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Deep eutectic solvents (DESs) have drawn considerable attention as a new type of green solvent since
they were reported. Subsequent studies have shown that DESs have the potential to be used as “des-
ignable” solvents, which means that the precursors of DESs with different structures and properties can
be screened to customize DESs for specific functions. Researchers have found that during the sample
preparation process involving DESs, the specific properties of some “smart” DESs can be switched by
directing external driving forces, leading to a reversible phase transition of the target solution. These
"smart" DESs are called switchable deep eutectic solvents (SDESs). The advent of SDES simplifies the sam-
ple pretreatment steps, reduces the use of organic solvents, and makes solvents easy to recycle, which
matches the concept of green and sustainable chemistry. Compared with the number of previous exper-
imental studies, the reviews and summaries on SDESs are rare. Therefore, this review made a summary
of the concept and research progress of SDESs based on some related works in the past decade, includ-
ing composition and type, characterization, switching mechanism, etc. It is expected to provide a certain
reference and guidance for the subsequent in-depth research of SDESs in the analytical sample pretreat-

ment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Eco-environmental friendliness is the theme of the develop-
ment of human society since the 215t century. The benign needs
of society for ecology have promoted the birth of green indus-
tries and products. The sample pretreatment process in analytical
chemistry also tends to be greener and more efficient, in which
the green improvement of the solvent is relatively much impor-
tant. Abbott et al. [1,2] first proposed the concept of deep eutec-
tic solvents (DESs). DES has been gradually developed as a new
type of green solvent to substitute traditional organic solvents and
ionic liquids (ILs) [3-5]. This is a deep eutectic mixture formed
by intermolecular hydrogen bonding between hydrogen bond ac-
ceptor (HBA) and hydrogen bond donor (HBD), which has a melt-
ing point lower than that of pure HBD and pure HBA [6-8]. From
the solid-liquid phase diagram of the basic binary DES (Fig. 1), the
hydrogen-bonded mixture composed of precursor A and precursor
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B exhibits a triple point (lowest eutectic point). This phenomenon
was first observed in a hydrogen-bonded mixture of choline chlo-
ride (m.p. 302 °C) and urea (m.p. 133 °C) in a molar ratio of 1:2,
which was heated at 80 °C for a period of time and a clear liquid
with a melting point of 12 °C was formed after cooling to room
temperature [1]. Another potential feature of DESs is that HBAs
and HBDs with appropriate properties can be screened to design
DESs that can match specific target, and exhibit low toxicity and
environmental friendliness [9,10]. Nowadays DES has been widely
used in sample pretreatment [11-14], development of in-situ for-
mation of efficient eutectic systems [15], extraction and separation
of natural products [16-19], and preparation of chromatographic
materials [20] and nanomaterials [21].

The researchers subsequently attempted to synthesize DESs
with different compositions [22,23]. Smith et al. [24] summarized
and proposed a general formula for describing the composition of
DESs: Cat*X~zY, which Cat™ represents the cation of various sulfo-
nium, phosphonium or ammonium salts, X~ is the halide salt an-
ion, and Y is Lewis acid or Bronsted acid, z is the number of moles
of Y. According to the several types of HBA and HBD, DESs can be
divided into the four categories represented in Fig. 2. Microscopi-
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Fig. 1. A binary solid-liquid phase diagram with a eutectic point [7]. The solid-
liquid two-phase equilibrium line of compound A and compound B has a triple
point (minimum eutectic point) after forming a hydrogen-bonded mixture (DESs).

Reproduced with permission [7]. Copyright 2021, American Chemical Society.
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Fig. 2. General formula and four basic categories of DESs.

cally, the interaction force between HBA and HBD includes hydro-
gen bonding, electrostatic force, and Van der Waals force, among
which the key role that constitutes DES is intermolecular hydro-
gen bonding interaction. The structural analysis of four ChCl-based
DESs by Perkins et al. [25] showed that hydrogen bonding interac-
tions mainly occur between HBD and anion (HBA). The extensive
hydrogen bond grid structure between the two makes DES liquid
at room temperature and has a lower lattice energy than before,
which reduces the stability of the ionic crystal and leads to a lower
melting point of the mixture. Therefore, DESs are considered as a
new and special type of ILs.

The preparation process of DESs is simple, rapid and mild,
with no by-products and purification requirements. The choice of
synthetic method is generally determined by experimental condi-
tions and available instrumentation. The most common prepara-
tion method is to mix the HBA and HBD with heating and stirring
until a homogeneous transparent liquid is formed. Other methods
for preparing DESs include vacuum evaporation, freeze drying and
microwave assisted method with high efficiency [26,27]. Dai et al.
[28] added an appropriate amount of distilled water to the mixture
of the components required for the synthesis of DESs. The solution
was placed in a rotary evaporator to remove the solvent, and a ho-
mogeneous and stable clear liquid was obtained after treatment.
Gutiérrez’s group [29] prepared DESs with urea and choline chlo-
ride (mole ratio at 2:1) by mixing and freezing at 77 K and 253
K, respectively, finally freeze-dried to obtain a transparent and vis-
cous liquid.

Recently, the dynamic transformation of solution systems be-
tween single phase and dual phase has aroused great attention.
Completing the extraction and separation process by inducing re-
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versible switching of the single-phase and dual-phase system has
become the focus of studies. The current research topic is how
to combine the advantages of high activity and high selectivity
of homogeneous reaction with easy separation and purification of
heterogeneous reaction into the sample pretreatment process. It
has been found that applying dynamic two-phase switch in ILs
driven by temperature or CO,/N, can induce phase transitions, and
achieve greater efficiency in separation and purification [30]. ILs
were gradually replaced by DESs in subsequent studies [31,32], not
only because DESs had comparable properties to ILs (low flamma-
bility, volatility and better thermal stability), but also had some
unique advantages, including low toxicity and cost, easy prepa-
ration, excellent green sustainability and biodegradability, as well
as the “designability” [33] and on-line switch ability of DES. The
switchable feature of DES is the focus of this review. DES has
been widely used in catalysis [6,34], separation and purification
[35]. In particular, the system composed of DES and aqueous phase
has a great prospect in the extraction and separation of analytes
[36]. The reversible control of phase transitions in homogeneous
systems and liquid-liquid separation systems by external driving
forces is of great significance for some applications of DESs [37].

The concept of switchable solvent (SS) was first proposed by
Philip. G. Jessop in 2005 [38]. Such green solvents can be converted
between two forms with different physical properties by driving
external factors and applied to the pretreatment of analytes. The
physical properties of SS that can be switched include polarity, sol-
ubility, conductivity, etc. Therefore, compared with traditional or-
ganic solvent, SS has more advantages in sample pre-treatment
process [39,40]. Each step in the traditional sample preparation
process often requires a specific optimal active solvent, and the
solvent used in the previous step must be completely removed
before proceeding to the next step, which will increase the cost
of the entire process and produce waste solvents and other pol-
lutants. SS can be used in several continuous pretreatment steps
by changing its solvent properties online, which reduces the use
of other solvents and achieve greater efficiency in separation and
purification, reflecting the idea of green and sustainable.

