
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.
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2.1 Introduction

Ionic 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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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 (Tm) 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]Cl) dissolved cellulose much better than [C4mim]Cl, and

benzyldimethyl(tetradecyl)ammonium chloride (BDTAC) has a lower Tm (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 Tm 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 Tm of the salts. It is

therefore important to design cations to lower the Tm. 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 Tm of the imidazolium salt. They clarified that the adopting

allyl groups into imidazoliulm cation is a valid way to lower the Tm 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

Table 2.1 Solubility of

dissolving pulp cellulose in

ionic liquids [6]

Ionic liquid Method Solubility (wt%)

[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][PF6] Microwave irradiation Insoluble

[C6mim]Cl Heat (100 �C) 5

[C8mim]Cl Heat (100 �C) Slightly soluble
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clarified that [C4mim]Cl makes hydrogen bonding between the carbohydrate

hydroxyl protons and the chloride ions in a 1:1 stoichiometric ratio using 13C and
35/37Cl 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 (wt%) 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 35/37Cl 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]Cl [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

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

Type DP

[C4mim]Cl [C4mpy]Cl BDTAC

% DPa % DPa % DPa

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
aAfter regeneration, DP: Degree of polymerization of cellulose, Tm of [C4mim]Cl, [C4mpy]Cl,

and BDTAC was 73, 95, and 52 �C, respectively
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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]

Cl [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 Cl� 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). From the shift of the absorption maximum wavelength of the

individual dye molecules shown in Scheme 2.2, three Kamlet-Taft parameters

such as α, β, and π values are calculated. These three parameters, α, β, and π 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 β 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 β value of the ILs. ILs with β value of less than 0.6 have no power to dissolve

cellulose under any condition. The ILs having a β value of more than 0.6 start to

dissolve cellulose and solubility increases with an increase of their β value. Here, it

should be noted that the β 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 β value [19]. Other factors such as α value and ion structure should also be

considered for the design of cellulose solvents. Although the β 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

Scheme 2.2 Structure of prove dyes for Kamlet-Taft parameter measurements [16]
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co-workers also reported that a series of carboxylate-type ILs for cellulose disso-

lution [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

Fig. 2.1 Cellulose solubility in [C2mim] and [C4mim] type ILs as a function of the Kamlet-Taft β
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)

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

parameters of a series of

[C4mim] carboxylate-

type salts

Anion

Kamlet-Taft parameters

α β π*

[HCOO] 0.56 1.01 1.03

[C1COO] 0.55 1.09 0.99

[C2COO] 0.57 1.10 0.96

[C3COO] 0.56 1.10 0.94

[t-C4COO] 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
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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 35/37Cl and 13C NMR relaxation [24]. The 35/37Cl and 13C

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 1H-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

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

IL Tg (
�C)a Tm (�C)a Td (

�C)b η (cP) (at 25 �C)

Kamlet-Taft parameters

α β π*

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 c 66 262 d 0.44e 0.84e 1.14e

Reprinted with permission from Fukaya et al. [23], Copyright (2006) American Chemical Society
aTemperature at signal peak
bTemperature for 10 wt% loss under N2 gas
cNot observed
dNot measured
eMeasured under a supercooled state
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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 β-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�1, whereas that in [C2mim][OAc] was estimated

to be 14 kcal mol�1. 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.

Fig. 2.2 Cellulose

solubility as a function of

temperature in IL3 and

[Amim]Cl (Reprinted with

permission from Fukaya

et al. [23], Copyright (2006)

American Chemical

Society)

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)
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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)PO2]; IL5

in Scheme 2.6), and found that this IL5 had a good stability and dissolved cellulose

without heating [28].

This IL5 has very low glass transition temperature (�86 �C), low viscosity

(107 cP at 25 �C), and high Kamlet-Taft β value (1.00). The physicochemical

properties of IL5 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.

