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A B S T R A C T

Lignocellulosic biomass is the most abundant inexpensive renewable source for obtaining biofuels and
bioproducts. One of the greatest problems faced in valorizing biomass arises from the recalcitrance of
the lignin–carbohydrate complex resulting in inefficient conversion into value-added products. Some ionic
liquids (ILs) have proved effective solvents for deconstructing lignocellulosic biomass, however. In fact, ILs
provide uniquely ‘‘green’’ alternatives to hazardous conventional volatile organic solvents. Progress in IL-based
pretreatment methods can lead to increased productivity in the conversion of lignocellulosic materials. This
review discusses the potential of the most prominent types of ILs for lignocellulosic biomass conversion and
the influence of their cation–anion combination on their physicochemical properties. Also, it describes existing
approaches to the dissolution and fractionation of the three major components of lignocellulosic biomass with
ILs and classifies them according to target. Finally, the optimum operating conditions for the dissolution process
are commented on and the challenges to be overcome in using ILs for biomass pretreatment and processing
on an industrial level are considered, especially as regards synthesis costs and economic hurdles. The high
potential of ILs for this purpose is expected to boost research into the topic and lead to substantial industrial
progress in this area.
1. Introduction

In recent decades, increasing environmental awareness and the en-
suing regulations have promoted scientific and technological research
into the use of renewable resources (Yadav et al., 2021). For instance,
a wide variety of sources ranging from plants to microbes can now be
used as feedstocks to alleviate the current dependence on fossil fuels
and to reduce emissions of greenhouse gases (Brindhadevi et al., 2021).

Specifically, raw materials consisting of lignocellulosic biomass
have aroused increasing interest as replacements for synthetic ma-
terials and polymers in the production of bioenergy and biomateri-
als (Moniruzzaman and Goto, 2019). Lignocellulosic biomass produc-
tion currently amounts to approximately 2 ×1011 tons/yr (van Osch
et al., 2017). The abundance of renewable lignocellulosic biomass
from sources such as agricultural residues, bioenergy crops and woody
materials has raised the need to expand green, sustainable technologies
for their processing (Rezania et al., 2017). One way of processing
lignocellulosic biomass is by conversion into biofuels, chemicals and
green materials (Xu et al., 2019). Ultimately, lignocellulose is a porous
microstructured composite consisting of cellulose, hemicelluloses and
lignin (i.e., the lignin–carbohydrate complex) (Bhatia et al., 2020).
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Lignocellulosic biomass requires complete or partial dissolution to
be efficiently used. However, separating cellulose from lignin with
minimal polymer degradation is rather difficult owing to the rigidity
of the crosslinked matrix of lignin and hemicelluloses sheathing cel-
lulose fibers (Moniruzzaman and Goto, 2019). As a result, efficiently
using all biomass components, but especially cellulose, requires some
pretreatment of the biomass to reduce its recalcitrance. This usually
entails breaking hydrogen bonds in crystalline cellulose and covalent
crosslinks in lignin, as well as removing hemicelluloses (Bhatia et al.,
2020). Effective pretreatment methods for this purpose reduce particle
size, increase porosity and alter cellulose crystallinity, thereby facili-
tating further chemical reactions and making lignocellulosic biomass
industrially useful (Lara-Serrano et al., 2019).

Traditional pretreatment methods for biomass conversion are of the
physical, chemical, physicochemical or biological type—or a combina-
tion thereof. However, most are largely inefficient and environmentally
unfriendly, which has so far hindered their large-scale use (Asim et al.,
2019). Although biomass is usually dissolved in a mixture of volatile
organic solvents, neither the mixture nor the operating conditions are
sustainable in most cases (Morais et al., 2020). Academic and industrial
researchers have engaged in a search for sustainable, efficient green
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biomass pretreatments to avoid the use of conventional organic sol-
vents. Ionic liquids (ILs) and deep eutectic solvents (DESs) have lately
gained increasing attraction as promising green solvents for extracting
the most abundant polysaccharides in lignocellulosic biomass. Most
existing DESs cannot dissolve cellulose but have been used as dispersive
media for the electrospinning of cellulose fibers.

Ionic liquids, which are liquid salts with a melting point below
100 ◦C and typically containing both a cation and an anion (Bhatia
et al., 2020), are usually more effective solvents for biomass than are
DESs (Morais et al., 2020; Tenhunen et al., 2016). In fact, they have
been used as green solvents in biomass pretreatment and fractionation
schemes leading to the obtainment of value-added products (Wang
et al., 2021). The unique physicochemical properties of ILs, which are
excellent alternatives to potentially hazardous chemicals, vary with
their nature (Bhatia et al., 2021). Such properties, which can be ad-
justed by selecting an appropriate cation–anion combination, include
high thermal and chemical stability, and a low melting point, viscosity,
toxicity and flammability (Moyer et al., 2018). Based on a research
report by Global Market Insights, Inc., the IL market size is expected
to reach over USD 2.5 billion by 2024. In fact, the growing demand for
IL-based solvents promoted by the increasing environmental awareness
of consumers is bound to considerably expand their industrial use in the
near future (Kunal Ahuja, 2016). Despite the appealing advantages of
using ILs for biomass processing, their high cost has so far hindered
more extensive industrial use in biocatalytic, electroplating and depo-
sition applications, among others (Khoo et al., 2020). Industries are
striving to overcome this shortcoming by devising novel alternative
methods to obtain more inexpensive ILs or recycle existing ones to
reduce costs and increase their environmental friendliness (Adeleye
et al., 2019; Kunal Ahuja, 2016).

This review discusses the potential of prominent ionic liquids with
a focus on the selective and effective dissolution of cellulose, lignin
and hemicellulose from lignocellulosic biomass. Also, it examines the
factors influencing the solubility of biomass matrices and describes the
IL-aided production of biomass-based products of four different types,
namely: all cellulose-based composites and nanocomposites, all-wood
composites, aerogels and hydrogels. Providing useful information about
the use of ILs to develop useful products with a lesser impact on health
and the environment can help researchers at large-scale pretreatment
plants devise greener, more efficient processes. This review also iden-
tifies research gaps with a view to improving future prospects and
meeting challenges in IL technology.

2. Methodology

This review was compiled from recently published papers, books
and reviews that were identified by using appropriate keyword searches
in the following databases: Google Scholar, Elsevier Science Direct,
Springer, Wiley Online Library, American Chemical Society, PubMed
and ResearchGate. The main keywords used included ‘‘ionic liquid’’,
‘‘lignocellulosic biomass’’, ‘‘dissolution’’, ‘‘lignin’’, ‘‘cellulose’’ and
‘‘hemicellulose’’. Articles were screened and analyzed for results and
major findings. Of all references compiled, 61% were published in
the period 2018–2021 and 31% from 2015 to 2017. The remainder
were published before 2017 but included here on the grounds of
relevance. Some articles are cited in more than one section because
they contain relevant material for inclusion. This review is intended to
encourage further research into energy-effective cellulose, lignin and
hemicellulose extraction processes, the diversification of the use of
plentiful biomass residues to obtain high-energy density materials and
the alleviation of the current strong dependence on fossil sources.
2

3. Composition of lignocellulosic biomass

The term ‘‘lignocellulosic biomass’’ encompasses a variety of ma-
terials including agricultural residues, energy crops, and forestry and
industrial residues. These materials provide renewable feedstocks that
may be of great help toward accomplishing sustainable economic devel-
opment. Thus, using lignocellulosic biomass as a raw material to obtain
bioenergy can help alleviate the conflict between land use for food and
feedstock production, and also to reduce net CO2 emissions (Soccol
et al., 2019).

As can be seen in Fig. 1, lignocellulosic biomass consists mainly of
two polysaccharides (cellulose and hemicelluloses) in addition to an
aromatic polymer (lignin), small amounts of other organic compounds
containing acetyl and phenolic groups, and minerals (Lin et al., 2019).
Depending on the particular source, growing conditions and morphol-
ogy of lignocellulosic biomass, the polymers associate to a variable
extent to one another in a heterogeneous matrix of variable composi-
tion (Bajpai, 2016). Lignocellulose is generally resistant to degradation
owing to the high crystallinity of cellulose, the hydrophobicity of lignin
and the encapsulation of cellulose in the lignin–hemicellulose matrix.
Therefore, optimizing the deconstruction of lignocellulose requires a
sound structural knowledge of the polymers (Isikgor and Becer, 2015).

3.1. Cellulose

Cellulose, which is the largest individual component of lignocellu-
losic biomass, has been extensively used in a number of biocompatible,
biomass-related applications such as the production of all-cellulose
composites and nanocomposites, membranes, papers and films (Zogh-
lami and Paës, 2019). The cellulose content of biomass feedstocks
typically ranges from 40 to 60 wt% (Zoghlami and Paës, 2019).

Cellulose is a linear polymer consisting of 𝛽 (1→4)-linked D-glucose
units. Native cellulose (i.e., cellulose Ia and Ib) contains three reac-
tive hydroxyl groups (C2, C3 and C6). Each molecule can form two
intramolecular hydrogen bonds via hydroxyl groups and one inter-
molecular bond with a neighboring molecule. In this way, cellulose
molecules can establish rigid hydrogen-bonding networks within and
between molecular chains (Usmani et al., 2020). Elementary cellulose
fibrils are usually structural units of natural cellulose. Cellulose mi-
crofibrils can be constructed by convoluting elementary fibrils into a
two-dimensional point lattice and packing them together. Microfibrils
with crystalline, highly ordered regions can be further intertwined to
hemicellulose and lignin (Alayoubi et al., 2020).

Cellulose possesses the highest polymerization capacity among lig-
nocellulosic polymers (Zoghlami and Paës, 2019). Also, it can be struc-
turally altered by using appropriate chemical agents. The organized
structure of cellulose chains (crystalline areas) and the bonds between
fibrils in a lignocellulosic matrix make cellulose insoluble in water and
in most common organic solvents (Niu et al., 2019). Cellulose fibers are
encapsulated in lignin–hemicellulose fractions that can be dissolved by
disrupting inter- and intramolecular hydrogen bonds—especially in the
less ordered (amorphous) regions (Yang and Berglund, 2018).

3.2. Hemicelluloses

Hemicelluloses encompass a heterogeneous group of polysaccha-
rides that constitute the second most abundant renewable biopoly-
mer in lignocellulosic biomass after cellulose (Yuan et al., 2019). In
fact, hemicelluloses account for about 15%–35% of all lignocellulosic
biomass on a dry basis (Beltramino et al., 2018).

