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Abstract

given as well.

Lignocellulosic biomass composes a diversity of feedstock raw materials representing an abundant and renewable
carbon source. In majority lignocellulose is constituted by carbohydrate macromolecules, namely cellulose and
hemicellulose, and by lignin, a polyphenilpropanoid macromolecule. Between these biomacromolecules, there are
several covalent and non-covalent interactions defining an intricate, complex and rigid structure of lignocellulose.
The deconstruction of the lignocellulosic biomass makes these fractions susceptible for easier transformation to
large number of commaodities including energy, chemicals and material within the concept of biorefinery. Generally,
the biomass pre-treatment depends on the final goal in the biomass processing. The recalcitrance of lignocellulose
materials is the main limitation of its processing once the inherent costs are excessively high for the conventional
pre-treatments. Furthermore, none of the currently known processes is highly selective and efficient for the
satisfactory and versatile use, thus, new methodologies are still studied broadly. The ionic liquid technology on
biomass processing is relatively recent and first studies were focused on the lignocellulosic biomass dissolution in
different ionic liquids (ILs). The dissolution in IL drives to the structural changes in the regenerated biomass by
reduction of cellulose crystallinity and lignin content contrasting to the original biomass. These findings provided
ILs as tools to perform biomass pre-treatment and the advantageous use of their specific properties over the
conventional pre-treatment processes. This review shows the critical outlook on the study of biomass dissolution
and changes occurred in the biomass during this process as well as on the influence of several crucial parameters
that govern the dissolution and further pre-treatment process. The review of currently known methods of biomass
fractionation in IL and aqueous-IL mixtures is also discussed here and perspectives regarding these topics are
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Introduction

Lignocelluloses such as hardwood, softwood and agricul-
ture residues are the main raw material from renewable
feedstock representing an abundant carbon source [1].
The main components of lignocellulosic materials are
cellulose, hemicellulose and lignin. Cellulose and hemi-
cellulose constitute the carbohydrate fraction where
cellulose is a linear semi-crystalline fibrous homopoly-
saccharide and hemicellulose is a branched amorphous
heteropolysaccharide. Cellulose chains are embedded in
the core of the lignocellulosic biomass with hydroxyl
groups oriented to form strong intra- and intermolecular
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hydrogen bonds. This lattice network results in orga-
nised micro- and macrofibrils as well as interacts with
the hemicellulose fraction. Lignin is characterised as an
amorphous phenylpropanoid polymer that acts as a
“glue” binding hemicellulose and cellulose by ester link-
ages and hydrogen bonds, respectively [2]. These mo-
lecular interactions define a complex and rigid structure
forming a recalcitrant material against hydrolysis guiding
to difficult, harsh and expensive separation processes [3].

Generally, the separation process of these compounds
is performed by thermochemical and/or physical me-
thods as a pre-treatment, exposing the carbohydrate
fraction to facilitate further processing. Carbohydrates
are subsequently hydrolysed to sugar monomers and
then converted to bioalcohols (ethanol, butanol), car-
boxylic acids, biohydrogen or methane by fermentation
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processes [4,5]. On the other hand, the extracted lignin
can be used as a low-value heating fuel, binder, dispers-
ant, emulsifier and sequestrant. Lignin can also act as a
source of high-value molecules, such as biologically ac-
tive polyphenols and tannins [6,7]. The conventional
methodologies have technological limitations such as an
insufficient selectivity and partial degeneration of prod-
ucts that compromise the efficiency of the separation
processes. Hence, the current and envisaged investi-
gations are focused on understanding the pathways to
improve the selective separation of lignocellulose com-
pounds to accomplish feasible and sustainable processes.

Ionic liquids (ILs) are recognised to facilitate more
green applications in reactions and separations due to
their unique beneficial properties, such as negligible
vapour pressure [8,9] and high thermal stability [10].
Their very low vapour pressure reduces the risk of
exposure that is a clear advantage over the use of the
classical volatile solvents. Although, studies of basic
properties in the environmental risk assessment of ILs
are still required [11], it is notable that toxicity of the
ILs is mainly ascribed to the alkyl chain and that the
toxicity of imidazolium and pyridinium ILs increases
with their cation chain length [12,13]. ILs are com-
pounds composed solely of ions with immeasurable
combinations of anions and cations. They possess widely
tuneable properties, such as hydrophobicity [14], polarity
and solvent power [15,16].

In the last decade, numerous studies focused on the
dissolution of natural polymers in ILs demonstrating a
great potential of ILs as solvents [17-21]. Cellulose was
one of the most studied biopolymers exhibiting a high
solubility in a variety of ILs [22]. A wide range of carbo-
hydrate solubilities was scrutinised using different ILs,
presenting that one of the main benefits of using ILs to
dissolve carbohydrates is that ILs can be tailored to ac-
complish dissolution or functionalisation of these poly-
mers [22].

Due to the ILs solvent power, their use in the develop-
ment of alternative methods for the extraction and pro-
cessing of carbohydrates and other compounds from
lignocellulosic biomass was recently explored intensively.
The aim of this work is to describe the current state-of-
the-art on the fractionation of lignocellulosic biomass in
ILs as a pre-treatment methodology.

The cations and anions of ILs used in this review are
presented in Figures 1 and 2, respectively.

Biomass dissolution

Initially, Fort et al. demonstrated that solvent systems
based on [bmim][Cl]/DMSO-dys (84/16 wt%) are capable
to partially dissolve wood chips [23]. They described
swelling and the size reduction of wood particles du-
ring the dissolution basing on the colour intensity and
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viscosity of the solution mixture. Meanwhile, Kilpelainen
et al. reported a complete dissolution of 8 wt% of dried
wood sawdust samples (Norway spruce and Southern
pine) in both [bmim][Cl] and [amim][C]] ILs, in the
temperature range from 80 to 130°C after 8 hours [24].
The complete dissolution of wood in these ILs was at-
tributed to the water content and the particle size of
wood samples. Water was found to significantly reduce
the solubility of wood in ILs [19] and smaller particles
were reported as better to be dissolved in water [24].
Furthermore, Sun et al. demonstrated that both soft-
wood (southern yellow pine) and hardwood (red oak)
can be dissolved in [emim][CH;COO] [25]. More than
90% (w/w) of the added wood was dissolved after mild
grinding, at 110°C within 16 hours. The authors con-
cluded that [emim][CH3;COOQ)] is more efficient in dis-
solving biomass than [bmim][Cl] and [amim][CI]. A
high-throughput screening in the dissolution of cellulose
and wood chips in ILs with 5% (w/w) at 90°C for
12 hours was made by Spiess et al. [26]. The investiga-
tion was performed at identical conditions in a single
experiment to allow a comparison of a variety of ILs.
They found out that [emim][Cl], [bmim][Cl]] and [emim]
[Et,PO,4] were only able to partially dissolve different
wood chips (spruce, silver fir, common beech and chest-
nut). Additionally, [emim][CH3COO] was defined as the
most efficient for dissolving cellulose, and [amim][Cl]]
was found to be the most suitable for use in biomass,
dissolving all tested wood. Only Silver fir was not com-
pletely dissolved in [emim][CH3COQ] [26]. By heating
wheat straw and pine wood at 100°C after 24 hours,
[emim][CH3COQO] demonstrated to be a poor solvent
[27]. At the same conditions, [bmim][Cl] was the most
efficient in the dissolution of straw and [emim][CI]
tended to be the most promising solvent for both types
of biomass. For the best results, the additional investiga-
tion with transparent solutions did not exclude presence
of biomass fibres after filtration indicating an incomplete
dissolution [27]. In fact, Lee et al. stated a very low
solubility of wood flour (<5 g/kg) and a high solubility
of microcrystalline cellulose (> 100g/kg) in [emim]
[CH3COO], proving that the presence of lignin restricts
the solubility of wood flour in this IL [28]. In the dis-
solution of beech and spruce wood at 115°C, [emim]
[CH5COO] showed to be more suitable for the first one,
but complete dissolution was observed for none of the
examined biomasses even during a 72-hour process [29].
An incomplete dissolution of pine wood in this IL at
120°C and 155°C within 3 hours was also reported [30].
These findings were the opposite of those presented
earlier by Singh et al [31]. Basing on the microscopic ob-
servations, Torr et al. clearly demonstrated that [emim]
[CH3COQ] is capable to completely dissolve all major
components found in the plant cells of switchgrass after



da Costa Lopes et al. Sustainable Chemical Processes 2013, 1:3
http://www.sustainablechemicalprocesses.com/content/1/3/3

Page 3 of 31

\/\/N/

methylimidazolium, [abim] - 1-allyl-3-butylimidazolium, [eMeOHpy] - 1

— —
N*—  —N*

\/N\/

[bmim] [emim] [amim]
NN N
/\/N< N ’ \/\OH
HO — [HEA]
[Ch] [bzmim]
= |
N+ O N+
AN \O/\/ \/\0/ \
[bmpy]
[Me(OEt);Et;N]
HO/\/NH+\ v S o N*
[DMEA] \:/ \/\/\/N\/
[mmim] [hmim]
= N
_N* . N
N\ N N
\ /§\
*HN
\/I}J = OH \/N\/\
[eMeOHpy] [bHim]

Figure 1 Cations referred in this work listed by order of appearance. [bmim] - 1-butyl-3-methylimidazolium, [emim] - T-ethyl-3-
methylimidazolium, [amim] - 1-allyl-3-methylimidazolium, [Ch] - cholinium, [bzmim] - 1-benzyl-3-methylimidazolium, [HEA] - 2-
hydroxyethylammonium, [ompy] - 1-butyl-3-methylpyridinium, [Me(OEt)sEtsN] - triethyl-(2-(2-methoxyethoxy)ethoxy)ethylammonium,
[DMEA] - N,N-dimethylethanolammonium, [mmim] - 1,3-dimethylimidazolium, [hmim] - 1-hexyl-3-methylimidazolium, [pmim] - 1-propyl-3-
-ethyl-3-(hydroxymethyl)pyridine, [bHim] - 1-butylimidazolium.

3 hours at 120°C [31]. On the other hand, [bmim]
[CH3COO] was tested to dissolve poplar wood and a
dissolution yield of 96 wt% was obtained at 130°C after
12 hours, while [bmim][Cl] only achieved 23 wt% of
poplar dissolution [32]. This indicates that [CH3COO]
anion has a great influence on the dissolution of bio-
mass. In the dissolution of sugarcane bagasse at 100°C
within 0.5-8 hours, once again [emim][CH3COO] dem-
onstrated to be more effective than other ILs such as
[bmim][Cl] and [emim][DEP] [33].

A reduced time of biomass dissolution was attained
using microwave or ultrasound irradiation instead of
conventional heating [25,34]. The enhancement in the
dissolution obtained was attributed to the ionic structure
of ILs that absorbs efficiently these types of irradiation.
In consequence the frequency of collisions between the

anions and cations of ILs and the wood macromolecules
increases leading to fast and effective dissolutions [34].
Application of a prior ball-milling treatment to the
biomass in order to reduce the molecular weight of
the lignocellulosic complex can also improve dissolution
[35,36]. Unfortunately, these mechanical treatment pro-
cesses are low effective and are inappropriate for an in-
dustrial application.

To understand the rules governing the fractiona-
tion process, the use of polarity approach can be consi-
dered. To do so, the quantitative Kamlet-Taft parameters
[37-39] were broadly used in the literature. Using Kamlet-
Taft parameters it was found that the anion basicity influ-
ences the lignocellulosic biomass dissolution [40,41]. A
correlation between higher dissolution capacities of ILs
and higher value of [ parameter was determined [40].
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Figure 2 Anions used for the pre-treatment of biomass presented in this work by order of appearance. [Cl] -
dimethylphosphate, [MeOSOs] -
methanesulphonate, [HSO,4] -
lysinate, [Gly] -
glycolate, [(CH,COO),] -
ethylphosphonate, [i-PrPO5] -
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chloride, [CH5COQ] -
methylsulphate, [OTf] - trifluoromethanesulphonate, [PrOO] -
hydrogen sulphate, [PO(O)H,] - phosphinate, [HCOQ] - formate,
glycinate, [Ala] - alaninate, [Ser] - serinate, [Thr] - threoninate, [Met] -
succinate, [ABS] - alkylbenzenesulphonate, [XS] -
i-propylphosphonate, [BuPOs] - butylphosphonate,

Brandt et al. observed high dissolution power for [bmim]
[CH3COQ], [bmim][Cl] and [bmim][DMP] ILs. They
demonstrated that acetate IL is the most effective for
swelling and dissolution [40]. This is justified by a very
high p value exhibited by [CH3COO] anion (1.20), which
is a considerably stronger hydrogen bond acceptor. On

the contrary, [bmim][OTf] with a low B value (0.48) re-
vealed a very poor swelling process, starting at 120°C. The
swelling was also slow with [bmim][MeSO,] and [bmim]
[Me,PO,]. Even worst dissolution was demonstrated by
using [bmim][N(CN),] that dissolved neither cellulose
nor lignocellulosic material [40]. Other, [emim][TFA] and
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[Ch][PrOQ] ILs showed no evidence of dissolving ligno-
cellulose as they were tested to dissolve bamboo biomass
without success even after 24 hours at 120°C [42]. On the
other hand, [emim][Gly], an amino-acid based IL had the
ability to dissolve the bamboo biomass due to a high
hydrogen bond basicity of amino-acid derived anions. Af-
ter 8 hours at the same temperature, complete dissolution
of bamboo with [emim][Gly] was observed [42].

The presented results are affected by different vari-
ables of the IL dissolution process including the type
and size of biomass, IL/biomass ratio, temperature and
time of dissolution, water content in the solution mix-
ture and others. The complete biomass dissolution in
ILs is very dependent upon these factors which, in turn,
should be optimised for the specific IL-biomass dis-
solution process. Nevertheless, [bmim][Cl], [amim][CI],
[emim][Cl] and [emim][CH3COQO] demonstrated to be
the most used and efficient ILs in dissolving lignocellu-
losic biomass, considerably. The [emim][CH3;COO] is
generally recommended since it exhibits minor environ-
mental issues comparing to ILs composed by halide
anion [43,44]. The biomass dissolution in ILs has been
reviewed [45,46] and there is still room for progress in
the dissolution performance by seeking new ILs with im-
proved properties.

The influence of ILs’ properties on the biomass dissolution

The ability of ILs to dissolve carbohydrates and lignin is
considered as an effective disruption of the intricate
network of non-covalent interactions between these
polymers. Rogers and co-workers suggested that a high
chloride concentration and activity of [bmim][Cl] is re-
sponsible for breaking an extensive and well organised
hydrogen-bonding network of cellulose and thus pro-
moting dissolution [19]. Remsing et al. using *C and
337Cl NMR demonstrated that the interaction between
the carbohydrate and the anion of an IL is predominant
compared to the interactions of carbohydrate with the
cation [47]. It was reported that the dissolution of carbo-
hydrates in [bmim][Cl] involves the formation of hydro-
gen bonds between chloride ions of the IL and hydroxyl
protons of sugar units from carbohydrates in a 1:1 stoi-
chiometry. The IL cation has also some influence on the
dissolution by interacting with cellulose hydroxyl oxygen
groups [34]. In the case of lignocellulose dissolution the
principle is the same, once the main fraction of these
materials comprises carbohydrates [31]. However, the
presence of lignin and extractives in lignocellulose re-
stricts the solubility and the appearance of a brownish
viscous mixture solution is observed during the process
[26]. ILs not only disrupt the hydrogen bonding inter-
action of crystalline cellulose in wood, but also interact
and solvate the aromatic characters of lignin by n-m and
n-1 interactions, generally performed by the IL cation
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[34,48,49]. This phenomenon is enhanced by a more ef-
fective stirring that increases the hydrodynamic stress of
the lignocellulosic particles and mass transfer to the
particle surface improving the dissolution process [26].
The microwave irradiation also enhances the dissolution,
since depolymerisation of cross-linked phenylpropanoid
units of lignin and hydrogen bonding interactions be-
tween the wood matrix and the IL anion are intensified
[34]. The ultrasound irradiation seems to induce the
same effect on biomass dissolution [50]. On the other
hand, by breaking the native structure with ball-milling,
a reduction of molecular weights of lignin and carbohy-
drate polymers is observed [35]. Thus, an effective re-
duction of polymers leads to a subsequent dissolution
enhancement in ILs.

