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ABSTRACT: Deep eutectic solvents (DESs) are multicomponent
designer solvents that exist as stable liquids over a wide range of
temperatures. Over the last two decades, research has been
dedicated to developing noncytotoxic, biodegradable, and bio-

Analyte: VFAs, Micropollutants,
Metal ions, etc.

’ : ; . : HBD
compatible DESs to replace commercially available toxic organic P } HDES
solvents. However, most of the DESs formulated until now are

.1 L. . . . . . Methods S .
hydrophilic and disintegrate via dissolution on coming in contact —_— Methods: Lig-lig microextraction,

Dispersive lig-liq
microextraction, etc.

with the aqueous phase. To expand the repertoire of DESs as green
solvents, hydrophobic DESs (HDESs) were prepared as an
alternative. The hydrophobicity is a consequence of the
constituents and can be modified according to the nature of the
application. Due to their immiscibility, HDESs induce phase segregation in an aqueous solution and thus can be utilized as an
extracting medium for a multitude of compounds. Here, we review literature reporting the usage of HDESs for the extraction of
various organic compounds and metal ions from aqueous solutions and absorption of gases like CO,. We also discuss the techniques
currently employed in the extraction processes. We have delineated the limitations that might reduce the applicability of these
solvents and also discussed examples of how DESs behave as reaction media. Our review presents the possibility of HDESs being
used as substitutes for conventional organic solvents.

1. INTRODUCTION properties, DESs are easy to prepare without any purification
steps.' >~
Based on the nature of the constituents, DESs can be

categorized into the following five types: (i) type I prepared

Deep eutectic solvents (DESs) are a class of designer solvents
that generally have low volatility and flammability and can exist
as chemically inert liquids over a wide temperature range.' ™"

Currently, research in the areas of Chemistry and Chemical from a mixture of a metal halide (MXn, M = metal, X = halide)
Engineering is focused on promoting sustainable and green and a quaternary ammonium salt (QS), (ii) type II prepared
practices with an emphasis on the use of novel renewable from a mixture of a hydrated metal halide (MXn-mH,) and a
sources, practices5 that minimize negative impacts on the quaternary ammonium salt, (iii) type I prepared from a
environment and economy. Recent developments in DESs mixture of quaternary ammonium salt and a hydrogen bond
show immense potential as green substitutes for commercially donor (HBD), (iv) type IV obtained from a mixture of MXn
available toxic organic solvents.”” However, the noncytotoxic, and HBD,” and (v) type V consisting of a mixture of a neutral
biodegradable, and biocompatible nature of these solvents are hydrogen bond acceptor (HBA) and a neutral HBD." Further
often overemphasized and needs to be assessed carefully. As classification of DESs on the basis of their hydrophobic and
opposed to ionic liquids® that are salts of an organic cation and hydrophilic character was proposed by Florindo et al.’® The
anion (having a melting point below 100 °C), DESs are majority of the DESs reported in the literature are hydrophilic
mixtures of two or more components with melting points in nature and belong to type I or II. However, the water

lower than that of the individual components. The depression
in melting point is due to the nonideality of these solutions
arising from favorable van der Waals interaction, extensive
hydrogen bonding, and positive entropy of mixing among
components.”'” These factors work together to stabilize the
liquid phase at room temperature. The “deepness” of a eutectic
mixture depends on the chemical identity of the components
involved and the strength and structure of the interactions
among them.'' In addition to availability of the components
(often from natural sources) and tunability of solvent

solubility of hydrophilic DESs limits their application in an
aqueous medium, as the components undergo dissolution.
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Table 1. Physicochemical Properties of the HDESs Reported in This Review

DESs [HBD:HBA] molar ratio density (grmL™") temperature” (°C) viscosity (mPa-s) ref

acetic acid:pL-menthol 1:1 21-23
anise alcohol:pL-menthol 1:1 0.99 4.17 64.1 24

1:2 0.95 6.47 66.2 24

2:1 1.01 6.41 66.9 24
atropine:thymol 1:2 1.06 9255.5 18
BisZ:[TOPO] 12 25
[BTEAC]:thymol 1:4 091 —18.0 (M) 230.0 26
1-butanol:Nggg, Cl 2:1 27
1-butanol:[TOPO] 1:1 28
n-butanol:Nggq, Cl 3:1 29
1-butyric acid:[TOPO] 1:1 28
n-butyric acid:thymol 1:1 30
1,2-butanediol:Nggg, Cl 2:1 27
4-bromophenol: ChCl 2:1 1.21 132.0 31
n-butyl alcohol:menthol 1:1 21
n-butyl alcohol:NggggBr 2:1 0.92 —99.0 (M) 22.0 32
butylparaben:[DEHP] 1:3 0.93 18.0 33
p-chlorophenol:camphor 2:1 115 34
ChCl:m-cresol 1:2 1.08 —59.30 (M) 35
ChCl:o-cresol 1:2 1.10 —30.20 (M) 35
ChCl:p-cresol 1:2 1.08 —62.70 (M) 35
ChCl:Ph-EtOH 1:4 36,37
cyclohexanol:Nyggg, Cl 2:1 27
4-cyclophenol:Nggg, Cl 1:1 0.94 —62.0 38

1:2 0.91 —63.0 38

2:1 0.97 —63.0 38
DecaA:Aliquat 336 1:2 783.41 39
DecaA:atropine 2:1 1.02 80.5 18
DecaA:[BTEAC] 3:1 0.91 4.0 40
DecaA:DodecaA 2:1 0.89 18.00 (M) 10.7 41
DecaA:[HDC] 1:1 0.97 11.2 42
DecaA:Lid 2:1 0.96 237.5 18,43—46

3:1 0.95 208.5 44,46

4:1 0.94 142.0 44,46
DecaA:pL-menthol 1:1 47

1:2 0.91 48
DecaA:menthol 1:1 0.90 20.4 18,21,46

1:2 0.90 26.2 18

1:3 8.50 (M) 49

2:1 0.89 50
DecaA:N,,,Br 1:1 5.0 (M) S1

2:1 095 16—17 (M) 52

2:1 53 (M) 51

3:1 5.7 (M) 51

41 6.1 (M) 51
DecaA:N,,,,Cl 1:2 53

2:1 091 —11.95 (M) 265.3 20,54—56
DecaA:N,,,Cl 2:1 0.89 ~16.65 (M) 172.8 20,55,57
DecaA:Nggs, Br 2:1 0.94 8.95 (M) 576.5 20,55
DecaA:Nigg, Cl 1:1 0.89 13.0 (M) 1214.0 38

1:2 0.89 1.0 (M) 2515.0 5358,

2:1 0.89 2.0 (M) 288.0 58

2:1 0.89 —-0.05 (M) 783.4 20,32

3:1 59

3:1 60
DecaA:NggesBr 2:1 0.92 8.95 (M) 636.3 20,46,55,61,62
DecaA:NggssCl 1.5:1 0.88 5562,

2:1 0.88 1.95 (M) 472.5 20
DecaA:P, ;5Cl 2:1 0.81 61
DecaA:Nggs, Cl 1:1 0.89 13.0 (M) 1214.0 38

12 0.89 1.0 (M) 2515.0 53,58
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Table 1. continued

DESs [HBD:HBA]

DecaA:Thy
DecaA:[TOPO]

DecaA+oleic acid:NyBr
DecaA+DodecaA:N,,4,Br
decyl alcohol:Nggg, Cl
DodecaA:pL-menthol
DodecaA:menthol
DodecaA:Lid
DodecaA:[TOPO]

dodecanol:N ,4Br
dodecanol:NggesCl
dodecyl alcohol:Nggq Cl
[DHTU]:[TOPO]
[DTBCJ:[TOPO]
1-dodecanol:menthol
1,2-decanediol:thymol
1,2-decanediol:[ TOPO]
3,5-di-tert-butylcatechol:[ TOPO]
pL-menthol:acetic acid
pr-menthol:DodecaA
pr-menthol:lactic acid
pL-menthol:Lid
pL-menthol:Nyggg; Cl
pL-menthol:PS
pL-menthol:pyruvic acid
ethylene glycol:NgggsBr
ethylene glycol:Njggg, Cl
formic acid:menthol
Gemfibrozil:Nggg, Cl

glycerol:ChCl
glycerol:Nggq, Cl
HeptaA:Ny,4Br
HeptaA:thymol
Heptanol:N,,,,Br
HexaA:menthol

HexaA:N4,Cl
HexaA:NggqeBr

hexyl alcohol:Nygg, Cl
1-hexanoic acid:[TOPO]
hexanol:pL-menthol
1-hexanol:[ TOPO]
n-hexyl alcohol:NgggeBr
[HFIP]:betaine
[HFIP]:L-carnitine
[HFIP):Brij-35

[HFIP]:PONPE-7.5
[HFIP]: Triton X-100
[HFIP]: Triton X-114
Ibu:N,,Cl

isoamyl alcohol:Nggg, Cl
Ketoprofen:Nggq, Cl

molar ratio
2:1
3:1
1:1
1:1
1:2
2:1
S:4
2:1
1:2
3:1
2:1
1:1
1:2
2:1
2.5:1
2:1
1:2
1:1
1:1
1:2
1:2
1:2
1:1
2:1
1:2
S:5
2:1
7:3
1:2
3:1
2:1
1:1
1:1
1:2
1.5:1
2:1
2:1
2:1
2:1
1:1
2:1
3:1
3:1
2:1
2:1
1:1
2:1
1:1
2:1
2:1
2:1
S:1
10:1
15:1
20:1
S:1
S:1
S:1
3:7
4:1
1:1

density (grmL™")
0.89

0.93
0.88
0.88
1.02
0.99

0.89
0.94

0.88
0.91

0.95

0.93
0.89
1.03
0.90

0.88
0.99
1.02

0.94
0.92
122

0.91
0.86

0.73

0.90
1.48
1.50
122
1.33
1.39
1.42
127
1.26
1.29
0.89

0.99

9704

temperature” (°C)

20 (M)

-7.9 (M)
—-82 (M)

15.0 (M)
18.2 (M)

1.0 (M)

-738
—7.1; 13.8
—61.1
—54.71

132 (M)
—58.8; —6.7

—70.0
=57.0

—-172 (M)

—-10.0 (M)

—85.0 (M)

—39.4 (M)

—18.7 (M)

—10.68 (M)
~13.26 (M)
—28.57 (M)
—13.35 (M)
—23.86 (M)
—18.79 (M)
~19.28 (M)

—46.0

viscosity (mPa-s)

288.0

44.1
39.0
628.5
2113

27.3

46.5
366.5

42.5

38.6

24.9

3040.0
3034.0

29.3
76.0
698.0
110.6
76.7
558.7
23.5
40.2
90.6
40.8
1029.0

4717.0

ref

58
59
46
25,42
25,63
64
64
27
47,57
49
46
25
63
32
65
27
25
25
21
18
25
25
66
66
66
67
27
67
66
68
27
21
58
58
68
27
51
69
70
21
50
71
72
61
27
28
73
28
32
74
74
75
75
75
75
75
75
75
57
76
58
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Table 1. continued

DESs [HBD:HBA] molar ratio density (grmL™") temperature” (°C) viscosity (mPa-s) ref
1:2 0.99 -57.0 4670.0 58
2:1 1.02 —40.0 4915.0 58
lactic acid:serine 3:1 0.88 1.0 (M) 209.41 77
41 091 5.0 (M) 8321 77
5:1 0.94 11.0 (M) 7627 77
lactic acid:Nggq, Cl 3:1 78
levulinic acid:thymol 3:1 1.07 71
L-menthol:[TOPO] 1:1 28
[MAA]:Lid 9:1 111 —61.1 10.8 67
[MAA]:PS 9:1 1.12 —63.2 9.4 67
menthol:DecaA 3:2 0.87 8.8 (M) 4.5 79
menthol:DodecaA 3:1 0.86 212 (M) 5.4 79,80
menthol:HexadecaA 17:3 0.86 33.1 (M) 6.0 79
menthol:OctaA 3:2 0.87 -1.8 (M) 3.8 79
menthol:OctadecaA 9:1 0.86 37.8 (M) 6.2 79
menthol: TetradecaA 4:1 0.86 26.6 (M) 5.8 79
menthol:Lid 2:1 0.94 59.0 18
menthol:thymol 3:1 0.91 71
[MTC]:[MHB] 1:1 0.96 777 1088 81
1:2 1.01 —-57.8 967 81
2:1 0.93 =779 2437 81
[MTC]:[BHB] 1:1 095 242 1435 81
1:2 0.98 —60.4 778 81
1:3 1.04 —65.1 910 81
2:1 0.92 =777 1547 81
[MTCJ:[IHB] 1:1 0.94 -37.0 1525 81
1:2 0.97 —62.3 1807 81
1:3 1.05 —58.6 2031 81
2:1 0.92 —36.7 1530 81
[MTC]:[OHB] 1:1 0.93 -779 1526 81
1:2 0.96 —78.7 1045 81
1:3 0.97 —77.6 930 81
2:1 0.92 —77.6 1491 81
[MTC]:[EHB] 1:1 0.94 —76.4 1680 81
1:2 0.96 —78.3 1730 81
1:3 0.97 —78.5 1327 81
1:4 0.98 =79.1 1490 81
2:1 0.92 —69.1 1436 81
1-napthol:menthol 1:2 0.98 74.4 18
4-nitrobenzaldehyde:N,,,,Br 1.5:2.2 1.02 68
NonaA:DodecaA 3:1 0.89 9.0 (M) 8.6 41
n-NonaA:menthol 1:3 9.8 (M) 49
OctaA:menthol 1:1 21
2:1 0.90 50
3:1 0.90 71
OctaA:pL-menthol 1:1 47
OctaA:N,,,Br 21 097 0.58 (M) 52,60
OctaA:Nggq, Cl 1:2 53
2:1 60
OctaA:thymol 1:2 82
1:3 82
3:1 82
4:1 82
S:1 82
octanol:menthol 1:1 83
1-octanol:N ,,Br 2:1 84
1-octanol:Nggg, Cl 2:1 27
1-octanol:[TOPO] 1:1 28
2-octanol:menthol 1:3 10.7 (M) 49
2-octanol:Nggg, Cl 2:1 60
n-octyl alcohol:menthol 1:2 15.5 (M) 49
9705 https://doi.org/10.1021/acsomega.2c07684
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Table 1. continued

