Chapter 4

Application of Ionic Liquids

in the Conversion of Native
Lignocellulosic Biomass to Biofuels

Marcel Lucas, Gregory L. Wagner and Kirk D. Rector

4.1 Introduction

Lignocellulosic biomass could become an abundant source of liquid fuels and
commodity chemicals that could satisfy energy needs in transportation and alleviate
concerns about rising greenhouse gas emissions. The variety of potential feedstocks,
which includes wood, agricultural wastes, forest products, grasses, and algae,
reduces the pressure on food crops, in particular corn, for the production of ethanol
[1, 2]. Wood is composed of three main components: cellulose, hemicellulose, and
lignin. Cellulose is a polymer of glucose. Hemicellulose is a branched polymer of
different monosaccharides. Lignin is a branched polymer with p-hydroxyphenyl,
guaiacyl, and syringyl units [3]. The conversion of lignocellulosic biomass to
biofuels consists in the hydrolysis of cellulose and hemicellulose into fermentable
sugars, followed by the fermentation of these sugars into ethanol and commodity
chemicals. The access of enzymes to cellulose is severely restricted by the complex
structure of the wood cell wall and the recalcitrance of lignin.

Conversion of native biomass to biofuels therefore requires a pretreatment step
that should separate the three main components of wood, improve access of
enzymes to cellulose, and decrease cellulose crystallinity. Kraft pulping has been
the dominant process to produce purified cellulose substrates for papermaking, but
it involves toxic chemicals and requires large amounts of water [4]. Other biomass
pretreatments, such as acid hydrolysis, steam explosion, alkaline hydrolysis, and
ammonia fiber explosion, are energy-intensive and also involve toxic chemicals
[5]. Pretreatment is the most expensive step in the biomass conversion process, and
could represent a fifth of the total cost [1, 2].
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Recently, room-temperature ionic liquids (ILs) have been considered as
potential solvents for the dissolution and pretreatment of biomolecules and
biomass [4, 6-11]. It was found that the solubility of cellulose in 1-butyl-3-
methylimidazolium chloride ([BMIM][CI]) could reach 25 wt% [9]. ILs are salts
with melting temperatures below 100°C, characterized by an extremely low vapor
pressure, high thermal stability, and low flammability. Their physicochemical
properties, such as glass transition and melting temperatures, thermal stability,
refractive index, and polarity depend on their chemical composition and structure
[12—14]. The multitude of possible anion—cation combinations and the blending of
multiple ILs provide great flexibility when tailoring an IL for a specific application
[15]. ILs have numerous promising applications in catalysis [16-20], electro-
chemistry, separations of gases, liquids, and impurities [21]. The positive effect of
ionic liquids on catalysis was partially attributed to the stabilization of reactive
intermediates and catalytically active oxidation states [17]. Promising studies on
cellulose dissolution and regeneration led to an intense effort to develop an
effective IL pretreatment for the direct pretreatment and dissolution of native
biomass [4, 6-11].

In this chapter, the dissolution of native biomass in ILs will be reviewed. In
Sect. 4.2, the different factors affecting biomass solubility in ILs will be reviewed.
The mechanisms involved in the biomass delignification and cellulose dissolution
will be discussed in Sect. 4.3. Section 4.4 will focus on the compatibility of ILs
with cellulases and the different strategies developed for the stabilization of
enzymes in ILs. Section 4.5 will deal with the recycling and biodegradability of
ILs. Finally, in Sect. 4.6, applications of biomass pretreatment with ILs (other than
fuel production) in the making of composite materials, the biomedical field, the
production of commodity chemicals, and biochemical sensing will be reviewed.

4.2 Pretreatment of Native Biomass
4.2.1 Cellulose and Lignin Composition in Biomass

Great variability in lignocellulosic biomass feedstocks is observed in wood or non-
wood plants: differences in fiber dimensions, lignin, and cellulose content across
different species [22]. Enzymatic hydrolysis of 1,100 natural Populus trichocarpa
trees resulted in a wide range of sugar yields that depended on the lignin content
and the ratio of syringyl and guaiacyl units in lignin. Among the 1,100 samples,
the lignin content ranged from 15.7 to 27.9 wt%, while the syringyl-to-guaiacyl
unit ratio ranged from 1.0 to 3.0 [23]. Even in the same plant, differences were
observed between the mature sections at the base and the younger sections at
the top [24].

Due to this great diversity of chemical composition and the complex structure
of native biomass, effective methods for the dissolution or hydrolysis of purified
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Fig. 4.1 Generalized chemical structure of lignin and schematic for its conversion into
monomeric aromatic products. Reactions which cleave aryl—ethers and aryl-alkyl linkages would
enable conversion of lignin into valuable aromatic chemicals. Reprinted from [28], copyright
(2011), with permission from Elsevier

cellulose or glucose oligomers can fail to translate to native biomass. In lignin,
each type of linkages in the constituting monolignols provides a possible pathway
for biomass delignification (Fig. 4.1) [25-28]. Developing a unique IL pretreat-
ment that would be suitable for multiple feedstocks represents a tremendous
challenge.

4.2.2 Dissolution of Biomass in Ionic Liquids

A wide variety of biomass feedstock/IL combinations has been studied for their
potential in biomass pretreatment. Multiple wood species have been studied:
poplar [29], spruce [7, 30-34], eucalyptus [31, 32], pine [4, 6, 7, 31, 32, 35-37],
maple [25, 38], Metasequoia glyptostroboides [16], red oak [36], common beech
[34], cork [39], and Japanese fir [40]. Other biomass feedstocks currently under
investigation include grasses, such as switchgrass [41, 42], Miscanthus grasses [26,
43], and agricultural wastes, such as corn stovers [6, 33, 35, 43-45], wheat straw
[27] and rice straw [6, 35, 46].

Among the most successful and widely used ILs in native wood pretreatment
are the imidazolium-based ILs with the chloride or acetate anion. The ILs 1-allyl-
3-methylimidazolium chloride ([AMIM][C1]) and [BMIM][CI] could dissolve
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maple wood flour at solubilities above 30 g/IL kg at 80°C under nitrogen atmo-
sphere after 24 h [25]. Ball-milled pine powder and spruce sawdust (size
0.1-2 mm) were completely dissolved in [BMIM][CI] and [AMIM][CI] at a
weight ratio of up to 8% at 80-110°C in 8 h with mechanical stirring [7].
[AMIM][CI] was able to dissolve completely 5 wt% of spruce, silver fir, beech,
chestnut wood chips (particle size 1-2 mm) at 90°C in 12 h, whereas the same
wood samples were only partially dissolved in 1-ethyl-3-methylimidazolium
chloride ([EMIM][CI1]), [BMIM][CI], and 1,3-dimethylimidazolium dimethyl-
phosphate ([MMIM][Me,PO,]) in the same conditions [34]. The IL 1-ethyl-3-
methylimidazolium chloride ([EMIM][CI]) can partially dissolve wheat straw
and pine wood particles (<1 mm, 5 wt%) at 100°C in 24 h, [BMIM][CI] can
only partially dissolve wheat straw, and 1-ethyl-3-methylimidazolium acetate
([EMIM][OACc]) could dissolve neither [47]. Ground pine, poplar, eucalyptus, and
oak were dissolved in [BMIM][CI] with a 5 wt% solubility at 100°C. After 24 h,
about 45 wt% of the cellulosic material was extracted from the native biomass.
The extraction rates were higher for softwoods, such as pine and poplar.
13C Nuclear Magnetic Resonance (NMR) confirmed the presence of dissolved
polysaccharides in the wood/IL mixture [4].

[EMIM][OACc] dissolved spruce, beech, chestnut completely (5 wt%), but not
silver fir [34]. In another study, [EMIM][OAc] could dissolve 5 wt% of red oak
(particle size 0.125-0.250 mm) completely in 25 h at 110°C, while it took 46 h
to dissolve 5 wt% of southern yellow pine in the same conditions [36].
Pretreatment of maple wood flour with [EMIM][OAc] or 1-butyl-3-methylimi-
dazolium acetate ([BMIM][OAc]) at 90°C increased significantly the sugar yield
and the amount of extracted lignin [38]. Pretreatment with 1-butyl-3-methyl-
imidazolium methyl sulfate ((BMIM][MeSO,]) at the same temperature for the
same duration resulted in sugar yields comparable to the untreated wood
flour and an amount of extracted lignin lower than with [EMIM][OAc] or
[BMIM][OAc]. This was explained by the fact that [BMIM][MeSO4] only
delignified the middle lamella and not the primary cell wall and cellulose-rich
secondary cell wall. Also, the [EMIM][OAc] or [BMIM][OAc] pretreatment for
12 h reduced the wood fiber diameter from an average of 250 pm in the
untreated flour to about 17 pm. Pretreatment with [BMIM][MeSO,] had no effect
on the wood fiber diameter [38].

Other combinations of IL/native wood were studied. Dry wood (Metasequoia
glyptostroboides, 60 mesh sawdust) was partially dissolved in 1-butyl-3-allylim-
idazolium chloride ([BAIM][CI]) or 1-methyl-3-allylimidazolium chloride
([IMAIM][CI]) at a weight ratio from 4.5:1 to 10.5:1 (60-90°C for 10—40 min)
[16]. Phenyl-containing ionic liquids were synthesized to see if the aromatic
n-systems would be better at disrupting the strong m—n interactions between aro-
matic groups in lignin. Indeed, after the wood was dissolved in 1-benzyl-3-
methylimidazolium chloride ([BzMIM][CI]), the solution was clear, free of any
residual lignin [7]. Ball-milled poplar was soluble in 1-allylpyridinium chloride,
cyanomethylpyridinium chloride, and pyridinium chloride within 1 h at 60°C with
solubilities ranging from 35 to 80 mg/g [29].
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In addition to woods, ILs could at least partially dissolve or delignify other
feedstocks, including leaves and agricultural wastes. Triticale straw, flax shives,
and wheat straw were soluble in [EMIM][OAc] and [BMIM][CI] [27]. The dis-
solution of shredded oil palm fronds in [BMIM][CI] was studied for temperatures
ranging from 60 to 100°C [22]. Lignin was extracted from bagasse using the
IL 1-ethyl-3-methylimidazolium alkylbenzenesulfonate at high temperatures
(170-190°C) [48]. Rice straw powder (<2 mm) could be dissolved in [BMIM]
[C1], [EMIM][CI], and [EMIM][OAc] completely in 24 h at 130°C. The amount of
regenerated cellulose and glucose after enzymatic hydrolysis was highest for
[EMIM][OACc] [46]. Milled corn cob had solubilities above 30 g/kg at 130°C in
1-methyl-3-methylimidazolium dimethylphosphite ([MMIM][DMP]), 1-ethyl-3-
methylimidazolium diethylphosphate ([EMIM][DEP]), 2-ethyl-3-methylimidazo-
lium dimethylphosphite ([EMIM][DEP]), [BMIM][Cl], and I-butyl-1-meth-
ylpyrrolidinium chloride ([BMPy][Cl]). Pretreatment with chloride ILs resulted in
the doubling of reducing sugar yield after enzymatic hydrolysis [44].

