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Lignocellulosic biomass raw materials are renewable resources with abundant reserves in nature, and have
many advantages, such as being green, biodegradable and cheap. Lignin, one of the three significant
components of lignocellulose, possesses a chemical structure rich in phenylpropane and is a primary
aromatic resource for the bio-based economy. For the extraction and degradation of lignin, the most
common method is the pretreatment of lignocellulose with deep eutectic solvents (DES), which have
similar physicochemical properties to ionic liquids (ILs) but address the disadvantages associated with ILs
(DES have the advantages of low cost, low toxicity, and non-flammability). In lignocellulose
pretreatment, a large amount of solvent is generally required to achieve the desired effect. However,
after treatment, a substantial volume of solvent will be wasted, and thus, the problem of the recovery
and reuse of DES solution needs to be adequately solved. The methods and mechanisms of perfect DES
regeneration will be discussed from the perspective of the elemental composition and features of DESs
in this review, which will also outline the present DES recovery methods, such as rotary evaporation,
membrane separation, freeze-drying, electrodialysis, etc. The detailed process and the advantages and
disadvantages of each method since 2018 are introduced in detail. Future DES recovery methods have
been prospected, and the optimization of the functional properties of DESs after recovery is discussed. It
is expected to find a convenient and efficient application method for DES extraction or degradation of
lignin with low energy and low cost.

Introduction

Fossil fuels, which are more than 80% derived from crude oil,
natural gas, or coal, are used globally for the preparation of
industrial base chemicals as well as for energy supply.* According
to the World Energy Outlook 2019, the global demand for natural
energy is expected to increase at an annual rate of 1.3% over the
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efficiency or develop new sources of energy, the world's resources
will be depleted.>* Lignocellulose biomass, such as agricultural
and forestry residues or energy crops, which are readily available
and abundant, can meet about 14% of the world's needs.* Due to
the above-mentioned energy shortage, lignocellulose is gaining
interest as a renewable carbon resource for fuels and chem-
icals.>® Currently, research into the pretreatment of biomass is
well established, and its fractionation and the processing of its
components lay the foundation for biorefining.”

The purpose of pretreatment is to disrupt the structure of
lignocellulose. The pretreated fractionated fractions such as
lignin and sugars can be used as feedstocks to produce chem-
icals and for conversion into energy.® Pretreatment of ligno-
cellulose provides the possibility of value-addition to lignin, but
it is challenging to ensure that the lignin structure is not
destroyed during lignin fractionation. Depending on the
transformation steps applied, the physical and chemical prop-
erties of the extracted lignin can be different, and the structure
of the obtained lignin is diverse. This structural complexity and
diversity create resistance to the large-scale application of
lignin. Since 2018, many advances have been made in the
utilization of lignin, and there is an urgent need for a more
efficient and economical lignin fractionation process to reduce
structural complexity and open new horizons.’
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Until recently, organic solvents were often used to extract
bioactive compounds (e.g., acetone, benzene, toluene, cyclo-
hexane, chloroform, dimethyl sulfoxide, N,N-dimethylforma-
mide, tetrahydrofuran, ethyl acetate), but these conventional
solvents are often toxic and volatile, causing severe environ-
mental stress.'® Nowadays, deep eutectic solvent (DES) is widely
used for lignocellulose pretreatment in the scientific commu-
nity and are considered to be a “green” alternative to typical
organic solvents due to their ease of preparation, low cost, low
toxicity, biocompatibility, and biodegradability."* A DES
consists of two or three components that are bonded by
hydrogen bonding to form a deep eutectic mixture with
a melting point much lower than that of a pure single compo-
nent. The most commonly used hydrogen bond acceptor (HBA)
for DES preparation is choline chloride (ChCl), which can be
bound to a hydrogen bond donor (HBD; e.g., urea, glycerol,
carbohydrate-derived polyols or carboxylic acids, etc.).® In
a recent study, the excellent delignification ability of the acidic
DES hydrogen bond acceptor ChCl and efficient lignocellulose
fractionation were reported.” In DES pretreatment with ChCl/
lactic acid, a large number of B-O-4 bonds break, with partial
breakage of carbon-carbon bonds (i.e., B-B/, B-5'); various
monomeric phenols were also obtained in low yields, which
validated the prospect of the conversion of lignin to monomeric
chemicals." Alvarez-Vasco et al.*® used four DESs (ie., from
ChCl/acetic acid, ChCl/lactic acid, ChCl/levulinic acid, and
ChCl/glycerol) for pretreatment of hardwood and cork. Large
amounts of lignin could be obtained from the wood with high
purity, and the obtained lignin had distinct structural charac-
teristics. In the process of DES treatment, the ether bonds
between the phenylpropane units are cleaved.