Unlike cellulose, hemicelluloses consist of hexose and pentose
monosaccharide units including xylose, arabinose, glucose, galactose,
mannose, fructose, glucuronic acid and galacturonic acid in various
proportions depending on the particular source (hardwood, softwood,
grass) (Bajpai, 2018; Machmudah et al., 2017). For instance, the
most common hemicellulosic sugar in softwood is galactoglucomannan,
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Fig. 1. Structure of lignocellulosic biomass components.
Source: Reproduced, with permission, from Baruah et al.
(2018).
© 2018 Frontiers.
which is built from 𝛽(1→4)-linked D-glucopyranosyl and 𝛽(1→4)-
linked D-mannopyranosyl units (Xia et al., 2020); by contrast, that
in grasses and hardwood is xylose, which usually has a backbone of
𝛽(1→4)-linked xylose residues (Bajpai, 2018).

Unlike cellulose, hemicelluloses have a low degree of polymer-
ization. This, together with their high branching and noncrystalline
nature, facilitates their conversion (Luo et al., 2019). As a result,
hemicelluloses can be used as a raw material in the production of
functional food ingredients, drugs, energy, fine chemicals, polymers,
fuels, and biobased materials (Yuan et al., 2019; Valls et al., 2018).

3.3. Lignin

Lignin is a very complex amorphous heteropolymer and the largest
noncarbohydrate component (15%–40%) of lignocellulosic biomass
(Yoo et al., 2020). It acts as a binder facilitating cross-linking between
cellulose and hemicellulose, thereby providing hydrophobicity, struc-
tural reinforcement, and resilience to microbial attack and oxidative
stress (Yoo et al., 2020; Zhang et al., 2019).

Lignin is a complex aromatic biopolymer typically deriving from
three phenylpropionic alcohols, namely: coniferyl alcohol (guaiacyl
propanol), coumaryl alcohol (p-hydroxyphenyl propanol) and sinapyl
alcohol (syringyl alcohol). These alcohols are connected by different
C–O–C (aryl ether) and C–C intermolecular bonds. The 𝛽-O-4 aryl ether
bond accounts for roughly 50% of all ether linkages, followed by the 𝛽–
𝛽, 𝛽–5, 5–5 and 5-O-4 linkages (Usmani et al., 2020; Iravani and Varma,
2020).

Lignin is one of the undesirable components (recalcitrance factors)
of lignocellulosic biomass as it acts as a barrier for energy-efficient
deconstruction; as a result, efficiently dissolving lignin is crucial to ren-
der biomass useful (e.g., for conversion into value-added products and,
especially, fuel components) (Yoo et al., 2020). Lignin differs in com-
position among feedstocks and considerably influences the chemical
delignification of lignocellulosic biomass for its deconstruction. Chem-
ical delignification causes biomass swelling, and increases internal
surfaces and accessibility to cellulose fibers (Zhang et al., 2019).

4. Solubility of lignocellulosic biomass

The low solubility of the biomass matrix is the result of two main
factors. One is its structural complexity, with lignin (a barrier) and
3

cellulose crystallinity strongly hindering its dissolution (Wang et al.,
2019a; Malaeke et al., 2018). Although polysaccharides in biomass are
seemingly very simple in structure, they tend to form strong inter-
and intramolecular hydrogen bonds that result in a high crystallinity.
Linear polysaccharides such as cellulose possess a highly regular con-
formation leading to an also high crystallinity, resistance to breakdown
and insolubility (Verma et al., 2019). Dissolving the polysaccharides
requires decomposing their crystalline structure and facilitating binding
to water. The solubility of the polysaccharides can be explained in
terms of the so-called ‘‘intermolecular interplay factor’’ (Singh, 2019).
Lignin acts as a glue for polysaccharides by organizing ionic, coordinate
and covalent bonds; this precludes the use of lignocellulosic biomass as
a raw material (Singh, 2019) by effect of the polymers being firmly
bound together and prevented from separating. Removing lignin is
made especially difficult by its high stability and structural complexity,
and also, more significantly, by its extremely low solubility. Indus-
trially extracting lignin from such a structurally complex mixture as
lignocellulosic biomass is rather a difficult task (Malaeke et al., 2018).

5. Factors influencing the solubility of biomass in ionic liquids

As noted earlier, efficiently dissolving and processing lignocellu-
losic biomass entails using efficient, stable, inexpensive eco-friendly
solvents that are easy to recycle and reuse (Zhang et al., 2017). Ionic
liquid-based solvent systems have provided impressive results in the
processing of lignocellulosic materials (Bhatia et al., 2020; Liu et al.,
2019). However, efficiently dissolving lignocellulosic biomass for the
production of value-added materials with specific properties remains
a tough challenge (Wang et al., 2017). A number of studies have
extensively investigated the impact of IL-based treatments on biomass
composition. How efficiently biomass can be dissolved in an ionic liquid
depends on a wide range of factors including the composition and struc-
ture of the IL. Similarly, to what extent lignin–carbohydrate complexes
can be broken depends strongly on the operating conditions (Bhatia
et al., 2020; Hou et al., 2017). Optimizing the outcome requires a sound
knowledge of the way the properties of the IL and the conditions of the
process affect dissolution of the biomass.
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5.1. Influence of IL properties on biomass solubility

Selecting an effective IL to disrupt the complex network of covalent
and noncovalent bonds between carbohydrates and lignin in lignocellu-
losic biomass is difficult. In fact, because of their physical and chemical
properties, ILs not only break hydrogen bonds in crystalline cellulose
but also solvate lignin via 𝜋-𝜋 and n-𝜋 interactions (Usmani et al., 2020;
Moyer et al., 2018).

Biomass solubility, and the properties of the resulting solution, can
be adjusted by using an appropriate ionic liquid (Peng et al., 2021).
Thus, the anion and cation in the IL strongly influence its ability to
dissolve lignocellulose and, especially, two of its major components:
cellulose and lignin (Usmani et al., 2020). Some anions such as chlo-
ride, bromide, phosphate, sulfonate, imide and acetate are especially
influential in this respect. In fact, those anions that are strong hydrogen
acceptors are the most effective for dissolving lignocellulosic mate-
rial (Sayyed et al., 2019; Mohd et al., 2017). In any case, the solubility
ultimately depends on both the anion and the cation of the IL, and
also on various other factors (Li et al., 2018b). Thus, the mechanism
by which the charged species in ILs interact with biomass depends on
the specific combination of anion and cation as an electron donor–
acceptor (EDA) complex in addition to the specific constituents of
the biomass (cellulose, hemicelluloses, lignin) to be dissolved (Usmani
et al., 2020). An increased anion density in combination with the
presence of electron-affinity groups in the alkyl chains of IL cations
has been found to boost dissolution of lignocellulosic biomass. The
outcome, however, is also influenced by the melting point and viscosity
of the IL (Hou et al., 2017). Thus, a low viscosity favors dissolution
of biomass through an increased ionic mobility (Gogoi and Hazarika,
2019; Abushammala and Mao, 2020). IL viscosity depends on the
cation–anion combination, so changing the chemical structure of an IL
is expected to alter its viscosity (Moyer et al., 2018). A low viscosity
should facilitate biomass dissolution and reduce the need for energy
of mixing (Dissanayake et al., 2018). Conversely, a high IL viscosity
must have an adverse impact on four crucial process variables, namely:
energy input, liquid/solid ratio, and homogeneity and purity of the
reaction mixture (Abushammala and Mao, 2020). Most ILs have a
relatively high viscosity. For instance, [Bmim]Cl allows highly efficient
dissolution of biomass matrices (especially cellulose) but its high vis-
cosity requires using also high temperatures (Abushammala and Mao,
2020).

A low melting point in ILs also facilitates dissolution and handling
of biomass. In fact, ILs with a low melting point are especially effec-
tive solvents for biomass pretreatment (Rahim et al., 2021). Thermal
stability strongly affects IL recyclability, which is a major economic
influence on process performance. This property in turn is influenced by
the particular combination of IL anion and cation, but is more markedly
affected by the anion (Kumar et al., 2021b; Sayyed et al., 2019).

5.2. Influence of the process conditions

Although the ability of an IL to dissolve biomass depends on its
physicochemical properties, the greatest solubility that can be achieved
is a function of the operating conditions. Indeed, lignocellulose disso-
lution is influenced by a variety of factors including biomass type and
particle size, water content, liquid/solid ratio, time and temperature.
These factors can be adjusted for optimal solubilization with ILs. The
particle size of the biomass matrix affects contact with, and diffusion
of, chemicals into lignocellulosic material. Fig. 2 illustrates the effect of
particle size on the proportion of biomass dissolved in a [Bmim]OAc–
water mixture. As can be seen, more than 80% of biomass particles
up to 150 μm in size were effectively dissolved, leading to a lignin
yield lower than 50%. Dissolution efficiency can thus be increased
by the presence of small particles as a result of their providing an
increased accessible surface area (ASA) for interaction with the ionic
4

Fig. 2. Influence of biomass particle size on percent dissolution and lignin yield with
an IL–water mixture.
Source: Reproduced, with permission, from Gogoi and Hazarika (2019).
© 2019 Springer.

liquid. This allows IL molecules to penetrate lignin–carbohydrate com-
plexes more efficiently and facilitates dissolution as a result (Gogoi
and Hazarika, 2019; Ab Rahim et al., 2020). Conversely, large biomass
particles hinder diffusion of ILs and slow down dissolution as a result.
However, reducing the particle size of biomass to boost dissolution
entails using additional energy for grinding, milling or extrusion. In any
case, optimizing biomass particle size is critical with a view to max-
imizing conversion of lignocellulosic biomass without unduly raising
production costs (Flores-Velázquez et al., 2020; Rashid et al., 2018).

