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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.
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(dissolved in [Bmim][Cl], regenerated in water). Reproduced from ref. 95
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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oon P g
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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-
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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