4.2.3 Effect of Ionic Liquid Chemical Composition

The nature of the anion played a major role in the dissolution of biomass. For
example, [EMIM][OAc] was more effective than [EMIM][CI] in the dissolution of
southern yellow pine [36]. The chloride anion combined with the [BMIM] cation
was effective in the dissolution of maple wood flour. Substitution of the chloride
anion with the tetrafluoroborate or hexafluorophosphate anions made the maple
wood flour insoluble [25]. Maple wood flour pretreated in [EMIM][OAc] and
[BMIM][OACc] at 90°C for 6 h resulted in a decrease in cellulose crystallinity,
higher glucose, and xylose yields. In contrast, pretreatment with [BMIM][MeSO4]
had little effect on the biomass cell structure, sugar yields, and cellulose crystal-
linity, compared to untreated wood flour [38].

The ability to dissolve biomass was related to the anion basicity. [EMIM][OAc]
was a better solvent than [BMIM][CI] for southern yellow pine and red oak (particle
size 0.125-0.250 mm), due to the increased basicity of the acetate anion and also its
lower viscosity and melting point [36]. Cork powder remained insoluble in
[EMIM][CI] and [BMIM][CI] after 4 h at 100°C. Replacing the chloride anion with
a lactate or ethanoate anion improved the cork dissolution significantly. ILs based
on the cholinium cation and alkanoate anions were more effective in the cork
dissolution. Among the alkanoate anions included in the study, the increasing alkyl
chain length (ethanoate, butanoate, hexanoate) led to an increase in biomass dis-
solution efficiency, attributed to an increase in the basicity of the anion [39].

The structure of the cation plays a role in the melting point of the IL. Alkyl
groups on the imidazole tend to lower the melting temperature, and enhance wood
liquefaction and processability of the wood solution. For example, wood disso-
lution was more effective in 1-butyl-3-allylimidazolium chloride ([BAIM][CI]),
then in 1-methyl-3-allylimidazolium chloride ((MAIM][CI]) [16].
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4.2.4 Effect of Temperature

Most IL pretreatments were conducted at high temperatures ranging from 70
to 190°C [7, 22, 25, 27, 36, 37, 43, 48-50]. Higher sugar yields are usually
reported for pretreatments at higher temperatures for longer times [7, 22, 25, 27,
50]. Wood dissolution at temperatures above 100°C was faster in [BMIM][CI]
and [AMIM][CI] [7]. Short pretreatments at higher temperatures resulted in
higher glucose yields from oil palm fronds [22]. Increasing temperatures from 50
to 130°C during the dissolution of maple wood flour in [EMIM][OAc] increased
the amount of extracted lignin and reduced the recovered wood flour [25]. In
another study, increasing the temperatures from 70 to 150°C increased the sol-
ubility of lignin in triticale straw residues. The cellulose and hemicellulose
content in the residues decreased with higher temperatures. The IL treatment at
higher temperatures also resulted in higher glucose yields after enzymatic
hydrolysis. More than 95% of the initial cellulose extracted above 130°C after
11 h was hydrolyzed [27]. This can be partially explained by the fact that, at
higher temperatures, the self-diffusion coefficients of the IL anions and cations
increase dramatically [49].

Another possible explanation of the benefits of high temperatures on biomass
pretreatment is the improved access of enzymes to cellulose. The surface area,
pore size distribution, and pore volume of switchgrass (3 wt%, 40 mesh) pretreated
with [EMIM][OAc] at 110-160°C for 3 h, were measured by nitrogen porosi-
metry. The switchgrass pretreated at 160°C adsorbed significantly more gas than
the untreated sample or the one treated at 120°C, with a specific surface area 30
times higher (15.8 m%g at 160°C, 0.7 m%g at 120°C, and 0.5 m?*/g for the
untreated sample). The increased surface area and pore volume were correlated
with an increase in the initial rates of enzymatic hydrolysis. After 30 min of
hydrolysis with cellulases from Trichoderma reesei, the concentration of reducing
sugars in the broth was 2.84 g/L for a 3-h IL treatment at 110°C and 7.44 g/l for
the sample treated at 160°C. The lignin removal efficiency also increased from
25% at 110°C to 74% at 160°C. The improved delignification and sugar yields
observed for pretreatments above 150°C was attributed mostly to the softening or
melting of lignin. The average glass transition temperature of lignin is around
165°C, but varies considerably depending on its chemical composition and the
ratio of monolignol units [50].

Cellulose degradation was reported when IL pretreatment is conducted at
higher incubation time and higher temperature, leading to lower sugar yields after
enzymatic hydrolysis [22]. There was evidence of degradation of the IL and cel-
lulose, when pine wood chips were pretreated in [EMIM][OAc] at 110°C for 16 h.
The appearance of additional peaks on '>C NMR spectra of the pine/IL solution
was attributed to the generation of glucose oligomers and the degradation of
[EMIM][OACc] [36].
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4.2.5 Effect of Density

[AMIM][CI] dissolved Eucalyptus grandis, southern pine sawdust (particle size
0.1-2 mm) and Norway spruce thermomechanical pulp almost completely in 5 h at
120°C. IL pretreatment of southern pine improved the glucose yield after enzymatic
hydrolysis from 7 to 17 wt%. But the improvement of the glucose yield after IL
pretreatment was found to decrease with increasing wood density. Higher density
wood (Eucalyptus grandis) requires an IL pretreatment at a higher temperature than
low-density wood (southern pine) to achieve the same pretreatment efficiency [31].
Hardwoods such as red oak usually have a higher density than softwoods such as
pine, but softwoods also tend to have higher lignin content. Lignin in softwoods is
also rich in guaiacyl units, while lignin in hardwoods is a mixture of guaiacyl and
syringyl units [36]. Similarly, wheat straw (low lignin content) could be dissolved in
[EMIM][OACc] with acetic acid at a lower temperature (100°C) than pine wood
(higher lignin content) (120°C) for the same particle size (<1 mm) [47].

4.2.6 Viscosity

Generally, the high viscosity of the IL affects negatively the overall efficiency of
the pretreatment [7]. The IL viscosity depends on the IL chemical composition and
temperature. For example, [AMIM][CI] has a lower viscosity than [BMIM][CI],
which enabled wood dissolution at a lower temperature (80°C instead of 110°C).
Dissolution in ILs with aromatic substituents, such as [BZMIM][CI] and 1-methyl-
3-m-methoxylbenzylimidazolium chloride, required higher temperatures (130°C)
to achieve the same wood solubility, which was attributed to their higher melting
temperatures and viscosities [7]. However, the viscosity of the wood/IL mixture
also increases with the wood dissolution over time with the accumulation of
extracted products and generation of by-products [4]. The viscosity of cellulose
solutions in [EMIM][OAc] or [BMIM][CI] was found to increase with the cellu-
lose concentration [51, 52].

One way to decrease the viscosity of the wood/IL mixture is to increase the
temperature, but this solution is energy-intensive and can accelerate the degra-
dation of the IL [22]. Another method consists in the addition of a co-solvent with
lower viscosity. The viscosity of a wood/[BMIM][CI] mixture was reduced by the
addition of deuterated dimethyl sulfoxide, which had no noticeable effect on the
wood dissolution efficiency [4]. In another study, [BzMIM][CI] was blended with
[AMIM][CI] to reduce its viscosity without significant efficiency loss. Biomass
dissolution could occur at a lower temperature and even at room temperature in the
less viscous [AMIM][CI] [7].

During wood dissolution in [BAIM][C1] and [MAIM][CI] with AICl; as a catalyst,
increased acidity led to a decrease in viscosity, which was attributed to the formation
of AlCl; and Al,Cl; that weakens the hydrogen bonds in ionic liquids [16].
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4.2.7 Acid Hydrolysis

Several acids served as catalysts with [BMIM][CI] for the hydrolysis of corn stalk:
hydrochloric acid, sulfuric acid, nitric acid, phosphoric acid, and maleic acid.
Overall, hydrochloric acid was the most efficient catalyst. Sulfuric and nitric acids
were also efficient, but required a higher loading to achieve the same yield in
reducing sugars. At the same temperature (100°C), reactions with phosphoric and
maleic acids were much slower than with the other acids, even at high loadings.
The combination of hydrochloric acid (7 wt%) and [BMIM][CI] was efficient in
the hydrolysis of corn stalk, rice straw, pine wood, and bagasse [6]. Faster
degradation of cellulose and hemicellulose was also observed at higher tem-
peratures and for longer pretreatment times for Eucalyptus grandis [32]. The
weight loss increased with the amount of hemicellulose, which was higher in
softwoods (spruce and pine). More carbohydrates (polysaccharides and lignin)
were hydrolyzed as the acid concentration increased [32]. Trifluoroacetic acid
(0.2 wt%) also served as an acid catalyst in the dissolution of loblolly pine in
[BMIM][CI] at 120°C. Its effect was similar to sulfuric acid H,SO, at the same
molar concentration. After a 2-h treatment, 62 wt% of the loblolly pine was
converted to soluble products. No further increase in the yield was seen after a
4-h treatment [53]. The addition of AICI; led to a decrease in pH in a mixture of
wood (Metasequoia glyptostroboides) and [BAIM][CI] and [MAIM][CI], which
accelerated the dissolution of wood at a lower temperature. The amount of
insoluble residues in the IL and pH decreased with increasing AICl; amount. The
selection of the metal chloride affected the pH and the liquefaction efficiency:
AIClj3 led to lower pH than SnCl, and FeCls. The stronger acidity led to higher
liquefaction efficiency [16]. These results were consistent with a previous study
in which the initial acid hydrolysis rates of cellobiose increased with increasing
acid strength. The conversion of cellobiose to glucose was much faster for acids
with negative pKa values, such as methanesulfonic acid (pKa = —1.9) and
sulfuric acid (pKa = —3) [26].

From these results, it was argued that biomass does not dissolve in ILs
directly, but that it needs to be hydrolyzed first before the dissolution of the
hydrolysis products. Pine wood and wheat straw (mesh size smaller than 1 mm)
were dissolved in [EMIM][OAc] with acetic acid as catalyst. After dissolution,
a drop in pH was observed with formation and accumulation of acetic acid in
the IL/biomass solution. The addition of acetic acid to [EMIM][OAc] accel-
erated the dissolution of wheat straw. After dissolution and addition of water,
the precipitate contained an amount of lignin that increased with the amount of
acetic acid added, suggesting that acetic acid also acted as a co-solvent for
lignin [47].