Based on previous studies, the type of lignocellulosic biomass, and
hence its physicochemical properties, strongly influence its ease of
dissolution (Rashid et al., 2021; Smuga-Kogut et al., 2021). Generally,
the components of low-density biomass materials are more accessible
by ILs and more easily dissolved as a result. Therefore, biomass of a low
density is desirable to obtain high cellulose extraction yields and re-
generation rates (Aid et al., 2016; Ab Rahim et al., 2020). On the other
hand, biomass of a high density requires using more energy—usually
higher temperatures and longer treatment times—for dissolution. In
any case, the outcome is influenced by lignin–carbohydrate interactions
and the lignin content of the biomass. An increased solid loading
can hinder efficient agitation and mass transfer, thereby diminishing
the accessibility of ILs to a biomass matrix unless optimal operating
conditions are used (Stolarska et al., 2017; Ab Rahim et al., 2020). As a
rule, an increased temperature decreases IL viscosity, thereby favoring
swelling of lignocellulose particles and accelerating their dissolution.
In fact, a high temperature increases the efficiency of the process
by disrupting carbohydrate–lignin linkages and allowing ILs to reach
cellulose, release hemicellulose and extract lignin (Dissanayake et al.,
2018; Abushammala and Mao, 2020). Temperature also influences the
selectivity of ILs toward wood polymers. Thus, a high temperature and
a long treatment time were found to allow [Bmim]Cl to efficiently
dissolve cellulose (Wei et al., 2018; Abushammala and Mao, 2020).
However, increasing energy consumption by using high temperatures
is both uneconomical and unsustainable; also, it can decrease ionic sta-
bility, promote unwanted side reactions and diminish treated biomass
yields. Efficient biomass dissolution can also be accomplished by using
long treatment times at lower temperatures. Dissolution and extraction
of cellulose and lignin from biomass is aided by efficient diffusion
of ionic liquids in it (Ab Rahim et al., 2020); however, collecting
regenerated particles after prolonged treatment is difficult. As a result,
long treatment times not always ensure more efficient dissolution (es-
pecially at higher temperatures) (Dissanayake et al., 2018). Selecting
an appropriate combination of treatment temperature and time for the
target biomass and IL to be used is therefore crucial.
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Table 1
Prominent ionic liquids capable of dissolving cellulose, lignin and hemicelluloses from lignocellulosic biomass.
Cellulose

Abbreviation Name References

[Emim]OAc 1-Ethyl-3-methylimidazolium acetate (Verma et al., 2019; Cheah et al., 2020)
[Emim]Cl 1-Ethyl-3-methylimidazolium chloride (Mohd et al., 2017; Cheah et al., 2020)
[Amim]Cl 1-Allyl-3-methylimidazolium chloride (Verma et al., 2019; Li et al., 2018b; Wang et al., 2012)
[Bmim]Cl 1-Butyl-3-methylimidazolium chloride (Verma et al., 2019; Cheah et al., 2020)
[BmPy]Cl 1-Butyl-3-methylpyridinium chloride (Zhang et al., 2017; Li et al., 2018b)
[AMMorp] OAc N-allyl-N-methylmorpholinium acetate (Verma et al., 2019; Li et al., 2018b)
[N4444]OAc Tetrabutylammonium acetate (Verma et al., 2019; Bengtsson et al., 2017)

Lignin

Abbreviation Name References

[Emim]OAc 1-Ethyl-3-methylimidazolium acetate (Yoo et al., 2017; Malaeke et al., 2018)
[Bmim]Cl 1-Butyl-3-methylimidazolium chloride (Yoo et al., 2017; Malaeke et al., 2018)
[Bmim]OAc 1-Butyl-3-methylimidazolium acetate (Yoo et al., 2017)
[Bmim]MeSO4 1-Butyl-3-methylimidazolium methylsulfate (Abushammala and Mao, 2020; Sun et al., 2019)
[Mmim]MeSO4 1,3-Dimethylimidazolium methylsulfate (Abushammala and Mao, 2020; Sun et al., 2019)
[Hmim]CF3SO3 1-Hexyl-3 methylimidazolium trifluoromethanesulfonate (Pu et al., 2007)
[Py]For Pyridinium formate (Rashid et al., 2016)
[Py]OAc Pyridinium acetate (Rashid et al., 2016)
[Py]Pro Pyridinium propionate (Rashid et al., 2016)

Hemicelluloses

Abbreviation Name References

[Emim]OAc 1-Ethyl-3- methylimidazolium acetate (Xia et al., 2020; Hu et al., 2020a)
[Bmim]OAc 1-Butyl-3-methylimidazolium acetate (Xia et al., 2020; Hu et al., 2020a)
[Bmim]Cl 1-Butyl-3-methylimidazolium chloride (Xia et al., 2020; Hu et al., 2020b)
[Amim]HCOO 1-Allyl-3-methylimidazolium formate (Xia et al., 2020; Moyer et al., 2018)
[Bmim]Br 1-Butyl-3-methylimidazolium bromide (Yuan et al., 2019; Xia et al., 2020; Hu et al., 2020b)
[Bmim]I 1-Butyl-3-methylimidazolium iodide (Yuan et al., 2019; Xia et al., 2020; Hu et al., 2020b)
Based on previous reports, biomass dissolution is sensitive to the
resence of moisture in both IL and biomass. In fact, water has an
nhibitory effect on lignocellulose dissolution and may additionally
ecrease cellulose solubility. This is a result of competitive hydrogen-
onding to cellulose microfibrils inhibiting dissolution (Koide et al.,
020a; Ab Rahim et al., 2020). In any case, the presence of an ap-
ropriate amount of water can have a substantial favorable effect
n lignin dissolution in ionic liquids. For instance, adding 0.10–0.25
L of water to [Emim]OAc was found to boost lignin conversion by
2%–74%. With 0.10 mL of water, conversion was higher than with
ure [Emim]OAc (72.3 vs 77.2 wt%); however, increasing the amount
f water to 0.25 mL resulted in no further substantial increase in
onversion. Stronger interactions between lignin and free ions probably
ncrease their concentration and mobility (Li et al., 2021). The presence
f water in contents exceeding 1 wt% in chloride-based ILs considerably
etracts from their ability to interact with—and ultimately dissolve—
ellulose. Therefore, ILs and biomass materials should be carefully
ried prior to the dissolution pretreatment. The presence of residual
oisture also affects, rather markedly, the viscosity and melting point

f ILs—hence the wide variability among reported results (Hou et al.,
017; Abushammala and Mao, 2020).

. Solubility of cellulose in ionic liquids

Increasing environmental awareness has led to cellulose being
idely regarded as the most abundant renewable biopolymer in ligno-

ellulosic biomass. Recently, cellulose has attracted much attention for
ifferent uses in fibers, films and membranes (Adeleye et al., 2019). It
s therefore important to understand how it is dissolved in ILs. The most
idely accepted dissolution mechanism at present starts with hydrogen
nd oxygen atoms in hydroxyl groups as electron acceptor–electron
onor (EDA) complexes, the cation acting as acceptor and the anion
s donor on an electron pair. This interaction ultimately disrupts the
ntramolecular hydrogen bond network between molecular chains in
ellulose and causes its dissolution in the ionic liquid (Bajpai, 2016;
u et al., 2020). There is wide consensus that interactions between
ydroxyl groups in cellulose and IL anions play a prominent role
5

in the process (Adeleye et al., 2019; Xu et al., 2020). Also, ILs are
thought to be more effective cellulose solvents that are conventional
alternatives by effect of the increased mobility of IL ions allowing
them to interact with hydroxyl groups in cellulose. Using ILs with
an appropriate cation–anion combination can help maximize cellulose
dissolution with minimal costs (Verma et al., 2019; Dissanayake et al.,
2018).

In the last decade, a number of studies have compared the solubility
of cellulose in ILs containing various imidazolium, pyridinium, ammo-
nium and phosphonium cations paired with a strongly basic, hydrogen
bond-accepting anion (Adeleye et al., 2019; Dissanayake et al., 2018;
Cheah et al., 2020). Ionic liquids consisting of an aromatic imidazolium
or pyridinium cation and OAc–, HCOO–, (MeO)2PO2– or Cl– anion are
seemingly the best choices for dissolving cellulose on account of their
outstanding physicochemical properties. The previous anions, which
are good hydrogen bond acceptors, are more effective than nonco-
ordinating anions such as BF4– or PF6– (Verma et al., 2019; Zhang
et al., 2017). The solubility of cellulose in these ILs has been found
to increase almost linearly with increasing hydrogen bond accepting
ability of the anion. Table 1 lists the most prominent ILs capable of
efficiently dissolving cellulose.

As can be seen, [Emim]OAc is the best choice for dissolving cellu-
lose, but slightly less so for lignin, which is more readily dissolved in
1-butyl-3-methylimidazolium acetate ([Bmim]OAc). This is a result of
the increased hydrophobicity of butyl groups relative to ethyl groups
facilitating dissolution of lignin. Also, [Amim]Cl is a more efficient
IL than are [Bmim]Cl and [Amim]Cl for dissolving wood components
as a result of the former interacting more markedly with lignin and
cellulose—and gaining easier access to the wood microstructure as a
result— than the latter two (Abushammala and Mao, 2020).

Ding et al. (2012) assessed the interaction between cellulose and
the highly effective ionic liquid [Emim]OAc from quantum mechanical
(DFT) calculations. They found cellulose molecules to interact more
strongly with [Emim]OAc than with one another, and cellulose to
form strong hydrogen bonds with acetate ion (Fig. 3). Ionic liquids
can therefore be useful as reaction media in organic syntheses or
electrochemical applications. Once cellulose has been dissolved, it can
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Fig. 3. Mechanism for cellulose dissolution in [Emim]OAc.
be recovered by back-precipitation with an antisolvent such as water,
ethanol or acetone (Freire et al., 2011).

Liu et al. (2019) examined the performance of two types of ILs as
cosolvents in the dissolution and regeneration of cellulose from pine
wood chips. They found the degree of polymerization, crystallinity
and thermal stability of regenerated cellulose to be lower than that
of the polymer, and also cellulose I to be converted into cellulose II.
Fig. 4a illustrates the time course of the dissolution of cellulose with
[Emim]DEP in dimethyl sulfoxide (DMSO) as seen under a polarizing
microscope. As can be seen, there were some vivid cellulose fibrils
at the beginning. After a short time, however, the cellulose dispersed
and was completely dissolved within 24 min to form a regenerated
membrane (Fig. 4b). Based on its thermogravimetric analysis (TGA),
the regenerated cellulose film was thermally stable (Fig. 4c). With an
[Emim]DEP:DMSO ratio of 1:0.5, a cellulose proportion of 3% and a
temperature of 105 ◦C, the polymer was dissolved within 8 min and a
regenerated film with a degree of polymerization of 244 obtained as a
result (Liu et al., 2019).

Increasing the length of the alkyl chain length of the IL cation
(i.e., the solvent carbon chain) decreases the solubility rate of cellulose
by increasing the viscosity of the ionic liquid and decreasing the acidity
of hydrogen bonds. Thus, 1-alkyl-3-methylimidazolium-based ILs with
short alkyl chains dissolve cellulose better than other ILs with longer
chains (Xu et al., 2012). Also, Meng et al. (2017) found the cellulose
dissolving capacity of ILs with short carbon chains to exceed that
of ILs with longer chains. This knowledge can provide useful clues
for better understanding the nature of these alternative solvents for
biomacromolecules and also for tuning IL properties.

Sonication has been deemed a green technique for pretreating ligno-
cellulosic biomass. In fact, ultrasound improves the conversion of some
feedstocks into value-added chemicals by reducing the temperature
needed for conversion and expediting process (Ab Rahim et al., 2020;
Sarwono et al., 2017). Ab Rahim et al. (2020) examined the effect of
sonication on IL-based treatments and found increasing the acoustic
power over the range 20%–60% to boost biomass dissolution, which
peaked within 50 min at 40% acoustic power (Ab Rahim et al., 2020).

