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The use of organic solvents in the chemical industry for gas-liquid absorption or liquid-liquid extraction
operations is still unavoidable. The search of “greener” solvents to replace fossil-based counterparts is
a challenge for the scientific community. Biocompatible ionic liquids (bio-ILs) emerged as a sustainable
approach for the development of greener processes. In this work, bio-ILs based on choline as common
cation are evaluated as promising solvents in typical industrial separation processes such as gas absorp-
tion (refrigerants, CO,, H,S, NHs, or acetone) and liquid-liquid extraction (hydrocarbon separations, den-
itrogenation, desulfurization, and recovery of value-added compounds and/or contaminants from aque-
ous streams) by means of COSMO-RS method. Some bio-ILs show competitive behavior compared to the
benchmark common ILs solvents for all the solutes evaluated. None of the solvents evaluated is pre-
dicted to form two liquid phases in aqueous solutions, so future work should be conducted on finding
hydrophobic bio-ILs to perform these separations. On the other hand, bio-ILs in hydrocarbon separations
by means of liquid-liquid extraction show competitive results in terms of selectivities (benzoate-based)
and partition coefficients (bicarbonate-based) compared to benchmark sulfolane and common ILs previ-

ously tested.

© 2022 The Authors. Published by Elsevier B.V.
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1. Introduction

Nowadays, large quantities of organic solvents are needed for
different separation processes in the chemical industry such as
gas-liquid absorption or liquid-liquid extraction operations [1]. The
annual industrial production of organic solvents is almost 20 mil-
lion of metric tons [2]. The excessive consumption of toxic solvents
is also known as typical example of unsustainable practices. How-
ever, the use of solvents is still unavoidable in many processes, so
different alternative chemical procedures have been proposed to
reduce the amount of toxic, or harmful organic solvents, enhanc-
ing the sustainability of the processes [2]. In the last years, dif-
ferent families of “green solvents” have been proposed to replace
fossil-based counterparts, such as bio-ionic liquids, bio deep eutec-
tic solvents, liquid polymers, or solvents synthetized from CO, [2].
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In the last decades, global temperature has been increasing ev-
ery year, principally caused by the presence of atmospheric green-
house gasses (GHGs) in high concentrations [3]. Paris agreement
in 2015 limited the global temperature increase between 1.5 °C
and 2 °C above pre-industrial levels [4]. Global GHG emissions
are attributed to different sectors such as energy systems, indus-
try, buildings, and transport [5]. Carbon dioxide (CO,) accounts for
at least 2/3 of global GHG emissions. However, other gasses such
as methane (CHg), nitrous oxide (N,0) or industrial gasses such
as hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur hex-
afluoride (SFg), volatile organic compounds (VOCs) or nitrogen tri-
fluoride (NF3) are also contributing to global warming [6]. Inter-
governmental Panel on Climate Change (IPCC) report shows that
about 79% of the total CO, emissions come from fossil fuels used
for power generation [7]. Therefore, the removal of CO, from flue-
gasses produced in power plants is a solution widely adopted to
reduce the carbon emissions in the energy and chemical sectors
[8]. Depending on the place where the CO, capture unit is lo-
cated in the chemical plant, the process can be divided into pre-
combustion, oxy-combustion, or post-combustion. Different tech-
nologies have been developed for CO, removal including, physi-
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cal and chemical absorption, adsorption, membranes, or cryogenics
[8]. The most extended solution is the chemical absorption with
aqueous amines: monoethanolamine, or methyl diethanolamine,
among others. However, it presents some disadvantages in its use
principally caused by their high volatility and corrosion [8]. On
the other hand, despite being limited in the Kigali Amendment to
the Montreal Protocol, in 2020 HFC consumption in the EU+UK in-
creased by 7% compared with 2019 [9]. Global emissions have also
increased in the last years, being estimated that in 2018 HFC-23
emissions were higher than any previous value recorded [10]. Be-
sides, HFCs global warming potential is very high (reported val-
ues of 23,000 times higher than that of CO, [11]) so the environ-
mental impact associated with HFC emissions cannot be neglected.
On the contrary, they possess interesting transport and thermody-
namic properties for cooling applications, being widely used as re-
frigerants in both domestic and industrial systems (including ab-