Indeed, IL pretreatments with acid may increase the yield of reducing sugars
following enzymatic hydrolysis, but they also promote the degradation of cellulose
and hemicellulose when conducted at higher temperatures and for longer times
[6, 32, 47, 53]. Faster degradation of cellulose and hemicellulose was observed at
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higher temperatures and for longer pretreatment times for Eucalyptus grandis [32].
For the acid hydrolysis of loblolly pine in [BMIM][CI], the yield of monosac-
charides reached a maximum after 2 and 0.5 h of pretreatment at 120 and 150°C,
respectively [53]. Similarly, the yield of reducing sugars after hydrolysis of corn
stalk in [BMIM][CI]] with HCI reached a maximum for an incubation time of
30 min at 100°C [6]. High performance liquid chromatography (HPLC) of resi-
dues from the acid-catalyzed pretreatment of loblolly pine in [BMIM][CI]] showed
that the monosaccharides from biomass reacted by dehydration to form other
compounds, such as 5-hydroxymethylfurfural and furfural [53]. *'P NMR spectra
of the recycled IL after pretreatment of Eucalyptus grandis exhibited signatures
from 5-hydroxymethylfurfural, acetol, 2-methoxy-4-methylphenol, catechol, and
acetic acid [32]. Fourier-transform infrared (FTIR) spectroscopy of corn stalk after
pretreatment in [BMIM][Cl] with sulfuric acid showed the functionalization of
lignin with sulfonic groups [6]. The generation of these by-products reduces the
total reducing sugar yield, can affect the enzymatic hydrolysis of the remaining
cellulose and complicate the recycling of the IL.

4.2.8 Catalysts

In addition to acids, other catalysts such as Li salts (LiCl, LiBr, LiAc, LiNOg;,
or LiClO,) were added to enhance the dissolution of cellulose in [EMIM][OAc].
It was believed that the lithium cation can disrupt the hydrogen bonding network
in cellulose [54].

Two polyoxometalates, an acidic form Hs[PV,Mo0;0040] and an [EMIM][OAc]
compatible form [1-ethyl-3-methylimidazolium],H[PV,Mo0,0040], were prepared
and used as catalysts for the dissolution of southern yellow pine (particle size
<0.125 mm, 5 wt%) in [EMIM][OAc] at 110°C [55]. The addition of 0.5 wt%
acidic polyoxometalate reduced the time for complete dissolution of pine from 46
to 15 h. The regenerated cellulose contained significantly less lignin, with limited
losses in cellulose. The [EMIM]-compatible form improved delignification, but
with greater cellulose losses in the regenerated cellulose [55].

4.2.9 Pretreatment with Ammonia

An ammonia pretreatment prior to IL dissolution improved delignification of
biomass and enhanced recyclability. The rice straw (particle size 2-5 mm) was
first treated with ammonia (10%) at 100°C for 6 h. After filtering and drying steps,
it was dissolved in [EMIM][OAc] at 130°C for 24 h. The ammonia pretreatment
step reduced the time for complete dissolution in IL from 24 to 6 h. It increased
slightly the amount of regenerated cellulose after the IL treatment for <24 h. The
major improvement was the significant increase in the glucose conversion rate of
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97% (compared to the amount of regenerated cellulose) with the ammonia
pretreatment, compared to the 78% rate without ammonia pretreatment. This
improvement allowed for a significant reduction in the amount of cellulases
necessary for cellulose hydrolysis: despite a reduction of the cellulase concen-
tration by a factor 10, the cellulose conversion rate remained at 83% [46].

4.2.10 Microwave Heating and Ultrasounds

The complete dissolution of native biomass in ILs using conventional heating (oil
bath) may take several hours at high temperatures. In order to reduce the energy
costs associated with heating, a commercial microwave oven was used to heat the
wood/IL mixture before it was heated using a conventional oil bath. The appli-
cation of 100 pulses of 3 s reduced the time necessary to dissolve pine sawdust
(particle size 0.125-0.250 mm) completely from 46 to 16 h [36]. Microwave
irradiation also accelerated the production of 5-hydroxymethylfurfural and furfural
directly from milled corn stalks, rice straws, and pine wood, reducing the reaction
time down to a few minutes [35].

Ultrasounds can also accelerate the complete dissolution of cellulose in
[BMIM][CI] and [AMIM][CI] from several hours to several minutes [56]. The
exposure of pine sawdust (particle size 0.125-0.250 mm) to 1 h of ultrasound at
40°C before IL treatment reduced the time necessary to dissolve the sample from
46 to 23 h [36].

4.2.11 Biomass Size Reduction

The dissolution of Norway spruce in [BMIM][CI] or [AMIM][CI] depended on the
size of the biomass. Whereas ball-milled powder and spruce sawdust (size
0.1-2 mm) were completely dissolved at 80°C in several hours, it took several
weeks to dissolve wood chips (5 x 5 x 1 mm3) at 130°C in the same ILs.
In general, dissolution was fastest for ball-milled wood, followed by sawdust
(particle size 0.1-2 mm), thermomechanical pulp fibers, and wood chips [7].
A similar size effect was observed for southern pine and red oak wood chips [36], and
rice straw [46]. Ball-milling of Norway spruce TMP and southern pine increased the
glucose yield after IL pretreatment and enzymatic hydrolysis, by opening access to
the wood structure for enzymes. The same effect, which became more significant
with milling time, was also observed for corn stovers. The molecular weight of ball-
milled corn stovers decreased with increasing milling time [33].

The size reduction effect could be explained by the increase of effective surface
area and the improved access of enzymes to the biomass cellulose. However,
feedstock size reduction through mechanical grinding is energy-intensive [36].
Also, ball-milling for several days can lead to significant degradation and chemical
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modification of cellulose and lignin, as well as the generation of soluble species
that reduces the recyclability of the IL [31, 33, 57]. It was reported that extensive
ball-milling causes cleavage of aryl-ether linkages in lignin and the generation of
phenolic hydroxyl groups [57].

4.2.12 Comparison with Other Pretreatments

Few studies have directly compared the efficiency of IL pretreatments to other
pretreatments, such as the ammonia or organosolv pretreatment. Rice straw
particles were pretreated with [EMIM][OAc] (1 g biomass in 20 ml of [EMI-
M][OAc] at 130°C for 24 h) or ammonia (1 g biomass in 10 ml of 10 vol.%
ammonia at 100°C for 6 h). In these conditions, the amount of cellulose regen-
erated was comparable for the two pretreatments. However, the conversion rate of
cellulose to glucose was significantly higher with the IL pretreatment and the
improvement due to IL was most remarkable for larger particles (>10 mm) [46].

In another study, switchgrass was subjected to an acid pretreatment (3 wt%
biomass in 1.2% sulfuric acid heated at 160°C for 20 min) or an IL pretreatment
with [EMIM][OAc] (3 wt% biomass heated at 160°C for 3 h). Analysis of the
recovered biomass after IL pretreatment showed lower lignin content and higher
hemicellulose content, compared to the recovered biomass after acid pretreatment.
X-ray diffraction measurement of the cellulose crystallinity showed a significant
decrease in crystallinity after IL pretreatment, whereas the acid pretreatment
caused an increase in crystallinity, which was attributed to the preferential
breakdown of the amorphous cellulose during the acid pretreatment. Scanning
electron microscopy showed that the cell wall structure was mostly preserved
during the acid pretreatment, while the IL pretreatment left no fibrous structure.
For the same enzyme loading, the enzymatic hydrolysis had faster kinetics and
higher reducing sugar yields after the IL pretreatment. After a 24 h saccharifica-
tion process, 96% of the cellulose was hydrolyzed for the IL-pretreated sample,
while only 48% were hydrolyzed for the acid-pretreated sample [41].

4.2.13 Water Adsorption as an Issue

The wide range of biomass solubility in ILs reported in the literature could be
partially explained by the contamination with water, which can significantly
affect their physicochemical properties [58]. Even hydrophobic ILs, such as
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][Tf,N]),
are hygroscopic and can contain up to 25% of water (molar ratio) when exposed to
an environment with a relative humidity of 81% [59]. Water can also be produced
during the reaction of biomass with IL by the hydrolysis of acetate groups [47].
Traces of water can be detected by "H NMR or IR spectroscopy [60]. They can be
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quantified by Karl-Fischer titration or gravimetrically [S9]. Water can be removed
in a vacuum oven or in a freeze dryer [7, 61]. Its presence complicates the
IL recycling and removal is energy-intensive.

Addition of water above 4 wt% to loblolly pine wood before its pretreatment in
[BMIM][CI] Ied to a notable decrease in soluble products, monosaccharides, and
5-hydroxymethylfurfural. This was attributed to the competition with the cellulose
hydroxyl groups to form hydrogen bonds with Cl™ ions [53]. The presence of
water reduced the solubility of wood in ILs and the yield of sugars released in the
dissolution of maple wood flour in [BMIM][OAc] and [EMIM][OAc] [7]. Water
also prevented the IL from effectively reducing the cellulose crystallinity [38].
Water can also prevent the formation of by-products such as 5-hydroxymethyl-
furfural during the dissolution of cellulose in [EMIM][CI] catalyzed by HCI or
H,S0, [62].

The IL hygroscopicity is the result of the adsorption of water on the IL surface,
diffusion from the surface and/or the formation of complexes through hydrogen
bonding [59, 63, 64]. The hygroscopicity depends on the IL composition and
structure [65]. Adsorption would depend on the charge distribution and structure of
the cation and anion, while diffusion would be affected by the IL viscosity [59].
The length of alkyl chains and substitution on the cation ring (e.g., pyridinium,
imidazolium) affected the mutual solubility of the IL with water [65, 66]. For ILs
with the [EMIM] cation, water uptake increased with different anions in the fol-
lowing order: dicyanamide < diethyl phosphate < chloride < acetate [61].

4.2.14 Presence of Impurities

As-produced commercial ILs can contain halides, water, organics, and unreacted
salts from their synthesis [60]. The presence of impurities could explain differ-
ences in performance between identical ILs from different manufacturers [67]. The
presence of residual chloride salts can dramatically increase the viscosity of the IL
and decrease its density. "H NMR studies suggested that the viscosity increase may
be due to the increase in hydrogen bonding between the chloride anion and the
protons of the imidazolium cation [68]. Halides in a few ILs, such as 1-butyl-
3-methylimidazolium tetrafluoroborate ((BMIM][BF,]), can be removed by water
washing, but the water excess would have to be removed under vacuum or by
distillation [60].

Impurities, such as methyl imidazole (source of imidazolium-based ILs), can
affect the pH of the solution and reduce ion concentrations [69]. The mixture of
water with commercially available [EMIM][CI] (equal weight) has a pH around 7,
whereas the mixture of purified [EMIM][CI] and water (equal weight) has a pH of
5.12. The addition of methyl imidazole to the purified IL brought the pH back
to around 7. The lower pH obtained with the purified was attributed to the
enhanced water dissociation and the resulting higher ion concentrations. Ab initio
simulations predicted enhanced water dissociation at a high ionic strength (high
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IL content) or at a high dielectric constant (high water content). The ions from the
enhanced water dissociation in purified ILs could effectively catalyze the con-
version of cellulose to sugars without the addition of acid catalysts [69].