The selection of ILs for lignocellulosic biomass dissol-
ution is difficult, due to the different physical and chem-
ical properties that IL presents. It was referred that ILs
constructed by bulky cation and halide anion may de-
crease the concentration of active chloride ion and thus
the solvating capacity for both cellulose and lignin is re-
duced [19]. The comparison of the efficiency of [emim]
[Cl] and [bmim][Cl] in the dissolution of rice straw al-
lows to notice that [emim] cation, as smaller sized than
[bmim] cation, might be more effective due to its higher
degree of interaction with the cellulose chain [33,51]. A
smaller anion is also preferable to be able to diffuse
faster within the lignocellulosic matrix as in the case of
chloride anion. Nevertheless, the improvements in ligno-
cellulose dissolution are related with the hydrogen bond
basicity of the IL anion as referred above. ILs with a
strong hydrogen bond basicity are effective in weakening
the hydrogen-bonding network of the polymer chains
[40,52]. As it was stated before the increased basicity of
the [CH3COO] anion makes it more efficient at dis-
rupting the inter- and intramolecular hydrogen bonding
in biopolymers than Cl anion [25]. To predict the pre-
treatment efficiency of a certain IL in disrupting ligno-
cellulose, p Kamlet-Taft parameter is an useful tool as
demonstrated by Brandt et al. for [bmim][CH3;COQO]
and [bmim][Cl] [40]. As it was aforementioned, they
confirmed better efficiency of [CH;COO] IL (B =1.20)
than the chloride IL (p =0.83) in the dissolution of pine
wood chips. Indeed, ILs with B > 1.0 support high yields
of fermentable sugars following pre-treatment [41]. As it
is stated above, glycinate ionic liquid demonstrates high
hydrogen basicity. The glycinate anion is characterised
to have a weak electron withdrawing group (-NH,) on p
carbon, although this negative inductive effect does not
influence the hydrogen bond formation by the carboxyl-
ate group (-COO") with lignocellulosic biomass [42]. In
the case of [emim][TFA] the strong electron withdraw-
ing groups (-F") decrease the electron density of COO",
thereby it reduces the formation of hydrogen bonds
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between biomass and IL during dissolution [42]. ILs with
anions showing a low hydrogen bond basicity, such as
[bmim][MeSO,], [bmim][HSO,], [bmim][MeSOs] are
unable to perform a complete dissolution of the bio-
mass, since interaction with cellulose is weak [53]. Other
examples are [bmim][OTf] and [bmim][N(CN),] which
are incapable to break the hydrogen bonds in the matrix
and therefore do not expand it at all or only minimally
[40]. Generally, increased hydrogen bond basicity of the
anion leads to the incorporation of water molecules in
the IL structure [54], reducing the dissolution of bio-
mass in IL. Therefore, drying of the IL prior to use is re-
quired regardless the biomass moisture. However, not
only hydrogen basicity of IL is important, but also its
structure affects the dissolution process. Muhammad
et al. presented that the [Ch][PrOO] IL, in spite of a
high hydrogen basicity, has a poor dissolution ability
[42]. This behaviour was explained by the internal inter-
action between the hydroxyl end group of IL cation and
its anion. Furthermore, the absence of aromatic ring in
the cation structure had a negative effect on the dissol-
ution unable to interact with lignin.

The viscosity of ILs is also an important parameter, be-
cause it can impact the mixing and mass transfer of
lignocellulose and IL itself. Abe et al. verified that ILs
characterised by low viscosity are able to extract higher
amounts of carbohydrates from the bran [52]. This may
occur due to better dispersion state of bran in less vis-
cous ILs. It was also reported that ILs with an adequate
polarity and a low viscosity demonstrate good ability to
extract polysaccharides in a short time. They showed
that the low viscosity and highly polar IL, [emim][PO(O)
H,], allows for rapid extraction of cellulose and other
carbohydrates from bran under mild conditions [52].
Kilpelainen et al. attempted the dissolution of wood in
[benzylmim][Cl], once the benzyl ring from the IL cation
could interact with the phenyl aromatic rings of lignin
by m-m interactions [24]. In fact, a major drawback of
[benzylmim][Cl] application is related to high viscosity
of this IL [24].

The lower melting point of [emim][CH3;COO], in
comparison with [emim][Cl] and [bmim][Cl], also facili-
tate the dissolution of biomass and handling of the mix-
ture, which makes [emim][CH;COOQ] a better solvent
than chloride-based ILs in biomass processing [25]. It is
worth noting that, at room temperature, [emim][Cl] and
[bmim][Cl] are in solid state in contrast to the liquid
state of [emim][CH3COO]. Therefore, higher tempera-
tures are required for [emim][Cl] and [bmim][Cl], al-
though even then these ILs present high viscosities [19].

The biomass regeneration process
Dissolution step is the initial step guaranteeing the
successful processing of biomass. However, due to the
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complex matrix of biomass, the adequate recovery of
each fraction is needed for the production of energy,
chemicals and biomaterials in the frame of biorefinery
concept. Generally, the process guiding to the biomass
fractions’ recovery occurs as follows: at initial stage, lig-
nocellulosic biomass is generally added to an IL, with a
certain solid/liquid ratio, and is treated at the specified
temperature and time applying a mechanical stirring to
the mixture. From the literature review presented above,
the dissolution can be partial or complete, although it is
recommended to drive to the complete biomass dissol-
ution to improve the pre-treatment efficiency. The next
step is one of the most important as it corresponds to
the regeneration of biomass fractions with the ad-
dition of a precipitating solvent (also designated as
antisolvent), such as water, acetone, dichloromethane,
and acetonitrile [23]. Fort et al. described the disso-
lution of wood chips in [bmim][Cl] with addition of
the referred antisolvents [23]. They obtained the rege-
nerated biomass fraction composed essentially by cel-
lulose. The regenerated cellulose-rich material was
found to have purities, physical properties, and pro-
cessing characteristics comparable to those of cel-
lulose standard. The regeneration yield of biomass
ranged from 30 to 60 wt%, for a pre-treatment tem-
perature of 100°C during 16 hours [23]. The regene-
ration yields presented in all the reviewed works are
strongly dependent on the IL, biomass, antisolvent and
pre-treatment conditions used. The regeneration yields
obtained are depicted in Tables 1, 2 and Additional file 1:
Table S1. Wang et al. stated that the addition of water
resulted in the reconstitution of a brown gel [34]. After
gel filtration a clear and dark brown solution was obtained
and by washing with water/DMSO several times, the gel
became white indicating the main presence of carbohy-
drates [34].

After the regeneration, the crystallinity of cellulose is
abruptly reduced in comparison with that of cellulose
from the original lignocellulosic material. Cellulose in
the pre-treated biomass is no longer constrained in a
rigid structure and has similar level of the molecular
flexibility as the surrounding hemicellulose [30]. By mi-
croscopic observations, Singh et al. verified the precipi-
tation of fibrous structures of cellulose (300-500 mM
long) after addition of water [31]. To assist the lignin re-
moval from the regenerated product, fluorescence tech-
niques were used. Disruption of the lignin—carbohydrate
complex occurred simultaneously with cellulose crystal-
linity reduction [31]. Analysing X-Ray diffraction (XRD)
patterns of the regenerated material from bamboo pre-
treatment, Muhammad et al. observed a clear change in
crystallinity of cellulose in dissolution and regeneration
processes [42]. Li et al. compared the pre-treatment of
the switchgrass using [emim][CH3COO] and a dilute



Table 1 Pre-treatment of softwood biomass in ILs

lonic liquid Biomass Conditions Regenerated biomass Lignin L recover Ref.
Type H,0 Type Moisture Sizemm Load % Time T °C Antisolvent Recovery C wt% H L ext-:rell;t:; n Yow/w
Wt% wt% h (%w/w) wt% wt% wt%n V€O
[abim][Cl] @ Dawn redwood b <60 mesh 15 (w/w) 05 90 MeOH 97.2 - - - - - 973 [55]
[amim][Cl] N Southern pine <1 0.1-2 8 wt 5 120 H,0 or MeOHgycess 99 179 - - - 99 [56]
f[amim][Cl] ¢ Norway spruce <1 0.1-2 8 wt 5 120 H,0 or MeOHeycess 97 214 - - - 98 [56]
TMP

[amim][Cl] a Dawn redwood b <60 mesh 15 (w/w) 05 90 MeOH 983 - - - - - - [55]
[amim][Cl/DMSO¢ f Pine 9 0.45-0.65 5wt 3 100 H,O - 70 - - - - - [34]
[amim][Cl)/DMSO® f Pine 9 0.45-0.65 5wt 6 100 H,O - 76 - - - - - [34]
[amim][Cl)/DMSO® f Pine 9 0.45-0.65 5wt 15 100 H>O - 78 - - - - - [34]
[amim][Cl]/DMSO® f Pine 9 0.45-0.65 5wt 24 100 H,O - 71 - - - - - [34]
[amim][Cll/DMSO® f Catalpa & 0.45-0.65 5wt 3 100 H,0 - 25 - - - - - [34]
[amim][Cl]/DMSO® f Catalpa 9 0.45-0.65 5wt 6 100 H>,0 - 49 - - - - - [34]
[amim][Cl]/DMSO® f Catalpa 9 0.45-0.65 5wt 15 100 H,0 - 50 - - - - - [34]
[amim][Cl)/DMSO® f Catalpa 9 0.45-0.65 5wt 24 100 H,0 - 56 - - - - - [34]
[amim][Cl]/DMSO® f Pine 9 045-0.65 5wt 3 100 H,O 6 - - - - - - [34]
[amim][Cl]/DMSO® f Pine 9 0.45-0.65 5wt 6 100 H,0 9 - - - - - - [34]
[amim][CI//DMSO® f Pine 9 045-065 5wt 15 100 H,0 16 - - - - - - (34]
[amim][Cl)/DMSO® f Pine 9 0.45-0.65 5wt 24 100 H,O 19 - - - - - - [34]
[amim][Cll/DMSO® f Pine 9 0.45-0.65 5wt 05 100" H,0 6 - - - - - - (34]
[amim][Cl]/DMSO® f Pine g 0.45-0.65 5wt 1 100" H,O 10 - - - - - - [34]
[amim][Cll/DMSO® f Pine 9 0.45-0.65 5wt 2 100" H,0 17 - - - - - - [34]
[amim][Cll/DMSO® f Pine 9 0.45-0.65 5wt 4 100 H,0 18 - - - - - - (34]
[amim][Cl)/DMSO® f Pine 9 0.45-0.65 1T wt 15 100 H,0O 25 - - - - - - [34]
[amim][Cl)/DMSO® f Pine 9 0.45-0.65 2wt 15 100 H,O 20 - - - - - - [34]
[amim][Cl)/DMSO¢ f Pine 9 0.45-0.65 3wt 15 100 H,O 19 - - - - - - [34]
[amim][Cl)/DMSO® f Pine 9 0.45-0.65 4 wt 15 100 H,O 17 - - - - - - [34]
[amim][Cl)/DMSO® f Pine 9 0.45-0.65 5wt 15 100 H>O 16 - - - - - - [34]
[amim][Cl]/DMSO® f Pine 9 0.45-0.65 5wt 2 100 H,O - 76 - - - - - [34]
[amim][Cl)/DMSO*® f Pine g 045-0.65 5wt 2 100 acetone-H,0 - 76 - - - - - [34]
[amim][Cl]/DMSO® f Pine 9 0.45-0.65 5wt 2 100 DMSO-H,0 - 85 - - - - - [34]
[amim][Cl]/DMSO® f Pine 9 0.45-0.65 5wt 2 110" H,O 25 - - - - - - [34]
[bmim][CH;COO] f Spruce wood nd. 0295-0.833 5 (w/Mw) 1315 120 20 mL H,0 85-97 475 204 285 - - - [57]
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Table 1 Pre-treatment of softwood biomass in ILs (Continued)

[bmim][CH;COO0]

[omim][CH;COQI/H,0

[omim][Cl]

[bmim][Cl]

[bmim][HSO41/H,0

[emim][CH;CO0]

[emim][CH5CO0]

[emim][CH3COQ]

[emim][CH5COO0]

[emim][CH5;COO0]

[emim][CH5CO0]
[emim][CH3COQ]
[emim][CH3COQ]

[emim][CH3COQ]

[emim][CH3COQ]

[emim][CH5COO0]

f

~20
nd.

nd.

l

20
nd.

nd.

nd.

nd.

nd.

nd.

nd.

nd.

nd.

Spruce wood
Pine sapwood

Southern
yellow pine

Southern
yellow pine

Pine sapwood

Southern
yellow pine

Southern
yellow pine

Southern
yellow pine

Southern
yellow pine

Southern
yellow pine

Spruce wood
Spruce wood

Compression
pine wood

Compression
pine wood

Opposite
pine wood

Opposite
pine wood

nd.

89
[

89

nd.
nd.

air-dried

air-dried

air-dried

air-dried

<20 5 (w/w)

0.18-085 10 (w/v)
0.25-0.50 5 (w/w)
<0.125 5 (w/w)
0.18-085 10 (w/v)
0.500-1.000 5 (w/w)
0.250-0.500 5 (w/w)
0.125-0250 5 (w/w)
<0.125 5 (w/w)
<0.125 8 (w/w)
0.295-0.833 5 (w/w)
<20 5 (w/w)
20-40 mesh 5 (w/w)
20-40 mesh 5 (w/w)
20-40 mesh 5 (w/w)

20-40 mesh 5 (w/w)

1,315
22
16

16

22
16

120
120
110

110

120
110

110

110

110

110

120
120
120

155

120

155

20 mL H,0
10 mL MeOH

0.1 mL acetone:
H,O (1:1)

100 mL acetone:

H,0 (1:1)
10 mL MeOH

100 mL acetone:

H,O (1:1)

100 mL acetone:

H,0 (1:1)

100 mL acetone:

H,O (1:1)

100 mL acetone:

HQO (]1)

100 mL acetone:

H,O (1:1)
20 mL H,O
20 mL H,0
20 mL H,0

20 mL H,0

20 mL H,0

20 mL H,0

100-93
87

550

52

86-96
100-89
89

68

94

73

475
4041

76.5
(holocellulose)

483'
483'
303

340’

426

488

204
247

78

204
204
208

285
2

88

235

93

28.1
28.1
392

323

0.6

30.7

(57]
(57
(30

(30]

(30]

(30]

