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1. Introduction

There are many problems in traditional chemical industry, such as environmental pollution,
low production efficiency and high energy consumption. Nowadays, energy and
environment become two main bottlenecks in the development of chemical industry. As
non-renewable fossil resource, petroleum and coal are still widely used in the modern world.
The excessive use of fossil resource will accelerate the deterioration of environment.
Therefore, it is necessary to find new kinds of energy for the sustainable development and
environmental protection.

Biomass is renewable, environmentally friendly and abundant in the natural world.
According to the statistics, the total energy produced from photosynthesis is nearly ten
times more than that of fossil fuel used in the world every year. However, the utilization
rate of biomass energy is less than 1%. Although the preparation of ethanol from glucose
and starch has already been employed in industry for a long time, the universal shortage of
food restricts the application of this method in the large-scale production of clean energy.
Therefore, it is very important to produce green energy and bio-products from
lignocellulose which is the most abundant biomass (Pu et al, 2008; Zhu, 2008).
Lignocellulose is hard to be dissolved and separated with common solvents due to its
complex structure, strong intra- and inter-molecular hydrogen bonding. Traditional acid
and basic systems used in the lignocellulose industry are environmentally polluted, and can
not be recycled (Li et al., 2007). Therefore, development of new efficient solvents is the first
step for the transformation and utilization of lignocellulose.

As novel green solvents, ionic liquids (ILs) have many attractive properties, including
negligible vapor pressure, non-flammability, thermal stability and recyclability, and have
been used in organic synthesis, electrochemistry, catalysis, extraction and among others
(Qian et al., 2005; Dupont et al., 2002; Scurto et al., 2002; Kubo et al., 2002). In 2002, Rogers
and co-workers (Swatloski et al., 2002) found that some hydrophilic ILs are effective
solvents for the dissolution of cellulose. The high solubility of cellulose in the ILs attracts
great attention of the scientists and engineers in the world. Since then, significant progress
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72 Clean Energy Systems and Experiences

has been made for the dissolution of cellulose and lignin as well as for the separation of
lignocellulose components by using ILs (Zhu et al., 2006; Seoud et al., 2007; Winterton, 2006).
This chapter aims to provide a summary of our current state of knowledge in this field.
Therefore, after a brief introduction to the structural features of the main components
(cellulose, hemicellulose and lignin) of lignocellulose and the unusual physico-chemical
properties of ionic liquids, the recent progress in the dissolution and separation of
lignocellulose components with ILs is reviewed. The dissolution mechanism of cellulose in
ILs and the regeneration and reuse of the ILs have also been discussed. At the end of this
chapter, the challenges we have to face have been addressed and some suggestions are
given for the future work.

2. The structural features and physico-chemical properties
of lignocellulose components and ionic liquids

In this section, we will have a brief introduction to the structural features of cellulose,
hemicellulose and lignin and the unusual physico-chemical properties of ionic liquids. This
is designed to lay the foundation for the discussion of the major issues in the next sections.

2.1 The main components of lignocellulose and their structural features

Existed as plant cell wall, lignocellulose is mainly composed of cellulose, hemicellulose and
lignin. These components have different proportions in various green plants. Generally
speaking, the percentages of cellulose, hemicellulose and lignin are approximately 30~50%,
10~40% and 5~30%, respectively, in lignocellulose (McKendry, 2002). Cellulose is embedded
in the network of lignin and hemicellulose which are connected by hydrogen and covalent
bonds (Sun et al., 2005).

Cellulose is a typical biopolymer composed of a-D-glucopyranoside units linked by p-1,4
glycosidic bonds (see Figure 1) (Zhang et al., 2006). The degree of polymerization (DP) of natural
cellulose always ranges from 1000 to 1000000 (Champagne & Li, 2009). The crystal structure of
cellulose is very compact owing to its complex and extensive hydrogen bond networks which are
hard to be broken. Consequently, cellulose is insoluble in common solvents.
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Fig. 1. The structure of cellulose. (Zhang et al., 2006)
Unlike cellulose, hemicellulose is not only a heteropolymer, but also a branched polymer. It

is usually polymerized from different monomers, such as hexoses (glucose, mannose and
galactose), pentoses (arabinose, xylose) and uronic acids (Vegas, et al., 2004). Because of its
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amorphous structure and lower molecular weight, hemicellulose is more prone to be
hydrolyzed by catalysts than cellulose (Liao et al., 2004).

