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Abstract: Population growth has led to an increased demand for raw minerals and energy resources;
however, their supply cannot easily be provided in the same proportions. Modern technologies
contain materials that are becoming more finely intermixed because of the broadening palette
of elements used, and this outcome creates certain limitations for recycling. The recovery and
separation of individual elements, critical materials and valuable metals from complex systems
requires complex energy-consuming solutions with many hazardous chemicals used. Significant
pressure is brought to bear on the improvement of separation and recycling approaches by the need
to balance sustainability, efficiency, and environmental impacts. Due to the increase in environmental
consciousness in chemical research and industry, the challenge for a sustainable environment calls for
clean procedures that avoid the use of harmful organic solvents. Ionic liquids, also known as molten
salts and future solvents, are endowed with unique features that have already had a promising
impact on cutting-edge science and technologies. This review aims to address the current challenges
associated with the energy-efficient design, recovery, recycling, and separation of valuable metals
employing ionic liquids.

Keywords: critical materials; ionic liquids; recycling; recovery from e-waste; extraction processes

1. Introduction

Increasing awareness of climate change and resource depletion has led to a global shift
towards greener alternative technologies. Hence, there is higher demand for non-fossil
fuel-based technologies, such as electric vehicles, wind turbines, fuels cells, and batteries.
Advancements in these areas are limited by the resiliency in the supply of highly valued
metals, such as the precious metals, the rare earth metals, and battery components, all of
which play a crucial role in developing sustainable technological processes [1].

The assured supply and resilience of these critical materials are essential to the eco-
nomic prosperity and national defense of many countries [2]. Currently, the United States
and other developed nations are substantially dependent on foreign sources for many of
their critical metals [3]. This dependence poses a problem as political tensions between
some countries and the impact of the COVID-19 pandemic have led to decreased imports
due to vulnerable supply chains [4].

To remedy this, the U.S. Department of Energy supports multiple initiatives to secure
the supply of critical materials through diversifying supply, developing substitutes and
recycling [2]. There are also efforts in other regions, especially in Europe, Japan, Australia,
Canada, etc. [3,4]. These ecopolitical factors, along with the increasing acceptance of Green
Chemistry principles for sustainable technologies, have led to a need for new processing
techniques for technologically high valued metals.

One of the directions to address these technological concerns is the application of
ionic liquids in the recovery and recycling of critical materials. Ionic Liquids (IL) are
organic salts consisting of an organic cation and usually an inorganic anion [5]. Due to the
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poor ionic coordination and the delocalized charge of at least one ion, ionic liquids can be
characterized by their low melting points, low vapor pressure, flammability, high stability,
and recyclability.

ILs are also often referred to as designer solvents, as the substitution of one or more
ions in the salt can greatly change the properties of the solvent, and the solvent can be
fine-tuned for specific processes [6]. As opposed to traditional solvents, usually volatile
organic compounds (VOC), ionic solvents do not emit environmental pollutants into the
atmosphere [7]. Although ILs have been designated as ‘green’ solvents, the substances’
solubility in water can potentially lead to aquatic contamination. Also, recent studies have
revealed that the structure of the IL, mainly the cation component, strongly influences
toxicity [8].

The ILs most investigated so far include various substitutions of imidazolium, pyri-
dinium, ammonium, and phosphonium cations (Figure 1) associated with anions, such as
halides, tetrafluoroborate [BF4]~, hexafluorophosphate [PF¢]~, bis(trifluoromethylsulfonyl)-
imide [Tf,N]~, carboxylates [RCO,]~, alkyl sulfates [C1SO4] ™, and alkyl sulfonates [CnSOs] ™.
Due to their complexity compared to traditional solvents, the high cost of ILs is one of the
hurdles preventing large-scale applications [6,9] (Table 1).
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Figure 1. Common cations and anions of ionic liquids. Reprinted from Coordination Chemistry Reviews,
363, D. Prodius, A.-V. Mudring, Rare earth metal-containing ionic liquids, 1-16, Copyright (2018) [10],
with permission from Elsevier.
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Table 1. A comparison of ionic liquids with organic solvents [9].

Property Organic Solvents Ionic Liquids
Number of solvents >1000 >1,000,000
Applicability Single function- Multifunction
Catalytic ability Rare Common and tunable
Chirality Rare Common and tunable
Vapor pressure Obeys the Clausius-Clapeyron Equation ~ Negligible under normal conditions
Flammability Usually flammable Usually nonflammable
Solvation Weakly solvating Strongly solvating
Tunability Limited range of solvents available Unlimited range means ‘designer solvents’
Polarity Conventional polarity concepts apply Polarity concept questionable
Cost Normally inexpensive 2 to 100 times the cost of organic solvents
Recyclability Green imperative Economic imperative
Viscosity /cP 0.2-100 22-40,000
Density/g cm 3 0.6-1.7 0.8-3.3
Refractive index 1.3-1.6 1.5-2.2

The use of ILs as a replacement for traditional toxic volatile organic compounds
(VOCs) aligns with the green chemistry principle of using benign solvents and auxiliaries.
VOCs are a family of highly volatile and flammable chemicals that are regulated in sever-al
countries. The use of ILs to substitute or reduce use of VOCs is a goal that could have
significant positive environmental impact.

The wide-ranging combinations of IL cation and anion components provides a great
variety of basic physical properties (Table 2) [11], which can be further applied for tunable
interactions and a variety of applications. The immiscibility of ILs with both water and
nonpolar organic solvents, along with the ability to solubilize a large array of diverse
materials, brings exciting opportunities in separation and recovery of critical elements [12].
The development of ILs shows a lot of promise for the metal extraction industry. Most
studies of ILs are focused on solvent extraction; however, ILs also have potential in metal
leaching, cementation, and electrowinning [13]. The practice of using ILs in metallurgy,
sometimes referred to as ionometallurgy;, is still in its beginning stages [13].

Table 2. Comparison of some selected properties for ionic liquids with [Aliquat]™ and [Cgmim]*
cations [11].

Structure of Cation Ionic Viscosity, Glass Transition, Melting Point,  Decomposition, Solubility:
Liquid n (Pa-s) Tg (°O) Tm (°C) Td (°C) Miscible/Immiscible
[Aliquat][TSA] - - 77.98 241 E, EA/W, H
I'I—Can\_~I!‘/r;,7(_~,8|.|17 [Aliquat][DCA] 0.300 —89.94 - >300 E/W,H
| ® [Aliquat][SAC] 2.824 —54.02 - 205 E, EA/W
n—CgHqy [Aliquat][TFA] 0.740 —70.95 - 183 E, HEA/W
[Aliquat][Tf,N] 0.354 —81.42 - >300 E,EA/W H
[Aliquat][TfO] - - - >300 E,EA/W,H
[Aliquat]* [Aliquat][SCN] 1.017 - - - E,EA/W,H
[Csmim][TSA] - - 89.48 >300 W,EA/H, E
/ \ [Csmim][DCA] 0.034 —92.93 - 250 W, EA/H,E
N [Csmim][SAC] 0.389 —63.68 - 245 EA/H,E
/N\/ T~n—CgHy7 [Cgmim][TFA] 0.054 —88.90 - 190 EA/H,E
[Csmim][Tf,N] 0.087 —86.45 - >300 EA/W, HE
- [Csmim][TfO] 0.100 —92.30 - >300 EA/W,HE
[Cgmim] [Csmim][SCN] 0.070 - - 226 W, EA/H, E

[Anions]: [TSA] = 4-toluenesulphonate, [DCA] = dicyanamide, [SAC] = saccharinate, [TFA] = trifluoroacetate;
W = water, H = hexane, EA = ethyl acetate, E = ether. Water content of each ionic liquid: <20 ppm.

The recovery and reuse of ILs also play an important role in the commercialization
of applicable technologies, and it is essential for the effective consumption of resources
and environmental conservation. The recycling processes can be different and are typically
based on the hydrophobicity /hydrophilicity of an IL. However, a key goal of the recycling
processes is to reuse the ILs in subsequent cycles of a technology. One of the options
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for reuse of ILs, which is widely applied in hydrophilic thermally stable ILs, is thermal
treatment [14]. Other techniques are centrifugation, adsorption, reverse osmosis, and
electrodialysis, etc. [15].

This paper will cover the most recent findings of ILs used in high valued metals,
such as Ag, Cu, Pd, Li, Co, Mn, In, Ga, and the rare earths (RE), with an emphasis on the
recycling from electronic waste products.

1.1. Metal Recovery by lonic Liquid

Metal recovery usually consists of three steps: leaching, extraction, and stripping. ILs
are most often utilized in the leaching or extraction phases. For typical solvent extraction,
an aqueous feed is contacted with an immiscible organic solvent carrier containing the
extractant (the active species that extracts the desired solute). Some ILs, usually functional-
ized ILs, can function both as an extractant and diluent; however, most pure ILs are used
purely as diluents or solvents for common industrial extractants.

In both cases, it is important to consider several aspects when designing an experiment
with ILs. The hydrophobicity, for example, is important for maintaining an immiscible
solvent extraction system. For this reason, anions, such as [BF4]~, [PFs]™ and [NTf;]~,
are commonly used for their high hydrophobicity and good thermal and electrochemical
stability [13,16]. For non-fluorinated anions, quaternary ammonium or phosphonium
cations with long alkyl chains can make hydrophobic ILs. This comes in handy when
designing bi-functional ILs, which can have metal coordinating groups attached to the
anion and cation.