The most basic principle of green chemistry is to follow the
principle of “safer solvents and additives”, in which the solvents
must first ensure that the whole process is more environmen-
tally friendly. However, lignocellulose pretreatment requires
a large amount of solvent, so the solvent must be green, cheap
and easy to recover.'® After the application of DES in biomass
refining, the recovery and recycling of DES after treatment is
inevitable.? According to the literature, DES systems have many
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Table 1 General formula for the classification of DESs?>2¢
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Type Composition General formula® Typical examples

1 Metal salt + organic salt Cat'X zMCl,; M = Zn, Sn, Fe, Al, Ga, In ZnCl, + ChCl

11 Metal salt hydrate + organic salt Cat'X zMCl,-yH,0; M = Cr, Co, Cu, Ni, Fe CrCl,-6H,0 + ChCl
111 HBD + organic salt Cat'X zRZ; Z = CONH,, COOH, OH Urea + ChCl

v Zinc/aluminium chloride + HBD MCI, + RZ = MCl,_;+-RZ + MCl,;1-; AICl; + (CH,OH),

M = Al, Zn and Z = CONH,, OH

“ Cat’ represents any ammonium, phosphonium or sulfonium cation; X represents a Lewis base, generally a halide anion; z: number of y molecules

interacting with the anion.

advantages, such as low cost and environmental friendliness. In
the synthesis or recycling of DES, the essence lies in the
formation or breaking of molecular bonds between the
hydrogen bond donor and the hydrogen bond acceptor, and it is
not easy for other side reactions to occur, so it is judged that
DES is better than ionic liquids in terms of recycling.'” The
recycling of DES reaction system solvents is also about to
become a hot direction.’* When investigating the effect of DES
recycling and reuse, attention should be paid to the perfor-
mance of DES in cellulose digestion and the extraction or
depolymerization of lignin in order to reduce the cost somewhat
by reusing the pretreatment solvent efficiently." The poor
recycling effect or non-recyclability of DES makes it challenging
to apply most DESs for mass production.*

Definition and composition of DES

DES has been called a “modified version of ionic liquids” in terms
of green sustainability because they have many similarities with
ionic liquids.> A DES is a simple mixture of hydrogen bond
acceptors (mainly ammonium halides), hydrogen bond donors
(e.g., amides, hydroxyl and carboxylic acid compounds). The strong
hydrogen bonding between the HBA and HBD causes the electron
density of the HBA and HBD to change distribution, resulting in
a much lower melting point for the DES than that of the HBA or
HBD alone. The resulting solvent system can be an excellent
alternative solvent for green chemistry applications.” It is also
because of the hydrogen bonding that DES have very low volatility
compared to conventional solvents. DESs have a wide variety of
structures, as the HBA and HBD for building the DES can be
arbitrarily paired, and different pairings will also have different
physical and chemical properties.” In recent years, the concept of
natural deep eutectic solvents (NADESs), which are DESs
composed of several natural compounds such as choline deriva-
tives, sugars, and simple organic acids, has been proposed. NADES
is a new branch of DES that still deserves to be explored in depth.*
Table 1 lists some typical DES compositions with examples.

Preparation and characterization of
DES

There are many ways to formulate a DES. The most classic
method is to heat a mixture of an HBA and HBD in an oil or

© 2023 The Author(s). Published by the Royal Society of Chemistry

water bath at about 80 °C and stir until a clear liquid is formed;
they can also be dissolved in water and then heated until the
water is removed.” In addition to the two methods mentioned
above, there are also the microwave radiation method, grinding
method, ultrasonic method, freeze-drying method and other
methods to prepare a DES.

Some of the physical and chemical properties of deep
eutectic solvents are similar to those of ionic liquids.
Compared to organic solvents, DESs have the advantages of
biodegradability and low vapor pressure. Some DESs are toxic,
with type III (organic salts and HBD) DESs being the least toxic
and type I (organic and metal salts) DESs being the most
toxic.”®** They also have high thermal stability, low volatility,
and convertible polarity, and can thus be used as suitable
solvents in future alternative research and industry.*® The
HBD molecule interacts with the chloride ion of ChCl and
induces the lower melting point of the blend caused by
cationic molecular symmetry, etc.

The charge delocalization process arising from intermolec-
ular hydrogen bonding is generally applicable to salt-HBD
mixtures. Based on DFT, the relationship between the molec-
ular structure type of a DES and its Tr can be studied®'.

Table 2 summarizes most of the more classical DES
species and their physical properties. Interestingly, the
physical properties of DESs, such as density, viscosity,
freezing point, and even electrical conductivity, vary widely.
Density can also reflect some essential characteristics of
DESs, with most of them having a higher density than water.
Electrical conductivity is affected by temperature; the kinetic
energy of the molecules increases and the frequency of
intermolecular collisions becomes faster the DES warms up,
and thus, the electrical conductivity of DES is proportional to
temperature.®” Viscosity, similar to electrical conductivity, is
also an important property of deep eutectic solvents. Most of
deep eutectic solvents have a high viscosity (y > 100 mPa s, 25
°C) as well as a wide range of viscosity due to hydrogen
bonding. Abbott et al.*® tested the solubility of more than
a dozen metal oxides commonly used in ChCl-based DESs
and found that there are active metal oxides (e.g., ZnO) that
are almost entirely soluble; in contrast, many covalent oxides
(e.g., TiO,) are practically insoluble. The temperature has
some influence on solubility, for example, the solubilities of
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Table 2 Composition of typical DESs and their physicochemical properties

