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Abstract

Sustainable biopolymers are promising raw resources for the development of novel
biomaterials with vast potential in various application fields. Nonetheless, the
processing and derivatization of biomaterials is still a challenge due to the low
solubility, especially of cellulose, in common solvents. Since the discovery that most
biopolymers display significant solubility in ionic liquids (ILs), this method opened
new routes for processing and derivatization of such compounds, thus allowing the
access to novel materials with new structures and properties. IL processing has been
shown to allow (i) accessing novel cellulose materials with controlled texture,
crystallinity and morphology; (ii) derivatization of cellulose via chemical modification,
and finally (iii) formation of cellulose based ionogels, blends and composites. This
review discusses recent progress in IL related techniques that have recently been
developed to synthesize new cellulose derivatives and to access cellulose-based
functional materials such as polymer electrolytes, polymer composites, and electrospun
fibers. These examples highlight the high potential of these novel cellulose derived
materials for the design of cellulose based electrochemical devices, wound care
materials, drug delivery systems, tissue engineering biomaterials, and other
applications, thus representing a step forward towards sustainable and bio sourced

functional materials.
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List of abbreviations

ILs lonic Liquids

[Camim]CI 1-butyl-3-methylimidazolium chloride

DMSO Dimethyl sulfoxide

DS Degree of substitution

PhCF Phenyl chloroformate

[Camim]OAc 1-ethyl-3-methylimidazolium acetate

PAN poly(acrylonitrile)

[Amim]CI 1-allyl-3-methylimidazolium chloride

HPC Hydroxypropyl cellulose

[Camim]OAc 1-butyl-3-methylimidazolium acetate

[Camim]NTT; 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

[Camim]Pr 1-ethyl-3-methylimidazolium propionate

GO graphene oxide

[Comim] DEP 1-ethyl-3-methylimidazolium diethyl phosphate

[P8881]OAC trioctylphosphonium acetate

[Emim]OACc 1-ethyl-3-methylimidazolium acetate

[P8885]HSO4 Trioctyl-pentylphosphonium hydrogen sulfate

HMF 5-hydroxymethylfurfural




Introduction

The shortage of petroleum, coal and other nonrenewable resources inspires scientists to
develop more sustainable alternatives in particular from natural resources. In materials
chemistry, the elaboration of biobased materials from renewable resources attracted
huge interest and became a domain with intense research activities in the last few years
14 Biosourced polymers are linear polymers based on different repeating units. They
can be classified mainly into i) polysaccharides, consisting of sugar units, ii) proteins
based on amino acids, and finally iii) nucleic acids, consisting of nucleotides °. These
polymers have emerged as sustainable materials which can reduce the dependency on
limited non-renewable resources and allow protection of the environment ®7. Cellulose
is the most abundant biomass resource, mainly extracted from the natural plants 8°.
Moreover, cellulose exhibits characteristics of renewability, biodegradability,
biocompatibility and environmental friendliness. However, the use of cellulose in fine
applications was largely hampered by its poor solubility in conventional solvents, thus
limiting its derivatization and processing. Only few particular molecular solvents such
as N-methylmorpholine oxide (NMMO), N,N-dimethylacetamide/lithium chloride
(DMAC/LICI), 1,3-dimethyl-2-imidazolidinone/lithium chloride (DMI)/LiCl are able to
dissolve biopolymers such as cellulose, chitin and wool. These conventional methods
for dissolving biopolymers exhibit significant drawbacks involving non-trivial
operation processes, severe pollution, high reagent and energy consumption, and finally
inefficient solvent recycling due to solvent evaporation.

In 2002, Rogers et al. reported that ionic liquids such as 1-butyl-3-methylimidazolium
chloride ([Csmim]Cl) efficiently dissolve up to 25 wt.% of cellulose °. This finding
opened routes toward novel processing strategies of biopolymers from homogeneous
IL solution. In the following, many examples for the use of ILs in biopolymer
processing have been reported. Besides cellulose, ILs appeared as highly suitable
solvents for various biopolymers such as chitin 1, wool *2 and silk 2. IL processing of
these materials led to new materials with new application profiles. In particular, ionic
liquids offer an efficient and green alternative for the chemical modification of
cellulose. This minireview focuses on recent examples for IL based cellulose
processing in view of the design and elaboration of novel functional cellulose derived
materials. It treats in particular recent trends in the formation of novel cellulose

modifications such as cellulose fibers, the derivatization of cellulose via chemical



modification in IL media, and finally the formation of cellulose composites and blends.
We will show that IL processing opens new perspectives to access functional

biosourced materials for a large panel of applications.

Processing of cellulose using ionic liquids

Cellulose is the most abundant bio renewable polymer on the earth which constitutes
35-50% of the more than 170 x 10° tons of lignocellulosic biomass produced annually
141t has been widely used in our daily life, such as in paper, clothing, coating, tissues,
medicines and composites materials >, Cellulose is a linear homopolymer consisting
of B-1,4 linked glucopyranose units . The properties of cellulose can be adjusted by
varying the distribution of functional groups within the anhydroglucose units 8, and the
functionalization of all hydroxyl groups of cellulose produces a uniform homopolymer
with new properties. Neat cellulose does not dissolve in conventional organic or
aqueous solvents and the traditional methods for dissolving cellulose show drawbacks
such as severe pollution, large reagent consumption, high energy consumption and
solvent evaporation. The strong intra- and intermolecular hydrogen bonds within
cellulose, together with its crystallinity, are the main reasons for the low solubility of
cellulose in common solvents *° and result in its limited processability. Only solvents
that can break these bonds are capable to solubilize cellulose. However, most of these
solvents [i.e., N,N dimethylacetamide-lithium chloride and dimethyl sulfoxide-
tetrabutyl ammonium fluoride] are toxic, thermally unstable, volatile and difficult to
recycle. These solvents or solvent mixtures are therefore not sustainable 4, and new
solutions for cellulose dissolution and processing are therefore highly desirable.

lonic liquids are molten salts that are exclusively composed of organic cations and
organic/inorganic anions. By definition, ILs display melting temperatures below 100
“C. Their properties can be tailored by varying the chemical nature of cations and anions
20 The unique properties of ILs such as high ion conductivity, low vapor pressure,
tunable miscibility with water and/or organic solvents and high thermal stability
distinguish ILs from conventional molecular organic solvents. ILs are considered as
supramolecular solvents, as they form large supramolecular networks via hydrogen
bonding. In this way, several ILs form nanostructures with polar and non-polar domains
21.

