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Shaping cellulose into functional materials entered a new era with the introduction of ionic liquids as
novel, green solvents about 20 years ago. As non-volatile solvents with high thermal and chemical stabi-
lity, ionic liquids can provide an environmentally more benign tunable platform for cellulose processing,
compared to existing technologies. The past decades have seen fruitful efforts devoted to the develop-
ment of materials based on ionic liquid/cellulose processing systems. In this review we discuss the experi-
ences gained, and highlight the emerging applications. In particular, coatings and thin film applications
for structural materials (e.g., for packaging), thin film filtration membranes, immobilisation of enzymes,
and catalytically active nanoparticles, separator membranes and conductive composites for energy
storage and other electronics applications, cellulose/biopolymer green biocomposites, cellulose-based
ionogels, hydrogels and aerogels, and cellulose-based or composite fibres will be discussed in detail. We
will also take a critical look at the perspectives of this field. The use of a certain grade of technical cell-
ulose, and the purity of the prepared materials should be more carefully justified in the future, as they
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1. Introduction

Cellulose has been with us in various forms since ancient
times, as it is the most abundant biopolymer available on
Earth. Materials made from wood, cotton and cellulose fibers
have shaped our way of surviving, thriving and living (to gene-
rate heat and energy, to construct buildings and tools); and
determined our cultural and societal development (e.g., think
about the use of paper, clothing/fashion). In fact, thinking of
the modern age - the first thermoplastic polymer ever made
was also derived from cellulose (called celluloid, a nitrocellu-
lose-based plastic containing camphor). Unfortunately, the
momentum that cellulose once had in our life has been greatly
suppressed by the emerging synthetic polymer industry utilis-
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process. Furthermore, to make ionic liquids truly green solvents, and competitive alternatives to existing
technologies, more studies are needed on recyclability after material fabrication, and on ways to minimise
the energy consumption of such processes, among other issues.

ing fossil fuels. Our society became heavily dependent on
these finite resources, and our anthropogenic impact grew to
its extremities. This brought about irreversible changes on
Earth, such as environmental pollution by microplastics, and
climate change among other unusual ecological phenomena.
While many may think that humanity is already doomed to
fail, we argue that it is still not too late to change our way of
living: this means turning away from fossil-fuel centred life
and shifting to a material-based society centred around bio-
based solutions. In this regard, cellulose may come again to
our rescue, as it shaped our history time and time again.
Material scientists have long been interested in shaping
cellulose into functional materials. The processing and
shaping of cellulose entered a new era with the introduction of
ionic liquids as novel solvents, first reported in the work of
Swatloski et al.' 20 years ago. Ionic liquids (IL) are a type of
molten salts, defined here as those with melting point below
100 °C.> They are extensively recognised as green solvents
mainly due to their non-volatile nature together with thermal
and chemical stability.> These solvents gained popularity
partly due to their exceptional solvating power and unpre-
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cedented tunability, as a number of cation-anion combi-
nations exist leading to various physicochemical properties.
The past two decades have seen a number of valuable works
devoted to ionic liquid/cellulose processing systems to develop
materials for a variety of applications. Nevertheless, there has
been no systematic review published so far that would discuss
material fabrication and structure in detail with a clear focus
on applications. Therefore, it is time to summarise the experi-
ences gained and highlight valuable discoveries in this field.
Our aim is to discuss the emerging applications of cellulose-
based advanced materials fabricated using ionic liquids from
a materials science perspective, in order to give guidance in
this field, and stimulate more research on these green cell-
ulose processing systems. We really hope that this review will
be helpful also for those interested in materials, but have not
yet necessarily worked with ionic liquids before, to promote
this topic among a wider readership and thereby facilitate
industrial implementations.

2. Solid-state structure of cellulose

Cellulose is a linear-chain polymer composed of repeating f-b-
glucopyranose units linked through glycosidic bonds connect-
ing the C4 and C1 carbon atoms of neighbouring groups
(Fig. 1). Due to these p-1,4 linkages, adjacent anhydroglucose
(AGU) units are rotated 180° in plane along the chain, prefer-
ring a “C; chair conformation. Two rings connected through
$-1,4 linkages give the repeating disaccharide cellobiose units.
The number of glucopyranose units is defined as the degree of
polymerisation (DP), which is used to describe the chain length
of cellulose that can vary depending on the source and extrac-
tion/treatment method.

There are three -OH groups per glucopyranose units, which
partly determines the reactivity of the polymer. These free
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Fig. 1 Molecular structure of cellulose. n: degree of polymerisation.

hydroxyl groups provide exceptional tunability to the molecule,
a wide variety of cellulose derivatives have been synthesised
with various properties.” The amount of substituents on the
hydroxyl groups is described with the degree of substitution
(DS), which takes a value of 3 for a fully substituted derivative
(all hydroxyl groups are occupied). Chain degradation can take
place under acidic or enzymatic hydrolysis of the glycosidic
bonds, which can eventually lead to cellulose decomposition
into monomeric sugars.’ In addition, one end of the polymer
chain is terminated with a monomeric unit that has the orig-
inal C1-OH group. This part of the molecule is in equilibrium
with the aldehyde form, a phenomenon known as mutarota-
tion, and therefore, it is called the reducing end. Although
reactions targeting the reducing end has been known for quite
long,® end-wise modification has recently gained interest for
nanocelluloses that can enable novel routes to their directed
assembly.”

Cellulose is the most abundant optically active natural
macromolecule, the stereoregular sequences in its structure
enables chiral recognition. Several cellulose derivatives have
found success in enantiomeric separation, for example as
chiral separation phases for gas and liquid chromatography.®

The hydroxyl groups form complex hydrogen bonding
network, determining the supramolecular arrangement of cell-
ulose chains with various identified polymorphs and amor-
phous domains in the solid state. Cellulose polymorphs are
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grouped into 4 types: cellulose I (there are two subtypes which
are present concomitantly: I, and Ig) which can be found in
native cellulose, and thermodynamically more favoured cell-
ulose II, III and IV crystal structures can be obtained irreversibly
under certain conditions (Fig. 2A). Cellulose II allomorph is the
most stable, and it is also the most important for materials
science. It forms from cellulose I after mercerisation (treat-
ment with aqueous NaOH), or after dissolving native cellulose
followed by precipitation in an antisolvent — a process often
called regeneration. The latter method is widely used to shape
cellulose into various materials, such as regenerated films,
fibres and numerous composites. As notable difference, in the
cellulose I allomorph the chains are oriented parallel in the
unit cell, while cellulose II has antiparallel chain polarity.>°
Furthermore, while for cellulose I the hydroxymethyl groups
(-CH,OH) adopt a trans-gauche (tg) conformation (Fig. 2B),
they have a gauche-trans (gt) conformation in cellulose II.***?
The hydrogen bonding network also differs in these crystal
structures. It was reported that the intramolecular hydrogen
bonds in cellulose I are well defined, while the intermolecular
hydrogen bonds connecting sheets are rather disorganised.'*
In cellulose II a more ordered, single hydrogen bonding
system exists that forms a three-dimensional network.'? In
contrast, cellulose III is obtained by treatment of cellulose I or
II with liquid ammonia. Cellulose III prepared from cellulose I
is referred to as cellulose III; in contrast to the allomorph cell-
ulose III; prepared from cellulose II. The detailed structural
differences between cellulose III; and cellulose III;; have not
been determined."® It was reported that cellulose IV is formed
by heat treatment of both cellulose III; and IIly in glycerol,**
although some studies debate the existence of this allo-
morph.'® Fig. 3 highlights a schematic representation of the
allomorphs of cellulose. It was previously reported that cell-
ulose III exhibits enhanced hydrolysis by cellobiohydrolase I,
producing cellobiose at rates more than five times higher than
from cellulose 1."* It was also shown that the surface hydrophi-
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Fig. 2 (A) Formation of polymorphs under certain conditions. Arrows
indicate the chain polarity, which is antiparallel for cellulose Il. Chain
orientation is shown on the a—b plane of the unit cell. (B) Possible con-
formations of the hydroxymethyl groups (-CH,—OH), tg: trans—gauche,
gt: gauche—trans, gg: gauche—gauche. y indicates angles between the
C5-05 and C6-06 bonds. Reproduced from ref. 10 with permission
from Springer Nature, copyright 2019.

licity/hydrophobicity of the regenerated cellulose films can be
controlled by post-treatment with liquid ammonia, or hot gly-
cerol, due to the inherent structural anisotropy of the AGU.
These results were supported by contact angle measurements
as well.*®

Cellulose can be available as raw material from numerous
sources, with varying degree of polymerisation and crystalli-
nity. Plant-based cellulose in its purest form can be found in
cotton fibres (nearly 90%), this type of cellulose has high
degree of polymerisation (DP) (plant fibres have DP values
about 800-10000 depending on the treatment) and crystalli-
nity (crystallinity index'® (CI) ~ 50-80%)."**° Cellulose can be
produced as an exopolysaccharide in very pure form by some
bacteria. This type of cellulose is called bacterial cellulose or
microbial cellulose, it can have very high degree of polymeris-
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Fig. 3 Phase transition between various crystalline allomorphs of cellulose (cellulose |, I, 1ll, and 1V). Reproduced from ref. 17, copyright 2021 The

Authors.

ation (DP > 10 000) and crystallinity (with CI > 80%).>"*> Wood
has about 40-50% cellulose content. After removing lignins
and the hemicelluloses via chemical or mechanical means
(pulping), wood pulp can be obtained. A specialty pulp called
dissolving pulp is produced after chemical refining (e.g., sul-
phite pulping or kraft pulping processes) and bleaching.”?
Dissolving pulp is characterised by high cellulose content
(>90%) and a relatively uniform molecular weight distribution.
It is an important form of technical cellulose used commer-
cially in large quantities to prepare cellulose derivatives, regen-
erated cellulose and other materials. By acidic hydrolysis,
microcrystalline cellulose can be produced from dissolving
pulp, this material has relatively low molecular weight (DP
25-300), and gained interest for numerous applications (e.g.,
pharmaceutical, food industry, etc.).

Another intriguing class of cellulose materials can be iso-
lated after disintegrating the cellulose microfibrils into nano-
sized domains via chemical, mechanical or enzymatic means.
The obtained cellulose nanocrystals (CNCs) or nanofibers (CNFs)
have found great scientific and industrial interest. Ionic
liquids can be also used for the fabrication of these materials
from cellulose microfibrils. This topic has been summarised
in a recent work,?* and is excluded from this review.

This review will focus on material fabrication processes that
are mostly based on the dissolution of cellulose in ionic
liquids, except some special cases (ionogels based on gel-
forming cellulose derivatives, bacterial cellulose and nanocel-
lulose in combination with non-dissolving ionic liquids, see
section 4.7.1).

3. Dissolution of cellulose in ionic
liquids

On account of its high molecular weight, and the existence of
strong intra- and intermolecular hydrogen bonding network
with highly ordered crystalline domains, cellulose has low
solubility in common single-component solvents, and is not
melt processable. These features posed considerable obstacles
for materials scientists aimed at shaping cellulose into func-
tional structures. For long time, heterogeneous systems have
been applied to chemically modify cellulose without complete
solubilisation,* in order to prepare readily soluble and melt-
processable derivatives (such as thermoplastic cellulose esters

This journal is © The Royal Society of Chemistry 2023

soluble in a range of organic solvents). There have been great
efforts towards developing solvent systems able to directly dis-
solve cellulose, facilitating its direct shaping into various
materials (fibres, films, composites, etc.), and enabling
greener and controllable homogeneous chemical modification.
Several aqueous (aqueous inorganic metal complexes, such as
cuprammonium hydroxide; molten inorganic salt hydrates,
such as LiCl-5H,0; aqueous solution of alkali hydroxides, such
as NaOH/urea/H,0O; N-methylmorpholine N-oxide (NMMO)
monohydrate), non-aqueous (e.g., N,N-dimethylacetamide
(DMA)/LiCl; dimethyl sulfoxide (DMSO)/tetrabutylammonium
fluoride (TBAF)), and derivatising (e.g., the viscose process
through cellulose xanthate; N,N-dimethylformamide (DMF) or
DMSO with N,0,) solvent systems have been studied. These
solvent systems all have some demerits (e.g., toxicity/non-
recyclability/instability), which have been extensively recog-
nised and critically evaluated in the literature.*>>>® The intro-
duction of ionic liquids as direct, tunable solvents for cellulose
opened new horizons in this field, leading to exciting material
discoveries and properties that have not been seen before (e.g.,
see section 4.7.1).

The first group of ionic liquids to dissolve cellulose with
melting points below 100 °C were based on dialkylimidazolium
cations (see Fig. 4) in combination with chloride, bromide and
thiocyanate anions." Among the studied ionic liquids, 1-butyl-
3-methylimidazolium chloride ([Bmim][Cl]) was the most
powerful solvent able to dissolve cellulose at 10 wt% concen-
tration when heated to 100 °C, and up to 25 wt% with the help
heating.  Furthermore, 1-allyl-3-methyl-
([Amim][Cl]) and 1-ethyl-3-methyl-
imidazolium acetate ([Emim][Ac]) were also reported to dis-
solve cellulose even at high loading around 100 °C (up to
30 wt%).>”>° These ionic liquids have lower melting points
and lower viscosities after cellulose dissolution, making them
more attractive for industrial application compared to
[Bmim][Cl]. Following these initial reports, the effect of the
structure of the anion and cation on cellulose solubility was
comprehensively studied.?® It appeared that ionic liquids with
strong dissolution power contain anions with strong hydrogen
bond basicity, such as chloride," carboxylate (e.g., formate,
acetate, lactate),*’ > amino acid,*® phosphate or phosphonate
anions.?” Likewise, ionic liquids containing anions with poor
ability to form hydrogen bonds with the hydroxyl groups of
cellulose can be classified as non-solvents, anions of hexa-

of microwave
imidazolium chloride
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Fig. 4 Typical cations of ionic liquids with ability to dissolve cellulose.

fluorophosphate ([PFs]), tetrafluoroborate ([BF,]), dicyanamide
(IN(CN),]) and bis(trifluoromethylsulfonyl)imide ([NTf,]) are
some of the examples. Some non-solvents of cellulose contain-
ing [MeSO,] and [HSO,] anions can dissolve hemicellulose and
lignin, these ionic liquids gained appreciable interest for the
pretreatment of lignocellulosic biomass.*®™° Effect of the
structure of imidazolium cations on the solubility of cellulose
was also addressed in several works.*"*> Long alkyl chain sub-
stituents, and moieties that increase the hydrogen bond
acidity, have in general a negative effect on cellulose dis-
solution. It should be noted that, although dialkylimidazolium
carboxylate ionic liquids, such as [Emim][Ac], may be favour-
able for industrial application (low melting point and viscosity
compared to other cellulose dissolving ionic liquids), they are
not inert media for cellulose solubilisation as reaction can
take place at the reducing end of the polymer.** Nevertheless,
such side reaction does not take place in [Bmim][Cl].

Pyridinium-based ionic liquids (Fig. 4) that are capable of
dissolving cellulose, such as 1-butyl-3-methylpyridinium chlor-
ide ([BmPyr][Cl]),** along with other analogues,*’ were also
reported. Depolymerisation of cellulose, and other side reac-
tions were recognised in pyridinium-based ionic liquids, e.g.,
in 1-ethylpyridinium chloride ([EtPyr][Cl]),*® limiting their
applications.

Some quaternary ammonium-based ionic liquids (Fig. 4) con-
taining carboxylate anions were also reported as efficient sol-
vents of cellulose. Ammonium ionic liquids with cyclohexyl
substituent,®” with dialkoxy functional groups,*® with PEG side
chains,*® and derivatives with long alkyl chains®® are some of
the reported examples. Benzyl alkylammonium ionic liquids
containing acetate anion were also reported to dissolve cell-
ulose.”* The aromatic structure in the latter work was derived
from lignin monomers.

Ionic liquids based on the morpholinium cation (Fig. 4)
proved also efficient to dissolve cellulose. It was reported that
4-benzyl-4-methylmorpholinium formate ([BMmorf][HCOO])
or acetate ([BMmorf][Ac]) can dissolve cellulose; the advantage
of this type of ionic liquid is the moderate to low toxicity as
evaluated by Pernak et al®> Later, N-allyl-N-methyl-

5342 | Green Chem., 2023, 25, 5338-5389

morpholinium acetate ([AMMorp][Ac]) was introduced as an
excellent solvent able to dissolve up to 30 wt% of cellulose at
120 °C without degradation of the polymer.>*>*

An intriguing class of ionic liquids to dissolve cellulose are
derived from superbases (Fig. 4). First reported examples are
based on cations derived from polycyclic amidine bases,>
such as 1,5-diazabicyclo-[4.3.0]non-5-ene ([DBN]) and 1,8-dia-
zabicyclo[5.4.0Jundec-7-ene ([DBU]). When paired with car-
boxylic acids, such as acetate or propionate, cellulose solutions
with relatively low viscosities could be obtained.’® Another
intriguing example is based on 1,1,3,3-tetramethylguanidine
([TMG]) organic superbase in combination with short-chain
carboxylic acids (formic, acetic, propionic).>” The advantage of
superbase-derived ionic liquids, besides their relatively low
cost and simple preparation, is that they can be readily dis-
tilled and recycled with high purity (e.g., in some cases at
much higher pressures than [Emim][Ac], affording more cost-
effective recovery of the ionic liquid).>®

It should be noted that cellulose solubility in ionic liquids
greatly depends on the degree of polymerisation of the starting
material, the temperature and method of heating (e.g., micro-
wave-assisted heating can greatly enhance solubility'), the
amount of water and other impurities (e.g., for tetrabutyl-
ammonium acetate/DMSO system some alkali metal ion impu-
rities have negative effect on the dissolution process®®) present
in the solvent.>® Furthermore, the addition of aprotic co-
solvent to ionic liquids, such as DMSO, DMF, etc., can
enhance their dissolution power for cellulose.’®®' This
phenomenon might be explained by the decreasing viscosity of
the system, which increases the mass transport while not
affecting the forming hydrogen bonding network in the solu-
tion involving the ionic liquid and the polymer.*®®
Furthermore, other additives, such as solid acids (e.g,
Amberlyst® 15 and Cs,H;_,PW;,0,, in [Bmim][CI])** and
metal chlorides (e.g., ZnCl,, LiCl, or NaCl in [Amim][C]])*?
were reported to enhance cellulose dissolution (i.e., higher
cellulose loading/shorter dissolution time/lower temperature).
In a report by Yang et al.,** the addition of an amino acid,
t-arginine could prevent cellulose degradation in [Bmim][Cl],

This journal is © The Royal Society of Chemistry 2023
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[Emim][Cl] and [Amim][Cl] ionic liquids when dissolution was
performed at 130 °C for long time (24 h).

The dissolution mechanism of cellulose in ionic liquids
has been the subject of intense discussions and debates over
the years. Interested readers are directed to the comprehensive
review of Li et al.®® It may be of interest for the reader to
understand some of the selection criteria to obtain suitable
ionic liquid for dissolving cellulose. It has been known that
the difficulties of cellulose dissolution in common organic sol-
vents resides in the strongly concentrated hydrogen bonds
present in cellulose, as we mentioned above. There are two
major factors that most of the studies consider: a solvent with
high hydrogen bond basicity is needed to break down the
hydrogen bonding network, and it should be considered that
water impurities can negatively affect the dissolution ability of
such systems.’*®® Nevertheless, this is not the case for organic
onium/inium hydroxide aqueous solutions (OHAS), an intriguing
class of ionic liquids that needs the presence of water (upon
drying they would decompose). For example, tetrabutyl-
phosphonium  hydroxide ([P4444][OH]) and tetrabutyl-
ammonium hydroxide ([N4444]JOH]) can dissolve cellulose with
presence of 40 wt% water.®” It was reported that a weaker
hydrogen bonding network around the H,O and [OH] is pre-
ferred in these cases (i.e., strong self-associating behaviour of
the IL is unfavourable), as followed by the chemical shift of
the protons of water molecules.®® It is of utmost importance to
develop ionic liquids that can tolerate water content, which is
naturally present in biomass.

