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Abstract

The pretreatment is a key step in the processing of lignocellulosic biomass for its transformation into chemicals
and materials of biorenewable origin. lonic liquids, with their characteristic set of unique properties, have the
potential to be the basis of novel pretreatment processes with higher effectiveness and improved sustainability
as compared to the current state-of-the-art processes. In this opinion paper, the author provides a perspective
on possible processing strategies for this pretreatment with ionic liquids, identifying different advantages as well
as challenges to be overcome.
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Introduction

More than thirty years after the formal coinage of the term “sustainable development” [1], a tendency in the
industry to shift to more sustainable processes is consolidated in the frame of the continuous improvement
wheel. In 2015, the United Nations established a 2030 Agenda for Sustainable Development, including a set
of sustainable development goals [2]. Although some of those goals are more specifically related to economic
growth and industrial development, a strong interconnection exists among them, and their satisfactory
achievement will be conditioned, for instance, by the further development of industrial processes leading to
lower pollution and lower environmental impact. At present, however, a very relevant portion of plants and
processes in the chemical industry and energy sector are still based on the utilization of fossil fuels or derived
substances as feedstocks, with the subsequent generation of significant environmental issues and the non-
sustainable depletion of natural resources. In the new context of sustainability and circular economy that
impregnates the above-mentioned Agenda, there is a need for a decided switch to a new industrial platform to
produce chemicals (including fuels) and materials, based on the utilization of renewable sources. The high
volume of industrial production, which is expected to keep growing due to the gradual improvement of the life
quality standards of our societies, poses a significant challenge on identifying the raw materials to feed such
platform in a sustained fashion. An appealing candidate is lignocellulosic biomass, which is produced
biorenewably by Nature at a sufficient pace as to cover the human demand of industrial production [3].
In addition, it exhibits other advantageous attributes: it presents a more homogeneous geodistribution than the
fossil resources that sustain most of the global productive scheme nowadays; and, in contrast to other
biorenewable sources, it avoids competition or direct interaction with the food market [4].

Although humankind has used lignocellulosic biomass in a variety of forms since prehistorical times, it was not
until the identification of cellulose in the 19 century that its intrinsic chemical richness started to be unveiled.
The three major components of lignocelluloses are the three biopolymers that mainly compose the complex non-
uniform 3D structure of their cell walls: cellulose, hemicellulose, and lignin. Cellulose is a linear polysaccharide
consisting solely of glucose monomers, with a strong network of intra- and intermolecular hydrogen bonds;
hemicellulose is an amorphous, branched polymer involving C5 (xylose, arabinose) and C6 (glucose, mannose,
galactose) sugar monomers (all of which can be highly substituted by acetyl groups); and lignin is a highly
branched polymer biosynthesized from up to three aromatic monomers (coniferyl, sinapyl, and p-coumaryl
alcohols) [3,5,6]. While the relative composition of cellulose, hemicellulose, and lignin in the cell wall of a plant
is a function of the species, tissue, and maturity, lignocellulosic biomass can be generally claimed to contain
25-50 % cellulose, 15-35 % hemicellulose, and 10-35 % lignin [6]. The remaining fraction is made up of proteins,
oils, and other organic and inorganic compounds, traditionally denoted as extractives and ashes. With all this
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chemical richness and versatility, it is clear that lignocellulosic biomass has great potential as the feedstock
of reference for a biorenewable chemical platform for the industrial production of a wide portfolio of chemicals
and materials. This is the basis of the concept of biorefinery [7]. However, the industrial exploitation
of lignocellulosic biomass as a resource in the chemical sector has focused historically on just one of the
biopolymers, namely cellulose; thus, neglecting the potential of hemicellulose and lignin to contribute to the
biorefinery paradigm. It is widely accepted at present that the development of viable biorefinery schemes should
consider an integral valorization of the three biopolymers [4,8,9]. Thus, alternative technologies are needed for
a better valorization not just of cellulose but also of hemicellulose and lignin.