1.2. Functionalized Ionic Liquids

Functionalized ILs, also known as task-specific ionic liquids (TSIL), are created when
moieties of common extractants or complexing agents are added to the anion and/or cation
of the IL. Mono-functional ILs usually consists of a functionalized cation and hydrophobic
fluorinated salt, such as [Tf,N]~. For example, the carboxylic acid-based cation, betainium,
[Hbet]*, is often used in metal oxide dissolution and results in high efficiency even as a
pure IL [17,18].

Furthermore, a DEHP- based IL, [C4mim][DEHP], has also been reported, although
this IL is too hydrophilic to function alone, therefore [N1444][Tf,N] was used as a diluent [19].
One of the main drawbacks of functionalized ILs is high viscosities at room temperature,
resulting in impracticably slow reaction rates. To overcome this, another IL or solvent
can dilute TSILs; however, this appears to defeat the point of functionalizing to remove
extractant-solvent partitioning in the first place.

One drawback of fluorinated anions is they can decompose when heated in the
presence of water, giving off hydrofluoric acid (HF). Rather than relying on the anion
for the hydrophobicity of the IL, hydrophobic cations can be used instead. Quaternary
ammonium or phosphonium cations with long alkyl chains are typically used for this
purpose. However, in some cases, very long alkyl chains increase steric hindrance and
decrease distribution ratios.

One of the most popular quaternary ammonium cations is made from commercial
ion exchanger Aliquat 336. With the hydrophobicity taken care of by the cation, there
are more options for functionalized anions. As such, acid-base neutralization has been
used to combine [A336]" with phosphonic acid-based anions, such as [P204]~, phosphinic
acid-based [Cynanex 272]~, and carboxylic acid-functionalized anions as well as extractant-
based anions, such as [DEHP]™ and [DGA]~ [20].

1.3. Reaction Mechanism

Liquid-liquid extraction is mainly driven by extracting the least hydrated complex
in the aqueous phase to the organic phase. Extractants are used to dehydrate metal ions,
increasing their hydrophobicity, and facilitating transport to the extracting phase. Most
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often, extractants form cationic complexes with metal ions, which are then swapped with
the cation of the IL; this is called cation exchange.

Neutral extractants, such as carbamoylmethylphosphine oxide (CMPO), tributyl phos-
phate (IBP), maloamides (MA), and diglycolamine (DGA) typically participate in cation
exchange, especially when encouraged by less hydrophobic cationic components. Anion
exchange and ion-pair exchange are also potential mechanisms for IL solvent extraction
systems. Basic extractants, like trialkyl amines and pure ILs, have been reported to follow
the anion exchange mechanism.

Acidic extractants have been reported for all kinds of reaction mechanisms; Mono-
2-ethylhexyl (2-ethylhexyl)phosphonate (PC-88A) and Di-(2-ethylhexyl)phosphoric acid
(DEHPA) are said to follow a solvation mechanism. Unfortunately, both anion and cation
exchange can result in loss of ionic components to the aqueous phase and thus contamina-
tion and/or destabilization of the liquid-liquid system. This is a hurdle that needs to be
overcome when designing sustainable and regenerable IL extraction methods [20,21].

1.4. Salting Effect

Another aspect to consider when designing a liquid-liquid extraction system is the
addition of inorganic salts to the aqueous phase- also known as salting out agents, which
can increase the extraction efficiency. Both the cation and anion components of the salt can
influence extraction. Sun et al. studied the effect of various sodium salts on the extraction
of Pr3* jons with [A336][NOs]. They found that the extraction percentage of Pr3* was
dependent on synergistic relationship of the salt effect and Hofmeister bias.

The salting out effect was demonstrated by varying the concentration of inorganic
salt or volume of the organic phase and observing that the salt concentration was the only
variable that influenced extraction ability. The Hofmeister bias asserts that salts with a
greater hydration ability prefer to remain in the aqueous phase, while poorly hydrated
ions prefer to transfer to the organic phase. Due to these phenomena, it was concluded that
anions with poor hydration and strong complexing ability could enhance the extraction
of Pr®* in [A336][NO3]. The observed trend in anions from greatest to least extraction
percentage was CI™ > Br™ > NO3™ > PFg™ [22].

The influence of inorganic cations was also studied in a 2020 report by Lomme-
len et al. [23]. They used different chloride salts to aid the extraction of Co(II), Zn(II), and
Cu(II) with basic extractant methyltriocyalammonium chloride (TOMAC). Compounds
with higher charge densities are more likely to be hydrated and stable in the aqueous media.
At high chloride salt concentrations, Zn(II) coordinated with more anions than its oxidation
state allows creating a negatively charged chloro complex, which should have been very
stable in water.

However, if the cation of the inorganic salt also had a high charge density, then it could
effectively take free water molecules that would otherwise be available for the hydration of
the Zn complex and the less hydrated Zn complex could then be extracted rather efficiently
to the organic phase. Therefore, cations with greater hydration ability improved metal
extraction the most: Li* > Na* > K* > Rb* > Cs*. Additionally, the effect of di- or trivalent
salts were also studied.

Although it was predicted that highly hydratable polyvalent salts would increase
extraction, they showed only a third of the efficiency of the monovalent salts. The scientists
speculate these results stem from polyvalent salts tendency to form ion-pairs with low
charge density [23]. In general, changing the cation, anion, concentration of an added
inorganic salt are ways to tailor a SX system for specific purposes.

1.5. Stripping Agents

After the IL is loaded with the desired metal ions, the metal ion needs to be removed.
This can be done in different ways depending on the final product requirements. Stripping,
precipitation, or electrowinning are a few options. Organic solvents can be used to strip IL,
although with the consequence of contaminating the product streams and compromising
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the “greenness” of the process. Alternatively, supercritical CO; (Sc-CO;) can be used as a
stripping agent.

Sc-CO; is a great choice due to its high solubility, low reactivity, and low toxicity.
Furthermore, Sc-CO, is highly soluble in ILs, while most ILs are rarely soluble in Sc-CO,.
Sc-CO; combined IL systems have been reported for the recovery of various lanthanides,
actinides, and transition metals [20,24,25]. When picking a stripping agent, it is important
to consider if the agent can be effectively regenerated or allow for future reuse of the
stripped IL. Reduction of waste products should be a major consideration when designing
any chemical process.

In metal extraction processes employing hydrophobic ILs, the acidic (HCI, HSOy,
EDTA) or basic (NaOH, ammonia) stripping agents are favorable [26,27]. Apart from the
efficient and reversible extraction suitability for the high-value metals, these approaches
can also be used in solving environmental problems associated with, for example, removal
of low-concentration toxic metals, such as Pb(II) and Cd(II) (Figure 2).
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Figure 2. Extraction yields (%E) for Cu?*, Ni?* Pb?* and Cd?* extracted with cationic ester derivative
of betaine tri(n-butyl)[(2-ethoxy-2-oxoethyl]ammonium salts: [DCA]~ (blue) and [Tf,N]~ (red). Data
from [26].

As one of the recent successful examples of ILs recyclability, Dhiman and Gupta
revealed no noticeable change in extraction of germanium oxide from Zener diodes even
after twelve successful extraction-stripping recycling cycles (with HCl solution) with the
CyphosIL 104 (trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate) [28].

2. Precious Metals and Copper

Precious metals, such as Au, Ag, Pd, and Cu, are high-value metals often associated
with coinage and electronic components. Electronic waste is a valuable source of critical
metal; just one printed circuit board (PCB) can have a metal content up to 10-100-times
higher than that of conventionally mined ore [29]. Therefore, there is a need for new
techniques for recovering and separating these materials from urban mined mixed wastes.
The first step in metal recovery and extraction is usually dissolution or leaching to create
an aqueous metal ion solution.

Aqueous metal ions are much easier to deal with because they are more likely to form
complexes with extractants and can be removed via liquid-liquid extraction. The most
common method for electronic waste leaching, the hydrometallurgical method, involves
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the oxidative dissolution of metal compounds using acid. Since acid dissolves metals easily,
many studies focus on recovering metals from acidic mediums. However, using copious
amounts of acid is not the most environmentally benign route.

It is exciting to note that there have been promising studies recently published explor-
ing acid-free leaching. Oxidative leaching can even be achieved using ILs as Binnemans
group discovered [30]. This team found that phosphonium based trihalide ILs dissolved a
broad range of metals, except for Pt and Rh. The benefits of leaching with such ILs include
reducing wastewater production, avoiding gaseous byproduct, and development of safe
solvometallurgical approaches [30].

2.1. Gold

Gold can be recovered by ILs from several sources. The most current literature focuses
mainly on the separation of gold from mined ore, natural water, and electronics. Gold is
considered the most valuable substance in electronics and in 2010, around 300 tons of gold
were used in electronic manufacturing per year. It is estimated that the concentration of
gold in mobile phones is around 70 times higher than that of primary ore. Therefore, it is
often more lucrative to mine gold from urban waste than from ore [29]. Certain authors
recorded using the phosphonium-based IL, Cyphos-101 or Cyphos-109, a commercially
available IL, as a successful extractant for Ag, as well as Au, from acidic solutions [31,32].