The structure of lignin is much more complex than that of cellulose and hemicellulose. Lignin
is a mixture made from the random oxidative coupling of p-hydroxycinnamyl monolignols
(Rio et al., 2008). There are three primary monolignols: p-coumaryl, coniferyl- and sinapyl
alcohols (see Figure 2) (Hayatsu et al., 1979). As the three monolignols are incorporated into
lignin, p-hydroxyphenyl, guaiacyl and syringyl units are formed. This makes lignin to have a
cross-linked structure, strong chemical bonds and complex compositions. Accordingly, lignin
is quite resistant to many chemicals, external forces and degradation.

HsCQ HCQ
HOAO/\/\OH HO " “oH HO N o
HaCO

(a) (b) (©)
Fig. 2. The structures of three primary monolignols: (a) p-coumaryl alcohol,
(b) coniferyl alcohol, (c) sinapyl alcohol. (Hayastu et al., 1979)

2.2 The structural features and physico-chemical properties of ionic liquids

In general, ILs are a class of organic salts that exist as liquids at the temperatures below 100°C.
They are composed of organic cations and inorganic/organic anions. According to the
structure of cations, these liquid salts can mainly be divided into imidazolium-, pyridinium-,
quaternary ammonium- and quaternary phosphonium-based ionic liquids (see Figure 3).
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Fig. 3. The common structures of ILs’ cations: (a) imidazolium, (b) pyridinium,
(c) quaternary ammonium, (d) quaternary phosphonium.

Compared with traditional solvents, ILs have many excellent physico-chemical properties.
These properties can be summarized as follows (Larsen et al., 2000; Zhao et al., 2002):
1) High thermal stability. The decomposition temperatures of many ILs can be more than
300°C.
2) Broad liquid range from -200 to 300°C, and excellent dissolution performance for
organic, inorganic compounds and polymer materials.
3) Immeasurable vapor pressure and non-flammability under common conditions.
4) High conductivity and wide electrochemical window of 2~5 V.
5) Designable structures and properties for various practical applications.
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It was shown that imidazolium-based ILs have better performance for the dissolution and
separation of lignocellulose components than other ILs under the same conditions. This is
probably due to the lower melting points, lower viscosity, higher thermal stability and
unique structure of the imidazolium-based ILs. On the other hand, ILs are efficient in
dissolution and separation of lignocellulose when they contain Cl- (chloride), [HCO:]-
(formate), [CH3CO,]- (acetate, Ac), [NH,CH>CO,]- (aminoethanic acid), [CH3SO4]-
(methylsulfate), [RR'PO;]- (phosphonate), [Me;CsH3SOs]- (xylenesulphonate) anions and so on.

3. The dissolution of cellulose and lignin in ionic liquids

The recent progress in the dissolution of lignocellulose components with ILs is summarized
in this section. The main content includes the influence of cationic structure and anionic type
of the ILs on the dissolution of cellulose, lignin and hemicellulose, the possible dissolution
mechanism, and the recovery and reuse of ILs.

3.1 The dissolution of cellulose in ionic liquids

It was first discovered (Graenacher, 1934) in 1930s that cellulose could be dissolved in
molten N-ethylpyridinium chloride. However, little attention was paid to this finding at that
time. With the remarkable progress in the research and development of ILs, more and more
researchers have recognized the importance of this field. Until 2002, study first shown that
some imidazolium-based ILs could dissolve cellulose efficiently at low temperature (<100°C)
(Swatloski et al., 2002). Since then, more interesting results have been reported during the
past few years (Zhang et al., 2005; Fukaya et al., 2006; Fukaya et al., 2008; Vitz et al., 2009; Xu
et al., 2010), as shown in Table 1.