HBA:

HBD Freezing  Density/  Viscosity/ Surface tension/(mN  Conductivity/
DES composition mole ratio  point/°C  (gem ™)  (mPas) m™") (25 °C) (mSem™) Ref.
Choline chloride/1,3-dimethyl urea 1:2 70 — — — — 12
Choline chloride/1,1-dimethyl urea 1:2 149 — — — — 12
Choline chloride/benzamide 1:2 92 — — — — 12
Choline chloride/urea 1:2 12.0 1.25 750 (25 °C) 52.00 0.75 (25 °C) 25
Choline chloride/glycerol 1:2 17.8 1.18 259 (25 °C) 55.80 1.05 (25 °QC) 25
Choline chloride/glycerol 1:3 — 1.20 450 (20 °C) — — 34
Choline chloride/ethylene glycol 1:2 -12.9 1.12 37 (25 °C) 49.00 7.61 (25 °C) 25
Choline chloride/butylene glycol 1:3 —32.0 1.06 140 (20 °C) 47.17 1.64 (25 °C) 25
Choline chloride/propanedioic acid 1:1 10.0 — 721 (25 °C) 65.70 0.55 (25 °C) 26
Choline chloride/trifluoroacetic acid 1:2 — 1.34 77 (40 °C) 35.90 0.29 (40 °QC) 34
Choline chloride/trifluoroacetamide 1:2 51.0 1.34 77 (40 °C) — — 25
Choline chloride/zinc chloride 1:2 — — 85000 (25°C) — 0.06 (42 °QC) 25
Choline chloride/chromium chloride — — — 2346 (25 °C) 77.30 0.37 (25 °QC) 26
crystals
Choline chloride/imidazole 3:7 56.0 — 15 (70 °C) — 12.00 (60 °C) 25
Tetrabutylammonium bromide/ 3:7 — — 810 (20 °C) — 0.24 (20 °QC) 25
imidazole
Methyltriphenylphosphonium bromide/  1:3 —5.55 1.30 — 58.94 0.06 (25 °C) 25
glycerol
Methyltriphenylphosphonium bromide/  1:4 —49.3 1.23 — 51.29 1.09 (25 °C) 25
ethylene glycol
Methyltriphenylphosphonium bromide/ 1:5 —21.0 1.19 — 49.58 — 25
triglyceride
Zinc chloride/glycol 1:4 — 1.45 — — — 25
Zinc chloride/urea 1:3.5 9 1.63 11340 (25°C) — 0.18 (42°C) 25
Ethylammonium chloride/urea 1:1.5 — 1.14 128 (40 °C) 52.90 0.35 (40 °C) 25
Ethylammonium chloride/acetamide 1:1.5 — 1.04 64 (40 °C) — 0.69 (40 °C) 25
Choline chloride/adipic acid 1:1 85 — — — 35
Choline chloride/malonic acid 1:1 10 — — — 35
Choline chloride/benzoic acid 1:1 95 — — — 35
Choline chloride/phenylacetic acid 1:1 25 — — — 35
Choline chloride/phenylpropionic acid 1:1 20 — — — 35
Choline chloride/oxalic acid 1:1 34 — — — 35
Choline chloride/citric acid 1:1 69 — — — 35

metal oxides (Cu,O and ZnO) are very much influenced by
temperature.

Role of DES in lignocellulose
processing
Extraction of lignin

The processing of lignocellulose is complex and difficult, and
the efficient extraction of lignin is a challenging problem.*¢
Malaeke et al.*” solubilized lignin up to 50% w/w (the most
impressive lignin extraction in most solvents) in a DES con-
sisting of resorcinol-ChCl coupled with ultrasonic irradiation,
and the solubility of cellulose in the prepared DES is very low;
thus, the complete isolation of lignin is no longer a dream.
Often, the detachment of hemicellulose prior to lignin extrac-
tion from lignocellulose has an impact on DES treatment. Lou
et al.*® studied the effect of hemicellulose removal on the later
DES extraction of wheat straw lignin with ChCl and lactic acid,
and they found that DES pre-soaking facilitated lignin extrac-
tion by breaking the ether bond between lignin and

3244 | RSC Adv, 2023, 13, 3241-3254

hemicellulose and causing cell wall rupture and swelling. In
fact, DES is required to break a variety of aryl ether and ester
bonds in lignin for complete lignin extraction. The two-stage
DES treatment method, with prepreg at room temperature

DES (ChCI-LA, 1:2) <

v
Heterogeneous reaction <

Solid-liquid filtration > Solid residue (SR)

v
Filtrate

DES-reused

v
Concentration Precipitation in water

Supernatants [«

Solute in DES

Freezing centrifugation
.
Vacuum freezed-drying

| DES-lignin (DESL)