C - cellulose; H — hemicellulose; L - lignin; O - others; * dried in vacuum for 8 h; b dried at 105°C, for 12 h; © dried under vacuum at 40°C for 48 h; 9 glucose yield after enzymatic hydrolysis; ¢ 16 wt% DMSO; f used as
received; 9 dried at 105°C overnight; " under microwave irradiation; ' glucan basis;  xylan, mannan, galactan and arabinan basis;  ash basis; ' dried overnight 90°C.
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Table 2 Pre-treatment of hardwood biomass in ILs

lonic liquid Biomass Conditions Regenerated biomass Lignin  IL recover Ref.
Type H,0 Type Moisture  Size mm Load % Time T°C Antisolvent Recovery C H L ext.;?;t;) no %w/w
wt% Wt% h (%w/w) wt% wt% wt% wt% V€97
[amim][Cl] a Eucalyptus grandis <1 0.1-2 8 wt 5 120 H,0 or MeOHeycess 96 210 - - - 100 [56]
[amim][Cl]/DMSO“ d Poplar ¢ 0.45-0.65 5wt 3 100 H,O - 49 - - - - - [34]
[amim][Cl]/DMSO“ d Poplar € 0.45-0.65 5wt 6 100 H,0 - 48 - - - - - [34]
[amim][Cl]/DMSO* d Poplar € 0.45-0.65 5wt 15 100 H,O - 49 - - - - - [34]
[amim][Cl]/DMSO“ d Poplar ¢ 0.45-0.65 5wt 24 100 H,O - 47 - - - - - [34]
[omim][CH;CO0] 068 (w/w) Maple wood nd. 0.250 5 (w/w) 6 90 - - 64" 579 - - 25 - (58]
flour
[bmim][CH;CO0] 068 (w/w)  Maple wood nd. 0250 5w 12 90 - - 74" 659 - - 35 - (58]
flour
[bmim][CH;COQ] 0.68 (w/w) Maple wood nd. 0.250 5 (w/w) 24 90 - - 74" 649 - - 49 - [58]
flour
[bmim][CH;COQ] h Poplar : ~2 5 (w/w) 2 130 acetoNeeaycess 2220 - - - - - - [32]
[bmim][CH3COQ] h Poplar : ~2 5 (w/w) 5 130 acetoNeeycesss 38.70 - - - - - - [32]
[bmim][CH5COQ] h Poplar ! ~2 5 (w/w) 12 130 acetoNeeycess 85.30 - - 25.08 - 31.90 - [32]
[bmim][CH;COOI/H,O 10 (w/w) Maple wood nd. 0.250 5 (w/w) 12 90 - - 48" 519 - - 21-24 - [58]
flour
[obmim][CH3COQI/H,0 ~20 Willow 76 0.18-0.85 10 (wW/v) 22 120 10 mL MeOH 71 363 139 199 07 46.7 - (53]
lomim][Cl] h Poplar : ~2 5 (W/w) 2 130 acetoneeycess 118 - - - - - - [32]
[bmim][Cl] h Poplar ! ~2 5 (w/w) 5 130 acetoneeycess 134 - - - - - - (32]
[bmim][Cl] h Poplar : ~2 5 (w/w) 12130 acetoNEaycess 206 - - - - - - [32]
[bmim][HSO,4)/H,0 ~20 Willow 76 0.18-0.85 10 (W/v) 22 120 10 mL MeOH 480 391 51 36 05 935 - (53]
[omim][MeOSOs] 0.02 (w/w) Maple wood nd. 0.250 5 (w/w) 12 90 - - 1At 519 - - 19.0 - [58]
flour
[omim][MeOSO5]/H,O 10 (w/w) Maple wood nd. 0.250 5 (w/w) 12 90 - - 60" 609 - - 21-24 - [58]
flour
[emim][CH3COQ] nd. Red Oak m 0.500-1.000 5 (w/w) 16 110 100 mL acetone: - - - - - - - [25]
H,0 (1:1)
[emim][CH;CO0] nd. Red Oak m 0.250-0.500 5 (w/w) 16 110 100 mL acetone: - - - 15.5 - - - [25]
H,0 (1:1)
[emim][CH5COO0] nd. Red Oak m 0.125-0250 5 (w/w) 16 110 100 mL acetone: - - - - - - - [25]
H,0 (1:1)
[emim][CH3COQ] 0.09 (w/w) Maple wood nd. 0.250 5 (w/w) 6 90 - - 59f 459 - - 26 - [58]
flour
[emim][CH3COQ] 0.09 (w/w) Maple wood nd. 0.250 5 (w/w) 12 90 - - 65 569 - - 32 - [58]
flour
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Table 2 Pre-treatment of hardwood biomass in ILs (Continued)

[emim][CH5COQ] 0.09 (w/w) Maple wood nd. 0.250 5 (w/w) 24 90 - - 70" 640 - - 37 - (58]
flour
[emim][CH5CO0] d Maple wood 50 0.25 333 (w/w) 1 125 20 mL H,0 82.8 425 181" 258 - 135 - [41]
flour
[emim][CH5CO0] d Poplar 24 1-2 333 (w/w) 1 125 20mL H,O 874 425 188" 285 - 10.1 - [41]
[emim][CH3COQ] nd. Poplar nd. 20-80 mesh 5 (w/w) 12-14 50 H,O - 3 171" 23 - - - [59]
[emim][CH3COQ] nd. Poplar nd. 20-80 mesh 5 (w/w) 1 120 H,O - 29 10" 25 - - - [59]
[emim][CH;COQ)/ 10 (w/w) Maple wood nd. 0.250 5 (w/w) 1290 - - 320 320 - - 21-24 - (58]
H,0 flour
[emim][Cl] d Eucalyptus 10-15 2-40 5 (w/w) 1 150 5mL H,0 - 33° - - - - [60]
[mmim][Me,PO,] d Rubber wood P 0.2 25 (w/w) 05 25 MeOH - - - - - 2349 - 61]
[mmim][Me,PO,] d Rubber wood P 0.2 13 (w/w) 05 25 MeOH - - - - - 3379 - 61]
[mmim][Me,PO,] d Rubber wood P 0.2 8 (w/w) 05 25 MeOH - - - - - 3874 - [61]
[mmim][Me,PO,] d Rubber wood P 0.2 6 (W/w) 0.5 25 MeOH - - - - - 4029 - 61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 05 25 MeOH - - - - - 427 - 61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 0.5 25 MeOH - - - - - 4.279 - [61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 1 25 MeOH - - - - - 4.769 - [61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 15 25 MeOH - - - - - 5.16% - [61]
[mmim][Me,PO,] . Rubber wood P 02 S5ww) 2 25 MeOH - - - - - 5687 - [61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 25 25 MeOH - - - - - 5719 - [61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 2 25 MeOH - - - - - 5.68% - 61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 2 40 MeOH - - - - - 6.367 - [67]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 2 60 MeOH - - - - - 11.019 - 61]
[mmim][Me,PO,] d Rubber wood P 02 5 (w/w) 2 80 MeOH - - - - - 12509 - 61]
[mmim][Me,PO,] d Rubber wood P 0.2 5 (w/w) 2 100 MeOH - - - - - 13.039 - 61]

C - cellulose; H — hemicellulose; L - lignin; O — others; ? dried under vacuum at 40°C for 48 h; ° glucose yield after enzymatic hydrolysis; < 16 wt% DMSO; ¢ used as received; © dried at 105°C overnight; f glucose yield
after enzymatic hydrolysis regarding the original glucan content 9 xylose yield after enzymatic hydroly5|s regardlng the original xylan content; " vacuum dried at room temperature for 12 h; ' dried at 100°C for 12 h;

J glucan basis; * xylan, mannan, galactan and arabinan basis; ' ash basis; ™ dried overnight 90°C; " xylan basis; ® reducing sugar yield regarding the initial content in pre-treated biomass; P dried overnight in a vacuum
oven at 100°C; 9 lignin yield considering the total biomass input.
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acid [62]. For both untreated and dilute acid pre-treated
switchgrass samples little or no change in cellulose crys-
tallinity was observed, but for the sample obtained after
pre-treatment with IL the crystallinity was altered signifi-
cantly. They concluded that cellulose could suffer a struc-
tural transformation from cellulose I to cellulose II that
provides higher performances of enzymatic hydrolysis. If
the IL is not efficient in breaking the interactions between
lignin and other wood components from cellulose, the
structural transformation of cellulose I to cellulose II is
not be observed [62]. The crystallinity index (CrI) calcu-
lated by XRD for the IL pre-treatment switchgrass was
found to be significantly lower (2.6) than that for both
untreated (26.2) and dilute acid pre-treated (39.1) switch-
grass. Contrary to Singh et al. observations, the IL pre-
treated switchgrass showed no fibrous structure, but a
porous surface was observed over several length scales, by
scanning electron microscope [62]. In fact, a less crystal-
line form of pre-treated samples with [emim][CH3;COOQ]
is typical, since similar changes were observed for different
biomass, namely corn stover, maple wood flour, poplar
and switchgrass using the same IL [41]. The [emim]
[CH3COO] demonstrated to be more effective than
[emim][Cl], [amim][Cl] [bmim][Cl] and [HEA][HCOO] in
reducing the crystallinity of cotton stalks for different par-
ticle sizes tested [63,64]. The [emim][Cl] was verified to
need more time to effectively disrupt the crystalline struc-
ture of biomass in comparison with [emim][CH3;COOQ]
[64]. The efficiency in disrupting the crystalline structure
of eucalyptus and sugarcane bagasse was observed to be
superior for [emim][CH3COOQ] than for [bmpy][C]] [65].

Cholinium amino acids ionic liquids were recently ap-
plied on rice straw pre-treatment and led to a substantial
increase of the cellulose Crl instead of the normal de-
crease [66]. These contrasting effects on Crl resulted in
differences in the ability of these ILs to dissolve cellulose
where the tested ILs are inefficient. Thus, an increase in
the Crl cellulose of the regenerated materials is only
caused by a considerable removal of amorphous compo-
nents, such as lignin, with no significant dissolution of
cellulose [66]. The regeneration method also influences
the cellulose crystallinity where a vigorous stirring was
required. It may partially inhibit the induction of the
crystalline ordering within the regenerated sample and
may form an amorphous material [24].

Furthermore, by treating switchgrass with [emim]
[CH3COO] at 160°C, Arora et al. investigated the sur-
face morphology of switchgrass by measuring the BET
(Brunauer-Emmett-Teller) surface area, and the porosity
using the BJH (Barret-Joyner-Halenda) method [67].
Comparing to the untreated switchgrass, the BET surface
area of the pre-treated switchgrass increased by a factor
of 30. At the same time, the pore volume also increased
30-fold with an average measured pore size of 10—15 nm

Page 11 of 31

for [emim][CH3COO] of the pre-treated switchgrass
[67]. Dibble et al. showed that a smaller particle size of
the regenerated material was obtained by treating corn
stover with the same IL [68]. Morphological changes
were also observed for pre-treated wood flour with
[emim][CH3COO] and [bmim][CH;COO] [58]. This is a
great advantage of biomass pre-treatment with ILs, since
cellulose surface area decreases and thus, it provides
good accessibility to cellulase and enhances the catalytic
efficiency of such enzyme [43,69].

The regeneration process was explained by Zavrel
et al. describing that ions of the IL are extracted into the
aqueous phase through hydrogen bonding, dipolar and
Coulombic forces [26,70]. Basically, water molecules
form hydrodynamic shells around ions of the IL dis-
rupting the direct interactions of IL ions with cellulose.
Thus, intra- and inter-molecular hydrogen bonds are re-
built and cellulose precipitates [26]. However, not only
cellulose can be dissolved but also other compounds of
lignocellulose interact with the IL ions, such as hemicel-
lulose and lignin. Singh et al. stated that the addition of
water to switchgrass pre-treated in [emim][CH3COO]
results in the precipitation of carbohydrates for down-
stream processing and lignin appears to be partially
extracted in the IL/water mixture [31]. The degree of
delignification and interaction of lignin with the precipi-
tating solvent, IL, or cellulose dictate the purity of the
regenerated cellulose for further saccharification and
sugar yield [31]. Leskinen et al. evaluated the precipita-
tion and composition of the regenerated samples from
wood sawdust treatment with [amim][CI] [35]. In the
obtained regenerated material the lignin content in-
creased due to the absence of delignification and simul-
taneous dissolution of some polysaccharide components.
However, Nguyen et al. presented that lignin is firstly re-
moved in the pre-treatment of rice straw with [emim]
[CH3COO] [51]. This may indicate differences in the
mode of dissolution between [amim][Cl] and [emim]
[CH3COOQ] or it may also result from differences bet-
ween biomass used in both studies. A more accurate
correlation between lignin removal and the reduction of
cellulose crystallinity was approached in a work of Tan
et al. [71] Lignin content in the regenerated material was
found to be proportional to the Crl. Thus, when more
lignin is retained in the regenerated material, higher Crl
is observed. The possible explanation comes from the
movement restriction of cellulose in the presence of lig-
nin that causes the dissolved cellulose to rearrange into
the same conformation upon recrystallisation. Thus, the
crystallinity of cellulose remains relatively high if pre-
treatment was not efficient in lignin removal [71]. For lig-
nocellulosic materials that contain relatively large amounts
of lignin, higher temperature is required to change the
structural crystallinity of cellulose I to cellulose II [59].
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In addition to the ability of an IL to reduce Crl and
lignin content, other factors such as the promotion of
inter-crystalline swelling and reduction in fibre size may
play an important role in determining the efficiency of
an IL as a pre-treatment solvent for lignocellulosic bio-
mass [58]. Although the disruption of the cellulose crys-
tallinity is crucial to provide the biomass suitable for
enzymatic digestion, lignin removal is even more critical
for improving enzymatic hydrolysis of cellulose [72].

As mentioned above, the regenerated material is
mainly composed by cellulose, since this macromolecule
is not soluble in antisolvent. However, a 100% (w/w) re-
generation of cellulose seems not to be possible. During
the pre-treatment process cellulose might undergo deg-
radation and form smaller components soluble in the IL
[71]. Moreover, the regeneration process is dependent
upon molecular weight, where the dissolved higher mo-
lecular weight and partially dissolved wood components
in ILs are the first to precipitate [35]. The smallest mo-
lecular weights could not precipitate after antisolvent
addition being dissolved in the liquid stream.

The choice of the antisolvent is also an important fac-
tor, which affects the yield of the regenerated wood.
Li et al. studied the yield of regenerated wood with water
and methanol as antisolvents [56]. They determined that
the regeneration yield was found to be higher in water
than in methanol due to the easiness and strength of the
hydrogen bond formation between antisolvent and bio-
mass fraction [56]. Indeed, polar protic solvents such as
water, short-chain alcohols (methanol and ethanol) and
even acetic acid are able to precipitate efficiently the
dissolved material [35]. In the case of using the relatively
polar chloroform as precipitating solvent, the efficiency of
regeneration was found to be good. However, considering
limitation such as obstacles in treating waste streams
containing chlorinated solvents and environmental issues,
hazardous chemicals should be avoided. Acetonitrile can
also be used to precipitate biomass offering two advan-
tages. The first benefit comes from its volatility and an
easy removal from the IL. The second advantage corre-
sponds to the brighter fractions obtained by precipitation
that would allow for easier bleaching if required [35]. As
previously mentioned the reconstituted material presents
a gelatinous phase, thus it is hard to separate it from the
viscous liquid after regeneration. Dibble et al. developed
an antisolvent mixture with specific proportions of an
alcohol (ethanol) and ketone (acetone) that provided
the regeneration of solid precipitates with porous ap-
pearance and easily dispersed in the liquid with no gel for-
mation [68]. A rapid separation was attained and a lower
volume of antisolvent mixture was used in comparison
with other antisolvent used. Mixtures of precipitating sol-
vents can also be used in order to improve lignin extrac-
tion yields with simultaneous high regeneration yields of
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the carbohydrate fraction. Muhammad et al. suggested a
mixture of acetone and water in 7:3 ratio that reached al-
most 100 wt% of lignin (indulin AT from Sigma Aldrich)
solubility [42]. Wang et al. observed that addition of
DMSO to water as a precipitating solvent mixture in-
creased the cellulose content in the regenerated material
in comparison with acetone/water mixture. Thus, DMSO
was reported to have greater lignin extraction capacity
than acetone [34].

The process condition effects

Specific interactions between ILs and biomass are known
to be dependent on the IL, as well as on several conditions
inherent to pre-treatment, such as temperature, time, type
and particle size of biomass, solid/liquid ratio and water
content. Major effects of these parameters in the biomass
pre-treatment are described in the following sections,
which contribute for a better understanding of pre-
treatment with ILs.

Particle size

The particle size of biomass sample is one of crucial is-
sues in lignocellulosic pre-treatment because such a par-
ameter directly impacts on the contact and diffusion of
chemicals into the lignocellulosic materials [73,74].

Kilpelainen et al. concluded that dissolution of wood
chips (size in excess of 5 mm x5 mm x 1 mm) at high
temperatures in [bmim][Cl] and [amim][Cl]] is complete
[24]. Thus, smaller particles should be more suitable to
be used in the IL pre-treatment process [24]. The in-
creased surface area of the smaller particles and the in-
crease of mechanical pulping to breakdown the internal
structure are factors that improve the efficiency of bio-
mass pre-treatment in ILs [25].