Fig. 2.3 Chemical shift of proton (a) and carbon (b) in [C2mim][OAc] as the function of

concentration of cellobiose in DMSO-d6 (Δδ ¼ δ � δneat) (Reproduced from Zhang et al. [25]

with permission from the PCCP Owner Societies)
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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][CO2Et]) 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

Scheme 2.6 Structure of

phosphonate type salts [28]

Fig. 2.4 Cellulose

solubility (wt%) in

phosphonate type salts

(ILs5, 6, and 7) as a function

of temperature [28]
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Table 2.5 IL structure and cellulose solubility

Ionic liquids Raw material

Solubility

(wt%) Condition Refs.

Cellulose 15.8 85 �C [29]

Avicell 10–14 100 �C, 1 h [7]

[C2mim]Cl Avicell 5 90 �C [30]

Cellulose,

DP ¼ 268

12 90 �C, 12 h [31]

Pulp cellulose,

DP ¼ 1,000

10 100 �C [6]

[C4mim]Cl 3 70 �C [6]

Avicel, DP ¼ 286 18 83 �C, 12 h [8]

Avicel 20 100 �C, 1 h [7]

Cellulose 1.8 80–90 �C,
20 min

[32]

Cellulose 13.6 85 �C [29]

Avicel 1.5 100 �C [33]

Avicel 1 100 �C, 1 h [7]

[C5mim]Cl

Pulp cellulose 5 100 �C [6]

Avicel 7 100 �C [33]

[C6mim]Cl Avicel 5 50 �C [30]

Pulp cellulose Slightly soluble 100 �C [6]

[C7mim]Cl Avicel 5 100 �C [33]

5 100 �C, 1 h [7]

Avicel 4.5 100 �C [33]

4 100 �C, 1 h [7]

[C8mim]Cl Slightly soluble 100 �C [30]

Cellulose,

DP ¼ 250

10 100 �C [23]

[Amim]Cl Avicel 5 90 �C [30]

Cellulose pulp 14.5 80 �C [10]

Cellulose,

DP ¼ 286

9 90 �C [31]

[C4dmim]Cl Cellulose,

DP ¼ 593

6 90 �C [31]

Cellulose,

DP ¼ 1,198

4 90 �C [31]

Cellulose,

DP ¼ 286

5 62 �C [8]

[BzDTA]Cl Cellulose,

DP ¼ 593

2 62 �C [8]

Cellulose,

DP ¼ 286

39 105 �C, 12 h [8]

Avicel 5 105 �C [30]

[3MBPy]Cl

(continued)
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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�1), such values being

Table 2.5 (continued)

Ionic liquids Raw material

Solubility

(wt%) Condition Refs.

Cellulose 13.5 85 �C [29]

Avicel 8 100 �C, 1 h [7]

[C2mim][OAc] Avicel 5 90 �C [30]

Celulose,

DP ¼ 569

13.2 [29]

[C4mim][OAc] Avicel 12 100 �C, 1 h [7]

Cellulose,

DP ¼ 250

21.5 85 �C [23]

[Amim][HCOO] Cellulose,

DP ¼ 250

10 60 �C [23]

Avicel 10 100 �C, 1 h [7]

[C1mim][(MeO)2PO2]

MCC 10 65 �C [28]

[C2mim][(MeO)2PO2]

Avicel 10 100 �C, 1 h [7]

[C2mim][(MeO)(Me)PO2]

MCC 6 30 �C, 1 h [28]

[C2mim][(MeO)(H)PO2]
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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]Cl 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, Kilpeläinen 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

Table 2.6 Correlation between water content of TBPH and cellulose solubility (wt%) at 25 �C

Water content (wt%) Cellulose (wt%)a Dissolution time (min)

60 0.5 >2 weeks

50 15 5

20 –b

40 1 1

15 3

20 5

25 –c

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
aFinal concentration
bMost of the cellulose were dissolved within 30 min, but complete dissolution was not confirmed

even after 1 h
cDifficult to stir
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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. Kilpeläinen 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