4. Cellulose-based materials using
ionic liquids as processing media

4.1. Coatings and thin films

4.1.1. Conventional processing systems. Cellulose esters,
such as cellulose acetate (CA), cellulose acetate propionate
(CAP) and cellulose acetate butyrate (CAB) are excellent addi-
tives in coating and ink formulations for a wide range of sub-
strates, including metals, plastics, wood, leather, paper, cloth,
etc.®® They are considered superior compared to nitrocellulose
that can yellow over time, and is flammable. As an advantage,
by properly selecting the degree of substitution and molecular
weight of these esters, their properties can be customised for
specific applications. Nevertheless, serious environmental con-
cerns surround the application of volatile organic compounds
(VOCs) as solvents for preparing the coating formulations.
VOCs emissions are subject to strict regulations both in the EU
(under the VOC Solvents Emissions Directive’®), and in the US
(National Volatile Organic Compound Emission Standards
under the Clean Air Act’!). In order to comply with these
requirements, efforts have been made to develop water-disper-
sible, and radiation-curable (these formulations contain non-
volatile monomers acting as both solvent and reactant) cell-
ulose esters as greener alternatives.”>”’* Some cellulose esters
with high hydroxyl content exhibit enhanced hydrophilicity,
and show good properties in waterborne coating formulations.

This journal is © The Royal Society of Chemistry 2023
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Furthermore, water-dispersible/soluble derivatives can be
obtained by introducing carboxyl group to the cellulose ester
structure via e.g., grafting acrylic acid onto cellulose esters,
reacting them with succinic/phthalic anhydrides, oxidising the
corresponding cellulose ester (e.g., using Oz as oxidant), or by
preparing cellulose acetoacetate esters.”* In addition, esterifi-
cation of carboxymethyl cellulose was shown to represent
another option to obtain water-dispersible esters for coating
applications (e.g., carboxymethyl cellulose acetate butyrate”®).
More recently, an unconventional mixed cellulose ester with
biomass-derived levulinic acid was prepared, and modified to
obtain a carboxymethylamino derivative (Fig. 5(a)), and its
application in waterborne coating formulations was demon-
strated.”® Based on this progress, fully biobased levulinate
ester (Fig. 5(b)) was also synthesised by using alpha-angelica
lactone in 1.8-diazabicyclo[5.4.0Jundec-7-ene ([DBU])/dimethyl
sulfoxide/carbon dioxide organocatalytic reaction system.”’
The levulinate ester with moderate DS (1.2 for the levulinate
group, and 0.13 for the pseudo-levulinate moiety) showed
good properties for possible applications in waterborne film
preparations and coatings in limited water environments.

Thin cellulose ester films have found applications in a
range of devices (e.g., in liquid crystal displays (LCDs)) as pro-
tective optical films, based on their high transparency, unique
optical characteristics, together with excellent heat resistance,
and mechanical properties.”>’*”® Advanced polariser protec-
tive films and optical retardation films can be achieved using
cellulose esters by chemical modification or by specific
additives.”®

Various cellulosic films were developed for food packaging
applications. The most notable example is cellophane, which
is produced through cellulose xanthate (viscose). The viscose
process, however, requires high-quality pulp and suffers from
its large environmental footprint due to the use and gene-
ration of toxic chemicals and byproducts (e.g., sulphur bypro-
ducts,”® heavy metals®®). Several alternative methods have
been developed using cellulose derivatives (cellulose acetate,
methyl cellulose, carboxymethyl cellulose®'), nanocellulose
films,®* and environmentally more friendly processing systems
for cellulose dissolution and regeneration (through cellulose
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Fig. 5 Mixed cellulose ester obtained by using levulinic acid and acyl
anhydrides as reactants, followed by the reaction of the corresponding
mixed ester with (aminooxy)acetic acid to afford the water-dispersible
derivative (a);”® and obtained thorough alpha-angelica lactone in 1.8-
diazabicyclo[5.4.0]lundec-7-ene  ([DBUI])/dimethyl  sulfoxide/carbon
dioxide organocatalytic system (b).””
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carbamate in the CarbaCell process, and
N-methylmorpholine N-oxide (NMMO)®?).

Cellulosic coatings have gained importance in controlled-
release applications as well. Cellulose esters,”* cellulose
ethers,®* different forms of nanocelluloses,®® and cellulose-
based hydrogels®® have found applications in large variety of
drug delivery systems in the biomedical field. Cellulosic materials
can be conveniently modified for targeted applications and
can be readily used to create intrinsically biocompatible
systems, which greatly contributed to their success in this
field. Furthermore, based on their environmentally benign
character, several cellulosic materials are used also for con-
trolled release in agrochemical formulations.®”

4.1.2. Use of ionic liquids for coating and thin film appli-
cations. Cellulose dissolved in an ionic liquid can be regener-
ated using an antisolvent (e.g., water, acetone, etc.). Depending
on this step, the regenerated cellulose can be shaped into
various forms, such as films with various thicknesses. Please
note that recycling of the ionic liquid is crucial for the sustain-
ability and economic feasibility of the process, these aspects
will be discussed later (see section 5).

Table 1 shows a list of selected works®® % devoted to the
fabrication of regenerated cellulose films for e.g., packaging
application using various ionic liquids such as
[Amim][C1],**°%%"  [Bmim][C]],”"*>*" [Bmim][Ac]”* and
[Emim][Ac].3%°¢"%° Transparent films could be obtained
(Fig. 6) with optical transmittance values in some cases greater
than that of commercial cellophane (optical transmittance:
85%).°>°79% The barrier properties (oxygen and water vapor
permeability) of the regenerated cellulose films can be con-
trolled by additives such as plasticisers, as demonstrated by
Jin et al.®® Furthermore, in the cellulose/ionic liquid solution
active agents can be dissolved such as curcumin (using
[Amim][Cl]) to prepare antibacterial regenerated cellulose
films,'®" or the regenerated cellulose film can be post-modi-
fied to obtain films with antibacterial’®® or antioxidant'®® pro-
perties for state-of-the-art active food packaging applications.

The degree of polymerisation (DP) and crystallinity index was
strongly correlated with the mechanical properties of the regener-
ated cellulose films in several works.®®°>"°® It was suggested that
above a certain level of DP (given as ~450), the mechanical
properties are dominated mostly by the crystallinity.’® In
addition, other secondary interactions such as intra- and inter-
molecular hydrogen bonding, and hydrophobic stacking inter-
actions are also important in shaping the physical properties
of the material. In general, the structure of cellulose changes
from cellulose I to cellulose II as a result of the regeneration
process (Fig. 7). The crystallinity index also decreases compared
to the native cellulose, a more amorphous material is usually
obtained. Cellulose II is known to be thermodynamically
favoured, its stability is attributed to ring-stacking via hydro-
phobic interactions and to additional hydrogen bonding inter-
actions between sheets (inter-molecular), forming a three-
dimensional structure (see section 2).%°

The crystallinity of the regenerated cellulose can be influenced
by several factors, such as the coagulation process. Ostlund

using
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et al.’® dissolved pulp in [Emim][Ac], and studied the effect of
the coagulation media (water, ethanol and 1-propanol) on the
structure of the regenerated cellulose. When water was used as
coagulation medium, mainly cellulose II structure was
obtained, while other solvents yielded mostly amorphous
films. This was explained by the slow diffusion of [Emim][Ac]
to ethanol/1-propanol compared to water on account of their
lower solubility for [Emim][Ac]. The hydroxymethyl group in
cellulose dissolved in [Emim][Ac] is in gauche-trans (gt) confor-
mation, which can be trapped in this stage during fast solvent
exchange (in water). This conformation is beneficial for the
formation of the cellulose II structure (hydroxymethyl group is
in gt conformation in contrast to native cellulose I with trans-
gauche conformation, see section 2, Fig. 2). Furthermore, mole-
cular mobility was suggested to be another factor that can have an
effect on the crystallinity of the regenerated films. Zheng et al.®”
studied the effect of ionic liquids with increasing dissolution
power ([Bmim][Cl] < [Amim][Cl] < [Emim][Ac]) on the pro-
perties of the regenerated cellulose. They found that the cell-
ulose regenerated from [Amim][Cl] solution had the highest
tensile strength, which was attributed to its highest crystalli-
nity among the samples. They argued that the higher crystalli-
nity was due to the lower molecular weight of the sample com-
pared to the others, resulting in enhanced molecular mobility
aiding molecular arrangement during the regeneration
process. The regenerated cellulose film from [Amim][Cl]
showed excellent transparency (90% at 550 nm) according to
their study. Pang et al.”® compared the properties of regener-
ated films from different cellulose starting materials (micro-
crystalline, cotton linter, pine, bamboo celluloses) dissolved in
[Emim][Ac]. They found that pine-derived cellulose sample
with high DP (559) and crystallinity index (39.58%) gave the
highest mechanical performance (tensile strength of 120 MPa),
compared to the poorly performing microcrystalline cellulose
that had although high crystallinity index (40.58%), its DP was
the lowest (145) among the samples.

Several studies point out the importance of dissolution con-
ditions, such as time and temperature on the structure of the
regenerated cellulose, and thus on its mechanical
properties.®®*®> Cao et al®® prepared regenerated cellulose
films from cornhusk cellulose using [Amim][Cl] and
[Emim][Ac] ionic liquids. They realised that the DP decreases
with increasing dissolution time and temperature, and the
latter had greater effect on cellulose degradation (Fig. 8). Chen
et al.®® reached a similar conclusion when dissolving wheat
straw cellulose in [Bmim][Cl]. By optimising the dissolution
time and temperature to avoid substantial cellulose degra-
dation (i.e., decrease in DP), a regenerated cellulose film with
high tensile strength could be obtained (170 MPa).

Regenerated cellulose films can show brittle characteristics,
which can be disadvantageous for packaging applications. To
overcome this limitation, several studies focused on including
plasticisers (sorbitol, glycerol and carboxymethyl cellulose
(CMCQ)) in the ionic liquid/cellulose solution before the regen-
eration process using [Amim][CI]*® and [Emim][Ac] solvent
systems.’® Interestingly, the crystallinity indices of the regener-

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (A) Transmittance of cellulose films regenerated from ionic

liquids in water as coagulant (the film from [Amim][Cl] has transparency
of about 90% at 550 nm). Reproduced from ref. 97 with permission from
Elsevier, copyright 2018. (B) Transparent regenerated cellulose film for
food packaging application (cotton linter cellulose dissolved in
[Emim][Ac], containing 25% glycerol as plasticiser). Reproduced from ref.
98 with permission from Springer Nature, copyright 2013.
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Fig. 7 X-ray diffraction (XRD) patterns of native cellulose (coniferous
dissolving pulp), exhibiting typical cellulose | structure, and that of the
films regenerated from different ionic liquids in water with XRD profiles
typical for a cellulose Il structure. Crystallinity index: [Amim][Cl] >
[Bmim][Cl] > [Emim][Ac]. Reproduced from ref. 97 with permission from
Elsevier, copyright 2018.

42 =
6] & \\ Tefnsile strength B i PP
Z 30 A 160

o A 350

-—
)
DP of cellulok
. 4300 3
12 I\. \ - 100

\. ¢
—
L
6 T T T T T T - T 80
70 80 90 100 110 120 130 140 150

Dissolution Temperature (C)

3

=3

S
)

200

o
o
o

o
S
t=)

%
/S

Dissolution Time (h
IS
1
|}
[ J
1
re
8
DP of Cellulose
L
3
Tensile Strength of Membrane (MPa)

Fig. 8 Effect of dissolution time and temperature on the tensile
strength and degree of polymerisation (DP) of regenerated cellulose
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with permission from Wiley, copyright 2012.
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ated cellulose films with plasticisers decreased when
[Amim][Cl] was used, meanwhile an increase was observed for
[Emim][Ac] compared to a control regenerated cellulose film
without plasticiser. In all cases, an increase in the tensile
strength was observed by the addition of the plasticiser, which
was attributed to secondary interactions forming between cell-
ulose and plasticiser molecules. Somewhat different result was
obtained when the regenerated film (using [Bmim][Cl]) was
immersed in a plasticiser solution as a post-treatment process
instead of its direct inclusion in the ionic liquid solution.’® In
this case, tensile strength decreased, while elongation at break
increased as an effect of the glycerol plasticiser.

The hydrophilicity of the surface is another important para-
meter for applications, such as for packaging films or thin
film substrates. It is known that amorphous regions in regen-
erated cellulose are prone to swelling, these regions provide
sufficient mobility that is advantageous for the orientational
requirement of hydrogen bond formation with water
molecules.'®*'° Since the crystallinity of the films regenerated
from ionic liquids can be controlled to some extent depending
on experimental conditions, this provides an opportunity to
prepare films with various wettability. Amorphous cellulose
film regenerated from [Emim][Ac] solution (DMSO co-solvent,
ethanol coagulant) has low static water contact angle (~30°),
similarly to amorphous thin films regenerated using other
solvent systems.'®® Pang et al.°® prepared regenerated cellulose
films using [Emim][Ac] (water coagulant) with various crystalli-
nity depending on the starting cellulose material. They
observed high water contact angles (~73° for regenerated
microcrystalline cellulose; ~77° for pine-derived regenerated
cellulose) for the films with high crystallinity indices (see
Table 1). This phenomenon was attributed to the different
hydrogen bonding network in crystalline/amorphous samples.
It was also demonstrated that plasticisers can also have an
effect on the wettability of the surface. Pang et al.®® showed
that the presence of sorbitol/glycerol/CMC in the regenerated
cellulose film ([Amim][Cl] solvent, water coagulation medium)
leads to a significant increase in the recorded water contact
angles (59°/74°/75°, respectively). They argued that surface
morphology of the films, and interference of the plasticiser
molecules with the hydrogen bonding network of cellulose
contribute to a reduced surface free energy. Similar result was
observed by Hameed et al.*°® with poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (abbreviated as PHBV, a microbial bio-
polymer) as additive in regenerated cellulose blends using
[Bmim][Cl] (water coagulant). In this case, however, it should
be noted that PHBV regenerated from the ionic liquid has
already hydrophobic character (with water contact angle of
about 97°).

Several studies reported on the formation of a nanoporous
film upon regeneration from ionic liquid solutions. Wang
et al.”* dissolved natural luffa-derived cellulose in [Bmim][Cl],
and found that the regenerated film has nanopores with an
average pore size of about 18 nm. Ostlund et al.®® studied the
porosity of regenerated cellulose films ([Emim][Ac] solvent)
through NMR cryoporometry, using various coagulation media

This journal is © The Royal Society of Chemistry 2023
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(water, ethanol and 1-propanol). In all cases, pores with radius
below 15 nm were observed (spherical pore geometry model).
It was also possible to obtain uniform porous structure with
pore radius centred around 3 nm, using 1-propanol as coagu-
lant, through repeated drying cycles.

Ultrathin regenerated cellulose films could also be prepared
from an [Emim][Ac] solution containing 0.1 wt% cellulose
(microcrystalline) that was spin-coated on a silicon wafer sub-
strate, and regenerated using ethanol as antisolvent.'®® AFM
image of the ultrathin film indicated the presence of fine
nanofibrillar cellulose structure on the surface (Fig. 9).

Radiation-curable coating was also developed using ionic
liquid monomers that can dissolve cellulose, this approach is
considered a green alternative to coating systems that apply
volatile organic solvents. Isik et al.'®”'*® synthesised 2-choli-
nium lactate methacrylate monomer that dissolved 5-10 wt%
cellulose. Photopolymerisation at 368 nm in the presence of
2,2-dimethoxy-2-phenylacetophenon photoinitiator afforded a
transparent coating film from the 5 wt% cellulose/ionic liquid
solution (Fig. 10). Cholinium-based cellulose-dissolving ionic
liquids are advantageous due to their low toxicity, biodegrad-
ability, and low cost.'*®

The cellulose/ionic liquid system can be used to form
regenerated cellulose coating also for controlled drug release.
Song et al.'™* fabricated chitosan hydrogel beads that could be
coated with regenerated cellulose by dropping the hydrogels in

L5 0.00 nm

0 0.5 L
X[pum]

Fig. 9 Atomic force microscopy (AFM) image of cellulose ultrathin film
regenerated from [Emim][Ac] solution (0.1 wt% cellulose), using ethanol
as coagulant. Reproduced from ref. 100 with permission from Walter de
Gruyter GmbH, copyright 2018.
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the cellulose/[Emim][Ac] solution. Regenerated cellulose
coating was formed by the diffusion of water from the hydro-
gel. The fabricated material showed good properties for con-
trolled drug release applications.

4.2. Thin film filtration membranes

Cellulosic materials have long history in separation science
dating back to ancient times (e.g., just think about cotton
cloth for filtering particles). Both natural and physically/
chemically modified cellulose were shown to be efficient as
adsorbent for water, organic solvents, metal ions and organic
substances (such as dyes)."™" Furthermore, cellulose can be
converted to various forms of activated carbons with high
surface area, extending its efficiency and application to other
adsorbates (e.g., gases). Among the chemically modified cell-
ulose derivatives, cellulose esters proved particularly successful
as membranes in the separation field, basically covering all
range of the filtration spectrum including micro-, ultra- and
nanofiltration, reverse osmosis and dialysis applications.”

The introduction of ionic liquids as solvent of cellulose
opened the gates for the preparation of novel thin film mem-
branes directly from the natural polymer.

4.2.1. Regenerated cellulose filtration membranes via
phase inversion using ionic liquids. Regenerated cellulose
films from ionic liquids found applications also in membrane
science, where phase inversion is a well-known way to prepare
thin film membranes via immersion precipitation.’'* Table 2
shows selected works devoted to the fabrication of regenerated
cellulosic membranes using ionic liquids. The first regener-
ated cellulosic membrane was made by Xing et al'"® using
cellulose acetate dissolved in [Bmim][SCN]. The choice of the
ionic liquid was based on its low melting point (<—20 °C) and
low viscosity (54 cP at 20 °C), enabling fast dissolution and
processing of the cellulose derivative at room temperature.
They recognised that the morphology of the resulting mem-
brane is very different from membranes prepared using con-
ventional solvents (such as N-methyl-2-pyrrolidone (NMP) and
acetone in their work). While using the latter systems results
in macrovoid formation, the membranes regenerated from
ionic liquids have a dense structure full with nodules
(Fig. 11A). They hypothesised that the mechanism of phase
inversion is different when ionic liquids are used, the
sequence of events possibly being nucleation growth and gela-

centrations of the compound to_be analyzed were “dd“_‘i_“_"g the n
7 °C under vigorous shaking. Growth was monitored after 15 h

slid agar plates: Petri plates containing solid LB-agar (LB with 1.5 % ¢
3 ml of melted soft LB-agar (LB with 0.6 % agar) to which about 10* E

«d. After solidification of the soft agar, non-conditioned and cond tione

T ————

Fig. 10 Photopolymerisable cellulose coating using a cholinium-based ionic liquid methacrylic monomer as both solvent and crosslinker.
Reproduced from ref. 107 with permission from the American Chemical Society, copyright 2013. A part reproduced from ref. 108 with permission

from Wiley, copyright 2014.
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(A) Morphology of cellulose acetate membranes regenerated from different solvents (10 wt% cellulose acetate solution). Reproduced from

ref. 113 with permission from the American Chemical Society, copyright 2010. (B) Morphology of cellulose membrane on porous polysulphone
support regenerated from 10 wt% cellulose solution in [Emim][Ac]. Reproduced from ref. 116 with permission from Elsevier, copyright 2015.

tion in the beginning followed by spinodal decomposition.
Furthermore, they thought that macrovoid formation can be
avoided on account of the slow water inflow into the system
together with the high viscosity of the ionic liquid. Similar
membrane morphologies were observed later by others using
[Amim][CI],"** [Bmim][CI]”>'"® and [Emim][Ac]"'***° ionic
liquids. The first ionic liquid-assisted regenerated membrane
from native cellulose was made by Li et al''* using
[Amim][Cl]. They fabricated the regenerated cellulose membrane
on a polyethylene terephthalate (PET) non-woven fabric as a
support. In membrane science, it has been a common strategy
to prepare multilayer membranes by using a porous material
that provides mechanical support without negatively affecting
the flux. Nevertheless, it was difficult to prepare multilayer
regenerated cellulose membranes in such a way before the dis-
covery of the ionic liquids, due to the lack of cellulose solvent
that would not damage the structure of the porous support.
Livazovic et al.''® prepared regenerated membranes using
[Emim][Ac] on a range of porous substrates including the fre-
quently used polysulphone (PSU); polyetherimide (PEI) and
polyester nonwoven supports, demonstrating the versatility of
ionic liquids in fabricating multilayer asymmetric membranes
(Fig. 11B). Furthermore, they showed that the prepared regen-
erated membrane has excellent solvent resistance against tetra-
hydrofuran (THF), hexane, DMF, NMP and DMA. Note that
self-supporting membranes could also be fabricated by
others,”> 311311618119 gimilarly to the initial work of Xing
et al.,'*® in some cases with excellent mechanical character-
istics (e.g., the membrane developed by Chen et al®® had a
tensile strength of 170 MPa, and 6.4% breaking elongation). In
several works it was observed that by increasing the cellulose
concentration in the ionic liquid, denser membranes can be
fabricated providing the highest rejection values, and the
lowest permeance in organic dye filtration,"*>"'® in case of the

This journal is © The Royal Society of Chemistry 2023

neutral solute polyethylene glycol/polyethylene oxide,"*® and
for oil-in-water emulsions.!'” Furthermore, Sukma and Culfaz-
Emecen'™ found that dye rejection is also correlated with
membrane affinity (sorption), attributed to hydrogen-bonding
and electrostatic interactions.