Following the publication of Rogers et al. highlighting that ionic liquids such as 1-
butyl-3-methylimidazolium chloride ([Csmim]Cl) efficiently dissolve up to 25 wt.% of
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cellulose *°, a large variety of other ILs were studied for cellulose dissolution. It has
been shown that ILs based on imidazolium, pyridinium, morpholinium and
pyrrolidinium cations are suitable solvents for cellulose ?2. The presence of aprotic co-
solvents such as DMSO can further increase the dissolution properties 2. The most
efficient anions are CI-, OAc -, HCOO", (EtO).PO2" while ILs containing non-
coordinating anions such as PFes” or NTf2 are inefficient for cellulose dissolution.
Promising trials have been carried out to minimize the degradation of cellulose and to
investigate non-derivatizing single-component ionic liquids for cellulose dissolution.
For example, Samikannu et al. studied lutidinium-based ILs such as 1-allyl-3,5-
dimethylpyridinium chloride and 1-allyl-3,4-dimethylpyridinium chloride for cellulose
dissolution. The dissolution-reprecipitation process resulted in cellulosic materials
displaying reduced crystallinity while its thermal stability was close to that of native
cellulose 2.

The mechanism of cellulose dissolution in ionic liquids is based on the hydrogen bond
formation between the ionic liquid and the hydroxyl groups of cellulose. Both cation
and anion are involved in the dissolution mechanism 2. The hydrogen bonding abilities
of ILs therefore appear as a principal reason for their cellulose dissolution properties.
Transmission electron microscopy studies showed that the dissolution of cellulose
started by the depolymerization of the fibers followed by gradual dissolution. Finally,
a stable mixture of cellulose chains in IL is formed 2. Due to the strong interactions
with cellulose, ILs such as [Csmim]Cl can be ‘attached’ on biopolymers via hydrogen
bonding because [Csmim]CI cations have hydrogen-bond donating ability and cellulose
has hydrogen bond accepting properties. However, the role of the cations and the
contribution of hydrophobic interaction during cellulose dissolution is still under
investigation 7.

The development of efficient, green and low energy consuming techniques for cellulose
dissolution and processing is crucial for future product developments. The availability
of more sustainable cellulose processing strategies will open new perspectives for
applications of cellulose based materials. After the groundbreaking report of Rogers et
al., the performance of various ILs to dissolve cellulose has systematically been studied
28 The IL-technology therefore allows modifying the microstructure of cellulose and
obtaining materials with new architectures and morphologies. It is a promising research
field with great perspectives and high potential for industrial applications. Cellulose

processing in ILs opens the access to new cellulose-based materials with outstanding
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properties, like super-microfibers, precursors for carbon fibers, and all-cellulose

composites. The aim of this minireview is to summarize some recent trends in this area.

New cellulose morphologies: lonic liquid assisted cellulose spinning

ILs based processing of cellulose opens the route to a new type of cellulose fibers with
unique properties 2°. As an example, it opens the route towards the production of super-
microfiber filaments for textiles and filters applications . The regenerated cellulose
fibers are spun from cellulose/ILs solutions by a dry-jet wet spinning technique. It has
been reported that the formation of optically anisotropic solutions by dissolving
cellulose in ILs can enhance the spinnability of fibers !, and the regenerated fibers
prepared from these solutions exhibit improved mechanical properties due to their
intrinsic, highly oriented assembly of the cellulose chains, and strong intermolecular
hydrogen bonds between them 32, Zhu et al. transferred low molecular weight
microcrystalline cellulose into stiff regenerated cellulose fibers using a dry-jet wet fiber
spinning technique from high concentrated cellulose/1-ethyl-3-methylimidazolium
diethyl phosphate with and without DMSO to improve the alignment of cellulose chains
(figure 1 left). The results showed that by increasing of the cellulose concentration from
7.6 to 12.4 wt %, the solution texture changed from completely isotropic to weakly
nematic. Further increase of the cellulose concentration resulted in higher regularity of
the alignment of the fibers. Cellulose fibers obtained from IL solution containing 18.0
wt. % of cellulose possess the highest molecular alignment, and therefore, these fibers
exhibited a Young’s modulus up to ~22 GPa together with a moderately high tensile
strength of ~305 MPa. SEM study established that the fibers showed circular, dense

and homogeneous cross sections, without any visible voids as shown in figure 1 right
33
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Figure 1 left: Schematic of dry-jet wet fiber spinning technique for cellulose fiber; right:
SEM images of cross sections of (A) 12.4, (B) 15.2, and (C) 18.0 wt % cellulose fibers
fractured using liquid nitrogen. Reprinted with permission from Zhu et al. 33, American

Chemical Society, Copyright 2016.

Electrospinning of cellulose and its composites using ionic liquid as spinning solvent
has been investigated for the fabrication of nanofibrous materials with high specific
surface areas, controllable compositions, and high porosities 3. These materials have
potential for a wide range of applications *¢. Nonwoven mats of electrospun cellulose
fibers are expected to be utilized in several applications such as ultrafiltration, tissue
engineering, catalysis, solar cells, sensors, and batteries 3’. In the field of biopolymer
spinning, cellulose is dissolved in appropriate ionic liquids and then spun into a water
bath. An early study investigated the preparation of nonwoven fibers of cellulose by
electrospinning in [Csmim]CI.

Spinning using ionic liquids can be processed with wet spinning or by dry-jet wet
spinning, allowing controlling the properties of the fibers. 1-butyl-3-
methylimidazolium chloride [Csmim]CI was applied for realization of spinning dopes
that contained up to 16.5% cellulose dopes. Moreover, [Comim]OAc was investigated
for wet spinning of cellulose. The study focused on the rheology of the spinning dopes,
characterization of the fiber and recycling the IL 2.

All these findings highlight that ease availability of cellulose fibers via IL-based
spinning techniques. As a further development, carbonization of these cellulose fibers
has been investigated to access carbon fibers. However, following conventional
approaches, the presence of impurities like lignin and hemicellulose and the porous

structure hamper the use of cellulose for production of carbon fibers. On the opposite,



cellulosic fibers produced through IL technologies possess well-defined fiber diameters
and high purity. As a result, these fibers are suitable precursor materials for the
production of carbon fibers. For example, cellulose fibers were prepared via
phosphorylation of cellulose with the ionic liquid through dry—wet-spinning process.
The prepared fibers were carbonized at different temperatures (figure 2). The study
showed that preparation of carbon fibers in high carbonization yields could be
controlled by adjusting degree of substitution®®. It highlights the importance of both
cellulose processing and derivatization for the formation of functional carbonaceous

materials

. i

Figure 2: SEM of cellulose phosphonate fibers (top) and cellulose phosphonate based

carbon fibers at 1400 °C. Reprinted with permission from Sporl et al. 8, Elsevier,

Copyright 2016.