sorption refrigeration cycles) [12]. Among them, R-32, R-125 and
R-134a stand out as the most extensively used compounds [13].
The recovery of HFCs is of special interest in refrigeration, air con-
ditioning, and heat pumps (RACHP) old equipment when they are
reaching their end-of-life and contain HFCs [14]. HFCs Regulation
has a mandatory requirement for the old HFCs to be recovered
and latter re-used [15]. In some cases, HFCs are partially recovered
by adsorption on activated carbons, cryo-condensation, or mem-
brane separation for their re-use in different processes, being all
of them highly expensive technologies [16]. Another contaminant
whose emissions are important in the solvent industry is acetone.
It is widely applied in paint, polymers processing, or pharmaceu-
tical industry being classified as volatile organic compound (VOC)
and also contributing to global warming [17]. Moreover, the ace-
tone release to the atmosphere can cause problems to the human
respiratory system, skin, and eyes [18]. Therefore, it is important
to eliminate VOCs prior to their emissions. Traditionally, this re-
moval has been accomplished by absorption, adsorption, catalytic
combustion, or photocatalysis. The most extended is the absorption
operation, and research efforts have been conducted to seek less
environmentally harmful solvents, usually with high boiling point
and low vapor pressure [17]. The removal of other gasses is also
crucial in the development of more sustainable processes. For in-
stance, hydrogen sulfide (H,S) is a toxic gas present in biogas, nat-
ural gas, liquefied petroleum gas, or other industrial gas streams
[19]. Therefore, the removal of even traces of H,S is crucial since
its toxicity verge is about 10 ppm. In addition to its toxic charac-
ter, H,S can also be used as an important feedstock for the pro-
ductions of sulfur, hydrogen, and some value-added metal sulfides,
among others [19]. Depending on the concentration of H,S in the
stream to treat, different technologies have been developed such as
absorption, adsorption, membrane separation or biological removal
[20]. All of them present some disadvantages on their use mainly
attributed to high investment costs or strongly dependent on H,S
concentration [20]. On the other hand, ammonia (NHs3) plays an
essential role in the global nitrogen cycle [21], coming from dif-
ferent natural or anthropogenic sources. Since 1900s human activ-
ities have caused a great impact on nitrogen cycle, being fossil fuel
burning and the use of fertilizers the most important. However,
NH;3 emissions are also associated with the chemical industry and
related processes (fertilizers production, chemical synthesis, petro-
chemical processes or wastewater treatment, among others) [22].
The presence of NH3 in the atmosphere can cause respiratory tract,
eye, or skin lesions [21]. Therefore, its removal is important and
traditionally accomplished by solid adsorption, liquid absorption,
membrane contactors and catalytic reductions. All these technolo-
gies require high investment costs derived from the equipment’s
low efficiencies, or corrosion problems [23]. Finally, in this study
the use of bio-ionic liquids for liquid-liquid extraction processes is
also considered. Industrial separations based on liquid-liquid ex-
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traction play an important role in the petrochemical industry, in-
cluding hydrocarbon separations, such as aromatic/aliphatic (sep-
aration of BTX from reformer and pyrolysis gasolines) [24], ben-
zene/cyclohexane and cyclohexene/cyclohexane since they are to-
gether on their production [25,26]. These separations are commer-
cially accomplished in the industry by Sulfolane process by means
of liquid-liquid extraction or extractive distillation [26]. In the last
decades, new separation processes are being investigated trying
to overcome the problems of traditional processes such as sol-
vent losses. More than the separation of refinery streams and/or
hydrocarbon-based systems, the quality of liquid fuels is currently
investigated by using liquid-liquid extraction processes, in order to
control benzene and N- and S- containing aromatics such as pyr-
role and thiophene, respectively [27,28]. The last separation-related
application of bio-ionic liquids contemplated in this work is the
removal of contaminants (phenolic compounds) from water, [29].
This task was traditionally not easy including different technolo-
gies such as adsorption, chemical oxidation, or membrane separa-
tion. However, some drawbacks like high cost, low efficiencies and
the generation of toxic residues are associated to these technolo-
gies. Therefore, liquid-liquid extraction emerged as an alternative,
trying to look for hydrophobic solvents that can efficiently separate
phenolic compounds from water [29].