Research on the combination of solvent switch ability and
ILs/DESs has been gradually developed in recent years. The re-
versible switching of ILs by CO, as a driving factor is well es-
tablished [41-43]. Design and application in sample preparation
of switchable ILs provides theoretical support for the research of
switchable deep eutectic solvents (SDESs) [44-46]. SDES refers to
a type of DES whose physical properties can be switched abruptly
in response to external driving forces (such as changing the tem-
perature of the system [47], the pH of the system [48,49] and al-
ternating CO,/N, bubbling [50-52]). In the last decade, the num-
ber of published research on switchable and reversible DESs is on
a sharp upward trend and is forecast to grow continuously (Fig. 3).
The SDES-related research and development has brought the devel-
opment of DES into a new stage [53,54]. This novel solvent has ex-
cellent performance in the extraction and separation of target an-
alytes, and further solves the problem that solvents are difficult to
be effectively recovered and recycled in sample pretreatment pro-
cess [55]. Although there is almost no research to explain the spe-
cific concept of SDESs, and no systematic and clear summary of
its properties and applications, researchers have found the advan-
tages of polarity-switchable DESs in experiments and are building
on this keep exploring.

Lu et al. [56] synthesized dozens of SDESs and finally se-
lected SDES synthesized by tetrabutylammonium bromide and oc-
tanoic acid as the optimal solvent then combined with the DLLME
and solidified floating organic droplet (SFO) method to extract
UV filters of the water sample. The pH of the solution was ad-
justed by Na,CO5; to switch the hydrophobicity of SDES to hy-
drophilicity. H,SO4 was added to restore the hydrophobic SDES in
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Fig. 3. Trends in the number of research on switchable and reversible DESs pub-
lished in the last decade (Scoups, 2010.4-2022.4).

situ after SDES is miscible in water and the hydrophobic UV fil-
ters was extracted to SDES phase. Stupar et al. [57] synthesized
a series of fatty acid-based hydrophobic NADESs combined with
ultrasound-assisted method to extract B-carotene from pumpkin.
A hydrophilic miscible system was formed in situ after adding am-
monium hydroxide to the mixed phase of DES and target analyte,
then the miscible system was subjected to a series of separations
to obtain B-carotene.

Based on the previous studies, this review attempts to sum-
marize the research progress and practical application such as the
composition and categories of SDESs, the factors that driving SDESs
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switching, the characterization of structural changes before and af-
ter SDESs synthesis and switching, and the switching mechanism
of SDESs. Finally, we try to propose possibilities for SDES develop-
ment. This review is expected to provide a certain reference and
guidance for subsequent research in related fields.

2. Composition and categories of SDESs

The investigation and screening of hydrogen bond acceptor
(HBA) and hydrogen bond donor (HBD) to design SDESs has be-
come the main theme of DESs development [58], which is one of
the highlights of SDESs research. Researchers need to have a basic
understanding of the composition and properties of existing SDESs
before they set out to develop a new SDES. Based on some pub-
lished studies, we briefly summarize and enumerate the precur-
sors and the driving factors for switching of some main SDESs in
Table 1, and which targets are used for preprocessing. Studies have
shown that the composition of DESs fundamentally affects its role
in extraction, catalysis and other processes [10]. Researchers have
spent effort studying the types and molar ratios of HBDs and HBAs
to design SDESs with specific uses [2,9]. In some research involved
in this review, HBAs that can successfully synthesize switchable
DESs include secondary amines, tertiary amines, quaternary am-
monium (salts), amidines, guanidine and other nitrogen-containing
bases and fatty acids, phenols, and other compounds. HBDs include
fatty acids, alcohols, phenolic compounds, etc. A brief overview of
our classification of these SDESs precursors can be seen in Fig. 4.
Unfortunately, the sources of precursors for the synthesis of SDESs
have certain limitations, and some raw materials (such as pheno-
lic substances) may have certain toxicity. Therefore, it is needed
to explore possible combinations of SDESs or greener and simpler

Table 1
Summary of representative features of some major SDESs.

Num. DES components (HBA/HBD) Research target Driving factor Ref.

1 [N4.4.44]Cl/Octanoic acid Detection of six UV-filters in surface and bathing waters pH [56]

2 Octanoic acid/Decanoic acid Recovery of B-carotene from pumpkin pH [57]

3 Ethanolamine/4-methoxyphenol Extraction and preconcentration of chlorobenzenes from CO, [67]
aqueous solutions

4 Ethanolamine/4-methoxyphenol - CO, [68]

5 TMG/pL-Menthol Extraction lipids from micro-algae CO, [50]

6 Octanoic acid/Lauric acid Extraction of triacyl glycerides from sunflower oil Amine CO, [61]

7 Choline chloride/Octanoic acid Determination of anthraquinones in fried Cassia semen tea pH [69]
infusions

8 N,N-Dimethyl cyclohexanamine/2-methoxyphenol Sustainable separation of petroleum hydrocarbons pollutant CO, [51]

9 Diethanolamine/4-chlorophenol Selective separation of aromatic amino acids in water Temperature [60]

10 pL-Menthol/4-aminophenol Extraction of pyrethroid pesticides from milk pH [70]

11 Thymol/Octanoic acid Determination of strobilurin fungicides in water, juice, wine, pH [71]
and vinegar samples

12 Imidazole/Ethylene glycol - CO, [52]

13 [N4.4.44]Cl/Hydroquinone Microextraction of three phenolic antioxidants from oil pH [48]
samples

14 Thymol/Hexanoic acid Extraction of antibiotics from environmental water pH [72]

15 Imidazole/Hexanoic acid 0il lipid dissolution and recovery Ratio of imidazole [55]

hexanoic acid

16 Choline chloride/Sodium hexanoate Sustainable valorization of papaya peels for thrombolytic CO, [73]
cysteine protease isolation

17 Ethanolamine/p-Cresol Extraction of polysaccharides from Ganoderma lucidum Temperature [66]

19 Diethanolamine/Hexanoic acid Preconcentration of liposoluble constituents in Salvia pH [74]
Miltiorrhiza

19 Lidocaine/Oleic acid Extraction of dyes from water Temperature [64]

20 Choline chloride/[Ng444]Cl Extractive fermentation of ultrapure fibrin digesting enzyme pH [54]
from Bacillus subtilis

21 Choline chloride/Salicylic acid Catalytic degradation of lignin Temperature [47]

22 Hendecanoic acid/Nonanoic acid Extraction of trace phenolic compounds in large volume pH [75]
water samples

23 pL-Menthol/Lauric acid Determination of phthalate esters in the packed milk samples pH [76]

24 pL-Menthol lauric acid, decanoic acid Determination of testosterone and methyltestosterone in milk pH [65]

25 Nonanoic acid, decanoic acid, hendecanoic acid Determination of B-carotene and lycopene in fruit juices pH [49]

26 4-Methoxyphenyl, 3-amino-1-propanol Determination of the chiral fungicide mefentrifluconazole in pH [77]

water, fruit juice, and fermented liquor
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SDESs precursors for HBA and HBD [59] while exploring more ap-
plications of SDESs.