4.3 Mechanism of Delignification and Cellulose Dissolution
4.3.1 Analytical Techniques

Advances in a variety of analytical techniques have provided valuable insight into
the mechanisms involved in delignification and cellulose dissolution. Optical and
fluorescence microscopy enabled the study of wood expansion (Fig. 4.2) [70, 71]
and switchgrass dissolution [42] in ionic liquids at the micron scale. Distinct
autofluorescence from cellulose and lignin signatures distinguish the cellulose-rich
cell walls and the lignin-rich cell corners and middle lamellae in poplar and
switchgrass [42, 70, 71]. Optical and scanning electron microscopies have been
particularly useful in visualizing IL interacting with heterogeneous native biomass.
They revealed structural changes after dissolution, regeneration, and chemical
functionalization [22, 30, 36, 38, 41, 42, 44, 72].

X-ray diffraction provided an insight into structural changes occurring at the
atomic scale in cellulose during its dissolution and regeneration [7, 36, 38, 71, 73].
It was used to monitor in situ the loss of cellulose crystallinity in poplar, ramie
fibers [71], switchgrass, eucalyptus, and pine wood [73]. After the regeneration of
dissolved pine and spruce sawdust, X-ray diffraction revealed a change of crystal
structure from the native cellulose I to the cellulose II structure [7, 36]. Neutron
scattering was used to estimate the surface roughness of switchgrass, eucalyptus,
and pine after their IL pretreatment [73].

These structural changes were supplemented by analyses of the biomass
chemical composition. The distinct Raman signatures of cellulose and lignin have
made hyperspectral Raman imaging a powerful tool to map the chemical com-
position of native biomass [74] and its evolution during pretreatments [70, 71].
IR spectroscopy was commonly used to assess purity [4, 39, 42], loss of hemicel-
luloses/lignin after the dissolution [36, 42], chemical functionalization [6, 7, 30, 48],
cleavage of f/—O—4 bonds in lignin models [75, 76]. It can also probe the interactions
between the anion and cation in the IL and the hydrogen bonding network [77]. FTIR
spectroscopy combined with principal component analysis was used to distinguish
lignins from bagasse, softwoods, and hardwoods [78]. Efforts were made to use
IR spectroscopy as a method to quantify glucose and cellobiose in [EMIM][OAc].
The IR absorption of multiple bands in glucose and cellobiose was found to vary
with concentration and empirical nonlinear relations between the absorbance and the
concentration were derived [79].

Optical absorption spectroscopy offers a quick way to quantify the
saccharification of purified substrates, such as Avicel, and native biomass.
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Fig. 4.2 Autofluorescence
images of poplar wood cells
a before [EMIM][OAc]
pretreatment, b 15 min into
the pretreatment, ¢ after 3 h
pretreatment, and d 20 min
after rinsing with deionized
water. All images were
collected in the same
conditions. The brightness
was increased for image d for
clarity. Reprinted with

(b)
20 um
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permission from [70].
Copyright 2011 American ()]
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The 2,4-dinitrosalicyclic reagent acid assay has been widely used to quantify
reducing sugars, including glucose [26, 41, 44,45, 80]. However, on native substrates
(municipal solid waste, paper mill wastes, or agricultural wastes), the method suffers
from the interference from other chemicals and impurities [78, 81]. Due to the variety
and heterogeneity of native biomass, it has also been difficult to find adequate
standards to establish Beer—Lambert relations between the absorbance and the sugar
concentration, particularly for lignin which has different ratio of syringyl and gua-
iacyl units [78]. ILs, such as [BMIM][CI], also absorb strongly in the UV range.
Optical absorption analyses are also complicated by chemical alterations of the
biomass during pretreatments [78].

Analytical techniques, such as mass spectrometry [44, 69], HPLC [26, 43, 44,
46], high-performance anion-exchange chromatography (HPAEC) [41, 45, 50],
have been used to identify hydrolysis products. HPLC and HPAEC can quantitate
the amount of reducing sugars produced during cellulose hydrolysis. Size exclu-
sion chromatography was used to determine the molecular weight distribution of
milled woods and their dissolution products in ILs [33].

Another widely used analytical technique is NMR. The variety of isotopes
available (]H, 13 C, 31P, 35mCl) has made NMR spectroscopy a versatile method to
characterize chemical functionalization [7, 30, 82], assess purity of products [32],
identify/quantify hydrolysis/dissolution products [3, 4, 31, 32, 36], study the
structure of milled native biomass (poplar, switchgrass) [29] and lignin [83], and
study hydrogen bonding in cellulose dissolution [84, 85].
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The combination of all these techniques has provided a wealth of information at
multiple length scales about the chemical composition and structure of the pre-
treated biomass. Quantitation of reaction products allowed for the optimization of
reaction conditions, such as temperature and IL composition, and revealed the
critical factors affecting the delignification and hydrolysis of cellulose.

4.3.2 Purified Cellulose Substrates and Lignin Models

Due to the complexity and variability of native biomass, early studies on possible
mechanisms have focused on purified cellulose/lignin substrates [3, 14, 28, 67, 86,
87], oligomers of glucose and lignin models [26, 28, 75, 76]. Indeed, biomass is a
complex heterogeneous substrate constituted of cellulose, hemicellulose, and lig-
nin at varying ratios depending on the biomass feedstock. Cellulose can have
several different crystalline structures [71]. Lignin is a branched polymer com-
posed of different types of aryl-ether units and bonds that ionic liquids can cleave
(aryl-ethers and aryl-alkyl linkages) [75]. The composition of lignin can affect its
structure. Hardwood lignins have usually a higher ratio of syringyl/guaicyl units,
giving them a more linear structure. In contrast, softwoods contain mostly guaiacyl
phenolic units, giving them a branched structure [32].

The dissolution of Avicel cellulose was studied in different 1-alkyl-3-methyl-
imidazolium chloride ILs prepared with alkyl chains of various lengths (2-10
atoms). It was found that Avicel cellulose was more soluble with alkyl chains with
an even number of carbon atoms [61]. The depolymerization of cellulose was
studied also in [BMIM][CI] using an acid resin as a catalyst [88, 89]. It was
proposed that the hydrolysis of cellulose is initiated with the protonation of the
oxygen atom in the glycosidic bond. The glycosidic bond then breaks to form a
cyclic carbocation, followed by a nucleophilic attack of water to add a hydroxyl
group [89].

The cleavage of a particular type of linkage was studied on specifically
designed lignin models with the desired linkage. For example, the IL 1-H-3-
methylimidazolium chloride was effective in the cleavage of the f—O—4 bond in
guaiacylglycerol-f-guaiacyl ether and veratrylglycerol-f-guaiacyl ether [75]. The
cleavage of the same lignin models in [BMIM][CI] required the presence of metal
chloride catalysts, such as FeCl;, CuCl,, and AICl; [76]. The reactivity of
2-methoxy-4-(2-propenyl)phenol (similar to guaiacyl unit), 4-ethyl-2-methoxy-
phenol (alkyl substitution), and 2-phenylethyl phenyl ether (with f-aryl ethers
linkage) was studied in 1-ethyl-3-methylimidazolium triflate and [EMIM][CI] with
metal chlorides and acid catalysts [28].

Another study focused on the dissolution of pine kraft lignin. It was found
soluble at temperatures above 50°C in 1,3-dimethylimidazolium methylsulfate
((MMIM][MeSOy,]), 1-hexyl-3-methylimidazolium trifluoromethanesulfonate
([HMIM][CF5S03]), [BMIM][MeSO4]. However, it was insoluble in 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM][PF¢]) even at 120°C. The
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anion in imidazolium-based ILs affected the solubility dramatically: the methyl-
sulfate anion was more effective than the chloride and bromide anions at dis-
solving lignin [3].

4.3.3 Swelling

Numerous ILs cause the swelling of native biomass, which was seen as a good
indicator of biomass solubility. Swelling occurs even at room temperature in
poplar exposed to [EMIM][OAc]. The cross-sectional area of poplar cell walls
expanded by 60 to 100% in 3 h in [EMIM][OAc]. After rinsing with deionized
water, the wood structure contracted almost immediately [70, 71]. Significant
swelling was also observed in Miscanthus switchgrass heated at 100°C in
[EMIM][CI] for 20 h [26]. The magnitude of wood swelling depended on the IL
used in the pretreatment.

The swelling of pine (Pinus radiata) sapwood chips (dimensions
10 x 10 x 5 mm3) was studied in ILs consisting of the [BMIM] cation and
several different anions. Little swelling was observed in 1-butyl-3-methylimida-
zolium trifluoromethanesulfonate ([BMIM][CF3;SO3]) even at 120°C. The ILs
1-butyl-3-methylimidazolium dicyanamide ([BMIM][N(CN),]) and [BMIM]
[MeSO,] led to a swelling along the tangential direction (tangent to tree rings) of
about 8%, which is larger than with just water (5%). The most dramatic swelling
was observed in the tangential direction with [BMIM][Me,PO,4] and [BMIM]
[OAc] and the magnitude was temperature-dependent, from 15% at 90°C to 20%
at 120°C [37]. Little expansion was observed in pine chips along the radial
direction. [BMIM][N(CN),] and [BMIM][MeSO,] caused the expansion along the
axial direction, while 1-butyl-3-methylimidazolium dimethylphosphate ([(BMIM]
[Me,PO,4]) and [BMIM][OACc] caused the reduction in the axial direction, most
likely due to partial dissolution. The different swelling rates among ILs were
attributed to the temperature-dependent viscosity [37].

However, swelling induced by the IL does not necessarily mean that the IL is a
good solvent for cellulose and biomass. The swelling and dissolution of pine wood
pulp fibers were studied in [BMIM][CI], 1-allyl-3-methylimidazolium bromide
([AMIM][Br]), and butenylmethylimidazolium bromide. While the fibers swelled
and dissolved in [BMIM][CI], they swelled homogeneously in [AMIM][Br] and
butenylmethylimidazolium bromide without dissolution. Both ILs penetrated the
fibers quickly but did not disrupt the hydrogen bonding [90].

4.3.4 Regeneration and Reduction of Cellulose Crystallinity

Cellulose can be regenerated from the IL/biomass solution with an anti-solvent,
such as acetone, water, dichloromethane, or acetonitrile, in excess [4, 7, 36].
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Lignin and the IL can be washed away with NaOH [48]. Lignin can be precipitated
with HCI [48] or H,SO,4 [27]. Cellulose and lignin can also be extracted separately:
cellulose was precipitated with ethanol and lignin with water after dissolution of
wheat straw and pine wood with [EMIM][CI] [47]. After regeneration, cellulose
usually becomes amorphous or changes into its cellulose II structure [7, 36].