Microwave heating can substantially accelerate the dissolution of
cellulose. Thus, highly polar ILs, which contain strong hydrogen bond
acceptors, provide impressive results when used in combination with
microwave pulses rather than external (thermal) heating. Direct absorp-
tion of energy by polar molecules results in internal heating and more
effective breakdown of the H-bond network of microfibrils (Sánchez
et al., 2020; Wang et al., 2019b). For example, microwave heating
increased the solubility of cellulose in [Bmim]Cl to 25 wt% (Isik
et al., 2014). Sánchez et al. (2020) compared cellulose dissolution
in [Emim]DEP/DMSO under sonication and conventional heating. As
can be seen from Fig. 5a, microwave heating (MW) at 200 rpm led
to substantially faster cellulose dissolution than conventional heating.
Also, dissolution rates increased with increasing stirring rate ((Fig. 5b).
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This result is consistent with the fact that viscosity is a limiting factor
for cellulose dissolution in an ionic liquid. Finally, MW increased dis-
solution by 21%–57% depending on the particular temperature (above
60 ◦C) and IL concentration.

Adding a cosolvent such as dimethylacetamide (DMAc), dimethyl-
sulfoxide (DMSO) or dimethylformamide (DMF), or a lithium salt, to
an IL considerably accelerates cellulose dissolution by boosting mass
transport. This is a result of a decreased solvent viscosity; one that
has no effect on specific interactions between cations and anions, or
between the ionic liquid and cellulose (Pang et al., 2016; Xu et al.,
2015).

Ionic liquids containing moisture markedly decrease the solubility
of cellulose by hindering hydrogen bonding among microfibrils (Mohd
et al., 2017; Koide et al., 2020b); by contrast, adding some water to an
ionic liquid facilitates lignin and hemicellulose dissolution.

Ab Rahim et al. (2020) examined the influence of the moisture
content of an IL on its biomass dissolution capacity. They found the
presence of moisture to have an unfavorable impact on dissolution by
effect of water molecules competing with the solvent for interaction
with lignocellulosic constituents. Fig. 6a and 6b show the effect of the
presence of water in variable proportions (Ab Rahim et al., 2020). As
can be seen, biomass dissolution in the ionic liquid decreased with
increasing water content. The micrographs of Fig. 6c and 6d reveal the
presence of undissolved biomass in two IL mixtures containing 15 and
20 wt% water, respectively.

Koide et al. (2020b), and Koide et al. (2019), studied the effect of
the presence of moisture in proportions from 1.27 to 15.38 wt% in
[Emim]OAc on its ability to dissolve cellulose in 2% solutions. They
used small-angle X-ray scattering (SAXS) spectroscopy to examine the
local structure of a cellulose chain upon the addition of water in order
to cause the cellulose to precipitate. Also, they used a coaxial double
layer cylinder model to analyze the intrinsic properties of dissolved cel-
lulose (Fig. 7). Adding water to the solution, where cellulose molecules
were sheathed by solvent molecules, caused a conformational change
in the carbohydrate. Water favored intramolecular hydrogen bond-
ing in cellulose chains and direct interactions with cellulose, thereby
partly suppressing hydrogen bonds with [Emim]OAc and eventually
leading to collapse of cellulose chains. Increasing the water content
above 10 wt% decreased the solvent sheath thickness to about 0.1 nm;
also, it decreased the electron density and the amount of free avail-
able [Emim]OAc molecules around cellulose chains. As a result, most
[Emim]OAc was bound to water and thus unable to interact with
cellulose chains in a direct manner. With the highest moisture content
studied (more than 15 wt%), water caused cellulose to precipitate.

7. The solubility of lignin in ionic liquids

Lignin, which is usually the largest noncarbohydrate fraction in
lignocellulose, is poorly soluble in most common solvents as a result of
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Fig. 4. (a) Cellulose dissolution in an [Emim]DEP/DMSO mixture with a mass ratio of 1:0.75 at 100 ◦C for variable lengths of time: (a1) 0 min, (a2) 5 min, (a3) 15 min and
(a4) 24 min. (b) Appearance of the regenerated membrane. (c) TGA curves for the regenerated cellulose film obtained by using [Emim]DEP/DMSO(A) and treated cellulose from
pine wood.
Source: Reproduced, with permission, from Liu et al. (2019).
© 2019 SAGE.
Fig. 5. Effect on cellulose dissolution of microwave and conventional heating at a variable temperature and a stirring rate of 200 rpm (a) and of the stirring rate. All tests were
conducted with a 50% (w/w) [Emim]DEP/DMSO mixture at 80 ◦C.
Source: Reproduced, with permission, from Sánchez et al. (2020).
© 2020 Royal Society of Chemistry.
its heavily polyaromatic composition and recalcitrant structure. Lignin
accessibility and solubility are two key factors influencing biomass
solubility (Hiltunen et al., 2016). Multifunctional ionic liquids have
proved especially effective for biomass dissolution and conversion. For
instance, imidazolium-based ILs are highly efficient solvents for lignin
and have enabled the production of biochemicals and a variety of other
bioproducts from biorenewable sources (Moyer et al., 2018).

Apparently, to what extent lignin is dissolved in an ionic liquid is
strongly dependent on its cation–anion combination. Thus, enhanced
𝜋 conjugation in the anion or cation increases lignin solubility (Hart
et al., 2015; De Gregorio et al., 2016). The process seemingly involves
cleavage of H-bonds in lignin and merging of aliphatic chains with
aromatic components (Brandt et al., 2015; Xue et al., 2016). Also,
possibly because of the complex polyaromatic structure of lignin, IL
cations can easily interact with aromatic rings in it and increase its
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solubility as a result. Malaeke et al. (2018) found hydroxyl and phenyl
groups to maximize lignin dissolution.

A number of recent studies have compared lignin solubility in ILs
with imidazolium, pyridinium, ammonium and phosphonium cations
such as 1-ethyl-3-methylimidazolium ([Emim]+), 1-butyl3-
methylimidazolium ([Bmim]+), butylpyridinium ([Bpyr]+), 1-butyl-
2,3-dimethylimidazolium ([Bm2im]+) and tri-n-butyloctylammonium
([N4448]+) and similar anions. Those containing [Emim]+, [Bmim]+
or [Bpyr]+ proved especially suitable for lignin dissolutionn (Usmani
et al., 2020; Hart et al., 2015). The effect of IL anions such as tri-
fluoromethanesulfonate ([OTf]-), methylsulfate ([MeSO4]-), chloride
([Cl]-), bromide ([Br]-) and acetate ([OAc]-) on lignin solubility has
also been examined. For instance, an IL consisting of [MeSO4]– as
anion and [Bmim]+ as cation proved the most efficient in dissolving
lignin from pine kraft pulp (Brandt et al., 2013; Pu et al., 2007; Prado
and Weber, 2016).
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Fig. 6. Micrographs of biomass/[Emim]OAc–water mixtures in different weight ratios: (a) 95:5, (b) 90:10, (c) 85:15 and (d) 80:20. (e) Influence of the IL:water ratio on biomass
dissolution.
Source: Reproduced, with permission, from Ab Rahim et al. (2020).
Fig. 7. Schematic depiction of the coaxial double layer cylinder model.
Source: Reproduced, with permission, from Koide et al. (2019).
© 2019 Springer.
Wang et al. (2014) studied the dissolution of lignin in dialkylimi-
dazolium -based ILs containing variable proportions of water (40–100
wt%) at low temperature (60 ◦C). Except with [Bmim]BF4, a moisture
content of 70 wt% allowed complete dissolution of lignin (Fig. 8).

Rashid et al. (2016) used three pyridinium-based ILs containing
various types of anions to dissolve kraft lignin. All three ILs (viz.,
pyridinium formate, pyridinium acetate and pyridinium propionate)
dissolved large amounts of lignin: 70, 64 and 55 wt%, respectively, at
75 ◦C (Fig. 9). The solubility of the lignin was markedly influenced by
the nature of the IL anion.

Pu et al. (2007) examined the solubility of lignin from pine kraft
pulp in 1-hexyl-3-methylimidazolium trifluoromethanesulfonate
([Hmim]CF3SO3), [Mmim]MeSO4 and [Bmim]MeSO4. The ILs dis-
solved up to 20 wt% lignin, with [Bmim]MeSO4 as the most efficient in
this respect. Lignin solubility was found to be temperature-dependent
and room temperature (25 ◦C) to suffice for [Mmim]MeSO4 and
[Bmim]MeSO4 to dissolve substantial amounts of the polymer. How-
ever, raising the temperature to 50 ◦C dramatically increased the
solubility (to more than 25 wt%).

Microwave heating and sonication have been used to expedite lignin
dissolution by effect of their disrupting biomass cell walls and increas-
ing the accessible surface area of the substrate as a result (Abusham-
mala and Mao, 2020; Sun et al., 2019).
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Fig. 8. Solubility of lignin in various alkylimidazolium-based IL–water mixtures at
60 ◦C.
Source: Reproduced, with permission, from Wang et al. (2014). Copyright 2014,
Elsevier.

Some researchers have studied the role of water in lignin dissolu-
tion. As noted earlier, the presence of moisture in ILs increases their
ability to dissolve lignin; however, it also has a considerably unfa-
vorable impact on the dissolution of cellulose. Thus, Pu et al. (2007)
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Fig. 9. (a) Reaction scheme and (b) solubility of kraft lignin in three protic ILs (pyridinium formate, pyridinium acetate and pyridinium propionate).
Source: Reproduced, with permission, from Rashid et al. (2016). Copyright 2016, Elsevier.
found a moisture content above 20 wt% to decrease lignin solubility.
On the other hand, Wang et al. (2014) found adding an appropriate
amount of water to dialkylimidazolium-based ILs to considerably in-
crease lignin solubility—which peaked with an IL containing 70 wt%
water—through an increased mobility of ‘‘free’’ ions.

Table 1 lists the most prominent ionic liquids capable of efficiently
dissolving lignin. [Emim]OAc, [Bmim]Cl and [Bmim]OAc have proved
the most efficient solvents for lignocellulosic biomass from a variety
of feedstocks including agricultural and grass residues, and woody
biomass. Dialkylimidazolium-based ILs in general, and those contain-
ing acetate anion in particular, are especially suitable for dissolving
lignin (Hart et al., 2015; Sun et al., 2014; Wang et al., 2014). Overall,
they are effective for dissolving biomass and can also be used as
solvents or catalysts for further conversion of biomass components into
valued-added products (Yoo et al., 2017).

