formic acid). After drying of the used ChCl/citric acid
eutectic mixture, the initial yield of HMF was recovered further demonstrating (i) the
negative effect of water on the HMF selectivity and (ii) the stability of the ChCl/citric
acid DES under reported conditions.

Next, the same group has transposed this work to the tandem hydrolysis/dehy-
dration of inulin, a biopolymer of fructose, to HMF in the presence of acidic DESs
such as ChCl/citric acid monohydrate or ChCl/oxalic acid dehydrate [35]. They
have shown that, at 70 °C, the solubility of inulin was 150 and 28 mg.g~" in ChCl/
oxalic acid and ChCl/citric acid, respectively. The tandem hydrolysis/dehydration
of inulin (81.0 mg, 0.5 mmol fructose units) to HMF was performed at a temper-
ature within a range of 50 and 90 °C. At 80 °C, the maximum yield of HMF was
55 % in both DESs within 2 h. Note that the conversion rate of fructose to HMF is
higher in the ChCl/oxalic acid DES than in the ChCl/citric acid one due to a
difference of acid strength. The authors have also demonstrated that addition of a
suitable amount of water as soon as the beginning of the reaction has a positive
effect on the formation of HMF. In particular, authors have shown that in ChCl/
oxalic acid and ChCl/citric acid DESs water does not affect the selectivity of the
reaction as soon as the water/fructose units molar ratio remained lower than 31.
When the water content was increased, secondary reactions such as rehydration of
HMEF became the dominant reactions. The reaction temperature is of prime impor-
tance in this process and closely governs the selectivity of each elementary step.
The hydrolysis of inulin to fructose was optimal at 50 °C while 80 °C was found to
be necessary to dehydrate fructose to HMF. In this context, the one pot process was
carried out in two steps involving (i) hydrolysis of inulin at 50 °C for 2 h and
(i1) heating of the solution to 80 °C for another 2 h in order to dehydrate in-situ
produced fructose to HMF. Using this procedure, the selectivity to HMF (65 %) was
found to be higher. For the same reasons to those described above, the HMF
production rate was found to be higher in the ChCl/oxalic acid DES than in the
ChCl/citric acid one. To further increase the yield of HMF, authors have attempted
the reaction in a biphasic system using acetyl acetate as an extraction solvent. In
agreement with previous reports, the yield of HMF was increased from 57 to 64 %
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Scheme 3.8 pH values of different melts made of fructose as a hydrogen bond donor

and the extraction was found to be fully selective to HMF. After elimination of the
ethyl acetate phase containing HMF, the possible recycling of the DES was
investigated. Although water was unavoidably accumulated in the DES phase, at
least six runs were performed without appreciable decrease of the HMF yield.

In 2009, K6nig and co-workers investigated the production of HMF from a melt
composed of D-fructose (40 wt%) and N,N'-dimethyl urea (DMU) heated at 110 °C
for 2 h in the presence of CrCl, and CrCl; (10 mol% each). Unfortunately, even in
biphasic conditions, (using ethyl acetate as an extraction solvent) low yields of
HMEF were obtained (6 and 2 % with CrCl, and CrCls, respectively). Other catalysts
such as FeCl; and AICI; gave similar results. Only Amberlyst 15, a sulfonated
ion-exchange resin, provided a 27 % yield of HMF in this system. Authors have
next investigated the production of HMF using different urea derivatives (urea,
DMU and N,N'-tetramethyl urea (TMU)). Reactions were performed in the pres-
ence of FeCl; (10 mol%) and heated at 100 °C for 1 h. Conversely to urea and
DMU, TMU-based melt gave HMF with an excellent yield of 89 %. These results
tend to show that the presence of -NH- groups on urea and DMU are detrimental
for the selectivity of the reaction. Although high yields have been obtained with
TMU, the toxicity and problem of separation arising from the use of TMU represent
two serious limitations. It is noteworthy that these results are in accordance with a
previous work of B. Han and co-workers who have reported that basic DESs (ChCl/
urea) in combination with Lewis acid (ZnCl,, CrCls) or ChCl/metal chlorides-based
DES were poorly efficient in the dehydration of fructose to HMF [32]. Konig
et al. have next developed novel carbohydrate-derived melts (based on choline
chloride as a hydrogen bond acceptor) with low melting point, low viscosity, low
toxicity and high sugar content. The pH values of the different melts are presented
in Scheme 3.8. Production of HMF in these melts was tested using a content of
fructose of 40 wt% and Amberlyst 15 or FeCl; as catalysts. Reactions were carried
out at 100 °C for 1 h. Among all tested melts, only ChCl/fructose DES has allowed
the production of 25 and 40 % yield of HMF in the presence of A15 and FeCls,
respectively. When no ChCl was employed, levulinic acid (20 %) was detected
instead of HMF further supporting the key role played by ChCl.
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Table 3.4 Acid-catalyzed dehydration of carbohydrates to HMF in various melts

Carbohydrates melts / acid catalyst "] o /O
(fructose, glucose, sucrose, inulin) \\@//
-3 H,0
HMF
Yield of HMF (%) from
Catalysts D-fructose” Inulin® Sucrose® D-glucose”
Montmorillonite 49 7 35 7
Amberlyst 15 40 54 27 9
pTsOH 67 57 25 15
Sc(OTh); 55 44 28 9
CrCl, 40 36 62 45
CrCl; 60 46 43 31
ZnCl, 8 3 6 6
FeCl; 59 54 27 15

Amberlyst 15:50 mg

4400 mg fructose, 600 mg ChCl, 100 °C, 0.5 h
400 mg glucose 600 mg ChCl, 110 °C, 0.5 h
€500 mg sucrose, 500 mg ChCl, 100 °C, 1 h
9500 mg inulin 500 mg ChCl, 90 °C, 1 h

Based on these results, authors have screened the activity/selectivity of several
homogeneous, heterogeneous, Bronsted and Lewis acid catalysts in ChCl/carbohy-
drate melts. Results are reported in Table 3.4. Except in the case of ZnCl,, it was
found that, for all other tested catalysts (Table 3.4), HMF can be obtained with
40-60 % yields from melts composed of ChCl and fructose or inulin. Tested solid
catalysts such as Montmorillonite and Amberlyst 15 were also capable of promot-
ing the dehydration of fructose to HMF (4049 % yield). Conversely to the case of
fructose, Montmorillonite was found however poorly active from inulin which was
ascribed to the low efficiency of Montmorillonite in the catalytic hydrolysis of
inulin to fructose, a pre-requisite step prior formation of HMF.

Conversion of glucose to HMF is more challenging and requires first an isom-
erization step to fructose before dehydration to HMF. In accordance with a previous
work of Zhao et al. performed in imidazolium-based ILs [33], chromium-based
catalysts were found the most efficient catalysts in tested DES affording HMF with
3145 % yield and 43-62 % yield from glucose and sucrose, respectively.

In 2012, K. De Oliveira Vigier et al. reported that betaine hydrochloride (BHC),
a co-product of the sugar beet industry, can be used as a renewably sourced
Bronsted acid in combination with ChCl and water for the production of HMF
from fructose and inulin [34] In a ternary mixture ChCl/BHC/water (10/0.5/2),
HMF was produced with 63 % yield (at 130 °C from 40 wt% of fructose). As
observed by B. Han and co-workers, when the reaction was performed in a biphasic
system using methylisobutylketone (MIBK) as an extraction solvent, HMF was
recovered with a purity higher than 95 % (isolated yield of 84 % from 10 wt% of
fructose) further demonstrating that these systems similarly behave to the
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Scheme 3.9 Acid-catalyzed dehydration of inulin and fructose in ChCl-derived DES

traditional imidazolium-derived ILs (Scheme 3.9). After recovery of the MIBK
phase containing HMF, the ChCI/BHC/water system was successfully recycled
seven times. In same work, authors have shown that the dehydration of fructose
to HMF can also conveniently take place in a BHC/glycerol (1:1) mixture, a DES
exclusively made of renewably-sourced chemicals. Although 51 % yield of HMF
was successfully obtained at 110 °C (from 10 wt% of fructose), extraction of HMF
from the BHC/glycerol medium remained very difficult due to the very high
solubility of HMF in this mixture.

Later, F. Liu et al. have shown that, under exposure to CO,, fructose and inulin
can be converted to HMF in a ChCl/fructose DES [35]. The pK, of carbonic acid is
low enough to catalyze the dehydration of fructose to HMF as previously shown by
B. Han [36]. In this work, CO, initially reacted with water contained in fructose and
in the DES resulting in the formation of carbonic acid in a sufficient amount to
initiate the dehydration of fructose to HMF. After 90 min of reaction at 120 °C
under 4 MPa of CO,, a yield of 74 % of HMF was obtained from 20 wt% of
fructose. Due to the high selectivity of the reaction and the insolubility of ChCl in
MIBK, it was also possible to selectively extract HMF which was recovered with a
purity of 98 %. Remarkably, the present system was tolerant to very high loading of
fructose whereas most of reported solvents suffer from a low selectivity to HMF
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when the fructose loading was higher than 20 wt%. For instance, fructose with a
loading of 100 wt% was successfully dehydrated to HMF in a ChCl/CO, system
without appreciable decrease of the HMF yield (66 %). The authors have ascribed
the tolerance of such system to high loading of fructose to strong interaction
between produced HMF and ChCl resulting in the stabilization of HMF in the
reaction media. As shown in Scheme 3.10, when neat HMF and ChCl were mixed
together a melt was readily obtained at a fructose content higher than 60 wt%. Such
melt might be responsible for the surprising stability of HMF in such system when
using high loading of fructose. It is indeed known that when a chemical is engaged
in the formation of a DES its reactivity is drastically reduced.

3.4 Biodiesel from Soybean Oil

3.4.1 Synthesis of Fatty Acid Methyl Esters in the Presence
of DES

Biodiesel is a renewable biofuel made from oils or fats that can be used directly in
the diesel engine [37]. Biodiesel is biodegradable, non-toxic and generates less
pollutant emissions than “conventional” diesel [38] There are four main routes to
produce biodiesel, direct use and blending of raw oils, micro-emulsions, thermal
cracking and transesterification. The transesterification reaction is the most com-
mon method to synthesize biodiesel. Much effort has been paid to decrease the total
cost of biodiesel since it is significantly more expensive than fossil-derived diesel
[39]. Several studies have focused on the choice of the raw materials since it is the
main cost contributing factor [40]. Thus waste cooking oils and industrial oils such
as sludge palm oil (SPO) and acidic crude palm oil (ACPO) were used in the
biodiesel production. During methanolysis of oils, glycerol is released. Due to high
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difference of polarity with biodiesel, released glycerol and excess of methanol can
be removed by phase decantation. However, complete removal of glycerol from
biodiesel is not an easy task and postpurification processes are necessary in order to
reach the required ASTM specifications.

ILs can also be used for the production of biodiesel since it can act both as
catalyst and solvent. However, their cost and their complex synthesis are not
competitive. In this context, few groups have attempted the use of DES for the
removal of glycerol from biodiesel at the end of the methanolysis process.

Hayyan et al. have shown that DES can be used as a catalyst for esterification of
free fatty acids (FFA) contained in vegetable oils. Hayyan et al. [40] They have
used phosphonium-based DES (P-DES, made of p-toluenesulfonic acid mono-
hydrate and alkyltriphenylphosphonium) in the pre-treatment of low grade oils.
The authors have studied two catalyzed reactions (esterification and transesteri-
fication) to produce biodiesel from Low grade crude palm oil (LGCPO), an agro-
industrial raw material generated from oil palm mills. LGCPO was only considered
for biodiesel production by very few studies. The esterification was performed in
the presence of P-DES catalyst and methanol. Pre-treatment of LGCPO via ester-
ification is necessary for conversion of high FFA to fatty acid methyl ester (FAME)
since FFA causes a poisoning of basic sites used in biodiesel production. After
treatment with the DES, only 0.88 % of FFA remained in LGPCO. Additionally, the
DES can be recycled three times which represent a considerable advantage as
compared to p-toluenesulfonic acid traditionally used in such case. The authors
have also performed the transesterification of pre-treated LGPCO to produce
FAME in the presence of P-DES. At the end of the reaction, it was shown that
the P-DES was completely removed from the biodiesel since no P and K were
detected.

Zhao et al. [41] have studied the enzymatic preparation of biodiesel from
soybean oil using a ChCl/Glycerol DES (1:2 molar ratio). The transesterification
reaction was performed in a mixture of DES and methanol. Different enzymes were
tested. Reaction was heated at 50 °C in an oil bath. Authors have demonstrated that
the highest triglycerides conversion was 88 %. This high conversion rate was
obtained in the presence of Novozym 435/mL, 0.2 % (v/v) of water; 50 °C and
24 h with a volumic ratio of 7:3 of DES/methanol. DES is biocompatible with
lipase. Moreover some authors have shown that DES can be used to reduce the
purification cost of biodiesel through transesterification. This work has demon-
strated that this DES is biocompatible with enzymes, which is of interest for the
valorization of biomass.

3.4.2 Extraction with DES

The possibility of using DES to extract glycerol was successfully demonstrated on
palm oil-derived biodiesel using KOH as a basic catalyst. Authors have used a DES
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composed of ChCl and glycerine [42] as a solvent to extract residual glycerine
contained in biodiesel. They have shown that the best DES/biodiesel ratio is
inversely proportional with the percentage of extracted glycerine. The DES com-
position is also of prime importance. DESs with low content of glycerol are
generally preferred to extract residual glycerine from biodiesel. Generally, the
composition of starting ChCl/glycerol eutectic mixture is adjusted in order to
have, after extraction of the residual glycerol from biodiesel, an ChCl/glycerine
close to the ideal composition of the DES. Best separation was achieved using a
DES:biodiesel and a ChCl/glycerine DES molar composition of 1:1. More impor-
tantly, at the end of the reaction, ChCl can be recovered by precipitation and reused
in combination with glycerol. Shabaz et al. [43] have studied the removal of
glycerol from palm oil-derived biodiesel using phosphonium-based salt with dif-
ferent hydrogen bond donors (HBD). Novel DESs based on methyltriphenylpho-
sphonium bromide as salts and glycerin, ethylene glycol, and triethyleneglycol as
hydrogen bond donor were prepared. Glycerol-based DESs were not highly effi-
cient to remove residual glycerine contained in biodiesel. Only DESs composed of
a 1:2 ChCl/glycerol molar ratio while respecting a DES:biodiesel molar ratio of 2:1,
2.5:1, and 3:1 were found to be efficient. However, DESs made of ethylene glycol
or triethylene glycol were found to be more efficient in removing residual glycerol
from biodiesel. The optimum DES/biodiesel molar ratios using ethylene glycol or
triethylene glycol were 0.75:1.

The authors have also demonstrated that the residual catalyst KOH used in the
transesterification of oils can be removed from the reaction media using DES based
on choline chloride or methyltriphenylphosphonium bromide (MTPB) salts [44]. In
such case, glycerol, ethylene glycol 2,2,2-trifluoroacetamide and triethylene glycol
were used as hydrogen bond donors. An increase of the DES/biodiesel and ChCl/
HBD led to a higher KOH extraction efficiency. For instance, the ChCl/glycerol and
MTPB/glycerol DESs allowed removal of 98.5 and 94.6 % respectively of KOH
from palm oil-based biodiesel.

Very recently, Pablo Dominguez de Maria and coworkers have studied the
(trans)esterification of HMF with different acyl donors (ethyl actetate, ethyl
hexanoate, dimethyl carbonate, soybean oil, propionic acid, hexanoic acid, lauric
acid) in the presence of a biocatalyst [45]. Under solvent free conditions, the yields
of HMF esters were higher than 80 % after 24 h of reaction at 40 °C. Although no
solvent was used during the (trans) esterification reaction, the selective separation
of the unreacted HMF from HMF esters is necessary since the reaction was not
complete. In this context, ChCl-based DESs were used for the selective extraction
of HMF from HMF esters. Following this approach, more than 90 % of HMF esters,
along with a purity higher than 99 %, were recovered after selective extraction of
residual HMF by the DES. Investigated DESs were composed of ChCl and either
glycerol or xylitol or urea. Regardless of the nature of the DES, the separation was
always very selective and the optimal DES/reaction mixture volume ratio was
found to be 1. It is noteworthy that this study confirms the previous work of the
same authors where alcohol-esters mixtures were efficiently separated using DES
[46] (Scheme 3.11).
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3.5 Conclusion

From 2000, new generation of solvents so-called bio-inspired ILs and DES derived
from ChCl and glycine betaine have emerged as promising candidates for biomass
processing. More than a sustainable alternative to the traditional imidazolium-
derived ILs (low price, low ecological footprint), these neoteric solvents have
clearly processing advantages that no other solvent can provide in the field of
biomass. In particular, their tunable viscosity, their ability to dissolve carbohydrates
and related biopolymers, their ability to chemically stabilize polar molecules and
their immiscibility with commonly used low boiling point solvents has open the
route to the design of eco-efficient processes.

In the field of biopolymer dissolution, ILs derived from ChCl are quite
efficient especially when combined with a basic anion derived from amino-acid.
Although these systems can dissolve various biopolymers such as lignin, starch or
suberine, their ability to dissolve cellulose is unfortunately more problematic
mainly due to the presence of —OH group on the cholinium cation which is clearly
not favorable for the dissolution of cellulose. Addition of additives drastically
improves the ability of ChCl-derived ILs to dissolve cellulose but at the expense
of the sustainability of the process. One should comment that recent reported works
on cations exhibiting close structure to ChCl has shown the way how to design more
efficient system from ChCIl. In particular, the etherification of the —OH group of
choline should be an attractive way. The direct etherification of cholinium cation
with short chain alcohols is however quite difficult to be performed under compet-
itive route and innovation in this direction is required in order to widen the scope
and use of these systems.

Like ChCl-derived ILs, DESs are capable of dissolving various biopolymers
except cellulose presumably because their formation results in the auto-association
of two components through hydrogen bond interaction, thus preventing an efficient
interaction of these systems with the hydrogen bond network of cellulose. DESs are
however much more efficient in the conversion of monomeric carbohydrates such
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as fructose or glucose. In particular, the ability of ChCl to produce DES with
monomeric carbohydrates or low molecular weight biopolymers such as inulin
have allowed the production of HMF in a more competitive way than using
conventional solvents. Additionally, the ability of ChCl to stabilize hydrogen
bond donor such as HMF provides catalytic processes that are tolerant to high
loading of fructose, a main drawback encountered with other solvents.

We are fully convinced that ChCl or glycine betaine-derived ILs and DES do
have the potential to open new horizons in the field of catalysis applied to biomass.
Although promising results have been reported, this approach is not mature yet for
use on a large scale and few issues need to be overcome such as the relative
instability of ChCl at temperature higher than 120 °C, in some applications their
viscosity and, as mentioned above, the necessity to find sustainable routes for the
chemical functionalization of the cholinium cation with the aim of widen their use.
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Part I1

Dissolution and Derivation of Cellulose
and Fractionation of Lignocellulosic
Materials with Ionic Liquids



Chapter 4
Design of Ionic Liquids for Cellulose
Dissolution

Toshiyuki Itoh

Abstract Cellulose consists of linear glucose polymer chains that form a very tight
hydrogen-bonded supramolecular structure making it highly resistant to enzymatic
degradation. The ionic liquid, 1-butyl-3-methylimidazolium chloride ([C4mim]Cl),
has been found to dissolve cellulose and the regenerated cellulose from the IL
solution is less crystalline. To design ionic liquids that dissolve cellulose, Kamlet-
Abboud-Taft f-values can be used as a solvent indicator. Amino acid anions have
strong interactions between hydroxyl groups in the cellulose molecule: N,
N-diethyl,N-methyl,N-(2-methoxy)ethylammonium alanate ([Na2;mg)][Ala]) thus
they are studied in this chapter for cellulose dissolution. Addition of an anti-solvent
like water or ethanol to the cellulose/IL solution caused precipitation of cellulose
dissolved and the structure of the regenerated cellulose to change to a disordered
form. Crystal form of the regenerated cellulose depends on the dissolution solvent;
the disordered chain region seems to increase in the order of [Nasioug)l[Ala] <
[Comim][OAc] < [Comim][(EtO),PO,] < [Comim]Cl. On the other hand, the
order of degree of polymerization of the cellulose is [Ny mg)l[Ala] > [Comim]
[OAc] > [Comim][(EtO),PO,] > [Comim]Cl. Treatment with [Nay g l[Ala] is
therefore much more suitable to use in preparing regenerated cellulose fibers than
other commonly used ionic liquids.

Keywords Cellulose dissolution * Amino acid ionic liquids « Regenerated cellu-
lose « A mixed solvent
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4.1 Introduction

Cellulose is an important renewable resource for production of biocomposites and
biofuel alcohols. However, since it consists of linear glucose polymer chains that
form a very tight hydrogen-bonded supramolecular structure, cellulose resists
enzymatic degradation. There has been growing interest in the development of a
means of modifying cellulose structure to an easily digestible form by biodegrada-
tion [1]. Multiple hydrogen bonding among cellulose molecules results in the
formation of highly ordered crystalline regions [2]. Therefore, cellulose does not
dissolve in water and common organic solvents at ambient conditions. The chal-
lenge for dissolving cellulose has a long history [3]. The first attempt was reported
early in the 1920s and some mixed solvent systems for cellulose dissolution were
developed [1, 3]: sodium hydroxide/carbon disulfide (CS,) [4] and sodium hydrox-
ide/urea [5] are well known as commercial cellulose derivatizing solvents. Rosenau
et al. [6] reported using N-methylmorphorine-N-oxide monohydrate (NMMO) as a
solvent for direct dissolution of cellulose in an industrial fiber-making process
[6]. Combination of a polar molecular solvent with a salt was also reported to
dissolve cellulose: N,N-dimethyl acetoamide (DMA) in combination with LiCl [7],
a mixture of DMSO and tetrabutylammonium fluoride (TBAF) [8] were thus
developed as cellulose dissolution solvents. Recently, Ohno and co-workers
reported an interesting cellulose dissolution system of a mixed solvent of tetrabutyl-
phosphonium hydroxide (TBPH) containing 40 wt% water [9]. In all cases, an
appropriate combination of organic salts and polar solvents was essential to realiz-
ing high dissolution of cellulose. Fischer et al. [10] reported that molten salt
hydrates (LiXenH,0; X =1, NO5;~, CH3CO,™, ClO, ) dissolved cellulose
[10]. It is now well recognized that very high polarity of the solvent system
might be the key to breaking down the cellulose network and dissolving cellulose
even if these solvents have no ionic character [3] (Fig. 4.1). However, there is a
serious environmental drawback to such traditional solvent systems: they generally
require large quantities of hazardous chemicals and high temperatures. From the
standpoint of green chemistry, development of a safe and efficient cellulose disso-
lution process can be anticipated [3].

Ionic liquids (ILs) usually melt below 100 °C and are becoming attractive
alternatives to volatile and unstable organic solvents due to their high thermal
stability and nearly non-volatility. The most fascinating nature of ILs is their
structural diversity. We are able to design their physicochemical properties, includ-
ing viscosity, polarity, and hydrophobicity. Numerous papers and several reviews
on the ILs have been published [11], and it is now widely recognized that ILs are
applicable to the media for many types of chemical reactions [11] and even for
enzymatic reactions [12]. ILs have consequently show a unique solubility in many
inorganic and organic materials, and it is anticipated that ILs might dissolve
insoluble compounds, including cellulose, which is impossible with conventional
molecular liquids [11].
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Swatloski et al. [13] reported a breakthrough on this issue using ionic liquid
technology: they found that cellulose dissolved in an ionic liquid, 1-butyl-3-
methylimidazolium chloride ([C4mim]Cl), and that the regenerated cellulose from
the IL solution was less crystalline [13]. An increased reaction rate of cellulase-
mediated hydrolysis was realized when regenerated cellulose from the ionic liquid
solution was subjected to the enzymatic reaction resulting from reduced crystallin-
ity [13]. Since then, extensive investigations have been carried out to develop an IL
that possesses the capability to dissolve cellulose and reduce its crystallinity [1, 3,
14]. Most reported ILs are imidazolium based or alkyloxyalkyl-substituted ammo-
nium salts with chloride, formate, acetate, propionate, or phosphate as counter
anion (Fig. 4.2) [1, 3, 14].

4.2 Designing Ionic Liquids That Dissolve Cellulose

Dissolution of cellulose in an ionic liquid (IL) was first achieved using imidazolium
chloride as mentioned before [13]. Since then, many researchers have used chloride
salts as cellulose dissolving ILs [1, 3]. However, most chloride salts have serious
disadvantages: high T,,,, high viscosity, especially when cellulose is dissolved in the
IL, and high corrosive nature. Since these drawbacks are particularly critical when
chloride salts are applied in industrial use, ILs must be developed that enable
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efficient processing of cellulose biomass while minimizing the cost of the extra
energy.

Cellulose dissolution properties of ILs depend on the hydrogen-bonding char-
acteristics for which the role of the anion is important for loosening hydrogen bonds
in the crystalline region of cellulose [1-3]: the hydrogen bond-accepting ability of
the anions of ILs seems to be closely linked to the solubility of the cellulose, and the
solubility of cellulose in ILs increases almost linearly with the increasing hydrogen
bond-accepting ability of the anions [14]. To estimate hydrogen-bond-accepting
ability, it is important to know the hydrogen-bonding characteristics. The Kamlet-
Abboud-Taft parameters (KAT values) specify three distinct solvent polarities:
hydrogen-bonding acidity (a), hydrogen-bonding basicity (), and dipolarity/polar-
izability (x*)[15, 16]. Ohno and co-workers pointed out that the p-values obtained
in a solvatochromatic study might be a better indicator of the ability to dissolve
cellulose than the pKa values [17, 18]. Hydrogen-bonding basicity is considered to
be necessary to dissolve cellulose, because high basicity weakens the inter- and
intra-molecular hydrogen bonds in cellulose crystal [14].

Table 4.1 is a list of several ILs that have the capability to dissolve cellulose and
their reported KAT values. As shown, B-values depend on the anion which is a good
indicator of the cellulose dissolving property.

ILs containing carboxylate anions were reported to show strong hydrogen-
bonding basicity: Bonhote et al. [19] reported that [Comim][acetate] displays strong
hydrogen-bonding basicity [19] and that this salt dissolves cellulose well
[8]. Imidazolium salts with carboxylic anions, such as lactate [20] and amino acid
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Table 4.1 Cellulose dissolving ability of ionic liquids and their Kamlet-Abboud-Taft (KAT)
values

Tonic liquid KAT value

Cation Anion Cellulose solubility Viscosity (n/cP) n* B o Refs.
Csmim  Cl Good (10 wt% at 85 °C) -* 1.14 0.84 0.44 [22]
Allylmim Cl Good (10 wt% at 100 °C) 2,090 1.17 0.83 0.46 [22]
Allylmim HCO, Good (10 wt% at 60 °C) 66 1.08 0.99 0.48 [22]
Csmim  HCO, Good (10 wt% at 35 °C) -* 1.03 1.01 0.56 [14]
Cymim  CH;CO, Good® - 0.99 1.09 0.55 [14]
Cymim  C;H,CO, Good” -4 094 1.10 0.56 [14]
Csymim  t-C4HoCO, Good® -2 091 1.19 0.54 [14]
Cmim  (MeO)HPO, Good (4 wt% at 30 °C) 107 1.06 1.00 0.52 [17]
Comim  (MeO)MePO, Good (4 wt% at 40 °C) 510 1.04 1.07 0.50 [17]

“Not known by the authors

"Detailed conditions of the dissolution temperature not reported
w*: dipolarity

a: hydrogen bond acidity

f: hydrogen bond basicity

[21] are also reported to show high hydrogen-bonding basicity. All carboxylic acid
salts dissolve cellulose very well and have better dissolution ability than the
corresponding chloride salts. The IL [C4;mim][RCO,] shows stronger hydrogen-
bonding basicity than chloride salts and can dissolve cellulose [14]. Ohno and
Fukaya [14] established that the solubilization temperature of cellulose in
imidazolium carboxylates depends on the length of alkyl side chains of
imidazolium cations and increases for larger alkyl side chains [14]. Since viscosity
of the ILs generally increases with imidazolium salts that have long alkyl chain
lengths, this clearly indicates that decreased viscosity of ILs greatly affects the high
dissolution of cellulose in IL; the solubilization temperature of cellulose, in fact,
decreases with decreasing viscosity (Table 4.1)[14]. [Cymim][t-C4HyCO,] has the
highest p-value (see Table 4.1), and so it might be expected to dissolve cellulose
readily. However, the solubilization temperature of this liquid was higher than
[C4mim][HCO,] and this is probably due to increased viscosity of the
[t-C4H9C02] salt.

Ohno and co-workers conducted a very detailed study of this issue and prepared
various [Comim] salts combined with various sulfonium and phosphonium anions
[17]. They found that all ILs have identical n* values, o values and P values. A
comparison of sulfonium salts and phosphonium salts showed the latter to have
higher B values and higher cellulose solubility. In particular, it was found that
[Comim][(MeO)HPO,] dissolves cellulose even at room temperature [17]. Although
B-value of [Comim][(MeO)HPO,] is smaller than that of [Comim][(MeO)MePO,],
the former liquid dissolved cellulose better at lower temperature than the latter. This
can be explained by the decreased viscosity of the former liquid [17].
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4.3 Improving the Affinity of Ionic Liquids for Cellulose

Strong hydrogen-bonding basicity (B-value in KAT values) is now recognized as
the most important property of ILs with high cellulose dissolution. Viscosity of ILs
is the second key factor causing cellulose dissolution at low temperature conditions.
However, a rational design of ILs with a dissolution property of cellulose has not
yet been established. We discuss in this chapter how to accomplish the design of ILs
with high cellulose dissolution from the standpoint of nature.

Remsing et al. [23] reported based on their '>C and ***’Cl NMR studies that
there was a stoichiometric interaction between the chloride anion and the cellulose
hydroxyl groups, and this might be the key driving force of cellulose dissolution in
this IL (Fig. 4.3) [23].

Inspired by their result, we hypothesized that enhanced interaction of a certain
anion or cation of ILs between hydroxyl groups in the cellulose molecule might be
the key factor causing cellulose dissolution and we might be able to obtain a hint on
how to design such anion or cation from nature. Focusing on the structure of
hydrolyzing enzyme of cellulose (cellulase), we found that amino acid ILs were
strongly capable of dissolving cellulose: N,N-diethyl,N-methyl,N-(2-methoxy)
ethylammonium alanate ([N,»;omg)][Ala]) worked as an excellent solvent for cel-
lulose dissolution among ILs whose anion part was natural amino acid [24].

Hydrolysis of solid cellulose is achieved by cellulases such as endoglucanase
(EGs) and cellobiohydrolases (CBHs) [25, 26]. The former can hydrolyze internal
B-1,4-glycoside bonds in a cellulose polymer in the amorphous regions within the
cellulose micro-fibril, and the latter can act on the free ends of cellulose polymer
chains. Both types of cellulases have cellulose-binding modules that facilitate their

Cellulose
HO ; o-H
o o
HO Jo} [o] H
HO H H O-H----0
\ , o
‘W, O"'Ho (0] e}
O 0 0. 0O osh
HO 0-H- -0 H
H
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o %
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O
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Fig. 4.3 Possible interaction of cellulose with chloride anion [23]
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Fig. 4.4 Working
hypothesis of the first
incorporation of cellulose
into cellulase in Ref. [26]
with kind permission from
Elsevier

Cellulase (Trichoderma reesei Cel6A (CBH Il)

adsorption onto crystalline cellulose, bringing the catalytic domains physically
close to their site of action (Fig. 4.4) [25, 26]. We looked at what the protein
sequences of several cellulases were causing particularly in the area of substrate-
binding cleft, and recognized that glucosyl-binding sites of cellulases were fre-
quently formed by the exposed surface of aromatic side-chains of protein residues
[25, 26]. Three of the four binding sites making up the enclosed cellulose-binding
tunnel reportedly contain the tryptophan (W), asparagine (N), and isoleucine
(I) residue side-chains for Trichoderma reesei Cel6A (CBH II) [25, 26]. Therefore,
it was expected that ILs made from amino acids might have an affinity toward a
certain part of cellulose.

Ohno and co-workers prepared ILs that contained amino acid moieties as anion
parts [21, 27]. Since the hydrogen-bonding basicity of amino acid salts was reported
to be high [27], amino acid ionic liquids are expected to display good cellulose
dissolving ability.

Based on these results, the dissolving property of 1-butyl-3-methylimidazolium
tryptophan ([C4smim][Trp]) against cellulose was tested using microcrystalline
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cellulose (Avicel®) as a model compound. However, the cellulose did not dissolve
at all in this IL. Further evaluation of tryptophan salts with ammonium, phospho-
nium, or pyrridinium cation, revealed that choice of cation was also a key point in
designing an IL with cellulose dissolution capability: N-(2-methoxyethyl),N,N-
diethyl,N-methylammonium tryptophan ([Nazoug)][Trp]) dissolved cellulose
(5 wt% vs. IL) at 100 °C [24]. Encouraged by the results, we prepared [Naziovg)]
salts with natural amino acids and carefully evaluated their cellulose dissolution
properties against the model cellulose (Avicel) (Table 4.2). Among 20 types of
amino acid salts, we found that [N, mg)][Ala] worked best to dissolve cellulose
with 12 wt% versus solvent: the second solvent most effective was lysine salt ([N2;;
op)l[Lys]) (11 wt%) and the third was ornitin salt ([N221(mg)][Orn]). Threonine
([IN221mEy][Thr]) and isoleucine ([Naz;vE)][1le]) salts also showed similar solubil-
ity against the cellulose (7 wt%) [24]. We expected that amino acid might have
affinity with a certain part of cellulose and cause its dissolution in the amino acid
ionic liquid. The results reached our expectations though the details were slightly
different; one of these we had anticipated, however, because there was no alanine
residue near the entrance part of the cellulases [25, 26].

Many amino acid ILs dissolved cellulose, except for glutamic acid salt and all
amino acids had high p-values [27]. Hence, we fixed the anionic part to alanin, and
the cationic portion was re-evaluated (Fig. 4.5). It was thus confirmed that cellulose
solubility was strongly dependent on the cationic part. High cellulose solubility was
recorded for N,N-bis(2-methoxyethyl),N-ethyl-N-ethylammonium ([Nozmg)2]), N,
N,N-tris(2-methoxyethyl),N-ethylammonium ([Nymg)3]), N-(2-thiomethoxyethyl),
N,N-diethyl,N-methylammonium  ([Naz;mre)l),  N-methyl-N-ethoxyethylpyr-
rolidium ([P, vg,]) salts, in a range of 12 to 11 wt%. On the contrary, no dissolution
of cellulose took place in [Pyyqmel[Ala] or [Pyyg][Ala] salt. Interestingly, the
presence of the methoxyethyl group on the ammonium cationic part strongly
modified cellulose solubility: better dissolution was obtained for [Ny, ;mel[Ala],
while poor solubility was obtained for N-butyl-N,N-diethyl,N-methylammonium
alanine([N45,1][Ala]). However, both the methoxyethoxymethyl substituted salt
(IN221omemy]) and  N,N,N,N-tetra(methoxyethyl)ammonium ([Nvg)4]) alanine
showed poor cellulose solubility (Fig. 4.5). These results clearly indicate that
cellulose solubility is determined not only by the physical characteristics of the
solvent shown as KAT values, but also by the affinity of a certain group interaction
of ionic liquids with cellulose might be an important factor of cellulose dissolution
in the ILs.

We next investigated cellulose solubility against various ILs which have [Nj;;
(ME)] as a cationic part. Although 10 wt% of cellulose dissolves in [Noo ) ICl, this
salt requires a higher temperature (over 120 °C) and a longer mixing time over
[No2imeyl[Ala]. Slight decomposition of IL was observed under the conditions
used [24]. No dissolution of cellulose was observed when [Ny vg)|Br, hexafluor-
ophosphate (PF¢), N,N-bis(trifluoromethyl)sulfonylamide (NTf,), 2,2,3,3,4,4,5,5-
octafluoropentyl sulfate (C5SHS), or 2-aminoethylsulfonate (taurine), was used as
solvent. [Nyz;vg)] salts with hydrogen oxide also showed poor dissolution prop-
erties [24]. Poor solubility was also recorded for N,N-dimethylalaine or
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Table 4.2 [N vg)] salts with amino acids that show high cellulose dissolution at 100 °C

Amino acid

Cellulose solubility at 100 °C in wt%

Alanine
Lysine
Ornitine
Threonine
Isoleucine

Tryptophan, methionine, tyrosine, asparagine, leucine,
phenylalanine, valine
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1
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N-Boc-alanine salts compared to the alanine salt (Fig. 4.6). The presence of amino
group might play an important role in dissolving cellulose [24]. Therefore, we
anticipate that the amino group of [Ala] may interact with a certain part of cellulose
and contribute to breaking its hydrogen bond network. Liquid ammonia reportedly
changes the crystalline phase of naturally occurring cellulose and dissolves it by
allowing the ammonia molecules to penetrate the cellulose fibril [28, 29]. From
these results, we assume that the amino group interposed the hydrogen bonding
between the cellulose and caused dissolution of cellulose in amino acid ILs.
However, since the cellulose solubility is also modified by the cationic part of the
IL, cation might play an important cooperative role in the mechanism for cellulose
dissolution, although its origin is still unclear.

Addition of an anti-solvent like water or ethanol to the cellulose/IL solution
causes precipitation of the dissolved cellulose and the structure of the regenerated
cellulose changes to a disordered form. Pretreatment of cellulose increases the
surface area accessible to water and cellulases are believed to improve the hydro-
lysis rate [30, 31]. Therefore, many researchers have attempted to hydrolyze
regenerated cellulose in order to improve the hydrolysis rate by a cellulase; the
dissolution of microcrystalline cellulose with [Cymim]Cl and the rapid
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precipitation with water induced an increase of the amorphous region in the
regenerated cellulose and enhanced the initial enzymatic hydrolysis rate [30, 31].

It was reported that cellulose regenerated from ionic liquid solution showed
Type II crystalline form [31]. In fact, we confirmed that the regenerated cellulose
from [Noz;meyl[Ala] solution had only Type II form [24]. The X-ray diffraction
patterns of the microcrystalline cellulose film (Avicel®) and that of the regenerated
one were compared: the regenerated cellulose exhibited the typical diffraction
patterns of Type II cellulose at 20 = 20.16° and 21.76° [32]. The results indicate
that the transformation from Type I to Type II occurred after the dissolution and
regeneration in [Ny ovg)[Ala] [24].

Interestingly, we further found that crystal form of the regenerated cellulose was
dependent on the dissolution solvent [24, 33]: 7 wt% of cellulose was dissolved in
[Noo1mey[((MeO)(H)PO,] and the regenerated cellulose was a mixture of Type I
and II.

Mizuno et al. [33] recently reported that the disordered chain region was
increased in the order of [NajugllAla] < [Comim][OAc] < [C,mim]
[(EtO),PO,] < [Comim]Cl [33]: regenerated cellulose treated with [Comim]Cl
contained larger amorphous regions than the others. On the contrary, that of [N,
eyl [Ala] had a larger amount of cellulose II crystalline structure and less suscep-
tibility to enzymatic degradation than others; this suggests that the enzymatic
hydrolysis rate of regenerated cellulose should increase by the same order. On the
other hand, the order of degree of polymerization of the cellulose was [NaziuE)]
[Ala] > [Comim][OAc] > [Comim][(EtO),PO,] > [Comim]Cl; treatment with
[No2impyl[Ala] is therefore much more suitable to use in preparing regenerated
cellulose fiber.

4.4 Cellulose Dissolution in a Mixed Solvent of ILs
with Molecular Solvent

Various types of cellulose fibers are used as essential materials for our modern life.
The first step in manufacturing cellulose fiber is the dissolution of cellulose in an
appropriate solvent, and numerous solvent systems for such dissolution have been
developed [1]. As mentioned before, ILs are now well acknowledged as cellulose
dissolution agents. Although a great deal of such research has been carried out to
develop a pretreatment method of cellulose for bioethanol production, ILs are now
seen as attractive solvents for cellulose fiber production [1, 2]. We developed a
novel amino acid ionic liquid, N-(2-methoxyethyl),N,N-diethyl,N-methylammonium
alanine ([N221(mg)l[Ala]), and demonstrated that it dissolved cellulose very
well [24].

Rinaldi [34] reported that addition of [C4mim]Cl or [C4mim][OAc] to DMI,
DMF, sulfolane, or DMSO caused effective dissolution of cellulose [34]. Some
traditional solvents were composed of a highly polar molecular solvent and an
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appropriate salt material, such as DMAc/LiCl, DMI/LiCl, or DMSO/Bu,NF as
noted earlier [7, 8]. Inspired by these results, we investigated an appropriate
combination of polar solvent, such as DMSO or DMF, with an ionic liquid as a
cellulose dissolution solvent. The dissolving property of a mixed solvent of DMSO
and [Cymim]Cl (1:1 (w/w)) against cellulose was first investigated using micro-
crystalline cellulose as a model compound. However, no dissolution of cellulose
took place in the solvent. We next prepared various types of mixed solvent of
DMSO with hydrophobic ILs (1:1 (w/w)): [Cqmim][NTf,], [Csymim][PFs],
[Cymim][C5F8] [35], [Na2iue)l[INTE2], [Na2iome)l[PFel, [Na2ioue) I[CSE8](35],
[Psasomp) [ INTE ], [Pasaemp)l[PFsl,  [Passovp) [[CSF8][35], [C4Py][NTL,], [C4Py]
[PFg], and [C4Py][C5F8][35]. These mixed solvents did not dissolve cellulose at
all even at 100 °C. On the other hand, it was found that by switching the IL to a
hydrophilic liquid like [Cymim][OAc] or [Nasimg)I[OAc], the corresponding
mixed solvent (DMSO : IL = 1:1 (w/w)) did slightly dissolve cellulose (5 and
7 wt% vs. solvent, respectively) at 100 °C. Since [Nj;1ve][Ala] showed the best
dissolution among amino acid ILs [24], we prepared a 1:1 mixed solvent of DMSO
and [Ny, ;mgel[Ala] and found that the resulting solution dissolved cellulose very
well (11 wt%) after just 10 min of stirring at room temperature (25 °C); a total of
22 wt% of cellulose was dissolved in this solvent at 100 °C. Furthermore, 23 wt% of
cellulose dissolved even at room temperature with 6 h stirring [36].

The solubility depended significantly on the ratio of the IL to DMSO solvent
ratio as shown in Fig. 4.7: cellulose did not dissolve in pure DMSO at all, and the
highest solubility was recorded for ca. a 1:1 mixture of DMSO and [N22;vg)l[Ala]
(IL molar ratio () was 0.25) which coincidentally was the same ratio as our initial
testing solvent. The resulting solution coagulated in water or methanol to obtain a
transparent regenerated cellulose in quantitative yield and XRD analysis confirmed
that the cellulose regenerated from this solution was only Type II form [36].

Rinaldi also reported that f-value of the mixed solvent of DMI/[C,mim][OAc]
increased when the ratio of the IL was increased and reached the highest value at the
xiL = ca, 0.1 for the DMI/[C,mim][OAc] solvent system, where yy; indicates the
molar ratio of the IL in the solvent system [34]. From around ;. = 0.10, the values
were identical to those of the neat IL [34]. Since . of 1:1 (w/w) mixture of DMSO/
[No21mEyl[Ala] was calculated as 0.25, the B-value of the solvent might be the same
as [Na21vgyl[Ala]. [Na2;ve)l[Ala] has a high f-value (1.041) [36], which is almost
the same as that reported for [Comim][Ala] (1.036) [27]. High hydrogen bond
basicity of the mixed solvent of DMSO/[Nz1mg)l[Ala] might contribute to break-
ing the inter or intramolecular hydrogen bonds of cellulose and causing its disso-
lution in the solvent as proposed by Ohno et al. [14, 18].

It was also reported that instantaneous dissolution of the cellulose (10 wt%) took
place when [Comim][OAc] was added to DMI at a ratio of over . 0.4 at 100 °C
[34]. We confirmed that a 1:1 mixture of DMSO and [Cymim][OAc] (¥ 0.31)
caused 5.0 wt% dissolution of cellulose at 100 °C, while no dissolution of cellulose
took place at room temperature in this solvent. On the other hand, the mixture of
DMSO/[Nyzivmeyl[Ala] (x, 0.25) dissolved cellulose even at room temperature.
These results clearly indicated that there was a clear contrast in the dissolution
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Fig. 4.7 Change in
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property between [Naoime)l[OAc] and [Nasoug)][Ala]. Amino acid-based IL is
obviously so effective as a co-solvent or salt that it dissolves more cellulose in
DMSO than conventional acetate-based ILs [36]. We anticipate that the hydrogen
bond acceptor property of [Ala] and [OAc] might be different in the mixed solvent
and reflect a different solubility. As mentioned previously, that free amino group of
alanine was essential to realize high cellulose dissolution. Therefore, it was sup-
posed that the amino group of [Ala] may interact with a certain part of cellulose and
contribute to breaking its hydrogen bond network. However, since the cellulose
solubility is also modified by the cationic part of the IL, cation might play an
important co-operative role in the mechanism for cellulose dissolution. Further
investigation of the scope and limitation of our ionic liquid technology will make it
even more beneficial in cellulose science.

4.5 Conclusion

Development of an efficient means to dissolve cellulose in a simple solvent has
been a long-standing goal in cellulose chemistry. ILs are now acknowledged as
cellulose dissolution agents and are also seen as the most attractive solvents for
cellulose fiber production. Strong hydrogen-bonding basicity (f-value in KAT
values) is now recognized as the most important property of ILs with high cellulose
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dissolution. Viscosity of ILs is the second key factor causing cellulose dissolution at
low temperature conditions. However, cellulose solubility was not determined only
by the physical characteristics of the solvent shown as KAT values, but that affinity
of a certain component of ionic liquids with cellulose was an important factor of
cellulose dissolution in the ILs. We hypothesized that we might be able to obtain a
hint on how to design such anion or cation from nature. Focusing on the structure of
hydrolyzing enzyme of cellulose (cellulase), we found that amino acid ILs were
strongly capable of dissolving cellulose: N,N-diethyl,N-methyl,N-(2-methoxy)
ethylammonium alanate ([N2;ovg)][Ala]) worked as an excellent solvent for cel-
lulose dissolution among ILs whose anion part was natural amino acid. It should be
emphasized that amino acid IL, [N221mE)][Ala], is a halogen free and safe solvent,
consisting of non-toxic ammonium cation and natural amino acid. Furthermore, the
present results seem to provide an important hint to cellulose chemists to consider
the mechanism of how an enzyme interacts with the cellulose surface.
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Chapter 5

Ionic Liquids as Solvents for Homogeneous
Derivatization of Cellulose: Challenges
and Opportunities

Thomas Heinze and Martin Gericke

Abstract The chapter provides a comprehensive overview of the chemical deriv-
atization of cellulose in ionic liquids (ILs). Different types of chemical reactions,
including esterification, etherification, and grafting reactions, that have been
performed in these novel type of polysaccharide solvents are discussed separately
regarding efficiencies and unique characteristics. With respect to the use of ILs in
technical scale, specific limitations and open questions are discussed such as the
chemical reactivity of certain ILs, their high viscosity and hydrophilicity, and the
need to develop efficient recycling strategies. Finally, an outlook on the develop-
ment of task-specific ILs and IL/co-solvent systems as reaction media for cellulose
is presented.

Keywords Cellulose ¢ Ionic liquids * Homogeneous synthesis ¢ Polysaccharide
derivatives ¢ Side reactions * Co-solvents « Task-specific solvents

5.1 Introduction

In recent years, ILs have received enormous interest in different areas of polysac-
charide research. They are intensively studied in different areas for processing of
cellulose and cellulosic biomass:

1. Cellulose is the most abundant bioresource worldwide and ILs can find use in the
extraction of cellulose from lignocellulosic biomass and/or the selective sepa-
ration from other plant components, such as hemicelluloses and lignin [1-3].
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2. ILs can also be used for the conversion of biomass into monosaccharides or
platform chemicals. They may act either as reaction medium for cellulose
hydrolysis or as efficient pretreatment agents to improve saccharification of
the polysaccharide [2—4].

3. With respect to the environmental and safety concerns of the viscose and
NMMO process, ILs are studied as alternative solvents for shaping of cellulose
into fibers, sponges, beads, and other cellulosic objects [5-7].

4. Several ILs could be exploited as efficient homogeneous reaction media for the
chemical modification of cellulose [8].

Regarding the complexity of all these topics, the present chapter is only devoted
to the latter issue. It should be noted at this point that the ability to dissolve cellulose
is not an inherent property of ILs but merely limited to a small fraction of this group
with specific structural features. If not explicitly stated otherwise, however, the
term ‘IL’ used in the chapter refers to ones that act as cellulose solvents.

5.2 Ionic Liquids as Reaction Media for Cellulose

Homogeneous chemical modification of cellulose provides several advantages over
heterogeneous reactions such as: increased reactivity, uniform product composi-
tion, and efficient control over the overall degree of substitution (DS) as well as the
distribution of functional groups within the anhydroglucose unit (AGU) and along
the polymer chain. A variety of specific polysaccharide solvents that can be used
not only for dissolution but also for the derivatization of cellulose have been
reported in scientific literature [9]. They could be applied for preparing a broad
variety of polysaccharide derivatives with potential applications from multi-kiloton
food- and construction material industry to highly engineered materials for medical
and biotechnological use. Nevertheless, none of the many cellulose solvents that
could be utilized in lab-scale synthesis was found to be suitable for commercially
attractive synthesis of cellulose derivatives up to now. Production of cellulose
derivatives in technical scales is performed exclusively under heterogeneous con-
ditions. In this context, ILs received a lot of interest because these versatile novel
solvents might overcome the limitations of classical cellulose solvents; such as low
dissolution power, inefficient solvent recycling, and incompatibility with derivati-
zation reagents. In particular the broad structural diversity of ILs and the possibil-
ities to create task-specific solvents by subtle manipulation of the molecular
structure bear huge potential. Moreover, ILs have been employed with high effi-
ciency in low-molecular chemistry as solvents for a vast number of advanced
organic reactions that are still waiting to be transferred to cellulose derivatization
[10]. Many cellulose derivatives could be prepared already by using ILs as reaction
media for cellulose (Table 5.1). A comprehensive overview of the chemical deriv-
atization of cellulose in ILs is provided in the following passages. Most of the
synthesis described focused mainly on three particular imidazolium based ILs
(Fig. 5.1) or slightly modified analogues. However, some reports on novel IL
based reaction media were included as well.
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Table 5.1 Overview of cellulose derivatives prepared in ionic liquids
Cellulose derivative Reaction conditions
Entry Type DS range® IL® Comments Refs.
Cellulose esters
1 Acetate 0.9-2.8 AMIMCI [11,12]
1.9-3.0 BMIMCI, [13, 14]
EMIMCI,
BDMIMCI,
ADMIMBr
0.7-3.0 BMIMCI Bacterial [15]
cellulose
2.0-2.7 ABMIMCI [16]
1.5-2.8 ABMIMCI Microwave [17]
used
2 Propionate 0.5-2.9 AMIMCI Catalyst used [18]
1.5-2.3 ABMIMCI Microwave [17]
used
3 Butyrate 0.5-2.8 AMIMCI Catalyst used [18]
2.4-2.8 ABMIMCI Microwave [17]
used
4 Pentanoate 2.9 ABMIMCI Microwave [17]
used
5 Hexanoate 2.7-2.9 ABMIMCI Microwave [17]
used
6 Laurate 0.3-1.5 BMIMCI Phase [14]
separation
7 Stearate 2.2-2.6 BMIMCI [19]
8 Benzoate 1.0-3.0 AMIMCI [20]
9 Fuorate 0.5-3.0 BMIMCI CDI activation [21]
10 Oxy-carboxylic 0.1-3.0 AMIMCI, CDI activation,  [22]
acid ester BMIMCI, bacterial
EMIMCI cellulose
11 2-halo-carboxylate 0.6-1.0 AMIMCI Co-solvent used [23, 24]
0.7 AMIMCI1 Co-solvent used [25]
0.3-1.9 BMIMCI [26]
12 Succinate 0.2-2.3 BMIMCI Co-solvent [27-29]
used, cata-
lyst used
13 Phthalate 0.1-2.5 BMIMCI Catalyst used [30, 31]
14 Glutarate 0.3-1.2 BMIMCI Ultrasound [32]
used
15 Sulfate 0.1-1.5 AMIMCI, Co-solvent used [33]
BMIMCI,
EMIMCI1
1.3-1.7 BMIMCI Co-solvent used [34]
16 Sulfonate (tosylate)  0.1-1.1 BMIMCI, Co-solvent used [35]
AMIMCI
0.8 AMIMCI [36]

(continued)
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Cellulose derivative

Reaction conditions

Entry Type DS range® IL° Comments Refs.
Cellulose ethers
17 Carboxymethyl 0.5 BMIMC1 Heterogeneous [13]
18 Hydroxyalkyl 0.1-2.2 BMIMCI, Co-solvent used  [37, 38]
BDMIMCI,
BDTAC,
EMIMAc
19 Triphenylmethyl 0.8, 1.8 AMIMCI Co-solvent used  [39]
(trityl) 0.8-1.4 BMIMCI Co-solvent used  [40]
20 Trimethylsilyl 0.4-2.9 BMIMCI, Co-solvent used  [41]
EMIMAc
0.2-3.0 BMIMCI, Heterogeneous [42]
BMIMAc,
BMIMBz,
BMIMPr,
EMIMACc,
EMIMDEP
Miscellaneous derivatives
21 Phenyl carbamate 0.5-3.0 BMIMCI [14]
0.5-3.0 BMIMCI Bacterial [15]
cellulose
22 graft-poly 0.8-1.0 AMIMCI Catalyst used [43]
(L-lactide) (1.5-1.7)°
0.7-2.7 AMIMCI1 Catalyst used [44]
(1.4-4.5)°
0.5-2.0 BMIMCI Catalyst used [45]
(1.7-2.4)°
23 Mixed acetate/ 0.4-2.5; AMIMCI Catalyst used [46]
graft-poly 0.2-1.9
(L-lactide) (3.5-9.3)°
24 graft-poly 0.1-2.4 BMIMCI Catalyst used [47]
(e-caprolactone) (2.3-3.1)°
25 graft-poly n.a. BMIMCI [48]
(N-iospropyl-
acrylamide)
26 graft-poly(acrylic n.a. BMIMCI1 Cross linking [49]
acid)
“DS: degree of substitution
®Jonic liquids: cations: ADMIM™: 1-allyl-2,3-dimethylimidazolium, AMIM": I-allyl-3-

methylimidazolium, BDMIM™: 1-butyl-2,3-dimethylimidazolium, BMIM*: 1-butyl-3-methylimi-
dazolium, EMIM*: 1-ethyl-3-methylimidazolium, anions: Ac™: acetate, Bz: benzoate, Cl:
chloride, DEP™ :diethylposphate, Pr™: propionate

“Values in braces represent degree of polymerization of the grafted chain
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Fig. 5.1 Molecular structures of ionic liquids most frequently applied as homogeneous reaction
media for derivatization of cellulose

5.2.1 Esterification

5.2.1.1 Cellulose Esters of Short C, to Cs Carboxylic Acids

Cellulose esters of short chain carboxylic acids, in particular acetates, acetate-
propionates, and acetate-butyrates, are of huge commercial importance and found
in many applications in the form of fibers, films, coatings, and additives [50,
51]. Nowadays, these derivatives are exclusively prepared by heterogeneous pro-
cesses. However, homogeneous esterification in ILs is considered as a commer-
cially attractive alternative. Various patents have been published, e.g., by Eastman
Chemical Company, that describe the preparation of cellulose esters and mixed
esters in imidazolium- and ammonium based ILs, including the synthesis of the
solvents and their recycling subsequent to the esterification [52-55].

