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The increasing discharge of metal-associated waste not only causes growing concerns on the environ-
ment and human health but also accelerates the depletion of natural metal resources. Within this context
and driven by circular economy, metal recovery is a topic of increasing research interest. Solvent extrac-
tion and leaching are commonly the major processes for metal separation and recovery from various
resources. Conventional solvents used in these processes often exhibit aggressive profiles that may lead
to health, environment and safety related issues as well as damage to industrial equipment. With the aim
to make these separation processes safer and cleaner, it is necessary to explore the use of greener sol-
vents. Deep eutectic solvents (DESs), a family of neoteric solvents, have emerged and attracted increasing
interest in the last few years. DESs have been regarded as a type of interesting alternative to ionic liquids
(ILs) owing to their ease of preparation, high biodegradability, low toxicity and high tunability. Lately, their
use has started being reported for metal recovery and separation from matrices like electronic waste, min-
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erals, biological samples, environmental samples such as soil and wastewater, food and cosmetics. This
review covers a description of DESs and their properties together with the fundamentals of their use as an
alternative medium to conduct metal separation from different sources. Finally, a literature survey of their
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1. Introduction

With the rapid development of global economy and the
increase in world population, the demand for metals is con-
tinuously increasing. Due to the finite resources, many
countries worldwide are facing metal scarcity within their
exploitable reserves. This can lead to an endangerment of the
present way of life and economic development in general,
particularly considering the growing amounts of electronic
devices present in different activities. The current market
value of some metals makes it of paramount importance to
devise strategies to recover them, examples of which are Au
(USD 1859 per ounce), Pd (USD 2761 per ounce), Pt (USD
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application in metal detection, separation and recovery, in recent works is presented.

1151 per ounce), Ag (USD 27.7 per ounce) or Rh (EUR
73320 per kg)."

Further to this point, by way of an example, in China the
annual demands for Pt and Pd amounted to more than 141
tons, however, only less than 3 tons of platinum group metals
were mined with total reserve of only about 350 tons.”> Co, Mg,
In, rare earth elements, platinum group metals and others
were listed as critical raw materials by the European
Commission due to their supply risk and economic impor-
tance.® In contrast with the increasingly severe metal scarcity,
there is a substantial amount of metal present in the waste
from industry and daily life. To tackle the issue of metal scar-
city, extensive efforts have been dedicated to exploring alterna-
tive sources of metals and recovery from these sources
would not only create substantial economic benefits, but also
alleviate the threat of these metals especially heavy metals on
human health and environment. Waste is increasingly becom-
ing a major resource within the context of -circular
economy and the strategy of recovering metals falls within the
remit of the United Nations Sustainable Development Goals
(SDGs), particularly SDG12 (sustainable production and con-
sumption). Also, considering the potential subsequent impact
on the environment, it also aligns with SDG3 (good health and
well-being), SDG14 (life below water) and SDG15 (life on
land).*
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Metals can be recovered from a number of unconventional
sources. These include recycling industrial waste, which on
occasions can have a high content and purity of metals, such
as zinc oxide dust containing large amount of Zn, Pb and Cu®
or spent catalysts.>” Very significantly, another source that is
attracting increasing attention over the last years is waste elec-
trical and electronic equipment, also widely known as e-waste,
among which are spent lithium-ion batteries (LIBs) as a rele-
vant case. It is estimated that approximately 42% of this class
of waste originates from household appliances, followed by
34% of communication devices, 14% of other electronic items
and the remaining 10% from different accessories® and that
3-4% wt of it consists in precious metals.’

As recently as in 2019, the amount of e-waste generated
reached 53.6 Mton with an estimation of sustained growth at
an annual rate of about 2 Mton given the widespread use of
electronic equipment. By continents, the most significant pro-
ducer is Asia with a total 24.9 Mton, of which the major produ-
cers were China with 10.1 Mton, India with 3.23 Mton, Japan
with 2.57 Mton and Indonesia with 1.62 Mton. The following
major producers globally are the USA with 13.1 Mton and
Europe with 12 Mton."”"" The work by Nithya et al. (2021)""
not only highlighted the magnitude of the issue raised by Forti
et al. (2020),"° but also the need to adopt global and regional
policies to properly address proper recycling technologies as in
many cases e-waste is treated simply as domestic waste. In
these regards, recycling was performed formally only for 9.3
Mton (17.4%) of the total e-waste generation of 2019, with the
remainder being left untreated. Although still poor, the figures
in 2019 represented a significant improvement with respect to
the 1.8 Mton recycled in 2014. Europe made the highest efforts
in this case treating 42.5% of the waste, followed by Asia with
11.7%, whereas the rest of the continents still fall below
10%.'*1

Metal recovery can be undertaken with a series of techno-
logies. The so-called informal recycling refers to practices with
no consideration towards environmental, health and safety
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(EHS) concerns in any form. One way to do this is the indiscri-
minate open combustion to recover metals like Cu, Al, Au, Pb,
Hg, Cd, Pd or Pt, which entails serious consequences to the
environment. To recover some of the mentioned metals, some-
times strong acids like hydrochloric acid (HCl), nitric acid
(HNO;), or sulfuric acid (H,SO,) are used.**

Other routes for the formal recycling of metals have been
explored not just for the sake of environmental concerns but
also because they can be more efficient. Considering the
heterogeneous composition of the components of e-waste and
printed circuit boards, these processes typically start with
physical pretreatments to segregate the non-metallic and
metallic fractions. The metallic fraction can then undergo
further processes, among which are pyrometallurgy, hydrome-
tallurgy or biometallurgy.'*™**

Pyrometallurgy is the most conventional treatment used
despite its high energy intensive nature. To separate Cu, Au
and Ag, most e-waste is treated in smelters going through a
blast furnace. Then, it undergoes upgrading in an anode
furnace and is then refined by electrolysis or the so-called elec-
trowinning for metal recovery. Industrial examples of pyrome-
tallurgical metal recovery processes include the Noranda
process in Canada, Ronnskar in Sweden, Umicore in Belgium
and Aurubis in Germany. However, this process originates
severe emissions including slag, soot, flue gases and other
toxic pollutants.'* '

Hydrometallurgy offers better possibilities for control and
reliability in addition to being less environmentally harmful.
The process involves leaching of the metals by acid or caustic
treatment. Chemical leaching was originally performed with
cyanide, although this option has been disregarded for
obvious toxicity reasons. Other options involve the use of
strong inorganic acids, which can lead to high corrosiveness.
More recently, less aggressive treatments with thiourea or thio-
sulfate as well as leaching with ligands, etching, bioleaching
or ILs have been proposed. The leachate can then undergo
subsequent purification techniques, among which are electro-
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deposition, ion exchange, adsorption and, also, solvent extrac-
tion, for which the search for new solvents is always
relevant."'>1°

Biometallurgy has become yet another strategy for metal
recovery that has the advantages of low costs and energy con-
sumption, although the kinetics of the process is somewhat
limiting. Bioleaching takes place first, for which acidophilic
bacteria like Acidithiobacillus ferroxidans, A. thiooxidans or
Sulfolubus sp. are used, which oxidize ferrous ions and reduce
sulfur compounds and are capable of solubilizing metals like
Cu, Zn, al or Ni. Then, biosorption occurs, which involves
phenomena like complexation, ion exchange, chelation or
coordination involving microorganisms that include fungi,
algae or yeasts.'>1%17

Other than the three main methods mentioned above,
other techniques are slowly gaining momentum, such as the
use of supercritical CO,, cryomilling, different chelation
technologies or employing ILs.'*"®

In addition to the obvious economic impact of recovering
metals from waste sources, as addressed before, metal removal
and separation can be a very important aspect for human
health and safety as well as environmental aspects. A good
deal of work has been dedicated to metal removal for the
remediation of wastewater.'® For instance, heavy metals can be
present in drinking water bodies and their consumption
should be avoided even in trace amounts.>® Another case
would be the presence of cadmium in pigments in cosmetics
and beauty products such as lipstick. In contact with human
tissues, it could be absorbed and lead to undesired
bioaccumulation.”™** Here methods for extraction include
liquid-based extractions (aqueous biphasic systems, three-
liquid-phase extraction, cloud point extraction or liquid mem-
brane extractions), solid phase extractions (using nanosorbent,
polymeric or magnetic materials, metal organic frameworks,
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ion exchange or solid-phase microextractions) or bulk sorbent
methods (chemical precipitation, or biosorbent extraction).>?
In this sort of treatments and technologies for metal separ-
ation, it is important to utilize solvents that show low toxicity
and high biodegradability.