Another research highlight of SDES is that its possibility to
reversibly switch in response by external driving forces, so that
miscible/immiscible transitions can be generated in the system
that combined with DESs and sample solution and then utilized
to enrich or separate. It simplifies the sample pretreatment pro-
cess, achieves the effect of applying the only solvent to different
chemical processes, saves energy and meets the requirements of
green environmental protection. These responsive switchable prop-
erties can be polarity, solubility, conductivity, density, etc. Most of
the published studies are based on polarity-switchable DESs, with
only a few studies describing the phenomenon of solubility-based
switching of DESs with aqueous solutions under temperature reg-
ulation [60]. Natural switchable deep eutectic solvent (NASDES)
was first introduced and summarized as two basic modes by Sed’s
group [61]. The forward mode: The insoluble is filtered out af-
ter the hydrophobic target is extracted with hydrophobic NADES-Y,
and an amine solution is added to the DES phase to switch it to
hydrophilic form and separate from the hydrophobic extract. The
hydrophilic DES is then mixed with the aforementioned insoluble
(hydrophilic) for extraction. CO, was introduced after another fil-
tration to restore the hydrophobicity of DESs and separate it from
the extract. The reverse mode: Hydrophobic NADES-Y is converted
to hydrophilic by mixing with amine solution. The insoluble was
filtered after the hydrophilic substances were extracted, and CO,
was introduced to restore the DESs to the hydrophobic NADES-
Y, the hydrophilic extracts were obtained after layering. NADES-Y
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was mixed with hydrophobic insoluble for extraction, and the sep-
aration was completed after switching. This switchable system can
achieve beneficial effect of using the same kind of solvent to ex-
tract different substances separately. This lays a theoretical foun-
dation for the subsequent research and progress of SDESs.

According to the difference of driving factors that induce SDES
to switch and the switching mechanism of SDES, we can divide
SDES into CO,/N,-driven SDES [62], pH-driven SDES [63], and
temperature-driven SDES [64]. Different driving factors gain dif-
ferent mechanisms of behavior of SDES. The recent research on
this part is clear and progressive. We divided SDES into extraction-
type, separation-type, and extraction/separation-type SDES accord-
ing to the different switching purposes in the pretreatment pro-
cess. For example, the extraction-type SDES completes the extrac-
tion by switching the polarity into the sample matrix, and finally
obtains a mixed phase of the target analytes and SDESs [65]. The
separation-type SDES switched after the extraction of the target,
with the purpose of separating the target extract and recovering
the SDES [51]. The extraction/separation-type SDES switched twice
during the extraction and separation of the analyte to complete the
extraction and separation of the target and recover the SDESs [66].
According to the different switching characteristics of SDESs in
previous studies [47,67-70], it can be divided into polarity switch-
able DESs [71-75] and solubility switchable DESs [60-64]. There
are relatively few proofs about this kind of classification, mainly
due to most of the SDESs have switched and transformed based
on the principles of hydrophobicity and hydrophilicity [76,77], and
few studies have designed and described the phenomenon of solu-
bility switching of DES in solution systems [66]. Novel SDESs with
different switchable mechanisms and properties are yet to be ex-
plored and hope to be developed in the future for their great po-
tential.

2.1. COy/N; as a driving factor

CO,/N, has become a well-established trigger for switchable
solvent. In a published study [78], CO, can dramatically switch the
properties of certain switchable materials, include solvents, surfac-
tants, catalysts, polymers, gels, etc. The CO,-responsive SDES can
be designed to use nitrogen-containing compounds (alkyl chain al-
cohol amines, polyamines, tertiary amines, quaternary ammonium
salts) as HBAs, and HBDs usually select phenols or alcohols. There
are also cases where fatty acids are selected for both HBA and HBD.
The basis for selection is closely related to the switching mech-
anism of CO,-responsive SDES. The most attractive advantage of
CO,/N,-driven SDESs is that SDESs can be recycled [50]. CO, is
greener and more sustainable compared with other external driv-
ing factors and is easy to obtain and remove. CO,-driven SDESs
can also function as solvents for CO,/SO, capture and absorp-
tion, reducing the environmental emissions of exhaust gases [79-
81]. Polyamine hydrochloride and thymol were selected to synthe-
size CO,-responsive hydrophobic SDESs [62]. The excess free amino
groups on the polyamine hydrochloride structure can serve as sites
for CO, capture and absorption at low CO, partial pressures. The
hydrophilicity and hydrophobicity of SDES switches when it ab-
sorbs CO,, and its properties are reversibly restored when N, is
introduced. It has a good absorption effect on CO, and can also
recover SDES.

The SDESs system using CO, to switch was first discovered by
Sed et al. [61]. After mixing the hydrophobic NADES that com-
posed of fatty acids with weak amine solutions, fatty acid anions
tend to form complexes with amines, resulting in the cleavage of
DES hydrogen bonds and the formation of a homogeneous solu-
tion. After CO, was bubbled in, the interaction between H,CO3 and
amine became stronger, so the original complex structure was bro-
ken, and the hydrophobicity of DES was restored after the fatty
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Fig. 5. Sustainable extraction and separation process of petroleum hydrocarbons
pollutant in waste oil by CO,/N, driven SDESs. Reproduced with permission [51].
Copyright 2021, Elsevier.

acid anion was protonated. The proficiency in these principles pro-
vides the basis and ideas for the subsequent research based on
CO, switching DES. A subsequent study [68] synthesized a series
of hydrophilic SDES based on chain alkanolamines as HBA and
phenolic compounds as HBD. After the SDES and the water phase
formed a homogeneous system, the SDES was driven to switch be-
tween hydrophilicity and hydrophobicity by alternately bubbling
CO,/N,, and the result showed that it changed miscible to immis-
cible with the water phase. This process eliminates the need for
additional solvents such as dispersants used in microextraction. Fi-
nally, the switching process was explained from the reversible for-
mation and destruction of ammonium salts in the aqueous phase
by means of FT-IR and 3C NMR. Nazraza and co-workers [67] cor-
related experimentally validated performance of SDESs in homo-
geneous liquid-liquid microextraction (HLLME). The chlorobenzene
in the water sample was preconcentrated using a SDES based on
monoethanolamine/4-methoxyphenol, followed by CO, to form an
emulsion, and centrifugation to separate the DES phase containing
chlorobenzene. After dilution, the sample can be directly injected
for analysis. This achieved greater efficiency in separation and pre-
concentration.

Li et al. [51] developed a CO,/N,-switched hydrophobic SDES
for sustainable separation of petroleum hydrocarbons from oily
wastes. The process is shown in Fig. 5. After the extraction, CO,
was introduced into the SDES phase containing petroleum hydro-
carbons to switch the SDES to hydrophilicity and separated with
petroleum hydrocarbons, then N, was introduced to reversibly re-
turn SDES to hydrophobicity. FT-IR was used to characterize the
SDES before and after CO, treatment, and it was confirmed that
CO, destroyed the hydrogen bonds of the hydrophobic DES to con-
vert it into a hydrophilic form of salt, and the resulting phase
transition was caused by CO, making HBA (tertiary amine group)
protonation and HBD (phenolic hydroxyl group) deprotonation in
HCO3~ solution.

Balaraman et al. [73] studied the thrombolytic cysteine protease
extracted and purified from Papaya based on natural SDES. The hy-
drophilic SDES was synthesized using choline chloride and the cor-
responding sodium salt of long-chain fatty acids, and the conver-
sion of SDES and matrix fluid into two phases was promoted under
the action of CO,. The top phase was quantified and purified us-
ing immobilized metal affinity chromatography to obtain ultrapure
target compounds. After the influence factor optimization, the ex-
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traction time for the first stage was set as 15 min, the purity mul-
tiple after purification by immobilized metal affinity chromatogra-
phy was 48.6, and the specific enzyme activity was 112.5. It is no-
ticeable that this kind of study has important implications for the
extraction of bioactive substances from natural products by SDES.