In 2019, Wang et al. published a paper [33] on Au extraction with upper critical
solution temperature (UCST)-type ILs. A UCST IL is a type of thermoregulated ILs with
increased solubility at higher temperature. Above a critical temperature, the components
of the system are completely miscible, and a homogeneous system is formed. In the
homogeneous phase, fast reaction between the metal ion and extractant can take place.
Recreating a two-phase equilibrium is simply achieved by lowering the temperature again.

The entire process is referred to as Homogeneous Liquid-liquid Extraction (HLLE).
UCST ILs have high potential for metal extraction as they can be used without toxic organic
solvents and provide a solution to the problematic high viscosities of room temperature
ILs. Among the most widely studied UCST ILs are [Hbet][Tf,N] and [Chol][Tf,N], which
has a critical point with water at 55 °C and 72 °C, respectively. Both ILs will be discussed
later in this paper.

Wang et al. [33] tested three novel ILs and determined that [EtbetmMor][Tf,N] was
the most efficient, with extraction efficiency of gold up to 97.8% from acidic chloride
medium via an anion exchange mechanism. Gold could even be extracted selectively
from a mixed-metal solution; no other metals had extraction efficiencies above 5%. After
extraction, gold could be recovered from the IL phase by precipitation stripping with
oxalic acid. Furthermore, the [EtbetmMor][Tf,N] could be easily recycled, enhancing the
environmentally friendliness of this method [33].

The following year, the same group synthesized acetylcholine ([ACh][Tf,N]) for the
recovery of Au. Acetylcholine IL ([ACh][Tf;N] was chosen for its good biocompatibility
and suitability as both an extractant and solvent for gold recovery. The IL could reach
an extraction efficiency of 98% and demonstrated extraction selectivity for Au over other
precious metals. The authors mention that [ACh][Tf,N] performance was optimized in
conditions of high salinity and lower acidity, which could show potential for Au recovery
from special mediums [34].

Boudesocque et al. studied the effect of the anions on Au and Pt halogeno complex
extraction [35]. They synthesized ILs with tetra alkyl ammonium cations and various
anions. All systems, devoid of diluents, demonstrated excellent extractability of Au with
the more hydrophobic ions extracting the highest yield. They reported that extraction yield
increases in the following order: T{rN™ < DCA™ < SCN™ with all systems progressing
via an anion-exchange mechanism. They found that Tf,N-ILs were suitable for efficient
separation of Au and Pt from mixed Au/Pt solutions.

In an interesting new approach, Guo et al. attempted to create a solid-phase extraction
technique using carboxymethyl-diethyl ammonium ethyl cellulose (CMDEAEC), an IL
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with high swellability (Figure 3) [36]. A prepared metal solution was added to the adsor-
bent at room temperature. After reaching equilibrium, the solution was filtered through
a membrane filter. CMDEAEC exhibited a maximum Au adsorption of 15mg/g and ex-
tremely high adsorption selectivity for Au over other metals. Desorption was possible
with a thiourea-HCI solution and the adsorbent was reused, however, with decreased
efficiency after a couple cycles. CMDEAEC, being a relatively inexpensive and easily pro-
ducible compound, has great potential for the environmentally friendly selective recovery
of gold [36].

CMDEAEC o )

I
R R R R

Figure 3. A general structural representation of carboxymethyl-diethyl ammonium ethyl cellulose
(CMDEAEC) [36].

2.2. Copper

Copper is a very recyclable metal. The value of recycled copper scrap is very close
to that of newly mined copper. According to the Copper Development Association Inc.,
the amount of copper recovered from recycled material in the U.S. is close to the amount
mined from ore [37]. Due to the already high recyclability and abundance of copper, there
is less incentive for novel extraction methods, and there are only a few recent studies on
use of ILs for Cu recycling.

In 2015, Chen et al. published a comprehensive study on copper leaching from
waste PCB with a variety of IL acids, [BSO;HPy]OTf, [BSO;HMIm]OT{, [BSO4HPy]HSO4,
[BSO4HmMim]HSO,, and [Mim]HSOy. The authors reported that all IL tested could leach
nearly 100% of Cu out of the circuit boards and concluded that IL acids with HSO4~ were
more efficient than IL acids with CF3505;~ [38].

Other ILs used to leach copper from an acidic medium include [Bmim]Cl, [Emim]CIl,
[Bmim][BF4], and [Bmim][PFg], out of which [Emim]CI and [Bmim][PF] were proven to
be more effective [39]; and protic ionic liquids (PILs) consisting of a mix of trialkylamines
with linear alkanoic acids [40]. PILs are produced through a mixture of a Bronsted acid and
Bronsted base, such that molecular and ionic forms exist in equilibrium. Most notably, PILs
have an acid proton on the cation. The benefit of this class of IL is that direct complexation
of the PIL with the metal ion eliminates the need for a chelating agent, which offers lower
potential costs and environment impacts.

As opposed to leaching, ILs can be used in Cu separation from other metals. One re-
search group used amido-functionalized glycine-betaine-based ILs to separate cobalt, nickel,
and copper. Their aim was to remove the need for a chelating agent by functionalizing ILs
with chelating anions. To prevent the loss of the organic cation into the aqueous phase,
they chose a betaine derivative based on its hydrophobicity and structural modularity. All
synthesis products were rather inexpensive. Their data showed that [BusNC,NHCg][Dca]
was the most effective IL for the separation of Cu(Il) from the other two metals [41].

Another study [42] found that substituting the alcohol group of choline chloride,
a special type of IL, with a thiol group can increase the solubility of the late transition
metals, like copper. Choline chloride is an example of a deep-eutectic solvent (DES) that is
created by the combination of an acid and a base and exhibits a lower melting point than
its parent components. Binnemans et al. added the thiol group because complexing sulfur
compounds tends to have a high selectivity and affinity for precious and late transition
metals. The thiol-containing DES studies demonstrated lower viscosities, improved copper
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solubility, and consequently improved selective dissolution of Cu from Fe, making it an
excellent choice for end-of-life electronic waste [42].

2.3. Palladium

Palladium is largely used in catalytic converters, such as those in car exhaust systems,
mainly non-diesel vehicles. As countries around the world increase regulations on emission
to deal with air pollution problems and consumers shift away from diesel cars, the demand
for palladium has skyrocketed, making it the most valuable of the four precious metals. For
the last couple of years, the demand for palladium exceeded the supply, hence, the need
for recycling [43].

Like most metals, Pd can be recovered from an acidic medium with phosphonium-
based Cyphos-101 IL, or alternatively with Cyphos-102 IL, or Cyphos-104 [44]. Experiments
done by Katsuta and Tamura show that trioctylammonium nitrate ((HTOA][NO3]) sat-
urated with water can be used to selectively extract Pd(Il) and Pt(IV) from a mixture of
transition metals. Although other studies have used ((HTOA][NOs3]) as an IL, this study is
the first to use the IL without a diluent. This is because water-saturated ((HTOA][NO3]),
which is a liquid at room temperature, has a relatively low viscosity and low aqueous
solubility. Nearly 100% extraction was recorded for Pd and Pt from 1M HCI solution [45].

Another method for the selective extraction of Pt and Pd is the used of magnetic
nanomaterial modified with ILs. Magnetic Nanoparticles (MNPs) act as a good sorbent
material due to their high surface area, fast kinetic properties, and easy manipulation under
a magnetic field. In one experiment [46], MNPs based on magnetite nanoparticles (Fe3Oy4)
were coated in a silica or PEG shell and functionalized by IL grafting or synthesis of the IL
directly on the surface of the shell.

The functionalized MNPs were combined with metal ion solutions of varying acidity,
and, after equilibrium was reached, MNPs were separated from the solution by a Nd-
Fe-B magnet. The MNP functionalized with Cyphos-101, Fe;04PEG@Cyphos®IL-101
demonstrated the highest sorption ability towards Pt and Pd ions, as well as selective
recovery from a mixed-metal solution. The research effectively used HNOj as an eluent;
however, they did not discuss the reusability of the MNPs. An externally controllable and
regenerable sorbant like this could make a significant impact on extraction technologies,
especially the amount of liquid waste produced if fully realized.

In a different approach for selective palladium extraction, Funaki et al. developed
a biphasic extraction system with one IL acting as the extractant of solute into another
IL medium [47]. Inspired by the use of THP-protected thiols as capping agents in the
extraction of gold nanoparticles, the authors synthesized the TSILs, ILn (n = 1 and 2)
bearing one or two tetrahydropyran-2H-yl (THP)-protected thiols with [NTf,]™ as the
hydrophobic counter anion.

The extraction abilities of ILn and typical solvent di-n-hexylsulfide (DHS) in [Bmim][NTf;]
were compared. Palladium chloride participated in a ligand-exchange reaction to form
IL-soluble [Bmim][PdCl;(ligand)] complexes. The key step here was that Pd(Il) mediates
THP deprotection of ILn. The selectivity ratio of Pd-Pt reached 72, with Pd extraction
up 100%. This report presented one of the highest specific Platinum Group Metal (PGM)
separation and purification systems with IL solvent extraction. These results suggest that
deprotection chemistry has great potential in future selective metal IL extraction processes.