The efficient exploitation of lignocellulosic biomass is typically hampered by its recalcitrant character, which can
be seen as the result of a natural evolution to resist degradation. This recalcitrance makes difficult the access
or the disengagement of the constituent biopolymers for their suitable transformation in subsequent process
stages. The recalcitrance of lignocelluloses stems mainly from the crystallinity of cellulose, the hydrophobicity
of lignin, and the encapsulation of cellulose by a lignin-hemicellulose matrix [10]. To benefit from all the
chemistry naturally embedded in its constituent biopolymers, the accessibility to these compounds within the
lignocellulosic matrix must be improved. To assist in this accessibility improvement, the lignocellulosic feedstock
is typically subjected to a pretreatment step. This is often a key step that pursues modification of the
lignocellulosic structure and alteration of the pore size [11,12]. A variety of pretreatment methods have been
developed for the processing of lignocellulosic biomass [6,13,14]: mechanical comminution, dilute acid
hydrolysis, alkaline hydrolysis, steam explosion, ammonia fiber explosion, organosolv pretreatment, biological
pretreatment... Despite this variety, the developed pretreatment methods present a number of drawbacks and
are still far from leading to a satisfactory performance, with poorly sustainable conditions being typically involved
(resulting in operational difficulties and important pollution emissions [15], as well as undesired degradation of
the biopolymers), and accounting for a relevant cost within the overall processing chain [14]. There is therefore
a clear need for the development of better pretreatment methods.

lonic liquids — Can they help?

In the development of a sustainable biorefinery, the chemical products used or generated should be as
environmentally friendly as possible, avoiding harmful substances. Additionally, the processes to be developed
within this paradigm should maximize the transformation of the renewable raw materials into the desired final
products [16,17]. In this line, with their unique characteristics and a versatile capacity for the dissolution
of lignocelluloses, ionic liquids have the potential to offer attractive alternatives as auxiliary substances within
the lignocellulosic biorefinery endeavor, as commented below. lonic liquids are salts with a relatively low melting
or glass transition temperature (usually a mark of 100 °C is considered) [18]. Due to their ionic nature, ionic
liquids have a negligible vapor pressure under usual operation conditions of most industrial processes. Thus, as
opposed to conventional molecular solvents, their use would generally avoid solvent losses by evaporation (with
the subsequent atmospheric pollution) and the generation of flammable atmospheres in the process plant.
Although it is difficult to generalize other properties for the entire family of salts that meet the ionic liquid
definition, many of them also exhibit a wide liquid range, with the upper limit determined by an acceptably good
thermal stability, and a great solvation ability for a broad range of compounds. These unique characteristics have
led to a prolific academic research on ionic liquids since the late 1990s, and to a great interest from the industry,
resulting so far in a number of applications in diverse fields that have already reached pilot plant or full
commercialization status [19].

One of the areas in which ionic liquids are showing great promise is in the processing of lignocellulosic biomass.
The seminal work in this area, dating from 2002, reported the discovery of the capacity of some ionic liquids to
dissolve cellulose without derivatization, in high concentrations and at relatively mild conditions [20]. In the
following years, reports also appeared on the dissolution of lignin and partial or total dissolution of diverse
lignocellulosic materials, including woody biomass, in ionic liquids under similarly mild conditions. Since then,
the number of researchers attracted by the intersection of lignocelluloses and ionic liquids has kept growing, as
well as the knowledge of the science behind the observed dissolution capacities. Broadly, ionic liquids that can
dissolve cellulose are also capable of dissolving lignocelluloses; whereas there are other ionic liquids that are
able to dissolve lignin but not cellulose [21-23].Hemicellulose is, in general, more easily dissolved in conventional
solvents than either cellulose or lignin, and thus no emphasis has been put on finding ionic liquids that can
selectively dissolve hemicellulose [23].
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This versatility of ionic liquids in dissolving numerous lignocellulosic materials, as well as their individual
constitutive biopolymers in different extents, enables the envisioning of diverse strategies of pretreatment for
the fractionation of these biopolymers and their subsequent exploitation within biorefinery schemes, as
discussed in the next sections. Thanks to the mildness of the conditions and some of the inherent characteristics
of ionic liquids, these novel approaches have great potential to lead to advantageous performances with respect
to conventional methods.

Dissolution-based strategies for the fractionation of lighocellulosic biomass with ionic liguids