For all the afore mentioned separation processes, ionic liquids
(ILs) have been proposed in literature as potential solvents. Ionic
liquids are liquid salts formed by a cation and an anion with melt-
ing points below 100 °C [30]. Their excellent properties as sol-
vents such as low vapor pressure, which means null volatility, high
solvent capacity, high thermal and chemical stability, among oth-
ers, attracted the scientific community attention to substitute tra-
ditional ones [31]. Moreover, the possibility of tuning the cation
and/or the anion for specific applications make them be consid-
ered as “designer solvents” [32]. ILs have been widely investigated
in CO, [33] and H,S capture [33], HFC removal [13] and recovery
in refrigeration cycles [12], acetone [34], or ammonia [35], and in
aromatic/aliphatic separation by means of liquid-liquid extraction
[36]. However, the initial statement of ILs low toxicity was shown
to be incorrect [37]. Therefore, the search of nontoxic and easy
biodegradable ILs has been a challenge of the scientific community
in last decades.

Biocompatible ionic liquids (bio-ILs) refer to an eco-friendly
family of ILs [38]. The synthesis of these compounds involves the
selection of both anion and cation derived from biocompatible ma-
terials, such as carboxylic acids [39], amino acids [40], glucose [41],
among others. These compounds have emerged as a most sus-
tainable approach for the development of new green processes.
Most part of the bio-ILs research up to date have been focused
on protein-derived amino acid cations and/or anions since they are
nontoxic, easily biodegradable, and biocompatible [38]. Moreover,
these molecules are abundant in nature at low-cost, which im-
plies even more interest in their use. Big efforts have been made
on developing new families of bio-ILs but it remains being a chal-
lenge since they are very restricted to an exclusive family of com-
pounds. In fact, cholinium cation has emerged as the most effec-
tive approach for “greener” compounds since it comes from natural
sources, and it is demonstrated to be easily biodegradable and with
low toxicity [42]. Bio-ILs have been successfully proved in differ-
ent applications of electrochemical and biomedical fields [38]. Even
though a chemical will have the same properties irrespective of
which resources were used to produce them, in the case of choline
based solvents (both ionic liquids and eutectic solvents) it has been
claimed that they are more bio-compatible, more bio-degradable
and less toxic than their counterparts [38]. Therefore, to highlight
these issues, we are using the term bio-based IL-solvents.

The aim of this work is to evaluate a wide variety of bio-ILs
(50) as alternative “greener” solvents in industrial separation pro-
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cesses by means of COSMO-RS methodology. All selected bio-ILs
present choline as common cation due to its favorable environ-
mental concerns. Moreover, comparison with the most promising
conventional ILs published in the literature is also presented. Tra-
ditional separations are divided into gas absorption to remove GHG
contaminants such as CO,, H,S, VOCs, or NH3, and to recover HFCs
used in absorption refrigeration cycles like R-134a, R-125, and R-
32. Henry's law constants are calculated as thermodynamic pa-
rameter of reference. Then, traditional separations by liquid-liquid
extraction are also evaluated depending on the bio-IL properties.
Octanol-water partition coefficient calculations are calculated to
anticipate the hydrophobicity of bio-ILs and their application on
extraction of aqueous streams. Finally, hydrocarbon separation pro-
cesses by liquid-liquid extraction such as aromatic/aliphatic, cyclo-
hexene/cyclohexane, desulfurization, and denitrogenation by using
selected bio-ILs are also analyzed by means of liquid-liquid equi-
librium data calculations.

2. Computational details
2.1. Molecular geometry optimization

The 50 anions and [choline]* cation geometries were optimized
until their minimum state of energy using Turbomole 7.4 software.
Moreover, those solutes that do not exist in COSMO databases
(thiophene and hydrogen sulfide) were also optimized using the
same program package. In all cases, the geometries calculations
were conducted until their minimum energy using the solvent ef-
fect (COSMO continuum solvation method) through def-TZVP basis
set and DFT/BP86 computational level. Last, it was checked that
no negative vibrational frequencies were found by a single point
calculation. All the information needed to perform COSMO-RS cal-
culations using COSMOthermX is stored in the generated *.cosmo
files.

2.2. COSMO-RS calculations: Henry's law constants, octanol-water
partition coefficient, and extractive properties

COSMO-RS method (Conductor-like Screening Model for Real
Solvents) is used for calculations in COSMOthermX software. It
consists of an a priori approach, in which no experimental data is
needed for estimations, enabling the prediction of thermodynamic
properties by the only use of quantum-chemical calculations. This
methodology has been applied in several cases as a preliminary
tool to avoid the long and cost demanding experimental tests, se-
lecting, and designing new solvents for specific applications. It was
successfully employed in aromatic/aliphatic separations, CO, [33],
H,S [33] or acetone absorption [34], among others. COSMOtherm
v.19 software with its implicit parametrization BP_TZVP_19 was
used for all the calculations of this work. First, for gas absorption
phenomena, Henry’s law constants (Ky) are used as parameter of
reference. Ky is calculated by COSMO-RS following the Eq. (1):

Ky =y - oat (1)

Where Ky is calculated by the product of ¥, which is the activ-
ity coefficient of the solute at infinite dilution in the bio-IL (calcu-
lated by COSMO-RS method) and p{* is the vapor pressure of the
pure solute of interest (experimental data and dependence with
the temperature for each solute). The vapor pressure of the solutes
used in this work are found in R-134a [43], R-32 [44], R-125 [45],
acetone [46], ammonia [47], CO, [48] and H,S [47]. Moreover, Ta-
ble S1 of the Supplementary Material includes the Antoine’s equa-
tion parameters of each solute used for vapor pressure computa-
tion at 298 K. In all cases, calculations are made considering the
bio-IL as independent ions (C + A model) and a given temperature
of 298 K.
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Then, the excess Gibbs energy (GE) and enthalpy (HE) of the
equimolar solute/bio-ILs mixtures are calculated by a vapor-liquid
calculation (COSMOtherm software) at 298 K. It is possible to com-
pute the detailed intermolecular interaction contributions to the
excess enthalpy by selecting the extended options of the calcula-
tion. Thus, the sum of these contributions gives as result the total
excess enthalpy (HE) Eq. (2).

HE = HE(MF) + HE(HB) + HE (vdw) (2)
Where HE (MF) is the contribution related to misfit or electrostatic
forces; HE(HB) is the one attributed to hydrogen bonding; and
HE (vdW) is referred to Van der Waals forces.