Moreover, ILs assist the addition of cellulose to the most common polymers used for
preparing carbon fibers, poly(acrylonitrile) (PAN), for preparing economic and
environmentally friendly alternatives to conventional carbon fibers precursors. The
results suggest that the incorporation of the cellulose impacts the thermal transition
temperatures of PAN. The use of both polysaccharides blended with poly(acrylonitrile)
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and ionic liquids as the co-solvent presents as an sustainable approach to the expansion

of novel carbon fibers %.

New cellulose derivatives: chemical modification of cellulose in lonic liquids

lonic liquids are efficient solvents for preparing novel polysaccharide derivatives via
chemical modification reactions. We used chemical modification of chitosan in IL
media for accessing guanylated chitosan derivatives®®. Moreover, homogeneous
cellulose solutions in ILs have been used for the synthesis of various cellulose
derivatives, mainly esters of organic and inorganic acids. For example, the p-toluene
sulfonic acid ester of cellulose, tosyl cellulose, is a useful intermediate for the
preparation of various cellulose derivatives *'. The homogeneous tosylation allows
controlling the degree of substitution and uniform distribution of tosyl moieties along
the cellulose chain. Gericke et al. studied the preparation of tosyl cellulose in ionic
liquids in the presence different co-solvents. The effects of reaction parameters on the
degree of substitution with tosyl- and 6-chloro-6-deoxy groups as well as on the
molecular weight were studied to lead to intermediate products for subsequent
conversion into different cellulose derivatives #?. As the tosyl moiety is an excellent
leaving group in nucleophilic substitution reactions, it can be substituted by various
nucleophiles such as halides, pseudo-halides (azide, thiocyanate,...) and amines to
access novel 6-deoxy-6-functionalized cellulose derivatives “?.  Nucleophilic
substitution reactions with activated cellulose are therefore useful for the preparation of
new biomaterials. As an example, new amino-functionalized yields with regioselective
substitution could also be obtained from 6-deoxy-6-bromo-cellulose 3.

Cellulose carbonates are another important class of intermediates that gain increasing
interest in the syntheses of functional cellulose materials. In two-step sequences,
cellulose phenyl carbonates were first obtained from neat cellulose with phenyl chloro-
or fluoroformates. These intermediates undergo selective aminolysis with primary
amines to yield a variety of soluble cellulose carbamates 44, In this way, cellulose
tricarbonates were synthesized from cellulose and phenyl chloroformate in a mixture of
1-butyl-3-methylimidazolium chloride/pyridine as reaction medium. The phenyl
chloroformate reagent is inert in the solvent mixture, as shown in scheme 1 8 The

aminolysis of the highly substituted cellulose phenyl carbonates produces cellulose
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carbamates with a high density of functional groups (DS ~ 3) that might be applied in

the chemistry of polyelectrolytes.

b 8
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Scheme 1: Reaction scheme of the synthesis of cellulose phenyl carbonate; PhCF:
Phenyl  chloroformate;  [Csmim][CI]:1-Butyl-3-methylimidazolium  chloride
accompanied with *H and *3C NMR spectra of PhCF. Reprinted with permission from
Elschner et al. '8, Wiley, Copyright 2014.

However, due to the difficulty associated with the use of chloroformates and
fluoroformates, cellulose carbonates have also been obtained using less toxic substrates,
in particular dimethyl and diethyl carbonate. Labafzadeh et al. reported cellulose
dialkylcarbonates with a moderate degree of substitution (DS ~ 1). The
alkoxycarbonylation of cellulose was accomplished by applying dialkylcarbonates in
the ionic liquid methyl trioctylphosphonium acetate or [Czmim]OAc *°, often using

DMSO as co-solvent.
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Another example for cellulose derivatization makes use of the couplings of amines with
acetoacetyl compounds that produces enamines under mild reaction conditions.
Cellulose acetoacetate with different degree of substitution have been synthesized
under homogeneous conditions using the ionic liquid, 1-allyl-3-methylimidazolium
chloride, as a solvent. Hexylamine, glutamic acid, cysteine, and tyramine were
incorporated onto cellulose acetoacetate via the formation of enamine with the
acetoacetyl to form different types of cellulose derivatives (hydrophobic, carboxyl,
thiol and phenolic hydroxyl derivatives). This process provides a simple and eco-

friendly modular for synthesize divers functional cellulose derivatives as shown in

46
scheme 2 *°.
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Scheme 2 Schematic illustration for the formation of enamine bond from cellulose
acetoacetate and various amino compounds. Adapted with permission from Liu et al.
46, Elsevier, Copyright 2017.

Besides these modifications with small functional groups, the elaboration of
amphiphilic cellulose based graft copolymers attracted considerable interest. These
polymers consisting of a cellulose backbone combined with grafted polymer side chains
display interesting self-assembly behavior and allow accessing smart nanoparticle
systems that are particularly useful for drug vectorization via encapsulation. lonic

liquids are particularly suitable media for grafting reactions onto cellulose. For
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example, Guo et al. reported cellulose-graft-poly(e-caprolactone)s via homogeneous
ring-opening polymerization (ROP) of e-caprolactone onto neat cellulose*’. The
grafting reaction occurs smoothly in ionic liquids such as [Camim]CIl. The molecular
architecture of the copolymers can be controlled via the grafting reaction conditions,
i.e. by selecting different catalysts, reaction temperatures and cellulose/e-caprolactone
feed ratios. The self-assembly of the cellulose-graft-poly(e-caprolactone) copolymers
resulted in the formation of nanomicelles of defined size with a cellulose core and a
poly(e-caprolactone) outer layer*’. In the following, Zuppolini et al. recently reported
the preparation of amphiphilic nanoparticles made of cellulose-graft-poly(e-
caprolactone) through electrospraying. The formed round-shaped particles were used
for controlled delivery of hydrophilic drugs such as sodium diclofenac®®. Another
example of cellulose based graft copolymers was reported by Guo et al., who
synthesized a series of microcrystalline cellulose-graft-poly(lactide) copolymers
displaying various structural features*. The copolymer architecture was controlled in
terms of grafting ratio, hydrophobic chain length, and molecular weight. Once more,
the solvent of choice to access these copolymers was [Csmim]Cl. The copolymers self-
assemble in aqueous media to form spherical nanomicelles with diameters in the range
of 10-50 nm. Moreover, the hydrophobic antitumor drug paclitaxel (PTX) was
efficiently encapsulated: the copolymers showed high encapsulation efficiency and
loading content of 89.30% (w/w) and 4.97%, respectively*®. All these examples
highlight the interesting self-assembly behavior of cellulose-based biodegradable
amphiphilic copolymers, together with their high potential as nanocarriers for

biomedical applications.