Different responses are observed when different par-
ticle sizes of biomass are used. Sun et al. determined the
solubilities of different sized wood particles in [emim]
[CH3COO] and [emim][Cl]] ILs [25]. The good dissol-
ution efficiency of [emim][CH3COQ] was preserved des-
pite of the increase in the particle size of wood from
smaller than 0.125 mm (99% solubility) to 0.5-1 mm
(93% solubility). The different wood size solubilities were
more pronounced for [emim][Cl]. At wood size smaller
than 0.125 mm the dissolution reached 52.6% and with
particles size of 0.25-0.5 mm only 26.0% of dissolution
was achieved. This suggests that [emim][CH3COOQ] is
more efficient and it would be much more economical
to use since the energy needed to reduce the biomass
particle size could be minimised [25]. Furthermore,
Nguyen et al. investigated the influence of particle size
using the same IL in the pre-treatment of rice straw
[51]. The study was conducted with three size ranges,
smaller than 2 mm, 2-5 mm and larger than 10 mm de-
termining the cellulose recovery and glucose conversion
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yields after pre-treatment. The treatment with the finest
particle size appears to have a considerable loss of cellu-
lose content. Nevertheless, these samples showed the
highest glucose conversion, but it was ineffective due to
low cellulose content in the sample. The glucose con-
version of the 2-5 mm particle-sized samples was sig-
nificantly higher than that of>10 mm particle-sized
samples and similar to the value of lower than 2 mm
particle-sized samples [51].

In a recent study, Bahcegul et al. proved that the ideal
particle size of a certain biomass for pre-treatment
might change depending on the type of the IL used [64].
Once again [emim][CH3COOQO] and [emim][Cl] were
used to compare the efficiency in the pre-treatment of
cotton stalks in four different particle sizes (< 0.15 mm,
0.15-0.5 mm, 0.5-1.0 mm and 1.0-2.0 mm). They ob-
served a decrease in the glucose yield for cotton stalks
with the smallest particle size (< 0.15 mm) in compari-
son with larger particle sizes after pre-treatment with
[emim][CH3COQ)]. This could indicate that particle size
of biomass in pre-treatment with [emim][CH3;COO)]
might influence the amount of cellulose recovery. On
the other hand, [emim][Cl] works more efficiently with
smaller biomass particle sizes in respect to glucose yield.
This opposite trend is explained by the different dissol-
ution rates of the tested ILs. The [emim][CH;COO]
showed a faster dissolution rate for the smaller particle
size allowing more extensive depolymerisation to lower
molecular weight water soluble compounds. Therefore, a
lower glucose yield was observed since part of cellulose
was retained as soluble compounds in the liquid phase
after biomass regeneration. After enzymatic hydrolysis, it
was confirmed that different sizes of biomass could be
ideal for different ILs [64]. Bahcegul et al. also evaluated
the lignin extraction after pre-treating the referred size
particles of cotton stalks [64]. For all tested particle sizes
in the pre-treatment with [emim][CH3COO], less lignin
content was determined for each pre-treated sample.
However, the highest lignin contents were observed
for larger biomass particle sizes (0.5-1.0 mm and 1.0-
2.0 mm). Therefore, it is clear that pre-treatment with
[emim][CH3COQ)] is more efficient using smaller par-
ticle sizes. The same observation was not found in pre-
treatment with [emim][Cl], since cotton stalk samples
with different particle sizes had similar lignin content
after pre-treatment [64].

The crystalline structure presented by cellulose after
pre-treatment is also correlated with the biomass par-
ticle size used. As referred above, transformation from
cellulose I to cellulose II could be observed using
[emim][CH3COQ]. In the pre-treatment of cotton stalk
with this IL, Bahcegul et al. demonstrated by XRD ana-
lysis that this phenomenon could only be observed for
the smallest particle size studied (<0.15 mm) [64].
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Therefore, it can be inferred that smaller particle sizes
are more appropriate to obtain pre-treated samples with
higher enzymatic digestibility.

The pre-treatment efficiency is improved using small
particle sizes of biomass. However, size reduction of bio-
mass for a pre-treatment process is questionable to
achieve sustainability due to inherent high costs. Not-
withstanding, ILs such as [emim][CH3COOQO] seem to
preserve the pre-treatment efficiency for larger particles
indicating the possibility to reduce the energy demand
on the grinding stage of biomass. Viell et al. studied the
disintegration and dissolution kinetics of different
particle sizes of beech and spruce wood in [emim]
[CH3COO] [29]. They concluded that the dissolution is
size-independent. They discovered that [emim][CH3;COQ)]
provided a quick swelling and disintegration of wood tis-
sue. Consequently, this phenomenon creates a large spe-
cific surface area which is favourable for the processing of
larger wood chips. Beech wood was dissolved more effect-
ively and even larger wood chips of 10 mm length practic-
ally exhibited the same dissolution kinetics as particles
with lower length [29].

Temperature effect

Generally, the temperature increase accelerates swelling
and dissolution rates of lignocellulose in ILs [25,26,34,40].
This phenomenon is possible due to destabilisation effect
of temperature on the hydrogen bonds in the three-
dimensional cellulose structure [26]. By decreasing tem-
perature, longer times are required for an efficient swelling
and dissolution of biomass [75]. Wang et al. described
some physical aspects of wood chips dissolution in [amim]
[Cl] using a hot stage polarizing microscope [34]. Below
50°C the wood samples had the same fibrous structure as
its original state. The beginning of the swelling was no-
ticed at 70°C and the dissolution occurred at 100°C. The
dissolution rate increased at 120°C and most of the fibrous
structure disappeared after only 10 minutes at this
temperature resulting in a slightly dark mixture. After
30 minutes at 120°C no further changes were detected,
and within a period of 4 hours, a fully black field observed
indicated only a partial dissolution of the wood chips in
[amim][CI] [34]. Due to the importance of the reduction
of the moisture in the mixture to enhance the pre-
treatment process, temperatures above 100°C are generally
used. Muhammad et al. dissolved bamboo biomass in the
[emim][Gly] IL containing 4.56 wt% of water, during
6 hours at 120°C [42]. It was observed that the water con-
tent decreased to 0.75 wt% after 350 minutes of heating
facilitated the dissolution process of the bamboo biomass.
The reduction of IL viscosity by increasing the tem-
perature is also a factor favouring the swelling of lignocel-
lulose particles and the mixing during the pre-treatment
process [43,71]. Indeed, the physico-chemical properties
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of the IL, such as viscosity and melting point, are
temperature dependent and govern conditions of the pre-
treatment process in ILs. The [amim][Cl] as low viscosity
IL can be used at lower temperatures. On the other hand,
ILs with aromatic side chains such as [benzylmim][CI] re-
quire somewhat higher temperatures due to a high melt-
ing point and higher viscosity [24,26].

After dissolution the biomass regeneration is also af-
fected by temperature. In fact, some studies showed
higher regeneration vyields at higher temperatures
[43,76]. This is opposite to the statement that higher
temperatures led to the compound degradation and con-
sequently minor regeneration vyields were obtained
[34,41,71]. This controversy is explained by the different
morphologies and compositions of the biomass used,
which in turn present different responses to the tem-
perature increase. A treatment of pine, using [amim][Cl]]
between 90°C and 120°C, showed the highest regener-
ation rate at 120°C, but at the same temperature no re-
generation product was obtained after catalpa treatment
indicating the occurrence of biomass degradation [34].
Furthermore, pine was treated at 140°C and most of the
dissolved biomass underwent degradation, similar to ca-
talpa at 120°C [34]. However, without using much higher
temperatures that cause biomass degradation, the
complete dissolution in ILs might not be possible [35].
Thus, the temperature applied in pre-treatment is de-
pendent on the biomass and should be adjusted to an
optimal condition of pre-treatment.

A study with sugarcane bagasse treated with [bmim]
[C]] at different temperatures (110-160°C) showed that
below 150°C the crystallinity of cellulose-rich regene-
rated product is slightly lower than that of the original
material [76]. In all tested experiments no complete dis-
solution was observed. However, temperatures above
150°C demonstrated to reduce significantly the crystal-
linity and to increase the saccharification rate and
extent. Therefore, complete dissolution might not be re-
quired to maximize saccharification efficiency at temper-
atures above 150°C [76].

The increase in temperature from 60°C to 120°C for 2-
hour pre-treatments of sugarcane bagasse with [emim]
[CH3COO] resulted in a water-soluble product that
revealed a 10-fold magnitude extraction yield from the
original biomass and a 2-fold glucose yield in the enzym-
atic hydrolysis of regenerated bagasse [69]. However, the
xylose yield decreased as temperature increased from
100 to 120°C indicating hemicellulose degradation in
low-molecular weight compounds extracted to the liquid
phase [69]. Arora et al. used the temperature from 110
to 160°C for a 3-hour pre-treatment of switchgrass using
the same IL [67]. The obtained sugar yields increased
with temperature allowing to achieve the best saccharide
yield at 160°C, 12 times higher than that observed at
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110°C. Hemicellulose was the most significant com-
pound released from the pre-treatment process [67]. It
seems that higher temperatures expedite an autocatalytic
process of hemicellulose which is accelerated for tem-
peratures above 100°C [71], although this process is very
dependent on the biomass and the IL used. On the other
hand, Labbé et al. described that at high temperatures,
[emim][CH3COQ] is capable to cleave the acetyl groups
covalently attached mostly to the hemicellulose com-
ponent of yellow poplar [77]. Therefore, at higher
temperature ILs could effectively disrupt the carbohy-
drate-lignin linkages releasing hemicellulose.

High temperatures were also beneficial for lignin ex-
traction in ILs. Tan et al. observed an improved delignifi-
cation of sugarcane bagasse using alkylbenzenesulphonate
IL ([emim][ABS]) with increasing temperature from 170°C
to 190°C [78]. The same trend was also confirmed in
wood flour and triticale straw using [emim][CH3COO]
[28,79]. It is assumed that the most efficient delignification
temperature is strongly related to the average glass transi-
tion temperature of 165°C for a given lignin polymer [80].
However, that temperature is dictated by the chemical
composition of lignin (monolignol composition and con-
centrations) and varies significantly between the different
types of lignocellulosic biomass [67]. In the pre-treatment
process at higher temperatures, lignin is susceptible to
self-condensation reactions. The condensation of lignin is
accompanied by an increase in molecular weight, which
results in precipitation during the process and subse-
quently lignin is recovered in the regenerated material.
Moreover, inhibition of lignin dissolution after condensa-
tion is another issue that contribute to the higher percent-
age of lignin recovered in the regenerated material [81,82].
Nevertheless, if higher temperatures were complemented
with long dissolution times, the condensed lignin could
start to decompose and subsequently dissolve [83].

Indeed, higher temperatures aid in improving the pre-
treatment efficiency, but at the same time results in
more degradation of carbohydrates and ILs themselves,
as well as in modification of lignin properties. Moreover,
the higher energy demand when using elevated tem-
peratures is a drawback for sustainable and economic
processes. Therefore, the choice of temperature for the
pre-treatment process must be considered and optimised
depending upon the biomass and IL used.

Reaction time effect

The pre-treatment duration time is related to the applied
temperature in order to accomplish an efficient pre-
treatment. It can be assumed that good results are
expected with a simultaneous short duration of time and
high temperatures or using prolonged treatments at rela-
tively low temperatures. Yoon et al. pre-treated the sug-
arcane bagasse with [emim][CH3COO] and proposed a
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model based on Response Surface Methodology (RSM)
to predict the reducing sugar yield by changing
temperature, time and biomass loading [43]. An im-
provement in reducing sugar vyield at longer pre-
treatment at lower temperature (120°C) was noticed.
However, prolonged pre-treatment could lead to de-
crease in reducing sugar yield under higher temperatures
(more than 135°C), explained by a depolymerisation
process of the biomass components [43]. Sun et al. ob-
served that complete dissolution of southern yellow pine
and red oak in [emim][CH3;COOQO)] at 110°C was achieved
after 46 and 25 hours, respectively [25]. However, the
improved dissolution capacity provided by a longer pre-
treatment time is inevitably accompanied by some deg-
radation of either the dissolved biopolymers or the IL
[25,67]. After ultrasonic pre-treatment of kenaf powder
with [emim][CH3COOQO)] at 110°C, the hemicellulose con-
tent decreases in the regenerated biomass to 6 wt% after
120 minutes [50]. The reduced biomass recovery was at-
tributed to partial hydrolysis of hemicellulose. Therefore,
not only compound degradation occurs, but also the hy-
drolysis of hemicellulose to reducing sugars that are
then lost in the washing stream [50]. Nguyen et al. dem-
onstrated that an increase in the solubility time of rice
straw in [emim][CH3COQO] caused a higher cellulose
recovery, at least after 24 hours [51]. However, after
48 hours of pre-treatment, the regenerated particles
were difficult to collect due to long time applied to pro-
foundly break down cellulose chains from rice straw into
soluble oligosaccharides. There was no regeneration in
amorphous cellulose form, thus decreased cellulose re-
covery was observed [51]. In fact, the mean molecular
weight of dissolved compounds was found to decrease
as the treatment time was extended [84], thus the com-
pound regeneration was more difficult. Pre-treatment of
sugarcane bagasse with [emim][CH3COO] tends to form
a coagulate at higher temperatures for a prolonged dur-
ation time. This leads to a difficult regeneration of the
dissolved sugarcane bagasse from the coagulate [43]. Sig-
nificant amount of residual [emim][CH3;COO] could be
imprisoned in the coagulate, which might cause cellu-
lase inactivation and consequently lead to a decrease in
reducing sugar yield [85]. Furthermore, when higher tem-
peratures are applied in biomass pre-treatment for ele-
vated periods of processing, cellulose degradation is more
pronounced [71,86]. Thus, shorter retention times are
recommended when high temperatures used, although
this must be balanced with the IL stability and potential
side reactions [40]. Tan et al. demonstrated that, for
a shorter pre-treatment time, the glucose recovery
yield increased almost linearly from 26.2% to 96.7% as
the temperature increased from 60 to 100°C by pre-
treating oil palm frond with [bmim][Cl] [86]. Neverthe-
less, [emim][CH3COO] demonstrates more efficiency in
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disrupting the lignocellulosic structure in a shorter period
of time, since it has a faster diffusion rate resulting in
higher glucose recovery yields [64]. The crystallinity de-
gree of cellulose-rich material after regeneration was also
found to decrease to an amorphous state as pre-treatment
time increased [69].

Long pre-treatment times were reported to favour lig-
nin extraction [66,71,78]. The diffusion of IL into the
biomass is improved and aids the dissolution and extrac-
tion of lignin from biomass [71]. Lee et al. presented a
pre-treatment of wood flour with [emim][CH3;COO]
with varying time from 0.5 to 70 hours at 90°C [28].
Around 40% of the lignin was extracted from wood flour
within 5 hours and more than 85% was extracted after
70 hours providing a cellulose-rich regenerated material
with only 3.2% of lignin content for the last pre-
treatment [28]. The same IL and temperature were ap-
plied in pre-treatment of triticale straw resulting in
21.1% of lignin extraction within 5 hours. An increase of
lignin extraction yield up to 30.3% was noticed after
24 hours of treatment [79]. The results from both stud-
ies allow indicate that the lignin extraction is improved
as the pre-treatment time increases. However, the time
required could be different regarding the biomass used.
Viell et al. observed the effect of longer dissolution time
as more pronounced for beech wood than for spruce
wood after pre-treatment with [emim][CH;COO] [29].
This corresponded not only to a better dissolution rate
of beech wood, but also to a higher lignin recovery [29].

Biomass type and concentration

The degree of biomass recalcitrance varies as a function
of the biomass itself (i.e., grass, softwood, and hard-
wood), and is influenced by inherent variations in terms
of age, harvest method, extent of drying and storage
conditions [62]. Furthermore, the lignocellulosic biomass
comprises different chemical and physical characteris-
tics, such as composition of cellulose, hemicellulose and
lignin, accessible surface area, crystallinity, degree of
polymerisation, and others [41]. All of these features
affect the pre-treatment efficiency, thus special attention
is recommended to the type and concentration of bio-
mass in the pre-treatment with ILs.