DESs [HBD:HBA]

n-octyl alcohol:DecaA

n-octyl alcohol:N,,4,Br

n-octyl alcohol:NgggeBr

n-octyl alcohol:DecaA

oleic acid:menthol

oleic acid:N,,4Br

oleic acid:N,,,Cl

oleic acid:Nggg Cl

oleyl alcohol:menthol
perfluorodecanoic acid:NggggCl

perfluorooctanol:N 4., Cl

PropaA:menthol
4-phenylbutyric acid:Ny,,Br
pyruvic acid:pL-menthol
1-propanol:Nygg, Cl
1,3-propanediol:Nggg, Cl
1,5-pentadiol:NggeeBr
salicylic acid:L-menthol
1-tetradecanol:menthol
1-tetradecanol:Nggg, Cl
1-tetradecanol:thymol
thymol:[BTEAC]
thymol:camphor

thymol: ChCl

thymol:coumarin

thymol:DecaA

thymol:DodecaA
thymol:HexadecaA
thymol:Lid

thymol:menthol

thymol:NggesCl
thymol:OctaA
thymol:OctadecaA
thymol: TetradecaA
thymol:[TEPA]CI
thymol:[TEPA]CI
thymol:[TETA]CI
thymol:[TETA]CI
thymol:[TMGH]CI
thymol:[TOPO]
thymol:10-undecylenic acid

molar ratio
2:1
2:1
2:1
2:1
1:3
2:1
2:1
2:1
1:1
2:1
1:1
1:2
1:3
2:1
3:1
1:1
2:1
2:1
2:1
2:1
3:1
1:4
1:2
2:1
1:2
4:1
1:1
3:2
7:3
S:1
1:1
2:1
1:1
1:1
1:2
1:3
3:2
11:9
4:1
1:1
2:1
1:1
1:2
2:1
3:1
4:1
2:1
21:29
9:1
3:1
3:1
S:1
3:1
S:1
2:1
1:1
1:1
1:2
1:3
1:4
3:2

density (grmL™")
0.84
0.94
0.86
0.89

0.95
0.87

115
1.19
1.29
1.09
1.02

1.00
0.95
0.87

0.98
0.97
0.96

1.09
1.05
0.94
0.90
0.93
0.92
0.95
0.89
091
0.99
0.99
0.93
0.92
0.94
0.95
0.95

0.90
0.92
0.91
1.05
1.04
1.03
1.04

0.89
0.94
0.93
0.93
0.93
0.95

9706

temperature” (°C)
—55.0 (M)
~26.0 (M)
~82.0 (M)
~15.0 (M)
62 (M)
1.86 (M)

7.0 (M)
12.0 (M)
25.0 (M)
—1.0 (M)
40 (M)

5.10 (M)

23.00 (M)

—44.0 (M)
—37.0 (M)
—33.0 (M)

17.0 (M)
18.86 (M)
18.0 (M)
19.0 (M)
18.0 (M)
24.83 (M)
41.22 (M)

6.68 (M)
4622 (M)
38.16 (M)

11.0 (M)
10.0 (M)
9.0 (M)
7.5 (M)
16.5 (M)

viscosity (mPa-s)
18.8
317.5
494.7
573.8

244.7

264.0
319.0

198.0
81.0

36.6

25.8
20.5
18.8

25.8
26.7
11.2
3.7
10.8
10.4
13.0
4.4
4.5
149.8
100.2
42.0
52.1

2.8
4.0
4.3
295.7
198.8
20S5.1
69.1

69.9
13.2
13.1
12.4
11.8
14.4

ref

18,46
18,50
18
50
50
50
90
79
79
79
91
91
91
91
90
28,42
89
89
89
89
89
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Table 1. continued

DESs [HBD:HBA] molar ratio

7:3
1:1

0.95

thymol:vanillin

density (grmL™")

viscosity (mPa-s) ref

15.6

temperature” (°C)
19.0 (M) 89

92

“Glass transition temperature of the HDESs. “M: denotes melting temperature.

Alternatively, DESs from category V (and often III and IV) are
hydrophobic in nature due to the inherent hydrophobicity of
their constituents. For ionic DESs, the hydrophobic nature is
manifested in the low water content and reduced salt leakage
in contact with water.'” For nonionic DESs, the hydro-
phobicity is estimated from the total organic carbon (TOC)
content and the pH of the aqueous phase in contact with the
DES phase.'® Additionally, the water—octanol partition
coefficient (log;oK,,,) also serves as a metric for assessing the
hydrophobicity of hydrophobic DESs (HDESs)."

Though earlier reported instances of DESs were all
hydrophilic in nature, recently, HDESs have received much
attention. The very first example of HDES was reported by van
Osch et al., where a mixture of quaternary ammonium salts
with decanoic acid was successfully employed to separate
volatile fatty acids from aqueous solutions.”” To reduce toxicity
and increase environmental compatibility while maintaining
sustainability, the authors later encouraged the use of natural
ingredients in the preparation of DESs, leading to a new
category termed “NADES”.'® HDESs exhibit low melting
points (often below 25 °C) and are normally liquids at room
temperature. HDESs with neutral components generally result
in a shallow depression in melting points and, consequently,
solutions of low viscosity. HDESs are characterized by positive
log;4K,,, values and often have densities lower than that of
water, which helps in the segregation of the aqueous phase and
the extractant. Due to the inherent hydrophobicity, HDESs
retain their integrity in the presence of water with extremely
low water uptake capability and minimum leaching of the DES
constituents into the aqueous phase. All these factors
combined make HDESs ideal for use as extractant media.
Added to these properties is the flexibility in designing and
tuning the physicochemical behavior of DES, keeping in mind
the nature of the target compound to be extracted.'"”'” In this
paper, we have carried out an extensive literature review of
HDESs. We explain in detail how HDESs have been used as
extraction media for various organic compounds and metal
ions. We have also incorporated instances of HDESs being
utilized for absorption of CO,. We then discuss techniques that
are commonly employed in the extraction processes. We finally
addressed the challenges of working with HDESs and also
discussed possible areas where they can be useful. We have
delineated the composition, density, viscosity and melting (or
glass transition) temperatures of each of the DES considered in
this review.

The rest of the review is divided into the following sections:
in section 2, we review the usage of HDES in the extraction of
organic compounds and metal ions from aqueous solution and
absorption of carbon dioxide; in section 3, we explore the
popular techniques employed in the extraction process; and in
section 4, we discuss the challenges associated with HDES as
extraction media and prospective areas where these solvents
can be utilized.
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2. APPLICATIONS OF HDESs

2.1. Extraction of Organic Compounds from Aqueous
Solutions. 2.1.1. Volatile Fatty Acids. As industrialization and
the human population have increased, so has waste generation,
resulting in environmental degradation. Organic waste can be
processed and converted into volatile fatty acids (VFAs),
which can be considered an alternative pathway to the
production of petroleum-based chemicals.”””* VFAs are
composed of short-chain monocarboxylic acids containing
five or fewer carbon atoms.”> VFAs can be produced via
fermentation,”®®” can be extracted from water with the help of
the liquid—liquid extraction (LLE) method,”*”® and so on.
Recently, HDESs have been successfully used as solvent media
in the extraction of VFAs due to their advantages99 over their
counterparts. In 2015, the first use of HDESs for removing
VEAs from a diluted aqueous solution was tested.”” This work
used six HDESs comprising decanoic acid as a hydrogen bond
donor and quaternary ammonium salts as hydrogen bond
acceptors. For examining their extraction properties, the VFAs,
namely, acetic acid (CH;COOH), propionic acid
(C,H;COOH), and butyric acid (C;H,COOH) were taken
as water contaminants. Finally, the results obtained were
compared with a conventional extracting agent, trioctylamine
(TOA) (Table 2). It was observed that all six HDESs exceeded

Table 2. Extraction Efficiencies (in Terms of Percentage) of
Acetic Acid (CH;COOH), Propionic Acid (C,H;COOH),
and Butyric Acid (C;H,COOH) from Water with
Hydrophobic DESs and Industrial Extracting Agent
Trioctylamine™’

extraction efficiency (%)

hydrophobic DESs CH,COOH C,H,COOH C,H,COOH
DecaA:Ngg,Cl (2:1) 38.0 70.5 89.8
DecaA:N,,,,Cl (2:1) 32.0 76.5% 91.5%
DecaA:NgggeCl (2:1) 25.0° 52.7 81.3
DecaA:Nggq,Br (2:1) 29.7 63.4 83.1
DecaA:NgggeBr (2:1) 30.6 65.9 87.4
TOA 18.6 45.9 73.5

“The top phase (DES phase) was turbid. Here, DecaA = decanoic
acid.

the TOA in terms of extraction performance, and this ability of
extraction increases with the increment in chain length of the
VFAs. More particularly, decanoic acid:methlytrioctylammo-
nium chloride (DecaA:Nggq;Cl) in the ratio 2:1 extracted
maximum VFAs, most presumably because the CH; group
leads to less steric hindrance. However, in the presence of
turbidities in the aqueous medium after centrifugation, the
extraction of butyric acid and propionic acid by the DES
comprising of decanoic acid and tetraheptylammonium
chloride (DecaA:N,,,,Cl) in the ratio 2:1 was found to be
higher, implying that no proper phase separation had taken
place. In addition to that, the extraction abilities of the HDESs
decreased when chloride was replaced with bromide anion.
This was because of the increase in steric hindrance in the
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Figure 1. Chemical structure of HBDs (hydrogen bond donors) and HBAs (hydrogen bond acceptors) used for the preparation of the menthol-
based HDESs used in the study. Adapted from ref 66. Copyright 2015 American Chemical Society.

chemical structures of the respective DESs in the presence of
bromide anion.

Another study related to VFA extractions by HDESs was
reported in 2019, where numerous combinations of 16
hydrophobic substituents of DESs were analyzed. The
hydrophobicity of the DESs in this study was determined by
two criteria: (a) each of the DES components should have a
water solubility of less than 1 g L™}, and (b) they should have a
logarithmic water—octanol partition coefficient greater than 4.
It was noticed that DES made of dihexylthiourea and
trioctylphosphine (TOPO) had an efficient extraction ability
because of its high stability over a wide pH range. The
extraction ability of the DES TOPO:dihexylthiourea increased
toward VFAs with the increment in the hydrophobicity of the
VFAs, in the order of acetic acid < propionic acid < butyric
acid. This result goes with the findings of other studies' """
related to the use of nonprotic organic solvents (like kerosene,
hexane, and methyl isobutyl ketone) for extracting propionic
acid and butyric acid via TOPO.

Again, Riveiro and colleagues investigated the extraction of
adipic, levulic, and succinic acids from water using two
hydrophobic TOPO-based DESs as alternatives to organic
solvents.®> However, the extraction efficiencies of the HDESs
were found to be lower than those of TOPO.

It has been presumed that the interactions within
components of the HDESs may skew the vital attractive forces
between DES and VFAs, thereby reducing the effectiveness of
elimination of VFAs.'”?7'%* Therefore, a novel strategy is
required to tackle this problem by modifying the initial DES
constituents that lessen the interference with the intermo-
lecular forces of attraction and repulsion required for the
removal of volatile fatty acids.

2.1.2. Biomolecules. The application of HDESs was first
studied by the team of Marrucho in 2015,°° where they used
HDESs based on pL-menthol and naturally occurring acids for
the removal of different biomolecules from water (Figure 1).
Out of the four HDESs, namely, pL-menthol:lactic acid with
molar ratio 1:2, pL-menthol:dodecanoic acid with molar ratio
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2:1, pL-menthol:pyruvic acid with molar ratio 1:2, and pL-
menthol:acetic with molar ratio 1:1, except the one with
pyruvic acid, showed sufficiently high partition coeflicients for
the removal of tryptophan, tetracycline, caffeine, and vanillic
acid. The presence of an absorption band in the UV—visible
region at about 350 nm, caused by the z* « n transition
because pyruvic acid is a keto acid, made it impossible to
evaluate partition data using pL -menthol:pyruvic acid. The
results show that at a pH of 1.18, the partition coefficient
values obtained were sufficiently high for the elimination of
tryptophan and caffeine from an aqueous solution using the
HDES comprising menthol and lactic acid with ratio of 2:1. All
HDESs had modest partition coeflicients for vanillin, while the
highest partition coefficient for isopthalic acid was obtained
with the same DES that consists of menthol and lactic acid
with a ratio 2:1 at a pH of 1.47.

Another important application of HDESs was studied in the
field of biorefineries for the production of 5-hydroxymethyl-
furfural (HMF) in an aqueous solution.”® A total of eight
HDESs, namely, decaA:n-tetraoctylammonium bromide (2:1),
decaA:lidocaine (2:1), decaA:lidocaine (3:1), decaA:lidocaine
(4:1), decaA:thymol (1:1), decaA:menthol (1:1), thymol:lido-
caine (2:1), and dodecaA:lidocaine(2:1) were prepared, and
their solubility in HMF and water was examined. Here, decaA
and dodecaA stand for decanoic acid and dodecanoic acid,
respectively. The solubilities of HMF in three selected DESs
(decanoic acid and thymol in ratio 1:1, decanoic acid, and n-
tetraoctylammonium bromide in ratio 2:1, and decanoic acid
and lidocaine in ratio 2:1) were found to be 80, 75, and 85 wt
%, respectively. Furthermore, the HMF solubility values
obtained from the experiment were validated using PC-SAFT
(perturbed-chain statistical associating fluid theory) modeling.