3. Battery Metals

The following metals to be discussed play a vital role in rechargeable battery technolo-
gies, of which the market is rapidly expanding in conjunction with the popularity of Electric
Vehicles (EVs). Most EVs are powered by Li-ion batteries. The lithium-ion cell consists of
an anode, cathode, current collectors, separator, and nonaqueous electrolyte. The anode is
usually granite and the cathode a lithium-based oxide, such as LiCoO,, LiMn;Oy, Li;MnOs3,
and LiNiMnCo,. Therefore Li, Mn, Co, and Ni markets have been evaluated to account for
battery material consumption.
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According to Olivetti et al. [48], most lithium-ion materials are expected to meet near
future demands. However, concern over rapid adoption of electric vehicles may strain the
supply of some battery-grade materials. In 2019, 100% of the U.S. manganese and 78% of
cobalt supplies were imported, leaving the metal supply vulnerable to geopolitical factors,
especially with the Democratic Republic of Congo producing 60% of the global supply of
cobalt [49].

Lithium-ion batteries are popular due to their lightweight, high-energy density, and
long-life cycles [49,50]. However, the technology is still improving, and the future of Li-ion
batteries may require lower Ni content to optimize energy density. Consequently, the
Global EV Outlook 2020 estimates that the amount of electric vehicle batteries retired by
2030 will be roughly equivalent to the current annual production of 100-120 GWh. They
emphasize the need for battery reuse and recycling to decrease environmental liability and
promote sustainable end-of-life practices [49].

3.1. Lithium

Primary sources of lithium include pegmatites and brines with salt lakes being the
top exploitable resource. However, lithium in salt lake brines is always accompanied by
magnesium and separating the two elements poses quite a challenge due to the elements’
similar chemical properties. Current methods for Li/Mg separation are time and reagent
intensive, generate large amounts of waste, and have low Li recovery efficiency. IL systems
are being developed to improve lithium recovery process.

Li et al. showcased the use of binary IL extractants for Mg removal to cut down
on acid and base consumption [50]. [A336][V10] was synthesized from Aliquat 336 and
Versatic Acid (a mixture of carboxylic acids) to be used in a three-stage counter-current
extraction that boasted almost complete removal of magnesium and only 10% co-extraction
of Li. Versatic acid was used because of its ability to extract magnesium impurities from
concentrated lithium solution in a previous study [50]. Accordingly, [V10]™ acted as the
de-protonated acidic extractant molecule.

The binary IL was diluted with p-cymene, a bioderived solvent and proved to be more
efficient on original brine rather than concentrated brine in an acid-based extraction where
the reactions are driven by pH. Whereas with binary extractants, the reactions are driven
by the common ion effect and the ion in this case being chloride. The binary extractants
dependency on the common ion effect has been the major obstacle for implementing binary
extractants because the salt concentration of most feeds, including seawater is not sufficient
to drive extraction. Salt lake brines, however, have high salt concentrations; hence, they
present a desirable scenario for binary extractants.

Recent findings published in Angewandte Chemie (Applied Chemistry) [51] led to the
development of novel macromolecules for targeted complex coordination and selective
extraction. The Sessler group reported a hemispherand-strapped calix[4]pyrrole ligand
for selective binding to Li* salts. Further research demonstrated that the molecule could
operate successfully in solid-liquid or liquid-liquid phase extraction.

The Sessler process was mentioned in a review on metal separation for recycling and
the authors only critique was the use of toxic solvents, such as chloroform [52]. The main
accomplishment of ILs is as a greener substitute for traditional organic solvents. Combining
ILs with this novel extractant would make the perfect combination. Sadly, there are likely
many scenarios where ILs could be applied for exceptional process optimization, but the
relative novelty of the field has prevented it thus far.

The study of ILs is often paired with supported liquid membrane (SLM) systems
to improve efficiency as seen by Zante al in their efforts to selectively recover Li from
brine. SILs feature an organic phase immobilized into the pores of a polymeric support
placed between the feed and stripping aqueous solutions. In this work, a hydrophobic
porous polyvinylidene fluoride (PVDF) membrane was impregnated with a mixture of
[C4min][Tf,N] and TBP. The benefits of an SLM include a continuous permeation situation
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where extraction and stripping occur simultaneously. However, the lack of stability of SML
currently limits their scale-up potential [53].

As exhibited by the example of SMLs and the earlier magnetic nanoparticles, ILs can
be placed in or on many different structures. Liu et al. attempted a similar approach with
TBP [C4min][Tf,N] [54]. Rather than impregnating a SLM, they used an electrodialysis
system with a sandwiched liquid membrane consisting of the organic lithium-ion carrier
and introduced two cation exchange membranes. The inner membranes acted as physical
barriers between the feeding brine and receiving solution (Figure 4) [54].

(A) (B)

Cathode

Anode

Figure 4. Schematic diagram of the electrodialysis device. (A) An assembled cell and (B) the
placement of electrodes and CEMs in the cell. Reprinted from Desalination, 474, G. Liu, Z. Zhao,
L. He, Highly selective lithium recovery from high Mg/Li ratio brines, 114185, Copyright (2020),
with permission from Elsevier.

This system displays a great perspective on the application for Li recovery from
Mg/Li brines and offered potential minimal impact on the environment with excellent
Li ion selectivity. Although, in both cases, a non-fluorinated, cheaper IL with similar
efficiencies could have been used. The electrodialysis can also be applied towards lithium
extraction from seawater, which, in the past, has not been considered feasible due to the
low salt concertation [54].

3.2. Cobalt

Cobalt (Co) is the most critical element in lithium-ion batteries due to its vulnerable
supply chain. Due to this, there have been many papers published focusing on cobalt
recovery from battery cathodes and mixed cobalt and nickel waste. For convenience, some
of these studies have been summarized in Table 3 below.

Table 3. Examples of Deep Eutectic Solvents (DES) used to leach cobalt from Li Battery cathodes.

Other Temp  Time Leaching Recovery of Leaching
DES Used Reagents O (h) Efficiency Co, % Cobalt, % Efficiency Li, % Refs.
PTSA -nH,O-ChCIDES - 90 0.25 100.0 94.0 100.0 [55]
PEG200/thiourea (2:1) - 160 24 60.2 - - [56]
Reline (Urea-ChCl) 4% H,O 160 24 43.0 - - [57]
(ChCLEG) - 180 24 29.6-32.0 74.0 71.0 [58]
. . . . Al, Cu,
Choline-Chloride-citric acid 35 wt.% H,O 40 1 99.6 81.0 93.0 [59]

Most leaching processes, at least for nickel laterites and sulfides, extract both cobalt,
nickel and result in a mixed Co/Ni solution that needs to be separated [60]. A favored
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industrial process for the selective solvent extraction of cobalt from nickel is the use of
phosphinic acid derivatives, such as Cyanex 272. However, Cyanex 272 tends to extract
impurities, such as Cu, Zn, Fe, Cd, Ca, Mg, and Mn along with cobalt [60], and thus there
is a need for more selective processes. Table 4 highlights how IL can be used in Co/Ni
separation. Note that there is a study published in 2013 that used two mutually immiscible
ionic liquids—one of the first examples of such experiments [61].

Table 4. Examples of IL used in Co/Ni separation.

Year Ionic Liquid Aqueous Medium  Separation Factor Mechanism Refs.
2010 [A336][CA-12] in toluene Sulfate 25 Ion association [62]
®

2012 Cyphos IL.101, aka Pg614Cl Chloride 50,000 Anion exchange [63]
saturated with water
Cyphos IL 104 aka,

2013 [Pges14][RoPOO], [Comim]Cl 207 Anion exchange [61]
R =24,4-trimethylpentyl

2014 [P44414][C1]-NaCl-H,O Chloride <500 Anion exchange [64]

3.3. Nickel and Manganese

Cobalt, nickel, and manganese are also components of lithium battery cathodes. The
next few studies have taken a more holistic approach to lithium-ion battery recycling,
attempting to separate all potential critical metals from simulated end-of-life batteries.
Othman et al. [65] created a feed solution consisting of Cu, Mn, Ni, and Li, as reflecting
typical cathode material. Tetraoctylphosphonium oleate [Pgggg][Oleate], a functionalized
fatty-acid-based IL with selective extractive ability influenced by pH, was chosen due to
the hydrophobic nature of both the cation and anion.

The bulky nature of the oleate-ion means that even when deprotonated, the ion remains
very hydrophobic, which prevents the loss of the anion to the aqueous phase, a common
problem in IL chemistry. At pH 5, cobalt, manganese and nickel were extracted with nearly
100% efficiency through interaction with the oleate ions, and Li was not extracted at all. At
pH values lower than zero, Co and Mn maintained their high extraction efficiencies, but Ni
was no longer extracted.

This phenomenon is due to the formation of tetrachloro-anion complexes in the
presence of excess Cl~ ions. Mn and Co were separated using mixed salt regeneration
solutions, and Ni was selectively precipitated from Li in the form of NiCOj3. Overall,
[Pgggs][Oleate] successfully facilitated the separation and recovery of Co, Mn, Ni, and Li
from simulated HCl-based Li-ion leachate [65]. Although this method was acidic and
reagent intensive, it transformed a rather messy mixture of metals and separated them with
one IL based on pH dependence. It would be of interest to more thoroughly understand
the pH dependence of ILs as they present a better atom economy than a multi solvent-
based system.