Conversions of cellulose with carboxylic acid chlorides and anhydrides proved
to be very efficient when performed homogeneously in an IL. The reactions are
usually performed at elevated temperature (>80 °C), thus the adverse effect of high
viscosity of cellulose/IL solutions is less pronounced. The esterification of cellulose
proceeds completely homogeneous even up to a complete derivatization of all
hydroxyl groups. Using relatively small amounts of acetic anhydride or chloride
(3-5 mol equivalents, Table 5.2), highly functionalized cellulose acetates with DS
up to 3 can be obtained within short reaction times (0.5-8 h) [12-14]. Using
BMIMCI as homogeneous reaction medium, acetylated derivatives could even be
obtained from bacterial cellulose that is usually difficult to dissolve and to chem-
ically modify in other cellulose solvents due to its high degrees of crystallinity and
polymerization [15].

In analogue to the homogeneous acetylation in ILs, homologues cellulose esters
of higher carboxylic acids, from propionates up to hexanoates, have been prepared
in various ILs using the corresponding anhydrides [16—18, 56]. The DS values of
cellulose esters were found to decrease successively when increasing the number of
carbon atoms in the acyl moiety from 2 to 4 but to increase again with further
prolongation of the alkyl chain up to 6 carbon atoms [17]. Cellulose pentanoates



112 T. Heinze and M. Gericke

Table 5.2 Degrees of substitution (DS) and solubility of cellulose acetates prepared by homoge-
neous acetylation in various ionic liquids (IL) and under different reaction conditions

Reaction conditions Product
Cellulose Temp. Time Reagent M

IL? type® [°C] [h] Type® Ratic® DS DMSO CHCl; Refs.
AMIMC1 DIP 100 3 Anhydride  3:1 1.99 + — [11]
AMIMCI DIP 100 3 Anhydride 4:1 209 + — [11]
AMIMCI DIP 100 3 Anhydride 5:1 230 + + [11]
AMIMCl CH 100 1 Anhydride 5:1 216 + — [12]
AMIMCI CH 100 4 Anhydride 5:1 249 + + [12]
AMIMCI CH 100 8 Anhydride 5:1 2.63 + + [12]
BMIMCI MC 80 2 Anhydride  3:1 1.87 + — [14]
BMIMCI MC 80 2 Anhydride  3:1 256 + — [14]
BMIMCI MC 80 2 Anhydride 5:1 272 4+ — [14]
BMIMCI MC 80 2 Anhydride  5:1° 294 + + [14]
BMIMCI MC 80 2 Anhydride  10:17 3.0+ + [14]
BMIMCI MC 80 2 Chloride 3:1 281 + — [14]
BMIMCI MC 80 0.25  Chloride 5:1 293 + + [14]
BMIMCI MC 80 0.5 Chloride 5:1 30 + + [14]
BMIMCI MC 80 2 Chloride 5:1 30 + + [14]
BMIMCI MC 80 2 Chloride 5:1° 293 + — [14]
BMIMClI BC 80 2 Anhydride 1:1 0.69 + n.a. [15]
BMIMCI BC 80 2 Anhydride  2:1 1.66 + n.a [15]
BMIMCI BC 80 2 Anhydride 3:1 225 + n.a [15]
BMIMClI BC 80 2 Anhydride 5:1 250 + n.a [15]
BMIMCI BC 80 2 Anhydride 10:1 30 + n.a. [15]

ZAMIMCI: 1-allyl-3-methylimidazolium chloride, BMIMCI: 1-butyl-3-methylimidazolium chloride
°BC: bacterial cellulose (DP: 6,493), CH: cellulose from corn husk (DP: 530), DIP: dissolving pulp
(DP: = 650), MC: microcrystalline cellulose (DP: 286)

°+: soluble, —: insoluble, n.a.: no information available

dAcetic acid derivative used

“Molar ration of acetylation reagent to anhydroglucose units

fAdditionally, 2.5 mol equivalent pyridine

and hexanoates slightly exceeded the DS values of cellulose acetates, prepared
under identical reaction conditions. In contrast, the corresponding propionates and
butyrate had slightly lower DS values. Cooperative interaction of the long chain
anhydrides with the partially substituted, i.e., lipophilic, cellulose chain have been
postulated to explain this unexpected finding.

The efficiency of the esterification of cellulose in ILs can be increased by adding
pyridine (stoichiometric amounts) or 4-dimethylaminoaminopyridine (DMAP; cat-
alytic amounts) [14, 18]. Moreover, microwave assisted esterification can yield
products with an increased DS in comparison to products prepared under conven-
tional heating [17, 56]. Within a microwave field, ILs rapidly heat due to their ionic
nature [57]. Thus, the irradiation must be controlled by monitoring power input,
pulse length and -interval, and maximum temperature. Efficient mixing is also
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Table 5.3 Overview about mixed cellulose esters with different degrees of substitution
(DS) prepared in ionic liquids (ILs)

Substituent 1 Substituent 2

Type DS range Type DS range Overall DS range  IL* Refs.
Acetate 1.50 Propionate 1.30 2.80 ABIMCI [17]
Acetate 0.30-0.66  Propionate 0.93-2.46 1.44-2.20 AMIMCI [58]
Acetate 1.40-2.50  Butyrate 0.40-090  2.20-2.90 ABIMCI [16, 17]
Acetate  0.19-1.16  Butyrate 0.86-2.07 1.05-2.41 AMIMCl  [58]
Acetate 1.40 Pentanoate 1.10 2.50 ABIMCI [17]
Acetate 1.40 Hexanoate 1.10 2.50 ABIMCI [17]

ABIMCI: 1-allyl-3-(1-butyl)imidazolium chloride, AMIMCI: 1-allyl-3-methylimidazolium chloride

crucial, especially in case of highly viscous cellulose/IL solutions, in order to avoid
local ‘hot-spots’ of extremely high temperature. Otherwise, degradation of cellu-
lose and carbonization might occur. In addition to microwave assisted cellulose
derivatization in ILs, esterification with the aid of ultrasound irradiation has been
reported [32].

Parallel conversion of cellulose, dissolved in an IL, with two different carboxylic
acid anhydrides yields mixed cellulose esters (Table 5.3) [16, 17, 58]. The product
properties (e.g., hydrophobic/hydrophilic character) can be tailored by variation of
ester moieties, their partial DS values, and the overall amount of substituents,
attached to the cellulose backbone. As already pointed out, the reactivity of
carboxylic acid anhydrides is dependent on the length of the alkyl chain [17]. In
addition to reaction temperature, time, and amount of acylation reagent, the
sequence of adding the two different anhydrides (simultaneous vs. step-wise) is
consequently of huge importance. Considering the huge commercial importance of
mixed cellulose esters, in particular acetate/propionates, acetate/butyrates, and
propionate/butyrates, further comprehensive studies are required in order to eval-
uate the individual effect of reaction parameters on the product composition,
including the distribution of ester moieties within the AGU and along the polymer
chain. Moreover, choice of the IL and its recycling subsequent to the reaction (see
Sect. 5.3.3) are going to be important issues.

5.2.1.2 Other Organic Esters

In principle, cellulose, dissolved in an IL, can easily be converted also with other
types of carboxylic acids, or their corresponding acid derivatives. Cellulose succi-
nates and phthalates, i.e., dicarboxylic acid derivatives could be obtained by
homogeneous derivatization in AMIMICI or BMIMCI with the aid of different
acylation catalysts, e.g., DMAP, N-bromosuccinimide, or iodine [27-31]. Thereby,
DMSO has partly been utilized as molecular co-solvent in order to guarantee
homogeneous reaction conditions. The homogeneous preparation of cellulose
glutarate by acylation in BMIMCI under ultrasound irradiation also has been
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reported as well [32]. ILs, partly in combination with DMF as co-solvent, have been
utilized as reaction media for the preparation of 2-bromo and 2-chloro carboxylic
acid ester of cellulose, which could be used as macro initiators for the grafting of
poly(styrene) and different types of poly(methacrylate) chains onto the polysac-
charide backbone [23-26].

Using AMIMCI as homogeneous reaction medium, a series of cellulose benzo-
ates with high DS values in the range of 1.0-3.0 has been prepared that carried
different moieties at the aromatic ring [20]. Also mixed cellulose derivatives,
carrying benzoate groups (preferentially at the primary hydroxyl group) and
4-nitrobenzoate moieties (preferentially at the secondary hydroxyl groups) have
been prepared in ILs by step-wise conversion with the corresponding acid chlo-
rides. Highly substitute cellulose benzoates, as well as cellulose phenyl carbamates
(see Sect. 5.2.3), exhibit high chiral resolving properties and could be utilized as
stationary phase in liquid chromatography for separation of enantiomers [59].
Synthesis of these materials is usually performed under heterogeneous starting,
e.g., by conversion of cellulose suspended in pyridine or other swelling agents
[60]. However, homogeneous derivatization in ILs can facilitate preparation of
tailor-made chromatography materials.

In general, cellulose esters are well soluble in ILs even at high DS values meaning
that completely homogeneous esterification is feasible. However, in case of fatty acid
ester with long, non-polar alkyl chains, the cellulose derivatives become increasingly
hydrophobic upon advancing substitution, which renders the products insoluble in the
reaction mixture. Cellulose laurates can be obtained in ILs but the derivatives rapidly
precipitated upon derivatization of the polysaccharide [14]. Phase separation can be
expected also for the higher homologue cellulose stearate although it has not been
mentioned explicitly [19].

Compounds containing carboxyl groups are readily available but seldom used
directly for esterification with polysaccharides due to their low reactivity. In case
conversion into a more reactive acid chloride or anhydride is not feasible, activation
of carboxyl groups with N,N'-carbonyldiimidazole (CDI) is a very versatile approach
for obtaining cellulose esters under mild reaction conditions [61, 62]. Some cellulose
derivatives, namely fuorates and water soluble oxy-carboxylic acid ester of cellulose
with a broad range of DS from 0.1 to 3.0, have already been obtained in ILs by this
procedure [21, 22]. As a first step of the homogeneous derivatization reaction, an
imidazolide is formed in situ in the IL reaction medium, which reacts as active
species with the polysaccharide backbone upon liberation of CO, and imidazole as
side products (Fig. 5.2). A carbodiimide has also been tested as coupling agent for
homogeneous esterification of cellulose with stearic acid in an IL but only small DS
values up to 0.16 could be achieved [36]. Another possibility for the activation of
carboxyl groups for subsequent esterification with cellulose is the conversion with
sulfonic acid chlorides (Fig. 5.2) [63, 64]. Moreover, reactive intermediates are
generated by treating carboxylic acids with iminium chlorides, e.g., prepared in situ
from DMF and oxalyl chloride (Fig. 5.2) [65]. The by-products liberated upon
activation and subsequent esterification are either gaseous (CO, CO,, HCI) or may
act as co-solvent (DMF). The last two approaches have been exploited for the
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Fig.5.2 Selected methods for activation of carboxylic acids and for the esterification with cellulose
[65]. (a) Carbonyldiimidazole activation, (b) sulfonic acid chloride activation, (¢) iminium chloride
activation

preparation of various polysaccharide esters but up to now not been adapted for
the homogeneous derivatization of cellulose in ILs.

5.2.1.3 Sulfuric and Sulfonic Acid Esters

Cellulose sulfates (CSs), the sulfuric acid half ester of cellulose in their sodium
form, are useful compounds for certain biomedical applications and for the
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formation of polyelectrolyte complex superstructures [66]. However, the homoge-
neous synthesis of these derivatives in ILs proofed to be more challenging com-
pared to the preparation of organic cellulose esters [33]. The same holds true for
toluene sulfonic acid esters of cellulose, usually referred to as tosyl celluloses
(TOSCs), that are versatile intermediates for the preparation of polysaccharide
derivatives via nucleophilic displacement reaction [35]. Both cellulose derivatives
are usually prepared at or below 25 °C to prevent side reactions. Sulfation at
elevated temperature often induces severe polymer degradation whereas tosylation
might yield chlorinated or cross-linked products. At these low temperatures, the
exceptional high viscosity of cellulose/IL solutions (see Sect. 5.3.1) prevents
efficient mixing during the reactions, which results in non-uniform product mix-
tures. Interestingly, EMIMACc, a cellulose dissolving IL with rather low viscosity,
cannot be applied as reaction medium. The acetate anion, present in high concen-
trations, forms mixed anhydrides with the tosylation and sulfation reagents and
acetatylation instead of formation of the desired cellulose derivatives occurs (see
Sect. 5.3.2) [67]. Certain co-solvents, such as DMSO, DMF, pyridine, or N,N-
'_dimethylimidazolidinone (DMI) can be added to cellulose/IL solutions to dimin-
ish viscosity (see Sect. 5.3.1) [33, 68, 69]. Thus, completely homogeneous sulfation
and tosylation of cellulose could be achieved at 25 °C with little polymer degrada-
tion using BMIMCI/co-solvent mixtures as reaction media [33, 35]. CSs prepared
by this procedure exhibit good water solubility even at low DS values of 0.2-0.3.
The derivatization reaction shows higher regioselectivity compared to other het-
erogeneous or quasi-homogeneous methods for sulfation of cellulose; at DS < 1
the vast majority of sulfate groups are located at position 6. Moreover, the DS and
consequently the product properties can be tailored by adjusting the molar ratio
AGU to sulfation reagent (Fig. 5.3). In a comparable approach, TOSC with DS,y
< 1.14 have been prepared by homogeneous derivatization of cellulose in
BMIMCl/pyridine and BMIMCI/DMI mixtures [35]. The amount of deoxy-chloro
moieties introduced as well as the extent of polymer degradation can be controlled
by adjusting the reaction time from 4 to 8 h.

5.2.2 Etherification

The first description of the use of ILs as reaction media for etherification of
cellulose is a patent related to the carboxymethylation of the polysaccharide
[70]. Carboxymethyl cellulose as well as alkyl- and hydroxyalkyl ethers of cellu-
lose are of huge commercial interest but reports on etherification of cellulose in ILs
are rare compared to the vast number of publications related to the esterifications in
these media. ILs applied for cellulose dissolution are rather hydrophilic and homo-
geneous etherification of cellulose is more difficult to realize because the reagents/
bases applied and/or the derivatives formed are not completely soluble in the
reaction mixtures.
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Fig. 5.3 Dependence of degree of substitution (DS) on the molar ratio sulfating agent per
anhydroglucose unit (AGU), obtained by homogeneous derivatization of cellulose in 1-butyl-3-
methylimidazolium chloride with N,N-dimethylformamide as co-solvent

Solid NaOH has been utilized as base for carboxymethylation of cellulose in ILs,
i.e., this derivatization occurs heterogeneously despite the fact that cellulose is
dissolved in the ILs prior to the reaction. Moreover, the polysaccharide solution
forms a gel-like system shortly after the addition of the reagent [13]. As a conse-
quence, DS values obtained are rather low (<0.5). Cellulose dissolving ILs are also
immiscible with hexamethyldisilazane (HMDS), a rather hydrophobic reagent
utilized for the conversion of cellulose into the corresponding silyl ethers. A
biphasic silylation procedure has been reported, in which cellulose is dissolved in
an IL and treated with HMDS, dissolved in IL-immiscible toluene [42]. The
reaction involves transition of the reagent into the polar IL phase and of the
cellulose derivative, which becomes increasingly hydrophobic upon silylation,
into the non-polar toluene phase. These phase transitions influence the course of
the derivatization reaction, e.g., in terms of overall DS, distribution of silyl groups
along the polymer chain, and product homogeneity. These reactions are difficult to
control because they strongly depend on multiple reaction conditions, such as
temperature, stirring speed, viscosity, and liquid/liquid interface area. Completely
homogeneous preparation of trimethylsilyl cellulose (TMSC) with a broad range of
DS values from 0.4 to 2.9 has been achieved in EMIMAc/chloroform mixtures
[41]. The co-solvent efficiently solubilizes HMDS as well as TMSC formed, which
otherwise precipitate from the reaction mixtures at DS > 2.

Hydroxyethyl- and hydroxypropyl celluloses, which are among the most impor-
tant cellulose derivatives applied commercially, e.g., as additives in paint, cement,
and household products, could be prepared in ILs by conversion of cellulose with
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gaseous ethylene- or propylene oxide [37, 38]. The reaction proceeds heteroge-
neous and the degree of molecular substitution (MS) could be increased by addition
of DMF or DMSO. The increased reactivity is most likely a result of the improved
solubilization of the hydroxyalkylation reagents. EMIMAc was found to be the
most suitable solvent for this etherification because the acetate anion can catalyze
ring opening of the oxiranes, which results in increased MS. By addition of catalytic
amounts of sodium/magnesium acetate, cellulose hydroxyalkyl ethers could also be
obtained in imidazolium chloride based ILs. In addition, low-melting quaternary
ammonium chlorides and formates could be utilized [71].

Triphenylmethyl (trityl) substituents have been exploited in polysaccharide
research as protecting group for the primary hydroxyl group that is more accessible
for bulky moieties [72, 73]. Ethers with DS values around 1 possessing a pro-
nounced 6-O-functionalization, could be obtained by homogeneous conversion of
cellulose dissolved in BMIMCI with trityl chloride [40]. By using the more reactive
p-methoxytrityl chloride, a maximum DS of 1.8 could be achieved in AMIMCI but
complete protection of position 6 and 2 was not possible.

5.2.3 Other Reaction Types

Phenyl carbamates of celluloses from different sources, including bacterial cellu-
lose, have been prepared in BMIMCI as solvent by homogeneous conversion with
the corresponding isocyanate [14, 15]. No byproducts are formed during this
reaction and the DS could be tuned over the whole range, up to a maximum of
3.0, by adjusting reaction time and the amount of derivatization reagent.
‘Carbanilation” proceeds with only minor chain degradation and yields
organosoluble derivatives. Consequently it is an important tool for determination
of the molecular weight of cellulose by size exclusion chromatography [74]. More-
over, cellulose carbamates can be utilized as chiral stationary phase for the chro-
matographic separation of enantiomers [59].

ILs have been exploited successfully for the homogeneous preparation of several
cellulose-graft-copolymers. Grafting of poly-L-lactide and poly(e-caprolactone)
chains onto the cellulose backbone has been achieved by ring opening polymeri-
zation with DMAP or stannous octanoate as catalyst [43—45, 47]. Depending on the
amount of monomer used, different DS values in the range of 0.1-2.7 could be
achieved; the average number of repeating units was rather low (=1-5). Thermo-
plastic mixed derivatives containing acetyl moieties and grafted poly (L-lactide)
chains have been obtained as well in a combined ‘one-pot’ reaction [46]. Cellulose-
graft-poly(acrylamide) and -poly(accrylate) have also been prepared in ILs, by
radical polymerization, induced by y-ray irradiation or persulfate initiation [48,
49]. In the latter case, the reaction was performed under microwave heating and a
certain amount of bivalent cross linker was present, i.e., a heterogeneous polymer
gel was obtained. Also the grafting of copolymers onto cellulose via ATRP has
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been studied in ILs but no advantages over common molecular solvents in terms of
the conversion rate could be observed [26]. Thus, it is important to decide if ILs can
be beneficial in this process. At DS values >0.6, the macro initiators required in the
first step dissolves, e.g., in DMF, dioxane, or butanone, i.e., ILs or other cellulose
solvents are not required [23]. However, if low grafting densities are desired, ILs
might prove to be useful as reaction media for homogeneous grafting of polymers
onto cellulose via ATRP.

5.3 Challenges and Opportunities

ILs have proved to be efficient solvents for the dissolution of high amounts of
cellulose in rather short time. As has been summarized in Sect. 5.2, numerous
chemical derivatization reactions have been realized successfully in these novel
homogeneous reaction media. However, with increasing gain of knowledge it
became apparent that ILs also possess some specific disadvantages that can hamper
their use as cellulose solvents in technical scales. Some of these issues are techno-
logical aspects that are currently studied and can be expected to be solved in the
near future; e.g., IL cost, purity, and recycling availability. Others are intrinsic
restrictions related to the physical and chemical properties of ILs, i.e., limitation
that cannot be avoided but only be attenuated.

5.3.1 IL Viscosity and Hydrophobicity

In comparison to common molecular solvents, the viscosity of ILs, in particular
those that can dissolve cellulose, is very high. As an example, at 25 °C the
viscosities of DMSO (2 mPa s) and EMIMACc (200 mPa s) differ by two orders of
magnitudes. The viscosity further increases when cellulose is dissolved in the ILs.
For cellulose solutions in EMIMAc and BMIMCI, transition from a diluted to a
semi-diluted regime, in which polymer coils start to entangle, occurred at a polymer
content of 1-2 % [75, 76]. Above these concentrations, viscosity is proportional to
¢”" with n being about 4.0 at 040 °C and about 2.5 at 60-100 °C (Fig. 5.4 left).
Comparable values for the exponent have been reported for cellulose solutions in
DMA/LICI (n = 3—4) and NMMO (n = 4.6) [77, 78].

With decreasing temperature, the viscosity of cellulose/IL solutions strongly
increases (Fig. 5.4 right), which is expected for a polymer solution. However, the
increase does not follow an Arrhenius-like behavior (Eq. 5.1) that is usually
observed for polymer solutions, including cellulose solutions in NMMO or
NaOH/water [79, 80]. As indicated by the strong temperature dependence of the
exponent 7, the deviation is especially pronounced below 40 °C. The temperature
behavior of cellulose/IL solutions can be fitted best by a Vogel Fulcher Tamman
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Fig. 5.4 Viscosity of cellulose solutions in 1-ethyl-3-methylimidazolium acetate (EMIMAc, left
and right) and 1-butyl-3-methylimidazolium chloride (BMIMCI, right) at different cellulose
concentrations (/eft) and temperatures (right). Left: straight lines represent fit according to a linear
(c <1 %) or exponential equation (¢ > 2 %). Right: dotted lines represent extrapolation from
T = 60-100 °C according to an Arrhenius equation, straight lines represent fitting according to a
Vogel Fulcher Tamman equation (Adapted with permission from [75], Copyright 2009, American
Chemical Society, and from [8], Copyright 2012, MDPI AG)

equation (Eq. 5.2) [75, 76]. Since, many pure ILs show the same curved slopes, it
can be concluded that the tremendous viscosity increase is caused by specific
interaction within the ILs itself and not with the dissolved polysaccharide [81, 82].

n=A- et (5.1)
n=B-VT e (5.2)

The high viscosity of cellulose/IL solutions significantly affects the mass trans-
fer in all steps involved in the processing of the polymer. For efficient homogeneous
derivatization of cellulose, reactions are usually performed in solutions having a
polysaccharide concentration in the range of 2—10 %. Above 80 °C, viscosity of
these systems is sufficiently low to guarantee efficient stirring and even distribution
of the reactants in the reaction mixture. Thus, homogeneous derivatization reactions
performed in ILs at elevated temperatures (e.g., acylation of cellulose) usually yield
uniform products with well reproducible properties. In contrast, at temperatures
below 40 °C interference of reaction kinetics and mass transport phenomena might
occur as result of the significant viscosity increase, in particular if the reagents
applied are solids and/or highly reactive (Fig. 5.5a, b).

It has been demonstrated that sulfation and tosylation of cellulose in
imidazolium chlorid based ILs, performed at or below 25 °C to prevent undesired
side reactions, only yields product mixtures composed of highly functional poly-
saccharide derivative and unmodified cellulose [33, 35]. In both cases, a rather long
period of time is required for a complete mixing and even distribution of the
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Fig. 5.5 Cellulose solutions in ionic liquids with different agents, depicting the high viscosity
(a, b) and hydrophilicity (d, e) of the systems as well as the effect of co-solvents (c, f)

reagents within the highly viscous system. Although the cellulose/IL solution and
the derivatization reagent might eventually form a homogeneous mixture if given
sufficient time, they remain as two separated phases due to kinetic hindrance, i.e.,
the systems is not in a state of thermodynamic equilibrium. Thus, these derivatiza-
tion reactions can be considered as heterogeneous; cellulose molecules in direct
vicinity to the derivatization reagent are converted to derivatives with a high DS
whereas other fractions of the polysaccharide remain unmodified. However, effi-
cient homogeneous derivatization of cellulose in ILs could be achieved at room
temperature by using co-solvents to diminish the high viscosity (see Fig. 5.5¢ and
Sect. 5.3.4.2).

The chemical modification of cellulose, dissolved in an IL, is a completely
homogeneous process only if all reaction partners, including reagents, bases,
co-solvents, and intermediate- and final product, remain dissolved in one phase
over the whole reaction time. However, cellulose dissolving ILs are known to be
rather hydrophilic compounds, which are consequently not miscible with various
hydrophobic compounds frequently involved in the chemical derivatization of
cellulose (Fig. 5.5d, e). Depending on whether phase separation occurs at the
very beginning or later during the reaction, the corresponding reactions proceed
either completely or partly heterogeneous. It needs to be considered that this change
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in the reaction course might affect the reactivity of the derivatization reagent, the
regioselectivity, or the distribution of substituents along the polymer chains in
comparison to a completely homogeneous conversion of cellulose.

The esterification of cellulose with lauryl chloride in BMIMCI starts homoge-
neous but results in precipitation of the hydrophobic derivative formed upon
increasing substitution [14]. As result of the decreased reactivity in the heteroge-
neous system formed, no products with DS > 1.5 could be obtained. Due to the
hydrophilic nature of common cellulose dissolving ILs, homogeneous preparation
of trimethylsilyl cellulose (TMSC) is not feasible [41, 42]. The hydrophobic
reagent applied for derivatization is not miscible with the polysaccharide solutions
and the silylated products formed precipitate from the reaction mixture at DS > 2.
A heterogeneous procedure for silyation of cellulose has been described using
toluene, which is immiscible with cellulose/IL solution, to solubilize the hydro-
phobic reagent [42]. The reaction involves transition of (a) the reagent into the
hydrophilic IL phase and (b) the TMSC with a certain DS into the hydrophobic
toluene phase, where the derivative is further silylated in a homogeneous reaction.
Thus, this particular procedure is most suitable for obtaining highly functionalized
TMSC. In contrast, complete homogeneous preparation of TMSC in the DS range
of 0.4-2.9 has been achieved in ILs by using chloroform as a hydrophobic but
IL-miscible co-solvent [41].

5.3.2 Chemical Reactivity of Ionic Liquids
and Their Impurities

ILs are considered as non-derivatizing cellulose solvents, i.e., the dissolution of
cellulose is not due to chemical conversion of the polysaccharide [13]. Nevertheless,
ILs are not necessarily chemically inert. Both cation and anion can participate in the
course of chemical derivatization reactions of cellulose or react with the dissolved
polysaccharide. In addition, the effect of typical IL impurities needs to be
considered.

The proton at position C-2 of 1,3-dialkylimidazolium based ILs is rather acidic;
the pKa-values are estimated to be about 21-24, and can be abstracted with bases to
yield N-heterocyclic singlet carbenes [83, 84]. These reactive species act as nucle-
ophilic intermediates in the catalytic cycles of many organic reaction, which is the
reason for surprisingly high yields and/or unexpected products frequently observed
for reactions performed in ILs [85, 86]. The presence of carbenes and their
influence on the derivatization of cellulose in ILs needs to be considered, in
particular when bases are utilized. In addition, it has been reported for
low-molecular weight cellulose mimics and later on for cellulose as well that the
carbene species attach to the reducing end-group in its open-chain aldehyde form
(Fig. 5.6) [87, 88]. Although the conversion is accelerated in the presence of bases,
it also occurs upon dissolution of cellulose in pure imidazolium acetates. To a
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Fig. 5.6 Reaction scheme for side reactions observed during dissolution and chemical derivati-

zation of cellulose in typical imidazolium based ionic liquids (A*X ™) [67, 87, 88, 91]

certain extent, these particular ILs undergo self-deprotonation as result of the
relatively high basicity of their anion [89]. The equilibrium is further shifted by
subsequent reaction of the carbenes formed with the cellulose end-group. To avoid
the effect of reactive carbene intermediates, imidazolium based ILs that were
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methylated at C-2 have been proposed as cellulose solvents [14]. However, the
methyl group can also be deprotonated to a certain extend [90].

In addition to the IL’s cation, the anion can undergo specific side reactions. The
conversion of cellulose, dissolved in an imidazolium chloride IL, with furoyl, tosyl,
and trityl chloride as well as with SO3 complexes yields the expected cellulose
derivatives 8, 16, 19, and 15 (see Table 5.1) [33, 35]. In contrast, only acetylated
products could be obtained when the same derivatization reactions were carried out
in an EMIMACc [33, 67]. This unexpected finding has been attributed to the
formation of mixed anhydrides of the anion, which is present in high concentrations
and not surrounded by a solvent cage, with the reagents applied (Fig. 5.6). These
intermediates subsequently react with cellulose and transfer the acetyl group. If
well understood, the chemical reactivity of ILs is not necessarily a drawback of this
class of cellulose solvents. As an example, the acetate anion acts as a catalyst for the
ring opening of oxiranes, which could be exploited for the efficient
hydroxyalkylation of cellulose in ILs [37]. Moreover, ILs can become valuable
for performing derivatization reactions in which other homogeneous cellulose
reaction media, such as DMA/LiCl and DMSO/TBAF, show specific side reactions
and cannot be employed.

ILs often contain certain impurities, derived from the synthesis, such as
unreacted educts, side products, inorganic salts, and organic acids [92]. These
compounds can affect the dissolution and chemical derivatization of cellulose in
ILs. N-Methylimidazole is a starting material for the synthesis of imidazolium salts,
the most frequently applied type of ILs in cellulose research, and one of their major
impurities. This heterocyclic base acts as catalyst, e.g., for the silyation of cellulose.
Thus, highly silylated products could be obtained using common reagent grade ILs
(90-95 % purity) that contain traces of N-methylimidazole (0.1-0.5 wt%), whereas
no significant derivatization could be achieved when ILs of high purity (>99 %)
were applied as reaction media [41].

Even hydrophobic ILs can adsorb rather high amounts of moisture from humid
air atmosphere [93]. Thus, the ubiquitous presence of water should not be neglected
when using ILs for processing of cellulose. However, handling under protecting gas
and strictly anhydrous conditions is not necessary for most applications. Water can
directly influence chemical derivatization reactions. Most reagents applied for
chemical modification of cellulose are prone to hydrolysis, which leads to an
apparent decrease in reaction efficiency. Water also promotes the chain degradation
of cellulose especially at high temperatures or if the ILs applied contain acidic
impurities [94, 95].

In addition to the influence of water on chemical reactions, water affects the
solubility and state of dissolution of cellulose in ILs. In large excess, the protic
non-solvent acts as ‘precipitation agent’, i.e., cellulose is regenerated from ILs upon
pouring the solution into five to ten times the volume of water. It has been reported
that cellulose solutions in some ILs tolerate rather high amounts of water of up to
20 wt% [96]. However, even traces of water can alter the state of dissolution of
cellulose in ILs before any ‘macroscopic changes’ can be detected. It has been
demonstrated that the intrinsic viscosity of cellulose/EMIMACc solutions, which is
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directly correlated with the size and conformation of the dissolved polysaccharide
chains, first increases with increasing water content up to a maximum of 10 wt%
and then decreases again until finally reaching the solubility limit [97]. Based on
this finding it was concluded that a ‘micro-gel’, i.e., agglomerates of polymer coils,
is formed upon the addition of water to cellulose/IL solutions. This phenomenon
has significant influence on the rheological flow behavior of these solutions and
might also affect the chemical derivatization of cellulose as well as the processing
into cellulosic fibers by spinning processes.

Pure ILs are commonly regarded as highly thermostable with a broad liquid range;
some individual representatives of this class withstand temperatures up to 400 °C
[10]. Under practical lab-conditions, however, decomposition may already occur at
much lower temperatures, in particular in the presence of impurities [98]. For
common cellulose/IL solutions, onset temperatures (7,,) for the chemical decompo-
sition and liberation of gaseous compounds around 180-220 °C have been observed
by means of differential scanning- and reaction calorimetry [99, 100]. The values
changed only slightly upon the addition of additives such as silver or charcoal.
In contrast, cellulose solutions in NMMO, employed for the production of cellulosic
fibers on a technical scale, are significantly less stable (T,, ~ 130-160 °C)
[101, 102]. Moreover, stabilizers are required in order to prevent autocatalytic
thermal runaway reactions. Usually, dissolution, shaping, and chemical derivatization
of cellulose in ILs is performed below 130 °C, i.e., cellulose/IL solutions are safe to
handle at typical processing temperatures. However, it has been noted that the
thermostability is reduced significantly when using recycled ILs. This is an indication
that already below T, degradation products are formed. The thermal decomposition
of imidazolium-based ILs, which proceeds by a dealkylation mechanisms inverse to
the synthesis, yields 1-alkylimidazoles (Fig. 5.6) [103, 104]. These primary products
can further decompose, e.g., into imidazole, and/or condensate with other fragments
formed [91]. These compounds are highly basic and can significantly affect chemical
derivatization of cellulose in ILs. Although they might initially be formed only in
small amounts, these heterocyclic degradation products cannot be removed simply by
evaporation. Thus, they might accumulate during multiple recycling sequences.

5.3.3 Recycling of Ionic Liquids

Recycling of ILs is one, if not the major technological issue that needs to be solved
in order to utilize this novel class of solvents in commercialized procedures in
general and for the processing of cellulose in particular. ILs can be considered as
rather expensive compounds but reutilization of the solvent for multiple processing
cycles decreases the impact of IL prize on the overall process costs. Moreover,
preventing pollution with potentially hazardous organic compounds is a matter of
general concern when developing environmentally benign processes. ILs are often
considered as recyclable mostly because of their very low vapor pressure.
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Nevertheless, it needs to be emphasized that efficient recycling strategies for ILs
used in (1) shaping, (2) biorefinery, or (3) chemical derivatization reactions are still
missing.

The major component that needs to be removed after processing of cellulose is
the non-solvent (usually water or an alcohol) used to regenerate cellulose (shaping)
or the polysaccharide derivative (chemical derivatization). Additional impurities
derive from the chemical derivatization reaction, e.g., residual reagents, side
products, and co-solvents, but also from thermal decomposition of the IL and
cellulose (see Sect. 5.3.2). Volatile compounds can easily be removed by evapora-
tion under reduced pressure yielding crude ILs that, in some cases, could be utilized
directly for another dissolution and chemical derivatization cycle. As an example;
acylation of cellulose, dissolved in an imidazolium chloride based IL, yields
hydrochloric or carboxylic acid when no additional base is added. Both compounds
could be removed from the IL together with the volatile precipitation agent and
excess acylation reagent [12, 13]. The NMR spectra of the recycled ILs showed no
residual impurities and when reused as homogeneous reaction media, results were
comparable to derivatization in the initial IL.

IL recycling becomes more complex with increasing number of potential impu-
rities. In particular, the removal of non-volatile compounds proved to be more
challenging. If a base is applied during the derivatization, the corresponding
protonated acid is usually not removable by evaporation due to its higher boiling
point [35, 40]. For comparison: the boiling points of pyridine, which has been
applied for acylation, tosylation, and tritylation of cellulose in ILs, and pyridinium
hydrochloride are 115 and 223 °C. Recycling can be achieved by neutralization of
the IL in an aqueous solution, evaporation of water and the deprotonated base, and
subsequent extraction of the crude IL with chloroform, which results in precipita-
tion of inorganic salts that can be removed by filtration [33]. Finally, treatment of
the recycled IL with an anion exchanger might be required in case anionic species
are generated that cannot be removed by other means because they are too similar to
the original IL’s anion, e.g., carboxylates differing in their alkyl chain, or because
their protonated form is not volatile, e.g., tosylate. NMR spectroscopy can be used
to follow the individual recycling steps (Fig. 5.7).

So far, most strategies for the recycling of ILs after cellulose processing focused
entirely on evaporation to remove the non-solvent, used for regeneration of the
polysaccharide, and as well as side product formed upon derivatization. Up to now,
it has not been studied whether this rather energy consuming approach is suitable
from an economic and ecologic point of view. Thus, alternative approaches for
recovery and purification of ILs are constantly studied not only in the field of
polysaccharide research. Upon addition of ‘water structuring salts’, e.g., phos-
phates, carbonates, and citrates, or of certain organic compounds such as carbohy-
drates, amino acids, and surfactants, to an aqueous IL solution, separation into an
IL-rich/water-deficient and an IL-deficient/water-rich phase occurs [105, 106]. This
‘salting out’ phenomenon has been exploited for recovery of AMIMCI, used as
reaction medium for acylation of cellulose, in 85 % yield [16]. "H-NMR spectros-
copy was used to confirm the purity of the recycled IL but no information on



5 Tonic Liquids as Solvents for Homogeneous Derivatization of Cellulose. . . 127

: ; 5__4 o M_12 fa
\E;/\/N@Nm c® C'—%_Q—B 10
6 7 1 5 | 9
16 |
C anion exchange 15@ 8
- 4P b \'." DMSO r 8
HCI
b neutralization CHCI, 13
11 12
| ) "

r T T T T T T T T T T T 1

a crude IL
l 14 15 16 ”
S
9.0

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm

10.0

Fig. 5.7 '"H-NMR spectra of ionic liquid (IL) samples, originally used as reaction medium for
tosylation of cellulose, from different recycling steps; (a) crude IL after evaporation of volatile
compounds, (b) IL after neutralization and removal of residual base, (¢) purified IL after removal
of ionic impurities by anion exchange (Adapted with permission from [35], Copyright 2012,
Elsevier Ltd.)

inorganic impurities, in particular the residual amount of Na,HPO, was provided,
which was used to induce phase separation.

Alternative strategies, which are frequently discussed for recycling of ILs in
general, are pervaporation, reverse osmosis, and nanofiltration [107, 108]. Only the
latter has been studied already for recovery of ILs that were used as cellulose
solvent but not as homogeneous reaction medium. A straight forward approach of
increasing importance is the development of novel cellulose dissolving ILs that
facilitate efficient recycling, e.g., by extraction or induced phase separation (see
Sect. 5.3.4). Frequently, utilization of ‘distillable ILs’ such as guanidinium carbox-
ylates has been proposed [109]. At high temperatures and low pressure, these ILs
decompose into volatile compounds that reconstituted upon cooling. This process
yields ILs of high purity but is also very energy consuming. Moreover, most of the
impurities need to be removed in advance because they would evaporate prior to
the IL.

When developing procedures for the chemical derivatization of cellulose in ILs,
it is important to take recycling aspects into consideration as well. To give an
example; homogeneous esterification of cellulose with a carboxylic acid chloride
(very reactive reagent) in EMIMACc (low viscous room temperature liquid IL) will
yield cellulose ester in good yield and high DS. However, purification of the IL by
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evaporation of volatile compounds is not feasible. Hydrochloric acid, formed as
side product, will induce protonation of the less acidic carboxylate anion that is
removed under reduced pressure. Thus, partial anion exchange from EMIMACc to
EMIMCI will occur. A very complex mixtures of the recycled ILs can also be
expected when mixed cellulose esters are prepared [58].

5.3.4 Task-Specific Reaction Media

One of the unique trademarks of ILs, which results from the possibility to combine
a huge number of potential anions and cations, is their broad diversity in terms of
structural features as well as physical and chemical properties. Based on the number
of IL cations and anions, which have been reported in literature for the dissolution
of the polysaccharide, about 300 ILs can be generated that are likely to act as
solvents for cellulose [8]. Nevertheless, the vast majority of studies related to the
use of ILs for processing of cellulose or cellulosic biomass focused on only three of
those, namely BMIMCI, AMIMCI, or EMIMAC (see Sect. 5.3.1). Although most of
the derivatization reactions described above have been carried out more or less
successfully in these ILs, they possess certain ‘intrinsic restrictions’. With respect
to the increasing interest to use novel solvents for cellulose processing in commer-
cial scales, it can be concluded that the development of task-specific IL based
reaction media for the homogeneous cellulose chemistry bears huge potential and
are going to be a focus of future research in this area.

‘Task-specific’ is not an absolute term but related to a particular ‘task’, i.e.,
homogeneous synthesis of different cellulose derivatives, and a “specific” feature
that is enabled or prevented by a particular IL. In general, task-specific reaction
media for the chemical modification of cellulose should be characterized by:

. decreased viscosity

. tunable hydrophobicity/hydrophobicity

. efficient solvent recycling

. the presence of specific chemical functionalities that prevent or catalyze specific
derivatization reactions and

5. improved biocompatibility and/or biodegradability. The last two issues have

scarcely been considered up to now.

RO I S

First of all, even those ILs, used thus far for processing of cellulose, can become
task-specific reaction media if they are applied consciously according to their
specific advantages and disadvantages. This approach is limited to a certain extend
and requires fundamental knowledge on the specific properties of ILs, e.g., viscos-
ity and specific side reactions of anion and cation, with respect to the restrictions
imposed by the particular derivatization reaction in which they are used as cellulose
solvent and the subsequent recycling process. As an example, EMIMACc can be the
reaction medium of choice for derivatization of cellulose at low temperatures. It is
liquid at room temperature and shows lower viscosity then imidazolium chloride
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based ILs, which is beneficial in order to guarantee efficient mixing and mass
distribution. However, it also needs to be considered that the acetate anion might
act as catalyst or react with the derivatization reagents yielding unexpected reaction
products (see Sect. 5.3.2) [37, 67]. Novel cellulose solvents can be obtained by
systematic synthesis of ILs and low-melting organic salts with tailored properties
based on the knowledge gained with common ILs, on one hand (Sect. 5.3.4.1). On
the other, molecular co-solvents can be used to alter the properties cellulose/IL
solutions towards specific applications (Sect. 5.3.4.2).

5.3.4.1 Novel ILs and Organic Salts for Derivatization of Cellulose

It should be pointed out that it is unlikely to find one particular IL that is the most
suited cellulose solvent for all kinds of chemical derivatization reactions. Instead,
the reaction media should be adapted to the specific requirements of a particular
reaction. The synthesis of novel ILs for the use in cellulose chemistry involves the
design of new cations and anions as well as the combination of both to an
IL. Thereby, two major limitations need to be considered. It is self-evident that
the new ILs (or low melting salts) must be able to dissolve reasonable amounts of
cellulose (at least 5-10 %) without serve degradation of the polysaccharide. More-
over, dissolution should be possible at moderate temperatures (<130 °C), which
implies that the polysaccharide solvents needs to be liquid in that area. Strictly
speaking, the term IL describes compounds with a melting point below 100 °C.
However, it has been demonstrated that also several organic salts with slightly
higher melting points in the range of 100-140 °C, henceforward designated as
low-melting salts, can either directly or in combination with certain co-solvents be
useful solvents for derivatization of cellulose.

The dissolution mechanism of cellulose in ILs is still not understood yet and is
matter of controversial discussions; as is the question why cellulose is actually
insoluble in most molecular solvents (see [8, 110] and references therein). How-
ever, it has been demonstrated that in particular the anion has a very important role.
It was found by means of solvatochromic experiments that cellulose is only soluble
in ILs with a strong hydrogen acceptor capacity (f > 0.8) [111, 112]. This param-
eter is mainly determined by the nature of the anion. Thus variation and structure
design of the IL’s anion is restricted to a certain extent if the ability to dissolve
cellulose needs to be retained. Most cellulose dissolving ILs applied so far for
chemical derivatization of the polysaccharide contained either chloride or acetate as
relatively strong hydrogen bond acceptor ions. Although chloride base ILs proofed
to be efficient solvents for cellulose, their use is limited by the high melting points
and viscosities. ILs bearing acetate anions are usually less viscous and liquid at
room temperature but show some specific side reactions (see Sect. 5.3.2). Following
the initial reports on this class of cellulose solvents, several task-specific ILs with
alternative anions and beneficial properties have been reported that could be used
for dissolution of cellulose. However, up to now only the minority has been studied
as homogeneous reaction media.



130 T. Heinze and M. Gericke

imidazolium cations

/=\ R: \ /=@\ R: \/O\
N\

— /©N\R NN -
Y \/

ammonium cations

N ) )
RgN(R AN \jN\V\O NN\/
R R4:CHs
) ﬁ)
R29N< i//z:/ \EN\V\O{S
Rz:\/O\

NN wl N o

pyrolidinium, piperidinium, and morpholinium cations

2 PRG

/ \ \
R R
formate and alkoxyacetate anions phosphate and phosphonate anions
o 0o
0o .
HJJ\OG /O\)I\o@ "/Oe R: CHj
P. \
o R0~ oRrR o g
Il_o
o e o TN
°© ° 9 © RH
" L'/O CH
0o
\)l\ R” \O/
o ]
/\O/\/ g

Fig. 5.8 Molecular structures of task-specific ionic liquids reported for dissolution and processing
of cellulose, arranged by type of cation and anion

In addition to acetate, other carboxylates have been proposed as anionic species
in cellulose dissolving ILs (Fig. 5.8). In particular imidazolium formates have been
reported to possess lower viscosities compared to the corresponding chloride and
acetate analogues [113]. With respect to the specific side reactions of the acetate
anion, these low viscous ILs might be useful reaction media, e.g., for derivatization
reactions that do not tolerate high temperatures. Several low melting ammonium
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formates have been prepared that could dissolve some polysaccharides including
cellulose [71]. These low melting salts could successfully be applied also for the
preparation of carboxymethyl cellulose with a rather high DS of about 1.6 and a
non-statistic functionalization pattern.

Imidazolium- and ammonium salts with alkylphosphonate or dialkylphopshate
as anions possess high hydrogen bond acceptor capacities and could be utilized as
cellulose solvents [114, 115]. These ILs are liquid at room temperatures and their
viscosities are in the range of 100-500 mPa s, which is comparable to the
corresponding acetates. It has been proposed that substitution of oxygen by sulfur
will result in a decreased viscosity due to the reduced symmetry of the anion
[116]. First results on the use of phosphate ILs as homogeneous reaction media
indicate that choice of the cation is crucial for the derivatization reaction. Whereas
tetraalkylammonium dialkylphosphates could be used as solvents for the homoge-
neous preparation of cellulose esters and mixed ester, the corresponding
imidazolium salts appear to be less suitable for the derivatization of cellulose
because gelation of the reaction mixture occurs shortly after the addition of
derivatization reagents [35, 54].

Tailoring the nature of the IL cation, e.g., by choosing among different general
types of cations or by modifying length, degree of branching, and flexibility of side
chains, offers access to a very broad structural diversity (Fig. 5.8). Nevertheless, up
to now cellulose research has been focused mainly on 1-alkyl-3-methylimi-
dazolium based ILs, bearing mostly ethyl, butyl, or allyl in the side chain. The
cation has a significant effect on the ILs physical properties, e.g., melting point and
viscosity, as well as its chemical reactivity. If and to what extent it is also directly
involved in the cellulose dissolution mechanism is matter of current scientific
discussion [8]. However, it appears that the choice of potential cations is less
restricted compared to the limitation in terms of the possible anions.

Regarding commonly applied 1,3-dialkylimidazolium IL, task-specific solvents
with interesting properties can be generated be substituting also the other positions
of the aromatic ring [117]. The possibility to suppress deprotonation and carbene
formation by methylation at position 2 has already been described (see Sect. 5.3.2).
Another possibility is to increase flexibility of the side chains by introducing
oxy-alkyl groups that also facilitate additional hydrogen bond interactions
[56]. Replacing the butyl group in BMIMCI by a 2-methoxyethyl group seems to
improve the solubility of cellulose and also resulted in an increased reactivity for
acetylation reactions performed in this IL. Further studies are required to fully
understand the reasons for these improvements, in particular because the opposite
effect was observed when changing from a heptyl- to a 2-(2-ethoxyethoxy)ethyl
substituted IL.

Taking into account the specific side reactions of dialkylimidazolium ILs,
quaternary ammonium salts can be expected to become more important as solvents
for dissolution and chemical modification of cellulose. A certain degree of cation
asymmetry is required to obtain ILs with low melting points [118]. Despite that
limitation, quaternary ammonium salts exhibit a much broader structural diversity
than imidazolium ILs because in principle four side chains can be tailored.
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Moreover, they can easily be prepared by complete alkylation of primary, second-
ary, and tertiary amines, precursors that are inexpensive and readily available.

Several pyrolidinium, piperidinium, and morpholinium ILs with different anions
have been reported for the use as cellulose solvents [115, 119]. However, compre-
hensive comparison of their dissolution power as well as chemical and physical
properties in comparison to ILs derived from aromatic or acyclic amines are
scarcely found in literature. Especially morpholinium salts are of considerable
scientific interest due to their relationship with NMMO. Low melting triethyl-
and tributylmethylammonium formates could be obtained from the commercially
available methyl carbonates by conversion with formic acid [71]. In the presence of
a small excess of acid, these salts could be used as solvents for the homogeneous
carboxymethylation of cellulose. Cellulose dissolving ammonium ILs with rather
low viscosities (30-220 mPa s at 25 °C) have been obtained by introducing a
cyclohexyl side chain to decrease symmetry of the cation [120]. The ILs carrying
either acetate or alkoxyacetates could dissolve 1-9 % cellulose, which might be
sufficient for specific applications. The solubility could be increased by
adding DMSO.

Ether functionalized IL cations are expected to be better biodegradable, less
toxic, and less viscous than their aliphatic analogues [121]. Several quaternary di-
and trimethylammonium acetates bearing one or two alkoxy side chains have been
prepared that showed melting points of 3040 °C. Compared to imidazolium
acetate, the viscosities of these ILs were slightly higher but they could dissolve
similar amounts of cellulose and might consequently be interesting alternative
reaction media for the derivatization of the polysaccharide [122]. Mono- and
bicationic ammonium ILs with longer alkoxy groups and acetate as counter ion
could be derived from poly(ethylene glycols) (PEG) and PEG monomethylethers
[123]. According to the same approach, imidazolium and piperidinium acetates
could be prepared as well. Depending on the number of C,H4O-units, some of these
PEG functionalized ILs could dissolve approximately 8—12 % cellulose.

5.3.4.2 IL/Co-solvent Mixtures as Cellulose Solvents
and Reaction Media

The systematic preparation of ILs and low-melting organic salts is a viable
approach for obtaining tailored task-specific reaction media but it is only applicable
within certain limitations. As an example, the viscosities of cellulose dissolving ILs
are very high, compared to molecular solvents but also other ‘low-viscous’ ILs. It is
not likely that a reduction of two or three orders of magnitudes, which seems to be
required for certain derivatization reactions, can be achieved by modification of the
molecular structure of ILs. One main reason for the high viscosity is the strong
coulomb interaction between anions and cations, which is an ‘intrinsic feature’ of
ILs and salts in general. Another factor is the formation of internal hydrogen bonds.
Reduction in viscosity can be achieved by decreasing the strength of hydrogen
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Table 5.4 .H.ydrogen 'bond. Anion® s 7, in Pa's  Dissolves cellulose  Refs.

acceptor ability (f), viscosity —

at 25 °C (y), and ability to Ac 1.20 140b Yes [111, 124]

dissolve cellulose of 1-butyl- €l 0.83 142 Yes (111, 125]

3-methylimidazolium salts Fo™¢ 0.99 66 Yes [113]

with different anions DMP ¢ 1.00 265 Yes [114]
MeSO,~ 0.67 188 No [111, 124]
N(CN),~ 0.64 29 No [111, 124]
TfO™ 046 83 No [124, 126]
BE, 0.38 104 No [126, 127]
N(TfO),~ 0.24 51 No [124, 126]

#Ac™: acetate, BF, : tetrafluoroborate, Cl: chloride, DMP™:
diemethylphosphate, Fo™: formate, MeSO, : methylsulfate,
N(CN), : dicyanamide, N(TfO), : bis(trifluoromethylsulfonyl)-
imide, TfO™: trifluoromethanesulfonate

"Recorded at 80 °C

“1-allyl-3-methylimidazolium salt
41-ethyl-3-methylimidazolium salt

bonding between the two ionic species. Reducing the hydrogen bond donor ability
(P) of an IL, which is mainly determined by the nature of the anion, can result in a
significant decrease in viscosity (Table 5.4). Imidazolium salts with more hydro-
phobic cations, e.g., dicyanamide or bis(trifluoromethylsulfonyl)imide, are less
viscous compared to the corresponding chlorides, carboxylates, and phosphates
that are rather strong hydrogen bond acceptors. However, these low viscous ILs
also lack the ability to dissolve cellulose. It has been demonstrated that cellulose is
only soluble in ILs with rather high f values above >0.8, i.e., those that exhibit
strong hydrogen bonding between anions and cations and consequently possess
higher viscosities.

The addition of co-solvents is an efficient way to diminish ‘intrinsic limita-
tions’ of ILs that are predetermined in a narrow frame by the molecular structure,
such as viscosities, polarities, densities, and melting points [128]. It has been
demonstrated that the viscosity of cellulose/IL solutions can be reduced drasti-
cally by addition of DMSO or DMF (Fig. 5.9) [33]. The decrease proceeds nearly
exponentially with the weight fraction of dipolar aprotic co-solvent in the
mixtures; at a typical mixing ration of 1 g co-solvent per g cellulose/IL solution,
the viscosity is two order of magnitudes lower compared to an undiluted cellu-
lose/IL solution of the same polymer content. Pyridine has been utilized as well
to reduce the viscosity of cellulose/IL solutions [69]. For dilute and concentrated
cellulose solutions in BMIMCI and AMIMCI it was demonstrated that the
conformation of the dissolved polysaccharide is not impaired upon the addition
of DMSO as a co-solvent [68]. The viscosity of the IL/DMSO mixtures as a
function of the mole fraction of DMSO (xpmso) could be predicted precisely by
the following simple equation; with k being a constant (0.12 for BMIMCI and
0.15 for AMIMCI):
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Fig. 5.9 Viscosity of cellulose dissolved in BMIMCl/co-solvent mixtures at 25 °C in comparison
to undiluted cellulose/BMIMCI solutions, depending on the mass fraction (®) of co-solvent
(bottom scale) and cellulose content (top scale) (Reprinted with permission from Gericke
et al. [33], Copyright 2009, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Co-solvents can also be applied to tailor hydrophobicity of ILs along with their
hydrogen bond donor/acceptor properties [129-131]. Thus, miscibility of hydro-
philic cellulose/IL solutions with hydrophobic derivatization reagents could be
improved by adding nonpolar co-solvents such as chloroform [41].

