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Abstract

Complex metal-containing solid wastes pose major recovery challenges because target
metals and impurities coexist in different occurrence states and may be simultaneously
transferred into deep eutectic solvent (DES) leachates. DESs offer tunable acidity, redox
capacity, coordination environments, and solvation properties, enabling regulation of metal
release and recovery. However, existing studies rarely integrate metal occurrence states,
release barriers, liquid-phase speciation, phase partitioning, and downstream recovery.
This Review develops a mechanism-guided framework linking solid-state characteristics
with protonation, redox regulation, coordination stabilization, solvation, and mass transfer.
Density functional theory, COSMO-RS, and machine learning are further integrated to
elucidate molecular interactions, predict solvation and phase behavior, and identify mul-
tivariable relationships governing recovery performance. The framework extends from
leaching to selective separation, product recovery, and DES regeneration. The analysis
shows that high leaching efficiency alone does not ensure process viability, which also de-
pends on selectivity, downstream recovery, solvent regeneration, and material and energy
demands. By integrating these factors with environmental, economic, and engineering
considerations, this Review provides a basis for designing selective, recyclable, and more
sustainable DES-based metal recovery processes.

Keywords: deep eutectic solvents; solid waste metal recovery; metal occurrence states;
release barriers; solvent design; closed-loop recovery

1. Introduction
Continued industrialization, the energy transition, and growing resource consump-

tion are increasing both critical-metal demand and the generation of metal-containing
solid wastes [1–3]. Spent batteries, spent catalysts, electronic waste, incineration fly ash,
metallurgical slags, and mining wastes pose environmental risks but also contain sub-
stantial quantities of valuable metals [4–8]. Global electronic waste generation reached
approximately 62 million tons in 2022 and is projected to reach 82 million tons by 2030.
Although metal fractions accounted for approximately 31 million tons, only 22.3% was
formally collected and recycled [3]. Metal recovery is therefore important for reducing
environmental risks, strengthening resource supply security, and promoting the high-value
utilization of solid wastes [2,9].

Metal recovery currently relies mainly on pyrometallurgical and aqueous hydromet-
allurgical processes. Pyrometallurgy can accommodate complex feedstocks but typically
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requires temperatures above 1000 ◦C, resulting in high energy consumption and addi-
tional off-gas treatment and refining requirements [10,11]. Hydrometallurgy operates
under milder conditions but often uses corrosive acids, bases, or redox reagents, which
may cause impurity co-leaching and wastewater generation [12,13]. Emerging green re-
covery strategies increasingly seek to reduce energy and reagent consumption through
alternative process routes and predictive process control. These include low-temperature
physical-metallurgy approaches based on metallic affinity and phase partitioning, as well as
data-driven models for predicting and optimizing metallurgical extraction processes [14,15].
Such developments highlight that greener metallurgy can be achieved through multiple
technological pathways rather than through substitution of one extraction medium alone.
Within this broader landscape, deep eutectic solvents (DESs) provide a complementary
solvometallurgical approach because of their low volatility, relatively mild operating condi-
tions, and compositional tunability [16–19]. Their acidity, redox capacity, and coordination
environment can be tailored to promote the release of metals in different occurrence
states [20–22].

DESs have been applied to spent batteries, spent catalysts, electronic waste, rare-earth
permanent magnets, metallurgical residues, and mining wastes [23], with target-metal
leaching efficiencies exceeding 90% in some systems [24,25]. However, the DES-based
extraction process itself remains in pilot, scale-up, and pre-commercial development rather
than mature full-scale industrial operation [26,27]. This gap reflects several intercon-
nected challenges, including the high viscosity and mass-transfer limitations of many
DESs, relatively high solvent-to-solid ratios, feedstock variability and impurity complexity,
downstream separation requirements, solvent losses and composition changes during
regeneration, and the associated energy and economic demands [23,28–31]. Consequently,
high laboratory-scale leaching efficiency alone does not establish industrial viability.

The central challenge is therefore no longer simply to identify DES systems with
high leaching efficiencies. Instead, it is necessary to understand why different waste-DES
combinations produce different outcomes and use this knowledge to guide the future
design of selective, recyclable, and scalable recovery systems. Different metal-binding
modes impose distinct release barriers, whereas DESs provide different protonation, redox-
regulation, and coordination-stabilization, solvation, and mass-transfer functions [20–22].
Conventional experiments provide macroscopic indicators such as leaching efficiency and
selectivity but often cannot distinguish the specific contributions of bond cleavage, electron
transfer, coordination stabilization, and multivariable coupling [32,33]. Computational and
data-driven approaches are therefore needed to support mechanistic interpretation and
enable the predictive design of DESs [33–35]. Moreover, process viability also depends on
downstream separation, product recovery, DES regeneration, and environmental, economic,
and engineering performance [28].

Existing reviews mainly discuss DES-based metal recovery according to waste type,
solvent composition, or leaching performance [28,36]. The relationships among metal
occurrence states, release barriers, DES functions, predictive design, and downstream
processing remain insufficiently addressed. Protonation, redox regulation, and coordination
stabilization are also commonly discussed separately, although these processes are coupled
in actual leaching systems [31]. Table 1 compares representative reviews and highlights the
limited integration of metal occurrence states, release mechanisms, predictive design, and
downstream recovery.
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Table 1. Comparison of the scope, organization, and emphasis of representative reviews on DES-based
metal recovery.