2.1.3. Micropollutants. Water pollution is a hot topic in
today’s world. In addition to traditional water pollutants,
micropollutants are a new type of pollutant present in water at
trace concentrations ranging from ng/L to mg/L.'%>'*
Despite their low concentration, these pollutants pose a
serious threat to human and animal health due to their adverse
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effects on endocrine function, antibiotic resistance, and short-
and long-term toxicity.'”” Scientists all over the world are
working tirelessly to find effective ways to remove these
pollutants from wastewater. In this regard, HDESs have
received a lot of attention because they are a biofriendly, cost-
effective, and less-toxic solvent. Below are some studies where
HDESs were used to extract or eliminate these toxic
micropollutants from wastewater.

2.1.3.1. Industrial Wastes. A study related to the
elimination of Bisphenol A, a microcontaminant, was reported
using three fatty acid—based HDESs, namely, decanoic acid
(C,p):dodecanoic acid (C;,) (2:1), nonanoic acid
(Cy):dodecanocic acid (C;,) (3:1), and octanoic acid
(Cg):dodecanoic acid (Cp,) (3:1).*' In addition to these
three binary HDESs, the extraction abilities of Bisphenol A
using ternary HDESs were also calculated, the details of which
are shown in Table 3. Out of the three binary HDESs, the

Table 3. Extraction Efficiencies (%) of the
Microcontaminant Bisphenol A with the Help of Binary and
Ternary HDESs” That Were Based on Fatty Acids”'

molar  extraction efficiency
fatty-acid-based HDESs ratio (%)
binary OctaA:DodecaA 3:1 76.04 + 1.13
HDESs
NonaA:DodecaA 3:1 88.32 + 0.23
DecaA:DodecaA 2:1 81.81 + 0.34
ternary OctaA:NonaA:DodecaA 1:1:1 85.49 + 0.86
HDESs
OctaA:NonaA:DodecaA 1:2:1 84.53 + 043
OctaA:NonaA:DodecaA 2:1:1 82.34 + 1.10
OctaA:NonaA:DodecaA 3:1:1 79.42 + 0.54
OctaA:NonaA:DodecaA 3:2:1 80.32 + 0.78
NonaA:DecaA:DodecaA 1:1:1 87.65 + 1.06
NonaA:DecaA:DodecaA 1:2:1 87.81 + 0.67
NonaA:DecaA:DodecaA 2:1:1 89.01 + 0.72
NonaA:DecaA:DodecaA 2:1:1 89.06 + 0.34
NonaA:DecaA:DodecaA 2:2:1 91.52 + 0.41
NonaA:DecaA:DodecaA 3:2:1 90.50 + 0.57
OctaA:DecaA:DodecaA 1:1:1 82.77 + 1.03
OctaA:DecaA:DodecaA 2:1:1 79.45 + 0.46
OctaA:DecaA:DodecaA 3:1:1 77.75 + 0.72
OctaA:DecaA:DodecaA 3:2:1 79.62 + 0.58

“Stirring speed = 300 rpm, ratio DES/water = 1:1, T = 25 °C, mixing
time = 15 min. Again, OctaA = octanoic acid, NonaA = nonanoic acid,
DecaA = decanoic acid, and DodecaA = decanoic acid.

extraction efliciency of Bisphenol A was found to be highest for
DES nonanoic acid (C,):dodecanoic acid (C;,) (3:1) ie,
88.32% (Figure 2). On the other hand, for ternary HDESs,
nonanoic acid (C,):decanoic acid (C,):dodecanoic acid (C,,)
with the molar ratio 2:2:1 had the highest extraction ability of
91.52%. In all cases, however, ternary HDESs had a higher
extraction ability of Bisphenol A as compared to binary
HDESs. Again in another study, the elimination of Bisphenol A
from an aqueous environment was carried out with the help of
menthol-based HDESs.”' Nine HDESs were studied in a ratio
of 1:1. The HDESs menthol:propionic acid and menthol:for-
mic acid were found to possess the highest extraction
properties of 982 and 99.0%, respectively. They concluded
that the extraction efficiencies of the HDESs were greatly
affected by the nature of the hydrogen bond donors that were
used.
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Figure 2. Extraction efficiencies (%) of Bisphenol A using the
developed binary fatty-acid-based HDESs. Reprinted from ref 41.
Copyright 2018 American Chemical Society.

Chlorophenol, a potential environmental hazard, is known
to possess genotoxicity, carcinogenicity, mutagenicity, etc.
Therefore, the extraction of 3-chlorophenol, 2-chlorophenol,
and 2,4-dichlorophenols from wastewater was carried out
experimentally using menthol-based HDESs*’ in different
molar ratios. The experimental results showed extraction
ability higher than 94% for all the chlorophenol species. For
the menthol—alkanoic acid HDESs, the extraction efficiencies
of the chlorophenols proceeded in the following order: 2,4-
dichlorophenol < 2-chlorophenol < 3-chlorophenol. Moreover,
the extraction process was modeled with the help of the
conductor-like screening model for real solvents (COSMO-
RS). The extraction of chlorophenols by the HDESs was
observed to be due to hydrogen bonding and hydrophobic
interactions.

Apart from the already mentioned micropollutants, iso-
propanol compounds are another prevalent toxic component
of wastewater that has been widely disposed of by various
cosmetic, rubber, etc. industries into watersources.'’®'® A
study on the separation of isopropanol from aqueous solution
was reported using liquid—liquid extraction with the help of
two HDESs, namely, 1-decanol:methlytrioctylammonim chlor-
ide (2:1) and 1-hexanol:methyltrioctylammonium chloride
(2:1).""° The distribution coefficient and separation factor for
isopropyl alcohol extraction were found to be in the ranges of
1.38—4.13 and 2.50—23.02, respectively, which indicated that
the two HDESs were effective at removing isopropyl alcohol
from wastewater.

Another class of biopollutants present in wastewater is
polycyclic aromatic hydrocarbons (PAHs). They have
attracted much attention due to their toxic, mutagenic, and
carcinogenic properties, and so the removal of these
compounds from wastewater is of utmost necessity in today’s
world.""'™""* A number of natural and nonionic HDESs
comprising camphor, decanoic acid, 10-undecylenic acid, and
thymol were prepared and tested for the removal of PAHs
from aqueous environments.”” A total of 16 different PAHs,
such as biphenyl, fluorine, anthracene, pyrene, naphthalene,
etc., in the range of 0.12—46.2 pug/L (in terms of
concentration), were extracted by these HDESs. In another
study, carboxylic acid-based HDESs with the composition of
tetrabutylammonium bromide with decanoic acid, acrylic acid,
octanoic acid, propionic acid, oleic acid, butyric acid, and
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acetic acid were used to extract PAHs from the water via
solidification of the floating drop microextraction method.>
Out of all of the seven HDESs, decanoic acid:tetrabutylammo-
nium bromide (2:1) was found to be the most desirable
solvent for the elimination of PAHs. Moreover, analysis of the
six different kinds of PAHs (fluoranthene, anthracene, pyrene,
fluorene, naphthalene, and phenanthrene) in the samples from
the aqueous solutions revealed a high extraction rate ranging
from 83 to 117%. As a result, using HDESs instead of
traditional organic solvents improved the efficiency, simplicity,
speed, cost-effectiveness, and environmental friendliness of the
extraction process, which was based on the solidification of the
floating drop.

2.1.3.2. Pesticides and Dyes. Pesticides of various types are
used in agriculture to control pest diseases and maintain high-
quality products."'* However, some nonbiodegradable pesti-
cides accumulate in plants, water, and animal bodies,
endangering human health throughout the food chain.'">~""”
Florindo et al. used two different families of HDESs in order to
remove four pesticides, namely, imidacloprid, acetamiprid,
nitenpyram, and thiamethoxam, from water."” With an
extraction efficiency of 80%, the HDESs comprising DL-
menthol with dodecanoic acid, decanoic acid, and octanoic
acid in the molar ratios of 2:1, 1:1, and 1:1, respectively,
displayed as the most stable HDESs in aqueous solution. The
findings also indicated that tetrabutylammonium chloride
consisting of HDESs was less effective than pL-menthol
consisting of DESs at extracting pesticides.

In another study, a series of HDESs were synthesized using
hexafluoroisopropanol and L-carnitine or betaine and tested as
solvents for eliminating pyrethroid from tea beverages and fruit
juices.”* Out of all, HDES L-carnitine:hexafluoroisopropanol
showed the highest extraction capacity via dispersive liquid—
liquid microextraction. In addition to that, this novel HDES
had more advantages in comparison to other standard solvents,
like chloroform, chlorobenzene, tetrachloromethane,
etc.," ®7!1?! because of their optimum efficiency rate of
extraction (85—109%), short extraction time (5.3 min), less
expensive, and high recovery (85—109%). Moreover, the
HDES comprising L-carnitine and hexafluoroisopropanol was
found to be nonvolatile as well as nonflammable, which also
makes it less harmful to the environment and safer for human
health than typical solvents.

Again, Liu and his team studied the extraction of pyrethroid
from different environmental water samples using three
HDESs, namely, trihexyl(tetradecyl)phosphonium tetrafluor-
oborate:decaA, trihexyl(tetradecyl)phosphonium tetrafluoro-
borate:dodecaA, and trihexyl(tetradecyl)phosphonium tetra-
fluoroborate:octaA.'** Here, decaA, dodecaA, and octaA stand
for decanoic acid, dodecanoic acid, and octanoic acid,
respectively. They separated pyrethroid from various water
samples using the ultrasound-assisted dispersive liquid—liquid
microextraction technique, and it was discovered that all three
HDESs had high extraction abilities between 80.93 and
109.88%.

In a different study,”’ HDESs comprising tetrabutylammo-
nium bromide and fatty acids were used to extract five
organophosphorus pesticides (OPPs) comprising azinphose-
methyl (AZP), fenitrothion (FNT), diazinon (DIZ), para-
thionemethyl (PRT) and chlorpyrifos (CPF), and two dyes
constituting malachite green (MG) and acid blue 29 (AB29)
from wastewater, agricultural water, and soil samples. Deep
eutectic solvent-embedded melamine sponge (DES-MS) was
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used in a quick and comparatively easy method that was both
efficient and effective, with removal efficiencies for various
pesticide samples exceeding 70%. Furthermore, under ideal
conditions, the removal of different dyes was accomplished
with an efficiency of greater than 65%.

2.1.3.3. Medical Components. Pharmaceutical products,
mainly drugs and care products with a chemical base, have
gained popularity as the world’s population continues to grow.
Their importance in contemporary life cannot be overstated,
but at the same time, their usage and disposal are raising
serious concerns about environmental degradation. The drug
manufacturing facilities frequently fail to filter out all of the
chemicals employed in the process, which causes the chemicals
to leak into nearby freshwater systems before finally reaching
the sea, lakes, streams, and rivers, thus causing water pollution.
Tang and his team carried out the extraction of two antibiotic
drugs,'” ciprofloxacin and levofloxacin, using fatty acid/
alcohol-based HDESs via the liquid—liquid microextraction
method. Both ciprofloxacin and levofloxacin are commonly
used as therapeutic and preventative antimicrobial medicines
in aquaculture and animal husbandry.'”*'** They found that 1-
octanol:methyltriooctylammonium chloride (1:1) showed the
highest extraction efficiency. In addition, the study demon-
strated that when compared to ultrasound, heating, and
microwave techniques, the vortex-assisted procedure was the
most effective way for extracting ciprofloxacin and levofloxacin.

In another study, HDESs containing terpenes were tested for
the extraction of riboflavin (vitamin B2) from water.'® Out of
numerous combinations, finally, eight HDESs were selected for
the extraction, namely, decanoic acid:menthol (1:1), 1-
tetradecanol:menthol (1:2), decanoic:lidocaine (2:1), thymol:-
coumarin (1:1), thymol:coumarin (2:1), thymol:menthol
(1:2), and thymol:menthol (1:1). With extraction efficiencies
ranging from 20.5 to 81.1%, these DESs surpassed the
efficiency of one of the first reported HDES tetraoctylammo-
nium bromide:decanoic acid in the ratio 1:2.

Again, a HDES, namely, trioctylmethylammonium chlor-
ide:2-octanol (1:2),°° was reported to perform exceptionally
well in the ultrasound assistance method for the extraction of
synthetic antibiotic sulfonamides that are present in fruit juices.
High yields of recovery (88.09 to 97.84%) were achieved using
this ultrasonic-assisted microextraction methodology. It is
consistent with a prior study®* on the removal of erythrosine
pollutants from an aqueous solution, in which the HDES
tetrabutylammonium bromide:1-octanol (1:2) emerged as a
potent extracting agent based on ultrasonic-assisted method-
ology with high extraction rate (i.e, 90—100% yield) in
contrast to prior published traditional procedures.'**™"*’
Numerous chemical compounds have been extracted from
different solid or liquid matrices using vortex- and ultrasonic-
assisted methods.'**~'** These results also imply that different
types of antibiotics require different separation and removal
techniques.

2.2. Extraction of Bioactive Compounds from Plant
Sources. Apart from the extraction of VFAs and micro-
pollutants from aqueous solutions, HDESs are also used for the
extraction of several essential bioactive compounds from
different plant sources. A study was reported recently where
39 HDESs were used for the extraction of ergosterol86
(precursor of vitamin D,) from a mushroom, Agaricus bisporus,
via the response surface technique under optimized conditions.
Out of all the HDESs, pL-menthol:pyruvic acid with a molar
ratio of 1:2 exhibited the highest extraction capacity of 6995.00

https://doi.org/10.1021/acsomega.2c07684
ACS Omega 2023, 8, 9702—-9728


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

ug/g. The DES was reused up to six times in a row with an
extraction efficiency of 28%, and the extracted ergosterol was
purified using a novel technique. The high stereoisomer
similarity in the ergosterol compound can be attributed to the
high removal rate demonstrated by menthol-based HDESs.
Again, menthol-based HDESs were used for the extraction of
harmine compounds under specific conditions.”* Studies
indicate that harmine may exert neuroprotective, cognitively
enhancing, and anti-inflammatory effects.'**~"*> The extrac-
tion ability of DES pL-menthol:anise alcohol (1:1) was found
to be higher than the traditional organic solvents and ionic
liquids at conditions such as pH 8.0, extraction time of 5 min,
and 50:1 water to extractant ratio. Menthol-based HDESs were
also used to extract lycopene (nonpolar antioxidant) from the
pulpy residue of tomatoes.'*® The maximum yield of lycopene
was shown by HDES menthol:lactic acid, with a concentration
of 1446.6 pg/g at conditions such as T = 70 °C, extraction
time = 10 min, 120 mL of solvent over 1 g of sample.
Additionally, HDESs composed of menthol and naturally
occurring organic acids were tested for the removal of
phytocannabinoids present in cannabis plants.”” In comparison
to a traditional medium for phytocannabinoid elimination (for
example, a mixture of methanol and chloroform in the ratio
9:1), the HDESs, notably menthol:acetic acid (1:1), performed
exceptionally well with extraction efficiency ranging from 118.6
to 132.6%. Moreover, the extraction rate was better than that
of methanol (97.7—112%) and ethanol (102.3—118.4%), two
common organic solvents. All of the above work indicates that
menthol-based HDESs are highly efficient in the extraction of
bioactive compounds (Figure 3).