The addition of a solvent to cellulose/IL solutions can result in complete
miscibility but also phase separation might occur. Moreover, it might induce
precipitation of cellulose. Semi-quantitative predictions on these phenomena can
be gained based on the solvatochromic parameters of potential co-solvents
(Table 5.5) [132]. Only compounds with a high normalized empirical polarity
(Er" > 0.3) were found to be miscible with the relatively hydrophilic ILs used as
cellulose solvents. Precipitation of cellulose is induced by solvents with a strong
hydrogen bond donor acidity (o < 0.5). In contrast, compounds that are strong
hydrogen bond donor (f# > 0.4) are very efficient co-solvents for cellulose/IL
solutions; the amount of co-solvent that is tolerated before precipitation increases
with increasing p-value. Solvatochromic measurements have been employed to
characterize IL/co-solvent mixtures of different compositions that were employed
for direct dissolution of cellulose [133, 134]. It could be demonstrated that the
molar fraction of ILs in the mixtures can be reduced drastically (<0.3) if suitable
dipolar aprotic co-solvents such as DMSO and amides are applied. In these mix-
tures, the high g-value of the IL, which seems to be important for the dissolution of
cellulose, is almost unaffected even in case of an excess of co-solvent [133].
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Table 5.5 Miscibility of cellulose/ionic liquid (IL) solutions with different co-solvents, adapted
from [132]

Solvent parameters®

Max. equivalent of

Solvent EXN a B ILP Miscibility®  co-solvent®
Protic solvents® >0.5 >0.8 0.5-0.8 AMIMCI +/p <0.2
BMIMCI  +/p <0.2
EMIMAc +/p <0.2
Acetonitrile 0.46 0.19 0.40 AMIMCI +/p 0.6
BMIMCI  +/p 0.8
EMIMAc +/p 2
DMSO 0.44 0.0 0.76 AMIMCI + >10
BMIMCl + >10
EMIMAc + >10
DMF 0.39 0.0 0.69 AMIMCI  +/p 4
BMIMCI  +/p 9
EMIMAc +/p 5
Dichloromethane 0.31 0.13 0.10 AMIMCI  +/g 1
BMIMCI  +/g 1
EMIMAc +/p 3
Pyridine 0.30 0.0 0.64 AMIMCI  +/p 0.8
BMIMCI  +/p 3
EMIMAc +/p 2
Chloroform 0.26 020 0.10 AMIMCI  +/g 1
BMIMCl  +/g 1
EMIMAc +/g 1
Non-polar solvents’ <0.23 0.0 <0.55 AMIMCI — <0.2
BMIMCl — <0.2
EMIMAc — <0.2
DMF/methanol (7:3) 0.61 048 0.70 AMIMCI  +/p 0.8
BMIMC1 +/p 1
EMIMAc +/p 1
DMF/methanol (5:5) 0.68 0.64 0.69 AMIMCI +/p 0.6
BMIMC1 +/p 0.6
EMIMAc +/— 0.8

3Solvent parameters: Er: normalized solvent polarity, o: hydrogen bond donor ability, p: hydro-
gen bond acceptor ability

PAMIMCI: 1-allyl-3-methylimidazolium chloride, BMIMCI: 1-butyl-3-methylimidazolium chlo-
ride, EMIMAc: 1-ethyl-3-methylimidazolium acetate

°+: miscible, —: immiscible, +/p transition from miscible to precipitation, +/g transition from
miscible to gelation, +/— transition from miscible to immiscible

dAmount of co-solvent (g per g cellulose/IL solutions) that can be added without permanent
precipitation/gelation/immiscibility

“Water, methanol, ethanol, and 2-propanol

fEthyl acetate, tetrahydrofuran, dioxane, diethyl ether, toluene, and hexane

In contrast, alcohols that are used for precipitation significantly decreased the
hydrogen bond acceptor basicity. For IL/water mixtures it has been demonstrated
that cellulose dissolves if the ‘net basicity’ (0.35 < f — a < 0.90) of the solvent
falls into a specific range [134].
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IL/co-solvent mixtures can be exploited for the homogeneous preparation of
highly engineered cellulose derivatives. As described above, CS and TOSC can be
prepared at low temperatures (<25 °C) in a completely homogeneous reaction in
ILs but utilization of co-solvents is indispensable due to the high viscosity of the
undiluted cellulose solutions [33, 35]. Homogeneous preparation of hydrophobic
cellulose silyl ethers was realized in IL/chloroform mixtures [41]. Another example
for the beneficial use of co-solvents is the hydroxyalkylation of cellulose in
EMIMACc with gaseous oxiranes is a heterogeneous process that yields higher DS
values if DMSO is added to decrease viscosity and increase solubility of the
etherification reagents [37]. In fact, many of the derivatization reactions reported
in literature have been carried out not in pure ILs but with the aid of co-solvents (see
Tables 5.1 and 5.2) although it has not been mentioned explicitly in each case.
Several patented procedures that are of interest for the preparation of commercially
attractive cellulose derivatives were performed in IL/co-solvent mixtures [38, 54,
135-137].

In addition to physical and dissolution properties, co-solvents can also alter the
chemical behavior of IL based reaction media by either facilitating or preventing
specific derivatization reactions. As an alternative to commonly applied
imidazolium chlorides, 1-allyl-3-methylimidazolium fluoride has been prepared
as a novel solvent for cellulose [138]. Although the IL could be used for dissolution
and acetylation of cellulose, the DS values of the products obtained were low
because the fluoride anion induced cleavage of the ester bond. In the presence of
DMSO, however, highly substituted cellulose esters could be obtained, presumably
because of strong solvation of the anion by hydrogen bonding with the co-solvent.
Pyridine, on the other hand, is an attractive co-solvent for derivatization reactions
that require bases, e.g., tosylation, and tritylation, because it reduces viscosity of
cellulose/IL solutions and likewise promotes the chemical conversion [35,
40]. Thus, no additional bases are required because the co-solvent is applied in a
slight excess. An interesting approach is to exploit the co-solvent as derivatization
reagent. A series of cationic cellulose esters has been prepared in mixtures of
BMIMCI with different lactames, e.g., N-methyl-2-pyrolidine and e-caprolactam,
as co-solvents [135, 139]. The cyclic amides were activated with tosyl chloride and
subsequently reacted with the polysaccharide backbone under ring opining.

Combination of the above described aspects, i.e., synthesis of novel ILs or low
melting salts and the use of co-solvents to improve dissolution and processing of
cellulose, is a logical consequence with huge potential for a broad range of
applications. Interestingly this approach has already been described in the early
1930s in a number of patents [140, 141]. N-Alkylpyridinium salts have been
utilized therein as cellulose solvents and pyridine was utilized to decrease their
melting points of 120-130 °C and achieve dissolution at ambient temperature.
Mixtures of these pyridinium salts and co-solvents have also been applied for
shaping and chemical derivatization of cellulose [142, 143]. Although, these pub-
lications rose little interest during their time, they were rediscovered within the
frame of the increasing interest for novel polysaccharide solvents. These reports are
frequently considered as the first attempts to use ILs for dissolution of cellulose
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which is strictly speaking incorrect regarding the fact that the high melting points of
the salts applied lie above 100 °C.

It is self-evident that co-solvents represent additional components that need to be
considered in the recycling process. Volatile co-solvents, e.g., pyridine and chlo-
roform, can be recovered by evaporation. Subsequently, the crude IL can be
purified using suitable techniques. In contrast, co-solvents with relatively low
vapor pressures, in particular dipolar aprotic ones like DMF, DMSO, and DMI,
will remain in the crude IL after evaporating the non-solvent used for precipitation
of the cellulose derivative. After removal of impurities that are harmful for disso-
Iution or chemical modification of cellulose, the polysaccharide can be dissolved
directly in the recycled IL/co-solvent mixture.

5.4 Conclusion

Compared to other cellulose solvents that are useful for cellulose derivatization yet
restricted to small lab-scale synthesis, ILs bear huge potential for the homogeneous
preparation of highly engineered cellulose derivatives on a commercially attractive
scale. They can rapidly dissolve large amounts of cellulose and can be utilized as
reaction media for numerous derivatization reactions. Nevertheless, it has been
demonstrated in this chapter that several very specific issues that are related to the
unique physical and chemical properties of ILs need to be considered. Regarding
the limitations of currently applied ILs, it can be expected that a ‘next generation’
of task-specific ILs and related reaction media will be advanced in the near future,
e.g., by including alternative types of cations and anions as well as IL/co-solvent
systems. Another open question is IL recycling. In this context, the thermal
behavior and chemical reactivity of ILs during dissolution and chemical derivati-
zation of cellulose must be considered even more. If the specific side reaction of ILs
are recognized and fully understood, they can be avoided or even exploited for
preparing novel types of cellulose derivatives. As concluding remark it should be
pointed out that research on the use of ILs for processing of cellulose will benefit a
lot from interdisciplinary contributions from areas such as general organic, phys-
ical, and theoretical chemistry, chemical- and process engineering, biochemistry,
toxicology, material testing, and other related fields.
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Chapter 6
Fractionation of Lignocellulosic Materials
with Ionic Liquids

Timo Leskinen, Alistair W.T. King, and Dimitris S. Argyropoulos

Abstract Ionic liquids (ILs) have been recognized as a promising way to fractionate
lignocellulosic biomass. During recent years, a number of publications have intro-
duced a variety of technical developments and solvent systems based on several types
of ILs to fractionate lignocellulose into individual polymeric components, after full or
partial dissolution. In this chapter we briefly review the latest developments and
knowledge in this field of study and introduce an alternative fractionation method
based on the controlled regeneration of components from 1-allyl-3-methyl-
imidazolium chloride ([amim]Cl). Norway spruce (Picea abies) and Eucalyptus
grandis woods were dissolved in their fibrous state or by utilizing ball milling to
improve solubility. The resulting wood solutions were precipitated gradually into
fractions by addition of non-solvents, such as acetonitrile and water. Further water
extraction of the crude fractions resulted in better separations. By analyzing molec-
ular weight distributions of the fractions, together with their chemical composition,
we have obtained fundamental information concerning the mechanisms of wood
fractionation with ILs. Fractionation efficiency is found to be highly dependent on
the modification of the wood cell wall ultrastructure and the degree of reduction of
the molecular weights of the main components, arising from mechanical degradation.
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Isolation of cellulose enriched fractions was archived with Spruce sawdust and ball
milled Eucalyptus, evidently following from distinct dissolution mechanisms.

Keywords Wood ¢ Cellulose ¢ Lignin « LCC « Ionic liquids ¢ 1-allyl-3-methylimi-
dazolium chloride ¢ Fractionation ¢ Extraction ¢ Separation * Molecular weight
¢ Pulp « Biofuels

6.1 Introduction

In a relatively short time, the research area of ionic liquid-mediated fractionation and
pretreatment of wood has emerged from the interest of a small group of scientists into
a noteworthy and diverse field of study. Global interest in lignocellulosic biomass is
experiencing a renaissance, not only because of the growing financial potential in
lignocellulose-based liquid biofuels, but also because it represents a source of
bio-based materials and chemicals. Ionic liquids (ILs) have been recognized to
have potential in many applications that can be categorized under the advanced
utilization of grassy and woody biomass. The ability to dissolve various biopolymers
and a general status as a green alternative to organic solvents makes IL platform
technologies attractive to industry. This is mostly in areas pertaining to the manu-
facture of novel polymeric materials, by derivatization or blending of cellulose.
Alternatively, in biomass pretreatments, including structural or compositional alter-
ation of plant cell walls and acid catalysed hydrolysis of plant polysaccharides, for the
purposes of biofuel production [1-3]. Aside from the use of ILs as a media for
modification, fractionation of lignocellulosic biomass can be integrated into a variety
of applications as it can also be used as a method to obtain purified or specified
polymeric raw materials, for further use [4]. IL-mediated fractionation is suitable for
the general concept of a biorefinery, serving the demand of component separation for
subsequent multiple product streams. Ideally this method should be tunable. How-
ever, the selectivity of fractionation of native woods using ILs is still poorly devel-
oped or understood, from a mechanistic point of view.

Understanding the fundamentals of the separation of polymeric cell wall com-
ponents has improved after initial publications concerning cellulose and whole
wood dissolution into ILs [5-7]. Ideally, there are two ways to fractionate ligno-
cellulose: (1) complete pre-dissolution of biomass followed by selective precipita-
tion of the sought components as purified fractions, by addition of a non-solvent, or
(2) selective extraction of components from the biomass. The first efforts to isolate
purified fractions using ILs can be roughly categorized under either of the afore-
mentioned approaches [6, 8—10]. However, the complex recalcitrant structure of
wood greatly hinders a complete dissolution and efficient fractionation. During the
last few years, a variety of new methods have emerged resulting in enhanced
fractionation. In addition to introducing our work on wood fractionation, in this
effort we will also present a brief overview of the latest technical advances in the
IL-based fractionation systems and of our findings related to the mechanisms
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controlling the dissolution and fractionation of the complex materials of the wood
cell wall.

Our work concerning wood fractionation has focused on dissolution of Norway
spruce (softwood) and Eucalyptus grandis (hardwood) woods, as completely as
possible under mild conditions, followed by a stepwise regeneration of wood com-
ponents, with the addition of non-solvents. From initial screening, non-solvents were
chosen in an attempt to enhance the selectivity of component precipitation. In this
selection we considered the optical brightness of the precipitated samples, the ease of
recovery (defined precipitate vs. emulsions) and the ability to fractionally precipitate
the dissolved material. In our overall work we have selected the IL 1-allyl-3-
methylimidazolium chloride ([amim]Cl) for the fractionation experiments, which
has been demonstrated to have a good dissolution capability for cellulose and wood
materials [7, 11-13]. The starting materials were either coarse TMP softwood pulp or
sawdust and fine ball-milled powders from soft- or hardwood. In contrast to the usual
approach, in component regeneration from IL solutions, we did not use excess of
non-solvent causing rapid precipitation, but gradually increased the amount of a
single polar non-solvent to control the amount of precipitated material. By this
method, only a fraction of the dissolved material was precipitated, while the rest of
the material remained in solution. Careful gel-permeation chromatographic analyses
of the fractions offered a visualization of the molecular weight and the distribution of
species within the dissolved components. Ball-milled wood dissolved completely in
the IL, but the coarse sawdust or TMP pulp preparations were not fully soluble on a
microscopic level. It has been noticed earlier that the solubility of softwood in [amim]
Cl and subsequent phosphitylation of all hydroxyl functionalities is greatly dependent
on the preliminary mechanical treatment [14]. Surprisingly, this partial insolubility of
sawdust has enabled a more efficient component separation, by selective extraction of
components, compared to the soluble fine powder preparations, which separate
according to molecular weight distributions. From the coarse material, a cellulose-
rich fraction was extracted and the rest of the lignin-hemicellulose matrix could be
isolated as an insoluble material. In the case of increased pulverization, the observed
better solubility was rationalized by the fragmentation of the matrix formed by lignin-
carbohydrate complexes (LCC). An increase in the amount of water extractable
lignin from crude fractions of milled wood, after the IL treatment, points to the
presence of soluble fragments, originating from an LCC matrix.

6.2 Advances Towards the Efficient Fractionation of Wood
with Ionic Liquids

Our understanding of the mechanisms operating during fractionation of wood
polymers using IL-based solvent systems is continuously improving. An increasing
number of publications have appeared in the recent literature utilizing increasingly
sophisticated and target-selective treatment systems. The fundamentals of action of
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the ILs during these treatments have been explored, and the importance of factors
such as treatment conditions, solvent system reactivity, and structural features of
plant cell walls have all been discussed to varying degrees and will be reviewed in
this chapter. A large number of these citations have focused on the utility of ILs, as
pretreatment method prior to biofuel production. Selective separation of the com-
ponents in these pretreatments may not typically be the ultimate goal of the
pretreatment, but frequently delignification takes place. Nevertheless, the publica-
tions describing work oriented to increase enzyme activity on wood have offered
useful insights into the action of ILs, which can also be utilized for the design of
fractionation systems.

6.2.1 New Generations of Ionic Liquids for Fractionation
Applications

New types of ILs specifically designed to wood fractionation applications have
been introduced to the field, and some of the new generations of ILs have also being
designed to be more suitable for processing steps, such as recycling of the IL after
the treatment. Promising alternatives have been found to the most commonly used
dialkylimidazolium acetates and chlorides.

One successful effort that has been made towards more sustainable systems is
the development of ‘distillable’ ILs capable of dissolving cellulose, by King
et al. [15] This group of ILs is based on the acid-base conjugates of 1,1,3,3-
tetramethylguanidine (TMG) and common carboxylic acids, such as acetic or
propionic acid. The distillation ability arises from the fact that the acid-base
equilibrium can be shifted to a sufficient extent, at high temperature, to produce
volatile neutral species. Yet, the applicability to wood fractionation has not yet been
examined. Anugwom et al. have achieved the selective extraction of hemicelluloses
using ‘switchable’ ILs (SIL), that are not capable of dissolving cellulose or lignin
from the wood matrix [16, 17]. SILs can be formed by reacting CO,, and
1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) with alcohols. They can be converted
back to neutral solvents by removal of CO,, under reduced pressure or bubbling
with nitrogen. Reversing the IL equilibrium back to volatile components is an
interesting potential method for solvent recycling.

In other areas of the IL field, work has been done with the aim of tuning the
hydrogen-bonding properties of traditional ILs, to be more selective towards
specific wood components. An example of this, by Froschauer et al. [18] demon-
strates modified properties of dialkyl phosphate ILs by using sulfur or selenium to
replace one of the oxygen atoms in the anion structure. As a result, the hydrogen-
bond accepting ability, as described by the Kamlet-Taft parameter §, was reduced.
The new type of anions showed a selective dissolution of hemicelluloses out of
hemicellulose-rich pulp. In this regard, Kamlet-Taft parameterization of a range of
ILs and co-solvents is starting to allow for a better understanding of solvent and
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wood biopolymer interactions. In work by Hauru et al., the fundamentals of
cellulose dissolution and recovery were presented. They have proposed a different
approach to interpret the solvent properties of ILs. Rather than simple evaluation of
hydrogen bonding accepting properties (p), the donor ability () should be consid-
ered as well, resulting in an effective or net basicity value (B—a) that better
describes the cellulose dissolution capability of ILs [19]. Undoubtedly an
in-depth understanding of the hydrogen-bonding properties has a key role in
sophisticated design of ILs that can selectively extract various main wood compo-
nents. For lignin isolation, Pinkert et al. have applied dialkylimidazolium
sulfamates [20], which do not possess any ability to dissolve cellulose and thus
can be used to extract lignin out of biomass. Of note, for this class of IL’s, is an
earlier application of acesulfamate as a food additive, which makes them promising
from an ecotoxicity point-of-view.

6.2.2 Defining the Mechanisms of Plant Cell Wall
Dissolution in First Generation lonic Liquids

While the action of new designer ILs on wood is still under investigation, many
details about the mechanisms of wood solubility in commonly utilized dialkylimi-
dazolium ILs have been revealed. In the early publications covering the area of
wood dissolution, a complete dissolution is mentioned to take place [7, 8, 12], at
least for certain wood species. Since it has been demonstrated that all of the wood
components are soluble in ILs in their individual purified forms [5, 21, 22], the
naive simplification was made that wood is soluble in such ILs. However, later it
was determined that wood dissolution under mild dissolution conditions was
partial, rather than complete. In light of our results and other recent publications,
it seems clear that mild dissolutions (<100 °C) in chloride-based ILs, such as
[amim]Cl, are actually not able to provide the driving force to completely dissolve
the wood cell wall, in its native state [14, 23-25].

Even if each of the polymeric components, in their purified form, has good
solubility in the selected ILs, this does not ensure efficient solubilization of intact
fibers. This is because of the complexity of the native wood. The structure of the
plant cell wall is complex and highly orientated with many physically and chem-
ically distinct regions, such as primary and secondary (S1, S2, and S3) cell walls
and the presence of middle lamella. The variety of polymeric backbone structures,
the presence of multiple functionalities and in particular the covalent/physical
interactions between the three main wood components make things considerably
more complicated. Nature’s design of the cell wall is resistant towards physical
stress and controls the diffusion of fluids inside the fiber. Inefficient mass transfer of
IL or solvated polymers can greatly hinder the dissolution process, even in ILs
having high capability for dissolution [26]. This is true especially in the cases where
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single components are isolated by an extraction type of mechanism. For ILs unable
to dissolve cellulose, delignification has been observed to take place mainly on the
outer surface of the fibers, due to low accessibility inside the bulky secondary wall
[27]. This is analogous to kraft pulping where initial delignification occurs on the
fiber surface in the middle lamella and lumen. The different cell types in corn stover
show drastic differences in relative lignin solubility, during IL treatment, which
further demonstrates the significance of cell wall ultrastructure or composition
[26]. Even the early- and late woods in the same sample piece of Sugi wood showed
very different response to swelling in IL [28]. They showed that the empty lumen
allows for flexibility that protects the fiber from swelling induced physical defects.
There also seem to be fundamental differences in the overall solubility, or at least in
the kinetics of the dissolution, between soft- and hardwood species [6, 8,
24]. Apparently the natural design of tracheids and fibers between soft- and
hardwood offers different resistance towards dissolution. All these reports demon-
strate that there is a need to focus on revealing the degrees of recalcitrance, related
to physical (macroscopic cell wall structure and crosslinking) and chemical factors
(polymer interactions and covalent bonding) prior to making generalizations about
the efficacy of fractionation of a single IL system on a single species.

Evidently the distribution and structure of lignin in cell walls has a crucial effect
on wood solubility. This is not surprising as lignin is considered to be a branched
polymer formed by random radical driven crosslinking, thus resembling a complex
networked structure [29]. A fundamental property of crosslinked polymer structures
is their inability to form true solutions. There are several publications about lignin
isolation from lignocellulose via extraction-type mechanisms, using various ILs [9,
10, 20, 30, 31]. It is also not surprising that depolymerization of the isolated lignins
have been observed [9, 20, 31]. Depolymerization can be a result of several
mechanisms, including covalent bond scission via pulverization operations. This
can be controlled by the conditions and choice of IL, as discussed in the following
section.

The incomplete solubility of cell wall in an unreactive IL does not rule out
component fractionation. It seems that dialkylimidazolium chlorides have a much
lower reactivity with lignin than other commonly used IL types, such as dialkyli-
midazolium acetates. A group of publications has shown that this property can be
utilized in isolation of cellulose rich fractions [14, 23-25]. In particular hemi-
celluloses and lignin are not separated completely in such systems. Physical or
chemical methods to alter cell wall ultrastructure and polymeric networks, prior to
or simultaneously with dissolution, may be crucial for complete fractionation.
Support of this hypothesis can be found from studies where lignin structure was
altered by (1) excessively heating the mixtures until thermal decomposition reac-
tions start to take place [32], or (2) use of an oxidative catalyst to partially degrade
the lignin polymer backbone [33]. Enhanced separation of lignin from polysaccha-
ride was achieved, compared to a previous method [8]. What is not known and not
taken into account are the above enumerated considerations and the molecular
weight distributions of the resulting pulps.
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6.2.3 Role of Ionic Liquid Reactivity in the Dissolution
of Wood

Alterations to the polymeric structures, arising from reactions where ILs act as
catalysts or even a reactive species to form adducts, may have an important role to
play for the complete solubility of the composite structures of plant polymers.
Recently a number of publications have demonstrated various types of reactivities
for ILs, which were at first commonly thought to be relatively inert (with the
dialkylimidazolium acetates being a prime example), under the conditions that
are typically used in biomass treatments. These results may explain the observed
differences between many ILs classes when it comes to mechanisms of cell wall
dissolution.

Acid catalyzed reactions seem to be detrimental for both carbohydrates and
lignin. Both of these wood components have been shown to partially depolymerize
during acidic IL treatments [41]. These include reactions where the presence of the
acids in the systems is intentional and where acid has originated from impurities or
side reactions, at elevated temperatures. One destructive dissolution IL class are the
so-called protic ILs, such as 1-H-3-alkylimidazolium ILs. Cox et al. have found this
IL class to readily hydrolyze the p—O—4 ether bonds, in model compounds. Yields
were found to be dependent on the anion in the protic IL [34]. The same was also
observed with isolated oak wood lignin under conditions above 110 °C [35].

Similar reactions to those observed with protic ILs, degradation has been found
to take place even in aprotic ILs, that shouldn’t in theory contain significant
concentrations of acidic protons. At a temperature of 120 °C, Kubo et al. have
found [36] that p—-O—4 type model compounds undergo elimination at the
a-fB-position [36]. In two chloride based ILs, 1-butyl-3-methylimidazolium chloride
([bmim]Cl) and [amim]Cl, enol ether formation, without cleavage of the p—O—4
bond, was the predominant reaction. Part of the original structure was left intact
after 72 h incubation. Conversely, in acetate IL 1-ethyl-3-methylimidazolium
acetate ([emim][OAc]) all of the original f—O—4 structures were gone after 72 h,
forming only a low amount of enol ethers and the majority of materials as other
unidentified structures. In agreement with the aforementioned data, George
et al. [37] have found that acetate and sulfate ILs dramatically reduce the molecular
weight of organosolv lignin, while only minor changes were observed with several
chlorides tested under the same conditions. In any case, based on the mechanism
suggested by Cox et al., enol or vinyl ethers may hydrolyze further, even in the
chloride ILs. In the acidic environment presence of trace moisture levels may lead
to depolymerisation [34]. Formation of condensed structures in lignin have also
been detected by HSQC-NMR after [emim][OAc] treatment at 155 °C [38].

There is a notable difference in depolymerization between different lignin
preparations, such as alkali and organosolv lignins, where the p-O-4 type of
linkages seem to be among the most reactive linkages [37]. Based on structural
features it may be reasonable to expect lower reactivity of softwood lignin,
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compared to hardwood lignin, as softwood lignins have a higher abundance of
condensed linkages and hardwoods are rich in the more labile p—O—4 ethers [39].

Impurities remaining from the IL synthesis are likely catalysts for certain
reactions. According to Li et al. [32], the delignification of bagasse in [emim]
[OAc], at temperatures reported to be above the lignin glass-transition temperature,
does not happen anywhere near the same efficiency when recycled IL is used. Loss
of the ILs delignification capability, after recycling [13], may allude to the presence
of reactive species in the IL as an impurity, which are consumed during the first
treatment step.

Cellulose is known to be labile towards acid hydrolysis in the dissolved state.
The IL environment has been demonstrated to be effective for such reactions [40,
41]. The fact that rapid depolymerisation can also take place in technical ILs, even
without added acid catalyst, should be surprising. Gazit and Katz have demon-
strated that cellulose hydrolysis can happen under relatively mild conditions, in
commercial-grade dialkylimidazolium chlorides and acetates [42]. The higher
purity grades of ILs were also degrading cellulose even faster than lower grades.
The catalyst for the reaction was found to be a trace amount acid, formed during the
treatment. This could be scavenged by 1-methylimidazole, which is a very typical
impurity in low grade commercial ILs. Such observations about acid formation
strongly suggest the use of mild temperatures in IL treatments.

Fine control of temperature and dissolution atmosphere may be necessary to
reduce the depolymerization of wood during the treatments. According to Miyafuji
et al., the depolymerization of carbohydrates in 1-ethyl-3-methylimidazolium chlo-
ride ([emim]Cl) can be mostly prevented using temperatures below 90 °C [43]. On
the other hand, the use of mild conditions effects negatively to the degree of wood
dissolution. Lignin showed much higher resistance towards degradation and any
low molecular weight fragments were observed only at temperatures above 110 °C.
Reactions in chloride-based ILs, induced by atmospheric impurities, have been
investigated by Nakamura et al. [44]. Oxygen was found to facilitate the dissolution
of lignin, in addition to solubilization of carbohydrates.

Depolymerization is not the only reaction type taking place when lignocellulose
is treated with ILs. Addition of dialkylimidazolium cations, at the C2 position, to
the reducing ends of polysaccharides has been reported from acetate ILs
[45-47]. The same effect has been observed with isolated lignin [31]. The reaction
follows from self-deprotonation of the imidazolium cation, forming a carbene. The
carbene formation and following reactions with electrophiles will lead to conver-
sion of anions to their conjugate acid form [48, 49]. Acid species formed in these
types of reactions are suggested to be responsible for the depolymerization of
cellulose [42], but basic impurities may also capture the released proton. Alterna-
tively, acetylation of cellulose by the IL anion has been observed to happen to low
degree in pure [emim][OAc] at high temperature (150 °C)[47]. The mechanism of
formation of such structures is still controversial. Cetinkol et al. [50] have reported
deacetylation of hemicelluloses and acetylation of lignin taking place when wood is
treated in [emim][OAc]. This suggests a transacetylation mechanism [48, 49], but it
is still unproven and alternative mechanisms may prevail.



6 Fractionation of Lignocellulosic Materials with Ionic Liquids 153

Reactivity of ILs with wood polymers is certainly an important issue related to
green processing of wood in such media. Not only for its effects to recycling and
atom economy of the processes, but also to the yield, purity, and overall quality of
the resulting materials. The use of mild conditions and possible additives, or
co-solvents, in IL systems may help to gain control over unwanted side reactions.

6.2.4 Use Co-solvents in Ionic Liquid Based
Dissolution Systems

Research has been performed on the use of organic co-solvents in ILs. This is
mainly to alter the properties of the dissolution system, such as viscosity reduction.
As protic solvents like water or alcohols tend to prevent cellulose dissolution and
are working as efficient non-solvents for dissolved components, the group of polar
aprotic organic solvents typically will not decrease the solvation efficiency of ILs
towards cellulose, in co-solvent concentrations up to 50 m% [51, 52]. The use of
co-solvents may enhance the kinetics of the dissolution process, by accelerated
diffusion. This allows the use of lower dissolution temperatures that in turn prevent
the unwanted depolymerization reactions. Enhancement of wood dissolution kinet-
ics when using co-solvents, compared to pure IL, can be notable, as demonstrated
by Qu et al., who aided dissolution of milled Fir with pyridine and DMAc (as
co-solvents), at the low temperature of 30 °C [53]. However, much longer dissolu-
tion times were needed than for the typical high temperature dissolution.
Co-solvents can also enhance wood dissolution at higher temperatures. An article
by Xie et al. has demonstrated that complete dissolution of corn stover can be
achieved using NMP: [emim][OAc] solutions at the higher temperature of 140 °C,
in under 60 min [54]. This of course is not designed for material production, where
molecular weights are maintained, but rather biofuel production where maintaining
molecular weights is not critical. The majority of the available co-solvents will
eventually turn into non-solvent when a limiting concentration is reached [51] and
so it may even be possible to maintain binary solvent mixtures with ILs throughout
the process. In fractionation processes aiming at the manufacture of derivatized
products, certain co-solvents can also act as catalysts for subsequent modification
reactions without need for product isolation, in between the unit processes.

Water in the IL systems may also be termed as a limiting solvent, instead of a
non- or co-solvent. It has been used as a way of limiting cellulose solubility in
certain ILs, while close to complete delignification with removal of hemicelluloses
can still take place. The presence of acidic species have been stated to be essential
for delignification in these kinds of systems and they can be added as catalysts [55]
or originate from the natural acidity of the IL [56]. Depending on the anion of IL,
the aqueous solutions can be relatively acidic [55, 57]. It remains uncertain whether
this is related to impurities specific to pure ILs, technical preparations of ILs, as a
natural property of IL-water solutions [57], or from reactions leading to acidic
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products. Zhang et al. have reported that from a neutral pH of the pretreatment
solvent down to pH 3.4, all of the wood components are regenerating close to their
natural compositions from the aqueous IL-system, without resulting in delignified
pulp [55]. This is in slight contradiction with the results from Fu et al., who have
used neutral aqueous solutions to basic [emim][OAc] efficiently, without any added
acid catalysts [58]. The fibrous structure of wood cells still exists in the solid
cellulose enriched fractions afforded by treatments in aqueous-IL solutions [55],
resembling traditional chemical pulps. This is due to the inability of ILs to dissolve
crystalline cellulose, once high enough water contents are added. Thus, only the
amorphous parts of the fiber are accessible to the acidic solvent.

The efficiency of the IL-water solvent system was highly dependent on the type
of treated biomass as grass-type feedstocks, such as Miscanthus or Triticale, were
found to be highly responsive. Nearly complete delignification and glucose digest-
ibility are observed for grasses, followed by mediocre efficiencies for hardwoods
and significantly lower response for softwoods [55, 56].

6.3 Fractionation of Wood by Solvation in [amim]Cl
and Fractional Precipitation with a Non-solvent

In this section of the chapter we report data of the fractionation work that was
performed in our laboratories. The original focus of our work was to study the mild
fractionation and the molecular weight distributions of the resulting precipitated
fractions. The reasoning for this was to assess whether it was possible to get
technically useful fractions, with suitable molecular weight distributions, by
avoiding depolymerisation. Furthermore, the interaction of wood biopolymers
and how this affects fractionation, is always a fundamental question that needs
answering. [amim]Cl was used as the solvating IL. It has a low tendency to react
with lignin, whilst being an efficient solvent for isolated preparations of all wood
components. In agreement with earlier results from our laboratory, King et al. [14],
it was found that only heavily pulverized starting materials were completely soluble
in the IL of choice. The use of coarse materials, such as sawdust, only offered
partial solubility. The reasons behind the solubility differences will be discussed in
more detail in this chapter. For the regeneration of dissolved components we have
applied an alternative method for the non-solvent addition. For this we have used
gradual increases in non-solvent volume instead of rapid excessive addition to the
IL-solution. As a result, the regeneration event is well controlled and follows the
principles of traditional molecular weight distribution-related polymer fraction-
ation. By applying a derivatization procedure developed in our laboratory, Zoia
et al. [59], we have been able to obtain soluble lignocellulose derivatives for size-
exclusion chromatography (SEC). This has allowed us to characterize the total
molecular weight distributions for majority of the precipitated fractions. Combining
the molecular weight information with composition analysis (acid soluble lignin
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analysis and IR-spectroscopy), we have been able to observe two fundamentally
different mechanisms that apply during component separation, related to the degree
of interaction of the wood biopolymers. These are found to be dependent on the
degree of pulverization (from extensive milling) and therefore the solubility of the
resulting materials. As mentioned previously solubility of wood is dependent on the
degree of pulverization. This therefore influences whether the fractionation is
extraction based or solvation (and subsequent selective precipitation) based. An
acetonitrile non-solvent was able to regenerate majority of the dissolved materials
but additional non-solvents, such as water and methanol, allowed for further
component separation. The motives for selecting this non-solvent, and more com-
prehensive discussion about our data can be found from our earlier publications [23,
60]. It was also found that further purification of isolated crude fractions with water
resulted in secondary separations and it was possible to recover more water-soluble
materials in their own fraction. A complete flow diagram of the fractionation
scheme is presented in Fig. 6.1. Selected starting materials (see Table 6.1) have
undergone different mechanical pre-treatment processes. Particle sizes and proper-
ties changed accordingly with the preparation method. Nearly intact fibrous struc-
tures have remained after TMP pulping, but were notably fragmented during
sawdust preparation. Ball-milled materials represent highly pulverized wood that
has lost all fibrous characteristics.

As mentioned previously, fractions were analyzed by Klason lignin analysis,
ATR-IR and the molecular weight distributions of some fractions were determined
by re-dissolution into [amim]Cl, benzoylation and SEC analysis (Zoia et al. [59]).
The analysis results are presented in Table 6.2.

The fractionation procedure was performed roughly as follows: Wood samples
were heated with [amim]Cl for the specified period and temperature. Crude fraction
1 was precipitated from IL using acetonitrile as non-solvent and was washed with
water and dried. Fraction 2 was precipitated from the residual IL solution by
addition of further acetonitrile and further washed, using the same procedure as
for fraction 1. Fraction 3 was precipitated from IL-solution by water addition, after
the acetonitrile had been removed by evaporation. Fraction 4 was prepared from the
combined aqueous extracts from fractions 1 and 2. The aqueous extracts were
combined, concentrated, precipitated with methanol and dried. Fraction 5 was
prepared by concentration of the remaining water solution, from fraction 3, precip-
itation with methanol and drying.

6.3.1 Fractionation Based on Molecular Weight

It is well known that polymers of different molecular weight have different solu-
bility in solvents. This means that controlling the precipitation of polymers, of high
polydispersity, from any solution can be used to separate them into fractions of
decreasing molecular weight [62]. The main components in wood have distinc-
tively different average degrees of polymerization (DP). Isolated softwood
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Fig. 6.1 Total fractionation procedure. Fraction 5 was not isolated in every experiment (Reprinted
with permission from [23]. Copyright © 2013 American Chemical Society)

Table 6.1 Starting materials, their upper particle diameter limits, and lignin contents

Material Particle diam. (pm) Lignin content (%)
Wiley milled Norway spruce TMP pulp <400 28.7

Norway spruce sawdust <200 26.6

Ball milled Norway spruce TMP pulp <75 28.7

Ball milled Eucalyptus grandis <75 25.8%

%Value from literature [61]

celluloses have been measured to have average molecular weights from 730 kDa
[63] up to 1,550 kDa [64]. Hemicelluloses are of typically lower DP than cellulose
and isolated hemicelluloses consist of polymers on average from 18 to 80 kDa [65,
66], depending on the isolation method. Lignin preparations that represent as close
to native lignin as we can isolate with current methods, have molecular weights
between 52 and 98 kDa [67]. Differences of such magnitude, including differences
in chemical composition of the polymers, should offer plenty of opportunity for
separation of lignin from hemicellulose from cellulose by controlled addition of a
nonsolvent into ionic liquid. Articles by Lee at al. and Lateef et al. [10, 68], have
shown that mixtures of the purified polymers can be highly selectively precipitated
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Table 6.2 All fractions collected in this study including yields, lignin contents and analyses
performed. Fraction 5 is not included in the table or in yield calculations

Ytolal Fraction YFractinn ngnln cont. YLignin YCarh.

Starting materials and conditions (%) number (%) (%) (%) (%)
[amim]Cl 6 % 40 mesh 86 1 57.4 37.7 75 50
2 259 12.1 11 32
TMP spruce 144 h 100 °C 3 0.5 - - -
4 1.8 - - -
[amim]Cl 4 % spruce sawdust 93 1 53.2 45.0 90 40
120h 110 °C 2 332 6.2 8 42
3 1.3 - - -
4 4.8 - - -
[amim]Cl: 10 % 28 days 86 1 45.7 28.4 45 46
2 21.6 36.5 27 19
Rotary-milled TMP spruce 48 h 3 24 - - -
75°C 4 16.3 20.9 12 18
[amim]CI: 10 % 48 h 59¢ 1 42.1 9.0 15 52
Ball-milled eucalyptus 48 h 2 12.7 - - -
75 °C 3 4.2 _ _ _

Reprinted with permission from [23b]. Copyright © 2013 American Chemical Society
“Fraction 4 not included

Yot Total yields of precipitated material

Yrraction: Yield of precipitated fraction from starting material

Lignin cont: Lignin content of fraction that includes Klason lignin + acid soluble lignin
YLignin: Yield of lignin in fraction from total lignin content in starting material

Y carn.: Yield of carbohydrates in fraction including cellulose and hemicelluloses

—: Value not determined

from IL solutions. In actual fractionation processes, using minimally treated wood,
this efficiency is never observed.

If we examine at the molecular weight distributions of the fractions from the
highly pulverized, 28 days rotary milled and 48 h ball-milled, samples from spruce
and Eucalyptus respectively (Fig. 6.2), we can see that there is a distinct precipi-
tation based on molecular weight. In both cases, the molecular weights of the
fractions decrease from fractions 1 to 3. Fraction 4 overlaps with fraction 2 for
spruce, due to the fact that the majority of the material in the water-soluble fraction
was originally dissolved from crude fraction 2 (see Fig. 6.1). If we look at the lignin
contents for the main fractions 1 and 2 for spruce (see Table 6.2 entry for milled
TMP), there is very little change in the lignin contents from the native wood. Thus
there is clear evidence for precipitation based on molecular weight and very poor
separation of lignin from polysaccharide, contrary to previous reports on the
separation of mixtures of the purified polymers [10, 68]. It seems evident that
LCCs are preventing the separation of the lignin and polysaccharide portion of
this fully soluble pulverized wood. Seemingly, disintegration of the LCC matrix
during pulverization creates fragments that have similar molecular weights to
cellulose, and that have been extensively depolymerized during milling. As a result,
a mixture of similar sized LCC polymers precipitate in order of molecular weight.
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Fig. 6.2 The molecular weight distributions of the isolated fractions, from fully soluble ball-
milled wood. The regeneration order was largely controlled by the molecular weight of the
components. Fractions from (a) milled Eucalyptus (b) milled Spruce TMP

6.3.2 Effect of Particle Size on Fractionation Mechanisms

For fully soluble finely pulverized materials, the dissolution is relatively rapid for
all components. Dissolution is much faster compared to coarse materials and wood
converts to a completely solvated state. Solvation was not complete with the coarse
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Fig. 6.3 X-ray powder diffractograms of spruce sawdust, starting material (above), and fraction
1, recovered from [amim]Cl (Reprinted with permission from [23b]. Copyright © 2013 American
Chemical Society)

materials. The following dissolution and fractionation mechanism seemed to differ
greatly from the pulverized materials, based on compositional analyses of isolated
fractions (Table 6.2) and XRD-analysis of the sawdust fraction 1 and the original
sawdust (Fig. 6.3).

For the incomplete dissolution of the coarser materials (sawdust and TMP),
fraction 1 was mostly composed of the materials that remained solid (but seemingly
swollen) during the whole dissolution/extraction period. This was determined to be
mainly lignin and polysaccharide. Fraction 2 was determined to be mainly cellu-
lose, based on Klason lignin and ATR-IR analyses (Fig. 6.4). As fraction 2 was
33 % of the original sawdust fraction, meaning that most of the cellulose is
extracted from the partially soluble wood sample leaving an insoluble matrix of
lignin and hemicellulose. Further evidence of this is found after XRD analysis of
the regenerated fraction 2, in comparison to the starting sawdust. After extraction of
cellulose, the amorphous LCC network was remaining. One should ask the ques-
tions, ‘“Why is there an insoluble fraction when the purified polymers are all soluble
in the IL?’ and “Why can lignin not be separated efficiently from the polysaccha-
ride, even when the finely pulverized samples are completely soluble?’.

Both questions can be addressed by the explanation of precipitation based on
molecular weight. However, most solvents will preferentially precipitate one com-
ponent over another and this is simply not the complete picture. Both questions can
be answered if you take in to consideration that wood is suggested to contain LCCs
and it is actually the LCC network that is preventing dissolution. Only material that
is not bound into the LCC network is extractable, under mild dissolution conditions.
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Fig. 6.4 FT-IR spectra of fractions 1-4 precipitated from solutions of sawdust and milled TMP,
compared to the starting materials. (a) Sawdust fractions 1 and 2, (b) Milled TMP fractions
1 and 2, (¢) Sawdust fractions 3 and 4, (d) Milled TMP fractions 3 and 4. Band assignments:
1 = Carbonyl groups from hemicelluloses and lignin [70, 71]; 2 = Carboxylic acids from xylan
and lignin [70, 71]; 3 = Lignin [72]; 4 = Xylan [71]; 5 = Cellulose [72]; 6 = Carbonyl groups
from hemicelluloses and lignin [71]; 7 = Glucomannan [73]; 8 = Cellulose [72]. Reprinted with
permission from [23b]. Copyright © 2013 American Chemical Society

This is entirely consistent with a report by Lawoko et al. [69] showing that almost
all isolatable LCCs from Norway spruce consist of lignin, which is chemically
bonded with hemicelluloses. Whereas, only a minor portion of spruce LCCs have
been found to contain lignin-cellulose type LCCs. With this literature confirmation
it is no wonder that we can extract cellulose from an insoluble LCC matrix.

As anticipated, it was nearly impossible to derivatize and dissolve any further
material from fraction 1 for SEC, due to its insolubility. In case of highly pulverized
wood, physical degradation of all polymeric components seem to take place and
overall polydispersity decreases. Fractions from ball milled TMP pulp further gave
more evidence about the close association with lignin and carbohydrates and how
these structures could control the total dissolution of wood. The FT-IR analysis
offered some details about the carbohydrate compositions in isolated fractions.
Neutral sugar analysis is traditionally used to characterize the carbohydrate moie-
ties in lignocellulose, but in this work FT-IR was used instead as a fast,
non-destructive, and semi-quantitative analytical method. IR spectra of the isolated
fractions from two spruce materials, ball-milled TMP and sawdust, are presented in
Fig. 6.4. When spectra of fraction 1 from the two materials are compared, the
significant presence of hemicelluloses can be seen for sawdust, whereas in milled
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TMP the carbohydrates seem to be mostly cellulose. The hemicelluloses are more
present in the lower molecular weight fraction 2 for the case of milled TMP. Other
significant differences can be found in composition and yield of the water-soluble
fraction 4. For sawdust it seems that the majority of the hemicelluloses have
remained totally water insoluble in fraction 1, for some yet unknown reason. For
milled wood around half of the original hemicelluloses were converted to be water
soluble and dissolved together with relatively large portions of lignin. No lignin
was observed to be water soluble from sawdust crude fractions.

Once again, this observation could be explained by the covalent attachment of
hemicelluloses that are released during the milling via the fragmentation of the
supporting lignin polymers, that otherwise would prevent them from being
extracted during the water washing.

Sawdust and TMP pulp preparations represent structurally quite unaltered wood.
Our results suggest that swelling and dissolution of native or relatively intact fibers
start from the amorphous and crystalline domains of cellulose. The solvated
cellulose polymers then diffuse to the bulk solution (fraction 2) leaving behind
the lignin-hemicellulose matrix that remains in a rather swollen form and is
restricted from complete dissolution (fraction I). Only minor fractions of lignin
(fraction 3) or hemicelluloses ( fraction 4) seem to be unbound and transfer to bulk
solution. Molecular weight analysis showed that the isolated cellulose-rich fraction
2 had a significantly lower molecular weight than reported for e.g. softwood pulps.

From the dissolution treatment, it is hard to estimate if there is significant
depolymerization during the 48 h dissolution period. For the sawdust fractionation,
some depolymerization of the carbohydrate components during the dissolution
seems evident. Molecular weight of the isolated fraction 2 is low, considering the
fact that this fraction was composed mostly of cellulose, as our analysis revealed
(see Table 6.2 and Fig. 6.4). In light of a recent study by Gazit and Katz [42], the
depolymerization of cellulose during long dissolution periods, even in purified IL,
is not surprising. Their results indicate that trace level formation of acidic
by-products can take place during dissolution, even below the temperatures that
were used in our work. The unfortunate fact is that technical pulps have very
defined specifications, in terms of molecular weight distributions, and not only
their lignin and hemicellulose contents. This means that controlling acidic and
oxidative impurities during an IL-mediated fractionation will be critical in the
future to obtain technically useful pulps that fit existing value-chains. In many
cases even the present commercial ILs contain these impurities. More must be done
to quantify and understand the effects of these impurities.

The single experiment that was performed with Eucalyptus resulted in a lignin
poor fraction that was the first to precipitate from the IL-solution ( fraction I). As
mentioned previously, precipitation was dependent on molecular weight for Euca-
lyptus, as well as milled spruce. It remains as a topic for further studies how
differences in covalent structures between lignin and polysaccharide will affect
the selectivity of separation. Other ILs like [emim][OAc] have been reported to
fully dissolve hardwood [8]. This may be due to chemical degradation of
LCC-matrix during the treatment, as discussed earlier. It remains possible that
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other ILs could facilitate higher yields of cellulose-enriched materials by gradual
precipitation, only if the LCC cleavage and carbohydrate depolymerization remains
at a low level during the dissolution.

6.4 Conclusions

Due to the rapidly expanding field of IL mediated wood processing, our knowledge
in this area has increased to a new level. Many new technical advances are apparent,
including more refined ILs, electrolytes, pre-treatments and processing techniques.
However, the application of fundamental knowledge related to the connectivity of
wood biopolymers, wood morphology, wood ultrastructure and even the solubility
of wood in ILs seems to have been largely neglected. Increasing awareness related
to IL reactivity has brought both challenges and possibilities to wood fractionation.
Depolymerization during fractionation can result in undesired products. This is
most relevant when molecular weight distributions should be maintained, e.g. for
the production of cellulosic pulps. However, in some cases degradation may be
beneficial, e.g. for dissolving the LCC network or reducing the recalcitrance of
wood for biofuel production.

Based on our work, with sawdust and highly pulverized spruce wood, we have
demonstrated that wood is not completely soluble in [amim]Cl in its native state.
This is confusing as isolated lignin, cellulose and hemcellulose preparations have
been dissolved efficiently in several publications. One possible reason for this is the
presence of an extended LCC matrix in wood that is simply of too high molecular
weight and is too interconnected to dissolve. This property can be utilized to extract
cellulose, as it is not covalently bound to the insoluble LCC matrix. Cellulose is
extracted and by careful control of non-solvent addition, the insoluble lignin-
hemicellulose rich fraction can be first isolated, followed by regeneration of
relatively pure cellulose. This cellulose extraction procedure is not yet at a stage
that would yield a technically useful pulp, due to apparent depolymerization, in
comparison to technical pulps and holo-cellulose. However, the more we learn
about the stability of wood and lignocellulose, in technical and pure ILs, the better
are our chances of yielding close-to native polymers.

The implications for biofuels production are more straight-forward, in regard to
pre-treatment mechanisms. Certain ionic liquids are excellent media for cellulose
dissolution and regeneration to a state, which is easier to process. Presence of
impurities or intentionally added catalysts, that may depolymerize the biopolymers
during this process, are beneficial, provided the IL is somewhere between 99 and
100 % recoverable. This is a function of the high cost of ILs, at present. The method
of biopolymer regeneration, to enhance separate lignin from polysaccharide, is
therefore quite important. If degradation is significant enough breakage of covalent
linkages between lignin and polysaccharide should facilitate this. IL recyclability is
amajor challenge here due to the buildup of monomers, dimers, oligomers, silicates
and other inorganics. Therefore improving IL recyclability will greatly enhance the
chances of success.
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6.5 Experimental

6.5.1 Materials

Synthesis of the [amim]Cl was performed according to a method adapted from Wu
et al. [74]. Allyl chloride (200 mL, 2.51 mol) and 1-methylimidazole (160 mL,
2.01 mol) were added to a flask under nitrogen atmosphere. The mixture was refluxed
at 50 °C with stirring under positive pressure of nitrogen for 18 h. The reaction was
determined to be complete by "H NMR. The mixture was transferred under nitrogen
atmosphere to a rotary evaporator, attached to a high vacuum pump. The excess of
allyl chloride was removed at 50 °C. The cloudy crude product was further purified
by heating, at 80 °C for 18 h, with activated charcoal (3.0 g) and water (200 mL). The
mixture was then filtered through Celite in agrade-3 sinter. Water was removed at
65 °C by rotary evaporation over 18 h, under high vacuum, to yield [amim]Cl as a
pale yellow viscous oil. '"H NMR (300 MHz, CDCI3) § 3.97 (3H, s,NCH3), 4.86 (2H,
d, J = 6.4 Hz, NCH2), 5.33-5.26 (2H, m,C=CH-C), 5.86 (1H, ddt, J = 16.9, 10.3,
6.5 Hz,C=CH2), 7.40 (1H, s, C=CH), 7.65 (1H, s, C=CH), 10.39(1H, s, NCHN).

Unbleached Norway spruce (Picea abies) thermomechanical pulp (TMP) was
donated from a Swedish mill. Norway spruce sawdust (particle size <0.2 mm by
sieving) was prepared with a belt grinder (grade 60), in-house. Eucalyptus grandis
was supplied by Novozymes, NC, USA. Prior to ball-milling treatments, Norway
spruce TMP was first milled in a Wiley mill with a 20 mesh (0.84 mm) sieving
screen. After Wiley milling the 20 mesh powder was extracted in a Soxhlet
extractor for 48 h with acetone. A portion of this fibrous material was further sieved
to pass a coarse 40 mesh (0.40 mm) sieve. The remaining extracted 20 mesh
Norway spruce powder was rotary ball milled in a ceramic plated 5.5 L steel jar
with 470 ceramic balls (diameter 0.9 cm) and a rotation speed 60 rpm, for 28 day
period. After milling, the fine powder was dried in vacuum oven. The average
particle size was determined to be less than 200 mesh (75 pm).

Eucalyptus chips were Soxhlet extracted with acetone for 48 h. Remaining
tannins were removed by refluxing in 0.075 M NaOH solution (1:50 w/v ratio)
for 1 h prior to milling of the dried sample. Milling was performed in a Fritsch
Pulverette planetary ball-mill, with a 20 mL tungsten carbide grinding bowl and
steel balls, at a rotation speed of 420 rpm for 48 h in total. The total milling time was
made up of a repetitive milling cycle of 30 min milling time and 20 min brake, to
avoid burning of the sample. All the wood materials were dried in vacuum oven
over night at 40 °C prior to their use.

6.5.2 Solvation of Wood with [amim]Cl

Lignocellulosic material (typically ca. 1 g) was quickly added to a flask containing
dry [amim]ClI (typically ca. 20 g) under nitrogen atmosphere. The mixture was
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homogenized with vortex mixer until an even dispersion was obtained. Dissolution
was performed in a temperature controlled oil bath using a three-necked flask under
positive pressure of nitrogen. This was equipped with an overhead mechanical
stirrer with steel blade. A positive pressure of nitrogen gas was maintained during
the whole dissolution period. Solvation conditions and quantities of materials were
varied according each experiment performed, ranging from 48 h at 80 °C to 122 h at
110 °C. Rotary milled Norway spruce powder generally dispersed and gave a clear
solution in a short period of time. Wiley milled and sawdust materials remained
slightly cloudy even after extensive heating at 100 or 110 °C.

6.5.3 Fractionation of Solvated Wood by Non-solvent
Addition

Preparation of fractions 1-4 was carried out as follows; Crude fraction 1 was
precipitated from IL using acetonitrile as non-solvent. The crude fraction was
separated using centrifuge and washed with water, so that filtrate was retained.
The solid residue was dried to give fraction 1. For preparation of fraction 2 addi-
tional acetonitrile was added into IL-solution followed by similar separation and
washing procedure. Fraction 3 was precipitated from IL-solution by water addition,
after the acetonitrile had been concentrated by evaporation. Fraction 4 was prepared
from the aqueous filtrates retained from the purification of fractions 1 and 2. Fil-
trates were concentrated down to a volume ca. 2 mL, which was followed by
addition of MeOH. Formed fluffy precipitate was filtered and purified with
MeOH. Fraction 5 was prepared as follows. The aqueous IL-solution left from
the precipitation of fraction 3 was concentrated so that nearly all water had
removed. The remaining IL-solution was precipitated with MeOH (1:10 v/v).
Formed precipitation was filtered in grade-3 sinter, washed with MeOH and the
filtrand was dried in a vacuum over for 18 h at 40 °C to give fraction 5.