Representative
Review Research Scope and Organization Coverage Relative to the Present Framework

[37]
Focuses on spent lithium-ion battery cathode

materials and is organized around the recycling
process and DES properties

Mainly limited to spent LIBs, with relatively
little coverage of other solid wastes

[38]
Covers various metal-containing wastes, with
emphasis on DES physicochemical properties

and application areas

Primarily summarizes DES properties and
applications, with limited discussion of

solid-state metal forms and
process interconnections

[39]

Focuses on critical raw materials from spent
LIBs and is organized around

hydrometallurgical recovery and
IL/DES-based separation technologies

Covers both ILs and DESs and mainly focuses
on spent LIBs

[36] Focuses on spent LIBs and is organized
according to recycling stages and DES types

Mainly focuses on spent LIB recycling, with
limited coverage of other solid-waste systems

[29]
Covers multiple metal-containing solid wastes
and is organized by waste type, DES system,

and leaching performance

Systematically summarizes waste types, DES
systems, and leaching performance, but

provides limited mechanistic analysis and
multiscale design discussion

[30]

Covers various metal resources and
environmental matrices and is organized by

metal source, extraction mechanism, and
separation method

Covers a broad range of topics, but provides
limited integration across process stages and

limited discussion of rational DES design

[23]
Covers various secondary resources and is

organized by resource type, DES performance,
and selective recovery

Broad in scope, but provides limited
integration among mechanisms, solvent

properties, and whole-process performance

[40]
Covers primary minerals and various

secondary resources from a mineral-processing
and engineering-process perspective

Provides systematic discussion of recycling and
engineering issues, but gives limited attention
to mechanistic analysis and computationally

assisted design

This review takes metal occurrence states and their associated release barriers as its
starting point and links them to specific DES-assisted mechanisms [41]. It further examines
how density functional theory (DFT), conductor-like screening model for real solvents
(COSMO-RS), and machine learning (ML) can translate experimental observations into
interpretable and predictive criteria for solvent design [33–35], while extending the analysis
to separation, product recovery, DES regeneration, and process feasibility [23]. Specifically,
the proposed framework guides the prioritization of DES functions, the selection of ap-
propriate diagnostic characterization, and the identification of key process limitations for
different release barriers.

The literature included in this Review was identified through searches of Web of
Science, Scopus, and ScienceDirect, covering publications available up to September 2026.
Search terms included combinations of “deep eutectic solvent” or “DES” with “metal
leaching”, “metal recovery”, “selective separation”, “solvent regeneration”, “spent lithium-
ion batteries”, “spent catalysts”, “electronic waste”, “metallurgical residues”, “mining
wastes”, and related terms. Studies were included when they reported DES-based or
DES-assisted metal recovery and provided relevant information on metal occurrence states,
leaching mechanisms, separation, product recovery, solvent regeneration, or quantitative
process performance. Studies were excluded when they were unrelated to metal recovery,
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lacked sufficient methodological or quantitative information, or duplicated data reported
elsewhere. Representative studies were further selected to ensure diversity in waste types,
DES functions, and mechanistic evidence.

2. Influence of Metal Occurrence States in Solid Wastes on Leaching
Metal recovery from solid wastes is governed not only by total metal content but also

by the occurrence states of target metals within the solid matrix [42–44]. Depending on
waste origin, initial material composition, and subsequent environmental transformation,
metals may occur in several distinct forms. These include water-soluble or exchangeable
species, surface-adsorbed species, discrete mineral phases, lattice- or matrix-bound species,
and metallic or alloy phases [42]. These occurrence states define the local bonding environ-
ments of target metals and shape the dominant barriers to their transfer from the solid into
the liquid phase [45–47]. Metal release can involve interfacial desorption, phase dissolution,
chemical-bond cleavage, lattice restructuring, or valence-state conversion [43]. Speciation
and mineralogical characteristics can therefore identify the dominant release barriers and
guide the prioritization of DES functions. Relevant functions include proton activation,
redox regulation, coordination stabilization, solvation, and mass-transfer enhancement.

2.1. Interfacial Desorption- and Exchange-Controlled Release

Metals located on particle surfaces, within pore channels, at mineral edges, or at
exchangeable sites are generally held by relatively weak electrostatic, ion-exchange, or local
coordination interactions [48]. Their release is therefore governed primarily by interfacial
desorption, ion exchange, and pore-scale mass transfer. Cd in municipal solid-waste-
incineration fly ash provides a representative example. Sequential extraction shows that
Cd is concentrated mainly in water-soluble and exchangeable fractions, indicating high
release potential under suitable chemical conditions [49]. Van Herck and Vandecasteele [44]
further related sequential-extraction results to leaching behavior at different endpoint pH
values. Their analysis showed that speciation and mineralogical information can identify
the chemical conditions required for metal release. For weakly bound metals, DES design
can therefore prioritize interfacial exchange, solvation, and stabilization of released species
while maintaining selectivity over matrix components.

2.2. Phase and Structure-Controlled Release

When target metals occur as discrete oxides, sulfides, phosphates, or composite min-
eral phases, their release is jointly governed by phase stability, solubility, initial oxidation
state, and dissolved-species stability [23]. In spent Co-Mo hydrodesulfurization catalysts,
Mo can be distributed across both oxide- and sulfide-containing phases [50]. Relative to
acid treatment alone, adding an oxidizing agent markedly enhances Mo dissolution [50].
This response suggests that sulfides and elemental sulfur act as important redox-sensitive
release barriers. When discrete-phase stability dominates metal release, DES design can
target phase transformation, valence-state regulation, and stabilization of dissolved species.
Such systems require functional matching, in which protonation, redox, and coordination
functions are selected according to the chemical characteristics of the target phase. This
strategy replaces the indiscriminate strengthening of a single solvent property with targeted
control of the relevant release barrier.