Under ideal conditions, a HDES methyltrioctylammonium
chloride:1-butanol with a molar ratio of 1:4 unveiled the
highest yield (i.e, 7.9936 mg/g) in the extraction of
artemisinin from the leaves of the Artemisia annua plant that
is effective for treating malaria.”” The HDES had hydro-
phobicity nearly identical to that of hexane and petroleum
ether, suggesting that it could be used to extract artemisinin."*’
With extraction yields of 7.99 and 6.18 mg/g, respectively,
methyltrioctylammonium chloride-based DESs, particularly
methyltrioctylammonium chloride:1-butanol (1:4), performed
better in comparison to petroleum ether.

In another study, the most effective DESs for the separation
of carnosol and carnosic acid from the Rosemary plant were
scanned using a thermodynamic model based on computa-
tional chemistry known as the COSMO-RS method."** The
interaction of carnosol and carnosic acid in terms of
hypothetical thermodynamic properties in HDESs was
discovered by using the COSMO-RS, and a total of 49
hydrogen bond donor and 28 hydrogen bond acceptor
combinations were found to be the probable candidates of
DES:s for the extraction. With a yield of 18.9 mg/g of carnosol
as well as 14.8 mg/g of carnosic acid, tetrapropylammonium
chloride:1,2-propanediol:water (1:3.7:2) drew the maximum
extraction rate. The experimental findings supported the
findings of the COSMO-RS procedure and were in strong
accord with earlier observations.””'*’

Additionally, using a two-phase system made up of
hydrophilic as well as hydrophobic DES, bioactive compounds
with different polarities from Ginkgo biloba leaves were
extracted in a study.'*” The hydrophilic DESs were betaine
and ethylene glycol at a ratio of 1:3 with a water content of
40% choline chloride, and malonic acid at a ratio of 1:2 with a
water content of 55% and choline chloride and levulinic acid
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Figure 3. Molecular structure of several bioactive compounds that
were extracted using menthol-based HDESs. The HBD components
along with respective extraction efficiencies are listed over the arrows.

with a ratio of 2:1 with water content of 40%. The ternary
DESs comprising methyltrioyctylammonium chloride, capryl
alcohol, and octylic acid in the ratio of 1:2:3 was used as the
HDES. The two-phase DES system was prepared by mixing
the hydrophobic DES with hydrophilic DES at a volume ratio
of 1:1. Procyanidine, flavonoids, polyprenyl acetates, and
trilactones all had extraction yields of 94.63, 93.29, 86.07, and
77.72%, respectively, whereas polyprenyl acetates transitioned
into the hydrophobic phase while flavonoids remained in the
hydrophilic phase. Another two-phase system was studied,"*'
where hexafluoroisopropanol:choline chloride (1:1) was used
as a hydrophilic DES, and menthol:tricaprylylmethylammo-
nium chloride (2:1) was chosen as a HDES. From the leaves of
Artemisia annua, this biphasic mixture successfully extracted
four bioactive compounds, namely, anthocyanidins (8.9 mg/g),
chlorogenic acid (7.86 mg/g), arteminism (6.21 mg/g), and
quercetin (5.5 mg/g). Thus, it can be highly advantageous to
use this two-phase approach for the elimination of various
compounds that are bioactive and possess a wide range of
polarities. Further, by adjusting the polarity of the DESs’
phases, we may enhance the utilization of this new DES
system.

2.3. Extraction of Metal lon from Aqueous Solutions.
Population overgrowth has led to rapid industrialization and
unplanned urbanization. As a result, industrial sectors such as,
metallurgy, petroleum, and mining release substantial quanti-
ties of aqueous solutions polluted with a high level of toxic
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Table 4. Distribution Coeflicients of the Metal and Chloride Ions Reported by van Osch et al. over the Aqueous and HDES

Phases.**“

exp no. ion DecaA:Lid (2:1)
1 cobalt >0.996 + 0.001
chloride 0.113 + 0.002

5 iron >0.992 + 0.001
chloride 0.197 + 0.003

manganese >0.992 + 0.001

3 chloride 0.086 + 0.002
potassium 0.457 + 0.001

4 chloride 0.141 + 0.001
lithium 0.266 + 0.015

sodium 0.195 + 0.001

potassium 0.211 + 0.028

S cobalt 0.990 + 0.001
copper >0.996 + 0.001

nickel >0.996 + 0.001

zinc

>0.995 + 0.001

DecaA:Lid (3:1)

DecaA:Lid (4:1)

>0.996 + 0.001 0.983 + 0.002
0.078 + 0.008 0.101 + 0.089
>0.991 + 0.001 >0.991 + 0.001
0.080 + 0.001 0.113 + 0.007
>0.991 + 0.001 0.983 + 0.004
0.081 + 0.027 0.065 + 0.011
0.397 £ 0.011 0.457 £ 0.001
0.078 + 0.031 0.072 + 0.001
0.166 + 0.001 0.128 + 0.036
0.140 + 0.009 0.127 + 0.040
0.161 + 0.018 0.134 + 0.005
0.946 + 0.012 0.777 £ 0.008
>0.996 + 0.001 >0.996 + 0.001
>0.983 + 0.001 0.880 + 0.004

>0.995 + 0.001

>0.995 + 0.001

“D — 0 indicates low efficient ion extraction, i.e., the jon remains in the water phase, while D — 1 indicates highly efficient ion extraction into the

DES phase.

metals."*”'** Conventional solvent extraction procedures rely
on volatile organic compounds (VOCs) and potentially
harmful chemicals,'** necessitating the development of more
effective and ecofriendly techniques for the recovery and
removal of these metals and subsequent water purification.
Extraction is typically quantified based on extraction efficiency
(EE), given by the equation'*’

C,-C
EE (%) = 24— x 100
Co (1)

where C, denotes the concentration of the analyzed metal ion
in the aqueous medium prior to extraction while C, is the
analyte concentration in the aqueous medium following
extraction.

Further, the distribution ratio (D) of the analyte is given by
the equation™*’

M

.- M
aq,ini
D =

aq,eql
Maq, eql (2)

Here, M, represents the initial metal concentration and
M,qeq represents the equilibrium metal concentration in the
water phase.

Following the outset of research into the usage of HDESs in
2015, two articles were published that reported the removal of
metallic species from aqueous solutions.”**” Tereshatov et al.
first reported the successful extraction of the near-critical
strategic metal indium from hydrochloric and oxalic acid
solutions into novel hydrophobic mixtures based on quaternary
ammonium salts and menthol.>” Four distinct HDESs were
employed in the study, viz. tetraheptylammonium chloride:-
decanoic acid (Nj;,,Cl:DecaA)in 1:2 molar ratio, tetrahepty-
lammonium chloride:oleic acid (N,,,,Cl:OleA) in 1:2 molar
ratio, tetraheptylammonium chloride:ibuprofen (N,,,Cl:Ibu)
in 7:3 molar ratio, and pL-menthol:dodecanoic acid (men-
thol:DodecaA) in 2:1 molar ratio. Decanoic and dodecanoic
acids were chosen based on literature data due to their low
viscosity among the fatty acids.””®® A kinetic analysis
demonstrated the requirement of S min of shaking for the
metal species to attain equilibrium in the water and DES
phases. Additionally, the impact of concentration variations of

hydrochloric and oxalic acids on the distribution coefficients
was explored. The extraction process was shown to be aided by
the addition of HCI and oxalic acid solutions to the water
phase. The HCI concentrations ranged from 0.1 to 10 M HCL
The highest distribution coeflicients were measured in 6 M
HCI, with values of 20 (1:2 molar ratio N,,,Cl:DecaA), 280
(1:2 molar ratio N;,,,Cl:OleA), and 600 (7:3 molar ration
N.,,,Cl:Ibu), respectively. Menthol:DodecaA (2:1) solution,
on the contrary, recorded the lowest distribution coefficient,
less than 0.025 (v/v). Correspondingly, oxalic acid concen-
trations varied from 1 X 1077 to 8 X 107" M. The highest
distribution coefficient values of 3 X 10°> and 1.5 X 10® were
recorded for 7:3 molar ratio N,,,Cl:Ibu and 1:2 molar ratio
N,,,Cl:DecaA or N.,,,Cl:OleA solutions, respectively.
Successful reverse extraction of the metal ion to the water
phase was also obtained by the formation of a stable indium
complex with the addition of a 0.1 M solution of diethylene
triamine pentaacetic acid (DTPA) to the aqueous phase. In a
related study, the same group accomplished the removal and
recovery of indium from HCI solutions employing low-
viscosity, nonionic, hydrophobic binary mixtures based on
active pharmaceutical and food-grade components.”” In 0.05
M HCI, the distribution coeflicients of DL-menthol:lidocaine,
MAA:lidocaine, pL-menthol:PS, and MAA:PS spanned from 2
to 800. Additionally, in certain systems containing PS and
lidocaine as hydrogen bond donor (HBD) counterparts, an
extraction efficiency (EE) exceeding 99% was observed for the
HDESs.

The removal of metals from aqueous solutions is governed
by several parameters. One such factor is the molar ratio of
hydrogen bond acceptor to hydrogen bond donor in the binary
mixtures, ie., metal extraction from an aqueous medium
depends significantly on HBA:HBD. The impact of Deca-
A:lidocaine molar ratio on the distribution coefficient was
shown by van Osch et al** The group employed HDESs
composed of a mixture of decanoic acid and lidocaine in 2:1,
3:1, and 4:1 molar ratios to extract a variety of metal chlorides,
including LiCl, NaCl, KCl, MnCl,, FeCl,, CoCl, NiCl,,
CuCl,, and ZnCl,, without the addition of acids to the aqueous
environment. The distribution coeflicients obtained for the
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metal and chloride ions over the HDES and aqueous phases
are presented in Table 4.

The coefficient recorded lower values with an increase in the
metal salt concentrations, specifically for CoCl,. This impact
was negligible for the molar ratios 2:1 and 3:1 but it was fairly
significant for the 4:1 HDES. A change in the DES:water mass
ratios likewise exhibited a similar pattern. It was further
demonstrated that the distribution coefficients obtained for the
divalent metal ions were found to be higher, indicating more
efficient extraction than the monovalent ions. An ion exchange
mechanism induced by the interaction of the metal salts with
partially positive-charged lidocaine was proposed to aid the
extraction procedure. This mechanism proposed by van Osch
et al. is supported by the following equations.

, - P

DecAH,,, + L1dOrg © DecA,,, + L1dHDrg (3)
R 24— S ter 2+

2LidH{,, + M**Cl,,,. < 2LidH*Cl,, + M2} ()

In accordance with this, a novel class of HDES was prepared
by the binary combination of quaternary ammonium salt with
parabens, and the impact of the HDESs’ molar ratio in the
extraction of the hazardous metal Cr(VI) from water was
evaluated.”’ Methyltrioctylammonium chloride (MTC) acting
as HBA was combined in a variety of molar ratios with the
HBDs, viz., 2-ethylhexyl 4-hydroxybenzoate (EHB), methyl 4-
hydroxybenzoate (MHB), isobutyl 4-hydroxybenzoate (IHB),
butyl 4-hydroxybenzoate (BHB), and n-octyl 4-hydroxyben-
zoate (OHB). The extraction efficiency of Cr(VI) for each
HDES was seen to depict a noticeable increase (~50 to ~95%)
on altering the HBA:HBD ratios from 0.5:1 to 1:2,
respectively, suggesting the increase in EE with an increase
in paraben content in the HDESs.