Another IL based Mn, Co, Ni, Li separation system [66] involved the following: first,
manganese extraction via N,N,N’,N’'-tetra(n-octyl) diglycolamide (TODGA) dissolved in
imidazolium-based ILS. TODGA is an extractant commonly used in metal recovery and has
an affinity for trivalent metals. Next, cobalt removal using a phosphonium-based IL, such
as [Pgse14][Cl]. Lastly, nickel/lithium separation with a DES made from carboxylic acids
and lidocain (DecA:Lid [2:1]). Although this process used significantly less acid than the
previously mentioned process, it still required large quantities of solvents and extractants
and needs optimization and compactization.

4. Metals for Electronic Devices and Optics

Indium, gallium, and germanium are used in technologies, including light-emitting
diodes (LEDs), fiber optics, infrared optics, and solar cells. Indium and germanium are often
grouped together due to their similar uses, and because both are recovered as byproducts
from the same ore. Demand for these metals has increased in the past few years as new
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telecommunication networks compete to have the fastest transmission speeds. Indium
is used mainly for production of tin-doped indium oxide used in flat-panel displays and
touchscreens, as well as in the form of indium phosphide for lasers and receivers, used in
fiber optic networks application [67].

Gallium Arsenide (GaAs) device consumption has also increased due to the telecom-
munications growth, as GaAs is used to manufacture integrated circuits and optoelectronic
devices [43]. Germanium is mainly used in optics due to its transparency to part of the
infrared electromagnetic spectrum, high refractive index, and low chromatic dispersion.
Germanium also can catalyze the polymerization of PET resin without undesirable coloring.
Figure 5 shows the different uses of germanium and indium [67].

A. Germanium B. Indium
Electronics and solar Other Fiber-optic Otheruses  Transparent heat reflectors
electric applications 5% systems 10% 7%

15% 30%

9%
Semiconductors

9%
Low-melting alloys
25% 25% 65% and solders
Polymerization catalysts Infrared Flat-panel display
optics screens and touchscreens

Figure 5. Pie charts showing major end uses of (A) germanium and (B) indium as a percentage of
global consumption in 2012. Data from [67].

4.1. Indium

Some ILs studied for the leaching and extraction of In(Ill) from aqueous solution
include Cyphos® IL 101 [68], Aliquat®336 [69], [A324H+][Cl—] in Solvesso 100 [70], and
[Hbet][Tf,N] in ascorbic acid [71]. The experiment using [Hbet][Tf,N] [71] was performed
on crushed liquid crystal displays (LCDs). Ascorbic acid was added to decrease the
distribution rate of iron and promote selective indium extraction. Overall, extraction of
indium from this process reached up to 98.63%.

Indium was also selectively extracted from Ni(Il) and Zn(Il), by tri-butyl-phosphate
(TBP) in n-hexyl-trimethylammonium bis(trifluoromethylsulfonyl)amide [N1116][TFSA]
and then recovered by direct electrodeposition of the loaded organic phase [72]. The
aqueous solution consisted of Fe(II), Ni(II), Zn(II), In(IIl), and Sn(II) ions in H[TFSA]. Nitric
acid was added to oxidize Sn(II)/Sn(IV) and Fe(Il)/Fe(Ill), which were then precipitated as
hydroxide and oxide, respectively.

TBP, a neutral extractant soluble in ILs, was contacted with the aqueous phase to extract
indium via a cation exchange mechanism. The electrodeposition of [In(TBP)33+]/In(0)
under different potentiation conditions was then performed. The reduction peak at —1.0 V
was assigned at the [In(TBP)3%*]/In(0) couple and resulted in the electrodeposition of most
pure In metal [72].

Binnemans’ group recently published studies on the electrodeposition of indium from
ILs. The electrochemical deposition of indium from aqueous solutions has the unfortunate
consequences of simultaneously releasing hydrogen gas. Ionic liquids present a way to
circumvent hydrogen evolution by offering a wider electrochemical window than water.
In the case of electrodeposition from an IL, the IL acts as a liquid cathode, which is
advantageous over solid cathode because liquid cathodes offer a constant electrode surface
and promote more regular crystal growth. The electrodeposition of In in Cyphos IL 101
involved two steps: the reduction of In(IlI) to In(I) followed by the reduction of In(I) to
In(0). The electrodeposition of InCl; and In(Tf,N)3 in DME or PEG400 was also tested. A
combination of these electrolytes seemed to form an electroactive complex [73].
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Indium can be found in goethite residue from zinc production. However, indium is
only present in small concentrations, which means other higher concentrated elements,
such as iron, are often leached together with indium. Supported Ionic Liquid Phase (SILP)
extractions have also been examined for recovery of indium, as well as germanium, from
iron-rich solutions.

SILPs consists of a thin IL layer covalently anchored or impregnated onto a solid
support, usually a porous resin. SILPs hold great potential for industrial scale operations
due to the ease in which the solid phase can be separated from the aqueous phase at
the completion of the reaction. Both indium and germanium were selectively recovered
from iron rich solutions using Aliquat336- based ionic liquids impregnated on Amberlite
XAD-16N, with SFp,r, equal to 5400 and SF,/r, equal to 34,400 [69,74]. Aliquat 336 is a
commercial liquid anion exchanger that consists of a quaternary ammonium salt and is a
popular choice for IL cations.

4.2. Germanium

As aforementioned, one of the main sources of Ge used in industrial processes is
by-product from zinc ore processing. Another major source of Ge is coal fly ash from power
plants. Coal ash can be leached with water; however, the resulting leachate contains many
elements and germanium in the form of GeO, and GeS,, therefore, solvent extraction is
a popular method for separation [75]. Extraction agents Alamine 336, Aliquat 336, and
Cynaex 923 have been used for Ge separation, with the aid of tartaric acid and oxalic
acid complexing agents [76]. Aliquat 336 has also been used in conjugation with a flat
sheet and hollow fiber supported ionic liquid membrane (HFSLM) system for selective
germanium(IV) extraction [77].

Since 2016, at least 30% of the germanium in the world has been provided through
recycled germanium materials, such as electronic devices and optical fibers. According
to Ruiz, Sola, and Palmerola the recycling efficiency for fiber-optics scrap is higher than
80% [78].

After extraction of germanium from end-of-life products, it can be reprocessed through
electrodeposition, which not only guarantees a high purity but also the ability to form
special structures, such as nanoparticles and nanowires (for semiconductors). One study
reported the deposition of germanium from GeCly saturated [BMIM][PF;4] onto gold [79].
Another study reported electrochemical deposition gallium nanoparticles and germanium
nanostructures from [EMIm]Tf,N using pulsed laser assistance [80].

4.3. Gallium

Gallium can be found in semiconductors in the forms of GaN and GaAs, accompanied
by InAs. Semiconductors and LEDs, despite containing valuable sources of gallium and
indium, are often not recycled due to recycling difficulties. Plastic casings and disman-
tling small parts are examples of some challenges. Acid can be used to effectively leach
semiconductors; however, the simultaneous formation of lethal arsine (AsH3) gas poses a
significant health and safety hazard.

ILs offer an alternative leaching method that is significantly safer. Trihalide ILs
are capable of dissolving metals and alloys without the formation of any gases. van de
Bossche et al. used [Py4410][Br3] to demonstrate its effectiveness in leaching semiconductor
compounds and real LEDs [81]. After the metals were saturated in the organic phase,
Arsenic was stripped using NaBr salt, gallium was stripped with water, and indium was
recovered using Cyphos 101 to form an indium(IIl) hydroxide precipitate. Unfortunately,
GaN could not be dissolved through this process.

Gallium does not readily form minerals in which it is the major component; con-
sequently, most gallium is recovered as a by-product from the processing of other raw
materials. Like germanium, gallium can be found in zinc ore residue, coal ash, bauxite
residues and iron mine tailings. Bauxite is the major ore from aluminum production.
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During the Bayer process, the bauxite is digested by sodium hydroxide, and aluminum is
crystallized out.

The leftover Bayer leach liquor contains a mixed cocktail of gallium, vanadium, silica,
residual ammonium, and other impurities. In the 1990s, the extraction of gallium with
Kelex 100 was explored but determined to be impractically slow to be employed on an
industrial scale. However, Raigual et al. recently studied the behavior of Kelex 100 in 1,2,3-
triazolium IL diluents [82].

ILs were superior to kerosene systems because they equilibrated faster, bonded to gal-
lium stronger, and avoided the use of volatile and flammable organic solvents. At optimal
conditions, 4-ethyl-5-methyl-1,3-dihexyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide
[HHT23][Tf,N] reached Ga/ Al distribution ratios as high as 1000 and yielded a pure gal-
lium product. This process shows promise for industrial application, especially since it
does not require decomposing the Bayer liquids before extraction.

Kinsmen et al. [83] attempted to recover gallium from iron mine tailings using methyl-
triocytlammonia [MTOA][I] (where [MTOA] = [A336]), which serves the dual purposed
of reducing iron(IlI) to a less soluble state and extracting gallium. Using [MTOA][I] as a
reductant and reactant proved to be operationally simple and cost effective. This exper-
iment exemplifies Green Chemistry principles with environmentally viable reagents, a
regenerable organic phase, and reduction of waste streams compared to traditional meth-
ods. [MTOA][I] was diluted in toluene and water was used as a stripping agent. The next
steps would be using pure [MTOA][I] without a diluent as was proven possible in the
experiment done with water saturated [HTOA][NOs3] extraction of Pd mentioned earlier in
this paper [45,83].