Cellulose based ionogels, blends and composites: towards functional materials

For the elaboration of functional materials with desired and controlled properties, the
combination of various components is often required. The simplest way to combine
various functional materials or phases consists in mixing two or more compounds. So
far, this approach is rather limited due to the low solubility in common solvents, but
once again, IL processing opens new possibilities to access cellulose based di- or
multicomponent materials for applications in various domains. This chapter

summarizes various recent approaches for the synthesis of these composite materials.
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Gel polymers or electrolytes

Cellulose based materials recently attracted great interest in the energy sector. Due to
the polyvalence of cellulose and the possibility to form cellulose based materials with
various structures and surface chemical properties, these materials found applications
in a number of energy storage devices including supercapacitors, lithium-ion batteries,
lithium-sulfur batteries, and sodium-ion batteries °°. More specifically, cellulose/IL gels
appear as promising solid electrolytes .

Polymer electrolytes, in particular polymer gel electrolytes, offer a promising way to
reduce the disadvantages of liquid electrolytes. Gel polymer electrolytes are formed by
the incorporation of liquid electrolytes, e.g. ionic liquids, within a polymer membrane
matrix °2. As a result, this approach combines the advantages of the high ionic
conductivity of liquid electrolytes with the good processability and increased
mechanical properties of polymers. Gel polymer electrolytes display highly promising
features, such as a wide electrochemical window, high thermal stability and good
compatibility with electrodes. Cellulose is currently intensively studied as polymer
matrix for gel polymer electrolytes for the fabrication of lithium-ion batteries. However,
biopolymer-based membranes have the disadvantage of low porosity or large pore
diameter, which would reduce the electrochemical performance of the resulting gel
polymer electrolytes. The low porosity of biopolymers reduces the adsorption of liquid
electrolytes and consequently decreases the ionic conductivity and electrochemical
performance of the produced lithium ion batteries. Nonvolatile electrolytes, such as
ionic liquids, are investigated to improve lithium battery safety and oftenmatch or
outperform the current the carbonate electrolytes used in lithium ion batteries. Recent
trails for preparing gel polymer electrolytes were carried out using ionic liquids and
cellulose *3. The advantages of gel electrolytes present them to be used alone or with
lithium ion conducting ceramics, in composites or sandwiched between the lithium ion
conducting ceramics and the electrodes. Encapsulating a liquid electrolyte in a gelating
material, such as a polymer, is a promising technique for preparing gel electrolytes %,
The produced gel electrolytes by this method is a solid, but the entrapped liquid often
keeps its fluid performance, especially at high concentrations (>70 wt.-% liquid).
Cellulose nanofibers have been used as paper-derived separators with a nanoporous

structure. These materials display electrochemical safety, negligible thermal shrinkage,
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and a strong affinity for liquid electrolyte. Moreover, cellulose derivatives showed good
affinity toward liquid electrolytes. Wan et al. studied the preparation of cellulose
aerogel membranes from a cellulose-ionic  liquid solution via a
dissolution—regeneration—supercritical drying route *°. These membranes exhibited fast
absorption and gelation when exposed to liquid electrolyte, and the gelled membranes
showed ionic conductivity and consequently excellent electrochemical stability and
battery performance. Room temperature ionic liquids have been explored in ionogels
for energy storage applications. For example, an ionogel was prepared using methyl
cellulose in the solvate ionic liquid [G4LI]*[TFSI]™ with 90 wt% liquid. This ionogel
exhibited 5 V anodic stability, ionic conductivity of 4 x10* S/cm ionic conductivity,
high storage modulus, E' = 60 MPa and thermal stability up to 200 °C. The high room
temperature conductivity and storage modulus of this ionogel is due to the
semicrystalline fibrillar network formed by methyl cellulose °°.

The fabrication of electrolytes is the most important challenge for preparing dye-
sensitized solar cells. Hydroxypropyl cellulose (HPC) and 1-methyl-3-
propylimidazolium iodide were used for the preparation of non-volatile gel polymer
electrolyte for dye-sensitized solar cell. The incorporation of 100 wt. % of 1-methyl-3-
propylimidazolium iodide, that is equal weights of HPC and IL, allowed reaching a
material displaying an ionic conductivity of 7.37 x 103 S/cm ¥'.

All these examples take benefit from the compatibility of ionic liquids and cellulose.
Cellulose/IL ionogels can be obtained simply by solubilizing cellulose in IL media.
These mechanically more robust phases display interesting ion-conduction properties
due to the presence of ionic liquids. The direct combination of cellulose and ionic
liquids in these ionogels is the simplest and most straightforward way for the
elaboration of functional cellulose based phases with huge potential for energy storage.
Cellulose/IL solutions can also be used to access cellulose hydrogels. Satani et al.
prepared cellulose hydrogels by using an ionic liquid/DMSO mixed solution.
Immersing the cellulose solution in a mold containing deionized water caused solvent
replacement of the [Csmim]OAc/DMSO with deionized water. The pore size, water
content and mechanical strength of the cellulose hydrogel were strongly affected by
cellulose concentration 8. Moreover, cellulose based conductive hydrogel prepared in
ionic liquid displayed relatively high electrical conductivity, up to 7.83 x 10 S/cm.
The mechanical property of cellulose/polypyrrole hydrogel was enhanced compared to

the pure cellulose hydrogel. lonic liquids assist the combining the cellulose with the
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conductive polymer for producing special kind of hydrogels with unique properties and
promising in various applications associated with biological and semiconducting

materials®.

