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Abstract: Deep eutectic solvents (DESs) appeared recently as a new class of green designer solvents.
The recovery of metals using hydrometallurgy is of major importance with the growth in metal
demand. Several authors used these solvents for the hydrometallurgical recovery of metals from
primary and secondary resources, and these studies are reviewed in the present work. Hydrophilic
DESs can be used for the leaching of metals and have great potential to replace mineral acids, and even
to reduce water consumption. Efficient and selective leaching of metals from minerals or wastes is
feasible by using DESs. However, the kinetics of leaching as well as the physicochemical properties of
DESs are still limiting their large-scale application. Electrochemical recovery from DES is also possible
but deserves further investigation. Finally, the recovery of metals from aqueous solutions using
hydrophobic DESs was studied in several works. For the solvent extraction of metals, hydrophobic
DESs constitute credible alternative ionic liquids.

Keywords: deep eutectic solvents; low temperature transition mixtures; hydrometallurgy;
solvent extraction; leaching; electrochemistry; metal extraction; metal recycling

1. Introduction

The consumption of metals is increasing with the development and the massification of new
technologies, which concerns a growing number of metals from the periodic table [1]. These evolutions
are increasing the pressure on the global supply chains, which in turn contributes to risks of scarcity
for various metals [2,3]. The extraction of metals from primary geological sources as well as recycling
from end-of-use consumer goods have to adapt to meet this soaring demand [4,5].

These considerations have major implications for the processes used in the recovery of metals
and their impact on the environment in the frame of the global warming threat. As a case study,
the recycling of spent lithium-ion batteries (LIBs) in view of metal recovery was intensively studied
and the processes applied were compared [6–8]. The pyrometallurgical process consists of smelting the
wastes after dismantling which allows us to recover high-purity alloys. However, high temperatures
are required and lead to an energy-intensive process. Moreover, several metals are often lost in slags
which leads to lower recovery rates than other techniques.

Hydrometallurgical processing allows us to obtain higher recovery rates with a lower consumption
of energy and makes possible the treatment of low-concentration aqueous solutions. However,
further work is needed to lower the environmental impact of hydrometallurgical processes [9–11].

A representative hydrometallurgical flowsheet for the recovery of metals from spent LIBs is shown
in Figure 1.
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valuable metals being mainly contained in the smallest fractions [13]. Then, the leaching of these
fractions is made to release the metals in an aqueous solution. This leaching step is currently done
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Figure 1. Hydrometallurgical flowsheet for the recovery of metals. Reproduced from [12] with
permission from Elsevier.

The leaching step is clearly detrimental from an environmental point of view. The use of mineral
acids such as hydrochloric acid has a large contribution to the life cycle analysis of processes [14].
For the recycling of electronic waste, the use of nitric acid was estimated to contribute from 40% to 80%
to the impact of the process [15]. Thus, replacing these mineral acids is a key aspect to improving the
environmental impacts of hydrometallurgical processes.

Another potential method of improvement is the solvent extraction step. Solvent extraction
(liquid—liquid extraction) consists of the recovery of metal ions from the aqueous phase using an
organic phase, immiscible with water [16]. Solvent extraction is schematized in Figure 2.
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Figure 2. Schematic representation of the solvent extraction.

Generally, the organic phase is made of an organic diluent (typically hydrocarbons such as
kerosene) and an extracting molecule (chosen from various families such as organophosphorus
compounds, malonamides, quaternary amines, etc.), which both have the lowest aqueous solubility
possible. The two immiscible phases, an organic and an aqueous one, are mixed to amplify the area
of contact, then separated. After this step, the organic phase is enriched with the target metal ions,
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allowing us to separate several metals in the aqueous phase based on their different affinity for the
organic phase.

To improve the transfer of metal ions into the organic phase, the role of the lipophilic extracting
molecule is to bind to the metal, usually based on the hard and soft acid and bases (HSAB) theory
described by Pearson [17]. Solvent extraction is a mature and widely used technology with numerous
advantages such as low operational costs. However, the organic solvents and extracting molecules
used in large quantities contribute to the environmental impact of the process. It was demonstrated
that the use of organophosphorus extracting molecules (and hydrocarbon solvents to a lower extent)
for the processing of rare-earth ores has a huge impact on many environmental aspects (acidification,
eutrophication, land use, climate change, the ozone layer, ecotoxicity, etc.) [18].