The search for safer solvents for a more sustainable chemi-
cal practice is of paramount importance and has received
much attention in the last years.>*>” Whilst ionic liquids (ILs)
have been used for metal separation processes,***° deep eutec-
tic solvents (DESs) are neoteric solvents that appear as a very
interesting alternative considering their advantages, including
their low cost and high tunability.**? In the last years, the
use of DESs has attracted a growing interest in research.
Compared with the conventional organic solvents, DES inher-
its the advantages of ILs of good thermal and chemical stabi-
lity, designable properties by varying compositions, environ-
mentally friendly with low vapor pressure and difficult volatil-
ization,*® while it further exhibits some favorable features such
as more convenient preparation methods, higher purity of syn-
thetic products, lower cost, less corrosive effects on the equip-
ment, relatively easier biodegradation (especially for the vast
majority generated with choline chloride (ChCl)) and generally
lower toxicity. As for the latter aspect, it is important to remark
that despite DESs having favourable EHS profiles, these have
to be evaluated on a one-by-one basis as some of the individ-
ual components of which they are made can be harmful. One
example could be the DES prepared from ChCl and ethylene
glycol, the latter of which is known to be toxic to humans.

Apart from other applications, their use in separation pro-
cesses has been prominent in the last years. Fig. 1a and b
show a comparison of the number of publications and cita-
tions, respectively, of references that include in their titles the
terms “eutectic solvent” and either “recovery”, “extraction” or
“separation”, being the latter three mutually exclusive. The
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same search procedure was performed for “ionic liquid”. As can
be seen for the case of eutectic solvents, from the first refer-
ences dating from 2013, there has been a substantial and sus-
tained increase both in publications and citations up to the
present date. In the case of ionic liquids, the first references
and citations date from slightly before 2000. Whilst the citations
have understandably continued to grow up to this date, it can
be seen that the trend in the number of publications with ionic
liquids has shifted and less works have been released from
2017 onwards. Remarkably, the increase in the number of publi-
cations for eutectic solvents in their first few years is more sig-
nificant than that of ionic liquids. As for the recovery of metals,
this topic has been studied for several decades now, but it has
only been again since approximately 2012 that researchers have
paid more attention to this issue. For reference, Fig. 1c and d
show the number of publications and citations from 2000 to the
present date featuring the terms “metal recovery”, “metal extrac-
tion” or “metal separation” in their titles.

In view of the relevance of metal recovery for resource con-
versation and the increasing interest in the use of DESs as a
cleaner alternative to perform the relevant separations, here we
present an account of this emerging field. In the following, an
overview of deep eutectic solvents is presented together with
what properties and mechanisms are relevant for metal extrac-
tion. Finally, a survey of the works published recently in litera-
ture is given to exemplify the prospects of this technology.

Two commonly used parameters (i.e., distribution ratio D
and percentage extraction %E) of the performance of metal
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recovery and separation processes are calculated using follow-
ing equations:

Distribution ratio (D) is defined by the total concentration
of a metal Me (sum of all forms) expressed as either total mass
of metal atoms or radioactivity per liter in the organic phase
divided by the total of the metal (sum of all forms) in the
aqueous layer, which can be written as:**

M|

t,org

DMe - [Me}

t.aq

when Me is present in various complex forms in the aqueous
phase and in the organic phase, [Me]; refers to the sum of the
mass concentrations of all forms of Me in the given phase.
The subscript “t” indicates total Me (sum of all forms),
whereas org and aq refer to the organic phase and aqueous
phase, respectively.

Note that another commonly used parameter, partition
coefficient (Ky), is easily confused with distribution ratio (D).
Ky is defined as the concentration of a specific species in the
organic phase divided by its concentration in the aqueous
phase:

org

A
Al

where [A] refers to the concentration of a species A in the given
phase.

An example is given here to further explain the difference
between the distribution ratio D and the partition coefficient
Kg: a liquid-liquid extraction process in which a hydrated
metal such as [Am(H,0),]*" is in equilibrium with a lipophilic
(hydrophobic) complex AmL;. If the aqueous phase contains
10 picomoles per liter of americium as AmL; and 90 pico-
moles per liter of hydrated americium ([Am(H,0),]**), and the
organic layer contains 10 000 picomoles per liter of AmL;, the
D of the americium is 100, while the Ky values for [Am
(H,0),J** and AmL; are zero and 1000 respectively.

In terms of percentage extraction (%E, or known as extrac-
tion efficiency), it is defined as the percentage of the total
amount of target substance in all extractants with respect to

that in the initial source, which can be expressed as:**>°
total amount of Me in all extractants
%E = — x 100%
total amount of Me in initial source
m
= M 100%
Myte,0

In liquid-liquid extraction with the aqueous phase and
organic phase, the percentage extraction %E can be calculated
by distribution ratio D as follows:**

%E = 100D/(1 + D)

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Summary of the publication and citation reports for searches including the terms “eutectic solvent*” and either “separation”, “extraction” or
“recovery” in the title or else “ionic liquid*” and either “separation”, “extraction” or “recovery” (a and b) as well as “metal recovery” or "metal extrac-
tion” or “metal separation” (c and d). Note that the terms are mutually exclusive to prevent duplicated references. Source: Web of Science.

2. Characteristics of DESs in relation
with metal recovery

2.1. Classification of DESs

DESs were introduced as a family of solvents derived from ILs
in the early 2000s by Abbott et al., who described mixtures of
components forming a eutectic, whose melting point is lower
than those of the pure components.>"** This is depicted sche-
matically in Fig. 2a, followed by the experimental data for
ChCl: EG and ChCl: Gly as examples in Fig. 2b and c, respect-
ively. Throughout the years, many more combinations of com-
pounds have been found that follow such behavior and DESs
have become a family of neoteric solvents by right.*”

DESs feature large asymmetric ions with low lattice energy
leading to the mentioned low melting points. They are
obtained by the complexation of a compound that acts as
hydrogen bond acceptor (HBA), typically a quaternary

This journal is © The Royal Society of Chemistry 2022

ammonium salt, and either a metal salt or an organic com-
pound that acts as hydrogen bond donor (HBD). Owing to the
large combination of HBAs and HBDs possible, they can be
tuned for the user’s purpose and are thus considered designer
solvents.* Fig. 3 depicts some common HBAs and HBDs.

DESs follow the notation Cat'XzY, in which Cat" stands for
a cation (e.g., ammonium, phosphonium, sulfonium) with X~
being a Lewis base serving as counter anion (mostly halide
anions) and Y a Lewis or Brensted acid of which z molecules
interact with the X~ anion.*”

With the following general formulas, DESs are classified
into five types, namely:

« Type I: Cat'X zMeCl,, where Me = Zn, Sn, Fe, Al, Ga or In.
They are analogous to metal halide/imidazolium salt systems.

« Type II: Cat'X zMeCl,yH,0, where Me = Cr, Co, Cu, Ni or
Fe. The main difference with type I is that they form with
hydrated metal halides, which also offer the possibility of decreas-
ing the melting point in addition to being relatively inexpensive.

Green Chem., 2022, 24,1895-1929 | 1899
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Fig. 3 Some examples of common HBAs and HBDs present in the preparation of DESs.

« Type III: Cat'X zRZ, where Z = CONH,, COOH or OH and
R is an organic radical. They are by far the most widely known
and applied. The vast majority generate with choline chloride
(ChCl) and HBDs like amides, carboxylic acids and alcohols,

1900 | Green Chem., 2022, 24,1895-1929

lidocaine .

which make them easily tunable and normally inexpensive
and in many cases biodegradable.

« Type IV: MeCl, + RZ = MeCl,_;"-RZ + MeCl,,,, where Me =
Al or Zn and Z = CONH,, or OH. These are mainly composed by

This journal is © The Royal Society of Chemistry 2022
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inorganic cations, which normally would not form low melting
point eutectics. Examples of these include metal halides like
ZnCl, and HBDs like urea, acetamide or different diols.