Fig.1 Schematic diagram of two-step wheat straw fractionation and
DES (ChCI-LA, 1: 2) recovery.®®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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followed by extraction at high temperature, can produce high
yields and purity of lignin. A schematic diagram of the
pretreatment process is shown in Fig. 1. The DES consisting of
choline chloride with lactic acid can trigger H-bonding, polarity,
m-7 and ionic/charge interactions with lignin during the
pretreatment. In addition, lactic acid can promote hemi-
cellulose hydrolysis and thus lignin extraction. The mechanism
of lignin solubilization in DES is the cleavage of many types of
aryl ether and ester bonds in lignin, while in an acidic DES,
protons catalyze the cleavage of the ethers and esters present in
the lignin-carbohydrate complex (LCC), leading to lignin
extraction and depolymerization.*® During DES pretreatment,
the H-bonds between OH:---Cl in DES are stronger than the
OH:--O bonds in lignin. The presence of large amounts of Cl~
allows the DES to cleave the LCC in the biomass as well as some
ether bonds in lignin. In addition, the ChCI-LA DES is able to
slightly cleave the ether bonds even at ambient temperature.*

Degradation of lignin

DES also has the ability to degrade lignin. However, this ability
has not been widely exploited. Li et al.'® used ChCl-p-TsOH
(ChCl-p-toluenesulfonic acid) to degrade lignin under mild
reaction conditions; the ether bonds in lignin were broken, and
regenerated lignin (some phenols and ketones, and a few
aldehydes) with a low molecular weight and narrow poly-
dispersity index was obtained.

In addition, the depolymerization of lignin in DES can be
achieved electrochemically. Di Marino et al.*»** attempted the
electrochemical depolymerization of industrial lignin in DES,
and the depolymerization yielded lignin oligomers and some
aromatic monomers (e.g., vanillin, guaiacol, etc.). A complete set
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HO.
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Fig.2 Possible pathways of lignin degradation during DES treatment.*®
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of processes for lignin extraction and depolymerization was
achieved in the same DES, reducing the number of steps and
energy consumption. The good solubilization ability of the DES
itself for lignin led to an enhanced yield in terms of depoly-
merization. In addition, DESs can cleave the ether bond
through two pathways. The first degradation route is the
removal of C, alcohols and the formation of highly reactive
benzyl carbons in the lignin side chain, with the disruption of
the C, double bond and the conjugated structure, which is the
classical mechanism of lignin depolymerization in an acidic
DES.* The second degradation route is the oxidation of the C,
position and the acylation of the C, position, during which the
OH group at the C, position is oxidized. The C, ketone is
essential to facilitate the cleavage of the B-O-4’ linkage, and the
mechanism of C-O cleavage involves formylation, elimination
and hydrolysis.** In addition to cleavage of the B-O-4" bond,
other possible reactions such as dehydration, acylation, dee-
thoxylation, and condensation were also observed during DES
pretreatment, as shown in Fig. 2."

DES recovery and utilization in
lignocellulose pretreatment

The role played by DES in the extraction or depolymerization of
lignin from numerous lignocelluloses cannot be under-
estimated, and its recovery and recycling are critical due to the
large volume of DES consumed. There are several methods to
recover DES efficiently. Rotary evaporation is the simplest and
most common one;**™* other recovery methods are membrane
separation (nanofiltration and reverse osmosis),*® freeze-
drying®” and electrodialysis.*® In the following sections, each
method will be described in detail and the performance of the
recovered DES reapplied to the lignin extraction and depoly-
merization process will be evaluated. In fact, there are only two
methods of solvent recovery: one is to extract the treated solute
product from the solvent, e.g., membrane filtration and
extraction; the other is to transfer the solvent out of the reac-
tion, e.g., rotary evaporation and electrodialysis.

Rotary evaporation (vacuum evaporation)

The rotary evaporation method is based on a rotary vacuum
evaporator, which is based on the principle of evaporating the
solution to be extracted by heating and diffusion in a rotary
flask under negative pressure. The solution is collected by
liquefaction in a cooler. Li et al.*® used vacuum evaporation for
DES recovery, and after five cycles at 90 °C, the hydrogen
bonding interactions in DES solutions decrease and the acidity
decreases, and the delignification capacity of aqueous DES
solutions decreases by about 20%, with a lactic acid/ChCl
aqueous solution recovery of 69%. Xie et al.*® pretreated radi-
ata pine using a deep eutectic solvent consisting of benzyl-
trimethylammonium chloride/formic acid. The recovered DES
may have impurities in the product, which caused the lignin
selectivity to become low and the yield to decrease after five
recovery cycles, probably around 10%. The yield after the
decrease still managed to reach 66.6%, which was still better