Deep eutectic solvents (DESs) are a potential tool that can contribute to the design of cleaner
processes. The term “DES” refers to a mixture of two (or more) compounds, a hydrogen bond donor
(HBD), and a hydrogen bond acceptor (HBA), which has a lower melting point than the melting
points of the individual compounds. Abbot et al. [19] reported these new kinds of solvents, composed
of choline chloride and urea, in 2003 [20]. For some mixtures of this type, melting point is not
observed, but it is essentially a glass transition temperature resulting from the second-order phase
transition which gives lieu to what is referred to as a low transition temperature mixture (LTTM) [21].
Florindo et al. ([22]) introduced the definition of hydrophobic eutectic solvents which are defined as
“a subclass of DESs where both components are hydrophobic”. The authors noted that the term “deep”
is sometimes not accurate since there are different depths of eutectic melting points.

These liquids share common properties with ionic liquids (ILs, [23]), but, contrarily to ILs,
their synthesis and purification are easier, and they can be made of cheap, affordable, and vastly
available HBDs and HBAs. Moreover, some of the DESs are entirely made of natural products
(referred to as NADES for natural deep eutectic solvents [24]), and their use could greatly enhance the
environmental aspects of the processes designed.

These new eutectic solvents have a huge potential in several fields and one can find multiple
reviews for some of their major applications, for example, for water purification, carbon dioxide
capture, extraction of target compounds, the design of new pharmaceuticals, etc. [25–33]. However,
the use of DESs in hydrometallurgy has not been reviewed yet, while these chemicals have shown
promising results in various aspects of this technology.

Firstly, DESs can solubilize metal salts and oxides [34], which make it possible to use them
for the leaching of metals from primary or secondary resources to replace conventional leaching
roads with acids [35]. Secondly, the DESs have a large electrochemical window, which allows the
application of electrochemical techniques such as electrodeposition to refine metals [36–38]. Thirdly,
Tereshatov et al. ([39]) envisaged, for the first time, the possibility to use hydrophobic DESs ([40]) for
the solvent extraction of metal ions from aqueous solutions. This could constitute one step towards the
design of cleaner solvent extraction processes since it would avoid the use of hydrocarbon diluents
while using cheap chemicals and without needing any extracting molecule in most cases.

In this review, we aim to provide an overview of the recent advances in the use of both hydrophilic
and hydrophobic DESs in the hydrometallurgical process, namely for metal leaching, the electrochemical
refining of metals, and the liquid–liquid extraction of metal ions. We also discuss the advantages and
drawbacks of DESs application for these steps.

2. Discussion

2.1. DESs for the Leaching of Metals

The leaching of metals constitutes a major step in every hydrometallurgical process. Leaching
allows us to release the metal elements in solution, for which various separation processes can be
applied (ion exchange, solvent extraction, chemical precipitation, etc.). The first synthesis of DESs was
demonstrated by Abbot et al. [19]. DESs made of choline chloride (ChCl) as an HBA and of various
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carboxylic acids as HBDs were shown to be able to solubilize various metal oxides. This observation
was further confirmed for several metal oxides by the same group with DESs based on various HBDs
such as urea, malonic acid (MA), and ethylene glycol (EG) [41]. Interestingly, the solubility of each metal
oxide is quite different depending on the DES, which could be used to selectively leach the metals and
avoid the expensive separation process to separate each metal from the aqueous solution. The concept
of solvometallurgy, defined as the processing of ores or wastes for metal recovery ([42]), is now well
established and DESs are emerging for such purpose. Since these first studies, DESs were used as leaching
agents for several materials, which are displayed in Table 1 (their structure can be found in Table 2).
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Table 1. Deep eutectic solvents (DESs) used for the leaching of metals in the literature. [P4444][Cl] stands for tetrabutylphosphonium chloride and [N4444][Cl] stands
for tetrabutylammonium chloride.

Materials Leached Metals Leached/Oxides
Dissolved

DES Noticeable Results Ref.