4.3. Enzyme immobilisation using cellulose/ionic liquid
systems

Cellulose, owing to its biologically compatible and nontoxic
nature, has received significant interest as a support material
for enzyme immobilisation. Table 3 shows selected works on
enzyme immobilisation using regenerated cellulose films/
beads through ionic liquid processing media. Turner et al.'*°
was the first who studied enzyme encapsulation in regenerated
cellulose films using [Bmim][Cl] solvent (via a cold processing
method to avoid thermal denaturation), and laccase from Rhus
vernificera as a model enzyme (an oxidoreductase responsible
for the biodegradation of e.g., lignin'*"). They observed a sig-
nificant decrease in laccase activity (18% of the activity com-
pared to the free form) for the enzyme-encapsulated regener-
ated film. They also realised that a hydrophobic ionic liquid
((Bmim][NTf,]) “precoating” enables the formation of a more
stable microenvironment in the regenerated cellulose film that
results in an enhanced enzymatic activity (29% compared to
the native form in aqueous solution). It is known that CI” in
neat ionic liquids can form H-bonds with proteins, which can
disturb their secondary structure, leading to denaturation. In
addition, several enzymes show higher activity in more hydro-
phobic ionic liquids."®* Following the initial experiences on
entrapping enzymes in a regenerated cellulose film, Turner
et al.'*® investigated enzyme immobilisation on the surface of
the substrate, a strategy known to increase enzyme stability.
They prepared regenerated cellulose/poly(oxyalkeneamine)
composites by directly mixing the amine-containing polymer
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with the cellulose/[Bmim][Cl] solution. When laccase was
attached to the surface using glutaraldehyde crosslinker, for
one of the examined primary amine-containing polymers the
enzyme retained about 50% of its activity. This increase was
attributed to the improvement in the flexibility of the enzyme
attached to the surface. Further improvement was achieved
with regenerated cellulose films by using polyamidoamine
(PAMAM) dendrimers dissolved together with cellulose in
[Bmim][Cl]."** Interestingly, the highest enzyme activity was
observed when the cellulose-PAMAM matrix was crosslinked
with 1,3-phenylene diisocyanate, and surface attachment was
done by incubating the enzyme with the regenerated film. This
strategy outperformed even the frequently applied method of
surface attachment via glutaraldehyde crosslinker. Several
works prepared bioactive films through similar strategies by
directly including horseradish peroxidase/soybean peroxidase
in the cellulose/[Bmim][Cl] solution,"*® or by surface attach-
ment of p-galactosidase on regenerated polyamine/cellulose
composite films (hydrophobic [Bmim][NTf,] as solvent — note
that cellulose acetate was used here instead of cellulose which
does not dissolve in this ionic liquid) postmodified using glu-
taraldehyde as crosslinker.'*® Regenerated cellulose beads
proved also efficient in laccase immobilisation as demon-
strated by Gu et al.'®” They fabricated crosslinked cellulose
beads by dropping a cellulose/[Emim][Ac] solution containing
crosslinkers and reactive functions (epoxy and catechol) into
water by means of a syringe, and immobilised laccase by
simply incubating the enzyme with the prepared beads.
Furthermore, magnetic micro/nanoparticle composites gained
interest in enzyme immobilisation as they can be separated
easily from the reaction media using a magnet. Liu et al.**®
prepared cellulose-chitosan magnetic microspheres (as hydro-
gels with about 92% water content) using Fe;O, magnetic
support in [Bmim][Cl]. The regeneration procedure was
different from others in that the [Bmim][Cl] solution was
added to an oil-surfactant mixture, followed by the addition of
ethanol. The enzyme glucose oxidase (from Aspergillus niger)

o
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was anchored on the surface of the microspheres through the
amine group of chitosan using glutaraldehyde. Enhanced
thermal and storage stability, and wider pH tolerance window
was reported as a result of the enzyme immobilisation. Recently,
Suo et al."*® modified carboxymethyl cellulose-coated magnetic
nanoparticles with an imidazolium ionic liquid containing car-
boxyl function and PF,~ counterion (Fig. 12). The porcine pan-
creatic lipase enzyme was immobilised via the pendant carboxyl
group on the surface of the nanoparticles by applying EDC/NHS
coupling protocol. By investigating the structure of the immobi-
lised enzyme, they proposed that the lid of the enzyme active
site is open to a higher degree (low a-helix content), and the
enzyme has a more rigid structure (high p-sheet content) com-
pared to the free enzyme or enzyme immobilised without the
ionic liquid anchor. They concluded that these features can be
responsible for the high enzyme activity and stability.

The structure of ionic liquids has a profound impact on
enzyme activity, the dominating factors have been comprehen-
sively studied."® In case of cellulose/ionic liquid systems, the
ionic liquid needs to be both a good solvent of cellulose, and
should have ideally a positive effect on enzyme activity and
stability."*>"*" There has been great interest in designing novel
biocompatible, cellulose-dissolving ionic liquids."****?

4.4. Catalytically active cellulose-based composite materials
using ionic liquids

Ionic liquids received great interest as tunable platform for the
synthesis of various metal nanoparticles with controlled size and
shape, sometimes with superior properties compared to those
fabricated via conventional methods."***** Furthermore, ionic
liquids are flexible media in catalysis in that they can not only
act as solvents, but also as stabilisers, supports and ligands in
various multiphase catalytic transformations.'**™*3”

The first work that described the use of an ionic liquid/
metal nanoparticle/cellulose system was from Li et al."*® They
studied the thermally-induced formation of gold microparticles
from an Au(m) salt in BmimCl using cellulose as the reducing

o>k0Na COONa e
FeCl+4H,0 PR
CMC Lo & FeCly»0H,0  \.60c oona \—/ N NS
R'O I e > ——— N \_/
ot NH;+H,0 EDC, NHS
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o ["
R: )I\ONa or H
£ e Scoon| 80T
% = 24h
\\‘ } =
“H AZ &\ SPES 2019
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Fig. 12 Enzyme (porcine pancreatic lipase (PPL)) immobilisation on carboxymethylcellulose-coated magnetic nanoparticles via an ionic liquid-
derived anchor. Reproduced with some modification from ref. 129 with permission from Elsevier, copyright 2020.
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agent. Gold microparticles with various sizes and shapes could
be obtained by modulating the temperature, owing to the cell-
ulose template and the ionic liquid.

It was Gelesky et al.'*® who first recognised the use of cell-
ulose to prepare catalytic polymeric membranes through the
immobilisation of metal nanoparticles in combination with an
ionic liquid. The polymeric support can reduce the loss of the
nanoparticles in the course of the process, provides porous
contact in gas/liquid multiphase reactions, and prevents
agglomeration of the nanoparticles. The latter phenomenon is
a well-known limitation when ionic liquids are used in tran-
sition metal nanoparticle catalysis."**'*” Gelesky et al.'*® dis-
persed Pt(0) and Rh(0) nanoparticles in cellulose acetate sub-
strate using [Bmim][NTf,]/acetone solvent system, and
obtained films of various thicknesses (10-40 um) by evaporat-
ing acetone. The cellulose/ionic liquid/Pt(0) 20 pm thick com-
posite film showed much higher catalytic activity (turnover fre-
quency (TOF): 7353 h™") for the hydrogenation of cyclohexane
than the nanoparticles alone in the ionic liquid (TOF:
329 h™). This phenomenon was attributed to the stabilisation
of the nanoparticles in the cellulose substrate, and to the pres-
ence of porous regions conducive to the effective gas/liquid
contact. They also noted that the presence of ionic liquid
confers higher flexibility and formability to the membrane.
Since this initial work, several studies have been reported on
the fabrication of cellulose/metal nanoparticle composite
films/spheres for catalytic applications, a list of selected works
can be found in Table 4.

Wittmar et al.'*® prepared TiO,-doped regenerated cellulose
films using [Bmim][Ac]/[Bmim][Cl] ionic liquids (Fig. 13A). The
prepared film showed good photocatalytic efficiency in degra-
dation of organic dye when impregnated on the cellulosic sub-
strate. However, the process was less effective in bulk solution
of the organic dye, which the authors have attributed to the
poor solute diffusion owing to the low porosity of the film. In
order to improve the performance of the material, in another
study from the same group, TiO,-doped porous films were pre-
pared via a freeze-drying process using [Bmim][Ac] solvent'**
(Fig. 13B). They noted the beneficial effect of DMSO as co-
solvent to decrease the viscosity of the ionic liquid, and
thereby improve the processability. Interestingly, when irra-
diated with sunlight, dye decomposition was efficient in case
of dye-impregnated films. This feature is promising for appli-
cation as “self-cleaning” material under sunlight. Furthermore,
Fe,0;-TiO, co-doped regenerated porous cellulose film could
be also prepared.'*” In this case, it was noted that the presence
of magnetite nanoparticle did not affect the photocatalytic
activity of TiO, (although the activity decreased an order of
magnitude compared to TiO, powder). The magnetic, photoca-
talytically active film can be easily separated from the reaction
solution using a magnet (Fig. 13C), and can be also readily
heated by alternating magnetic field (AMF, Fig. 13D).
Furthermore, in order to aid the recyclability of the photo-
catalytic regenerated cellulose material, it was further shaped
into porous macrospheres in a recent study."*® In this case, the
superiority of [Bmim][Ac]/DMSO system over [Emim]Ac]/
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DMSO medium was reported, as it provided a material with
higher porosity, and it also dispersed TiO, nanoparticles
better. In another work by Jo et al.,'** carrageenan, a polysac-
charide with sulphate moieties, was added to the TiO,-doped
regenerated films ([Emim][Ac] solvent) that resulted in
increased adsorption capacity for the cationic organic dye, and
lead to an improved degradation efficiency in the photo-
catalytic reaction. The compatibility of the cellulose/ionic
liquid system for other photocatalytically active nanoparticles,
such as Bi,WOs, was also demonstrated.'*’

These studies clearly show that ionic liquids provide versa-
tile platform for the fabrication of catalytically active cellulose-
based composites with tailored structures and properties.

4.5. Cellulose-based separator membranes and conductive
composite films for electronic devices, using ionic liquid
processing media

4.5.1. Separators for supercapacitors and Dbatteries.
Cellulose has long been used as an insulating separator
material in various energy storage devices."*>'"” Separators
provide ion diffusion paths between the opposite electrodes
through their porous structure while help avoiding short-
circuit issues owing to their insulating nature. They are essen-
tial components to improve operation safety, lifetime and per-
formance of battery and capacitor devices. The first semi-
permeable cellulose membrane was applied in commercial
alkaline batteries which still represents a dominating market
within the battery industry.’*® In lithium-ion batteries, poly-
olefin-based separators (e.g., polyethylene (PE), polypropylene
(PP)) gained dominance, although efforts have been made to
develop cellulose-based membranes for this application. As an
environmentally friendly, renewable material with advan-
tageous properties, such as chemical and thermal stability,
there has been revived interest in using cellulosic materials for
developing efficient separators for high-performance energy
storage devices.

Ionic liquids provide a versatile platform to prepare nanopor-
ous membranes for energy storage devices from cellulose via the
phase inversion method (which we have already mentioned in
section 4.2.1). Zhao et al.'*® prepared regenerated cellulose
film (22 pm-thick) from cellulose/[Bmim][Cl] solution (4 wt%
cellulose content) using water as coagulant. They obtained a
film (Fig. 14A) with good flexibility and mechanical properties
(tensile strength of 171.5 MPa, elastic modulus of 8.93 GPa).
The tensile strength is among the highest reported in the lit-
erature (see Tables 1 and 2), this may be attributed partly to
the starting cellulose that had a high DP of 1484, and to the
processing conditions. The regenerated membrane exhibited
high porosity (71.78%) with uniformly distributed mesopores
having diameters in the range of 5-30 nm (Fig. 14B). The
thermal stability, which is an important parameter in separa-
tor applications, remained comparable (thermal degradation
starts around 275 °C) to commercial cellulose-based separa-
tors. The thermal stability of cellulosic membrane is superior
compared to commercial polyolefin-based separators (struc-
tural changes above 100 °C).'*® Furthermore, high ionic con-

This journal is © The Royal Society of Chemistry 2023
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(A) Preparation of TiO,-doped regenerated cellulose films for photocatalytic degradation of organic pollutants. (B) Effect of the freeze-

drying process on the resulting regenerated cellulose film (left: air drying; right: freeze-drying). (A) and (B) reproduced from ref. 141 with permission
from the American Chemical Society, copyright 2017. (C) Magnetic properties of the Fe,O3—TiO, co-doped regenerated cellulose film. (D) AMF-
induced temperature increase of the Fe,O3—TiO, co-doped regenerated cellulose film. (C) and (D) reproduced from ref. 142 with permission from

the American Chemical Society, copyright 2017.

ductivity (0.325 S em™" after soaking in 6 M KOH) and good

electrolyte retention was observed. In line with these excellent
characteristics, the assembled solid state supercapacitor (sand-
wich-like configuration, cellulose separator impregnated with
6 M KOH placed between the activated carbon electrodes)
device outperformed other devices based on commercial
separators in terms of specific capacitance (110 F g™' at 1 A
g”' current density), rate capability (i.e., high capacitance
retention at high current density), capacitance retention
(84.7% after 10 000 cycles), equivalent series resistance, energy
density and power density (energy density more than 1.5-times
higher than the performance achieved with commercial cell-
ulose-based separators). Furthermore, the authors also pre-
pared interdigitated finger-type micro-supercapacitors via a
novel method (Fig. 14C): patterns (PTFE mask and activated
carbon powder) were deposited on the cellulose/IL substrate
prior to the regeneration step, which represents a simple, cost-
effective method without using additives and special tools
applied for common patterning methods (photolithography, in-
printing, etc.). The micro-supercapacitor device showed excel-
lent formability without decrease in capacitance or change in
the electric double layer behaviour (see Fig. 14D, similar cyclic
voltammograms). The device gave superior energy density and
power density compared to the performance of other micro-
supercapacitors in the literature (Fig. 14E). In addition, it was
demonstrated that the micro-supercapacitor can be connected
in series (giving twice the operating voltage) or parallel (giving
about twice the current and discharge time), and can drive a
digital watch in plane or bent state (Fig. 14F and G).

In another work from the same group,'*’ a regenerated cell-
ulose/glass microfiber composite film was prepared and used

5354 | Green Chem., 2023, 25, 5338-5389

as a flexible separator for lithium-ion batteries (Fig. 15A). The
composite film was prepared by carefully choosing the concen-
tration (1 wt% as optimal), and thus adjusting the viscoelastic
property of the cellulose/[Bmim][Cl] solution in order to make
it penetrate into the microfiber structure. The presence of cell-
ulose conferred exceptional flexibility and structural stability
to the microfiber separator, which could be shaped into
various forms without fracture even when wetted with electro-
Iyte (Fig. 15B and C). Furthermore, the composite separator
exhibited good thermal stability (200 °C), electrolyte wettabil-
ity; superior electrolyte retention, ionic conductivity and Li"
transference number compared to the glass microfiber film as
reference. The assembled LiFePO,-Li battery cell showed lower
charge transfer resistance (102.2 Q), higher discharge specific
capacitance (160.6 mA h g™" at 0.2 C), better rate capability
(145.9 mA h g~* at 2 C) and cycling stability (108.5 mA h g™*
after 1000 cycles at 2 C) compared to the reference (Fig. 15D).
A pouch cell was also assembled to demonstrate a flexible Li
battery application. It was concluded that the inhibition of Li
dendrite growth and rapid ion diffusion through the compo-
site membrane contributed to the excellent rate performance
and cycling stability.

4.5.2. Conductive composite films. Various works describe
the fabrication of conductive regenerated cellulose films by the
addition of a conductive filler (Table 5), such as single-walled
and multi-walled carbon nanotubes,”*"* graphene,**
graphite154’155 156

The first work on conductive regenerated cellulose films
was done by Pushparaj et al.'>® They impregnated vertically
aligned multiwalled carbon nanotubes (MWCNTS; grown on a
silicon substrate via thermal chemical vapor deposition (CVD)

and silver nanowires.

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 (A) Photograph showing the regenerated cellulose film with

high transparency and flexibility. (B) Scanning electron microscopy (SEM)
image about the pore structure. (C) Processing steps for fabricating the
interdigitated finger-type electrode. (D) Cyclic voltammograms
recorded for different bent states of the flexible micro-supercapacitor.
(E) Ragone-plot that compares the performance of the device with
others from the literature. (F) Cyclic voltammogram recorded for
devices connected in parallel or in series. (G) Micro-capacitor device
powering a digital watch. Reproduced from ref. 148 with permission
from Wiley, copyright 2017.

technique) with a cellulose/[Bmim][Cl] solution. After immer-
sing in ethanol, the regenerated cellulose/MWCNT film could
be peeled off from the substrate. Symmetric supercapacitor
device was fabricated using the composite film, affording a
flexible, thin and lightweight design. An extra thin cellulose
layer was used as the separator, and [Bmim][Cl] as electrolyte
(see Fig. 16). The supercapacitor showed good performance
(%13 W h kg™" energy density, 1.5 kW kg™' power density),
with excellent operating temperature window (195-423 K). The
device could be operated with various body fluids as electro-
lytes (such as body sweat, blood), which is promising for bio-
medical applications (e.g., biomedical microelectromechanical
systems). The authors fabricated flexible Li-ion battery using
the cellulose/MWCNT composite as cathode. Furthermore, the
supercapacitor and battery device were also combined to make
hybrid devices.

This journal is © The Royal Society of Chemistry 2023
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Several works prepared conductive filler/regenerated cell-
ulose composite by including the filler in the ionic liquid/cell-
ulose solution prior to the coagulation process. Interestingly, it
was observed by Ye et al."®” that graphite can be exfoliated
directly in a [Bmim][Cl]/cellulose solution under ultra-
sonication. They recognised that cellulose can help the exfolia-
tion process, probably through hydrogen bonding between
-OH groups of cellulose and the n electrons of graphene.
Similar phenomenon was noted later by Zhang et al.*>® using
[Amim][Cl]. They also observed the positive effect of the pres-
ence of small amount of single/multilayer graphene
(0.1-1 wt%) on the mechanical properties of the regenerated
cellulose film. In the regenerated cellulose film, cellulose
nanofibers were observed, the diameter of these fibres were
affected by the amount of graphene in the composite. At the
lowest graphene loading, graphene was nicely dispersed result-
ing in small cellulose nanofibers, meanwhile increasing the
graphene content resulted in graphene aggregation and larger
cellulose nanofibers. Toughness and tensile strength were the
highest when cellulose nanofibers had the smallest diameter.
Furthermore, Chen et al.*** studied relatively high amount of
graphite loading (10-200 wt%) in regenerated cellulose films,
which had negative effect on the tensile properties. In this
case, graphite flakes were present in the film, exfoliation by
e.g., ultrasonication was not done, graphite flakes were only
stirred in the ionic liquid. The prepared graphite/regenerated
cellulose film coated with a polypyrrole layer showed good pro-
perties as an electromagnetic interference shielding material
(electromagnetic shielding effectiveness: 30 dB). Relatively
small loading of single walled carbon nanotubes (SWCNT) had
also positive effect on the tensile strength and elongation at
break, with an increase in the elastic modulus."?
Furthermore, Wang et al.'® prepared regenerated cellulose/
poly(butylene succinate) composite with improved toughness
and ductility (compared to regenerated cellulose), the presence
of multiwalled carbon nanotubes (0.5-4 wt%) could further
improve the tensile strength of the material. In respect to elec-
tronics applications of the films, it was noted in several cases
that electrical conductivity is limited by the discontinuity of
the conductive filler at low concentrations. At high concen-
trations, agglomeration limits the continuity, and thus the
electric contact between filler segments. In order to prevent
graphene restacking, and improve the contact points through-
out the cellulose matrix, Zhou et al.'®® prepared graphene/
MWCNT/cellulose composite using [Emim][DEP] ionic liquid.
At optimum graphene/MWCNT/cellulose loading the regener-
ated film reached a conductivity of 1124 S m™', which is
the highest reported to the best of our knowledge for a conduc-
tive regenerated cellulose film prepared via ionic liquid
processing.