RSC Adv, 2023, 13, 3241-3254 | 3245
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than that of the alkaline ethanol extraction. These recovery and
utilization measures strongly reflect the promising prospects of
DES application in industry. Thulluri et al.*® subjected rice straw
to DES-THF treatment. After separating the lignin, the DES
solvent mixture at the end of the reaction was subjected to
rotary evaporation. The DES was paired once again into a new
solution and then treatment was continued with the fresh rice
straw. According to the experimental results, the continuously
reconstituted DES-THF solvent could go through 10 cycles, and
the solvent recovery rate was consistently above 74%. After 10
cycles, the cellulose yield was still 91% and the hemicellulose
yield was 68%, and the lignin concentration of 46% could be
maintained to be removed. This study fully reflects the recov-
erability of DES, and the purity of the DES obtained is still
considerable. Not coincidentally, Kumar et al* added
tetrahydrofuran/sodium chloride aqueous solution to the ChCl/
lactic acid system to achieve liquid surface separation, and the
obtained DES also contained sodium chloride, which had to be
evaporated off using a rotary evaporator. Ethanol was added to
dissolve the DES to separate it from the salt, and finally, the
ethanol simply had to be removed to obtain pure DES. Kumar
et al.®® used lactic acid/betaine and lactic acid/ChCl to form
a NADES and used it to pretreat rice straw lignocellulose, after
which the NADES reagent was recovered from the aqueous
solution by rotary evaporation at 60 °C. The recovered NADES
was utilized in place of the new pretreatment chemical, with no
noticeable difference in the results.

Phadtare et al.** prepared a ChCl/urea (1 : 2 molar ratio) DES
system for degradation and explored the recovery properties of
the DES at the end of the reaction and its efficacy when reused.
The recovery of DES was performed by stirring extraction with
water, filtering under a vacuum with a funnel, and then evap-
orating the water in a rotary evaporator, after which the DES was
purified and the yield did not decrease much in the evaluation
of the degradation performance of the recovered DES. Similarly,
Li et al.’® used a DES composed of p-toluenesulfonic acid with
higher acidity and ChCl to degrade alkaline lignin and

View Article Online
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recovered the DES at the end of the reaction (Fig. 3). First,
alkaline lignin was dissolved in DES (1 : 20 mass ratio), and then
250 pL distilled water was added. The degradation reaction was
allowed to complete. 100 mL of distilled water was added to
precipitate the lignin; the mixture was then centrifuged, and the
solid residue was washed repeatedly to obtain the regenerated
lignin. The supernatant was collected, the water was evaporated
via vacuum evaporation, and the purified DES was then recov-
ered. DES recovery is complex and diverse, and Yan et al.>*
evaluated the recoverability and recovery rate of a DES in three
different corncob pretreatment procedures, as shown in Fig. 4.
Repeated use of the DES ten times revealed no significant
decrease in pretreatment efficiency for the recovered DES.

Method A. The DES-biomass mixture was heated in an oil
bath at 80 °C for 1 h. The degradation solution was then mixed
with 80 mL of anhydrous ethanol, and the ethanol filtrate was
combined and allowed to stand for 4 h at 4 °C. The cooled liquid
was filtered to separate out the delignified lignin, and the DES
was then recovered using a rotary evaporator at 80 °C. The DES
was reused in the next pretreatment process.

Method B. This method has similar steps to Method A,
except that oxalic acid or fresh DES was added to the recovered
DES at the end to maintain its original composition and weight.

Method C. This method differs from Method A in that the
recovered DES was further mixed with 80 mL of deionized water
and refrigerated at 4 °C for 4 h. Lignin was separated by filtra-
tion, and the DES was recovered using a rotary evaporator at
80 °C. Oxalic acid or fresh DES was then added to the recovered
DES to keep its composition and weight unchanged.

Extraction or recrystallization

Extraction is based on the principle of different solubilities, so
that one of the components is completely soluble or insoluble in
the extractant for the purpose of recovery. Mamilla et al.>® pre-
treated beech wood in a DES composed of ChCl and oxalic acid,
added water to the centrifuge to separate the solid matter, and
then added acetone to recover and purify the DES. The DES was

Alkaline lignin

Choline chloride / p-toluenesulfonic acid |«

Add water, mixing

Centrifugation, washing

130°C, Stirring

Rotary evaporation

J

v

Regenerated lignin

Deep eutectic solvent-water mixed solution

‘ Extraction

Lignin degrading small molecules

Fig. 3 Flow chart of DES (choline chloride and p-toluenesulfonic acid) degradation of lignin and solvent recycling.®
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Fig. 4 Schematic diagram of three corncob pretreatment procedures using recovered DES (choline chloride and oxalic acid).*?