HBA HBD

Metal Oxides CuO; Fe3O4; ZnO ChCl Carboxylic acids Up to 0.5 mol·L−1 of metal oxides solubilized [19]

Metal Oxides TiO2; V2O5; Cr2O3 ChCl
Urea
MA
EG

Solubility highly dependent on the temperature, the metal oxide
and the DES used [41]

Electric Arc Furnace Dust ZnO; PbO ChCl Urea
EG High extraction efficiency for Zn (>70%) but poor lead extraction [43]

Metal Oxides
Cu2O
In2O3
Fe2O3

ChCl
[P4444][Cl]
[N4444][Cl]

p-toluenesulfonic acid Solubility of Cu2O and In2O3 higher than 120 g·L−1 [44]

Rare-Earth Carbonates Y; La; Ce; Nd; Sm ChCl
MA
Urea

Citric acid
Selective dissolution of the heavy rare earth elements [45]

Used NdFeB Magnets Fe; Nd; Dy; Pr; B; Gd; Co ChCl Lactic acid Leaching rates >80% (24 h; 70 ◦C) [46]

Spent LIBs Li; Co ChCl EG >90% of Li and Co leached;
(≥24 h; >150 ◦C) [35]

Electric Arc Furnace Dust ZnO; PbO ChCl Urea 60% Zn and 39% Pb leached [47]

Cupola Furnace Dust ZnO; PbO ChCl Urea
EG 38 wt.% of Zn leached (48 h; 60 ◦C) [48]

Soil Pb ChCl

Fructose
Sucrose

EG
Glycerol

Up to 72% of Pb removed [49]

Waste Fats and Oils Na; K; Mg; Ca; P; B; Fe ChCl
K2CO3

EG
Glycerol

Up to 90% of metal removed
(3 h; 60 ◦C) [50]

Zinc Flue Dust Fe; Zn; Pb; Cu; In; Sn ChCl
Urea
EG

Oxalic acid

Leaching rates > 80% for all the metals after 48 h leaching at 50 ◦C
(oxalic acid as an HBD) [51]

Sulfides and Tellurides Bi; Te; Ag; Au ChCl Urea Dissolution rates similar to the cyanide processes currently applied [52]

Spent LIBs Co ChCl Citric acid >85% of Co and Li leached;
1 h leaching at 40 ◦C [53]

Spent LIBs Li; Co ChCl Urea 95% of Li and Co 12 h leaching at
180 ◦C [54]
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Table 2. Structure of the hydrogen bond donors (HBDs), and hydrogen bond acceptors (HBAs) for the
synthesis of DESs used for metal leaching.
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The electric arc furnace process used for the production of steels generates large amounts of dust
loaded with toxic metals present as oxides. Several authors demonstrated the possibility to leach these
metals from the dust with DESs. The large-scale application of a DES for the processing of these dusts
was demonstrated with DESs using ChCl as an HBA, and urea and EG as HBDs (1:0.5:2 being the
optimal molar ratio for ChCl, urea, and EG, respectively) [43]. The extraction of zinc was efficient and
its precipitation as zinc chloride was feasible by adding ammonia to the DES. However, the extraction
of lead was lower. Bakkar used similar DESs for the same purpose [47,48]. The processing of the
dust allowed the authors to remove most of the Zn by the electrowinning of the DES. As stated by
Abbot et al. ([43]), the electrochemical recovery (detailed in the next section) of Zn from the DES showed
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slow kinetics. The recovery rate of the metals reached high values after several hours, sometimes days,
of electrowinning at 50–60 ◦C. Zürner and Frisch ([51]) attempted to recover valuable metals such as
indium from this dust. The most efficient DES used was made of oxalic acid as an HBD, which is
known for its ability to leach metals when diluted in water [55]. The leaching rates obtained were
higher than 80% for all the metals studied after 48 h of stirring at 50 ◦C. The oxalic acid allowed the
authors to precipitate metals as oxalates by diluting the DES with water. The precipitation of Zn
and Pb was achieved directly after the dilution. Next, the precipitation of iron was demonstrated
by photoinduced reduction, while the remaining solution contained the valuable metals (Sn and In).
Further separation is needed but was not studied.

Another application of DESs is the leaching of metals from discarded electric equipment, commonly
referred as waste electronic equipment (WEE). Tran et al. ([35]) used a DES for the leaching of lithium
and cobalt from spent lithium-ion batteries. High leaching rates were obtained (>90% for both metals).
The color of the DES turned to blue after the leaching, which was attributed to the formation of the
CoCl42- anion. Thus, leaching of the metals seems to occur via coordination with chloride from the
ChCl HBA. Interestingly, cobalt(III) present in the battery was reduced into cobalt(II), possibly by the
EG HBD, and this phenomenon seems to promote leaching. The presence of an oxygen acceptor in
the eutectics facilitates the cleavage of the metal oxide bonds, which promotes the digestion of the
oxide [41]. Even if high leaching rates are obtained, it should be noted that the kinetics of leaching are
slow (24 h minimum) and high temperatures are needed (>150 ◦C), while leaching of the same material
with nitric acid only takes 2 h and lower temperatures (65 ◦C) to obtain similar leaching rates [56].