IL Solubility Experimental condition Ref.

(w/w %)
[Bmim]ClI 10 Heating at 100°C Swatloski et al., 2002
[Bmim]ClI 25 Microwave heating Swatloski et al., 2002
[Amim]ClI 5 Heating at 80°C within 30 min Zhang et al., 2005
[Amim]Cl 14.5 Heating at 80°C after a longer Zhang et al., 2005

dissolution time

[Amim][HCOz] 10 Heating at 60°C Fukaya et al., 2006
[Emim][(MeO)HPO2] | 10 Heating at 45°C within 30 min Fukaya et al., 2008
[Emim][(MeO)HPO,] | 2~4 Room-temperature within 3~5 h Fukaya et al., 2008
[Emim][Et2PO4] 14 Heating at 100°C within1 h Vitz et al., 2009
[Bmim]Ac 15.5 Heating at 70°C Xu et al., 2010
[Bmim][HSCH2COz] 12 Heating at 70°C Xu et al., 2010
[Bmim]Ac/LiAc 19 Heating at 70°C Xu et al., 2010

Table 1. The dissolution of cellulose in some ILs. a

a: The cellulose samples used in these studies usually differed in DP, molecular weight or

crystal structure.
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It can be seen that in the ILs studied, 1-butyl-3-methylimidazolium chloride ([Bmim]CI)
shown excellent dissolution capability for cellulose. The solubility of cellulose in [Bmim]ClI
was as high as 10% (w/w) at 100°C, which increased to 25% under microwave heating.
Cellulose could be easily regenerated from the IL+ cellulose solutions by the addition of 1%
water, while ILs could be recycled and reused after purification.

Some task-specific ILs have also been used to dissolve cellulose. For example, allyl-based ILs
1-allyl-3-methylimidazolium chloride ([Amim]Cl) and 1-allyl-3-methylimidazolium formate
([Amim][HCO:]) were synthesized successively (Zhang et al., 2005; Fukaya et al., 2006).
These ILs have lower melting points, lower viscosity and stronger dissolution capabilities
for cellulose than those of the common imidazolium-based ILs with the same anions. 5% of
cellulose (DP~650) could be dissolved readily in [Amim]Cl at 80°C within 30min. After a
longer dissolution time, 14.5% of cellulose solution can be obtained. If [Amim][HCO.] was
used as the solvent, the solubility of cellulose was as high as 10% at 60°C.

To reduce the production cost and improve the thermal stability of ILs, a series of
alkylimidazolium ILs containing phosphonate-based anions have been synthesized (Fukaya
et al., 2008; Vitz et al, 2009). These ILs include 1-ethyl-3-methylimidazolium methyl
methylphosphonate  ([Emim][(MeO)MePOs]), 1-ethyl-3-methylimidazolium dimethyl
phosphate  ([Emim][(MeO),POs]), 1-ethyl-3-methyl-imidazolium methyl phosphate
([Emim][(MeO)HPO,]), 1-ethyl-3-methylimidazolium diethyl phosphate ([Emim][Et;PO,])
and 1,3-dimethylimidazolium dimethyl phosphate ([Dmim][Me;POy]). The preparation of
these ILs could be accomplished by only one step with high conversion efficiency. As the
main experimental material, alkylphosphate was cheap, less toxic and easy to purchase. The
low melting points and viscosity of phosphonate-based ILs facilitated the dissolution of
cellulose. It was reported that 10% of microcrystalline cellulose could be dissolved in
[Emim][(MeO)HPO,] within 30 min at 45°C (Fukaya et al., 2008). Even without pretreatment
and heating, the solubility of cellulose could still reach 2~4%. A later research revealed that
[Emim][Et,PO4] had the ability to dissolve up to 14% of cellulose at 100°C (Vitz et al., 2009).
Furthermore, the regenerated cellulose from [Emim][Et;,PO4] shown a much lower
degradation than those regenerated from other ILs.