4.6. Regenerated cellulose/biopolymer green composites
using ionic liquids

Since a synthetic petroleum-derived polymer additive would
compromise the green nature of cellulose-based materials, in
order to tailor their properties, several works focused on

Green Chem., 2023, 25, 5338-5389 | 5355
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(A) Fabrication of cellulose/glass microfiber composite film for application as separator in lithium-batteries. (B) Glass microfiber film with

poor flexibility. (C) Cellulose/glass microfiber composite film with excellent flexibility and formability. (D) Cycling stability of a LiFePO,4/Li cell using
glass microfiber (blue line) vs. cellulose/glass microfiber composite (orange line) separators. Reproduced from ref. 149, copyright 2021 The Authors.
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Fig. 16 (A) Supercapacitor and Li-ion battery device fabricated using
the regenerated cellulose/MWCNT composite. (B) Demonstration on the
flexibility of the composite film. (C) Cross-sectional SEM image of the
nanocomposite film. Reproduced from ref. 150 with permission from
the National Academy of Sciences, copyright 2007.
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blending cellulose with other biopolymers to obtain tailor-
made biocomposites with improved properties (Tables 6-8).
Some ionic liquids that can dissolve cellulose show good
ability to dissolve other biopolymers as well, among them are
a range of polysaccharides: chitin/chitosan, glycosaminoglycans
(e.g., heparin), starch, agarose, carrageenan, etc.; proteins: silk,
wool keratin, collagen; and lignocellulosics: xylan and lignins,
etc.">® This provides unique opportunity to prepare homo-
geneous blends of cellulose with biopolymers, which lead in
several cases to advantageous film properties.

4.6.1. Cellulose/chitin and cellulose/chitosan biocompo-
sites. Several studies considered chitin (p-1,4-linked 2-acet-
amido-p-glucose) as additive (Table 6), being the second most
abundant biopolymer on Earth after cellulose. Takegawa
et al.'® dissolved cellulose in [Bmim][Cl], and chitin in
[Amim][Br] separately, then mixed the two solutions, followed
by the common film casting and regeneration step (water
coagulation bath) to obtain finally the composite films. They
noted that it is difficult to find an ionic liquid that can dissolve
both cellulose and chitin at high concentration. They also
found that [Amim][Br] can dissolve chitin, a 5 wt% clear solu-
tion could be prepared without deacetylation and degra-

This journal is © The Royal Society of Chemistry 2023
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Table 6 Regenerated cellulose/chitin and cellulose/chitosan binary composite films using ionic liquid processing media
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Dissolution
Cellulose temperature Film properties,
Type of cellulose  Ionic liquid concentration  (time) Biopolymer additive observations Antisolvent Ref.
Microcrystalline [Bmim][CI] 10 wt% 100 °C (24 h)  Chitin; 5 wt% Elasticity of the film Water 159
cellulose [Amim][Br] decreases with
solution, same increasing chitin
dissolution content
procedure as
cellulose
Microcrystalline [Bmim][Ac]/ 8 wt% 90 °C (3 h) Chitin; 2 wt% Chitin contributes to Ethanol, 162
cellulose (DP 124) y-valerolactone solution prior to the elasticity of the soaking for
8/1 mixing with composite; 4 h, then
cellulose/solvent hydrophobicity Soxhlet
system increases with extraction for
increasing chitin 24 h
content
Microcrystalline [Dmim][Cl] 4 wt% 75°C Chitosan; 4 wt% Composite has no Methanol 164
cellulose (15 min) using [Dmim][Cl]/ porous structure.
[Hmim][Cl] 9/1 Chitosan makes the
composite brittle;
tensile strength
improves with cellulose
content
Cellulose pulp [Bmim][Ac] 6 wt% 85-95 °C Chitosan; 6 wt% Good miscibility Methanol/ 165
(DP 670) (12 h) 85-95 °C (3-4 days)  without phase water 50/50
separation
Cellulose pulp [Amim][Cl] with ~ 3-5 wt% 80 °C (12 h) Chitosan; 2-35 wt%  Antibacterial films Water 166
(DP 630) 1 wt% Gly-HCl relative to cellulose, could be obtained

dation.'®® Hence a binary [Bmim][Cl]/[Amim][Br] system was
used for the formation of the regenerated cellulose/chitin com-
posite. Increasing the amount of chitin in the film appeared to
lead to a decrease in the elasticity. They have further improved
the mechanical and thermal properties of the chitin/cellulose
composite films by changing the coagulation process (Soxhlet
extraction in ethanol and water).'®" The simultaneous dis-
solution of cellulose and chitin was done using [Bmim][Ac],"®>
which can dissolve both biopolymers.'®® The authors used
y-valerolactone as bioresourced co-solvent, in order to improve
the environmental footprint of the process. A [Bmim][Ac]/
y-valerolactone 8/1 ratio proved sufficient to dissolve the two
polymers within relatively short time at low temperature
(90 °C, 3 h) compared to other systems. The authors observed
that chitin contributed to the elastic properties of the compo-
sites, and made them more hydrophobic.'®* The degree of
acetylation of chitin only slightly decreased as a result of pro-
cessing. Chitosan, the deacetylated derivative of chitin has also
received significant interest as an additive to regenerated cell-
ulose (Table 6). Xiao et al.'®* investigated different ionic liquid
systems for the dissolution of cellulose and chitosan for the
preparation of composite blends. They realised that the
addition of 1-H-methylimidazolium chloride ([Hmim][Cl]) to
1,3-dimethylimidazolium chloride ([Dmim][Cl]) facilitates the
dissolution of chitosan. Interestingly, they noted that chitosan
may not be present in its protonated form (it is not a polyelec-
trolyte), but the increased ClI™ concentration may help the dis-
solution process. They noted that chitosan renders the compo-
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simultaneous
dissolution of the
two polymers

sites brittle, and the tensile strength increases with increasing
cellulose content. Stefanescu et al.'®® pointed out the use of
[Bmim][Ac] as good solvent of cellulose and for even high
molecular weight chitosan, which otherwise does not dissolve
in [Bmim][Cl]. The authors observed the good miscibility of
the polymers without phase separation, the formation of
hydrogen bonds between cellulose and chitosan was proposed.
The composite film exhibited a more amorphous structure
compared to the individual regenerated polymer films. In
another study, Fu et al'®® used [Amim][CI] with the amino
acid based ionic liquid Gly-HCI as co-solvent in order to facili-
tate chitosan dissolution (with relatively high viscosity average
molecular weight of about 630 kDa). It was proposed that at
relatively high chitosan loading the chitosan/cellulose film is
not homogeneous anymore, which lead to a decline in the
mechanical properties and thermal stability. Antibacterial
films could be obtained owing to the presence of chitosan,
which is known to exert bactericidal/bacteriostatic effects
against a range of microorganisms.'®’

4.6.2. Biocomposites prepared using hemicellulose, lignin
(synthetic wood), and starch. Hemicelluloses are also among
the most abundant polysacccharides in nature. Hemicelluloses
are heteropolymers with branched structure, they are present
in the plant cell wall together with cellulose. Several works
considered them as additives for regenerated cellulose blends
(Table 7). Xyloglycan (1,4-B-glucan backbone with 1,6-a-xylosyl
substituents that can be further modified with other monosac-
charides) is a major hemicellulose that is known to bind

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2gc04730f

View Article Online

Tutorial Review

Green Chemistry

3uneay aABMOIdTI

SISATeIp [eual 10§ 91e0ZUA( WNI[OZBPIWIAYIOW-E-[AYIa-T uayl ‘Do 0L (peyroads
€6T [oueypyg  sueiquaw oqredwod pooiq ‘snotodoueN ur paA[oSSIp I[es wnijozepruwi urredsyq 18 Suneayaid %M 0T [[D][wrug] jou) 3s0[N[[eD
suoneordde WII0JOI0[YD
Burdexoed poog “ArdrqoydoipAy 3urseaoug Ul PIA[OSSI *9SO[N[[2d 03 dAIe[dI (uorreoyTuIop
KAqeswzod uadAxo UISEaIdd NedIq I8 0HIM ST—G "SIABD] ISAI[Q SIPIOUT DIUULOINT JLIO[YO D1)
76T 127BM uoneSuo[d pue YI3UaIls J[ISUI) padueyU wo1j (12qqni fernjeu) eyorad enno (U €) Do 00T %M G [ov][wrug] ason[eo smyd4eonyg
‘Jod  juLA[oSDUY suonearasqo ‘santadoid wyig aanippe 1owAjodorg  (swmn) arnyeraduua) UOTBIIUIDUOD pmbriy 3so[N[[ad Jo adAT,
uonnjossiq aso[N[[aD oTuo[
suoneordde
Zurdexoed pooj 103 Surstwrord soniadoid 1o11req
SBD "S1091J9 dNSI3IQUAS 119Xa s1owA[odorq YL, [ID][wruy]

‘pastwixew 9q prnod seniadoid [edsrueydow oYy Ul UONEIIUIOUOD [BI0) %)M 9 B Je (059 aa)
S/T 197BM ‘gores/urudif/aso[ny[ad jo onel oy Juistundo A  paA[OSSIp 2sO[N[[ad pue UIU3I] ‘yoI1eis (utw 0€) Do 08 %M -7~ [[DJuruy]  dind ooqureq asornyepn

JUNUOD

UB[AX [31M Paje[21100 AJaanisod sem Aiqnios 1odea

13)eAM "UODIPPE UTUSI[ YIIM PISBIIIIP SBaIdaym uonnjos [ov][wrurg]

JUIUO0D UR[AX YIIM PISBIIOUL Sem (ISBIN[[3D)  /2SO[N[[3D Y3 YIm JUIXTW (Y Z) Do 08 asoqnyao
€LT I9)eM Ariqeperdaporg 231sodwod poom dNRYIUAS  ‘UTuSI[ I[NV {Poom [oIlq WOIj Ue[AX (4 €) Do 08 %M ¢ [ov][wrwy] QUI[[BISAIDOINN
sontadoid 3urp[arys An pue 089 ~ dd {(wioTuoI[aD)
33uans arisuay ‘Aqels rewrayy ‘ArorqoydoipAy aurd woxy uruSIy 3yeny [ov|[wrug]
LT 197BM padueByUd [3IM 331s0dW0D POOM dTIOYIUAS POooMIJOS {poom YdIIq WOIJ UR[AX (4 €) Do 06 % G [ov][wuruy] ur uonnjos ason[[aD
uonesyrudiap
SUONIPUO0d AIpruiny Moy A[9A1Ie[aI Je 231soduwiod 2ILIo[YO D14
0LT [ouewpg 91} JO SSAUINS ) PISeAIOUT UB[AX JO UONTPPY ueAxouoInonj3ourqery (sfep ¥) Do 08 %M F~  [ov][wruuyg] oonids wo1g ason[[2D

Jealq Je urens pue Yr3uans
S[ISUD] PISBAIOIUT UT PAI[NSI YOIYM ‘PIATISO 250[N[[2
691 REITV Sem UonEINIONIISOUBU UONISOdW0d UTEIIdD IV uedA[3014xX (4 1) Do 00T % 1 [ov][uruy] QUI[EISATO0IDTIN
‘Jod  JuLA[OSHUY suonearasqo ‘sanradoid wyig aAnIppe 1awijodorg (owm) UOTIBIIUIDIUO0D pmnbry aso[n[[ao jo adAT,

armyeradura) aso[nyeD o1uo]
uonn[ossIqQ

(ulieday pue “1agqgnJ jeanieu ‘yaaeys ‘(Uiubi) ‘9soINjBdIWBY) POOM DIBYIUAS ‘s950NJ19d1WBY) sy d)sodwod JswAjodolq/aso)nj)ad pajessusbay / ajgel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV 2S:25°6 GZ0Z/TE/0T U0 papeo|umoq €202 Uni 92 UO paus!ignd 8oy sse00y uedo

Green Chem., 2023, 25, 5338-5389 | 5359

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2gc04730f

View Article Online

Green Chemistry

Tutorial Review

£rauadowoyur pue uoneredas aseyd 03

[oueyld  Sped[ JUU0d Uade[[oo YSIH ‘(uade[jod/oso[n[ad (4 9€) Do ST 38 UOTIN[OSSIP
16T snoanbe 9,01  T/5 ‘Gurpeo] uadejoo Y31y e 1dodxa) sayrsodwod uade[oD ‘uade[[od unys jied
91} Ul sasearoul aInjeraduwe) uoneINIBUSQ (4 9) Do ST e UOIIN[OSSIP aso[n[[ad
06T Do ¥ I8 ‘1938 ‘s1owk[odo1q ay) usamiaq Jurpuoq uaSoipAH uade[oD ‘uade[[od un[s jred (U ¥) Do 09 %I 9~ [ov][wrug] SUI[BISATIOOIdIA
Do ¥ 38
{9u0)adE/[OURYID
881 /[OUBYIoW/ITBA — u23e[[0d UD[S AN (4 9) Do 00T — [ID][wrug] 9S0[N[[90 UONI0D
[yeq uone[n3eod se pasn sem
“O%H %6ST 10 %1 ZO%H %6¢ Snoanbe uaym paseaIour Arur[[eIsiIo
Pue HOM %S¢  9SO[N[[2D "Wnipaw uonendeod ayy 4q pasuangjur (rowdod ason[[ed
/81 10 9T snoanby 9q ued urajoid a3 Jo a1N3oNIS ATBPUOIIS YL (a1nzy uneIay]) uneI| [00M (Y ¥2) Do 08 [€101) %IM 0T [ov][wrug] QUITeISATIOOIdTIA
s1awijodoiq { ZT 10J paiins
a1} usamjaq suonoeraul urpuoq uaSoIpAH ‘Do 00T I8 PIPPE SUONN]OS UNEIN]
‘s1owid[odolq [enpiarput ay3 03 paredwiod yealq  pue 3so[n[[ad YL 'Y 0T 10§ Do 00T aso[ny[ed
98T I97BM Je uone3UO[d pue A[Iqels [ew1ay) pasoiduwy J€ PIAJOSSIP %IM G "UNIRIN] [00M (=) Do 00T %IM S [ID[wrug] TenueI3oIdTIA
(uomrenUa>U0d
(pasn st [oy][wrwug] uaym paurerqo  1owAjod [€10) 9%Im QT ‘O1eI JYIrom
uonn[os °O%H  SI a1m3onas snoydiowe a1ow €) a1rnjonms urajord T/T Y& PaxIj asO[N[[9d/UI0Iq1J [1o][wrug] ason[ed
¥8T snoanbe 9,6z-0 93 U0 1092 ue sey pInbi oruol ay) Jo uortue YL,  N[IS) LOW X1quiog WOI UI0IqL) M[IS (4 ¥2) Do S8 %M S 10 [oy][wrwuy] QUITeISATIOOIITIA
ssaco1d uonendeod (uomrenU2>U0d
a3 Aq pa3daje YoNW JOU SI a1MdNNs urjold — IowAod 18303 04Im 0T ‘onel JySrom
uonnjos °\0O°H "UOTIBIIUIIUOD °OPH pue (II 9SO[N[[ID) dZIS 6/T Y& PaxIJ 9SO[N[[20/Ur0IqlJ aso[n[[ad
€8T snoanbe 94,67-0 9I[[BISAID 9SO[N[[9D U2IM]I( UOTIR[ILIOD dANISOd  M[IS) 110U X1quiog WOIJ uroiqy (IS (4 #2) Do S8 %IM 6 [ov][wrug] QUITeISATIOOIdTIA
PEN| JUIA[OSTIUY suonearasqo ‘senradoid wyig aanIppe 1owAjodorg (owm) UOTIBI}UIUOD pibiy oruor aso[n[[a jo adAT,
amyerodwa aso[n[eD
uonnjossiq
Spud[q
9SO[NI[9d/UT0IqT} N[IS JO Snnpow s,.3uUnox pue AIIqels 0w aso[ny[ed
781 197BM TewIay) ‘ArurreIsiio oy 101paid 03 [opow [BI1ISI0Y], X1quiog wio1j uroiqy (IS (4 8%) Do €0T %M G [10][wrury] QUI[[BISAIDOIIN
[Fosom][wrug]
[1e][eureg]
Aiqess rewrIayy 3saySIy a3 JuLSW OS[e UONBINTIFUOD [ov|[wrug]
309s-{ Jo [949] 389US1Y oYL, ‘[f0SoW[wrug] pue [1g][wiwug] (orre1 3y31om 6/1 I8 poxy [10][wruy]
10J paurelIqo Sem JUNOWE ISAYIIY oY} ‘9IN3oNIs 199ys-¢g 9SO[N[[22/UT0IqJ N[IS) 2L0UL [10][wrug] aso[ny[ed
18T I97eM Jo uonoeIy ay3 s30ae AL3uons UoTUE Y3 JO SSAUD{[N YT, X1quiog WIOIJ UTOIqTy N[IS (=) Do 00T %M 0T [ID][wrug] QUI[[BISAIDOININ
uonisodwod
o3 Surdueyd Aq pauny aq ued SaINJLJ ISy, a31sodwod
o Jo sonzadord TedrsAyd/fewIay) oY) SUTWINP
pue (3urroyess Ae1-x a[3ue-opim pue -[[ews Aq parpnis)
sarmonns refnosjoweldns oy adeys yey3 szowdjodorq 0w aso[ny[ed
6.1 197BM 91} U2aM)9( SUOTIOBINUI IB[NII[OULISIUT PUE -IIUT X1quI0g WIOIJ UIOIqT) Y[IS (=) Do S8 %3IM 0T [10][wruy] QUI[[eISAID0IDTN
1sodwod 2y ur arxmonmns urajord
ATEpUO03s puE 2IMONIIS ISO[N[[I ‘s1owA[odOIq Y UIaMIaq 10Ul
08T [oueyN Surpuoq uaSoipAy Suifeasar Apnis YIAN 97eIs-PI[os pa[ierad X1qui0g WOIJ UTOIqI} M[IS (=) Do 06 %I ¥ [D][wrug]  dind 193urf uonod
193Ys-¢ 03 [100 WOPUEI WOIj UORISUEI) [EUONBULIOJUOD)
*20UE)SISAI IoTem pue AI[Iqe)s [eurIay) ‘(3yea1q Je uoneduo[d 20Ul 2so[n[[a2
8/T  [OUBUYIDIN “qduamns a[Isud) saniadoid [esrueyoswr pasueyuy X1quiog WOIJ UTOIqTy N[IS (=) Do 06 %M T [ID[wrug] QUITeISATIOOIdTIA
‘Jod  JuLA[OSHUY suonearasqo ‘senradoid wyig aanIppe 1owijodorg (owmn) UOTIBIIUIIUOD pmbry oruor aso[n[[a9 jo adA1,
amjeraduwa) aso[nyaD
uonnjossiq

(uabe)od ‘unelsy Joom ‘uloiqy A)is) swy sxsodwod Aleuiq uieo.d jeinjeu/asoiny|ad pajessusbay g dlqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INV 25:25:6 G202/TE/0T U0 P3Ie0|UMOQ "E202 SUNT 92 U0 Paus!idnd 901 Y Ss300Y uadO

This journal is © The Royal Society of Chemistry 2023

5360 | Green Chem., 2023, 25, 5338-5389


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2gc04730f

Open Access Article. Published on 26 June 2023. Downloaded on 10/31/2025 9:57:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

strongly to cellulose microfibrills."®® Inspired by its strong
interaction with cellulose in the plant cell wall, Bendaoud
et al.'®® simultaneously dissolved xyloglycan and cellulose in
[Emim][Ac] and fabricated regenerated composites after
immersing the cast films into water bath. Interestingly, the
water-soluble xyloglycan mostly remained in the composite fol-
lowing the aqueous washing step (the authors used 3 days
immersion), owing to the strong interactions between these
two polymers. It was observed that at a certain xyloglycan/cell-
ulose composition (this was 1/1 in their work), maximum
tensile stress and strain at break could be obtained. The
authors realised phase separation on the nanoscale, with the
formation of 10-25 nm domains at this optimal composition
(Fig. 17). It was rationalised that the nanostructuration of
harder and softer cellulose and xyloglycan domains, respect-
ively, lies behind the synergistic improvement in the mechani-
cal properties. Sundberg et al.'’® prepared composites using
arabinoglucuronoxylan (xylans consist of a 1,4-p-xylose back-
bone that is substituted with other monosaccharides, such as
arabinofuranose and glucuronic acid units) - a hemicellulose
extracted from spruce wood, with cellulose obtained from the
same woody biomass. They dissolved both biopolymers in
[Emim][Ac], and fabricated transparent regenerated films by
using ethanol as antisolvent. The addition of xylan made the
composites stiffer (higher elastic modulus) at relatively low
humidity conditions (at 30% relative humidity (RH)).
According to their explanation, a regenerated -cellulose

@

2 = - 1
0 20 40 60 80 100

[CE/XG:100/0] [CE/XG

[CE/XG:66/33]

Fig. 17 (A) Normalised tensile properties of the xyloglycan/cellulose
blends. Visual models for composites with (B) continuous cellulose
matrix (xyloglycan/cellulose <40%), (C) continuous xyloglycan and cell-
ulose matrix — nanostructured composite (xyloglycan/cellulose
~40-50%), (D) continuous xyloglycan matrix (xyloglycan/cellulose
>50%). Red line represents amorphous xyloglycan domains, black line
indicates cellulose semicrystalline domains. (E) AFM phase contrast
images of the composites. Reproduced from ref. 169 with permission
from Elsevier, copyright 2017.
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network may independently form during the coagulation
process, and xylan may adhere to this network as a binder.
Humidity had a significant effect on the mechanical pro-
perties, increasing RH above 30% resulted in a plasticising
effect.

