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ABSTRACT: Sustainable technologies applied to energy-related applications should d@@P entectic solvents
develop a pivotal role over the next decades. Therefore, the development of new

materials for old processes has merged as a central research line lately. Deep eutectic

solvents (DESs) have been recently considered alternative and economic task-specific

solvents for many chemical and environmental processes. The low-cost production of ”ﬂ ’_’ ”

DESs production from natural sources and their tunable properties, such as neat null [

toxicity and l?iodegradability, rgake these solvents S}litat_ﬂe candic'la_tes for vari_ous green eneray & fuels industry
processes within the green chemistry framework. Considering the millions of possible

DES combinations yet to be explored, a detailed review of DES research’s current status

that can elaborate on the structure—property relationship is an essential task to identify the missing links and strong points on DES
research. Thus, this review work focuses on the recent research efforts on the utilization of DES on chemical processes, with the
purpose of elucidation on gas capture/separation, fuel desulfurization, biodiesel production, and water treatment processes and
provides a deeper understanding on outstanding scientific questions and identifies promising new research directions that involve
DESs.

1. INTRODUCTION Given such flexibility in forming DESs among the many available
combinations of HBA and HBD, they are often referred as
designer solvents, task-speciﬁc,8 because they exhibit tunable
physicochemical properties and provide alternative solutions to
many industrial applications.”'® Similarly, DESs are often

Deep eutectic solvents (DESs) are novel solvents that are unique
in their physical properties." Mostly, they are associated with
their predecessor, ionic liquids (ILs). DESs are formed by the
combinations of at least two compounds, leading to a large

melting point depression upon formation of a eutectic mixture, referred as “green” solvents,’' not only because they are
mostly leading to mixtures that are liquid under ambient associated with ILs, but they can also be formed with the
conditions. DESs show significant depressions in melting inclusion of many other natural compounds, which results in
points,” in comparison to those of other competitive solvents nontoxic and biocompatible DESs.'” Such DESs are often
with neat constituent compounds. DESs can be classified into referenced as natural deep eutectic solvents (NADESs).'® There
five different categories, corresponding to the types of was a knowledge gap between the discovery of ILs and their
comgpounds that are mixed to form the eutectic mixture (Figure actual recognition by the wider academic community. In
la).” Types I, 1I, and IV involve metallic compounds and are contrast, with ILs, DESs and NADESs has been well-accepted
mostly used in metal processing applications.” Type V DESs by academia, since their potential for new chemical technologies
have been recently proposed and involve the combination of has already been realized.'* Especially over the last § years, the
molecular compounds instead of salts for the DESs formation.” volume of DES publications in academic journals has been
Therefore, most of the literature, specially for applications in the increasing significantly and these publications cover various
energy and fuels area, is focused on Type III DESs. Type III different applications of DESs (Figure 2).

DESs are obtained with the combination of two counterpart Becuase of their low cost, suitable biodegradability, and low-

compounds, namely, hydrogen bond acceptors (HBAs) and
hydrogen bond donors (HBDs).”'* A prototypical example of
Type ILis the one formed by the combination of choline chloride
(ChCl) as HBA with urea at HBD (Figure 1b). The ChCl:urea
mixture, when combined in a 1:2 molar ratio, leads to a large
melting point depression, forming a liquid mixture at ambient
temperature (Figure 1b). The Type III DESs group is extended
by the selection of proper HBA:HBD combinations in suitable
molar ratios from various different groups, which increases the
potential combinations that can yield DESs on a factorial basis.”

toxicity designer solvent properties, they have been considered
mostly in energy,'® environment,'” food processing,'® drug
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Deep Eutectic Solvents Classification
Type |- organicsalt +metal salt
Type Il - organicsalt+metal salthydrate
Type lll - organicsalt(hydrogen bond acceptor) + hydrogen bond donor
Type IV - metal salthydrate+ hydrogen bond donor
Type V - non-ionic hydrogen bond acceptor + hydrogen bond donor
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Figure 1. (a) Classification of DESs and (b) type III DES and the case
of choline chloride:urea DES with the corresponding solid—liquid
equilibria diagram.'®
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Figure 2. Number of published papers related with DESs research.
[Source: Scopus database.]

delivery,'” catalysts in organic reactions,” polymer science,”" or
metallurgy.”” In the case of DESs application for the fossil fuels
industry, emphasis on specific processes such as fuel
desulfurization, gas capture, and separation, has probed their
suitability.”* Over the past few years, DESs and NADESs have
been considered for further complicated applications, such as
biodiesel production,”* biomedical and pharmaceutical applica-
tions,”> power systems and battery technologies,”® biomass
processing,27 nanomaterials synthesis,28 and water treatment.”
Gas capture and separation, water treatment, fuel conditioning
and desulfurization processes are the most widely utilized
chemical process and fuels industries; in addition, to obtain
effective and sustainable outcomes from such classical processes,
more innovative approaches are essential to complement the
existing ones. Thus, discovery, development and deployment of
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DESs in these areas has been studied widely in recent years,
which forms the main motivation of this Review.

2. DES UTILIZATION IN CHALLENGING ENERGY AND
FUELS PROCESSES

2.1. Toxic Gas Emission Management. DESs have been
proposed for adsorption, capturing, and separation of toxic gases
from gas mixtures in different sources. Three main groups of
gases are considered in this work: (i) carbon compounds (CO,),
(ii) sulfur compounds (H,S and SO,), and (iii) nitrogen
compounds (NO, and NH;).*"

2.1.1. CO, Capture. The management of CO, emissions has a
pivotal role into the framework of sustainable technologies and
fuels. The current levels of atmospheric CO, concentrations,
with anthropogenic origin from fossil fuels burning for energy
production rec}uire the development of suitable carbon capture
technologies.”” The use of liquid sorbents has been considered
as one of the most feasible approaches for post-combustion CO,
capture from flue gases.”” The use of amine-based liquid
sorbents in the natural gas industry has led to the possible use of
these compound for emissions treatment.”> Nevertheless,
problems rising from high evaporation rates, solvent degradation
and corrosion problems have led to a search of alternative liquid
sorbents.”* Tonic liquids (ILs) have been considered as a
promising approach for this purpose, considering the possibility
of tuning and tailoring their properties using the large number of
available compounds,35 and, thus, the suitability of industrial-
scale use of ILs has been probed.>® Nevertheless, several
problems have been reported,” 7 which, to date, have hindered
the industrial-scale application of ILs for CO, capturing
purposes. DESs are considered to be closely related solvents
to ILs, and, thus, a large number of studies have been reported
for carbon capture purposes using different types of HBA/HBD
combinations.”**” The advantages of DESs over ILs for this
operation stand on the possibility of developing low-cost, natural
origin DESs, with suitable affinity for CO, at moderate cost.*?
Similarly, the environmental and toxicological impact of DESs is
lower than that observed for ILs;*' thus, DESs can be applied for
carbon capture applications, considering both techno-econom-
ical as well as environmental reasons.">"