Metals incorporated into host lattices, layered structures, or aluminosilicate frame-
works experience stronger structural constraints. Their release often requires changes in the
local coordination environment, weakening of metal-oxygen bonds, and, in some systems,
partial restructuring of the host framework [51]. Layered NCM materials provide a repre-
sentative example. During two-stage leaching, formic acid preferentially releases Li, while
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Ni, Co, and Mn remain largely within the transition-metal framework [52]. This selective
behavior reflects the greater accessibility of Li and the stronger local bonding constraints
within the transition-metal sublattice. For lattice or framework-bound metals, DES design
requires coordinated control of proton activation, M-O bond weakening, dissolved-species
stabilization, and mass-transfer enhancement. Integrating these functions can preserve
differentiated responses between target metals and structural matrix elements.

2.3. Redox-Controlled Release of Metallic and Alloy Phases

Metallic and alloy phases follow a distinct release pathway in which dissolution
is initiated by valence-state conversion. Zero-valent Pt, Pd, Rh, and Au generally re-
quire oxidation before ligands such as halides can stabilize them as ionic or complexed
species [53–55]. In spent automotive catalysts, sintering, support transformation, and
surface deposits can further influence the accessibility and oxidation behavior of metal
particles [56]. In spent Pd/Al2O3 catalysts, the combined presence of Fe3+ and sufficient
Cl− markedly enhances Pd dissolution [57]. This response identifies metallic-Pd oxidation
followed by ligand stabilization in the liquid phase as a key release pathway. DES design
for metallic or alloy-bound elements can therefore couple redox activation with complex
stabilization to sustain metal transfer from the solid phase into solution.

Overall, metal occurrence states determine the dominant release barriers encountered
during leaching, and these barriers provide a direct basis for prioritizing DES functions [58].
Weakly bound metals are governed mainly by desorption and exchange, whereas discrete
mineral phases respond more strongly to phase stability and valence-state transforma-
tion. Lattice or framework-bound metals are controlled by local bonding and structural
constraints. Metallic or alloy-bound elements generally require valence-state conversion
followed by complex stabilization. Table 2 translates the occurrence-state framework into
a practical decision matrix by linking dominant release barriers with the DES functions
that should be prioritized, the characterization methods that can support barrier identifi-
cation, and the major limitations that may arise during leaching. The matrix is intended
as a decision-support framework rather than a one-to-one classification, because multi-
ple release barriers and mechanisms may coexist in complex waste matrices and their
relative contributions depend on the specific barrier controlling metal release. Within
this framework, DES design can move beyond acidity maximization toward targeted
matching of solvent functions to the specific solid-state environment. These functions
include proton activation, redox capacity, coordination strength, solvation behavior, and
mass-transfer properties [30]. This barrier-oriented strategy promotes target-metal release
while supporting selectivity, dissolved-species stabilization, and reduced downstream
separation requirements.
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Table 2. Practical decision matrix linking metal occurrence states with release barriers, required DES functions, diagnostic characterization, and key limitations.

Occurrence State
Category Solid Waste Type Metal Main Release Barrier Required DES Function Diagnostic

Characterization Key Limitation References

Weakly bound state MSWI fly ash Cd Interfacial desorption and
ion exchange

Solvation, interfacial
exchange

Sequential extraction,
pH-dependent

leaching

Co-extraction of
weakly bound

species
[44,49]

Discrete-phase-bound
state

Spent Co-Mo
hydrodesulfurization

catalyst
Mo Mo–S bond cleavage and

oxidation of sulfide phases

Protonation, redox
regulation,

coordination
XRD, XPS Impurity co-leaching [50]

Discrete-phase- and
support-

associated state

Spent
Ni-Mo/γ-Al2O3

catalyst

Mo
Disruption of MoS2/NiMoS

structures and metal–support
interactions

Protonation, redox
regulation,

coordination

XRD, XPS,
SEM–EDS

High reagent
demand and support

co-dissolution
[59,60]

Ni
Disruption of Ni–Mo–S

structures and Ni–S bonding;
metal–support interactions

Protonation, redox
regulation,

coordination

XRD, XPS,
SEM–EDS

Incomplete release and
support

co-dissolution
[59,61]

Lattice-or
matrix-bound state

Layered NCM
cathode material Li

Li–O bonding and structural
constraints on interlayer

deintercalation

Proton activation,
solvation XRD, XPS

Limited release under
insufficient

proton activation
[52,62,63]

Layered NCM
cathode material

Ni
Ni–O bond weakening and

local MO6 framework
disruption

Protonation, redox
regulation,

coordination

XRD, XPS,
XANES/EXAFS

Slow lattice
disruption [22,63]

Co
Co–O bond cleavage and

lattice disruption, coupled
with valence-state regulation

Protonation, reduction,
coordination

XRD, XPS,
XANES/EXAFS

Reductant demand and
co-leaching [21,22]

Mn
Mn–O bond cleavage, valence

constraints, and lattice
disruption

Protonation, redox
regulation,

coordination

XRD, XPS,
XANES/EXAFS

Redox dependence and
co-leaching [22,63]

Lattice-/
framework-bound and

mineral-
associated state

Coal gangue
REYs

(including Y,
La, and Ce)

Aluminosilicate-framework
disruption and dissolution of
REE-bearing mineral phases

Proton activation,
coordination,

solvation

XRD, SEM–EDS,
sequential extraction

Matrix dissolution and
high reagent demand [64,65]