The entropic contribution (-T-SE) to the excess Gibbs energy was
also calculated following the equation:

GE—HE_T.SE (3)

Anion’s octanol-water partition coefficients at infinite dilution
were calculated by a logP/logD calculation (partition coefficient) in
COSMOtherm. To do so, it is necessary to include both octanol,
water, and anions into the calculation procedure. The cation was
omitted on calculations since it is common for all the selected bio-
ILs.

Finally, extractive properties for liquid-liquid extraction [distri-
bution ratio (Eq. (4)) and selectivity (Eq. (5))] are calculated by
means of activity coefficients at infinite dilution as presented in
Eq. (4) and 5. Activity coefficients at infinite dilution are calculated
by liquid-liquid equilibrium calculation as implicit in COSMOtherm
software and selecting the compositions required for each phase
(extract or raffinate).

XE R
p,=2-1 (4)
X Y
o, 4
Sy 1= =2 _ " 5
21= 5= yr (5)
vE

Where xf and xf are the molar fractions of toluene, benzene, cyclo-
hexene, pyrrole, or tiophene (2) or aliphatic compound, i.e., hep-
tane, cyclohexane (1) in the extract (E) and raffinate (R) liquid
phases, respectively. yiE and yiR are referred to the activity coeffi-
cient at infinite dilution of toluene, benzene, cyclohexene, pyrrole,
or tiophene (2) or aliphatic compound, i.e., heptane, cyclohexane
(1) in the extract (E) and raffinate (R) liquid phases, respectively.

3. Results
3.1. Gas absorption

First, 50 bio-ILs were selected from the literature [38,49,50]. In
all cases, the common cation was [choline]* and different anions
were considered divided into different groups from their prece-
dence: amino acid and carboxylic acid. The complete list of bio-
ILs, structures, complete name, CAS number and molecular weight
can be found on Table S2 of the Supporting Material. Henry’s law
constants were selected as thermodynamic parameter of reference
in gas absorption application. The capability of COSMO-RS method
(specifically COSMOtherm v.19) to predict reasonably good all the
solutes involved in this work is presented on Figure S1 of the
Supporting Material. Moreover, Table S3 (Supplementary Material)
shows all the collected data of Figure S1 with absolute and rela-
tive deviations. Once again, it is reaffirmed the good predictions
obtained with relative errors below 22% in all cases.

Seven different relevant gasses in the chemical industry were
selected for the evaluation of bio-ILs as potential physical ab-
sorbents. Table 1 shows the Ky of solutes of interest in the 50 bio-
ILs. Color green denotes favorable Ky (low value) and red unfavor-
able ones (high value), being the orange the intermediate cases.
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Table 1

Henry's law constants (bar) of refrigerants, acetone, ammonia, CO, and H,S in the se-

lected 50 choline-based bio-ILs calculated with COSMO-RS method at 298 K.
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First, it can be observed that the trend in the refrigerant gasses
is the same for the selected bio-ILs. The lowest Ky are found in
the case of R-134a followed by R-125 and R-32, in good agreement
with previous work on the literature [13]. It is important to point
out the wide ranges of values found for the three cases. This im-
plies that the proper selection of the bio-IL as potential refrigerants
absorbent is crucial. In the case of R-134a and R-32, the range cov-
ers two orders of magnitude whereas in R-125, the differences are
from 0.7 to 120 bar. In all cases, the smallest polar anions are those
showing the best results, for instance bicarbonate, glycinate, ac-

ILs R-134a R-32 R-125 H,S CO, Acetone NH;
Ky (bar)
bicarbonate
glycinate
acetate
dihydrogen-phosphate 0.87
methylsulphonate 0.28 0.89
glutamate 0.30
asparaginate 0.33
lysinate 0.30
alaninate 0.30
propanoate 0.26
prolinate 7.65 0.28
serinate 337 711 3342 036
glutaminate 346 7.33 30.20 0.35
phenylalaninate 391 730 2820 0.29
butanoate 413 853 291 3329 0.28
valinate 425 839 667 314 3375 031
aspartate 427 737 955 356 3626 040 138
succinate 429 | 694 1335 3.30
methioninate 437 7.78 7.65 3.57 31.57
sinapinate 4.67 739 873 3.03
maleate 467 824 10.14 3.66
leucinate 4.74 892 762 339
methylsulphate 476 719 1648 3.63
tiglate 479 864 7.64 311
abietate 498 946 - 3.74
decanoate 518 10.43 3.60
tartarate 9.26 10.54 4.52
neodecanoate 10.30 6.64 3.71
isoleucinate 994 925 3.68
histidinate 824 14.25 3.83
argininate 942 1193 447
malate 9.67 18.22 4.60
threoninate 944 1840 4.21 44.29
[NT£2] 897 3655 573 40.23
tryptophanate 10.18 1893 4.29 32.79 0.28 1.27
Tyrosinate 10.72 20.20 4.70 40.68 0.36 0.96
D-glucuronate 28.53
fumarate 26.51
saccharinate 40.80
ascorbate 30.03
D-quinate 28.27
acesulfamate
bitartrate
D-galactouronate 10.17 40.46
caffeate 34.99 0.37
salicylate 48.08 0.37
dihydrogencitrate
ferulate 49.23 0.27
2,5-dihydroxybenzoate