6.5.4 Analysis of Precipitated Fractions

For molecular weight determination the fractionated samples were derivatized with
benzoyl chloride in [amim]Cl solution following the procedure introduced by Zoia
et al. [59] and analyzed using HP G1312A pump connected to Waters HR5E and
HR1 columns with a Waters 484 UV-absorbance detector calibrated using polysty-
rene standards. Acid insoluble (Klason) lignin and acid soluble lignin were deter-
mined by method modeled from one published by Dence [75]. The acid that was
used to hydrolyze the samples was diluted from conc. sulfuric acid corresponding to
72 £ 0.1 %. The lignocellulose samples were dried in a vacuum oven at 40 °C
overnight. ca. 100 mg of the samples were measured accurately and mixed with
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sulfuric acid solution (100 mg per 2 mL) using magnetic stirring and vortex mixer.
After 2 h hydrolysis at room temperature with occasional manual mixing the
samples were diluted with 50 mL of deionized water and transferred into sealable
bottles. The bottles were placed into a commercial pressure cooker and heated at
elevated pressure for 90 min. The solid residues were filtered with a grade-3 sinter
and washed with 40 mL of water. The filtrate was retained for acid soluble lignin
determination. The solid residue was further washed with 60 mL of water, so that
filtrate was neutral, and after air-drying the sample was placed into a vacuum oven
for 20 h. Acid soluble lignin was determined spectrophotometrically from the
retained filtrates. The filtrates were first diluted to precisely 100 mL and then
the absorbance was measured at 205 nm wavelength in a 1 cm pathlength cuvette.
The concentrations were calculated using extinction co-efficient of 110 L/g.cm.

FT-IR spectra were recorded from finely powdered samples that were dried for
20 h at 50 °C in a vacuum oven, using Perkin-Elmer Spectrum One AT-IR
spectrometer. Processing was carried out using PE Spectrum One software. The
spectra were processed with baseline correction, noise elimination and
normalization.
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Chapter 7
Biofuel Production with Ionic Liquids

Haibo Xie and Zongbao Kent Zhao

Abstract In consideration of unique properties of ionic liquids, the research into
using ionic liquids as solvents and catalysts for lipids extraction, biodiesel produc-
tion and purification, as well as bioalcohol extraction from fermentation booth have
been investigated to develop clean and cost-competitive new technologies. This
review summarizes up-to-date progress in these areas and analyzes examples with
the aim to provide an in-depth understanding of how to integrate ionic liquids-based
technologies into traditional biofuel production processes.

Keywords Ionic liquids « Lipids ¢ Extraction * Transesterification ¢ Biodiesel
« Bioethanol « Biobutanol ¢ Catalysis

7.1 Introduction

The search for alternative resources for transportation fuel production is driven by
the increasing concerns on global warming and fossil resources depletion. Biomass
refers to all organic matters derived from the process of photosynthesis. It is
produced in large quantity, with an estimated 140 billion metric tons per year.
Thus, sugar, starch, vegetable oils, agricultural wastes, forest residues, and dedi-
cated industrial materials from plants, all belong to biomass by definition. Ligno-
cellulose, is mainly consisted of cellulose, hemicellulose and lignin, is by far the
most abundant form of biomass. Biomass has been considered as the most impor-
tant alternative feedstock for the production of fuels, chemicals and materials [1].

Tonic liquids (ILs) are specifically referred to salts that melt below 100 °C. ILs
are usually organic salts comprised of cations and anions. Some ILs exist as liquids
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at relatively low temperatures, even below room temperature, so they are usually
called as room temperature ILs. Due to their unique structural properties, ILs may
have some of the following properties, such as non-detectable volatile under
atmosphere pressure, good solubility to most of inorganic and organic compounds,
high thermal stability, high ionic conductivity, tunable miscibility with traditional
solvents, etc. Notably, the chemical and physical properties of ILs can be tuned by
combining different cation and anion [2]. These unique properties suggest their
important roles in green chemical processes, especially in the topic of biomass
processing and conversion towards a foundation of sustainable biorefinery process
[3, 4]. Up to date, the use of ILs for biomass processing and conversion mainly
focuses on the following subjects:

¢ Dissolution, derivation, and regeneration of biopolymers

¢ Catalytic conversion of biopolymers and their monomers into platform
chemicals

* Biomass pretreatment, components fractionation and structural elucidation

¢ Separation, production of biofuels

Currently, biodiesel, bio-alcohols (e.g. ethanol, butanol) and bio-oil from pyrol-
ysis are among the most extensively studied biofuels [5]. Biodiesel is produced
mainly from vegetable oils and animal fats via transesterification process. These
kinds of oils (lipids) are regarded as important energetic biorenewable resources
and chemical raw materials [6, 7]. Bio-alcohols are normally made by microbial
fermentation of sugars produced from carbohydrates or starch crops such as sugar-
cane or corn [8, 9]. With the significant progress in the conversion and utilization of
biomass, it is well-recognized that clean and efficient technologies are in high
demand to develop a cost-effective bioenergy production system, such as extraction
of lipids and bio-alcohols, biodiesel preparation and purification [10].

The applications of ILs as a solvent and/or catalyst in conversion of biomass in a
wide perspective have been covered in other chapters of this book or being
reviewed elsewhere [11-13]. Especially, with ILs-based pretreatment technology,
lignocellulosic biomass is also being developed as a feedstock for the production of
bio-alcohols and biodiesel [14, 15]. This chapter focuses on those areas, in which
ILs are used for the production of biofuel molecules in a more direct way. Specif-
ically, the chapter will provide an up-to-date overview on how to apply ILs in the
following areas: lipids separation, biodiesel production, bio-alcohols extraction,
and bio-oil production through pyrolysis and upgrading.

7.2 Biodiesel

Biodiesel, chemically defined as monoalkyl esters of long chain fatty acids, are
derived from renewable feedstocks like vegetable oils and animal fats
[16]. Recently, the production of biodiesel from lipid produced by oleaginous
yeasts and algae has been obtained much attention [15—19]. Biodiesel has potentials
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as an alternative to petroleum diesel. Emission of carbon dioxide into the atmosphere
can be reduced by substituting diesel fuel with biodiesel [20]. The production of
biodiesel from lipids include some key steps which are (1) lipids extraction from
oily materials, such as soybean, sunflower seeds, and cell mass of oleaginous
microorganisms, (2) esterification or transesterification of fatty acids or lipids, and
(3) purification of fatty acid esters (Fig. 7.1). Biodiesel can be produced by either
chemical or enzymatic conversion of lipids or fatty acids with a monohydric alcohol
in the presence of acid or base catalysts, or lipases (Scheme 7.1). These procedures
require a large quantity of organic solvents and corrosive acidic or basic catalysts.
Downstream processing costs and environmental problems associated with biodiesel
production and byproducts recovery have stimulated the search for alternative
production methods and alternative substrates. In consideration of the unique prop-
erties of ILs comparing to traditional solvents and acidic or basic catalysts, a lot of
efforts by using ILs as solvents and catalysts have been devoted into developing a
more clean and efficient process for biodiesel production.

7.2.1 Lipids Extraction

The lipids extraction from various resources is essential for production of biodiesel.
Usually, the lipids extraction process uses large amounts of organic solvents, such
as hexane, CHCl3;, etc. which also results in significant losses and energy consump-
tion during the solvent recycling process. Hexanes and related hydrocarbon
extractants are also becoming an environmental and health concerns. Therefore,
exploration of new extraction technologies has received much attention [21].
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A new class of “switchable solvents” has been proposed [22, 23], which are
based on an exothermic transformation from an organic base, an alcohol and an acid
gas (e.g. CO,). These solvents are capable of changing composition reversibly
under mild conditions to shift between molecular liquid and ionic liquid, in associated
with switching properties, such as polarity and viscosity [24-27]. Thus, ‘switchable
solvents’ have been tested to extract lipids from soybean flakes [28]. It was found
that the combination of an amidine and excess water gave superior solvent/oil
separation, adequate oil extraction. The contamination levels of residual amidine in
the soy oil are very low. This method takes advantage of the fact that amidines can
be made to switch their hydrophilicity by application or removal of CO, in the
system. However, the extraction efficiency is lower than those of traditional hexane,
and ethanol.

Microalgae are one of the most important emerging resources for lipids. In 2010,
Samori, et al. extended the switchable solvent to the lipid extraction from water-
suspended and dried microalgae Botryococcus braunii. It was found that
DBU/octanol exhibited the highest yields of extracted hydrocarbons from both
freeze-dried and liquid algal samples (16 and 8.2 % respectively against 7.8 and
5.6 % with n-hexane) [29]. Their follow-up research demonstrated that a new
switchable system based on the reversible reaction of N,N-dimethylcyclohexylamine
(DMCHA) with water showed better performance in lipid extraction of wet algal
samples or cultures (Fig. 7.2) [30].

The lipid extraction efficiency of the system applied to both of wet and dry
biomass, was higher than that obtained through a typical extraction procedure with
CHCI3-MeOH (Tables 7.1, 7.2). The FAMEs yield was very good for all of the
tested algae, independent of the biomass/DMCHA ratio. The higher extraction
content may be because DMCHA had access to structural lipids which are resistant
to extraction with CHCl;-MeOH [30].

In 2010, Young et al. reported the ability of a co-solvent system composed of a
hydrophilic IL 1-ethyl-3-methyl imidazolium methyl sulfate and methanol at a mass
ratio of 1.2:1 to extract and auto partition lipids from various biomass. The extraction
yields of lipids were summarized in Table 7.3. The results suggest that the
ILs—methanol co-solvent is successful in complete extraction of the lipids from these
biomass sources. The proposed IL-methanol co-solvent system differs from traditional
organic co-solvent systems which both dissolve and solubilize the extracted lipid and
thus suffer extraction efficiencies limited by the solvent’s carrying capacity [31].

Considering the main components (e.g. polysaccharide, protein, lipids) of algae,
Teixeira investigated the use of traditional ILs to extract lipids and produced
chemical feedstocks from algae without acids, bases or other catalysts, which is
based on the fact that a dissolution and hydrolysis of wet alga biomass in ILs.
Deconstruction reached completion in <50 min regardless of algae species, at
100-140 °C and atmospheric pressure. The fast rate of hydrolysis without acids
or bases suggests the ionic liquid itself is acting as both a solvent and a catalyst.
Depolymerization of algae cell wall polysaccharides could result in the deconstruc-
tion of the cell wall, including the phospholipid membrane, and creation of a cell-
free mixture that can be separated into constituent fractions, and result in a full
separation of lipids from algae. This work presented a strategy of full utilization of
algae biomass [32].
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a

Fig. 7.2 Extraction of lipids from algal wet biomass with DMCHA (50 mg/mL extraction
system): (a) DMCHA containing algal lipid (green layer) after 24 h of extraction (algal biomass
was removed by centrifugation); (b) on the top DMCHA, on the bottom H,0O; (¢) CO, bubbling;
(d) after formation of DMCHAH" HCO; ™, lipids (green layer and drops) float on the surface of the
system (Reprinted with permission from [30]. Copyright © 2012 The Royal Society of Chemistry)

Table 7.1 TLS and FAMESs content expressed on algal dry weight basis (means + standard
deviation, n = 3), obtained through CHCl3-MeOH hot extraction of dried samples and DMCHA
extraction of wet samples (50 mg/mL, 24 h extraction) (Reprinted with permission from
[30]. Copyright © 2012 The Royal Society of Chemistry)

TLs (wt%) FAMESs (wt%)

CHCI5-MeOH DMCHA CHCI3-MeOH DMCHA
D. communis 17.8 £ 0.1 29.2 £ 09 6.0 £ 0.1 6.1 +0.7
N. gaditana 45.1 £ 09 579 £1.3 10.6 £ 0.1 11.0 £ 0.9
T. suecica 254 +£ 2.6 319 £ 1.5 45 +0.5 54 +0.6

Table 7.2 Lipids fractionation of oils obtained through extraction of dried algae samples (CHCl;-
MeOH) and wet algal biomass (DMCHA), expressed on algal dry weight basis (Reprinted with
permission from [30]. Copyright © 2012 The Royal Society of Chemistry)

CHCI3-MeOH DMCHA
Lipid (wt%) D. communis N. gaditana T. suecica D.communis N. gaditana T. suecica
NL 1.6 7.2 2.8 4.1 5.2 35
GL 10.3 12.6 12.7 14.3 29.5 14.7
PL 5.9 253 9.9 10.8 23.2 13.7

NL neutral lipids, GL glycolipids, PL Phospholipids
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Table 7.3 Lipid extraction results with ionic liquids co-solvent (Reprinted with permission from
[31]. Copyright © 2010 Elsevier Limited)

Biomass type Sample preparation Reported yield (%) Experimental yield (%)
Duniella microalgae  Freeze dried 11.1 8.6
Chlorella microalgae Freeze dried 11-23 38
Canola oil seed Oven dried 429 44
Jatropha oil seed Removal of shell and husk 55-58 50
Kamani oil seed Removal of shell and husk 49 38
Pongamia oil seed Removal of shell and husk 30-40 11

7.2.2 Biodiesel Production by Chemical Catalysis

Currently, most commercial biodiesel is produced from plant lipids using homoge-
neous basic catalysts such as NaOH or KOH [20]. Nevertheless, these catalytic
systems have a number of drawbacks: (I) catalysts cannot be reused and have to be
neutralized which produces wastewater; (II) formation of stable emulsions that
makes FAMEs separation difficult; (III) glycerol is obtained as an aqueous solution
with low purity; (IV) the process is sensitive to residual water and free fatty acids
[33]. ILs are recognized as green solvents due to their special properties comparing
with traditional organic solvents, such as tunability, non-detectable vapor point and
performance benefits over molecular solvents. Their properties can be designed to
suit a particular need by changing the structures of the cation, anion or both acidic
or basic for special synthesis [34, 35]. The principle was widely used for biodiesel
production from lipids [11-13].

In consideration of good solubility of ILs to inorganic and organic compounds,
and tunable miscibility with organic solvents, the simplest way is to use ILs for
biodiesel production as solvents to immobilize traditional acidic or basic catalysts,
such as K,CO3, NaOH, hydroxide salts of ammonium cations, sodium methoxide,
lithium diisopropylamide, and H,SO, [36]. Usually, a two-phase system
(a glycerol-methanol-ILs-catalyst phase and biodiesel phase) forms due to the
immiscibility of biodiesel with ILs after the reaction is done. The catalytic system
can be reused after decanting the biodiesel directly. For example, under basic
conditions, the combination of 1-n-butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide (BMI - NTf,), alcohols, and K,COj3 (40 mol%) results in production
of biodiesel from soybean oil in high yield and purity. H,SO, immobilized in
BMI - NTf, efficiently promotes the transesterification reaction of soybean oil
and various primary and secondary alcohols. In this multiphase process the acid
is almost completely retained in the IL phase, while the biodiesel forms a separate
phase. The recovered IL containing the acid catalyst could be reused for six times
without significant yield or selectivity loss [36].
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It is known that the acidity and basicity of ILs can be tuned by changing the
composition of cationic and anionic species. Some acidic or basic ILs have been
used as both catalysts and solvents for the synthesis of biodiesel (Scheme 7.2)
These ILs can be synthesized by introduction of acidic functional groups into either
the cation or anion, or adding a Lewis acid catalysts in ILs to form a catalytic active
Lewis acid ILs [12, 37]. No matter the use of ILs as solvents or catalysts, the
processes are usually efficient and facile for biodiesel production (Table 7.4).
Inexpensive materials such as non-edible oils and waste cooking oils contain high
free fatty acid contents, which are not suitable for base-catalyzed biodiesel produc-
tion process. Therefore, free fatty acids should be converted into FAMEs, for which
acidic ILs have been better than traditional mineral acids. For example, the dicationic
IL N,N,N,N-tetramethyl-N,N-dipropanesulfonic acid ethylenediammonium hydro-
gen sulfate could be used as efficient and recyclable catalyst for the synthesis of
biodiesel from long-chain free fatty acids or their mixtures [44]. The reaction was
accomplished in a monophase at 70 °C for 6 h, while the products were separated by
liquid/liquid biphase separation at room temperature with yields of 93-96 %. The
work-up process was simple, and the catalysts could be reused for six times with little
activity loss. This novel and clean procedure offered advantages including short
reaction time, high yield, operational simplicity, and environmental friendliness. To
achieve a better catalyst separation, acidic ILs-based catalysts have been covalently
immobilized onto SBA-15. The immobilized catalysts displayed relatively high
activity in esterification of oleic acid with short-chain alcohols because of the
synergistic effects of both Lewis and Brgnsted acidic sites. Under the optimal
reaction conditions (molar ratio of methanol to oleic acid 6:1, 5 wt% catalyst loading,
and 363 K for 3 h), the conversion of oleic acid reached 87.7 %. It was found that
some metal chloride-based ILs could efficiently convert un-pretreated Jatropha oil
with high-acid value (13.8 mg KOH/g) to biodiesel. For example, when FeCl; was
added to [1-butyl-3-methyl-imidazolium][CH;SOs], a biodiesel yield of 99.7 % was
achieved at 120 °C [53].

The basic ILs can be designed by introducing a strong basic anion or an organic
basic moiety. The principle was used widely to synthesize ILs for the transester-
ification of lipids with methanol and ethanol. Most recently, three novel dicationic
basic ILs were prepared for synthesis of biodiesel from soybean oil. Among them,
1,2-bis(3-methylimidazolium-1-yl)ethylene imidazolide showed the highest bio-
diesel yield of 99.6 %. When the acidity of soybean oil was 0.49 mg KOH/g, the
yield of biodiesel was 99.6 %. However, when it was 1 mg KOH/g, the yield of
biodiesel dropped to 82.5 %. Thus, basic ILs had limited capacity to use high
acidity feedstock for biodiesel production [54].

It is well recognized that organic bases (e.g. 1,8-Diazabicyclo[5.4.0Jundec-7-ene
(DBU), guanidine) are important catalysts for the transesterification of lipid with
alcohols [27, 55-57]. As both organic bases and alcohols are important components
in the reaction, a novel phase-switching homogeneous catalysis was devised for
clean production of biodiesel and glycerol (Scheme 7.3). It was found that the
FAMEs can be decanted from the system and the yields were up to 95.2 % [27].
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Scheme 7.2 Typical acidic and basic ILs for biodiesel synthesis

The produced glycerol was extracted from FAMEs completely by the “switchable
solvents”, and recovered with high purity after recycling DBU by another
extraction process. This system has been tested for integrated production of
biodiesel from cell mass of the oleaginous yeast Rhodosporidium toruloides Y4.
While intracellular lipid was successfully extracted, only about 21.9 % of the lipid
was converted into FAMEs. Nonetheless, such systems offered significant

advantages.
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7.2.3 Biodiesel Production by Biochemical Catalysis

The recovery of glycerol and the removal of inorganic salts remain cost in-efficient
in traditional biodiesel production process catalyzed by acid or base catalysts
[58]. Biocatalytic processes by lipases, especially immobilized biocatalysts, offer
a promising route to improve the greenness of biodiesel production, as these
processes can be done with high activity and selectivity under mild reaction
conditions [59]. However, the traditional use of immobilized lipases also has
several disadvantages, because lipids and methanol constitute a two-phase system
which severely impedes mass transfer and enzyme catalysis. Some ILs with good
enzyme compatibility were also good solvents for biocatalytic conversion [60,
61]. The design and application of lipase-compatible ILs have been investigated
[62—71]. The main task of the introduction of ILs into these areas was to balance
enzymatic compatibility and miscibility of ILs with lipids and methanol, thus to
facilitate catalyst recycling and reuse, and product separation and purification.
For example, lipases from Candida Antarctica and Pseudomonas cepacia have
been successfully immobilized in different ILs. The methanolysis of lipids was
performed at room temperature, and product separation was realized by simple
decantation, resulting in a facile reuse of the ILs/enzyme catalytic system. However,
it was also found that many hydrophobic ILs have poor capability in dissolving lipids,
while hydrophilic ILs tended to cause enzyme inactivation [62, 72]. A new type of
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ether-functionalized ILs carrying anions of acetate or formate was prepared. These
ILs dissolved oils at 50 °C, at which temperature lipases maintained high catalytic
activities even in the presence of high concentrations of methanol (up to 50 % v/v).
High conversions of miglyol oil were observed in mixtures of ILs and methanol
(70/30, v/v) when the reaction was catalyzed by a variety of lipases and different
enzyme preparations (free and immobilized). The preliminary study on the transester-
ification of soybean oil in ILs/methanol mixtures further confirmed the potential of
using oil-dissolving and lipase-stabilizing ILs in biodiesel production [69].

Homogeneous systems involving ILs have also been known for biocatalytic
production of biodiesel [65]. Three hydrophobic ILs capable of dissolving
triolein-methanol mixtures were devised. These hydrophobic ILs were based on
cations attached with long chain alkyl groups. The [C;gmim][NTf,] was able to
dissolve vegetable oil to form a monophasic system and provided an excellent
microenvironment for catalysis. It has also been shown that polystyrene
divinylbenzene porous matrix covalently attached with 1-decyl-2-methyimi-
dazolium cation could be used as carrier to immobilize C. antarctica lipase
B. The immobilized lipase was applied for methanolysis of triolein in both ferz-
butanol and supercritical (sc) CO, as reaction media. It was found that the use of
modified supports with low ionic-liquid loading led to the highest yields (up to
95 %) and operational stability (85 % biodiesel yield after 45 cycles) in scCO, at
45 °C, 18 MPa. The presence of tert-butanol as an inert co-solvent in the scCO,
phase at the same concentration as triolein was key to avoid poisoning the biocat-
alyst through the blockage of its active sites by the polar byproduct (glycerol)
[65]. Additionally, the anion also played an important role on the efficiency, which
was improved by increasing its hydrophobicity (i.e., [NTf;] > [PFg] > [BF4] >
[C1]). More hydrophobic microenvironment provided by NTf, on the surface could
facilitate a more efficient enzyme conformation as well as a higher accessibility of
the substrate to the enzyme active site, leading to an increase in the observed
activity. A large alkyl chain in the cation resulted in a clear improvement of the
efficiency for the biotransformation in monophasic liquid systems [73]. Many other
progresses are summarized in Table 7.5.

7.2.4 Biodiesel Purification

The purification of biodiesel is an essential process towards the production of high
quality fuel. The main task of which is to remove glycerol and residual catalyst.
Glycerol has low solubility in FAMEs and can be separated by settling or
centrifugation. The presence of residual glycerides can cause deposition of bio-
diesel in internal combustion engine injectors (carbon residue) [78]. In addition,
residual glycerol can initiate settling problems in the engine and, on the long term,
affect human or animal health by the emission of hazardous acrolein into the
environment. The presence of catalysts in biodiesel can form deposits (carbon
residue) in fuel injection system, poison the emission control system, and weaken
the engine [79].
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As glycerol and methanol are highly soluble in water, water washing was widely
used to remove excess contaminations (e.g. glycerol, alcohols, residual metal salts,
soaps, fatty acids). However, the presence of water brings many disadvantages,
including increased costs and production time, and generation of waste water
[80]. Traditionally, several other methods have been used to remove glycerol
from biodiesel, such as adsorption over silica, membrane reactors, and the addition
of lime and phosphoric acid. Yet, technical problems remain for biodiesel produc-
tion at an industrial scale [81]. To develop better process for byproduct removal,
some classes of deep eutectic solvents based on mixtures of quaternary ammonium
salts and compounds with hydrogen bond-donating group, have been applied in
biodiesel production from rapeseed and soybean oil [82]. Deep eutectic solvents are
inexpensive, non-toxic, and environmentally benign. While pure quaternary ammo-
nium salts alone were inefficient, the quaternary ammonium salt—glycerol mixture
solvents were successful for extraction of glycerol from biodiesel production
mixtures, and a glycerol/salt molar ratio of 1:1 was found most effective. Of
those salts studied, choline chloride, CIEtNMe;Cl and EtNH;Cl showed high
efficiency for glycerol removal.

Deep eutectic solvents have also been used to extract glycerol from palm
oil-based biodiesel production in order to meet the EN 14214, and ASTM D6751
standards. The extraction process involved different compositions of a quaternary
ammonium salt to glycerol as the solvent, and a ratio of 1:1 was found most
efficient. Moreover, the ratio of biodiesel to deep eutectic solvent was more
important than the ratio of quaternary ammonium salt to glycerol. The used solvent
can be recovered by crystallization [83].

Deep eutectic solvents based on methyl triphenyl phosphonium bromide and
different hydrogen bond donors (e.g. glycerol, ethylene glycol, and triethylene
glycol) were employed to remove glycerol from palm-oil-based biodiesel [84]. It
was found that the solvents including ethylene glycol or triethylene glycol were
successful in removing free glycerol to below the ASTM standards. These sol-
vents were able to reduce the content of monoacylglycerides (MGs) and
diacylglycerides (DGs), but DGs were removed more effectively than MGs.
Choline chloride and methyltriphenylphosphonium bromide based deep eutectic
solvents could also be used to remove residual KOH efficiently from palm
oil-based biodiesel [85].

7.3 Bioalcohols Separation

Bioethanol and biobutanol are two important energy additives and chemicals, while
most of them are produced so far by fermentation using sugars as carbon source.
Separation of these alcohols from their fermentation broth requires up to 6 % of the
energetic value of the compounds themselves [86]. Conventionally, alcohols and
water were separated by distillation or membrane technology, but these technolo-
gies are energetically costly, or are not mature for large scale application. The
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tenability of miscibility and solubility of ILs to water, and other organic compounds
offers significant advantages for separation of alcohols from water [87].

In an early study [88], ILs were tested for extraction of BuOH from aqueous
solutions. It was found that BuOH distribution coefficient in 1-Butyl-3-methylimi-
dazolium hexafluorophosphate ([BMIM][PF¢])-water system was 0.85, which was
very close to the predicted value. 1-octyl-3-methylimidazolium hexafluoro-
phosphate ([OMIM][PF¢]) had increased molecular dimensions of the alkylimi-
dazolium cation gave lower mutual solubility of the ionic liquid and water, resulting
in higher extractive selectivity for BuOH. Pervaporative BuOH recovery from
1 wt% aqueous solution and [OMIM][PF¢] was investigated using commercial
polydimethylsiloxane membrane MEM-100. Although the viscosity of [OMIM]
[PF¢]-water—-BuOH solution was about 100 fold higher than the viscosity of the
BuOH-water mixture, the flux rate through the membrane was only 0.6 fold lower
at higher selectivity. BuOH-water ratio in the permeation was close to that in ionic
liquid feed, suggesting that the membrane did not improve the separation. Distilla-
tion is thought to be more economical for BuOH recovery from ILs [89].

It was demonstrated that the solubility of water in the hydrophobic IL 1-alkyl-3-
methylimidazolium hexafluorophosphates could be significantly increased in the
presence of ethanol as a so-solute. It was found that 1-hexyl-3-methylimidazolium
hexafluorophosphate and 1-octyl-3-methylimidazolium hexafluorophosphate are
completely miscible with ethanol, and immiscible with water, whereas 1-butyl-3-
methylimidazolium hexafluorophosphate is totally miscible with aqueous ethanol
only between 0.5 and 0.9 mole fraction ethanol at 25 °C. At higher and lower mole
fraction of ethanol, the aqueous and IL components were only partially miscible
and a biphasic system was obtained upon mixing equal volumes of the IL and
aqueous ethanol. These observations indicated that ILs may be exploited as an
extraction solvent for bioethanol recovery from fermentation broth.

As the hexafluorophosphate anion are partially hydrolyzed in the presence of
water and thus generating corrosive HF [90], following up research in this area was
moved to ILs with anions bis(trifluoromethylsulfonyl)imide and tetracyanoborate.
These ILs are more stable in water and are more hydrophobic than those of
hexafluorophosphate anion based ILs. Studies have led to the development of
ternary diagrams, separation coefficients of 1-hexyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide/ethanol/water, and 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide/1-butanol/water. It was found that 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide can be used successfully to
separate 1-butanol from water. Although it can also be used for ethanol separation,
the solvent/feed ratio has to be unreasonably high [91, 92].

The tetracyanoborate-based ILs, 1-hexyl-3-methylimidazolium tetracya-
noborate, 1-decyl-3-methylimidazolium tetracyanoborate, and trihexyltetradecyl-
phosphonium tetracyanoborate, have also been studied. A complete miscibility in
the binary liquid systems of 1-butanol with these ILs was observed. The presence of
imidazolium cation gave lower selectivity and distribution ratio than those with
phosphonium cation. The ILs with the longer alkyl chains at the cation showed
higher selectivity and distribution ratio. Regarding to performance of the
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imidazolium based ILs, the choice of anion was shown to have a large impact on
the upper critical solution temperatures of the system. The relative alcohol affinity
for the different anions was (CN), N > CF;SO; > (CF350,), N > BF, > PF¢
[93, 94].

Liquid-liquid extraction of 1-butanol from water employing nonfluorinated
task-specific ILs (TSILs) has also been described recently [95]. Tetraocty-
lammonium 2-methyl-1-naphthoate [TOAMNaph] was identified as the best IL
which had butanol distribution coefficient of 21 and selectivity of 274. These
data were substantially better than those of the benchmark solvent oleyl alcohol,
which had butanol distribution coefficient of 3.4 and selectivity of 192. The
conceptual design study showed that butanol extraction with [TOAMNaph]
requires 5.65 MJ/kg BuOH, which is 73 % less than that by conventional
distillation.

To establish a more economic separation technology, studies were carried out to
get in depth understanding of the vapor—liquid equilibrium of ethanol-water—ILs
[96], 1-butanol-water—ILs, and high pressure CO,-induced phase changes [97]. The
results suggested that ILs were capable of breaking the binary azeotrope
ethanol-water, opening a new possibility as entrainer for this system, while the
1-hexyl-3-methyl imidazolium chloride moved the azeotrope composition to a
smaller fraction of ethanol. In addition, hexane assisted ILs extraction of ethanol
[98], and phosphonium and ammonium ionic liquid-based supported liquid mem-
branes have also been investigated [99].

7.4 Ionic Liquids for Bio-Oil Production and Upgrading

Bio-oil is a renewable liquid fuel, having negligible contents of sulfur, nitrogen, and
ash, and is widely recognized as one of the most promising renewable fuels that
may one day replace fossil fuels. Fast pyrolysis of biomass technologies for the
production of bio-oil have been developed extensively in recent years, which is
usually carried out by the rapid (in a few seconds) raising of temperature to around
450-550 °C under atmospheric pressure and anaerobic conditions. The bio-oils are
of high oxygen content of high viscosity, thermal instability, corrosiveness, and
chemical complexity. These characteristics limit the applications of bio-oils, pre-
cluding it from being used directly as a liquid fuel [100, 101]. Therefore, bio-oils
need to be upgraded to improve its fuel properties. In order to develop a mild
pyrolysis process with higher selectivity to favored compounds, the ILs-based
technology was also introduced into this area. Several reports have demonstrated
that ILs could be used as solvents or catalysts for this purpose. For example,
Sheldrake et al. reported that dicationic molten salts were used as solvents for the
controlled pyrolysis of cellulose to anhydrosugars [102]. It was demonstrated that
the use of serials of dicationic ionic liquids for the pyrolysis of cellulose gave
levoglucosenone as the dominant anhydrosugar product at 180 °C. An acidic
dicationic IL were prepared and used as the catalyst to upgrade bio-oil through
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the esterification reaction of organic acids and ethanol at room temperature [103].
It was found that no coke and deactivation of the catalyst were observed. The yield
of upgraded oil reached 49 %, and its properties were significantly improved with
higher heating value of 24.6 MJ/kg, an increase of pH value to 5.1, and a decrease of
moisture content to 8.2 wt%. The data showed that organic acids could be success-
fully converted into esters and that the dicationic IL can facilitate the esterification
to upgrade bio-oil. It is also found that microware irradiation could promote the
pyrolysis of rice straw and sawdust with 1-butyl-3-methylimidazolium chloride and
1-butyl-3-methylimidazolium tetrafluoroborate ILs as catalysts, and the bio-oil
yield from rice straw reached 38 % and that from sawdust reached 34 % [104].
However, due to the high cost of ILs, and thermo stability during the pyrolysis, the
use of ILs for the pyrolysis of biomass will not be the right direction.

7.5 Conclusion and Prospects

Biodiesel and bioalcohols are major biofuels that will offer many advantages over
traditional fossil fuels and chemicals. In consideration of the unique properties of
ILs and the key issues of biodiesel production from lipids, and bioalcohols separa-
tion from fermentation process, ILs including functionalized acidic and basic ILs,
switchable ILs and deep eutectic solvents have been used for more efficient
production of biodiesel and bioalcohols. Although satisfactory results have been
achieved in terms of lipids extraction, catalytic conversion of lipids and fatty acids,
biodiesel purification, and bioalcohols separation, major challenges remain in this
area in terms of lowering the costs, improving recyclability and environmental
compatibility of ILs. In the future, the effect of possible residual ILs on the quality
of biofuel products and downstream application need to be addressed. Bearing all of
this in mind, new switchable ionic liquid systems may have great potential in
application because of their unique properties, such as easy preparation and good
recyclability. It is expected that ILs will be applied in a wider and more integrated
way for biofuel production from various raw materials.
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Chapter 8
Catalytic Transformation of Biomass
in Ionic Liquids

Blair J. Cox and John G. Ekerdt

Abstract This chapter focuses on a number of developing technologies based on
catalytic transformations of biomass in ionic liquids. As an introduction, an overview of
biomass and ionic liquids is given. The chapter continues with a description of catalysis
of monosaccharides and polysaccharides in ionic liquids, covering saccharification,
depolymerization, isomerization, dehydration into 5-hydroxymethylfurfural, and fur-
ther processing. The derivatization of mono- and polysaccharides is also discussed.
Because fermentation of biomass is an important technology that is widely used
and continuing to grow, a section is devoted to the use of ionic liquids in pretreatment
of biomass for saccharification and fermentation into ethanol. Extraction and depoly-
merization of lignin model compounds and the whole lignin polymer in ionic liquids
are discussed both for pretreatment and use of lignin fragments as a source of fuel and
chemicals. A discussion of deoxygenation and hydrogenation of lignin fragments is
also given, followed by a concluding section outlining the advantages, challenges, and
prospects for catalytic processing of biomass in ionic liquids.
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8.1 Introduction

Biomass is already the single largest source of renewable energy in the United
States and has great potential for further utilization as a renewable resource
[1]. Globally, the potential for sustainable biomass derived energy is 100 EJ/a,
which is 30 % of the 2003 global energy consumption [2]. The majority of biomass
falls into the category of lignocellulosic biomass, so named because it is composed
of three biopolymers: cellulose, hemicellulose and lignin. Agricultural lands in the
United States can produce nearly 1 billion dry tons of biomass annually while still
meeting food, feed, and export demands, while US forest resources can produce an
additional 368 million dry tons [1]. Other forms of biomass, such as corn starch
(840 million tons in 2010 worldwide [3] and 216 million tons corn annually in the
US [4]), or simple sugars such as glucose, fructose, or sucrose may also prove to be
important resources.

The utilization of biomass as a source of fuels and chemicals has increased in
recent years. Production of ethanol from biomass has seen rapid growth with the US
and Brazil leading the world in bio-ethanol production. Corn based ethanol pro-
duction in the US has reached 13.9 million gal while Brazil produces 5.6 million gal
of ethanol from the fermentation of sugar cane annually [5]. In the US, the Energy
Independence and Security Act of 2007 mandated production and blending of
ethanol as a biofuel, which has led to the large scale production of corn based
ethanol [6]. Based on the availability of resources, other substrates for fermentation
can be used as is the case with sugar cane in Brazil [7]. Cellulose is looked to as the
next generation of substrates for ethanol production using feed stocks such as
switch grass, sugarcane bagasse, or corn stover as a cellulose source [8]. In order
for the cellulose to ethanol conversion to work, biomass sources must be pretreated
to make the structural carbohydrates accessible to saccharification in preparation
for conventional fermentation into ethanol [9]. The pretreatment step has been the
subject of considerable research. Steam explosion, ammonia treatment, dilute acid
treatment, milling, and even treatment with ionic liquids have been explored as
methods for preparing biomass for saccharification [10-14].

While fermentation into ethanol is one option for converting biomass into fuel,
other catalytic processes have been investigated and developed for the utilization of
biomass. Using algae as a means of production for both bio-oil and carbohydrates
has been looked to as a next generation source of biomass products due the algae’s
high energy yield per cultivation area and ability to thrive in a wide range of
locations [15]. Conversion of biomass into bio-oil has received considerable atten-
tion. Both fast pyrolysis and syn-gas processes hold considerable potential for
biofuel production [16, 17]. Catalyst development and application of petro-
chemical technology is also an important subject in the field of biofuels
[18]. Even the less technologically advanced method of burning biomass provides
a significant source of energy. Residue from processing of biomass into food or
consumer products and biomass harvested specifically for fuel are a significant
source of energy and have a high sustainable potential that has not yet been realized
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[2]. Further discussion of the current state of the utilization of biomass for the
production of ethanol, bio-oil, commodity chemicals, and other products is covered
in a number of articles [2, 15, 17, 19, 20].

One of the challenges in utilizing biomass in chemical processing for fuels or
other products is that, in most cases, the biomass is insoluble in commonly used
solvents. Tonic liquids (ILs) are a class of compounds that are composed completely
of anions and cations and melt at temperatures below 100 °C. Recently, it has been
found that some ILs are effective for dissolution of many kinds of biomass. Some
can even completely dissolve lignocellulose up to 25 % by weight without chemical
modification of the biomass occurring [21]. Based on this discovery, the research on
the catalytic transformation of biomass in ionic liquids has increased markedly in
recent years. The hope of this research is that the unique solvent properties of ionic
liquids coupled with the potential of biomass as a renewable resource will lead to
advances in the next generation of fuel and chemical production.

8.1.1 Biomass

The most common biomass source, lignocellulose, is the principal component of
plant matter and is the largest renewable resource available [1]. Lignocellulose is
composed primarily of three biopolymers: cellulose, hemicellulose, and lignin.
Cellulose, which is the most abundant biopolymer in lignocellulosic biomass, is
composed of glucose monomers linked together through 1-4 glycosidic linkages.
As shown in Fig. 8.1, these chains of glucose hydrogen bond with the hydroxyl
groups of neighboring cellulose molecules, providing a stable, crystalline structure
to cellulose fibers in cell walls [23]. Because cellulose is the single most abundant
renewable resource available, there has been significant work in its utilization
across a wide range of applications. Cellulose can be somewhat difficult to break
into its component glucose units and there are a number of methods, such as
enzymatic or acid catalyzed hydrolysis, that will convert cellulose into monosac-
charides or short carbohydrate chains [24, 25].

Hemicellulose, which, like cellulose, is a polymer composed of monosaccha-
rides, makes up 20-30 % of plant biomass. Unlike cellulose, however, hemicellu-
lose is a branched carbohydrate that can be made up of multiple monosaccharides,
bonded through a number of different glycosidic linkages. The structure of hemi-
cellulose is composed of a polysaccharide backbone made from glucose, xylose, or
mannose units connected through p—(1-3) or f—(1-4) glycosidic bonds. From these
backbones, there are side chains of glucose, glucuronic acid, 4-O-methyl-
glucuronic acid, mannose, xylose, arabinose, or galactose [26]. The composition
of the hemicellulose is dependent on the plant species that produced it [26,
27]. Compared to cellulose, hemicellulose is significantly easier to hydrolyze into
small carbohydrate chains and monosaccharides. Currently, there are a number of
methods for hemicellulose extraction and degradation, including steam explosion,
dilute acid treatment, and ammonia explosion [9].
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Fig. 8.1 Intra- and intermolecular hydrogen bonds in cellulose (Adapted with permission from
[22]. Copyright 2009 American Chemical Society)

Lignin is the third kind of structural biopolymer, which composes 15-30 %
lignocellulosic biomass by weight [28]. In the structure of the cell wall, lignin fills
the space between cellulose/hemicellulose fibers. Unlike cellulose and hemicellu-
lose, lignin is not made from carbohydrates but from phenylpropane units that are
linked through enzymatic radical polymerization [29]. The monomers that plants
employ to create lignin are cinnaminyl alcohol, sinapyl alcohol, and p-coumaryl
alcohol. These monomers are bonded together through a number of different
linkages that form a complex, amorphous structure. The most common of these
bonds are the f—0—4, 5-5, -5, p—1, and a—O—4 linkages (Fig. 8.2), which represent
45-50, 18-25, 9-12, 7-10, and 6-8 % of the linkages in softwood lignin, respec-
tively [30]. Lignin is a major inhibitor of biological degradation of lignocellulose,
as there are only a few species in nature that can effectively metabolize it [31,
32]. While lignin benefits living plants, it presents a significant challenge to the
successful utilization of biomass in the production of fuels or other chemicals.

Currently, lignin is processed through a number of different techniques. The
pulp and paper industry generally uses a process called kraft pulping, in which a
strong bases and sulfur compounds depolymerize and extract lignin from wood pulp
[30, 33]. Other methods, such as acid pulping, organosolve pulping, and high
temperature ethanol/water have been used to degrade lignin have also been
employed on an industrial scale [34—-38]. In other cases, lignin depolymerization,
along with disruption of cellulose crystallinity, has been used for biomass
pretreatment for further processing [9, 14].

Other sources of biomass can be used as substrates. Starches and simple sugars
are currently used in the production of fuel ethanol. These carbohydrates can be
sourced from corn, sugar cane, beets, or as a product from the depolymerization of
longer chain polysaccharides [20, 39]. Algae have also received significant atten-
tion as a source of renewable energy feed stocks [15]. In research on catalysis of
biomass, simple sugars are often used as a model or substitute for more complicated
carbohydrates and biomass in general. Other sources of biomass may be similar to
common lignocellulose, but have unique characteristics that warrant special



8 Catalytic Transformation of Biomass in Ionic Liquids 199

¥ ~.
B
o o
o 4
(¢}
O\ O\
p-0-4 0-0-4 5-5
4
o N 0 o B B
5
o B /0 O\
o (e) ’ ‘ o
3 \ /O O\
~
B-s 4-0-5 p-p

Fig. 8.2 Common linkages in softwood lignin (Adapted with permission from [30]. Copyright
2004 Elsevier)

attention. Rice hulls, for example, are coated in a layer of silica that makes effective
catalytic conversion difficult [40].

8.1.2 Ionic Liquids

Ionic liquids were reported as early as 1914 when ethylammonium nitrate was
shown to melt at 12 °C [41]. In recent years the study of these compounds has
experienced a resurgence. An ionic liquid is defined as a chemical compound that
exists as an organic anion and a cation and has a melting point below 100 °C. There
are many different kinds of ILs, and many more are being developed (Fig. 8.3). The
most common forms are based on dialkylimidazolium, tetraalkylammonium,
alkylpyridinium, or tetraalkylphosphonium cations coupled with an inorganic
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Fig. 8.3 Common IL anions and cations

anion [42]. Due to their ionic character, ILs have essentially no vapor pressure.
While it has been reported that some ILs can be distilled under the right conditions
[43], in general, the vapor pressure is low enough to be neglected. Because ILs are
composed of discrete anions and cations, the solvent properties, such as viscosity,
melting point, and miscibility with other solvents can be tuned through the right
combination and design of each ion. The ability to design ILs to specific substrates,
chemistries, and situations is important, because ILs are increasingly being looked
to as a medium for applications, including biomass processing [44].

Additionally, most ILs display good stability under a wide range of chemical,
thermal, and electrochemical conditions. Some ILs have reported thermal stability
of over 300 °C, although the stability is highly dependent on the identity of the IL’s
constituent ions [45]. There has been research to show that the long term thermal
stability of some ILs is significantly less than that indicated by standard thermogra-
vimetric analysis techniques [46]. This may be important in the development of
biomass processing techniques in ILs, because one of the main advantages of ILs is
the potential for the essentially complete recycling of solvents. ILs are also gener-
ally assumed to have good chemical stability. In many cases, strongly acidic,
reducing, or oxidizing agents can be used without degradation of the ILs [47, 48].
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There are, however, some exceptions to this rule [49]. Dialkylimidazolium based
ILs have a mildly acidic hydrogen that undergoes hydrogen exchange in aqueous
media and can even deprotonate to form a reactive carbene under basic conditions
[49, 50]. Some ILs, such as halide, acetate, or formate based ILs, can form volatile
acids (such as hydrochloric, acetic, or formic acid) [43, 51]. Additionally, some ILs
can be designed to be reactive with the addition of acidic moieties or metal centers
[47, 52, 53]. ILs have also been looked to as media for novel electrochemistry, as
some of them have a wide window of electrochemical stability [54].

ILs have found a place in a number of catalytic reactions. In many cases, the
solvent properties of ILs increase reaction rate and selectivity [55-57]. Addition-
ally, post reaction separations are often made easier due to immiscibility of
products with the IL phase, such as in the case of esterification in acid ILs [58,
59]. ILs also give the ability to distill volatile products and reuse the IL [60]. The
coordination of ILs to metal centers has also been shown to increase the activity and
recyclability of some metal catalysts [48, 52]. While ILs are often designed around
specific solvent properties, some ILs are designed to work as a combined solvent
and catalyst. A common method for this is to attach an acid group to the end of an
alkyl chain on the cation, which has been used to depolymerize cellulose and to
catalyze esterification reactions [53, 61, 62].

Recently, some ILs have been shown to be able to either partially or completely
dissolve cellulose, lignin, or lignocellulosic biomass. Imidazolium-based ILs seem
to be especially well suited for this application. The most common solvents that are
used to dissolve biomass are alkylimidazolium chlorides, acetates, and formates,
although others have been investigated and used in biomass chemistry [21, 63,
64]. This property of ILs has been exploited in the production of novel materials,
such as cellulosic aerogels and films in addition to being used as a solvent for
catalysis of lignocellulose [65-67].

The property of these ILs that enables them to effectively dissolve biomass is their
ability to function as a hydrogen bond acceptor while only having a limited ability to
act as a hydrogen bond donor. In general, it is the ability of the anion to form
hydrogen bonds with the hydroxyl groups of the cellulose, disrupting the hydrogen
bond crosslinking of the polysaccharide, that makes these ILs effective at solubilizing
biomass [22, 68] (Fig. 8.4). Dissolution of glucose in 1,3-dimethylimidazolium
chloride was studied through computer modeling to analyze the IL/saccharide
interactions further. This work demonstrated the almost exclusive coordination of
the chloride anion to saccharides with only minimal contributions from hydrogen
bonding and van der Waal forces from the imidazolium cation [69]. The dissolution
process first swells the cellulose and, in the case of lignocellulose, extracts the lignin
[70]. Some ILs have even been specifically designed to dissolve carbohydrates
without denaturing enzymes to allow for homogenous enzymatic catalysis of biomass
[71]. Work has been done to investigate ILs using solvatochromic dyes to probe the
hydrogen bonding acidity and basicity, the polarity, and dispersion forces in various
ILs [72]. These properties are part of what makes ILs an attractive solvent for the
processing of biomass.
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Fig. 8.4 Proposed dissolution mechanism of cellulose in 1-butyl-3-methylimidazolium chloride
(BMIMCI) (Adapted with permission from [22]. Copyright 2009 American Chemical Society)

8.2 Catalysis of Carbohydrate

8.2.1 Pretreatment of Biomass

The production of ethanol through fermentation is already a common process for
the utilization of biomass resources [39]. While simple sugars and starches can be
easily used in this process, feed stocks of cellulose and hemicellulose would
provide a source of sugars that would not compete with food and could be produced
in otherwise unused land area. The conversion of these polysaccharides into simple
sugars adds a significant challenge compared to the use of corn or sugarcane feed
stocks [20]. In order for cellulosic biomass to be used in ethanol production, the
feedstock must be pretreated and saccharified to provide a substrate suitable to the
ethanol producing yeast. Pretreatment is a key step in a number of catalytic biomass
processes [9], so while the pretreatment step itself may not be catalytic, it is
important to an understanding of processing of biomass in ILs.

Because the structure of biomass, especially the presence of lignin, inhibits
the saccharification of structural carbohydrates, pretreatment is needed to open up
the structure of plant matter (Fig. 8.5). While a number of methods, such as steam
explosion, dilute acid treatment, ammonia explosion, and milling have been
explored, the unique solvent properties of ILs have garnered significant attention
as a pretreatment option [9, 73]. What makes ILs promising for the catalytic
treatment of biomass, namely their ability to make homogeneous solutions
of lignocellulose, is also what make ILs a good medium for pretreatment.
Because much of the recalcitrance of biomass to saccharification comes from
the structure of the cell wall and the presence of lignin, when the structure is
disrupted through dissolution in ILs, the carbohydrates are made available for
enzymatic attack [70].

The general procedure for IL pretreatment of biomass is to dissolve or swell the
biomass with an IL solvent. After treatment at a given temperature for a given
time, an antisolvent, such as water, ethanol, or an acetone/water mixture, is added
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Fig. 8.5 Schematic of the role of pretreatment in the conversion of biomass to fuel (Adapted with
permission from [73]. Copyright 2009 American Chemical Society)

to precipitate the biomass and wash away the IL (see Fig. 8.6). The biomass is
then dried and saccharified through enzymatic or chemical methods. This process
builds off of the work by Rogers in which lignocellulose was fractionated into a
cellulose and a lignin rich phase through dissolution in 1-ethyl-3-methylimi-
dazolium acetate (EMIMACc). In this work, an acetone/water solution was added
to precipitate the cellulose while keeping the lignin in solution. Evaporation of
the acetone precipitates the lignin after the cellulose had been filtered from the
solution [74].

This method was applied to pretreatment using a variety of ILs by a number of
different researchers. Lynam conducted a study to measure the effect of a few
different ILs on the composition and structure of lignocellulose in which ground
rice hulls pretreated with 1-ethyl-3-methylimidazolium acetate, 1-allyl-3-
methylimidazolium chloride (AMIMCI), or 1-hexyl-3-methylimidazolium chloride
(HMIMCI) and either ethanol or water as antisolvents for cellulose precipitation. In
this study, the EMIMACc was able to completely remove the lignin and significant
amounts of hemicellulose from the rice hulls, while the other ILs removed less
lignin but more hemicellulose [75]. Lee et al. worked with EMIMACc and other ILs
to treat wood flour for enzymatic saccharification. By removing the lignin and
reducing the cellulose crystallinity, the IL treated wood flour was 95 % digestible to
cellulase enzymes from Trichoderma viride [76]. It has been demonstrated that IL
pretreatment works even at a biomass loading well above the solubility limit of the
biomass in the IL [77]. Other ILs, such as 1-ethyl-3-methylimidazolium diethyl
phosphate, alkyloxyalkyl substituted imidazolium acetate, or alkyloxyalkyl
substituted ammonium acetate have also been investigated [78, 79]. The use of
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Fig. 8.6 SEM micrographs
of (a) untreated and (b)
ionic liquid pretreated and
recovered fibers from
switchgrass (Reprinted with
permission from

[70]. Copyright 2009 John
Wiley and Sons)
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ILs as a pretreatment strategy has been compared to a more common method,
namely pretreatment with dilute acid. In this study, it was found that IL pretreated
samples produced a higher yield of monosaccharides and in a shorter time than
samples pretreated with dilute acid [14]. Some studies have employed variations on
dissolution and washing, such as the addition of an ammonia treatment step [80] or
combining the pretreatment and saccharification into one step with aqueous ILs and
enzymes [78, 81, 82].

One of the more difficult challenges facing pretreatment of biomass with ILs or
saccharification in ILs is the separation of the ILs and carbohydrates after the
treatment is completed. Ideally, the products will be insoluble in the IL or be
precipitated with an antisolvent. These options may not be sufficient, such as
when monosaccharides must be extracted from the IL. Brennan and coworkers
developed a liquid-liquid extraction procedure for the removal of sugars from an IL
phase using organic soluble boronic acids that have an affinity for sugars
[83]. Another method relies on the use of kosmotropic, or water-structuring, salts
to induce a biphasic system with water and an IL [84]. This effect has been used to
separate and reuse ILs after pretreatment of biomass [85].
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8.2.2 Hydrolysis of Carbohydrates with Acids

Cellulase enzymes are not the only catalysts that are effective for the saccharifica-
tion of polysaccharides. In a number of reaction schemes for the utilization of
biomass, lignocellulose must be hydrolyzed into monosaccharides. This is impor-
tant not just in fermentation of biomass into ethanol, but also if the saccharides are
to undergo processing directly into commodity chemicals or fuels. Without the use
of ILs, the most common methods to hydrolyze polysaccharides into monosaccha-
rides is through enzymatic hydrolysis or acid catalyzed hydrolysis [19]. This
process can be slow and expensive, in part due to the necessity of heterogeneous
reactions due to the insolubility of cellulose in conventional solvents. The ability of
ILs to solubilize biomass has led to a considerable research effort in the hydrolysis
of cellulose. These studies have focused on a wide range of catalysts, from
conventional acid catalysts, both solid and homogeneous, to novel metal catalysts
and ILs that are designed to be both solvent and catalyst.

Acid hydrolysis of lignocellulose is well understood and has been used to
quantitatively saccharify biomass for decades [24, 86]. The specific reaction occur-
ring in the hydrolysis of cellulose begins with the formation of a conjugate acid
leading to the cleavage of the glycosidic linkage as a water molecule is added and a
H* ion is released [87]. Because many ILs are stable under acidic conditions,
coupling the saccharification ability of acids with the dissolution ability of ILs is
a natural choice. The acidity in any IL can only be as high as the conjugate acid of
the anion of the IL. If HCI is added to an acetate based ILs, for example, acetic acid
will be formed and the acetate anion from the IL will be effectively replaced by a
chloride anion. The pH scale is not an appropriate measure of the acidity of an IL, as
pH is defined in dilute aqueous solutions. For this reason, the Hammett acidity, as
measured by nitroanilines with known pKa values, is used to determine the acidity
in ILs [88, 89].