Fig. 2.5 Cellulosic material (solid bars) and lignin material (dashed bars) extraction profiles in

[C4mim]Cl/DMSO-d6 at 100 �C for the different wood (Reproduced from Fort et al. [48] with

permission from The Royal Society of Chemistry)
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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

Fig. 2.6 Light microscopic images of wood ((a) latewood, (b) earlywood, (c) boundary of

latewood and earlywood) treated with [C2mim]Cl at 120 �C [51] (With kind permission from

Springer Science+Business Media)
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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 � 3 s microwave pulses, the time for complete dissolution (tcd) 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

Scheme 2.7 Suggested wood biomass treatment process using IL (Reproduced from Sun

et al. [52] with permission from The Royal Society of Chemistry)
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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]Cl

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: MeOSO3
� > Br� > Cl�

> BF4
�. 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 BF4
� dissolve a small amount of Kraft lignin.

Table 2.7 Effect of pretreatment on the time required to achieve complete dissolution (tcd) 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 tcd (h)

None None 46

Microwave 30 � 3 s pulses 45

Microwave 60 � 3 s pulses 21

Microwave 100 � 3 s pulses 16

Ultrasound irradiation 1 h at 40 �C 23
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Table 2.8 Cellulosic biomass treatment ability of several CDILs

Ionic liquid Biomass Dissolution Condition Refs.

Spruce chips 5 wt%, partial 90 �C [30]

[C1mim][(MeO)2PO2]

Spruce chips 5 wt%, partial 90 �C [30]

[C2mim]Cl

Spruce chips 5 wt%,

Complete

90 �C [30]

[C2mim][OAc] Southern yellow

pine, chips

92.6%a 110 �C, 16 h [52]

Southern yellow

pine, chips

Complete 110 �C, 46 h [52]

Norway spruce

saw dust

8 wt% 80 �C, 8 h [49]

[Amim]Cl Norway spruce

TMP

7 wt% 130 �C, 8 h [49]

Pine 67%a 120 �C [50]

Poplar 30%a 120 �C [50]

Catalpa 23%a 120 �C [50]

Spruce chips 5 wt%,

Complete

90 �C [30]

Pine 67%a 100 �C, 24 h,

with

DMSO-d6

[48]

[C4mim]Cl Poplar 68%a 100 �C, 24 h,

with

DMSO-d6

[48]

Oak 56%a 100 �C, 24 h,

with

DMSO-d6

[48]

Eucalyptus 64%a 100 �C, 24 h,

with

DMSO-d6

[48]

Wood chips Partially

soluble

130 �C, 15 h [49]

Norway spruce

TMP

7 wt% 130 �C, 8 h [49]

Spruce chips 5 wt%, partial 90 �C [30]

Southern yellow

pine, chips

26%a 110 �C, 16 h [52]

Southern pine

TMP

2 wt% 130 �C, 8 h [49]

[Bnmim]Cl

Aspen wood

chips or

powder

Dissolved 150 �C, 24 h [49]

[Bnmim][DCA]

(continued)



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.

Table 2.8 (continued)

Ionic liquid Biomass Dissolution Condition Refs.

Aspen wood

chips or

powder

Partially

dissolved

100 �C, 24 h [56]

[HDBU]Cl

Aspen wood

chips or

powder

Partially

dissolved

100 �C, 48 h [56]

[HDBU][HCOO]

Aspen wood

chips or

powder

Partially

dissolved

100 �C, 48 h [56]

[HDBU][OAc]

Aspen wood

chips or

powder

Partially

dissolved

100 �C, 48 h [56]

[C4DBU]Cl

Other values in wt% mean the amount of biomass against the ILs used as solvents
aThe value was wt/wt of added biomass. The biomass was added to become 5 wt% against ILs
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Table 2.9 Lignin dissolving ability of several ILs

Ionic liquid Lignin Dissolution Condition Refs.