2.2. pH (acid-base) as a driving factor

The separation of a homogeneous solution system generally re-
quires a certain temperature or high energy input from the out-
side to trigger its phase transition. The reversible phase transi-
tion mode that relies on the introduction of CO,/N, requires the
use of specific gas bubbling equipments, which increases the cost
and energy consumption, and the operation is relatively compli-
cated and difficult to control. The precursors that make up the
CO,-responsive SDESs may be toxic substances such as phenolic
compounds, which reduce the greenness of the process. Other-
wise, the addition of CO, will lead to the polarity difference be-
tween hydrophobic and hydrophilic compounds in the homoge-
neous phase, which may limit the selective extraction and sepa-
ration performance of complex matrices in target solutions, mak-
ing this method difficult to apply widely. Therefore, switching the
properties of DES by regulating the pH of the solution system to
triggering the reversible phase transition have gradually achieved
the attention of researchers, and the mechanism of action of this
pH-regulated SDES was investigated [82]. By adding appropriate
proton donors and deprotonation reagents to the solution system
containing the analyte to adjust the pH value of the system to
complete the switching of SDES, the extraction and separation of
the target analyte can be continuously completed in the solution
system without additional equipments [76]. The HBAs used in the
design of pH-responsive SDES were mainly quaternary ammonium
salts, medium-chain fatty acids, menthol and thymol. Medium and
long-chain fatty acids are used in most cases of HBDs, but alcohol
and phenolic substances are also good choices. The specific situa-
tion should be selected according to the switching purpose of the
SDES.

Yang reported a pH-regulated hydrophobic SDES to extract trace
phenolic compounds from water samples [75]. After NH3-H,0 was
added to the SDES/water system as an emulsifier, the two phases
were gradually converted into a homogeneous phase. HCl is then
added to break the demulsification, and SDES was generated in
situ to extract and separate phenolic compounds. The experiments
evaluated the extraction efficiency of binary SDES and ternary
SDES composed of fatty acids for phenolic substances. Under the
optimal extraction conditions, the proposed method was applied
to the analysis of four phenolic compounds in real water samples,
with recoveries ranging from 87.4% to 106.6%.

Jia et al. [71] used pH-regulated SDES to pretreat and determine
methoxy acrylate fungicides in water, fruit juice, wine, and vinegar
samples. A strong hydrophobic DES was synthesized from thymol
and caprylic acid, and the polarity of SDES which was switched by
NH4OH and citric acid in effervescent tablet (NaHCO3+-citric acid)
to achieve one-step extraction and separation. The detection limits
and the recoveries of this method applied in real samples analysis
was ranged from 0.15 pg/L to 0.38 pg/L, and 77.4% to 106.9%, re-
spectively. Li and co-workers [49] used the same principal method
to extract B-carotene and lycopene from fruit juice. The stan-
dard curves ranged from 0.1 pg/mL to 100 pg/mL (lycopene) and
0.025 pg/mL to 5.00 pg/mL (B-carotene) has a good linearity in the
range. The limits of detection (LODs) for lycopene and S-carotene
were 0.05 pg/mL and 0.0021 pg/mL, respectively.

The pH-driven SDES has a good prospect in the extraction and
separation of active components of natural products. Wang et al.
[74] pre-concentrated and extracted four fat-soluble components in
Salvia miltiorrhiza based on SDES combined with HCl. Hydrophilic
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SDES was synthesized by alkanolamine and fatty acid. After adding
inorganic strong acid HCl, DES was switched to hydrophobic dis-
persion to form an emulsion, then the upper phase was formed
and separated after centrifugation. Under optimal conditions, the
enrichment factors of diterpene quinones ranged from 59 to 274,
are showed good linearity (R2 > 0.9963) and precision (relative
standard deviation, 0.5%-8.6%) with relatively high spiked recover-
ies (94.6%-104.6%), which the detection limits are from 0.5 ng/mL
to 0.7 ng/mL.

There were some studies attracted attention that involved nat-
ural product thymol as HBA to synthesize SDESs [63]. In this work,
SDES with good pH responsiveness was synthesized using thy-
mol as HBA and caprylic acid as HBD. For the first time, it was
proved that the SDES combination of natural product terpenoids
and medium-chain fatty acids can be miscible with the solution in
an alkaline aqueous environment, and DES droplets are formed in
situ and the sulfonamides in the milk are dispersed and extracted
after adding acidic factors. The detailed process is shown in Fig. 6.
The target exhibits good mass transfer from matrix to extractant
and the mass transfer extraction of the target can be completed in
30 s with the enrichment factor ranged from 22 to 103. The detec-
tion limits of sulfamethazine, sulfaquinoxaline, sulfame-thoxazole
and sulfadiazine were 1 ng/L, 1 pg/L, 3 pg/L and 5 pg/L, respec-
tively in this study.

Constructing pH-driven SDES systems with high-efficiency ex-
traction and separation capabilities may be an effective way to ad-
dress the elevated temperature, high energy, and specific equip-
ment issues required for current switchable phase transition pro-
cesses. Adjusting the pH of the system by adding additional non-
toxic reagents to the system should be regarded as one of the key
research directions of SDES in the phase separation and extraction
of solution systems.

2.3. Temperature (heat) as a driving factor

Although adding acid-base compounds sequentially to change
the pH of the system or alternately bubbling CO,/N, shows a good
property switching effect for SDESs, but both switching pathways
require the introduction of additional substances (gas, inorganic, or
organic reagents) to accomplish phase switching. This may neg-
atively affect the analysis of some specific targets. Furthermore,
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Fig. 7. Extraction and separation process of polysaccharides from Ganoderma lu-
cidum by SDES with UCST-type phase behavior. Reproduced with permission [66].
Copyright 2020, Elsevier.

researchers are considering realizing the reversible switching of
SDESs in the solution system of target analytes from the direction
that no additional substances are introduced at all, and the solvent
can be separated after the reaction. In recent years, studies have
shown that in the two-phase system formed by the hydropho-
bic DESs and the water phase, the miscibility of the hydrophobic
DESs and water can be driven by changing the system tempera-
ture called temperature-responsive deep eutectic solvents (TRDESs)
[60,66]. On the basis of previous research, the subsequent design of
temperature-responsive SDESs (TRDESs) should mainly select alka-
nolamines as HBA and phenols as HBD, and exhibit two types of
behaviors [83,84], such as the upper critical solution temperature
(UCST)-type phase behavior and the lower critical solution tem-
perature (LCST)-type phase behavior. For the hydrophobic TRDESs
with UCST (Fig. 7), the DES and the aqueous phase delaminated at
low temperature and miscible at elevated temperature when the
temperature was changed. The phase transition behavior of LCST-
type TRDESs is to form a homogeneous phase with water at low
temperature, and to achieve separation from the water phase by
heating up. Furthermore, because of the entropy, the temperature
increase usually tends to help the two phases to mix, so the per-
formance of LCST is relatively rare. When several types of inter-
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actions coexist and compete in the mixture, the presence of LCST
can eventually be observed in the system. TRDES is used in the
extraction and separation of water compounds and the catalysis of
biomass conversion [47].

It should be noted that, whether it is UCST-type TRDES or
LCST-type TRDES, although the existence state of DES and the
water phase has changed (transition between single-phase and
double-phase), the hydrogen bonds inside DES are not completely
destroyed. The hydrophilicity and hydrophobicity were also un-
changed relative to the target extract, and the hydrogen bonding
interactions within the DES and the hydrogen bonding interactions
between the DES and water were changed. Therefore, the forma-
tion of homogeneous phase of DES with water does not hinder its
extraction of hydrophobic substances. Some attempts were made
to explain this part of the mechanism in the following part. By
studying the relationship between the thermodynamic properties
and phase transitions of HBA/HBD and the water phase, we can se-
lect and design TRDESs that can exhibit UCST or LCST-type phase
behavior and use them for other special extraction and separation
processes.