Metallic or alloy state Spent Pd/Al2O3
catalyst Pd Oxidation of Pd0 and limited

accessibility of reactive sites
Oxidative activation and

complexation

XPS, XANES/
electrochemical

analysis

Oxidant consumption
and mass-

transfer limitation
[56,57]
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3. Mechanisms Governing DES-Assisted Targeted Metal Leaching
DESs have been applied to spent lithium-ion batteries, industrial spent catalysts,

rare-earth permanent magnets, metallurgical residues, and mining wastes [23]. However,
their leaching performance varies widely across feedstocks and DES formulations. Table 3
summarizes representative DES systems and their performance in recovering metals from
different solid wastes. In this review, leaching efficiency refers to the fraction of a metal
transferred from the initial solid feed into the leaching phase, selectivity describes the
preferential leaching or separation of the target metal relative to coexisting species, and
overall recovery refers to the fraction of the initial target metal ultimately recovered as
an isolated product. The compiled data show that REE leaching efficiencies from some
mine tailings remain below 25% [66]. By contrast, transition-metal leaching efficiencies
in certain battery and catalyst systems approach 100% [24,25]. These differences cannot
be attributed solely to solvent acidity or operating severity. Metal transfer from the solid
to the liquid phase is instead governed by three coupled functions. Protonation initiates
interfacial dissolution, redox regulation changes metal valence states, and coordination
stabilizes released species or selectively removes them from solution. The contribution of
each function depends on the metal occurrence states and initial release barriers discussed
in Section 2 [67].

Mechanistic interpretations are distinguished by evidence level. Directly supported
mechanisms are based on spectroscopic, structural, or electrochemical evidence, with
computational results providing complementary mechanistic support. Interpretations
derived mainly from leaching trends are treated as inferred, and cross-study comparisons
are used to identify trends rather than establish direct causality.
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Table 3. Representative applications of DESs for metal leaching from different solid wastes: operating conditions and leaching performance.

Solid Waste
Category Solid Waste Type Target Metal(s) DES

Composition

Component
Ratio

(Water Content)
Temperature Time Liquid-to-Solid

Ratio
Leaching
Efficiency Reference

Spent
lithium-ion

batteries

Commercial/model
LiCoO2 powder Li, Co ChCl-EG 1:2 220 ◦C 24 h 50 g·g−1 Li 89.8%; Co 94.1% [22]

Simulated
LiCoO2-Al-Cu cathode

mixture
Li, Co (Cu, Al) ChCl-CA + H2O 2:1

35 wt.% H2O 40 ◦C 60 min 50 mL·g−1 Co 98%; Li 93%;
Cu 94%; Al 38% [21]

Spent LIB
cathode material Li (Co, Ni, Mn) ChCl-U-EG 1:2:1 100 ◦C 72 h 9.69 mL·g−1 Li 92.83%; Co 1.61%;

Ni 0.72%; Mn 0.42% [62]

Spent LCO
cathode material Li, Co, Ni, Mn GuHCl-LA + AA 1:2

1 wt.% ascorbic acid 50 ◦C 24 h 50 mL·g−1 LCO: Li 97.42%;
Co 96.91% [68]

Spent NCM cathode
material Li, Ni, Co, Mn TEAC-L-AA 1:1 80 ◦C 3 min 40 mL·g−1 Li 99.1%; Ni 99.6%;

Co 99.4%; Mn 99.3% [24]

Spent LNCM111
cathode powder Li, Ni, Co, Mn VC-DMSP

chloride- H2O 1:2 50 ◦C 14 min 40 mL·g−1 Li 99.92%; Co 99.84%;
Mn 99.27%; Ni 99.67% [69]

Spent NCM cathode
material Li, Mn (Co, Ni) EG-EtOH-CA 6:6:1 150 ◦C 16 h 125 mL·g−1 Li 94.4%; Mn 52.6%;

Co, Ni < 15% [70]

Spent NCM622 cathode
material Li, Ni, Co, Mn TEAC-PA 1:4 90 ◦C 60 min 50 g·g−1 Li 99.66%; Ni 99.13%;

Co 99.08%; Mn 99.38% [41]

Spent NCM cathode
active material Li, Ni, Co, Mn ChCl-PPA 1:2 100 ◦C 80 min 90 mL·g−1 Li 97.7%; Co 97.0%; Ni

96.4%; Mn 93.0% [71]

Spent LiCoO2 cathode
active material Li, Co ChCl-OA- H2O 1:1:1 100 ◦C 2 h 66.7 mL·g−1 Li 99.99%; Co 99.99% [72]

LiCoO2 cathode
material Li, Co hydrated

ChCl-CA
1:1

25.7 wt.% H2O 120 ◦C 4 h 50 mL·g−1 Li 100%; Co 97.6% [73]
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Table 3. Cont.

Solid Waste
Category Solid Waste Type Target Metal(s) DES

Composition

Component
Ratio

(Water Content)
Temperature Time Liquid-to-Solid

Ratio
Leaching
Efficiency Reference

Spent industrial
catalysts

Spent heavy-oil
hydrotreating catalyst V, Mo (Ni) ChCl-OA

+ H2O
1:2

H2O/DES = 0.3 v/v 80 ◦C 3 h 20 mL·g−1 V 97.8%; Mo 95.1%;
Ni 1.8% [74]

Spent Ni-Mo
hydrodesulfurization

catalyst
Mo, Ni, Al, P ChCl-PTSA 1:1 120 ◦C 8 h 200 mL·g−1 Mo 98%; Ni 100%;

Al 98%; P 100% [25]

Spent
hydrodesulfurization

catalyst
Ni, Mo, V (Al) BeCl-PTSA

+ H2O
1:2

45 wt.% H2O 90 ◦C 180
min 100 mL·g−1 Ni 90.03%; Mo 98.60%;

V 94.98%; Al 9.82% [75]

Steam methane
reforming catalyst and

pyrolysis-gasoline
hydrogenation catalyst

Ni ChCl-PTSA-EG 1:2:1 100 ◦C 48 h 50 mL·g−1 Ni > 90% [76]

Rare-earth
permanent

magnet waste

Spent NdFeB
permanent magnet Nd (Fe) GuHCl-LA 1:2 70 ◦C 5 h 100 g·g−1 Nd > 96%; Fe 96.7% [77]