Softwood kraft

pulp lignin

344 g/L 50 �C [57]

[C1mim][MeOSO3] Kraft lignin >500 g/kg 90 �C,
24 h

[58]

Alkali, low sul-

fonate con-

tent lignin

9.5 wt% 80–90 �C,
20 min

[32]

[Cyanomim]Br

Kraft lignin 300 g/kg 90 �C,
24 h

[58]

Triticale straw 52.7 % of acid

insoluble

lignin

150 �C,
90 min

[61]
[C2mim][OAc]

Kraft lignin >300 g/kg 90 �C,
24 h

[58]

[Amim]Cl

Alkali, low sul-

fonate con-

tent lignin

6.2 wt% 80–90 �C,
20 min

[32]

[C3mim]Br

Softwood kraft

pulp lignin

13.9 g/L 75 �C [57]

[C4mim]Cl Alkali, low sul-

fonate con-

tent lignin

8.8 wt% 80–90 �C,
20 min

[32]

Softwood kraft

pulp lignin

17.5 g/L 75 �C [57]

[C4mim]Br

Kraft lignin 40 g/kg 90 �C,
24 h

[58]

[C4mim][BF4]

Kraft lignin 1 g/kg 90 �C,
24 h

[58]

[C4mim][PF6]

Kraft lignin >500 g/kg 90 �C,
24 h

[58]

[C4mim][OTf]

Softwood kraft

pulp lignin

312 g/L 50 �C [57]

[C4mim][MeOSO3]

Softwood kraft

pulp lignin

14.5 g/L 70–100 �C [57]

[C4dmim][BF4]

(continued)
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Table 2.9 (continued)

Ionic liquid Lignin Dissolution Condition Refs.

Softwood kraft

pulp lignin

275 g/L 50 �C [57]

[C6mim][OTf]

Kraft lignin >100 g/kg 90 �C,
24 h

[58]

[Bnmim]Cl

Sulfur free

lignin

Dissolved 150 �C,
24 h

[56]

[HDBU]Cl

Sulfur free

lignin

Dissolved 100 �C,
24 h

[56]

[HDBU][HCOO]

Sulfur free

lignin

Dissolved 100 �C,
24 h

[56]

[HDBU][OAc]

Sulfur free

lignin

Dissolved 100 �C,
24 h

[56]

[HDBU][NTf2]

Sulfur free

lignin

Dissolved 100 �C,
48 h

[56]

[C8DBU][NTf2]

Sugarcane

bagasse

97 % of lignin 190 �C,
90 min

[59]

Extracted

~23 g/kg

[C2mim][ABS]

Pinus radiate

wood flour

38 wt% of

added lignin

(>5.7 g/kg)

100 �C,
2 h

[60]

Pinus radiate

wood flour

51 wt% of

added lignin

(>7.7 g/kg)

100 �C,
16 h

[60]

(continued)
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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

H5N1 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.

Table 2.9 (continued)

Ionic liquid Lignin Dissolution Condition Refs.

[C4mim][Ace] Eucalyptus

nitens

38 wt% of

added lignin

(>6.1 g/kg)

100 �C,
2 h

[60]

Pinus radiate

wood flour

43 wt% of

added lignin

(>6.5 g/kg)

100 �C,
2 h

[60]

[C2mim][Ace]

Scheme 2.8 Reaction scheme of the switchable ionic liquid (Reprinted from Anugwom

et al. [62], Copyright (2012), with permission from Elsevier)
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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

Fig. 2.7 Extraction degree of shikimic acid using [C4mim]Cl (100, 130, or 150 �C), DMF

(150 �C), deionized H2O (100 �C), methanol (80 �C), or ethanol (80 �C) (Reproduced from

Usuki et al. [64] with permission from The Royal Society of Chemistry)
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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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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.

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)

Scheme 2.9 Structure of

alkylphosphonate type

salts [70]

Fig. 2.8 Extraction degree

of polysaccharides from

bran using phophinate salt

(IL14) or

methylphosphonate salt

(IL5) [70]
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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 theweight 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

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)
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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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