The first stage for developing suitable DES for CO, capturing
purposes stands on the accurate determination of absorption
equilibria data in wide relevant pressure—temperature ranges, as
required for post-combustion capture processes. The literature
shows a large collection of experimental absorption isotherms
for different HBA—HBD combinations, from which values for
the Henry’s law constant (Ky;) were inferred Figure 3. The
classical ChCl:urea 1:2 DES has been widely studied for CO,
capture; the literature shows Ky; values, on a molality basis, of ~1
MPa at 313.2 K, which confirms the suitable affinity of this DESs
for CO, molecules (Figure 3a). Nevertheless, some literature
data show larger Ky; values, which show the need of reliable
methods for the synthesis and characterization of DESs, as well
as the possible presence of impurities. The effect of the type of
considered HBD for ChCl-based DES is analyzed in Figure 3b,
where the best results are obtained for urea, although reasonably
good capturing ability may be inferred for other types of DESs,
thus allowing a suitable selection of the HBD considering factors
such as cost, thermophysical properties, or toxicity/biodegrad-
ability issues. Another relevant effect in the DES design for CO,
capture stand on the HBA:HBD molar ratio, results in Figure 3¢
for ChCl-based DESs show that, in most cases, the increase of
HBD content decreases the Ky values (i.e., increases affinity

https://doi.org/10.1021/acs.energyfuels.1c00303
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Figure 3. Henry’s law constant (in molality basis), ky, for the absorption of CO, in DESs considering different effects: (a) literature sources, (b) HBD
type, (c) molar ratio, (d) temperature, and (e) water content. Results in panels (a)—(c) have been reported at 313.2 K. Data obtained from the

available literature.*>~>°

toward CO,). The effect of temperature is analyzed in Figure 3d;
an almost-linear increase of Ky is inferred for the studied DES
(ie, decreasing affinity for CO, molecules upon heating).
Nevertheless, this decrease is moderate, e.g.,, in the case of
ChCliurea 1:2, the Ky value remains lower than 2 MPa for
temperatures up to 353 K, thus allowing CO, capture from hot
flue gases. The water content in DESs decreases CO, solubility
but, at the same time, it decreases the viscosity of the fluid, which
enhances heat and mass transfer.”* The effect of water content
on CO, solubility in ChCl:urea 1:2 is reported in Figure 3e,
although a decrease in CO, solubility is inferred with increasing
water content: for moderate water content, which will be the
result of exposition of hydrophilic DESs to atmospheric water,
the Ky values are still reasonably low to provide suitable CO,
capture. Therefore, water content can be fine-tuned to balance
CO, affinity as well as to provide suitable physicochemical
properties such as low viscosity.

Beyond common DESs, mostly based on choline chloride as
HBA, task-specific DESs have been designed to improve affinity
for CO, molecules, as well as improving physical properties, e.g.,
lower viscosity, which may lead to feasible scaling up of these
solvents at the industrial level. One approach considered for
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improving DESs performance consists of the combined used of
DESs + superbase (i.e., compounds with high protonic affinity)
combinations. Pandey et al.*° considered systems formed by
classical DESs, choline chloride + urea, ethylene glycol, or
monoethanolamine, in the presence of 1,5-diazabicyclo[4.3.0]-
non-5-ene(DBN), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),
and 1,5,7-triazabicyclo[4.4.0]-dec-5-ene (TBD) superbases. In
the case of DESs leading to physical absorption of CO,, those
with urea or ethylene glycol, the presence of the superbases leads
to a remarkable increase in capturing ability, whereas for
chemisorption cases (HBDs such as monoethanolamine), the
superbase is not required. In the case of choline chloride:urea
(1:2) at 60 °C, the CO, amount absorbed is 5.1 mg CO,/g
sorbent, whereas upon the addition of DBN superbase, it
increases to 33.4 mg CO,/g sorbent, with analogous results for
ethylene glycol as HBD. Jiang et al.”’ considered DBN:2-
imidazolidone, or DBN:1,3-dimethylurea or DBN:dimethylurea
DESs, also reporting an improvement of capturing ability,
especially for 2-imidazolidone. Additional relevant studies
considering superbases were reported by Zhang et al.>®
(considering DBN) and Yan et al>” (considering DBU in
superbase ILs mixed with ethylene glycol for DES development)

https://doi.org/10.1021/acs.energyfuels.1c00303
Energy Fuels 2021, 35, 6402—6419
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Figure 4. Experimental solubility data for SO, in selected DESs. Data taken from the available literature.

84,85,88—95

showing in all the cases reversible and efficient CO, adsorption,
as confirmed by the analysis reported by Liu et al.®
Nevertheless, these superbase-based DESs systems may present
problems related to the increase of viscosity upon CO, capture,
the poor performance of desorption cycles, with only 23%
release of captured CO, upon heating to 60 °C.° Similarly, that
of superbase—DESs has been questioned in the literature,’
considering the poor thermals stability of superbases in certain
solvents, as well as the extreme sensitivity of superbases toward
water,”> which would require special conditions from their
preparation and handling hindering scaling up.

Additional modifications of DESs formulation have consid-
ered the use of amine-based DESs, thus evolving from physical
to chemical absorption. Hsu et al.”® considered aqueous
mixtures of choline chloride:urea (1:2) with monoethanolamine
(MEA) showing a 2—3-fold increase in CO, absorption, in
comparison with DES in the absence of MEA. N-methyldietha-
nolamine solutions in choline chloride:ethylene glycol DES
were studied by Mahi et al,** who reported large capturing
ability for the solutions. Adeyemi et al.*> incorporated MEA as
HBD into the DESs (as well as other amines) using choline
chloride as HBA; these amine-based DESs shown are ~3 times
larger than that observed for MEA—water solutions and 16 times
larger than for conventional DESs (e.g., choline chloride:glycer-
ol). These results were confirmed by Li et al,°° who also
reported high solvent stability, as well as short adsorption times.
Additional amine-functionalized DESs were reported by Sarmad
et al.”” considering choline chloride as the HBA and different
amines (ethanol amine, diethanolamine, methyldiethanol
amine, amino ethyl piperazine, and piperazine) as HBDs;
these authors did not report a remarkable increase of CO,
solubility, when compared with non-amine-based DESs, the
values being in the range of those for choline chloride:urea
compounds, which is not in agreement with other experimental
studies. Similarly, all of the amine-based DES reported by
Sarmad et al.” showed a large increase of viscosity upon CO,
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capture. Haider et al.°® considered DESs based on several
ammonium chloride or bromide as HBA and 2-methylamino
ethanol or 2-ethylaminoethanol as HBDs, showing larger CO,
solubilities than for other amine-based DESs or ILs, but, in this
case, having lower solubilities than those observed for MEA
aqueous solutions, in contrast with the results from Mahi et al.**
Haider et al.’® also confirmed the large viscosity increase upon
CO, absorption. Therefore, the main advantages of using amine-
based DESs, or amines in DESs solutions, stand on the large
capturing ability, a decrease in the evaporation of amine solvent,
lower corrosion, and a decrease in solvent regeneration costs.
Trivedi et al.*” analyzed monoethanolamine hydrochloride:e-
thylenediamine DES, confirming the high CO, uptake ability.
Similarly, these authors confirmed the lower solvent regener-
ation costs, because of lower heat of absorption, when compared
with an aqueous alkanol amine solution; thus, together with the
null volatility upon sorption—desorption cycles and the decrease
in corrosion rates, by the hydrogen bonding protecting the main
functional groups, it is confirmed that alkanol amine-based DESs
are advantageous over traditional amine solutions. Nevertheless,
it should be remarked that the large viscosity upon CO, capture
and the slower absorption processes, in comparison with
physical absorption, may lead to difficulties for the scaling up
of these materials. Closely related azolide-based DESs, with
ethylene glycol, were reported by Cui et al.””