The type of hydrogen bond donor and acceptor of the
HDESs is another important aspect influencing metal ion
extraction. Liu and co-workers investigated the influence of
HBD of HDES on the recovery of Pt(IV) from secondary
resources in HCl medium, using a 1:1 molar ratio of
trioctylphosphine oxide (TOPO), and environmentally benign
compounds such as 1-butyric acid, 1-hexanoic acid, 1-hexanol,
1-butanol, 1-octanol, L-menthol, and thymol.28 All of the
HDESs prepared exhibited excellent Pt(IV) extraction
selectivity, and the EE of Pt(IV) with the three HDESs
surpassed 92%. TOPO:1-butanol, among the three, recorded
the highest extraction ability for Pt(IV). For instance, in 5.6
mmol L™! chloride solution, the EE of Pt(IV) followed the
order: TOPO:L-menthol (94.4%) < TOPO:1-hexanol (98.3%)
< TOPO/1-butanol (98.9%). This was attributed to the
difference in hydrogen bonding energies between TOPO and
the HBD reagents. Furthermore, the variation in the binding
energies between the extractant and PtCI;~ aided the process.
Another article reported by Schaeffer et al. focused on the
impact of varying lengths of the alkyl chain of carboxylic acids
on the efficiency of copper(II) extraction from other transition
metals, specifically cobalt(I) and nickel(I).”” The study
employed biosourced sustainable HDESs based on menthol or
its aromatic counterpart thymol mixed with long chain
carboxylic acids bearing alkyl chains of 8, 10, 12, 14, 16, and
18 carbon groups. At pH 4.9 and 20 °C, the thymol:DecaA
HDES displayed optimum selectivity in extracting Cu(II) from
a concentrated aqueous solution (0.1 M) comprising other
metal ions. Notably, the EE recorded a consistent decrease
with an increase in the alkyl chain length. The possibility of
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recovering and recycling HDESs was also highlighted in the
study. The same group of researchers further examined the
influence of hydrogen bond acceptor counterparts of nonionic
HDESs on the specific extraction of platinum group metals
(PGMs) and transition metal ions in hydrochloric acid
media.*” The HDESs employed comprised trioctylphosphine
oxide (TOPO) and hydrocinnamic acid (HDC) as the HBA,
while decanoic acid and thymol acted as the HBD in 1:1 molar
ratios. These highly hydrophobic, low viscous binary solvents
were capable of serving as both the extractant and the
hydrophobic medium, establishing them as a viable option for
solvent extraction procedures. At 2 M concentration of
hydrochloric acid in aqueous solutions, TOPO-based HDESs
demonstrated high selectivity toward PGMs over other
transition metals. This higher extraction efficiency in the
eutectic TOPO:DecaA solvent for most metals was attributed
to the formation of their corresponding anionic halometalates
in the aqueous media. On the contrary, the unfavorable
electrostatic interactions arising between the anionic platinate
and palladate chloro- complexes and the carboxylate ligands
resulted in no significant metal removal/recovery on the
application of the HDC:DecaA mixture to the aqueous phase.
The volumetric ratio of DES to the aqueous medium was also
proven to impart a substantial influence on the process of
metal extraction. Phelps and co-workers reported the efficient
recovery of tracer levels of radioactive pertechnetate
(*’™TcOy) ion from an aqueous solution consisting of excess
competing anions, employing monocarboxylic acid-based
HDESs.”" The deep eutectic mixtures employed comprised
tetraoctylammonium (Ngggs) or trihexyltetradecylphospho-
nium (P},e) with saturated fatty acids, viz. hexanoic acid or
decanoic acid in 1:2 molar ratio. The group examined the
impact of volumetric proportions of the extractant to an
aqueous medium on the removal procedure of the pertechnate
anion. The distribution ratio of the analyte ion between the
DES and 0.15 M aqueous solution of ReOj; indicated a
consistent decrease in its value, with a decrease in the
volumetric ratio of the phase components. This was
attributable to the surrogate perrhenate anion’s ReO} effective
interference with the extraction of the tracer-level pertechnate,
which ultimately outcompeted the extractants’ ability to pick
the tetra-oxo anions. Zante et al. reported another study that
looked at the influence of the volume ratio of HDES to an
aqueous medium on Ni ion removal from a leach liquor
containing a combination of Li(I) and Ni(II).* The extraction
efficiency employing decanoic acid:lidocaine (DecaA:Lid)
HDES in a 2:1 molar ratio was observed to increase with an
increase in the volumetric ratio, resulting in a non-negligible
recovery of the metal on the ratio exceeding a value of 1.
However, to attain the requisite efficiency, the HDES-aqueous
phase ratio of 1:1 was proven acceptable and economically
viable.

The pH of the analyte solution has a substantial impact on
the existing chemical state of the targeted analyte as well as the
efficacy of their extraction procedures. To analyze the effect of
pH on the extraction of two widely used metals, Fe(III) and
Mn(1I), the HDES comprised a 2:1 molar ratio of DecaA:Lid**
was further explored. Ola et al. employed 25 and 300 g/L of
the HDES concentrations for the complete removal of Fe(III)
and Mn(II) ions from the aqueous phase.*’ The study revealed
that the pH of the initial metal solutions had a significant
impact on the extraction efficiency. In particular, a pH between
1.0 and 2.0 was ideal for the extraction of Fe(IIl). This was
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attributed to the interaction of the decanoic anion and Fe** ion
pair. However, at pH >2.0, precipitation in the aqueous phase
hindered the extraction procedure. Mn(II), on the other hand,
was effectively separated at pH values of <2.2 and >3.5. In
contrast, at pH levels ranging from 22 to 3.5, Mn(Il)
extraction was inefficient, presumably due to the predominance
of the cation exchange reaction between lidocaine and Mn(1I)
ions in the extraction procedure. The extraction performance
of HDESs is also measured with the help of extraction recovery
(ER) and enrichment factor (EF) in metal removal processes.
The ER(%) and EF are defined by the equations,®’

V.
X 100 = EFX—=

ER_ (%) — Cset)(‘/set
CoXVo Vo (%)
Cset
EF = —
Co (6)
where V,,, and C,,, designate the volume and concentration of

the extractant medium while V; and C; are the initial volume
and concentration of the aqueous medium, respectively.

Rad and co-workers investigated the impact of pH on nickel
removal/recovery in water samples with pH ranging from 1 to
10.°" In the pH range of 7—9, the findings showed practically
consistent recovery. Reduced recovery was seen at pH values
less than 7, as H" and Ni** compete in the complex formation
process.*® The Cr(VI) and Cu(1I) extraction studies stated in
the preceding discussion, using TOMC-based and terpene-
based HDESs, also explored the im;)act of pH on metal
separation and recovery processes.’ "' Shi et al. recorded
optimum extraction of Cr(VI) ion in the pH range of 2—S,
attributable to the electrostatic interactions between the
predominated form of chromium, HCrO; and N*(R3R’) of
TOMC, the HBA counterpart of the HDES, thereby resulting
in enhanced Cr(VI) ion transfer from the aqueous to the DES
phase. On pH exceeding 7, the extraction rate displayed a
reduction due to a rise in the OH™ ion concentration hindering
the CrO3™—DES interactions. Likewise, Cu(Il) extraction also
exhibited a decline with an increase in the pH of the
solution.'*> At pH less than 3, the extraction rate was minimal
for both HDESs studied, while it increased and reached a
maximum at pH S5.2. Beyond this threshold value, no increase
in pH was recorded as a result of the hindrance offered by the
hydrolysis of Cu(Il) ions.

As demonstrated, metal extraction from buffered solutions
offers a multitude of challenges, including hydroxide
precipitation in alkaline solutions,"* the low solubility of
metal ions such as Cuj, Nij, Cr} in phosphate buffer,”* and so
on. To address these constraints, the use of HDESs in metal
removal/recovery procedures in unbuffered aqueous solutions
was investigated. The first report on the application of HDESs
in unbuffered solutions includes the previously stated study by
van Osch et al,** employing varied molar ratios of DecaA:Lid
DESs. Analogous extraction experiments in unbuffered
aqueous solutions were also conducted by Ruggeri et al. for
the removal of Cr(VI) employing prototypical TBAC:DecaA
HDES combined in a 1:2 molar ratio.”* According to the
study, a S00 mM unbuffered Cr(VI) solution with a pH of 5.6
was able to selectively recover the Cr(VI) ion with 99%
efficiency.

In addition to the numerous HDESs stated in the preceding
discussion, an effort for the development of novel metal
extraction methods facilitated the invention of highly selective,
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environmentally friendly supported liquid membrane (SLM)
systems using HDES as the liquid phase.” Shahrezaei et al.
employed the SLM extraction method with a L-menthol:sali-
cylic acid-based HDES as an optimal membrane carrier to
selectively extract Ag' ions to generate a highly selective
metal—ligand complex in the absence of a carrier ligand. The
process relied on the SA—Ag" ion interaction, resulting in the
formation of a hydrophobic complex. The formation of the
strong anionic complex between Ag" and thiosulfate anions
present in the strip phase was found to be primarily responsible
for the remarkable selectivity of the SLM system. These
observations were consistent with previous findings that
demonstrated the stable complexation of SA with silver ions
through Ag-p interactions.'*””'** Further, in comparison to
previously reported SLM systems, the proposed HDES—SLM
system demonstrated excellent permeability and improved
selectivity for the extraction of silver ions from an aqueous
medium consisting of a mixture of competing metal ions. The
remarkable selectivity and effectiveness for removal and
recovery of Ag" ions with reduced transport times established
the SA-based HDESs as suitable alternative solvents for the
SLM systems over conventional supported liquid membranes.

2.4. Absorption of CO,. Another potentially significant
use of HDESs is their CO, absorption capacity. Anthropogenic
emissions of greenhouse gases (GHGs), primarily CO, have
been steadily increasing since the preindustrial era, posing
major environmental challenges to ecosystems and humanity.
This almost certainly can be regarded as the primary cause of
the recent unusual changes in the global climate system,
necessitating a viable solution to the problem.'**™"*" This led
to the development of CO, capture and storage (CCS) as a
feasible strategy to combat this global issue.'>*">*

Over the years, a number of studies have been conducted to
assess the solubility of carbon dioxide,*”'**7'% while a few
also investigated the solubility of other gases such as hydrogen
sulfide, methane, and sulfur dioxide.'®'~'%¢ Aqueous amine
solutions are one type of chemical solvent that has traditionally
been used to absorb CO, by chemical absorption from flue
gases. Despite their low cost, strong absorption capacity, high
selectivity, and high reactivity, the adverse effects of the
solvents on the environment restricted their usage.'*”'%”'%
To overcome these limitations, scientists conducted substantial
research on greener solvents, until DESs gained attention as a
novel choice.”'**'*7'°! Hydrophilic DESs have been shown to
be a potential solvent pertaining to gas solubility, with a high
ability to dissolve hazardous gases as well as CO,.'”” Yet, in
addition to CO, solubilization, these hygroscopic DESs can
also absorb water in the process, reducing their mass
absorption capacity and increasing the energy expenditure
for CO, desorption.”" This turned the quest for highly efficient
solvents for CO, capture to HDESs as they exhibited a
capacity for CO, solubility equivalent to that of ionic liquids
(ILs).> Several factors influenced the solubility of CO, in
HDESs. It was noted to increase with an increase in pressure
and reported to be particularly sensitive in the low-pressure
range.”> On the other hand, the solubility of CO, in HDESs
declined with increasing temperature across all pressure
ramges.64’91

The first study concerning the use of HDESs in CO,
solubilization was reported recently in 2018. Using decanoic
acid (DecA) as a hydrogen bond donor (HBD) combined with
five different quaternary ammonium salts serving as hydrogen
bond acceptors (HBAs), Zubeir’s research group examined the
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Figure 4. Molecular structures of the HBD and HBAs constituting the HDESs used in this study. Reprinted from ref 55. Copyright 2018 American

Chemical Society.

Table 5. CO, Absorption Capacity of Some Reported ILs and HDESs”"

absorbent extractant type T (K)
[BMIM][PF,] ILs 298
[TMPDA][T£,N] ILs 298
[BDMAEE][T£N] ILs 298
[TMHDA][T£,N] ILs 298
DecA—[Nggq,Cl] DES* 298
DecA—[Nggg,Br] DES” 298
DecA—[N,,,,Cl] DES* 298
DecA—[NgggsCl] DES” 298
DecA—[NgggeBr] DES* 298
[TETA]CI—thymol DES” 313
[TEPA]Cl—thymol DES” 313

a b
fypa/Musp = 1:2. “nypa/nupp = 1:3.

Pco, (kPa) CO, (mol abs) CO, (g abs) ref
100 0.019 0.003 170
100 0.026 0.0028 171
100 0.015 0.0015 171
100 0.023 0.0022 171

90 0.013 0.0024 5SS
90 0.014 0.0024 5SS
90 0.013 0.0027 5SS
90 0.016 0.0024 5SS
90 0.016 0.0023 5§
101.3 1.298 0.09 91
101.3 1.355 0.088 91

solubility of CO, in six distinct HDESs.>® Figure 4 displays the
molecular structures of the HBD and HBAs employed in the
study. The HDESs viz. DecaA:N,,,Cl, DecaA:Nggs,Cl,
DecaA:Nggq,Br, DecaA:NggeCl, and DecaA:NggesBr were
investigated at temperatures of 298.15, 308.15, and 323.15 K
and CO, pressures ranging from 0.1 to 2 MPa. The HBD was
employed in various molar ratios with the HBAs, and the
impacts of the halide ion, the length of the alkyl chain in the
quaternary ammonium salts, and the hydrogen bond donor-to-
acceptor ratio on CO, solubilization were accessed. A

comparative analysis based on Henry’s law and the heat of
solution was also undertaken to evaluate the CO, solubility of
the HDESs with the currently established physical solvents.
When compared to other DESs described in the existing
literature, it was observed that the investigated HDESs
displayed the maximum solubility of CO, with values ranging
between 0.239 and 0.284 mol CO,/mol of DES. Further, it was
established that lengthening the alkyl chain and significantly
reducing the HBD:HBA ratio enhanced the CO, solubilities.
Among the examined DESs, DecaA:NggeeCl demonstrated an
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Figure 5. Absorption—desorption capacity of CO, up to five consecutive cycles for HDESs reported by Gu et al. (a) [TETA]Cl—thymol DES in
1:3 molar ratio; (b) [TEPA]Cl—thymol DES in 1:3 molar ratio. Absorption parameters (CO,, 101.3 kPa, 323 K, 40 mL/min); desorption
parameters (N2, 101.3 kPa, 373 K, 40 mL/min). Reprinted from ref 91. Copyright 2020 American Chemical Society.

efficiency higher than that of [C,mim][BF,] for the molar ratio
1.5:1, which provided a promising avenue for enhancing
solvent performances without requiring complicated synthesis
and subsequent purification processes.

Additionally, to streamline the testing procedure for optimal
HDESs, the same research group modeled the CO, solubility
by applying the PC-SAFT methodology.”” Employing the
“pseudopure” approach, segment number, temperature-inde-
pendent segment diameter, and dispersion-energy parameters
were estimated solely on liquid density data without any
modification in the binary interaction parameter. Dietz and co-
workers modeled the solubility of CO, in four HDESs and one
DES/IL mixture, viz. DecaA:NggCl in 2:1 ratio, Deca-
A:NggssCl in 1.5:1 ratio, DecaA:NggesBr in 2:1 ratio,
DecaA:Nyy,Cl in 2:1 ratio, and perfluorordecanoic acid
(PerFDecaA):NggesCl in 2:1 molar ratio. Of all the examined
mixes, PerFDecaA:NggqsCl is partly ionized, making it an IL
rather than a DES. The model demonstrated a reasonable
correlation between the experimental and theoretically
modeled densities, with Absolute Average Relative Deviation
(AARD) (%) ranging from 2.27 to 12.01%. The promising
results thus obtained from the PC-SAFT technique indicated
its viability in screening HDESs for the CO, solubilization.