8. Solubility of hemicelluloses in ionic liquids

As noted earlier, ionic liquids have a great potential for the green
pretreatment of lignocellulosic biomass and, especially, its cellulose
and lignin components. The mechanisms behind their dissolution have
been examined in depth by Xia et al. (2020). Because hemicelluloses
are structurally similar to cellulose—both essentially consist of sugar
monomers—, the former can be expected to be efficiently dissolved by
ionic liquids. However, the mechanisms of dissolution and conversion
of hemicelluloses in ILs have scarcely been examined because of the
high instability and easy degradation of this lignocellulosic component
relative to cellulose. These shortcomings have hindered the identifi-
cation of effective ILs for dissolving hemicelluloses from raw biomass
while maintaining cellulose and lignin integrity as far as possible (Hu
et al., 2020b; Dash and Mohanty, 2019).

As with cellulose and lignin, the solubility of hemicelluloses in ILs
seems to be strongly affected by the particular cation–anion combina-
tion (Hu et al., 2020b). Some recent studies have compared the solubil-
ity of hemicelluloses in imidazolium-based ILs containing strongly ba-
sic, hydrogen bond-accepting anions and revealed those with [Emim]+
or [Bmim]+ as cation to be especially efficient (Yuan et al., 2019; Xia
et al., 2020; Hu et al., 2020b; Dash and Mohanty, 2019).

The hemicellulose concentration (specifically, the mass ratio of
hemicelluloses to IL) has been found to have a synergistic effect on
the strength of hydrogen bonds between hemicelluloses and ILs (Xia
et al., 2020; Hu et al., 2020b). Thus, hydrogen bonding between the
hydroxyl proton in hemicellulose molecules and the IL anion, as a
hydrogen bond acceptor, disrupts intra- and intermolecular hydrogen
bonds in hemicellulose and alters its solubility in the ionic liquid.
However, hydrogen-bonding interactions between hydroxyl protons in
hemicelluloses and the IL anion are much stronger than those between
the hydroxyl oxygen atoms in hemicelluloses and the imidazolium
cation in an IL (Yuan et al., 2019; Xia et al., 2020; Hu et al., 2020b).
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Hu et al. (2020b) compared the ability of six ILs sharing ac-
etate as anion and containing six different cations (viz., [Bmim]+,
[Emim]+, [Amim]+, [Prmim]+, [HOemim]+ and [Hmim]+) to dis-
solve arabinoxylan from bamboo. The arabinoxylan molecule contains
a large number of hydroxyl groups that form a highly recalcitrant
molecular structure by intra- and intermolecular hydrogen bonding.
Fig. 10a shows the mechanism of arabinoxylan dissolution in imi-
dazolium acetate-based ionic liquids. As can be seen from Fig. 10b,
an amount of 100 g of [Bmim]OAc and [Emim]OAc dissolved 15.56
and 15.09 g of arabinoxylan, respectively; on the other hand, an
identical amount of [HOemim]OAc only dissolved 0.61 g of sugar at
temperatures as high as 150 ◦C.

Xia et al. (2020) used [Bmim]carboxylate-based ionic liquids includ-
ing [Bmim]formate, [Bmim]acetate, [Bmim] propionate and
[Bmim]butyrate to dissolve arabinoxylan-rich hemicelluloses from bam-
boo and found the solubility to be strongly influenced by temperature
and the structure of the carboxylate. Increasing the length of the alkyl
chain of the carboxylate anion increased viscosity, thereby delaying
mass transfer and dissolution. The solubility increased with increasing
temperature over the range 30–150 ◦C and that in [Bmim]acetate
peaked at 15.56 g/100 g IL (Fig. 11). The carboxylate anion was
found to play a more important role than the imidazolium cation in
hemicellulose dissolution.

Hu et al. (2020a) examined the solubility of hemicellulose from
bamboo in three types of imidazolium-based ILs (viz., [Bmim]OAc,
[Emim]OAc and [Amim]OAc) at temperatures from 120 to 150 ◦C.
They found the structure of the cations [Bmim]+ and [Emim]+ to
considerably affect hemicellulose dissolution, and the ILs [Bmim]OAc
and [Emim]OAc to be more efficient solvents than [Amim]OAc. The
physicochemical properties of the regenerated hemicellulose were sim-
ilar to those of the starting material. Raising the temperature increased
hemicellulose solubility in the ILs, possibly by decreasing the viscosity
of the latter and facilitating mass transfer as a result. The previous
authors investigated the solubility of hemicellulose in three types of
imidazolium-based ILs sharing [Bmim]+ as cation, namely: [Bmim]Cl,
[Bmim]Br and [Bmim]I. The increased hydrogen bond-accepting ability
of Cl- resulted in considerably stronger interactions with hydroxyl
protons in hemicellulose, thus leading to easier dissolution in [Bmim]Cl
than in [Bmim]Br and [Bmim]I. Also, raising the temperature from
80 to 150 ◦C increased hemicellulose solubility but a further increase
reduced it. Thus, the solubility in [Bmim]Cl was 16.6 g/100 g IL
at 110 ◦C but increased to 18.8 g/100 g IL at 120 ◦C and then
considerably decreased at temperatures from 130 to 150 ◦C as the likely
result of hydrogen bonds between the ionic liquid and hemicellulose
molecules being unstable and partially disrupted at increased tempera-
tures. Therefore, efficiently dissolving hemicelluloses requires using an
appropriate temperature and cation–anion combination in the IL (Yuan
et al., 2019).

As can be seen from Table 1, [Emim]OAc, [Bmim]OAc and [Bmim]Cl
are the most efficient ionic liquids for dissolving hemicellulose.
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Fig. 10. (a) Dissolution mechanism for arabinoxylan in imidazolium acetate-based ILs. (b) Solubility of arabinoxylan in various pure and recycled ILs at 150 ◦C.
Source: Reproduced, with permission, from Hu et al. (2020b). Copyright 2020, Elsevier.
Fig. 11. Solubility of hemicellulose in four different ILs at temperatures from 30 to
150 ◦C.
Source: Reproduced, with permission, from Xia et al. (2020).
© 2020 Royal Society of Chemistry.

9. Producing biomass-based materials by using ionic liquids

Environmental regulations and concerns with pollution from plas-
tics have promoted research into effective ways of converting ligno-
cellulosic biomass into value-added materials by using green chemical
processes. As a result, production of biobased materials by use of ILs has
emerged as a promising choice and considerably broadened the scope
of biomass uses (Moniruzzaman et al., 2017; Hermanutz et al., 2019).

9.1. All cellulose-based composites (ACCs) and nanocomposites (ACNCs)

One way of overcoming some environmental pollution problems
is using cellulose-based composites, which have attracted increasing
attention as green materials. All-cellulose composites (ACCs) constitute
a new class of self-reinforced (single-component) composites that can
be obtained by incorporating a variety of lignocellulosic fibers into
polymers (Chen et al., 2020; Guzman-Puyol et al., 2019).

High performance ACCs with superb mechanical properties, broad
interfacial compatibility, easy recycling, and high strength and stiffness
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can be obtained by using cellulose as both matrix and reinforcement
(Chen et al., 2020; Mahmood et al., 2017). (Fig. 12) depicts the two
main methods for ACC preparation. The one-step method involves
partial or selective dissolution of cellulose and in situ regeneration
of the dissolved portion as matrix around the undissolved portion
as reinforcement. On the other hand, the two-step method involves
complete dissolution of a portion of cellulose to obtain a regenerated
solution (matrix) containing additional, reinforcing cellulosic mate-
rial (Hermanutz et al., 2019; Chen et al., 2020). The two-step method
can be used with a variety of cellulose-based raw materials including
low-value agricultural byproducts as matrix or reinforcing phase (Wei
et al., 2016).

The conditions used to dissolve native cellulose should be carefully
controlled (Zhang et al., 2016), especially as regards the duration of
the process. Thus, slow regeneration prevents the formation of cracks
and holes in the ACC. This results in improved mechanical, optical
and barrier-related properties by effect of slow precipitation leading
to stronger interfacial bonding between the matrix and the reinforcing
phase. Conversely, too fast precipitation results in more gaps and cracks
forming in the ACC film (Duchemin et al., 2009).

The one-step method usually allows the mechanical efficiency and
optical transmittance of the resulting ACC to be tuned by using an ap-
propriate raw material, solvent system, and combination of dissolution
and regeneration conditions. The ACC is obtained by using an IL to par-
tially dissolve the surface of cellulose microstructures or nanostructures
as reinforcing phase and regenerating dissolved cellulose as matrix
through hydrogen-bonding interactions with cellulose I. This allows the
ionic liquid to be recovered for reuse. Recent studies have shown ACCs
with good mechanical properties and excellent optical transmittance to
have a great potential for use in structural and packaging materials,
filters, and photoelectric and biomedical engineering devices ] (Asim
et al., 2019; Li et al., 2018a; Jiang et al., 2018).

9.1.1. Ionic liquid-assisted welding of cellulose nanofibers
Nanowelding is a novel technology for modifying nanosized cellu-

lose for easier, expeditious, more inexpensive use (Wang et al., 2016;
Chen et al., 2020) allowing direct production of high-quality cellulose
nanocomposites in the form of films or nanopapers with improved
mechanical, thermal and air barrier-related properties (Yousefi et al.,
2015, 2011).
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Fig. 12. (a) One-step and (b) two-step method for preparing all-cellulose composites (ACCs) (Singh et al., 2015).
Fig. 13. Solvent-based nanowelding of lignocellulosic materials.
Source: Reproduced, with permission, from Yousefi et al. (2015).
© 2015 Springer.
Ionic liquids can be used as smart nanowelding agents to assemble
cellulose structures of nanometric dimensions. Thus, an IL can form
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a disordered phase onto the skin portion of nanosized cellulose I and
allow welding after cellulose fibers are regenerated as the matrix phase,
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Fig. 14. Image and stress–strain curves for the original paper, Film-1 and Film-2 upon nanowelding under microwave radiation.
Source: Reproduced, with permission, from Liu et al. (2019). Copyright 2017, Elsevier.
undissolved regions in cellulose I constituting the reinforcing phase.
This method is a promising green, cost-effective choice for obtaining
high performance, environmentally friendly smart biomedical, pack-
aging, sensing and magnetic all-cellulose nanocomposites (ACNCs) for
industrial applications. These materials are completely biobased and
biodegradable; also, they ensure compatibility between the matrix and
the reinforcing phase (Yousefi et al., 2015, 2011).

Cellulose nanowelding technology (Fig. 13) was introduced by
Yousefi et al. (2011). They dissolved cellulose microfibers from canola
straw, a low-value agricultural byproduct, in [Bmim]Cl and then re-
generated the solution in methanol. The resulting all-cellulose trans-
parent nanocomposite films possessed a high mechanical strength and
good barrier-related properties. The average diameter of undissolved
nanofibrils in the reinforcing phase was ca. 53 nm.