Spent NdFeB
permanent magnet Nd (Fe) EG-MaleA 4:1 70 ◦C 5 h 100 g·g−1 Nd 97.3%; Fe 0.84% [77]

Non-ferrous
metallurgical

waste

Copper converter slag Cu, Zn (Fe) ChCl-U 1:2 95 ◦C 48 h 20 mL·g−1 Cu 89.9%; Zn 65.3%;
Fe ≤ 4.7% [78]

Zinc oxide dust Zn ChCl-U-EG 2:4:1 80 ◦C 48 h 20 mL·g−1 Zn 85.2% [79]

Zinc oxide dust Zn ChCl-U + NTA 1:2
NTA 0.07 mol L−1 79.0 ◦C 35.4 h 12.1 mL·g−1 Zn 87.9% [80]

Zinc-industry goethite
residue Zn (Fe) LevA-

ChCl + H2O
2:1

30 wt.% H2O 30 ◦C 24 h 10 mL·g−1 Zn 37%; Zn/Fe = 4.3 [81]

Zinc-industry goethite
residue Zn (Fe) LevA-

ChCl + H2O
2:1

30 wt.% H2O 60 ◦C 24 h 10 mL·g−1 Zn 65%; Zn/Fe = 0.8 [81]
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Table 3. Cont.

Solid Waste
Category Solid Waste Type Target Metal(s) DES

Composition

Component
Ratio

(Water Content)
Temperature Time Liquid-to-Solid

Ratio
Leaching
Efficiency Reference

Coal-derived
and mining

wastes

Fe-rich mine tailings TREE (Fe) ChCl-PTSA 2:1 80 ◦C 96 h NR TREE 95%; Fe 95% [82]

Lovozero mine tailings REEs, Zr, Nb,
Hf, Ta

ChCl-
CA + H2O

1:1
30 wt.% H2O 25 ◦C 14 d 10 g·g−1

REEs: 10.2–24.4%;
Zr 8.2%; Nb 12.4%;
Hf 8.3%; Ta 6.0%

[66]

Coal-series kaolin REEs
(Al, Fe, Si)

BeCl-DL-MA +
H2O

1:3
30 wt.% H2O 100 ◦C 180

min 30 g·g−1
REEs: 80.28–84.94%;

Al 87.09%; Fe 75.59%;
Si 10.47%

[64]

AA, ascorbic acid; BeCl, betaine hydrochloride; CA, citric acid; ChCl, choline chloride; DL-MA, DL-malic acid; DMSP, dimethyl-β-propiothetin chloride; EG,
ethylene glycol; EtOH, ethanol; GuHCl, guanidine hydrochloride; LA, lactic acid; L-AA, L-ascorbic acid; LCO, lithium cobalt oxide; LevA, levulinic acid; LIB,
lithium-ion battery; LNCM111, LiNi1/3Co1/3Mn1/3O2; MaleA, maleic acid; NCM, nickel–cobalt–manganese; NTA, nitrilotriacetic acid; OA, oxalic acid; PA, pyruvic
acid; PPA, phenylphosphinic acid; PTSA, p-toluenesulfonic acid; REEs, rare-earth elements; TEAC, tetraethylammonium chloride; TREE, total rare-earth elements;
U, urea; VC, vitamin C (ascorbic acid). NR, not reported.
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3.1. Acid Dissolution and Protonation

Acid dissolution and protonation provide the initial driving force for metal release by
activating solid surfaces and weakening metal-oxygen or metal-framework bonds [20]. In
the ChCl-U-EG system, Li is released much more readily than Co, Ni, and Mn. This contrast
is consistent with different initial release barriers for interlayer Li and transition metals
embedded within the metal–oxygen framework [62]. The extent to which protonation
promotes leaching therefore depends strongly on the specific barrier associated with the
target metal.

Depending on the proton source, acidity in DES systems may be intrinsic or externally
introduced. Intrinsic acidity arises from dissociable protons supplied by DES components,
typically those containing carboxylic, sulfonic, or phosphoric acid groups [83–86]. External
acidity is introduced through added inorganic or organic acids and provides a more direct
increase in proton availability [87]. However, it may also intensify the co-leaching of
support and impurity elements [87]. In intrinsically acidic DESs, leaching is governed
mainly by the acidic structure of the components and their intermolecular interactions.
Increasing the proportion of the acidic component in a ChCl-PTSA system enhanced Mo,
Ni, and Al leaching from spent hydrodesulfurization catalysts [25]. Likewise, replacing the
weakly acidic EG in ChCl-EG with a more acidic carboxylic-acid hydrogen-bond donor
markedly promoted Co dissolution from LiCoO2 [21]. These observations suggest that
acidic functional groups facilitate metal release by enhancing protonation and weakening
M-O bonds.

When the protons supplied by DES components are insufficient to disrupt stable
mineral phases or crystal lattices, additional acid may be required in weakly acidic DES
systems. In weakly acidic DESs, external acids may determine whether a metal can be
effectively released rather than simply increasing its leaching efficiency. For example,
adding 0.8 M HCl to ChCl-EG increased Co leaching from LiCoO2 from approximately 5%
to nearly 100% [87]. Comparable enhancement has been reported for HCl-assisted DES
systems, strong acid-driven dissolution has also been observed in a conventional aqueous
H2SO4 system [87,88]. Greater acidity may, however, also promote dissolution of Al2O3

supports and other impurities, thereby reducing selectivity [88]. Organic acids behave
differently because their conjugate bases can regulate metal speciation or form sparingly
soluble salts [89]. In a ChCl-oxalic acid-H2O system for spent heavy-oil hydrotreating
catalysts, V and Mo were preferentially leached [74]. Meanwhile, Ni remained in the solid
phase as nickel oxalate, and the Al2O3 support remained largely stable [74]. Compared
with the broad dissolution induced by strong inorganic acids, organic-acid-based DESs
can more effectively couple protonation with coordination and selective precipitation. This
coupling provides greater control over reaction pathways and metal-species distribution.