lonic liquid assisted adsorption of functional molecules on cellulose

As indicated before, functional molecules show an important role in the development
of high-performance functional composite materials, and we recently emphasized that
modified chitosan/silica hybrid materials are efficient adsorbents for various types of
organic compounds °%8! lonic liquids emerged as promising solvents in the
development of high-added values materials such as functional biopolymers. For
example, ionic liquids were used to immobilize stimuli responsive molecules, such as
photochromic molecules, onto biopolymers. These materials have high thermal
stability, rapid and reversible molecular switching and have been applied in devices
such as actuators, photo-optical switches, optical memory, and displays 2. Stimuli-
responsive chromic paper devices were fabricated by supporting [Csmim]-based ionic
liquids on cellulose pulp fibers and consequently the supported ionic liquid was used
as a layer for dissolving photochromic diarylethene (figure 3). Koga et al. supported
diarylethene/[Csmim]NTf> on cellulose fibers within the paper, through hydrogen
bonding between [Csmim] cations and hydroxyl groups of cellulose. The composites
show rapid, uniform, and vivid coloration/decoloration upon UV/visible light

irradiation 34,
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Figure 3 Schematic representation of the supported ionic liquid [Csamim] NTf; as a
dissolving layer for photochromic diarylethene on cellulose pulp fibers. Reprinted with

permission from Koga et al. 34, American Chemical Society, Copyright 2017.
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Supporting the ionic liquids on cellulose fibers was achieved by room temperature
solution processes. The supported ionic liquid could in turn support dissolved
diarylethene on the cellulose fibers of the paper. As proof-of-concept, the as-prepared
paper device exhibited excellent photochromic performance with respect to color
uniformity and vividness, which were significantly better compared to those of the
paper device prepared without ionic liquids. The nonvolatile ionic liquid ensured that
the excellent photochromic performance remained largely unchanged over at least 5

years.

Formation of cellulose based bio-blends via ionic liquid processing.
Cellulose-reinforced blends show increasing importance for lightweight construction
and progressively replace traditional materials. Due to its nontoxicity, biocompatibility,
and renewability, cellulose represents a sustainable alternative to synthetic polymers.
In this context, ionic liquids allow the straightforward preparation of sustainable blends
with good mechanical properties. For example, Berton et al. reported the formation of
hydrogels from high molecular weight chitin and cellulose rich materials through
repeated dissolution of the original biomass in 1-ethyl-3-methylimidazolium acetate.
These hydrogels were obtained by gelation or casting, and could further be processed
to aerogels via washing procedures, to produce materials of low density, high porosity,
favorable compressibility and high water uptake ability . When ionic liquids were
used to produce biopolymers films, the formed films are homogeneous and show good
processability.

lonic liquids can assist hydrogel formation through dissolution, physical or chemical
cross-linking. Physical cross-linking involves various weak interactions such as chain
entanglements, van der Waals forces, hydrogen bonding, crystallite associations, and/or
ionic interactions. Chemical cross-linking originates from covalent bonds between
polymeric chains or between the polymer(s) and a cross-linker added the polymer
solution %57, For example, in the field of hydrogels and drug delivery, cellulose and
chitin are elastic materials and retain diffusive properties identical to those of a liquid.
Biopolymer-based hydrogels can absorb and release water or biological fluids in a
reversible and non-irritating manner, suggesting high biocompatibility towards living
tissues. lonic liquids can serve as suitable media for the preparation of both stable

physical and chemical hydrogels 8.
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The distinctive properties of chitosan arising from the presence of NH2 groups, blends
from cellulose and chitosan are promising systems for creating new polymeric materials
with improved properties. ILs permit the production of chitin-cellulose and chitosan-
cellulose fiber blend through electrospinning. For example, Mundsinger et al. suggested
a method for the preparation of cellulose-chitin blend fibers through dissolving chitin
and cellulose in 1-ethyl-3-methylimidazolium propionate . The obtained
multifilament fibers by a continuous wet-spinning process showed enhanced water
retention capacity compared to pure cellulose fiber.

Due to the increasing demand for recyclable and sustainable composites, cellulose
fibers are intensively applied in biocomposites and natural fiber reinforced plastic. The
properties of the composites depend on the matrix, the reinforcing fiber and the
interface. Dissolving cellulose in suitable ILs for the preparation of cellulose fiber-
reinforced pre-composite was found to be a suitable strategy to overcome the drawbacks
associated with these types of composites such as low mechanical strength and weak
adhesion between hydrophobic polymer and hydrophilic fibers .

In order to fabricate films with improved bioactivity, blends produced from cellulose
and proteins may mimic the naturally formed environment of certain tissues. Therefore,
ionic liquids were applied as green media for preparing new cellulose/protein blends.
For example, natural wool from merino sheep was dissolved in [Csmim]Cl and the
solution was applied to prepare wool/cellulose acetate blends. Blending with cellulose
acetate increases the glass transition temperature and therefore enhances the thermal
stability compared to neat polymers. The formed blends exhibit homogeneous surface
morphology arising from strong intermolecular hydrogen bonding between regenerated
wool and cellulose acetate °. In another study, cellulose and keratin from three
different sources (wool, hair and chicken feather) were synthesized in a simple one-step
method using once more [Csmim]Cl as solvent. The results showed that the formed
blends were homogeneous, and keratin preserved in a certain extent its secondary
structure in the formed composites. Moreover, the combination of cellulose and keratin
improves the mechanical properties of the composites. Also, the antimicrobial
properties is due to the protein and the type of keratin. These cellulose/wool keratin
composites can be applied for drug delivery and wound dressing. The release kinetics
can be controlled by altering the concentration of wool keratin in the composite. The
antibacterial activity against methicillin depends on the type of the keratin, namely, the

bactericidal effect is the strongest for feather and the weakest for wool . Moreover,
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reinforcing cellulose fibers with protein was found to increase the bioactivity of the
formed blends.

Silk fibroin recently emerged as a promising candidate for electronic implants
interfaced with the human body because it has the ability to entrap or stabilize chemical
or biologically active molecules, thus allowing the addition of a new function for the
blend. The regeneration of cellulose/silk-, chitin/silk-, and chitosan/silk-based blends
after dissolution in ionic liquid 1-allyl-3-methylimidazolium chloride followed by
precipitation in water were studied through simulation with theoretical modeling and
molecular dynamics 2. The authors showed that silk affects the properties of the
regenerated biocomposite with respect to their B-sheet crystallinity, morphology,
thermal stability, and Young’s modulus. It is clear from this study that the structure and
properties of the prepared biocomposites can be adjusted by using different solvents
and alternative processing procedures, thus opening a large playground for materials
design. Another study reported the preparation of cellulose and silk blends with
different ratios using ionic liquid as a comment solvent. The formed scaffold was
applied as a potent stimulator of MSC chondrogenic maturation independent of any
chondrogenic growth factor stimulation 3. Finally, cellulose/silk blends also have
potential for applications as solid electrolytes, in particular for the elaboration of
polysaccharide-protein bio-electrolyte .