The modification of DES through the inclusion of additives
has also been considered by Chemat et al,,”" using 1-arginine for
choline chloride:glycerol DES, showing the enhancement of
CO, solubility by L-arginine addition. The Henry constant (in
molality basis) for ChCl:glycerol (1:2), being 1.1835 MPa,
decreases to 0.4435 MPa upon the addition of L-arginine at a
ratio of 1:2:0.2.

The negative impact of water content on the absorption
ability of DESs was circumvented by the design of hydrophobic
DESs. Gu et al.”” designed DES considering polyamine chloride
and thymol, showing an absorption capacity of 0.09 g CO,/g

https://doi.org/10.1021/acs.energyfuels.1c00303
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DES, which is larger than observed for most of the DESs
available in the literature. Additional hydrophobic DESs were
designed in the literature based on ammonium—decanoic acid
combinations,”””* leading to excellent CO, absorption ability.

Although DESs have probed excellent performance in the
liquid phase for the capturing of CO,, additional studies have
been reported considering DESs supported on different
materials. A CO,-phillic membrane developed from choline
chloride:ethylene glycol DES confined into graphene oxide
nanoslits was designed by Li et al.;” the reported results showed
large changes in the DESs upon confinement, which led to
outstanding separation performance, thereby forming a suitable
membrane for CO, capture. Graphene oxide + DESs
membranes were also developed by Mubasir et al.,”® confirming
suitable permeability, durability, and selectivity. Similarly, DESs
confined in graphite or rutile,”” nanoporous or mesoporous
silica,”®”? laminated MXene,*® metal organic frameworks,®' or
immobilized on polymeric membranes,** probed how the
performance of DESs can be improved through interaction
and confinement with suitable materials, thus allowing the
development of membranes for CO, capture.

2.1.2. Sulfur and Nitrogen Compounds. The performance of
DESs for capturing toxic sulfur gases (SO, and H,S) and
nitrogen (NOx and NH,) was recently analyzed by Chen et al.*
The capturing ability for SO, is reviewed in Figure 4 for those
DESs that are able to absorb amounts larger than 1 g SO, per g of
DES. Although not included in Figure 4, reasonably large
amounts of SO, may be captured using common DESs such as
ChCl:urea (0.35 g SO,/g DES), which may be improved using
thiourea as HBD (0.88 g SO,/g DES).*’ Results in Figure 4
show that the use of alkylimidazolium-based DESs led to SO,
capture above 1 g SO,/g DES;**® in fact, most of the available
literature reporting larger absorbed amounts of SO, considers
imidazolium-based DES. The increase of alkyl imidazolium
amount into the DES formulation increases the amount of
absorbed SO, (see Figure 4). Theoretical calculations reported
by Atilhan et al.*® showed the prevailing role of cation—SO,
interactions for the DES performance, with imidazolium cations
leading to large interaction energies with the SO, molecules,
which would justify the suitable capturing ability of
imidazolium-based DESs, as reported in Figure 4. Despite
these suitable SO, capturing abilities for imidazolium-based
DES, the poorer biodegradability, larger toxicity, and higher
costs of these DESs, in comparison with ammonium-based ones,
should be noted.”"*” DESs based on caprolactam and acetamide
show SO, capturing abilities above 1.5 g per g of DES, which
confirm their suitability for application on an industrial scale
(Figure 4). Therefore, the reported literature shows SO,
capturing abilities in the 0.2—1.7 g SO,/g DES range®® (Figure
4) for very different types of DESs, which are larger than those
for CO,, thus showing DES as a suitable platform for developing
SO, capturing operations; thus, a suitable selection of DESs can
be done considering both the capturing ability as well as suitable
thermophysical properties, cost, and toxicological and biode-
gradability aspects. Nevertheless, studies considering non-
imidazolium-based DESs are required, considering the scarcity
of information for these systems and keeping in mind the
technoeconomical and environmental problems involved with
the use of imidazolium cations for the development of DESs.

In the case of the highly toxic H,S, Figure 5 shows the most
relevant literature results. ChCl:urea DES was studied by Liu et
al,*® with Ky = 3.57 MPa (in mole fraction basis) for a 1:1.5
molar ratio, which shows suitable affinity of this DES for H,S.
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Figure S. Henry’s law constant (in molality basis), ky, for the

absorption of CO, in DESs.**%¢ (Legend: TBAB, tetrabutylammonium
bromide; FOR, formic acid; ACE, acetic acid; PRO, propanoic acid.)
All data were obtained at 298.15 K, except for ChCI-URE, which were
obtained at 313.15 K.

The increasing amount of URE in the DES leads to a decrease in
absorbed H,S, which can be justified considering that H,S
molecules develop hydrogen bonding with ChCl and
interactions with the URE HBD are minor.*® Therefore, the
cation—H,S interactions via hydrogen bonding are pivotal for
the deign of suitable DESs for H,S absorption. In the case of
ChCl-based DES with organic acids as HBDs (formic, acetic or
propionic acids), results in Figure S show larger solubilities than
for URE, which may be justified considering the stronger Lewis
acid character of the HBD and, thus, the possibility of interacting
with the absorbed H,S also via the considered HBD. In this case,
the effect of HBA:HBD molar ratio is very minor, compared to
URE systems, and the H,S solubility even increases with HBD
(organic acid) content. Similarly, the replacement of ChCl as
HBA by TBAB (tetrabutylammonium bromide) leads to larger
H,S solubilities. Therefore, the interaction of the H,S molecules
with the DES is justified by the formation of hydrogen
bonding;48 thus, the stronger the hydrogen bonding, the larger
the capturing ability of the DES. Wu et al.”® considered
alkylammonium bromide-based DESs leading to Ky, values of <1
MPa, which are lower than those for choline chloride-based
ones, although the mechanism of H,S capture stands on the
development of strong hydrogen bonding in both cases.
Therefore, DESs, even common ones such as choline chloride
ones, can be used for developing H,S capture operations.