Some ionic liquids have proven their capacity to dissolve completely lignocellulosic materials, including woody
biomass [5,24], under certain conditions. In such capacity, the chemical structures of both the cation and the
anion constituting the ionic liquid are relevant. Whereas there is a good consensus about the need of the anion
to have a high hydrogen bond basicity [5,6] (anions such as acetate, chloride, hydrogensulfate...), the required
structural features for the cation remain more unclear (even though it is evident that, for a given anion, some
of them work and some do not). Additionally, operating parameters such as temperature, biomass nature,
particle size, solute-to-solvent load, etc. have a strong influence in this dissolution capacity [6,25]. In any case,
these lignocellulose-dissolving ionic liquids enable an approach consisting of the integral dissolution of the
biomass, followed by stages for the fractionation of the dissolved biopolymeric fractions, looking for the (total
or partial) separation of the constitutive biopolymers. This approach isillustrated in Fig. 1. Due to the non-volatile
character of both the ionic liquids and the solutes dissolved, the regeneration of the lignocellulosic fractions from
theionic liquid is not viable through unit operations based on vaporization of compounds. Liquid-liquid extraction
with an organic solvent could be in principle an option, but the difficulty of finding such extraction solvent with
greater preference for the dissolved fractions than the biomass-dissolving ionic liquid discourages this option.
A more plausible strategy is the regeneration of the biopolymeric fractions by addition of (molecular) solvents
miscible with the ionic liquid and acting as antisolvents for the dissolved material, thus precipitating it out of the
solution [5,25,26]. The design of an adequate precipitation scheme with the appropriate set of antisolvents will
lead to a total or partial fractionation of the biopolymers [24,25,27], depending on the ability of the ionic liquid
to actually disengage the different biopolymers in the lignocellulosic matrix upon dissolution. In Fig. 1, one such
generic precipitation scheme is presented. After removal of the biopolymeric precipitates via a unit operation
for solid-liquid separation (e.g., filtration), the antisolvent has to be separated from its mixture with the ionic
liquid, for recycling of all components in the process. For this separation, operation units based on the creation
of a vapor phase (e.g., flash distillation or evaporation) will be normally considered. Consequently, antisolvents
of intermediate volatility will be desirable, thus balancing two aspects: the energy required for their removal by
vaporization from the mixture with the non-volatile ionic liquid for recycling of these substances to the process;
and the safety and environmental risks associated with a too volatile compound. Additionally, the proposed
antisolvent should exhibit acceptably good green credentials so that the general sustainable character of the
proposed process would not be compromised.

While the structures of lignin and hemicellulose remain essentially unaltered after treatment with the approach
described in Fig. 1 [28], the crystallinity of cellulose in the regenerated lignocellulosic biomass fractions is lower
than in the untreated material. The crystalline structure of cellulose changes from the recalcitrant native
structure ‘Cellulose I’ to the structure ‘Cellulose II’ with improved processability, and there is a loss in fibrillar
ordering that results in a higher amorphous component [5]. This is an aspect of great interest for a better
utilization of the obtained cellulose as a precursor of e.g., derived polymers or biofuels, since the amorphous
cellulose will be more accessible to chemical and enzymatic methods for its transformation.

A second approach, as an alternative to the solubilization of the entire lignocellulosic material, is based on the
chemical disruption of the lignocellulose ‘composite’ without achieving total dissolution in the ionic liquid [5].
For example, a selective (partial) extraction of lignin from the lignocellulosic matrix can be performed with some
ionic liquids able to dissolve lignin but not cellulose [5,23]. An integral scheme based on this approach is shown
in Fig. 2. Since cellulose will not undergo actual dissolution, its recalcitrant crystalline character will be essentially
preserved (as in most common pretreatment methods to date), as opposed to what has been commented in the
paragraph above. Therefore, this approach may be more attractive in those cases in which preservation of the
crystallinity is of interest and cellulose constitutes one of the final products of the biorefinery. Additionally, the
set of ionic liquids that can be used in this approach is less restricted than the set of ionic liquids with the capacity
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to integrally dissolve lignocellulosic materials [21], providing a greater degree of flexibility in the ionic liquid
selection. For example, ionic liquids comprising sulfonate- or sulfate-based anions may be considered (although
care must be taken with ionic liquids generating less basic or even acidic environments, as a greater conversion
of hemicellulose to humins and other degradation products may occur) [5]. Nevertheless, the use of molecular
solvents is also necessary for the regeneration of the dissolved biopolymer fractions from the ionic liquid solution
in this alternative approach.
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Fig. 1. Idealized scheme of the integral dissolution approach for the fractionation of lignocellulosic biomass, considering one
of the many possible strategies for selective precipitation of the dissolved biopolymer fractions by addition of antisolvents.
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Fig. 2. Idealized scheme of a strategy based on the partial dissolution approach for the fractionation of lignocellulosic
biomass. In this case, simultaneous extraction of hemicellulose and lignin from the lignocellulosic matrix is considered,
although alternative strategies are possible.
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Besides the use of neat ionic liquids for the total or partial dissolution of the lignocellulosic materials, in either
of the approaches the utilization of solvent systems combining ionic liquids with molecular solvents (e.g. water,
acetone, aprotic polar solvents such as dimethylsulfoxide, etc.) has also been tested for a variety of biorefinery
targets [22,23]. These combinations, except in the case of water, can be considered to lie within what is termed
‘organic electrolyte solutions’. These solutions may offer some advantages, such as the lowering of the viscosity
of the dissolution medium (which is one of the major drawbacks when using pure ionic liquids — see next section),
or the possibility of utilizing ionic liquids or organic salts with a too high melting temperature as to be used
in neat. On the other hand, the presence of the molecular cosolvent will imply the complications already
commented for the antisolvents. Moreover, it must be considered that the special dissolution capacity of ionic
liquids will be a sensitive function of the concentration, and the equilibrium between this dissolution capacity
and a suitable set of fluid attributes for the organic electrolyte solution will be delicate.