Changes in crystallinity have been characterized in purified cellulose substrates
and native biomass by X-ray diffraction [8, 10, 25, 38, 71, 91]. The intensity of the
(002), (110), and (1-10) reflections from cellulose usually decrease in intensity
after the IL pretreatment and regeneration, indicating a loss in crystallinity [2, 14,
17, 67, 78, 149]. This was the case for cellulose in maple flour dissolved in
[BMIM][OAc] and [EMIM][OAc] [38], and in spruce sawdust dissolved in
[AMIM][CI] [7]. The lower crystallinity led to improved access for hydrolytic
enzymes and an improved glucose yield after hydrolysis [7].

However, it is possible for cellulose to retain its native cellulose I structure.
Upon application of [EMIM][OAc] on poplar microtome section, the (002), (110),
and (1-10) reflections of cellulose I disappeared and the diffraction pattern was
dominated by a diffuse ring from the [EMIM][OAc]. When the pretreated sample
was exposed to water, the IL was expelled from the wood and the diffraction
pattern of cellulose was gradually recovered (Fig. 4.3). This recovery of cellulose I
is in contrast to studies on biomass dissolution at high temperatures, where the
regenerated cellulose is either amorphous or in the cellulose II phase. This is
explained by the partial solubilization of cellulose microfibrils. Those microfibrils
that retained their cellulose I structure acted as nucleation sites for cellulose I
recrystallization after expulsion of [EMIM][OAc] [71].

4.3.5 Hydrogen Bonding

The dissolution of cellulose was usually attributed to the ability of the IL to disrupt
the hydrogen-bond network in cellulose by forming hydrogen bonds with
cellulose. For example, in [AMIM][CI], the chloride anion is a hydrogen-bond
acceptor, while the proton at the 2-position of the imidazolium ring is a hydrogen-
bond donor [32]. NMR studies of [BMIM][CI] showed that the chloride anion has
an active role in the solubility of cellulose through hydrogen bonding with the
hydroxyl groups of cellulose [84]. Density-functional theory calculations showed
that the anions in imidazolium-based ILs tended to form hydrogen bonds with the
02 and O3 hydroxyl groups of cellulose. The strength of the hydrogen bonds
increased for the following anions in the order: hexafluorophosphate < tetrafluo-
roborate < alkyl phosphate < acetate. The trend matched the one observed in the
dissolution of cellulose in the corresponding imidazolium-based ILs, where
cellulose solubility was highest with the acetate anion [25, 92]. The strong
hydrogen bonding ability of ILs means that they can disrupt the hydrogen bonding
network in lignocellulosic biomass by displacing the lignocellulose components to
form stronger hydrogen bonds [34].



162 M. Lucas et al.

Fig. 4.3 A time series of
X-ray diffraction images
recorded from a radial section
of Poplar sp. As
[EMIM][OACc] is applied and
then expelled with water;

a Untreated sample,

b-e application of
[EMIM][OACc],

f—i application of water. —
The fiber diffraction direction
is approximately vertical.
Note the presence of two
superimposed equators in

a, h, and i with a relative
orientation of approximately
25°. Reprinted from [71],
copyright (2011), with
permission from Elsevier

(b) (c)

Molecular dynamics simulations were conducted to study the interaction
between [EMIM][OAc] with glucose oligomers (5-20 units). The total interaction
energy between [EMIM][OAc] with cellulose (around —75 kcal/mol) was larger
than the one between water and cellulose (around —50 kcal/mol) and the one
between methanol and cellulose (around —45 kcal/mol). The difference between
[EMIM][OACc] and water/methanol became larger with the cellulose chain length
[49]. The acetate anion is also a hydrogen-bond acceptor, with the potential to
form hydrogen bonds with the three hydroxyl groups of each unit of cellulose. The
strength of these hydrogen bonds (14 kcal/mol) was estimated to be three times
higher than the hydrogen bonds in water (5 kcal/mol) and methanol (4 kcal/mol).
The simulations showed that the imidazolium cation interacts strongly with the
glucose ring structure via van der Waals forces. Also, the interactions between
[EMIM][OAc] and cellulose led to conformation changes in the cellulose chains,
which can explain the loss in crystallinity and structural changes in regenerated
cellulose [49].
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The hydrogen bonding ability of ILs was probed by IR spectroscopy. ILs were
prepared with the same anion [Tf,N]~ and different cations with increasing
hydrogen bonding ability: 1,2,3-trimethylimidazolium, 1,3-dimethylimidazolium,
1,2-dimethylimidazolium, and 1-methylimidazolium. The increasing strength of
hydrogen bonds was indicated by a shift of the IR absorption band below
150 cm ™! toward higher wave numbers. This band shifted from 62 cm™" for the
1,2,3-trimethylimidazolium cation to 101 cm~! for the 1-methylimidazolium
cation. There was a linear relationship between the measured peak position and the
average interaction energies in IL clusters from ab initio calculations. Ab initio
calculations also showed that the interaction energy is minimal for the 1,2,3,4,5-
pentamethylimidazolium cation where all protons were substituted by methyl
groups and the hydrogen bonding ability was reduced [77].

Formation of hydrogen bonding between [EMIM][OAc] and cellobiose was
also studied by "H NMR. A broadening of the OH resonances was observed as
the molar ratio between [EMIM][OAc] and cellobiose was increased, which was
explained by the interaction between the O atoms in the hydroxyl groups and
the protons of the imidazolium ring. The accompanying downshift of the OH
resonances was attributed to the hydrogen bonding between the acetate anion
and the hydrogen atoms in the cellulose hydroxyl groups. NMR spectra of
[EMIM][OAc] with increasing cellobiose concentration indicated that the
strongest hydrogen bonding between the imidazolium cation and cellobiose
involves the proton at the 2-position of the imidazolium ring. The next stron-
gest hydrogen bonds involve the protons at the 4- and 5-position, which are
much weaker hydrogen-bond donors [84]. When all the hydroxyl groups in
cellobiose were acetylated, the NMR spectra of the [EMIM][OAc]/cellobiose
octaacetate remained unchanged as the IL concentration increased. This showed
that hydrogen bonding between cellobiose and the IL cation/anion is the main
reason cellobiose dissolves in [EMIM][OAc]. In order to dissolve cellulose
effectively, it was proposed that the IL must have an anion that is a good
hydrogen acceptor, and a cation that is a moderate hydrogen-bond donor and
not too large [84].

4.3.6 Empirical Solvent Polarity Scales

There have been attempts to describe the variety of solvation interactions, in which
ILs are involved (for example: hydrogen bonding, dispersive, dipolar, ionic), by a set
of empirical parameters that could be used to predict reaction products, yields,
kinetics, and solubility [37, 38, 93—105]. The empirical parameters are determined by
mixing the IL with a dye or a probe molecule. The interactions of the IL with the dye/
probe are then characterized by absorption spectroscopy [37, 38, 87, 97-101] or gas
chromatography [93, 94, 96].
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The set of solvent polarity parameters developed by Kamlet and Taft [102—-105]
has been widely used to predict cellulose and biomass solubility in IL [25, 37, 38,
87, 106-108]. The three parameters o, f§, and 7* characterize the IL hydrogen-
bond acidity (ability to donate hydrogen bonds), hydrogen-bond basicity (abil-
ity to accept), and polarity, respectively [102-104]. They are measured by
absorption spectroscopy with mixtures of IL with three different solvatochromic
dyes: (2,6-dichloro-4-(2,4,6-triphenyl-1-pyridinio)phenolate, 4-nitroaniline, and
N,N-diethyl-4-nitroaniline [37, 87, 107].

The parameter o depends mostly on the IL cation. All three protons in the
imidazolium cation can form hydrogen bonds, giving the cation « values
between 0.45 and 0.63 [37, 49, 107]. Ammonium cations can have higher «
values than the imidazolium cation (1.10) [107]. As for the parameter f,
it depends mainly on the anion. The parameter f§ was measured for a series of
ILs with the [BMIM] cation: it was highest for the acetate anion (1.20) [37],
followed by the anions dimethylphosphate (1.12) [37], chloride (0.83) [37],
dicyanamide (0.60) [37], trifluoromethanesulfonate (0.48) [37], tetrafluoroborate
(0.38) [101], hexafluorophosphate (0.21) [101], and hexafluoroantimonate (0.15)
[107].

In general, ILs with high hydrogen-bond basicity were best suited for cel-
lulose dissolution. They usually have an anion with high basicity, such as
chloride, acetate, formate, and diethylphosphate [25, 37, 38, 106, 108]. ILs with
bromide, biscyanamide or thiocyanate anions have lower hydrogen-bond basi-
city. Cellulose swells in these ILs but are only partially dissolved [37, 106]. ILs
with tetrafluoroborate, hexafluorophosphate, and trifluoromethanesulfonate
anions are generally poor solvents for cellulose [37, 96, 106]. It was confirmed
that cellulose is soluble in [BMIM][CI], but not in [BMIM][BF,] and
[BMIM][PF¢], which can be explained by the much larger hydrogen-bond
basicity of [BMIM][CI] [96].

The predictions made from Kamlet-Taft parameters on biomass pretreatment
efficiency were tested on maple wood flour (5 wt%) with the IL/wood mixture
heated at 90°C. Two ILs, [BMIM][OAc] (f = 1.18) and [BMIM][MeSO4]
(B = 0.60), were included in the study. The parameter § was tuned in the
range 0.60-1.18 by the addition of water and the preparation of [BMIM]
[OAc)/[BMIM][MeSO4] mixtures. Upon addition of 10 wt% water, f for
[BMIM][OAc] decreased from 1.18 to 0.98, while for [BMIM][MeSO,], it only
decreased from 0.60 to 0.57. After IL pretreatment and enzymatic hydrolysis,
the glucose yield, xylose yield, crystallinity, and lignin extracted from wood
was measured as a function of the IL parameter fi. The yield of glucose and
xylose released increased linearly with f. The lignin extraction efficiency and
crystallinity of the pretreated wood were stable for § < 0.84. For f > 0.84, the
lignin extraction efficiency increased with f and the crystallinity decreased
dramatically with f [38].
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4.4 Compatibility with Cellulases
4.4.1 General Toxicity of Ionic Liquids

There is a general scarcity of toxicology data and studies on ILs [109]. Tests were
developed to measure the toxicity on unicellular and multicellular organisms.
A measure of toxicity is the concentration (ECsg) of the IL that induces a 50%
decrease of the organism viability. These tests are, however, expensive and time-
consuming, severely restricting the number of ILs/organisms that can be tested.
Effective screening is necessary to focus resources on a limited number of IL
structures. Also, the IL interactions with the organisms or culture medium are not
fully understood, which potentially affects the interpretation of the results. The IL
may change the chemical composition of the culture medium, its pH, and cause
interferences with widely used spectrophotometric methods [110].