The capturing of NO, (NO, an NO) has also been
considered, although the available experimental and theoretical
information is very scarce. For the case of NO,, theoretical
studies probed the affinity for NO, of choline chloride-based
DESs,”” especially when thiourea is considered as HBD, which is
developed through charge—dipole interactions; thus, these
DESs could be used for NO, capture operations. Chen et al.”®
determined experimentally the NO, absorption in choline
chloride:glycerol or choline chloride:ethylene glycol (see Figure
6), showing values in the 0.36—0.55 g NO,/g DES range, with
larger absorption for ethylene glycol at the 1:4 ratio, the
obtained Ky values are lower than those for commercial sorbents
and are in the range of studied ILs.”” In the case of increasing
amounts of HBD in the DES, the NO, solubility is also increased
(see Figure 6), which is justified considering the stronger NO,—
HBD interaction when compared with that for ChCL”” thus
improvements of NO, solubility in DES may be achieved by the
selection of suitable HBDs strongly interacting with the gas
molecules.
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Figure 6. Experimental solubility data for SO, in selected DESs. Data
taken from the available literature.”®

In the case of NO, several DESs were probed to be suitable for
capturing this gas. Sun et al.'”’ studied 1,3-dimethylthiourea-
based DESs showing excellent performance with up to 4.25 mol
NO per mol DES. Zhang et al.'’" considered azole-based DESs
with NO solubility of up to 2.1 mol NO per mol of DES, with the
main advantage of these DESs standing on their low viscosity,
which even decreases upon NO absorption. Amine-based DESs
were considered by Wu et al.'”” with an absorption capacity of
up to 0.33 g NO per g DES at 303 K. Atilhan et al.'” reported
theoretical studies on NO solubility in arginine-based NADES
probing large DES-NO affinities, thus considering NADES as a
suitable alternative for NO absorption. Nevertheless, the scarcity
of experimental and theoretical information requires specific
design of DESs with properties tailored for NO absorption.

Finally, DES ability for absorption of NH; has been
considered with a large number of DESs being studied.”
DESs with largest absorption abilities are reported in Figure 7.
Common ChCl-based DES are not suitable for NH; absorption

purposes, e.g., ChCl:urea 1:2 absorbs 0.01 g per g of DES.'** In
contrast, complex DESs including ChCl and two types of HBDs
have been reported showing large NH; solubility (see Figure 7).
Choline chloride-based DES with resorcinol/glycerol as HBDs,
thus leading to absorption of up to 0.13 g NH; per g DES at 313
K, which considering the natural origin of the DES, low cost and
biodegradability justify the possible use of these DESs for NH;
absorption operations. Similarly, ChCl:tetrazole:EG DES shows
0.17 g NH; per g DES at 313 K. Therefore, a large NH;
capturing ability has also been reported for choline chloride-
based DESs considering many different types of HBDs,'"
although developing complex DES formulations through the
selection of suitable HBDs in selected molar ratios. Moreover,
DESs based on other compounds such as amine-based ones'*®
or azole-based ones'”” (Figure 7) also lead to large solubilities
for NH;. Therefore, DESs are also suitable platforms for
developing NHj; absorption operations, even considering simple
choline chloride-based DESs, thus being advantageous over
traditional solvents or ILs.’”'%*

2.2. Fuel Desulfurization Process. Sulfur compounds in
fuels are a large environmental problem, because they are
converted to SO,C,112 which may lead to acid rain, and sulfate
particular matter, which has been strongly correlated with severe
public health problems.""” Similarly, sulfur compounds poison
catalytic devices used in vehicles for treating exhaust gases.'"*
Other undesired effects of these compounds stand on corrosion
results in combustion engines and refining devices, which,
together with poisoning of catalysts used for downstream and
hydrocarbons upgrading, justify the large relevance of deep
desulfurization processes for the petroleum industry.""> Euro-
pean Union regulations (Euro S) limit the sulfur concentration
in fuels to 10 ppm,''® and the USA regulations for diesel
standard are limited to 10 ppm for gasoline or 15 ppm for
diesel.""” Therefore, the desulfurization of fuels is a required
operation in the petroleum industry for decreasing the
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Figure 7. Experimental solubility data for NHj; in selected DESs.

Data taken from the available literature.
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environmental impact of fossil fuels combustion and assuring
the performance of fossil-fuels-related operations.

The available main technologies for fuels desulfurization are
hydrodesulfurization technology (HDS), and oxidative, adsorp-
tion, biological, and solvent extraction.''® HDS is the most used
technology for desulfurization processes on an industrial
scale,""” but although being effective for aliphatic hydrocarbon
sulfur removal, it shows problems for the deep removal of
polycyclic organic sulfides such as thiophene (TP), benzothio-
phene (BT), dibenzothiophene (DBT), and their derivatives.'*
Similarly, operational conditions for HDS lead to a substantial
increase of the desulfurization costs. Therefore, new technolo-
gies are required among those extractive desulfurization can be
considered as suitable option, because of its low costs and high
desulfurization efficiency.'”' Nevertheless, the selection of
solvents is required to ensure the suitability of the technology,
for the use of organic solvents, because of their volatility, toxicity,
and low biodegradability issues.'*” Therefore, new solvents have
been explored to fulfill requirements of ultradeep desulfurization
by extraction at low cost with suitable environmental properties.
Among ‘these group of new solvents, ILs,"*>"** as well as
DESs, >~ "*” have attracted great attention in the literature. ILs
have been successfully studied for desulfurization processes and
showed a high extractive ability for many different types of sulfur
compounds; nevertheless, some concerns rising from their cost
and the difficulties for scaling-up the processes, as well as
concerns on their environmental fate,"**'*? have attracted more
interest to DESs as alternative solvents for extractive
desulphurization.