» Type V. More recently, a new class was defined from the
observation of the strong interaction from the acidity differ-
ence of phenolic and aliphatic hydroxyl moieties. Unlike in the
previous types, the interactions between HBAs and HBDs are
of non-ionic nature and, therefore, type V of this type of sol-
vents are composed only of molecular substances. This is the
case of the thymol-menthol to mention one
example.*’

To these more or less classic definition of DESs, different
new terms have added more aspects more recently. Natural
deep eutectic solvents (NADESs) would be one of them, which
refers to type III DESs combining ChCl as HBA with naturally
occurring carboxylic acids, sugars, aminoacids, adding water
on some occasions as a third component.*’™** Apart from
ChCl-based NADESs, others can be prepared from binary or
ternary mixtures of carbohydrates with themselves (e.g. b-
(=)fructose : sucrose (1:1) or b-(+)-glucose : p-(—)-glucose :
sucrose (1:1:1)) or organic acids with sugar alcohols (e.g.,
citric acid : p-sorbitol (1: 1)), among many others not requiring
ChCL** NADESs were conceived to study and possibly enhance
the solubility of some intracellular compounds (flavonoid
rutin, starch, albumin, etc.) that showed limited solubility in
water.*®

Additionally, therapeutic deep eutectic solvents (THEDESS)
have emerged as another subcategory, where the particularity
is that active pharmaceutical ingredients are one of the con-
stituents and have potential interest in formulations, where
solubility problems may be overcome.*” In this way, for
example, mixtures of menthol and ibuprofen have been pro-
posed to enhance topical delivery systems.*®

Concerning polarity, late investigations have included the
use of hydrophobic?” eutectic solvents, where the term “deep”
can be dropped depending on the deviation from ideality of
the eutectic point.*® Hence, on occasions, they are referred to
as hydrophobic (deep) eutectic solvents, H(D)ES. These arose
when quaternary ammonium salts were combined with a long-
chain carboxylic acid like decanoic acid, which conferred the
resulting mixture hydrophobic properties. Further, H(D)ESs
have included other carboxylic acids as well natural com-
pounds like camphor, menthol, thymol as HBAs or HBDs.*>*°
In other cases, these H(D)ESs originate from the interaction of
phenolic and aliphatic compounds, as explained for the type V
of these neoteric solvents.*’

system,

2.2. Preparation and properties of DESs

The preparation of DESs is generally quite simple. They are
synthesized by putting the HBD and HBA together and mixing
at temperatures typically ranging between 50 and 100 °C for
enough time to allow the hydrogen bonds to form and then
allowing cooling down. It has been proposed to do the mixing
of the components in two ways. One of them consists in allow-
ing the component with the lowest melting point to melt and
then add the other one with the highest melting point. When
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both have similar high melting points, both are put together
and mixed starting simultaneously."

As already mentioned, DESs were initially considered a sub-
class of ILs. They have several similar properties, including the
fact that their properties can be tuned for different appli-
cations. Commonly, they show very low vapor pressure, high
viscosities, high chemical and electrochemical stability, and
non-flammability. However, they are different in some crucial
aspects that affect their implementation. ILs are generally
more costly and complex to synthesize than DESs, which
limits the use of the former in large-scale applications. On the
other hand, the preparation of DESs has full atom economy
and requires no purification, In addition, throughout the
years, the biocompatibility, biodegradability and overall sus-
tainability of ILs have been questioned, while DESs appear
more promising in these regards.*?

The design and optimization of the metal extraction process
using DESs should be fundamentally based on the accurate and
reliable information of their physicochemical properties (as
shown in Fig. 4). Table 1 compiles available information on
physicochemical properties of some selected DESs at 298.15 K,
with particular focus on those that are known to have been
used in metal separation and recovery applications. In these
works, DESs based on ChCl have been used profusely, particu-
larly those with HBDs like ethylene glycol (ChCl: EG, ethaline),
glycerol (ChCl : Gly, glyceline) or urea (ChCl : urea, reline). Other
references gather a good number of properties for some of
these and other DESs,”>””"® including for the relatively recent
H(D)ESs, for which solubility with water is crucial.*®** The table
features values for the melting point (7T},) of the DES together
with viscosity, density, conductivity and surface tension, whose
values can vary a lot depending not only on the specific HBAs
and HBDs used, but also on the molar ratio.

2.2.1 Density. The density (p) of DESs is a basic and impor-
tant physical property to determine the solvent selection,
process design, separation performance, as well as large-scale
application of DESs for extractions in general considering the

Density

ped

S i
< ™ Properties A S
of DESs s
s
§
V ()
3
%%%-/ Thermal/
Zz chemical
stability

Fig. 4 Important physicochemical properties of DESs for their appli-
cation in metal recovery.
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Table 1 Physicochemical properties of selected DESs applied in the recovery of metals from different sources. Note: blank cells denote the lack of
experimental data

m.p 7* (mN
HBA (°¢C)  HBD m.p (K) HBA:HBD Ty, (K) u*st p* (g em™) k* (mS em™) m™)
Chcl 302 EG (ethaline)  260.20 2 207.15 37 (ref. 53) 1.12 (ref. 53) 7.61 (at 48.0
(ref. 52) 293.15 K) (ref. (ref. 53)
54)
ChCl 302 Gly (glyceline)  290.95 2 233.15 259 (ref. 53) 1.18 (ref. 53) 1.32 (ref. 55) 56.0
(ref. 55) (ref. 53)
ChCl 302 Phenol 1:3 253.1 (ref.  44.64 (ref. 56) 1.09 (ref. 56) 3.14 (ref. 56)
56)
ChCl 302 Fructose 2:1 283.15 11 800“ (ref. 57) 1.28 (ref. 58) 74.0
(ref. 57) (ref. 58)
Chcl 302 Fructose 1:1 293.15 14 500° (ref. 57) 1.34 (ref. 57) 70.5
(ref. 57) (ref. 57)
ChCl 302 Glucose 2:1 288.15 9000 (ref. 59) 1.21 (ref. 59) 71.7
(ref. 59) (ref. 59)
Chcl 302 Glucose 1:1 304.15 8000 (ref. 59) 1.27 (ref. 59) 73.1
(ref. 59) (ref. 59)
ChCl 302 Maltose 1:1
Chcl 302 Urea (reline)  407.15 1:2 285.15 750 (ref. 53) 1.25 (ref. 53) 2.31 (at 52.0
(ref. 60) (ref. 32) 303.15 K) (ref. (ref. 53)
61)
chcl 302 Oxalic acid 463.15 1:1 307.15 1800 (at 3.10” (ref. 30)
(oxaline) (ref. 30) (ref. 30) 313.15 K) (ref. 30)
ChCl 302 Oxalic acid 1:2 458.4 (ref. 62) 1.24 (ref. 62) 1.88 (ref. 62)
(oxaline)
ChCl 302 Malonic acid ~ 408.15 1 283.15 1124 (ref. 53), 1.25 (ref. 53) 0.91 (ref. 62) 65.7
(maline) (ref. 30) (ref. 30) 828.7 (ref. 62) (ref. 53)
Chcl 302 Citric acid 422.15 1 342.15 131 (ref. 63) 3.00 (ref. 63) 2.04 (ref. 64) 41.0
(ref. 30) (ref. 30) (ref. 63)
159.55
(ref. 63)
Chcl 302 Lactic acid 1:2 195.42 31 (at 303.15 K) 1.15 [for 1:1]
(ref. 65) [for 1:1] (ref. 66)  (ref. 66)
ChCl 302 Tartaric acid 444.15 2:1 320.15
(ref. 67) (ref. 67)
ChCl 302 Thiourea 443.15 1:2 342.15 2700° (at 1.23 (ref. 69) 58.0
(ref. 32) (ref. 32) 308.15 K) (ref. 68) (ref. 69)
chcl 302 PTSA 1:1 280” (at 308.15K)  1.20 (at
(ref. 70) 308.15 K) (ref.
70)
Chcl 302 PTSA 1:2 710" (ref. 71) 1.25 (ref. 71) 0.60” (ref. 71)
[N4444]C1 Decanoic acid 1:3
or TBAC
[N4444]Cl Decanoic acid 1:2 403 (ref. 72) 40.50 (ref. 72)
or TBAC
Betaine Glycerol (Gly) 1:3 380.00" 2600 (ref. 64) 1.22 (ref. 64) 1.00” (ref. 64)
(ref. 73)
Citric acid Glucose 1:1 1.45 (ref. 74) 4.90° (ref. 74)
Citric acid Sucrose 1:2 227.20 7000” (ref. 75) 1.43 (ref. 75) 62.60° (ref. 74)
(ref. 75)
ZnCl, Acetamide 361.15 1:4 257.15 350" (ref. 76) 1.36 (ref. 76) 320.00” (ref. 76) 53.0°
(ref. 76) (ref. 76) (ref. 76)
ZnCl, EG 1:4 1507 (ref. 76) 1.45 (ref. 76) 345.00” (ref. 76) 57.0°
(ref. 76)
ZnCl, Urea 407.15 1:3.5 282.15 22 000 (ref. 76) 1.63 (ref. 76) 50.00” (ref. 76)  72.0°
(ref. 76) (ref. 76) (ref. 76)