finally precipitated as a solid in 75% yield. Maugeri et al.>* used
a DES to separate an alcohol-ester mixture. After the extraction
and separation of the product, the remaining residue-specific
solvent was removed from the DES, and the residue could be
extracted from the DES using another solvent. Finally, the
recycled DES product could be obtained. Li et al.> extracted
a desulfurized DES with ether. After four cycles, the solvent
recovery performance was good, and the extraction efficiency
was considerable. However, with repeated use, the extraction
efficiency of the DES will decrease, and after the sixth recycling,
the extraction capacity will drop significantly. Mulia et al.>¢
extracted a-mangosteen from mangosteen peel powder, studied
the recovery of DES from the extraction stage, and used an ethyl
acetate three-step stripping method to extract the waste DES.
The results indicated that the DES can be recovered and reused.
Yang et al.”” studied the separation of reused FeCl;-DES. As
shown in Fig. 5, oxalic acid dihydrate could be obtained by
a recrystallization process with a recovery of 60%. The pH of the
filtrate was then adjusted to alkaline to convert the iron complex
to Fe(OH); precipitate and the residual oxalic acid to sodium
oxalate. The Fe(OH); was filtered off, and the filtrate was dried
by reduced-pressure distillation, which was followed by ethanol
washing to obtain purified sodium oxalate, and the ethanol
phase was dried using reduced-pressure distillation. In the final

2 . " I1. Adjust pH to 9-10 11l Wash IV. Wash with =
I. Recrystallization with NaOH with ethanol hot isopropanol
Supernatant
Supernatant k k \ \ crel
Precipitate Precipitate Precipitate Precipitate’
b:J Fe(OH): Na:C:0s Saccharide

Fig. 5 Flow chart of the separation of recovered FeCls-catalyzed DES
(the DES was composed of oxalic acid dihydrate, choline chloride, and
FeClz-6H,0 in a mass ratio of 4:1:0.2).57

© 2023 The Author(s). Published by the Royal Society of Chemistry

step, choline chloride is dissolved in hot isopropanol and the
sugars can be precipitated. In this process, all chemicals can be
recovered.

Nanofiltration or reverse osmosis

Nanofiltration can separate ionic liquids from solvents. Hae-
rens et al.>® recovered the ChCl/ethylene glycol (EG) DES system
from a synthetic waste stream and used nanofiltration, reverse
osmosis and osmotic evaporation to remove water. It was found
that the osmotic evaporation method was less effective in DES
mixtures with too much water. However, for the concentrated
DES, the osmotic pressure is still the main limiting factor for
the membrane separation and purification process of the DES.
Ultrafiltration is an efficient and cost-effective method for DES
recovery. Ippolitov et al.*® used RC70PP commercial regenerated
cellulose membranes and Ultracel 5 kDa UF membranes to
recover solvents of different lignin fractions (DES, a mixture of
choline chloride and lactic acid, respectively, 1: 10), as shown in
Fig. 6. The addition of ethanol to the used DES reduces the
viscosity of the solvent, thus enabling filtration. A two-pass
ultrafiltration process using 10 kDa and 5 kDa membranes

- <o | Ultracel El
Vacuum [ & 45°C 5kDa A
filtration Purified
$ s
=
; Congentrated Concentrated z
Water Water
spent <

e ? @
y

Recovered lignin,
> 10 kDa

Ethanol '

addition

&=

Recovered lignin,
<10 kDa

Fig. 6 Two-pass ultrafiltration membrane process (DES composition:
choline chloride : lactic acid = 1:10).*°
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removed approximately 95% of the lignin and hemicellulose
from the used DES. The membranes used also showed the
ability to fractionate polymer compounds into fractions above
and below 10 kDa.

In addition to rotary evaporation, there is a general and
simple method—evaporation. However, this method is very
energy-intensive, requires higher temperatures, and may lead to
a loss of material at high evaporation temperatures. Chen et al.*
explored the recyclability and reusability of a (ChCl/EG) DES.
They removed impurities using an adsorption resin and
membrane filtration and found the lignin in the first three
cycles of lignocellulose could be treated with it. The removal
rate was about 70%, but decreased in the fourth cycle. It can be
seen that the aqueous ChCl and EG were successfully recovered
and reused for at least three cycles with good performance.

Freeze-drying

Freeze-drying of a DES can also be performed for DES solvent
extraction. Jeong et al.*’ extracted saponins via ternary DES
extraction consisting of glycerol/t-proline/sucrose, and this
method has a high recovery rate. After the end of the reaction,
the recovery DES step involved washing the solution out from
the solid phase extractor and freeze-drying it to complete the
recovery of the DES. After three cycles, the DES extraction effi-
ciency was 83% relative to that of the newly synthesized solvent,
with promising performance. If this method is applied to
lignocellulose pretreatment, it may have to be removed and
purified to obtain a pure DES aqueous solution. Grillo et al.®
used a DES as a solvent for extracting anthocyanins, and water
was added to the obtained product so that the DES and
anthocyanins could be separated. The anthocyanins were
removed using a resin, and the remaining components were
DES and water. Finally, the water in the DES aqueous solution
was removed by freeze-drying to obtain ChCl and lactic acid
with a yield of about 79.5%.