At 313.15 K and 1 bar, Gu et al. evaluated the solubility of
CO, in a novel class of hydrophobic functional DES composed
of [TETA]Cl:thymol and [TEPA]Cl:thymol.”' The HDESs
exhibited absorption capacities of 1.298 and 1.355 mol CO,/
mol of DES and were shown to efficiently solubilize the gas
even at low partial pressures. The values obtained were
significantly greater than those reported in the literature for
numerous ILs'’”'"" and DESs,” (presented in Table 5). The
authors highlighted that contrary to hydrophilic DESs, the
amount of water in the HDESs remained unchanged during
the absorption process from flue gases. Another intriguing
result reported in the study was the formation of a new
chemical bond between CO, and the amino residue of the
DESs, resulting in the formation of carboxylate. Despite the
new chemical bond formed, both DESs remained hydrophobic
during the CO, absorption. The HDESs were further observed
to retain their dissolving efficiency for a minimum of five
absorption—desorption cycles (Figure S).

In a recent experimental study, Haider et al. reported the
synthesis of a class of ternary HDESs employing the binary
combination of fatty acids, specifically capric, lauric, and oleic
acids, with tetrabutylammonium bromide and their utilization
in CO, solubilization.®* The pressure drop method was used to
measure the CO, uptake of the HDESs, and the observed
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results were further correlated with the Peng—Robinson
equation of state. The obtained CO, solubility data were in
good agreement with experimental results, which indicated a
significant gaseous intake by the investigated HDESs.

Amidst the several experimental analyses conducted on
carbon dioxide capture employing HDESs, Gutiérrez and co-
workers very recently reported a theoretical exploration of the
solubility of carbon dioxide in an archetypical type III
HDES."”> The study focused on analyzing the nanoscopic
characteristics of the HDES composed of tetraoctylammonium
chloride:decanoic acid (NgggsCl:DecaA) in a 1:2 molar ratio,
employing a multiscale molecular modeling approach. For this
purpose, Density Functional Theory calculations and Classical
Molecular Dynamics simulations were conducted for both the
pure DES and DES-CO, mixtures over a wide range of
pressures and temperature. The DES—CO, interactions were
examined through DFT, taking into account five distinct sites
in the DES cluster. Interatomic distances measured between
the CO, molecules and the OH sites of DecaA spanned from
2.9 to 3.5 A, indicating fairly strong interactions. The modest
disruption of interactions between the DES components,
demonstrated by a comparison of the binding energies in the
presence and absence of CO, molecules, provided additional
support for DES—CO, cluster formation. Additionally, MD
simulations were run for the DES-CO, liquid mixtures as a
function of DES concentration up to CO, partial pressure
(xco,) of 0.1. Across the considered range of concentrations,

CO, adsorption by the HDES was supported by a linear rise in
density, suggesting the proper fitting of CO, molecules into the
DES structure. The empty space in the low-density, pure, DESs
offered adequate room for the gas molecules to occupy without
any significant interference in the DES interactions. This was
corroborated by the virtually negligible increase in the volume
upon absorption of CO,. Consequently, DFT calculations and
the obtained volumetric data of the DES systems implied low-
density HDESs as promising solvents for CO, capture.

In a nutshell, HDESs are established as effective absorbents
with significantly high CO, affinity and selectivity. The
solvents offer a plethora of applications to be employed, either
in the precombustion stage such as natural gas sweeteners'
or postcombustion, in the elimination of acidic gases from flue
gases. Despite the fact that the observed capacity of DESs for
CO, solubilization is lower than that of certain ILs (e.g,
fluorinated ILs),"”* HDESs provide great control over their
physicochemical characteristics as well as inexpensiveness and
environmental viability.
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3. EXTRACTION TECHNIQUES

In contrast with the traditional liquid—liquid extraction
method, liquid—liquid microextraction shows a superior edge
in terms of a lower prerequisite for solvent and sample and a
higher extraction efficiency. HDESs have been successfully
implemented as solvents in such extraction techniques,
substituting the typical organic solvents. This technique can
be modified further by using a trinary structure: aqueous
sample, extracting solvent (water-soluble), and disperser
solvent (soluble in both phases). This is known as dispersive
liquid—liquid microextraction, and in the presence of the
disperser solvent, the extractant is dispersed throughout the
medium as tiny droplets. An increased surface area of the
extractant leads to a much faster recovery of the analyte.
Moreover, the dispersion process can also be completed with
the help of a vortex agitator instead of the disperser solvent,
and this technique is termed vortex-assisted liquid—liquid
microextraction.

3.1. Liquid—Liquid Microextraction. Liquid—liquid
microextraction in tandem with HDES was used to extract
synthetic pigments in commercial beverages.” Eight synthetic
pigments were isolated from samples, and optimal analysis was
done through HPLC. The DESs were composed of quaternary
ammonium salts (trioctylmethylammonium chloride and
tetrabutylammonium chloride) as the hydrogen bond acceptor
and fatty acids as the donor (decanoic acid and octanoic acid),
which were mixed in 1:2 molar ratios. Variables, in particular,
DES volume, salt effect, extraction time, and pH of the sample,
were under investigation. Although the authors did not report
any studies on the hydrophobicity of the prepared DES, the
low solubility of the fatty acids may justify their assumption.
The HDES formed with tetrabutylammonium chloride and
octanoic acids exhibited the best results, with extraction
recovery lying in the 74.5—94.5% range. Potent stimulants,
amphetamine, and methamphetamine, were also extracted
from human plasma and medicinal wastewater using HDES
combined with an air-assisted emulsification microextraction
technique.”® Choline chloride and phenethyl alcohol were
mixed in a molar ratio of 1:4 to obtain the desired HDES. This
methodology avoided any additional emulsifier, making it
economically more viable. The stimulants were extracted in the
63—66% range having a reasonable relative standard deviation
(RSD) below 8.4%. HDESs were further used for separating
nonsteroidal anti-inflammatory drugs present in human urine
samples via liquid—liquid microextraction.'”®> The drugs in
focus were Ketoprofen and Diclofenac, and the analysis was
done through HPLC-UV. Deep eutectic mixtures are formed
in situ due to the hydrogen bonds formed among the OH
group of menthol and the prevalent COOH moiety of the drug
molecules. The effect of pH, extraction time, and amount of
menthol used was some of the factors that were considered.
Adequate extraction recovery of 93 to 97% was achieved using
this methodology.

The decomposition of HDES in contact with an aqueous
phase, leading to the formation of a dispersed organic phase in
situ, was used to separate steroidal estrogen 17 S-estradiol
(E2) from transdermal gel samples. Tetrabutylammonium
bromide (TBABr) was mixed with heptanol (1:1, 1:2, 1:3),
octanol (1:2), decanol (1:2), and dodecanol (1:2) to obtain
the required HDESs.”” TBABr is water-soluble, but upon
exposure to an aqueous medium, the long-chain alcohols lead
to the creation of the dispersed organic phase. After the
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dissolution of DES, TBABr acts as a dispersive agent as well as
a salting-out agent. E2 was extracted with a recovery range of
95% with a satisfactory repeatability of 6%. Removal of
parabens from environmental water samples was achieved
using a similar form of a liquid—liquid extraction method. In
situ HDES formation was involved, and the analysis was done
via high-performance liquid chromatography diode array
detector.”” pL-menthol and decanoic acid were mixed in a
2:1 molar ratio in an aqueous medium and heated, resulting in
the formation of the DES. Short extraction time, absence of
any emulsifier, and high relative recovery of 84.8—104.7% were
some of the advantages of this methodology.

A three-phase hollow fiber liquid—liquid microextraction
process was applied to withdraw antiarrhythmic agents from
the water samples. Choline chloride and 1-phenyl ethyl alcohol
were blended in a molar ratio of 1:4 to generate the HDES
acting as the extracting solvent.”” Propranolol, carvedilol,
verapamil, and amlodipine were the four target analytes, where
the methodology yielded extraction recovery in the range of
44—54%. Quantification of cinnamic acid from medicine
samples was done via the hollow fiber liquid phase micro-
extraction technique, with the hollow fiber filled with a
HDES.”” The plasma protein binding rates were also
investigated. After several steps of optimization, the DES was
synthesized by using tetrabutylammonium chloride and
hexanoic acid in a 1:3 molar ratio. The recovery range of the
analyte was stated to be 86.7—110.5%. A natural HDES
centered on serine and lactic acid was designed to quantify
caffeic acid from beverages.”” A similar hollow phase
microextraction was utilized, which was followed by the
analysis performed with HPLC-UV. The DES was prepared
using serine and lactic acid in a 1:5 molar ratio. It is theorized
that strong z-type hydrogen bonding occurs between the DES
and caffeic acid, which leads to the high affinity of the DES
toward the target analyte. A suitable recovery range of 95—
99.3% was achieved after investigating various beverage
samples with adequate repeatability of less than 5.2%.

Terpene-based HDESs were synthesized to examine DES
derived from natural compounds. Seventeen HDES were
prepared and were used for purging riboflavin from water
samples.18 The compounds used for DES were decanoic acid,
dodecanoic acid, menthol, thymol, 1-tetradecanol, 1,2-
decanediol, 1-10-decanediol, cholesterol, trans-1,2-cyclohexa-
nediol, 1-napthol, atropine, tryptamine, lidocaine, cyclo-
hexanecarboxyaldehyde, caffeine, and coumarin with molar
ratios of 2:1, 1:2, and 1:1 between the donor and acceptor of
hydrogen bonds. The results of riboflavin extraction were
juxtaposed with the HDES made of a 2:1 molar ratio of
decanoic acid and tetraoctylammonium bromide (extraction
efficiency of 19%). Maximum extraction efficiency of 81% was
obtained for DecaA:lidocaine (2:1).

Four neonicotinoid pesticides, imidacloprid, acetamiprid,
nitenpyram, and thiamethoxam, were extracted from water
samples using a combination of HDES and liquid—liquid
microextraction techniques.”” The DES were based on two
hydrogen bond acceptors, pL-menthol and tetrabutylammo-
nium chloride (N4,,Cl), which were mixed with acids acting
as the donors. pL-Menthol:acetic acid (1:1), pL-menthol:levu-
linic acid (1:1), pL-menthol:pyruvic acid (1:2), pL-menthol:-
butyric acid (1:1), pi-menthol: hexanoic acid (1:1), br-
menthol:octanoic acid (1:1), pL-menthol:decanoic acid (1:1),
pL-menthol:dodecanoic acid (2:1), N,4u,Cl:acetic acid (1:1),
N, Cl:levulinic acid (1:2), Ny,Cl:hexanoic acid (1:2),
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N,444Cl:octanoic acid (1:2), and Ny,,4Cl:decanoic acid (1:2)
were the HDES prepared as the extraction solvents. It was
observed that the hydrophobicity of the pesticides impacts
their extraction efficiencies, with imidacloprid having the
highest extraction efficiency.

HDES centered on menthol was also used for extracting
alcohol from water."*” Separation of lower alcohols from water
can be tricky to an extent due to the formation of azeotropic
mixtures. Liquid—liquid microextraction, along with a pL-
menthol and lauric acid (molar ratio 2:1) mixture, as the
extraction solvent, was used for this procedure. Among the
alcohols extracted, butanol had the highest extraction efficiency
of 90%, followed by propanol (80%) and ethanol (50%).

Selenium ions were separated from water and food samples
by employing low viscous HDES via ultrasound-assisted
liquid—liquid microextraction.*’ Six HDESs were developed,
menthol:DodecaA, menthol:n-octyl alcohol, menthol:n-
NonaA, trioctylmethylammonium chloride:2-octanol, trioctyl-
methylammonium chloride:oleic acid, and trioctylmethylam-
monium chloride:DecaA, with molar ratios of 1:3, 2:1, 1:1, 1:2,
1:2, and 1:3, respectively. The analysis of the ion was
performed by using hydride generation atomic absorption
spectrometry. It was observed that the HDES menthol:lauric
acid provides optimum recovery of the Se(IV) ions. The
recovery of the analyte was found to be 91—104% with
reasonable repeatability of 1.8—3.9%. HDESs hinged on
tetrabutylammonium chloride, and decanoic acid were
fabricated for the determination of nickel (Ni(II))and
zinc(Zn(Il)) in food samples.’® The conventional liquid—
liquid microextraction method was applied, followed by flame
atomic absorption spectroscopy for the analysis of the ions.
Although six types were synthesized, the HDES fabricated
from tetrabutylammonium chloride and decanoic acid in a
molar ratio of 1:2 was the most efficient for extraction. From
interference studies, it was determined that this method is
highly selective for nickel and zinc ions. A recovery range of
95.37—103.5% having a relative standard deviation below 4.2%
was observed after evaluating various food samples.

Extraction of three anesthetics, specifically eugenol, iso-
eugenol, and methyl isoeugenol, from marine consumable
samples was accomplished by utilizing the ultrasound-assisted
liquid—liquid microextraction method in tandem with gas
chromatography for analysis. The HDESs used as the
extraction solvent was based on menthol and thymol as the
HBAs, while levulinic acid, lactic acid, hexanoic acid, and
octanoic acid acted as the donors.”" After optimizing the DESs,
with respect to their viscosity and density, thymol:levulinic
acid with the molar ratio of 1:2 was preferred for this
methodology. After extracting the three anesthetics from
various samples, recovery of 86—101% was achieved, having a
relative standard deviation under 5%.