Process-related problems and some potential ways of overcoming them

For ionic liquids to actually contribute to the fulfilment of the biorefinery paradigm through any of the process
variants investigated, there are still important challenges to be addressed [5,14,22,29]. A first group refers to the
nature of the ionic liquids themselves and will be discussed in a separate section. The second group includes
challenges connected with different aspects of the processing. For example, the efficient recycling of the ionic
liquid has been identified, by means of technoeconomic analyses, as one of the most critical aspects [30-32],
even with projected ionic liquid costs corresponding to their scaled-up production. One of the necessary goals
to succeed in this regard is the effective removal of any remaining biomass fractions from the ionic liquid after
the antisolvents addition, to avoid the build-up of unwanted pretreatment byproducts that can decrease
performance [14,33]. The cellulose-rich fractions will probably not pose a major problem, as they will be
precipitated out of the solution in a reasonably easy manner; at least if an adequate engineering approach is
adopted (for example, addition of the antisolvent under gentle stirring conditions) so that potential problems
of gelation are avoided. However, the precipitation of hemicellulose and lignin may be more complicated, as
these biopolymers have a greater tendency to non-negligible solubilities in the mixtures of ionic liquids and
antisolvents. Although the fate of hemicellulose in the precipitation step of ionic liquid based pretreatments has
received less attention than that of cellulose and lignin in the literature to date, it is clear at least for lignin that
total precipitation (including small polymeric fragments) is likely to require excessively large amounts
of antisolvent [34,35]. Subsequently, the recycling of the ionic liquid by vaporization of those amounts
of antisolvent would require a prohibiting energy input. Two possible alternatives to overcome this issue are
schematized in Fig. 3. A first alternative would be to remove those hard-to-precipitate fragments of biopolymer
by liquid-liquid extraction with a suitable solvent (immiscible with the ionic liquid) [36]. This strategy will only
make sense if a solvent is found with the capacity for effectively extracting the biopolymeric fractions from the
ionic liquid medium at low solvent-to-ionic liquid ratios, as the regeneration of those fractions would be
eventually done by vaporization of the extracting solvent. A second alternative may consist of the in-situ
transformation (depolymerization) of the biopolymer fractions in the ionic liquid medium [34], and then
recovering the generated (volatile?) products either by solvent extraction or by a vaporization technique (the
latter is illustrated in Fig. 3).

The scheme proposed in Figure 3b represents a step towards process intensification. Depending on the profile
of the final products that constitute the target of the specific biorefinery effort, process intensification can be
pushed well further, resulting in the reduction or avoidance of antisolvents and energy involved in the
precipitation scheme of the biopolymer fractions from the initial pretreatment step. An example of process
intensification is the one-pot integration of the stages of pretreatment, saccharification and fermentation for the
production of biofuels [31,32]. In this case, the use of ionic liquids showing compatibility with the biocatalyst(s)
used for the saccharification and fermentation will be a requirement.

Besides avoiding the build-up of biomass-derived substances in the ionic liquid, another key aspect for its
efficient recycling (and for the economy of the entire process) is the energy required for its separation from the
antisolvents after recovery of the biopolymer fractions. Obviously, this will be a function of the amount
of antisolvent needed to cause the precipitation of the solutes. However, little emphasis has been put in the
literature on the quantification of the minimum antisolvent to be added [26], despite its critical role in the
conception and design of a process to be scaled up for application at an industrial level. As the proposed
pretreatments progress towards commercialization, a focus on this quantification is gaining relevance [34,35].
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The nature of the antisolvents is also relevant: in addition to the adequate balance in volatility that was already
commented in the previous section, they should preferably have low/moderate specific heat and heat
of vaporization, thus reducing the required energy input during the vaporization stage for the recycling. The
latter is probably the Achilles heel of the use of water as antisolvent. To date, water has been the most common
choice for this role in the literature, and indeed its ‘intrinsic’ green credentials are unbeatable. However, its high
specific and vaporization heats, and a relatively high boiling temperature, imply a presumably excessive energy
penalty for its elimination by vaporization at the stage of recovering the ionic liquid.
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Fig. 3. Alternatives to the antisolvent strategy for the recovery of hard-to-precipitate biopolymer fractions from the ionic
liquid medium: a) liquid-liquid extraction with an extracting solvent; b) in-situ transformation of the biopolymer(s) in the
ionic liquid medium, with subsequent removal of the generated products.