Lu et al. (2017) succeeded in obtaining all-cellulose transparent
films with a high mechanical strength and low surface roughness di-
rectly from wood fibers by using the ionic liquid 1-ethyl-2-
methylimidazolium phosphorous methyl ester ([Emin]MeOPO2H) un-
der microwave heating. Thus, they obtained flexible nanopaper by
partial dissolution and welding of cellulose fibers in sheets with the
aid of microwave-assisted ionic liquid technology (MILT). As can be
seen in Fig. 14, microwave irradiation also allowed films with twice
higher tensile strength and optical transmission than the original paper
to be obtained.

Reyes et al. (2018) constructed cellulose nanofiber films (CNFFs)
with improved physical properties such as transparency and mechanical
strength by improving nanocellulose surface patterning. Essentially, the
welding process involved four steps and used three different ionic liq-
uids, namely: 1-ethyl-3-methylimidalozium acetate ([Emim]OAc), 1,5-
diazabicyclo[4.3.0]non-5-enium propionate ([DBNH]CO2Et) and 1,5-
diazabicyclo[4.3.0]non-5-enium acetate
([DBNH]OAc). [Emim]OAc proved the most efficient solvent for cel-
lulose and provided the films with the highest transparency and me-
chanical strength [e.g., a tensile strain at yield of (11.7 ±1.4)%)].

9.2. All-wood composites

There is an ongoing trend to avoid using petroleum to manufacture
goods in order to reduce costs and minimize its environmental impact.
Lignocellulosic biomass is a sustainable, environmentally friendly re-
source for alleviating the current dependence on this resource (Tisserat
et al., 2015). As shown in Fig. 15, wood is the most widely used con-
struction biomaterial on account of its unique hierarchical micro- and
nanostructure. This results in a low density, high strength and tough-
ness, and low thermal conductivity, all of which afford sustainable
advanced applications in an increasingly technological world (Cabane
et al., 2016; Jiang et al., 2018). All-lignocellulose materials such as
wood composites may provide an alternative choice to improve func-
tionality and broaden the scope of wood in building and packaging
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applications, but especially for the production of high performance
engineering materials with enhanced electrical, transparency, magnetic
and supercapacitance properties (Khakalo et al., 2020, 2019).

New research in this area should focus on the development of
biocomposites wholly consisting of natural materials so as to reduce the
environmental footprint of wood–plastic composites, which contain a
wide range of poorly recyclable organic polymers (Tisserat et al., 2015;
Wang et al., 2011). A need therefore exists to efficiently modify the
highly compact structure of wood to adjust its functionality for broader
use that may be fulfilled by using nanowelding technology.

Partial dissolution of wood surfaces with an ionic liquid for den-
sification has enabled the obtainment of high-performance all-wood
biomass composites with considerably enhanced mechanical proper-
ties (Khakalo et al., 2020, 2019). Also, it has allowed wood composites
to be endowed with fire-retardant, antimicrobial and antifungal prop-
erties, which can be especially useful to produce building materials and
furniture (Wang et al., 2011).

Khakalo et al. (2019, 2020) developed an additive-free all-wood
material with superior mechanical performance and multifunctionality
relative to native wood. They delignified Birch wood plies with a
solution containing 1 wt% sodium chlorite in acetate buffer at 80 ◦C.
This treatment reduced the lignin content of the wood, but only slightly
that in hemicellulose, which facilitated easy access to the surface of
cellulose fibers (Fig. 16a and 16b). Although removing lignin increased
the inner pore size and swelling of fibers, the partially delignified
wood (DLW) obtained largely retained the cell wall structure and
honeycomb-like organization of the original material (Fig. 16c and
16d). The resulting DLW was placed in the ionic liquid [Emim]OAc
at atmospheric pressure and under vacuum (≤15 mbar) and heated at
95 ◦C to partially dissolve fibers. Then, it was washed with water until
the washings were colorless to remove the IL and, finally, densified by
heating (Fig. 17a). Partial dissolution of cellulose and softening of its
surface fibers (regeneration) caused a gel-like layer to form in the virgin
inner fiber structure that acted as a lubricant and endowed the IL-
treated wood with plastic-like mechanical properties. A highly compact
bio-based material with markedly enhanced mechanical properties was
obtained by embedding undissolved fibers into a matrix of regenerated
cellulose. Unlike DLW, which can only bend in one direction, IL-treated
wood has isotropic flexibility and can thus bend in all directions, which
can be used to produce 3D objects (Fig. 17b and 17c). In addition,
IL-treated wood exhibits limited permeability to gas, water vapor and
grease thanks to its dense, very well-packed structure.

9.3. Aerogels

Aerogels are synthesized and dried under supercritical conditions
to replace liquid in their pore structure without causing it to col-
lapse (Long et al., 2018). The nanopore network results in superb
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Fig. 15. Hierarchical structure of macro to nanosized trees leading to excellent functional properties by use of sustainable nanotechnologies.
Source: Reproduced, with permission, from Jiang et al. (2018).
© 2018 Wiley.
Fig. 16. Photographs of untreated wood (a) and partially delignified wood (b). (c) and (d) Micrographs of the previous two samples illustrating how well the wood structure was
retained after delignification.
Source: Reproduced, with permission, from Khakalo et al. (2019).
© 2019 ACS.
physicochemical properties including a low density and thermal con-
ductivity, a high porosity, a large internal surface and abundant three-
dimensional (3D) pores, all of which make aerogels promising candi-
dates for various advanced applications (Wan et al., 2019; Gan et al.,
2018). These advantages have promoted the development of novel
aerogels for wastewater processing and also for use in eco-friendly
technology in a number of fields including production of cosmetics,
biomedicals, electrochemical devices, and lightweight acoustic and
thermal insulating materials (Long et al., 2018; Gan et al., 2018).
Biodegradable resources and processes avoiding collapse of the pore
13
framework are especially useful for this purpose. Although the prepa-
ration of lignocellulose- and cellulose-based aerogels in IL solvent
systems has aroused substantial interest for the development of new,
advanced biomaterials, the dissolution of lignocellulosic biomass in ILs
has attracted considerable less attention.

Mussana et al. (2018) devised a green synthesis method to obtain
ultraporous lignocellulose aerogels by dissolving cotton stalks in a
1-allyl-3-methylimidazolium chloride/dimethyl sulfoxide ([Amim]Cl/
DMSO) cosolvent system. They used conventional freezing–thawing
cyclic conditions (−20 to 20 ◦C) and cyclic freezing under liquid
nitrogen–thawing conditions (−196 to 20 ◦C) in combination with
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Fig. 17. (a) Construction of an all-wood multifunctional material. Photographs of flexible partially delignified wood (b) and flexible gel-type wood after IL treatment and washing
with water (c).
Source: Reproduced, with permission, from Khakalo et al. (2020).
© 2020 ACS.
Fig. 18. Preparation of lignocellulose aerogels by use of a novel ionic liquid/dimethyl sulfoxide based cosolvent system.
Source: Reproduced, with permission, from Mussana et al. (2018). Copyright 2018, Elsevier.
variable proportions of sample for treatment. In the last step of the
process, samples at three different concentrations were transferred to
coagulation baths in order to obtain the hydrogels (Fig. 18). Based on
the results of Scanning Electron Microscopy and Brunauer–Emmett–
Teller analyses of the lignocellulose samples, the conventionally freeze–
thawed (CFT) lignocellulose aerogel obtained with a 7 wt% proportion
of water possessed a hierarchical 3D open ‘‘web-like’’ pore structure
with an increased number of pores and a low specific surface area
(Fig. 19a). Increasing the sample content to 11 wt% resulted in a more
compact, uniform ‘‘web-like’’ structure (Fig. 19c) as a consequence
of an increased number of polymer chains—and hence of available
crosslinking sites. On the other hand, using a nitrogen freeze-thawing
(NFT) treatment with a 7 wt% proportion of sample (Fig. 19b) led to a
hierarchical 3D porous ‘‘film-like’’ structure with a decreased number
of pores and an increased specific surface area relative to the CFT
counterpart. Obviously, raising the proportion of sample to 11 wt% led
to a more compact, uniform and smaller ‘‘film-like’’ structure (Fig. 19d).
14
Quantitative analyses confirmed that the CFT treatment had the poten-
tial effectively fixed all major components in the lignocellulose matrix.
The results also highlighted the effectiveness of supercritical carbon
dioxide as a cosolvent for ionic liquids, which can be of great help to
develop porous, flexible aerogel scaffolds (Mussana et al., 2018).

Li et al. (2019) obtained cellulose-rich aerogels directly from corn
stalk by using a facile IL–amidosulfonic acid (ASA) solvent system.
The process is made difficult by the fact that lignin and hemicellulose
in lignocellulosic biomass form a complex protective network around
cellulose through hydrogen and ester bonds. This prompted the use of
a multifunctional solvent system in conjunction with a simple, envi-
ronmentally friendly method to depolymerize lignin into small pieces.
ASA ensured effective degradation of lignin and partial dissolution of
hemicellulose in the solvent system, which comprised six halogen ILs.
Samples were examined for morphology, mechanical properties and
thermal stability of the samples. Fig. 20 shows the contents in cellulose,
hemicellulose and lignin of the aerogels as determined after treatment
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Fig. 19. SEM images of lignocellulose aerogels obtained by using two different
concentrations and freeze–thawing treatments. (a) and (c) 7 and 11 wt% lignocellulose
samples subjected to conventional cyclic freezing–thawing (–20 to 20 ◦C). (b) 7 and
11 wt% samples subjected to cyclic freezing with liquid nitrogen at –196 to 20 ◦C.
Source: Reproduced, with permission, from Mussana et al. (2018). Copyright 2018,
Elsevier.

with the pure ILs and with addition of ASA. The content was (69.4
±1.0)% with pure [Amim]Cl and (86.1 ±2.0)% with ASA added. In the
most favorable case, the sample was completely lignin-free. Based on
the results, the [Amim]Cl+–ASA solvent system provided cellulose-rich
aerogels directly from corn stalks. The aerogels exclusively contained
cellulose and hemicellulose with a high specific area, and possessed
adequate thermal stability and good mechanical properties. As shown
by the results, ASA not only was an effective choice for further peeling
off lignin from biomass, but functioned as a promoter endowing the
aerogels with a unique 3D pore structure. The aerogel obtained with the
[Amim]Cl+–ASA system was used in dye adsorption tests and exhibited
excellent adsorption of Congo Red and Coomassie Brilliant Blue. Also,
the peak interaction energy between cellulose and Congo Red exceeded
15
Fig. 21. Adsorption of (a) Congo red and (b) Coomassie Brilliant Blue in a
cellulose-rich aerogel.
Source: Reproduced, with permission, from Li et al. (2019).
© 2019 Royal Society of Chemistry.