Several works prepared so called “synthetic wood” compo-
sites that contain lignin besides cellulose and hemicellulose,
and thus have all the major constituents of lignocellulosic
biomass (Table 7). Lignin is the most abundant aromatic bio-
polymer in nature, it is a heteropolymer made of phenylpropa-
noid units.”! Synthetic wood composites based on the tricom-
ponent biopolymer system was studied first by Simmons
et al.'’? using [Emim][Ac] as solvent, and water as coagulant.
The ionic liquid solution contained 5 wt% cellulose, 3 wt%
xylan from birch wood and 2 wt% softwood kraft lignin prior
to the regeneration process, mimicking wood composition.
The regenerated synthetic wood composite was more hydro-
phobic (water contact angle of 72°) than regenerated cellulose
(45°) or cellulose/lignin (54°) composite, which was attributed
to the smooth surface of the film (with an average roughness
of about 50 nm). In addition, the synthetic wood composite
had superior tensile strength (~62 MPa), the synergistic effect
may have arisen from the strong hydrogen bonding inter-
actions between the biopolymers. The authors observed also
better UV shielding properties and thermal stability compared
to the regenerated cellulose film. Furthermore, synthetic wood
composites with PEG, chitosan and multiwalled carbon nano-
tubes were prepared to endow the film with enhanced hydro-
philicity, antibacterial properties and with increased dielectric
constant, respectively. Kim et al.'”® studied later the biodegrad-
ability and water vapor solubility of similar synthetic wood
films prepared using [Emim][Ac] and water coagulation bath.
The authors found that the biodegradability (cellulase test)
increased with increasing xylan content, however, decreased
with increasing lignin content. The water vapor solubility also
increased with the addition of xylan, which may be a reason
for the enhanced cellulase activity. The synthetic wood compo-
site was studied further by Lee et al.'”* for biomimetic artificial
photosynthesis through incorporating light harvesting por-
phyrins in the composite film (Fig. 18A and B). The porphyrins
were solubilised in [Emim][Ac], and then mixed with the syn-
thetic wood solution using the same solvent, prior to the
regeneration step in water upon which the porphyrins could
be entrapped in the matrix. The synthetic wood composite
showed higher level of NADH generation (Fig. 18C), higher
photo-to-dark current ratio, and faster response compared to
that of the composite based on cellulose only (Fig. 18D). The
authors attributed the enhanced charge transfer efficiency to
the presence of lignin, which has redox active phenol groups.

Starch (a complex carbohydrate consisting of two types of
polysaccharides: amylose (mainly a-1,4-linked p-glucopyranose
units) and amylopectin (highly branched polymer, a-1,6-lin-
kages besides the o-1,4-linked p-glucopyranose residues)) has
also been considered as a biopolymer additive. Wu et al.'”®
prepared cellulose/lignin/starch ternary composites via simul-
taneously dissolving the polysaccharides in [Amim][Cl], fol-

Green Chem., 2023, 25, 5338-5389 | 5361
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Fig. 18 (A) Light harvesting apparatus of green plants (left) and the
concept of using a synthetic wood composite for artificial photosyn-
thesis. (B) The structure of the natural photosynthetic pigment chloro-
phyll and the studied porphyrins as additives. (C) Photochemical NADH
generation using the synthetic wood composite/cellulose with porphyr-
ins, [Cp*Rh(bpy)H-0O1%* as hydride transfer mediator, and triethanol-
amine as sacrificial electron donor. (D) Photocurrent generation of the
respective composites. Reproduced from ref. 174 with permission from
Wiley, copyright 2011.

lowed by regeneration in water. By optimising the amount of
each biopolymer in the composite, the mechanical properties
(tensile strength, elongation at break) could be greatly
enhanced. It appeared that cellulose contributes to the flexi-
bility of the material. The synergistic interaction of the biopo-
lymers could be explained by destruction of the hydrogen
bonds between each biopolymer upon dissolving in
[Amim][Cl], followed by reconstitution of a hydrogen boding
network between the homogeneously dispersed components
during the regeneration step. In addition, good gas barrier pro-
perties and CO,:0, permeation ratios (1.05-1.67) indicated
the applicability of the film for food packaging purposes.

4.6.3. Biocomposites with natural proteins: silk fibroin,
wool keratin and collagen. Natural proteins have also gained
considerable interest for the preparation of binary cellulose/

5362 | Green Chem., 2023, 25, 5338-5389

View Article Online

Green Chemistry

biopolymer composites (Table 8). Silk fibroin, which can be
obtained from Bombyx mori cocoons, has been widely studied
as a promising additive. This interest has been fuelled by the
excellent biocompatibility and biodegradability of this protein,
finding various applications in the biomedical field.'”®
Dissolution of silk fibroin in imidazolium-based ionic liquids
was first reported in 2004,"”” and regenerated films were also
prepared. In this early work, it was already noted that the
structure of the regenerated silk fibroin greatly depends on the
coagulation solvent and process. Shang et al.’”® was the first to
study regenerated silk fibroin/cellulose films using [Bmim][Cl]
solvent, and methanol coagulation bath. It was recognised that
the random coil structure of silk I changes to the p-sheet con-
formation as a result of the addition of cellulose compared to
regenerated silk films, as studied by FTIR spectroscopy. This
lead to an increase in the tensile strength of the material,
which at a certain composition reached a maximum value (silk
fibroin/cellulose 25/75), along with the thermal stability and
water resistance. The interesting conformational transition
prompted others to further study this binary composite, and
find ways to control the developing protein and cellulose struc-
tures (most of these works were done by D. Salas-de la Cruz
and his co-workers). Stanton et al.'”® prepared regenerated silk
fibroin/cellulose composite films from [Amim][Cl] solutions of
the biopolymers. Their results indicated strong intra- and
intermolecular interactions in the blends, which determined
the supramolecular assemblies in the matrix as studied by
small- and wide-angle X-ray scattering experiments. These fea-
tures influence the physical and thermal properties of the
material. They found that the B-sheet size increases with cell-
ulose content, while increase in silk content results in smaller
cellulose microfibril diameter. A more detailed characteris-
ation of the structure and molecular interactions in silk
fibroin/cellulose blends (regenerated from [Bmim][Cl] solu-
tion) was done by Tian et al.*®® through solid-state NMR experi-
ments. Fig. 19 shows the '*C CP/MAS NMR spectra recorded
on regenerated silk fibroin, cellulose and cellulose/silk fibroin
3/1 blends as reported in ref. 180. The absence of the peaks at
65 ppm (C6) and 89 ppm (C4), characteristic for crystalline cell-
ulose, indicated the presence of an amorphous cellulose struc-
ture. The region between 15-25 ppm is assigned to the Ala Cg
(S7) moieties (Fig. 19C), which are sensitive to the secondary
protein structure. It can be seen that the amount of well-
defined parallel B-sheet increases in the cellulose/silk fibroin
blends (see the shoulder around 23 ppm), together with a
decrease in the distorted p-turns (peak around 17 ppm). The
authors anticipated that the well-defined p-sheet structure
could contribute to the enhanced tensile strength and tough-
ness of the binary composite that was widely observed by them
and by others in the literature. Furthermore, through 'H-'*C
heteronuclear correlation NMR experiments it was revealed
that hydrogen bonding between the -NH group of the protein
and the hydroxyl groups connected to the C2 and C3 carbons
of cellulose is the most favourable. It was also recognised that
some water remains bound to the cellulose structure causing
nanoheterogeneity in the system. In a later study by Stanton

This journal is © The Royal Society of Chemistry 2023
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Fig. 19 (A) Structure of cellulose and silk fibroin with numbering for

peak assignment (below). (B) *C CP/MAS NMR spectra of regenerated
silk fibroin (SF), cellulose and cellulose/silk fibroin composite (3/1).
Asterix indicates spinning sideband. (C) **C NMR spectra of regenerated
SF and cellulose/SF composite in the Ala 13C,; region for comparison.
Reproduced from ref. 180 with permission from the American Chemical
Society, copyright 2017.

et al.,"®" the effect of ionic liquid on the structure of the silk

fibroin/cellulose film was investigated using [Bmim][Cl],
[Emim][Cl] and [Amim][Cl] (effect of cation and hydrophobi-
city), [Emim][Ac], [Bmim][Br] and [Bmim][MeSO;] (effect of the
anion), while fixing the silk fibroin/cellulose ratio at 1/9. It was
revealed that the level of the p-sheet structure depends signifi-
cantly on the type of anion, the fraction of this segment was
the highest (>50%) for [Bmim]|[Br] and [Bmim][MeSOj;], which
have the bulkiest anion. The composite films regenerated from
the latter ionic liquids also gave the highest thermal stability.
In addition, it was observed that the inter-sheet distance
between cellulose microfibrils and p-sheet structure decreases
when the cation is changed from allyl-substituted ([Amim][Cl])
to ethyl-substituted ([Emim][Cl]) form. The composite film
from [Amim][Cl] had the lowest amount of f-sheet structure.
Moreover, theoretical model was also developed to predict the
trends in crystallinity, thermal stability and mechanical pro-
perties (Young’s modulus) of the regenerated silk fibroin/cell-
ulose blends as a function of the composition."®* This model
appeared to describe well the experimental results in the same
work (thermal stability), and aligned with other findings in the
literature (mechanical properties). It is interesting to note that
Love et al.'® found a way to tune the crystallinity of the cell-
ulose in the silk fibroin/cellulose film regenerated from
[Emim][Ac] solutions. They observed that cellulose crystallite
size increases as the concentration of H,O, increases in the
aqueous coagulation bath, while this had only a subtle effect
on the structure of silk fibroin in the composite. According to
their explanation, this phenomenon may be due to the prefer-
ence of H,0, to form hydrogen bonds with the cellulose mole-
cules. The material with larger cellulose crystals showed
higher thermal stability, as expected. Furthermore, in a later

This journal is © The Royal Society of Chemistry 2023
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study by the same group,'®* it was revealed that the protein
structure can be affected by the type of the anion of the ionic
liquid. It appeared that using [Emim][Ac] as solvent leads to
the formation of more amorphous protein structure compared
to [Emim][Cl].

Wool keratin is another interesting natural protein to con-
sider as additive in cellulose composites. It is an underutilised,
low-cost material generated in large quantities as waste by the
wool textile industry, and by the food industry through the
operation of butcheries. The dissolution of wool keratin in an
ionic liquid was first reported by Xie et al.'® using [Bmim][Cl],
and regenerated wool keratin and cellulose/wool keratin
blends were also fabricated in this work using methanol as
coagulation medium. The properties of the cellulose/wool
keratin regenerated films were studied later in detail as a func-
tion of the composition by Hameed and Guo.'®® The blends
showed higher thermal stability and elongation at break com-
pared to the individual components, these properties reached
maximum value at a certain composition (cellulose/wool
keratin 60/40). It was also observed through FTIR measure-
ments that hydrogen bonding interactions take place between
the biopolymers. In a recent study,'®’ the effect of the coagu-
lation bath (1% or 25% EtOH and 1% or 25% H,0, aqueous
solution) on the structure of cellulose and wool keratin was
studied using [Emim][Ac] as solvent. It appeared that the
amount of B-sheet and o-helical protein structures can be
manipulated by the composition, coagulation bath additive
and its concentration. The highest amount of o-helices
(34.3%) was obtained for 75/25 wool keratin/cellulose compo-
sites using 25% H,0, aqueous solution as coagulation bath,
this value is much higher than that of the initial wool keratin
sample (8.7%). The highest amount of f-sheets (33.6%) were
observed when the coagulation bath was 25% aqueous EtOH
solution, this value is close to the initial keratin sample
(33.0%). Furthermore, an increase in cellulose crystallinity was
observed when higher concentration of H,O, was used.

Type I collagen is an abundant protein found in vertebrates,
it is widely used for biomedical applications, and in the food
and cosmetic industry, owing to its biocompatible, bio-
degradable and edible character. The processing of collagen in
an ionic liquid was reported using [Bmim][Cl] for the first
time,'®® the dissolution was done at 100 °C (for 6 h). It was
recognised through FTIR and XRD analysis that the triple
helical structure of collagen is partly destroyed, random coils
are formed and possible degradation may also take place. It
was also observed that the secondary structure can be signifi-
cantly influenced by the type of the coagulant (they used
water, ethanol, methanol and acetone). Collagen/cellulose
blends could also be prepared and shaped into various forms
during the coagulation step (films, gels, fibres). Using this pro-
cessing system ([Bmim][Cl], 100 °C), Wang et al.'®® prepared
hydrogel beads by dropping the collagen/cellulose binary solu-
tion into water. These beads were used for the adsorption of
Cu(n), this process showed a positive correlation with collagen
content until a limiting value (a mass ratio of 2/1 collage/cell-
ulose). Zhang et al."*® used [Emim][Ac] as solvent to dissolve
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first cellulose at 60 °C (for 4 h), followed by the addition of col-
lagen at room temperature, in order to operate below the dena-
turation temperature of the protein. They found that the dena-
turation temperature of the protein increased in the regener-
ated cellulose/collagen films. Their FTIR results indicated the
formation of hydrogen bonds between the polymers. While the
addition of relatively small amount of collagen (cellulose/col-
lagen 30/1) increased the thermal stability (maximum
decomposition temperature) and mechanical properties
(elastic moduli from dynamic mechanical analysis (DMA)),
these parameters declined at higher collagen loading (10/1
cellulose/collagen). Cellulose crystallinity also decreased sig-
nificantly for this higher collagen content. In another study
from the same group,'® it was confirmed that at high collagen
loading aggregates exist in the solution (at 10/1 cellulose/col-
lagen; based on dynamic rheology experiments). The lack of
homogeneity and phase separation was also observed at high
collagen content in the composite films (5/1 cellulose/
collagen).

4.6.4. Miscellaneous - biocomposites with various other
biopolymers. Gutta percha, a natural rubber that consists of
long chain trans-1,4-polyisoprene molecules, was considered
as additive by Xu et al.'®® Interestingly, this long-chain, high
molecular weight polymer was not soluble in the ionic liquid
[Bmim][Ac] that was used to dissolve cellulose. Therefore,
gutta percha was dissolved first in chloroform, and was then
added to the cellulose/ionic liquid solution. Hydrophobicity of
the films could be conveniently increased by adding the ali-
phatic long-chain polyisoprene molecule to the matrix. The
prepared composite exhibited maximum tensile strength
(about 73% increase compared to regenerated cellulose) and
elongation at break at a certain loading of the natural rubber
(10% relative to cellulose). At this composition the material
showed minimum oxygen permeability (1.87 cm® m™> day kPa
at 25 °C). These properties make the prepared composite a
promising candidate for food packaging applications.

Heparin, is a glycosaminoglycan, a negatively charged poly-
saccharide that can be found in animals, and is an important
medication owing to its anticoagulant properties. Murugesan
et al."®® aimed at fabricating blood-compatible dialysis mem-
branes using regenerated cellulose/heparin composites. The
imidazolium salt of heparin was first prepared and dissolved in
1-ethyl-3-methylimidazolium benzoate ([Emim][Ba]). Cellulose
was separately dissolved in [Bmim][Cl] (10 wt% concentration),
and the two solutions were mixed to prepare the binary compo-
site film using ethanol coagulation bath. The successful entrap-
ment of heparin in the matrix was confirmed by leaching test,
showing small amount of loss. The excellent blood compatibil-
ity of the membrane was demonstrated via Activated Partial
Thromboplastin Time (APTT) and Thromboelastography (TEG)
tests. The composite exhibited a nanoporous structure; in an
equilibrium dialysis test urea could diffuse through the mem-
brane while bovine serum albumin (BSA) was mostly retained.
This biocompatible membrane is promising for renal dialysis
application while avoiding systemic heparinisation and the
complications associated with that process.
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Park et al'® in a comprehensive work studied agar,
agarose, arabic gum, bacterial cellulose, chitosan, collagen,
p-cyclodextrin, dextran, gelatine, «-carrageenan, lignin, silk,
starch, tragacanth gum, xanthan gum and xylan biopolymers as
additives to cellulose, using [Emim][Ac] solvent (dissolution at
60 °C, stirring with cellulose for 3 h), and ethanol as coagulant
(cellulose/biopolymer 4/1). The composites had diverse
physicochemical properties. The water contact angle varied
between 90.1° (cellulose/chitosan) and 33.0° (cellulose/
k-carrageenan), thus more hydrophobic and hydrophilic films
could be obtained, respectively, compared to cellulose (water
contact angle of 52.8°). The high light barrier properties of the
lignin/cellulose blend were noted below 400 nm, indicating
good UV-shielding properties (Fig. 20A). The chitosan/cellulose
film exhibited excellent adsorption capacity towards organic
dyes (9.1-fold and 7.9-fold higher adsorption capacity, respect-
ively, compared to cellulose film). The biopolymer composite
films showed enhanced adsorption for the enzyme lysozyme
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Fig. 20 (A) UV-Vis spectra of regenerated cellulose, cellulose/chitosan,
cellulose/lignin and cellulose/silk films with good light barrier properties
below 400 nm. (B) Cell viability of TCMK-1 cells cultured on the compo-
site films. Reproduced from ref. 194 with permission from Springer
Nature, copyright 2020.
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compared to cellulose films, and for the enzyme pepsin some
films showed excellent adsorption behaviour exceeding that of
cellulose (e.g., for the cellulose/p-cyclodextrin film).
Furthermore, outstanding cell viability (TCMK-1 cells) could
be observed for some of the films (superior to cellulose), the
highest was achieved for the cellulose/gelatine films (Fig. 20B).

4.7. Cellulose-based ionogels, hydrogels and aerogels using
ionic liquids

4.7.1. Cellulose-based ionogels. Ionogel is a type of gel
where ionic liquids are dispersed in a continuous solid matrix.
Although they can be found under several names in the litera-
ture (such as ionic gel, ionic liquid gel, ion gel, ion-gel, etc.), the
term ionogel rose in popularity in recent works. Cellulose-
based ionogels have gained significant interest for a wide
range of applications including sensor, actuator and energy
storage devices.'"”