@ At T=298.15 K unless otherwise noted. ? Values from digitizing images. ¢ From fitting equation.

biphasic nature of this unit operation. For large-scale appli-
cations, the density of the DESs is an essential parameter for
the procedure design, size of devices and containers calcu-
lation, overflow evaluation, and cost estimation.®® In general,
the densities of DESs are greater than that of water and, as
such, the DES-rich phase is normally the heavy liquid at the
bottom, although that is not always the case. For instance, the

1902 | Green Chem., 2022, 24,1895-1929

extract-rich H(D)ESs phases are usually collected from the
upper liquid phase in liquid-liquid metal extraction from
aqueous solutions since the H(D)ESs usually have a lower
density than water (in the range 0.90 to 0.95 g cm™>).%¢

The fine control of the DES density can be achieved
through varying the types of individual component and their
molar ratios.*>®” DESs based on bromine salts generally have
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higher densities than their chlorine salt counterparts, indicat-
ing that the anionic type would affect the DESs densities.®”
Besides, the densities of DESs composed of hydroxyl HBDs
exhibited an increasing trend with the number of hydroxyl
groups (e.g., the glycerol (Gly)-based DESs are denser than EG-
based ones). In contrast, the reduction of the DESs densities
can be achieved by introducing the aromatic groups (e.g., phe-
nolic-based DESs have low densities) and increasing the alkyl
chain length of the DESs components (e.g., the densities of
diacid-based DESs follow the order of oxalic acid (C,H,0,)-
based > malonic acid (C3H,0,)-based > glutaric acid (CsHgO,)-
based).”® As for the molar ratios of the components, it has
been extensively reported that the density of DES would signifi-
cantly increase with the increasing ratios of the HBDs.%*%%%°
For example, Shafie et al. (2019) observed that the densities of
ChCl: citric acid monohydrate DESs increased dramatically
from 2.64 to 3.11 g cm ™ when the molar ratios of HBA : HBD
changed from 2:1 to 1:3.% This could be explained by the
theory that the higher ratios of HBD would provide the stron-
ger hydrogen bond interaction between HBA and HBD, result-
ing in the reduction in the free space, or called the average
“hole” radius, and the change of the packing efficiency/mole-
cular arrangement of DESs.”***#° Additionally, the DESs den-
sities also vary with the temperature since the change of mole-
cular activity and mobility with the temperatures will impact
the DESs volumes and thus their densities. In general, the den-
sities and molar volumes of DESs decrease and increase line-
arly, respectively, with increasing temperature.®*°°

2.2.2 Viscosity. Viscosity (1) is another critical property of
DESs as it affects mass transfer in separation applications with
DESs.”* As in the case of ILs, the higher x of DESs, as com-
pared to most conventional molecular solvents such as water,
is originated from the large size of the ions and the relatively
high free volume.*® Low viscosities indicate weak molecular
interactions of the DESs components which may decrease the
freezing point and the solubility.®® Accordingly, the tuning of
DESs viscosity should take into account the balance between
transmission performance and solvation properties, which
requires a deeper understanding of DESs. Previous studies
have extensively reported that the viscosity of DESs can be cus-
tomized by varying their composition since the structures and
molecular ratios of HBAs and HBDs in DESs have determining
effects on DESs viscosities. For instance, within the
ammonium-based DES with Gly as HBD, the viscosities of the
DESs increased with their molecular weights.?® The viscosities
of the ammonium-ChCl-based DESs would significantly
decrease with higher molar ratios of EG, but increase with the
malonic acid (MA) content when using the mixture of EG and
MA as HBDs. This could be explained by the variation in the
strength of hydrogen bond interaction between HBA and
HBD.* In addition, it has been reported that most DESs retain
their typical network of hydrogen bonds with a water content
up to ca. 42 wt%.>*°* Thus, the viscosity of a DES could be
reduced with the addition of a small amount of water.”

In addition to the composition of the DES, u is also temp-
erature-dependent, and as in the case of molecular solvents,
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the dependence is generally expressed by models described
with  Arrhenius, Vogel-Tamman-Fulcher or Andrade
equations.®® u generally decreased with temperature, which
could be attributed to the decrease in internal resistance of
molecules causing the molecules easy to flow.*°

Many studies have reported how crucial this variable is on
metal separations. Doche et al. (2017) studied the effects of
temperature on the leaching rate of Co in ethaline.’® The
leaching rate at 80 °C was 15 times higher than that at 25 °C,
which resulted from the decrease in u of ethaline. Zhu et al.
(2019)® also reported that the dissolution efficiency of Zn in a
ChCl-based DES increased from 48.5% to 85.2% with tempera-
ture increases from 60 to 80 °C. The leaching process was con-
trolled by diffusion through a liquid phase boundary layer
with relatively high activation energy, which was caused by
high u of the ChCl-urea-EG solvent.”” Additionally, the dis-
solution of Co in ethaline was found to be highly dependent
on the temperature, as the Co leaching efficiency was negli-
gible with extraction temperatures lower than 120 °C and
increased to 99.3% with temperature increased to 180 °C. The
leaching of LiCO, in ethaline involves the simultaneous oxi-
dation of EG and reduction of Co, generating different com-
pounds under different temperatures.”® Roldan-Ruiz et al.
(2020) also reported that the dissolution efficiency of LiCO, in
PTSA-based DES increased from approximately 40% to 95%
with temperature increased from 50 to 120 °C.%” Overall, the p
of DESs can be reduced with the increase of temperature;
however, decomposition of DES may be observed at high temp-
erature. For instance, Ziirner and Frisch (2019)'®* explored the
effect of temperature on leaching In, Sn and Zn flue dust by
oxaline. The flowability of DES was severely impeded due to
high u at temperature below 50 °C, while slow decomposition
of oxaline was observed at temperature above 80 °C.

2.2.3 Conductivity. Since electrodeposition is an important
process for the recovery of metal dissolved in DESs, the conduc-
tivity (k) of DESs is an essential property to evaluate their eligi-
bility to serve as successful electrolytes. k is closely related to
the state of free ions as well as the ion migration rates in the sol-
vents.®® This property varies with temperature,  and the size of
ions, which can be attributed to the “hole”, or free space,
theory.”>'%° Ghareh Bagh et al. (2015)'°" measured the conduc-
tivity profiles of sixteen DESs, and observed a consistent trend
of increasing with temperature, which could be attributed to
the higher kinetic energy and migration rate of the molecules at
the elevated temperature.®® Further, x increased significantly as
viscosity decreased due to the free mobility of ionic species as
the hole mobility increased; thus, ammonium-based DESs with
lower viscosities tended to have higher x than phosphonium-
based DESs.”” In addition, decreasing the size of the ions could
increase the free volume of DESs, and thus reduce the viscosity
and improve the conductivity.””'°> For example, the smaller-
size ammonium-based DESs had higher electrical conductivities
than the phosphonium-based DES, making them more suitable
as solvents and electrolytes in electrolysis processes.’®’ The
relationship among conductivity, viscosity and temperature can
be described by the Walden rule.®
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2.2.4. Thermal and chemical stability. The stability of the
solvents directly affects their reusability and performance in
large-scale applications.'®® DESs have been reported to have
relatively good thermal and chemical stability, which rely on
the molar ratios, spatial structure, and functional groups of
their compositions.®®