A number of studies have been conducted in which biomass, acid, and an IL
have been mixed to hydrolyze the polysaccharides into mono- or oligosaccharides.
Proof of this concept was demonstrated by dissolving various cellulose sources,
including spruce wood, in BMIMCI and adding HCl, sulfuric acid, nitric acid, or
phosphoric acid with heat and stirring. With this method, glucose yields as high as
43 9% and total reducing sugars as high as 77 % could be obtained after 9 h
[90]. Sievers et al. were able to depolymerize pure cellulose and the cellulose and
hemicellulose in loblolly pine in 1-butyl-3-methylimidazolium chloride (BMIMCI)
using 0.2 wt% trifluoroacetic acid as a catalyst. In the case of pure cellulose, 97 %
could be transformed into soluble mono- or oligosaccharides after 2 h at 120 °C,
while 62 % of the pine wood could be converted into soluble products (representing
97 % of the carbohydrate content of the wood) [91]. Other experiments have been
done with AMIMCI and added HCI to hydrolyze eucalyptus, pine, and spruce
thermomechanical pulps. Higher HCI loadings and longer reaction times resulted
in higher degrees of hydrolysis and yielded products consistent with lignin
depolymerization [92].
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A study by Li et al. demonstrated the hydrolysis of corn stalk, rice straw, pine
wood, and sugarcane bagasse using combinations of the ILs 1-butyl-3-methylimi-
dazolium bromide (BMIMBr), AMIMCI, 1-hexyl-3-methylimidazolium chloride
(CeMIMCI), 1-butyl-3-methylimidazolium hydrogensulfate (BMIMHSO,), and
1-(4-sulfobutyl)-3-methylimidazolium hydrogensulfate (SBMIMHSO,) with HCI,
sulfuric acid, nitric acid, phosphoric acid, and maleic acid. BMIMCI coupled with
HCI was found to be the most effective system. Interestingly, sulfuric acid was less
effective than HCI, possibly due to interaction between the sulfuric acid and lignin
[93]. While this study successfully hydrolyzed cellulose in ILs as other researchers
had demonstrated, it also worked with the naturally acidic ILs BMIMHSO, and
SBMIMHSO,. Other groups have worked with acidic ILs as catalysts in a number
of situations [53, 58, 61]. Amarasekara et al. also utilized this novel acidic IL to
depolymerize cellulose and found that 1-(1-propylsulfonic)-3-methylimidazolium
chloride and 1-(1-butylsulfonic)-3-methylimidazolium chloride could dissolve cel-
Iulose up to a loading of 20 g per 100 g of IL at room temperature. The cellulose
could then be hydrolyzed with the addition of water and mild heating (70 °C) to
produce up to 62 % yield of reducing sugars and 14 % yield of glucose [62]. In one
interesting study by Zhang et al., a simple EMIMCl/water system without added
acid was used to hydrolyze cellulose at temperatures between 90 and 140 °C with a
total reducing sugar yield of up to 97 %. This study of EMIMCIl/water systems also
demonstrated the ability of “neutral” ILs such dialkyl- and trialkylimidazolium
chlorides to lower the pH of an aqueous solution, enhancing cellulose
hydrolysis [94].

Solid acid catalysts have also been successfully employed to hydrolyze the
polysaccharides of biomass. A pair of studies by Rinaldi and coworkers demon-
strates the ability of H-type ion exchange resins and zeolites to catalyze the
depolymerization of cellulose. This process showed continuously decreasing
degree of polymerization of cellulose along with a continuously increasing
yield of reducing sugars, reaching 13 % reducing sugar yield after 5 h using
Amberlyst 15 to depolymerize cellulose [95]. Further study examined the mech-
anisms of Amberlist 15dry as an acid catalyst and determined the effects of
catalyst concentration, substrate concentration, temperature, and impurities have
on the reaction. Additionally, they found that the catalyst releases H" ions into
solution, which subsequently catalyze cellulose depolymerization instead of acting
as a true heterogeneous catalyst [96]. Zhang and Zhao also studied H-form zeolites
and H-type ion exchange resins in ILs as a method for depolymerizing cellulose but
with the addition of microwave irradiation to effect the reaction. The combination of
high surface area H-form zeolites and microwave irradiation produced a much
quicker reaction, yielding 37 % glucose after only 8 min [97], as compared to the
13 % reducing sugar yield obtained by Rinaldi et al. after 5 h. In other work, silica
was modified with tethered sulfonic acid functionalized ionic liquids and subse-
quently used to hydrolyze cellulose in BMIMCI [98]. When using solid catalysts,
especially ion exchange resins, with ILs, it is important to note that ion exchange
between the catalyst and IL will most likely occur. This makes the catalysis homo-
geneous and alters the composition of the IL.
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8.2.3 Hydrolysis of Carbohydrates with Metal Catalysts

Recently, Su et al. demonstrated the ability to use paired metal chlorides for the
depolymerization of cellulose into monosaccharides and other products. In this
work, CuCl,, CrCl,, CrCls, PdCl,, and FeCl; were initially tested as catalysts, but
none were effective on their own. It was then discovered that by pairing CuCl, and
PdCl,, high yields of monosaccharides could be obtained. The total yield of
products (including glucose, cellobiose, 5-hydroxymethylfurfural, and other)
from this reaction system was found to be as high as 70 % with glucose yields up
to roughly 45 %. This yield is much higher and occurs much faster than when using
sulfuric acid under the same conditions [99].

8.2.4 5-Hydroxymethylfurfural and Other Products

5-Hydroxymethylfurfural (HMF) can be produced from poly- and monohexoses
and is a valuable platform chemical that can be used to make polymers, fuels,
and commodity chemicals (Fig. 8.7). HMF is the product of the dehydration of
6-carbon sugars such as fructose, glucose, and mannose. Because ketoses are
furanoses when in their cyclic form, they are much easier to convert into HMF
than aldoses. Polymers of six carbon sugars can also be used to produce HMF. The
following procedure is generally used in the conventional production of HMF:
(1) hydrolyze polyhexoses into monomers, (2) isomerize aldoses into ketoses, and
(3) use an acid catalyst to dehydrate ketoses into HMF [100]. Once HMF is
produced, it can be processed into fuels, resins, solvents, alkanes, fuel additives,
or polymers as a replacement for petroleum resources. The utility of HMF as a
renewable biomass based platform chemical has led to significant research in the
production of HMF in ILs, although the technology has still not matured into an
industrial process [101, 102].

Acid catalyzed dehydration of a ketose, such as fructose, is the easiest method
for production of HMF. This method has been implemented successfully using ILs
as solvents. Lansalot-Matras and Moreau demonstrated up to 80 % yield of HMF
from fructose in the ionic liquids 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBEF,) and 1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPFy)
with added DMSO to solubilize fructose. The advantage of the IL was demonstrated
in a reaction without an added catalyst. An HMF yield of 36 % was obtained after
32 h in a DMSO/IL solution while only trace amounts of HMF were detected in
pure DMSO after 44 h [103]. Later, the same research group demonstrated the use
of the acidic IL 1-H-3-methylimidazolium chloride as a combination solvent and
catalyst by producing 92 % yield of HMF from fructose and nearly quantitative
amounts of HMF and glucose from sucrose. It was also noted in this article that
there was no observed degradation of the HMF after the conclusion of the reaction
[104]. Qi and coworkers tested sulfuric acid, HCI, phosphoric acid, acetic acid,
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Fig. 8.7 The synthesis of HMF from carbohydrates and its further derivatization to important
chemicals (Adapted with permission from [100]. Copyright 2011 American Chemical Society.
Adapted with permission from [101]. Copyright 2011 John Wiley and Sons)

CuCl,, PdCl,, Dowex resin, and Amberlyst 15 as catalysts for production of HMF
from fructose in BMIMCI. The Amberlyst catalyst was the best of the catalysts,
producing an 83.3 % yield of HMF after only 10 min [105]. Others have taken the
idea of acid catalyzed dehydration of fructose in ILs and worked to make it more
environmentally friendly by using ILs made from renewable materials. Hu
et al. tested a number of ILs and found that choline chloride coupled with citric
acid was the most effective system for the fructose to HMF conversion, achieving
over 90 % yield [106]. Acid catalyzed dehydration was tested on a number of
different 6-carbon sugars by Sievers et al. through the use of added sulfuric acid in
BMIMCI. Since glucose and mannose can both be isomerized into fructose, both
sugars should be viable feed stocks for HMF production. As has been demonstrated
previously, fructose gave high yields of HMF (>90 %). Glucose only produced up
to 12 % HMF yield while only very small amounts of HMF were detected when
mannose was used as a substrate. Additionally, xylose, a 5-carbon sugar, was shown
to undergo an analogous reaction to form furfural with up to a 13 % yield [107].
Recently, it was discovered that some metal chlorides can catalyze the conversion
of aldoses such as glucose and mannose into HMF in ILs. Zhao et al. demonstrated the
conversion of glucose to HMF using CrCl, in 1-ethyl-3-methylimidazolium chloride
with a yield of almost 70 %. Both CrCl, and CrCl; were found to be effective in
this system, although CrCl, demonstrated the highest catalytic activity [108]. This



8 Catalytic Transformation of Biomass in Ionic Liquids 209

discovery has led to many studies investigating metal chloride promoted production of
HMF in ILs. Pidko et al. performed work using a combination of experimental
techniques and computational modeling to show that CrCl, and CrCl; effect the
dehydration of glucose into HMF through ring opening and hydrogen shift catalyzed
by CrCly ions in solution [109, 110]. Binder et al. worked to elucidate the mechanism
further through the use of glucose, mannose, galactose, lactose, tagatose, psicose
and sorbose along with isotopic labeling. In this study, it was demonstrated that the
chromium catalyst causes a 1,2-hydride shift which leads to a furanose that can
be dehydrated [111]. In these studies, the efficacy of the CrCl,/IL system could be
enhanced through the use of microwave irradiation and by supporting the CrCl;.
The addition of microwave irradiation instead of simple heating in an oil bath allowed
HMF to be recovered with up to a 40.2 % yield after only 2.5 min while convention-
ally heated reactions obtained 32.5 % yield after 32 min [112]. In addition to CrCl,
and CrCls, it has been shown that SnCl, can catalyze the dehydration of sugars, inulin,
and starch into HMF in EMIMBE,. In this system, and HMF yield of between 40 and
65 % could be obtained, depending on the substrate [113].

While production of HMF from monosaccharides is a useful technology, by
producing HMF directly from lignocellulose, the saccharification step of biomass
processing would be removed. Su et al. demonstrated the use of coupled metal
chlorides to produce HMF from cellulose in a single step. By using CuCl, and
CrCl, in EMIMCI, cellulose could be converted to HMF with a yield of 55.4 % that
stayed constant over several recycles of the IL/catalyst system. Additionally, the
metal chlorides were shown to work in a synergistic manner, with almost no HMF
production with either metal chloride on its own [114]. Binder and Raines demon-
strated a similar system in which CrCl, or CrCl; in a solution of N,
N-dimethylformamide (DMA) with LiCl and the IL. EMIMCI. With this system,
fructose, glucose, cellulose and lignocellulose from corn stover and pine wood
could all be converted into HMF. The yields were dependent on conditions and
substrate, although even the lignocellulose produced up to a 48 % yield [115]. In a
study by Zhang et al. that was previously mentioned in the section on cellulose
hydrolysis, the EMIMCl/water mixtures that could be used to hydrolyze cellulose
were also demonstrated to be effective at HMF production when a CrCl, catalyst
was added [94]. By incorporating the use of microwave irradiation with the CrCl;/
IL system, glucose and cellulose could be converted to HMF with 90 and 60 %
yields, respectively [116]. Expanding the use of microwave treatments, lignocellu-
lose from corn stover, rice straw and pine wood could be converted to HMF and
furfural with yields of 45-52 and 23-31 %, respectively, with CrCl; in BMIMCI in
3 min or less [117].

8.2.5 Pyrolysis and Deoxygenate Production in ILs

There has been some research into deoxygenation and pyrolysis of carbohydrates in
ILs. Generally, the thermal stability of ILs precludes their use under the conditions
needed for deoxygenation catalysts and pyrolysis. In some cases, however, ILs have
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been shown to support these reactions. Sheldrake et al. demonstrated the use of
dicationic ILs as a medium for pyrolysis of cellulose to dehydration products of
glucose. The ILs used were composed of two imidazolium rings connected with a
4-, 6-, or 9-carbon alkyl chain. Generally, pyrolysis occurs at temperatures above
300 °C, but the use of these dicationic ILs allowed the production of
levoglucosenone, 1-(2-furanyl)-2-hydroxyethanone, and HMF along with trace
amounts of levoglucosan at 180 °C. Only 5.5 % combined yield was obtained for
these products. Monocationic imidazolium ILs and dicationic pyridinium ILs were
not thermally stable at this temperature and no products, other than IL decompo-
sition products were detected [60].

Chidambaram and coworkers demonstrated the production of HMF and subse-
quent deoxygenation into 2,5-dimethylfuran in EMIMCI. While a number of acids
were tested as catalysts, it was found that heteropoly acids gave a better combina-
tion of conversion and selectivity than any of the simple acids tested (such as
sulfuric, fluoroacidic, nitric, HCL, and phosphoric). The best of the heteropoly acids,
H3;PMo,,0,4¢ (12-MPA), produced a 71 % conversion of glucose and a 89 % HMF
selectivity. To investigate the next step of processing HMF in ILs, metal catalysts
were used to deoxygenate the HMF into 2,4-dimethylfurfural in the IL. Palladium,
platinum, ruthenium, and rhodium catalysts supported by carbon were added to
IL/HMF solutions at 120 °C under 62 bar of H,. The most effective of these
catalysts was Pd/C which gave 19 % conversion and 51 % selectivity. When a
small amount of acetonitrile was added to prevent the formation of humins, a
conversion of 47 % with 36 % selectivity was obtained [118]. Other work has
been done on the hydrodeoxygenation of lignin specifically and will be discussed
later in this chapter.

8.2.6 Derivatization of Biomass in ILs

Biopolymers are an important area of research as a replacement for petroleum
derived products. In the US, 331 million barrels, or 4.6 % of the total US petroleum
consumption, were used to make polymers in 2006 (329 million as feedstock,
2 million for energy) [119]. By displacing the need for petroleum, production of
biopolymers could lessen global oil demand. While cellulose, starches, and other
naturally occurring biopolymers can be difficult to work with due to their chemical
and physical properties, chemical modification of these naturally occurring poly-
mers allows for a wide range of properties to be achieved [120]. See Table 8.1 for
representative examples. Additionally, modification of biopolymers can be used to
aid in analytical methods by making otherwise insoluble polymers such as cellulose
soluble in a wide range of solvents [130]. Smaller molecules of interest can also be
manufactured through the chemical modification of monosaccharides. In many
cases, it is even possible to couple the use of ILs and enzymes to effect a
biocatalytic change while maintaining the advantages of an IL system
[131]. Because ILs have the ability to solubilize unmodified biomass, they are
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Table 8.1 Biomass modification reactions in ionic liquids

Name Reaction References
Trans- o o [121-124]
esterification Lipase R
Cellulose——OH + R\ N 1
°© Ry Cellulose——O
Acetylation o o o [125, 126]
Cellulose—OH + )k )k — )X\
(0] Cellulose—0O
Acylation o o] [127, 128]
Cellulose——OH + a —> )\\R
Cellulose——O
R
Carbanilation [125, 128]
"N
Cellulose—OH + N ’~ 0,
o]
> >—NH
Cellulose— O

[129]

Succination o 0
0,
Cellulose\ OH
Cellulose——OH + o —>» 0o
o

well suited to the task of chemical modification of lignocellulose for a wide variety
of applications. ILs are particularly well suited to chemical modification of carbo-
hydrates because, generally, the sugars or biopolymers are more hydrophilic while
the reactants for derivatization are more hydrophobic. The ILs are often able to
solubilize both reactants and, in the case of smaller molecules, the amphiphilic
product. Research into modification of biomass in ILs is also important because
there is significant work focusing on using enzymes in IL based systems, which
could lead to other enzymatic processing of biomass in ILs.

The modification of monosaccharides with laurates is a common method for the
production of surfactants. Glucose modification with vinyl laurates in ILs has been
studied by Lee et al. using 1-butyl-3-methylimidazolium trifluoromethanesulfonate
(BMIMTfO) and 1-butyl-3-methylimidazolium  bis(trifluorosulfonyl)imide
(BMIMTT1,N). Using lipase enzymes, Lee and coworkers demonstrated that a
super saturated solution of glucose in a mixture of BMIMTfO and BMIMTT,N,
along with ultrasound treatment produces a better conversion and yield in less time
than subsaturation solutions in a pure IL without the ultrasound [121-123]. This
reaction, producing sugar esters with lipase enzymes, has been demonstrated in
other ILs, such as BMIMBF, and BMIMPFg [124].

Modification of larger saccharide chains requires ILs that are better suited to
biomass solvation. Unfortunately, the ILs that solvate cellulose and lignocellulose
are also destructive to enzymes [132]. Consequently, most of the research in the
modification of cellulose and lignocellulose uses non-enzymatic catalysts or no
catalysts at all. Success has been seen in acetylation, carbanilation, sulfation,
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succinilation (Table 8.1), and benzoylation of cellulose chains in imidazolium
based chlorides and bromides along with choline chloride ILs [125-129]. There
has been work in combining the enzymes and ILs that will dissolve biomass. Zhao
and coworkers developed ILs with Me(EtO),— substituted imidazolium and
alkylammonium (where n = 2-7) cations coupled with an acetate anion that are
both effective for solubilizing cellulose and as a solvent for lipase catalyzed
esterification. These ILs can dissolve cellulose up to 10 wt%, and support enzy-
matic esterification with methylmethacrylate with yield up to 66 % [71].

8.3 Catalysis of Lignin Conversion

While catalysis of lignin conversion in ILs has not received the same attention as
cellulose and monosaccharides, there is growing interest in the application of ILs to
the catalysis of lignin conversion. The main goal of much of the research relating to
lignin in ILs have been for the purpose of pretreatment [76, 80, 85, 133]. Sun
et al. demonstrated the ability to fractionate wood into cellulose rich and lignin rich
samples using EMIMACc and acetone/water as an antisolvent for cellulose followed
by evaporation of acetone to precipitate the lignin [74]. Other groups then used this
discovery as a stepping stone to pretreatment of biomass. While some use ILs as a
path towards delignification for pretreatment [76], others have shown that a loss of
cellulose crystallinity is also a source of IL pretreatment efficacy [14, 77, 79]. The
other work in catalysis of lignin conversion has covered thermal and chemical
depolymerization and hydrodeoxygenation. As lignin is a complex, amorphous
polymer, most studies on the catalysis of lignin conversion work with lignin
model compounds as a way to test a process while keeping analytical complications
to a minimum.

One of the simplest treatments of lignin in ILs is to simply dissolve lignin and
heat the IL/lignin mixture for a period of time. Kubo et al. performed a series of
experiments with the lignin model compound guaiacylglycerol-p-guaiacyl ether
(GG) mixed with BMIMCIl, EMIMAc, or AMIMCI at 120 °C. This model
compound simulates the p—O—4 ether linkage, which is the most common struc-
ture in lignin. The main product of this reaction was 3-(4-hydroxy-
3methoxyphenyl)-2-(2-methoxyphenoxy)2-propenol, which is an enol ether
(EE). EE is the dehydration product of GG, and an analogous process has been
implicated as an intermediate in the depolymerization of lignin under both acidic
and alkaline conditions [134]. This intermediate has been detected in other studies
involving lignin model compounds.

The cleavage of the B—O—4 ether linkage is a possible pathway both to general
delignification of biomass and to the utilization of lignin as a feedstock for fuel and
chemical production [135, 136]. A number of methods have been explored to sever
this bond. In one study, N-bases were used in 1-butyl-2,3-dimethylimidazolium
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chloride (BDMIMCI). It was demonstrated that the base 1,3,5-triazabicyclo[4.4.0]
dec-5-ene (TBD) was effective at cleaving the p—O—4 ether linkage in GG with a
yield of up to 23 %. As in the study by Kubo et al., EE was observed as an
intermediate. Other N-bases, including 7-methyl-1,3,5-triazabicyclo[4.4.0]dec-5-
ene (MTBD), did not show the same activity as TBD, indicating a unique func-
tionality for TBD. It was suggested that TBD could act as a combination base and
nucleophile to break down lignin using the same mechanism as kraft pulping,
although the process was not shown to be catalytic [137]. The trialkylimidazolium
IL was utilized in this study as opposed to the more common dialkylimidazolium
ILs because the hydrogen at the 2 position on the dialkylimidazolium ring can be
extracted under basic conditions to form a reactive carbene [49]. Another method,
using metal chlorides as catalysts, was demonstrated to be effective at the hydro-
lysis of both phenolic and non-phenolic lignin model compounds. In this study, GG
and veratrylglycerol-B-guaiacyl ether (VG) were used to model the f—O—4 ether
linkage in lignin. FeClz, CuCl,, and AlICl; were shown to be effective at catalyzing
the hydrolysis of the ether linkage with AICl; showing the highest yield of 80 % for
GG and 75 % for VG. The metal chlorides most likely acted as acid catalysts to
break the bond through the same mechanism of other acid promoted systems [138].

The task-specific acidic IL HMIMCI has been shown to catalytically hydrolyze
the ether bonds in both GG and VG up to a 71.5 % yield. The mechanism for this
hydrolysis starts with dehydration into an enol ether structure, which is then
susceptible to acidic attack of the f—O—4 ether linkages. This process, as shown
in Fig. 8.8, occurs both in the individual model compounds and dimers of the model
compound that form under reaction conditions [139]. This method was extended to
a number of other acidic ILs. ILs composed of 1-H-methylimidazolium cations and
chloride, bromide, hydrogensulfate, and tetrafluoroborate anions, along with
BMIMHSO, were used to hydrolyze the p-O—4 ether linkage in GG and
VG. HMIMCI was found to be the most effective of these ILs. The Hammett acidity
of each of these ILs was measured using UV-vis measurements to determine
protonation of 3-nitroanaline added to the ILs, but the acidity of the IL did not
correlate with the yield of hydrolysis products. The efficacy of acid catalyzed
hydrolysis in these ILs was determined by the ability of the anion to hydrogen
bond with the hydroxyl groups on the lignin model compounds [88]. Further study
demonstrated the ability of HMIMCI to depolymerize lignin through acid catalyzed
hydrolysis of the p—O—4 ether linkage. The lignin used was extracted from oak
wood using EMIMACc. Treated lignin was demonstrated to be reduced in size from
the untreated lignin and the disappearance of the ether structures was observed
through NMR and IR spectroscopy [136].

Other transformations of lignin have been demonstrated in ILs as well. Binder
et al. performed work with many catalysts in EMIMCI and 1-ethyl-3-methylimi-
dazolium triflate (EMIMOTSf). While a number of catalysts were able to
dealkylate the lignin model compound eugenol, these catalysts failed to produce
monomeric products from organosolv lignin [140]. Further use of metals for
catalysis of lignin in ILs was demonstrated by Jiang and Ragauskas. This study
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pounds (Adapted with permission from [138]. Copyright 2010 John Wiley and Sons)

dealt with the use of vanadyl acetylacetonate in BMIMPF, along with Cu(II) or
Cu(I) co-catalysts to selectively oxidize aromatic alcohols into carbonyl or
carboxylic acid groups. While most of this work focused on a wide variety of
alcohols, 3,4-dimethoxybenzyl alcohol and 1-(3,4-dimethoxyphenyl)ethanol
were specifically noted as being model compounds for lignin [141]. Other work
has been performed with metal catalysts in ILs for the purpose of deoxygenation of
lignin model compounds. In a study by Yan and coworkers, cyclohexanol was
dehydrated into cyclohexene with Brgnsted acidic ILs. Then, by combining the
acidic ILs with Ru, Rh, or Pt nanoparticles, phenolic lignin model compounds
were hydrogenated and deoxygenated to non-aromatic hexane species [142].
Other work on hydrodeoxygenation of lignin in ILs have been limited because
the temperature at which traditional hydrodeoxygenation catalysts function
exceeds the stability limit of IL, especially of those that have the ability to
solubilize biomass.
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8.4 Current and Future Research

While research in the area of catalysis of biomass in ionic liquids has been the
subject of significant work in recent years, there is still much to do. The potential of
these biomass/IL systems has been proven at the laboratory scale, but the use of ILs
in biomass processing has not reached its potential as an industrially viable tech-
nology yet. One of the main inhibitors of industrial adoption is the cost of ILs.
While increased adoption of IL technology will increase production and thus drive
costs down, improved IL synthesis and processing methods would be beneficial to
any process that relies on ILs.

Separation and recovery of ILs is one of the most important aspects of any
biomass processing scheme due to the high cost of ILs and the potential for
detrimental effects from ILs remaining in later processing steps. Separation of
soluble products such as sugars from ILs and separation of ILs from aqueous
solutions have received some attention, although there is still room for significant
advances in this area [83-85]. Simply evaporating water from ILs is too energy
intensive to be useful in most processes. Until satisfactory separation techniques are
developed for recovery of both ILs and biomass products, the use of ILs will not
gain wider use in the industrial world.

There are some areas that have been the subject of initial investigation that could
use further research. As has been discussed in this chapter, metals and metal salts
have been shown to be effective in a number of different catalytic systems. Since
ILs provide a unique environment for metal complexes [143], there may still be
better catalysts that take advantage of ILs for the catalysis of biomass. Supported
metal catalysts could also use further study in the catalysis of biomass as long as the
catalysts remain truly heterogeneous throughout the reaction processes. Addition-
ally, the use of microwave irradiation to enhance rates and yields of reactions in ILs
has received some attention from a limited number of researchers and could use
further research.

Enzymatic catalysis of biomass in ionic liquids also has room to expand. Some
work has already been done in making lipase-compatible ILs that also dissolve
biomass [71], but more work could be done to expand on this idea. Cellulase-
compatible ILs would allow biomass to be pretreated and saccharified in a one-pot
process without the use of harsh acids or metal catalysts. Cellulase that is tolerant of
ILs is already the subject of some research [144]. Because many ILs tend to inhibit
enzymatic and microbial activity, there is significant room to develop ways to make
ILs and bio-processes compatible.

8.5 Conclusions

ILs present a unique set of challenges as well as a unique set of advantages as
solvents for processing biomass. ILs provide lignocellulose solvation, enhanced
catalyst activity, recyclability and, in some cases simple separations making them a
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promising avenue of research and potential candidate as a technology in the next
generation of biorefineries. In addition to the basic research needed to find the
optimize the IL/catalyst/substrate combination, overcoming the unique challenges
of ILs must be thoroughly investigated [145]. When applying the work done with
compounds such as monosaccharides and lignin model compounds to lignocellu-
lose, care must be taken to select ILs that will work for the process and accommo-
date the realities of a more difficult lignocellulosic substrate. Processes designed
with ILs will need to take these challenges into account, along with possible health
effects and corrosion caused by highly ionic media [146].

Even with the remaining challenges of developing new industrial processes, the
promise of homogenous conversion of biomass into fuels, commodity chemicals,
and polymers is a strong motivator. While ILs have worked their way into some
pilot scale and industrial processes [147], the technology for IL use in biomass
processing on an industrial scale may still be somewhat immature. More research
aimed at optimizing recent discoveries, developing separations and recycling
processes, and discovering new uses for IL/biomass systems has the potential to
make IL systems practicable for industrial biomass processing.
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Chapter 9

Production of Versatile Platform Chemical
S-Hydroxymethylfurfural from Biomass

in Ionic Liquids

Xinhua Qi, Richard L. Smith Jr., and Zhen Fang

Abstract The furan derivative, 5-hydroxymethylfurfural (5-HMF), can replace
many petroleum-derived monomers and intermediates presently used in the man-
ufacture of plastics and fine chemicals. Ionic liquid solvents provide a sustainable
path for 5-HMF production since they can dissolve crude biomass and allow
conversion of polysaccharide fractions to S-HMF with high selectivity. This chapter
presents current progress in the synthesis of 5-HMF with ionic liquid solvents and
considers conversion of saccharide substrates such as fructose, glucose, inulin and
cellulose under catalytic reaction conditions. Challenges for S-HMF production
with ionic liquids are addressed and interesting aspects that still need to be explored
for developing practical systems are highlighted.

Keywords Biomass ¢ Ionic liquid ¢ Cellulose « Hydroxymethylfurfural « Glucose

* Fructose « Catalysis

9.1 Introduction

Biomass represents a possible sustainable resource for production of fuels and
valuable chemicals [1]. However, the overabundance of oxygen within the molec-
ular structures of carbohydrates limit the application of biomass as a feedstock for
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Fig. 9.1 A selection of monomers derived from 5-hydroxymethylfurfural (Reproduced with
permission from [5]. Copyright © 2010 Royal Society of Chemistry)

substitutes of traditional fossil fuels [2]. Removal of water from carbohydrates by
dehydration is one of the main ways for reducing their oxygen content and
obtaining commodity compounds [2]. Among the possible compounds that can be
derived from dehydration of carbohydrates, 5-hydroxymethylfurfural (5-HMF) is a
highly versatile intermediate, since it can be used for furan-based fine chemicals
and polymers [3-5] (see Fig. 9.1). In the past few years, water [6—11], organic
solvents [9, 12—15] and organic-water mixtures [1, 16-18] have been broadly
investigated for the production of 5-HMF from a variety of biomass-derived
carbohydrates such as fructose, glucose, and other di-poly-saccharides (Fig. 9.2).
Water is a good solvent for both monosaccharides and the products and it is
favored as a reaction solvent from its environmental aspects. However, as a reaction
solvent, water leads to the formation of undesired side-products, especially
levulinic, formic acids, and humins result from either polymerization of 5-HMF
or cross-polymerization of 5-HMF and carbohydrates that is attributed to water’s
ionization [20-22]. When water is used as a solvent for conversion of saccharides to
5-HMF, by-product formation leads to 5-HMF yields of below 40 % and the
conditions required are harsh [8, 22-24]. Therefore, it is necessary to prevent
rehydration of 5-HMF in the reaction chemistry so that humin formation can be
suppressed. Suppression of humin formation can be accomplished by carrying out
the reactions in nonaqueous systems. Dimethylsulfoxide (DMSO) was identified
early as an efficient solvent for the preparation of S-HMF from fructose [12, 13, 25],
since the furanoid form of fructose is favored in DMSO [4]. However, DMSO
suffers from difficult product recovery and environmental problems in its use.
Acetone is a good alternative solvent for DMSO due to some similarities in its
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chemical properties, however, it has to be used with water or DMSO as cosolvent
since monosaccharides have only limited solubility in pure acetone [4, 15].

Tonic liquids have favorable properties, such as nonvolatility, high thermal and
chemical stability and adjustable solvent power for organic substances [26]. ILs
have good attributes as solvent for producing S-HMF from carbohydrates since they
can allow reaction under relatively mild conditions and have the possibility of being
used in one-pot reactions with biomass as the feedstock. This chapter provides an
overview on research works that have studied the catalytic transformation of
5-HMF from a variety of carbohydrates in ionic liquids.
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9.2 Catalytic Production of S-HMF from Biomass
in Ionic Liquids

9.2.1 Starting Material

9.2.1.1 Fructose

Fructose is the most common studied substrate for the preparation of 5-HMF in
aqueous solutions, organic solvents, and water-organic solvent mixtures. In an early
work that applied molten salts to the synthesis of 5-HMF from carbohydrates,
fructose was converted to 5S-HMF with a high yield of 70 % in the presence of
pyridinium chloride in 1983 [27]. However, this pioneering work did not stimulate
wide investigations on the 5-HMF production from biomass in melt salt solutions,
until the beginning of the twenty-first century. Biomass conversions in ionic liquids
became a hot topic when Lansalot-Matras and Moreau reported the acid-catalyzed
dehydration of fructose in 1-butyl-3-methylimidazolium tetrafluoroborate
([BMIM][BF,]) and 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]
[PF¢]) with dimethyl sulfoxide (DMSO) as co-solvent in the presence of
Amberlyst® 15 sulfonic ion-exchange resin as catalyst, to obtain a 5-HMF yield
as high as 87 % at 80 °C for 32 h reaction time [28]. It was demonstrated that the
addition of ionic liquids had a positive effect on the fructose dehydration to 5-HMF.
They also studied acid-catalyzed dehydration of fructose in ionic liquid 1-H-3-
methylimidazolium chloride ((HMIM][CI]), which acted both as solvent and cata-
lyst, and demonstrated a 5-HMF yield as high as 92 % [29]. According to the
activation parameters calculated from the Arrhenius plots for formation and decom-
position of 5-HMF, activation energies are found to be similar to those obtained in
reactions catalyzed by zeolite solid catalyst. The authors attribute the high yields
observed for the formation of 5-HMF in ionic liquids as solvent to be due to the
differences in the preexponential factors [28]. Thereafter, many papers on the
selective dehydration of fructose in ionic liquids with various catalysts, have
appeared in the literature. Efficient dehydration of fructose to 5-HMF in ionic
liquids was reported at much lower temperatures than in aqueous, organic solvents,
and water-organic mixture systems [20, 30-34].

Qi et al. reported that 1-butyl-3-methylimidazolium chloride, [BMIM][CI], used
with a sulfonic ion-exchange resin catalyst could efficiently dehydrate fructose into
5-HMF to give a fructose conversion of 98.6 % and a 5-HMF yield of 83.3 % in
10 min reaction time at 80 °C. The reaction time could be reduced to 1 min when the
temperature was increased to 120 °C which resulted in a 5-HMF yield of 82.2 % and
nearly 100 % fructose conversion [20]. Comparison of the [BMIM][CI] and
[BMIM][BF,] systems that has the same sulfonic ion-exchange resin (Amberlyst®
15) as the catalyst, indicates that the higher efficiency and selectivity observed in
the [BMIM][CI] system can be attributed to a higher tendency towards concerted
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catalysis due to the greater hydrogen-bonding character, nucleophilicity or basicity
of the chloride ion.

Shi et al. [35] used trifluoromethanesulfonic acid (TfOH), which is an interesting
catalyst, to promote the conversion of fructose into 5-HMF in imidazolium ionic
liquids. They studied the reaction system for different alkyl chain length ionic
liquids and used various kinds of anions. In that work, yields of 5-HMF were
strongly affected by aggregation of cations and the hydrogen bonds between
fructose and anions of ionic liquids. Imidazolium cationic ILs with alkyl chain
lengths of the cations being shorter than four carbons were found to be suitable for
5-HMF formation. They found that the anion of an IL forms strong hydrogen bonds
with fructose molecules, and thus, the acid radical leads to high reaction activity.
These results not only provide evidence to explain the interaction of the structure at
the molecular level in 5-HMF preparation in ionic liquids, but also provide some
hints on choosing suitable ILs for 5-HMF preparation [35].

Imidazolium-based ILs provide efficient dehydration of fructose into 5-HMF,
however, eutectic mixtures of choline chloride with acids have been identified as a
promising catalytic system for the process. Hu et al. [36] investigated the conver-
sion of fructose to 5-HMF in choline chloride/citric acid at 80 °C, and obtained a
5-HMF yield of 77.8 % without in situ extraction and a yield of 91.4 % when
continuous extraction with ethyl acetate was used for a 1 h reaction time. The main
advantage of this process was not only high 5-HMF yields obtained but also the
chemical system components (fructose, choline chloride and citric acid) used that
all originate from renewable sources. Ilgen et al. studied choline chloride for the
purpose of using highly concentrated mixtures of fructose (up to 50 wt%). The
resulting solutions had a melting region of 79—82 °C, which is much lower than the
melting point of pure choline chloride (300 °C), thus processing the solutions at low
temperatures was possible. The highest 5-HMF yield obtained from the choline
chloride-fructose system was 67 % for which the reaction conditions were p-TsOH
as catalyst, reaction temperature of 100 °C and reaction time of 0.5 h [37]. Further-
more, they made a screening study to compare the environmental impact of the
choline chloride system with different conventional solvents for the conversion of
carbohydrates into 5-HMF, and indicated advantages of the choline chloride sys-
tems in terms of low toxicity and reduced mobility [37]. Liu et al. [38] developed a
cheap and sustainable choline chloride/CO, system for the dehydration of highly
concentrated fructose solutions into 5S-HMF with a yield of up to 72 %. In addition
to the environmental benefits of this strategy, they found that in the presence of
ChCl, 5-HMF is stabilized, probably due to hydrogen bonding that allows forma-
tion of a eutectic mixture between choline chloride and 5-HMF. This aspect allows
fructose can be converted with a high content (up to 100 wt%) as compared to
traditional procedures where 5-HMF is obtained in yields higher than 60 % only
from a fructose concentration lower than 20 wt% [20].
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9.2.1.2 Glucose

Glucose is an isomer of fructose and since it occurs as the monomeric unit in
cellulose, it can be considered to be the most abundant monosaccharide in nature.
Therefore, glucose is more appropriate than fructose as starting material for
5-HMF. Efficient routes for converting glucose to 5S-HMF are an active research
topic. However, glucose has been shown to be difficult to convert to 5S-HMF (yields
<30 %) with solvents such as water [22], organics [39] and organic-water mixtures
[40]. The reason for this is apparently because glucose tends to form a stable
six-membered pyranoside structure that has a low enolization rate [25]. Since
enolisation rate is the rate-determining step for 5S-HMF formation, glucose will
react much slower than fructose. Thus, glucose is more likely to undergo cross-
polymerization with reactive intermediates and 5-HMF, since it can form true
oligosaccharides that contain reactive reducing groups [25]. Because of this limi-
tation in the fundamental chemistry, there were no efficient processes for the
selective dehydration of glucose into 5-HMF, until a major breakthrough came in
2007 when Zhao et al. [41] published a method for transforming glucose into
5-HMF with an ionic liquid solvent (1-ethyl-3-methylimidazolium chloride,
[EMIM][CI]) and CrCl, catalyst. In that work, a 5S-HMF yield of 68 % was obtained
at a temperature of 100 °C for a reaction time of 3 h. In this reaction, CrCl;~ anion
is thought to not only play a key role in proton transfer that facilitates mutarotation
of glucose in [EMIM][CI], but also to play a critical role in the isomerization of
glucose to fructose by a formal hydride transfer. Once fructose is formed, it is
rapidly dehydrated to 5-HMF in the ionic liquid in the presence of the catalyst.
Inspired by this work, a series of papers were reported for the conversion of glucose
to 5-HMF using chromium chloride as catalyst [19, 42—45].

Yong et al. [45] studied the production of 5-HMF from fructose and glucose in
1-butyl-3-methylimidazolium chloride ([BMIM][CI]) using CrCl, as catalyst, and
5-HMF yields of 96 % and 81 %, respectively for reaction conditions at 100 °C for
6 h reaction time achieved. Those authors considered that NHC/CrCl, (NHC=N-
heterocyclic carbene) complexes played the key role in glucose dehydration in
[BMIM][CI]. Additionally, in the CrCl,/EMIM system, a NHC/Cr complex could
be formed under the reaction conditions and therefore serves as a catalyst
[45]. Remarkably, 5S-HMF yields were approximately 14 % higher for the reaction
carried out in air than that conducted in argon. Zhang et al. [46] studied the
production of 5-HMF from glucose catalyzed by hydroxyapatite supported chro-
mium chloride in an ionic liquid (1-butyl-3-methylimidazolium chloride), and a
maximum 5-HMF yield of 40 % was obtained. In the work of Zhao et al., glucose
conversions and 5-HMF yields were lower when CrCl; was used instead of CrCl,
[41]. However, subsequent studies suggested that there are only minor differences
in the catalytic activity of bivalent and trivalent chromium salts [19, 47]. Compared
with the strongly reductive Cr (II), the trivalent form, Cr (III), possesses higher
stability in the environment, and Cr (III) is essential for mammals in removing
glucose from the bloodstream [48]. Binder and Raines [44] made an extensive
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investigation on glucose conversion in dimethylacetamide (DMA) with the addition
of halide salts. Addition of 10 wt% LiCl or LiBr along with CrCl,, CrCl;, or CrBr;
resulted in 5-HMF yields up to 80 %.

A zero-valent Cr(CO)g-based catalyst system was found to be effective for the
conversion of glucose to 5-HMF in ionic liquid [EMIM][CI], even at low catalyst
loadings [49]. Through in-situ, ex-situ, and quantitative poisoning experiments, it
was demonstrated that small, uniform Cr’-nanoparticles, either preformed via
microwave irradiation (3.6-0.7 nm) or generated in-situ via thermolysis
(2.3-0.4 nm) during the reaction, are active species responsible for the observed
catalysis when using Cr(CO)¢ as the precatalyst [49]. In view of some of the
advantages of the Cr(CO)¢-derived nanoparticles catalyst system, including the
relatively low cost and air-stability of the precatalyst as well as its ability to
maintain high efficiency at low catalyst loadings, the results should provide a
new method to develop more effective metal-nanoparticles catalysts for glucose
or related biomass conversion processes.

Two analogous chromium catalysts other than chromium chloride have been
reported to be effective for conversion of glucose to 5-HMF [32]. Han and
co-workers [50] used 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIM]
[BF,4]) with SnCl, as catalyst, and obtained a 5S-HMF yield of ca. 60 % at 100 °C
for 3 h. They screened metal chlorides and ILs, for which only chromium(III),
aluminum(III), and tin(IV) chlorides exhibited activity, and tin(IV) was concluded
to be the most active catalyst. Out of the eight ILs examined, [EMIM][BF,] was
found to be most favorable. Those authors proposed that the formation of a five-
membered-ring chelate complex consisting of Sn and two neighboring hydroxyl
groups in glucose was a probable intermediate in the formation of 5-HMF
(Fig. 9.3). Their "H-NMR measurements showed that chloride in SnCl, was
transferred and interacted with hydrogen atoms, and Sn atoms interacted with
oxygens to promote the formation of a straight-chain glucose required for transfor-
mation to the enol intermediate and formation of 5S-HMF [50]. Stanlberg et al. [51]
examined ionic liquids with lanthanide catalyst, and obtained a 5-HMF yield of
24 %. Lanthanide(III) salts have also been tried for the dehydration of glucose to
5-HMF [51]. The use of the strongest Lewis acid Yt(OTf); resulted in 24 % of
5-HMF yield, and the catalytic effect increased with increasing atom number in the
lanthanide series. Furthermore, the 5S-HMF yield was observed to increase with
increasing the chain length of the alkyl groups on the imidazolium cation, that is,
1-octyl-3-imidazolium chloride ((OMIM][CI]) had a significantly higher yield than
[EMIM][CI]. This phenomenon has not been observed with other catalyst systems
where [EMIM][CI] has been superior or equivalent to other methylimidazolium
chlorides [51].

Although the catalysts such as CrCl,, CrCl;, Cr(CO)g and SnCl, are effective for
the dehydration of glucose into 5-HMF, they are poisonous, difficult to recycle and
have high environmental risk. The use of inherently nonhazardous catalysts and
solvent systems are needed for application in today’s society. Considering that the
dehydration of glucose to 5-HMF involves two steps, namely, isomerization of
glucose into fructose through base catalysis that is followed by dehydration of
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Fig. 9.3 Proposed mechanism for glucose dehydration to 5-HMF catalyzed by SnCl, in [EMIM]
[BF,4] (Reproduced with permission from reference [50]. Copyright © 2009 Royal Society of
Chemistry)

fructose by acid catalysis to give 5-HMF [22], Qi et al. developed a method for
glucose conversion into 5-HMF with ionic liquid-water mixture without using
chromium-analogous catalysts [52]. They found that the addition of an appropriate
amount of water into the ionic liquid has a synergistic effect on the glucose
conversion to 5S-HMF, and promoted the formation of 5-HMF from glucose com-
pared with that in either pure water or in the pure ionic liquid solvent. In the
proposed reaction system, a S-HMF yield of 53 % could be obtained in 50:50 w/w%
1-hexyl-3-methyl imidazolium chloride-water mixture in 10 min reaction time at
200 °C in the presence of ZrO,. It was confirmed that 1,3-dialkylimidazolium ILs
with CI™ and HSO,  anion were effective for 5-HMF formation from glucose in
IL-H,O mixture. The addition of the other protic solvents such as methanol and
ethanol into the ionic liquid had a similar synergistic effect as water and promoted
fructose and 5-HMF formation [52].
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9.2.1.3 Sucrose

Sucrose is a disaccharide consisting of glucose and fructose moiety linked together
by a glycosidic bond, and is easily hydrolyzed into fructose and glucose upon
heating in ILs. Moreau et al. studied the dehydration of sucrose in 1-H-3-methyl
imidazolium chloride ionic liquid, and found that it could be nearly quantitatively
transformed into 5-HMF and unreacted glucose, thus 5-HMF was produced only
from the fructose moiety and the glucose moiety was practically unused in the
system [29]. Hu et al. investigated the conversion of sucrose in [EMIM][BF,] in the
presence of SnCly, and found that both the glucose and fructose moiety could be
converted into 5-HMF (about 65 % yield) and most of the carbon in sucrose was
converted [50].

Dehydration of sucrose (50 wt%) in choline chloride catalyzed by CrCl, and
CrCl; resulted in 5-HMF yields of 62 and 43 %, respectively, in 1 h reaction time at
100 °C [37]. Outstanding results were reported by Lima et al. [53] who reported
5-HMF yield of 100 % when using a methyl iso-butyl ketone (MIBK) as co-solvent
in the reaction system, [BMIM][CI]/MIBK/CrCl; system. These results are surpris-
ing since yields for fructose and glucose alone in the system were only 88 and 79 %,
respectively, under the same reaction conditions [53]. MIBK, however, is an
undesirable additive, due to its volatility and its designation as a priority pollutant.

9.2.1.4 Cellulose

Inedible lignocellulosic biomass is a prime candidate as a starting material for
5-HMF production because it presumably would not compete directly with food
sources. The development of efficient routes for converting lignocellulose biomass
into 5-HMF is essential for achieving sustainable production of 5-HMF. Many
research works focus on the transformation of cellulose, since it is the constituent of
biomass that can be used to make 5-HMF. However, cellulose is insoluble in many
conventional solvents [54-56]. The main advantage of using ionic liquids as
reaction media for biomass conversion is the possibility of ionic liquids to dissolve
carbohydrate polymers and subsequently form products in one-pot reactions. The
conversion of cellulose to 5-HMF can be thought to involve three chemical
processes: hydrolysis, isomerisation and dehydration. Although hydrolysis of cel-
lulose in ionic liquids in the presence of mineral acids has been studied in detail [57,
58], the efficient conversion of cellulose into 5S-HMF with high yield has not been
realized until CrCl, was found to be active for dehydration of glucose into 5S-HMF
[41]. Su et al. [59] presented a single-step process for cellulose conversion into
5-HMF by using an ionic liquid solvent system with a pair metal chlorides
(CuCl,—CrCly) catalyst, and obtained a 5-HMF yield of 55 % under relatively
mild conditions of 120 °C in 8 h reaction time. After the product S-HMF was
separated from the solvent, the catalytic performance of recovered [EMIM][CI] and
the catalysts were used in repeated experiments. Under these conditions, cellulose
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depolymerizes at a rate that is about one order of magnitude higher than when using
a homogeneous acid catalysis. Single metal chlorides at the same total loading
showed considerably less activity under similar conditions [59]. Binder et al. [44]
studied the conversion of cellulose, corn stover, and pine dust in DMA-LiCl-
EMIM][CI] mixture using chromium(II) or chromium(IIl) chlorides as catalysts
and hydrochloric acid as a co-catalyst. The mixed system converted cellulose into
5-HMF with a yield of 54 %. When [EMIM][CI] was used as solvent and
CrCl,—HCI as the catalytic system, results were about the same. These examples
show the presence of a catalyst is essential for the reaction system and a 5-HMF
yield of only 4 % could be obtained in the absence of the catalyst. For lignocellu-
losic feedstocks, S-HMF yields varied from 16 to 47 %. A 5-HMF yield of 16 % was
obtained for corn stover substrate regardless of whether it was subjected to
pretreatment of ammonia fiber expansion. Lignin and proteins did not seem to
affect the results.

Li et al. [47] studied the conversion of cellulose and raw lignocellulosic biomass
with microwave irradiation using CrCl; as a catalyst in [BMIM][CI] solvent.
Initially the investigation was conducted on transformation of cellulose to 5-HMF
using cellulose of various degrees of polymerization (Avicel, Spruce, Sigamcell,
R-cellulose). The 5-HMF yields varied from 53 to 62 % for all substrates. The
authors proposed that the coordination of cellulose with [CrCl; + n]"™ species is
responsible for the partial weakening of the 1,4-glucosidic bonds, thus making
cellulose more susceptible to attack by water in the hydrolysis step. The authors
observed that the use of microwave heating has significant effect in reducing the
reaction time, this was also observed by Qi et al., who examined the conversion of
cellulose into 5-HMF in [BMIM][CI] under microwave irradiation, and a 5-HMF
yield of 54 % in 10 min reaction time at 150 °C was obtained [19].

A reaction system that could convert microcrystalline cellulose into 5-HMF
under mild conditions was reported by Zhang et al. [60] They designed a green
process for the conversion of cellulose into water-soluble reducing carbohydrates
with a total yield as high as 97 % in the absence of added acid catalysts with the
main point of originality of the process being added water to the ionic liquid-
cellulose system. The formed carbohydrates could be transformed into 5-HMF in
89 % yield when CrCl, was added. Such a high 5-HMF yield of nearly 90 % means
that not only glucose, but also other water-soluble reducing sugars were converted
to product. The total reducing sugars and 5-HMF yields depend not only on reaction
temperature and time but also on the amount of added water. By using ab initio
calculations, the authors demonstrated that the favorable results obtained in a
catalyst system was probably due to the dissociation constant (K,,) of water that
increased with the addition of purified ILs. The increased K, of water by ILs makes
the IL-water mixture exhibits higher concentrations of both [H"] and [OH ] than
pure water, thus enabling acid- or base-catalyzed reactions to occur. For example,
water in the presence of 15 mol% of the [EMIM][CI] at 120 °C exhibits K, values
up to three orders of magnitude higher than those of pure water under ambient
conditions [60]. This intrinsic property of the IL-water mixtures can not only be
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used in biomass processing and conversion, but also in organic catalysis, electro-
chemistry, or other relative research fields.

Due to the inherent environmental risk of chromium, finding of chromium-free
processes for conversion of cellulose into 5-HMF is of great significance for
biomass utilization. The transformation of cellulose into 5-HMF involves three
chemical processes, that is, hydrolysis of cellulose to glucose catalyzed by acid
catalyst, isomerization of glucose into fructose by base catalyst, and dehydration of
fructose into 5-HMF [22, 24]. Peng and co-workers synthesized acid-base
bifunctionalized mesoporous silica nanoparticles with large pore sizes of around
30 nm (LPMSNS) for cooperative catalysis of one-pot cellulose to 5S-HMF conver-
sion [61]. They used a grafting method to functionalize LPMSN with an acid
(SO3H) or/and a base (NH,) group in order to prepare SOsH, NH,, and both
SO3;H and NH, functionalized LPMSN (denoted as LPMSN-SOs;H, LPMSN-
NH,, and LPMSN-both, respectively). Results show that LPMSN-SO;H and
LPMSN-NH, could increase the yield of 5-HMF converted from the reactions
that need acid and base catalysts, respectively. The LPMSN-SO;H catalysts were
found to promote for one-pot conversion of cellulose to 5-HMF and gave enhanced
5-HMF yields.

9.2.1.5 Inulin

Inulin, which is also called fructan, is a carbohydrate consisting of fructose units
that vary in the degree of polymerization (DP) from 2 to 60, or higher. The fructosyl
units in inulin are linked by f(2 — 1) linkages with the polymer chains terminating
with a glucose unit [62]. Inulin is indigestible. The production of 5-HMF from
inulin in ionic liquids has not been studied as extensively as cellulose, since inulin is
not so abundant in nature. However, the carbohydrate provides a different feedstock
that might give insight into mechanism of its transformation into 5-HMF. The
hydrolysis of inulin to fructose followed by the dehydration of fructose to produce
5-HMF is a possible two-step reaction pathway. Because both reaction steps are
catalyzed by acid catalysts, it is interesting to consider the production of 5-HMF
from inulin as a one pot reaction, since this would avoid the separation of the
fructose in the intermediate step.

Hu et al. [63] developed a process for the direct conversion of inulin to 5-HMF in
choline chloride (ChoCl)/oxalic acid and ChoCl/citric acid deep eutectic solvents
(DES), for which a 5-HMF yield of 56 % was obtained at relatively low temper-
atures (80 °C). When a biphasic system with IL and ethyl acetate was used for the
in-situ extraction of 5-HMF, the 5-HMF yield was enhanced to 64 %, since the
product 5-HMF is soluble in ethyl acetate, while the reactant inulin and fructose are
insoluble in the DES, and ethyl acetate is only slightly soluble in the DES, which is
favorable for the reaction in the biphasic system [63]. Although SnCly/[EMIM]
[BF,] system is efficient for glucose dehydration, there is no advantage in using the
system for inulin conversion to 5-HMF since only moderate 5S-HMF yields of 40 %
are obtained [50].
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Fig. 9.4 Proposed process for conversion of inulin to 5S-HMF with recycle of mixed ionic liquids.
The 1-pot, 2-step reaction is enclosed in the dashed box (Reproduced with permission from
[64]. Copyright © 2010 Royal Society of Chemistry)

Qi et al. [64] used the characteristics of two kinds of ionic liquids to develop an
efficient process for the direct conversion of inulin to 5-HMF in one pot with two
reaction steps under mild conditions. In the first step, the ionic liquid 1-butyl-3-
methyl imidazolium hydrogen sulfate ((BMIM][HSO,4]) was employed as both
solvent and catalyst for the rapid hydrolysis of inulin into fructose with 84 %
yield in 5 min reaction time at 80 °C. In the second step, 1-butyl-3-methyl
imidazolium chloride ([BMIM][CI]) and a strong acidic cation exchange resin
were added to the mixture to selectively convert the generated fructose into
5-HMF, achieving a 5-HMF yield of 82 % in 65 min, which is the highest
5-HMF yield reported to date for an inulin feedstock. These authors proposed a
conceptual process that the ionic liquid, resin, catalyst, ethyl acetate, and the
supplied chemicals are internally recycled and represent an efficient method for
producing 5-HMF from inulin (Fig. 9.4).

Xie et al. [65] studied the catalytic conversion of inulin into 5-HMF in ionic
liquids by lignosulfonic acid catalyst, and found that that consecutive hydrolysis of
inulin was very fast, with a maximum yield of 47.0 % achieved in only 5 min, and
the yield could be maintained even with prolonging the reaction time to 90 min. The
effect of water addition was examined and it was demonstrated that the addition of
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H,0 does not affect the reaction, with comparative yields obtained since the
dehydration of one molecule of fructose produces three molecules of H,O, which
is sufficient for the previous hydrolysis of inulin into fructose, therefore, additional
water does not seem to be necessary for this reaction system. Bennoit et al. [66]
tried to partially substitute ionic liquids with glycerol or glycerol carbonate as
cheap, safe and renewable sourced co-solvents for the acid-dehydration of inulin
to 5-HMF. They found that a system that used [BMIM][CI]/glycerol carbonate in a
10:90 ratio as solvent and a wet Amberlyst 70 acidic resin as catalyst resulted in a
5-HMF yield of 60 % at 110 °C. A major part of the ionic liquid was substituted
with glycerol carbonate which allows the cost and environmental impact of the
process to be potentially be lower than methods that petroleum derived co-solvents.

Although ionic liquids have been investigated as solvent for the synthesis of
5-HMF, they still have some shortcomings such as price and toxicity that hamper
their industrial applications. Liu et al. [38] developed an interesting choline chlo-
ride (ChCl)/CO, system, where the addition of CO, could decrease the pH of the
system through formation of carbonic acid and played as an efficient catalyst for the
hydrolysis of inulin and the dehydration of fructose into 5-HMF. The inulin
conversion with or without water addition in ChCl/CO, system was studied. The
yield of 5-HMF was rather disappointing (12 %) in the absence of water (120 °C,
4 mPa CO,, 90 min). The authors attributed the low 5-HMF yield to the low content
of water at the initial stage of the reaction that does not favor the hydrolysis of
inulin to fructose. Hence, water was initially added (16 wt%), and the yield of
5-HMF improved to 38 % when the reaction time was prolonged to 6 h. The 5S-HMF
was recovered with 41 % yield after 15 h of reaction, demonstrating the stability of
5-HMF in ChCl as compared to other solvents. This process has many advantages:
(1) it is not necessary to remove the trace amounts of catalyst contained in 5-HMF
after extraction; (2) the use of cheap and safe CO, as a source of acid catalyst;
(3) the low ecological risk of the ChCl/CO, system that is renewable; and (4) the
system is still efficient at high loadings of fructose (up to 100 wt%).