3.2. Dispersive Liquid—Liquid Microextraction. HDES
was employed in dispersive liquid—liquid microextraction for
the analysis of sulfonamides in environmental water samples.*®
Here the analytical parameters, such as extraction time, the
volume of HDES used, and the pH of the water samples were
focused upon. Choline chloride was the common hydrogen
bond donor in all DES, which was mixed with o-cresol, m-
cresol, and p-cresol in molar ratios of 1:2. Under the optimized
conditions, the proposed methodology yielded sulfonamide
extraction with a recovery range of 80.17—93.5% within
extraction time of 0.5 to 12 min. Another study was performed
for the detection of sulfonamides in fruit samples using HDES
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with an ultrasound-assisted dispersive liquid—liquid micro-
extraction technique.’” Three sulfonamides were investigated,
namely, sulfapyridine, sulfamethazine, and sulfamethoxine,
from various fruit samples. Five HDESs were prepared with
the combination of trioctylmethylammonium chloride and
tetrabutylammonium bromide as the hydrogen bond acceptors
with 2-octanol, capric acid, octanoic acid, and oleic acid as the
acceptors. After optimization, the DES prepared from
trioctylmethylammonium chloride and 2-octanol (molar ratio
1:2) was selected as the extracting solvent. A recovery range of
88.09—97.84% with a repeatability of 0.32—9.43% was
observed for the samples.

Separation of UV filters from aqueous samples was also
possible through the utilization of HDES in an ultrasound-
assisted dispersive liquid—liquid microextraction technique.’
The HDESs were tailored from trioctylmethylammonium
chloride (TAC) as the hydrogen bond acceptor and decanoic
acid (DecaA) as the donor, with molar ratios of 1:1, 1:2, 1:3,
1:4, and 1:5. Several parameters, such as the effect of sample
and DES volume, the impact of salt addition, ultrasound
duration, etc.,, were under investigation. Among the HDES
prepared, the DES with a molar ratio of 1:3 showed optimal
extraction rates for the sample analytes. This methodology was
implemented in commercial water samples with a 90.2—
103.5% recovery range and suitable repeatability (relative
standard deviation of 5.2%). Ultrasound-aided liquid—liquid
microextraction further came into play to assess four
nonsteroidal anti-inflammatory drugs (NSAID) in water and
milk samples. The HDES used as the extraction solvent was
designed with thymol as the hydrogen bond donor and 1,1,3,3-
tetramethylguanidine ([TMGH]Cl), methyltrioctylammonium
chloride (Njggq;Cl), and choline chloride at molar ratios of 2:1,
2:1, and S:1, respectively,90 The hydrophobic nature of the
DESs was vindicated using the contact angle of DES with water
which lay in the range of 41.75—57.65° at 25 °C. Salicylic acid,
oxaprozin, diclofenac, and ibuprofen were the NSAIDs
investigated. The HDES generated with [TMGH]CI and
thymol produced comparatively higher efficiency with relative
recoveries ranging between 79.42 and 107.52%.

HDESs were also used to evaluate the amount of dye in food
samples with an effervescence-assisted dispersive liquid—liquid
microextraction technique, where the analysis was done
through UV—vis spectroscopy.’” Synthetic dyes such as Sunset
Yellow and Brilliant Blue FCD were extracted, and carbon
dioxide formed during the effervescent reaction was used as the
disperser for DESs. For the synthesis of HDESs, Aliquat 336
was preferred as the hydrogen bond acceptor and was
combined with decanoic acid, oleic acid, and ibuprofen in
molar ratios of 1:2, 1:2, and 7:3, respectively. After the
optimization of several parameters influencing extraction rates,
this methodology was applied to food samples. The dyes were
extracted in a suitable recovery range of 98.04—102.5% with a
relative standard deviation below 5%.

Determination of the insecticide pyrethroid in environ-
mental water samples was also possible via the use of HDES.'**
Dispersive liquid—liquid microextraction in combination with
high-performance liquid chromatography and an ultraviolet
detector was utilized to increase the extraction efficiency.
Trihexyl(tetradecyl)phosphonium tetrafluoroborate was mixed
with octanoic acid, decanoic acid, and dodecanoic acid at
varied molar ratios to generate the HDESs. Several factors
were under investigation, including DES and sample volume,
salt effect, and centrifugation rate. The water samples
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contained five pyrethroid types: deltamethrin, fenvalerate,
permethrin, etofenprox, and bifenthrin. An adequate recovery
range of 80.93 and 109.88% was observed, with good
repeatability (RSD less than 6%). The analysis of pyrethroid
was further investigated with a different type of HDES,
precisely pairing thymol and octanoic acid to extract the
insecticide from cereals.”” The dispersive liquid—liquid micro-
extraction technique can be coupled with a step called
solidification of a floating organic drop (SFOD) to ease the
collection of the analyte, where the extraction solvent is at a
solid phase at a low temperature. Thymol and octanoic acid
were mixed at molar ratios of 1:5, 1:4, 1:3, 1:2, 1:1, 2:1, and
3:1 to synthesize the desired HDES. The extraction recovery
was found to be in the range of 75.6 to 87.2% with reasonable
repeatability (RSD less than 3.6%).

Another implementation of dispersive liquid—liquid micro-
extraction in an amalgam with HDES was the determination of
folic acid present in wheat samples.”® The DES used as the
extracting solvent was prepared using trioctylmethylammo-
nium chloride as the hydrogen bond acceptor with amyl
alcohol as the donor. Five types of HDESs were synthesized
with molar ratios: 1:1, 1:2, 1:3, 1:4, and 1:5, with the DES
comprising the molar ratio 1:4 showing the highest recovery of
folic acid. A relatively high recovery range of 91.6—99.7% with
a relative standard deviation of less than 7% was observed in
this investigation.

HDES was used as the extracting solvent to accumulate
benzoylureas from water samples, with a ferric salt being used
as the dispersive-demulsified solvent.”> Solidification of a
floating organic drop (SFOD) technique was utilized, making
collection of the sample analyte more manageable. Tricap-
rylmethylammonium chloride and 1-dodecanol were mixed at
varied molar ratios, and the ratio of 1:2.5 was used after proper
optimization. Triflumuron, hexaflumuron, flufenoxuron, and
lufenuron were the benzoylureas analyzed by using this
methodology. Extraction recovery of 82.36—93.82% was
achieved with a relative standard deviation below 5%. f-lactam
antibiotics were also extracted using the ultrasound-assisted
dispersive liquid—liquid microextraction solidified floating
organic drop method in the presence of HDES." Penicillin
G, ampicillin, and amoxicillin were the f-lactams considered,
with the analysis being performed through high-performance
liquid chromatography with a photodiode array. Benzyl
triethylammonium chloride and decanoic acid were mixed in
a molar ratio of 1:3 to synthesize the HDES, and the analytes
were extracted with relative recoveries of 97 to 99.6% (relative
standard deviation <6.1%). The HDES had a melting
temperature of 4 °C and the stabilization at such temperatures
eases the process of solvent and analyte collection.

HDES composed of terpenoids and long-chain alcohols,
along with dispersive liquid—liquid microextraction, were
implemented to analyze mycotoxin in food samples.”” A
mixture of DL-menthol and hexanol of molar ratio 2:1 was
picked as the preferred DES, while acetonitrile was used as the
disperser solvent. The mycotoxin zearalenone was under
investigation, and a recovery range of 66—110% was observed
for the varied food samples. The focus was on the stability of
DES under different conditions as well as on the specific
contribution of the two components of the HDES. Here it was
articulated that after the addition of the disperser solvent, the
aqueous phase is devoid of DES formation. The HDES
components may contribute individually through intermolec-
ular hydrogen bonding with the analyte to accelerate the
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extraction process. Thymol-based HDESs were fabricated to
extract herbicides from rice samples via a dispersive liquid—
liquid microextraction technique.’’ Bentazone, pyrazosulfur-
onethyl, pyribenzoxim, fenoxaprop-P-ethyl, and anilofos were
the herbicides studied, and HPLC was used for analysis. To
synthesize the HDESs, thymol was combined with decanoic
acid, hexanoic acid, n-butyric acid, and undecylenic acid in
molar ratios of 3:2, 1:1, 1:1, 1:1, 1:2, and 1:3, respectively.
Among them, the HDES designed with thymol and n-butyric
acid was highly efficient, providing extraction recovery in the
range of 70.38—122.91% with a relative standard deviation of
0.997-9.669%.

Trace amounts of cadmium and arsenic in wine samples
were detected by using the ultrasound-assisted liquid—liquid
microextraction technique.”® Eight types of HDES with a
molar ratio of 1:3 were prepared, among which bL-lactic
acid:trioctylmethylammonium chloride was preferred for this
methodology. The effects of salt, sonication time, and the
volume of HDES were a few of the parameters in focus.
Adequate recoveries of 90.6—103.6% were achieved, with a
relative standard deviation of 2.7—8.1%.

Of late, a green dispersive liquid—liquid microextraction
technique was developed employing both hydrophilic and
HDES for examining pesticides in water samples. = Thymol
and myristyl alcohol were mixed in a 2:1 molar ratio to
generate HDES, used as the extractor solvent. The disperser
solvent was hydrophilic DES comprising alanine, kojic acid,
and water in a 1:2:5 ratio. The logK,, value for
thymol:myristyl alcohol and alanine:kojic acid:water were 4
and —0.11, respectively, indicating the hydrophobic and
hydrophilic nature of the DES. Optimizable factors that can
affect extraction, such as DES volume, salt effect, and pH of the
sample, were regulated. Further minute changes to the pH of
water were observed after the addition of the HDES. Sixteen
types of pesticides were investigated, with recoveries in the
range of 64—105% achieved.

3.3. Vortex-Assisted Liquid—Liquid Microextraction.
HDESs have been employed in liquid—liquid microextraction
in combination with a vortex-aided microextractor for the
extraction of levofloxacin and ciprofloxacin in standard water
samples.'”> HPLC was used for the analysis of the antibiotics.
Sixteen types of fatty acid and alcohol-based DES, having the
pedigree to form two phases with aqueous solutions were
assembled for this investigation, among which tetrabutylam-
monium bromide:HexaA (1:1), tetrabutylammonium bromi-
de:OctaA (1:1), tetrabutylammonium bromide:DecaA (1:1),
tetrabutylammonium bromide:n-butyl alcohol (1:1), tetrabu-
tylammonium bromide:1-octanol (1:1), tetrabutylammonium
bromide:1-dodecanol (1:1), tetrabutylammonium bromide:o-
leyl alcohol (1:1), tricaprylylmethylammonium chloride:Hex-
aA (1:1), tricaprylylmethylammonium chloride:OctaA (1:1),
tricaprylylmethylammonium chloride:DecaA (1:1), tricaprylyl-
methylammonium chloride:n-butyl alcohol (1:1), tricaprylyl-
methylammonium chloride:1-octanol (1:1), tricaprylylmethy-
lammonium chloride:1-dodecanol (1:1), and tricaprylylmethy-
lammonium chloride:oleyl alcohol (1:1) were stable at room
temperature. The focus was emphasized on the DES volume
and vortex-assisted time. Levofloxacin and ciprofloxacin were
recovered in 94.4—98.3% and 95.1—98.4% range, respectively.

HDESs coupled with vortex-assisted microextraction were
employed to extract formaldehyde from zoological and indoor
air samples and further quantified with HPLC.>® Trioctylme-
thylammonium chloride (TAC) was preferred as the hydrogen
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bond acceptor, combining it with 4-cyanophenol in 1:2, 1:1,
and 2:1 molar ratios and with hydroquinone and phenylphenol
in 1:1 ratios to design the HDES. The DES prepared using
TAC and 4-cyanophenol was considered, and it showed valid
results with recovery in the range of 83.1—-104.4%.

To analyze pesticides in olive oil samples, HDES prepared
with thymol and vanillin coupled with vortex-assisted liquid—
liquid microextraction was utilized, and the methodology was
validated using GC-u ECD determination.”” Thymol and
vanillin were mixed in 1:2, 2:1, and 1:1 molar ratios, among
which the composition with the 1:1 molar ratio remained as a
clear fluid at room temperature. A positive logK,, of 4.30
rationalizes the hydrophobicity of the DES. Sixteen pesticides
were extracted using this procedure, where the extraction
process was completed in 1 min, with recovery in the range of
63.1—119.4% having relative standard deviations of 2.5—7.4%.

Vortex-aided liquid—liquid microextraction involving HDES
was used to detect dyes in food sauces in tandem with an
HPLC-DAD system.””> For the preparation of DES, hexa-
fluoroisopropanol (HFIP) was selected as the hydrogen bond
donor, which was combined with nonionic surfactants like Brij-
35 (1:5, 1:10, 1:15, 1:20 molar ratios), PONPE-7.5(1:5 molar
ratio), Triton X-100 (1:5 molar ratio), and Triton X-114 (1:5
molar ratio), respectively. It was observed that all of the DES
showed adequate stability at room temperature. Five Sudan
dyes were evaluated, and the recovery of the dyes ranged in the
region of 87—110.1%, with a relative standard deviation of less
than 8.1%. Moreover, a similar procedure utilizing HDES
benzyltriethylammonium chloride:thymol as an extracting
solvent was used for the determination of five red dyes:
amaranth, ponceau 4R, allura red, azorubine, and erythrosine
from consumable items.”® Benzyltriethylammonium chloride
(BTEAC) and thymol were combined in a molar ratio of 1:4 to
generate the DES. Strong m—n interaction and hydrogen
bonding with the analytes led to the ease of extraction of the
dyes. Extraction recovery range of 94.2—100.8% was attained
with a relative standard deviation below 6%.

Thymol-based HDESs were further used in the analysis of
tetracycline antibiotics in infant formulas using the vortex-
assisted liquid—liquid microextraction method, and the
investigation was accomplished using HPLC.'”® The ternary
HDESs prepared in this investigation had their hydrogen bond
donor in thymol (Thy) and composed as Thy:ethylene
glycol:benzyl alcohol (2:2:1), Thy:ethylene glycol:octanol
(1:1:1), Thy:DecaA:benzyl alcohol (1:1:1), and Thy:De-
caA:octanol (1:1:1), and focus was emphasized on the
greenness of this methodology. Among the assembled DES,
thymol:ethylene glycol:benzyl alcohol showed maximum
extraction efliciency, and the recovery of the antibiotics was
in the range of 69—102% with RSD less than 9%. The
hydophobicity of the DES was analyzed by evaluating
octanol—water partition coefficient, where the logK,, value
was found to be 1.99.