The same kinetics were reported by Riaño et al. ([46]) for the leaching of metals from used magnets.
High leaching rates were obtained after 24 h of leaching at 70 ◦C. The leaching rates were much higher
when using lactic acid as an HBD rather than urea or EG. The interaction of the oxide with lactic
acid (CH3CHOHCOOH) was found to be responsible for the leaching of the metal, according to the
following equation:

Nd2O3 + 6CH3OHCOOH↔ 2(NdCH3CHOHCOO)3 + 3(H2O) (1)

The formation of a complex involving neodymium and the deprotonated lactic acid allows us to
release the metal from the oxide. Thus, the use of acidic DES ([57]) is favorable in view of metal leaching.
As demonstrated by Rodriguez Rodriguez et al. [44], the use of toluene sulfonic acid-based DES could
be interesting, since the solubility of some metal oxides in the DES is higher than 120 g·L−1, which is
sometimes higher than a 3 mol·L−1 HCl solution. The effect of the DES structure was investigated in
this study. Surprisingly, the most acidic DES formed was not the one in which the oxides are more
soluble. Several physical and chemical processes affect the leaching efficiency of the DES. Among them,
an excessively viscous DES will limit the mass transfer, which has to be considered when designing
the DES.

Another possible issue comes from the formation of complexes in the DES. Albler et al. ([58])
found that the formation of cobalt–lactate complexes in the DES inhibits the extraction of cobalt by
tri-alkylamines extractants. The DES used for the leaching has to be selected properly to avoid this
kind of issue. The formation of Nd-lactic acid complexes was not found to be problematic in the study
reported [46]. The authors developed a multistep strategy to recover the metals from the DES phase.
Fe, B and Co were first removed using solvent extraction with tricaprylmethylammonium thiocyanate
diluted in toluene. B was selectively stripped with EDTA, while Fe and Co were then recovered with
HCl solutions. Dy and Nd were then further separated with the commercial extractant Cyanex 923,
allowing the authors to recover rare-earth oxides with high purity (>99.8%).

Hydrophilic DESs were also used to wash metals from hydrophobic streams like waste fat
and oils ([50]) and the method was found to be promising, with the results obtained similar to
conventional adsorbents. Another potential use of DES is the depollution of soils contaminated with
heavy metals [49]. Natural DESs based on fructose or sucrose and ChCl were able to remove Pb from
the soil. The DES acts as a H+ supplier that could replace Pb from the organic carbon-containing soil.
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The examples of metal leaching from rocks are not numerous. Jenkin et al. ([52]) used DESs for the
leaching of gold-bearing ores and other minerals. The authors showed that selective dissolution could
be obtained by electrolysis of the DES. The dissolution rates obtained were satisfying, and the method
much more environmentally friendly than the cyanidation processes used for the same purpose.

An interesting property of the DES comes from the different solubility of the metals, which could
be used for their separation. The different solubilities were illustrated by the different solubility of
various sodium salts in DESs [59]. Entezari-Zahandi and Larachi ([45]) used this characteristic to
separate heavy rare-earth elements from lighter rare-earth elements, the former being more soluble in
the DES than the latter.

Wang et al. studied the behavior of various DESs using electrochemical techniques in order to
define relevant leaching agents for spent LIBs [54]. The role of urea as a reducing agent was found to be
essential to promote the leaching of the metals. By increasing the temperature to 180 ◦C, high leaching
rates (95%) were obtained for both Co and Li; Co was then precipitated in the DES. However, the time
needed for leaching remained long (12 h) and the temperature high compared to leaching using
minerals acids. The temperature and time required are much lower when using leaching agents such
as citric or oxalic acid. Peeters et al. used a DES made of ChCl and citric acid to leach spent LIBs [53].
In this case, Cu was found to be an appropriate reducing agent for Co(III), which favors the leaching of
Co. Interestingly, Cu comes from the current collectors of the spent LIBs, which does not require any
added reagents. Cobalt in the DES phase was found to exist predominantly in the form of chloro-cobalt
complexes due to the interaction with the chloride anion from choline chloride. Copper and cobalt
were then subsequently purified using solvent extraction. The use of the DES allowed the authors to
avoid the release of chlorine gas, which is a major issue when using hydrochloric acid.