The literature shows different types of DESs that have been
considered for extractive desulfuration purposes. Cheng et al.'*
developed a screening procedure based on the COSMO-RS
method using DBT and n-octane as model oil. A large effect of
HBA and HBD components of the DESs is inferred, showing
tetrabutylphosphonium bromide:dimethylformamide (1:3),
leading to the highest performance with the sulfur content
reduced from 500 ppm to 9.8 ppm after three extraction cycles
with the desulfurization ratio of the first cycle being 82.1%,
similarly showing facile solvent recycling. Although Cheng et
al."*° showed lower performance for ChCl-based DESs, in
comparison with other HBAs such as alkylammonium or
alkylphosphonium, several studies have considered ChCI-DES
for desulfurization purposes, mainly because it is among the
lowest-cost HBAs. The most relevant DES for desulfurization
purposes are summarized in Figure 8. Makos et al."*" reported
extraction of thiophenes using ChCl and aromatic HBDs,
showing a 99.99% removal in three stages extraction using
ChCl:phenol (1:4) DES, with the techno-economic analysis
showing excellent performance at a low cost. Other HBDs have
been considered using ChCl as HBA, such as glycerol,'** organic
acids,"** and FeCl,,"** or even forming extractive nanofluids
when combined with nanoparticles.">> Most of these ChCl-
based DESs have been proven to have suitable extractive ability,
stability, and recyclability, thus confirming this type of DESs as a
platform for developing solvents for sulfur extraction at
moderate cost. Additional families of DESs have been
considered in the literature beyond the ChCl type, e.g., based
on polyethylene §lycol,136 alkylammonium bromide,"*” or
alkylimidazolium,*”"** with most of the cases reporting deep
desulfuration (sulfur content <10 ppm) in 3—S$ extraction cycles.
In the case of tetrabutylammonium chloride (TBAC)-based
DESs, results in Figure 8 show lower performance than ChCl-
based ones. Similarly, the easy procedure for regenerating the
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Figure 8. Extraction efficiency for sulfur compounds using selected

DESs. All values reported for DES extractant:oil 1:1
ratio, 125:131-133,136,139

DESs is another factor favoring the industrial use of these
solvents.

Regarding the factors controlling the DESs performance for
desulfurization purposes, the large effect of viscosity has been
shown, i.e, when HBA:HBA ratios lead to large variations of
viscosity, those ratios with lower viscosity lead to large extractive
ability."’" The effect of physical properties, HBA:HBD ratios,
temperature, extractant volume, and other factors have been
studied and optimized through response surface method-
ology'** or central composite design.'”"

The molecular level roots determining the mechanism of
DES—sulfur compounds interactions have been analyzed using
different theoretical methods. Quantum chemistry calculations,
using density functional theory (DFT), allowed to analyze the
nature of intermolecular forces controlling sulfur compounds
extraction. Wagle et al.'*" studied the interaction between
aromatic sulfur compounds and choline chloride:urea or choline
chloride:ethylene glycol 1:2 DESs, showing noncovalent
interactions of the sulfur compounds with the cholinium and
HBD compounds, whereas the chlorine anion is not interacting.
Similarly, it is demonstrated that the DESs does not lead to
hydrogen bonding with the aromatic sulfur compounds and the
structure of the DES is not affected by the interaction with the
sulfur compounds, with HBA:HBD hydrogen bonds without
suffering any change.'”" Classical molecular dynamics simu-
lations were performed to study the behavior of alkylammonium
chloride-based DESs including metal compounds, with regard to
aromatic sulfur compounds; the reported simulations were
allowed to infer the effect of composition and conditions on the
effectiveness of extraction, determining how being close to
ambient conditions improve the solvent—sulfur compounds
interactions.'*' Additional studies on ammonium-based DESs
were reported proving the organosulfur compounds interactions
with the alkylammonium cation, which leads to efficient
extraction from model oils; similarly, the structuring of the
DESs remained almost unchanged by the presence of the sulfur
compounds.

2.3. Separation and Extraction Processes. DESs have
been applied in the oil and gas industry for several relevant
applications as alternative media for traditional operations.
DESs have been successfully considered for separation and
extraction operations relevant for the oil and gas industry, as
summarized in Figure 9. Aromatic nitrogen compounds (basic
six-membered rings, and nonbasic five-membered rings) are
difficult to remove and the commonly applied hydrodenitrifi-
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Figure 9. Main separation and extraction operations involving DESs.

cation operations requires harsh conditions, therefore extractive
denitrification has been proposed in parallel to extractive
desulfurization; thus, the use of DESs for extractive
denitrification operations has been considered. Hizaddin et
al."* used the COSMO approach to predict the extractive
denitrification ability of 94 different DESs, showing the
prevailing role of hydrogen bonding as the driving force for
the extraction of aromatic nitrogen compounds. Ammonium-
based DESs, including choline chloride, showed the largest
selectivity, whereas phosphomium-based ones showed the
largest extractive capacity. The type of HBD has also a large
effect on the nitrification ability whereas the HBA:HBD ratio has
a minor effect. Experimental studies have ;)robed the extractive
denitrification of DES; Rogosic et al.'* considered choline
chloride:propylene glycol for the extractive denitrification of
gasoline, using pyridine as a model compound, showing a 45%
reduction in a single-step extraction. Extraction of NO, have also
been probed using choline chloride-based DESs by Waite et
al,”” showing the prevailing role of dispersion interactions,
being largely favorable for choline chloride:thiourea DES.
Similarly, the possibility of designing DESs for the concurrent
desulfurization and denitrogenation operations has been
probed; Lima et al."** used tetrabutylphosponium bromide:-
sulfolane DES with close to 99% elimination of sulfur and
nitrogen compounds in less than four extraction cycles.

Fuel dearomatization operations have also been proposed
using DESs.'** Choline chloride-based DESs were considered
for the dearomatization of gasolines by Larriba et al.,'** showing
excellent performance by using choline chloride:levulinic acid
DESs. The reported results showed an extraction of 99.6% for
benzene and 96.4% for toluene; thus, considering the restrictive
regulations on benzene content for gasoline probes, these DESs
are suitable extractant agents. Similarly, the results showed
suitable recovery and solvent regeneration, thus leading to this
DES as a suitable, inexpensive, and nontoxic solvent for
aromatics recovery. Similarly, simultaneous dearomatization,
denitrification, and desulfurization of fuels has been groposed;
Kucan et al.'*’ (betaine-based DES), Rogosic et al.'** (choline
chloride-based DES), and Warrag et al.'*’ (phosphonium—
based DESs) probed the efficient simultaneous removal of these
compounds with a reasonable number of extraction steps and
full recovery of the solvent. The removal of additional fuel
contaminants was also considered using DESs. Mercury removal
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from oil and gas was probed by Warrag et al.,"*® using choline
chloride-based DESs leading up to 97% removal, which is being
justified by the strong interaction of the Hg atoms with the CI™
anion in the DESs.

The purification of biofuels with DESs has been successfully
studied. Ammonium-based DESs were considered for the
glycerol removal from crude biodiesel, choline chloride:glycerol
DES reduces glycerol content up to 0.02 wt % with extraction
yields of >50%."*' Ammonium and phosphonium DESs for
glycerol removal from biodiesel were studied by Shahbaz et
al."*” probing the largest extraction using phosphonium-based
DES with glycerol as HBD. Therefore, it has been probed the use
of DESs, mainly choline chloride-based ones for the reduction of
glycerol content in biodiesel beyond the regulated limits.">
Moreover, into a circular economy framework, glycerol waste
byproduct from biodiesel synthesis has been proposed as a
starting material for the fabrication of DESs, with the produced
DES being applied for the subsequent biodiesel purification and
upgrading (see Figure 10).154

biodiesel synthesis R

waste glycerol

DES as solvent for
urification

DES as solvent for
esterification

methanol

biodiesel

Figure 10. Scheme of DES use for biodiesel production and purification
in the case of ChCl:glycerol (1:2)."*

Other relevant separation operations considering DESs
involve their use as azeotrope breakers. Peng et al.">* considered
the ethanol + water binary mixture showing how the addition of
10 wt % ChCl:urea (1:2) led to the vanishing of azeotrope (see
Figure 1la). Similarly, Jiang et al.'*® considered choline
chloride:urea and choline chloride:glycerol (1:2 ratios) for the
separation of allyl alcohol and water solutions, probing that the
addition of the DES eliminates the azeotropic point with DES
amounts in the range of 10—15 wt % (Figure 11b).