etate. Moreover, it seems that anions containing phosphate groups
may also act as good refrigerant absorbents. The different selected
anions can be divided in three great groups depending on their
source: amino acids, carboxylic acids (blue) and phosphate based
(orange). It seems that the gas absorption is being dominated by
the size of the anion, where the small ones are those exhibiting
the best behavior. This is in good agreement with previous conclu-
sions reported on the literature [12]. This fact is also reflected on
carboxylic acids derived (blue), because while increasing the non-
polar alkyl chain of the anion, Ky values become higher. Regard-
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ing the amino acid group, similar conclusions can be drawn, be-
ing those small anions exhibiting the best performance. However,
phosphate-based anions appear as a good alternative for the task.
Refrigerant’s solubility is enhanced when fluor atoms are incorpo-
rated to the IL (cation and/or anion) structure, reporting Ky values
from 1 to 2 bar [13,51,52]. Therefore, it seems that at least 4-5 bio-
ILs selected in this work may be competitive with actual proposals.
Moreover, in sight of the obtained Ky values, it is clearly seen that
bio-ILs can also be used to efficiently separate R-134a from R-32
with high selectivity values (2-5 in molar terms), and even higher
than those reported [13].

Acid gasses were also evaluated (H,S and CO,). Starting with
hydrogen sulfide, it can be observed a narrow range between 1.5
and 8.5 bar. It is remarkable the difference between this range
and that previously seen in the refrigerant gasses, being notori-
ously narrower. Similar conclusions can be obtained than in previ-
ous cases, being carbonates of short chain anions the ones exhibit-
ing the best performance. Moreover, the increase in the alkyl chain
leads to lower solubilities. Phosphate-based anions also report a
favorable physical contribution to the aforementioned gas absorp-
tion. In the case of amino acids, different behaviors are clearly
seen, being those small anions presenting low Ky (i.e., favorable
absorption), whereas big ones exhibit a worse performance. The IL
[emim][MePOs] is reported as good H,S physical absorbent with
a Ky value of 1.12 bar. As seen in Table 1, no bio-ILs are reported
presenting lower values but some of them may be competitive in
terms of Ky, such as bicarbonate (1.5 bar), or glycinate (1.7 bar).
Regarding CO,, physical absorption, Ky are shown in Table 1. The
range comes from 14 to 70 bar. Therefore, the same as H,S so-
lute, the range of Ky is narrower than other cases, so the selection
of bio-ILs should move to those presenting chemical absorption.
In the case of CO,, the promotion of Van der Waals forces would
imply higher solubilities. However, the anions involved in the se-
lected bio-ILs do not promote this type of interactions. It is seen
how acetate anion family is the one exhibiting the best behavior,
being short alkyl chain the best for the task. It is also seen how
phosphate-based anions also exhibit reasonably good Ky values for
CO, physical absorption, that may be potential candidates for such
absorption process. Regarding amino acid-based anions, again the
smallest ones present a better performance. These results can be
compared with [bmim][acetate] IL, which is the IL used as refer-
ence for this absorption process. The physical contribution gives a
Ky value of 23 bar [33], which means that at least 2-3 bio-ILs may
be competitive in terms of Ky respect to the benchmark (the IL re-
ported as reference to be the best candidate in the literature). It
is known that some of the proposed bio-ILs may present chemi-
cal absorption by these two gasses [53,54]. However, the aim of
this work is to contextualize bio-ILs as “greener” solvents for con-
ventional physical absorption and compare results with typical ILs
used. Future work will be conducted on evaluating the best bio-ILs
here proposed as H,S, and CO, chemical absorbents based on DFT
calculations and experimental tests.

In addition to the criteria commented above, it is important to
check the toxicity of these bio-ILs, being bicarbonate anion the one
with the lowest toxicity values compared to the rest of solvents
evaluated [55]. Therefore, it can also be used as additional criteria
for the selection of bio-ILs for the different separation processes.

Acetone was selected as VOC of reference, and its results are
presented on the sixth column of Table 1. In this case, it can
be observed that differences on Ky are lower than in previous
cases, having a narrow range of values with one order of magni-
tude of difference. Moreover, comparing the obtained results with
the refrigerant ones, Ky values are notoriously lower (from 0.08
to 0.8 bar), indicating a more favorable physical absorption. It is
known that the cation is playing a crucial role on acetone solubil-
ity in ILs [34]. In this case, the common cation is [choline]" that
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can act as hydrogen bond donor with the oxygen atoms of acetone.
Therefore, it seems that those big anions with dispersed charge, as
[NTf, ], lacking hydrogen bond acceptor ability are the best for the
task. Regarding the anion, long chain carboxylic acids contribute
to increase acetone solubility in bio-ILs. It is important to look
for anions presenting lower interactions with [choline]* than ace-
tone, forming hydrogen bonds between cation-solute, rather than
competitive cation-anion interactions. The obtained Ky values can
be compared with the conventional IL reporting the best perfor-
mance which is [bpyr][NTf,] [34], with Ky of 0.03 bar, slightly be-
low than [choline][NTf,] value but in the same order of magnitude.
This means that at least one bio-IL can be competitive in terms of
Ky with the best reported in the literature.