Longeras et al. [64] reported the first application of lidocaine
(LD) and oleic acid (OA) to synthesize DES with exhibition of
LCST phase behavior. The TRDES stratified with water to form two
phases at elevated temperature (above LCST) and mixed with wa-
ter to form a stable homogeneous phase at ambient temperature.
It was determined that the ionic forms of both the amine and oleic
acid used in the study were more soluble in water than their neu-
tral forms. According to studies [85,86], oleic acid is chosen as
HBD because the phase behavior of oleic acid and water system
can change with temperature. Furthermore, lidocaine (LD) is an
amphiphilic amine with a highly temperature-sensitive pK, value
(pKa = 8). The change of pK, caused by temperature change will af-
fect the ionic strength in the system and then change the solubility
of DES in water. This provides that ionic state of the TRDES/water
system can be significantly changed and the solubility of DES in
water can be changed by temperature. Moreover, the slight change
in the temperature induces phase separation, indicating that the
DES is highly sensitive to temperature changes.

Depending on the application and switching purpose of SDES,
different precursors can be selected for the design of SDES.
Therefore, an accurate understanding of the relationship between
the composition and switching properties of the SDES can help
us customize the suitable SDES. Research on the synthesis of
temperature-responsive SDESs by selecting HBAs and HBDs with
specific thermodynamic properties has great potential. Exploring
the possible applications and properties of TRDES in other systems
is a topic worthy of effort. There are cross-overlapping substances
(quaternary ammonium salts and phenols) in the precursors of the
above three types of SDESs. Therefore, it was observed that the
UCST-type TRDES based on alkanolamines and p-substituted phe-
nols can be switched by temperature to extract and CO,/N, bub-
bling to separate and recycle SDES precursors. [66]. Whether there
are other cases in which the same SDES can be switched by one or
more driving factors remains to be further investigated. TRDES can
not only complete the extraction by switching the phase transition,
but also achieve a better solvent recovery without introducing ad-
ditional chemicals into the system at all. It has certain advantages
in the choice of solvent.

3. Characterization of SDESs during synthesis and switching

Since the discovery that SDESs can be designed by distinct cate-
gories of HBA and HBD, the characterization of its mircro-structure
has been the focus of related research [87,88]. To scientifically
prove the formation of internal hydrogen bonds, eutectic point of
SDES and the transformation of properties of SDES during its ap-
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plication, it is necessary to characterize and measure the molecu-
lar structures and properties of HBA, HBD and SDES. Among them,
differential scanning calorimetry (DSC), Fourier transform infrared
spectroscopy (FT-IR), hydrogen/carbon nuclear magnetic resonance
spectroscopy ('H NMR/13C NMR), turbidity test, etc. are widely
used in the synthesis and characterization of DESs [72,89]. The
purpose of characterizing SDES is to study its switching mecha-
nism. It is needed to focus on the relative dominance of the induc-
tion effect and the conjugation effect during the formation of hy-
drogen bonds, mainly discussing the difference in electronegativity
between the two atoms forming hydrogen bonds and the changes
in the microstructure before and after the formation of hydrogen
bonds, in order to understand and explain the switching mecha-
nism of SDES.

3.1. Characterization of SDESs before/after synthesis

FT-IR is selected to measure the infrared characteristic absorp-
tion peaks of HBA, HBD and their hydrogen bond complex (SDES),
respectively, and then compare the changes of the infrared char-
acteristic absorption peaks of the three at the hydrogen bond for-
mation sites such as N-H, C-N, O-H, to determine whether a hy-
drogen bond grid structure is formed between HBA and HBD [90].
It should be noted that due to the differences in structure and
physicochemical properties between HBA and HBD, the structural
effects of hydrogen bonding interactions between them are also
different. Therefore, the shift phenomenon of the infrared vibration
absorption peaks of some chemical structures produced by this
process is relative. Even though, it can roughly infer the changes
in the infrared spectra after the formation of hydrogen bonds be-
tween different HBA and HBD precursors by analyzing the struc-
ture and properties of the compounds, such as the electronega-
tivity of functional groups, electron cloud density, and bond force
constants, to judge whether the target SDES is synthesized.

Shi et al. [69] performed FT-IR characterization after synthesiz-
ing SDES with choline chloride (ChCl) and caprylic acid (Fig. 8A).
O-H and C-N vibrational peaks in pure ChCl were found to be
located at 3322 cm~! and 1085 cm~!, respectively, and O-H
(3291 cm™!) and =CO (1704 cm~!) were observed in the FT-IR
spectrum of pure octanoic acid vibration absorption peak. In the
spectrum of SDES, not only the characteristic absorption peaks of
octanoic acid and ChCl were found, but also the O-H vibration
peak originally located at 3291 cm~! of pure octanoic acid was
shifted to 3230 cm~! in SDES. It is speculated that the O-H of oc-
tanoic acid participates in the formation of hydrogen bonds, which
leads to the migration of some electrons from oxygen atoms to
the direction of hydrogen bonds, resulting in the reduction of the
force constant of the O-H bond of the carboxyl group and the red-
shift phenomenon. The results proved that hydrogen bonding force
does exist between HBA and HBD. Xiong et al. [60] compared the
FT-IR spectra of 4-chlorophenol, diethanolamine (DEA) and SDES
synthesized from 4-chlorophenol/DEA and found that the O-H vi-
brational peaks on the benzene ring of 4-chlorophenol were at
blue-shifted from 3273 cm~! to 3298 cm~! after SDES synthesis.
This is because the electronegativity of the alkanol group in DEA
is weaker than the electronegativity of the chlorobenzene group
in 4-chlorophenol for the H atom in the N-H-O hydrogen bond,
which causes electrons to move towards the phenolic hydroxyl
group, a larger force constant for the O-H bond, and a blue shift
of the vibrational absorption peaks, The N-H vibrational peak in
DEA is red-shifted from 3301 cm~! in pure DEA to 3298 cm™! in
4-chlorophenol/DEA mixture. The C-H vibrational peaks in ~OCH,
and -NCH, are blue-shifted from 2916 cm~! and 2835 cm™! in
pure DEA to 2933 cm~! and 2850 cm~! in mixture, respectively.
These results all indicate that the hydrogen bond is formed be-
tween DEA and 4-chlorophenol, and the inductive effect dominates
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Fig. 8. (A) FT-IR spectra of SDES and its precursors: (a) choline chloride, (b) octanoic acid, (c) HSDES. Reproduced with permission [69]. Copyright 2021, the Royal Society
of Chemistry. (B) "H NMR spectra of (a) menthol, (b) p-aminophenol, and (c) p-aminophenol DES. Reproduced with permission [70]. Copyright 2021, the Royal Society of

Chemistry.

the change of the force constant and the shift of the absorption
peak in this process.