These examples show that purely organic cellulose based blends can be obtained via
ionic liquid processing. Cellulose can be combined with various biopolymers,
particularly proteins such as wool, silk and keratin. The resulting blends are completely

biocompatible and have large potential especially for biomedical applications.

Formation of cellulose based composites using ionic liquids.

The incorporation of inorganic fillers into polymer matrices is a common strategy to
enhance the mechanical properties of the resulting composite materials. Various fillers
such as calcium phosphate ", metal oxides "®"7, nanoclays "® and carbon nanotubes "
enhance the thermal, physical and mechanical properties of regenerated cellulose.
Polysaccharide/inorganic hybrid materials were recently reported as efficient materials
for different applications 88! in particular for adsorption. In this context, we recently
reported that guanylated chitosan is a particularly promising material to induce calcium

phosphate mineralization &,
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For designing unique organic/inorganic bio composite materials, ionic liquids can be
used as solvent for both biopolymers and inorganic precursors in a one-pot approach.
In this context, it should be pointed out that mineralization and materials’ formation in
IL media often lead to inorganic materials that cannot be obtained via conventional
approaches 8278 |Ls are distinctive reaction media for the precipitation of inorganic
materials in the presence of biopolymers.

For example, calcium phosphate mineralization was achieved from a cellulose solution
in 1-butyl-3-methylimidazolium chloride, [Csmim]CI. Different crystal phases from
calcium phosphate were formed. The results show that homogenous
cellulose/chlorapatite, or cellulose/monetite composites could be obtained by
precipitation 8. Besides these approaches, ILs also allow incorporating inorganic
materials into cellulose fibers to access homogenous and hierarchical
cellulose/inorganic hybrids. Ma et al. prepared cellulose/CaCO3z nanocomposites using
microwave-assisted ionic liquid method . The authors studied the effect of cellulose
concentration onto the morphology of the formed calcium carbonate and the results
showed that the morphologies of CaCOz changed from polyhedral to cube to particle
with increasing cellulose concentration. Cytotoxicity results demonstrated that the
cellulose/CaCOs nanocomposites had a degree of biocompatibility and is promising for
the biomedical applications. Moreover, ionic liquids assist the preparation of bioactive
blends from natural polymers. For example, cellulose and wool were blended by
combination of the two polymers from [Csmim]CIl. The formed blend exhibited
bioactivity towards growth of crystalline hydroxyapatite particles with a uniform size,
shape and dimension .

Hao et al. prepared new adsorbents for Ce(l1l) adsorption by mixing graphene oxide
(GO) and cellulose in [Csmim]CI ®. The SEM image of graphene oxide showed a
typical lamellar structure while regenerated cellulose exhibited a compact structure.
The cellulose/graphene oxide composite film shows homogeneous morphology and no
rough interface was observed (figure 4). The nanocomposite showed promising

properties in adsorption, as the maximum adsorption capacity of Ce(lll) reached 109.1

mg g L.
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Figure 4 top: preparation route of regenerated cellulose/graphene oxide composite;

bottom: SEM images of GO (a), regenerated cellulose (b) and regenerated
cellulose/graphene oxide composite (c). Reprinted with permission from Hao et al. 5,
Elsevier, Copyright 2019.

In a different strategy, ionic liquids can act as a dispersing medium for increasing the
homogeneity of biopolymers/inorganic composites. For example, Liu et al. reported
conductive composite materials from multiwalled carbon nanotubes/graphene
sheets/cellulose  via an eco-friendly  wet-spinning  method. 1-Ethyl-3-
methylimidazolium diethyl phosphate was used as both solvent and dispersant. The
prepared macropores and the double-layer structure composite showed a nearly perfect
electrical double-layered structure. The maximum electrical conductivity of 1195 S/m
was achieved using a mass ratio of 2:3:1 of multiwalled carbon nanotubes-graphene

sheets-cellulose fibers %
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On the other side, nanocomposites may serve to improve the mechanical properties of
cellulose. Mahmoudian et al. prepared new environmentally friendly nanocomposites
by incorporation of montmorillonite into cellulose matrix using ionic liquid, [Csmim]CI
as solvent by solution casting method. Incorporation of montmorillonite improved the
thermal stability and char yield of regenerated cellulose. The tensile strength and
Young’s modulus of regenerated cellulose enhanced by 12% and 40%, respectively,
with the addition of 6 wt.% montmorillonite. Interestingly, these nanocomposite films

displayed enhanced gas barrier properties and water absorption resistance °.

Peng et al. prepared magnetic cellulose-chitosan/iron oxide composite using ionic
liquids as solvent for dissolution and regeneration. The formed composite was used for
the immobilization of laccase. Immobilized laccase retained 88.9% activity after 12
reaction cycles . In another study, the same authors reported that the magnetic
cellulose-chitosan/iron oxide composite are efficient and re-usable systems for Cu(ll)
adsorption. The formed microspheres show porous structure, high surface area, and
adsorption capacity, with a maximum adsorption capacity for Cu(ll) of 65.8 mg/g *2.
Porous magnetic cellulose/FezO4 beads were synthesized by dispersing FezOs magnetic
particles into the matrix of the cellulose dissolved in ionic liquids and further modified
with glutaric anhydride on cellulose. The resulting beads were employed as effective
adsorbents for removal of methylene blue and rhodamine B from aqueous solution with
adsorption capacities of 1186.8 and 151.8 mg/g, respectively %.

Aerogels are a class of light-weight (bulk density 0.003-0.2g/cm) solid materials with
a 3D network scaffold. Cellulose aerogels were recently obtained via formation of a
cellulose suspension using a non-solvent followed by drying in adequate technique such
as freeze-drying or supercritical drying with CO2. Cellulose based aerogels recently
emerged as thermal super-insulating or flame retardant materials® .