5. Rare Earth Elements (REE)

Rare earth elements (REE) refer to the group of 17 elements—the lanthanides as well
as Sc and Y—according to the International Union of Pure and Applied Chemistry. The
REE are commonly divided into light rare earth elements (LREE), La—Sm, and the heavy
rare earth elements (HREE), Eu-Lu. In today’s world, REE are valued for their role in
alternative power and energy saving applications. Despite not actually being rare, REE are
often found in minimal concentrations, making them difficult to mine.

The United States imports substantial amount of their rare earth (RE) supply from
China. Considering the importance of these minerals in technological and economic
advancement, the U.S. is looking for increased domestic production and recovery of the
REs from different sources to decrease supply chain vulnerability [84]. As mining rare earths
from ore poses some significant environmental issues, much research is being conducted
on the sustainable recycling potential of REs from waste.

Major RE-containing waste streams include pre-consumer manufacturing scraps/waste,
end-of-life products, and industrial waste. Currently, only limited quantities of rare earths
are being recycled from batteries, permanent magnets, and fluorescent lamps; however,
these numbers are expected to grow as electronic waste is positioned to become the fasted
growing waste stream in the world [85]. A comprehensive review of ILs used in RE recovery
was published in 2017 and is summarized in Table 5.

A review [20] categorizes the ILs as non-functionalized or pure, mono-functional, or
bifunctional. The pure ILs are often not effective metal extractants by themselves and
are usually combined with known metal extractants like CMPO, Cyanex 923, HDEHP,
or DODGAA, for successful extraction. Functionalized ILs or Task-specific ILs are cre-
ated using anion derivatives of popular extractants paired with hydrophobic quaternary
ammonium or phosphonium cations. The review also does a good job explaining com-
mon reaction mechanism encountered in IL solvent extraction, mainly anion or cation
exchange [20].
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Table 5. Some selective findings summarized in “Recovery of rare earth elements with ionic liquids”
review [20].

Extractant Solvent/Diluent Feed Target Product Mechanism Refs.
Nitric acid solution Anion exchanee
[Cgmim][PFg] water of lanthanides (III) Cerium(IV) chang [86]
and thorium (IV) KPF strippant
. Nitric acid solution Ce(III), Eu(I1I), .
CMPO [C4mim][PF¢] of mixed salts Y(III) Cation exchange [87]
[C4ymim][TfN],
[N1444][Tf2N], o
Cyanex 923 [C1omim][Tf,N], Nd in rutr'lc acids Nd(III) Cation exchange [88]
solution
[Pees141[TE2N],
[N1sgs][Tf2N]
[Cnmim][Tf,N] Lanthanide ions in
HDEHP [Cnmim][BETI] glycolic acid or REE Cation exchange [89]
[C4mPy][Tf,N] citric acid
. Anion exchange
Htta [C4mim][Tf,N] Nd(III), Eu(IIT) HTN strip [90]
] . ~ La(III),Ce(IID),
PC-88A ([Cnmim][Tf,N], n =8, 12) Eu(IIl), and Y(III) proton exchange [91]
DODGAA [Chmim][TH,N]n=4,8,12) Y3, Eu®*, Zn?* Y(III), Eu(III) Proton exchange [92]
Roasted NdFeB Release of protons
[Hbet][Tf,N] water magnets REOn by [Hbet]+ [93]
[A366][CA-12] E . .
[A336][CA-100] n-heptane Chloride medium La(III) [94]
[A336][DGA] [A336][NO;] Nitric acid Nd(IIT) [95]
[A336][DHDGA] Hexane, toluene, . La, Pr, Nd, Sm, Eu, .
[OcGBOEH][Br] chloroform Nitrate feed Tb, Dy, Y, Er Ton association [96]
[N2222][EHEHP]
[N2222 [[DEHP] .
[N444][DEHP] heptane RESEOﬁilizﬁde RE [97]
[Ngs66[DEHP]
[Nsgss[DEHP]
[Cnmim][TF,N], n = 4, 6,
8,10 .
[TOMA][DEHP] [Crmim][BETI], 1 = 4, 6, RE solution RE [98]
8,10)
[PEGm(mim),] : .
[TfN], (m = 200, water Nitrate feed 5¢, Y, La-Nd, Sm, fon p a.1r [99]
400, 600) Gd, Dy, Ho, Yb, Lu association

CMPO = carbamoylmethylphosphine oxide, HDEHP = Di-(2-ethylhexyl)phosphoric acid, Htta = 2-
thenoyltrifluoroacetone, PC-88A = 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester, DODGAA = N,N-
dioctyldiglycolamic acid.

5.1. Rare Earths from Urban Waste
5.1.1. Nd-Fe-B Magnets

Nd-Fe-B magnets are the most common type of RE magnets and have a wide range
of applications and they can be full density (typically sintered) or bonded with polymer
or resins. Most recycling research works focus on sintered magnets due to the higher RE
content and chemical simplicity, although the Binnemans groups recently published a study
on bonded Nd-Fe-B magnet recycling (Figure 6) with ionic liquids [100].

Pre-treatment of Nd-Fe-B magnet prior to elemental recovery can include crushing,
milling, shredding, decrepitation, and roasting. Oxidative roasting has been proven to
improve the selectivity and dissolution rate of neodymium during subsequent leaching,
both with hydrometallurgical methods and ILs [101]. After pretreatment, the magnets can
be leached with acid, ionic liquids, or, in a groundbreaking simple and green discovery,
with copper salts [102]. Leaching is rarely completely selective, and thus another extraction
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step is needed. That is where all the studies on recovery RE from acidic media with ILs
come into play.

Solvent Dissolution
yo | [Pass2][Et,PO4] Yes
y [C;MIM][CH5COO] Yes
\ [C;mim][CI] Yes
[Csmim][Cl] Yes
Cyphos IL 101 Yes
— Aliguat 336 Yes
| [Camim][Tf,N] Yes
i N-methylpyrrolidone Yes
(a) (b)

Figure 6. (a) Left: Dissolution of polyamide 12 (PA12) in [P ][EtpPO4]; the very fine magnet
powder is collected at the bottom with the help of a magnet. Upper right: Isolation of PA12 powder
after precipitation by addition of water. Lower right: Isolation of magnet powder that is still coated
by a polysiloxane-polyether layer. (b) Dissolution experiments on polyamide 12 (PA12) in different
solvents. Reproduced from [100] with permission from the Royal Society of Chemistry.

A topic of recent interest is the recovery of dysprosium (Dy) from Nd-Fe-B magnets.
Dysprosium is added to the magnet to increase resistance to demagnetization and enhance
high temperature performance. Dysprosium containing magnets can be found in car
motors or wind turbines. Separating Nd and Dy is very challenging due to the similarity
in chemical properties. Riano et al. reports testing IL trihexyl(tetradecyl)phosphonium
thiocyanate [C101][SCN] in conjugation with Cyanex 923 to separate Nd(III) and Dy(III)
from highly concentrated chloride solutions [103].

However, after experimentation, Dy/Nd distribution ratios for the IL system did not
exceed 3.34, which was about half that of Cyanex 923 in toluene. In a slightly different but
effective solvometallurgical approach, Prodius et al., used molten salts as leaching agents
for the selective solubilization of Dy, with extraction efficiencies up to 68% [104]. With a
little more research, ILs could be a big contender for developing novel and green Dy and
Nd separation techniques.

5.1.2. Samarium-Cobalt Magnets

The other variant of magnet containing REE is the samarium-cobalt magnet, which
is characteristic for better resistance to demagnetization and higher costs than Nd-Fe-B.
Unlike Nd-Fe-B magnets, the limiting ingredient in Sm-Co magnets is not the rare earth,
samarium, but rather cobalt, of which the limited supply is primarily funneled towards
lithium-ion batteries.

Although Sm-Co magnets are not as widely produced as Nd-Fe-B magnets, they still
make a great secondary source for cobalt and samarium. A group at KU Leuven in Belgium
reported a solvometallurical route for the recovery of Sm, Co, Cu, and Fe from Sm-Co
magnets. After leaching the magnet powder with HCl in ethylene glycol, Co, Cu, and Fe
were extracted by Aliquat 336, of which extraction efficiencies for such had been studied
extensively in a previous paper [105]. Samarium was separated from the transition metals
via extraction with Cyanex 272. Cobalt was recovered by stripping with HCI, and Cu and
Fe were recovered by stripping with ammonia. The recovered metals were found to have
the following purity: 99.4 wt.% for Sm, 98.3 wt.% for cobalt and 100.0 wt.% for iron and
copper [106].

5.1.3. Fluorescent Lamps

End-of-Life fluorescent lamps are also a secondary source for heavy rare earth elements,
such as europium, terbium, and yttrium. A couple of solvometallurical routes for the
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valorization of REE phosphors have been reported. In 2015, Dupont and Binnemans
demonstrated that [Hbet][Tf,N] (<5 wt.% of water) has good selectivity for yttrium(III)
oxide (YOX) from the halophosphate phosphor (HALO, (Sr,Ca)10(PO4)(CLF)p: Sb3*, Mn?*)
(Figure 7) [107]. This selectivity eliminates considerable amounts of acid consumed for
HALO dissolution.