The first cellulose-based physical ionogel was reported by
Kadokawa et al.’®® in 2008. They prepared a concentrated cell-
ulose solution (15 wt%) in [Bmim][Cl] (at 100 °C for 24 h),
which was kept between glass slides for 7 days. The obtained
gel was washed with ethanol to remove the excluded ionic
liquid. Besides the ionic liquid and cellulose, the ionogel con-
tained considerable amount of water as well (in their work
water amount was 8.69-16.0 eq. per glucose unit, whereas
ionic liquid content was 2.48-4.68 eq. per glucose unit).
According to their explanation, the ionogel forms as water
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slowly diffuses into the ionic liquid/cellulose solution, creating
non-crystalline aggregates as physical crosslinking points.
Such materials can be classified as physical ionogels, as they
are generated through reversible non-covalent interactions, in
contrast to chemical ionogels that contain covalent crosslinks
between the polymer chains. The physical ionogel obtained
this way can be easily reversed to its original fluid form by
heating to 150 °C. Please note that a gel material can be easily
identified, and its physical/chemical gel character judged most
commonly through oscillatory rheometry or dynamic mechani-
cal analysis (DMA) measurements;'®”'® unfortunately, such
characterisation is not always present in the literature. The
physical ionogels that were prepared by others through similar
strategy to that of the original work of Kadokawa et al.'®® by
dissolving cellulose, are summarised in Table 9.
Cellulose-based physical ionogels are promising materials
for solid electrolytes in electrochemical applications. The first
study towards this direction was done by Yamazaki et al.'®**°°
on hybrid cellulose/chitin ionogels for supercapacitor devices.
Cellulose was dissolved in [Bmim][Cl], while chitin was dis-
solved in [Amim][Br]. The two solutions were mixed (to reach a
cellulose/chitin weight ratio of 3/1), and ionogel was obtained
after leaving the sample at room temperature for 4 days.
Additionally, the obtained gel was immersed in H,SO, solution
in order to have an acidic cellulose/chitin ionogel. Symmetric
two-electrode device was assembled using the ionogel sand-
wiched between activated carbon fiber cloths as electrodes.

Table 9 Physical ionogels prepared by dissolving cellulose in an ionic liquid

Dissolution
Cellulose temperature
Type of cellulose Ionic liquid concentration (time) Properties, observations  Application Ref.
Microcrystalline [Bmim][Cl] 15 wt% 100 °C (24 h)  Solution kept between — 196
cellulose glass slides for 7 days.
Finally washing with
ethanol
Microcrystalline [Bmim][Cl] 5 wt% (and 100°C (24 h)  Cellulose/chitin Supercapacitor 199
cellulose 10 wt% chitin composite ionogel at 3/1 and
solution in weight ratio (solutions 200
[Amim][Br]) mixed at 100 °C (1 h))
Microcrystalline [Bmim][Cl] 13 wt% (DMA as 100 °C Performance superior to  Actuator 201
cellulose plasticiser and (15 min) common dielectric
co-solvent) elastomers
Microcellulose Phosphonate-based — — [NTf,] anion helps Flexible paper-based 202
(ARBOCEL® MF 40- ionic liquid with improving ionic mobility, electronics; electrolyte-
7,]J. Rettenmaier &  [Emim] cation/ while the phosphonate gated field-effect
Sons) [Emim][NTf,] anion based ionic transistors (FETSs)
liquids form gels with
cellulose
Cellulose powder 1-methyl-3- 5 wt% 90 °C (24 h) A maximum Gel electrolyte for dye- 203
(Sigma Aldrich) propylimidazolium photoconversion sensitised solar cells
iodide ([Mpim][I])/ efficiency of 3.33%
[Emim][SCN] 1/1
Cellulose source [Bmim][Cl] 8 wt% Not defined Dynamic ionogel with Demonstrated 205

not defined

tunable properties by
adjusting the water
content

application as electronic
skin (sensing). Other
possible applications
such as flexible

This journal is © The Royal Society of Chemistry 2023

electronics, soft robotics,
energy storage and other
intelligent devices
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The supercapacitor device exhibited a specific capacitance
somewhat higher than the device with H,SO, electrolyte,
together with good cycling stability (100000 cycles, 80%
capacitance retention, performed at 5 A g ' current
density).’”® The device showed good stability for operating at
wide temperature window (—10-60 ©C).>°° Furthermore,
Kunchornsup and Sirivat®" fabricated cellulose/[Bmim][Cl]/
DMA ionogels as electro-active paper for actuator applications.

Fig. 21 (A) Experimental setup for studying the bending response of
the ionogel under an applied electric field. (B) Schematic representation
of the proposed mechanisms of the bending response. (C and D)
Deflection and (E and F) swinging movement of the ionogel in response
to a ground and positive electric field at room temperature. Reproduced
from ref. 201 with permission from Elsevier, copyright 2012.
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According to their results, several electromechanical para-
meters of the ionogel were superior to other studied dielectric
elastomers at room temperature. However, they identified the
slow response speed of the ionogel as a limiting parameter,
which should be improved in the future. Fig. 21A shows the
experimental setup to study the response of the ionogel
towards an applied electric field. According to the authors’
explanation, ionic polarisation of the imidazolium cations,
together with polarisation of the hydroxyl groups of the cell-
ulose structure cause the movement (Fig. 21B). Images of the
bending and swinging responses are shown in Fig. 21C-F.
Thiemann et al.>°*> developed cellulose ionogels for flexible
electronics application. They fabricated electrolyte gated field-
effect transistors (FETs), using multilayer coated flexible paper
substrate in one of the devices (Fig. 22A and B). In their work,
microcellulose (ARBOCEL® MF 40-7, from ]. Rettenmaier &
Sons) was casted on a glass slide first, followed by dropping
ionic liquid on the film to obtain an ionogel (with cellulose/
ionic liquid mass ratio of 3/70). They used ionic liquids that
are based on [Emim] cations and methylphosphonate anions
or their mixture with [Emim][NTf,] (Fig. 22C, note that TFSI =
[NTf,]). [Emim] cations with methylphosphonate anions show
good ability to dissolve/gelate cellulose, while [Emim][NTf,] is
a non-dissolving ionic liquid that does not interact with cell-
ulose, and its main role in the system is to increase ionic
mobility. It was found that the highest specific capacitance
(18.4 pF cm™> determined via impedance spectroscopy
measurement) was obtained for a binary system with
[Emim][MeAc(Me)POs] (where [MeAc(Me)POj;] is 2-methoxy-2-
oxoethyl methylphosphonate anion)/[Emim][NTf,] at 9/1 ratio.
These ionogels with high ionic mobility performed well for
side-gated FET devices. The authors noted that by increasing
the bulkiness of the anion (increasing ethylene glycol chain
length) of the ionic liquid, the specific capacitance of the
ionogel decreases. These ionogels with lower ionic mobility
gave rise to higher electron mobility in spray-coated ZnO FETSs.
Salvador et al.>*® studied the application of cellulose-based
ionogels as electrolytes for dye-sensitised solar cells. They used
a mixture of two ionic liquids: 1-methyl-3-propylimidazolium
iodide ([Mpim][I]) that can supply ions for the iodide/triiodide
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(A) The structure of the ionic liquids used to fabricate the ionogels for electrolyte-gated field-effect transistor (FET) devices. (B) Schematic

description of the flexible FET device with ZnO nanorods (NRs; an SEM image is shown above the device) and cellulose ionogel. (C) Photograph of
the flexible paper-based FET. Reproduced from ref. 202 with permission from Wiley, copyright 2013.
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redox couple, a mediator in mesoscopic dye-sensitised solar
cells;*** and [Emim][SCN] which helps decreasing the high vis-
cosity of the [Mpim][I]/cellulose system, thereby increasing
ionic mobility. They found that a 50/50 mixture of the two
ionic liquids provides the best photovoltaic performance.
Increasing cellulose concentration had a positive effect on the
photocurrent and photovoltage, reaching a plateau at 5 wt%
cellulose loading. Dissolution of cellulose was done in the
ionic liquid mixture together with other electrolyte com-
ponents (Lil and I,) at 90 °C (24 h), followed by gelation at
room temperature for one day. 4-tert-Butylpyridine, another
important component for the electrolytes of mesoscopic dye-
sensitised solar cells, was added after the gelation process due
to its volatile nature. A maximum photoconversion efficiency
of 3.33% could be achieved with the fabricated dye-sensitised
solar cell containing the quasi-solid electrolyte. Interestingly,
the authors observed that the photovoltaic performance
increases in the beginning of the operation, and reaches a
plateau at a later time. According to their explanation, the
movement of ions are hindered by the forming hydrogen
bonds with the hydroxyl groups of cellulose. During operation,
through the energy input, the energy barrier of these inter-
actions can be overcome, releasing free iodide ions that can
contribute to the improvement of the photovoltaic performance.

Zhao et al?” developed a dynamic gel based on the
[Bmim][Cl]/cellulose type ionogel. They realised that the
ionogel exhibits tunable, and reversible dynamic properties
based on the water content (Fig. 23A). At low water content
(6 wt%), hydrogen bonds are generated between water and the
cellulose molecules leading to a loosely packed Turing type
topological network. In this system, ions exhibit low mobility,
leading to low ionic conductivity. In addition, this ionogel
exhibits excellent self-healing properties owing to the reversi-
bility of the hydrogen bonds, and can adhere strongly to
various substrates, e.g., glass, plastics and metals (it can lift
more than 30 times its weight ones adhered to the metal sub-
strate). At high water content (32 wt%), more hydrogen bonds
are formed and a denser Turing microstructure is generated
that exhibits robust toughness with excellent strength and
formability (e.g., withstanding repeated rolling and folding).
This system contains more hydrated ions with enhanced mobi-
lity, leading to a high ionic conductivity (a maximum of 40 mS
em™"). Switching between the two topological networks can be
reversibly done by adjusting the water content of the ionogel
(drying or increasing the relative humidity), with arriving at
the original properties as demonstrated by the authors. Such
dynamic ionogel can be useful for a range of applications such
as soft robotics and flexible electronics. The authors demon-
strated the application for electronic skin (e-skin, see Fig. 23B).
The e-skin device was fabricated by sandwiching conductors
between two ionogels (by taking advantage of the self-healing
property of the material). The e-skin device can be applied for
sensing various external stimuli such as breathing patterns, air
flow and touching.

We would like to note that the ionic diffusion process that
determines the conductivity in [Bmim][Cl]/cellulose type iono-

This journal is © The Royal Society of Chemistry 2023
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the water content of a cellulose/[Bmim][Cl] ionogel. The ionogel thus
exhibits tunable dynamic properties as shown in the bottom of the
figure. (B) Application of the dynamic ionogel in an electronic skin
device that can be used for sensing e.g., breathing pattern, airflow and
touching. Reproduced from ref. 205 with permission from Elsevier,
copyright 2019.

gels has been studied in detail by NMR spectroscopy.”’® It was
revealed that two cation diffusion processes can be identified
in the matrix: (1) a fast translational diffusion in the pores
where the ionic liquid behaves similarly to its bulk structure,
and (2) a slow ion diffusion close to the surface of cellulose
owing to secondary interactions. The authors noted that the
small difference between the ionic conductivity of the ionogel
and the bulk ionic liquid can be explained by the presence of
the fast, unrestricted diffusion process supplying ions through
the channels within the matrix.

Besides common unmodified cellulose starting materials,
several works used bacterial cellulose,>®” methylcellulose®*®>*°
> that have already been proven excellent
for the preparation of other types of hydrogels (Table 10). The
preparation of the physical ionogel is different in these works
compared to previous studies discussed above, in that they do
not follow the usual dissolution - gelation strategy. Bacterial
cellulose is interesting in that it has high water absorption
capacity, a hydrogel can have as high as 99 wt% water content.
In the work of Smith et al.,>” a bacterial cellulose hydrogel was
first prepared, followed by a solvent exchange process with

and nanocellulose
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Table 10 Physical ionogels prepared using non-dissolving (cellulose) ionic liquids and cellulose materials that can form gels

Maximum
ionic liquid

Type of cellulose Ionic liquid content Preparation method Properties, observations Application Ref.

Bacterial [Emim][NTf,] or 99 wt% First hydrogel, then Ionogels of various shapes  Incorporation of 207

cellulose [Bmpy]|[NTf,] or alcogel after solvent and thicknesses can be chemosensory

[P14,6,6,6][NTH] exchange with ethanol. fabricated by using a molecules (via co-
Ionic liquid template during culturing  solvent assisted
incorporation via co- diffusion) for
solvent assisted diffusion ammonia and H,S
and then co-solvent detection
evaporation gives the
ionogel

Methylcellulose  [Bmpy]|[NTf,] 97 wt% Methylcellulose and Flexible ionogel with high  Solid state electrolyte 208
[Bmpy][NTf,] dissolved in  ionic conductivity (3.3 mS
DMEF, then mixed. em™ at 30 °C), wide
Gelation occurs after a electrochemical stability
heating-cooling (up to window (5.6 V). Thermally
90 °C) cycle. DMF stable (no thermoreversi-
removed by vacuum ble sol-gel transition) until
drying degradation (around

300 °C)

Methylcellulose  [Emim][NTf,] 95 wt% Same as previous Soft, but mechanically Self-standing solid- 209
procedure, using DMF as  strong (5 MPa storage state supercapacitor
co-solvent modulus) gel with good

compatibility for the
porous carbon nanofiber
electrode. High ionic
conductivity (5.7 mS em ™"
at 25 °C)

Methylcellulose  [G4Li][NTf,] 90 wt% Same as previous High ionic conductivity Lithium metal battery 210
procedure, using DMF as (0.4 mS cm™" at 30 °C) and
co-solvent storage modulus (60 MPa)

at R.T. High thermal (up to
200 °C) and anodic stabi-
lity (up to 5 V). Li”/iongel/
LiFePO, coin cell with per-
formance comparable to
that of the liquid
electrolyte

Cellulose Hyperbranched 95 wt% CNC/PIL aqueous High compressive elastic — 211

nanocrystals polymeric ionic [Emim][NTf,]  suspension first, then modulus (5.6 MPa) and

(CNC) liquid (PIL) + solvent exchange with ionic conductivity (7.8 mS
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ethanol to obtain an alcogel. Ionic liquid/ethanol mixture was

ethanol. [Emim][NTf,]/
ethanol diffusion into
gel, followed by evapor-
ation of ethanol

to gelation.
cellulose is dissolved in DMF.

em™ at 30 °C)

212
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The same phenomenon occurs when methyl-
In the work of Mantravadi

added to this alcogel, and after evaporating ethanol, an
ionogel could form. In a similar fashion, through co-solvent
assisted diffusion (using ethanol, which is then evaporated),
chemosensory molecules could also be incorporated in the
ionogels for NH; sensing and H,S detection. This bacterial
cellulose ionogel was capable of hosting 99 wt% ionic liquid,
which is an outstanding performance compared to other iono-
gels. The authors selected ionic liquids with [NTf,] anion and
[Emim], 1-butyl-1-methylpyrrolidinium ([Bmpy]) and trihexyl-
tetradecylphosphonium ([Py46,6,6]) cations, which are non-dis-
solving ionic liquids for cellulose. Methylcellulose is another
intriguing gelator for the preparation of physical ionogels. It is
known that fibrillar methylcellulose can dissolve in water, and
upon a heating-cooling cycle it reforms the nanofibrils which
eventually generate an interconnected fibrillar network leading

5368 | Green Chem., 2023, 25, 5338-5389

et al.,’®® [Bmpy][NTf,] was used as ionic liquid to fabricate
ionogels using methylcellulose. [Bmpy][NTf,] does not dissolve
methylcellulose, the ionic liquid and methylcellulose was first
dissolved separately in DMF. After mixing these solutions at
certain ratios, gel formation was achieved by a thermal
heating-cooling cycle (heating to 90 °C, cooling to room temp-
erature; gelation occurs due to the presence of DMF). After
removing DMF, an ionogel could be obtained with high
97 wt% ionic liquid content. This ionogel did not show ther-
moreversible sol-gel transition anymore, it remains solid until
decomposition occurs (at around 300 °C). The authors high-
lighted that the film is self-standing and flexible with high
moduli (>100 MPa) and high ionic conductivity (>107> S cm™,
room temperature). This procedure was later adapted to

This journal is © The Royal Society of Chemistry 2023
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prepare [Emim|[NTf,]/methyl cellulose ionogels with 95 wt%
ionic liquid content.>*® This ionogel was used as solid electro-
lyte for symmetric supercapacitors with activated porous
carbon nanofiber electrodes. The supercapacitor device exhibi-
ted a wide operation window (3.5 V) owing to the ionic liquid,
and high gravimetric capacitance (153 F g '), energy density
(around 65 W h kg™' at 1150 W kg™' power density) and
cycling stability (4% capacitance loss after 20 000 charge-dis-
charge cycles at 1 A g~* current density) were reported. In the
same way of preparation, a solvate (or chelate) ionic liquid/
methylcellulose ionogel was also prepared, where the ionic
liquid was [G,Li|[NTf,] (G, means tetraglyme here, with 1/
1 molar ratio in respect to the Li'; 90 wt% ionic liquid
content).”’® Glymes can wrap around the Li" ions, resulting in
a stable complex; the resulting ionic liquid when combined
with [NTf,] anion has high anodic stability (4.5 V), and exhibits
high lithium ion transference number (¢;+ ~ 0.5; fraction of
electric current derived from lithium ions in respect to the
total current, it indicates the mobility of lithium ions in the
electrolyte). Interestingly, the electrochemical working window
of the [G4Li][NTf,]/methylcellulose ionogel is about 5 V, some-
what higher than the liquid electrolyte [G,Li][NTf,]. The
authors attributed this phenomenon to the forming hydrogen
bonds between the oxygen groups of glyme and cellulose,
thereby protecting them against oxidation. In addition, the
ionogel showed high ionic conductivity (4 x 107" S ecm™,
30 °C), storage modulus (60 MPa) and thermal stability
(>200 °C). The assembled Li’/ionogel/LiFePO, coin cell showed
comparable performance to that of the cell with the pure
[G4Li][NTf,] ionic liquid.

Cellulose nanocrystals (CNC) have also been used to prepare
ionogels. Lee et al.>'* developed a system that contains a poly-
meric hyperbranched ionic liquid (PIL; see Fig. 24) and cell-
ulose nanocrystals in order to create a mechanically persistent
(high compressive modulus of 5.6 MPa) ionogel that can hold
95 wt% [Emim][NTf,]. The ionogel exhibited also high ionic
conductivity owing to the continuous nanoporous network
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structure that enables efficient transport of ions throughout
the structure. For preparing the ionogel, the authors used
similar solvent exchange strategy we discussed above for bac-
terial cellulose. First, a CNC and PIL binary suspension was
prepared in aqueous medium, followed by a solvent exchange
process with ethanol. An ionic liquid/ethanol solution was
then added, which slowly diffused into the gel. After evaporat-
ing the co-solvent ethanol, an ionogel was obtained (4.5 wt%
CNC content, 0-2 wt% PIL content).

Chemical ionogels were prepared for example by crosslinking
the cellulose solution in ionic liquids using glutaraldehyde
(HCI catalyst) crosslinker (in [Bmim][Cl]);*'* via acrylic acid
monomer (AIBN initiator) grafting/in situ polymerisation in
cellulose/[Bmim][I] solution (for dye-sensitised solar cell with
quasi-solid-state electrolyte);*'> and through ionising radiation
(y-rays) induced crosslinking of cellulose/[Emim][Ac] or cell-
ulose/N,N-diethyl-N-methyl-N-(2-methoxyethyl Jammonium
(DEMA)-formate in the presence of water.>'® Furthermore, as
another strategy, dual network structure ionogel can also be
prepared by polymerising a monomer in the presence of cell-
ulose as it was shown by Rana et al.>"’ In their work, cellulose
was dissolved in the ionic liquid 1,3-dimethylimidazolium
methyl phosphite [DMIM]|[MeO(H)PO;] containing small
amount of [Bmim][NTf,] (9/1 weight ratio). During the dis-
solution process, the hydroxyl groups connected to the C6
carbon atoms get phosphorylated in [DMIM]MeO(H)POs;]
(Fig. 25A). While the role of [DMIM][MeO(H)PO;] is to dissolve
cellulose, [Bmim][NTf,] increases the conductivity of the
ionogel due to the presence of [NTf,] anion that does not inter-
act with polar groups and exhibits high mobility in the system.
The use of [NTf,] anion is a common strategy seen in the litera-
ture to ensure the good ionic conductivity of the ionogels.
After the dissolution/modification process, 2-hydroxyethyl
methacrylate (HEMA) monomer was polymerised using N,N'-
methylenebisacrylamide crosslinker and benzoyl peroxide as
initiator (Fig. 25B). The ionogel was used to fabricate flexible
symmetric supercapacitors by sandwiching one between two
activated carbon electrodes. The flexible supercapacitor device
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Fig. 25 (A) Cellulose dissolution and modification in [DMIM][MeO(H)
PO3] ionic liquid. (B) Polymerisation of HEMA in the presence of phos-
phorylated cellulose in order to obtain a dual network ionogel.
Reproduced from ref. 217 with permission from Elsevier, copyright 2019.
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could be operated at 2.5 V within wide temperature range
(30-120 °C), exhibiting good performance.