Alternatives to the use of water or conventional organic solvents in their role as antisolvents may be of interest.
The extraction with supercritical fluids, particularly CO2, was considered in general for the recovery of non-
volatile solutes from ionic liquid solutions [37], and it could be potentially interesting for the extraction of the
soluble biopolymeric fractions resulting from the pretreatment of lignocellulose feedstocks. However, this
technology implies high investment and operation costs, and it may render the biorefinery effort non-viable from
an economic perspective. A second possibility using CO2 as antisolvent, at lower pressures, can be of application
in the case of ionic liquids that react with this gas to yield a solid, as it is the case for example of the archetypal
biomass-dissolving ionic liquid 1-ethyl-3-methylimidazolium acetate [38]. The economically viable reconstitution
of the neat ionic liquid is still in question, and more work is required for further development of this approach.

Viscosity is another issue that can impose important limitations in processes based on ionic liquids for the
pretreatment of lignocellulosic materials. Although ionic liquids often exhibit an appealing set of properties for
their use as solvents in potentially sustainable processes [18,39], one of their most recurrent drawbacks is their
relatively high viscosity, as compared to conventional molecular solvents. This viscosity is additionally increased
upon the dissolution of (ligno)cellulosic solutes, generating relevant kinetic restrictions in the process [40]. The
use of a molecular solvent as cosolvent of the ionic liquid in this kind of processes, assuming that it does not
reduce significantly the dissolution capacity of the ionic liquid, would facilitate the mass transfer phenomena in
the process as a result of the diminution of the viscosity [39]. Such viscosity decrease of the fluid medium would
also be beneficial for the process from an engineering perspective. Moreover, the use of a cosolvent together
with the ionic liquid may be a tool for the modulated control, by variation of the relative composition of ionic
liquid and cosolvent, of the solubility capacity of the resulting solvent fluid, with potential application in the
fractionated precipitation of the dissolved biopolymeric fractions [34,41]. This is illustrated in Fig. 4, where it can
be observed that the cosolvent becomes the antisolvent as its concentration in the fluid medium is increased.
This strategy would yield in parallel the benefit of simplifying the process in the sense that it would reduce the
number of auxiliary substances involved in the process, thanks to the adoption of one single substance as
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cosolvent and as fractionation antisolvent. An extra point in the utilization of this single cosolvent/antisolvent
would be that the requirement of elimination of antisolvent from its mixture with the ionic liquid would be only
partial, avoiding a very important percentage of the energy that would be actually required to regenerate the
ionic liquid in a pure condition [42].

The implementation of improvements in the efforts to address the above-mentioned problems will help to make
the pretreatment with ionic liquids viable at an industrial scale. Nevertheless, the core problem to achieve an
appropriate valorization of the lignocellulosic feedstock in an integral manner with the proposed technology lies
in the development of ionic liquid-based fluids capable of a cleaner fractionation of the constitutive biopolymers.
The schemes in Figures 1-4 have assumed perfect separation of all three major biopolymers, but the current
results have not reached that point. Moreover, the particle sizes that have been explored in most of the research
to date are clearly smaller than the common particle sizes in current pretreatment processes with other
technologies. If the ionic liquid technology is able to get a clean fractionation, maybe a smaller particle size than
the one used in other technologies can be accepted. However, this has to be sufficiently balanced as to avoid an
excessive cost of the reduction of the particle size of the biomass feedstock, which would render the entire
process non-viable from an economic point of view.
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Fig. 4. Proposed use of a single substance as a cosolvent of the ionic liquid in the pretreatment step (for lowering of the
viscosity) and as an antisolvent for fractionation of the dissolved biopolymeric fractions. (Legend: IL, ionic liquid; MS,
molecular solvent; wys, mass fraction of molecular solvent in the IL+MS mixture.)

Expanding the processing options: a non-dissolution approach

The research efforts made so far on the pretreatment of lignocellulosic biomass with ionic liquids have been
based mostly on the partial or total dissolution of the biomass in the ionic liquid. Due to the non-volatile nature
of both the ionic liquid and the biopolymeric constituents of the biomass, this implies the use of antisolvents and
problems of efficient recycling of the ionic liquid, as already commented. To avoid these problems, an alternative
pretreatment scheme based on non-dissolving conditions may be envisioned (Fig. 5), depending on the
objectives of the specific biorefinery context. Some ionic liquids show no capacity to dissolve (ligno)cellulosic
materials but are however capable of interacting with them in the solid phase (without carrying out dissolution).
The result of such interaction may be for example a reduction in crystallinity of the cellulose fraction, which will
facilitate the reaction and transformation of this biopolymer in subsequent stages [43,44]. After that, the other
biopolymers originally composing the lignocellulosic matrix will be likely more accessible. Importantly, due to
the non-dissolving character of this approach, the use of antisolvents to precipitate dissolved fractions is not
necessary in principle, and the separation of the pretreated biomass and the ionic liquid can be achieved by
simple filtration. (Losses of ionic liquid impregnating the filtered solid, that will have to be washed out, can be
anticipated though.)