1
YOX
HALO A 90 °C, 24 h
- . - [(Y.Eu)bet)][TENI;
CAT [Hbet][TfoN]
SiO CBT
. LY 2 | oxalic acid
" [Hbet][Tf,N]
+
(Y,Eu)2(C204)3
> — ‘) 3 l AT
8 - Y,05:Eu®* (YOX)

Figure 7. Summary of the suggested recycling process for lamp phosphor wastes. Phase 1: Dissolution
of Y,03; Phase 2: Regeneration of ionic liquid (stripping); and Phase 3: Conversion to yttrium(III)
oxide. Reproduced from [107] with permission from the Royal Society of Chemistry.

In a follow-up study [108], the same lab group tested DESs for the recovery of REE from
lamp phosphor waste. After testing a couple different phosphors with five different choline
chloride-based DESs, it was determined that the best performing DES was levulinic acid-
choline chloride (LevA-ChCl), which showed similar leaching behavior to pure clavulanic
acid. In addition to being a good leaching agent, levulinic acid can be obtained by the
conversion of sugars, a highly renewable and affordable source. In a comparison study,
(LevA-ChCl) was found to be as efficient and selective as [Hbet][Tf,N] [108].

5.2. Lab-Test Separations of Rare Earths

As with the other metals discussed in previous chapters, ILs have been used to
perform numerous functions involving REEs. The electrodeposition of most rare earths
(RE) has been studied for ammonium-, pyrrolidinium, and imidazolium-based ILs. Notably,
neodymium electrodeposition has only been proven successful in phosphonium-based
ILs [109]. DES [110-112], SILP [113-115], and liquid-liquid extraction [116,117] have also
been studied for RE extraction.

However, to avoid repetitiveness due to the massive amount of literature on RE solvent
extraction, this review will not go into extensive detail on these methods. In the spirit of
greener chemistry, Li et al. synthesized functionalized ILs from common vegetable oils
for rare earth recovery [118]. Peanut oil, rapeseed oil, sunflower seed oil, and flaxseed
oil were selected as fatty acid precursors to oleate, which has previously been proven to
extract metals.

The oils were paired with the [A336] cation for its excellent hydrophobicity and
subsequently compared with a naphthenic acid (NA) IL, [N1888][NA], since NA is used in
common industrial practices. The results showed that although [N1888][NA] consistently
had the highest extraction efficiency, the fatty acid based ILs all showed great potential.
This study has proven the possibility of accessibility, biocompatibility, and sustainability
for metal extraction and it is worth expanding upon in the future.
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6. Actinides

The actinides mainly found in nuclear processes are americium, curium, neptunium,
uranium, and plutonium. Plutonium and uranium are considered major actinides, since
they are the main fuel in nuclear reactors, and the rest are considered minor actinides. The
minor actinides account for most of the radiotoxicity of spent-fuel waste. A few processes
been developed for reprocessing fuel, such as those in the list below along with their main
extractant [119]:

PUREX (Plutonium/Uranium extraction), TBP.

TRUEX (Transuranic extraction) CMPO and TBP.

DIAMEX (Diamide extraction) DGA.

SANEX (Selective Actinide Extraction), N-heterocyclic ligands.

TALSPEAK (Trivalent Actinide Lanthanide Separations by Phosphorus-reagent Ex-
traction from Aqueous Complexes), HDEHP, DTPA.

AIROX (Atomics International Reduction Oxidation).

OREOX (Oxidation and Reduction of Oxide fuel).

During reprocessing, Pu and U are partitioned, (isolated from other elements including
lanthanides), transmuted, and added back into the fuel cycle. The leftover materials, fission
products, and minor actinides, can then be disposed of as high-level waste or recycled.
Since nuclear fuel is becoming more popular as a green transition energy from fossil-based
to zero-carbon, due to its high fuel/waste ratio and lack of greenhouse gas emission,
major discussions are being had about whether spent nuclear fuel should be recycled. The
open/closed fuel cycle conversation asks to what extent the present generation should take
on the risks of handling and reprocessing nuclear fuel instead of leaving it for the future
generation; it brings about the topic of intergenerational justice [120].

There are already good reviews regarding f-metal extractions and integration of
ILs [21,121]. The most common types of f-metal extractants include organophosphorus
compounds (TBP, Trioctylphosphine oxide, CMPO), amides (DGA, maloamides) and sulfox-
ides. To tweak or enhance extraction, these extractants have been diluted in IL, grafted onto
ILS, or grafted onto macrocycles, such as calix[n]arenes, pillar[n]arenes, and crown ethers.

Until recently, there were very few cases reported in which the IL had extraction
abilities without the use of an extractant or functionalization. Most of the literature on
actinide extraction focuses on forming novel multidentate ligands for selective binding
and complexation or improvement of existing extractant through functionalization and
solvation. It has been found that replacing traditional organic solvents with ILs proved to
improve extraction of actinides by three to four fold in many cases.

6.1. Major Actinide Partitioning

PUREX involves the dissolution of spent fuels in nitric acid followed by selective metal
extraction using TBP into an organic phase of kerosene or dodecane. However, TBP has
relatively high solubilities in water/HNOj3 solutions and its tendency toward third phase
formation makes it a less than desirable candidate for large-scale extraction. A research
group [122] synthesized 1-octyl-1-methylmorpholinium octylphosphite [Mor;_g][OP]—an
IL that acts in its pure form as both the organic phase and extracting agent.

Using [Mor;_g][OP] resulted in distribution ratios higher than 600, which is much
higher than the those found using TBP in the original PUREX method and extraction yields
over 98% with only 20 min of equilibration time. This study focused on extracting UO,2*
ions from a pot of transition metal cations (Cu®*, Fe3*, Ni%*, Co?*, Zn?* and Cd**). It was
also tested pure phosphonate anion-based IL with long alkyl chains on mixed actinide
solutions [122,123].

Another use of ILs that, in our opinion, is vastly understudied, is the selective sol-
ubilization of metal compounds/complexes in ILs. Unlike liquid-liquid extraction, this
method does not rely on an extractant or salting out effects and in some cases, can signifi-
cantly reduce the amount of waste produced, compared to typical liquid-liquid solvent
extractions. An example of this is explored by Fan et al. [18], in the selective leaching
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of fission products, namely lanthanide oxides, from uranium oxide using the carboxyl-
functionalized IL [Hbet][Tf,N].

As aforementioned, [Hbet][Tf,N] can dissolve RE oxides and transition metal oxides.
As elements with the ability to absorb neutrons, the lanthanides are considered neutron
poison and need to be removed before the major actinides can be reprocessed. In this case,
[Hbet][Tf,N] was used to selectively dissolve the fission products, around 3.6% of spent
nuclear fuel, from the UO, matrix, which could then be recovered and regenerated as new
nuclear fuel [18,124] (Figure 8).

"’;\' Selective dissolution
M,0, mixture & Separation

lonic Liquid | ] M =AN: LN

[Hbet][Tf,N] @

Ul x> 10000 Ul x <7000

-
MO, M;0; . nEEmEEw
| SN
U,Th, Np, Pu Y, La, Pr, Nd, Sm
Am, Ce, Zr Eu, Gd, Cd, Sr, Ba
in solid in solution

Figure 8. Schematic representation of selective dissolution and separation of fission products with
help of carboxyl-functionalized ionic liquid, [Hbet][Tf,N]. “Reprinted (adapted) with permission
from Fan, F. L.; Qin, Z.; Cao, S. W,; Tan, C. M,; Huang, Q. G.; Chen, D. S.; Wang, J. R.; Yin, X. J.; Xu,
C.; Feng, X. G. Highly Efficient and Selective Dissolution Separation of Fission Products by an Ionic
Liquid [Hbet][Tf,N]: A New Approach to Spent Nuclear Fuel Recycling. Inorg. Chem. 2019, 58 (1),
603-609. Copyright 2019 American Chemical Society.

More specifically, water saturated [Hbet][Tf,N] was used to solubilize M;O3; com-
pounds and had almost no solvation effect on MO,-type metal oxides, such as AcO, (UO,,
NpO,, PuO;, and AmO,), ThO,, ZrO,, and CeO,. [Hbet][Tf,N] was stripped and regen-
erated with HCl and could be reused with only slightly decreased efficiency. Compared
to the PUREX process, which involves dissolving large amounts of spent nuclear fuel in
concentrated acid, the described process is much more environmentally friendly, highly
efficient, and enhances proliferation resistance.

A large difference in the dissolution behavior of the uranium oxides in carboxylic-
functionalized IL, [Hbet][Tf,N] was demonstrated. The dissolution of uranium(VI) oxide
was very rapid and resulted in saturation solubility of 15 wt.% at 0 °C. Further possibility
was reported for separating UO, from the mixture with U3Og by increasing the temperature
of dissolution up to 100 °C [125].