The survival rate or microorganisms, invertebrates and human cell lines was
assessed as a function of the ionic liquid concentration [60, 111-114]. The toxicity
from 1-alkyl-3-methyl-imidazolium ILs was found to increase as the length of the
alkyl chain increased [60, 115]. The IL cation mostly determines the toxicity of the
IL. Only minimal effect from the anion was observed [60, 113, 115]. The toxicity
of ILs was also assessed on Clostridium sp., a bacterium capable to ferment sugars.
No growth was observed above concentrations of 58 mM in [EMIM][OAc],
56 mM in [EMIM][DEP], and 54 mM in [MMIM][DMP]. But at low concentra-
tion below 15 mM, [EMIM][OAc] stimulated the growth and glucose fermentation
by pH modulation in the culture medium [116].

It should be pointed out that IL toxicity can also come from the formation of
by-products from the acid hydrolysis of biomass, such as furfurals, which are
known to reduce cell viability and inhibits fermentation [117].

4.4.2 Deactivation of Cellulases in ILs

Cellulose hydrolysis is the result of the synergistic action of three different types of
cellulases: endoglucanases that cleave f5-1,4-glycosidic bonds on cellulose chains,
cellobiohydrolases that convert long cellulose chains into cellobiose, and f-glu-
cosidases that convert cellobiose into glucose [118, 119]. The mechanisms
underlying cellulase activity on a heterogeneous substrate, such as lignocellulosic
biomass, is still under investigation [72, 119]. Multiple models have been devel-
oped to understand the multiple steps involved in cellulose hydrolysis: adsorption
of cellulases on the substrate, formation of the enzyme—substrate complex, loca-
tion and hydrolysis of f-glycosidic bonds, desorption of the enzyme, synergy
between endoglucanases, cellobiohydrolases, and f-glucosidases [119].

Once biomass is regenerated from its IL solution, it can still contain traces of IL
that can reduce cellulase activity [72]. Several studies have focused on the stability
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of commercial cellulases in various ILs and their saccharification yields on purified
cellulose substrates and native biomass. Celluclast 1.5L (cellulases from Tricho-
derma reesei) and Novozyme 188 (f-glucosidase from Aspergillus niger) retained
76 and 63% of their original activity on carboxymethylcellulose after incubation at
50°C for 24 h in 15 and 20% [EMIM][OAc] solutions, respectively [120]. The
activity of Celluclast 1.5L was also assessed on a-cellulose in [MMIM][DMP],
[AMIM][CI], [BMIM][CI], and [EMIM][OAc] at a 10 vol.% concentration. The
activity in these ILs was between 70 and 85% lower than the activity in sodium
acetate buffer at pH 4.8 [67]. An increase in the IL concentration led to an increase
in the IL viscosity by a factor of 4 [67]. The activity of cellulases from Tricho-
derma reesei on cellulose azure was found to decrease dramatically with low
concentrations (22 mM) of [BMIM][CI1] or [BMIM][BF,4] [121]. No saccharifi-
cation of Avicel cellulose was observed with cellulases from Trichoderma reesei
in 60 vol.% [EMIM][DEP] [122]. The activity of cellulases from Aspergillus niger
decreased with incubation time in [BMIM][CI]] and [BMIM][CI] concentration
[123]. It is important to note at this point that variations of 20% in cellulase
activity were observed between different Celluclast 1.5L lots from the same
manufacturer [67].

Despite the partial deactivation of cellulases in ILs, reducing sugar yields were
still higher after IL pretreatment with low residual IL concentrations, due to the
improved access of enzymes to the cellulose in biomass. For example, the cellu-
lase mixture of Celluclast 1.5L. and Novozyme 188 still converted 45% of the
cellulose contained in a solution of 0.6% [EMIM][OAc]-pretreated yellow poplar
with 15% [EMIM][OAc]. The conversion rate was much higher than for the
untreated yellow poplar (11%) [120]. The activity of the same mixture was also
assessed on purified cellulose substrates: an Avicel solution in [EMIM][OAc] and
untreated Avicel in citrate buffer. After enzymatic hydrolysis for 24 h at 50°C,
91% of the [EMIM][OAc]-pretreated Avicel was converted to glucose, while
only 49% of the untreated Avicel was converted [120]. With cellulases from
Trichoderma reesei in 20 vol.% [EMIM][DEP], 70% of the cellulose was con-
verted to cellobiose or glucose, a conversion rate that was higher than the untreated
Avicel (about 33%). A comparison with [EMIM][OAc] using the same procedure
yielded conversion rates that were half of those with the diethylphosphate anion
[122].

The stability of another commercial cellulase, GC 220, a mixture of endoglu-
conases and cellobiohydrolases from Trichoderma reesei was assessed in eight
different ionic liquids. With the exception of tris-(2-hydroxyethyl)methylammo-
nium methylsulfate (HEMA), the fluorescence of the trytophyl marker on the
cellulases was quenched in the other ILs that included several imidazolium-based
ILs, suggesting denaturation of the enzymes. The cellulase activity was measured
spectroscopically in a citrate buffer (pH 4.8) and in the eight ILs using cellulose
azure as the substrate. Cellulase activity was detected only in the ILs 1-methyl-
imidazolium chloride ([MIM][CI]) and HEMA, but it was significantly lower than
in the buffer. The cellulases remained active even after 2 h in these two ILs at
65°C [124].



4 Application of Ionic Liquids 167

The tolerance of cellulases produced by Penicillium janthinellum to ionic lig-
uids was tested by incubating the extracted enzymes in an aqueous solution of
[BMIM][CI] of concentration ranging from 10 to 50%, and then measuring their
residual activity on different substrates (filter paper Whatman no. 1, carboxy-
methylcellulose, xylan solution or p-nitro phenyl f-D-glucopyranoside). After
incubation in 10% ionic liquid for 5 h, the cellulases retained at least 80% of their
activity on all substrates. At a higher concentration of 50%, the residual activity
decreased significantly to reach below 20% for all substrates [125].

The tolerance of cellulase-producing bacteria from termites to [BMIM][CI] was
studied by characterizing their growth in [BMIM][CI] at concentrations ranging
from 0.1 to 10 vol.%. The three bacteria that were the most effective at cellulase
production could tolerate [BMIM][CI] at concentrations smaller than 1.0 vol.%.
No growth was observed for concentrations larger than 5 vol.%. For two of the
bacteria, the growth rates were unchanged for concentrations smaller than 1.0
vol.%. [118].

Cellulases are deactivated in ILs through multiple mechanisms. Stability and
unfolding of the cellulases were studied by differential scanning calorimetry.
Thermal unfolding was irreversible in the citrate buffer with a broad transition
peak between 60 and 75°C. The ILs [MIM][Cl] and HEMA improved the stability
of the cellulases with the shift of the transition temperatures above 75°C. The low
activity in HEMA compared to the buffer was attributed to the high viscosity of
HEMA [124]. Cellulase activity also decreased when the viscosity of the enzyme
solution without IL was increased with polyethylene glycol [67].

Deactivation was attributed to the dehydrating environment introduced with
[BMIM][CI] that causes the denaturation of the enzyme. This conclusion was
supported by fluorescence spectra of the cellulase in [BMIM][CI] and various
denaturants, such as the surfactant sodium dodecylsulfate and urea [121]. Cellulase
deactivation in [BMIM][CI] was similar to the deactivation in NaCl solutions at
high concentrations above 0.35 M, suggesting that interactions between the
enzymes and the IL charged species also play a role in the denaturation of the
enzymes [67, 121]. Enzyme activity can be recovered when the IL was diluted
with buffer solution [67].

4.4.3 Temperature and pH Dependence of Cellulase Activity

Cellulases operate optimally at a specific temperature, and the introduction of IL
can shift the optimal temperature. One of the cellulase identified by metagenomics
exhibited an optimum activity at 55°C in Mclllvaine buffer (0.2 M Na,HPO, with
0.1 M citric acid, pH 6.5). In l-ethyl-3-methylimidazolium trifluoroacetate
([EMIM][TfAc]) and 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate
([BMPy][CF3S03]), the optimum temperature shifted to 37 and 20°C, respectively
[126].
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Increasing the temperature from 50 to 60—70°C can also accelerate the deac-
tivation of cellulases from T. reesei in [EMIM][OAc] [91]. The stability of mix-
tures of Celluclast 1.5 1 and Novozyme 188 was tested in the presence of
[EMIM][OAc] at concentrations ranging from 5 to 30% (volume/volume) in
citrate buffer (pH 4.8) with poplar and Avicel [120]. When the hydrolysis was
conducted at 4°C for a [EMIM][OAc] concentration of 30%, the activity of
the cellulase mixture after 24 h remained above 70% of the activity without
[EMIM][OACc]. At 50°C, the drop in cellulase activity dropped further to 31% of
the control activity after 24 h in a 30% [EMIM][OAc] solution [120].

Enzyme activity is also pH-dependent [126, 127]. Celluclast 1.5 1 hydrolyzes
cellulose at an optimum pH between 4.5 and 5. No cellulase activity was observed
for pH values below 2 or above 8 [127]. Three cellulases identified with
metagenomic libraries have optimal pH values of 5, 7, and 7.5 [126]. The oxi-
dation of o-phenylenediamine by lignin peroxidase was most effective at pH 3.2
[128]. A deviation from the optimal pH induced by the introduction of ILs can
cause the deactivation of cellulases. The pH of the wood/IL mixture is affected not
only by the IL concentration but also IL composition and structure [129].
Increasing the concentration of 1,3-dimethylimidazolium dimethylphosphate
[MMIM][DMP] from O to 0.5 vol.% in the enzyme solution led to an increase of
the pH from 4.8 (optimum for hydrolysis) to 6.5 [67]. Mixtures of water with ILs
based on an imidazolium cation and a BF; anion have a pH that increases with the
length of the alkyl chain on the cation. The addition of hydroxyl groups increases
the acidity of the IL [129]. The pH can also vary during the biomass reaction with
the IL. Measurements in wheat straw and pine wood solution in [EMIM][CI],
[BMIM][CI1], and [EMIM][OAc] showed a drop in pH over time. A HPLC analysis
showed the formation and the accumulation of acetic acid, which comes from the
hydrolysis of acetate groups in the biomass [47].