Generally, softwood demonstrates lower density than
hardwood leading to much facile solubility in ILs [24].
Pre-treatment of pine, poplar, Chinese parasol and ca-
talpa wood chips with [amim][Cl] showed that pine was
highly effective for pre-treatment providing high cellu-
lose extraction yields, good dissolution and regeneration
of pre-treated biomass. Furthermore, Li et al. compared
the pre-treatment of three different biomass (southern pine,
Norway spruce thermochemical powder and Eucalyptus
grandis) with [amim][Cl]. They concluded that under
the same conditions the efficiency decreased in the
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following sequence: southern pine > Norway spruce
thermochemical powder > Eucalyptus grandis [56]. The
higher density of Eucalyptus grandis leads to a more diffi-
cult access of ILs reducing the pre-treatment efficiency
[56]. Therefore, biomass species of lower density are
desirable. Thus for higher density biomass, more energy
input is required by increasing the temperature and
time of the process. However, Sun et al. found that red
oak (hardwood) had a slightly higher dissolution in
[emim][CH3COQ)] than southern yellow pine (softwood)
[25]. This result can be associated with higher lignin con-
tent in softwoods, which influences the dissolution, as well
as variations in the lignin-carbohydrate interactions, lignin
distribution or lignin structure in hardwoods and soft-
woods [25]. The different results are affected by the use of
[emim][CH3COOQ] instead of [amim][CI] highlighting
that the different properties of each IL can lead to differ-
ent pre-treatment approaches regarding the nature of the
biomass used.

The solid/liquid ratio (concentration of biomass) has
an influence on the dissolution capacity of ILs, regener-
ation efficiency, enzymatic accessibility to biomass, glu-
cose recovery and even on the conditions applied on
pre-treatment process. Sun et al. studied a 4 to 10%
(w/w) of wood load in [emim][CH3;COO] at 110°C for
16 hours and thus found an optimum concentration of
5% (w/w) [25]. It was demonstrated that as the initial
wood load increases, a lower percentage of the added
wood is dissolved [25]. In fact, low concentrations of
biomass favour the dispersion of molecules in solution
and lead to high dissolution and regeneration rates.
Wang et al. reported a decreasing trend in the dissol-
ution amount from 35 to 26% when 1 and 5 wt% of ini-
tial wood load in [amim][Cl] were tested, albeit a similar
decrease was also observed for the same experiments
[34]. The enzymatic accessibility of recovered cellulose
could be also affected by high solid/liquid ratio. Further-
more, a higher solid loading can result in problems with
agitation of the mixture and cause heat and mass trans-
fer limitations in the mixture as well as a significantly
decrease in the IL accessibility to the biomass [71,86].
These results show that pre-treatment in ILs could have
limitations with respect to the wood load capacity neces-
sary to reach an efficient process. However, Tan et al.
demonstrated that a high solid loading could improve
the pre-treatment efficiency [71]. This can be explained
by more frequent contact and collision between the bio-
mass particles due to mixing at higher concentrations in
viscous ILs that promotes cellulose dissolution. Yoon
et al. optimise the conditions for the pre-treatment of
sugarcane bagasse in [emim][CH3COOQO)] [43]. For this,
the proposed optimal conditions were 145°C for 15 mi-
nutes with a biomass loading of 14 wt%. They demon-
strated a glucose recovery dependence on the overall
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heat transfer in the mixture enhanced by frequent colli-
sion of biomass particles [86]. Under higher biomass
concentrations, the chemical equilibrium of the reaction
might favour the cellulose dissolution at a higher tem-
perature improving the glucose recovery [43]. Wu et al.
accomplished relatively good efficiency in the pre-
treatment of corn stover, maple wood flour, poplar and
switchgrass with [emim][CH3COQ] using solid/liquid
ratio of 33% (w/w) [41]. They described that, at this
specific biomass loading, the molar ratio of [emim]
[CH3COO] to glucose in cellulose (6:1) is comparable to
the possible number of hydrogen bonds (acceptor and
donor) for each glucose unit in cellulose. With this stoi-
chiometry there are enough [CH3COO] anions to inter-
act with the hydroxyl groups of each glucose unit and to
disrupt effectively the crystalline structure of cellulose
during the pre-treatment process. If the biomass concen-
tration was higher, the crystalline disrupting of cellulose
would be incomplete and thus the efficiency of the pre-
treatment could decrease [41]. When the concentration
of biomass compromises the pre-treatment efficiency
due to a high viscosity of the moiety, ultrasound irradi-
ation seems advisable to be used. Such a solution is
intended to improve the diffusion of ILs into the bio-
mass to attain an efficient disruption [50].

Notwithstanding, the increase of biomass concentra-
tion in ILs is a challenging task for process intensifica-
tion (to reduce the energy demand, as well as the size of
the equipment) therefore the pre-treatment process opti-
misation is needed.

Water presence influence

In the dissolution process, careful attention to water
content should be considered originated either from the
IL or from the natural biomass moisture. The water con-
tent in ILs (above 1 wt%) was found to reduce the solu-
bility of cellulose [19]. Less than 1 wt% water content is
reliable for efficient cellulose dissolutions by ILs. Water
concentration higher than that provides enough water
molecules to compete with IL anions to form hydrogen
bonds with cellulose thus promoting only partial dissol-
ution of lignocellulosic biomass [19,24]. In the case of
using chloride-based ILs, the presence of water should
be more restrictive to not coordinate with chloride ions
[48]. However, a certain amount of water seems to be
necessary to promote lignin dissolution in [bmim][Cl]
[40]. On the other hand, the presence of water in the
acetate-based ILs reduces their hydrogen bond acceptor
capability thus compromising the dissolution efficiency
[58]. Therefore, ILs should be dried prior performing
biomass pre-treatment. If the biomass used is air-dried,
a greater amount of water content would be introduced
into the dissolution process thus decreasing the solvent
capacity of ILs and subsequently the pre-treatment
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efficiency [40,87]. For dried biomass a rigorous drying
process should be applied, which is demanding in cost
and energy.

The pre-treatment of biomass

The subject of the biomass processing using ILs is very
recent. The pre-treatment with ILs enables one to: (i)
alter the physicochemical properties of the biomass
macromolecular components; (ii) extract a specific ma-
cromolecular component that is provided by the pro-
perty of ILs; and (iii) perform different fractionation
approaches after biomass dissolution in ILs. Main condi-
tions and results of biomass pre-treatments in ILs are
compiled in Tables 1, 2 and Additional file 1: Table S1.
The pre-treatment is dependent on the IL, lignocellu-
losic biomass (type, moisture, size and load), tempera-
ture, time of pre-treatment and precipitating solvent used.
In this section the advances of the IL pre-treatment tech-
nology are intended to be described in detail including a
positive impact on the maximal exploitation of lignocellu-
losic biomass concerning the biorefinery concept. The
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Figure 3 depicts the pre-treatment of biomass using ILs,
the further fractionation and downstream processes.

Until now, [emim][CH3COQO] seems to be the most
suitable IL for the pre-treatment of lignocellulosic bio-
mass, since it possesses good solvent power for these
materials and hence it is also referred to in the most
studies of this research field. Several studies were per-
formed focused on the evaluation of the pre-treatment
behaviour of different hardwood and softwood species
with [emim][CH3COO] [25,28,29,32,58,88]. Sun et al.
performed a 5% (w/w) dissolution of southern yellow
pine in [emim][CH3COO] (110°C, 16 hours) and ap-
proximately 59% of the original carbohydrates was re-
covered in the regenerated material after adding an
acetone/water mixture as the antisolvent [25]. Addition-
ally, around 31% of the original lignin was obtained in
free form and 38% linked to carbohydrates as part of the
reconstituted wood, leading to a lignin reduction of
26.1%. The same treatment was also performed for
red oak with a 34.9% reduction of lignin was reached.
Hence, the regenerated materials contained less lignin
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than the original wood, with a fairly good delignification
at relatively low temperature reported. However, sig-
nificant losses of carbohydrates and lignin during the
fractionation process were observed. In the case of pine
pre-treatment, total losses of 41% and 31% of the original
carbohydrates and lignin were calculated, respectively
[25]. Lee et al. extracted approximately 63% of the initial
lignin from the wood flour, at 130°C after 90 minutes of
treatment using the same IL [28]. However, they also
extracted 16% of the cellulose and 26% of the xylan from
the initial wood flour content. Therefore, the process
showed significant delignification with small losses of car-
bohydrates after the pre-treatment [28]. In a different
study, by the temperature decrease to 90°C and the time
of pre-treatment increase to 24 hours for the same
biomass loading, nearly 50% of the lignin was ex-
tracted from the initial wood flour sample [58]. Such a re-
sult confirms a great effect of the applied conditions
(temperature and time) in the pre-treatment of lignocellu-
losic biomass. Torr et al. evaluated the pre-treatment of
compression pine wood (Pinus radiata) at 120°C and
155°C for 3 hours [30]. When water was used as the
antisolvent, no lignin extraction was observed. These
findings were the opposite to those found earlier by Sun
et al. [25]. The authors justified different results as a con-
sequence of the antisolvent used. The reported pre-
treatment removed mainly hemicelluloses for both tested
temperatures leading to the recovery of a pre-treated ma-
terial with high cellulose and lignin contents. With an ex-
tensive study of the pre-treated biomass using HSQC
NMR technique, Torr et al. verified the existence of
deacetylation of hemicellulose, possible depolymerisation
of polysaccharides, loss of lignin ether linkages and for-
mation of lignin condensation products [30].

Pine, poplar, Chinese parasol and catalpa wood pow-
ders were pre-treated using a solvent mixture of [amim]
[C]]/DMSO at the optimised conditions of 110°C for
2 hours and a 3 wt% wood concentration under micro-
wave irradiation [34]. In each sample, wood chip/IL sus-
pension was prepared by the addition of 16 wt% DMSO
to reduce the viscosity of the mixture and facilitate fil-
tration in biomass processing. The addition of DMSO
had no obvious impact on the solubility of the wood
chips in the IL. Better results were reported for pine
pre-treatment, in which more regenerated material was
obtained (56%) and the cellulose content reached 85%,
being nearly 20% higher than that in the regenerated
poplar, Chinese parasol and catalpa chips [34]. This re-
sult is explained by a higher solubility of pine wood in
[amim][Cl] that provided the best performance in the
pre-treatment. The original pine wood was composed of
49% cellulose and the extraction rate of this pre-
treatment could reach 62% of the total cellulose. After
pre-treatment, a 14% loss of the original wood was
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registered. Wang et al. described that biomass loss oc-
curs from water-soluble low molecular matter that re-
sults from degradation of wood, washing and filtration
steps during the process [34]. Vo et al. also reported a
pre-treatment of poplar wood (5 wt%), but with [emim]
[CH3COO] at 130°C for 12 hours, achieving a decrease
of a 30% lignin content of pre-treated biomass relative
to the original content [32]. Other pre-treatments with
woods including poplar, oak, fir and acacia were
performed with [emim][CH3COO], [emim][COOCF;],
[emim][BF,] and [bmim][PF¢] ILs at 90°C for 24 hours
with 2% (w/w) solid/liquid ratio [88]. The work of Vo
et al. demonstrates that [emim][CH3;COO] had the best
performance, since the total carbohydrates of the pre-
treated biomass were completely hydrolysed by cellulase
[88]. The compiled data of pre-treatments using wood
biomass, namely softwood and hardwood are presented
in Tables 1 and 2, correspondingly.

Arora et al. showed that a 3-hour pre-treatment of
switchgrass at 160°C with [emim][CH3COO] resulted in
delignification of 73.5% [67]. The regenerated solid is
comprised of 31% glucan (80% of the original glucan
from switchgrass) with 8% glucan (20.5% of original glu-
can concentration in switchgrass) in the liquid fraction.
In contrast, the majority of the xylan (19%) ended up in
the liquid stream, which was 73% of the original xylan
concentration of switchgrass. This means that the de-
polymerisation of xylan occurred and by HPAEC ana-
lysis, it was concluded that depolymerisation resulted in
the formation of oligosaccharides instead of monosac-
charides. Only 5% of lignin in the regenerated solid was
detected [67]. Therefore, as stated previously, in the
presence of IL, higher temperature favours hemicellulose
hydrolysis when using [emim][CH3COQ] in the pre-
treatment. Using the same biomass (from the same origin)
and IL, as well as the same conditions of pre-treatment,
Li et al. [62] showed different results. The pre-treatment
process partially removed lignin and hemicellulose from
the original switchgrass and produced a regenerated ma-
terial composed by 67.7% glucan, 13.6% lignin and 7.6%
xylan content. The lignin extraction achieved 69.2% of
total lignin removal including 12.0% of acid soluble lig-
nin and 57.2% of Klason lignin [62]. Much better results
were obtained by Arora et al. [67] They were explained
by a prior to and extended pre-extraction of switchgrass
using ethanol comparing to those performed by Li et al.
[62] When switchgrass was pre-treated with [Me(OEt)3
Et;N][CH5COQ] at 110°C for 15 minutes, the content of
Klason lignin in the regenerated material was reduced
to 24 wt% from the initial value of 34 wt% [89]. Al-
though [Me(OEt)zEtzN][CH3COQO] presented an im-
proved solubility of alkali lignin as compared to [emim]
[CH3COO] [89], the bulky cation [Me(OEt);Et;N] was
demonstrated to have lower efficiency in the switchgrass
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pre-treatment in comparison with the smaller [emim]
cation.