Our team has been working on the research of ILs for many years and gets much experience
in the dissolution of cellulose in ILs (Xu et al., 2010). In our work, a series of ILs based on
Brensted anions, such as Ac, [NH,CH>CO], [HSCH,CO,]- (thioglycollate) and
[OHCH2CO,]- (glycollate) were synthesized and used to dissolve cellulose. Among these ILs,
[Bmim]Ac and [Bmim][HSCH>CO,] were found to be the most efficient solvents for the
dissolution of microcrystalline cellulose. The solubilities of cellulose were as high as 15.5%
and 13.5% at 70°C, respectively. An enhanced dissolution of cellulose has been achieved by
the addition of 1% of lithium salt into the IL solution. These lithium salts include LiAc, LiCl,
LiBr, LiClOs and LiNOs. For example, the solubility of microcrystalline cellulose could
increase to 19% in [Bmim]Ac containing 1% of LiAc.

3.2 The dissolution mechanism of cellulose in ionic liquids

The excellent dissolution capability of ILs for cellulose inspires many researchers to explore
the possible mechanism. In the early studies, it was widely believed that the ions, especially
anions of the ILs could effectively break the extensive intra- and inter-molecular hydrogen
bonding network in cellulose. Consquently, cellulose was finally dissolved in the ILs
(Swatloski et al., 2002; Zhang et al., 2005; Fukaya, et al., 2006). Based on this hypothesis, the
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interaction between ILs and cellulose was investigated by 13C and 3/37Cl NMR relaxation
measurements (Remsing et al., 2006). They found that the carbons C-4"” and C-1" of [Bmim]*
cation shown a slight variation in the relaxation times as the concentration of cellobiose in
[Bmim]Cl increased (see Figure 4). Meanwhile, the value changes in 13C T; and T> indicated
that the [Bmim]* did not have specific interaction with cellobiose. However, the 35/37Cl
relaxation rates for the anion Cl- was more dependent on the cellobiose concentration, which
implied that Cl- interacted strongly with cellobiose. Their study proved the presence of 1:1
hydrogen bonding between Cl- and carbohydrate hydroxyl proton. Similar conclusions have
also been obtained by computer modeling in a later literature (Novoselov et al., 2007).

/ \ 1 3' Cl
1™ \ @ N/\/\CH
HC™ N 2 o
Fig. 4. The structure and numbering of [Bmim]Cl. (Remsing et al., 2006)

e

In our recent work, the effects of anionic structure and lithium salts addition on the
dissolution of microcrystalline cellulose has also been studied through 'H NMR, 13C NMR
and solvatochromic UV /vis probe measurements (Xu et al., 2010). It was known that the 1H
NMR chemical shift of proton H-2 in the imidazolium ring reflects the hydrogen bond
accepting ability of the ILs" anions. When the H in the Ac- anion of [Bmim]Ac was replaced
by an electron-withdrawing group, such as -OH, -SH, -NH; or -CH>OH, the solubility of
microcrystalline cellulose and H NMR chemical shifts of proton H-2 decreased. This
indicates that the ILs whose anions have strong hydrogen bond accepting ability are more
efficient in dissolving cellulose. Furthermore, the enhanced dissolution of cellulose achieved
with the addition of lithium salts suggests that the interaction between Li* and the hydroxyl
oxygen of cellulose can break the intermolecular hydrogen bonds of cellulose.

3.3 The dissolution of lignin in ionic liquids

Lignin is more difficult to be dissolved than the other components of lignocellulose because
of its strong covalent bonds and complex structure. Pu and his co-workers have determined
solubilities of the lignin isolated from a southern pine kraft pulp in some ILs, including
1,3-dimethylimidazolium methylsulfate ([Mmim][MeSOs]), 1-hexyl-3-methylimidazolium
trifluoromethanesulfonate ([Hmim][CF3S03]), 1-butyl-2,3-dimethylimidazolium
tetrafluoroborate  ([Bmaim][BF,]), 1-butyl-3-methylimidazolium hexafluorophosphate
([Bmim][PFe]) and among others (Pu et al., 2007) (see Table 2).