4.4.4 Effect of High Pressure

The activity of commercial cellulases extracted from Trichoderma viride and
Aspergillus niger on carboxymethylcellulose and Avicel generally increased at
high pressure up to 500 MPa (above atmospheric pressure) [130]. The activity of
cellulases from Aspergillus niger was assessed on carboxymethylcellulose in 10%
[BMIM][CI] at 30°C at hydrostatic pressures up to 675 MPa (above atmospheric
pressure). The activity increased by 70% at a pressure of 100 MPa, compared to
the activity at atmospheric pressure; then decreased for pressures above 200 MPa.
The activity at 600 MPa was comparable to the one at atmospheric pressure.
Although the cellulases lost 50% of their activity in 10% [BMIM][CI] at atmo-
spheric pressure, their activity in 10% [BMIM][CI] at 100 MPa is about 85% of
the one in acetate buffer at atmospheric pressure. This result suggests that high
pressure can limit the de-activation of cellulase in ILs [123].
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4.4.5 Identification of Cellulases Resistant to Ionic Liquids

Traces of ILs can be significantly reduced with multiple washing with water.
However, in order to reduce water use, the extraction or development of cellulases
capable to hydrolyze biomass at high IL loading (>5 vol.%) is necessary [72].
An intense effort is underway to find compatible combinations of cellulases and ILs.
A few cellulases were found to tolerate high concentrations of ILs. Endogluconases
isolated from thermophilic organisms Thermatoga maritima and Pyrococcus hor-
ikoshii retained 50 and 95% of their activities on carboxymethylcellulose after
incubation in 15 vol.% [EMIM][OAc] for 30 min at 80°C, respectively. In contrast,
commercial cellulases from Trichoderma viride were de-activated in 10 vol.%
[EMIM][OACc] at 37°C. The activity of cellulases from Thermatoga maritima and
Pyrococcus horikoshii only decreased by 34% and 11% on IL-pretreated corn
stovers in 15 vol.% [EMIM][OAc] for 14 h at 80°C, compared to the hydrolysis
without IL. The sugar yields were much higher than in the untreated corn stovers.
The unfolding temperature of the cellulases, measured by differential scanning
calorimetry, decreased with increasing [EMIM][OAc] concentration [131].

High-throughput techniques are necessary to screen the wide variety of IL/cel-
lulase combinations. The activity of Celluclast 1.5L was assessed on numerous
cellulose substrates with varying crystallinity in different buffers and at various pH
using 96-well plates [127]. In a similar high-throughput approach, IL/biomass
solutions were pipetted into wells in a 96-well plate filled with the anti-solvent to be
regenerated before addition of the enzyme cocktail. This avoids the handling of solid
regenerated biomass, which is difficult to pipette [72]. The amount of reducing sugars
can then be assessed spectroscopically with the dinitrosalicylic acid reagent [80].
This high-throughput technique can not only identify quickly the cellulases capable
to tolerate ILs, but also assess the effect of pH and substrate concentration [127].

Cellulases resistant to IL were identified using metagenomics, where microbial
DNA was extracted from organisms found in a natural environment and then cloned
in a host bacterium (for example, Escherichia coli) [126, 132—-134]. Using
metagenomics, 24 cellulase clones were identified and their activity was tested
in six different ILs on carboxymethylcellulose at 37°C for 30 min. One of the
isolated enzymes retained about 40% of its cellulase activity in 30 vol.% of 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate ([EMIM][CF3S03]), [EMIM]
[TfAc], and [BMPy][CF5SO5]. However, no activity was observed on Avicel cel-
lulose. Longer incubation of the cellulases in 60 vol.% any IL for 17 h deactivated the
cellulases [126].

4.4.6 Designing New lonic Liquids Suitable for Cellulose
Dissolution and Cellulase Activity

The origin of enzyme deactivation in ILs was studied by comparing enzyme
activity in different ILs. The effect of IL chemical composition, structure, and
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functionalization were studied to design new ionic liquids suitable for cellulose
dissolution and cellulase activity. It was found that ionic liquids with a higher
molecular weight would maintain enzyme (lipase) activity at a high level. Adding
a longer alkyl chain on the imidazolium cation would accomplish that, but this
would lead to a higher viscosity, which has a negative effect on cellulose disso-
lution. To reduce the viscosity, the long alkyl chain was substituted by oxygenated
chains, such as poly(ethylene glycol) and poly(propylene glycol). A long oxy-
genated chain reduced the cellulose solubility, so an optimum chain length was
determined to maintain both the cellulase activity and cellulose solubility high.
The imidazolium cation with the best overall performance was derived from tri-
ethylene glycol monomethyl ether. The oxygen atoms introduced are believed to
form hydrogen bonds with cellulose, facilitating its dissolution. Adding a longer
alkyl or oxygenated chain on the other side of the imidazolium cation led to a
significant decrease in cellulose solubility, which was attributed to the reduction of
hydrogen bonding with cellulose due to steric hindrance. The acetate anion led to
higher cellulase activity and cellulose solubility than the chloride anion [135].

4.4.7 Stabilization of Cellulases in Microemulsions
and by Immobilization

In addition to the development of new IL-resistant enzymes, a variety of methods
have been developed to stabilize enzymes in ILs [136]. Most of them have been
applied to cellulases. One of these methods is the preparation of microemulsions
with ILs that can reduce the dehydration effect of ILs on enzymes. To reduce
toxicity and deactivation, microemulsions of water in [BMIM][PF4] were stabi-
lized using the surfactant Triton X-100. Lignin peroxidases from Phanerochaete
chrysosporium and laccases from Trametes versicolor could oxidize 2,6-dime-
thoxyphenol and o-phenylenediamine in these microemulsions. The highest
activities for lignin peroxidases and laccases were 13 and 33 pmol/l/min,
respectively. In contrast, the same enzymes had negligible catalytic activity in pure
or water-saturated [BMIM][PFg] [128].

Another approach to stabilize cellulases is their immobilization on a substrate.
For example, immobilization on a poly(ethylene glycol) substrate increased
activity of cellulases from Trichoderma reesei in 0.05 M citrate buffer and
[BMIM][CI], compared to the free enzyme [121]. Cellulase from Trichoderma
reesei immobilized on 150 pm particles suffered no inhibition in 20 vol.% of
[MMIM][DMP], N,N-dimethylethanolammonium lactate, and N,N-dimethylet-
hanolammonium acetate. In contrast, reducing sugar yields decreased in 20 vol.%
of [MMIM][MeSO,], [BMIM][CI], [BMIM][PF¢], and [BMPy][Cl], by 36, 28, 37,
and 34%, respectively [44].

Celluclast immobilized onto a polymeric support (Amberlite XAD4)
was coated with the hydrophobic ILs 1-butyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide  ([BMIM][Tf,N]) or butyltrimethylammonium
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bis(trifluoromethylsulfonyl)imide ([N1114][Tf,N]). The activity of these coated
cellulases were assessed as a function incubation time in [BMIM][CI] and in
[N1114][T£,N]/[BMIM][CI] mixtures at different molar ratios. The hydrophobic
IL coating slowed the deactivation effect from [BMIM][CI]. It was believed that
the hygroscopicity of water-immiscible ILs can keep the enzymes hydrated and
prevent their unfolding. The polymeric support may act as a water reservoir to
preserve the cellulase activity. The cellulase activity decreased with increasing
[N1114][Tf,N] concentration, most likely due to the restricted access of cellulose
to the coated enzyme [137].

4.5 Recycling
4.5.1 How Green are ILs?

Complete life cycle assessments of ILs have been attempted to estimate the
cumulative energy demand (for synthesis and disposal), the environmental impact
and the economic viability (cost of chemicals, energy, disposal, personnel,
equipment, and processing). Due to the complexity of the IL life cycle and the
limited data available, life cycle assessments have remained a challenge. Previous
attempts have instead focused on the optimization of single steps in the IL life
cycle, such as the supply of materials and the IL synthesis [138, 139]. It was found
that the IL synthesis is expensive [21], and requires large quantities of materials,
solvents, energy, and also generates toxic emissions [138]. Therefore, their recy-
cling and biodegradability are crucial not only for their economic viability but also
to reduce their environmental impact [138].

4.5.2 Recycling Attempts

After cellullose dissolution in ILs and its regeneration with an anti-solvent, the IL
is usually filtered (or centrifuged) and washed with ethanol, acetone, ethyl ether, or
water several times to remove by-products of wood degradation. Due to the IL low
vapor pressure [60], the excess can be removed with a rotary evaporator, possibly
at high temperatures, before the IL reuse [25, 31, 46, 55, 89]. It can also be
separated with ethyl ether, then dissolved in acetonitrile/ethyl acetate and frozen
for 24 h. The IL is then placed in a vacuum over at 90°C for 8 h before reuse [16].

Using these recycling procedures, the reuse of ILs for the pretreatment of native
biomass through multiple cycles was reported. [BAIM][CI] and [MAIM][CI] could
dissolve Metasequoia glyptostroboides wood sawdust without any efficiency loss
after five cycles [16]. After five cycles, [EMIM][OAc] only lost 10% of its effi-
ciency to dissolve maple wood flour [25]. The dissolution of rice straw in
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[EMIM][OACc] was repeated for 20 cycles with no reported efficiency loss. The
cellulose recovery even increased over time due to the accumulation of dissolved
cellulose residues that can be recovered in later cycles [46]. ILs, such as
[BMIM][PF¢] and [BMIM][BF,], were successfully recycled through multiple
reaction cycles. Their recyclability was attributed mainly to their low solubility in
some organic solvents or water. They can thus be extracted with an organic solvent
or washed with water [60].

The IL recyclability is limited by the formation and accumulation of by-
products or impurities. The degradation of cellulose was reported in reactions
conducted at high temperatures [22, 36] or with acid catalysts [6, 32, 53]. The
dehydration of free monosaccharides could lead to the formation of 5-hydrox-
ymethylfurfural and furfural [53]. After the IL use for the dissolution of native
biomass, >'P NMR spectra revealed signatures from 5-hydroxymethylfurfural,
acetol, 2-methoxy-4-methylphenol, catechol, and acetic acid [32]. Even if these
by-products can be avoided, the lignin extracted from the biomass accumulated in
the recycled ILs with the increasing number of cycles [25, 32]. There was also
accumulation of hemicelluloses, which are polar and have good affinity with polar
ILs, such as 1-allyl-3-methylimidazolium chloride [32].

Wood naturally contains acid groups that can become free by hydrolysis and
generate acids in the IL solution, such as acetic acid (pKa = 4.76) and glucuronic
acid (pKa = 3.18) [31]. The generation of strong acids can protonate the acetate
anion in [EMIM][OAc], for example, reduce the IL dissolution efficiency and
complicate its recovery for reuse [31, 36]. Recycling is further limited by the high
viscosity of ILs, which complicates handling and purification steps [36]. There-
fore, efficient methods to separate the different dissolved products are necessary
for the recycling of ILs [53].