2.4. Water Treatment. One of the grand challenges of the
21st century is highlighted as water security and access to
freshwater resources. Water scarcity motivated the scientific
community to tackle this problem and develop novel
technologies for water purification, treatment, and reuse.
Besides process management issues, the most common and
scientifically challenging issue with water treatment is removal of
the hazardous materials, such as toxic metal ions and bacteria.
The presence of metallic species in water has toxicological
implications and can lead to chronic poisoning as they are
absorbed by living organisms.">”"** Extreme exposure to toxic
metal jons via bioaccumulation is known to cause health
problems (such as mammalian cancer, nervous-system-related
failures, and the collapse of organs such as the heart, kidney, and
lungs, leading to res?iratory disease, brain malfunctioning) and
can cause fatality."””~'%* Thus, it is critically important to
provide fast, accurate, and reliable alternative solutions for the
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treatment of such compounds in water, and that has been one of
the top priorities of both academia and industry over the last
couple of decades. In recent years, DESs have been considered
as one of the alternative water treatment chemicals for this
purpose and in this section, advances in water treatment by using
deep eutectic solvents has been reviewed and analyzed.

2.4.1. Metal lon Removal. Classical adsorption method has
been considered as one of the most common water treatment
and metal-ion-removal techniques.'® In recent years, because of
their unique thermophysical and chemical properties, nano-
particles have been considered to be state-of-the-art adsorbents
for many gollutants for water treatment, because of their unique
features.'** In this regard, because of their extraordinary
physical, electrical, and chemical properties, carbon nanotubes
(CNTs) are the most commonly used nanomaterial for water
treatment,'®* including the capture of cadmium,'® copper,'*®
zinc,"®” lead,'® 1,2-dichlorobenzene,"® fluoride,'”° and trihalo-
methanes.'”' However, some disadvantages have been reported
for CNTs, including poor solubility, aggregation, and difficulty
of manipulation, which remains a major challenge and limitation
on CNTs becoming an option for industrial use. Functionaliza-
tion of CNTs is a key enhancement step, through which such
drawbacks can be eliminated, if not minimized. For this purpose,
functionalization of CNTs with DESs has been considered in
recent years and applications on ion removal have been
demonstrated for such compounds.

The presence of lead (or Pb(II)) in water causes a variety of
health problems and has gained enormous concern worldwide,
because of its specific effects on children.'”” Most recent
techniques on Pb(II) removal in water focuses on adsorptive
methods utilizing rice husks, maize cobs, sawdust,'”? aquatic
plants,"”* kaolinitic clay, giru clay,'”> and granulated blast-
furnace slag.l76 Most recent efforts concentrated around
utilization of CNTs for this purpose,’”’~'** such as nitric-
acid-functionalized CNTs,"® manganese oxide-CNT (CNT/
MnO,) nanocomposites, **'* alumina-coated CNTs'® and
titanium dioxide/CNT (TiO,/CNT) nanocomposites.'®’
Despite reasonable progress via these functionalized combina-
tions, there is still a need on more economically feasible and
environmentally friendly functionalization agents; and thus,
DESs have been considered for this purpose in recent years. In a
study by AlOmar et al,,'® choline chloride-based DESs were
used as functionalization agents for KMnO,-treated CNTs,
HNOj-treated CNTs, and H,SO,-treated CNTs, and their
capacity to absorb Pb(II) from water was measured. They have
reported that the Pb(II) adsorption behavior can be explained
using a pseudo-second-order kinetics model and they have
obtained a maximum adsorption capacity of as high as 288.4
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mg/g for CNTs functionalized with KMnO, and TEG-based
DES (KTEG-CNTs) through Langmuir isotherm analysis.

Similar to Pb(II), nickel is an essential element for living
organisms in small quantities; however, it becomes toxic and
hazardous at high concentrations through bioaccumulation.'**
Thus, nickel content at levels that are higher than the permissible
levels in water resources must be eliminated, if not reduced to
allowable limits."®® To date, different methods have been used
for the removal of Ni metal ions from water supplies, such as ion
exchange, chemical deposition, membrane separators, microbial
precipitation, biosorption, and adsorption.'”’™""* Similar to the
case for Pb(II) removal, one of the most compelling methods is
the use of CNTs and especially multiwall carbon nanotubes
(MWCNTS) to remove Ni ions from a water source.'”® Ghani et
al. reported a nickel adsorption capacity of 6.9 mg g~' (mg of
nickel per g of MWCNTs). In order to enhance the adsorption
performance, MWCNTs are functionalized because they have a
high tendency to react with different materials negatively
affecting their adsorption efficiency, capacity, and selectivity.
These issues have been enhanced with proper functionalization
groups on MWCNTs surface.'*'**~'“ Despite the improve-
ment in physical properties and sorption performances achieved
through the functionalization of MWCNTs via sulfuric acid and
nitric acid, their hazardous chemical nature and toxic features
doesllglg)‘fgrglake them favorable choices for proper functionaliza-
tion. ””

Use of DES for functionalization of MWCNTSs has been
considered as a green technique by Rahmani et. al in a recent
study. Tetra-n-butyl ammonium bromide (TBAB)- and glycerol
(Gly)-based DESs have been considered as functionalization
agents. MWCNTs functionalized by TBAB:Gly DES have
shown the ability for nickel removal at maximum adsorption
capacity and maximum removal percentage of 115.8 mg ¢! and
93%, respectively, under reported optimum conditions with the
reusability of 7 times.'**

Functionalization of MWCNTs with DESs were also used for
the capture and removal of Hg*", Cd**, Pb**, and Cr®" as well."””
The development of a biosensor based on glucose oxides
immobilized on novel ultrathin poly(brilliant green) (PBG)
films electrodeposited in ethaline DES on MWCNT-modified
glassy carbon electrodes (GCE) for the trace amount of metal
ion detection. The mechanism of reversible inhibition was found
to be competitive for Hg** and Cd**, uncompetitive for Pb**,
and mixed for Cr®".