9.2.2 Catalyst

Although Ranoux et al. reported that the synthesis of 5-HMF from carbohydrates is
autocatalytic that does not require any additional catalyst [67], the proper use of
catalyst not only promotes the reaction rate, but also can improve product selectiv-
ity. Catalysts play a crucial role in the conversion of carbohydrates into 5-HMF.
The production of 5-HMF from carbohydrates in ionic liquids has been broadly
studied in the presence of a variety of catalysts such as mineral and organic acids
[36, 44, 68-70], acidic ionic liquids [29, 30, 71-73], transition metal ions [41,
43-45, 50, 51, 53, 74-79] or solid acid catalysts such as ion-exchange resins [20,
28, 34, 80], molecular sieves [31], zeolite [81], or carbonaceous materials [65, 82,
83], as summarized in Table 9.1.
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Fig. 9.5 Typical SEM images of carbon materials obtained by hydrothermal treatment of cellu-
lose: (a) product with H,SO,4 post-treatment, carbonaceous sulfonated solid (CSS); (b) product
with KOH and H,SO, post-treatment, activated carbonaceous sulfonated solid (a-CSS)
(Reproduced with permission from [82]. Copyright © 2012 Wiley-VCH Verlag GmbH &
Co. KGaA)

The dehydration of fructose into 5-HMF is an acid-promoted reaction so that
homogeneous acid catalysts might be thought of as being efficient for the process.
However, homogenous acids have serious practical problems related to product
separation, solvent recycle and equipment corrosion. Therefore, solid acid catalysts
are better candidates for 5-HMF preparation from fructose than homogeneous
catalysts. Qi et al. proposed an efficient process for the 5S-HMF production from
fructose in [BMIM][CI] ionic liquid by using a sulfonic ion-exchange resin as
catalyst. These types of catalysts are limited to temperatures below 130 °C due to
the thermal stability of the resin [20]. To overcome the temperature limitations of
the polymeric resins, Qi et al. [82] synthesized a novel carbonaceous solid catalysts
with —SOs;H, -COOH, and phenolic —OH groups by incomplete carbonization of
cellulose followed by either sulfonation with H,SO, to give carbonaceous
sulfonated solid (CSS) material or by both chemical activation with KOH and
sulfonation to give activated carbonaceous sulfonated solid (a-CSS) material
(Fig. 9.5). The catalysts were shown to be effective for the catalytic conversion
of fructose into 5-HMF, and a 5-HMF yield of 83 % could be obtained in [BMIM]
[CI] with CSS catalyst at 80 °C for 10 min. Catalyst @-CSS exhibited a somewhat
lower activity than that of CSS, even though a-CSS had a much larger surface area
than that of CSS (0.5 VS. 514 m?/g). The authors ascribed the lower activity of the
a-CSS catalyst compared with that of the CSS catalyst to the lower concentration of
—SO3H groups of the a-CSS catalyst (0.172 vs. 0.953 mmol/g).

Many Lewis acids such as metal chlorides have been used for the transformation
of 5-HMF from carbohydrates in ionic liquids. The most frequently used Lewis acid
catalyst, chromium (II or III) chloride, has been extensively employed for the
production of 5-HMF from different carbohydrates such as fructose, glucose,
sucrose, cellobiose, and cellulose [41, 45, 47, 53, 87, 91]. However, there are
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other metal salts that have been used for efficient conversion of sugars into 5S-HMF
in ionic liquids. Zhang et al. [77] established a new catalytic system based on
germanium(IV) chloride (GeCly) for the conversion of carbohydrate into 5S-HMF in
[BMIM][CI], and this system exhibited excellent catalytic activity for fructose and
moderate activity for other carbohydrates such as glucose, cellobiose, sucrose, and
cellulose, in terms of 5S-HMF yield. Chan et al. [84] developed an efficient tungsten
salt catalytic system for the conversion of fructose into S-HMF with a yield of 63 %
at low temperatures (RT to 50 °C) in [BMIM][CI] ionic liquid. When the
THF-[BMIM][CI] biphasic system was applied as a continuous reaction process,
a 5-HMF yield of above 80 % was obtained, indicating that the system could be
suitable for the large-scale synthesis of 5S-HMF from fructose.

Liu et al. [38] reported some exciting results for fructose dehydrated to 5S-HMF
that was achieved with a ChCl/CO, system. Yields of up to 72 % could be obtained
with the environmental strategy and 5-HMF was found to be highly stable in the
presence of ChCl, presumably through the formation of a hydrogen-bonding struc-
ture with ChCl to form a DES. The catalytic process allowed 5-HMF yields higher
than 60 % with a high fructose initial content (up to 100 %), whereas such high
5-HMF yields could be obtained only from a fructose initial content lower than
20 % with usual methods. In usual processes, after extraction, 5S-HMF is unavoid-
ably contaminated with Lewis and Brgnsted acids, however, in this process, a
decrease of pH upon addition of CO, allows circumventing this problem because
carbonic acid is readily converted to CO, and water when the CO, pressure is
released.

9.2.3 Reaction Temperature

Compared with organic and aqueous solvents, the application of ILs for the
dehydration of carbohydrates can significantly reduce the reaction temperature
[20, 32]. Traditional synthetic methods for 5-HMF production from carbohydrates
are normally carried out at temperatures ranging from 150 to 300 °C [4, 8, 15, 18],
but the reaction temperatures required for the process in ionic liquids could be
reduced to 80-150 °C [19, 41, 45, 47, 85], or even room temperature in some cases
[34]. Normally the conversion of fructose needs a relative low temperature ranging
from 80-120 °C since it is readily converted into 5-HMF through elimination of
three molecules of water. Glucose is more difficult than fructose to be transformed
into 5-HMF since it tends to form a stable six-membered pyranoside structure that
has a low enolization rate, and its dehydration is generally carried out at
100-140 °C [19, 41, 45, 47]. The conversion of cellulose is more difficult for
efficient conversion to 5-HMF than monosaccharides and requires high tempera-
tures of about 150 °C in the presence of catalysts [19, 47, 53]. In general, lower
temperatures lead to low 5S-HMF yield (ca. 10-20 %), whereas higher temperatures
promote formation of side-products and affects the 5S-HMF yield so that an opti-
mum temperature exists.
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The reaction temperature is an important parameter for carbohydrate conver-
sions since lower temperatures allow one to reduce the energy requirements. Chan
et al. [84] was able to lower the dehydration reaction temperature to below 50 °C by
using a system containing [BMIM][CI] and metal salts. Chloride salts of zirconium
V), titanium (IV), ruthenium (III), and tungsten (IV) or tungsten (VI), the most
efficient chloride salt was that of tungsten (VI) that gave a S-HMF yield of 63 % at
50 °C.

Reactions that can be promoted at ambient conditions are considered as one of
the key goals among the 12 principles of green chemistry [92, 93]. Remarkably, it
was found that efficient dehydration of fructose to 5-HMF could be carried out at
room temperature in ionic liquids provided that the ionic liquid was brought about
its melting point and the substrate was pre-dissolved in the ionic liquid before
cooling to room temperature. Qi et al. [34] developed a green catalytic system for
the production of 5-HMF from fructose catalyzed by a strong cation exchange resin,
by the addition of different cosolvents such as DMSO, acetone, methanol, ethanol,
ethyl acetate, and supercritical carbon dioxide to the ionic liquid 1-butyl-3-
methylimidazolium chloride ([BMIM][CI]). In a typical reaction, fructose was
first dissolved in [BMIM][CI] in a water bath at 80 °C for 20 min. After the mixture
was cooled down to room temperature, the solution appeared gel-like with a very
high viscosity. Subsequently, the catalyst (Amberlyst-15 sulfonic ion-exchange
resin) and some amount of co-solvent were added for viscosity reduction and the
reaction proceeded smoothly at 25 °C. Through addition of a co-solvent, the
viscosities could be greatly reduced from an estimated value of 6,800 mPa s to
values of around 2,000 mPa s, with the best results being obtained for acetone
(1,850 mPa s) and ethyl acetate (1,930 mPa s). Interestingly, a gaseous co-solvent,
such as CO, or supercritical CO, (>31 °C) was tried and found to provide
comparable results to the organic solvents. Thus, use of CO, can possibly provide
viscosity reduction and make it simple to regenerate the solvent system. Reductions
in viscosity allowed the transformations to be carried out at close to room temper-
ature. For this case [34], 5-HMF was obtained at yields of 78-82 %. The time for
reaction was longer than in the previous work (6 h vs. 10 min) [20], but this method
has the advantage of being performed at room temperature.

9.2.4 Reaction Time

In the production of 5-HMF from carbohydrates, increasing reaction time leads to
an increase in the 5-HMF yield for cases in which 5-HMF decomposition does not
occur. However, the yield of 5S-HMF generally exhibits a maximum, indicating that
decomposition of 5-HMF occurs [18, 20, 34]. The reaction mixture changing in
color from yellow to deep brown is evidence for 5-HMF decomposition [5]. Gen-
erally, there are three pathways for the decomposition of 5-HMF in acid catalyzed
dehydration of carbohydrates [3, 21], as depicted in Fig. 9.6. The first pathway is the
rehydration of 5-HMF into levulinic acid and formic acid; the second one is the self-
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Fig. 9.6 5-hydroxymethylfurfural formation from sugars and 5-HMF decomposition pathways
(fructose as an example) (Reproduced with permission from [20]. Copyright © 2009 Royal Society
of Chemistry)

polymerization between 5-HMF molecules; and the third one is the cross-
polymerization between 5-HMF and monosaccharides [21, 25, 40]. In
non-aqueous ionic liquid systems, 5S-HMF rehydration can be suppressed since
the water present is limited to that of the dehydration of the carbohydrate. Control
experiments without the carbohydrates exclude the possibility of self-
polymerization of 5-HMF [20, 34]. Thus, it is thought that the decomposition of
5-HMF and the formation of humins are mainly due to the polymerization
between 5-HMF and carbohydrates, which consume the initial carbohydrates and
the formed 5-HMF, and hence reduce the 5-HMF selectivity [20].

The catalytic system and heating method have a large effect on the optimal
reaction time for the production of 5-HMF. For example, when the dehydration of
fructose was performed in [EMIM][CI1]-CrCl, system, an optimal 5-HMF yield of
83 % was obtained at 80 °C in 3 h reaction time [41], but a comparable 5-HMF yield
was achieved in [BMIM][CI]-Amberlyst 15 resin system at 80 °C in only 10 min
reaction time [20]. Microwave heating was found to be able to accelerate the
transformation of monosaccharides and di-/polysaccharides into 5-HMF and to
shorten the reaction time. Qi et al. [19] investigated the catalytic conversion of
glucose in [BMIM][CI]-CrCl; system, and a 5S-HMF yield of 71 % was achieved in
30 s for 96 % glucose conversion with microwave heating at 140 °C. In comparison,
the reaction was performed with oil-bath heating and microwave heating at iden-
tical conditions. Microwave heating generally gives higher yields than with oil-bath
heating, which was also reported by Li et al. who obtained a 91 % 5-HMF yield with
microwave irradiation at 400 W in a reaction time of 1 min [47].

9.2.5 Substrate Loading

For practical applications, the concentration of feedstock in the reaction mixture
should be as concentrated as possible. However, 5-HMF yield and selectivity
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Fig. 9.7 Effect of the fructose content on the 5-HMF yield in ChCl/CO, system. Conditions:
T = 120 °C, P, 4 MPa, t = 90 min (Reproduced with permission from [38]. Copyright © 2012
Wiley-VCH Verlag GmbH & Co. KGaA)

normally decrease with increasing initial carbohydrate concentration since the
formed 5-HMF can combine with monosaccharides, and cross-polymerize to
form humins [25]. In aqueous systems including aqueous mixture systems, losses
due to humin formation can be as high as 35 % for 18 wt% fructose solution,
although this value decreases to 20 % for 4.5 wt% fructose solutions [25]. It was
reported that in aqueous mixtures, the formation of humins for fructose conversions
in ionic liquids can be largely inhibited [20, 45, 65]. Qi et al. [20] examined the
effect of initial fructose concentration on fructose conversion and 5-HMF selectiv-
ity in [BMIM][CI]. When the fructose/[BMIM][CI]] weight ratio was increased from
0.01 to 0.05, the 5-HMF selectivity changed slightly from 86 to 85.2 %. As the
fructose/[BMIM][CI] weight ratio was increased from 0.05 to 0.1, the 5-HMF
selectivity decreased by about 5 %. Additional increases in the fructose/[BMIM]
[CI] weight ratio did not lead to significant lowering of the 5-HMF selectivity,
which is similar to the trends noted by Yong et al. for the conversion of fructose in
[BMIM][CI] with NHC/CrCl, (NHC=N-heterocyclic carbene) complexes as cata-
lysts [45]. Xie et al. [65] studied the dehydration of fructose in [BMIM]
[CI] catalyzed by lignosulfonic acid, and the 5-HMF yields of 92.7, 88.0, 84.1,
and 73 % were obtained when 5, 10, 25, and 50 wt% of fructose were used,
respectively. Increasing amounts of humins (0.007, 0.019, and 0.046 g) was
observed for the increasing fructose concentrations, supporting the hypothesis
that high concentrations of sugars and 5-HMF in ILs promote degradation and
polymerization of 5-HMF.

Liu et al. [38] presented a promising choline chloride/CO, (ChCl/CO,) system
that could tolerate high fructose concentration with stable 5-HMF yield. The
research group showed that as high as 100 wt% of fructose could be dehydrated
into 5-HMF in ChCl/CO, system without substantial loss of yield (66 %) (Fig. 9.7).
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This process provides a practical and eco-efficient synthesis method for 5-HMF.
The authors ascribed the surprising tolerance of the ChCl/CO, system to a high
content of fructose to a change of the physico-chemical properties of the ChCl/
fructose mixture. Even in the presence of water, ChCl is capable of forming various
deep eutectic solvents (DESs) with many hydrogen-bond donors such as polyols,
urea, or carboxylic acid. After fructose is dehydrated into 5-HMF, ChCl and 5-HMF
tend to form a new DES, which stabilizes the 5-HMF allowing its reactivity to be
drastically reduced thus inhibiting its decomposition.

9.2.6 Water Content

The influence of water content on the production of 5-HMF from biomass has many
aspects. Firstly, in the dehydration of fructose in ionic liquids, a small amount of
water (5 wt%) present in the ionic liquid mixture has a negligible effect on the
fructose conversion and 5-HMF yield, and it reduces the viscosity of the ionic liquid
system and is beneficial to mass transfer [20, 36]. However, when the water content
increases above about 5 wt%, the fructose and 5-HMF yield decrease significantly,
which can be ascribed to the loss of catalytic activity due to the lowering of the
dielectric constant of the reaction media by the addition of water [41]. Further, the
presence of water in the reaction mixture favors the rehydration of 5-HMF to
generate undesired products such as levulinic and formic acids. From one point
of view, water should be completely avoided and removed from the production
process of 5-HMF. On the other hand, water serves as a necessary reactant in the
hydrolysis step in the conversion of oligosaccharides, thus an appropriate amount of
water is required in the reaction system, although water has all the disadvantages
connected to the dehydration reaction, and polysaccharides are no longer soluble in
ionic liquids and precipitate from the ionic liquid solution when the water content
exceeds a certain level [94, 95]. Therefore, water content should be carefully
controlled in the conversion of polysaccharides in ionic liquids.

Considering that the addition of water can reduce the catalytic activity of the
reaction system but increase the stability of glucose, Qi et al. developed an efficient
two-step process for converting microcrystalline cellulose into 5-HMF with ionic
liquids under mild conditions [95]. In the first step, cellulose was efficiently
hydrolyzed by a strong acidic cation exchange resin in 1-ethyl-3-methyl
imidazolium chloride ([EMIM][CI1]) with gradual addition of water. The addition
of water probably allowed a balance to be achieved between glucose stability and
cellulose solubility, since too much water will result in the precipitation of the
cellulose substrate. Through the water addition technique, Qi et al. reported glucose
yields above 80 % for converting microcrystalline cellulose under mild conditions
[95]. Based on the high glucose yield, a second step was applied to produce
5-hydroxymethylfurfural by separating the resin from the reaction mixture and
adding CrCljy as catalyst, which lead to a 5S-HMF yield of 73 % based on cellulose
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substrate. The strategy described should be useful for efficient conversion of
cellulose into 5-HMF as well as into other biomass-derived chemicals.

9.2.7 Reaction Kinetics

Reaction kinetic studies are not only important for uncovering the mechanism of
5-HMF formation on a molecular level, but also useful for process development
studies to optimize process conditions and reactor configurations to obtain high
5-HMF yields. A number of kinetic studies have been carried out on the transfor-
mation of various mono- or poly-saccharides into 5-HMF in different reaction
medias, but herein we will mainly overview the kinetics studies reported in the
ionic liquids system.

Moreau et al. [29] investigated the reaction kinetic of the conversion of fructose
into 5-HMF in ionic liquid, 3-methylimidazolium chloride acting as both solvent
and catalyst. The reactions were carried out at the temperature range of 90-120 °C
with the initial fructose concentration of 0.01-2.5 M. A reaction order of one was
applied for the kinetic analysis of the dehydration of fructose, obtaining an activa-
tion energy of 143 kJ/mol for the reaction of fructose to 5S-HMF. Wei et al. [96]
reported the conversion of fructose to S-HMF in 1-butyl-3-methyl imidazolium
chloride using IrCl; as the catalyst. The reactions were performed at temperatures
ranging from 80 to 120 °C and a fructose concentration of 10 wt%. A kinetic
network involving fructose conversion to 5S-HMF and byproducts was proposed to
model the experimental data using first order reaction kinetics. The activation
energies for fructose conversion were estimated to be 165 and 124 kJ/mol for the
formation of 5-HMF and formation of byproducts, respectively. Based on a reaction
order of one, Qi et al. [20] reported an activation energy of 65 kJ/mol for the
formation of 5-HMF from fructose, which was performed in 1-butyl-3-methyl
imidazolium chloride in the presence of a strong cation exchange resin Amberlyst
15A. The authors contributed the lower activation energy to higher acidity of the
strong sulfonic ion-exchange resin over that of the other catalysts.

Compared with fructose, fewer studies have been carried out for the kinetic
study on the dehydration of glucose to 5-HMF, and these studies reported so far
have been performed in aqueous systems, except for one work [19], which was
performed in the ionic liquid 1-butyl-3-methyl imidazolium chloride using CrCl; as
catalyst under microwave irradiation. In that reaction system, an activation energy
of 115 kJ/mol was reported using first-order reaction approach to model the
experimental data [19]. The value of the activation energy of this work was
comparable with the values (108-137 kJ/mol) reported for the dehydration of
glucose in water with sulfuric acid as catalyst. However, the pre-exponential factor
determined in that work was 3.5 x 10'*min™", which was 3-8 orders of magnitude
larger than those of previous works. The difference in the pre-exponential factors
should be a result of the enhanced effective collision among reactant molecules in
the homogeneous phase [19, 97]. It has been found that the activation energy for the
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side reactions that glucose decomposed to undesired humins is higher than for the
desired reaction of glucose to 5-HMF, indicating that lower temperatures favor
5-HMF formation [98]. Therefore, the reaction temperature should be optimized for
5-HMF production.

In many kinetic studies of carbohydrates, 5-HMF is involved as an intermediate
or decomposition product in reaction pathway to obtain sugars or target compounds
and so the kinetics of 5-HMF is not well known. The decomposition of cellulose in
aqueous systems is often modeled with first-order approaches that give activation
energies for the decomposition of cellulose in water to be between 140 and 190 kJ/
mol [2]. Vanoye et al. [99] conducted a kinetic study on the acid-catalyzed
hydrolysis of cellobiose in [EMIM][CI] with 3.5 mM methanesulfonic acid catalyst
in the presence of small amounts of water (3.5 mM) as the cosolvent. Activation
energies of 111 and 102 kJ/mol were obtained for cellobiose hydrolysis and glucose
degradation, respectively. Dee and Bell [100] performed kinetic studies on the
cellulose hydrolysis in a batch set up in ionic liquids ((EMIM][CI] and [BMIM]
[CI]) with mineral acid catalysts, and glucose, 5S-HMF and cellobiose were the
primary reaction products. The reaction kinetics for glucose formation were fit with
first-order reaction rate equation and an activation energy of 96 kJ/mol was
determined.

For 5-HMF production, the undesired decomposition of 5-HMF to levulinic
acid, formic acid, and humins should be suppressed as much as possible. To gain
insight in the reactivity of 5-HMF, kinetic studies using 5-HMF as the starting
material should be investigated. However, kinetic studies on the decomposition of
5-HMF in ionic liquids system thus far are not available. Instead, there are many
works that focus on the reaction kinetic of 5-HMF decomposition with 5-HMF as
starting material in aqueous systems and organic-aqueous mixtures. For the rehy-
dration of 5-HMF to levulinic acid, activation energies vary from 47 to 210 kJ/mol,
and the activation energies range between 100 and 125 kJ/mol for the decomposi-
tion of 5-HMF to humins. Asghari et al. [21] reported a higher activation energy for
the formation of humins from 5-HMF (122 kJ/mol) than that for the decomposition
of 5-HMF to levulinic acid (94 kJ/mol) catalyzed by HCI in subcritical water. On
the contrary, Girisuta et al. [101] found similar activation energies of about
111 + 2 kJ/mol for both the rehydration of 5S-HMF to levulinic acid and the side
reaction of decomposition of 5-HMF to humins.

9.3 Separation of 5-HMF from Ionic Liquids System

In most of the reported studies for the production of 5-HMF from biomass in ionic
liquids, the 5-HMF was obtained in solution, and the yield of 5-HMF was deter-
mined with HPLC or GC without isolation. However, it is of great importance to
develop an efficient isolation method for the synthesis of 5S-HMF. Wei et al. [102]
developed a novel entrainer-intensified vacuum reactive distillation process for the
separation of 5-HMF from ionic liquids 1-octyl-3-methylimidazolium chloride
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([OMIM][CI]) that involves heating reaction mixtures under vacuum (ca.300 Pa) to
150-180 °C under a flow of an entrainer (nitrogen), and 95 % of the 5S-HMF was
recovered from the reaction mixture after 10 min at 180 °C. However, distillation is
not a favorable method for the separation of 5S-HMF from ionic liquids system, not
only because both 5-HMF and ionic liquids have high boiling point, but also
because 5-HMF is very reactive and tends to decompose at high temperatures.

Monosaccharides such as fructose and glucose have polarities similar to those of
ionic liquids, while 5-HMF has different properties from ionic liquids, which allows
separation of 5-HMF from ionic liquids by liquid-liquid extraction. However, an
efficient separation solvent is needed to reduce the amount of solvent (low solvent/
feed ratio) required for extraction of 5-HMF from ionic liquid solutions. An ideal
extraction solvent should be immiscible with ionic liquids and have a large affinity
for 5S-HMF. Further, it should be separable from the product, with a method that
does not require a large amount of energy. Therefore, it should have a relatively low
boiling point to avoid thermal decomposition or polymerization of the 5-HMF and
to reduce the energy costs. Many organic solvents such as MIBK (methyl isobutyl
ketone) [53], ethyl acetate [20, 63], diethyl ether [29, 45], THF [84], and acetone
[60] have been reported to be efficient extraction solvents. Qi et al. [20] tested the
separation of 5-HMF from [BMIM][CI] after reaction by extracting five times with
8 ml of ethyl acetate after 0.5 g of water was added to reduce the viscosity of the
ionic liquid. [BMIM][CI] and fructose were found to be insoluble in ethyl acetate
and 5-HMF was the sole product in ethyl acetate phase, and above 95 % of 5-HMF
was separated from the reaction mixture after five times extraction. Hu et al. [36]
presented S-HMF synthesis from fructose in a biphasic system of ethyl acetate and
choline chloride (ChoCl) with citric acid, and the continuous in-situ extraction of
5-HMF with ethyl acetate led to a 15 % enhancement in the 5-HMF yield in
comparison with a neat ionic liquid. For larger-scale production, more efforts
have to be made on efficient separation techniques.

9.4 Conclusions and Perspectives

Growing concerns on global warming and the depletion of traditional resources
have driven us to look for green and sustainable energy sources. As a biomass-
derived platform chemical, the production of 5-HMF has been one of the hottest
topics in biomass utilization in these few years, and a large number of publications
have appeared. Many works focus on improving 5-HMF yield by applying different
substrates, different catalysts, different solvents, different reaction conditions and
extraction methods. Application of ionic liquids has been shown to be efficient for
the preparation of 5-HMF, and the rapid growing interest in 5-HMF production with
ionic liquids from biomass holds great promise for the future. However, this field is
still in its infancy and some issues concerning the chemistry and process engineer-
ing should be addressed as follows for practical large-scale processes:
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1. The high viscosity of ionic liquids leads to some disadvantages in the process,
and most of the present used ionic liquids are prepared with petroleum-derived
chemicals as starting material. The synthesis and use of ionic liquids in which
cation and/or anion are originated from natural resources should be developed in
the 5-HMF production. Choline based ionic liquids are good examples that have
been reported [38, 63]. The other possible alternatives include glycerol,
diethylethanolamine, or amino acid based ionic liquids. The use of these
biorenewable ionic liquids permits the processes to be even more green and
sustainable. Chapters 2 and 4 provide some exciting new avenues for ionic
liquids that dissolve cellulose and that have low viscosity.

2. In the production of 5-HMF from carbohydrates in various solvents, an impor-
tant side reaction is the formation of soluble or insoluble polymers known as
humins that greatly affect 5S-HMF yield. These humins are formed from different
intermediates in the reaction and their formation increases with increasing
substrate concentration. The formation of humins remains a troublesome prob-
lem for 5-HMF synthesis even in ionic liquids. More investigations are required
to make clear the detailed formation mechanism of humins and restrain its
formation. Interesting results have been reported for the addition of acetonitrile
as co-solvent to the glucose — [BMIM][CI] or [EMIM][CI] reaction system.
Addition of acetonitrile to the reaction system inhibited the formation of humins
and enhanced the glucose conversion up to 99 %, with a 98 % 5-HMF selectivity.
Moderate amounts of humins of up to 20 % were formed in the absence of
acetonitrile as a co-solvent [103]. These results could help to reveal the forma-
tion mechanism of humins and find a way to inhibit their formation and to
provide a practical method to produce 5-HMF from carbohydrates.

3. To date, efficient production of 5-HMF is mainly from fructose, and the only
proposed efficient catalytic system for production of 5-HMF from glucose and
cellulose is chromium or tin chlorides that are hazardous to environment.
Therefore, more efforts are needed for more environmentally-friendly catalysts
that are both efficient and renewable. Functionalized carbonaceous materials
possibly could provide new avenues for research in this area [104—106].

4. The starting materials used in most of studies on 5-HMF production are model
chemicals such as sugars (glucose, fructose and sucrose) and microcrystalline
cellulose, but the use of crude lignocellulosic biomass is relatively lack. How-
ever, the composition complexity of the crude biomass will require that the
process of 5-HMF production in ionic liquids be greatly different from that when
pure chemicals are used. Consequently, more work is required for practical
applications in the treatment of actual biomass for 5-HMF production.

5. More works are needed for the separation of 5-HMF product from ionic liquid
systems, especially for continuous operation. The extraction of 5S-HMF from
ionic liquids by supercritical carbon dioxide with co-solvent addition may be a
possibility for 5-HMF separation and the creative use of CO, in forming biphasic
systems for separations could provide both an environmental and efficient
separation method.
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Since 5-HMF is unstable, it might be further reacted to produce other chemicals
such as furan and esters, and these derivatives would probably be more soluble in
CO, and thus it might be possible to extract them with supercritical CO,.
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Chapter 10
Compatibility of Ionic Liquids with Enzymes

Ngoc Lan Mai and Yoon-Mo Koo

Abstract The potential of ionic liquids as a green alternative to environmentally
harmful volatile organic solvents has been well recognized. Being considered as
“designer solvents”, ionic liquids have been used extensively in a wide range of
applications including biotransformations. As compared to those in traditional
organic solvents, enzyme performance in ionic liquids is showed enhance in their
activity, enantioselectivity, stability, as well as their recoverability and recyclabil-
ity. This chapter will cover the biocompatibility issue of ionic liquids with
enzymes. The effects of ionic liquid properties on the enzymatic reactions and
conformation of enzyme as well as methods for activation and stabilization of
enzymes in ionic liquids will be described. In addition, the current attempts for
rational design of biocompatible ionic liquids will be also discussed.

Keywords Enzyme < Biocompatible ¢ Biotransformation < Ionic liquids
* Molecular simulation * Rational design « QSAR

10.1 Introduction

ITonic liquids, which are composed entirely of ions and are liquid at room temper-
ature, have been extensively used as a potential alternative to toxic, hazardous,
flammable and highly volatile organic solvents due to their unusual and useful
properties. Unlike traditional organic solvents, ionic liquids have many favorable
properties such as negligible vapor pressure, wide liquid temperature range,
non-flammability, high thermal and excellent chemical stability, high ionic con-
ductivity, large electrochemical window, and ability to dissolve a variety of solutes.
In addition, the physicochemical properties of ionic liquids such as melting point,
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viscosity, density, hydrophobicity, polarity, and solubility can be finely tuned by
simply selecting appropriate combination of cations and anion as well as attached
substituents to customize ionic liquids for many specific demands, leading to the
use of the terms “designer” and “task specific” ionic liquids [1]. In fact, these
unique and tunable properties of ionic liquids make them as promising solvents,
co-solvents, and reagents in wide range of applications including electrochemistry
[2], analytical chemistry [3], organic and inorganic synthesis [4, 5], nanomaterial
synthesis [6], polymerization [7], separation [8, 9], and biotechnology [10] for more
than a decade and their applications continue to expand.

In fields of biotechnology, ionic liquids have been widely used as solvents for
biomolecule purification [11, 12], pretreatment of cellulosic biomass for biofuel
production [13], and enzymatic reactions [14]. The extraction of biomolecules such
as protein, enzymes and amino acids using ionic liquids as media or as ionic liquid-
based aqueous two-phase systems (APTS) is gaining increasing attention in recent
years which showed high extraction efficiency and recyclability. In addition, ionic
liquids have been effectively used to pretreat cellulosic biomass for biofuel pro-
duction. The pretreated cellulose showed an improvement in enzymatic hydrolysis
compared to untreated cellulose. However, the most tremendous uses of ionic
liquids in biotechnology are in biotransformation. Many excellent reviews have
summarized the variety of enzymes used in ionic liquids [14—16]. However, this is
not of focus in this chapter, but rather the issues regarding the compatibility of
enzyme in ionic liquids are discussed.

10.2 Enzymes in Ionic Liquids

Many enzymatic reactions in ionic liquids have been reported over the last decades.
The performance of biocatalyst in ionic liquids reveals that ionic liquids are not only
environmentally friendly alternatives to organic solvents but also good solvents for
many enzymes and whole cell catalysts. The first example of biotransformation ionic
liquids was reported by Lye et al. in 2000 [17]. It involved a whole cell
biotransformation of 1,3-dicyanobenzene to 3-cyanobenzamide, with a
Rhodococcus sp. in a biphasic [Bmim][PF¢]/H,O medium. In this example, ionic
liquids essentially act as a reservoir for the substrate and product, thereby decreasing
the substrate and product inhibition observed in water. In principle, an organic
solvent could be used for the same purpose but it was found that ionic liquids caused
less damage to the microbial cell than organic solvents, for example, toluene [18].
The first use of isolated enzymes in ionic liquids was commonly recognized by
the report of Erbeldinger et al. in 2000 [19] although Magnuson et al. earlier
demonstrated the activity and stability of alkaline phosphatase in aqueous mixtures
of [EtNH3][NO;] in 1984. However, the finding of Magnuson et al. did not attract
much attention due to the lack of knowledge of ionic liquids at that time. In the
work of Erbeldinger et al., thermolysin-catalyzed synthesis of Z-aspartame in
[Bmim][PF¢]/H,O (95/5, v/v) showed comparable reaction rate to those observed
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Table 10.1 Examples of using enzymes in ionic liquids

Biocatalysts Reactions Ionic liquids Refs.
Lipase Transesterification [Bmim][PFg] [21]
Alcoholysis, ammonialysis, [Bmim][PFg], [Bmim] [20]
perhydrolysis [BF,]
Kinetic resolution of chiral alcohols [Bmim][Tf,N] [22]
Resolution of amino acid ester [Epyl[BF,4], [Emim][BF4] [23]
Esterification of carbohydrates [MOEmim][BF,] [24]
Synthesis of polyesters [Bmim][PFg] [21]
Alcohol Enantioselective reduction of [Bmim][Tf,N]-Buffer [25]
dehydrogenase 2-octanone
Thermolysin Synthesis of Z-aspartame [Bmim][PF¢]-H,O [19]
a-Chymotrypsin Transesterification [Bmim][PF¢] [26]
Esterase Transesterification [Bmim][PFg] [27]
Subtilisin Resolution of amino acid ester [EPy][TFA]-H,O [28]
B-Galactosidase Synthesis of N-acetyllactosamine [Mmim][MeSO,]-H,O [29]
Peroxidase Oxidation of guaiacol [Bmim][PFg] [30]
Laccase Ocxidation of anthracene [Bmim][PF¢] [31]
Formate Regeneration of NADH [Mmim][MeSO, ]-H,O [29]
dehydrogenase
Baker’s yeast Enantioselective reduction of ketones [Bmim][PF¢ ]-H,O [32]

in ethylacetate/H,O. In addition, the enzyme exhibited a higher stability in the ionic
liquids/water medium although the small amount (3.2 mg - mL™") of enzyme that
dissolved in ionic liquids was catalytically inactive. At the same time, Sheldon
et al. [20] showed that Candida antarctica lipase B(CALB), either free enzyme
(SP525) or an immobilized form (Novozym 435) is able to catalyze a variety of
biotransformation in [Bmim][BF,] or [Bmim][PF]. Since then, a wide number of
enzymes have been examined in ionic liquids such as lipase, protease, oxidoreduc-
tase, peroxidase, cellulase, whole cells, and so forth (Table 10.1). Among them,
lipase is the major enzyme reported so far in ionic liquids since it is considered as
“work horses” of biocatalyst in various potential applications from fine chemical,
chiral compounds, biopharmaceuticals to bulk chemicals such as surfactants, and
biodiesel.

The uses of ionic liquids in biocatalysis can be classified into anhydrous ionic
liquid system, aqueous/ionic liquids system using ionic liquids as co-solvent or
additives, aqueous/ionic liquid two phase system, organic solvent/ionic liquids
system, and supercritical CO,/ionic liquid systems. A large number of enzymes
(e.g. lipases, proteases, peroxidases, dehydrogenases, glycosidases) and reactions
(e.g. esterification, kinetic resolution, reductions, oxidations hydrolysis, etc.) have
been tested in monophasic system based on ionic liquid [14, 15, 33]. While most
water-miscible ionic liquids have been shown to act as enzyme -deactivating agents
at low water content, water-immiscible ionic liquids (e.g. [Bmim][Tf,N], [Bmim]
[PF¢], etc.) act as suitable reaction media for enzymatic catalysis in the same
conditions. The hygroscopic character of water-immiscible ionic liquids could be
regarded as an additional advantage of these solvents, because enzymes require a
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certain degree of hydration to become active [34]. In addition, biphasic systems
based on ionic liquid—water or ionic liquid—organic solvent have been assayed for
biocatalytic processes [35, 36]. For example, the lipase catalyzed kinetic resolution
of rac-ibuprofen in a water —ionic liquids biphasic medium [37], lipase catalyzed
production of isoamyl acetate in an ionic liquid—alcohol biphasic system [38], and
lipase catalyzed kinetic resolution of rac-1-phenylethanol in both ionic liquid/
hexane [39]. In these biphasic reaction systems, the products can be easily recov-
ered by liquid-liquid extraction. However, in the case of hydrophobic compounds,
liquid-liquid extraction with organic solvents might breakdown the greenness of
the process. However, product recovery from ionic liquid—enzyme reaction media
by another non-aqueous green solvent, such as supercritical CO,, is nowadays
considered the most interesting strategy for developing integral clean chemical
processes [34].

Many works and excellent reviews have been published during the last decade
regarding the use of enzymes in ionic liquids [14—16, 40—47]. The results showed
that enzymes in ionic liquids have many advantages compared to those in organic
solvents such as high activity, high selectivity including substrate, region- and
enantioselectivity, better enzyme stability as well as better recoverability and
recyclability. In addition, ionic liquids can be used for carrying out biotransforma-
tion with polar or hydrophilic substrates (e.g. amino acid, carbohydrates) which are
not soluble or sparingly soluble in most organic solvents.

Advantages of using enzymes in ionic liquids are summarized as follows:

— Ionic liquids can be designed for particular bioprocesses

— Enzymes show excellent operational and thermal stability in ionic liquids.
Therefore, bioprocesses can be conducted at high temperature due to high
thermal stability of enzymes in ionic liquids

— Enzymes can be easily recovered and recycled simply by filtration or
centrifugation

— Products and substrates can be recovered by evaporation, extraction with organic
solvents or with supercritical CO,

10.3 Effect of Physicochemical Properties of Ionic Liquids
on Enzyme Activity and Stability

It is well known that the performance of enzymes in organic solvents as well as in
ionic liquids is affected by common factors such as water activity, pH as well as the
existence of excipients and impurities. Moreover, the physicochemical properties
of ionic liquids such as viscosity, polarity, hydrophobicity, kosmotropicity, efc. also
have strong effect on the activity and stability of enzymes in ionic liquids. The
effect of these physicochemical properties of ionic liquids on enzyme activity and
stability are summarized in Table 10.2.

In general, enzymes are optimized in nature to perform best in aqueous envi-
ronment, at neutral pH, temperature below 40 °C and at low osmotic pressure.
When enzymes are used in either pure organic solvents or ionic liquids, the
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Table 10.2 Effect of ionic liquid’s physicochemical properties on enzyme activity and stability

Properties Enzyme activity and stability

Water content Minimum water content is required for maintaining enzyme activity
Might cause the hydrolysis of fluorine based ionic liquids resulting the
inactivation of enzymes
Impurities Affect the physicochemical properties of ionic liquids and therefore have
impact on enzymes
Halide present in ionic liquids might inactivate enzymes

Viscosity High activity in less viscous ionic liquids
High viscous ionic liquids lower reaction rate due to mass transfer
limitation
Polarity Activities and stabilities of enzyme in ionic liquids are strongly depend on
ionic liquids polarity and increase as increasing ionic liquids polarity
Hydrophobicity Hydrophilic anions might denature enzyme through hydrogen bonding

interaction with protein

Tonic liquids with long alkyl chain cations may behave as surfactants in
aqueous solution and have strong stabilizing impact on enzyme

Ion kosmotropicity =~ The kosmotropic anions and chaotropic cations stabilize enzymes, while

chaotropic cations and kosmotropic cations destabilize them
(Hofmeister series)

The influence of Hofmeister series is complicated when enzymes present in
nearly anhydrous ionic liquids

minimum amount of water, which is best described by the water activity, is of
crucial importance to maintain the enzyme activity. For ionic liquids, the same
methods can be used to maintain a constant water activity as those established for
organic solvents [33]. However, in some ionic liquids (e.g. fluoride contained ionic
liquids), the water present in the reaction system may cause hydrolysis of ionic
liquids and result in reduced enzyme activity and stability. This is attributed by the
change in pH of system and the inhibition effect of the hydrolyzed products. The pH
strongly effects the activity and stability of enzyme in ionic liquids media as shown
in work of Tavares et al. [48]. In this study, the activity of laccase was well
maintained at pH 9.0 for 7 days (with activity loss about 10 %) in aqueous solution
of 1-ethyl-3-methylimidazolium 2-(2-methoxyethoxy) ethylsulfate, [Emim]
[MDEGSO,], while significantly reduced at pH 5.0. Moreover, the impurities
present in ionic liquids are also important factor that need to be taken into account
when carrying out enzymatic reactions in ionic liquids. The impurities may influ-
ence the physicochemical properties of ionic liquids and hence, enzymatic reaction.
For example, the activity of immobilized CALB (Novozym 435) in [Omim][Tf,N]
decrease linearly with chloride content while the activity of immobilized lipase
from Rhizomer miehei ( Lipozyme IM) drastically decreases in the presence of
[Omim][CI] [49].

Since ionic liquids are composed only of ions, the effect of ions on the enzyme
activity and stability is also an important factor. Ions can affect the stability of
proteins through the interactions between the ions and charged amino acid groups in
the proteins [50]. Some enzymes require metal ions such as cobalt, manganese,
zing, etc. for their activity. If these ions are removed or interfered by interaction
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<+——— Stabilizing Destabilizing ———»
Anion F> PO,*> SO,>> CH;COO™> CI'> Br> I'> SCN"
Cation (CH;),N*>(CH;)NH?>*> NH,*> K*> Na"> Cs*> Li*> Mg>"> Ca’"> Ba>"

Fig. 10.1 The Hofmeister series as an order of the ion effect on protein stability (Reprinted with
permission from Ref. [43]. Copyright © 2013, Elsevier)

with ionic liquids, enzyme might be inactivated. Several researchers have proposed
Hofmeister series to explain the behavior of enzymes in aqueous solution of ionic
liquids. Hofmeister series (Fig. 10.1) which indicates the kosmotropicity of individual
cations and anions of ionic liquids may be a good guide for choosing ionic liquids for
enzyme activity and stability in aqueous solutions [43, 44, 46]. The anion such as
PO,*", SO,>~, COs>~ (kosmotropic anions), and cations such as NH,*, K*, Cs*
(chaotropic cations) stabilize enzymes, while chaotropic anions and kosmotropic
cations destabilize them. However, the influence of Hofmeister series is complicated
when enzymes are present in nearly anhydrous ionic liquids.

Properties of ionic liquids such as viscosity, polarity, and hydrophobicity also
affect the enzymes in ionic liquids. Ionic liquids are well recognized to have higher
viscosity than conventional organic solvents. As a general trend, enzymes are more
active in less viscous ionic liquids that can be attributed to the mass transfer
limitation in high viscous media. For example, a-chymotrypsin maintained higher
activity in less viscous [Emim][Tf,N] (34 mPa - s) than that in high viscous
[MTOA][Tf,N] (574 mPa - s) for the synthesis of N-acetyl-L-tyrosine propyl
ester [26]. Tonic liquids are considered as highly polar account on their ionic nature.
The polarity of ionic liquids has been empirically determined by means of a variety
of solvatochromic probe dyes [51]. For instance, betaine dye no. 30 or Reichardt’s
dye has been used to characterize ionic liquid polarity by the solvent polarity
parameter E1(30) and the corresponding normalized polarity scale EY. In addition,
the Kamlet-Taft parameters (a, f and ©*, which quantify hydrogen-bond donating
ability (acidity), hydrogen-bond accepting ability (basicity) and polarity/polariz-
ability, respectively), determined by set of dyes, have also been used to quantify the
polarity of ionic liquids [52, 53]. Based on solvatochromic probes studies, ionic
liquids have polarity close to low chain alcohol or formamide [54]. Several studies
have demonstrated that activities and stabilities of enzyme in ionic liquids were
increased with increasing ionic liquids polarity [24, 26] although there were some
reports showing no clear effect of polarity on enzyme [21, 45]. Hydrophobicity may
be considered as narrow concept of polarity. However, it is practically important to
separate hydrophobicity to polarity since the former is often related to the misci-
bility with water [55]. Depending on the structure of cation and anions, ionic liquids
can be hydrophilic or hydrophobic. As a general rule, the structure of anions has
strong influence on the hydrophobicity of ionic liquids than the contribution of
cations. Hydrophilic anions such as halides, carboxyl groups, having high hydrogen
bonding capability, strongly interact with enzyme resulting in the conformational
change and deactivation of enzymes. On the other hand, the hydrophobicity of ionic
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liquids increases as the alkyl chain length in cations increases. In some reports,
ionic liquids with long alkyl chain in cations may behave as surfactants in aqueous
solution and have strong stabilizing impact on enzyme [56, 57]. However, in some
cases, the long alkyl chain might have negative effect on the activity and stability of
enzyme due to the resulted higher viscosity [58]. In practice, the log P (logarithm of
partition coefficient between octanol and water) scale can be used to quantify the
hydrophobicity of ionic liquids, and in some reports this scale can be used to
optimize enzyme activity and stability in ionic liquids [21, 46, 59, 60].

10.4 Methods to Enhance Enzyme Activity and Stability
in Ionic Liquids

Although enzymes in ionic liquids have shown enhance in activity and stability, the
relatively low solubility and therefore low activity and stability of lyophilized or
free enzymes in ionic liquids are still the major drawback of enzymatic reactions in
ionic liquids. As with organic solvents, proteins are not soluble in most of the pure
ionic liquids. Although some ionic liquids can dissolve enzymes through the weak
hydrogen bonding interactions, they often induce enzyme conformational change
resulting in enzyme inactivation [41, 61]. That might limit their potential applica-
tions in biotechnology. Various attempts have been made to improve the activity
and stability of enzyme in ionic liquids and in general these attempts can be divided
into two categories: (1) modification of enzymes and (2) modification of solvent
environment (Table 10.3).

Among these methods for modification of enzymes, immobilization is the most
common technique. Immobilization of enzymes on the solid carriers or supports is a
routine method for improving the enzyme stability in organic solvents as well as in
ionic liquids. The supports can be resins [14] (e.g., Novozym 435, lipase B from

Table 10.3 Methods for activation and stabilization of enzymes

Modification of enzymes Modification of solvent environment
Immobilization of enzyme Water-in-ionic liquid microemulsions
Immobilization of support Using surfactants to form aqueous micelles in ionic liquids
materials

Sol-gel encapsulation
Protein cross-linking
PEG modification Coating enzymes with ionic liquids
Physical adsorption on PEG
Covalent conjugating

Pretreatment with polar Manipulation and design of ionic liquids structures
organic solvents
Precipitate and rinse with Having large molecule structure in order to minimize
n-propanol the H-bond basicity and nucleophilicity of anion

Containing multiple ether and/or hydroxyl groups to optimize
the solvent properties for enzymes
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Candida antartica immobilized on acrylic resin, the most commercially available
well-known immobilized enzyme), carbon nanotube [62-64], agarose hydrogel
film [65-67], and magnetic silica particles [68]. Furthermore, enzymes can be
immobilized by sol-gel encapsulation which is a technique for entrapping bio-
molecules in polymer matrix via non-covalent interactions between the polymer
network and biomolecules [69, 70]. To overcome the limitations of sol-gel process
such as gel shrinkage, pore collapse and inhibition effect of released alcohol during
the preparation of sol-gel materials, different additives such as sugars, amino acids,
carbon nanotubes, and ionic liquids have been added to reduce the gel shrinkage,
adjust the protein hydration and to increase the activity and stability of enzyme [71,
72]. Interestingly, the polymerized ionic liquid microparticles could be also used to
encapsulate enzymes, e.g. horseradish peroxidase, with activity more than two
times higher than that encapsulated in polyacrylamide microparticles [73]. More-
over, enzymes can be self-immobilized by using cross linking agent such as
glutaraldehyde. Several different techniques have been tried for self-
immobilization of enzyme using glutaraldehyde such as cross-linked enzymes
(CLEs) [74, 75], cross-linked enzyme crystals (CLECs or CLCs) [76-78] and
cross-linked enzyme aggregates (CLEAs) [79-81]. Among these techniques,
CLEAs are shown to have more advantages such as ease of preparation and
recycling, enhanced activity and stability. CLEAs can be used for variety of
enzymes, and higher enzymes stability of CLEAs in ionic liquid than free enzyme
have been reported [82—-84]. In addition, the modification of enzymes with PEG
(having both hydrophilic and hydrophobic characteristic) either by physical adsorp-
tion or covalent attachment in order to make the modified enzymes soluble in
organic solvents and ionic liquids [85-92] as well as pretreatment of enzyme and
supports/carriers with organic solvents such as n-propanol before immobilization
also result in enhanced enzyme activity and stability [84, 93-96].

The activity and stability of enzymes can be improved by the modification of
solvent environments. In this approach, the micro-environment surrounding the
enzymes or ionic liquids media are modified to become more compatible with
enzymes. Several approaches have been done in recent years such as using surfac-
tant to form aqueous micelles in ionic liquids [97-100], coating enzyme with ionic
liquids [101-104] and manipulating or designing enzyme compatible with
ionic liquids [105-107]. Regarding the activation and stabilization of enzymes in
ionic liquids, several excellent reviews are available in literature [16, 55, 108].

10.5 Molecular Dynamics of Enzyme Structure
and Conformation in Ionic Liquids

Understanding the mechanism of how ionic liquids stabilize and activate enzymes
is crucial for researchers and engineers to optimize enzymatic reactions as well as
synthesize the enzyme compatible ionic liquids. Many efforts with different tech-
niques such as spectroscopy, molecular dynamics simulation have been paid to
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explore the dynamic structure and conformation of protein in ionic liquid in recent
years [109—121]. In general, the ionic liquids that have strong interaction with
protein such as halide containing ionic liquids tend to change the conformation of
proteins and therefore inactivate enzymes while other ionic liquids such as [Tf,N] ™~
based ionic liquids strengthen the protein conformation resulting in enhanced
enzyme stability. For example, Sasmal et al. by using fluorescence correlation
spectroscopy studied the conformation dynamics of human serum albumin (HSA)
protein in [Pmim][Br] and observed the denaturant effect of ionic liquids [121]. De
Diego et al. used fluorescence and circular dichroism (CD) spectroscopy to analysis
the a-chymotrypsin stabilization of [Emim][Tf,N] and found out that this ionic
liquids shows ability to compact the native conformation of protein by great
enhancement of the p-strand of protein. In our recent studies, molecular dynamics
(MD) simulation was employed to investigate the structure of CALB enzyme in
different ionic liquids and organic solvents and their corresponding enzyme activ-
ities. The MD simulations indicate that the structure and dynamics of the cavity that
holds the catalytic triad are solvent dependent: the cavity can be opened or closed in
water; the cavity is open in [Bmim][TfO] and tert-butanol; the cavity is closed in
[Bmim][Cl]. The closed or narrow cavity conformation observed in our simulations
obstructs passage for substrates, thus lowering their probability of reaching the
catalytic triad (Fig. 10.2). In addition, we observed that two isoleucines, ILE-189
and ILE-285, play a pivotal role in the open-close dynamics of cavity. Specifically,
ILE-285 situated on a helix (a-10) that can significantly change conformation in
different solvents. This change is acutely evident in [Bmim][Cl] where interactions
of LYS-290 with chlorine anions induces a conformational switch from an a-helix
into a turn (Fig. 10.3). Disruption of the a-10 helix structure results in a narrower
entrance to the catalytic triad site and this change is responsible for reduced activity
of CALB in [Bmim][Cl]. Moreover, the cavity profile’s size is well agreed with the
enzyme activity for the synthesis of butyl acetate. The activity of the enzyme
decreases with the size of the cavity in the following order: [Bmim][TfO] > tert-
butanol > [Bmim][CI].

10.6 Future Perspective on Rational Design of Ionic
Liquids for Biotransformation

Ionic liquids are considered as “designer solvents” because the physical, chemical and
biological properties of ionic liquids can be tuned by altering the combination of their
ionic constituents. However, finding the proper combination of anions and cations and
their mixtures among 10'® possibilities to yield required properties is a major challenge.
Many attempts have been tried to design and synthesize “task-specific” ionic liquids in
the last decade. For example, Abe et al. [122] based on their experimental observations
that hydrophilic imidazolium ionic liquids having alkyl ether functionalizing sulfate
salts were appropriate for lipase-catalyzed reaction have anticipated that phosphonium



266 N.L. Mai and Y.-M. Koo

o

Cavity Radius (A)

Distance (A)

Fig. 10.2 Profile of the catalytic cavity of CALB in different ionic liquids and solvents. (a)
[Bmim][TfO], (b) tert-butanol, (¢) [Bmim][Cl], (d) 0.3 M NaCl. Catalytic cavity profile (grey
points). Average value of all points is shown in red line. Black line indicates cavity profile of
crystalized CALB. Illustrations above and below the graph indicate the surface rendering of CALB
model with red labeled molecules representing ILE-189 and ILE-285. The approximate position of
cavity entrance is shown by blue dotted line whereas the black dotted line approximates the
catalytic triad position

salt which alkyl ether group might also be appropriate for lipase. Their anticipation
relied on the fact that phosphonium salt commonly exists in living creatures.
Several types of phosphonium ionic liquids have been prepared and tested for the
activity of ionic liquid coating lipase. A novel ionic liquids, 2-methoxyethoxymethyl
(tri-n-butyl)-phosphonium bis (trifluoromethanesulfonyl) amide ([P444sMEM][T{,N])
was successfully found to enhance the activity two times while perfectly maintaining
enantioselectivity of ionic liquid —coated lipase. However, this approach is mainly
based on the experimental trial-error means. More recently, many methods including
ab initio calculation, molecular simulation, quantum chemistry, and correlation have
been successfully applied to calculate and/or predict the physical properties of ionic
liquids [123, 124]. Not only physical, but also chemical and biological properties of
ionic liquids can be predicted by these methods. This opens a new path for designing
task specific ionic liquids which depends less on the experimental trial-and-errors. For
instance, in our studies, quantitative structure-activity relationship (QSAR) model
based on the information from the structure of ionic liquids (structural molecular
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Fig. 10.3 Conformational a b
changes in the a-10 helix
region of CALB in various
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X-crystal structure, (b)
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descriptors derived from CODESSA program) were used to predict the activity of
Candida antarctica lipase B (CALB) in the kinetic resolution of sec-phenylethanol in
ionic liquids. An optimal QSAR model with 5 structural molecular descriptors was
established with the correlation efficient (R?) of 0.9481 and 0.9208 for 18 training and
5 testing ionic liquids set, respectively. This indicates that the performance of enzy-

matic reaction in new ionic liquids could be predicted by QSAR model based on the
structural molecular descriptors of ionic liquids.