The choice of ionic liquid for the non-dissolving pretreatment of Fig. 5 does not necessarily exclude those ionic
liquids known to have the capacity to dissolve lignocellulosic materials. Such dissolution capacity may be
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hampered at certain conditions, for example at low temperature (which would be interesting from the
perspective of reduction of energy consumption during the pretreatment step, while also reducing the risk of
undesired thermal degradation of substances in the system). Alternatively, this dissolution capacity might be also
neutralized by addition of a cosolvent, while keeping the ability of the resulting fluid system to generate
a sufficient interaction with the lignocellulosic matrix as to lead to an effective pretreatment in accordance with
the scheme of Fig. 5.

Lignocellulosic
biomass ’
lonic liquid .

Fig. 5. Non-dissolving approach for the pretreatment of lignocellulosic biomass with ionic liquid.

Pretreated biomass
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Non-dissolving Solid-liquid
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A focus on the general characteristics of ionic liquids themselves

In parallel to the search of ionic liquids with better pretreatment performance in terms of dissolution,
deconstruction, fractionation or related target, attention has to be paid to the intrinsic characteristics of those
ionic liquids. Aspects such as cost, toxicity, biodegradability, or issues on thermal and chemical stability in the
long term are matters of particular concern.

lonic liquids are, in general, the most expensive solvents currently explored for the dissolution of lignocellulosic
biomass [5,6]. Although the current commercial prices will not be representative due to the limited size of their
mostly research-oriented production, the price of ionic liquids produced on a large scale will be conditioned
largely by the cost of the cation and anion price [45]. With this in mind, ionic liquids with estimated costs as low
as ca. $1/kg have been produced by protonation of cheap organic amines with standard organic or mineral acids,
and applied successfully to the pretreatment of lignocelluloses [32,46]. Our experience with protic ionic liquids,
nonetheless, invites to think of the existence of a non-negligible equilibrium between the ionized and neutral
forms in the presence of some water (which can easily accompany the biomass up to a certain percentage). Thus,
further research shedding some specific light on this aspect for those ionic liquids would be welcome, to
guarantee that problems associated with strong acids and bases in some conventional pretreatment methods
do not arise in here, too. Combined with the same cheap anions (e.g., chloride, acetate), some popular families
of permanent cations such as tetraalkylammoniums or tetraalkylphosphoniums may lead to aprotic ionic liquids
with affordable cost for industrial application as well. All in all, ‘sufficiently low price’ only acquires a meaning in
the context of a given performance in the frame of an overall process; and it will be the corresponding economic
viability study of the entire process what will dictate whether the cost of the ionic liquid is acceptable or not.