Furthermore, DESs functionalized MWCNTSs were also
considered for the removal of mercury and arsenic in several
other studies.”””*°" AlOmar et al. used methyl triphenylphos-
phonium (MTPB) and benzyl triphenylphosphonium chloride
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(BTPC) salts combined with Gly to form DESs to functionalize
MWCNTs for the removal of As metal ions from water. This
study resulted in the superior performance of MTPB:Gly
functionalized MWCNT and provided maximum adsorption
capacity and removal percentages of 23.4 mg g~ and 95.5%,
respectively.””” In another study, TBAB-based DES-function-
alized MWCNTs showed good performance on mercury
removal from water with an adsorption capacity of 177.76 mg
g~! and a removal percentage of 96.3%." Utilization of DESs
made these studies possible and demonstrated the potential of
DES and their promising applications for water treatment
purposes.

2.4.2. Water Purification. In addition to metal ion removal,
DESs have been considered to remove various other
contaminants, such as fluorine, iodine, and bisphenol from
water.

Fluorine is the world’s 13th most abundant element, has the
highest electronegativity, and is one of the most reactive
elements.””” It has various industrial uses such as nuclear fuel
processing, high-temperature plastics (e.g., Teflon), and syn-
thesis material to produce sodium fluoride and hydrofluoric
acid. One of the most widely known fluorine uses was discovered
in the early 1900s, and it was suggested to be used as an additive
in toothpaste to prevent dental cavities, for which the benefits
and harms still have been debated since its introduction in the
USA in the 1950s. There have been concerns raised on fluorine
use because it is considered to cause cognitive impairment,
hypothyroidism, enzyme and electrolyte derangement, and
uterine cancer, because of its toxic nature. Therefore, there has
been a trend in the reduction, if not the elimination, of fluorine
for children’s dental treatments. More improvements in water
treatment to reduce the fluoride level have been discussed for
occupational health and safety practices purposes; thus, DESs
have been considered from this perspective. Alternative
methods that use DESs on the removal of fluorine in
contaminated groundwater were proposed by Sharma et al.”**
Graphene nanosheets were functionalized to contain metal
oxides, and for this purpose, ChCl were combined with metal
salts (as HBD), and several DESs such as ChCl—FeCl; (1:2),
ChCl-ZnCl, (1:2), and ChCl—SnCl, (1:2) DESs were used in
this work. DES-modified graphene nanosheets could remove
fluoride from the water with 75%—87% removal efficiency. The
concern regarding the presence of metal salts in DESs and their
potential transfer to the water was also studied and ruled out,
since no trace amount of metal ions were observed after the
treatment process. Thus, the final DES-modified graphene
structure has been reported to be very stable for repeated trials
for the intended purpose. The biocompatibility of the studied
compounds was also studied through cytotoxicity measure-
ments, and it was proved that these compounds do not impose
any toxic effect against humans. This study paves the way to the
utilization of DESs for water treatment, and there is a great
potential to test several HBA and HBD among their more
environmentally benign alternatives.

In another study by Florindo et al, the utilization of
hydrophobic DESs for micropollutant removal in water
reservoirs has been studied. Despite their small concentration
in water streams, Bisphenol-A (BPA) have been hazardous to
both humans and animals due to their carcinogenic and
endocrine-disrupting effects. The need behind moving toward
DES-based BPA removal is simply because of the high cost of the
current state-of-the-art solvents and their issues with reusability.
Thus, more environmentally friendly and highly recyclable DESs
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have been considered for this purpose. Extraction of BPA from
water sources were evaluated by utilizing DESs, which were
obtained through natural compounds. p,L-Menthol was used as
an HBA and different quaternary ammonium salts with long
alkyl chains were used as HBD in the study by Florindo et al. In
particular, [N7777]Br, [N8888]Br, and [N8881]Br were used
as HBD. Various DESs (e.g., alternate molar mixing ratio of
HBA/HBD) and BPA removal process variables such as
stripping speed, contact time, and DES/water ratio were
considered in this study and marginal optimizations has
shown almost 100% BPA removal with high reusability and
recyclability when [N8888]Br:C,, was used. Utilization of DESs
for removal of BPA at such high efficiency is very attractive from
economical point of view. In addition to high removal efficiency,
it has been shown that multiple cyclic extractions are possible
with DES-based BPA removal without losing the extraction
capacity of the DESs.

Another application of DESs in water treatment has recently
been studied for iodine removal in water disposal streams of
nuclear power plants. Isotopes of iodine are produced as a result
of power generation in nuclear power stations, and they impose
severe threat to humans and habitat in general, since there is a
risk that radioactive isotopes of iodine can be released to the
atmosphere from the discharged water in these plants. Several
materials have been considered for the capture and removal of
iodine in water dischar%e streams and among those, activated
carbon,”® zeolites,”**~**” and metal-organic frameworks>'?7%"3
are the prominent ones, as per the literature. However, because
of their poor iodine capture performance and high cost,
alternative materials such as DESs have been considered for
this purpose. Li et al.*'* have considered the synthesis of DESs
based on ChCl as HBAs, which were coupled with conventional
HBD (e.g, urea, glycerol, and other common organic acids) for
iodine capture. Fu et al.”" followed “greener” methods to
produce DESs and used urea and guanidine hydrochloride for
the same purpose. Both studies showed not only remarkable
iodine capture performances (~100%) but also resulted in
considerable storage efficiency. Although these studied DESs
showed a slow iodine capture process, they did not exhibit any
issues with reusability and recyclability. Li et. al also studied the
specific effect of HBA and HBD effect on the iodine capture and
they have shown that more-efficient iodine removal occurs as
larger volume cations in HBA are used. This phenomenon was
explained as follows: the larger volume of the cation weakens the
electrostatic force between ClI” and ammonium ions, thus
leading to a stronger attraction between Cl™ and I” ions. These
studies suggest that DESs can be considered as an efficient agent
for radioactive iodine removal from effluent water streams.
However, there is still room for detailed investigation on the
effect of HBA and HBD mixing ratios, optimization of iodine
capture time with improved removal kinetics.

2.5. Biodiesel Production. In the past couple of decades, in
order to respond to ever-increasing energy consumption rates
and securing energy supply, but more importantly to combat
human-caused climate change, various different energy sources
have been explored and considered as an alternative to classical
fossil-based fuels (e.g., oil and gas). Biodiesel is made from
renewable resources such as vegetable oils, recycled (or wasted)
cooking oils, algae, and animal fats.>'° Biodiesel has a great
potential to create its local economy, especially in remote and
rural communities, because its production steps do not require
complex processing at small-scale applications. However, in
order to ramp up its production capacity and consider it as an
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Figure 12. SWOT analysis of the application of DESs for energy and fuels technologies.

alternative fuel recourse for mass-scale applications, the process
must be revamped on a more economical scale. In addition to
economic concerns, increasing concerns on the environmental
issues that are related with the current processing of biodiesel
production lead to several reconsiderations, especially with
regard to the catalyst selection and design of novel solvents for
the extraction of lipids from the main resources. ILs have been
studied as an alternative solvent to be employed in biodiesel
production.”'” However, despite their promising performance,
because of their toxic nature, high cost, and requirement of
complex process steps, the search for alternative solvents has
been an ongoing task in both academia and industry.”'**'? As
DESs provide several major advantages over the ILs, including
simpler synthesis and preparation, low cost, biocompatibility,
and low toxicity.””” Thus, in the past few years, the number of
publications that focus on the utilization of DESs in biodiesel
production has been on the rise.