Membrane-based electrodialysis

Comprehensively comparing all separation and recovery tech-
nologies, the membrane separation method is relatively envi-
ronmentally friendly. It does not require solvents and has low
energy consumption.

Electrodialysis ultrafiltration technology also has efficient
applications in DES recycling. Electrodialysis is voltage-driven
and selectively migrates anions and cations through an ion-
exchange membranes to recover the desired products. Liang
et al.* studied the case of electrodialysis applied to the recovery
of ionic liquids and found that for the recovery of hydrophilic
ILs, the membrane method is still mainly utilized because of its
low energy consumption and simplicity. According to the
working principle of electrodialysis, the electrolyte component
of the DES (e.g., ChCl) can be transferred through the ion-
exchange membrane, while the other components of the DES
(e.g., organic acids) are separated because non-electrolytes
cannot pass through the membrane. Liang et al.® applied elec-
trodialysis to DES recovery and selected a (ChCl/EG) DES
system, in which lignin could be quickly removed with the help
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Fig. 8 Summary of the mass balance and DES (ChCI/EG) recovery of
major components during membrane-based ultrafiltration and elec-
trodialysis methods for the pretreatment of Eucalyptus globulus
wood.?

of the ultrafiltration method. The remaining DES was diluted
using the electrodialysis method, in which an electric field was
applied to the system to separate ChCl from EG by ion-exchange
membranes, as a way to recover the DES components (Fig. 7).
The recoveries were 92% for ChCl and 96% for EG, and their
purity was above 98%. The DES fraction recovered by coupled
electrodialysis-ultrafiltration reconstitutes the DES system with
a more minor difference in treatment effect than the newly
synthesized DES system. The generation of this technology is
necessary for the recovery of actual biomass refining involving
DES and for high-volume industrial applications.

Dewaxed eucalyptus wood underwent hydrothermal treat-
ment (8 g g~ liquid to solid ratio of blue eucalyptus wood to
water, 170 °C, 4 h), was washed with hot ethanol and water and
was then treated with DES (hydrothermal residue : DES = 1: 20,
90 °C, 24 h) to sequentially fractionate hemicellulose and lignin.
The resulting mixture was filtered through a funnel and washed
with water, and lignin was precipitated by the addition of water.
The mass balance diagram is shown in Fig. 8.

The recycling of DES is of great significance for the devel-
opment of biomass refining. The currently reported DES recy-
cling technologies include rotary evaporation, membrane and
electrodialysis, etc. Derivatives of the separated biomass can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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also be used to make new DES, which in turn enables closed-
loop biomass refining and improves production efficiency,
e.g., Table 3. From Table 3, it can be seen that rotary evaporation
is a popular method among researchers and is widely used due
to the relatively simple operation, high durability of the
equipment and low cost. However, the purity of the DES
recovered by electrodialysis and ultrafiltration is higher. The
actual selection of the recovery method should be combined
with the specific parameters required for the biomass refining
process using the solvent, and the equipment cost, energy
consumption size, and durability required for different recovery
methods should be considered to select the appropriate
method.

Recovery of DES reactions in non-
lignin systems

The recovery of DES is essentially the same for reactions in
which non-lignin substrates are involved. For example, Zhang
et al” recovered millet polyphenols with a DES (octano-
linalool), which was a hydrophilic DES at the time of extrac-
tion of the product and a hydrophobic DES at the time of the
recovery cycle. After 5 repetitions, the treatment effect remained
basically the same. The recovery step of DES was as follows:
a hydrochloric acid solution added to the extract converted the
hydrophilic DES to a hydrophobic DES for the purpose of
recovery (Fig. 9). When a DES is used for lignin-related reac-
tions, the conventional method is rotary evaporation. The
method of recovery will be different for different DES
applications.

Zhang et al.”> used a DES (betaine : acetic acid = 1:4 with
30% water content) to extract flavonoids from Polygonatum
sibiricum. The DES was effectively recovered using ultra-high
capacitance porous activated carbon (the recovery of DES after
ten reuses was about 92% of the original DES). The DES recovery
procedure was as follows (Fig. 10): the DES extract was mixed
with a carbon adsorbent material, vortexed, centrifuged, and
filtered using a membrane filter, and the recovery of the DES
was 95%. The flavonoids were easily adsorbed on the carbon
material and separated, and the DES was purified.