Ideally, the ionic liquids of choice should exhibit low or negligible toxicity and full biodegradability, potentially
imposing a significant challenge when combining it with the list of other desired characteristics, and without
compromising high performance for the intended application of pretreatment of lignocelluloses. Toxicity and
biodegradability in the family of ionic liquids are tremendously diverse, and although some connection of these
parameters with structural features of the ionic liquids have been identified, a full understanding remains elusive
[47,48]. Nevertheless, it is generally acknowledged that the use of molecules from bio-renewable sources as
anionic and/or cationic precursors is one of the most promising strategies to generate biocompatible ionic liquids
[49]. Amino acids, non-nutritive sweeteners, glucose, carboxylic acids... could be the raw materials of choice in
the ideal manufacturing of (both the cation and the anion of) bio-based ionic liquids [49]. In this line, and for the
pretreatment of lignocellulosic biomass, an interesting effort has been made by developing ionic liquids with
constitutive ions originating from the biomass itself [50]. Unfortunately, the associated synthetic steps involved
materials and procedures with low sustainability character. The concept, though, remains certainly valid, and
further research in that direction might lead to appealing results. In any case, the biocompatibility of the
pretreatment fluid will be critical in those cases of process intensification where the pretreatment stage is
combined with biocatalyzed stages such as saccharification or fermentation [32].
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Chemical and thermal stability are also relevant in the selection of an ionic liquid for its utilization in a process
for the pretreatment of lignocellulosic biomass. Within those ionic liquids typically investigated for such
application, a paradigmatic source of undesired chemical reactivity with lignocellulosic biopolymers is
represented by the acidic proton at the C2 position of 1,3-dialkylimidazolium cations paired with sufficiently basic
anions [51,52]. A possible option to keep utilizing this kind of ionic liquids while avoiding the undesired reaction
might be the pretreatment at lower temperatures, where the corresponding kinetics will not be favored. This
will be obviously at the risk of rendering the biomass pretreatment less effective, or even ineffective. The
suggested reduction of the processing temperature may be also motivated by a thermal degradation issue.
Although the onset decomposition temperature from a dynamic run in a thermogravimetric analysis constitutes
an overestimation of the real maximum temperature at which the ionic liquid can be operated, it is still taken
frequently as the reference for evaluating the temperature limit of usage of the ionic liquid. For short
pretreatment times, a more conservative evaluation of the onset decomposition temperature from the same
dynamic thermogram (for example calculating such onset for a small decomposition percentage of the ionic
liquid sample) might be fine [41]. However, and particularly for longer pretreatment stages at elevated
temperature, a safer estimation of the maximum operation temperature will be obtained from isothermal
thermogravimetric analyses. The latter are still barely reported in the literature, despite their capital importance
in guaranteeing the thermal stability of the ionic liquid in the mid/long-term. Studies of this kind, available for
some ionic liquids proposed for the pretreatment of (ligno)cellulosic materials, reveal relevant reductions in the
estimated maximum operation temperature if compared to the regular onset temperature obtained by dynamic
thermogravimetric analysis [43,53].

One further characteristic to take into account could be the corrosive character of ionic liquids. In this regard,
the scientific literature has focused mainly on the anti-corrosion properties offered by some ionic liquids, which
do not correspond with those typically proposed for the pretreatment of biomass. For the latter, there is an
enormous lack (and need) of information.

High viscosity can be also considered as an inherent characteristic of many ionic liquids. This issue, however, has
already been discussed in a previous section.

Moving forward...

lonic liquids offer a basis for a greatly versatile technological platform for the pretreatment of lignocellulosic
biomass, in a frame of potentially improved sustainability. Promising results have been achieved over the last
decade and a half. In the route towards successful industrial implementation, the search of ionic liquids with
better performance must continue. In the progress to higher technology readiness levels, the following aspects
should be considered:

= Improved tolerance to water in the system, as the performance of most ionic liquids explored to date
decreases sharply in the presence of water.

= Satisfactory pretreatment using bigger particle sizes, so that the large energy consumption in the
preparation of the feedstock for the process can be reduced [5]. A movement from sawdust to industrial
chip size, or close, has to be made.

= Demonstrable flexibility to deal with the common variability in the characteristics of the supplies
of a given lignocellulosic source. Ideally, this flexibility should be extended to the possibility of working
with different types of lignocellulosic species (feedstock-agnostic processes).

=  Fine control of the quantity of antisolvent(s) to be used, in dissolution-based approaches, for the
precipitation of the (ligno)cellulosic fractions in the engineered context. This will be critical to minimize
the energy penalty associated with the subsequent separation of antisolvent and ionic liquid for their
recycling to the process [26].

= Choice of stable ionic liquids as biocompatible and as cheap as possible, and preferably derived from
renewable raw materials [17].

The ionic liquid does not have to be necessarily at the core of the solution. The above-mentioned versatility
of the ionic liquid technology enables its combination with the conventional pretreatment methods already in
place [29], as well as with other alternatives under investigation (e.g. microwaves, autohydrolysis...). The use
of the ionic liquid as additive in some of these scenarios, or as the main actor of just a specific step inserted in
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a general process, remains quite largely unexplored. This type of use of the ionic liquid would likely introduce
a greater flexibility in terms of the cost requirements of the ionic liquid.

Most works to date on the pretreatment of lignocelluloses with ionic liquids have focused on what could be
called ‘simple’ ionic liquids, constituted by one type of cation and one type of anion. This is the simplest and best
approach to connect the observed pretreatment performances with specific ions or cation-anion pairs. Once
these connections are acceptably identified, nothing prevents us from formulating a multi-ion solvent, for
example by combination of ‘simple’ ionic liquids (or even higher-melting salts that do not qualify strictly as ionic
liquids), allowing an optimization of the pretreatment performance and/or the properties of the pretreatment
fluid. For instance, eutectic mixtures can be generated by such combination of ‘simple’ ionic liquids, integrally
preserving the ionic liquid nature of the resulting fluid and enabling its utilization to pretreat biomass at a lower
temperature than what would be possible for the ‘parent’ ionic liquids [54]. Statistical mixtures of ionic liquids
are another example of multi-ion fluids, where several similar ions (e.g. dialkylimidazolium cations with alkyl
substituents of different lengths) are produced in fixed molar ratios resulting from the statistical combination
of the starting materials in a one-pot reactive step [55]. Most probably, the statistical mixture will perform very
similarly to the ‘single’ ionic liquid in which it is based, with the advantage of potentially having a much lower
cost of production. The existence of such one-pot synthetic procedures for the preparation, for instance, of
statistical mixtures of some imidazolium-based ionic liquids from cheap starting materials may provide better
opportunities for the application of these a priori too expensive ionic liquids in scaled-up processes [55].