Recycling efficiency depends on the anti-solvent used for the regeneration of
wood after dissolution. Using water as the anti-solvent resulted in a higher yield of
regenerated wood than using methanol [31]. The glucose yield after enzymatic
hydrolysis after four cycles was also higher using water as an anti-solvent. In the
case of E. grandis, the lower yield with methanol was explained by the larger
amount of extractives dissolved in the methanol/IL mixture. However, after four
recycling cycles, the recycled IL yield was 96% with methanol as the anti-solvent
and 91% with water. At an industrial scale, water is preferable to methanol, since it
is cheaper and more benign environmentally [31].

Another possibility is to replace the anti-solvent by an aqueous solution of
phosphate, carbonate, or sulfate. The addition of a K5PO, solution to the
biomass solution led to the precipitation of the dissolved biomass and the
appearance of a biphasic system with an IL-rich phase and a salt-rich phase.
The extracted IL can then be dried and reused [43]. Phenylboronic acid and
naphthalene-2-boronic acid were used to extract more glucose, xylose, cello-
biose from IL/corn stover solutions after enzymatic hydrolysis in order to
improve recyclability [45].
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4.5.3 Biodegradability

The potential persistence, accumulation in soils and water and biodegradability of
ILs was assessed using standardized methods, such as the closed bottle test or the
CO, headspace test [60, 111, 114]. Studies on IL biodegradability included the
major types of cations: ammonium, imidazolium, phosphonium, and pyridinium
ions [111]. The widely used 1-butyl-3-methylimidazolium IL remains stable after
28 days in an aqueous suspension with waste-water microorganisms [60]. It was
found that ILs with halogens, branched alkyl chains, pyridine rings, aliphatic
ethers are usually more resistant to biodegradation [111]. With these observations,
efforts are underway to develop biodegradable ILs. Current strategies include
replacing branched alkyl chains with linear alkyl chains, functionalization to
enable enzymatic hydrolysis, and the incorporation of phenyl rings [60].

4.6 Applications
4.6.1 Applications of Purified Cellulose Substrates

Considering their abundance, recyclability, and biodegradability, purified cellulose
substrates have a great potential in composite materials for biomedical applica-
tions, tissue engineering, and sensing. The dissolution of cellulose in ILs increased
their processability to facilitate their mixing with other composite components,
chemical functionalization, and their extrusion to form materials with the desired
shape.

Materials based on purified cellulose or cellulose composites have been
developed in ionic liquids using various techniques [14, 140], including mixing
multiple components with dissolved cellulose in ionic liquids [140-146], grafting
different monomer units onto cellulose to create copolymers [147, 148], and dis-
solving cellulose into polymerizable ionic liquids [149]. The development of these
composites enhanced the mechanical properties [141-144], thermal stability [141,
148], magnetic properties [143], and solubility in dimethyl sulfoxide and
dimethylformamide [147], compared to pure cellulose. Films of carbon nanotubes
coated with cellulose served as effective scaffolds for the growth of HeLa cells
[145]. The biocompatibility of activated charcoal was significantly enhanced with
a heparin-cellulose coating deposited in ionic liquids [146]. The regeneration of
cellulose after dissolution in ILs using supercritical CO, [148] or liquid nitrogen
freeze drying [149] enabled the formation of micro- and nanoporous cellulose
foams, that can be used for insulation, catalysis or as scaffolds for tissue
engineering.

Cellulose dissolution in ILs also enabled the immobilization of chemical
reagents [150, 151], drugs [152], and enzymes on solid substrates [153, 154].
Enzymes immobilized on a solid substrate still served as effective catalysts, while
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their stabilization and reuse were improved by immobilization [153, 154]. The
immobilization of 1-(2-pyridylazo)-2-naphthol was exploited to detect Zn, Mn
and Ni ions at concentrations as low as 10~¢ mol/l [150]. The immobilization of
calix [4] arenes on cellulose was used in nitrogen oxide NO, sensing [151].
Cellulose derivatives, including acetates, carboxymethylates, benzoylates, sul-
fonates, phthalates, have been synthesized by the dissolution of cellulose in ILs
followed by their chemical functionalization. These derivatives are widely used in
coatings, films, membrane separation, textiles, and composites [14, 155-158].
Cellulose was directly converted to 5-hydroxymethylfurfural using CrCl,, CrCls,
or RuCl; as a catalyst [95, 159, 160], and to hexitols using Ru nanoparticles [161].
The molecule 5-hydroxymethylfurfural is believed to be the building block for a
wide variety of commodity chemicals. Its derivatives have potential applications
as resins, polymers, herbicides, pharmaceuticals, plasticizers, and solvents. [95].
Hydrogen was successfully produced from glucose and cellulose in ILs using
Ru as a catalyst. The use of '*Ce-glucose in the reaction revealed that glucose
decomposed into formic acid, which then decomposed into H, and CO, [162].

4.6.2 Applications of Native Biomass

The main application of the pretreatment of native biomass remains the pro-
duction of liquid fuels. However, the valorization of lignin and hemicellulose
may enhance the economic viability of IL-based processes through the produc-
tion of commodity chemicals [106]. Ionic liquids have been used as the solvent
for the synthesis of 5-hydroxymethylfurfural. Corn stovers were converted into
5-hydroxymethylfurfural in [EMIM][CI] using CrCl, as a catalyst [163]. Pine
wood and rice straw were also used as feedstocks using [BMIM][CI] under
microwave irradiation with CrCl; as the catalyst [35]. Acorns, with a high starch
content, were successfully converted into 5-hydroxymethylfurfural in 1-octyl-3-
methylimidazolium chloride, using mixtures of chromium halides (CrCl,, CrCls,
CrBr;, CrF;) as catalysts [164].

Chemical functionalization of native wood sawdust was performed by disso-
lution of the biomass in an IL, followed by its reaction at high temperature or room
temperature. For example, poplar sawdust reacted with octanoyl chloride, butyryl
chloride and lauroyl chloride in [BMIM][CI] to produce esterified wood [165,
166]. The addition of an acetic anhydride—pyridine mixture to a solution of spruce
led to wood acetylation [7]. Milled fir wood was dissolved in [BMIM][CI] and also
reacted with acetic anhydride with pyridine for acetylation [40]. Norway spruce
sawdust and thermomechanical pulp reacted with acetyl chloride, benzoyl chlo-
ride, acetic anhydride, phenyl isocyanate, and lauroyl chloride after dissolution in
[BMIM][CI] to produce acetylated, benzoylated, lauroylated, and carbanilated
wood derivatives. Thermogravimetric analyses and differential scanning calo-
rimetry showed that the thermal properties of spruce were affected with the
appearance of a clear glass transition [30, 167].
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Fig. 4.4 Scanning electron
micrographs of aerogels
produced from spruce wood,
coagulated in baths
containing a 10 wt% ethanol
and b 90 wt% ethanol.
Reprinted from [168],
copyright (2011), with
permission from Elsevier

In another study, spruce thermomechanical pulp reacted with benzoyl chloride
and lauroyl chloride in [BMIM][CIl] with pyridine to produce benzoylated and
lauroylated spruce. The spruce derivatives were then added to poly(styrene) and
poly(propylene) to extrude composite fibers and sheets. Thermogravimetric anal-
yses showed an enhanced thermal stability of the composites compared to the
spruce thermomechanical pulp [167]. The modifications of the chemical and
thermal properties could improve the processability of wood and increase its
compatibility to other polymers for the fabrication of composite materials.

Aerogels from milled spruce wood were prepared by dissolving the wood in
[BMIM][CI] at 130°C for more than 4 h. The hot solution was immersed in an
ethanol bath at room temperature. The obtained gel was then transferred into a cell
where it is immersed in ethanol and liquid CO, at 70 bars for 2—-3 h. The mixture
was heated above the supercritical temperature when the pressure was released to
obtain the dry aerogel. Scanning electron micrographs of the aerogels revealed an
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Fig. 4.5 Raman images at different depths after deposition of nanoparticles and rinsing on the
untreated wood sample and the sample pretreated with [EMIM][OAc]. The depth O pm
corresponds to the surface of the sample. Reprinted with permission from [70]. Copyright 2011
American Chemical Society

open pore structure, with pore sizes ranging from 100 nm to 4 um depending on
the feedstock and the reaction conditions (Fig. 4.4) [168].

Composite fibers derived from native Southern yellow pine, oak, and bagasse
were prepared by dissolving them in [EMIM][OAc] at temperature above 175°C
for 10-30 min. The solution was spun into fibers by extruding the solution into a
water bath. The selection of the feedstock affected the thickness and surface
roughness of the resulting fiber. The thickness was higher when the biomass
dissolution in IL was incomplete. Fibers made from pine pretreated with NaOH
were thinner and their surface was smoother, possibly due to the lower hemicel-
lulose and lignin content. Dissolution of bagasse at higher temperatures (185°C for
10 min) improved the processability and the maximum tensile stress applied to the
fibers before breaking. The fibers with the highest tensile stresses at failure had the
highest cellulose content and were derived from biomass with the highest cellulose
content: bagasse with a 58% cellulose content (wt% of biomass) and oak with 49%
cellulose content [169]. Wool keratin fibers, a polymer of amino acids, and cel-
lulose were also dissolved at high temperatures (above 100°C) in [BMIM][CI] and
successfully extruded into composite fibers using methanol as the anti-solvent.
The composite fibers were less brittle than the pure regenerated wool keratin
fibers [170].

All applications mentioned above required the dissolution of biomass at high
temperatures, typically above 100°C. A more economical and less energy-inten-
sive strategy is to exploit the swelling of the biomass upon exposure to IL. Poplar
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wood was shown to swell at room temperature when exposed to [EMIM][OAc],
with cell walls cross-sectional areas expanding by 60-100% in 3 h. After rinsing
with deionized water, the wood structure contracted almost immediately [70, 71].
The rinsing of the swollen biomass with a suspension of nanoparticles allowed for
the incorporation of materials inside the wood structure without prior dissolution.
As a proof of concept, gold nanoparticles of 100 nm diameter were incorporated
into poplar and confocal surface-enhanced Raman microscopy showed that the
nanoparticles were up to 4 um deep into the cell wall structure (Fig. 4.5). The
incorporation of materials/chemicals into natural and paper products have
numerous applications in the development of effective biomass pretreatments,
isotope tracing, sensing, and imaging [70].

4.7 Conclusions

In the past decade, numerous ILs have been synthesized to improve the pretreat-
ment and dissolution of native biomass. The application of advanced analytical
techniques have provided an insight into the mechanisms involved in the biomass
dissolution and the improved access of enzymes to cellulose for a more efficient
conversion to fermentable sugars. Advances on the development of IL-tolerant
cellulases would enable the pretreatment of biomass and the hydrolysis of cellu-
lose in one step, and therefore improve the economic viability of IL pretreatment
of biomass. Biomass dissolution in ILs also has potential applications in com-
posites, tissue engineering, chemical functionalization and sensing. Improved
extraction processes are still necessary to optimize efficiency and recycle the ILs.
Issues, such as corrosion due to ILs, their full environmental impact and disposal,
remain unresolved.
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