Alhassan et al.”® evaluated the efficiency of a DES synthesized
from a mixture of choline chloride and para-toluenesulfonic
acid along with a silica carrier (So-DES) and no carrier (Un-DES)
as non-homogeneous and homogeneous catalysts to catalyze oil

2 Millet
Hydrophobic Freeze-
Switch Extraction Switch _~ DES drying
- s T
> > > > b
+NaOH Grinder +HCI
= & F Y &
S ~ (2 \ #* — Water P
— Hydrophobic— Hydrophilic \
DES DES Polyphenols
Recycled and reused

Fig. 9 Extraction strategy of millet polyphenols with switchable DES
(octano-linalool).”
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Fig. 10 Schematic diagram of DES (betaine—acetic acid) extraction of
flavonoids and solvent recovery.”

esterification reactions using methanol and methyl tert-butyl
ether as solvents. The catalysts Un-DES and So-DES were reused
four and seven times, respectively. The catalysts were regen-
erated using a high-speed centrifuge and then further pre-
treated with ether and allowed to stand in an oven for 24 hours.
The oven temperature was maintained slightly above the boiling
point of water to ensure complete water and solvent removal.
Fig. 11 shows the performance of So-DES and Un-DES during
the recovery experiments, with the yields obtained for the first
four experiments using the Un-DES catalyst showing a slight
decrease in the activity of the catalysts studied. When So-DES
was reused, a decrease in catalyst activity was observed after
about eight consecutive runs; the deactivation could be the
result of reduced acidic reference density and catalyst strength.

Renewable DESs can be recovered and reused in biomass
processing, and also have the potential to reduce costs and
chemical use, enabling cost-competitive biorefineries in the
future. However, the following issues and bottlenecks are still
pending for DES recovery methods.

@ Rotary evaporation is a standard method for recovering
DESs. When recovering a DES, the removal of water is faster,
a single sample with a large volume can be processed at one
time, the operation is more straightforward, and the cost is low,
except for the purchase cost of the equipment. A single sample
size is processed and cannot be used efficiently. The addition of
ethanol and water to the DES mixture will result in the loss of
DES if the solution boils during rotary evaporation. A condition

So-DES
100 - B Un-DES
80 |-
S
=60
K
g
3
g
2 40t
[+
20
| | | || ||
5 6 7

Experimental run

Fig. 11 Catalyst recycling and efficiency (DES composed of choline
chloride and para-toluenesulfonic acid with So-DES and Un-DES).”*
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of using the rotary evaporation method for lignocellulose after
DES treatment is that the residue should be completely sepa-
rated together with the product first, after which rotary evapo-
ration can be used to obtain a high-purity DES recovery
solution.

@® The permeate evaporation reported so far can only
remove trace amounts of water. If more significant results are to
be obtained, large membrane areas are required, and
improvements to the membranes are needed to maintain high
water fluxes. Nanofiltration and reverse osmosis can completely
filter out the aqueous DES solution and are more effective than
osmotic evaporation. However, they lack simplicity, and the cost
of preparation and installation is slightly more complicated.
The replacement and maintenance of the membrane also
consume time and money. Adsorption filtration uses evapora-
tion to directly remove water, which is straightforward but too
energy consuming.

@ The organic solvents (e.g., water, ether, acetone) are
selected according to the solubility of the DES, and the extrac-
tion temperature is optimized to achieve efficient extraction.
Co-extraction can also be used (a mixture of two or more
extractants is used to extract the DES). Reverse extraction can
reverse-extract organic alcohols and organic acids in a DES from
the organic phase to the aqueous phase one-by-one to separate
the components that have been separated. There should also be
no limitations for extraction solvents, such as supercritical CO,
extraction techniques.

@ Ultrafiltration and electrodialysis using
membranes are undoubtedly disadvantageous. Ion-exchange
membranes do not require regeneration, but they do not
seem to be a good choice in terms of cost and ease of operation.
Anodes are prone to corrosion, and cathodes easily undergo
scaling. Electrodialysis is relatively low cost compared with
reverse osmosis membrane separation technology, but the ion
removal performance is poor, and the extraction of the DES is
slightly less effective.

methods

Conclusions

The study of the recovery, utilization and environmental impact
of reaction solvents and catalysts is a popular and novel topic to
promote green chemistry goals. Compared to ILs, DES are
emerging as green solvents with the advantages of low price,
simple preparation, low biotoxicity and biodegradability, making
them more promising for lignin extraction and degradation in
lignocellulose pretreatment. This review article provides
a comprehensive and specific overview of the basics and prop-
erties of deep eutectic solvents. Their definition and composition
are clarified. Next, their preparation methods are summarized,
along with their main physicochemical properties, especially
their density, viscosity, conductivity and surface tension. In this
section, it is emphasized that DESs can affect the physicochem-
ical properties of solvents depending on the type and ratio of
components, as a way to meet specific requirements for solvents.
In the subsequent sections, we explore the role of DESs in
lignocellulose pretreatment and the role of DESs in lignin
degradation. Finally, we focus on the recovery performance of
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DESs using different methods, such as rotary evaporation, for
DES recovery and purification, and their performance when
reused. In the future, we would like to optimize each DES recovery
method, for example, to improve its recovery rate for a given
energy consumption and to seek purification methods to increase
its purity rate with a view toward otherwise unchanged function.
The recycling of DESs is an integral part of conducting chemical
reactions; whether a DES can be recycled or not is often an
important criterion to evaluate the goodness of solvents for
chemical reaction systems. Recyclable DESs reflect the potential
value of such reaction solvents as low cost and environmentally
friendly, making high-value products based on DES degradation
of biomass an excellent development space.
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