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Abstract

Deep eutectic solvents are a new class of ionic liquids that are produced
by forming hydrogen bonds between hydrogen bond donors and
acceptors. These green and stable solvents are usually prepared by
heating the components at a gentle temperature and stirring until a clear
and homogeneous liquid appears. Due to the availability of components
of these solvents, low toxicity, biodegradability, recyclability, easy
preparation and the ability to adjust physical/chemical properties, they
have many applications in different fields. Low vapor pressure and high
purity has made these solvents a suitable alternative to common organic
solvents in extraction processes. Since one of the concerns of green
chemistry is the use of environmentally friendly solvents in laboratory
works, especially in the extraction processes, therefore, in this review
article, firstly, the preparation methods and physical/chemical properties
of deep eutectic solvents are discussed, and then the application of these
solvents are discussed in liquid and solid phase microextractions.
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Table 1. The most common physical/chemical properties of different types of DESs

HBD,HBA Melting
(mol,mol) point (°C)
Urea ChClI 2,1 134
Urea ChClI 2,1 134
Thiourea ChClI 2,1 175
1-Methyl urea ChClI 2,1 93
1,3-Dimethyl urea ChClI 2,1 102
Acetamide ChCl 2,1 80
Acetamide ZnCl, 4,1 -
Ethylene glycol ChCl 2,1 -12.9
Ethylene glycol ChClI 2,1 -
Ethylene glycol ChClI 31 -
Ethylene glycol ChClI 4,1 -
Glycerol ChClI 2,1 17.8
Xylitol ChClI 11 96
Resorcinol ChCl 4,1 110
D-Sorbitol ChClI 1,1 99
Citric acid ChClI 1,1 149
Malonic acid ChCl 11 135
Oxalic acid ChCl 1,1 190
Levulinic acid ChCl 2,1 32
Benzoic acid ChCl 1,1 122
Menthol Decanoic acid 2,1 -
Menthol Thymol 1,1 -
Urea EAC 15,1 -
Glycerol MTPB 31 -

Ethylene glycol MTPB 4,1 -

Freezing point Viscosity (cP)/ Density
(°C) (Temperature) (g/cmd)
12 750/(25) 1.250 [7]
12 169/(40) - [7]
69 - - [7]
29 - - [7]
70 - - [7]
81 - - [71
- - 1.36 [14]
-66 36/(20) - [49]
- 37/(25) 1.12 [50]
- 19/(20) 1.12 [50]
- 19/(20) - [50]
-40 376/(20) 1.18 [51]
LRT 5230/(30) - [52], [51]
87 - - [12]
LRT 12730/(30) - [52], [51]
69 - - [69]
10 1124/(25) 1.25 [69]
34 - - [69]
LRT - - [52]
95 - - [69]
186.65 27.67/(25) 0.89 [53]
151.25 53.14/(25) 0.93 [53]
- 128/(25) 1.14 [53]
-5.55 58.94 1.30 [53]
-49.34 51.29 1.23 [53]

a) Hydrogen bond donor
b) Hydrogen bond acceptor

LRT, liquid at room temperature; EAC, ethylammonium chloride; MTPB, Methyl triphenylphosphonium bromide.

1. Hammett
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2. Solid Phase Microextraction (SPME)
3. Liquid Phase Microextraction (LPME)
4. Arthur & Pawliszyn
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1. Solid Phase Extraction (SPE)
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Table 2. Different roles of DES in different SPE methods.

DES (molar ratio) Sorbent Target compounds LOD (ng/ml)

SPME ChCl,ltaconic acid (1,1.5) Poly(DES-EGDMA) Anti-inflammatory drugs 0.01-0.05 [61]
. TNT-poly .
SPE ChCl,Methacrylic acid (1,2) (GMA- DESs- EDMA) Proteins 25-500 [62]
Poly(BMA-EDMA
SPME ChCl,1, 2-Propylene glycol (-) oly( . )/ PAHs 10 [61]
mesoporous silica
SPME ChCI,PEG (1,1) Calcium alginate/DES 5-Hydroxymethylfurfural 2.25 [63]
SPME ChCl,Glucose (1,2) GO/DES Polychlorinated naphthalenes 9.8-66 [64]
SPME ChCILEG (2,1) MOF-DES/MIP Phthalate esters 0.008 [65]
SPME THTPC,Behenyl alcohol (1,2) PDMS/DES Parabens 0.023-0.062 [66]
SPME ChCl,urea (1,2) Polypyrrole/DES Losartan 0.05 [67]
GO coated
SPME ChCILLEG (2,1) i Chlorophenols 1.0-2.2 [68]
. Chitosan/ .
D-u-SPE ChCl,Methacrylic acid (1,1) Fe,0,@DES/EDMA Catechins 150-500 [69]
. FE304- ..
D-u-SPE APTMAC,D-Sorbitol (2,1) NH,@MOF@PDES Cationic dyes 24.0-98.2 [70]
D-u-SPE Silicone surfactant, Dodecanoic Fe;0,@DES Organophosphorus pesticides 0.03-0.1 [71]