TH NMR is chosen to analyze the structure of HBA, HBD and
SDES by chemical shift (§) and integrated value of resonance ab-
sorption peak. By comparing the chemical shifts of hydrogen atoms
related to the formation of hydrogen bonds among the three, it
can be inferred whether hydrogen bonds are formed between HBA
and HBD. Wan et al. [68] investigated the 'H NMR of mono-
ethanolamine (MEA) and MEA/p-methoxyphenol SDES by exter-
nal standard method. It was found that the H signals of the two
chemical environments on the alkyl of MEA (NH,-CH,-CH,-OH)
shifted from 3.58 ppm and 2.76 ppm to 3.25 ppm and 2.39 ppm
in DES, respectively, which could be explained by the formation
of hydrogen bonds. Niroumandpassand et al. [70] characterized
the TH NMR spectra of menthol, p-aminophenol, and menthol/p-
aminophenol SDES and found no peaks related to -OH groups in
SDES (§oy =7.98 ppm in p-aminophenol), but a new singlet was
found at 5.1 ppm (Fig. 8B). It is speculated that the offset may
be related to the formation of intermolecular hydrogen bonds be-
tween menthol and the O-H of p-aminophenol. Mogaddam et al.
[48] compared the '"H NMR spectra of tetra-butylammonium chlo-
ride (TBAC), p-diphenol and TBAC/p-diphenol SDES and found that
DES showed a new peak at chemical shift 7.48 ppm. It is specu-
lated that this peak represents H in the intermolecular hydrogen
bond of DES. The chemical shift of O-H, which does not partici-
pate in hydrogen bonding, is shifted from 8.19 ppm to 9.23 ppm.
The rest of the structures of HBA and HBD can be observed in the
SDES hydrogen spectrum. It is well proved that the hydrogen bond
is formed between TBAC and p-diphenol.

Differential scanning calorimetry (DSC) was used to detect the
thermal absorption peaks of HBA, HBD and SDES, respectively. In-
ternationally, the intersection of the extension line of the baseline
in the DSC thermogram and the tangent at the maximum slope
before the peak is usually used as the reference melting temper-
ature when the substance undergoes solid-liquid phase transition
[91]. Comparing the reference melting temperature of the three
statuses can prove that the synthesized SDES has a deep eutec-
tic point. Differential scanning calorimetry analysis of the synthe-
sized SDES was reported [56]. The study showed that the thermal
absorption peaks of tetrabutylammonium bromide (HBA) and oc-
tanoic acid (HBD) were detected at 103.46 °C and 15.57 °C. The
melting point (0 °C) of DES synthesized from both is lower than
that of tetrabutylammonium bromide (m.p. 117 °C) and octanoic
acid (m.p. 16 °C) (Fig. 9). Therefore, it can be speculated that the
formation of hydrogen bonds reduces the lattice energy of the mix-
ture, resulting in a eutectic point between HBA and HBD.
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Fig. 9. DSC thermogram of optimized DES (HBA:HBD =1:2.6, 61 °C, 108 min and
819 rpm) and its precursors. Copied with permission [56]. Copyright 2021, Elsevier.

3.2. Characterization before and after SDESs switching

SDESs are a class of structurally simple mixtures that bind
primarily through hydrogen bonding forces. The changes in the
molecular structure of SDES before and after switching can be ob-
served by ordinary characterization methods, which can help to
understand the mechanism of SDES switching and design SDES
with specific functions and functions. Through characterization
methods such as FI-IR, "H NMR and 3C NMR, and observing the
law of absorption peak changes in the spectrum, we can speculate
what microstructure changes occurred in SDES during the feature
switching [50,51].

Cai et al [50] synthesized SDES with tetramethylguani-
dine/menthol (molar ratio at 3:1), and then characterized the SDES
before and after CO, and N, bubbling by FT-IR, 'H NMR, and 3C
NMR (Fig. 10). FT-IR results showed that a new peak appeared at
1634 cm~! after CO, was bubbled in, and the peak disappeared af-
ter N, was introduced. It is speculated that the menthol hydroxyl
group may be deprotonated to form a carbonyl group. The results
of TH NMR showed that the H in different chemical environments
in SDES did not change significantly before and after CO, injection.
The results of 13C NMR showed that a new peak appeared at 158
ppm after bubbling CO,, which also disappeared after bubbling Nj.
From these results, we can speculate that the SDES is responsive to
CO,/N,.
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Copyright 2021, Elsevier.

Some researchers have reported the use of SDESs to capture
and absorb CO, in the environment and complete the recovery and
reuse of SDESs. CO,-responsive hydrophobic SDES was synthesized
using polyamine hydrochloride and thymol. From the FT-IR spec-
trum, the structural changes of the SDES combination of triethyl-
tetramine chloride (J[TETA]*Cl~)/thymol before and after absorbing
CO, were observed, and it was found that the SDES appeared at
1641 cm~! after absorbing CO,. And strong peaks were found at
1330 cm~! and 1584 cm~!, which presumably formed the carba-
mate anion structure of -NHCOO~. Thus, it was proved that the
SDES could absorb CO, and convert it into a hydrophilic salt [60].

Liu and colleagues [52] synthesized a series of hydrophobic
SDESs based on imidazole as HBA and ethylene glycol as HBD to
study the switching mechanism of CO,/N, on hydrophobic DES.
The FT-IR spectrum of SDES showed that a new peak appeared at
1635 cm~! after CO, bubbling. It is speculated that it may be due
to the formation of a carbamate (-NHCOO™) structure after imi-
dazole absorbs CO,, which leads to the appearance of asymmetric
stretching. A new peak was also found at 2350 cm™!, and it was
speculated that the physical absorption of CO, might lead to the
appearance of asymmetric stretching. Interestingly, these two sig-
nals were not found in the FT-IR spectrum of SDES after N, bub-
bling. From the 3C NMR spectrum, new peaks ('C’ of '-NHCOO~")
appeared at 159.2 ppm and 67.2 ppm after CO, bubbling. The in-
tensity of this peak decreases after N, bubbling due to the destruc-
tion of the carbamate structure by C—N bonding (CO, and N). In
addition, the electrical conductivity of the SDES was measured be-
fore and after CO,/N, bubbling. Due to the formation of the carba-
mate structure, the conductivity of the DES after CO, bubbling was
significantly improved (from 31.2 pus/cm to 2000 ps/cm). This prop-
erty change was recovered after N, was introduced. The above re-
sults indicate that CO,/N, can make the SDES undergo a reversible
transformation of properties.

4. SDESs switching mechanism
4.1. The switching mechanism of CO,/N, responsive SDESs

The research on the mechanism of CO, switching DES has never
been interrupted. CO, mainly destroys the hydrogen bond struc-
ture inside SDES through intermolecular interaction with nitrogen-
containing HBA or phenolic HBD, decomposes SDES and changes
its hydrophilicity and hydrophobicity for extraction and separation.
The addition of N, will offset the structural effect of CO, on DES
and restore the structure and properties of the original DES.

After characterizing the SDES before and after CO, bubbling,
Wan et al. [68] proposed a possible mechanism for the misci-
ble/immiscible transition of the CO,-switched SDES with the aque-
ous phase. CO, exists in the form of H,CO3 after entering the aque-
ous solution. Since the acidity of H,CO3 is stronger than that of
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Fig. 11. SDES composed of imidazole/alcohol and its CO,/N, switching mechanism.

4-methoxyphenol, H,CO3 can form hydrogen bonds with MEA to
replace 4-methoxyphenol. Therefore, after the introduction of CO,,
part of the hydrogen bonds of the SDES were broken, and the MEA
combined with CO, to form a carbamate (-NHCOO™) structure. In
addition, there are bicarbonate and carbonate in the solution sys-
tem. The salting-out effect brought about by these substances pro-
motes the accumulation of 4-methoxyphenol in the lower phase,
while the carbonate of MEA accumulates in the upper phase. The -
NHCOO™ structure was destroyed after the introduction of N,, and
the homogeneous system was restored with water after the in-situ
generation of SDES.