IL Temperature (°C) Solubility (g/L)
[Mmim][MeSOs] 50 344
[Hmim][CFsSOs] 70 275
[Bmim][MeSO4] 50 312

[Bmim]ClI 75 13.9

[Bmim]Br 75 17.5
[Bmzim][BF4] 70-120 14.5
[Bmim][PF] 70-120 insoluble

Table 2. Solubilities of lignin in some ILs. (Pu et al., 2007)
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The work of Pu and his co-workers shown that softwood lignin could be dissolved in
[Mmim][MeSQO,] and [Bmim][MeSOy] at room temperature. The solubilities of lignin in these
ILs were about 74 g/L and 62 g/L, respectively. When heated up to 50~70°C, lignin sample
was dissolved more rapidly in [Mmim][MeSOy], [Bmim][MeSO4] and [Hmim][CF;SOs] with
solubilities ranging from 275 g/L to 344 g/L. For [Bmim]* based ILs, the solubilities of lignin
followed the order: [MeSQOy]- > Cl- > Br- >> PFg4-. Therefore, it can be concluded that anions of
ILs have important effect on the dissolution of lignin. ILs always have a poor dissolution
capability for lignin when they contain larger sized non-coordinating anions, such as PFe-.
Owing to the complex structure and strong intra-molecular interactions of lignocellulose,
the natural lignin in wood is much more difficult to be dissolved than the pure lignin.
However, it is necessary to develop efficient solvents for the dissolution of natural lignin in
order to promote the application of lignocellulose. Accordingly, the dissolution of
lignin-rich wood in ILs has been studied (Kilpeldinen et al., 2007). It was found that wood
chips could be partially dissolved in some ILs, such as [Bmim]Cl. Wood sawdust sample
was easier to be dissolved in ILs and its solubilities were both 8% in [Bmim]Cl and
[Amim]|Cl at 110°C. A 5% of Norway spruce momechanical pulp (TMP) solution could be
formed in 1-benzyl-3-methylimidazolium chloride ([Bzmim]Cl) at 130°C (see Table 3). The
order of dissolution efficiency of lignocellulose in ILs was: ball-milled wood powder >
sawdust = TMP fibers >> wood chips. It can be inferred that the particle size of wood
sample is vital to the wood solubilization. As the structure of wood sample is incompact, ILs
are easy to diffuse into the wood’s interior and break the intermolecular forces, resulting in
a higher solubility of wood.

IL Wood sample @ Solubility (w/w%) Dissolution condition
[Amim]Cl Norway spruce sawdust 8 Heating at 110°C, 8h
[Amim]Cl Ball-milled Southern 8 Heating at 80°C, 8h
pine powder

[Bmim]Cl Norway spruce sawdust 8 Heating at 110°C, 8h
[Bmim]Cl Norway spruce TMP 7 Heating at 130°C, 8h
[Bmim]Cl Wood chips Partially soluble Heating at 130°C, 8h
[Bzmim]Cl Norway spruce TMP 5 Heating at 130°C, 8h

Table 3. The dissolution of wood samples in ILs. (Kilpeldinen et al., 2007)
a: The wood samples have been subjected to some mechanical pre-treatment before use.

Another study shown that 1-ethyl-3-methylimidazolium acetate ([Emim]Ac) had a higher
solvation power for lignin-rich wood than [Bmim]Cl and many other ILs (Sun et al., 2009).
Nearly 5% (w/w) of southern yellow pine (total lignin content: 31.8%) or red oak (total
lignin content: 23.8%) could be dissolved in [Emim]Ac after mild grinding at 110°C. As the
authors analyzed, two main reasons might account for these results. Firstly, the inter- and
intra-molecular hydrogen bonds in wood can be efficiently disrupted by the stronger
basicity of acetate anion; Secondly, the low melting point and low viscosity of [Emim]Ac
facilitate the dissolution of wood.
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4. The separation of the main components of lignocellulose with ionic liquids

The efficient separation of the main components of lignocellulose is very important for the
utilization of lignocellulose. Although it is difficult to achieve this goal, researchers have
explored the possibility for the separation of lignocellulose components with ILs, and some
important results have been reported.