The pre-treatment of crop residues were also per-
formed using different ILs. The [emim][CH3COO] was
suitable for a 48-hour pre-treatment of rice straw pro-
viding 82% of cellulose recovery with subsequently 88%
conversion to glucose after 130°C [51]. The same bio-
mass was treated for 5 hours at 120°C with [bmim]
[CH3COO] and lignin content was reduced by 8.2%. Xy-
lan content was also decreased from 21.7% for untreated
rice straw to 15.1% for the pre-treated biomass [90]. Rice
straw was pre-treated using the amino acid-based IL
namely, [Ch][Lys], [Ch][Gly], [Ch][Ala], [Ch][Ser], [Ch]
[Thr], [Ch][Met], [Ch][Pro] and [Ch][Phe] [66]. In all
cases, the content of cellulose increased from 37.7% in
the original biomass to 48—62% after pre-treatment and
the content of acid-insoluble lignin decreased from
16.9% of original lignin content to 10-12% in the re-
generated material (depending on the IL used). A strong
correlation between enzyme performance and delignifi-
cation of rice straw was observed. A total of 94% and
65% cellulose and xylan digestibility, respectively, were
obtained after pre-treatment with [Ch][Lys], [Ch][Gly],
[Ch][Ala], and [Ch][Met] that were the most efficient in
lignin extraction (>55%) [66]. Cotton stalk was subjected
to pre-treatments with several ionic liquids such as
[HEA][HCOO], [amim][CI], [bmim][Cl], [emim][Cl] and
[emim][CH3COQ)]. The extracted lignin ranged between
31% and 46%, where maximum removal yields were
obtained for pre-treatments with [emim][CH3;COOQ] and
[amim][Cl], determined to be 45% and 46%, respectively
[63]. Kenaf pre-treatment was additionally performed
with five types of ILs, such as [amim][Cl], [bmim][ClI],
[emim][Cl], [emim][DEP] and [emim][CH;COO] [50].
The cellulose saccharification ratio was about 20% for
kenaf powders pre-treated in [amim][Cl], [bmim][Cl],
[emim][Cl] and [emim][DEP] by conventional heating at
110°C for 2 hours. The glucose yield was further in-
creased when ultrasonic radiation was used for the same
ILs with a 60-95% glucose yield after 120 minutes at
only 25°C. The cellulose saccharification ratio of kenaf
powder in [emim][CH3COO] was 86% after 15 minutes
of ultrasonic pre-treatment at 25°C, compared to only
47% in the case of the thermal pre-treatment in the
same IL. However, it seems that the ultrasonic pre-
treatment leads to a higher loss material in the liquid
phase than for the conventional oil heating pre-
treatment [50]. Wu et al. reported a 33% (w/w) loading
of corn stover pre-treated with [emim][CH3COOQ] as an
efficient pre-treatment, in terms of the biomass loading,
since it removed 15% of the total lignin from the original
biomass [41]. The best result was obtained by a pre-
treatment with a biomass loading of 4.8% at 125°C
for 1 hour giving a lignin extraction of 43.5%. The
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regenerated material was determined to compose a
63.4% carbohydrate and still remained 13.3% lignin [41].
At 130°C wheat straw was pre-treated with [emim][DEP]
(4% w/w) resulting in a porous and amorphous re-
generated material, with only 54.8% of reducing sugar
yield attained possibly due to only a 30-minute pre-
treatment process [91]. The dissolution of sugarcane ba-
gasse in [bmim][Cl] at high temperatures, such as 140°C
and 150°C, was reported to be incomplete [76]. The un-
dissolved material was first separated before regenera-
tion of the dissolved material, the composition of which
was practically the same as that of the original biomass.
The results showed a composition of a regenerated ma-
terial (without undissolved biomass) of 77% cellulose at
140°C and 82% at 150°C. The lignin and hemicellulose
content proportionally decreased as the temperature in-
creased. At 150°C, the lower lignin and hemicellulose
content of the regenerated material can be attributed to
both preferential dissolution of cellulose and to an in-
creased degradation of hemicellulose and lignin during
the pre-treatment process. The pre-treatment efficiency
was then evaluated by enzymatic hydrolysis and the best
results were obtained for a pre-treatment at 150°C for
90 minutes [76]. SantAna da Silva et al. demonstrated
that only a 30-minute sugarcane pre-treatment at 120°C
with [emim][CH3COQ] gave a regenerated biomass very
susceptible for saccharification [69]. Yields above 95%
and 76% of glucose and xylose were achieved, respect-
ively. The [emim][CH3COO] IL was mixed with energy
cane bagasse at a 20:1 ratio [92]. It was observed that
15.1% of the total mass was lost during pre-treatment
with IL and 52.6% of the loss was attributed to lignin re-
moval. Composition of analysis revealed that 32.1% of
the initial lignin was removed in IL-treated energy cane
samples. Specifically, 41.7% of the initial acid insoluble
lignin was removed from energy cane. The loss of glucan
in IL-treated samples was less than 9% and cellulose di-
gestibility of pre-treated sample at 24 hours was approxi-
mately 25 and 22 times higher than untreated and
water-treated samples, respectively. The hemicellulose
digestibility followed the same trend as that observed for
cellulose [92]. Tan et al. used oil palm frond that was
pre-treated with [bmim][Cl] at different pre-treatment
conditions [86]. The pre-treatment variables studied
were temperature, time and solid loading. Under the
pre-treatment conditions of 4 wt% solid loading at 100°C,
the lignin removal efficiency reached its maximum in
less than a half hour. The lignin content decreased from
33.63% in original biomass to 17.91%, i.e., close to 50%
of the lignin was extracted. During the pre-treatment
process the cellulose loss was determined to be around
4-9% [33]. Indeed, ILs are able to depolymerise polysac-
charides in biomass to compounds with low molecular
weight. ILs with greater depolymerisation power cause
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greater loss of reducing sugar during pre-treatment pro-
viding higher mass loss of carbohydrates. The dissolved
polysaccharides undergo different degrees of depolymer-
isation and reducing sugar loss when pre-treated with
different types of ILs. Sugarcane bagasse was pre-treated
with [bmim][Cl] and 6.7 mg-mL’1 of reducing sugars
was detected in IL. In the case of the pre-treatment with
[emim][DEP], 2.7 mg-mL'1 of reducing sugars were
detected in IL, whereas [emim][CH5COOQO] was ineffect-
ive in depolymerisation of polysaccharides during pre-
treatment (insignificant amount of reducing sugar was
detected) [33]. Tan et al. claimed that depolymerisation
of cellulose occurs under acidic conditions in the ionic
liquid media during pre-treatment [71]. The acidic con-
ditions are created by degradation products, namely
acetic acid and carboxylic acid released from hemicellu-
lose hydrolysis upon pre-treatment. Under acidic condi-
tions IL had the ability to hydrolyse cellulose causing
significant losses. The loss products are essentially
formed by carbohydrate oligomers and monomers that
are soluble in the antisolvent and failed to be rege-
nerated [71]. Van Spronsen et al. presumed that water is
formed at temperatures higher than 100°C from dehy-
dration [27]. The components of lignocellulosic biomass
were then exposed for hydrolysis. Hemicellulose could
be further hydrolysed into acetic acid, which subse-
quently may act as a catalyst to the hydrolysis process of
cellulose and the remaining hemicellulose [27]. The
lesser depolymerisation observed for [emim][CH3;COO]
could be explained by the buffering effect exhibited
by a very basic [CH3COOQ] anion. Its ability to com-
bine with protons to form acetic acid may limit the
acid-catalysed hydrolysis of hemicellulose polymers
[53]. If the resultant products of degradation and hy-
drolysis are low macromolecular weight compounds, the
probability of its recovery in the regeneration process is
lower. Additional file 1: Table S1 presents the pre-
treatment results for grasses, agricultural and forest resi-
dues, and industrial residues.

The extraction and recovery of lignin are also in evi-
dence in some pre-treatment studies using ILs with the
main goal envisaged for lignin valorisation. Tan et al
studied treatment at atmospheric pressure and high
temperature (170-190°C) with the IL containing [emim]
and alkylbenzenesulphonate and xylenesulphonate anions
[78]. They demonstrated that lignin can be extracted from
sugarcane bagasse with high yields. Lignin was recov-
ered from the IL by alkali extraction and a yield of
lignin above 93% from the original lignin was obtained.
NaOH aqueous solution as the antisolvent was used
leading to the simultaneous extraction of lignin. The
cellulose-rich pulp obtained (with hemicellulose con-
tent) corresponded to a 45-55% (w/w) from the original
sugarcane bagasse. However, the possible formation of
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lignin carbonium ions during the heating dissolution
process was noted. The formed carbonium ions were
able to react with the xylenesulphonate anions, and
thus lignin with xylenesulphonate adducts were pro-
duced. Additionally, during delignification some amount of
hemicellulose was also removed [78]. In the pre-treatment
of triticale straw using 5% (w/w) of biomass treated at 90°C
for 24 hours under N, ILs, such as [emim][CH;COO],
[bmim][Cl], N,N-dimethylethanolammonium formate
([DMEA][HCOO]), N,N-dimethylethanolammonium acetate
([IDMEA][CH3COQ]), N,N-dimethylethanolammonium
glycolate ([DMEA][OHCH,COO]) and N,N-dimethyle
thanolammonium succinate ([DMEA][(CH,COO),] were
evaluated [79]. Lignin extraction was performed more effi-
ciently by [emim][CH3COO] and [bmim][CI]. The other
four ILs, [DMEA][HCOO], [DMEA][CH3;COO], [DMEA]
[OHCH,COO] and [DMEA][(CH5COO),] were observed
to have poor extraction performances. The extraction of
lignin with [emim][CH3COQ] was 30.3% of the original
lignin from the triticale straw. This result was 2 and 10-
fold higher than for [bmim][Cl] and [DMEA][HCOO] lig-
nin extractions, respectively. The [bmim][Cl] IL is less
efficient than [emim][CH3COO] for delignification of
straw. Additionally, [DMEA][HCOOQ)], [DMEA][CH3COO],
[DMEA][OHCH5;COO)] and [DMEA][(CH,COOQO),] are not
suitable for this purpose [79]. The pre-treatment with
[emim][CH3COOQ] also revealed a small change in the cel-
lulose content in the regenerated biomass. Partial degrad-
ation of xylan led to a loss of approximately 7% cellulose
and 31% xylan after pre-treatment. Wheat straw and flax
shives were also pre-treated with [emim][CH3COO] under
the same conditions and it was identified that 29.6% and
14.0% of lignin was extracted, respectively, from these bio-
masses [79]. One of the most important conclusions com-
ing from this study is the fact that the type of biomass
affects the extraction of lignin strongly, mostly due to the
differences in composition and structural interactions oc-
curring in various biomasses. Muhammad et al. presented
[emim][Gly] as an effective solvent for delignification of
bamboo biomass due to a significant lignin reduction
of 85.3% of total lignin content. The pre-treatment was
performed at 120°C for 8 hours (5% w/w) [42]. Use of
acetone/water mixture (7/3 vol/vol) as the antisolvent was
found to be advantageous due to the cellulose precipita-
tion and a high lignin extraction yield obtained [42]. Other
study focused on the lignin isolation was made by
Shamsuri et al. who used the [mmim][MeSO,] IL to ex-
tract lignin from rubber wood [61]. Depending on the
concentration of the IL, the time and temperature of the
pre-treatment varied. The best concentration for the
highest lignin yield was found at 0.5 moles at 100°C after
120 minutes with 0.224 g lignin soluble. At these condi-
tions, it was possible to isolate only 13.03 wt% lignin of
the rubber wood. This result indicates that [mmim]
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[MeSQ,] is not efficient in lignin extraction from rubber
wood. There is a large loss of rubber wood lignin in the
waste liquid (after lignin isolation), possibly due to its high
water solubility and/or its relatively small molecule di-
mensions remained in the waste liquid. However, the iso-
lated lignin was demonstrated to be nearly pure by FTIR
study [61]. A relatively low extracted lignin content from
wood flour was obtained with the [bmim][MeSO,] treat-
ment. On the other hand, [bmim][{MeSO,] was capable of
dissolving a high concentration of commercial free lignin.
In the case of [bmim][MeSQO,], insufficient lignin extrac-
tion from wood flour could be explained by a limited ac-
cess of the IL to lignin in the wood flour causing a
restricted extraction [58]. Considering pre-treatment
of rice straw, recent renewable amino acid-based ILs,
such as [Ch][Gly], [Ch][Phe] and [Ch][Lys] were found
to favour the lignin extraction at 90°C [66]. [Ch][Gly]
removed 59.5% of the total lignin, while [Ch][Phe]
extracted only 41.5%. Surprisingly, [Ch][Lys] showed the
highest capacity to extract lignin from rice straw giving a
60.4% yield, in spite of a moderate solubility of lignin in
[Chi[Lys] [66].

The next direction in studies on the biomass pro-
cessing is focused on the extraction of carbohydrate
fractions using ILs. Abe et al. attempted to use short dis-
solution time (up to 2 hours) and low temperature (25°C
and 50°C) in the extraction of carbohydrates from bran
using phosphonate or phosphinate-derived ILs [52]. Cel-
lulose, hemicellulose, and residual starch were the major
components dissolved by these ILs. The insoluble por-
tion was expected to contain lignin and its complexes.
The polar and low viscous [emim][PO(O)H,] IL was
chosen among the investigated ILs for this study. A 42%
yield of the extraction of carbohydrates present in bran
was obtained at very mild conditions of 50°C within
2 hours [52]. Another example of extraction of carbohy-
drates was presented by Pezoa et al. who examined pre-
treatment of eucalyptus and lenga residues using [emim]
[C]] [60]. They achieved a carbohydrate extraction of 46-
48% from the total carbohydrates present in wheat
and corn residues, after a pre-treatment at 150°C for
60 minutes. In the case of eucalyptus, the same con-
ditions gave a 33% vyield of total sugars. However, the
lenga pre-treatment at a temperature of 150°C and an
incubation time of 30 minutes yielded 40% of the ori-
ginal carbohydrates. At 170°C a carbohydrate degrad-
ation was also observed that is not beneficial if the
goal is to preserve carbohydrates for subsequent en-
zymatic hydrolysis [60].

When different conditions are applied to the pre-
treatment process, a multivariate analysis is advisable to
obtain predicted conditions that ensure maximum ef-
ficiency for a certain biomass pre-treatment with the
particular IL. Yoon et al. used the statistical RSM for the
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operating conditions of pre-treatment of sugarcane ba-
gasse with [emim][CH3COQ] [43]. Temperature, time
and solid loading were explanatory variables tested and
the reducing sugar yield (enzymatic hydrolysis) was the
response variable. As it was already stated for sugarcane
bagasse pre-treatment in [emim][CH3COO] conditions
were optimised to be 145°C, 15 minutes and 14 wt% of
biomass loading. At these conditions, a predicted redu-
cing sugar yield was 71.0%, but the experimental redu-
cing sugar yield reached 69.7%. However, considering
delignification, this optimised pre-treatment was inef-
fective. The crystallinity of cellulose was altered rather
than the lignin removal during pre-treatment. Part of
the lignin suffered from modification to a more acid sol-
uble type after pre-treatment being precipitated together
with carbohydrates in the regenerated material [43]. An-
other RSM study allowed to determine the optimised
conditions in the case of oil palm frond pre-treatment
with [bmim][Cl] by evaluation of the glucose yield [86].
The theoretical optimal conditions were determined to
be 80°C, 15 minutes retention time and a 10% (w/w)
biomass loading. This optimised result gave a reduction
of 13% and 38% in terms of temperature and time of
pre-treatment, respectively, as well as an increase of 19%
biomass loading, in comparison with the best result
attained from the experimental work. The theoretical
optimised conditions were tested and the predicted
values from RSM study were validated obtaining a 100%
glucose yield after enzymatic hydrolysis [86]. The RSM
statistical approach seems to be advisable to perform
optimised pre-treatments of a certain biomass with a
specific IL.

ILs apart from being used in the biomass pre-
treatment, can also be applied as a tool for the fraction-
ation of lignocellulosic materials into the three main
components (Table 3). In a recent fractionation ap-
proach cellulose, hemicellulose and lignin were obtained
separately as solid fractions [93]. A sugarcane bagasse
pre-treatment was performed with 2% (w/w) of sugar-
cane bagasse at 110°C for 4 hours. The complete dissol-
ution of biomass in [bmim][Cl] achieved followed by the
addition of acetone/water (9:1, v/v) as antisolvent. Acet-
one soluble lignin was extracted to the liquid stream
whereas cellulose, hemicellulose and alkaline lignin were
fractionated from the solid fraction using a 3% NaOH
solution and ethanol. The biomass was fractionated to
36.78% cellulose, 26.04% hemicellulose, and 10.51% lig-
nin, giving 47.17% and 33.85% of the original polysac-
charides and 54.62% of the original lignin. High purity
fractions were obtained for cellulose (92.15% glucose)
and even for the hemicellulose fractions (73.25% xylose,
8.31% arabinose and 16.58% glucose). The glucose
content in hemicellulose is derived from the cellulose
hydrolysis during pre-treatment in IL and alkaline
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extraction [93]. A different fractionation approach was
performed using [amim][Cl] in the pre-treatement of
bamboo biomass [94]. After a 12-hour pre-treatment at
100°C, water was used to regenerate the dissolved bio-
mass. The regenerated material was separated from the
liquid phase containing water, IL and non-regenerated
biomass. A subsequent two-step alkaline extraction ac-
companied by an ethanol selective fractionation was
performed. Cellulose-rich material, two fractions of
hemicellulose and two fractions of lignin were obtained.
The cellulose-rich fraction demonstrated high cellulose
content attaining 92.02 wt% purity. On the other hand,
the lignin fractions presented traced amounts of carbo-
hydrates (1.43 wt%-2.80 wt%) demonstrating high effi-
ciency of the fractionation. Furthermore, the alkaline
extraction led to the separation of hemicellulose frac-
tions with different content in xylose and arabinose. A
major content of arabinoxylan was obtained in one
hemicellulosic fraction (80.52 wt% xylan and 7.04 wt%
arabinan) while another fraction had an enriched con-
tent of glucan derived from cellulose (52.97 wt% xylan
and 42.75 wt% glucan). However, only 40.26% (w/w)
of the original biomass was recovered resulting in 60%
(w/w) material loss being the major limitation of the
presented process. Moreover, degradation of lignin and
hemicellulose during the pre-treatment with [amim][Cl]
promoted not only high material loss, but also increase
in the polydispersity of the fractionated samples [94].
Another literature report that provides information
about fractionation was designed for pulverised and
coarse Norway spruce (Picea abies) and Eucalyptus
grandis wood dissolved in [amim][Cl] [35]. Leskinen
et al. demonstrated fractionation based on the molecular
weight of macromolecules [35]. In this study the select-
ivity of precipitation was found to be not significantly
dependent upon antisolvents. The selectivity of the frac-
tionation was also dependent on the biomass used, as
well as on type of milling used before pre-treatment with
[amim][Cl]. Cellulose was the first to precipitate as a
delignified and bleachable macromolecule. The group
also examined water extraction of the high molecular
weight acetylated galactoglucomannan (hemicellulosic
compound). The major advantage of an effective milling
and ball-milling before pre-treatment with ILs is the dis-
integration of extensive lignin-carbohydrate complex
that allows the separation of lignin and polysaccharides
[35]. A selective fractionation was also performed by
pre-treating rice hulls with several ILs, such as [emim]
[CH3COO], [amim][Cl] and [hmim][CI] [95]. After the
dissolution process, water was added and the regenera-
ted material was recovered. The filtrate was further used
and ethanol was added to give a second precipitated
material. The pre-treatment with [emim][CH;COOQ)] at
110°C for 8 hours was found to completely remove
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lignin from rice hulls and lignin was recovered in a sec-
ond precipitation using ethanol as an antisolvent. Under
the same conditions with [hmim][Cl] used, approxi-
mately 20% of the cellulose in the rice hull sample can
be precipitated out using water as an antisolvent, while
more than 60% of the hemicellulose can be precipitated
with ethanol [95]. The pre-treatment with [amim][Cl] at
the abovementioned conditions was demonstrated to re-
move about 75% of hemicellulose content from rice
hulls. Furthermore, in this fractionation approach, ash
was also removed and quantified. The pre-treatment
with [hmim][CI] removed 10-20% of the ash and there-
fore provided the highest removal among the tested ILs
[95]. Basing on the provided literature, it can be con-
cluded that different fractionation approaches can be ap-
plied using the specific properties of ILs to achieve a
precise goal in the biomass processing.