There are several ways to improve the leaching of metals by DESs. A comprehensive investigation
of the complex physical and chemical phenomena occurring during the leaching could help to design
new DESs that are able to dissolve metals efficiently and quickly. A major drawback comes from the
slowness of the leaching, which sometimes requires several days of mixing. The proper selection of the
HBDs and HBAs is needed to avoid viscous DESs and to simplify the next steps of purification which
comes after the leaching. The use of HBDs and HBAs able to leach the metals such as citric, oxalic,
or lactic acid seems to be a better option. HBDs and HBAs that are able to reduce metals are also useful
in some cases. The corrosivity and long-term behavior of these products have to be determined to
allow their application.

2.2. DESs for the Electrochemical Recovery of Metals

The study of Gupta et al. ([60]) investigated the behavior of uranyl ions (UO2
2+) dissolved

in a DES made of ChCl and urea. The interaction between uranium and the DES was found to
modify its redox behavior, which was studied by electrochemical techniques such as voltammetry.
The results indicated that the water content did not affect the structure of the DES but contributed to
the stabilization of the unstable pentavalent UO2

+. Water content and complexation with both urea
and chloride in the DES lead to changes in uranium speciation. These aspects have to be considered
for the electrochemical recovery of metals from DES, which was intensively studied recently. Some of
these works are displayed in the following table (Table 3).

Poll et al. ([61]) studied the recycling of lead from hybrid perovskites used for the photovoltaic
production of electricity. The powdered materials were found to be entirely dissolved in the DES
solution, and spectroscopic studies showed that Pb was involved in a PbCl3− complex with ChCl HBA.
Then, the selective recovery of lead was undertaken by using a Pb working electrode, allowing the
authors to recover high-purity Pb. In total, 99.8% of the lead was removed from the DES with 120 h of
electrodeposition, using a potential of −0.9 V vs. Ag.
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Table 3. DESs used for the electrochemical recovery of metals.

Purpose of the Study
Metals

Investigated
DES Method

Employed Reference
HBA HBD

Understand the behavior of actinide
ions in DES media UO2

2+ ChCl Urea Voltammetry [60]

Recovery of lead from hybrid
organic–inorganic perovskites Pb ChCl EG Electrodeposition [61]

Removal of Zn from electric arc
furnace dust ZnO; PbO ChCl Urea Electrodeposition [47]

Removal of Zn and Pb from electric
arc furnace dust ZnO; PbO ChCl Urea

EG Electrodeposition [48]

Recovery of tungsten and arsenic
from secondary mine resource W; As ChCl MA

Oxalic acid Electrodialysis [62]

The same strategy was applied to the removal of Zn and Pb from electric arc furnace dust ([47,48]).
As already described, the dust was first dissolved in the DES, allowing the authors to dissolve most of
Zn and lower amounts of Pb. Then, the electrochemical behavior of Zn was established using cyclic
voltammetry [48]. The results showed that the water dissociation in the DES and the decomposition of
the DES contribute to decreasing the current efficiency, which could be a limitation to the use of DESs
for these purposes. Then, Zn was electrodeposited with a working potential of −1.5 V vs. Ag, and it
was shown that this process is limited by the diffusion of Zn ions in the DES [63]. The recovery of
high-purity Zn is possible with this technique and was also demonstrated for lead [47].

Another example comes from the recovery of W and As from secondary mine resources [62].
An electrodialysis system was designed by the authors, composed of two compartments separated by
an anion exchange membrane. The first compartment contained the mining residue mixed with the
DES; the second compartment was made of an anolyte (NaNO3 in distilled water). The application of
a potential difference between both compartments allowed the migration of anionic species of W and
As through the membrane. In total, 82% of As and 77% of W were recovered using a current of 100 mA
for 4 days. The DESs allowed, firstly, the leaching of the metals from the mining residue and, secondly,
their transfer due to their electrochemical window.

The recovery of metals via the application of electrochemical techniques in DES appears to be
promising. However, the current efficiency was found to be poor in some cases [43] and sometimes
requires long periods to recover the metals. The application of ultrasounds, for example, can increase
the mass transfer and improve the electrochemical processes [64]. The diffusion of metallic species
through the DES to the electrode appears to be a limitation, evidencing the advantage of using
lowly viscous DESs. The water content and decomposition of the DES during the application of a
current lead to a decrease in current efficiency, which appears to be a clear limitation and deserves
further investigation.