4.1 The separation of cellulose from lignocellulose with ionic liquids

It was reported that wood could be regenerated from imidazolium-based IL (such as
[Bmim]Cl, [Amim]Cl and [Bzmim]Cl) + wood solutions as an amorphous mixture of its
original components after the addition of water (Kilpeldinen et al., 2007). Using cellulase as
catalyst, the regenerated cellulose of wood could be converted into glucose, and the
hydrolysis percentage of cellulose was about 60%. This provides a new way for the
separation of the cellulose of lignocellulose

Cellulose can also be separated from lignocellulose with [Bmim]Cl based on the different
solubilities of the main components of lignocellulose (Fort et al., 2007). Their work shown
that some untreated wood (oak, eucalyptus, poplar and pine) could be partially dissolved in
[Bmim]Cl at 100°C. After the removal of un-dissolved materials, cellulose could be
regenerated from [Bmim]Cl + lignocellulose solutions by the addition of one to two volumes
of the precipitation solvents, such as 1:1 acetone-water solutions, dichloromethane and
acetonitrile. Yields of the reconstituted cellulose ranged from 30 to 60%. Through the
characterization of 13C NMR and IR spectrum, the regenerated cellulose was found to be free
of lignin and hemicellulose. The properties of cellulose obtained in this way was similar to
those of microcrystalline cellulose regenerated from [Bmim]Cl + cellulose solutions.

4.2 The separation of lignin from lignocellulose with ionic liquids

Some researchers have studied the separation of lignin from lignocellulose-rich wood with
ILs (Lee et al., 2009). In their work, [Emim]Ac was first used to pretreat 5% (w/w) of wood
flour at 90°C for 24h. The mixture was washed with water to remove the extract from the
residual wood flour solids. After the evaporation of water, [Emim]Ac solution was reused
for the pre-treatment of wood flour, and the lignin concentration was increased (see Table 4).
Furthermore, chemically unmodified and highly hydrophobic lignin could be easily
precipitated from concentrated lignin + [Emim]Ac solutions by the addition of excess water.

Reuse of [Emim]Ac Extracted lignin content Digestibility of pretreated
(g/kg) 2 wood flour (%)

0 6.9 95.7

1st 14.2 92.1

2nd 21.3 92.7

3rd 284 92.7

4th 35.6 90.2

Table 4. Reuse of [Emim]Ac for the pre-treatment of wood flour. (Lee et al., 2009)
a: Determined by Indulin AT (kraft lignin) standard.
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Lignin can also be separated from lignocellulose with xylenesulphonate- and
benzoate-based ILs (Upfal et al.,, 2005). As indicated by Upfal et al., lignin-containing
material (bagasse and wood pulp) could be dissolved in ILs, such as 1-ethyl-3-methyl-
imidazolium xylenesulphonate ([Emim][XS]), tetrabutylammonium xylenesulphonate
([TBA][XS]) and tetrabutylammonium benzoate ([TBA][Bz]) in the temperature range of
100~180°C. After the complete dissolution of lignin-containing material, the solid cellulosic
components were filtered and a clear lignin/IL solution was formed. Then, lignin could be
separated by precipitation and extraction methods. In the former method, lignin was
precipitated from lignin + IL solutions by the addition of water, and adjustment of
temperature and/or pH of the solutions. In the latter method, lignin could be extracted into
immiscible organic solvents, such as polyethylene glycol, and then separated by distillation.
In this way, 60~86% of the lignin component was separated from lignocellulosic materials
and the ILs could be regenerated and reused in the separation process (see Table 5).

IL pH Lignin removed (%) Recovered IL (%) b
[Emim][XS] 6 70.65 102

[Emim][XS] 4 64.46 101

[TBA][XS] 4.5 70.61 90

[TBA][XS] 9 65.26 84

[TBA][Bz] 7 68.39 48

[TBA][Bz] 4.5 74.15 56

Table 5. The efficiency in the removal of lignin from bagasse and in the recovery of ILs
(Upfal et al., 2005). a

a: The temperature of dissolution was from 100 to 180°C.

b: Based on lignin recovery as calculated by Kappa number determination.