The thermal stability of DESs can be evaluated by the
decomposition temperature, which is usually measured by the
thermogravimetric analysis (TGA). Besides, the two major
analytical methods for further evaluation of thermal stability
of DESs include: (1) the evaluation of alteration of the physico-
chemical characteristics as a function of temperature incre-
ment, and (2) measurement of the mass loss as a function of
time at a constant temperature.’®'%*% The decomposition
temperature represents the upper-temperature limit of a DES
existing as a fluid without any deterioration of its physico-
chemical properties.®*° Thus, a higher decomposition temp-
erature is desirable for DESs as it indicates that they can be
used at a higher temperature with better thermal stability. The
decomposition temperatures of some common-used DESs,
such as choline acetate:Gly (1:1.5), ChCl:urea (1:2) and
ChCl: Gly (1:2), are in the range of 205-216 °C.'°” ChCl: EG
and ChCl: DMF exhibited much higher decomposition temp-
erature (>300 °C) than ChCl: DMSO (<100 °C) and ChCl : lactic
acid (<127 °C).'°® 1t has been reported by several studies that
the thermal stability of the DESs was strongly affected by inter-
molecular hydrogen bondings formed between HBAs and
HBDs as well as the intrinsic thermal stability of the
compositions.®>'% For example, the thermal stability of the
ChCl-based DESs with organic acids as HBDs depends on the
number of hydrogen bonds provided by the acids and the
thermal stability of the organic acid itself.>> Accordingly, the
thermal stability of several ChCl-based DESs followed the
order of ChCl:tartaric acid > ChCl:lactic acid >
ChCl: malonic acid.'*® Pateli et al (2020) found that the
thermal stability of the DESs composed of ChCl, malonic acid
and EG improved with the increase in the molar ratio of
malonic acid due to the enhanced formation of hydrogen
bonds.'*® However, it should be noted that the all-encompass-
ing rules could not be drawn for all the DESs and they should
be carefully studied on a case-by-case basis. Taking the trioctyl-
phosphine oxide (TOPO)-based DESs as example, the TOPO:
malonic acid DESs showed poorer thermal stability than the
neat acid because of a self-catalyzing effect, while the TOPO:
levulinic acid DESs were obviously more thermally stable than
the neat levulinic acid as the mixtures prevented the decompo-
sition by dehydration.”®

The chemical stability of DESs refers to the potential
changes in compositions or properties due to chemical reac-
tions (e.g., oxidation, hydrolysis, etc.). The hygroscopic prop-
erty is one of the main concerns for the chemical stability of
DESs, especially for the hydrophilic DESs like ChCl-based
DESs.""" Schaeffer et al. (2020) evaluated the chemical stability
of the non-ionic hydrophobic DES (i.e., TOPO : thymol) and its
impact on the extraction of several metals (i.e., Pt, Pd and Fe)
by "H-NMR and *P-NMR respectively, which confirmed the
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stability of the TOPO : thymol mixture under acidic conditions
and suggested that metal extraction occurred only when an
excess of TOPO was present.®® The chemical stability of DESs
is the prerequisite for thermal stability and is of great impor-
tance for industrial applications. Especially for the transpor-
tation and long-time storage or operation during large-scale
applications, excellent chemical stability of DESs is desirable
to reduce the safety risks and improve the cost-effectiveness of
the DESs-based metal extraction process.*

2.2.5. Hydrophilicity/hydrophobicity. DESs can be categor-
ized into hydrophilic and hydrophobic DESs based on their
affinity to water, which is determined by the nature and inter-
actions of the HBAs and HBDs.*>'** In general, early devel-
oped DESs synthesized by ChCl as HBA and alcohols, car-
boxylic acid or amides (e.g., urea) as HBD show hydrophilic
characteristics due to the abundance of hydrogen bondings
and coulombic interactions, leading to their completely misci-
ble with water.®>°° On the contrary, hydrophobic eutectics
(H(D)ESs) are often composed of naturally sourced and intrin-
sically hydrophobic terpenes (such as menthol and thymol),
trialkylphosphine oxide, or tetra alkyl-quaternary-ammonium
salt as HBAs and various HBDs including long-chain car-
boxylic acid (e.g., decanoic acid), which have low water
Solubility.85’104’l12’l13

In most previous studies, the hydrophobicity/hydrophilicity
screening test were carried out on different DESs combinations
to screen out the appropriate ones with suitable hydrophili-
city/hydrophobicity before the evaluation of their potential
applications. For example, Geng et al. (2019)"** mixed 5 hydro-
philic low alkyl chain quaternary ammonium ILs (i.e., [Ny111]
Br, [Na22|Br, [N3333]Br, [Nygqs]Br, and [Ngggq|Br) with a series
of HBDs (i.e., decanoic acid, 1-propyl alcohol, EG, Gly,
1-hexanol, and N-hexanoic acid) in a molar ratio of 1:1 to con-
struct H(D)ESs. To evaluate the hydrophobicity of the com-
bined products, they were mixed with deionized water for
30 min followed by centrifugation for 20 min. As a result, H(D)
ESs formed two stable phases without volume loss. The results
listed in Table 2 showed that the more potential hydrophobic
combinations of DESs could be obtained with the longer alkyl
chain of HBAs (i.e., [N4444]Br, and [Nggg;|Br), while the hydro-
phobicity of DESs can be further improved by increasing the
hydrophobicity of the HBD reagents. Tang et al. (2021)"*> also
screened suitable H(D)ESs by a similar hydrophobicity screen-
ing test on the [Nggg;|Cl-based DESs with different types of
saturated fatty acids and alcohols as HBDs. The water contents
corresponding to the DESs before and after mixing with water
were also determined by titration to quantitively evaluate the
hydrophobicity of the DES candidates, which showed that DES
Nggg1Cl: 1-octanol (1:2) has the least water content and the
highest hydrophobicity, resulting from the longest saturated
fatty chain of 1-octanol among all the HBDs of the studied
DESs.

The hydrophilicity/hydrophobicity of DESs is a critical
factor affecting their applications in metal extraction and sep-
aration. Conventional DESs synthesized by ChCl, Gly, urea, or
EG, are all hydrophilic solvents. Hydrophilic DESs are more
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Table 2 Status of composed DESs after hydrophobicity tests. The squares with “solid” marked: solid (under room temperature); the squares with
“X": hydrophilic; the square with “/": cloudy status shows; the unmarked squares: hydrophobic. Reprint with permission from ref. 114, Copyright ©

2019, Elsevier B.V

Decanoic acid 1-Propyl alcohol Ethylene glycol Glycerol 1-Hexanol N-Hexanoic acid
[Ny114]Br Solid X / / X X
[Ny20,]Br Solid X / / X X
[N3335]Br Solid X / / X —
[Ny444]Br Solid X / / — —
[Nggg:|Br Solid X — — — —

suitable in solid and nonaqueous liquid samples for metal
dissolution.®”™**> The ChCl-based hydrophilic DESs with urea,
carboxylic acid (e.g., malonic acid or citric acid), and EG as
HBDs have exhibited great performance for dissolution and
leaching of various commonly available metal oxides,**'"® pre-
cious metals (e.g., Au)'"” and valuable rare earth elements
(e.g., Y, La, Ce, Nd and Sm)’" from ores or metal-bearing
solids. Additionally, the hydrophilic DESs have also been
applied as electrolytes for electrochemical dessolution of
metals (e.g, Sn, Pb, Zn, Cu, Co, etc.), such as anodic
dissolution'®>**® and electrodeposition."**"*> The advantages
of hydrophilic DESs as electrolytes for the electrochemical
process include nonacidic formulation, the improved surface
finish on cast pieces, and enhanced current efficiency.'*’