6.2. Minor Actinide Separation

The minor actinides, Np, Am, and Cm are responsible for most of the radiotoxicity
of spent nuclear fuels. Therefore, there are ongoing efforts to separate the minor actinides
from the major and from the lanthanides. In TALSPEAK, the extractant diethylenetri-
amine pentaacetate (DTPA) preferentially binds to actinides ions, presumably because the
slightly softer Lewis acidic character of the actinides favors binding to the soft-donor amine
group [126]. The aqueous is then contacted with an organic phase, which can be an IL [127].

Modifications to the PUREX process allow for feasible separation of Neptunium, with
waste streams of Am, Cm, and Ln [128]. For the optimal recycling efficiency of waste cycles,
americium needs to be removed as it contributes to the long-term heat load of the final
waste. In other words, it is better for the environment to reuse americium than put it into
the ground with other high-level nuclear waste products. Furthermore, recycled americium
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can potentially be used as fuel in thermal reactors or as an alternative to rocket fuel. The
methods for Am/Cm separation fall into three major categories: selective oxidation of
Am(III), the use of two ligands with opposite solubility and selectivity with respect to
Am(III) and Cm(III), and size-based separation [129].

While there is some literature regarding Am/Eu separation using ILs, there appears
to be no experiments done that utilize ILs for Am/Cu separation, and the few publish
papers report complicated systems yielding low separation factors [129,130]. However,
this is definitely an area worth exploring, especially if there are rapid developments in the
space exploration industry [131].

Overall, the outlook for ILs in nuclear waste processing looks promising. Their ability
to enhance extraction efficiency compared to the popularly used n-dodecane and relative
radiolytic stability make them ideal. ILs with aromatic rings, which can absorb energy, are
especially stable in radioactive environments [21]. Higher extraction efficiencies mean less
solvent is needed; reducing waste volume and the easily tweakable nature of IL give more
creative potential and adaptability to the separation process in general.

7. Variation of Ionic Liquids: Deep Eutectic Solvents (DESs)

DESs are often recognized as a class of ILs because they share many of the same general
characteristics, including low volatility, high thermal stabilities, and low vapor pressures.
However, compared to other types of ILs, DESs are typically inexpensive, biodegradable,
nontoxic, and more accessible from the preparation perspective [132].

A DES is characterized by a significant depression in melting point compared to its
constituent components, allowing the formation of liquid solvents from solid compounds,
thus increasing the number of potential candidates to use in solvent design and formulation.
This point, combined with the fact that the DES precursors could be chosen among nontoxic
compounds, makes DES a promising solvents. Consequently, their physical—chemical
properties have been intensively studied in the past decade [132].

DESs have many advanced applications, such as separations, gas capture, power
systems, batteries technologies, biocatalysis, pharmaceuticals, organic chemistry, and
ongoing researches overlap each other in many areas. One of the first focuses that ignited
interest in DES as a class of solvents was for metallurgical applications including modern
recycling efforts.

Xiao et al. investigated the various guanidine-based DESs and their selective leaching
of REE from Nd-Fe-B magnets (Figure 9) [111]. The guanidine hydrochloride—lactic acid
(GUA-LAC) DES demonstrated the highest separation factor (>1300) between Nd and
Fe. The viscosity of this type of DES at 50 °C was 36 cP, which was comparable to many
common organic solvents.

There is an interesting study [133] describing to the comprehensive recovery of waste
SmCo magnets with the help of hydrophobic DESs based on dodecanol (Dodec), tri-n-
octylphosphine oxide (TOPO), and decanoic acid (DA):lauric acid (LA) (2:1). The first two
DESs was used to selectively extract Fe(Ill) and Sm(III) from the Sm-Co magnets leachate,
and the third DES was used for Co and Cu separations. Finally, Co(II) and Sm(III) were
completely separated (99% recovery rate) with high purity product (98.5%+).

In order to determine the effect of the leaching behavior of choline chloride-based
deep eutectic solvents on the selective separation of In and Sn from an oxide flue dust
material, Ziirner and Frisch investigated three leaching agents: Ethaline (ChCl + ethylene
glycol, 1:2), Reline (ChCl + urea, 1:2), and Oxaline (ChCl + oxalic acid dihydrate, 1:1) [134].
Oxaline was found to be the most efficient lixiviant, mostly due to the high chloride and
oxalate concentration (4.5 mol/L), which prevented coprecipitation of Fe and may have a
significant influence on the stability of indium complexes in solution.
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Figure 9. (a) Chemical structures of HBA (hydrogen-bond acceptor) and HBD (hydrogen-bond
donor) molecules used in this work, (b) photograph of prepared DESs, and (c) glass transition
temperature (Tg, °C), onset decomposition temperature (Tonset, °C), and viscosity (y) at 25 °C of
guanidine-based DESs. “Reprinted (adapted) with permission from Liu, C.; Yan, Q.; Zhang, X.; Lei, L.;
Xiao, C. Efficient Recovery of End-of-Life NdFeB Permanent Magnets by Selective Leaching with
Deep Eutectic Solvents. Environ. Sci. Technol. 2020, 54, 16, 10370-10379. Copyright 2020 American
Chemical Society.

Exponentially increasing lithium-ion batteries (LIB) production request an alternative
to conventional methods of recycling and reclaiming strategic metals from the end-of-life
materials. Babu, Ajayan et al. proposed a method of valuable metal extractions (>90%
efficiency) from various chemistries, including lithium cobalt(IlI) oxide and lithium nickel
manganese cobalt oxide [58].

Starting with disassembly of the LIB, cathode waste material was inserted into a
choline chloride and ethylene glycol DES (ChCL:EG), which was then stirred and heated at
180 °C. The resulting leaching efficiency was as high as 99.3%. Temperature and time were
crucial in controlling the strength of the metal extractions, with oxide dissolution being
favored by extended experiments at relatively high temperatures.

In conclusion, environmentally friendly DESs not only present an opportunity to
change the manner we use the waste as a source of critical metals but also motivate the
search of new standards for their sustainable recycling.

8. Conclusions

Ionic liquids, particularly functionalized ILs and DESs, tend to have high viscosities
compared to traditional organic solvents, which can have a significant impact on the
reaction rate. However, the tunable nature of ILs allows scientists to design around this
issue. Research into the specific properties of ILs is ongoing and is essential for the
successful implementation of IL systems.
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Yu et al. analyzed the effect of IL ion components on viscosity and concluded that the
viscosity values of the ILs with different cations follow the order: [im]* < [py]* < [pyr]* <
[ox]* < [pip]* < [mo]*, and cations with nonaromatic shapes or longer alkyl chains meant
higher viscosity. For anions, the order was [DCA]~ < [NTf,]~ <[TfO]~ < [BF4]~ < [PF¢]™
<[OAc]™ [135]. In addition to selecting less viscous components, ILs can also be diluted in
water, organic solvents, and other ILs.

ILs are touted as a more environmentally benign alternative to traditional volatile
organic solvents (VOC) due to their lower vapor pressures. However, studies on IL toxicity
are still being conducted, and it is important to obtain the full picture. There is little concern
for ILs causing air pollution; however, there is some concern regarding the effects of ILs on
soil and water environments. As there are so many possible combinations of cations and
anions that can form ILs, the potential toxicity can vary widely.

Models based on quantitative structure-property/activity relationships (QSPR/QSAR)
are being used to find correlations between IL physicochemical properties and toxicity and
have been successful in making predictions about the properties of ILs. According to these
datasets, longer alkyl sidechains in cations increased the toxicity of the IL and that [NTf;]~
has an important influence on the toxicity [136].

Another interesting aspect to consider is the impact of quaternary ammonium com-
pounds (QAC) on the environment. Since the beginning of the COVID-19 pandemic,
world-wide increases in use of disinfectant chemicals has led to more environmental expo-
sure to these compounds. QAC are biologically active chemicals, and thus their potential
environmental impact, especially in aquatic environments, is currently a major focus of
study. It is unclear what the results of these studies will be and how consumer trends will
change in the future; however, potential regulations on QAC could significantly impact
their use in ILs [137].

ILs are currently more expensive than traditional VOC solvents because the purifica-
tion of highly charged ions is a cost intensive process [138]. However, increasing regulations
on VOC have been resulting in increasing prices. The bis(trifluoromethylsulfonyl)imide
[NTf,]~ anion, although very popular for its ability to produce low viscosity ILs, is a bit
costly. However, ILs are ideally used in a way that they are regenerable or recyclable,
which cuts down on cost significantly. According to Wang et al. “IL based REE extraction
processes show promise in terms of economic feasibility” [20].

The bottom line is that more research needs to be done to fully understand ILs and suc-
cessfully create efficient, green extraction systems. Understanding the reaction mechanisms
and kinetics of IL can be especially helpful in preventing aqueous phase contamination
and selecting regenerable ILs. Furthermore, there needs to be more clarification of strip-
ping methods as most studies mainly focus on IL extraction ability rather than actual
metal recovery.

Due to their multitude and unique tunable characteristic, ILs and DESs are perfect for a
wide range of applications that are still being explored. Urban mining and electronic waste
recycling are rapidly developing fields with important implications for critical supply
chains; ILs are perfect for such applications and will be especially encouraged if they
continue to be sold as a green solvent. Functionalized ILs, solid extraction, SILPs, and
agricultural waste-based IL show great promise for sustainable high-value metal recovery.
With proper optimization and funding supports, ILs will undoubtedly contribute to more
sustainable and environmentally friendly technologies and processes.
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