Fig. 22. Effects of supercritical drying on (a) a cellulose alcogel and (b) aerogels
obtained from a cellulose solution containing an IL proportion of 1, 2 or 4 wt%.
Source: Reproduced, with permission, from Lopes et al. (2017). Copyright 2017,
Elsevier.

that with Coomassie Brilliant Blue (Fig. 21). Absorption saturated at
549 mg g−1 with the former dye and at 302 mg g−1 with the latter.

Lopes et al. (2017) prepared cellulose aerogels with a higher drug
loading capacity than noncellulosic aerogels from 2 wt% cellulose
(MCC) in a [Emim][DEP] solution. Drug (phytol) loading was assessed
by using supercritical drying at (120 ±5) bar at 40 ◦C. Initially, the
samples from the cellulose/IL system (viz., the alcogels in Fig. 22)
were transparent. After supercritical drying, however, all changed to
opaque white and had a sticky appearance. An aerogel with a drug
loading capacity of approximately 50% exhibited excellent properties
for pharmaceutical or medical use. The amount of phytol to be used
was influenced by pore size and pore volume.

Xu et al. (2016) used a sol–gel polymerization method to prepare
two types of highly porous cellulose aerogels from microcrystalline
cellulose (MCC) and dissolving pulp cellulose (DMCC) in [Bmim]Cl. The
resulting regenerated cellulose alcogels, which were quite transparent,
Fig. 20. Effects of the solvent system on aerogel components after treatment with a pure IL (a) and one containing amidosulfonic acid (ASA) (b).
Source: Reproduced, with permission, from Li et al. (2019).
© 2019 Royal Society of Chemistry.
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Fig. 23. Alcogels and aerogels obtained by using 3 and 6 wt% microcrystalline cellulose (MCC) or dissolving pulp cellulose (DMCC).
Source: Reproduced, with permission, from Xu et al. (2016).
© 2016 BioResources.
Fig. 24. Adsorption of Rhodamine 6G (a) and an organic solvent (b) in cellulose
aerogels.
Source: Reproduced, with permission, from Xu et al. (2016).
© 2016 BioResources.

were precooled in a refrigerator to obtain cellulose aerogels with an
opaque white appearance and a rough surface. Fig. 23 illustrates the
appearance of the alcogels and aerogels. Transparency in the alcogels
decreased with increasing cellulose content. As can be seen, on identical
content in cellulose, the DMCC alcogel was more transparent than the
MCC alcogel. The SEM images showed the DMCC aerogels to have a
macroporous structure and the MCC aerogels to possess a dense surface.
The 5% MCC aerogel and the 4% DMCC aerogel exhibited the highest
Young’s moduli. The cellulose aerogels proved excellent adsorbers for
Rhodamine 6G and organic compounds by effect of their dense 3D pore
network (Fig. 24). The superb adsorption properties of the cellulose
aerogels make them potential candidates for efficient cleanup of dyes,
oil and organic pollutants.

9.3.1. Regenerated cellulose aerogel-based nanocomposites
Regenerated cellulose aerogels (RCAs) are a novel type of 3D prod-

ucts of cellulose having a high porosity, low density, plentiful oxygen-
containing groups, large surface area and low coefficient, which makes
them potentially useful as green adsorbents or for the separation ma-
terials. Producing RCAs involves four main steps, namely: dissolution,
regeneration, solvent exchange and drying. Some structural properties
of RCAs including mechanical strength, barrier-related performance,
density and porosity are known to depend markedly on the type of
cellulose solvent and coagulant used (Long et al., 2018; Wan et al.,
2019; Yuan et al., 2016).

The fact that ionic liquids are promising green solvents makes
RCAs ideal materials for the integration of nanoparticles or in situ
synthesis of novel functional nanocomposites. Yuan et al. (2016) pre-
pared cellulose-based nanocomposite aerogels by in situ synthesis of
aluminum hydroxide (AH) in cellulose gel matrices obtained with
[Amim]Cl. They found the conditions of AH nanoparticle production
not to affect the micro- or nanostructure, nor the morphology, of
16
the resulting regenerated cellulose aerogels. This was a result of AH
nanoparticles uniformly distributing in the matrix. Based on the results,
incorporating AH into the RCAs increased flame retardancy, mechani-
cal performance and transparency, three properties that are especially
useful for green building materials (Fig. 25 and 26).

9.4. Hydrogels

Hydrogels are natural or synthetic soft materials consisting of
crosslinked hydrophilic polymers forming a 3D network through phys-
ical or chemical interactions (Thakur et al., 2017; Meng et al., 2019).

Physicochemical bonding between polymer chains in hydrogels
makes them flexible, elastic and permeable enough to easily absorb
more than their own dry weight. Multifunctional biopolymer-based
hydrogels have become good candidates for biological, biomedical and
environmental uses on account of their special surface properties, good
biocompatibility and increased moisture content (Meng et al., 2019;
Sathawong et al., 2018). Depending on the targeted application and
the model of synthesis, the size of hydrogels varies over the nano- to
the centimeter range. Lately, hydrogels have found new uses including
water purification (by capturing heavy metal ions) and drug delivery,
and also in biomedical devices and as bioactive scaffolds (Thakur et al.,
2017; Rico-García et al., 2020).

9.4.1. Lignin based hydrogels
In recent years, lignin-based hydrogels have increasingly been used

to develop biomaterials for a number of purposes in many fields on
the grounds of their biocompatibility, biodegradability, low toxicity
and promising thermal properties, and also of the ease with which
lignin can be biodegraded (Chandna et al., 2020; Ciolacu and Cazacu,
2018). In fact, the second most abundant biopolymer and only aromatic
polymer in lignocellulosic biomass has antiviral, immunopotentiating,
antibacterial and antioxidant activity, as well as good mechanical
properties (Chandna et al., 2020; Cusola et al., 2019). Also, lignin
encompasses a large number of polyphenolic compounds that can dam-
age the cell membranes of gram positive and negative bacteria, which
endows it with antimicrobial properties (Alzagameem et al., 2019).
Although hydrogels obtained from natural polymers such as lignin may
lack in mechanical properties, their strength can be improved by incor-
poration of nanomaterials (Shen et al., 2016) such as nanocellulose,
silicate nanoparticles or carbon nanotubes (Thakur et al., 2017; Shen
et al., 2016).

As regards solvents, ionic liquids possess a sufficient coordinative
ability to disrupt the 3D structure of lignin. However, IL-based solvents
have scarcely been used to date to prepare lignin-based hydrogels.
Shen et al. (2016) obtained membrane hydrogels by using lignin from
the dissolution of wood with an ionic liquid (IL-lignin) and the kraft
process (KF-lignin). They used [Emim]OAc as both solvent and cat-
alyst to isolate lignin from Populus alba wood. Then, the two types
of lignin were dissolved in 4 wt% NaOH and chemically crosslinked
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Fig. 25. Regenerated cellulose aerogel (a) and nanocomposite aerogel (b) upon ignition with an alcohol burner.
Source: Reproduced, with permission, from Yuan et al. (2016).
© 2016 Springer.
Fig. 26. Regenerated cellulose aerogel (a) and nanocomposite aerogel (b).
Source: Reproduced, with permission, from Yuan et al. (2016).
© 2016 Springer.
Fig. 27. Preparation procedure and images of lignin membrane hydrogels obtained via three different chemical crosslinking routes.
Source: Reproduced, with permission, from Shen et al. (2016).
© 2016 Royal Society of Chemistry.
with epichlorohydrin (ECH), polyethylene glycol (PEG) or epoxide-
terminated PEG (ETPEG). The last hydrogels (viz., IL-lignin/ETPEG)
were thin membranes with superb tensile strength and better wa-
ter vapor transmission (WVT), antimicrobial activity and antioxidant
efficiency than the other two types (Fig. 27).

Ji et al. (2017) obtained lignin-containing hydrogels (LCHs) by us-
ing [Emim]OAc as medium, and acrylamide (AM) and
N,N’-methylenebisacrylamide (MBA) and crosslinkers. As can be seen
in Fig. 28, the morphology of the LCH surface differed with the pro-
portion of lignin used (6.25–14.29 wt%). Although all hydrogels were
17
structurally similar, their average pore size decreased with increasing
content in lignin—which also influenced the swelling behavior of the
LCHs. Thus, increasing the amount of lignin decreased the absorbency
as a result of its hydrophobicity. Swelling peaked with 6.25% wt lignin
(Fig. 29).

Zhang et al. (2020) obtained an attractive lignin/poly(ionic liquid)
composite hydrogel dressing with superb self-healing properties and
mechanical strength in addition to good bactericidal and antioxidant
properties, and also good reusability. They used 3-butyl-1-isopropyl-
1H-imidazol-3-ium bromide (VMIMBr) as IL and lignin proportions
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Fig. 28. SEM images of the (a) LCH1, (b) LCH2, (c) LCH3 and (d) LCH4.
Source: Reproduced, with permission, from Ji et al. (2017).
© 2017 BioResources.

Fig. 29. Swelling behavior of hydrogels as related to lignin content.
Source: Reproduced, with permission, from Ji et al. (2017).
© 2017 BioResources.

from 0 to 60 wt% in addition to the cut–heal test to assess self-healing
behavior in order to avoid further injury and contamination. Two of
the samples were split into two parts that were then exposed to each
other without external intervention for 24 h (Fig. 30a). The presence
of abundant dynamic ionic bonds at cutting interfaces led to the dress-
ings easily linking together. As can be seen from the micrographs
of Fig. 30b, self-healing decreased with increasing lignin content by
effect of an increased network density hindering molecular motion. The
wound dressings exhibited excellent adhesion to skin through Van der
Waals forces (Fig. 31a). As can be seen from (Fig. 31b), increasing
the amount of lignin increased the number of ionic bonds inside the
dressings and reduced adhesion to the wounds as a result. Raising the
lignin content also increased antioxidant activity—to a great extent as
shown in Fig. 31c. The dressings proved nontoxic and compatible with
cell proliferation as tested against mouse fibroblasts ((Fig. 31d). As can
be seen from Fig. 32a and 32b, increasing the amount of lignin used
expedited wound recovery.
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Fig. 30. (a) Self-healing behavior without external intervention of hydrogel dressings
HIL0 and HIL3. (b) Micrographs of the four dressings.
Source: Reproduced, with permission, from Zhang et al. (2020). Copyright 2020,
Elsevier.