The pre-treatment with ILs is not only more selective
for biomass fraction separation, but also can be consid-
ered as more economic with respect to the energy con-
sumed in the performance of the whole process. Yoon
et al. evaluated the energy consumption of the pre-
treatment with [emim][CH3;COQ] (145°C, 15 minutes,
14% (w/v) of biomass loading) in comparison with alkali
(115°C, 38 minutes, 9% (w/v) of biomass loading) and
acid (150°C, 30 minutes, 15% (w/v) of biomass loading)
pre-treatments [33]. The authors calculated a theoretical
maximum yield of reducing sugars of 55.6 +0.2% for
pre-treatment with [emim][CH3COOQ], and 57.2 £+ 0.3%
and 22.2+0.4% for alkali and acid pre-treatments, re-
spectively. Considering these theoretical values, the pre-
treatment with [emim][CH3;COO] consumes 1262.3 J. In
the cases of the acid and alkali pre-treatments a total en-
ergy was calculated to be 18479 ] and 2611.8 ], cor-
respondingly. It was also determined that 1.80 MJ is
necessary to pre-treat 1 Kg of sugarcane bagasse with
[emim][CH3COQ], in contrast to higher values of 4.11
MJ and 3.48 MJ in the cases of alkali and acid pre-
treatments, respectively. These results indicate that bio-
mass pre-treatment with ILs can be more energetically
efficient than other conventional pre-treatments, such as
acid and alkali pre-treatments [33].

The biomass pre-treatment with aqueous-IL mixtures

A novel approach in the pre-treatments with ILs was
highlighted recently [53,55,58,96,97]. The principle aim
is water addition to the dissolution process, on the con-
trary to Swatloski et al. who reported that water com-
promises the dissolution efficiency of biomass in the IL
dissolution [13]. The use of aqueous-IL solutions was
found to be advantageous as it led to: (i) a smaller
amount of IL to be used; (ii) easier processing operations
due to the reduced viscosity; and (iii) facilitated recycling
of the mixture instead of pure IL as requirement of the



Table 3 Fractionation approaches of lignocellulosic biomass in ILs

lonic liquid Biomass Conditions Cellulose-rich material Hemicellulose-rich Lignin-rich material Total IL Ref.
material biomass recovery
Type H,0 Type  Moisture  Size Load Time T Antisolvent C H L [0} C H L [0} C H L ri/c::llsvry Yow/w
wt% wt% mm % h °C wt% wt% wt% wt% wt% wt¥% wt% wt% wt% wt% wt% wt% °
[amim] a Rice hulls b 1.168- 10 4 90 40 mL H,O 0° - - - - 58 - - - - - - 23 - [95]
[cn 1651 (W/w)
[amim] ¢ Rice hulls b 1.168- 10 8 90 40 mL H,0 2° - - - - 56° - - - - - - 16 - [95]
[ 1.651 (w/w)
[amim] @ Rice hulls b 1.168- 10 4 110 40 mL H,O 7° - - - - 52° - - - - - - 13 - [95]
[cn 1651 (w/w)
[amim] a Rice hulls b 1.168- 10 8 110 40 mLH,0 33¢ - - - - 75¢ - - - - - - 30 - [95]
[N 1.651 (w/w)
amim]  nd. Extracted d nd. 5WA) 12 100 HyOexeess  92.02° 7.98 - 853-  5614- - - 012 094 - - 40.26 - [94]
[n bamboo 4275 8787 049°  236'
[bmim]Cl  nd. Sugarcane h 40-60 2 4 110  acetone/  92.15° 7.26° 456 - 1658°  8244' 354 73 >95 [93]
bagasse mesh (w/w) H,0 (9:1, v/v)
[emim] < Corn 50 4 943 wt 3 140 EtOH/IL 455 299% 94" 152 128e 235™ 188" 450 - - 370° 630 828 89 [68]
[CH;COO] 03 stover (mol/mol)
[emim] ?  Rice hulls b 1.168- 10 4 90 40 mL H,0 - - - - - 0° - - - - 21¢ - 11 - [95]
[CH5COQ] 1.651 (w/w)
[emim] a Rice hulls b 1.168- 10 8 90 40 mL H,O - - - - - 66° - - - - 13¢ - 1 - [95]
[CH5COQ] 1.651 (w/w)
[emim] a Rice hulls b 1.168- 10 4 110 40 mL H,O - - - - - 40° - - - - 47¢ - 10 - [95]
[CH5COQ] 1.651 (w/w)
[emim] a Rice hulls b 1.168- 10 8 110 40mL H,0O - - - - - 29¢ - - - - 100¢ - 7 - [95]
[CH5COQ] 1.651 (w/w)
[hmim] @ Rice hulls b 1.168- 10 4 90 40 mL H,0 - - - - - 0° - - - - - - 3 - [95]
[cn 1.651 (w/w)
[hmim] a Rice hulls b 1.168- 10 8 90 40 mL H,O - - - - - 54¢ - - - - - - 6 - [95]
[cn 1651 (W/w)
[hmim] @ Rice hulls b 1.168- 10 4 110 40 mL H,0O - - - - - 63¢ - - - - - - 17 - [95]
[ 1.651 (w/w)
[hmim] @ Rice hulls b 1.168- 10 8 110 40 mL H,O - - - - - 70° - - - - - - 23 - [95]
[cn 1651 (w/w)

C - cellulose; H - hemicellulose; L — lignin; O - others; ® dried at 105°C for 24 h; ® dried at 105°C oven for at least 24 h; € extraction yield; ¢ dried for 16 h at 60°C; ¢ glucan basis; * xylan, arabinan and galactan basis;

9 xylan, arabinan, mannan and galactan basis; " dried for 16 h at 55°C; | xylan, arabinan, galactan and rhamnan basis;  87% total glucan; k 66% total xylan and arabinan; !'35% total lignin; ™ 14% total xylan; " 17% total

lignin; © 5.9% total lignin.
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separation of IL and water could be omitted as reducing
costs of the pre-treatment [96,97].

One of the first works in this subject was performed
by Doherty et al. who blended 5 and 10% (w/w) of water
with [emim][CH3COO)], [bmim][CH3COQO] and [bmim]
[MeSO,] to pre-treat wood flour [58]. After a 12-hour
pre-treatment at 90°C, a decrease in glucose and xylose
yields was observed with increased addition of water.
The added water displayed a moderate inter-crystalline
swelling effect and the wood fibres were still largely in-
tact. The crystallinity and lignin content of the pre-
treated wood flour were verified to be higher than that
of pre-treatments with pure ILs. In fact, the addition of
water decreased the ability of the ILs to disrupt the
crystallinity of cellulose present in wood, affected both
intra- and inter-crystalline swelling, as well as fibre size
reduction. The lignin extraction varied from 21% to 24%
(w/w) for all pre-treatments with tested ILs blended with
10% (w/w) of water [58]. Different results were stated by
Brandt et al. who pre-treated Miscanthus chips using
[bmim][MeSO,] with 20.5% (w/w) of water [53]. In these
conditions the pre-treated biomass presented high di-
gestibility. In contrast, the pre-treatment with dried
[bmim][MeSO,] with water content below 0.3 wt% re-
sulted in the formation of degraded biomass-IL compos-
ite that was not enzymatically digestible. Therefore, a
certain amount of water is necessary for successful pre-
treatment of Miscanthus with [bmim][MeSO,]. However,
after pre-treatment, [MeSO,] suffered from structural
changes in the presence of water. It seems that water hy-
drolyses the ester bonds in [MeSOy] to form MeOH and
[HSO,] under the pre-treatment conditions applied. To
avoid the formation of a quaternary mixture of two ionic
liquids ([bmim][MeSO,] and [bmim][HSO4]) plus two
solvents (water and methanol), [bmim][HSO,] with
20.5% (w/w) of water as pre-treatment agent was chosen.
After a 22-hour pre-treatment with this IL-aqueous mix-
ture, most of lignin and hemicellulose was dissolved in
the liquid phase and 91% of the original glucan was re-
covered in the resulted pulp. The authors also stated
that part of the dissolved hemicellulose undergoes hy-
drolysis during pre-treatment. From the liquid phase,
around 50% of the Klason lignin was recovered by pre-
cipitation with water. Brandt et al. also tested pre-
treatment with [emim][CH3COO] blending 20 vol% of
water. The efficiency of this pre-treatment was similar to
that of the aqueous-[bmim][HSO,4] solution, although
the sugar yields after enzymatic hydrolysis were found to
be lower [53].

Wei et al. studied the pre-treatment of legume straw
with aqueous-[bmim][Cl] mixture [55]. This work was
devoted to check the effect of temperature (50-170°C),
time (0.5-4 hours), water content in the mixture (0-80%)
and pressure (0.1-3.2 MPa) in the dissolution of legume
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straw. At temperatures below 90°C almost no water
evaporation was observed due to possible strong interac-
tions between water and [bmim][Cl]. For temperatures
above 100°C the vaporised steam condenses and is re-
cycled in the liquid phase. It was demonstrated that dis-
solution was increased as temperature increases. The
various periods of time applied in the pre-treatment had
no effect on the dissolution. Pre-treatment performed at
high pressures, such as 3.2 MPa, increased the legume
straw dissolution while retaining the initial lignin con-
tent found in the original biomass [55]. A 20% water
content in the IL provided the best dissolution of legume
straw. These results enabled an optimised pre-treatment
at 150°C for 2 hours under ambient pressure, with a
maximum of a 29.1 wt% legume straw dissolved in the
aqueous-[bmim][Cl] mixture with water content of 20
wt%. The optimised process demonstrated a lignin ex-
traction of 48.2% from the original lignin content in the
legume straw. However, only 32.4% was recovered by
adding water as a precipitate solvent. The biomass re-
generation provided cellulose with an amorphous struc-
tural conformation as occurred in pre-treatments with
dried ILs [55]. The authors also evaluated the ability of
aqueous-[bmim][Cl] mixture in dissolving cotton pulp
and no dissolution was observed. It was assumed that a
strong interaction between cellulose and IL may exist
with a proper amount of water to promote the dissol-
ution of biomass [55].

Triticale and wheat straws were also pre-treated by
aqueous-IL solutions and the results obtained were com-
pared to pre-treatments using pure ILs [96,97]. Fu et al.
observed a strong correlation between cellulose digest-
ibility, lignin removal and crystallinity index of cellulose
for the pre-treatment of triticale straw in aqueous-
[emim][CH3COQ] solution [96]. Upon decreasing the
water content (95% to 0% w/w), an increased amount of
lignin was extracted simultaneously with a crystalline
reduction of the cellulose. However, after pre-treatment
performances (150°C, 90 minutes) cellulose digesti-
bility was substantially enhanced for aqueous-[emim]
[CH3COO] with 50% water content (w/w) achieving the
highest sugar yield (81.0%), higher than that observed
for pure [emim][CH3COOQ)] (67.4%). Therefore, the pre-
treatment efficiency is higher for pure IL in respect to
lignin removal and crystallinity reduction. Nevertheless,
if the goal of pre-treatment is to enhance the digestibility
of carbohydrates and maximise the release of fermenta-
ble sugars, the pre-treatment with aqueous-[emim]
[CH5COO] was demonstrated to be more efficient, since
it retains more carbohydrates and subsequently en-
hances its digestibility [96]. Fu et al. provided a deeper
study on the pre-treatment with aqueous-IL solutions
performing an RSM statistical approach with wheat
straw and [emim][CH3;COO] as the biomass and IL
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chosen [97]. They studied the effects of pre-treatment
temperature (130-170°C), time (0.5-5.5 hour) and water
content (0-100%) on lignin removal and cellulose/xylan
digestibility. The optimised conditions were determined
to be 158°C, 3.6 hours with 50.5% water content (w/w)
where 71.4% of the fermentable sugars recovery was de-
termined as the predicted value. In comparison with the
pre-treatment with pure [emim][CH3COO], the tempe-
rature and time were found to also be beneficial for the
digestibility of carbohydrates from the pre-treatment
with aqueous-[emim][CH3COO]. In this study, lignin
was largely extracted and the crystallinity reduced in
pre-treatment with aqueous-[emim][CH3COOQ)] leading
to a significant enhancement of the enzymatic hydroly-
sis. However, it seems that a higher temperature and
time of pre-treatment are preferable to achieve the
same efficiency as pre-treatment with pure ILs [97].
Nevertheless, the results for pre-treatment with aqueous-
IL solution were similar to that observed in pure IL
pre-treatment, but with less intensity. Due to the
lower usage and easier recycling of ionic liquids, as
well as the reduced viscosity of the handling solution,
pre-treatment with aqueous-IL mixture are potentially
cost-effective. However, a more envisaged investiga-
tion is required, mainly about the acidic properties of
water at high temperatures and its effect on biomass
pre-treatment.

IL recycling and reuse

The reuse of recycled ILs for pre-treatment of biomass
is a crucial factor for the economic efficiency of the pre-
treatments with ILs, since ILs are more expensive than
conventional pre-treatment agents, such as ammonia
and sulphuric acid. Nevertheless, the IL recovery process
has been underexplored and for an effective operation
must be highly efficient.

Generally, after the regeneration process, the liquid
stream is composed of an antisolvent with dissolved IL
and soluble biomass compounds (lignin, soluble carbo-
hydrates with low molecular weight, degradation prod-
ucts, extractives and others) that were not precipitated
in the regeneration step. Depending on the IL recovery
process, these compounds can be recovered if further
fractionation steps are applied. For instance, lignin could
be precipitated by acidification of the liquid stream after
the regeneration process [25,78]. Therefore, the IL re-
covery is largely dependent on the antisolvent used, as
well as on the pre-treatment conditions applied that
guides to certain extend carbohydrates dissolution, lignin
removal and biomass degradation products present in
the liquid stream. Focused on maximising IL recovery,
several processes were developed and further reuse
pre-treatments were performed to evaluate the pre-
treatment efficiency after recycle [48,68,78,91,93]. Figure 4
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represents three processes of IL recovery that were deve-
loped up to present.

Generally, the easiest way to recover the IL is to evap-
orate the antisolvent after the regeneration process, al-
though this process would finish with several impurities
present in the IL, originated from the dissolved biomass
[29,34,51,55,56,63]. For instance, [bmim][Cl] was recy-
cled by simple evaporation of water from the aqueous/IL
solution obtained after separation of the regenerated leg-
ume straw. The yield of the recycled [bmim][Cl] varied
from 94% to 98%. However, a large quantity of impur-
ities were determined, which changed the colourless ini-
tial IL to an amber colour for the recovered IL [55]. To
overcome this limitation, sophisticated recovery pro-
cesses were developed. Li et al. studied the [emim][DEP]
recovery using two different antisolvents, namely water
and methanol [91]. The liquid stream after regeneration
was washed several times with diethyl ether. During
washings, salt was formed and then dissolved in chloro-
form/methanol mixture. Subsequently, the remaining li-
quid was passed through a column filled with neutral
activated alumina and the mixture solvent was then
evaporated to obtain the recovered [emim][DEP]. The
yield of the recycled IL using methanol as antisolvent
was higher (96%) than that observed in the case of water
(91%), although the amount of the regenerated biomass
was lower with methanol [91]. Tan et al. used [emim]
[ABS] for pre-treatment and NaOH aqueous solution as
the antisolvent, which resulted in a total mass of IL re-
covery between 96.1% and 99.4% demonstrating a good
recovery potential and high final purity [78]. Here the IL
solution was neutralised and water removed by evapor-
ation resulting in collecting IL and NaCl as precipitated
solids. Acetonitrile was added to dissolve selectively the
IL, while NaCl remained as a solid to be filtrated in the
next step. The IL was finally recovered by acetonitrile
evaporation [78]. Lan et al. also performed a similar IL
recovery process for [bmim][Cl] [93].