Here, the combination of cellulose and silica can further enhance the thermal super-
insulating efficiency. Cellulose-silica aerogel were prepared using 1-ethyl-3-
methylimidazolium acetate by forced-flow impregnation as opposed to impregnation
driven by molecular diffusion method (figure 5). The prepared aerogels showed thermal
conductivity lower than that of the neat aerocellulose and very close to the conductivity
of air due to the formation of superinsulating mesoporous silica inside cellulose pores
%, B. Yuan et al. prepared cellulose/silica composite aerogels via a two-step sol—gel

technique in cellulose gel, which was regenerated from dissolved cotton pulp in 1-allyl-
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methylimidazole chloride ionic liquid. The composite aerogels with high silica content
showed good transparency with light compared to neat cellulose aerogels. Moreover,
the composite offered excellent flame retardant with enhanced mechanical performance

as shown in figure 5 %7
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Figure 5 top: Schematic representation of the preparation route of cellulose-silica
composite aerogels. Reprinted with permission from Demilcamps et al. %, Elsevier,
Copyright 2015. Bottom: Heat release rate curves and photographs of cellulose/silica
nanocomposite aerogels. Reprinted with permission from Yuan et al. ¥, American

Chemical Society, Copyright 2017.

Cellulose as sustainable resource for the formation of molecular compounds: IL-
assisted cellulose depolymerization and degradation.

In the field of cellulose extraction, ionic liquids have attracted considerable interest as
efficient solvents for delignification of lignocellulosic biomass and wood processing .
Significant differences appeared between the cellulose extracted by pulping and those
extracted with ILs. The harsh conditions of pulping degrades the cellulose molecular

weight due to the effect of chemicals, high temperatures, and extended treatment
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duration, thus resulting in chain scission and depolymerization %. This degradation can
be reduced using IL extraction. The unique properties, particularly the high molecular
weight, of cellulose obtained via IL extraction, allows the construction of various
materials architectures such as fibers, films, and hydrogels . It has been reported that
1-butyl-3-methylimidazolium chloride [Camim][CI] can partially dissolve wood chips
to separate cellulose from the IL solutions %, Another study reported that 1-allyl-3-
methylimidazolium chloride can extract cellulose from pine, poplar, Chinese parasol,
and catalpa wood chips. The extracted fibers showed 85% cellulose content under

optimized conditions %%,

lonic liquid 1-ethyl-3-methylimidazolium acetate can
effectively extract lignin from various lignocellulosic materials such as triticale, wheat
straw and flax shives. Selective extraction of lignin by ILs is an effective method for
the comprehensive application of lignocellulose. 1%2,

On the other side, IL processing also allows the catalytic degradation of cellulose and
controls the formation of molecular degradation products. In the field of cellulose
hydrolysis for the preparation of molecular organic compounds, acidic ionic liquids
exhibited higher catalytic activity compared to sulfonic acid 1. Difunctional ionic
liquids have been proposed with the methodology of individual functionalization of
anion and cation for the hydrolysis of biopolymers. These acidic and hydrophobic ionic
liquids can be synthesized by combining a hydrophobic cation with an acidic anion. A
novel biphasic system consisting of water and an acidic and hydrophobic ionic liquid
efficiently promotes cellulose hydrolysis to produce glucose %. Furthermore, lonic
liquids have been broadly applied as an efficient reaction media for the conversion of
glucose or cellulose to 5-hydroxymethylfurfural 1%, These results show the high
potential of IL processing of cellulose for the formation of molecular high value-added
compounds. This approach is particularly appealing as the primary resource for these
processes, cellulose, is abundant and cheap, and the IL can efficiently be recycled and
re-used.

For example, Aid et al. showed that tungsten and molybdenum oxide-based
polyoxometalates are able to decompose cellulose to carbohydrates such as glucose and
mannose and a certain amount of glucose was also converted to 5-
hydroxymethylfurfural. The ability of the polyoxometalates to convert glucose to 5-
hydroxymethylfurfural remained 28.6% lower compared to the yield obtained with
CrCls 1%, In another work, the one-step conversion of cellulose to HMF (5-

hydroxymethylfurfural), an important renewable biofuel precursor and a useful
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building block, has been achieved in the presence of metal chlorides (CrCls, CuCly,
SnCls, WCle) in [Csmim]CI (scheme 3)1%7. These trials highlight the ability of ionic
liquids to dissolve high molecular weight cellulose and to promote controlled cellulose
degradation reactions. These processes may Yyield high added-value molecular
compounds and intermediates. This technology could represent new route for extracting
biopolymers with unique properties significantly different from those extracted by
traditional methods 1%. C. Chiappe et al. showed the degradation of microcrystalline
| 109

cellulose in five ionic liquids using catalysts to form 5-hydroxymethylfurfura

(scheme 3).
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Scheme 3 Main steps for cellulose conversion into 5-hydroxymethylfurfural (HMF).

Reprinted with permission from Chiappe et al. 1%, American Chemical Society,
Copyright 2017.

The recovery of 5-hydroxymethylfurfural from ionic liquids is accompanied with very
low extraction efficiency which limited the reusability of ionic liquids. The strong
hydrogen bonding between the proton of the hydroxyl group of 5-
hydroxymethylfurfural and the CI™ anion of the [Camim]CI. A new strategy based on
the solvent mediation has been suggested for enhanced 5-hydroxymethylfurfural
extraction from a biphasic [Csmim]Cl/methyl isobutyl ketone system, thus resulting in

enhanced extraction efficiency %,

Concluding remarks and future directions
The IL-processing of cellulose has emerged as an interesting field with high potential

for industrial applications. The current review focuses on the recent trends for
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dissolution and processing cellulose through ionic liquids. Several examples of
materials, such as cellulose derivatives, composites, blends, and electrospun mats were
studied using ILs as solvents. Table 1 gives an overview on the various strategies and
derivatization techniques involving ILs. The hybridization of inorganics and cellulose
has developed over the past few years in an attempt to understand the interactions
between these hard inorganics and cellulose for constructing composites with unique
properties and to prepare materials closer to humane bone. Moreover, achievement of
composites with single component materials that combine the properties of inorganic
materials with the flexibility and processability of cellulose chains will be breakthrough
composites for biomedical applications especially tissue engineering &’. The synthesis
of such composites become more significant in planning multifunctional materials with
complex domain structures. New approaches of cellulose-based composites are
expected in the next several years as ionic liquids facilitate the use of cellulose.
Dissolution of cellulose in ionic liquids represents a new technique to yield cellulose
composites with improved mechanical properties. Using ionic liquids as appropriate
solvents assisted the elaboration of various cellulose/protein membranes with
controlled physical and chemical properties. The cellulose/protein blends are promising
blends for in vitro tissue engineering. Moreover, it could be used as an implantable
device for stimulating endogenous stem cells to initiate cartilage repair. In the field of
electrochemistry, cellulose emerged as a good alternative for preparing polymer
electrolytes used in various electrochemical applications such as dye-sensitized solar
cell and lithium ion batteries. Cellulose based polymer electrolytes are incorporated in
several devices for electrochemical applications due to good mechanical performance
and stability. Moreover, the broad electrochemical window of ionic liquids suggests
them as efficient solvent and reagents for preparing ionic electroactive polymer

actuators.