9.4.2. Hemicellulose based hydrogels
Hemicelluloses, which constitute the second most abundant carbo-

hydrates in lignocellulosic biomass after cellulose, consist of sugar units
that differ depending on the origin of the feedstock (e.g., aspen wood,
eucalyptus, spruce, birch wood, bamboo, straw) (Gullón et al., 2016).
Hemicelluloses have tremendous potential as a material for obtaining
high value-added products for cosmetic, biomedical and nutritional
purposes (Fu et al., 2020). Interest in developing hemicellulose-based
intelligent hydrogels has considerably grown in recent years. In fact,
because hemicelluloses are biocompatible, nontoxic, biodegradable and
inexpensive, they hold a promising future in many industrial sectors
but especially for drug delivery and in the production of absorbent
materials, biosensors and engineered tissues (Hu et al., 2017).

Two major challenges in using hemicelluloses to develop biomed-
ical materials are the need to improve the mechanical properties of
their nanocomposite hydrogels, and to preserve their native structure,
durability, nontoxicity and biocompatibility (Kong et al., 2018). For
instance, xylan, which is one of most abundant hemicellulosic polysac-
charides in nature—and a byproduct of a number of biobased industrial
processes—has the potential for use as a renewable matrix material.
Its excellent properties, which include biocompatibility, nontoxicity,
and antioxidant and antitumor action, make it an interesting candidate
for drug delivery and similar applications. However, its low molecular
weight and poor solubility relative to other commercially available
polysaccharides have so far restricted its use. Fortunately, the vast
amount of hydroxyl groups it contains can be modified through a
variety of reactions (Kumar et al., 2021a).

Some ionic liquids, but especially those based on imidazolium
cation, can dissolve all fractions of lignocellulosic biomass and simplify
hydrogel production with the need for no chemical crosslinker, which is
a substantial advantage over conventional organic solvents (Liang et al.,
2015). Unfortunately, virtually no research into the use of ionic liquids
as solvents for the direct preparation of hemicellulose-based hydrogels
has so far been reported despite their holding great promise. One
noteworthy exception is the use of [Bmim]Cl and [Emim]OAc to obtain
physically crosslinked hydrogels from mixtures of cellulose, xylan and
lignin to examine the influence of each polymer on hydrogel formation.
For this purpose, Kalinoski and Shi (2019) used a simple physical
crosslinking process to prepare cellulose-based hydrogels with the aid
of ILs and compared the results with those of using an NaOH/urea
mixture as solvent and chemical crosslinker. They examined the effects
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Fig. 31. (a) Image of dressing HIL3 adhered to a hand. (b) Adhesion force of the skin to HILX dressings. (c) Antioxidant activity of the dressings and lignin. (d) Biological activity
of the dressings.
Source: Reproduced, with permission, from Zhang et al. (2020). Copyright 2020, Elsevier.
Fig. 32. (a) Appearance of wounds after coverage with different dressings for 12 days. (b) Wound closure after 0, 3, 6, 9 and 12 days of contact with the dressings.
Source: Reproduced, with permission, from Zhang et al. (2020). Copyright 2020, Elsevier.
of lignin and xylan on the formation of hydrogels in order to assess
their mechanical strength and antimicrobial properties. In addition,
they prepared lignocellulosic hydrogels by directly dissolving biomass
from poplar and sorghum in an ionic liquid for comparison with pure
cellulose-based hydrogels. The addition of lignin and xylan to cellulose
altered the stiffness and mechanical properties of the resulting hydro-
gel, which was less elastic than that obtained by chemical crosslinking.
Interestingly, lignin conferred the hydrogels antimicrobial properties
(e.g., they reduced E. coli colony growth by 80%). The previous results
testify to the potential of ILs for producing physically crosslinked
hydrogels with enhanced mechanical and antimicrobial properties di-
rectly from lignocellulosic biomass in order to outstretch the uses
19
of these biodegradable, antimicrobial hydrogels from lignocellulosic
biomass in biomedical applications in the future.

10. Route to industrialization of ILs

Regardless of the many advantages ionic liquids can bring to biomass
processing, their cost continues to be a serious hurdle for wider accep-
tance and use (Khoo et al., 2020). Their high cost is a result of their
being produced in fairly small amounts by scientific research institutes
rather than by large-scale industries, and also of the expensive reagents
needed for their synthesis (Baaqel et al., 2020). Thus, the cost of most
imidazolium-based ILs in 2021 ranged from 300 to 7000 e/kg (see
Table 2). Such high costs have so far precluded more extensive use
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Fig. 33. Effect of the number of [Emim]OAc reuses (a) and lignin content (b) on sugar conversion from rice straw at 120 ◦C for 24 h as compared to fresh [Emim]OAc.
Source: Reproduced, with permission, from Weerachanchai and Lee (2014). Copyright 2014, Elsevier.
Table 2
Typical cost of the ionic liquids most commonly used to fractionate lignocellulosic
material for biomass conversion.

Ionic liquid Price (EUR/kg)

Sigma-Aldrich Proionic Alfa Aesar TCI

[Amim][Cl] 5640 – 4800 6000
[Amim][Br] 21600 – 2950 –
[Amim][I] 14400 – – –
[Emim][OAc] 800 350 15500 7100
[Emim][Cl] 390 – 4680 1200
[Emim][Br] 2060 – 1800 3500
[Emim][I] 3960 – 3700 3400
[Emim][HSO4] 302 – 1570 2850
[Emim][BF4] 1240 620 – 6000
[Emim][PF6] 9660 – 6350 5000
[Bmim][OAc] 881 460 – –
[Bmim][Cl] 1356 – 2300 1200
[Bmim][Br] 1940 – 1800 5500
[Bmim][I] 5240 – – 5200
[Bmim][HSO4] 452 – – 3000
[Bmim][BF4] 871 750 5950 1400
[Bmim][PF6] 2136 – 2440 2520

as alternatives to existing industrial choices. In any case, IL prices have
fallen somehow in the past and can be expected to fall further as their
market expands (Kunal Ahuja, 2016).

Technoeconomic analysis (TEA) can be used to overcome the
economic challenges associated with the total costs of IL-based
pretreatments—operational expenses and capital investments
included—(Zhang et al., 2021). In this respect, the technoeconomic
assessment model provides a connecting bridge between laboratory
research and industrial business. TEA’s main objective is to assess
and foresee the economics of the most sensitive process parameters of
larger-scale production including IL cost, recovery and heating (Baral
and Shah, 2016). Some models allow project scaleup costs to be
estimated (Mungodla et al., 2019). In 2014, a technoeconomic study es-
timated the price of triethylammonium hydrogen sulfate [TEA][HSO4]
and 1-methylimidazolium hydrogen sulfate ([HMim][HSO4]) at USD
2.5/kg and USD (2,96–5.88)/kg, respectively (Chen et al.). These
estimates are consistent with those Baral and Shah (2016) (viz., USD
2.5/kg for [TEA][HSO4]). In 2020, another technoeconomic study
estimated the cost of [TEA][HSO4] and ([HMim][HSO4]) at USD
0.78/kg and 1.46/kg, respectively. These costs are comparable to those
of common organic solvents such as acetone and ethyl acetate (USD 1.3
and 1.4/kg, respectively, according to Baaqel et al. (2020)).

The previous data confirm the usefulness of technoeconomic mod-
eling with a view to lowering IL production costs in order to make
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biomass treatments more affordable. However, there is no guarantee
that the price of ILs will drop even after their technical superiority
has been fully demonstrated. Therefore, it remains more practical to
efficiently recycle ILs than to try to reduce their cost. In fact, industries
using ILs should strive to reduce energy-associated costs by maximizing
their recycling and reuse (Meeuwes et al., 2020; Tullo, 2020). The
most suitable method for IL recovery and purification depends on
various factors such as type of biomass to be treated, the pretreatment
conditions, and the composition and properties of the particular ionic
liquid (Mutrakulcharoen et al., 2019; Zhou et al., 2018). The easiest
way of recovering an IL is by in vacuo evaporation in an antisolvent
after the regeneration step. However, potential contamination, and the
presence of dissolved impurities, can hinder IL recovery and reuse (Hou
et al., 2017). Ionic liquid recovery has been the subject of much re-
search. Mutrakulcharoen et al. (2019) used [Emim]OAc to pretreat rice
straw for the obtainment of sugar by enzymatic hydrolysis. Then, they
used different mixed solvents to retrieve the IL for pretreatment of rice
straw. In this way, they succeeded in reusing the IL five times without
significant loss of sugar yield (less than 10%) relative to the first run. In
another recent study, Weerachanchai and Lee (2014) investigated the
possibility of reusing [Emim]OAc for the pretreatment of biomass.

Fig. 33a compares the effect of reusing [Emim]OAc on sugar conver-
sion and lignin content of the solvent. As can be seen, sugar conversion
declined but the lignin content increased with increasing reuse of the
ionic liquid. Also, as can be seen in Fig. 33b, increasing reuse resulted
in more marked degradation of the IL (especially after 5 uses). These
results suggest that ILs can be effectively recycled and reused in large-
scale pretreatments of lignocellulosic biomass to reduce process costs
and yield losses (Weerachanchai and Lee, 2014).

11. Conclusions and recommendations

Ionic liquids provide a promising green technology for pretreating
lignocellulosic biomass. Future developments in this direction should
be guided by a sound knowledge of the structure, property and func-
tionality of ionic liquids, and of the influence of the pretreatment
conditions. However, scaling up this technology will only be econom-
ically feasible after the cost of producing effective ILs is considerably
reduced. This may be easier by developing accurate cost models based
on technoeconomic assessment. Also, process cost-efficiency may be
increased by using ionic liquids in combination with solvents including
other ILs or water, or by improving their rheological properties to
facilitate recovery. The primary aim should be to use reasonably af-
fordable ILs and mild pretreatment conditions for efficient, economical
fractionation of all types of biobased materials. Incorporating life cycle
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assessment (LCA) into technoeconomic analyses may help bridge the
existing communication gap between technology and the environment.
In fact, technoeconomic LCA as performed with SigmaPro or SuperPro
Designer may be useful to assess process activities and the supply
chain in order to examine the potential environmental impact of scaled-
up biomass conversion processes. Most studies in this area have been
conceived to illustrate problems rather than to develop specific models.
It is therefore important to develop effective models with multiple
tools to optimize biomass pretreatment and conversion processes in the
future. There have been few extensive reports on the modeling of IL pre-
treatments with ASPEN Plus, a widely acknowledged tool for mapping
energy, and identifying material requirements and optimum ways to
improve processes by targeting specific operational factors. Also, more
focused research into ways of increasing IL recovery with cost-effective,
eco-friendly methods is needed at the laboratory bench and pilot plant
scales with a view to identifying and overcome the challenges hindering
commercial use of ILs for biomass pretreatment. Ionic liquids do have
the potential for use in biomass pretreatments for the development of
useful products with reduced health and environmental impacts.
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