4.7.2. Cellulose-based hydrogels through ionic liquid pro-
cessing. Hydrogels can be prepared from the corresponding
ionogels by simple solvent exchange process with water, when
the ionic liquid is water-soluble. In such a way, cellulose physi-
cal hydrogels were obtained from [Amim][Cl],*'® [Bmim][Ac]/
DMSO,*" [Emim][Ac],”** and [Bmim][CI][**" solutions.
Furthermore, in the work of Kimura et al.,”** 1-ethyl-3-methyl-
imidazolium  methylphosphonate  ([Emim][(MeO)(H)PO,])
ionic liquid was used to dissolve cellulose, followed by a coagu-
lation process with methanol, and then solvent exchange with
water to obtain the physical hydrogel. Temperature- (e.g.,
shape is retained in boiling water, no sol-gel transition
observed), pH- and solvent-resistant, tough hydrogels could be
prepared in this way, even with micrometer-sized patterns by
using an appropriate mold. The hydrogel could be post-modi-
fied with amino groups, which allowed the immobilisation of
negatively charged photoresponsive porphyrin molecules
(namely tetrakis(4-sulfonatophenyl)porphyrin) inside the
hydrogel via electrostatic interactions.

Cellulose/biopolymer binary hydrogels have also been pre-
pared using polysaccharide additives such as k-carrageenan,
chitosan, guar gum and starch.”*® In the latter work, cellulose
sample was extracted from spent tea leaves, and [Amim][Cl]
was used as solvent to dissolve cellulose together with the
other polysaccharide additives. All of the composites showed
cell compatibility without cytotoxicity, and some biopolymer-
specific functional properties (such as specific mechanical and
physicochemical characteristics) could be also observed.
Furthermore, okara-derived (food residue from soybean indus-
try) cellulose hydrogels containing hemicellulose (remained
after the extraction process) were prepared by Wu et al.”** They
reported on an improvement in the performance of the hydro-
gel (e.g., gelling behaviour, mechanical properties) upon
TEMPO oxidation of the extracted okara cellulose.

Ionic liquids can be also useful for dissolving drugs and
cellulose together in order to obtain drug-loaded hydrogels after
the gelation and solvent exchange process. The use of ionic
liquids can be especially advantageous for drugs with poor
solubility profile in other common solvents. As an example,
Santra and Sen®*® dissolved cellulose and selenourea in
[Emim][Ac]/DMSO solvent (1/2) system, in some cases together
with tannic acid or r-methionine, to obtain drug-loaded hydro-
gels with promising sustained release profile.

Hydrogels obtained via ionic liquid processing can be hosts
for catalytic nanoparticles. Su et al.**® prepared wheat straw cell-
ulose/feather protein physical hydrogel after dropping their
[Bmim][Cl] solution into water. Magnetic hydrogel was then
obtained by a co-precipitation technique using mixed solution
of Fe*" and Fe®". Subsequently, the hydrogels were immersed
in a solution of copper salt in order to obtain a magnetic
hydrogel loaded with Cu nanoparticles after in situ reduction
with NaBH,. The magnetic hydrogel showed good catalytic
activity for the reduction of 2-nitrobenzoic acid. The hydro-
philic functional groups of cellulose and the feather protein
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(e.g., -OH, -NH,, -COOH) may have helped the immobilisation
of the metal nanoparticles in this case. FTIR results indicated
for example the presence of coordination between -COO™
groups and Cu”*. In addition, Li et al®*’ dissolved cellulose
(cotton pulp) in the 1,1,3,3-tetramethyl guanidine [TMG]/
DMSO/CO, superbase solvent system. Subsequently, cellulose
was acylated with cyclic anhydrides (succinic anhydride and
pyromellitic dianhydride), in this process 1,1,3,3-tetramethyl
guanidine acted as a catalyst and provided the positive counter
ion for the forming carboxylate group (Fig. 26). The addition
of bicyclic anhydrides was essential to the formation of a
chemically crosslinked 3D network leading to a chemical hydro-
gel. The guanidine moiety is known to exhibit good coordi-
nation ability with transition metals. Pd nanoparticles were
immobilised in the hydrogel by soaking in the solution of the
metal salt (PdCl,), followed by a reduction step (NaBH,). The
hydrogel showed good catalytic activity and reusability in the
reduction of 4-nitrophenol. The authors attributed the absorp-
tion, dispersion, and stabilisation ability of the hydrogel for
hosting Pd nanoparticles to the presence of the guanidine
moiety.

Conductive chemical hydrogels were fabricated by Liang
et al.*®® using [Bmim][Cl]. Cellulose/[Bmim][Cl] solution was
crosslinked with N,N-methylene bisarcylamide (benzoyl per-
oxide initiator), followed by solvent exchange with water to
form the chemical hydrogel. Polypyrrole was in situ polymer-
ised in the hydrogel that was soaked in ferric chloride/sodium
p-toluenesulfonate solution (TsONa) first, followed by the
addition of the monomer pyrrole. The hydrogel doped with
TsONa exhibited good electrical conductivity (~8 mS cm™,
RT).

Highly tough cellulose/reduced graphene oxide physical hydro-
gels were prepared by Xu et al.**° In their work, cellulose was
dissolved in [Bmim][Cl], while in a separate experiment gra-
phene oxide was reduced in [Bmim][Cl] using ascorbic acid.
The two liquids were mixed and then regenerated in water in
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Fig. 26 Synthesis of hydrogel with 1,1,3,3-tetramethylguanidinium-
based protic ionic liquid. Reproduced from ref. 227 with permission
from Elsevier, copyright 2019.
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Fig. 27 (A) Cellulose/reduced graphene oxide (rGO) hydrogels with

varying rGO content. (B) Aerogels obtained after freeze-drying process.
(C) Demonstration of the mechanical strength of the aerogel.
Reproduced from ref. 229 with permission from Elsevier, copyright
2015.

order to obtain the hydrogel by complete solvent exchange
(Fig. 27A). At a certain reduced graphene oxide content
(0.5 wt%), high compression modulus was observed (~19 MPa)
compared to the reference cellulose hydrogel (~5 MPa). After
freeze-drying process, mechanically strong cellulose/reduced
graphene oxide aerogels could be obtained (Fig. 27B and C).

4.7.3. Cellulose-based aerogels through ionic liquid proces-
sing. Cellulose aerogels/foams can be obtained after removing
the liquid from the gels. The removal process has been shown
to have a critical impact on the developing porous architecture.
Tsioptsias et al.>*® developed a high-pressure CO, processing
technique for foaming of a cellulose hydrogel regenerated
from [Amim][Cl] solution. After the foaming process, the
material was subjected to a freeze-drying step at —2 °C,
affording an aerogel with micrometer-size pores. Through
another strategy, a methanogel was prepared first, after coagu-
lating the cellulose/[Amim][Cl] solution in methanol, and
removing the ionic liquid. Methanol was removed from the gel
via supercritical CO, drying. This process yielded a nanopor-
ous aerogel with pore sizes falling in the micro (<2 nm) and
mesopore range (2-50 nm). Furthermore, nanoporous aerogels
could be obtained later by Deng et al.>*' using a fast cooling
process with liquid nitrogen on a regenerated hydrogel (from
cellulose/[Bmim][Cl] system), followed by lyophilisation. The
obtained aerogel had mainly mesopores (2-50 nm). The
authors pointed out that a slow freezing process at 0 °C does
not yield nanoporous material due to the formation of larger
ice crystals. Oven drying does not yield a porous material
either. It was also shown that the mechanical properties of the
aerogels are dependent on the starting cellulose material; for
example, when cellulose pulp is used with high degree of poly-
merisation, the aerogel can have significantly higher com-
pression modulus compared to a sample prepared using
microcrystalline cellulose.>** In general, freeze drying and super-
critical CO, drying methods are widely used in the literature to
prepare aerogels.”*®

This journal is © The Royal Society of Chemistry 2023
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The prepared cellulose aerogels have usually no directional
ordering, they possess an isotropic structure. Hierarchically
assembled, ordered structures are omnipresent in nature, such
features are known to give extraordinary functionality and
mechanical properties to these materials, a good example for
this is bamboo.?** Design of anisotropic gels and aerogels is of
great interest as it could allow the directional control on e.g.,
cell growth, mechanical properties, and other physical
phenomena (e.g., diffusion of molecules, propagation of light,
etc.). Efforts towards anisotropic cellulose gels/aerogels regen-
erated from ionic liquid solution have been made by Plappert
et al.”>® They dissolved cellulose in the superbase-derived ionic
liquid 1,1,3,3-tetramethylguanidinium acetate ([TMGH][Ac]).
Cellulose was dissolved in [TMGH][Ac] at 100 °C, and poured
into porous molds to allow the homogeneous diffusion of
ethanol into the [TMGH][Ac]/cellulose system at 20 °C. Under
this condition, the ionic liquid is in a “supercooled” state
(melting point of [TMGH][Ac] is ~90-97 °C), exhibiting highly
viscous glassy state. Therefore, the diffusion of the antisolvent
ethanol is significantly decelerated compared to other systems.
Furthermore, [TMGH][Ac] has poor miscibility with ethanol,
which also contributes to the slow decelerated de-mixing of
cellulose and the ionic liquid. There is a diffusion zone that
slowly progresses as antisolvent induced de-mixing occurs at
the interface, where cellulose supramolecular assembly takes
place as it slowly coagulates. This process results in onion-like
concentrical cellulose layers with higher degree of orientation
of the fibrillar network structure from the core towards the
skin layer (Fig. 28). The obtained aerogels after the supercriti-
cal CO, drying process have high crystallinity index (~72%;
cellulose II polymorph), with a fibrillar strut size of about
2.5 nm. The orientation-dependent compression properties of
the obtained aerogels have been also studied.?** When com-
pression test was done parallel to network orientation, the
aerogel exhibited more resilience compared to the perpendicu-
lar direction.

Addition of a surfactant to the cellulose/ionic liquid solution
can help the formation of large pm-sized pores, as reported by
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Fig. 28 Cellulose gel with concentric onion-like layers that have
different level of ordering as shown with the S parameter, which indi-
cates higher degree of ordering from the core towards the skin layer.
Reproduced from ref. 236 with permission from The Royal Society of
Chemistry, copyright 2019.
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An et al®’ In their work, cellulose was dissolved in
[Amim][Cl], followed by the addition of sodium dodecyl sul-
phate (SDS) and vigorous stirring to facilitate foaming. By
adjusting the cellulose concentration and the amount of the
air phase, a stable biphasic system could be obtained. After
the regeneration process with water and freeze-drying, ionic
liquid was added to the system again (to a final concentration
of 50.1 wt%). The presence of the ionic liquid imparted excep-
tional superelasticity and ionic conductivity to the system. The
authors demonstrated the application of this flexible cellulose/
ionic liquid aerogel as a wearable sensing device monitoring
motions such as pulse, walking, speaking, etc.

Lignocellulose aerogels have also been fabricated using
ionic liquids, these composites contain lignin and hemi-
cellulose fraction in addition to cellulose.>***° Please note
that in other works such composition is referred as “synthetic
wood”,'®>% there is a discussion about these composites
above in section 4.6 (regenerated cellulose/biopolymer green
composites using ionic liquids). The first work in this topic
was done by Aaltonen and Jauhiainen.?*® They prepared cell-
ulose, sodalignin, cellulose/sodalignin, cellulose/sodalignin/
xylan and spruce wood aerogels using [Bmim][Cl] as solvent,
and aqueous ethanol coagulation bath. They pointed out that
gels could be obtained at specific biopolymer compositions,
and the dissolution time and ethanol concentration in the
bath appeared to be also important for the gelation process.
The aerogels were then produced after solvent exchange with
ethanol, followed by drying with supercritical CO,. The aero-
gels had an open pore structure with various morphologies
(macropore size depending on the composition), and con-
tained also mesopores. In an interesting work by Li et al.,>*
a cyclic freezing-thawing process (from —20 °C to 20 °C) was
applied on the wood/[Amim][Cl] solution, followed by coagu-
lation in water bath, and solvent exchange with acetone prior
to a supercritical CO, drying process. They noted that the
freezing-thawing process was important to obtain a gel that
can keep its form. According to their explanation, the cyclic
freezing-thawing process acts as a physical crosslinker to
form a continuous 3D network. Later, an ultralow freezing-
thawing process was also developed using liquid nitrogen
(from —196 °C to 20 °C), in this way a mesoporous ligno-
cellulose aerogel could be obtained.>*® Th authors argued
that the formation of smaller ionic liquid crystals during the
fast ultralow freezing process compared to the other freezing
process (from —20 °C to 20 °C) facilitates the development of
the 3D fibrillar network with mesopores. The fabricated
lignocellulose aerogel showed good thermal insulating pro-
perties, and exhibited also good performance for noise
reduction.

Cellulose aerogels have found application as adsorbent
materials.>*®> In order to develop an aerogel with selective
adsorption to specific contaminants, the surface of the aerogel
can be further modified. As an example, Zhang et al.>** devel-
oped superhydrophobic and superoelophilic aerogel by plasma
treatment followed by silanisation of the cellulose hydroxyl
groups.
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Various nanomaterials can be also incorporated into the
cellulose/ionic liquid system to impart additional functions to
the aerogels, such as improved thermal insulation by develop-
ing cellulose/nanosilica composite aerogels,>** or incorporat-
ing quantum dots to obtain gels/aerogels with photo-
luminescence properties.>®® In the latter case, the photo-
luminescence wavelength could be controlled in the visible
light spectrum, thus gels/aerogels with colour-tuned photo-
luminescence could be developed.

It should be noted that the cellulose aerogels can be con-
verted to carbon aerogels through thermal treatment.>** Carbon
aerogels have various applications in energy storage, catalysis,
water treatment, gas storage/separation and thermal
management.>**

4.8. Cellulose-based fibres from ionic liquid solutions

Fibres fulfil important functions in living systems,*** and have
been used by humans for creating structural materials since
prehistoric times. These high aspect ratio structures possess
intriguing properties for materials science, such as a combi-
nation of flexibility with strength (exceptional formability),
high surface area, network formation possibilities, and small
defect size, just to mention a few.>*> Recently, smart textiles
comprising of fibres with functional properties came into the
forefront, which may change our approach towards personal-
ised healthcare,**® and the way we communicate with elec-
tronic devices®"’ in the future.

Textile fibre filaments used in cloths and for households
have a diameter of about 5-50 pm, although finer fibres with
diameters down to about 3 pm have been also achieved with
common spinning techniques, they are referred to as microfi-
bers in the literature.**> Nanofibers with sub-micrometer dia-
meters can be produced through electrospinning technique
(some common spinning techniques are illustrated in Fig. 29),
which usually yields nonwoven fabrics (random web structure
with intertwined filaments).

Synthetic and natural cellulose fibres make up a large share
of the textile market. The textile industry is continuously
growing, and so is the demand for cellulosic fabrics. Since the
production of cotton has several limitations, man-made syn-
thetic cellulosic fibres are expected to fill the gap to meet the
market demand in the future.>*®*°

4.8.1. Conventional processing systems to fabricate syn-
thetic cellulose fibres. Synthetic cellulose fibres are generally
fabricated by dissolving cellulose in a certain solvent, followed
by a spinning method where the solution is pumped through a
spinneret into a coagulation bath. Commercial synthetic cell-
ulose fibres for the textile industry are predominantly pro-
duced through the viscose process using a wet-spinning tech-
nique (Fig. 29). In this process, cellulose is reacted with CS, to
form cellulose xanthate that can be dissolved in aqueous
sodium hydroxide. This solution is spun directly into an acidic
coagulation bath containing zinc salts resulting in the
decomposition of the metastable intermediate cellulose
xanthate and the formation of high-quality pure cellulose
fibres. The viscose process generates large amount of hazar-
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Fig. 29 Common spinning techniques for fabricating synthetic cellulose fibres from solutions. Other methods, such as dry-jet spinning uses no
coagulation bath, and for melt spinning the polymer melt is extruded through the spinneret (note that this is not possible for cellulose itself).

dous waste (various sulphur byproducts such as H,S, and
heavy metals), and therefore, environmentally more benign
technologies should be promoted. Thus, technologies that are
based on non-derivatising solvents have gained interest to
avoid the generation of byproducts. Among these methods, the
Lyocell process gained importance - this technology is already
applied for commercial production. In the Lyocell process, cell-
ulose is dissolved in N-methylmorpholine-N-oxide (NMMO)
monohydrate (a water content of 13.3 wt%) as solvent, and
fibres are produced via a dry-jet wet spinning process (an air-gap
exists between the spinneret and the coagulation medium, see
Fig. 29) using water coagulation bath.”> As a significant
achievement, the solvent recovery of the industrial process is
close to 100%, making it a practically emission-free technique.
Although considered environmentally more friendly than the
viscose process, there are still drawbacks arising from the
instability of the solvent which necessitates the use of stabil-
isers and some basic safety measures. Hence, there is still
need for direct cellulose solvents that can overcome the pro-
blems associated with the viscose and Lyocell processes. In
this regards, ionic liquids came into the limelight in the past
decade. Several comprehensive reviews were published on the
production of fibres from cellulose/ionic liquid solutions, we
recommend the one published by Hummel et al.>*° in 2016,
and by Hermanutz et al.>®' in 2019. We will give a brief over-
view here on the state-of-the-art.