2.3. Hydrophobic DESs for the Solvent Extraction of Metals

In the works previously described, the DESs were hydrophilic and completely miscible with water.
Many hydrophobic DESs (with limited solubility in water) have been described and characterized [65]
and could be of great help to replace conventional diluents for the solvent extraction of metals.
The works based on hydrophobic DESs for this purpose are displayed in the following table (Table 4);
the structure of the HBDs and HBAs can be seen in Table 5.

Table 4. Hydrophobic DESs used for the solvent extraction of metal ions.

Target Metals DES
Reference

HBA HBD

In(III) Tetraheptylammonium chloride
DL-menthol

Dodecanoic acid
Decanoic acid

Oleic acid
Ibuprofen

[39]
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Table 4. Cont.

Target Metals DES
Reference

HBA HBD

Cr(VI) Trioctylmethylammonium
chloride

methyl
4-hydroxybenzoate

butyl 4-hydroxybenzoate
isobutyl

4-hydroxybenzoate
n-octyl

4-hydroxybenzoate
2-ethylhexyl

4-hydroxybenzoate

[66]

Cr(VI) Tetrabutylammonium chloride Decanoic acid [67]

Tc(VII)
Re(VII)

Tetra-alkyl ammonium bromides
Tetra-alkyl phosphonium

chloride

Decanoic acid
Hexanoic acid [68]

Alkali and transition
metal ions Lidocaine Decanoic acid [69]

Fe(III); Mn(II) Lidocaine Decanoic acid [70]

Pt(IV); Pd(II); Fe(III)
Trioctylphosphine oxide

Thymol
Hydrocinnamic acid

Capric acid [71]

Cu(II) Thymol
Menthol Carboxylic acids [72]

U(VI) Trioctylphosphine oxide Phenol [73]

Co(II)

Tetrabutylammonium chloride
Trioctylmethylammonium

chloride
ChCl

Phenol [74]

Table 5. Structure of the HBAs and HBDs used for the synthesis of hydrophobic DESs for the solvent
extraction of metal ions.
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Tereshatov et al. ([39]) were the first to evidence the extraction of metals (indium and thallium) from
aqueous hydrochloric acid solutions to undiluted DESs. With DESs based on tetraheptylammonium
chloride (abbreviated as [N7777][Cl]), the metal extraction is similar to what is obtained with quaternary
amines extracting molecules. The anionic complexes of the metal formed in the aqueous phase are
extracted by the cationic amine, which occurs in several steps. First, the authors assume that part of
the DES is solubilized in water and gets ionized, as described in the following equation for the DES
made of [N7777][Cl] as an HBA and carboxylic acid (RCOOH) as an HBD:

(N7777••••Cl••••H••••OOCR)DES↔ (N+
7777)aq + (Cl-)aq + (H+)aq + (RCOO−)aq (2)

where the subscripts “DES” and “aq” refer to the DES phase and the aqueous phase, respectively.
The cationic moiety and the anionic complexes formed between the metal and the chloride anion
(MClx(n−x)−) can then be extracted to the DESs, according to the following equation:

((MCl(n−x)−
x )aq + (n− x)(N+

7777)aq ↔ (N+
7777)n−x(MCl(n−x)−

x )DES (3)

The extraction of anionic complexes with these DESs is likely to occur in hydrochloric acid media.
Interestingly, the same DES is also able to extract metals via a different mechanism thanks to carboxylic
acid, according to the following equation:

(Mn+)aq + n(RCOO−)aq ↔ (M(RCOO)n)DES (4)

The carboxylic acids allowed the extraction of cationic species. Since this mechanism requires
the deprotonation of the carboxylic acid, the pH of the aqueous phase should be lowly acidic.
As exemplarily shown in this study, a DES made of entirely natural products such as DL-menthol as an
HBA and lauric acid as an HBD gave satisfying results with high extraction efficiency for indium in
both hydrochloric and oxalic acid media.

Ruggeri et al. ([67]) demonstrated the extraction of Cr(VI) from aqueous media with DESs based on
decanoic acid. The recovery of the metal from the DES was shown to be possible using electrochemistry.
The water content in the DES was studied and it was shown that a small water content is beneficial
since it has a large effect on both the DES viscosity and the electrical conductivity. Cr(VI) extraction was
efficient, but it should be noted that the extraction of other metals such as Cu(II) or Ni(II) lead to the
jellification of the DES. Thus, attention should be paid to the modification of the DES structure induced
by metal extraction, which could create practical problems such as the jellification of the DES phase.