Acidity should therefore not be optimized as an isolated concentration parameter
but considered within the broader functional combination of the DES [90,91]. For weakly
bound or interlayer metals, intrinsic acidity may be sufficient to promote release while
limiting matrix dissolution. Stable lattices and mineral phases often require external acid
addition. In such cases, bond-cleavage ability must be balanced against metal-species regu-
lation and impurity co-leaching. Limited improvement with increasing proton availability
may indicate constraints imposed by lattice stability, dissolved-species coordination, or
interfacial mass transfer [90,91]. DES acidity should therefore be evaluated together with
water content, viscosity, and metal-ligand interactions.

3.2. Redox Regulation

When metal release requires a change in oxidation state, protonation alone is often
insufficient for efficient leaching [92,93]. High-valent transition-metal oxides generally re-
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quire reduction to facilitate M-O bond cleavage [92]. By contrast, zero-valent metals, alloys,
and some sulfides must be oxidized before entering the liquid phase [93]. Redox regulation
can therefore be classified as reductive dissolution or oxidative activation according to the
electron-transfer direction required by the target phase.

Reduction is often critical for overcoming lattice stability and promoting the release of
high-valent transition metals. This requirement is particularly evident in layered battery
cathodes. Acidity alone tends to release Li, whereas Co, Ni, and Mn remain constrained by
strong M-O bonds and high oxidation states. In a ChCl-U-EG system without appreciable
reducing ability, Li was preferentially leached, while Co, Ni, and Mn leaching efficiencies
remained below 2% [62]. Introducing L-ascorbic acid increased the leaching efficiencies
of all three transition metals to above 99% [24,69] (Figure 1). Although the feedstocks and
operating conditions were not completely identical, the overall trend is consistent with
an important role of reducing components in promoting transition-metal release. These
findings support an important role of reductive electron transfer in promoting transition-
metal release. Electron donation lowers metal oxidation states, weakens M–O bonds, and
enables otherwise inaccessible high-valent metals to enter the liquid phase. Zero-valent
metals, alloys, and some sulfides instead require oxidative activation before effective disso-
lution. Oxidizing agents or redox-active species can promote metal oxidation and facilitate
subsequent complexation and transfer into the liquid phase [55,94,95]. This effect is also
reflected in I2 assisted DES systems, where Au leaching can exceed 60% [53]. Following
oxidation, Cl−, Br−, or I− stabilizes the resulting metal species as halide complexes [96].
This stabilization promotes continued transfer into the liquid phase and suppresses redepo-
sition. Nevertheless, stronger oxidative conditions cannot universally overcome structural
limitations within the solid phase. Under comparable oxidative DES conditions, chal-
copyrite conversion can exceed 95%, whereas structurally more stable pyrite shows only
approximately 5% conversion [53]. Redox regulation therefore promotes metal release by
converting stable occurrence forms into oxidation states that can be more readily dissolved
and stabilized through coordination. The required electron-transfer direction depends on
the initial oxidation state and occurrence form of the metal. Practical applications must also
consider impurity co-leaching, reagent consumption, and DES cycling stability to avoid
transferring environmental burdens downstream [31,97,98].

Figure 1. Coupled protonation, redox regulation, and coordination mechanisms during the DES-
assisted leaching of lattice-bound transition metals from NCM111 cathode materials. Adapted from
Ref. [69] with permission from the Royal Society of Chemistry, Copyright 2025.
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3.3. Complexation and Coordination Stabilization

Metal release from the solid phase does not by itself complete the leaching process.
Effective recovery requires dissolved metal species to remain stable in the liquid phase.
Water addition and subsequent processing may induce hydrolysis, reprecipitation, or
surface readsorption, returning dissolved metals to the solid phase [68]. This limitation is
illustrated by lactic-acid-based rare-earth systems, in which dissolution depends strongly
on the initial REE phase and on the stability and solubility of REE–lactate complexes; under
the tested conditions, the DES showed no clear advantage over aqueous lactic acid [99].
Based on the final fate of coordinated metal species, coordination effects can be divided into
three modes [100]. Soluble complexes stabilize target metals, charged complexes undergo
ion association and interphase transfer, and sparingly soluble species retain selected metals
in the solid phase.

Soluble-complex formation is the most common stabilization pathway, although ligand
preferences differ among metals. Co2+ generally occurs predominantly as [CoCl4]2− in
ChCl-based DESs [101]. By contrast, Ni2+ can shift between chloride-coordinated and
mixed Cl−/HBD-coordinated structures depending on the properties of the HBD [101].
Mo and V are more readily stabilized as oxygen-containing or oxychloride species [75,102].
Nd3+, Y3+, and other rare-earth ions generally exhibit stronger affinities for carboxylate and
phosphorus-containing O-donor ligands [103–105]. Appropriate metal-ligand interactions
can substantially broaden the range of metals maintained in solution. They can also raise
target-metal leaching efficiencies from low levels to above 90% [75,105]. These findings
support an important role of coordination stabilization in sustaining metal transfer into the
liquid phase.

For metals capable of forming charged complexes, coordination can couple with ion
exchange or association to control interphase distribution. After oxidation and release, Pd
can form [PdCl4]2− in chloride-rich media. In quaternary-ammonium-based hydrophobic
DESs, this anionic complex can replace Cl− and form ion pairs with quaternary ammonium
cations. This interaction enables selective transfer of Pd into the DES phase. Under
optimized conditions, the single-stage Pd extraction efficiency exceeds 99% [106]. The
phase distribution of precious metals is therefore governed jointly by halide-complex
formation and ionic association with charged DES components.