NHs is the last solute of Table 1, with Ky values ranging from
0.02 to 2.5 bar, exhibiting an intermediate behavior between the
solutes previously analyzed. According to the conclusions reported
in the literature, the cation plays a dominant role on NHs ab-
sorption by ILs [21]. Specifically, those cations functionalized with
-OH groups, as in the case of [choline]™, significantly enhance
NH3 solubility in ILs when compared to their analogues with-
out functionalization [35]. Therefore, cations with acidic charac-
ter will lead to higher NH3 physical absorption. Regarding the an-
ions, Table 1 shows that big anions with delocalized charge, such
as [NTf,]~, enhance the behavior of the bio-IL, in good agreement
with the literature [35]. In sight of the results of Table 1, the same
conclusions as in the case of acetone can be drawn, being those big
carboxylic-based or amino acid-based anions, with lower polarity,
the ones presenting the best performance. Once again, the cation
dominates the solubility, so it is crucial to find anions that enable
the cation to interact with the solute, avoiding competitive cation-
anion interactions. The obtained results can be compared with
those previously published. For instance, a Ky value of 4 bar was
reported for [emim][NTf,] [56], and 0.05 bar for [choline][NTf,]
[35]. In this case, it is reaffirmed that [choline][NTf,] is the best
bio-IL for the task.

In sum, thanks to COSMO-RS methodology, it is possible to put
on the map bio-ILs as absorbents for different gas separations of
the chemical industry. Moreover, some of them show a potential
good performance for the solutes analyzed.

Fig. 1 shows the excess properties for equimolar mixtures for
the best solute/bio-IL pair in each case. Fig. 1A reveals the Gibbs
energy in terms of the enthalpic and entropic contributions, where
different trends are observed. In the cases showing a more ther-
modynamically favored mixing behavior (NHs3, H,S, and acetone),
the enthalpic contribution governs the absorption process. This is
explained by the ability of forming hydrogen bonds between gas
solute and bio-IL (see the orange bar on Fig. 1B). The rest of the
cases are dominated by the entropic contribution, with increasing
Gibbs free energy, disfavoring the solute-solvent mixture. This fact
is also reflected in Fig. 1B, which presents the different contribu-
tions (misfit, Van der Waals, and hydrogen bonding) to the excess
enthalpy. As mentioned before, the cases in which the enthalpic
contribution govern the process are controlled by the formation of
strong hydrogen bond interactions. The other cases are controlled
by weaker electrostatic forces (Misfit), and that is the main rea-
son that enthalpic contribution is not governing the absorption
process.

3.2. Liquid-liquid extraction

Next stage involves the application of selected bio-ILs in liquid-
liquid extraction separations of relevance in the chemical industry.
They can be divided in separations of solutes (i.e., contaminants or
value-added compounds) from aqueous streams and hydrocarbon
separations.
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Fig. 1. (A) Excess energies (enthalpy, entropy, and Gibbs) of solute/bio-IL exhibiting the best performance in terms of Ky and (B) contributions to excess enthalpy of each

solute/bio-IL pair calculated with COSMO-RS method at 298 K.

3.2.1. Aqueous streams

The formation of two liquid phases when separating solutes of
interests from aqueous streams is essential. Therefore, before an-
alyzing the extractive properties, the first step is to find bio-ILs
with hydrophobic character. To do so, octanol-water partition co-
efficient was calculated with COSMO-RS method for the 50 an-
ions. The results are shown in Fig. 2, indicating that most part
of the anions, and especially those based on amino acid, presents
Kow below 1 (miscible in water), which means that they are com-
pletely hydrophilic. This is in good agreement with conclusions re-
ported in the literature [57]. From all the selected anions only 2,5-
dihydroxybenzoate shows Koy higher than 1, which would imply
a smooth hydrophobic character. [NTf,]~ anion shows an interme-
diate behavior, but it is usually taken as hydrophobic anion of ref-
erence in the literature [58,59]. Moreover, Figure S2 of the Supple-
mentary Material shows the Kgy, of the 50 bio-ILs (including the
cation in calculations). As seen, the results show bio-ILs with hy-
drophilic character in all cases with lower Kqy, values when con-
sidering [choline] in calculations. Therefore, separations of solutes
from aqueous streams would only take place by using these two
bio-ILs, that present the ability of forming two liquid phases. It was
decided not to calculate the extractive properties of the selected
bio-ILs, since only these two can be used in practical applications.
Moreover, LLE calculations were made with COSMO-RS method,
without finding two liquid phases in any case. Consequently, fu-
ture works should be conducted on finding bio-ILs with hydropho-
bic properties for aqueous separations.