Role of DES, As eluting solvent

D-u-SPE TMAC, Lactic acid (1,3) Fe;O0,@agarose Flavonoids 02-11 [72]
D-u-SPE  B-Cyclodextrin,Lactic acid (1,1) Chitosan@Fe;04 Phenolic compounds 0.02-0.16 [73]
D-u-SPE Lysine,Acetic acid (1,1) Polystyrene Pesticides 0.06-0.20* [74]
D-u-SPE TBAC,Propionic acid (1,2) Activated carbon Tetracycline antibiotics 0.1-0.3* [75]
D-u-SPE ChCl,p-Aminophenol (1,2) CoFe,0, Heavy metals 0.54-1.33 [76]
D-u-SPE ChCILLEG (1,2) MMC@MIP Aristolochic acid | and 11 30 [77]

Role of DES, As dispersing agent

MSPD Menthol,Acetic acid (1,1) Molecular sieve ZSM-5 Flavonoids 40-1030 [78]
MSPD Borneol,DL-Menthol (1,1) Graphitic-carbon nitride Nitrotoluenes 120-330* [79]
MSPD TBAC,Hexanoic acid Diatomite Aflatoxins 0.03-0.10* [80]
MSDP ChCl, TEAC (1,2)z Silica gel Triazine herbicides 1.59-3.77* [81]

Role of DES, As a part of hybrid sorbent

acid (1,5)

1. Dispersive-p Solid Phase Extraction (D-uSPE)

2. Matrix Solid-Phase Dispersion (MSPD)
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Method DES (molar ratio) Sorbent Target compounds LOD (ng/ml)
Role of DES, As sorbent modifier
SPE ChCILEG (1,2) MIP Clorprenaline, Bambuterol 3.9 [82]
SPE ChCl,Urea (1,2) MIP Fucoidan, laminarin - [83]
SPE Betaine,EG,Water (1,2,1) MIP Levofloxacin, tetracycline 10 [84]
SPE ChCl,Urea (1,2) MOF Imidacloprid 0.144 [85]
SPE ChCl,Phenol (1,1) P123,1,3,5-TMB,ES Polyphenols - [86]
SPE ChCl,Urea (1,2) Cotton fibers Copper, nickel 0.05-0.6 [87]
SPE ChCl,Glycerol (1,3) DES-M Quercetin - [88]
SPME THTDPCI, n-Docosanol (1,2) Stainless steel mesh Parabens 0.018-0.055 [89]
*ug/kg

EGDMA, ethylene glycol dimethacrylate; TNT, titanium dioxide nanotubes; GMA, glycidyl methacrylate; EDMA ethylene glycol
dimethacrylate; BMA,butyl methacrylate; PAHSs, poly aromatic hydrocarbons; PEG, poly ethylene glycol; EG, ethylene glycol; GO, graphene
oxide; MOF, metal organic framework; MIP, molecularly imprinted polymer; THTPC, trihexyltetradecylphosphonium chloride; PDMS,
polydimethylsiloxane; APTMAC, 3-acrylamidopropyl trimethylammonium chloride; PDES, polymerized DES; TMAC, tetramethylammonium
chloride; TBAC, tetrabutyl ammonium chloride; 1,3,5-TMB, 1,3,5-trimethylbenzene; MMC, magnetic mesoporous carbon; TEAC,
tetraethylammonium chloride; DES, M-DES modified monolithic polymer; THTDPC, trihexyltetradecylphosphonium chloride.
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4. Dispersive Liquid-Liquid Microextraction (DLLME)
5. Dispersive Solvent
6. Extraction Solvent

1. Jeannot
2. Cantwell
3. Single Drop Microextraction (SDME)
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1. Air Assisted-DLLME (AA-DLLME)
3. Ultrasound Assisted-DLLME (UA-DLLME)
5. Temperature Assisted-DLLME (TA-DLLME)

2. Vortex Assisted-DLLME (VA-DLLME)
4. Effervescence Assisted-DLLME (EF-DLLME)
6. Vortex
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Table 3. Application of DES in different methods of liquid phase microextraction.