Phelps et al. ([68]) used quaternary ammonium and phosphonium cations as HBA to remove Tc
from aqueous phases, which could be helpful for nuclear fuel cycle applications and the purification
of medicinal radioisotopes. The extraction of trace levels of TcO4

− was quantitative with the DESs
investigated and can be done with small volumes of DES compared to the aqueous phase volume.
However, some limits were outlined in the study. The back extraction of the metal from the DES
phase was found to be possible but difficult. The presence of rhenium (ReO4

−) in the aqueous phase
competed with technetium, thus suppressing its extraction, and sometimes inducing the occurrence of
precipitates in the DES phase.

Van Osch et al. ([69]) used DESs based on carboxylic acids for the removal of transition and
alkali metal ions. The extraction was dependent on the HBA:HBD molar ratio but was found to be
efficient for transition metal ions (extraction rates > 99%) due to the particular affinity of carboxylic
acids for these metals [75]. However, lidocaine was used as an HBA, which could be problematic.
It was found that the extraction of metals occurred via the exchange of the protonated lidocaine with
the extracted metal. Thus, the aqueous phase after extraction should contain a high level of organic
molecules which could lead to environmental issues and would probably require wastewater treatment.
These problems highlight the necessity of designing DESs with the lowest possible solubility in water.
The authors obtained the complete stripping of the metal and the regeneration of the DESs with
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sodium carbonate solutions. The DES could be re-used with similar performances, but only if the DES
contains an initially high content of decanoic acid (molar ratio lidocaine: decanoic acid = 1:4 and 1:3).
The molar ratio of the DES is therefore an important parameter since it affects the efficiency and the
physicochemical properties of the DES. Molar ratios that favors low viscosity and low solubility in
water should be preferred.

Attention should also be paid to the mechanism of extraction to avoid the pollution of the aqueous
phase. Ola and Matsumoto ([70]) used the same DES (lidocaine and decanoic acid) for the separation of
iron from manganese. Depending on the pH, it was found that the extraction could occur by exchange
with lidocaine or ion pair formation with decanoic acid, the latter being more favorable since it limits
the pollution of the aqueous phase. The authors obtained, in this study, a high extractability of iron
(~100% for 10 mmol.L−1 of iron) and a high separability from manganese (separation factors > 100).

Gilmore et al. ([73]) introduced the idea of liquefying conventional extracting molecules by
using them in DESs. Tri-octylphosphine oxide (TOPO) has a low solubility in conventional molecular
diluents (0.1–0.2 mol·L−1 in kerosene [73]), which limits its use, but it has a low melting point (around
52 ◦C [73]). Thus, it can be used as an HBA in combination with phenol, for example, and the DES
formed showed a high extractability of uranium in nitrate media. Using extracting molecules as HBDs
or HBAs appears to be promising: these molecules have a high complexation ability, a usually low
solubility in water, and can be found in various families (β-diketones, for example, have usually a
low melting point, complexation ability and can be involved in hydrogen bonding [76]). However,
the long-term behavior of these DESs is yet to be determined (corrosivity, degradation). With the
amount of TOPO in these DESs being high, the management of waste DESs could also be problematic,
particularly for the incineration of phosphorus-containing wastes.

TOPO-based DESs were also used for the recovery of acids [77] and the extraction of Pt, Pd, Cu,
and Fe [71]. When the solvating extractant TOPO is the main component of the DES, the metal is more
likely extracted with its counter anion (X−) according to the following equation:

(Mn+)aq + (X−)aq + x(TOPO)DES↔ (MXn(TOPO)x)DES (5)

This mechanism requires the presence of a sufficiently high level of anionic species to maintain
electrical neutrality. In the same study ([71]), acidic molecules such as capric acid or hydrocinnamic
acid were used either as HBAs or HBDs. In this case, the extraction occurs by exchange with the labile
proton, as described in Equation (3). When both TOPO and an acid comprise the DES, the preferred
mechanism of extraction is unclear and depends on several factors, such as acid concentration in
the aqueous phase or HBA:HBD molar ratio. It should also be noted that complexes involving both
the HBA and the HBD are probably formed in the aqueous phase, which raises the question of the
evolution of the DES and its re-usability since its structure is completely modified during the extraction.