3.2.2. Aromatic-aliphatic separation and denitrogenation and
desulfurization of liquid fuels

Table 2 shows the calculated extractive properties (distribu-
tion coefficient and selectivity) of selected bio ILs for different
mixtures of interest in the industry: toluene/heptane as hydro-
carbon mixture reference of dearomatization; tiophene/heptane as
desulfurization process; and pyrrole/heptane as denitrogenation
process. On the other hand, benzene/cyclohexane and cyclohex-
ene/cyclohexane COSMO-RS results can be found on Table S3 of
the Supplementary Material. In all cases, it was checked that two
liquid phases are formed with the aliphatic compound. LLE point

compositions are shown in Table S4 of the Supplementary Mate-
rial. In all the mixtures evaluated, partition coefficients and se-
lectivities present an opposite trend, i.e. those bio-ILs providing
higher partition coefficient are those with lower selectivity and
vice versa, as it was already found with common ILs [60]. Start-
ing with toluene/heptane mixture, distribution coefficients range
are from 0.03 to 2.5. Therefore, it seems that the selection of the
proper anion would imply better separations. In general, small an-
ions exhibit the best performance among the bio-ILs evaluated,
whereas more voluminous anions lead to worse separations. An
opposite trend is found when observing selectivity values with
a range between 2.7 and 52.5 for the best case. In this case, it
seems that interactions between [NTf,]~ and aromatics is weaker
and more selective when [choline|* is present [60]. In the case
of desulfurization (tiophene/heptane), the results are completely
analogous, being those bio-ILs exhibiting the best performance the
same as in the previous case: acetate-based and phosphate-based
anions in terms of partition coefficients and [NTf,], benzoate and
amino-acid based in terms of selectivities. On the other hand, the
range is different, with values between 0.2 and 6.4 in terms of par-
tition coefficients, which would mean that separation in this case
is more favored. Selectivity range are from 2.5 to 142, being those
hydrophobic anions, the ones exhibiting once again the best per-
formance, in good agreement with previous conclusions [27,28].
In the case of denitrogenation with pyrrole/heptane mixtures, the
ranges are quite different, having partition coefficients from 18 to
750 and selectivity from 40 to 2000, which means that the separa-
tion is very favored by the presence of bio-ILs. The evolution of ex-
tractive properties in the aromatic/heptane separation clearly cor-
relates to toluene < benzene < thiophene < pyrrole, as previously
stated in the literature, so one system can be used to preliminary
select a proper IL to all separations [61].

Same conclusions can be extracted from the other mixtures, be-
ing the bio-ILs performance order almost the same; acetate-based
anions are the best candidates in terms of partition coefficients
and amino-acid based, and benzoate, the best in terms of selectiv-
ities. Fig. 3 presents the Gibbs energy and entropic and enthalpic
contributions for [choline][bicarbonate] (best in terms of partition
coefficient Fig. 3A) and [choline][2,5-dihydroxybenzoate] (best in
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Extractive properties (partition coefficients and selectivities) of representative aromatic-aliphatic, denitrogena-
tion and desulfurization mixtures in the 50 selected choline-based bio-ILs calculated with COSMO-RS method at

298 K.
ILs
2,5-dihydroxybenzoate
dihydrogencitrate
acesulfamate
[NTf2]
salicylate
ferulate
saccharinate
bitartrate
D-galactouronate
caffeate 829.46
fumarate 23.64 54.61 1007.34
ascorbate 22.98 46.37 783.21
D-glucuronate 20.21 4354  801.45
threoninate 19.93 3897 87394
tryptophanate 19.60 3475  681.24
D-quinate 19.46 3730 72593
methylsulphate 18.78 45.65  668.19
histidinate 18.70 3595  747.29
Tyrosinate 18.40 3325 63213
malate 17.99 37.47  695.29
succinate 16.06 3586  568.66
argininate 15.68 26.47 687.99
aspartate 0.14 0.71 113.37 15.07 2793  619.88
sinapinate 0.19 127.27 13.92 23.68 464.27
maleate 0.14 0.74 101.28 13.41 26.04  493.68
methioninate 0.16 0.68 119.50 12.65 19.80  488.20
tartarate 0.13 12.18 20.81 400.26
tiglate 0.19 11.82 18.66  497.53
isoleucinate 0.16 451.95
phenylalaninate 0.20 465.79
serinate 0.19 453.41
glutaminate 0.18 420.01
valinate 0.19 435.10
butanoate 0.23 448.97
leucinate 0.18 381.46
asparaginate 0.24 356.78
glutamate 0.28 365.33
alaninate 0.29
propanoate 0.36
lysinate 0.24
prolinate 0.27
neodecanoate 0.25 0.76 125.60
decanoate 0.26 0.79 133.84
methylsulphonate
abietate
acetate
glycinate
dihydrogen-phosphate
bicarbonate

terms of selectivities Fig. 3B). First, the only negative GE values
are found with bicarbonate and pyrrole, in good agreement with
results of Table 2, being the one presenting the highest partition
coefficient value. In this case, enthalpic contribution is governing
the process due to the hydrogen bonding formation; this is usually
found when analyzing proper solvents for aromatic-aliphatic sep-
aration [36]. The rest of the cases present less thermodynamically
favored mixtures (unfavorable entropic contribution controlling the
mixtures), being the aromatics, olefins, and sulfur-containing the
ones with lower values compared with aliphatic ones (cyclohexane