In contrast, metal extraction and recovery from water-soluble
environments require H(D)ESs, since they are immiscible with
water and have high extraction efficiency for non-polar
analytes.*"®>%>'>% gince a (H)DES synthesized by decanoic acid
and lidocaine was first reported by van Osch et al in 2015,"*
this type of solvents have been extensively employed as promis-
ing extractants for metals from a variety of aqueous
samples.'*>''>'?® For example, H(D)ESs were prepared by
decanoic acid and lidocaine to remove Co," in water with an
extraction efficiency higher than 99%.'*” Schaeffer et al. (2018)
reported that the H(D)ES consisting of terpenes and fatty acids
showed highly selective towards Cu®>* when it was used as an
extractant in concentrated solutions containing other transition
metals.""® Geng et al. (2019) employed hydrophobic DESs based
on quaternary ammonium salts for Au recovery and achieved
96.8% extraction efficiency of Au from 1 mM Au(m) solution."**
Overall, these H(D)ESs could effectively extract metals with high
efficiency, and it was also reported that the metal recovery by
H(D)ESs could reach equilibrium rapidly within five seconds.®”
Moreover, the water content increased from 0.15 wt% in the
original solvents to only 2.50 wt% after extraction.'™ Thus, the
H(D)ESs showed high recyclability during the extraction cycles
due to the negligible solubility of their hydrophobic com-
ponents in water. Furthermore, with the recent introduction of
non-ionic H(D)ESs, these appear as an interesting alternative in
terms of sustainability owing to their favourable toxicity profile
compared to some ILs and conventional organic
solvents.®>*>'*® Examples of these would be mixtures of two
different bio-sourced terpenes,*® the mixtures of thymol or
menthol with carboxylic acids,""® and the mixtures of trioctyl-
phosphine oxide (TOPO) with phenol.®

This journal is © The Royal Society of Chemistry 2022

2.2.6. Acidity. Another critical parameter influencing the
metal extraction performance of DESs is their acidity. The
acidity of DESs can be determined by employing UV-Vis spec-
troscopy to measure the ratio of absorbances for the proto-
nated and deprotonated forms of indicator.'*® To quantify
acidity, the Hammett function has been used, as in the case of
other organic solvents. The acidity of DESs could be provided
by the organic acids HBDs (e.g., carboxylic acid, sulfonic
acid).®® It was shown that the more acidic DESs solubilized
metal oxides better. For example, the DESs synthesized with
organic acids (i.e., glycolic acid and i-lactic acid) could more
efficiently dissolve Nd,O; compared to others prepared by Gly
and EG."° Fe;0, showed a higher tendency to be dissolved in
stronger acidic DESs composed of ChCl : oxalic acid rather
than in ChCl : phenylpropionic acid, and aluminates had
higher solubility in malonic acid-based DESs than in urea and
EG-based DESs.*® Pateli et al. (2020) used a superacid (pK, ~
15), trifluoromethanesulfonic acid (TFSA), to change the
acidity of ethaline for systematically investigating the role of
proton activity of DESs in the dissolution of metal oxides, such
as MnO, CoO, NiO, CuO, Cu,O, ZnO, PbO, etc.'*® All the
selected metal oxides in this study exhibited a strong acidity
dependency on dissolution, ie., the higher dissolution of
metal oxides was obtained in higher acidity (lower pH) of the
DESs, and the activity of H' was identified as a major limiting
factor for metal oxide dissolution in DES media with poorly
coordinating HBDs. This was because the protons in DESs
acted as oxygen acceptors and higher concentrations of H'
were required to react with the O>~ and break the metal-oxide
bonds."*®

3. Review articles dedicated to the
applications of DESs in various fields

In relation with the properties described above, DESs have
attracted a great deal of attention in many applications.
Remarkably, they have also gained industrial relevance as the
number of patents granted using these chemical compounds
has increased in the last few years.*' In particular, type III
DESs with ChCl as HBA have been widely studied given their
inexpensiveness and easy biodegradability. In academic
research, the increasing efforts on the use of DESs have led to
the release of a good number of reviews. Table 3 summarizes
the most relevant reviews that have appeared in the past few
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Table 3 Summary of reviews found in the open literature on the use of DESs for different applications and the main aspects covered

Type Focus of the review on DESs Main points covered Ref.
Chemical reaction DESs as reaction media and catalysts « Physicochemical properties of some typical DESs 79,131
and
147
« Mechanisms and insights into the role of DESs as
catalyst or reaction media in additions, cyclizations,
replacements, condensations, oxidations and
reductions among other.
Separation processes Separation of aromatic and aliphatic hydrocarbons < Comparison of the performance of DESs with ILs 133
and other organic solvents.
« Use of COSMO-RS as solvent screening tool for DESs
Separation processes Desulfurization of liquid fuels « Physicochemical properties of some typical DESs 137
» Mechanisms of desulfurization using DESs
« Variables affecting efficiency of extraction: HBA and
HBD, temperature, time, regenerability of DESs
Separation processes Separation of bioactive compounds « Physicochemical properties of selected DESs and 80 and
NADESs 138

Separation processes Extraction techniques with hydrophobic (D)ES

Separation processes Gas separation with attention to CO, '*° and SO, "®
Biotechnology and Biodiesel production

biorefinery

Biotechnology and Lignocellulosic biomass fractionation
biorefinery

Biotechnology and Lignocellulosic biomass pretreatment: lignin
biorefinery extraction and saccharification

Biotechnology and Biotechnology, bioengineering and biocatalysis
biorefinery

Advanced materials Applications in nanotechnology

Advanced materials Production and application of polymers, metals

and nanomaterials

Separation processes, Very comprehensive review covering environmental,

reaction and materials  health and food related detections, separation of
bioactive compoundsand applications in material
preparations.

1906 | Green Chem., 2022, 24,1895-1929

« Extraction of different polyphenols, polysaccharides,

proteins, terpenoids, etc.

« Use of process intensification in combination with

DESs: microwaves, ultrasounds, ball mill, etc.

« Properties of hydrophobic (D)ESs 84

« Liquid phase, ultrasound and microwave-assisted

microextraction

« Liquid-liquid and solid-phase extraction

« Different types of dispersive and single drop

microextractions

« Physicochemical properties of some typical DESs 78 and
139

« Comparison of absorption of CO, and SO, in DESs

and ILs

« Thermodynamic analysis of the absorption process

« DESs as catalysts in the transesterification reaction 140
and
141

« DESs as extracting solvents of glycerol for biodiesel

purification

« Role of the different type of DESs on biomass 142

fractionation, going in detail to the type of HBA and

HBDs. Also, ternary DESs.

« Integration of the use of DESs in biomass

fractionation with microwave, ultrasound,

hydrothermal and biological pretreatments

« Pretreatment of solid fraction

« Upgrading of lignin fraction with DESs

» Mechanisms of lignin and cellulose 143

depolymerization

« Effect of specific DESs on lignin extraction and

saccharification enhancement.

« Toxicity and biodegradability of DESs 41, 144
and
145

« Separation of natural products with DESs

« Biocatalysis using DESs as solvents

+ DESs as catalysts

« Preservation of biological materials in DESs

« Pharmaceutical, therapeutical and biomedical

applications of DESs

* Role in metal processing and deposition 77

» Role as reaction media for the synthesis of

nanoparticles

« Definitions of different types of DESs 42

« Role as solvents, functional additives and monomers

in the production of polymers

« Physicochemical properties of many DESs and H(D) 146
ESs

This journal is © The Royal Society of Chemistry 2022
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Table 3 (Contd.)

View Article Online

Critical Review

Focus of the review on DESs

Type

Main points covered Ref.

Novel types of DESs Natural deep eutectic solvents (NADESs)

Novel types of DESs Hydrophobic*” (deep) eutectic solvents

years classified by type of application highlighting the main
features covered in each of them.

DESs have been widely applied as essential elements in a
good number of chemical reactions. Their use as solvents has
improved the performance of different reactions in terms of
selectivity or stereoselectivity to the desired products or some-
times moderating the reaction conditions. The role of DESs in
the mechanism is discussed for different addition, cycliza-
tions, replacement, condensation, reduction and oxidation
reactions.””"®' One particular example of interest for metal
recovery would be the use of the ChCl:Gly (glyceline) and
ChCl: urea (reline) DESs, which have shown a good capacity of
retaining rhodium complexes in the biphasic hydroformyla-
tion of olefins with the purpose of homogeneous catalyst
recycling.'*”

DESs have proven outstanding sustainable media to under-
take different separations with a great degree of selectivity. For
instance, DESs have proven effective, on occasions even more
than ILs, in the separation of aromatics and aliphatics in
hydrocarbon mixtures. This purification processes represent a
challenge given the differences of the boiling points and the
existence of azeotropes, which makes distillation a costly oper-
ation. A review by Hadj-Kali et al. (2017) presents a large com-
parison of DESs with ILs and organic molecular solvents in
extraction processes to separate the mentioned classes of com-
pounds.'*® What is also of relevance is that they cover the use
of the conductor-like screening model for real solvents
(COSMO-RS) theory™**'** as a tool to analyze and predict the
separation performance of DESs and molecular solvents. This
approach has been used in numerous other works, accentuat-
ing the use of this tool to comply with the principles of Green
Chemistry.>***® However, it must be noted that the COSMO-RS
theory is not capable of predicting equilibria in systems con-
taining metals. Further in mixtures related to hydrocarbons,
DESs have been used profusely in the desulfurization of fuels,
a problem of great concern for atmostpheric emissions.”*” In
extraction processes, DESs and NADESs have also been
employed to separate different bioactive compounds from
organic matrices like polyphenols, proteins, terpenoids or

This journal is © The Royal Society of Chemistry 2022

« Application in detection technology for food safety

and environmental protection.