After characterization of SDES before and after switching by FT-
IR and 3C NMR, Liu et al. [52] attempted to microscopically ex-
plain the mechanism of phase switching of imidazole/alcohol SDES
in response to CO,/N, (Fig. 11) and further use the same sys-
tem to separate olive oil from the SDES/olive oil emulsion. After
CO, is bubbled in, due to the relatively stronger binding force of
C-N bond, CO, will break the hydrogen bond between imidazole
and alcohol and interact with nitrogen atom of imidazole to form
an anion-cation complex of carbamate. The structural polarity in-
creases and the SDES switches to the hydrophilic form and delam-
inates with the hydrophobic phase (olive oil). After separation, N,
was introduced into the DES phase to combine with CO, to form
a C-N bond and break the carbamate structure, allowing the imi-
dazole to restore its original structure and form a hydrogen bond
with the free alcoholic hydroxyl group. In this way, the purpose of
recycling SDES is achieved.
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Fig. 12. The mechanism of Na,CO3;/H,S0O,4 switching SDES. Reproduced with per-
mission [56]. Copyright 2021, Elsevier.

4.2. The switching mechanism of pH-responsive SDESs

The mechanism of switching SDES by adjusting the pH of so-
lution system can be explained by the breaking and formation of
ionic or covalent bonds in the solution system. After characteriz-
ing the structural changes of pH-regulated SDES before and af-
ter switching by 'H NMR, Lu et al. [56] proposed the possible
switching mechanism of hydrophobic SDES synthesized based on
tetra-butylammonium bromide (TBAB) and octanoic acid in aque-
ous phase (Fig. 12). The basic salt Na,CO3 was added to the solu-
tion to raise the pH of the system. The acid-base interaction be-
tween octanoic acid and Na,CO3 breaks the hydrogen bond inside
the hydrophobic SDES through competition, and TBAB is released.
When the pH was raised to the pK; of HBD, octanoic acid mostly
existed in the form of water-soluble sodium salt (R-COONa) (R-
COOH + Na,CO3 — R-COONa + NaHCO3). The presence of octanoate,
bicarbonate and TBAB increases the ionic strength of the system
and promotes the miscibility of SDES with water. H,SO4 was then
added to reduce the pH below the pK, of octanoic acid. The in-
crease of H™ in the system led to the protonation of R-COONa
and NaHCO3, octanoic acid was recovered in the system and CO,
was generated in situ (2R-COONa -+ H,SO4 — 2R-COOH + Na,S04)
(2NaHCO5 + H,S04 — Na,S0,4 + CO, + H,0). With the assistance of
ultrasound, the hydrogen bond network structure between TBAB
and octanoic acid was reconstructed, and the hydrophobic SDES
was generated in situ and dispersed as tiny droplets in the aque-
ous phase to form an emulsion. With the assistance of in-situ CO,,
the salting out of Na,SO4 promoted the mass transfer of the hy-
drophobic UV filter in the water phase to the SDES, and the SDES
phase carrying the target substance could be separated from the
water after demulsification.

Yang et al. [75] proposed a possible mechanism of action for
SDES extraction of phenolic compounds from water based on fatty
acids as HBA and HBD. The hydrophobic SDES is used as an ex-
tractant and mixed with water to form two phases, and NH3-H,0
is added to react with the fatty acid-based DES to cause an acid-
base reaction and break the hydrogen bonds inside the DES (DES-
COOH + NH3-H,0 — DES-COONH,4 + H,0). SDES is converted into a
hydrophilic form of fatty acid amine salts to form a homogeneous
phase with water, and then HCl is added to react with fatty acid
amine salts to generate fatty acids in water. Hydrophobic SDES
was recovered by hydrogen bond reconstruction between fatty acid
molecules and dispersed in water for extraction. After centrifuga-
tion, the upper DES phase was extracted for analysis.

4.3. The switching mechanism of temperature-responsive SDESs

The hydrophilicity and hydrophobicity of the TRDES relative to
the extraction target did not change when the TRDES and the
aqueous system underwent a monophasic/biphasic transition. In
fact, it is the hydrogen bonding within DES and between DES/H,0
that change with temperature, which leads to the change of the
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Fig. 13. Extraction and separation process and mechanism of LCST-type TRDES. Re-
produced with permission [64]. Copyright 2020, American Chemical Society.

solubility of DES in water. The temperature-switching behavior of
TRDESs is divided into two cases, namely the upper critical solu-
tion temperature (UCST) type phase behavior and the lower critical
solution temperature (LCST) type phase behavior.

For UCST-type TRDESs (Fig. 7) [60,66], there is almost no hy-
drogen bonding between DES and water at low temperature, and
the solubility of DES in the aqueous phase is extremely low. The
hydrogen bonding interaction between HBA and HBD that make
up the TRDES gradually weaken with increasing temperature. And
H,0 begin to gather around groups (-NH, -OH) that can form hy-
drogen bonding sites in DES. The FT-IR spectrum of the heated DES
shows a higher infrared vibrational wavenumber than the original
DES, which indicates that a hydrogen bond structure is formed be-
tween DES and H,0, and finally miscible with water. In this pro-
cess, part of the hydrogen bonds between TRDES are destroyed
to expose HBD and HBA, which can achieve the goal of recycling
HBA and HBD. After heating to a certain temperature (UCST), DES
and water completely form a homogeneous phase and the hy-
drogen bond strength between DES and water is the largest. For
LCST-type TRDESs (Fig. 13) [64], the hydrogen bonding interaction
between DES and water is extremely weak above the LCST, thus
forming two phases with water. When the temperature started
to decrease and dropped below the LCST, most of the exposed
hydrogen-bonding sites on DES formed hydrogen-bonding interac-
tions with H,0, and some of the DES was decomposed into HBA
and HBD, thus ultimately miscible with water.

Compared with SDESs that introduces additional compounds as
driving factors, TRDESs can achieve no or less doping in the chem-
ical process, which improves the greening degree in the switch-
ing process and switching principle. However, the dis-advantages
of temperature-responsive SDESs are also obvious in the research,
such as the low extraction efficiency of some compounds and the
low recovery rate of TRDESs, which need to be improved through
follow-up research and design.

5. Applied techniques and methods related to SDESs

The widely used sample pretreatment methods include liquid-
phase extraction, solid-phase extraction [92-94], gas-liquid micro-
extraction, which need to use multiple organic solvents, resulting
in problems such as low environmental friendliness, small enrich-
ment multiples, complicated operation steps, and long extraction
time. Liquid phase microextraction (LPME) was proposed in 1996,
whose principle is to use the difference in the distribution ratio
of the target between the two phases to concentrate and separate,
with the advantages of less reagents usage, shorter extraction time,
and higher enrichment factors [95-98]. Application of SDES can
greatly simplifies the extraction step when combined with liquid-
liquid microextraction technique. The hydrophobic SDES was con-
verted into a hydrophilic state and frequently contacted with the
sample, and then the conditions can be changed to convert the
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SDES into a hydrophobic state. The target components are retained
in a small amount of SDES phase, and the separation and enrich-
ment can be completed without additional organic solvents, which
has a good application prospect.