In view of improving the environmental benefits of using DESs, the same group described entirely
natural hydrophobic DESs made of terpenes for the extraction of Cu [72]. The work reported a high
extraction efficiency, particularly for Cu, Fe, and Zn, when using decanoic acid combined with thymol
or menthol. However, the extraction was highly dependent on the initial concentration of the metal.
When Cu concentration was lower than 0.01 mol·L−1, the extraction rates were higher than 90%,
but extraction rates dropped to values lower than 50% when the initial concentration of Cu was
0.020 mol·L−1.

Shi et al. ([66]) designed DESs based on trioctylmethylammonium chloride as an HBA and
parabens of various alkyl chains as HBDs. It was found that the HCrO4

− species was extracted by the
quaternary amine in a similar extraction mechanism as that described in Equation (2). The chromium
extraction method described was found to be satisfying for the determination of a low concentration of
chromium in natural waters.

Another possibility is to use DESs as hydrophobic solvents for the microextraction of metals.
Arain et al. ([74]) used several DESs as solvents, while 1-nitroso-2-naphtol was used to extract cobalt
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prior to its determination. In this study, the recovery and accurate determination of cobalt were
achieved, highlighting the possibility of using DESs for analytical applications.

Several works demonstrated the possibility of using hydrophobic DESs for the solvent extraction
of metals. Most of the DESs reported are hydrophilic and hydrophobic DESs have emerged in the
last five years [78]. The properties of DESs for the solvent extraction of metals are still limited by
their intrinsic properties, particularly their high viscosity, but there is still room for the design of new
DESs that could ameliorate the environmental aspects of solvent extraction while being of practical
use. The cation exchange mechanism leads to the contamination of the aqueous phase and should
be avoided. The high solubility in water of the DESs is also problematic. The addition of salts in the
aqueous phase is known to modify the solubility of ionic liquids ([79]) and could be investigated
in the case of DESs. Compared to ionic liquids, DESs seems to have a lower toxicity [80]. However,
a complete and comparative life cycle analysis could be useful to clearly evaluate the environmental
benefits of DESs.

3. Conclusions

DESs have found applications in various domains of hydrometallurgy. The “green” aspect of
DESs is promising in this domain and many works envisaged the application of processes for the
recovery of metals with a limited impact on the environment, for example, by replacing mineral acids
in the leaching steps with hydrophilic DESs or replacing conventional hydrocarbon diluents with
hydrophobic DESs.

For the leaching of metals from various materials, DESs are promising since several works reported
a high leaching efficiency using cheap, available, and environmentally friendly HBDs and HBAs.
Another advantage of DESs comes from the possibility to selectively leach metals by using different
solubilities of metals in the DES. However, there is still a long way to go to reach the replacement of
mineral acids by DESs. The fundamental aspects of leaching using DESs deserve a better understanding,
and the comprehension of the physicochemical processes of leaching in these liquids could help to
properly select the HBDs and HBAs that are adequate for this purpose. The main issue comes from the
slowness of the leaching, which takes several hours using DESs, and has to be faster to be applied at an
industrial scale.

DESs allow the electrochemical recovery of metals, which was studied by several groups. In this
case, too, the slowness of the process is limiting its viability and further work is needed to improve
the electrochemical recovery of metals from DESs. The selection of lowly viscous DESs seems to be
mandatory to favor the kinetics of mass transfer.

For the solvent extraction of metals, several hydrophobic DESs were applied and have great
potential to replace conventional diluents and extractants. However, there are some limitations to
the large-scale application of DES in solvent extraction processes, which are mainly related to the
properties of DES. Highly viscous DESs will slow down the kinetics of mass transfer, which makes
their use impractical. A hygroscopic DES (able to incorporate large amounts of water in its structure)
will also be difficult to manage. The solubility of the HBAs and HBDs in water has also to be as low
as possible to avoid costly wastewater treatment after the solvent extraction procedure. In view of
these issues, the use of extracting molecules as HBDs and HBAs is favorable since these molecules
usually have low solubility in water while also being able to extract metals. Some potential issues have
to be investigated to allow the industrial application of DESs, such as their long-term behavior and
corrosivity. One should also consider that the introduction of the metal could modify the structure of
the DES and consequently have an effect on its properties and potential reusability.
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LIBs Lithium-ion batteries
DESs Deep eutectic solvents
LTTMs Low-temperature transition mixtures
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
ChCl Choline chloride
MA Malonic acid
EG Ethylene glycol
[N4444][Cl] Tetrabutylammonium chloride
[P4444][Cl] Tetrabutylphosphonium chloride
[N7777][Cl] Tetraheptylammonium chloride
TOPO Trioctylphosphine oxide
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