As it was previously mentioned in this article, the combination of the ionic liquid with a molecular (co)solvent is
another possibility of interest. The idea is to have a cosolvent that can strongly reduce the viscosity (thus
facilitating the mass transfer processes) while not negatively affecting the pretreatment capacity in a substantial
manner. It is true that, inevitably, the participation of the molecular cosolvent will imply some volatility and
associated drawbacks for the pretreatment fluid. Due to the peculiarities of interaction of the ionic liquid with
the lignocellulosic biomass, together with its ionic character, the best candidates among the portfolio
of molecular solvents seem to be the polar aprotic solvents. Unfortunately, the solvents currently available in
this category score quite badly in terms of sustainability [56], perhaps with the only exception
of dimethylsulfoxide and somehow acetonitrile. Therefore, at present, it may be difficult to come up with
a combination of ionic liquid and molecular solvent that be effective for the pretreatment while presenting
acceptably good green credentials. Advances in the development of alternative protic apolar solvents to the
classical ones, which is a general need in the chemical fields, would open new avenues for this strategy of a hybrid
ionic-molecular solvent for biomass pretreatment. In any case, it must be noted that the introduction of volatile
organic cosolvents or antisolvents will counteract some of the typically claimed benefits of the use of ionic liquids
in processes, such as the lack of contribution to the air pollution or the non-generation of atmospheres that pose
a health and safety risk in the work area. The solubility properties are clearly critical in the selection of these
cosolvents/antisolvents involved in the precipitation scheme, but this selection should be also guided by a holistic
consideration of their properties in the context of the process.

Other potential approaches of interest that can be pursued have already been commented in different sections
of this article. One example is the possibility of having the same substance acting as a cosolvent and as
antisolvent, depending on its concentration; or at least minimizing the number of working substances in the
dissolution and precipitation scheme of the pretreatment process. Another example relates to process
intensification, with the integration of the pretreatment stage with subsequent stages (especially if the
biorefinery process is oriented towards a particular type of product, such as biofuels), through the utilization
of ionic liquids with good biocompatibility.

Finally, it is worth mentioning that research on ionic liquids for the pretreatment of lignocelluloses may provide
knowledge that can be beneficial for the envisioning of alternative pretreatment methods based on related
solvents (e.g. imidazole [57]) or fluid mixtures (e.g. eutectic solvents resulting from mixtures involving a salt,
or a hydrogen-bond donor and a hydrogen-bond acceptor [58,59]).

All in all, ionic liquids with their unique properties constitute a very attractive family of substances for biomass
processing in a biorefinery context. However, there is a need to overcome key challenges for the development
and implementation of commercially viable processes, in which the global process economy together with
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environmental and social impacts have to be properly optimized [29]. Further research efforts and intensive
collaboration of industry and academia will be critical to help progressing in the scale of technology readiness
levels and consolidate lignocellulosic biomass pretreatment processes based on this technology as an industrial
reality of great benefit for a Society that must become necessarily more sustainable.

Impact

lonic liquids, with their unique attributes, have the potential to be the basis of novel processes for the
pretreatment of lignocellulosic biomass with improved sustainability character. The development of such
pretreatment processes is expected to make the current biorefinery products more competitive, while
concomitantly enabling the economic viability of other biorefinery routes for the production of new products
of a biorenewable origin. Thus, the portfolio of chemicals and materials obtained from biorefinery schemes will
be reinforced and expanded, improving the contribution of sustainable raw materials in the life cycle of the goods
and commodities that we all use and consume as a society. This will be accompanied by the diminution of the
atmospheric pollution that will result of replacing conventional organic volatile solvents with the non-volatile
ionic liquids. In a similar vein, the non-generation of organic vapors by the ionic liquids will help to create safer
and healthier environments for the workers in the corresponding biorefinery plants.

A better geodistribution of lignocelluloses, as compared to the current non-renewable sources, and their non-
edible character, are additional characteristics that are expected to have a beneficial impact at a social level in
a global context with the consolidation of the lignocellulosic biomass biorefinery paradigm.
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