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Application of lonic Liquids in
the Downstream Processing of
Lignocellulosic Biomass

Sviatlana Siankevich?, Zhaofu Fei?, Ning Yan*, and Paul J. Dyson*@

Abstract: Chemical transformations of lignocellulosic substrates to valuable platform chemicals are challenging
as lignin and cellulose have high thermal and chemical stabilities. However, certain ionic liquids are able to
dissolve and deconstruct biomass and, in the presence of catalysts, convert the dissolved/deconstructed
species into useful platform chemicals. Herein, we provide a concise overview of the role of ionic liquids in
biomass processing. Using 5-hydroxymethylfurfural as an example of a renewable building block, available from
cellulose, we show how ionic liquids can facilitate its production.
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Introduction

It has been estimated that more than
40 million tons of inedible plant material,
including wheat stems, corn stover (the
stalks and leaves) and wood shavings from
logging, are produced annually, and are not
valorized.l!l This vast quantity of inedible
lignocellulosic feedstock (Fig. 1) contains
an abundance of valuable chemicals and
currently extensive investigations are in
progress to find viable ways to convert
this waste material.l2l The transformation
of lignocellulosic biomass into commod-
ity chemicals is of growing importance
as alternative feedstocks to petrochemical
derived compounds.[220d31 As a renew-
able feedstock, constructed largely from
CO,, the valorization of waste biomass
will help to reduce dependence on fossil-
based resources, the latter of which leads
to increased CO, levels in the atmosphere
and, hence, climate change.[*] As such, en-
ergy efficient routes must be used for the
processing and transformations of ligno-
cellulosic biomass. In this respect, ionic
liquids could offer advantageous features
over other solvents and processing meth-
ods, as they can facilitate the dissolution of
biopolymers and simultaneously catalyze
their transformation into key chemical in-
termediates.
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Fig. 1. Composition of lignocellulosic biomass.

Solubilizing Cellulose

A wide and diverse variety of chemi-
cals may be obtained from biomass and
many different chemical products and pro-
cesses are under development. In the ma-
jority of cases, the lignocellulosic material
must first be fragmented into its constitu-

ent parts so that it can be efficiently trans-
formed via specific refining strategies.
Plant biomass is composed of three main
components, cellulose (40-50%), hemi-
cellulose (25-35%) and lignin (15-20%),
which require pretreatment in order to
breakdown its rigid structure and separate
the cellulose from lignin.[!
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The strong hydrogen bonding network
in cellulose leads to significant thermal
and chemical stability, which hinders
dissolution. Transformation of cellulose
into valuable products under moder-
ate conditions is also very challenging.
Several routes have been reported that
convert cellulose into sugar monomers.
Notably, only a limited number of sol-
vent systems have been found to work,
including LiCl/N,N-dimethylacetamide,!
LiCl/N-methyl-2-pyrrolidine,![7!
LiCl/1,3-dimethyl-2-imidazolidinone, 8!
dimethylsufoxide/paraformaldehyde,[®]
N-methylmorpholine-N-oxide,[19  molten
salt hydrates such as LiClO,-3H,0 and
LiSCN-2H,0O,!!!l and some aqueous so-
lutions containing metal complexes.[!?]
However, these solvents have some limita-
tions such as volatility, toxicity, recovery
problems, or instability. Among the sol-
vents mentioned above, none are currently
used to produce sugar monomers from
cellulose on an industrial scale, although
N-methylmorpholine-N-oxide and water is
used to manufacture regenerated cellulose
fibers and films.!!3] Nevertheless, the use
of the N-methylmorpholine-N-oxide/water
system is associated with some problems,
such as the high temperatures required to
dissolve and degrade the cellulose leading
to solvent decomposition and high operat-
ing costs. A promising alternative to the
solvent systems mentioned above compris-
es the use of aqueous solutions of NaOH/
urea, NaOH/thiourea and LiOH/urea that
dissolve cellulose at relatively low tem-
peratures.l'4] Another promising approach
is based on an inexpensive y-valerolactone/
water/H, SO, system that dissolves bio-
mass, including the lignin fraction.l!5]
Interestingly, y-valerolactone can be ob-
tained by the catalytic hydrogenation of
levulinic acid which itself is accessible
from the hydrolysis of lignocellulosic bio-

mass,[!0] making this system particularly
attractive. Supercritical CO, may also be
used for biomass hydrolysis.[!7]

In addition to the solvent systems de-
scribed above, the pretreatment of biomass
using ionic liquids shows considerable po-
tential, due to their efficiency in breaking
down biomass and their comparatively
benign nature (see Fig. 2). Ionic liquids
are often referred to as green solvents, es-
sentially as they are non-volatile and there-
fore can be easily contained and reused.[!8!
Ionic liquids are also endowed with unique
properties, able to dissolve and activate
substrates in various transformations,!!8bl
potentially overcoming some technologi-
cal barriers which allow renewable re-
sources or waste materials to be used more
efficiently.[!91 Moreover, ionic liquids may
be derived from lignocellulosic materi-
als themselves(20! and ionic liquids can be
functionalized/tuned in a rational way to
improve their properties for a specific ap-
plication.[21]