4.8.2. Ionic liquid/cellulose solution for fibre production.
Early works on fibre spinning using ionic liquid/cellulose
systems focused on halide-based first-generation ionic liquids,
such as [Bmim][Cl] and [Amim][CI].>****® By using a dry-jet
wet spinning process (like the Lyocell process), fibres with
high tenacity (textile strength) could be obtained compared to
Lyocell fibres. Nevertheless, several disadvantages of these
systems were recognised: high processing temperatures result
in cellulose degradation; and the corrosive nature of the chlor-
ide ion poses problems for the spinning apparatus. Later, the
use of acetate-based ionic liquids appeared to be a better
choice. Kosan et al.>>* studied the dry-jet wet spinning of cell-
ulose wusing [Bmim][Cl], [Emim][Cl], [Bmim]Ac] and
[Emim][Ac] ionic liquids. They noted that the viscosity of the

This journal is © The Royal Society of Chemistry 2023

[Bmim][Ac] and [Emim][Ac] solutions are much lower com-
pared to the other systems (Lyocell process, [Bmim][Cl] and
[Emim][Cl]), and compensated the difference by increasing the
loading of cellulose (to about 20 wt%; e.g., this is 13.5 wt% for
the Lyocell process). Although the tenacity of the fibres pre-
pared using [Emim][Ac] and [Bmim][Ac] remained lower com-
pared to [Bmim][Cl]/[Emim][Cl], the values were still somewhat
above that of Lyocell fibres. 1-Ethyl-3-methyl imidazolium
diethyl phosphate ([Emim][DEP]) was also studied as a promis-
ing solvent for fibre spinning.”>> When dry-jet wet spinning
was used to fabricate the fibres, unlike Lyocell fibres and those
produced from [Emim][Ac], the fibres obtained using
[Emim][DEP] did not show the typical fibrillation behaviour in
the wet state. Dry-jet wet spinning process yields fibres with
high crystallinity in contrast to fibres obtained via the wet-
spinning process. The interactions between the crystallites are
not strong in the lateral direction, which results in the typical
fibrillation of such (dry-jet spun) fibres in the wet state.
Interestingly, Zhu et al.>*® could prepare mechanically strong
fibres via dry-jet wet spinning from microcrystalline cellulose
(DP: 200-220) using [Emim][DEP]. Microcrytalline cellulose is
mostly used for applications that do not require high mechani-
cal performance, due to the low molecular weight of this type
of cellulose. They used high cellulose concentration (>12 wt%)
in [Emim][DEP] where the solution showed anisotropic behav-
iour. Recently, wood pulp cellulose was spun into filaments on
laboratory-scale fibre production line (composed of a dissol-
ving and spinning kettle, multihole spinneret, coagulation
bath, stretching bath, washing bath, dryer, winder) with the
dry-jet wet spinning method using [Emim][DEP].>*’ The
authors used relatively low cellulose concentration (8 wt%,
90 °C spinning temperature), and obtained mechanically
strong fibres by adjusting the draw ratios (three stretching
draws). Furthermore, Zhang et al>*® compared [Bmim][Cl],
[Emim][DEP] and NMMO.H,O in a dry-jet wet spinning
process using dissolving pulp. According to their results, the
fibrillation resistance was as follows: [BMIM]Cl] >
[Emim][DEP] > NMMO.H,0. They noted that fibres with
denser structure and higher mechanical strength could form
from [Bmim][Cl].
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Thus far, the most successful ionic liquid for the pro-
duction of synthetic cellulose fibres has been 1,5-diazabicyclo
[4.3.0]non-5-enium acetate ([DBNH][Ac]), a non-imidazolium
superbase-derived ionic liquid introduced by researchers from
Aalto University and Helsinki University.>**%* The process,
denoted as Ioncell-F, produces fibres via a dry-jet wet spinning
process with properties better or comparable to that of Lyocell
fibres. [DBNH][Ac] is excellent solvent of cellulose allowing low
processing temperatures to avoid cellulose and solvent degra-
dation. Furthermore, due to the low viscosity of the system,
relatively high spinning dope concentrations can be applied
(e.g., 10-17 wt% (ref. 254)). This technique has been studied in
detail over the years to optimise the spinning parameters.>®>
The influence of cellulose structure (molecular weight, polydis-
persity) on the spinnability was also investigated,”®® and it was
demonstrated that even waste papers and cardboards can be
upcycled into textiles (Fig. 30).2®* Recycled newspapers could
be also spun into Ioncell-F fibres after deinking and alkaline
glycerol pulping processes.”®® As a notable achievement, even
coloured textile waste could be recycled using the Ioncell-F
process, the colour of the dyes could be sufficiently retained in
the new textile products in most of the cases.”®® Since recycling
of the ionic liquid is crucial for the industrialisation of the
technique in order to compete with the Lyocell process (with a
closed-loop system, recycling almost 100% of the solvent),
recyclability of the solvent has been studied,*®” and a spinning
bath setup for a closed loop operation has also been
suggested.”®® Toncell-F fibres were demonstrated to be suitable
for the production of printed fabrics. The technology entered
the upscaling phase for commercialisation.

As we have discussed earlier, several other biopolymers can
be dissolved in ionic liquids (polysaccharides, proteins, etc.),
which enables the preparation of cellulose composite fibres by
properly choosing the ionic liquid system (see section 4.6).
Sun et al®*® directly dissolved lignocellulosic biomass
(southern yellow pine and bagasse) in [Emim][Ac] and pre-
pared all-wood composite fibres via a dry-jet wet spinning
process. The authors highlighted the importance of high
temperature and short dissolution time (175 °C, 30 min) as a
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prerequisite for the preparation of continuous filaments from
dissolved wood. Furthermore, Nypelo et al.>’® prepared cell-
ulose/lignin, cellulose/xylan and cellulose/lignin/xylan all-wood
composite fibres based on the Ioncell-F method. Chitosan/cell-
ulose fibres could be also prepared via the Ioncell-F process.>”"
Chitin/cellulose fibres were obtained via a wet and dry-jet wet
spinning method using [Emim][OPr] ([OPr] - propionate) as
solvent.>”? Cellulose/lignin composite fibres have also gained
interest, they have been fabricated using the Ioncell-F
process,””® or using [Emim][Ac] as solvent.>”*

Cellulose/lignin fibres gained interest as precursors for the
preparation of carbon fibres, in order to improve the carbon
yield which is generally low for carbon fibres prepared using
only cellulose as precursor.>”> Cellulose/lignin filaments from
the Ioncell-F process,”’®?%" and from a process that uses
[Emim][Ac],”®***® were studied in detail for this purpose.
Interestingly, cellulose/chitosan fibres also gave higher carbon
yield compared to pure cellulose precursors due to the inti-
mate connection of the two biopolymers.>”**%

Various organic and inorganic additives can be included in
the cellulose/ionic liquid system to prepare functional fibres. By
loading magnetite into cellulose/[Emim][Ac] solution magnetic
fibres were produced via a dry-jet wet spinning process.”®® In a
similar manner, cellulose/TiO, composite fibres could also be
fabricated from [Emim][Cl] solution.*®® Fibres with improved
tensile properties could be prepared via dry-jet wet spinning
using nano-SiO, additive included in the cellulose/[Amim][Cl]
solution.>®® Cellulose/multiwalled carbon nanotube composite
fibres fabricated through a dry-jet wet spinning process from
[Amim][Cl] showed also better mechanical and thermal pro-
perties compared to pure synthetic cellulose fibres.>*" Similar
results were reported by Rahatekar et al.”*> using [Emim][Ac].
The Ioncell-F process was also used to fabricate functional
fibres. Silver and gold nanoparticles could be incorporated into
the [DBNH][Ac] solution to obtain fibres with promising UV-
shielding properties.>®® Furthermore, by adding the nature-
derived plant-based water repellents betulin and betulinic acid to
the spinning dope, hydrophobic fabrics could be obtained

Fig. 30

(Left) loncell-F fibres produced using bleached pulp (white),
cardboard (beige) and pulp with lignin as colorant additive (brown).
(Right) Fabrics produced from the upcycled loncell-F fibres. Reproduced
from ref. 264 with permission, copyright 2016 The Authors. Design:
Marjaana Tanttu; photos: Eeva Suorlahti.

5374 | Green Chem., 2023, 25, 5338-5389

Fig. 31 Hydrophobic loncel-F fibres with 10 wt% (A and B) betulin and
betulinic acid (C and D). Left pictures are nonwovens, right pictures are
hand loomed/knitted fabrics. Reproduced from ref. 294, copyright 2021
The Authors.
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(Fig. 31).>** Toncell-F fibres with carbon nanotube and graphene
oxide additives were also reported.>*®

Electrospinning technology has also been applied to prepare
cellulose nanofibers using ionic liquids. This topic has been
comprehensively reviewed in recent works.>***” The use of
pure ionic liquid/cellulose solutions is rather difficult for this
process on account of the low volatility of the solvent (usually
the solvent evaporates during electrospinning), together with
its high ionic strength. Xu et al.>*® for example used the co-
solvent DMSO for [Amim][Cl] to decrease surface tension and
viscosity, and employed a high humidity chamber for electro-
spinning in order to solidify the fibres. The electrospun fibres
were washed with ethanol to remove the residual solvent.
Furthermore, a wet electrospinning process was also intro-
duced by Quan et al.,**® in this case fibres were directly electro-
spun from [Bmim][Cl] solution at 100 °C into a water bath as
“collector”.

5. Critical outlook on the future of
cellulose processing in ionic liquids for
material fabrication

Ionic liquids are considered green solvents based on their
non-volatile character, with chemical and thermal stability.
They gained popularity as designer solvents - their physico-
chemical properties can be tuned with the cation-anion com-
bination. These features have nevertheless sparked significant
interest into their environmental fate, biodegradability and
toxicity profile, with several comprehensive reviews published
to date.*2%°3% As a result of continuing efforts, several ways to
produce non-toxic and biodegradable ionic liquids have been
introduced.® It became apparent that not only the ionic liquid
itself but the preparation method also needs to be placed under
scrutiny for a more holistic picture (cradle-to-gate assessment),
if they are to be considered green solvents.>*> We expect to see
more research on using non-toxic, biodegradable ionic liquids
for cellulose processing and material fabrication in the future.
We would like to highlight here that machine learning
approaches could provide time- and cost-effective ways to navi-
gate within the large chemical space of ionic liquids,**® in
order to design optimal processing media for material fabrica-
tion. We believe that designing ionic liquids that can tolerate
high water content (present typically in biomass) while dissol-
ving cellulose is an important direction for practical
applications.?%”

Furthermore, for the economic viability of the technology,
the cost of the ionic liquid and its recyclability need to be con-
sidered. In particular, the ionic liquid needs to be recovered
and recycled with favourable energy consumption that will not
compromise the economics of the technology. For the recycl-
ability, possible side reactions with cellulose (which has been
seen for e.g., [Emim][Ac]*®) need to be avoided. In cellulose
processing with ionic liquids, some efforts have been made to
recycle the solvent, for example during the production of

This journal is © The Royal Society of Chemistry 2023
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Ioncel-F fibres using the distillable non-derivatising ionic
liquid [DBNH][Ac].>*”**® We hope to see more development in
this field. Furthermore, to understand the real cost of ionic
liquids, it is important to perform life cycle assessment (LCA).
LCA considers the cradle, production, uses, disposal, and
environmental impact of the chemicals.>*® IL have been seen
as expensive chemicals partly owing to the lack of comprehen-
sive LCA data. The LCA data of IL can help understand the
process improvement when these solvents are used. There are
only few LCA reports on IL, based on these works, IL can be
very competitive with common organic solvents. Baaqel
et al.*>*® for example applied monetisation method which com-
bines LCA and process simulation on protic ionic liquids used
for lignocellulose pretreatment (delignification, cellulose non-
dissolving ionic liquids). They found that triethylammonium
hydrogen sulfate ([TEA][HSO,]) had the lowest cost among the
studied systems (four systems were taken into consideration:
[TEA[HSO,],  1-methylimidazolium  hydrogen  sulfate
((Hmim][HSO,]), acetone, and glycerol for cost comparison)
for pretreatment of lignocellulose. In a previous report,*® tech-
noeconomic assessment indicated that the cost of these ionic
liquids could be below that of common organic solvents
(about 1.24 $ per kg, compared to the price of acetone/ethyl
acetate being around 1.3-1.4 $ per kg). It was also found that
in biomass pretreatment, imidazole-based IL ([Emim][Ac]) for
example have higher cost mainly due to their multistep syn-
thesis process.>'**!'" However, on bulk scale the regeneration
and recycling process of IL can eventually make them cost
effective, thus emphasising the importance of this issue for
the economic viability of the technique. At last, we should
mention that although ionic liquids are sometimes denoted as
expensive solvents of cellulose, when we consider alternative
petroleum-derived materials with large carbon footprint - in
light of the carbon pricing, advocating the “high” cost of
ionic liquids for cellulose processing may be misguiding.
When comparing different technologies and materials, a more
holistic assessment is necessary, as we pointed out on using
LCA.

In addition, the energetics of cellulose dissolution should not
be neglected either - it must be minimised. Ionic liquids with
low melting point and viscosity may be preferred, to perform
the mixing with low energy input at low temperatures.
Alternative heating methods, such as microwave-heating” and
ultrasonication®***'* may facilitate the dissolution process
(decrease dissolution time), and lower the energy require-
ments. Cellulose degradation under such conditions must be
avoided. There may be other ways to decrease the energy con-
sumption of the dissolution step, this issue needs to be
addressed more in detail in the future. Recently, reactive extru-
sion (REX) has proven to be a fast and efficient technology for
cellulose dissolution and modification using ionic
liquids.*'**" Cellulose chemical modification in ionic liquids
via REX can outpace the conventional heterogeneous batch
process due to the continuous flow, scalability and higher cell-
ulose concentration. Moreover, the combination of homo-
geneous dissolution of cellulose in ionic liquids with efficient
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mixing in an extruder can yield a desired product within
minutes of reaction time.>*®3'”

Regarding the choice and structure of the ionic liquid, the
most popular ones for material fabrication are first generation
ionic liquids based on dialkylimidazolium cations, such as
[Emim][Ac], [Amim][Cl] and [Bmim][Cl]. While in many cases
an ionic liquid with good dissolution power proved sufficient
to fulfill the target purpose (e.g., for thin film and coating
applications), there are cases where the structure of ionic liquid
could substantially influence the performance for the application.
We showed that the choice of the ionic liquid can have a sub-
stantial impact on the mechanical properties of regenerated
cellulose films (section 4.1), by influencing the crystallinity
index and degree of polymerisation of the final material. Some
studies suggested that [Amim][Cl] is superior compared to
other ionic liquids (e.g., [Emim][Ac], [Bmim][C1]).**°” More
studies are needed involving other types of ionic liquids as
well, to have a clear picture on the influence of ionic liquid
structure on the mechanical properties. The dissolution con-
ditions (temperature and time) also need to be considered to
avoid cellulose degradation. Furthermore, we think that by
tuning the structure of the ionic liquid, the structure of the
obtained membrane (section 4.2), such as its porosity, could
be tailored during the phase inversion process.''® It is need-
less to say that the porosity of the membrane is crucial for fil-
tration performance. We expect to see more progress in this
field. Furthermore, it is also important to consider the struc-
ture of ionic liquid when adding enzymes to the system
(section 4.3): in order to maintain the activity of the enzyme
the interactions between the ionic liquid and the protein must
be considered. It was shown for example that the addition of a
hydrophobic ionic liquid ([Bmim][NTf,]) to [Bmim][Cl]/cell-
ulose system can have a beneficial effect on enzyme activity, by
providing a better environment to accommodate the
protein.*® More understanding is needed to tailor enzyme/
ionic liquid/cellulose ternary systems. When cellulose compo-
sites are prepared with other biopolymers (section 4.4), the
solubility of the other biopolymer in the ionic liquid needs to
be considered, and binary ionic liquid systems might be
necessary, as we could see with cellulose/chitin composites.'®*
We would like to highlight here the nice work done on cell-
ulose/natural protein composites, with valuable studies focus-
ing on how the structure of the ionic liquid can be used to
tailor the nanostructure of the material."®" Ionogels gained
substantial interest as solid state electrolytes (section 4.7). It
was shown that addition of ionic liquid, which does not inter-
act with cellulose ([Bmim][NTf,]), can improve ionic mobility
within the ionogel, beneficial for various electronic appli-
cations. Thiemann et al.”°> showed that increasing bulkiness
of the anion can lead to a decrease in ionic mobility, and
pointed out the superiority of [NTf,] to improve this property.
We think that more research could be done to tailor the ionic
mobility in these materials. For fiber fabrication (section 4.8),
the viscosity of the system and processing temperature are
crucial parameters with a focus on avoiding cellulose and
solvent degradation, and thereby enabling solvent recycling
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with advantageous energetics. In this field, the superbase
ionic liquid [DBNH][Ac] came to the forefront. It is clear that
more research is needed to understand the influence of ionic
liquid structure on the properties of the fabricated materials
for the target applications. Studies should go beyond the use
of common first generation dialkylimidazolium cation based
ionic liquids, and should more eagerly involve the large chemi-
cal space of ionic liquids. Computational methods may be
involved here to replace time and resource consuming screen-
ing processes, as discussed in a recent comprehensive review
by Koutsoukos et al.*°® Machine learning can be a very helpful
tool in various aspects. It could be used to develop ionic
liquids with good ability to dissolve cellulose, and together
with life cycle assessment, aid the realisation of cost-effective
systems. Furthermore, it could also help designing ionic
liquids for achieving specific material properties, an approach
sometimes referred to as machine learning-assisted materials
design. Recent advancement can be taken as example from
ongoing efforts on tailoring organic molecule and polymer
properties via machine learning algorithms.?*®

As of similarities in selecting an ionic liquid for material
fabrication, when mechanical properties are important, ionic
liquids that can process cellulose without appreciable degra-
dation at low temperature with acceptable viscosities are pre-
ferred. Furthermore, the recyclability of the system necessitates
the use of non-derivatising ionic liquids that can be recycled
with favourable energetics. The latter is especially important
when studies go beyond laboratory experiments, and industrial
scale realisation is the target. This issue came to the fore
especially for fiber formation processes. So far, the dialkylimi-
dazolium cation based ionic liquid [Amim][Cl], and the
superbase derived ionic liquid [DBNH][Ac] are the most prom-
ising choices. We need to emphasise here that more studies
are needed since our knowledge on other types of ionic liquids
is very limited. As of differences between ionic liquid systems,
we would like to draw attention to physical ionogels as promis-
ing materials for solid state electrolytes. In this specific case,
the use of non-dissolving ionic liquids, with anions that would
interact with cellulose the least ([Bmim][NTf,]), are preferred.
This is due to the high ionic mobility required within the
gelous network for achieving high ionic conductivity. This is in
contrast to the requirements when cellulose solvents are
considered.

The purity of the final regenerated cellulose material is not
examined in most of the studies, although the purity of the
ionic liquid itself has been the focus of more intense investi-
gation among works that study solvent recyclability. It can be
expected that remaining ionic liquid in the final product could
have a considerable impact on mechanical as well as other pro-
perties (e.g., ionic liquids have been reported as plasticiser
additives,>'*??° and other functions have also also been
revealed when added to various polymer matrices**') impor-
tant for the target application. Therefore, we highly rec-
ommend future studies to address this issue. It is clear that
even small amount of impurities from the ionic liquid could
have a devastating effect on the recycling step on an industrial
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scale, compromising the economics of the whole process.
Therefore, it is crucial to optimise the regeneration step. We
have to note here that purity assessment solely based on
"H-NMR analysis may not be sufficient enough in some cases,
and more sensitive analysis (e.g., more sensitive HPLC tech-
niques) may be required to claim the purity of the final
material, especially when the target application is e.g., food
packaging, biomedical sensing (i.e., artificial skin), etc.

Another issue is related to the prudent choice of the technical
cellulose. Many studies focus on the commercially available
microcrystalline cellulose. From a technological point of view,
however, the use of industrially relevant technical celluloses
such as dissolving pulp would be preferred (e.g:, if we think
about packaging application). This should be considered in
the first place, and the use of a certain grade of technical cell-
ulose should be justified (to be necessary for the material to
fulfill its function/property). Dissolving pulp has high degree
of polymerisation and therefore, a viscose solution may be
obtained in some cases that can be more difficult to process.
Handling of microcrystalline cellulose is although easier, it
has higher cost that may jeopardise the economics of the
technology, and its conversion from the raw cellulose will cer-
tainly increase the ecological footprint of the process.

We would also like to raise attention to the source of cell-
ulose, in particular to the importance of upcycling agri-food
losses and wastes into value-added materials for a circular
economy. This topic has been comprehensively addressed in a
recent review.>*> These resources can represent sustainable
alternatives, as they can be readily available. A good example is
banana stem - banana can grow fast, and once yielding fruits,
the stalk is cut back and the stem is disposed, representing an
untapped source of agri-food residue derived cellulose.?>****
There are many more examples of agri-food wastes produced
annually at millions of tons of quantities,*** such as the sugar
beet pulp, which contains about 22-30% cellulose (on a dry
weight basis). Furthermore, sugar beet pulp has a compara-
tively low lignin content (about 3 wt%) with respect to other
lignocellulosic materials (e.g., wheat straw has about 15 wt%
lignin), making it an exciting biomass to study for cellulose
valorisation. Sugarcane bagasse is considered the most abun-
dant biomass waste on Earth and it consists of 40-50 wt% cell-
ulose — making it a material with a huge potential for obtain-
ing cellulosic pulp for industrial applications. Recently,
brewer’s spent grain from the brewing industry (cellulose
content around 16-25 wt%) has also emerged as a new source
of cellulose. Upcycling agri-food waste could also make local
communities and industries more prosperous and resilient.
We believe that technological innovations in the near future will
provide farmers and related businesses with both economic and
social incentives to fully take advantage of the chemical diversity
present in the biomass they grow.

Finally, as a goal of a tutorial review, we would really like to
encourage those who have not necessarily worked with ionic
liquids before, to explore this promising area of green chem-
istry. Although we do not really see any problems in preparing
these materials, for starting practitioners, there may be some
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difficulties in the dissolution step of cellulose, due to the high
viscosity of the solution in some cases. Handling of such solu-
tion may need some practice, and proper machinery.
Furthermore, we need to note that most of the ionic liquid
systems available at present do not tolerate water impurities
present in raw cellulose materials or in the ionic liquid itself,
so the starting materials must be dried before any processing.
As we have noted above, development of ionic liquid systems
that can tolerate high water content is underway. We hope to
see many more interesting cellulose-based functional
materials created via ionic liquid processing systems in the
near future.
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