Table 1: Overview on cellulose processing and derivatization in IL media.

Cellulose source lonic liquids Conditions Products Applications Reference
Microcrystalline [C4mim] CI IL/pyridine as reaction Cellulose phenyl New cellulose derivative 18
cellulose medium tricarbonates

Cellulose filter
paper

[Csmim]NTf,

Hydrogen bonding
between [Csmim]
cations and the
hydroxyl groups of
cellulose.

High-performance composite

materials

Paper-based
electrochromic device.

34

Cellulose

1,3-
dimethylimidazoliu

Dry-wet-spinning
process

Carbon fibers in high
carbonization yields

38
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m methyl-H-

phosphonate
Cellulose pulp [C4mim] Cl or Tosylation in ionic Tosyl cellulose with different | Nucleophilic displacement a2
[Amim] Cl or liquids and co-solvent DS values reactions with tosyl
[C;mim] DEP cellulose
cellulose [P8881] Homogeneous Cellulose Methylcarbonate New cellulose derivative ®
[OACc])/DMSO or alkoxycarbonylation
[Emim] [OAC]). of cellulose
Cellulose [Amim] CI Homogenous Cellulose acetoacetates diversely functionalized 4
incorporate different cellulose derivatives
functional groups
Cellulose [Csmim]CI Homogeneous ring- Cellulose-graft-poly(e- Biomedicine and a
opening caprolactone) nanotechnology
polymerization
Cellulose [Csmim]CI Homogeneous Round-like nanoscaled Controlled delivery of a8
polymerization - particles from cellulose-graft- hydrophilic drugs
Electrospraying poly(e-caprolactone)
Cellulose [Csmim]CI Homogeneous cellulose-graft- poly(lactide) Antitumor drug carriers “9
polymerization nanomicelles
Cotton pulp [Amim][CI] dissolution—regenerati | Cellulose aerogel membranes | Gel polymer electrolyte to %

on—supercritical
drying route

the fabrication of lithium-
ion batteries

Methyl cellulose

[G4Li*[TFSI]

Casting

Solid iongel electrolytes

Suitable for lithium metal

56

battery
Hydroxypropyl 1-methyl- 3- Gel polymer electrolytes Dye-sensitized solar cell 57
cellulose propylimidazolium applications
iodide
Microcrystalline [Emim]OAc Molding/gelation (“3D | Composite 3D hydrogels and | low density - high porosity o4
cellulose and gels”) or casting membranes - high tensile strength
chitin (membranes) membranes
Cellulose acetate [Cqmim][CI] Blending Wooll/cellulose acetate blends Novel natural wool "
and natural wool blended materials
Microcrystalline [Csmim][CI] Casting - washing composites drug delivery and wound n
cellulose and dressing
keratin from three
sources
Microcrystalline [Amim][CI] Regeneration in water. Cellulose/silk composite ”
cellulose and silk
Cellulose [Emim]OAc Blending cellulose/silk membranes implantable device B
Microcrystalline [Csmim]CI casting method Regenerated Nanocomposite with .
cellulose cellulose/montmorillonite advanced properties
nanocomposite
Microcrystalline [Csmim]CI In presence of acid or Cellulose/monetite or Scaffolds for bone tissue 87
cellulose base cellulose/chlorapatite engineering
nanocoposites
Alkali extraction [Csmim][CI] Cellulose/CaCO; Microwave-assisted ionic Biomedical applications 88
cellulose nanocomposites liguid method
Microcrystalline [Csmim][CI] Re-precipitation Blends Bioactive blend for 8

cellulose and wool

calcium phosphate
mineralization

Cotton pulp [C.mim][DEP] wet-spinning method conductive multiwalled high electrical conductivity %©
carbon nanotubes -graphene of 1195 S/m
sheets - cellulose fiber
Cellulose [Csmim][CI] sol—gel transition Novel magnetic cellulose- the activity recovery of o
method chitosan composite immobilized laccase
microspheres reached 80.6%
Cellulose [Csmim][CI] sol—gel transition Novel magnetic cellulose- Adsorption capacity for 92
method chitosan composite Cu(ll) reached 65.8 mg/g
microspheres
Cellulose [Emim]OAc Forced-flow Cellulose/silica  composite | Aerogel with low thermal %
impregnation aerogels conductivity
Cotton pulp [Amim]CI Two-step sol—gel Cellulose/silica composite Good transparency with o7
technique aerogels light flame retardant -
enhanced mechanical
performance
Wood chips [Camim][CI] Dissolving and Cellulose with high 100
separation molecular weight
Pine, poplar, [Amim][CI] Dissolution — Cellulose content is as high Cellulose with a 101
Chinese parasol, precipitation as 85% homogeneous and dense
and catalpa wood structure
chips
Cellulose (trioctylpentyl- Hydrolysis Glucose extraction Cellulose hydrolysis 1o4

phosphonium
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hydrogen sulfate;

[P8,8,8,5][HSO4]
Microcrystalline Four different ILs Hydrolysis and 5-hydroxymethylfurfural One-pot synthesis of 5- 109
cellulose systems subsequent hydroxymethylfurfural

degradation starting from cellulose

Cellulose extraction with ILs can produce high molecular weight cellulose with high
purity and unique properties that is suitable for preparing new forms of blends and
composites. Moreover, cellulose can be reconstituted and re-dissolved in ILs solutions
for preparing strong fiber through electrospinning. Several novel high value cellulose
materials can be obtained using ionic liquids. Carbon fibers with defined morphologies
can be obtained from spun cellulose via carbonization reactions. lonic liquids allow
biopolymer extraction from raw biomass without significant polymer degradation.
Regenerated biopolymers produced from IL solutions followed by coagulation
exhibited promising properties compared to neat fibers. All these examples show the
high polyvalence of IL processing of cellulose. However, further work is required to
improve the energy balance of IL recycling, which is currently carried out by energy

intensive evaporation procedures.
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