Method DES (molar ratio) Target compounds LOD (ug/L) Ref.
VA-DLLM TOMAC, Oleic acid (1,2) Nitrite 0.2 [109]
VA-DLLME TBAC, EG (1,1) Triazine herbicides 0.60-1.50 [110]
VA-DLLME ChCl, Phenol (1,4) Trace curcumin 2.86 [111]
VA-DLLME 1-0-3MIC,1-Undecanol (1,2) Organic/inorganic mercury 0.1 [112]
VA-DLLME 1-D-3MIC, n-Butanoic acid (1,2) Amoxicillin and ceftriaxone 0.005-0.10 [113]
VA-DLLME TBAC, Perfuorooctanol (2,1) Triazine and phenylurea herbicides 410-590 [114]
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Method DES (molar ratio) Target compounds LOD (ug/L) Ref.
VA-DLLME BTAC, Thymol (1,6.5) Synthetic dyes 0.02-0.05 [115]
VA-DLLME DL-Menthol, n-Decanoic acid (1,1) Myclobutanil 250 [116]
VA-DLLME Thymol,Octanoic acd (2,1) Phthalate Esters - [117]
VA-DLLME b-2-EPA, Thymol (2,1) Aromatic amines 1.5-3.0 [118]
AA-DLLME ChCl,Phenol (1,4) Lead 0.6 [119]
AA-DLLME ChCI, TNO (1,2) Heavy metals 0.31-0.99 [120]
AA-DLLME ChCl, Acetic acid (1,0.5) 3-Monochloropropane-1,2-diol 0.00026* [121]
AA-DLLME DL-Menthol, Decanoic acid (1,1) Benzophenone-type UV filters 0.05-0.2 [24]
AA-DLLME ChCl, Butyric acid (1,2) Pyrethroid pesticides 0.009-0.021 [122]
AA-DLLME ChCl, Phenol (1,3) Rare ginsenosides 10.2-137.8 [123]
AA-DLLME Menthol, Dodecanoic acid (3,1) PAHs 0.16-0.75 [124]
AA-DLLME PCC, 3,5-DHHA (1,3) Surfactants 0.12-0.23 [125]
UA-DLLME ChCl, EG (1,2) Sesamol 0.02 [126]
UA-DLLME ChCl, Lactic acid (1,2) Copper 4.0 [127]
UA-DLLME ChCl, Phenol (1,2) Se (IV) 4.61 [128]
UA-DLLME TOMAC,Decanoic acid (1,3) UV filters 0.15- 0.30 [129]
UA-DLLME DL-Menthol, Decanoic acid (1,1) Nickel, Caobalt 0.3,04 [130]
EF-DLLME Aliquat 336, Decanoic acid (1,2) Sunset yellow and brilliant blue FCF 2.0-29 [131]
EF-DLLME ChClI, Phenol (1,3) Copper 2.9 [132]
EF-DLLME Aliquat 336, B-Cyclodextrin (1,2.5) Captopril 0.04 [133]
EF-DLLME Aliquat 336,Decanoic acid (1,2) Sunset yellow, Brilliant blue FCF 0.0029, 0.0020 [131]
EF-DLLME ChCl, Phenol (1,3) Copper 9.7 [132]

SDME ChClI, p-Chlorophenol (1,2) BTEX 0.05-0.90 [134]

SDME ChCl, Oxalic acid (1,2) PAHs 0.003-0.012 [135]

SDME ChCl, 4-Chlorophenol (1,2) Fungicides 0.82-1.0 [136]

SDME ChCl, Urea (1,2) UV filters, PAH, alkylphenols, <35 [137]

plasticizers

SDME TBAC, Dodecanol (1,2) Terpenes 0.47-86.40* [138]

SDME Menthol, Thymol (1,1) VE';;EC:E’:::'C 1-10 [139]
TA-DLLME ChClI, p—Chlorophenol (1,2) Pesticides 0.13-0.31 [140]
TA-DLLME PS,DL-Menthol (1,1) Palladium 0.03 [141]
TA-DLLME ChClI, p—Chlorophenol (1,2) Diazinon and fenitrothion 0.3,0.15 [142]

*ug/g

TOMAC, Trioctylmethylammonium chloride; 1-O-3MIC, 1-Octyl-3-methylimidazolium chloride; 1-D-3MIC, 1-Decyl-3-methylimidazolium
chloride; BTAC, Benzyltriethylammonium chloride; b-2-EPA, bis(2-ethylhexyl) phosphoric acid; TNO, 5,6,7,8-tetrahydro-5,5,8,8-
tetramethylInaphthalen-2-ol; PCC, Phosphocholine chloride; 3,5-DHHA, 3,5-dihydroxy hexanoic acid; BTEX, benzene, toluene, ethylbenzene

and xylene; PS, phenyl salicylate.
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