Coordination can also generate selectivity by forming sparingly soluble species that
suppress metal transfer into the liquid phase [107]. Carboxylate ligands are particularly
effective in altering the dissolution states of different metals. Citrate forms soluble Co-O
complexes with Co2+, whereas oxalate precipitates Ni2+ as insoluble NiC2O4·2H2O [74,107].
This difference has been exploited for the selective leaching of spent catalysts. In a ChCl-
oxalic acid-H2O system, V and Mo leaching efficiencies reached 97.8% and 95.1%, re-
spectively, whereas Ni leaching was only 1.8% [74]. Coordination can therefore promote
metal transfer through soluble-complex formation or suppress co-leaching through selec-
tive precipitation.

The significance of coordination is thus not limited to increasing metal solubility.
Rather, coordination controls the ultimate fate of released metals [108]. Table 4 should
therefore be interpreted as a correspondence between ligand type and process function,
rather than simply as a catalog of coordination complexes. In practical DES systems, coordi-
nation does not occur independently. It is coupled with protonation, redox reactions, water
content, viscosity, and competitive complexation among multiple metals [38]. A ligand that
strongly stabilizes the target metal may also stabilize impurities [109]. Strong complexation
may also complicate downstream product precipitation and solvent regeneration [110].
These mechanisms should not be interpreted as having a one-to-one correspondence with
specific metal occurrence states, because multiple mechanisms may operate simultaneously
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and their relative contributions depend on the dominant release barriers. The relation-
ships among metal occurrence states, release barriers, and the major DES-assisted leaching
mechanisms are summarized in Figure 2.

Figure 2. Metal occurrence states, release barriers, and coupled mechanisms of DES-assisted leaching.

Table 4. Representative metal–ligand coordination modes in DESs and their effects on metal leaching,
speciation, and separation.

Metal
Species

Major Ligand/
Coordinating Group

Representative DES
System

Major Coordination/
Speciation Behavior

Effect on Leaching,
Speciation,

or Separation
References

Co2+
Halide ligands ChCl–EG Formation of [CoCl4]2− Stabilizes dissolved

Co species [101]

Carboxylate
O–donors ChCl–CA Formation of Co–O

coordination species
Enhances Co

liquid–phase stability [21]

Ni2+

Halide ligands ChCl–EG
Formation of predominantly

chloride–coordinated Ni
species with EG participation

Stabilizes dissolved
Ni species [101]

Carboxylate
O–donors ChCl–OA Formation of NiC2O4·2H2O Suppresses Ni

co–leaching [74]

P–O donor
ligands ChCl–PPA Formation of P=O−

coordinated Ni species
Stabilizes dissolved

Ni species [71]

V(IV) Halide ligands BeCl–PTSA Formation of
chloro/oxychloro V species

Stabilizes dissolved
V species [75]

Mo(VI)

Halide ligands BeCl–PTSA Formation of
chloro/oxychloro Mo species

Stabilizes dissolved
Mo species [75]

Carboxylate
O–donors ChCl–OA Oxalate–associated Mo

coordination
Promotes Mo
dissolution [74]

Pd2+ Halide ligands [N8881]Cl–
1–hexanol

Association of [PdCl4]2−

with [N8881]+ Enhances Pd extraction [106]

REE3+

Carboxylate
O–donors ChCl–MA Formation of RE–O

coordination species
Enhances selective

REE leaching [111]

P–O donor
ligands

BTMPPA–
phenol

Formation of RE–O–P
coordination species

Enhances REE
extraction selectivity [104]

BeCl, betaine hydrochloride; BTMPPA, bis(2,4,4-trimethylpentyl)phosphinic acid; CA, citric acid;
ChCl, choline chloride; DES, deep eutectic solvent; EG, ethylene glycol; MA, malonic acid; OA, oxalic
acid; PPA, phenylphosphinic acid; PTSA, p-toluenesulfonic acid; REE, rare-earth element; [N8881]Cl,
trioctylmethylammonium chloride.
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4. Multiscale Modeling for Mechanistic Interpretation and DES Design
4.1. DFT for Elucidating Local DES Interactions and Metal-Release Mechanisms

DES leaching experiments directly provide macroscopic information on leaching effi-
ciency, selectivity, and kinetics [16,17]. However, these observations often cannot explain
the local origins of performance differences [33]. The constituent species of DESs, including
hydrogen-bond acceptors (HBAs), hydrogen-bond donors (HBDs), and, where present,
ionic components, do not act independently. Instead, they form specific local structures
through hydrogen bonding, electrostatic interactions, ionic association, and charge trans-
fer [112,113]. These structures further influence proton activation, solid-state bond cleavage,
and metal coordination. Because these processes occur at molecular and interfacial scales,
they are difficult to distinguish using conventional leaching experiments. DFT translates
such local interactions into comparable structural and energetic information through con-
formational optimization and electronic-structure analysis [32,33,41]. Relevant descriptors
include bond lengths, charge distributions, binding energies, and reaction energies. These
results provide a molecular-scale basis for linking DES composition and local structure to
leaching behavior.