In one study [48], the determination of three phenolic antiox-
idants in oil samples was performed by first extracting the tar-
get compounds into an alkaline solution by elevated temperature
liquid-liquid microextraction. Dispersion liquid-liquid microextrac-
tion was performed using SDES. After the hydrogen bonds are bro-
ken, the SDES is thoroughly mixed with the solution. DES was gen-
erated in situ in the solution to complete the dispersion when the
pH was adjusted to make the solution acidic. The mass transfer of
phenolic antioxidants to DES achieved a good separation and en-
richment effect. Microextraction of sulfonamides in milk by pH-
responsive SDES has been studied. The SDES precursors and the
sample solution were mixed uniformly under alkaline conditions,
and the pH was adjusted to acidity to form hydrophobic SDES
droplets in situ in the solution. Finally, sulfonamides were retained
in a small amount of SDES phase to complete the separation and
enrichment [63]. In addition, for facilitating the dispersion of SDES
into the sample solution and the mass transfer of target analytes
to the SDES, the extraction process could combine with some as-
sistant methods such as ultrasonic-assisted technique, microwave-
assisted technique, effervescent-assisted technique, and solidifica-
tion of floating organic droplet.

Ultrasonic-assisted extraction (UAE) technique uses the com-
prehensive effects of cavitation, vibration, fragmentation, and mix-
ing generated by ultrasonic waves in the medium to destroy the
plant cell wall, which has advantages in reducing the mass trans-
fer resistance of the target extract and accelerating its diffusion
to the extractant. Through the combination of UAE-SDES, a short-
time and high-efficiency extraction effect can be achieved. UAE
also showed potential in the extraction application of natural prod-
uct components with the characteristics like green and low energy
consumption [99]. Balaraman et al. [73] synthesized SDESs based
on choline chloride and long-chain fatty acids, and isolated and
purified thrombolytic cysteine protease from papaya peel using
ultrasonic-assisted dispersive liquid phase microextraction tech-
nique. Alena Stupar et al. [57] prepared switchable natural deep
eutectic solvents based on Cg and Cyq fatty acids for the recovery
of B-carotene from squash. In order to strengthen the extraction
and recovery process of B-carotene, SDESs were combined with
UAE, and the extraction process in the experiment was carried out
in an ultrasonic water bath.

Effervescent-assisted dispersion liquid-liquid microextraction
(EA-DLLME) was proposed in 2014 [100]. The CO, generated by
the effervescent reaction can be used as the dispersing force of the
dispersive extraction to promote the full contact between the ex-
tractant and the sample solution, so that the target components
can quickly enter the extractant. The consumption of dispersants
or dispersing auxiliary instruments in DLLME is reduced. It is more
common to apply effervescent technique to the extraction pro-
cess of pH-responsive SDESs. It is proved as a fast, economical and
easy-to-operate combined technique. Shi et al. [69] prepared a pH-
responsive SDES for the determination of anthraquinones in fried
cassia seeds. With no consumption of organic solvent and auxil-
iary equipment, CO, is generated in situ by the effervescent reac-
tion of H,SO4 and Na,CO5 to facilitate the dispersion of the ex-
tractant. H,SO4 and Na,CO3 are not only pH regulators, but also
effervescent agents and electrolytes. The salts generated by the ef-
fervescent reaction can also be used as electrolytes to promote the
phase separation of SDES. Jia et al. [71] used pH-responsive SDESs
for the extraction of strobilin fungicide from water, fruit juice, wine
and vinegar samples. The extractant was dispersed in the sample
solution with the help of pH adjustment and effervescent reaction
and easily collected after solidification in an ice bath.
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Solidified floating organic droplet (SFO) is a separation method
in sample preprocessing [101], which using the difference of freez-
ing points between the solvent and the sample matrix solution
to solidify and separate the solvent from the matrix solution. In
recent years, SFO-based dispersion liquid-liquid microextraction
(DLLME-SFO) was proposed for separation of extractants. However,
most of the extractants that can match DLLME-SFO are traditional
organic solvents. Combining DESs with SFO can make up for the
shortcomings of traditional solvents [102]. DES can achieve a good
match with DLLME-SFO because of its low freezing point and easy
curing at low temperature. DES-based DLLME-SFO was used for
preconcentration and extraction of organophosphorus pesticides in
edible oils [103]. The analytical target was enriched in the DES
phase after centrifugation, the upper phase was solidified in an ice
bath, and then dissolved at room temperature to obtain the organic
phase of the target. In the follow-up research, this method was op-
timized by designing and synthesizing SDES with lower freezing
point. Niroumandpassand et al. [70] extracted five pyrethroid in-
secticides from milk by preparing a pH-responsive DES of menthol
and p-aminophenol. Menthol was released in situ after pH change
and dispersed into milk samples for extraction. After layering, the
upper phase was solidified in an ice bath, and then was taken out
with tweezers and melted to obtain the target. The DLLME-SFO
combined with SDES solves the problem of how to separate a small
amount of SDES phase from the sample matrix liquid, so that SDES
can produce better results in the sample preparation process.

According to the development trend of analytical extraction
techniques, a type of DES-based eco-friendly mechanochemical
extraction (DESs-MCE) method is in a rapid development rate
[104,105]. MCE is a room temperature extraction method that pro-
vides a unique motion to disrupt the cell wall structure of nat-
ural products relying on the action of mechanical force to make
the plant material reach the state of ultra-fine pulverization, which
promotes the release of active ingredients and provide prerequi-
sites for the interaction with solid phase extraction reagents, and
the solubility of active substances in specific solvents can be im-
proved by introducing solid-phase chemical reactions [106]. Theo-
retically, the combination of SDES and MCE may be able to achieve
a convenient and efficient extraction and separation process, and
the SDES can be recovered and reused by switching, which further
improves the environmental protection degree of the pretreatment
process. This approach may have considerable potential for future
development.

6. Conclusions

With the popularization of the concept of green analytical
chemistry, researchers began to design new sample preparation
methods based on efficient and environmentally friendly solvents.
DES is one of the most popular green solvents in recent years,
and its development follows the recommended orientation of ef-
ficient and green analytical method. The emergence of SDES has
expanded and optimized the application of DES in sample prepa-
ration, and has now become one of the most potential and valu-
able research issues in the sample pretreatment process due to
its efficient extraction and separation effect, green extraction prin-
ciple and multi-functional advantage. Designing highly active and
selective SDESs by HBAs and HBDs with different properties and
performance to optimize traditional pretreatment process involv-
ing multi-solvent are both opportunities and challenges.

Based on some published studies, this paper summarizes the
research progress of SDESs, and hopes to pave a way for subse-
quent research in related fields. The improvements and enhance-
ments to the disadvantages and innovation of SDES are of great
significance, such as: (1) SDES precursors are investigated and se-
lected to design SDESs with novel driving factors (light) or switch-
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ing properties (conductivity) by means of computational chem-
istry; (2) Developing SDES switched by multiple driving factors
for different purposes; (3) Construct a switchable system of great
advantage combining SDESs with other compounds or design a
switchable deep eutectic system to substitute SDESs; (4) Com-
plete the in-situ configuration of SDESs in the system without ad-
ditional preparation and so on. Some existing problems and diffi-
culties need to be solved in follow-up research. The synthesis effi-
ciency of SDES is not particularly high, and the synthesis of some
SDES based on ammonium salts is relatively unstable with a long-
time cost. It may be solved by inputting external energy (e.g., mi-
crowave) to assist. The SDES obtained after extraction is difficult to
recover with negative influence to instrument detection and anal-
ysis, and has certain limitations (such as not suitable for GC-MS
analysis). If a gasifiable SDES can be designed, it will improve the
universality of SDES. To further demonstrate the practical applica-
tion value of SDES, it should propose solutions based on existing
problems and challenges in future.

Considering the current research status of SDESs and the pos-
sible follow-up research directions and their innovation, we have
faith to anticipate that the future of SDEDs is promising.
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