4.3 The separation of both cellulose and lignin from lignocellulose with ionic liquids

Cellulose and lignin can be separated from lignocellulosic materials with ILs according to
the results of a patent (Myllymaki & Aksela, 2005). In their work, lignocellulose-rich wood
and straw which had not been subjected to any chemical or mechanical pulping process
were used as experimental materials. Lignocellulosic materials were first dissolved in
[Bmim]Cl under microwave heating at the temperatures range from 80 to 170°C and/or
under pressure. Then, lignin was separated from IL + lignocellulose solutions by extraction,
and cellulose could be separated from the remained solutions by the addition of water or
ethanol.

Unlike Myllymaki et al. who used natural lignocellulose as experimental materials, Lateef’s
group used cellulose/lignin mixtures as the model lignocellulosic materials to investigate
the separation of cellulose from lignin with ILs (Lateef et al., 2009). Three ionic liquids
1-(2-cyanoethyl)-3-methylimidazolium bromide ([Cmim]Br), 1-propyl-3-methylimidazolium
bromide ([Pmim]Br) and [Bmim]Cl were synthesized and used as solvents. A mixture of
cellulose and lignin was dissolved in each of these ILs at 80~90°C. After the saturated
solution of cellulose/lignin was created, cellulose was regenerated by the addition of water
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(see Figure 5). The remained solution of lignin in IL was concentrated by the distillation of
water under reduced pressure. Then, lignin could be precipitated by the addition of ethanol
(see Figure 6). The recovery yields of cellulose and lignin were 98~99% and 83~97%,
respectively. In general, this work shows us a good example for the separation of natural

lignocellulose with ILs.

Fig. 5. FTIR spectra: (a) pure cellulose, (b) recovered cellulose from [Bmim]Cl. (Lateef et al., 2009)

Fig. 6. FTIR spectra: (a) pure lignin, (b) recovered lignin from [Bmim]Cl. (Lateef et al., 2009)
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From the discussion above, it can be concluded that the main components (cellulose, lignin
and hemicellulose) of lignocellulose can be separated by various experimental methods. The
typical process for the separation of lignocellulose with ILs is summarized in Figure 7.

+ precipitation solvent Regenerated
P > cellulose

Lignocellulose dissolution

+ ionic liquid - 5 Solution <

1. extraction Regenerated

.~ > lignin
2. distillation

Fig. 7. The typical process for the separation of lignocellulose with ILs.

5. Future challenges

Because of the worldwide energy shortage and environmental pollution, we have to make
full use of lignocellulose in order to develop clean energy and bio-products in the future. ILs
have played a important role in the production of clean energy owing to their excellent
physico-chemical properties and outstanding performance in the dissolution and separation
of lignocellulose. However, the research on this area is still at its infant stage and some
problems have to be solved. In the future work, the following main issues are suggested.

1) To study the interaction mechanism between ILs and cellulose, hemicellulose or lignin
further through macroscopic and microcosmic methods, and to know how cations and
anions of the ILs disrupt the cross-linked structure, and the intra- and inter-molecular
hydrogen bonding of lignocellulose.

2) To develop the knowledge of the relationship between the structure of ILs and their
dissolution performance for cellulose, hemicellulose and lignin, and then to design and
prepare more new task-specific ILs which are ought to have low viscosity, low melting
points and high dissolution and separation capability for lignocellulose.

3) To develop inexpensive methods for the recovery and recycle of ILs, and to promote
the applicaiotn of mircowave heating and other intensification technologies in the
dissolution and separation of lignocellulose components with ILs.

4) To investigate the effect of precipitation solvents on the crystalline state and
thermo-physical properties of regenerated cellulose, hemicellulose and lignin, and then to
regulate the structure and properties of the regenerated components for different
applications.
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