10.7 Conclusions and Remarks

In this chapter, a summary of issues regarding enzymes in ionic liquids has been
provided. In general, most of enzymes can be used in adequate ionic liquids. In
most cases, it is found that ionic liquids with hydrophobic nature, less viscosity,
kosmotropic anion and chaotropic cation usually enhance the activity and stability
of enzymes. The activity and stability of enzyme in ionic liquids can be improved
by immobilization, modification with activated stabilizing agents, pretreatment
with polar organic solvents or by reaction media engineering such as
mircroemulsion, using co-solvent, and design of biocompatible ionic liquids, efc.
Furthermore, the information regarding structure and conformation dynamics of
protein in ionic liquids could be helpful for engineering and scientific communities
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to understand how ionic liquids enhance the stability and activity of enzymes, and
thereafter be useful for choosing or designing ionic liquids for specific enzymatic
reactions with the help of quantum chemistry.
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Chapter 11
Biocompatibility of Ionic Liquids
with Enzymes for Biofuel Production

Teresa de Diego, Arturo Manjon, and José Luis Iborra

Abstract This chapter focuses on the application of enzyme technology in
non-aqueous green solvents as ionic liquids (ILs) to transform biomass, mainly
non-edible biomass (e.g. cellulose, lignocellulose, wood, forest residues, etc.), into
fermentable monomeric compounds, and low cost vegetable oils or animal fats in
biodiesel. This review aims to identify the key parameters that determine the
biocompatibility of ionic liquids with enzymes for the rational design of ionic
liquid-based formulations in biocatalysis for biofuel production.

Keywords Biofuels ¢ Ionic liquids ¢ Enzymatic-saccharification ¢ Enzymatic-
transesterification * Biodiesel ¢ Bioethanol

Abbreviations

Anions

[C1] Chloride

[ClOy4] Perchlorate

[Br] Bromide

[H,POy4] Phosphate

[BF,4] Tetrafluoroborate
[PF¢] Hexafluorophosphate
[BPh4] Tetraphenylborate
[NO,] Nitrite

[NOs] Nitrate

T. de Diego * A. Manjén « J.L. Iborra (6)

Department of Biochemistry and Molecular Biology B and Immunology, University of Murcia,
P.O. Box 4021, E-30100 Murcia, Spain

e-mail: jliborra@um.es

Z. Fang et al. (eds.), Production of Biofuels and Chemicals with lonic Liquids, 275
Biofuels and Biorefineries 1, DOI 10.1007/978-94-007-7711-8_11,
© Springer Science+Business Media Dordrecht 2014


mailto:jliborra@um.es

276 T. de Diego et al.

[(MeO),PO,] Dimethylphosphate

[Ac] Acetate

[TFA] Trifluoroacetate

[DMP] Dimethylphosphate

[MeSO4] Methylsulfate

[TfO] Trifluoromethylsulfonate

[NTf,] Bis[(trifluoromethyl)sulfonyl] amide
[SCN] Thiocyanate

[SbF¢] Hexafluoroantimonate

Cations

[MMIM] 1-Methyl-3-methylimidazolium
[EMIM] 1-Ethyl-3-methylimidazolium
[BMIM] 1-Butyl-3-methylimidazolium
[OMIM] 1-Octyl-3-methylimidazolium
[BMpy] 1-Butyl-1-methylpyrrolidinium
[EtsMeN] Triethyl-3-methylimidazolium
[CieMIM] 1-Hexadecyl-3-methylimidazolium
[CisMIM] 1-Octadecyl-methylimidazolium
[MTOA] Methyl trioctylammonium
[BTMA] Butyl trimethylammonium

AMMOENG 100 Ethyloctadecanoyl oligoethyleneglycol ammonium
AMMOENG 102  Ethyloctadecanoyl oligoethyleneglycol ammonium
Choline 2-Hydroxy-N,N,N-trimethylethanammonium

11.1 Introduction

Increasing energy demands inevitably lead to an increase in crude oil prices,
directly affecting global economic activity [1]. The progressive depletion of con-
ventional fossil fuels with increasing energy consumption and gas emissions have
led to a move towards alternative, renewable, sustainable, efficient, and cost-
effective energy sources with lower emissions. Biomass appears to be the most
feasible feedstock for current routes towards the production of biofuels since it is
renewable, cheap, has low sulphur content and involves no net release of carbon
dioxide, meaning that it has a high potential to become economically feasible at the
present time [2].

Bioethanol is a major biofuel on the market worldwide. In 2011, total fuel
bioethanol production worldwide was 28.94 billion gallons (109.4 billion litres)
[3]. It is estimated that bioethanol production could reach more than 227.4 billion
litres of bioethanol thereby displacing a substantial portion of the fossil fuel
currently consumed by the transportation sector [4]. Bioethanol is used to partially
replace gasoline to make gasoline-ethanol mixtures, E15 (15 % ethanol and 85 %
gasoline) and E85 (85 % ethanol and 15 % gasoline). The current commercial fuel
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ethanol is produced mainly from sugarcane and corn, depending on the climatic
conditions of the producers’ locations. The feedstock used for fuel ethanol produc-
tion is mainly sugarcane in tropical areas such as Brazil and Colombia, while it is
predominantly corn in other areas such as the United States, the European Union
and China [2].

However, the production of these raw materials is competing for the limited
arable land available for food and feed production. Therefore, it is critical to
investigate advanced or second generation biofuel production technologies.
Bioethanol can also be produced from lignocellulosic materials, which is com-
monly called second generation bioethanol [5]. The feedstocks for the second
generation bioethanol include agricultural residues, grasses, and forestry and
wood residues [6].

Biodiesel which is produced using vegetable oil, plant oil and animal fat is
another major biofuel. Nigam and Singh [7] consider biodiesel as a “carbon
neutral” fuel, as any carbon dioxide released from its burning was previously
captured from the atmosphere during the growth of the vegetative crop that was
used for its production. Obviously, biodiesel is an alternative fuel for diesel, and
most diesel engines can use 100 % biodiesel. The main feedstock currently used for
biodiesel production includes soy bean, canola seed or rapeseed, sunflower and
palm oil. There are going research activities into using alternative oils such as waste
oils from kitchens and restaurants and microalgal oils for biodiesel production.
However, these biofuels represent a tiny portion (<4 %) of the total fuels consumed
because it is not feasible to greatly increase biofuel production using the current
technologies available [7].

11.2 Biotransformation in Ionic Liquids

In recent years, the application of ionic liquids (ILs) as (co)solvents and/or reagents
in enzymatic catalysis for the production of biofuels is an emerging research area
(Fig. 11.1).

ILs are composed entirely of ions and are liquids at ambient or far below ambient
temperature, and have been extensively used as a potential alternative to toxic,
hazardous, flammable and highly volatile organic solvents. ILs, particularly, have
been shown to be exceptionally interesting non-aqueous reaction media for enzy-
matic transformations [8, 9]. Typical ILs are based on organic cations, e.g. 1,3-
dialkylimidazolium, tetraalkylammonium, etc., paired with a variety of anions that
have a strongly delocalized negative charge (e.g. [BF,4], [PFg], etc.), which results
in colourless and easily handled materials with very interesting properties as
solvents [10]. Their interest as green solvents resides in their negligible vapour
pressure, excellent thermal stability, high ability to dissolve a wide range of organic
and inorganic compounds, and their non-flammable nature, which avoids the
problem of the emission of volatile organic solvents to the atmosphere. Moreover,
their solvent properties, such as miscibility or immiscibility with water or some



278 T. de Diego et al.

Fig. 11.1 Published items
in each year (Source: Web 18 F
of Science http://apps.
webofknowledge.com 16
(keywords for the search: w 14 }
ionic liquids, biofuels and E
enzyme)) = 12 r
=
@ 10 f
%
— 8
E
a
4 -
2 -
D L | 1 1 '

2007 2008 2009 2010 2011 2012

Year

organic solvents (e.g. hexane), can be tuned by selecting the appropriate cation and
anion, which increases their usefulness for recovering products from the reaction
mixture [8]. So, an important aspect for an IL is that it able to partially or
completely solubilize the reactants, as well as low solubility for the reaction
products. Solubility with reactants improves the reaction by allowing reactants to
come into contact with each other, while the product can be separated by simple
decantation as it is insoluble with ionic liquids, which can therefore be recycled.

The use of ILs as a reaction medium for enzymes, the application of such green
compounds as cosolvents and/or reagents for biotransformation is well recognized.
Studies on enzymatic reactions in ILs over the last 8-9 years have revealed not only
that ILs are environmentally friendly alternatives to volatile organic solvents, but
also that they have excellent selectivity, including substrate, regio- and enantios-
electivity. Besides, many enzymes maintain very high thermal and operational
stability in ILs. In this strategy, enzymes are simply suspended in the ILs, and
then the resulting mixture can be used for biocatalytic reactions. It has been
reported that lipase from Candida antarctica immobilized with IL is active at
very high temperatures (95 °C) in hexane- and solvent-free conditions [11].

The most interesting biotransformations in ILs were observed at low water
contents or in nearly anhydrous conditions because of the ability of hydrolases to
carry out synthetic reactions. Furthermore, it is possible to design two-phase
reaction systems that easily permit product recovery [12—14]. In anhydrous condi-
tions, most of the ILs miscible with water clearly act as enzyme deactivating agents
(e.g. [BMIM][CI] or [BMIM][NOs]), with a few exceptions (e.g. [BMIM][BF,])
[8, 15, 16]. However, all the water-immiscible ILs assayed (e.g. [BMIM][PF¢] or
[BMIM][NTT,]) were shown to be suitable reaction media for biocatalytic reactions
at low water content (<2 %, v/v) or in anhydrous conditions. In this context, lipases
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are enzymes that have been most widely studied because of the high level of
activity and stereoselectivity displayed in synthesizing many different compounds,
e.g. aliphatic and aminoacid esters [17], chiral esters by kinetic resolution of
sec-alcohols [12-14, 18, 19], flavonoid derivatives [20], polymers [15, 21], etc.
Numerous other enzymatic reactions have also been reported in ILs [22]. Further-
more, water-immiscible ILs also have an important stabilizing effect on hydrolases
(lipases, esterases, proteases, etc.) in nearly anhydrous conditions [23-26].
We will focus on the use of enzymes in ILs for biofuels production.

11.2.1 Biodiesel Production in Ionic Liquids

Due to their unique proprieties, ILs have been used for biodiesel production
processes through lipase catalyzed transesterification (alcoholysis) of vegetable
oils (or animal fats) (Fig. 11.2) by several research groups [27-34]. Biodiesel is a
renewable diesel fuel that is also known as FAME (fatty-acid methyl esters).

The enzymatic transesterification method offers many advantages over the
chemical methods, such as mild reaction conditions, low energy demand, low
waste treatment, the reusability of enzymes (lipases in most cases), flexibility in
choosing different enzymes for different substrates, and the fact that it allows a
small amount of water to be present in substrates. Besides, in chemical processes,
some oil or fats may need a pretreatment for deacidification, depending on the
composition of the materials, to remove free fatty acids (FFAs), which form soap
with alcohols. Lipase can convert both triglycerides and FFAs into biodiesel
[2]. Some authors have even successfully used waste cooking oil to obtain enzy-
matic biodiesel which may be a promising alternative for reducing the cost of
biodiesel [27, 35-38].

The production yield was improved markedly when immobilized Candida
antarctica lipase B (CALB) on an acrylic resin was used as a biocatalyst compared
with other microbial lipases [27, 29, 30, 39, 40]. Ha et al. [30] screened 23 ionic
liquids as solvents in the production of biodiesel from soybean oil using Candida
antarctica lipase as catalyst. [EMIM][TfO] produced the highest biodiesel yield
(80 % in 12 h of reaction), a yield that was better than for the solvent-free system
and other commonly used solvents (tert-butanol). Nineteen ILs were studied to
determine their effectiveness as solvents in the transesterification process using
Burkholderia cepacia lipase (BSL) as catalyst [32]. The ionic liquid used have
combinations of cations and anions, being the cations based mainly on
imidazolium, while the anions were [NTf,] and [PF¢] to get a suitable reaction
media (Table 11.1).

Lipase-catalyzed methanolysis when conducted in a solvent-free medium led
to the deactivation of lipase with increased molar ratio of methanol to sunflower oil
>3 [45]. A similar deactivation of lipases was also observed during lipase cata-
lyzed methanolysis in a biphasic oil-aqueous system for FAME production
[46]. Methanolysis was conducted at different molar ratios of methanol to oil
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Table 11.1 Ionic liquids used in biodiesel synthesis with enzyme as catalyst
Reaction Biodiesel %

Ionic liquid  Enzyme Oil source conditions yield References

Ammoeng Lipase (Candida antdrctica) Triolein 60°C,10h 99 [40]
100

[EMIM] Lipase (Candida antdrctica) Soybean 50°C,12h 80 [30]
[TfO]

[EMIM][PF¢] Lipase (Candida antdrctica) Sunflower 60°C,4h 99 [41]

[BMIM] Lipase (Pseudomonas Soybean 25°C,30h 96.3 [29]
[NTHf,] cepacia)

[BMIM] Lipase (Penicillium Corn oil 40°C,25h 69.7 [9]
[PFgl, expansum)

[BMIM] Lipase (Candida antarctica) Triolein 48-55°C, 80 [42]
[PFs], 6h

[BMIM] Lipase (Penicillium Corn oil 40°C,25h 86 [43]
[PF¢] expansum)

[OmPy] Lipase (Burkholderia Soybean  40°C,16h 82.2 [32]
[BF4] cepacia)

[BMIM] Lipase (Candida antdrctica) Miglyols® 50°C,3h 93-97 [44]
[NTH,] oil 812

[CieMIM] Lipase (Candida antarctica) Triolein 60°C,6h 98 [27]
[NTt]

[BMIM] Lipase (Penicillium Microalgal 60 °C 85.7 [31]
[PF¢] expansum) (CLEAs) oil

(4:1 to 10:1) and similar results were obtained. Thus the concentration of methanol
did not have a great effect on product formation in the presence of IL, which
protects the lipase from methanol-induced deactivation.

Among the various types of ILs used, hydrophobic ILs were found to be the most
effective for the production of biodiesel, the biodiesel yield increasing with both
cation chain length and IL hydrophobicity, and decreasing when ILs with strong
water miscible properties were used ([BMIM][NTT,], [EMIM][PFs], AMOENG
100, AMOENG 102, [C;iMIM][NTf,] or [C;sMIM][NTHf,] etc). Hydrophilic ILs
were not suitable as solvent in enzyme-catalyzed transesterification as only 10 %
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FAME yield was obtained for [HMIM][BF,], while no FAME was observed when
[BMIM][BF,] was used as the solvent [33].

This trend can be explained in terms of methanol-induced enzyme deactivation.
Hydrophobic ILs protects the enzyme from such deactivation because lipase is
entrapped in the IL matrix. The most notable advantages of the use of ILs in such
bioconversions are that the biodiesel can be separated by simple decantation and the
recovered ionic liquid/enzyme catalytic system can be re-used several times with-
out loss of catalytic activity and selectivity. More recently, our group [27] used
[C1eMIM][NTf,] as a homogeneous reaction mixture and, when the reaction was
complete, a triphasic system was created through the appearance of a FAMEs phase
(upper layer), a glycerol phase (middle layer) and a lower layer with the ionic liquid
containing the enzyme, which could be solidified by decreasing the reaction
temperature of the media (the melting point for [C;cMIM][NTf,] is 42.6 °C), in
this way facilitating extraction of the biodiesel product. Furthermore, ILs provides
the ideal medium for removal of the by-product glycerol, thus accounting for the
increase in biodiesel yield. A promising strategy employed by Lai et al. [47] was to
use cross-linked enzyme aggregates (CLEAs) of lipase from Penicillium expansum
as catalyst for biodiesel production in [BMIM][PF¢] from microalgal oil, with a
conversion of 85.7 % in 48 h.

11.2.2 Fermentable Sugar Production in Ionic Liquids

Bioethanol can be produced from lignocellulosic biomass feedstocks (wood,
grasses, agricultural residues, and waste materials). The general steps for producing
ethanol include pretreatment of substrates, saccharification to release the ferment-
able sugars from polysaccharides, fermentation of the released sugars and, finally, a
distillation step to separate the ethanol (Fig. 11.3).

Hydrolysis is usually catalyzed by cellulase enzymes and the fermentation is
carried out by yeast or bacteria. Pretreatment of lignocellulosic materials is a
prerequisite to facilitate the separation of cellulose, hemicellulose and lignin, so
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that complex carbohydrate molecules constituting the cellulose and hemicellulose
can be broken down by enzyme-catalysed hydrolysis into their constituent simple
sugars. Lignin consists of phenols and, for practical purposes, is not fermentable,
while hemicellulose consists of 5-carbon sugars, and, although they are easily
broken down into their constituent sugars such as xylose and pentose, the fermen-
tation process is much more difficult, and requires efficient microorganisms that are
able to ferment 5-carbon sugars to ethanol [2, 7, 48, 49]. Besides, in their natural
state, cellulose fibers are highly crystalline and tightly packed, so pretreatment is
necessary to increase the porosity and the accessible surface area for hydrolytic
enzymes. Various biomass pretreatment methods have been used for the production
of bioethanol, either simple such as steam explosion alone, or combined treatments
such as steam explosion/ammonia, explosion/acid or alkali, fiber explosion/CO,,
chemical hydrolysis/enzymatic processes [S0-53]. The advantages of biological
pretreatment include low energy requirement and mild environmental conditions,
but the hydrolysis rate is very low.

In a pioneering study by Swatloski et al. [41], several ILs, in particular [BMIM]
[Cl], were found to be capable of dissolving up to 25 % cellulose (by weight),
forming highly viscous solutions. This prompted several other groups to test a
variety of other ILs for their ability to dissolve cellulose [34, 43, 44, 54-61]. To
optimize the use of lignocellulosic materials any pretreatment method should
extract lignin and decrease the cellulose crystal structure. Lignocellulosic biomass
can also be dissolved in ILs such as [AMIM][CI], [BMIM][CI] and [EMIM]
[Ac] [62—-64] and, for ionic liquids containing the same cation [BMIM], the ability
to dissolve the residual lignin was dependent on the anion, as follows (in order):
[MSO,4] > [CI] >> [Br] >>> [PFg] [65]. However, not all ILs have the capacity to
dissolve cellulose. For example, it has been reported that, due to the presence of
cationic hydroxy and allyl groups, alkanolammonium ILs cannot dissolve the
crystal structure of cellulose [66]. In this context, ILs possessing coordinating
anions (e.g., [Cl], [NOs], [Ac], [(MeO),PO,]) which are strong hydrogen bond
acceptors, have been found to be capable of dissolving cellulose in mild conditions
by forming strong hydrogen-bonds with cellulose and other carbohydrates at high
temperatures [22]. A good compromise between the solubility of lignin and cellu-
lose is achieved with [EMIM][Ac] [67].

Liu et al. [68] provided an extensive review on the mechanism of cellulose
dissolution in ionic liquids, demonstrating that the key parameters in the capacity of
ILs, for cellulose dissolution are the cation and anion size and the ability to form
hydrogen bonds with cellulose. Besides, the presence of water is disadvantageous to
the solubility of carbohydrates, but is necessary for cellulose hydrolysis. However,
high concentrations of water solvate the ions of the ionic liquid and thus prevent it
from interacting with carbohydrates. A compromise must be reached between the
water content and the cellulose hydrolysis rate in imidazolium ionic liquids [69].

Froschauer et al. [70] reported that a mixture of the cellulose dissolving IL
EMIM OAc with 15-20 wt% of water is able to selectively extract hemicelluloses
when mixed with a paper-grade kraft pulp for 3 h at 60 °C. This fractionation
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Fig. 11.4 Pre-treatment of cellulose with IL for bioethanol synthesis

method suggests the use of a cellulose solvent, which can serve repeatedly for
complete dissolution of the purified cellulose fraction when applied undiluted.

It seems that although hydrophilic ILs are effective for the dissolution of
cellulose, the activity of cellulases decreases significantly in their presence,
which is consistent with what has been found for other enzymatic reactions. To
overcome the negative effect of ILs on the enzymes, many research groups have
regenerated cellulose from ILs prior to enzymatic saccharification, observing the
faster hydrolysis of IL-regenerated cellulose compared to untreated cellulose [61,
67, 71]. Ionic liquid-treated cellulose was found to be essentially amorphous and
more porous than native cellulose, both of which are effective parameters for
enhancing the enzymatic action [72]. Figure 11.4 shows a scheme for regenerating
cellulose from ILs prior to enzymatic saccharification for bioethanol synthesis.

After the pretreatment of cellulose with ionic liquids, the ILs must be removed;
for this, methanol, ethanol and deionized water can be used as anti-solvents to
regenerate cellulose from the cellulose/IL solutions. Enzymatic hydrolysis is
affected by the anti-solvents used, the pretreatment temperature and the residual
amount of ILs [73]. However, it has been shown that microwave irradiation
(or sonication to a lesser degree) enhances the efficiency of dissolution compared
with thermal heating, and, when used along with ionic liquid pretreatment, it
increases the conversion of cellulose during the enzymatic reaction by making
the external and internal surface area of cellulose more accessible. Similarly,
Kamiya et al. [74] reported enzymatic in situ saccharification of cellulose in
aqueous—ILs by adjusting the ratio of [EMIM] [DEP] to water, and Yang
et al. [75] presented a new approach for enzymatic saccharification of cellulose in
ionic liquids ((MMIM][DMP)-aqueous media, in which ultrasonic pretreatment is
used to enhance the conversion of cellulose. Another strategy proposed to improve
the stability of the cellulose in [BMIM][CI] was to coat the immobilized enzyme
particles with hydrophobic ILs. In this way, the stability of cellulase in hydrophobic
IL/[BMIM][CI] mixtures being greatly improved with respect to [BMIM]
[CI] alone [76].

Besides, it must be taken into account that cellulase activity is inhibited by
cellobiose and, to a lesser extent, by glucose. Several methods have been developed
to reduce such inhibition, including the use of high enzyme concentrations,
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supplementation with f-glucosidases during hydrolysis, and removing sugars dur-
ing hydrolysis. At this point, the importance of the purity should be mentioned,
since water, halides, unreacted organic salts and organics easily accumulate in ionic
liquids, thus influencing the solvent properties of the IL, and/or interfering with the
biocatalyst.

11.3 Biocompatibility of Ionic Liquids with Enzymes
for the Production of Biofuel

Ionic liquids are biocompatible with enzymes if they allow enzymes to operate
efficiently in them. These ILs must maintain an appropriate balance between the
activity and stability of enzymes or even exalt their properties. It is well known that
the catalytic activity of an enzyme strongly depends on this 3D structure or native
conformation, which is maintained by a high number of weak internal interactions
(e.g. hydrogen bonds, van der Waals, hydrophobic interactions, etc.), as well as
interactions with other molecules, mainly water, as a natural solvent of living
systems. Thus, water is the key component of all non-conventional media, because
of the importance that enzyme-water interactions have in maintaining the active
conformation of the enzyme. Few clusters of water molecules are required for the
catalytic function, in which hydrophobic solvents typically permit higher enzymatic
activity than hydrophilic ones due to their tendency to strip some of these essential
water molecules [77].
Generally, there are three ways to use ionic liquids in a biocatalytic process:

. As a pure solvent in nearly anhydrous conditions;
. In aqueous solutions as a co-solvent;
3. In biphasic systems.

N =

When an ionic liquid is used as a pure solvent, proper control of the water
content, or, better, of water activity, is of crucial importance as since minimum
amount of water is necessary to maintain the enzyme’s activity. But, when aqueous
solutions of ILs are used as reaction media, the IL and the assayed concentration are
key criteria because of the high ability of water-miscible ILs to deactivate enzymes.
Therefore, the water content is one of the key factors for enzymatic transester-
ification reactions for biodiesel production because excess water causes reverse
hydrolysis reaction. So, the amount of water required to provide optimal enzyme
activity differs according to the type of enzyme and composition of the reaction
medium.

The most important properties of ionic liquids when they are used with
biocatalysts are their polarity, hydrophilicity, viscosity and purity. The significance
of these factors depends on the system used. Recently, Yang [78] has reported a
good review on the effect of ionic liquids on enzymes for biotransformations.
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11.3.1 Major Factors that Affect Enzyme Activity
and Stability in Ionic Liquids

11.3.1.1 IL Polarity

One of the key parameters in the biocompatibility of ILs with enzymes is their polar
character, which is not to be confused with the non-water miscibility of some of
them (Fig. 11.5).

The subject of ionic liquid polarity has been addressed using a variety of
methodologies, including measuring the absorption maximum of a solvatochromic
dye, eg. Nile Red or Reichardt’s dye, using a fluorescent probe, measuring the keto-
enol equilibria (which are known to depend on the polarity of the medium),
microwave dielectric spectroscopy measurements, etc. [79-82]. As a rule, the
polar character of anions decreases as a function of the size/delocalization of the
negative charge (e.g. [CI] > [NO,] > [NO3] > [BF,4] > [NTf,] > [PFs]), while, in
the case of cations, polarity is mainly determined by the length of the alkyl chain
groups. Simple chemical reasoning predicts that a polar medium will dissolve polar
compounds, such as carbohydrates. By this measure, the ionic liquid [BMIM][BF,],
which is hydrophilic, and [BMIM][PFg], which is hydrophobic, fail the polarity
test, because both dissolve less than 0.5 g/L. of glucose at room temperature
[68]. The concept of solvent polarity with ILs is too elusive to serve as a basis to
predict, for example, solubility or reaction rates. There are, moreover, indications
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that solvent-solute interactions of ionic liquids obey a dual interaction model
(i.e. ionic liquids behave as non-polar solvents with non-polar solutes but display
a polar character with polar solutes), even to the extent that ionic liquids should be
regarded as nanostructured materials [8]. However, the IL polarity-enzyme activity
correlation has not been established for many enzymatic reactions performed in ILs
[15, 19, 83].

Yang and Pan [9] suggested that enzyme activity may be related more to the
viscosity and less to the polarity of ionic liquids. Reaction rates have usually been
compared in different ionic liquids when the same amount of water is present in the
reaction system (e.g. 2 % v/v of water). Therefore, the higher reaction rates in more
polar ionic liquids [25, 84] can be explained by the effect of viscosity. Under such
conditions, the solvent of higher polarity would leave less water associated with the
enzyme and more water remaining in the solvent: the former would result in a lower
reaction rate, while the latter would lead to a reduction in the viscosity of the ionic
liquid and, in turn, to an improvement in the mobility of the protein molecule.

11.3.1.2 Hydrophobicity and Water Miscibility

Another property of ILs is hydrophobicity, which should not be confused with
solvent polarity. The terms hydrophilic/hydrophobic ions are often used synony-
mously with water miscibility based on the miscibility of ILs with water, so that
ionic liquids can be divided into two categories: hydrophobic (water-immiscible)
and hydrophilic (water-miscible). The hydrophobicity of ILs is usually quantified
by the log P scale, a concept derived from the partition coefficient of ILs between
1-octanol and water. Russell’s group measured the log P values (< —2.0) of several
ILs, and suggested that they are very hydrophilic in nature based on Laane’s scale
[31]. They also observed that free lipase (Candida rugosa) was only active in
hydrophobic [BMIM][PF¢] (log P = —2.39), but inactive in other hydrophilic
ILs, including [BMIM][Ac] (log P = —2.77), [BMIM][NOs] (log P = —2.90)
and [BMIM][TfA] [15]. Through a systematic investigation of lipase-catalyzed
transesterification in over 20 ILs, it was observed that lipase activity increased
with the log P value to reach a maximum, and then decreased as log P further
increased (a bell-shaped dependence). These examples implied that the high hydro-
phobicity (high log P) of ILs could be beneficial for enzyme stabilization [34]. How-
ever, many exceptions to this rule have been reported, and ionic liquids have not
been treated according to this /og P concept to relate them to enzyme activity.
The water miscibility of ILs generally depends on the anions they contain, and
the solubility of water an ionic liquid can be varied by changing the anion from
[C1] to [PF¢]. However, this behaviour varies widely and sometimes unpredictably;
for example, [BMIM][BF,], does not dissolve simple sugars to an appreciable
degree and [BMIM][CI], in contrast, dissolves massive amounts of cellulose. And
yet, these ionic liquids are of similar polarity on the Reichardt’s scale. It was
demonstrated that the ability of ionic liquids to dissolve complex compounds,
such as sugars and proteins, mainly depends on the H-bond accepting properties
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of the anion. A recent measurement of the H-bond accepting properties of such ILs
revealed that [BF,] or [MeSO,4] were better H-bond acceptors (f = 0.61 and 0.75,
respectively) than [PFg] (f = 0.50), which can be considered a reasonable expla-
nation for the difference in water miscibility [85]. The high hydrogen-bonding
basicity and overall hydrophilic nature of water-miscible ILs enable to dissolve
enzymes (to a greater or lesser degree) while enzymes are barely soluble in
hydrophobic ILs [86]. The Sheldon group [87] maintains that hydrogen bonding
could be the key to understanding the interactions of proteins and ionic liquids.
Water is a powerful hydrogen bonding medium and an ionic liquid must mimic
water in this respect to dissolve proteins, in particular as regards the hydrogen bond-
accepting properties of the anion. The interaction should not be too strong, how-
ever, because, otherwise the hydrogen bonds that maintain the structural integrity of
the a-helices and f-sheets will dissociate, causing the protein to unfold. So, to
maintain the activity of ionic liquid-dissolved enzymes, a balance of mild hydrogen
bond-accepting and donating properties is required. In contrast, in ionic liquids that
do not dissolve enzymes, the enzyme preserves its native structure in this ionic
liquid just as it preserves its catalytic activity. Besides, enzyme-compatible anions
exhibit lower hydrogen bond basicity, which minimizes interference with the
internal hydrogen bonds of an enzyme [84]. They also exhibit lower nucleophilicity
and thus a lower tendency to change the enzyme’s conformation by interacting with
the positively charged sites in the enzyme structure [87].

The approximate ionic association strength in aprotic solvents is listed below in
increasing order [88]:

[NTf,] < [PF¢] < [ClO4] < [SCN] < [BF4] < [TfO] < [Br] < [NOs] < [TFA]
<[]

This order represents the strength of an anion in its interaction with solvated
cations through ionic attraction, or may even represent the strength of interactions
between the anion and the changed surface of macromolecules (such as proteins).
Dupont [10] suggested the strength of hydrogen-bond basicity in the similarly
increasing order of:

[BPhy] < [PFs] < [BF4] < [TFA]

These sequences confirm that enzyme activity is probably related with the
hydrogen-bond acceptor strength of the anion: anions with low hydrogen-bond
basicity are enzyme stabilizing.

In regards to IL cations, these are usually accepted to show a lower dominant
effect than anions of the same charge density, because anions are more polarizable
and hydrate more strongly [43]. So, cations seem to interact indirectly via interac-
tion with anions, depending on the degree of coordination and the length of the
alkyl chain of the cations.

Other authors suggest that the stability of the enzyme depends on the nucleophi-
licity of the anion. Kaar et al. [15] observed that free Candida rugosa lipase was only
active in hydrophobic [BMIM][PF¢], but inactive in all hydrophilic ILs based on
[NOs], [Ac] and [TFA] during the transesterification of methylmethacrylate with
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2-ethyl-1-hexanol. They indicated that the last three anions are more nucleophilic
than [PFg], and thus could interact with the enzyme causing protein conformational
changes. However, in another study, a contradictory result was reported. Irimescu
and Kato [89] carried out the CALB-catalyzed enantioselective acylation of 1-pheny-
lethylamine with 4-pentenoic acid, and found that the reaction rate relied on the type
of IL anions (reaction rate in a decreasing order of [TfO] > [BF,] > [PF¢], keeping
the cation unchanged). This suggests higher anion nucleophilicity, correlating with
higher enzymatic activity. On the other hand, Lee et al. [90] measured the initial
transesterification rates of three lipases (Novozym 435, Rhizomucor miehei lipase,
and Candida rugosa lipase) in different ILs with the same water activity, and
observed that the anion effect on the initial rates followed a decreasing order:
[NTf,] > [PF¢] > [TFO] > [SbF¢] ~ [BF,]. They suggested that [TFO] and [BF,]
are more nucleophilic than [PFg], although these results could be better explained by
the anion hydrophobicity of IL.

An interesting phenomenon observed by Zhao et al. [34] during the transester-
ification of ethyl butyrate with 1-butanol was that when the solvents
(dichloromethane or ionic liquids) and substrates were dried but the lipase was
not totally dried (~3 % wt water) higher reaction rates were observed with
microwaves than in a water-bath. However, when the enzyme was also dried, the
differences in reaction rates became insignificant. This interesting behaviour has
actually been reported in a number of papers, the authors of which maintain that in a
fairly dry hydrophobic solvent and substrate environment, the enzyme particle is
surrounded by (at least) one layer of water molecules. The solvent is hydrophobic
so it does not strip off the water layer. In this microenvironment, the water layer
near the enzyme surface has a much higher relative dielectric constant (e, = 80.1 at
20 °C) than the surrounding IL. Therefore, under microwave irradiation, the
enzyme surface is likely to have a higher temperature than the bulk solvent due
to the superheating of the water layer.

For bioethanol production, hydrophilic ILs are effective in dissolving cellulose,
but the activity of cellulases decrease significantly in their presence. Therefore, IL
residues should be entirely removed after cellulose regeneration [83].

When dealing with ILs in nearly anhydrous conditions, at low water content
(<2 % v/v), all the assayed water-immiscible ILs (i.e. [BMIM][PF¢], [BTMA]
[NTf,], etc.) were shown to be suitable reaction media for biocatalytic reactions,
because water-immiscible ionic liquids are nevertheless hygroscopic, as noted
above, and readily absorb a small percentage of water [91], but sufficient to
maintain the active conformation of the enzyme. For example, in the case of the
lipase B (Novozym 435 from Novo) catalyzed transesterification of vegetable oil
for biodiesel production, the best enzyme activity and a biodiesel yield of 97-98 %
was obtained with [EMIM][PF¢] and [BMIM][PF¢], while hydrophilic ILs were
poor solvents for this methanolysis for two reasons: oil insolubility (heterogeneous
system) and enzyme deactivation [22, 32]. Besides, ILs with long alkyl chains (e.g.,
[CieMIM][NTf,] and [C1gMIM][NTf,]) have been used in a homogeneous
one-phase system for lipase-catalyzed biodiesel production which this avoids direct
interactions between the enzyme and pure methanol and allows for the stable reuse
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of lipase in the ILs. These long chain and lipophilic ILs create a non-aqueous
system for oil transesterification, and at the end of the reaction, a triphasic system
was formed as a result of lowering the temperature, which facilitates biodiesel
extraction [27, 28].

The remarkable results obtained for enzymatic reactions in water-immiscible ILs
in nearly anhydrous conditions underline the suitability of these solvents as a clear
alternative for biodiesel production. In this strategy, enzymes (immobilized or not)
are simply suspended in the ILs, and the resulting a mixture can be used for
biocatalytic reactions. Enzymes coated with ionic liquids can also be used. For
example, for citronellyl ester synthesis, immobilized lipase from C. antarctica
coated with ionic liquids at a very high temperature (95 °C) in hexane and
solvent-free conditions was used [11].

11.3.1.3 Viscosity

Another important property of ILs for use as reaction media in biotransformations is
their viscosity. Indeed, high viscosity is probably inherent to ionic liquids. Strong
intermolecular forces between solvent molecules cause high viscosity. For ethylene
glycol, the strong forces are hydrogen bonds, whereas for ionic liquids they are
charge—charge interactions. Weaker interactions such as van der Waals forces also
exist between molecules [92]. So, like other solvents, the viscosity of ILs is
dependent on the ion-ion interactions, such as van der Waals interactions and
hydrogen bonding. Therefore, the value of the viscosity varies significantly with
the chemical structure, composition, temperature, and the presence of solutes such
as, water, co-solvents or impurities. The viscosity of ionic liquids is high compared
with that of molecular solvents and it has been shown that such viscosity generally
increases with an increase in the alkyl chain length for a fixed anionic group due to
the stronger van der Waals interactions. Consequently, solvent viscosity could
affect the biocatalytic reaction rate in terms of the mass transfer limitation when
the reaction is rapid and the IL is relatively viscous. For example, higher enzyme
activity was observed in [EMIM][NTf,] than in [MTOA][NTf,] due to the former
lower viscosity [25]. However, this trend is not true for all biocatalytic reactions
performed in ILs, particularly when reaction rates are measured in equilibrium
conditions rather than by kinetic control. A recent study of the lipase-catalyzed
transesterification of ethyl butyrate and 1-butanol in more than 20 ILs further
confirms that IL viscosity affects the reaction rates in some cases, but is not the
primary factor in controlling the enzyme’s activity [34]. Different researchers
explain that the high viscosity of ILs slows the conformational changes of bio-
molecules, allowing enzymes to maintain a more compact structure [93]. van
Rantwijk and Sheldon [8] interpreted that the underlying cause of this stabilizing
effect is the high viscosity of ionic liquids, which slows the migration of protein
domains from the active conformation into the inactive one. The possible explana-
tion is that IL viscosity affects the preferential hydration interactions, and that the
functional groups of the enzyme absorb more water molecules, which could explain
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why ILs with a long alkyl chain in their cations were better stabilizers of the protein
structure. Besides, ILs bearing long alkyl chains in their cations often self-assemble
in aqueous solutions and behave like surfactants, creating microemulsions [94, 95]
and interactions with enzymes through two main mechanisms: (1) electrostatic
interactions between the surfactant head group and charged amino acid residues
of the protein, and (2) hydrophobic interactions between the alkyl chains of the
surfactant and hydrophobic amino acid residues. So, knowledge of surfac-
tant—protein interactions could be useful for understanding the effect of IL on
enzyme activity and stability in some systems (both aqueous and non-aqueous).

11.3.1.4 Impurities

Several groups have disagreed on whether or not a given enzyme is active in a
particular ionic liquid. For example, Schofer et al. [19] reported that CALB had no
activity in [BMIM][BF,] or [BMIM][PF¢], but other groups reported good activity
during transesterification or ammoniolysis in the same ionic liquids. Such incon-
sistencies may be the result of impurities.

By measuring the effect of some additives on lipase catalyzed acetylation, Park
and Kazlauskas [84] concluded that the most likely causes of slow or no reactions in
some ionic liquids are traces of silver ion or acidic impurities. More recently, Lee
et al. [90] reported that the activity of Novozym 435 in [OMIM][NTTf,] decreased
linearly with the chloride content, and that 1 % (wt.) increase in [OMIM]
[CI] (~1,540 ppm [C]l7]) caused a 5 % decrease in enzyme activity.

Washing with water followed by vacuum drying can be used to purify water-
immiscible ionic liquids. However, the purification of water-miscible ionic liquids,
such as [BMIM][BF,] involves filtering through silica gel followed by washing
with aqueous sodium carbonate solution.

Although these purified ionic liquids worked reliably, purification still needs
further research. Besides, it has to be borne in mind that the effects of impurities
may vary from enzyme to enzyme in ionic liquids.

Most ionic liquids based on common cations and anions should be colourless,
with minimal absorbance at wavelengths greater than 300 nm. In practice, the salts
often take on a yellow hue, particularly during the quaternization step. Impurities or
unwanted side reactions involving oligomerization or polymerization of small
amounts of free amine are a major limitation for studying enzyme structure by
UV/visible spectroscopic techniques.

Clearly, the impurity most likely to be present in high concentrations in ionic
liquids is water. Other reaction solvents are generally easily removed by heating the
ionic liquid under vacuum. This observation is very important when ILs (as pure
solvents) in nearly anhydrous conditions are used as reaction media.
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11.3.2 Structural Organization of Enzyme-IL Systems

ILs form a strong ionic matrix and the added enzyme molecules could be considered
as being included rather than dissolved in the media, meaning that ILs should be
regarded as liquid enzyme immobilization supports, rather than reaction media, since
they enable the enzyme-IL system to be reused in consecutive operation cycles
[96]. Finally, after an enzymatic transformation process in ILs, products can usually
be recovered by liquid-liquid extraction, although the organic solvents used in this
step represent a clear breakdown point for the integral green design of any chemical
process.

To understand the biocompatibility of ionic liquids with enzymes it is necessary
to consider the structure-function relationships of enzymes in water immiscible ILs
and to discern how water is partitioned between the enzyme surface and the bulk IL
solution. Complementary spectroscopy measurements (e.g. fluorescence, circular
dichroism, FTIR) have classically been used to investigate changes in the secondary
structure of enzymes in an attempt to explain the stabilization or denaturation
phenomena associated with their molecular environment. Such spectroscopic
methods have been used to correlate changes in the secondary structure of monellin
[97], CALB [98, 99] or a-chymotrypsin [100] with enzyme stability in ILs. Iborra’s
group were pioneers in carrying out structural studies that revealed that the syn-
thetic activity and stability exhibited by CALB in ILs was much higher than that
observed in hexane, and was related with the associated conformational changes
that take place in the native structure of CALB, as demonstrated by fluorescence
and CD spectroscopic techniques [98]. The stabilization of CALB by hydrophobic
ILs seems to be related with the observed evolution of a-helix to f-sheet secondary
structures of the enzyme, resulting in a more compact enzyme conformation, that is
able to exhibit high catalytic activity, suggesting that the stability of enzyme in this
medium was improved by the formation of a compact, but flexible, native-like
conformation of the enzyme. Turner et al. [16] described how the deactivation of
the enzyme cellulase produced by water-miscible ILs (e.g., [BMIM][CI]) is accom-
panied by a fall in the fluorescence intensity maxima of the Trp parameter with
respect to the native conformation in water as a result of the enhancing exposure of
Trp residues to the bulk solvent and enzyme denaturation. Fluorescence spectros-
copy demonstrated that monellin in a low water content (2 % v/v) in [BMpy][NTf,]
resisted thermal unfolding. Fujita et al. [101] elucidated the power of hydrated
[Choline][H,PO,4] to maintain the activity of cytochrome c after 18 months of
storage in the dissolved form at room temperature because of its ability to maintain
its native secondary structure and conformation, as monitored by ATR-FTIR
(attenuated total reflection Fourier transform infrared) and resonance Raman spec-
troscopies. A later study found that CALB aggregates can deactivate in 1-ethyl-3-
methylimidazolium-based ILs in an anion-dependent manner [42]. Studies of
papain in 15 % (v/v) aqueous solutions of 1-alkyl-3-methylimidazolium-based
ILs using ATR-FTIR demonstrated that the choice of anion has a significant impact
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on the structure, specificity and stability of the enzyme [102]. Again, the f-sheet
content in the secondary structure increased, while the a-helical content decreased.

Micaélo and Soares [103] presented a molecular dynamics simulation study of
the serine protease, cutinase, in two different ILs, [BMIM][PFs] and [BMIM]
[NOs]. Their work showed that the enzyme is preferentially stabilized in [BMIM]
[PF¢], which allows a suitable degree of hydration to be maintained at the enzyme
surface and hence renders a more native-like enzyme structure, while [BMIM]
[NOj3] tended to be more destabilizing. These findings are in accordance with
previous experimental observations [15, 86] which attributed these results to the
difference in the hydrophobicity of the two ILs: [BMIM][PFg] is more hydrophobic
than [BMIM][NO;] and hence is less likely to dissociate into ions to destabilize the
enzyme.

A study of human serum albumin (HSA) and equine heart cytochrome c (cyt c)
by CD spectroscopy and small-angle neutron scattering (SANS) demonstrated that
the IL 1-butyl-3-methylimidazolium chloride ([BMIM][CI]) not only caused sig-
nificant unfolding of the a-helical proteins when present as a cosolvent with water,
but [BMIM][CI] also changed the aggregation state of HSA, suggesting that the
interaction depends on the protein sequence [104].

The secondary structure can also be analyzed with FTIR spectroscopy since
proteins absorb infrared wavelengths due to peptide bond vibrations. Liu et al. [32]
reported that a significant decrease in the a-helix content of lipase from
Burkholderia cepacia probably affects the lipase active site: the lower the a-
helix, the higher the “open” conformation of the active site, allowing easier access
to the substrate.

More recently, Fan et al. [105] suggested that ILs could quench the intrinsic
fluorescence of papain, probably by means of a static quenching mechanism. The
calculated binding constants were very small compared with that of volatile organic
solvents, indicating that only very weak interaction between ILs and papain existed.
The Gibbs free energy change (AG), enthalpy change (AH), and entropy change
(AS) during the interaction of papain and ILs were estimated. The negative values of
these parameters obtained, indicated that the interaction between ILs and papain
was a spontaneous process, also implying that hydrogen bonding and van der Waals
forces played important roles in the interaction processes.

The impact of water-miscible ILs on proteins was characterized by structural
changes of green fluorescent protein (GFP) in aqueous solutions containing 25 and
50 % (v/v) of [BMIM][CI]. The SANS and spectroscopic results indicated that GFP
is a great deal less compact in 50 % (v/v) [BMIM][CI] than in neat water,
suggesting unfolding from the native structure. The oligomerization state of the
protein in IL-containing aqueous solution changes from a dimer to a monomer in
response to the IL, but does not change as a function of temperature of the IL
solution. The SANS and spectroscopic results also demonstrate that the addition of
this hydrophilic ionic liquid to the solution lowers the thermal stability of GFP,
allowing the protein to unfold at lower temperatures than in aqueous solution [106].

An aqueous solution of free-enzyme molecules added to the hydrophobic IL
phase could be regarded as being included, but not dissolved, in the medium, the
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essential water shell around the protein being preserved, and providing an adequate
microenvironment for the catalytic action [14]. Usually, enzymes fold by placing
the non-polar residues in a hydrophobic core, while polar residues are located on the
hydrated surface. A “memory” phenomenon is observed when an enzyme is placed
in a dry hydrophobic system, because the biocatalyst is trapped in the native state as
a consequence of the low dielectric constant of the medium. This intensifies
intramolecular electrostatic interactions and enables the catalytic activity to be
maintained [103, 107, 108]. The extremely ordered supramolecular structure of
ILs in solid and liquid phase has been described as an extended network of cations
and anions connected by hydrogen bonds [109]. This network might be able to act
as a mould, maintaining an active three-dimensional structure of the enzyme in
non-aqueous environments, and avoiding classical thermal unfolding. Therefore the
incorporation of molecules and macromolecules in the ionic liquid network causes
changes to the physico-chemical properties of these materials and can cause, in
some cases, the formation of polar and non-polar regions [109]. So, enzymes in
water immiscible ILs should also be considered as being included in the hydrophilic
gaps of the network, where the observed enzyme stability could be attributed to the
maintenance of this strong net around the protein. ILs can clearly be considered as
both solvents and liquid immobilization supports because multipoint enzyme-IL
interactions (ionic, hydrogen bonds, van der Waals, etc.) may occur, resulting in a
supramolecular net able to maintain an active protein conformation [98] (Fig. 11.6).

A theoretical basis for predicting the compatibility of enzymes and anhydrous
ionic liquids has not yet been developed, although a number of possibly contributing
factors have been discussed, such as the cation H-bond donating capability, log P,
formation of hydrogen-bonded nanostructures, and solvent viscosity [8]. With regard
to the compatibility of enzymes and hydrophobic ionic liquids, hydrogen bonding
could be the key to understanding. It is well known that the thermal stability of
enzymes is enhanced in both aqueous and anhydrous media containing polyols as a
consequence of an increase in hydrogen bond interactions. Thus, both the
solvophobic interactions essential for maintaining the native structure and the water
shell around the protein molecule are preserved by the “inclusion” of the aqueous
solution of free enzyme in the IL network, resulting in a clear enhancement of
enzyme stability (Fig. 11.7).

Yang [110] maintains that an ion may affect enzyme performance by playing the
role of substrate, cofactor, or even inhibitor. But more generally, the effect of
specific ions could be better understood by considering an ion’s ability to alter
the bulk water structure, to affect the protein—water interaction, and to directly
interact with the enzyme molecules. So, the effect of ions on enzyme activity and
stability has usually been linked to the Hofmeister series (or the kosmotropicity
order): kosmotropic anions and chaotropic cations stabilize enzymes, while
chaotropic anions and kosmotropic cations destabilize them. The influence of
hydrophilic ILs on the protein activity and stability usually follows the Hofmeister
series when ILs dissociate into individual ions in water [111] but, unfortunately,
there are many cases in which this series is not followed, especially when there is
little or no water present in the IL media, and, furthermore, some authors associate
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Fig. 11.6 Structural
organization of enzyme
hydrophobic ionic liquid
systems
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Fig. 11.7 Thermal stability of enzyme in water media containing polyols (a) and in water-
immiscible ILs (b)

Hofmeister effects only with anions [112]. Micaélo and Soares [103] presented a
molecular simulation study of an enzyme in two ionic liquids, [BMIM][PF] and
[BMIM][NOs;], observing that the enzyme structure is highly dependent on the
amount of water present in the IL media and that [BMIM][PF¢] significantly
increases protein thermostability at high temperatures, especially at low hydration
values. These ILs “strip” most of the water from the enzyme surface in a degree
similar to that found in the case of polar organic solvents, while the remaining water
molecules at the enzyme surface are organized in many small clusters. [BMIM]
[PF¢] seems to retain similar amounts of water at the enzyme surface, as acetoni-
trile, and supports the evidence of the polar nature of this IL. This IL. [BMIM]
[NO3s], in contrast, replaces almost all the water at the enzyme surface, which may
be the reason for its destabilizing effect on the enzyme. A more detailed analysis of
enzyme solvation by the two ILs shows that the anion species dominates the
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non-bonded interactions with the enzyme, as judged by the number of hydrogen
bonds observed between the enzyme and the cation and anion species of each
IL. The ability of ILs to dissolve molecules depends mainly on the hydrogen bond-
accepting properties of the anion, as stated by Anderson et al. [113]. Moreover,
Zhao et al. [83] observed that the dissolution of lipase in most hydrophilic ILs is an
indication of strong interactions between the enzyme and solvent molecules. If such
interactions disturb the active sites and/or are strong enough to disrupt the protein
structures, the enzyme activity is lost. However, if such interactions are not too
strong but allow the enzyme’s structures to be maintained, these hydrophilic ILs do
not inactivate the enzyme (such as [Et:MeN][MeSO,], or AMMOENG series ILs).

Weingirtner et al. [112] observed the importance of “microheterogeneity” in
ILs. The charged ionic groups and non-polar residues of cations and anions give rise
to the nanoscale structural heterogeneity of ILs, which is not encountered in simple
molecular solvents. The resulting hydrophilic and hydrophobic patches of the IL
structure have intriguing consequences for solvation because they enable dual
solvent behaviour: an IL can incorporate a non-polar solute in non-polar domains,
while hydrophilic domains solvate polar solutes.

Finally, the type of reaction medium used is conditioned by the type of biotrans-
formation; for example, water-immiscible ILs were found to be the most effective
for the production of fermentable sugars from cellulose at low water content or in
nearly anhydrous conditions. Moreover, immobilized CALB was the most efficient
biocatalyst for the transesterification (alcoholysis) of vegetable oils (or animal fats).
Both the IL and CALB can be recycled for at least four successive reactions without
any loss of activity. Furthermore, aqueous solutions of hydrophilic ILs were
necessary to produce bioethanol because the presence of water is necessary for
cellulose hydrolysis. In this type reaction medium, the IL and the assayed IL-to-
water concentration ratio are the key criteria.

Other strategies proposed to improve the efficiency of bioethanol and biodiesel
transformations include biphasic systems based on IL and scCO, (supercritical
carbon dioxide), the addition of cosolvents and a IL coating of immobilized enzyme
particles. The enormous potential of immobilized multi-enzymatic or cross-linked
enzyme aggregates for bioethanol synthesis in ionic liquid media has only just been
realized.

11.4 Conclusions

There is, as yet, no theoretical basis for predicting the compatibility of ionic liquids
with enzymes, although key parameters for this relationship depend on the type of
reaction system.

(a) Water-immiscible ILs.
The enzyme structure is highly dependent on the amount of water present in the
IL medium. So, the hydrophobicity of a water-immiscible ionic liquid may be
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(b)
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considered as a constrainer of polarity, because hydrophobicity is related to
miscibility with water, and the water shell around the protein molecule is
essential for maintaining the activity/stability of the enzyme. Water-immiscible
ionic liquids are nevertheless hygroscopic, as noted above, and readily absorb a
low percentage of water. Besides, some local hydrophobic ion-enzyme macro-
molecule interactions are also important for enzyme stability. Thus, for the
compatibility of enzymes and anhydrous ionic liquids, a hydrophobic effect
could be the key.

Water-miscible ILs.

These ILs are used as aqueous ionic liquid mixtures and the ratio of the ionic
liquid-to-water used is crucial to the effect it has on the enzyme. To maintain the
activity of hydrophilic ionic liquid-dissolved enzymes, a balance of mild hydro-
gen bond-accepting and donating properties is required, so cation and anion size
and the ability to form hydrogen bonds are important for these systems because
stabilization primarily results from hydrophobic forces and hydrogen-bond. The
hydrogen-bond donating ability is usually a property of the cation, while the
anions act as hydrogen-bond acceptors, and it has been demonstrated that the
ability of ionic liquids to dissolve complex compounds, such as sugars and
proteins, mainly depends on the hydrogen-bond accepting properties of the
anion. So, with regard to the compatibility of enzymes and hydrophilic ionic
liquids, hydrogen bonding could be the key. Ionic liquids, in particular their
anions which form strong hydrogen bonds, may dissociate the hydrogen bonds
that maintain the structural integrity of the a-helices and f-sheets, causing the
protein to unfold wholly or partially. As discussed above, another key property
for these systems is viscosity, which is strongly influenced by cation chain length.
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Chapter 12

Absorption of Hydrophobic Volatile Organic
Compounds in Ionic Liquids and Their
Biodegradation in Multiphase Systems

Solene Guihéneuf, Alfredo Santiago Rodriguez Castillo, Ludovic Paquin,
Pierre-Francois Biard, Annabelle Couvert, and Abdeltif Amrane

Abstract The coupling of absorption in a gas-liquid contactor and biodegradation
in a two-phase partitioning bioreactor (TPPB) has been shown to be a promising
technology for the removal of hydrophobic volatile organic compounds. The choice
of the organic phase is crucial, and consequently only two families of compounds
comply with the requested criteria, silicone oils and ionic liquids. These latter
solvents appear especially promising owing to their absorption capacity towards
hydrophobic compounds and their low volatility, as well as the possibility of IL
tailoring, allowing a fine-tuning of their physicochemical properties, leading to a
wide range of products with various characteristics. Some results on common ionic
liquids are highlighted in this chapter: biodegradation rates reported by some
authors show that phenol biodegradation in the presence of ILs is up to 40 % higher
than those obtained in other multiphase reactors; there is a strong affinity of toluene
and DMDS for imidazolium salts, [C4;Mim][PFg] or [C4Mim][NTf,]. Performance
improvements may be expected from the tailoring of ionic liquid structure, espe-
cially towards toxicity reduction. Positive results recorded after cell acclimation to
target compounds let expect an important gain from more complex acclimation
strategies, including microbial acclimation to both ionic liquids and pollutants.
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12.1 Introduction

When absorption is used to remove pollutants present in the atmosphere, an
aqueous phase is generally employed, either water or water containing reagents
(acid, basis, oxidant, etc.). More rarely, some organic phases (solvents) are
implemented, but their cost implicates their recycling, and then, their regener-
ation. The use of this type of liquid phase becomes primordial when gaseous
pollutants belong to hydrophobic compounds family (i.e. toluene, benzene,
xylene, etc.) since their affinity for the liquid phase in which they have to be
absorbed must be important. This means that there is an important issue in
finding new absorbents, displaying high absorption potentialities facing
many volatile organic compounds (VOC), and able to be regenerated. For this
purpose, absorbent regeneration could be considered after VOC biodegradation;
the latter low cost process appears therefore promising. This implies that
the solvent will have to fulfil several conditions, especially the absence of
biodegradability.