and heptane). In the case of 2,5-dihydroxybenzoate, the results are
analogous except for pyrrole mixture in which non-spontaneous
behavior is found. The fact that this bio-IL is the one presenting
the highest selectivity values is confirmed by the most repulsive
behavior with aliphatic compounds (heptane, cyclohexane).
Analyzing the excess enthalpy, the use of bio-ILs is demon-
strated to be conceptually designable for common separation prob-
lems in the industry, ranging from more favorable dearomatiza-
tion, desulfurization and desnitrogenation of liquid fuels to more
challenging benzene/cyclohexane or cyclohexane/cyclohexene sep-
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calculated with COSMO-RS method at 298 K.

arations, describing similar solvent features as other solvent classes
as ILs, eutectic solvents and so on.

Fig. 4 shows the selectivity as a function of the partition coef-
ficient for the case of toluene/heptane mixture (rest of the mix-
tures can be found in Figure S3 of the Supplementary Material).
Toluene/heptane stands out as the benchmark mixture in the aro-
matic separation from aliphatics since it shows an intermediate be-
havior, as depicted in Fig. 3, together with representativeness in a
wide range of separation cases covering large ranges of aromatic
contents and compositions [60]. Figure collects the extractive prop-
erties for all the bio-ILs of this work and other ILs selected from
literature in molar (A) and (B) mass units. Canales and Brennecke
concluded that [TCM] and [NTf,] anions are the more favorable in
terms of extractive and physical properties in order to complete
with conventional solvents [60]; thus, [emim][TCM], [bpy][TCM],
[bpy][NTf,], [opy][NTf,] were selected as representative common
ILs and, together with benchmark solvent at industrial scale, sul-
folane, stand out as solvents of reference [24]. Rigorous compari-
son should be made taking partition coefficients in mass terms (B).
As seen, the bio-ILs follow a similar trend than that obtained for
benchmark solvents in these separations and at least three bio-ILs
may be better or at least competitive in terms of selectivity with
the most selective ILs selected in the work (especially those pre-
senting low MW). Some other bio-ILs exhibit a high extraction ca-
pacity comparing to the reported common ILs with high extraction
affinity for toluene, as [4mbpy][TCM], and comparable distribution
ratios to NTf,-based ILs, demonstrating that bio-ILs can be pro-
posed as alternative to common ILs for aromatic-aliphatic indus-
trial separations in terms of process efficiency and environmental
concerns, especially because of their low MW, which brings them
closer to ILs proposed in the literature as good extracting solvents.
Moreover, the high number of bio-ILs with highlighted selectivity
enables the possibility of using them as entrainers in extractive
distillation process, since extractive properties and relative volatili-
ties can be correlated in these kind of systems as demonstrated in
the literature [62].

4. Conclusions

In this work, bio-ILs have been evaluated as promising sol-
vents in traditional separations of the chemical industry, including
gas absorption and liquid-liquid extraction by means of COSMO-RS

methodology. Some bio-ILs for refrigerant gasses absorption show
enhanced properties in terms of Ky compared to proposed com-
mon ILs on the literature. Bicarbonate-based anion stands out as
the best for the task from those evaluated. Regarding acid gasses
removal, it was not found any bio-IL showing enhanced behavior
compared to [emim][MePO3] reported as good physical absorbent.
However, some of the bio-ILs tested (bicarbonate or acetate-based
anions) present similar Ky values, which would mean competitive-
ness with the IL used as benchmark. In the case of CO,, two or
three bio-ILs (bicarbonate and glycinate anions) are competitive
in terms of physical contribution with [bmim][acetate] IL, widely
used as reference in CO, capture processes. Acetone is selected
as VOC of reference, in which [choline][NTf,] stands out as the
best candidate, in good agreement with conclusions previously ex-
tracted in the literature. In the case of NHs, a similar conclusion
can be drawn, being [choline][NTf,] the best for the task. Recov-
ery of contaminants or value-added compounds are also evalu-
ated by means of liquid-liquid extraction. To do so, it is essen-
tial to find bio-ILs forming two liquid phases (hydrophobic bio-ILs).
In this case, octanol-water partition coefficient calculation shows
that LLE is not formed with selected bio-ILs. Hydrocarbon sepa-
ration, namely dearomatization, denitrogenation, and desulfuriza-
tion of liquid fuels together with benzene/cyclohexane/cyclohexene
separations by means of liquid-liquid extraction are also evaluated,
showing that proposed bio-ILs cover the whole range of partition
coefficients and selectivities, allowing to select them on a need ba-
sis. Comparison with sulfolane (benchmark) and leading common
ILs proposed in the literature reflects that at least two or three bio-
ILs (benzoate and amino acid-based anions) may be competitive or
even better in terms of separation efficiency. Finally, other separa-
tions as extractive distillation, not explored in this work, is here
opened to this new class of compatible solvents.
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