« Separations in metallurgy, chemical and

fermentative processes.

« Effect of DESs in advanced materials and energy

storage and conversion.

- Properties and comparison of NADESs with ILs and 43
DESs

« Interaction of NADESs components

« Preparation of NADESs

« Applications as extraction and chromatographic

media and in biomedicine

» Formulation, preparation and types of H(D)ESs 49
« Physicochemical properties

- Some applications in the extraction of natural
compounds

asthaxanthin, also analyzing the effect of adding different
amounts of water to DES or the use of process intensification,
both of which can help enhance extraction efficiency.?*'?®
Further, a recent review has covered the application of H(D)
ESs in microextraction techniques, summarizing their appli-
cation in environmental samples (water from different
origins), food samples or human samples (plasma, urine)
among other examples. The operation procedures as well as
analytical techniques used are given in great detail.®*

DESs have also been widely applied in the absorption of
gases, such as CO, "®"*° or SO,.”® The performance of DESs as
media for gas sweetening has been summarized and compared
to other molecular solvents and ILs; in addition, thorough
thermodynamic insights into the equilibria and the influence
of HBAs and HBDs are given.

In a quest for a more sustainable production of chemicals,
DESs have been put to use in the context of biotechnologies
and biorefineries. The use of these solvents has been
implemented in the production of biodiesel mainly with two
purposes. First, they can act as catalysts to initiate the corres-
ponding transesterification reaction. The second use is to
make a DES, mainly using ChCl to separate Gly, the by-product
of the production process.'*>'*' The roles of DESs has also
been reported in the fractionation of lignocellulosic biomass
as agents pretreat the solid raw materials and obtain separately
the cellulosic, hemicellulosic and lignin components, which
can then undergo different transformations to value-added
products.'*>'** Last, the toxicity and biodegradability of DESs
have been assessed thoroughly, leading to their characteristics
being favorable for application as solvents in biocatalysis, the
preservation of biological materials and the composition of
pharmaceuticals. DESs have been found to reproduce the
environment in cells, mimicking metabolites and forming a
different type of liquid besides water and lipids. In addition, it
appears that protein structure could be better preserved in
DES than other organic solvents.*4*14

In the field of nanotechnology, DESs have been used in two
major ways. First, as media to disperse nanoparticles and
control morphology, and second as reaction media for nano-
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material production. Application of DESs as precursor solvents
in nanoparticle synthesis can enhance the stability and yield
materials with uniform surface, small size, and highly meso-
porous as well as highly crystalline nature.”” Similarly, they
have been used for the production of advanced materials like
polymers and in metal processing.*

It is worthwhile mentioning a recent comprehensive review
by Cao and Su, which compile several of the aspects men-
tioned above. Their work covers the use of DESs for a wide
variety of fields, such as separations in food and environ-
mental samples, separations in chemical and biocatalytic pro-
cesses or the preparation of advanced materials, including for
energy storage and conversion."*®

Last, two reviews have focused specifically on the definition
of NADESs® and H(D)ESs*® putting the spotlight on their
preparation and characteristics together with their main differ-
ences with the other types of DESs.

As summarized in this section, DESs have shown very prom-
ising results in several applications. Their relevance in metal
recovery research from different sources remains to be
reviewed, so the next section will describe their use in this type
of endeavors.

4. DESs in metal recovery and
separation

4.1. Mechanisms of DESs for metal recovery

The mechanisms behind the separation of metals by DESs
have been investigated recently. In general, the dissolution of
metal oxide in DESs can be regarded as a two-step
process:*>'?>148 (1) the protons of the functional groups in
HBDs (e.g., the carboxyl groups of organic acid and the
hydroxyl group of alcohol) of DESs first react with the active
OH sites of the hydrated metal oxide to form intermediate
species with protonated oxide, which can be expressed as
follows:

Bulk = Me-OH + HX < bulk = Me-OH," --- X"~

where “Bulk = Me-OH” stands for the hydrated metal oxide
with active OH sites; HX is the HBDs of DESs.

(2) If the metal-ligand complexes are more stable than the
metal-OH complex, the protons would break the metal-oxide
bonds. The deprotonated HBDs ligand would substitute the
OH active sites for metal-ligand complexation, followed by
ligand exchange for anion (e.g., Cl7) in the bulk DESs:

Bulk = ME-OH," - X" < Me-Xppgs)" + H,O

Abbott et al. (2006) compared the solubilities of 17 tran-
sition metal oxides of period 4 in three ChCl-based DESs (i.e.,
ChCl : malonic acid (maline), reline and ethaline) with those
found in aqueous solutions (i.e., 0.181 M NaCl and 3.14 M HCI
aqueous solution).’'® For most metal oxides, the solubilities
are in the order HCI > maline > reline > NaCl > ethaline, which
is nearly in line with the order of proton activity in these
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extractants. The Analogous manners could be observed in
both DESs and aqueous solvents where the more ionic oxides,
such as ZnO, had higher solubilities than the more covalent
oxides, such as TiO,. Good correlation between the solubilities
of metal oxides in DESs and their intrinsic properties (includ-
ing heats of fusion, melting points, the charge on the metal,
and the crystal ionic radius)"'® as well as their stability'*® was
also observed. Metal oxides with lower stability would have
smaller lattice energies between the oxygen anion and the
metal cation and less negative Gibbs energy of formation, and
thus, would be more prone to be attacked by the protons from
DESs.'?° Moreover, the solubilities of the oxides in the DESs,
especially maline, correlated well with those in aqueous HCI,
but did not correlate with aqueous NaCl solution."*® These
behaviors indicated that the dissolution of metal oxide should
be more related to the presence of protons in DESa, as
explained by the aforementioned step of dissolved of metal
oxide in DESs as the oxygen acceptor and thus changed the
complex formed. Besides, the second step of metal oxides dis-
solution in DESs involving the formation of metal-ligand com-
plexes that the dominant forms of metals detected in DESs
were chlorometalate species in the form of [MeCl]").3>11®
Furthermore, the formation of the anionic metal chloro com-
plexes is also accounted for the dissolution of some poorly
soluble metal salts in the DESs. For example, AgCl dissolved in
ethaline in the form of [AgCl,]” complex with a solubility
around 0.2 mol kg™, causing a potential shift of the Ag/AgCl
reference electrode in DES as reported by Shen et al. (2020).**°
Accordingly, it could be concluded that the dissolution of
metals in DESs should be largely determined by the proton
activity and complexation abilities of the DESs, which could be
modulated by adjusting the HBDs and HBAs and their molar
ratio in DESs. Some research efforts have been devoted to
investigating the metal dissolution in various DESs with
different HBDs.>>!1®129148150,151 1t hag been reported that
ChCl-based DESs are capable of dissolving various metal
oxides, with the solubility being largely dependent on the
nature of the HBDs. The modification of HBDs can induce
changes in the solubility of up to several orders of magnitude.
For example, the maline exhibited the higher ability compared
to reline and ethaline in the dissolution of most of the com-
monly available metal oxides shown in Fig. 5a."'° This result
could be further explained from two aspects: (1) the high
polarity with highly active dissociated protons of malonic acid
in maline could act as good oxygen acceptors, leading to
strong H-boing interactions and formation of chlorometalate
species.”>''® (2) The occurrence of dimerization phenomena,
which refers to the formation of extensive chains of dimers
rather than single dimer units due to the two carboxylic acid
functional groups in the malonic acid molecules, would result
in the similar mobility of the HBD (i.e., malonic acid) with the
choline cation, and lead to the strong complexation ability.>?
Hartley et al. (2014) further investigated the speciation of
25 metal salts in 4 ChCl-based DESs (with 1,2-ethanediol, 1,2-
propanediol, 1,3-propanediol and wurea as HBD) using
extended X-ray absorption fine structure (EXAFS)."*® It was