Among the solvents available on the market, a wide number appears biode-
gradable, even if an acclimation time is often needed. Indeed, various com-
pounds having very low degradation rates or totally refractory towards
microorganisms are described as bio-recalcitrant. However, a total absence of
biodegradation, even after an acclimation time is required for the proposed
process. Therefore and based on biodegradability and biocompatibility criteria,
among the available solvents two classes can be selected: silicone oils and ionic
liquids [1]. These latter appear especially promising owing to their solvent
capacity and their low volatility (saturated vapour pressure close to zero), as
well as the possibility of IL tailoring to fit the characteristics required for
specific applications [2]. Only few reports are available dealing with the use
of ILs for pollutants removal; phenol biodegradation has been investigated in
the presence of an IL [3]; while the previous works of Quijano et al. [4, 5] are
the only reports dealing with the affinity of ILs for the absorption of hydropho-
bic odorous compounds and their biodegradation in a multiphase bioreactor.
These works led to promising results for toluene after cell acclimation to the
VOC, while for DMDS more complex strategies, including acclimation to ILs,
should be subsequently considered.

The potential of this class of compounds for the absorption of hydrophobic
VOCs and the subsequent biodegradation of these compounds in a multiphase
bioreactor involving ILs (containing the absorbed VOC) as an organic phase and
an aqueous phase containing microorganisms are discussed thereafter. The process
considered to implement such solvents in a whole operation is schematically
described in Fig. 12.1.
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Fig. 12.1 Hybrid absorption-biodegradation process with regeneration of the organic phase

12.2 Screening and Choice of the NAPL - Ionic
Liquids (ILs)

Solvent choice is the first issue to be considered since it will determine the whole
process. The selected non-aqueous phase liquid (NAPL) should not add pollution,
must be non-flammable, and its chemical and thermal properties must fulfil those
required with the aim of its recycling [6]. The NAPL must be liquid and not very
viscous in a range of temperature between 5 and 40 °C. To make the separation
from water after biodegradation step feasible, the considered NAPL should be
water-immiscible and should not lead to a stable emulsion.

Several NAPL have been previously used either in a two-phase partitioning
bioreactor or as absorbents in gas-liquid contactors (scrubber, airlift, bubble column,
etc.). Most of them display very low degradation rates or are refractory towards
microorganisms and are described as bio-recalcitrant. However, recalcitrance is not
enough for the proposed process, since it means a biodegradation of the considered
NAPL after an acclimation time. According to some authors [7], five classes of
NAPL are potentially non-biodegradable: HMN (2,2.,4,4,6,8,8-Heptamethylnonane)
owing to the presence of terminal methyl groups, fluorocarbon FC 40, some polymers
like the polyisobutylene which contains many terminal methyl groups, silicone oils,
especially polymethylsiloxane, and ionic liquids. However, HMN seems biodegrad-
able by some acclimated microbial communities [8]; fluorocarbons are toxic toward
humans or the environment [9], while polymer viscosity may induce a too high
energy consumption in the TPPB (stirring).

Among the available solvents, only silicone oils and ionic liquids appear there-
fore really relevant [1, 10]. Even if silicone oils are interesting NAPL candidates,
especially polydimethylsiloxane, for hydrophobic VOCs removal, owing to their
biocompatibility, their non-biodegradability [10], and have often been implemented
in TPPB [11-13], ionic liquids seem promising.
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Ionic liquids have been recognized for about a century, but have only started
receiving closer attention in the last two decades. Historically, an ionic liquid is an
organic salt with a melting point below 100 °C [14]. They are composed by an
association between an organic cation containing one or more hetero-atom(s) (nitro-
gen, phosphorus or sulfur) and an inert anion or Lewis acid [15], namely the counter-
ion, leading to a neutral compound [16]. Since the first chloroaluminate “molten salt”,
many efforts have been made about ionic liquids to lower their melting points
(development of RTILS, “Room-Temperature Ionic Liquids™) and to improve their
stability towards air and water.

Their low vapor pressure and non-flammability [17, 18] makes them particularly
interesting class of solvents for ‘green chemistry’ or absorption. However, based on
recent data, these assumptions have been progressively reconsidered [19-23]. In
addition, they are generally thermically stable (decomposition temperatures
>150-200 °C), chemically or electrochemically inert.

Their interest is not only due to their remarkable physicochemical properties
(lipophilicity, viscosity, density, etc.) but also for their recyclability. However,
these properties are usually presented as applicable to all ILs are not so “universal”
and the large number of possible combinations of a structural point of view suggests
that some ILs are not as harmless [24].

So, ILs can be designed for specific applications [2, 18]. Hence, it is possible to
fine-tune IL physicochemical properties by means of modifying the substituent
groups or the identity of the cation/anion pair [17, 18].

One of the first reviews on ILs (synthesis, applications, etc.) was published in 1999
and related the general methods of synthesis and the first applications of ILs based
chloroaluminates [25]. Below are shown the structures of most common ILs (Fig. 12.2).

As they are readily tunable, ILs could be selected as NAPL for TPPB. The physico-
chemical characteristics of the ionic liquid (viscosity, hydrophobicity toxicity, etc.), as
well as possible biodegradability, vary according to the considered radical.

12.3 Absorption of Hydrophobic VOCs

12.3.1 Solubility

There is a lack of investigations on VOCs affinity towards ILs. Some results
are available dealing with the partition coefficient between an ionic liquid and
water [18]:

Polar organic compounds, such as dichloromethane and trichlorobenzene, are
soluble in ILs. Huddleston [18] determined the partition coefficient between a given
ionic liquid and water, specific to these compounds (log D) (Eq. 12.1):

[Compound),;,

log D = log (12.1)

[Compound)

Water
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Fig. 12.2 Structures of the most common ILs. Anions hydrophobic and hydrophilic tendencies

For instance, a value of 1.8 and 2.4 were found for toluene — water [18] and
[CeMim][PFg] — water [26]. Huddleston [18] showed that ILs can solubilize apolar
or lowly polar compounds. The literature dealing with the solubility of organic
compounds in ionic liquids remains limited [27-31]. However, a trend seems to
emerge showing that polar compounds are more easily soluble than apolar ones.
Huddleston [18] also explored the replacement of usual solvents by ionic liquids in
the liquid-liquid extraction of VOCs; they found that the affinity of a solute (the
VOC) for ILs increases with the augmentation of the log Pow value of the
considered VOC.

Regarding the Henry’s constants, the scarce available results concern toluene
and sulfur VOC, dimethyl sulfide (DMS), dimethyl disulfide (DMDS); they were
measured for two ILs, [C4Mim][PF¢] and [C4Mim][NTf,] and are compared in
Fig. 12.3 to some other solvents [4, 32]. For instance, the Henry’s constants of
DMDS and toluene in water are 123 and 615 Pa.m>.mol ', respectively; they were
found to be significantly lower in ILs, with ratio of the partition coefficients in water
and the considered IL, [C4;Mim][PFg] and [C,mim][NTf,], of 284 and 448 for
toluene and 33 and 37 for DMDS, respectively [4]. If compared to the often used
silicone oil (polydimethylsiloxane, PDMS), partition coefficients were similar for
DMDS, while toluene showed a higher affinity for [C4Mim][NTHf,] if compared to
[C4Mim][PF¢] and PDMS [4].

In conclusion, compared to the most often used non-aqueous phase liquid
(NAPL), namely silicone oils, especially polydimethylsiloxane, for hydrophobic
VOCs removal [10], which have been often implemented in TPPB [11-13], ionic
liquids appear especially promising owing to their solvent capacities.

12.3.2 Diffusion

Molecular diffusion is the transport phenomena caused by a concentration gradient
[33]. It must not be mistaken for convection which is caused by the bulk motion.
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Fig. 12.3 Partition coefficients of DMDS and toluene in various organic phases at 25 °C

The diffusive flux can be described by the Fick’s first law at steady state. It
postulates that the flux (J in mol.m?.s ') is proportional to the spatial concentration
gradient (from large to low concentration areas):

oc

I="Diigy

(12.2)

D; ; is the diffusion coefficient (or diffusivity in m2.s~ ") of the compound i in the
solvent j.

In gas-liquid mass transfer operations, the removal efficiency depends directly
on the mass transfer rate, the absorption rate (which accounts for the solubility) and
on the contact time. According to various mass transfer theories (Higbie or
Danckwerts theories for example), the mass transfer rate in both phases are pro-
portional to the square root of the diffusion coefficient in each phase [34]. A low
mass transfer rate in the liquid phase can significantly hamper the VOC removal
and is therefore a key point to control for a liquid ionic selection.

With traditional solvents (water and organic solvents), the diffusion coefficient
of non ionic solute increases with the temperature and decreases with the solvent
dynamic viscosity (u;) and the solute molar volume (V,, ,):
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D;j o witha, f and y three positive coefficients (12.3)

Several theories are currently applied to calculate diffusion coefficients in
traditional solvents (Stokes-Einstein, Wilke-Chang, Arnold, Hayduk-Laudie,
Schreibel, etc.) [27, 33]. Except the Arnold theories, a = f =1 and 1/3 <y
< 0.6. The solvent molecule size is also sometime taken into account. Thereby,
it is admitted that the diffusion coefficient increases with the loading of the
solvent in solute. For mass transfer operations, the infinite dilution diffusion
coefficient, with an order of magnitude of 10~° m*s™", is generally used in the
computation [35].

Several experimental techniques have been applied for the determination of the
diffusion coefficients of various solutes (CO,, alkanes, alkenes and hydrofluor-
ocarbons) in ionic liquids. All these techniques are based on two methods: the
thermogravimetric method or the manometric method. These methods enable to
investigate at the same time the solubility and the diffusion properties of a solute
in a given solvent. They are usually conducted in static mode to avoid convection
contributions. The manometric method is based on the measurement of the
pressure decay in a thermo-controlled cell chamber which contains a layer of
the investigated solvent. An accurate amount of gas, often provided by a pressur-
ized feed chamber, is introduced rapidly at the beginning of the measurement. The
diffusion coefficient is determined by fitting the pressure decay to a
one-dimensional diffusion model for solute uptake into the liquid [28, 36,
37]. An alternative manometric method consists to immobilize the solvent in a
membrane which separates the feed and the cell chambers [27, 29, 30]. This
technique is often called the two-cells methods or the lag-time technique. The
thermogravimetric method is a relatively recent method based on the measure-
ment of the solute uptake in the investigated solvent using a microbalance [31,
38—40]. Buoyancy corrections are necessary to take into account the expansion of
the solvent due to the solute absorption during the experiment. The feed gas is
usually pure.

For both techniques, vacuum is applied to the cell chamber before the gas sample
introduction. Depending on the thickness of the solvent layer, several dimensional
diffusion models have been used to determine by fitting the diffusion coefficient
(thin-film model, semi-infinite model, etc.).

Diffusion coefficients of small solutes such as VOCs in ionic liquid are usually
one or two order of magnitude lower than in traditional organic solvents (in the
range 107"'=107'" m?.s™") (Table 12.1) mainly because of the high viscosity of the
RTILs. Diffusivity drops more significantly in RTILs than in traditional solvents
when the temperature decreases (lower molecular agitation and larger viscosity).
Several studies demonstrate that this evolution follows the Arrhenius law, with
activation energies typically larger than traditional solvents in the range 10-25 kJ.
mol ' [27, 36, 38].
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Table 12.1 Viscosity and molar volumes of the various solvent investigated by Scovazzo et al.
and Camper et al. Values of the diffusivities at 303 K for several solutes [27-30]

Vi Digriz at 303 K (10" m%s™")

(cm?/
RTIL (solventj)  p; (cP) mol) CO, Ethene Propene 1-Butene Butadiene Methane Propane
[CoMim][NTH;] 26 258 6.6 5.1 33 2.7 3.7
[CoMim][NTf,]* 27.8 81 74 4.3 5.1
[CoMim][TfO] 45 188 52 45 2.6 2.2 3.0
[CoMim][BETI] 77 294 45 25 1.7 1.2 1.7
[C4Mim][PFg] 176 209 2.7 2.0 1.1 0.8 1.2
[C4SOMIm][TfO] 554 210 1.1 0.7 0.5 0.3 0.4
[P2444][DEP] 207 323 35 21 1.2 0.78 1.46
[P14)666] [DCA] 213 578 3.0 22 1.36 1.08 1.67
[P14y666] [NT1] 243 804 6.2 29 2.6 1.98 2.9
[Pa14y666][Cl] 1,316 590 3.0 2.1 1.61 1.15 1.73
[P(14)444][DBS] 3011 731 1.7 1.06 0.65 0.41 0.65
[Neay111][NTH] 71 289.6 4.87 2.29 1.73 1.37 1.95 NQ° 1.16
[Neay113][NT1] 85 3154 4.83 2.67 2.02 1.33 2.13 NQ 1.09
[Negy111]INT1] 100 3245 4.38 3.19 1.39 1.39 2.14 NQ 1.02
[Neey113][NT1] 126 353.1 3.72 NQ 1.59 1.33 2.12 1.22 1.02
[N6)222][NT15] 167 365.8 4.68 1.90 1.56 1.02 1.46 NQ 0.88
[Naoy111][NT1] 173 3932 4.60 3.07 2.37 1.67 2.63 2.64 1.32
[Ne10y113][NTf,] 183 4264 3.78 3.44 1.73 1.59 2.06
[N(1y444][NT1] 386 3835 341 0.90 0.62 1.13 341
[N(1)sss][NT1] 532 600.6 3.43 2.70 1.58 1.37 2.33 NQ 1.01

*Values of Camper et al. [28]
®NQ means Not Quantifiable

Scovazzo and coworkers investigated by the lag-time technique the solubility
and diffusion of CO, and several VOCs (ethylene, propylene, 1-butene, butadi-
ene, methane, butane) at 303 K in five imidazolium, five phosphonium and nine
ammonium based RTILs, covering a large range of viscosities (from 10 to
3,000 cP) [27, 29, 30]. They found that the value of o depends on the kind of
cation (0.66 for the imidazolium, 0.35 for the phosphonium and 0.59 for the
ammonium based RTILs) whereas the Stokes-Einstein and the Arnold theories
predict respectively 1 and 0.5. y was equal to 1.04 for imidazolium, 1.26 for
phosphonium and 1.27 for ammonium based RTILs. Therefore, diffusivity in
RTILs is less dependent on viscosity and more dependent on solute size than
predicted by the conventional Stokes-Einstein model. As mentioned by Morgan,
the deviation between RTILs and traditional organic solvents may result from the
physical situation of small solutes diffusing in an universe of large IL molecules
solvents [27].

At identical viscosities, diffusivities are larger in phosphonium, then in ammo-
nium, then in imidazolium based RTILs. This may be explained by the increased
molar volume of the phosphonium based ILs (=600 cm®.mol™' compared to
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approximately 400 and 200 cm®.mol™' for respectively ammonium and
imidazolium based ILs) which can allow for faster diffusion rates. Skrzypczak
and Neta suggest that this trend is due to the increased number and length of the
aliphatic chains present on the phosphonium cation [41]. Because the chains are
flexible and can move more rapidly than the whole cation, they enable a more rapid
diffusion of solutes from one void to another in the phosphonium-based ILs
[41]. Therefore, the amount of free volume in an anionic liquid could be a better
indicator of diffusivity than viscosity.

1,3-butadiene diffuses faster for an identical molar volume than the other alkene
due to a possible weak complexation of the conjugated double bonds with the
positively charged cation which facilitates the transport [30]. All these conclusions
suggest that finding a universal correlation to determine diffusivities for all classes
of RTILs and solute is utopist, even if similar trends are observed for different kind
of RTILs. Moreover, it is also important to consider the effect of other impurities
and large solute concentrations on diffusion. It has been shown that water and other
co-solvents increase very significantly the viscosity and consequently the diffusiv-
ity. Therefore, the diffusivities should be measured for any couple RTIL-solute to
assess the mass transfer rate.

Camper et al. measured the diffusivities of several VOCs (ethane, ethane,
propane, propene) and CO, on [C,Mim][NTf,] for various temperatures using
the manometric method and a semi-infinite model [28]. They confirmed the
same trends and the order of magnitude found by Morgan et al. with the
same solute-RTIL couple, even if the values of Morgan were 20 % lower
(Table 12.1).

Shiflett and Yokozeki investigated the solubility and the diffusion of
hydrofluorocarbons in several RTILs (mainly imidazolium based RTILs) by
the thermogravimetric method in isothermal mode for pressure up to 20 bar
[31, 39, 40]. The effective measured diffusion coefficients increase with the
pressure and the temperature applied in the chamber. Indeed, a larger pressure
applied increases the solute uptake in the solution. Therefore, the determined
diffusion coefficients are not determined at infinite dilution. The values found
for the various diffusion coefficients are all included between 2 - 10~'" and
8- 107" m>s™' at 298.15 K.

Except for the few VOCs presented before, the most investigated solute
remains CO,. Even if this compound is out of the scope of this review, this
study is worthwhile since it enables a comparison between the different mea-
surement techniques. Hou and Baltus investigated CO, solubility and diffusivity
in five imidazolium based RTILs by the manometric method and using a
transient thin-liquid film model [36]. Their results are consistent with the results
of Camper et al. and Morgan et al. deduced with manometric methods
(Table 12.2) [27, 28]. However, the values found using the thermogravimetric
method were considerably smaller (five times) [38]. Hou and Baltus suggest that
the thermogravimetric method present a larger uncertainty due to several buoy-
ancy corrections necessary and they questioned the fact that the measurements
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Table 12.2 Values of CO, diffusion coefficients in three RTILs reported in the literature

RTIL Dirri (10"°m%s™")  Refs. Method
Water 22.5 (303 K) [34]
[CoMim][NTf,] 6.6 (303 K) [27]  Lag-time technique (manometric method)

8.1 (303 K) [28]  Pressure decay technique (semi-infinite model)
[C4Mim][BF,] 1.7 £ 0.6 (323 K, [38]  Thermogravimetric method

1-10 bar)
4.8 (323 K) [36]  Pressure decay technique (transient thin liquid
film model)

1.8 (323 K, 20 bar)  [42] Expansion measurement with a cathethometer
[C4Mim][PF¢] 1.2 £ 0.3 (323 K, [38]  Thermogravimetric method
1-10 bar)

0.8 (323 K, 20 bar)  [42] Expansion measurement with a cathethometer

were performed at large pressure which might influence the density and the
viscosity of the RTIL [36]. Whatever, the difference between the two methods
remains controversial and poorly commented in the literature. Some systematic
and/or random errors would be responsible for the discrepancy among research
groups. Further investigations to try to understand the difference between both
methods would be interesting.

12.3.3 Interactions

For conventional solvents, molecules solubilization is generally expressed in terms
of dielectric constant of solvent. However, these criteria could not be applied to
ionic liquids. Several studies have been conducted to establish a specific ranking
based on interactions between ILs and solutes [43]. This model considered inter-
actions involving hydrogen bond and polarizability. According to these authors,
ionic liquids are polar solvents but they have completely different behaviors from
conventional solvents, so it is impossible to compare these two kinds of solvents
only on their polarity.

Most of the time, the & interactions between aromatic cations and solutes are
prevailing. Imidazolium ring is a good electron acceptor and due to the strong
electron delocalization, the nitrogen does not form H bonds easily. On the contrary,
a pyridinium cation is a good electron donor [44].

Some ionic liquids have been functionalized (TSILs: Task Specific Ionic Lig-
uids) for a specific purpose. For example, ureas or thioureas groups were introduced
in few ionic liquids in order to capture CO,, H,S or heavy metals [45]. RTILs
(Room Temperature Ionic Liquids) have also been developed to perform extraction
of metals [46] or elements such as Uranium [47]. Bifunctionalized ionic liquids can
be used to optimize the extraction of Europium [48]. The [C4Mim] [NTf,] was
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proved to be effective in extraction of inorganic acids (HNO;, HCI, HReO,4, HCIO,)
from aqueous phases [49].

Several authors have studied the distribution of organic compounds, such as
aniline, benzene derivatives and organic acids or organic anions (phenolates)
between an ionic liquid phase (usually [CiMim] [PFs, BF, or NTf;]) and an
aqueous phase. As expected, the most lipophilic compounds are more soluble in
the ionic liquid phase [50-61]. In addition, it has been shown that aromatic
compounds were more soluble in ionic liquids than their aliphatic counterparts,
probably due to n-stacking interactions [43, 62—64].

Some studies have reported that the physical and chemical properties of
ionic liquids are due to intra-molecular hydrogen interactions and Van Der
Waals interactions. These studies explain the particular geometries adopted by
ILs [65, 66]. Hydrogen bonds define the cation position versus the anion but also
the distance between the two poles of an ionic liquid [67]. The structural
organization of an IL can be explained by a combination of both types of
interaction in the liquid phase, Coulomb and Van der Waals interactions
[68, 69]. We observe that these interactions have a direct influence on the
melting point, viscosity and ionic liquids enthalpy of vaporization. These inter-
actions between the anion and the cation can also explain the variable hydro-
phobicity observed. It is essentially depending on the nature of the anions. The
self-organization of ionic liquids may also influence their potential extraction
and gas absorption [65, 66, 70, 71].

The [CxMim] [PF¢] were applied to the extraction of anionic dyes [72], to the
identification or the extraction of organic pollutants in soil or in water [54, 73, 74]
or to extract and separate bioactive molecules from plants [75—77]. They are known
to solubilize some natural polymers (cellulose, BSA, etc.), sugars or amino acids
[46, 78-82]. They constitute the overwhelming majority of the ionic liquids used
for the extraction of organic molecules.

N-methylimidazoliums functionalized by carboxylic chains (CH,CO,H) and
associated with fluorinated anions such as BF,~ or PFs~ were synthesized in
order to trap organic compounds (chlorophenyl, amines) [83]. Some ionic
liquids (mainly alkylimidazoliums) are described for the absorption of volatile
organic compounds such as benzene, toluene, phenols, anilines or of sulphur
heterocycles [84, 85]. Some studies report the solubility of several hydrocarbons
(benzene, toluene, xylene, heptane, hexadecane, methanol, acetonitrile or chlo-
roform) in ionic liquids such as [C;Mim] [PF] [86]. This work has shown that
aromatic hydrocarbons, methanol and acetonitrile are soluble or partially soluble
in [C;Mim] [PF¢], while aliphatic hydrocarbons are immiscible. It has been
shown that for a fixed cation, the anion could affect the interaction between
ILs and VOCs. Hard anions (NO3; ,MeSO;~, etc.) are worse hydrogen bonds
acceptor than softer anions such as B(CN),” and offer low affinities with
VOCs [87, 88].

Some studies have demonstrated that the ability of the anion to accept
hydrogen bonds was related to the distribution of organic compounds between
the ionic liquid phase and an aqueous phase [89]. A study was published by
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Milota, and describes a process for absorption of gaseous VOCs (MeOH,
formaldehyde, phenol, acrolein, acetaldehyde and propionaldehyde) in an
ionic liquid absorption column (Tetradecyl (trihexyl) phosphonium dicyanamide)
[90, 91].

Predictive models have been developed by Chen, to improve understanding of
interactions between ionic liquids and organic compounds [92]. Oliferenko,
conducted a study based on 48 ionic liquids and 23 industrial gases (alkanes,
alkenes, fluoroalkanes. . .). The most soluble compounds described in this study
are butadiene and butene (high polarizable molecules) [93]. The absorption
value of gas was measured for several ILs. The CO, absorption is the most
widely described [94], as also discussed above (see Sect. 12.3.2). Thus, Jalili,
found that H,S was better absorbed than CO, in IL [95]. Henry constants of few
gases absorbed by [C4Mim] [PFg] were published by Safamirzaei, and the
solubility of gases (CO,, ethylene, ethane, CH,, Ar, O,, CO, H,, N,) has been
reported [96, 97]. It seems that it is the nature of the anion which is crucial
for the absorption of gas by ILs [98]. Thus, supported imidazoliums are well
known to have a good absorption capacity for CO, and this characteristic is
exacerbated when the cation is functionalized with an amino acid or an
amine [99].

It also appears that the solubility of CO, increase with the molecular weight of
the ILs [94]. These authors have studied the selectivity of absorption of different
gas versus CO, (H,, Ny, O,, CHy, H,S, etc.). By reducing the size and molecular
mass of ionic liquids, it is possible to trap the most volatile gases. Increasing the
pressure also improves the absorption of gases in ILs [96]. Many analyzes can be
conducted to study the interaction between VOCs and ionic liquids but the most
common is the FTIR spectroscopy to visualize the characteristic peaks of the
functions present on VOCs (alcohols, aldehydes, etc.) and potential shifts induced
by the ionic liquid/VOC interactions [100].

12.4 Biodegradation in Multiphase Bioreactors

Microorganisms are able to assimilate a wide range of the available solvents,
particularly alkanes, ketones or hydroxylated solvents (carboxylic acid, aldehydes,
etc.). Solvents containing long alkyl chains or alcohol, ester or carboxylic groups
are also biodegradable, and are precursors of beta oxidation. Other solvents like
phthalates or plasticiser compounds (for example adipates) can also be degraded by
various microorganisms such as Rhodococcus or Sphingomonas [101, 102]. How-
ever, various authors showed that biodegradability decreases with the presence of
long alkyl chains or hydroxyl, ester and acid groups on the molecule [7, 11]. Pre-
viously, Alexander [103] reported that high molecular weight compounds, with lot
of ramifications, are biologically recalcitrant. Besides, the type, the number, and the
position of the substitutes on simple organic molecules influence their biodegrad-
ability. Various compounds having very low degradation rates or totally refractory
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towards microorganisms are described as bio-recalcitrant. However, a total absence
of biodegradation, even after an acclimation time, is required for the proposed
process.

Therefore, among the available solvents only silicone oils and ionic liquids [1]
comply with the non-biodegradability criterion; while these latter appear especially
promising owing to their solvent capacity and their low volatility [17, 18], as well as
the possibility of IL tailoring to fit the characteristics required for specific applica-
tions [2]. In addition to fine-tuning their physicochemical properties, other ILs
properties such as microbial toxicity are also related to the IL structure, showing
that suitable ILs for microbial application can likely be designed. ILs have been
therefore selected for implementation in the proposed process.

ILs applications in biotechnology have mainly focused on enzymatic catalysis
[104]; a versatile battery of reactions being successfully performed in the presence
of ILs, including transesterification, perhydrolysis, enantioselective reduction of
ketones, and ammoniolysis [16, 105]. On the other hand, ILs toxicity has been
reported as a key drawback for whole-cell applications [106, 107]. Studies on ILs
toxicity (acute toxicity tests) are usually based on bioluminescence using microor-
ganisms such as Vibrio fischeri or Photobacterium phosphoreum [108—110]; how-
ever, these microorganisms are not representative of the microbial cells commonly
used in bioprocesses. Recently, Azimova et al. [111] observed that the IL toxic
concentration for a Pseudomonas strain was up to 700 times higher than those for
V. fischeri. Regarding microorganisms commonly used in biotechnology, there are
contradictory reports in the literature. Successful whole-cell processes in the pres-
ence of ILs have been reported (e.g. synthesis of ketones and alcohols, lactic acid
and antibiotic production) [52, 112-114], but also toxic effects of ILs towards
yeasts and bacteria can be found [115, 116].

In addition, ILs biodegradability is a fundamental aspect that must be addressed
before applying ILs in a whole-cell process. The non-biodegradability of the
solvent is a required characteristic during a biotechnological process; being this
particularly important when the solvent must be continuously reused [9]. Reports
on ILs biodegradability are controversial in the literature. Most of the authors,
working on imidazolium-based ILs, reported that ILs are not biodegradable [107,
109, 117]; while some authors observed ILs biodegradation by bacteria and fungi
[118, 119]. These apparently contradictory reports clearly indicate that further
evidences are necessary to a better understanding of ILs toxicity and biodegrad-
ability, which constitute the base for whole-cell biotechnological applications.

Based on these considerations, the regeneration of the ILs can be envisaged by
biodegradation. For this purpose, activated sludge can be used to assimilate the
VOC absorbed in the IL, enabling subsequent IL recycling to allow its use for a new
cycle of VOC absorption. Multiphase bioreactors are frequently encountered in
environmental biotechnology; several configurations involving gas/solid/liquid or
gas/liquid/liquid phases have been reported. The use of such multiphase systems for
the biodegradation of numerous pollutants (e.g. ethylacetate, phenol, toluene,
benzene, xylene, and volatile organic contaminants) is well documented in the
literature [120-122].
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12.4.1 Two-Phase Partitioning Bioreactor (TPPB)

Multiphase bioreactors for environmental applications are known as two-phase
partitioning bioreactors (TPPB — Fig. 12.4). TPPB are based on the addition of a
non-aqueous liquid phase (NAPL) offering a high affinity for the target pollutants to
be removed [123] in order to improve pollutant mass transfer from the gaseous to
the liquid phase, and hence to improve the subsequent biodegradation kinetics. In
most cases, pure microorganism strains, microbial consortium or activated sludge
are implemented in this kind of reactors, with some possible drawbacks, namely
possible NAPL toxicity towards microorganisms or on the contrary NAPL assim-
ilation by the microorganisms.

As a consequence, among the only classes of solvents fulfilling the required
characteristics, silicone oils and ionic liquids, ILs appear especially promising. It is
worth noting that possible ILs toxicity has been reported as a key drawback for
whole-cell applications [106, 107], even if there is not a general agreement regard-
ing toxicity. The non-biodegradability of the NAPL is a required characteristic,
owing to its continuous reuse [9]. However, reports on ILs biodegradability are
controversial in the literature. These apparently contradictory reports clearly indi-
cate that ILs structure selection is a key step in process development since it
influences all preponderant properties.

All TPPB studies are based on the addition of a NAPL, either a liquid solvent or
a solid polymer, with a high affinity for the target pollutants to be removed [123] in
order to overcome two main limitations encountered during pollutant destruction:
(i) the high toxicity of some pollutants resulting in cell inhibition and (ii) a limited
substrate delivery to the microbial community in the case of pollutants with low
affinity for water [1, 9]. NAPL addition improves the transfer of the target com-
pounds from the gaseous phase to the liquid phase, and hence enhances their
subsequent biodegradation. In most cases, pure microorganism strains, microbial
consortium or activated sludge are implemented in this kind of reactors, with some
possible drawbacks, namely possible NAPL toxicity towards microorganisms or on
the contrary NAPL assimilation by the microorganisms.

VOC biodegradation performances depend on the presence and the assimilation
potential of various microbial agents such as bacteria, micro-algae, fungi or yeasts
contained in the aqueous phase [124]. there is a selective partitioning of the
pollutant between water and NAPL in a TPPB; hydrophobic (or toxic) compounds
are delivered to the aqueous phase at sub-inhibitory levels for microorganisms in
case of toxic compounds or at the solubilisation limit in case of hydrophobic
compounds.

For Déziel et al. [7] three mechanisms can be involved in the consumption of
hydrophobic or toxic compounds:

1. VOC consumption in the aqueous phase. The degradation rate depends on the
mass transfer rate from the organic to the aqueous phase, reported as lower than
the VOC biodegradation rate [125, 126].
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Fig. 12.4 Schematic description of mass transfer in conventional bioreactors (a) and in two-phase
partitioning bioreactors TPPB (b)

2. VOC removal takes mainly place at the liquid-liquid (organic-aqueous) inter-
face, since VOC can be directly assimilated at the interface after biofilm
development between both liquid phases [127], or microorganisms accumula-
tion at the interface [11, 125].

3. If the microorganisms are surfactant or emulsifier-producers, the formation of
small droplets or micelles can lead to a reduction of the surface tension of the
aqueous phase and to an increase of the interfacial area until microemulsion
formation [128]. This phenomenon improves substrate availability for the micro-
organisms mainly located at the organic-aqueous interface.

There is a general agreement that the major part of hydrophobic VOC uptake
is achieved at the interface of both liquid phases [7, 129].

TPPB involving ILs as NAPL can take advantage of the high absorption capacity
of ILs for a wide number of pollutants [46]. As already specified, there is a lack of
data dealing with the use of ILs for pollutants removal; Baumann et al. [3] showed
efficient phenol biodegradation rates in the presence of ILs in multiphase reactors
[9]. Regarding hydrophobic VOCs, microorganisms acclimation led to interesting
results for toluene, while further work is needed to optimise DMDS degradation in
the presence of ILs [5].

ILs characteristics (non-inflammability, low vapor pressure, etc.) make them
attractive solvents for chemical processes [130] and several kind of bioreactors,
such as multiphase bioreactors, involve the use of ILs, especially for enzymatic
transformations [2]. Biphasic devices involving IL/water systems are available; but
they are mainly used for organic compounds extraction (or the extraction of
compounds formed in situ during chemical transformations) or macromolecules
(proteins) from the aqueous phase thanks to ILs [114, 131-133]. For instance, ILs
can be used for fuel desulfurization [134], biofuels production [135], the extraction
of food waste [73] or can be also included as part of solar cells [136].
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To separate valuable molecules or to develop vectors for molecules solubiliza-
tion, membrane processes have been described involving membranes modified with
ILs [137].

In view of the implementation of ILs in TPPB and their subsequent recycling
owing to their cost, their non-biodegradability and their biocompatibility are
important parameters. Biodegradability is discussed thereafter, while toxicity
towards microorganisms is discussed in the following sub-section (cf. 4.2).

Recently, some works have been conducting dealing with ILs biodegradation by a
bacterial consortium. Docherty et al. [138] have examined the various steps and the
degradation products of some imidazolium- and pyridinium-based ILs. It was shown
a capacity of the microorganisms to degrade such ILs substituted by an octyl or a
hexyl group. Contrarily, imidazolium- and pyridinium-based ILs with a butyl substi-
tution seem to be not assimilated by activated sludge. Docherty et al. [138] also
observed that the removal rate of these compounds increases with the length of the
carbon chain, and hence they also highlight the ease and the rapidity of the assimi-
lation of the pyridinium-based ILs with a long carbon chain. Contrarily, no biodeg-
radation by activated sludge of the imidazolium-based ILs was observed in the case
of [C4Mim][Br], [C4Mim][PF¢] and [C4Mim][BF,] anions. However, the addition of
an ester group in the alkyl chain results in the biodegradation of the liquid ionic [138].

The biodegradability of the basic constituents of ILs was examined by Stolte
et al. [139]. For example, they showed that 1,2-dimethylimidazole is completely
assimilated by a bacterial consortium after 31 days, while the 1-methylimidazole
and the 1-butylimidazole are not degraded. These authors also reported that
[C4Mim][CI] is not degraded after 31 days of contact time with active sludge,
while 11 % degradation has been observed for [CsMim][Cl].

In conclusion, the alkyl chain added to the cation has a non-negligible impact on
the degradation, while the anion impact appears not clear; and finally a total
absence of biodegradability was only shown for [C4,Mim][PF¢] [109].

12.4.2 Toxicity of ILs Towards Microorganisms
or Biocompatibility

These criteria have to be considered as soon as possible in the ILs structure
development. First studies concerning ILs toxicity were reported in the 1950s and
since the 1990s many publications have dealt with this topic as ILs have become
popular in green chemistry [110, 140, 141]. A good knowing of IL toxicity is
necessary to develop an industrial application [110].

Pham et al. published a quite exhaustive report summarizing many of the results
described in literature [110]. In 2010, another review treated of ILs ecotoxicity
(in water and soils) and toxicity on humans [142]. It is crucial to consider that
toxicity is dependent of the biological target’s nature. Indeed, an IL can be harmless
towards a specific microorganism and very toxic towards another one.
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Fig. 12.5 Biological targets used for ILs toxicity evaluation

To assess regarding ILs toxicity towards microorganisms, microbial activity in
the presence or not of ILs can be compared. For instance, Zhang et al. [143] showed
that the activity of Aureobasidium pullulans was not affected by the presence of
[C4Mim][PFg], contrarily to some other solvents like hexane or dibutylphtalate.
Matsumoto et al. [52] examined the toxicity of 1-R-3-methylimidazolium
hexafluorophosphate ILs with R = butyl, hexyl or octyl, on a lactic acid bacteria,
Lactobacillus delbruekii; they observed that lactic acid production decreases with
the augmentation of the alkyl chain. However, the study realized on various lactic
acid bacteria showed that the IL tolerance is related to the acid production (micro-
bial activity in the presence of IL < microbial activity in the presence of water).

Figure 12.5 presents the biological targets used for ILs’ toxicity
evaluation [110].

12.4.2.1 Toxicity Towards Microorganisms

A lot of these evaluations have been practiced on Danio rerio (zebrafish) or
Caenorhabditis elegans with concentrations between 1 and 100 mg.L~". Before
proceeding, ILs must be dried (water quantity is currently determined by a Karl-
Fischer titration in ppm) and highly pure (determination by HPLC, NMR,. . .) [144].
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Here are enunciated some microorganisms used to evaluate ILs toxicity: Danio
rerio (zebrafish), Scenedesmus vacuolatus (green algae), Lemna minor (marine
plant), Caenorhabditis elegans (earthworm), Physa acuta (aquatic snail), Oocystis
submarine (Baltic algae), Cyclotella meneghiniana (Baltic algae), Daphnia magna
(marine plant), Lactobacillus (bacteria), L. rhamnosus (bacteria), Vibrio fischeri
(bacteria), E. Coli (bacteria), Pichia pastoris (bacteria), Bacillus cereus (bacteria)
[51, 52, 140, 144, 145].

A high quantity of tests has been practiced on Vibrio fischeri, a marine bacteria
[146—-148]. In general, ILs are more toxic than acetonitrile, an organic solvent
known for its toxicity [149]. They also have observed that pyridiniums are among
the most toxic ILs and morpholiniums seems to be the less toxic [150]. Ammoniums
are toxic towards Zebrafish [145] and other structures as choline-based ILs,
morpholiniums, tropiniums, quinuclidiniums or alkylpyrrolidiniums were devel-
oped to improve biocompatibility (in association with bromide anion) [149]. Alkyl
chain length and the number of carbon atoms (>4 carbons) play an important role in
toxicity. Longer chains exhibit higher toxicities [107, 108, 140, 144, 151]. The
chain’s position on the ring does not influence the toxicity (e.g. methyl’s position on
dimethylimidazoliums) [146].

Other evaluations on aquatic microorganism Dreissena polymorpha, a mollusc
[152, 153], and Daphnia magna, a crustacean [154], showed similar tendencies
(long alkyl chains increase lipophilicity and intensify toxicity).

Some functional groups like esters increase toxicity [141] whereas other func-
tional groups like nitriles, hydroxyles or ethers reduce it [119, 149, 155]. Some
1-methyl-3-alkoxyalkylimidazoliums have been evaluated on bacterial targets have
been found harmless, except if the cation wears long alkyl chains (>6-7 carbons)
[106]. Moreover, aromatic groups like phenols show higher toxicity than a butyl
chain [149].

Alvarez-Guerra et al. established a model comparing 30 anions and 64 cations on
Vibrio fischeri [147].

Perfluoroanions as PF¢ ™~ in water at 50 °C can produce HF, via hydrolysis, and
this acid can be very harmfull towards microorganisms [18, 119, 156-158]. The
hydrolysis of PF¢ s hydrolysis was studied by Swatloski et al. and these authors
proposed anions in principle non toxics but they confer an hydrophilic profile
[159]. It was shown that RfBF;™ anions were very stable towards hydrolysis and
produce less quantity of HF [160]. Ignat’ev et al. reported the synthesis of Rf3PF;™
anions (Rf is perfluoroalkyl chain containing 2 or 3 carbon atoms) less sensitive
towards hydrolysis [156] and these ILs exhibit lower viscosities but higher
toxicities [161].

All these studies demonstrate that the lipophilicity of the anion is a preponderant
criteria [115]. It can be expected that the association with an appropriate cation
could modify the global toxicity of the IL and balance the intrinsic anion
toxicity [150].

Metabolites produced by degradation of ILs could be toxic too and a
metabolisation route by cytochrome P45y of C4;Mim cation has been proposed in
the literature [44].
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To conclude, all these studies show that lipophilicity of ILs is the determinant
criteria related to toxicity and a hypothesis is that lipophilic cations can interact
with lipidic membranes of microorganisms [150]. Considering this fact, measuring
the Log Pow parameter could be a relevant indicator to estimate on ILs toxicity [51,
52, 162]. As we have evocated earlier, toxicity also depends on the biological target
[119], so some results in appearance contradictory were reported in literature. As an
example, NTf, ™ is not toxic towards some bacteria whereas it is toxic towards some
microorganisms (Scenedesmus vacuolatus and Vibrio fischeri) [150].

The environmental parameters must be considered because it was established
that they can influence toxicity values. Indeed, it was published that NaCl content in
water has a protective effect in high concentrations. Microorganism’s size and the
cell membranes’ composition also play an important role since they are implicated
in interactions between the IL and the biological target [142].

In aquatic environment, interactions with DOM (Dissolved Organic
Mattercould) influence toxicity of ILs. Evaluations on Lemna minor demonstrated
that association with high concentrations of DOM increase ILs toxicity [163].

12.4.2.2 Cytotoxicity

Ranke and co-workers are pioneers in cytotoxic evaluation of ILs. Their first study
of cytotoxicity of ILs was reported in 2002 and concerned 1-butyl-3-methylimi-
dazolium chloride [164]. J774A.1 macrophage cells were used and the authors
determined the LC-50 (lethal concentration leaving 50 % cells alive): 0.50 mg.
mL ™" after 48 h of incubation. They also showed that an augmentation of the
incubation time increases the cytotoxicity of BmimCl. These results highlighted the
importance of wider evaluations of ILs cytotoxicities.

Jastorff et al. proposed a SAR study based on the alkylimidazolium scaffold.
They showed that long alkyl chains increase the global toxicity of imidazoliums
(evaluation on IPC-81 leukemia cell lines) [44]. The year after, the same team
proposed a detailed biological study of methyl- and ethylimidazoliums on IPC-81
(leukemia cells) and Cg (glioma cells) rat cell lines [151]. Again, they observed that
long alkyl chains increase toxicity against cell lines involved. In this case, the anion
(here PFs~, BF,~ and Br™) seems to have a few influence whereas another study
published by Stepnowski et al. showed that the anion bulk, especially NTf, ", has a
preponderant role in toxicity towards HeLa cell lines [165]. These results involved
that the cytotoxicity of ILs depended on several parameters: IL structure, concen-
trations and cell lines To rationalize the cytotoxic behavior of alkylimidazoliums,
Ranke’s team studied the cellular distribution of some ILs and correlated cytotox-
icity and lipophilicity [150, 162, 166]. Indeed, most hydrophobic ILs are more toxic
and exhibit higher cellular sorption (CgMimBF, > CsMimBF, > C,MimBF,).
CoMimBF, was too toxic and further evaluations were not purchased. After
HPLC analysis, they determined cellular distribution (~80 % in cytosol, ~12 % in
membrane and ~8 % in nucleus). It is commonly assumed that cytotoxicity of ILs is
partially due to interactions between ILs and cell lipidic membranes [167].
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On another hand, this same team demonstrated that lipophilic properties of the anion
side chains and his chemical stability are widely involved in cytotoxicity but the
anions tested do not exhibit intrinsic cytotoxicity towards IPC-81 cell lines [168].

Another group investigated cytotoxicity of ILs. Their studies based on varied ILs
(pyrrolidiniums, piperidiniums, imidazoliums...) showed the same tendencies
(longer alkyl chains involve higher cytotoxicities) and pyridiniums seems to be
more toxic than other ILs [169]. They also showed that functionalized ILs
(ethers,. . .) exhibit significantly lower cytotoxicities [170].

Several exhaustive reports were published in 2010 and 2011 and summarize
all known studies concerning cytotoxicity of ILs towards mammalian cell lines
(HeLa, CaCo-2, IPC-81, HT-29, C6, MCF-7, NCI60, V79). They confirmed the
interdependence between lipophilicity, structure, concentration and cytotoxicity
[110, 142, 171]. About 230 ILs with various structures were evaluated on IPC-81
(mammalian cell lines derived from a model of acute myelogenic leukemia) and a
QSTR profile was established, confirming the tendencies previously mentioned
[172]. Some results are summarized in the next table (see Table 12.3) [162, 172].

However, cytotoxic potential of ILs is a crucial parameter to develop industrial
processes, it is not a latent obstacle. For example, some pharmaceuticals
(e.g. lidocaine) have been grafted on ILs to increase solubility or biodisponibility
[173, 174]. In the aim to set up industrial applications, moreover in pharmaceu-
tical industry, establishing cytotoxic profile of ILs is necessary and will represent
an important field of search for the future.

12.4.3 ILs Biodegradability

Some methods are available to assess the biodegradability of an IL, which are not
detailed in this chapter. However, Coleman et al. [141] proposed an exhaustive
summary; for more than 60 % possible biodegradation, a compound can be classi-
fied as biodegradable.

However and beforehand to a biodegradability study, possible biosorption
of ILs should be assessed. Experiments using 4 g/L thermically inactivated
sludge (autoclaved) showed a constant IL concentration (10 g/L initial amount)
throughout the experiments which lasted 30 days, indicating an almost negli-
gible biosorption of the considered imidazolium IL, [C4;Mim][PFg] and [C4;Mim]
[NTf,]. Biodegradability tests were then performed on these ILs showing constant
IL values throughout the short- and long-term (5 days and 1 month) experiments
performed.

These results are in agreement with those of other authors [107, 109]. Indeed,
with an imidazolium-based cation, irrespective of the considered anion, such as
Br, Cl",NTf,  and BF, ", these authors did not observe any biodegradation using
activated sludge. Similarly, Stolte et al. [139] reported that activated sludge is not
able, even after 31 days, to assimilate [C4,Mim] cations.
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Table 12.3 Log;o(ECsp)

( Logio Logio

(ECs0 (UM): concentration ) ) — ) ) -
for 50 % effect of the Cation Anion ECso Cation Anion ECso
evaluated substance) C4Mim Cl 3.55 CoMim PF¢ 1.5

concerning IPC-81 Cy;Mim Br 343 CoMim Cl 1.34

Cy;Mim BF, 3.12 CoMim BF, 0.77

CyMim PFq 3.1 Cylq Br 2.32

PhMim BF, >3 Cylq BF, 2.16

PhMim Cl >3 Celq BF, 1.07

PhMim PFq >3 Cglq BF, 0.14

CgMim BF, 2.98 Cglq Br —0.03
CeMim PF¢ 291 C4Mpyrr Cl >4.3

CgMim Cl 2.85 C4Mpyrr Br 3.77
CgMim Cl 2.01 C4Mpyrr BF, 2.9

CgMim PFq 1.96 CgMpyrr Cl 2.59

CgMim BF, 1.59 CgMpyrr BF, 1.82

C4Pyr Br 3.9 C4Pyr BF, 3.16

Boethling [175] presented some factors used in the design of biodegradable
compounds: the presence of potential sites of enzymatic hydrolysis (for example,
ester and amides groups in the molecule) or the introduction of oxygen in the form
of hydroxyl, aldehyde or carboxylic acid groups or even the presence of
unsubstituted linear alkyl chains (especially in molecules with more than four
carbon atoms) and phenyl rings [175]. Most of authors who designed ILs follow
these factors, showing that some might be or not completely applied to ILs [108,
109, 117, 138, 139]. Therefore, primary biodegradation of ILs have been studied
with different anions, cations and side chains configurations.

An absence of biological degradation was found that for imidazolium-based ILs
with short alkyl chains (<6 carbon atoms) and short functionalized side chains, and
that the introduction of functional groups with a higher chemical reactivity did not
improve their biodegradability. For example, butylmethylimidazolium salts were
found to be poorly biodegradable, while an impact on the biodegradability was
observed related to the counter-ion considered, leading to the following order for
their biodegradability [117]:

Octyl-OSO3 > N(CN),” = CI” = Br = PFs = NTf,~

Gathergood et al. [117] also studied the biodegradability of 3-methyl-1-
(propyloxycarbonyl) imidazolium and it varies according to the following order:
Octyl-OSO5; > N(CN),” > NTf,” > Br~ > PFs~ = BF,~

However, octyl chains in imidazolium cations have shown to be highly biode-
gradable and the introduction of -OH and —COOH into the octyl chains improves
primary degradation of ILs [108, 138, 139].

In addition, ILs containing an ester or an amide group in the alkyl side chain (>4
carbon atoms) were found to be biodegradable and that biodegradability increases
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slightly if the alkyl chain length increases for the lowest alkyl esters and then
remain nearly invariable [117].

Nevertheless, for pyridinium with long side chains (6—8 carbon atoms),
Docherty et al. [138] have observed complete mineralization of ILs, but those
with short side chains (<4 carbon atoms) are not mineralized. Therefore,
pyridinium-based ILs might be considered as readily biodegradable. A link
between the length of the alkyl chain and the metabolization rate of pyridinium
compounds is also discussed.

Yu et al. [176] showed that the presence of benzene cycles also increases the
biodegradability of ILs, but no information dealing with their toxicity is presented.
It should be specified that the less toxic IL is, @ priori, more easily biodegradable
since it does not attack the microorganisms involved in its degradation [177].

Other structural modifications would allow reducing the biodegradability of ILs:
the presence of halogens (particularly chlorine and fluorine), alkyl ramified side
chains (trisubstituted nitrogen or quaternary carbons), functional groups such as
nitro, amino or arylamino, polycyclical structures (indole, etc.), heterocyclic struc-
tures, aliphatic ethers. Concerning the anions, it has been showed that the
alkylsulfates increase the biodegradability of ILs [178].

Identification of the biodegradation products of some ILs, such as imidazoliums
and pyridiniums, have been the purpose of several studies [118, 119, 139, 140,
179-182]. The related metabolites generally result from a first oxidation reaction on
a lateral chain of the cation, followed by water or CO, extrusion.

The objective of most of the available biodegradability studies is to develop
‘green’ ILs and hence biodegradable [183]. However and owing to their high cost,
for possible implementation in a TPPB the subsequent recycling of the IL should be
considered in view of reducing cost process, and thus the objective is an absence of
biodegradability (and toxicity) facing the considered microorganisms.

12.4.4 VOC Biodegradation in TPPBs

Biological processes play an important role in the treatment of VOC. According to
the compound or the family of compounds to be removed, the biomass does not
contain the same microbial species. At lab-scale, bacteria are mainly used; com-
mercial or strains isolated for their potential can be implemented. Some recent
applications also involve fungi, which are more tolerant than bacteria to low water
activities and acidic pH and their important enzyme complex [184], especially
aromatic compounds [185]. However, owing to the low resistance of pure strains
facing actual effluents variability, industrial applications involve mainly activated
sludge. The use of multiphase systems for VOCs degradation has been the subject
to numerous studies. These systems have been tested to treat various VOCs,
including toluene [186], benzene [187], hexane [11] etc., using mainly bacteria
belonging to various species, like Pseudomonas or Mycobacterium [186, 188, 189],
microbial consortium [190] or activated sludge [191, 192]. Various organic phases
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have been implemented for this purpose, including hexadecane [187], dodecane
[193] or silicone oil [13, 194, 195].

There are scarce results regarding the use of ILs as NAPLs for VOCs absorption.
To our knowledge, only the imidazolium salts, [C4Mim][PF¢] and [C;Mim][NTHf,],
have been implemented in a TPPB for toluene and DMDS biodegradation [4, 5];
activated sludge was considered, which was beforehand acclimated or not to the
target VOC.

In the absence of activated sludge acclimation, there was a clear toxic effect of
both ionic liquids, especially in the presence of [C4Mim][NTf,], since higher
biodegradation rates were recorded in the absence of IL; the trend was especially
pronounced in the case of toluene. Cell acclimation was therefore needed, which
clearly improved biodegradation rates for both VOCs in the control and in the
presence of IL. The improvement was especially significant for toluene, in the
presence of both ionic liquids, and the most striking result was observed after
acclimation, since biodegradation rates were nearly similar for the control deprived
of IL and in the presence of 5 % [C4;Mim][PF¢], 0.49 and 0.48 g.m73.h7l
respectively.

Neither biosorption nor biodegradability has been observed for these two ILs.
However, [C4,Mim][NTf,] has a toxic effect since even after cell acclimation,
biodegradation rates remained lower than those observed in the absence of this
IL. Promising results have been recorded for toluene in the presence of [C4Mim]
[PF¢] after cell acclimation, while both ILs appeared toxic regarding microorgan-
isms involved in DMDS assimilation. From this, more complex strategies, includ-
ing acclimation to IL, should be subsequently considered.

12.5 Conclusion

Hydrophobic ILs show interesting specific properties which make them attractive
for the development of chemical and biochemical processes. These properties can
be designed by selecting appropriates anion and cation. Regarding their synthesis,
the general rule is a short and simple process, even if various possible functiona-
lizations can lead to complex synthetic scheme. Among the wide number of
structure, alkylimidazoliums are the most studied ILs.

In the case of an implementation in a bioreactor, the RTIL parameters to control
are viscosity, safety towards the microorganisms contained in the reactor and an
absence of ecotoxicity, an absence of biodegradability and a high affinity for the
targeted VOC. They should display a high hydrophobicity to allow an easy sepa-
ration from the aqueous phase and hence an efficient recycling (low losses during
successive recycling cycles for a low water solubility, below 2 %). Furthermore, a
synthesis at a moderate cost and in high amounts is also required for the
selected ILs.

Accordingly and among the tested ILs, some promising results have been
obtained using [C4Mim][PF¢] and [C4Mim][NTf,], showing that they can be an



328 S. Guihéneuf et al.

alternative to the most often implemented organic phase, silicone oil. Indeed, the
partition coefficients for some model VOCs, toluene and DMDS, appear similar to
those observed with silicone oil. Inhibitory tests for glucose consumption have
shown that after 1 day lag phase, biodegradation rates are comparable to those
observed in the absence of IL. In addition, neither biosorption nor biodegradation
by activated sludge have been observed for [C4Mim][PFg] and [C4Mim][NTf,].

In addition, significant rates of toluene biodegradation have been found in the
presence of [CsMim][PFs], similar to those observed in the absence of IL; however
only after activated sludge acclimation. Contrarily, [C4,Mim][NTf;] shows a toxic
effect even after an acclimation phase, since low degradation rates have been
observed. At the opposite, a toxic effect of IL has been observed regarding
DMDS, even after an acclimation time.

This toxic effect can limit the use of ILs in multiphasic bioreactors, but the
promising results recorded for toluene suggest that more investigations are needed,
especially regarding the acclimation strategy, and in particular to the considered IL
in addition to VOC acclimation.

In conclusion, these compounds can be an alternative to silicone oils, but further
works are needed to confirm their relevance for implementation in multiphase
bioreactors.
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