In recent times, vortex-assisted dispersive liquid—liquid
microextraction complemented by HDES was implemented
for the extraction of vincristine alkaloids from the plasma of
children suffering from leukemia in tandem with HPLC-UV.*
For the synthesis of the HDESs, methyltrioctylammonium
chloride (MTOAC) was chosen as the hydrogen bond
acceptor, with several alcohols as hydrogen bond donors,
namely, n-nonanol, n-heptanol, n-butanol, glycerol, and
ethylene glycol. After optimization, all the DESs were prepared
in a 1:3 molar ratio, among which MTOAC:n-butanol showed
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satisfactory results for the extraction of vincristine. Analyses
were done on various brands of drug and plasma samples as
well as on live samples, with recovery ranging from 92.0 to
108.6%. Anilines were determined from food samples through
a HDES-based dispersive liquid—liquid extraction with vortex
assistance.” Bis(2-ethylhexyl) phosphate was mixed in a 1:3
ratio with butylparaben to generate the desired HDES. The
extracted anilines were further exposed to a diazotization
process, and the final quantification was done via microvolume
spectrophotometry. Strong ion pairing interaction, 7—x
interaction, and hydrogen bonding between the DES and the
aromatic amine resulted in adequate extraction efficiency, with
a relative recovery of 90.0—99.0%. Benzyltriethylammonium
chloride (BTEAC) and thymol-based HDES were used for the
removal of malachite green and crystal violet from aqueous
samples.*® Vortex-assisted dispersive liquid—liquid extraction
came into play with HPLC being used for the analysis of the
dyes. Benzyltriethylammonium chloride was used as the
hydrogen bond acceptor with thymol as the donor and was
mixed in a 1:4 molar ratio. The BTEAC:thymol DES was
compared with the choline chloride:thymol DES and due to
the higher hydrophobicity of the ion pair formed of BTEAC as
well as stronger 7—7 interaction, BTEAC-based DES showed
better performance. Relative recoveries of 90.0—97.4% were
achieved, with RSD of less than 9.4%.

Interestingly HDES can be used for the preparation of
ferrofluids, which can then be implemented in vortex-assisted
liquid—liquid microextraction coupled with HPLC for the
determination of mefenamic acid in human urine samples.”®
Ferrofluid volume, ionic strength, and vortex time were
optimized initially for this study. The HDES was generated
by combining acetic acid and pL-menthol with a molar ratio of
1:1. The ferrofluid was further prepared by dispersing oleic
acid-coated Fe;O, nanoparticles in 1 mL volume of the DES.
The extraction process of mefenamic acid was achieved in 7
min with an extraction efficiency in the range of 80.25—
97.45% and a relative standard deviation below 4.60%.

Bisphenol contaminants from water samples were extracted
using HDES based on trioctylmethylammonium chloride.>®
Vortex-assisted liquid—liquid microextraction along with high-
performance liquid chromatography (HPLC) and fluorescence
detection were used for the analysis of the sample.
Trioctylmethylammonium chloride was mixed with decanoic
acid, ketoprofen, and gemfibrozil in molar ratios of 2:1 1:1, 1:2,
2:1, 1:1, 1:2, 1:2, and 1:1, respectively, to synthesize 8 types of
DES. Among them DecaA:trioctylmethylammonium chloride
(2:1 molar ratio) DES was marked as the most suitable solvent
for extraction. The hydrophobicity was validated using the
water contact angle, which was shown to be 47°. The relative
recoveries of the bisphenols were in the 82.0—109.4% range,
with a relative standard deviation of 0.7—6.9%. Twelve
quinolones from honey were extracted using the vortex-
assisted liquid—liquid microextraction technique, with a
thymol-based HDES as the extracting solvent.”” The
quinolones were analyzed using ultraperformance liquid
chromatography—mass spectrometry. The extraction was
achieved inside a syringe without centrifugation, reducing
extraction time and requiring less sample. The DES was
fabricated by using heptanoic acid and thymol mixed in a 2:1
molar ratio. The quinolones were recovered in the range of
75.08—117.46%, with a relative standard deviation of below
10.11%.
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Phenolic acids were extracted from the medicinal herb
Taraxacum mongolicum (TM) using the rapid recycle HDES-
assisted water extraction technique.34 Compared to conven-
tional extraction methods, the target analyte is concentrated in
the aqueous phase. The assistance of a vortex is required for
dispersion of the DES components. Thirty-six types of HDESs
based on camphor, pL-menthol, lidocaine, and thymol as the
hydrogen bond acceptors were prepared, among which the
camphor:p-chlorophenol (1:3 molar ratio) was found to be the
most suitable. A high recovery range of 90.76—94.73% was
achieved with a relative standard deviation below 2.97%.

Low viscous HDES were synthesized, and their properties
were evaluated in extracting phthalate esters in plastic samples
in contact with food.”> Vortex-assisted liquid—liquid micro-
extraction in association with gas chromatography (GC) was
used in this procedure. Eight HDESs were prepared such as, n-
octyl alcohol:DecaA (2:1), n-octyl alcohol: Nyu,,Br (2:1), 1-
dodecanol: Ny Br (2:1), n-butyl alcohol: N,Br (4:1), n-
hexyl alcohol: N, Br (4:1), n-octyl alcohol: Ngg,Cl (2:1),
DecaA: Nggg Cl (2:1), DodecaA: NggCl (2:1). Among them,
n-hexyl alcohol: N,,.Br was the least viscous, along with
showing a high GC response value for the phthalate esters
analytes. After various plastic samples were analyzed, recovery
was observed in the 86.4—103.2% range with a relative
standard deviation of 3.6—5.6%.

HDESs centered upon thymol and menthol were used for
drawing out thiophanate—methyl and carbendazim from
aqueous samples.*” Vortex-assisted liquid—liquid extraction in
tandem with HPLC was the preferred methodology. Hexanoic
acid, octanoic acid, decanoic acid, n-butyl alcohol, 1-octanol,
and 1-dodecanol were used as the hydrogen bond donors and
mixed with thymol and menthol in a 1:1 molar ratio to
synthesize 12 HDESs. Among them, menthol:1-octanol DES
was selected for the extraction procedure. After optimization
for several parameters, thiophanate—methyl and carbendazim
were extracted with the highest recovery of 94.0 and 95.6%,
respectively.

Herbicides of triazine and phenylurea were segregated from
milk samples using vortex-assisted dispersive liquid—liquid
microextraction hinged on the solidification of sedimentary
DES. Five HDESs were designed based on tetrabutylammo-
nium chloride and perfluorooctanol as the hydrogen bond
donor and acceptor, respectively, in molar ratios of 3:1, 2:1,
1:1, 1:2, and 1:3.%° The HDES with a 2:1 molar ratio was
preferred. A significant advantage of this method over the
conventional ones is the conversion into a solid—liquid
separation, thus curtailing the waste of the target analyte. Six
such herbicides were extracted with a recovery of 87.01—
97.92% with an error of less than 6.8%.

Recently, quantification of antiprostate cancer triple therapy
from river water and human plasma was carried out using
natural HDES following the vortex-assisted dispersive liquid—
liquid microextraction technique.'”” Lutamide, resveratrol, and
ethynylestradiol were the target analytes. The HDES was
composed of a-terpineol as the hydrogen bond acceptor, with
octanoic acid as the donor in a molar ratio of 1:1. Recoveries of
the three drugs were in the 92.1—100.4% range with a relative
standard deviation below 6.1%.

4. FUTURE SCOPE AND CHALLENGES

4.1. HDESs as Enzymatic Reaction Media. Numerous
hydrophilic DESs as improved biocompatible enzymatic
reaction media have been presented with the introduction of
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nonaqueous enzymatic catalysis, displaying increased solubility
and selectivity of the substrate, in addition to suppression of
hydrolytic side reactions.'”*™'*" However, the application
range of hydrophilic DESs was constrained by the low
solubility of the hydrophobic substrates in it. Additionally,
water adsorption brought about by catalytic reactions reduced
the reaction rates in hydrophilic DESs.

Hummer et al. reported an interesting study that employed
HDESs with long-chain carboxylic acids combined with
(=)-menthol in lipase catalyzed esterification.'®" Interestingly,
the DESs in use simultaneously served as the substrate and the
reaction medium. Under solvent-free conditions, the compo-
nents of the HDESs were esterified to generate menthyl fatty
acid esters. To activate the lipase by generating a phase
interface, 10% water was added. Notably, after 7 days of
reaction, 50, 71, and 83% of octanoic acid, dodecanoic acid,
and decanoic acid yielded their respective menthyl esters. To
improve the esterification of menthol:DodecaA HDES, Patzold
and co-workers further examined the requisite enzyme
quantity, thermodynamic water activity, and temperature of
the esterification reaction, respectively.”” Under optimal
reaction conditions, the group observed that 95% of the acid
converted to ester within a day. Furthermore, a 1.36 mol/L
concentration of the product was generated in 2.25 days.
Following the complete conversion of the dodecanoic acid, a
vacuum distillation process was employed to recover the
residual (—)-menthol and, thereafter, reuse it for subsequent
esterification cycles. 94% pure menthyl dodecanoic ester was
obtained from the reaction. As a future perspective, to enhance
the efficiency of the HDES-based enzymatic synthesis of
(—)-menthyl esters, the authors proposed the reuse of the
lipase component from the reaction system.

In a different study, porcine pancreatic lipase (PPL) was
used to investigate the catalytic aldose activity on acetone and
4-nitrobenzaldehyde using four DESs viz. glycerol:choline
chloride (Gly:ChCl) in 1:1.5 molar ratio, ethylene glycol:te-
traoctylammonium bromide (EG:NgggsBr) in 1:3 molar ratio,
1,5-pentadiol:tetraoctylammonium bromide PD:NgggeBr in 1:3
molar ratio, and 4-nitrobenzaldehyde:tetrabutylbromide (4-
NBA:N,,,,Br) in 2.2:1.5 molar ratio.’® The product
composition of the PPL-catalyzed reactions was evidenced to
be closely associated with the choice of DES, which differed in
its hydrophobicity. Although the aldol addition exhibited a
faster initial reaction velocity in the hydrophilic DES
ChCl:Gly, the low solubility of the 4-NBA substrate limited
the effectiveness of the DES. The 4-NBA containing DES
described the highest 4-NBA solubility. Nevertheless, the
fastest reaction was accomplished in the cosolvent acetone,
resulting in a solvent-free reaction and increasing the
productivity up to 40.5 mM h™' in comparison to DES-
mediated reactions.

4.2. Challenges and Limitations. Although several
authors claimed the synthesized DESs to be nontoxic and
biodegradable owing to the properties of the individual
components, minimal studies were performed to justify their
assumption. While synthesizing the ternary HDES thymol:-
ethylene glycol:benzyl alcohol, Sereshti et al. analyzed the
greenness of the procedure using the Analytical Eco-Scale
(AEC) method. Here an ideal green solvent scores an AEC
value of 100, and any deviation results in penalty points (PPs)
being deducted. The methodology attained a score of 68,
which is considered acceptable (scores of S0—75 are in the
accepted range). Cytotoxic behavior and nonbiodegradability
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were observed in some of the compounds, which may raise
questions about the greenness of the DESs. Dodecanol, cresols,
4-cyanophenol, para-chlorophenol, Triton X-100, Triton X-,
TOPO, and perfluorodecanoic acid, as well as quarternary
amines, are associated with toxic traits."®*7""! Constituents
such as para-chlorophenol, perfluorodecanoic acid, and
ibuprofen also show bioaccumulative tendencies.'”*"** More-
over, the functionality of DESs depends upon the interactions
among the components, and they can show properties that
discrete components do not possess. There are reports on
hydrophilic DESs where the synthesized DES shows higher
toxicity than the individual components.'”'”® Hayyan et al.
accessed the toxicity effect of choline chloride-centered DESs
on mice cells and, on the basis of the ICy, and LCy, values,
concluded that the assembled DESs were more toxic than the
individual components.'”” To summarize, the toxicity property
depends upon the interactions among the DES constituents,
and further insight into this topic is needed to get a lucid
picture on the utility of HDESs as green solvents. One of the
significant concerns with HDESs is the recyclability of the
solvent postextraction. Recyclability ensures sustainability in
solvent usage, which is desired to promote green practices.
Several recovery techniques have been employed, with the
most popular being back extraction.'*""'”® However, further
research needs to be carried out to improve the retrieval
efficiency. Few HDESs show a tendency to salt out. The
additional requirement of some toxic disperser solvents in a
few extraction techniques’® can again be problematic as they
reduce the greenness of the methodology. In HDESs, viscosity
arises from a combination of hydrogen bonding and electro-
static interactions that reduce the mobility of the DES
components. With the increase in viscosity, it becomes
challenging to inject the medium into GC or HPLC. Thus,
the solution needs to be adequately diluted before injection,
which limits its applicability in the field of detection and
sensing. Also, the extraction efficiency is negatively correlated
to the solvent’s viscosity.'” Higher viscous drag slows the
uptake of compounds into the extracting media. In such cases,
viscosity is decreased by increasing the temperature of the
medium and is thus energetically costly. A minimum density
difference of 50 kg/m? between HDES and water is required to
ensure segregation into phases that helps in the extraction
process. The definition of HDESs is often misused, as they are
formulated with chemicals that are hydrophilic. Care must be
taken not to confuse HDESs with “quasi-hydrophobic” DESs
in which one of the components is hydrophilic. In numerous
cases, HDESs have been reported to cause contamination of
the aqueous phase due to leaching of the DES ingredients. This
issue must be addressed, as it might alter the solution’s
properties and even harm the environment. An area that needs
to be explored is the long-term stability of the DESs—both
shelf life and after prolonged usage. The components present
in DESs might chemically react with each other, in which case
the mixture is not considered a DES. The extremely slow
kinetics associated with specific reactions makes it challenging
to assess the reactivity of the components with each other.
Notwithstanding their limitations, HDESs have proven helpful
as extraction media and significantly reduced our dependence
on conventional organic solvents. The tunable feature of DESs
can be exploited in other fields, as well, which might pave the
way for a greener future.
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