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Solubility of metal oxides in various DESs. (a) Solubility of metal oxides in maline (ChCl: malonic acid, 1: 1), reline (ChCl: urea, 1: 2), and etha-
line (ChCl: ethylene glycol, 1:2) at 50 °C after 2 days. Reproduce with the data from ref. 116. Copyright © 2006, American Chemical Society. (b and
c) Solubility of metal oxides in ChCl: ethylene glycol (EG) with either 10~ M trifluoromethanesulfonic acid (TFSA) or with latic acid (LacA) at 50 °C
after 2 days: (b) less soluble oxides, (c) more soluble oxides. Reprint with the permission from ref. 129. Copyright © 2020, Royal Society of
Chemistry. (d) Solubility of metal oxides in p-toluenesulfonic acid monohydrate (PTSA) : chlorine chloride (ChCl) DESs at different HBD : HBA molar
ratio at 50 °C. Reprint with permission from ref. 70, Copyright © 2019, American Chemical Society.

found that the high solubility of metals could be mainly attribu-
ted to metal complexation in DESs, where speciation has proven
to be the key control factor. In diol-based DESs, the solvent
anions (i.e., Cl7), rather than solute anions, dominates the
metal speciation. Metals in similar oxidation states form similar
chlorine-based complexes. For instance, Me' ions were found to
form [MeCl,]” and [MeCl;]>~ complexes, and Me" ions form
[MeCl,]>~ complexes. A couple of exceptions were noted for Ni",
with a unusual coordination by glycol molecules, and Cr'", with
a mixed chloro-aquo coordination. In reline, the metal coordi-
nation is dominated by chloride for the ions of the late tran-
sition metals (e.g., Cu, Pd, Pt), while for the earlier transition
metals such as Cr, Mn, Fe and Co, the first coordination con-
sists of lighter atoms, i.e., O or N originating from water or urea.
Moreover, it was also reported that the substitution of alcohol
group by thiol group could improve physical properties of ChCl-
based DESs and improve solubilities of late transition metals
like Cu and Zn, which could be attributed to the ligand struc-
ture and enhanced media acidity.">" Recently, Pateli et al. (2020)
demonstrated that the complexing abilities of the HBDs should
have a larger contribution to the solubility of metals in DESs."*°
Their results showed that the strongly coordinating HBD with
the effective chelating agent (i.e., lactic acid (LacA)) exhibited 10
to 100 times higher solubility to most of the metal oxides com-
pared to its counterpart with trifluoromethanesulfonic acid
(TFSA), which only provided additional protons to the solution
(as shown in Fig. 5b and c)."**

This journal is © The Royal Society of Chemistry 2022

On the other hand, the effect of different HBAs, such as
Ch(l, tetrabutylammonium chloride (tbaCl, [N4444]Cl), tetra-
butylphosphonium chloride (tbpCl, [P4444]Cl), on the dis-
solution of metal oxides in DESs was also investigated.”® For
DESs with p-toluenesulfonic acid monohydrate (PTSA) as HBD,
ChCl: PTSA was considered most appropriate for solubilization
of metal oxides due to its best solution capacity, lower viscosity
and broader thermal operation window. Besides, the
HBD : HBA molar ratio also played a vital role in the solubility
of metal oxides. As can be seen in Fig. 5d, the highest solubili-
ties were not always obtained for the same molar ratio of
PTSA: ChCl. For example, a higher HBA concentration could
lead to higher solubilities for most metal oxides (including the
metal oxides of Mn, Cu, Co, In and Pb), while the metal oxides
of Fe and Zn showed higher solubilities in the more acidic
DES with higher HBD concentration. Although research efforts
are still required to further understand the mechanism
behind, which should be related to both chemical and physical
effects, it could be expected that selective metal recovery from
complex matrices by DESs could be achievable via judicious
choice of HBD, HBA and HBD : HBA molar ratio.

In addition, similar to some conventional metal leaching
processes (e.g., sequent extraction procedure for particulate
trace metals'>® and dissolution of metals in spent nuclear
fuel," redox reactions may play important roles in the mecha-
nisms of some metal recovery processes by DESs. Therefore,
the reducibility/oxidizability is also known to control the dis-
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solving capacity of DESs for metals. For example, the Co recov-
ery from the LiCoO, in the cathode of spent lithium-ion bat-
teries LIBs relies on the reduction of Co®>" to Co,"."** It showed
that the temperature and duration of leaching Co from spent
LIBs could be reduced to 180 °C and 12 h from 220 °C and 24 h
(with the similar Co and Li extraction of >90%) by using reline,
which had more negative reduction potential than ethaline.
Note that the electrochemistry-based cyclic voltammetry (CV)
method can be used to evaluate the reducing ability of DESs
rapidly by the location of the reduction current peaks. As shown
in Fig. 6a, the reduction peaks on the CV of ethaline at tempera-
tures between 140 and 180 °C appeared from 0.40 to 0.50 V (vs.
Ag), while those of reline shifted significantly to between —0.45
and —0.35 V (vs. Ag). Moreover, the diffusion of solutes and ions
was the dominant transport process during leaching, and the
structure of Co complexes was determined to be an octahedral
molecular geometry Co(urea),Cl,. In addition to the reducibility
of the DES, the presence of other reducing substances may also
accelerate the leaching process. Peeters et al. (2020) found that
metallic aluminum and copper in the LIBs could accelerate the
leaching of cobalt by ChCl: citric acid DES."> The mechanism
of the metal leaching process in DES can be described in Fig. 6.
The crystal structure of LiCoO, was attacked by protons of citric
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Fig. 6 The redox reactions in the DESs based metal recovery processes.
(a) Cyclic voltammograms of ChCl: ethylene glycol (left) and ChCl: urea
(right) DESs recorded at a fixed scan rate of 50 mV s™%. Reprint with per-
mission from ref. 154, Copyright © 2020, Royal Society of Chemistry. (b)
Schematic diagram of cobalt recovery from lithium-ion battery cathode
materials using ChCl: citric acid DES with the acceleration of aluminum
and copper metal. Reprint with permission from ref. 155, Copyright ©
2020, Royal Society of Chemistry.
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acid and chloride anions of ChCl. Co(ur) was reduced to Co(u).
Meanwhile, copper metal was oxidized to Cu(i/u), which could
be reverted back to metallic Cu by metallic Al. Chloride anions
stabilized Co by forming chloro-complexes, with tetrachloroco-
baltate ([CoCl,]*") being the predominant species.

4.2. Influence of pH conditions of the original metal sources

Metal extraction by DESs is normally a pH-dependent process
because this variable determines the species of metals and the
ionization of the DES functional groups in different phases.
Note that the pH in this section refers to the proton concen-
tration in the original aqueous solutions containing metals,
while the effect of the acidity of the DESs has been discussed
previously. The influence of the pH of the original metal
aqueous sources on the process performance is determined by
the separation mechanism of the metals by DESs. For most
type III DESs (mixtures of organic salts like quaternary
ammonium salts and organic HBDs like carboxylic acids), the
extraction of most metals (e.g., Cu, Co, Zn, Fe, Cd, etc.) from
aqueous solutions follows the mechanism of deprotonation of
the HBDs (organic acid or alcohol) or the chelating agents fol-
lowed by their complexation with the metal cations to form a
charge-neutral complex.''*?%1367158 1 thig case, metal extrac-
tion has a positive correlation with the pH of the original solu-
tions, which can be attributed to the enhancement of the
deprotonation process with the decrease of the proton
concentration.'"*'**'” However, an excessive increase of pH
would lead to the precipitation of the metal ions in the form
of hydroxides, resulting in the reduced extraction efficiency at
the high pH value (also refer to Fig. 7a)."*>'*” Therefore, the
optimized pH for metal extraction by DESs largely depends on
the highest pH value to avoid the formation of the metal
hydroxide precipitation, for example, 5.0-5.5 for Cu,'**'*® 8.0
for Zn,"” and 7.0 for Cd."®® In contrast, the extraction of some
other metals like Pt and Pd 