The first report describing the dissolu-
tion of cellulose in an ionic liquid dates
back to a US patent filed in 1934.1221 The
ionic liquid disclosed in the patent, i.e.
[N-ethylpyridinium]Cl, operates in the
presence of organic bases. However, this
system has a relatively high melting point
and, at that time, was considered to be of
little practical value.[231 In 2002 Rogers and
coworkers showed that cellulose could be
dissolved in 1-butyl-3-ethylimidazolium
chloride, [bmim]Cl, in concentrations up
to 25 wt%.[24 These results led to a re-
nascence in the field, opening up viable
ways to process cellulose and initiating
extensive research in the area. The abil-
ity of ionic liquids to dissolve cellulose
depends on the nature of the native cel-
lulose (its degree of polymerization and
its crystallinity), on the operating condi-
tions (temperature, reaction time, initial
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Fig. 2. Examples of ionic liquid cations and anions that have been evaluated in biomass

processing.

concentration of cellulose in the ionic lig-
uid, activation with microwaves, efc.), the
presence of impurities,[23 and of course, on
the nature of the ionic liquid. It has been
shown that the extensive hydrogen bond-
ing in the cellulose structure is effectively
disrupted by the [bmim]Cl ionic liquid,
with the formation of hydrogen bonds be-
tween the chloride anion of the ionic liquid
and the hydroxyl groups of the polysaccha-
rides, with further H-bonding interactions
involving the acidic protons of the imidaz-
olium cation.26! Furthermore, ion dipole-
type interactions between cation and anion
of the ionic liquid stabilize the disrupted
chains, impeding re-crystallization of the
biopolymer.[?7! It has also been shown that
lignin dissolves in some ionic liquids.[8!
Since many catalysts also dissolve/dis-
perse in ionic liquids/ 82291 the ability to
dissolve both cellulose and lignin opens
up many options for their transformation
into platform chemicals, some of which are
described below.

Mechanistic studies indicate that the
nature of the ionic liquid anion is critical,
contributing to the formation of H-bonds
as mentioned above for the chloride an-
ion, but extending to other anions such
as [OAc] and [HCO,]- which have a
good H-bond basicity,[?5] whereas weak-
ly basic anions such as [N(CN),]” and
[CH,CHOHCO,]" are less effective for cel-
lulose dissolution. 3% Tonic liquids contain-
ing non-coordinating anions such as [BF,]-
and [PF ]~ are also unable to efficiently dis-
solve cellulose.311 As the size of the anion
in an ionic liquid increases, its ability to
form H-bonds tends to decrease, which re-
duces the ability of the ionic liquid to dis-
solve cellulose.! Based on the influence
of anion to dissolve cellulose as a func-
tion of the H-bond basicity and multiple
(secondary) hydrogen donating profiles,
which combined lead to the disruption of
inter- and intra-molecular H-bonds in cel-
lulose, the following sequence has been
proposed for cellulose solubility: [OAc]
> [HSCH,CO,]- > [HCO,] > [(CH),)
CO,]"> [H,NCH,CO,] > [HOCH,CO,] >
[CH,CHOHCO, ] > [N(CN),].[28:300.31]

Although the role of the ionic liquid an-
ion is dominant, the nature of the cation is
also influential and the size and functional
groups attached to the cation play a signifi-
cant role on the solubility of cellulose.[32!
Various cations have been evaluated for
their ability to enhance the dispersion and
dissolution of lignocellulosic biomass in-
cluding choline, imidazolium, pyrrolidini-
um, pyridinium, ammonium and phospho-
nium cations (see Fig. 2).2>-33] In general,
planar, heterocyclic cations such as the pyr-
idinium and imidazolium cations are most
efficient at deconstructing cellulose, 32033
presumably as they can insert into the bio-
polymer structure and form H-bonds. The
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inclusion of specific functionalities, cova-
lently bound to the cation, further promote
the solvation of cellulose with allyl,34]
-CN,B51 -OH,33¢1 -SO,H3¢! groups all hav-
ing beneficial effects While many differ-
ent substituents/functional groups can be
envisaged that may enhance the dissolu-
tion of biomass it has been shown that, in
the case of cellulose and in the absence of
overriding electronic effects, smaller side
chains are optimum.[322.37]

Cellulose Transformations into
Furans

A wide range of chemical approaches
can be considered for valorizing cellulose
and lignocellulose as raw materials for
the production of chemicals that comple-
ment or compete with biotransformations.
In the presence of suitable catalysts, such
as transition metal nanoparticles, biomass
may be transformed in aqueous solutions
in the presence of hydrogen and/or other
additives into a number of valuable small
molecules.[38] In this context, the conver-
sion of various cellulosic derivatives to
5-hydroxymethylfurfural (HMF), one of
the principal pathways defined in the field
(as HMF may subsequently be transformed
into other compounds), has been exten-
sively studied in ionic liquids (Fig. 3).[32.39