In a recent study by Lu et al., biomass lipid extraction via three
different DESs has been studied.””® In this work, aqueous
compounds of choline chloride:oxalic acid, choline chloride:-
ethylene glycol, and urea:acetamide were studied for their effect
on the lipid recovery rate. This study showed that when biomass
is treated with DES, there was a significant lipid recovery rate
with superior performance by relatively conventional choline
chloride:oxalic acid DES. In a different study by Kim et al,
integration of renewable DESs with biomass genetic engineering
has been studied with the aim of moving toward achieving
closed-loop biorefineries. Authors proposed the utilization of
renewable biomass-based DESs for extraction of cellulose and
sugars from specific biomass.”*' In this work, authors used
various molar mixing ratios of ChCl + vanillin and ChCl + 4-
hydroxybenzaldehyde as DESs. It has been claimed that DESs
synthesized from phenolic aldehydes showed superior efliciency
at biomass pretreatment. Furthermore, ChCl + 4-hydroxyben-
zaldehyde was more effective than ChCl + vanilin for lignin
removal during pretreatment and sugar release upon saccha-
rification, which is likely attributed to the strong intermolecular
interaction in ChCl + 4-hydroxybenzaldehyde, compared to
ChCl + vanilin.
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Another study that uses DESs in biodiesel production focused
on the utilization of DESs as a reaction medium rather than
extraction solvent for enzymatic biodiesel production from
waste soybean oils. A study by Merza et al. compared the ChCl-
based DESs against their predecessors, ILs, for the biodiesel
production yield.”** In this study, ChCl is coupled with glycerol
as HBD at various molar mixing ratios. Furthermore, water was
also considered as a part of ternary DES system in order to
reduce the highly viscous nature of the DES. It was shown that
the 34% biodiesel production yield could be achieved by using
the ChCl + glycerol DES system at a 1:2 molar mixing ratio,
which was reported to be only 23% when [bmim][PF6] IL was
used. Moreover, in the case of 3% water addition to the DES,
biodiesel yield has reported to reach to 44% at 45 C. The main
issue with the proposed production method was reported on the
reusability of the DES for the intended purpose. It was observed
that reusability of the DES decreased sharply after the first cycle
of 60 min, because of the accumulation of undissolved glycerol
in n-hexane, which was used as an extraction solvent. In order to
improve this condition, authors proposed a two-solvent
extraction system, which, in turn, have significantly improved
the reusability of the DES with the additional cost involved with
the extra solvent requirement. A similar attempt to utilize DESs
as reaction medium on biodiesel production by using sesame
0il.”** In this study, authors not only focused on the biodiesel
yield rate, but also studied other processing parameters, such as
the molar ratio of alcohol to oil and agitation speed at fixed
temperature and contact time. A yield of 97.8% at 60 °C and
1200 rpm in reaction vessel was reported for the DES case with a
2:1 molar mixing ratio of ChCl and ethylene glycol.

3. CHALLENGES AND PERSPECTIVES

The successful application of DES for energy and fuels related
technologies has been probed in this Review. The large number
of HBA/HBD combinations constitutes a huge opportunity for
developing new materials with suitable properties, as well with
proper environmental behavior, in terms of toxicity, biodegrad-
ability, and sustainability. The main challenge associated with
DESs-based technologies stands on the development of task-
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specific DESs for each technology. Most of the available studies
consider common DESs with well-known properties and
behavior, which is a clear limitation on the applicability of
DESs. The extension of DESs technologies to new types of fluids
would require the development of predictive methods and tools,
thus allowing the screening of suitable molecular combinations
leading to ex novo and in silico design of DESs, improving the
available methods. For this purpose, the development of
systematic multiscale computational studies is required in
order to get a deeper understanding of the DESs microscopic
behavior, as well as its relationship with macroscopic properties.
Similarly, another relevant challenge stands on the extension of
DESs to sustainable and natural materials as well as the
technoeconomical and life cycle analysis of DES-based
technologies, which are almost absent in the literature. The
analysis of the whole product cycle for DESs-based technologies
is required to show their sustainability and to ensure avoiding
the errors of previous technologies.

The use of DESs for energy and fuels technologies may be
considered as a solution to current pivotal environmental and
technological problems. The possibility of developing DESs
based on low cost and natural origin sources allows one to
establish technologies within a sustainable approach as well as
into a circular economy viewpoint. Similarly, the number of
HBA/HBD combinations leading to DES would lead to studies
considering new groups of molecules, which are fitted to solve
the current environmental problems into the energy area as well
as for the treatment and use of nonrenewable fuel sources.

A strengths, weaknesses, opportunities, and threats (SWOT)
analysis is included in Figure 12 to summarize the state-of-the-
art for the application of DESs in energy and fuels technologies.

4. CONCLUSIONS

Because of the search for alternative green solvents in both
academia and industry, there has been a noticeable boom in the
recent studies that uses DESs and NADESs as emerging novel
materials. Most recent literature on the utilization of DESs and
NADESs has involved gas capture/separation, fuel desulfuriza-
tion, biodiesel production, and water treatment processes. The
available literature shows that DESs are a suitable alternative
solvent for CO, capture. However, there is still a gap that must
be filled on the performance of gas separation and selectivity via
DESs when gas mixtures or flue gas are considered. However,
literature findings showed that the possibility of tailoring the
DES properties through the wise selection of HBA and HBD
with different molar mixing ratios would yield the development a
high throughput production of sorbents at lower cost and better
physicochemical properties, in comparison to current state-of-
the-art solvents.

Regarding to biodiesel synthesis and production process,
DESs are used as catalyst media, cosolvents, and extracting
solvents. Although there is still a lot to establish in this niche
field, DESs being environmentally friendly makes the separation
of biodiesel from the reaction mixture effortless and can be
successfully reused. Additionally, the catalytic activity perform-
ance of DESs in biodiesel synthesis showed promising results in
comparison to well-established conventional methods, which
gives DESs leverage in future applications in this field. Similarly,
for water treatment and fuel desulfurization, hydrophobic DESs
have attracted considerable attention in extraction micro-
pollutants, metal ions,and sulfur removal from oil (up to
99%). Thus, DESs has a bright future in industrial applications as
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designer solvents for all these processes, and it is expected to
attract more research works in the coming years.
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