Alternative for recovering ILs is provided by their abil-
ity to form a biphasic liquid-liquid system with the
addition of an aqueous solution containing a kosmo-
tropic anion, such as phosphate, carbonate, or sulphate.
Aqueous solutions of K3PO, and K,HPO, salts were
employed resulting in a biphasic liquid-liquid system
comprised by a salt-rich aqueous phase and an IL-rich
phase containing most of the lignin. The salting-out ef-
fect leads to precipitation of a solid-phase rich in cellu-
lose, simultaneously to the biphasic formation [48]. Shill
et al. tested the IL recovery process with [emim]
[CH3COO] after pre-treatment of Miscanthus [48]. The
aqueous phosphate solution in the lower phase con-
tained a high concentration of salt and trace amounts of
IL and sugars. The IL-rich phase was recycled after re-
moval of water by evaporation achieving only a 72% IL
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Figure 4 Schematic representation of the IL recovery technologies developed up to present. After pre-treatment the liquid stream is
composed by IL, antisolvent and extracted material that can be recovered. The extracted material contains lignin, residual hemicellulose,
degradation products and other soluble compounds. Generally, only lignin is recovered from liquid stream leading to losses of biomass residual
materials at the end of the process. Depending on the IL recovery technology lower or higher pure IL can be obtained.
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recovery ready to be reused (without further solvent
evaporation). The part of the IL loss occurred in the
washing of the regenerated biomass [48]. Nevertheless,
after the washing, water can be evaporated to recover
the missing mass of the IL, although with noticeable im-
purities (mostly hemicellulose and lignin). It was re-
ferred that basicity of the K3PO, solution presumably
results in partial cleavage of lignin, allowing it to remain
soluble in the IL. The main advantage of this process is
the decreased amount of water present in the IL that
must be evaporated and thus reduced energy costs.

In an innovative process, Dibble et al. promoted phase
separation in the regeneration step by adding an an-
tisolvent mixture constituted by ethanol and acetone in
concentration that creates a quaternary solution con-
taining IL-water-ketone-alcohol [68]. The [emim]
[CH3COO] ionic liquid was selected as miscible with
acetone by adjusting the quantities of water and ethanol
in the solution. After regeneration, ethanol was main-
tained in the solution with IL. Next, ethanol and part of
the added acetone were distilled and dry acetone was
added to the remained solution (mainly water and
[emim][CH3COQ]) creating a phase separation. Ali-
phatic compounds were removed in the acetone phase

(the upper phase). After this process, several biomass
components remained dissolved in the IL solution com-
prising low molecular weight carbohydrates, a portion of
the original lignin, residual non-polar biomass compo-
nents, and other compounds. The precipitation and re-
covery of the majority of these residual solutes were
performed by the addition of 2-propanol known as a low
polarity solvent. This step reduced the accumulation of
the very soluble biomass compounds in the IL. There-
fore, after water distillation an efficient reuse of the IL
for a new pre-treatment could be attained [68]. After the
pre-treatment process, the separation of dissolved low
molecular weight carbohydrates, non-polar substances,
low molecular weight lignin fragments, and other bio-
mass components in ILs is a challenging task. In fact,
the recycling process should remove these compounds
from the IL fraction as they are responsible for decreas-
ing of the pre-treatment efficiency of the reused ILs. The
IL recovery process proposed by Dibble et al. [68] re-
quires a minimal addition of reagents and it is assumed
that it would not result in significant IL degradation. The
reported recovery process resulted in 89% of the initial IL
without the addition of acid or other catalysts for the re-
covery of lignin and other solutes from the used IL [68].
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In the IL recovery process, the antisolvent is evapo-
rated from the IL, thus volatile solvents could be eco-
nomically desirable as they can reduce the energy
required for distillation process comparing to water
distillation. However, in biomass processing the use of
volatile organic solvents, such as methanol, should be
avoided from an environmental prospect. Thus, water
plays an important role as an antisolvent in the biomass
regeneration. Therefore, an economical life-cycle assess-
ment of the IL recovery should be evaluated.

Apart from existent processes for IL recovery, a given
IL can be recycled if it is stable during the pre-treatment
and fractionation steps. Therefore, different pre-treatment
conditions should be considered for the optimal stability
of the IL. In general, the studies that tested the IL recycle,
made no mention of the degradation of the IL at the pre-
treatment conditions applied and fairly good IL recovery
yields were obtained. One exception was observed in a
work attempting to recycle [bmim][MeSOy] [53]. As rated
above the [MeSO,] anion was partially hydrolysed to form
[HSO,], promoted by the hydrolytic instability of the ester
bonds in [MeSO,] anions under the conditions of the pre-
treatment (120°C, 2—22 hours). In this case, mixtures of
the ester and the hydrolysed form were produced [53].

After IL recovery process there can still be several im-
purities present in the recovered IL. One of the major
impurities is lignin that comes from the original biomass
during pre-treatment. Furthermore, lignin accumulation
was observed after reusing IL in a new pre-treatment
and this performance was continuously detected cycle
after cycle, without further purification of the IL
[28,41,48,56,93]. Lee et al. concluded that lignin accu-
mulation in [emim][CH3COO] occurs due to the high
solubility of lignin in this IL and that it does not affect
the efficiency of the pre-treatment of wood flour. More-
over, they mentioned a similar pre-treatment efficiency
as that observed for fresh [emim][CH3;COO] [28]. In
fact, lignin accumulation and subsequently increased
concentration in ILs can be advantageous for lignin re-
covery as the facilitated precipitation of lignin could be
accomplished for further use in the generation of lignin-
derived chemical products [28,41]. Notwithstanding, a
maximum lignin removal from ILs is advisable because
it may be necessary to prolong the lifetime of the
recycled IL [48]. However, not only lignin can be present
in ILs after recycle, but also other contaminants, such as
degraded biomass, organic acids formed during pre-
treatment or even introduced chemicals, water and other
solvents [93]. Lan et al. observed a clear increase in
colour saturation after several reuse trials of [bmim][CI]
in the pre-treatment of sugarcane bagasse [93]. Ne-
vertheless, 'H NMR analysis showed no obvious differ-
ence between fresh and recycled IL. Change in colour
intensity could indicate the existence of trace amounts
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of contaminants in the recycled IL that were not
detected by 'H NMR analysis [93]. Tan et al. reported
the loss of hemicellulose in the recovered IL reducing
the overall sugar recovery from the lignocellulosic biomass
and making difficulties in the IL recovery process
[71]. Hemicellulose and cellulose are described to be
partially degraded during pre-treatment with ILs. After
several pre-treatment cycles in which the IL is reused,
some degraded products, such as acetic acid seem to
accumulate in the recovered IL, and could catalyse
the acidic fragmentation of carbohydrates in further
reuse pre-treatments [56].

Li et al. observed that reuse of [emim][CH;COO] in
wood pre-treatment did not affect the wood yield, al-
though the composition of the wood was changed with
the number of IL recycles [56]. Therefore, the efficiency
of the recycled [emim][CH3COO] could be questionable.
Haykir et al. determined the lignin extraction from cot-
ton stalks with [emim][CH;COO)] to be 47% via fresh IL
and only a 27% for the first recycle of IL [63]. Wu et al,,
by using the same IL in corn stover pre-treatment, re-
ported a decrease in the extracted lignin content from
44% in the first pre-treatment to a 20% in the tenth run,
possibly due to lignin accumulation in the IL [41]. How-
ever, no effect on subsequent fermentable sugar yields
was demonstrated, thus [emim][CH;COQO] could be
reused up to 10 times, in spite of the lower extraction
yield of lignin. The authors affirmed that  parameter of
[emim][CH3COOQ] remains unaffected after each recycle
beside the accumulation of lignin. Since the interaction
between the IL and lignin occurs mainly through the
cation, the anions are still available to disrupt hydrogen
bonds from the semi-crystalline cellulose. Therefore, no
significant loss in the sugar yields of corn stover pre-
treated with this recycled IL was observed [41]. Nguyen
et al. tested a preceding treatment of rice straw with am-
monia that provided an increase of the recycle number
of [emim][CH3COO] [51]. An insignificant increase in
the cellulose recovery from 82% to 83% was noticed for
the twentieth run with the recycled IL. The pre-
treatment with the fifth time recycled [emim][CH3COQO]
showed a 97% glucose conversion in comparison with
the starting IL. Even for the tenth recycling cycle of IL,
over 94% of the glucose conversion was attained [51].
Cotton stalk samples pre-treated with recycled and fresh
[emim][CH3COOQ)] exhibited similar appearances pre-
senting a lack of organised structure. In fact, according
to a X-ray diffraction analysis, the crystallinity disruption
of cellulose to an amorphous form was unaffected after re-
using [emim][CH3COOQ] [41,63]. The [emim][CH3;COQ]
reuse was also feasible with respect to enzymatic di-
gestibility, where the hydrolysis of pre-treated cotton stalk
apparently showed no change after three times of IL re-
cycling [41,63].
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The IL reuse was also investigated for other ILs
[34,91,93]. The dissolution and regeneration rates of
pine wood obtained from both fresh and recycled
[amim][Cl] were close to each other under comparable
pre-treatment conditions. Moreover, the structure of the
cellulose-rich regenerated material collected from the
recycled IL was also similar to that obtained using fresh
[amim][Cl], as verified by the '>*C CP/MAS NMR, FTIR,
XRD, and SEM techniques [34]. In the case of [bmim]
[Cl], the yield of regenerated sugarcane bagasse for the
recycled IL decreased in comparison with that for the
fresh IL [93]. The [emim][DEP] was reused in wheat
straw pre-treatment, for which it was noted that after
the fifth run a 52.8% yield of reducing sugars was
obtained in comparison with 54.8% at the first pre-
treatment. This result indicates that recycling and fur-
ther reuse of [EMIM][DEP] did not rather affect the
pre-treatment [91].

Perspectives

The lignocellulosic biomass is a cheap and plentiful
source of energy, chemicals and materials present in the
complex recalcitrant matrix. The current needs for non-
fossil sources of energy and a strong development of
biorefinery concept obligate to process biomass as an
abundant feedstock. The classical methods of biomass
pre-treatment are an interesting methodology to valorise
biomass; however, drawbacks of these methods limit
their wide application. That is why the emerging meth-
odologies such as the application of ILs is a real alterna-
tive. The numerous literature reports on this subject
prove these needs and demonstrate the enormous poten-
tial of ILs. However, the complexity of both the biomass
matrix and ILs themselves makes the process very chal-
lenging. That is why a large number of issues must to be
considered in the designing of this kind of process. Un-
fortunately, majority of literature reviews do not tackle
main problems, instead focusing only on some aspects.
The number of potentially available ILs allows assuming
that “designer solvent — IL” can be found for each par-
ticular problem. However, following the literature re-
ports someone may have an impression that only acetate
and chloride-based ionic liquids exist. Of course some
types of ILs might be preferential for some particular ap-
plication; nevertheless, this should not limit the study to
rediscover already existing ILs and their use in the bio-
mass processing. It is especially weird as there are
already successful examples of IL use in the biomass
component processing with ILs characterised by favou-
rable physico-chemical properties such as hydrophilicity/
hydrophobicity, viscosity, melting point and others [98].
Another important aspect related to the use of ILs in
the fractionation of biomass is the stability of ILs. ILs
are considered to be generally extremely stable [10].
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Although it must be understood that the IL thermal sta-
bility measurements usually performed using differential
scanning calorimeter are mainly done for pure ILs in the
continuously increasing temperature mode. So, it is clear
that these experiments do not represent the conditions
of the process with biomass. Pre-treatment of biomass
in ILs is always a time consuming process that takes
from minutes to dozen of hours and it takes place in the
presence of contaminants present in biomass, namely
water, acids and degradation products released from
hemicellulose hydrolysis upon pre-treatment. Defini-
tively, under these much harsher conditions, the stability
of ILs might be completely different, especially for ILs
containing a relatively strong base, such as [CH3COQO]
(pK, =4.77) [99] that show the slow, but noticeable de-
composition after prolonged time [25,100].

Pre-treatment of biomass allow producing cellulose,
hemicellulose and lignin and in some cases products of
their hydrolysis. These fractions are the subject of fur-
ther processing, very often with microorganisms (yeasts,
bacterias, etc.), to produce ethanol or other high value
added chemicals, e.g. xylitol. As it was aforementioned,
ILs form an enormous class of compounds with widely
tuneable properties including e.g. toxicity. Extensive
studies of the toxicity of ILs towards various organisms,
including some of those used for biomass fraction pro-
cessing exist [101]; however, additional systematic work
on this topic is strongly demanded.

Another factor that for now is rarely mentioned in the
literature; however, has a fundamental importance in the
relation to the practical use of ILs is the economic and
energetic efficiency of the pre-treatment with ILs. As it
was shown in this review, the pre-treatment with ILs is
more effective and biomass fractions demonstrate higher
purity conversely to the fractions obtained from classical
pre-treatments. Therefore, in general, it can be stated
that the technological problems are overcome. However,
the economic feasibility still might be questionable. One
of reasons for this is an investment cost related to the
price of ILs. Nowadays, the availability and thus prices
are much more affordable; however, ILs are still more
expensive than classical solvents. Nevertheless, it is im-
portant to underline that IL prices at the industrial scale
are similar to organic solvents [102] and together with
the proven potential of IL reuse make processes more
economically feasible. Furthermore, with respect to the
energy consumption in the performance of the whole
process, IL use is also advantageous, as was already
shown by Yoon et al. [33] This pioneering work requires
more efforts and needs to be continued to present the
whole picture and to guarantee a fair comparison with
the different methods available.

The literature reports show that ILs are efficient tools
for biomass processing towards cellulose, hemicellulose
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and lignin fractions. The majority of the work dealing
with this subject focuses on the further processing of
cellulose that can be easily converted to cellulosic
ethanol widely used as biofuel. However, the two other
fractions, hemicellulose and lignin are more rarely con-
sidered as important. The probable reason for this is the
great diversity of both fractions that, on one hand,
makes the process more difficult, but on the other opens
the room for a variety of commodities that can be
obtained. The valorisation of these two diverse fractions
constituted by different compounds depending on the
raw material is especially important as it allows ob-
taining products (e.g. xylitol, oligosaccharides, polyphe-
nols, etc.) [103-105] with high commercial value that
can make the whole process more economically feasible.

The use of ILs in biomass pre-treatment is an import-
ant and interesting alternative; however, the aspects
discussed above are rarely tackled in the literature and
require a profound and extensive analysis and study.
Only after this careful and detailed analysis can the
rational assessment of biomass pre-treatment be per-
formed. Unfortunately, the vast majority of papers pre-
senting work about the pre-treatment of biomass with
ILs do not challenge these issues, thereby resulting in
the incomplete demonstration of the pros and cons of
biomass processing with ILs.

Conclusions

Lignocellulosic biomass is a widely abundant renewable
feedstock. The great diversity of lignocellulosic biomass
opens a great opportunity for the production of various
commodities using the wise valorisation processes. Ionic
liquids have proven the inordinate potential in reactions
and separation including biomass processing. This re-
view shows that ILs have potential to be used in the bio-
mass pre-treatment. As it was demonstrated, ILs can be
successfully used to obtain cellulose, hemicellulose and
lignin fractions with purity and efficiency equal or super-
ior to the classical pre-treatment methods. The exploit-
ation of ILs in the lignocellulosic biomass processing
demonstrates the enormous potential in this research
area, especially in the context of a biorefinery; however,
an extensive research is still required to better under-
stand and predict outcomes of these processes.
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