Imidazolium chloride ionic liquids
combined with transition metal catalysts
have an exceptionally high capacity for
efficient production of HMF via hydro-
lysis of polysaccharides into monosac-
charides and dehydration of the latter.[40]
Different mechanistic routes have been
proposed for the transformation of glucose
to fructose,3a3%l although all essentially
involve two main steps, first ring opening
and, second, proton transfer between Cl
and C2 (Scheme 1). From fructose there
are two possible pathways relating to HMF
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Fig. 3. Stepwise transformation of cellulose into HMF (the entire process can be achieved in a

single step in ionic liquids).

formation, involving either the dehydra-
tion of fructose by an open-chain pathway
via two 1,2-eliminations and one 1,4-elim-
ination of water or a pathway involving a
cyclic fructofuranosyl intermediate.!41]
The highest yields are obtained using
chromium(ir) chloride as the pre-catalyst(3al
in 1-ethyl-3-methylimidazolium chloride,
[emim]Cl.[*21 We have shown, in recent
years, that carefully designed ionic lig-
uids can facilitate catalyzed reactions due
to the formation of specific interactions
between the substrate, intermediate, and
products. For example, nitroarenes,!*3! aryl
halides 4! and phenolic[*5] compounds can
be activated by the formation of H-bonds
with appropriate substituents on the ionic
liquid cation. The strength of the interac-
tions between the cations and anions in
the ionic liquid are also critical — ideally
they should form preferential interaction
with the substrate rather than each other.
Moreover, functional groups attached to
an ionic liquid cation may also stabilize
a catalyst leading to improved overall
performance.*®! Consequently, we have
applied these concepts to the conversion
of carbohydrates into HMF to show that
hydroxyl-functionalized and hydroxyl-
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Scheme 1. Reaction pathways for dehydration of glucose into fructose followed by HMF forma-
tion through an open-chain pathway“'¥ and a pathway involving a cyclic fructofuranosyl interme-

diate.l“1el

phenyl-functionalized imidazolium-based
ionic liquids (Fig. 4) result in considerably
higher yields of HMF compared to simple
imidazolium chloride systems.[47]

Based on spectroscopic and computa-
tional studies we have tentatively inferred
that the hydroxyl group on the cation forms
a strong hydrogen bond with the OH group
of glucose, thereby weakening and activat-
ing the C-O bond, which lowers the activa-
tion energy of the reaction. The role of the
phenyl ring in the [C,OHC Phim]ClI ionic
liquid appears to be to promote the dehy-
dration process via repulsive hydrophobic
interactions between the atoms of the aro-
matic ring to the chromium(ir) ion. Such
an interaction is highly reversible, but sta-
bilizes the active catalytic species, prevent-
ing deactivation and/or further interactions
of the catalyst with HMF that lead to the
formation of humins.

Further catalytic upgrading of HMF
is required to afford a range of platform
chemicals (Fig. 5). HMF is a highly versa-
tile platform chemical used to produce in
excess of 175 valuable bio-based derived
products,81 including solvents and fuels,
e.g. gamma-valerolactone and 2,5-dimeth-
ylfuran, or used to generate biopolymers
from monomers including succinic acid
and 2,5-furandicarboxylic acid (Fig. 5).
In this context ionic liquids, along with
other solvents, represent attractive reac-
tion media for hydrogenolysis[33¢491 or oxi-
dation9 steps used in the transformation
of HMF. HMF can be also used to obtain
hydrocarbons by aldol condensation reac-
tions and used in the synthesis of alkoxy-
methyl furfural derivatives.b!

Conclusions

For ionic liquids to be considered as
viable reaction media it is imperative that
reactions conducted in them are superior
to their counterparts conducted in water
or organic solvents.[5!l Within the context
of a biorefinery certain steps could indeed
benefit from the application of ionic lig-
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A

Fig. 4. lonic liquids used for enhanced HMF
production, i.e. [C,OHmIm]|CI, [C,OHC,Phim]
Cl and computed structures: (top) the
[Cr(C,OHmMIM)CI,][C,OHmim] adduct, (center)
the [Cr(C,OHmMIim)CI,J[C,OHmim] adduct, (bot-
tom) the [Cr(C,OHmMIm)CI,][C,OHmim]-toluene
adduct. The arene ring in [C,OHC,Phim|ClI
stabilizes the catalyst at low substrate concen-
trations.”

uids. Ionic liquids not only facilitate recy-
cling and reuse of catalysts and allow fac-
ile product extraction, but they may also
enhance the product yield and reduce the
operating costs. The design of ionic liquids
with specific functionalities that have ide-
alized physico-chemical properties for the
dissolution and activation of cellulose has
recently been demonstrated resulting in a
process that appears to be advantageous
over other routes.[!9
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