A key question is how the local structure of a DES interacts with solid-state bonds and
ultimately controls metal release. Metals in solid wastes may occur as lattice-embedded,
oxide-bound, support-bound, or framework-bound species, each associated with different
bond strengths and release barriers [59,114–117]. DFT can optimize the adsorption configu-
rations of DES components on solid surfaces and calculate adsorption energies, bond-length
changes, charge transfer, and reaction-energy barriers. These calculations help identify the
interfacial interactions and bond-breaking steps that control metal release [32,33]. Hydro-
gen bonding and ionic interactions among DES components can alter proton activity, ligand
electron-donating ability, and interactions with solid surfaces [74,118]. These changes, in
turn, affect the stability of key M-O or metal-framework bonds. In a ChCl-oxalic acid
system, hydrogen bonding between Cl− and oxalic acid elongates the O-H bond from 0.982
to 1.074 Å. Meanwhile, the C-O bond shortens from 1.347 to 1.304 Å, indicating substantial
electronic reorganization around the carboxylic group [74]. Such changes can propagate
to the solid–liquid interface. In a ChCl-urea/CuO system, urea adsorption followed by
proton transfer alters the electronic environment around Cu and its binding strength to
the oxide surface [119]. By contrast, Al substitution in NCM materials forms stable Al-O
bonds that enhance lattice-oxygen stability and modify dissolution behavior in DESs [120].
DFT can therefore relate macroscopic differences in leachability to local electronic-structure
changes and the weakening or stabilization of specific chemical bonds.

As research shifts from single-metal systems to realistic multimetal wastes, explaining
differences in metal leaching and separation within the same DES becomes increasingly
important. Selectivity depends not only on differences in solid-phase release barriers but
also on competitive coordination with Cl−, carboxylates, and other functional sites [36,121].
DFT can compare the binding energies, preferred coordination structures, and competitive
complexation strengths of different metal-ligand combinations [122]. These comparisons
reveal the relative affinities of metals for specific functional sites and clarify the molecular
origins of selectivity. For example, Co, Mn, Li, and Ni exhibit distinct preferred coordination
modes in a ChCl-acetic acid system [123]. These differences can subsequently be exploited
for stepwise separation. In a ChCl-oxalate-H2O system, computational analyses revealed
competitive coordination among Li+, Co2+, oxalate, Cl−, and H2O (Figure 3a–c) [72].
Experimentally, selective Li leaching was more than one order of magnitude higher than
that of Co, Ni, and Mn [72]. These findings show that DFT can evaluate whether a metal is
readily stabilized by a specific ligand. It can also relate macroscopic selectivity to differences
in metal-ligand interaction strength and dominant solution species.
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Overall, DFT translates local structural reorganization, interfacial bond cleavage, and
competitive coordination into interpretable structural and energetic information [124].
These processes are otherwise difficult to observe directly during DES leaching. This ap-
proach establishes mechanistic links among DES composition, molecular-scale interactions,
and macroscopic leaching behavior. However, DFT results remain sensitive to initial con-
figurations, reaction pathways, exchange-correlation functionals, and solvent models [125].
Conventional cluster-based DFT also cannot fully capture the dynamic hydrogen-bond
networks, hydration effects, and multicomponent competition present in realistic DES
systems [126].

Figure 3. Representative computational approaches for multiscale analysis and screening of DES-
based metal recovery systems. (a) Calculated interaction energies of Li+ and Co2+ with oxalate
and Cl−. (b) Radial distribution functions (RDFs) describing the coordination of Co2+ with Cl−,
oxalate, and H2O at 100 ◦C. (c) RDFs describing the coordination of Li+ with oxalate and Cl at 25
and 100 ◦C. Reproduced from Ref. [72] with permission from Elsevier. (d) SHAP dependence plot
showing the effect of the liquid-to-solid ratio on predicted metal solubility. (e) SHAP dependence plot
showing the effect of temperature on predicted metal solubility. (f) SHAP waterfall plot illustrating
the contributions of individual features to the predicted solubility for a representative DES system.
Reproduced from Ref. [34] with permission from the Royal Society of Chemistry. Copyright 2024 The
Royal Society of Chemistry.

4.2. Predicting Solvation Capacity and Phase-Distribution Behavior with COSMO-RS

DFT can reveal local metal-ligand interactions and key interfacial processes, but local
binding strength alone does not determine whether a metal species is thermodynami-
cally stabilized in the overall DES environment or preferentially distributed into a target
phase [127,128]. For selective recovery, the unresolved questions are therefore whether
a given DES can stabilize the target metal more strongly than alternative solvents, and
whether this difference is sufficient to generate selective phase partitioning relative to com-
peting metals [129]. COSMO-RS addresses these questions by using quantum-chemically
derived surface screening-charge densities to calculate σ-profiles, σ-potentials, chemical
potentials, activity coefficients, and phase-equilibrium properties [35]. It therefore extends
local structural information from DFT to bulk solvation and phase-distribution thermody-
namics [130].

The large compositional space of DESs makes solvation screening particularly impor-
tant. Changes in HBA/HBD composition alter polarity, hydrogen-bonding characteristics,
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and surface charge distributions, so the same metal species may exhibit markedly different
thermodynamic affinities across candidate DESs [131,132]. COSMO-RS can quantify these
differences and rank solvents before experimental testing [130]. For example, Amusa
et al. [133] screened 675 candidate DESs for LiCoO2-related recovery and reduced the initial
solvent space to only a small number of high-potential systems. In another study, σ-surface
and σ-potential analyses were used to compare the interaction of TOPO-based hydrophobic
DESs with Ce(III), and the systems predicted to be more favorable also showed superior
extraction experimentally [134]. These results demonstrate that COSMO-RS can convert
DES compositional differences into directly comparable solvation affinities, substantially
narrowing the experimental search space.

High solvation affinity, however, does not necessarily translate into selective sepa-
ration. In multimetal systems, effective recovery requires a sufficiently large difference
in the thermodynamic preference of the target and competing metals for the coexisting
phases [127,129]. If both species are similarly stabilized in the DES phase, high extraction of
the target may still be accompanied by substantial co-extraction. COSMO-RS can evaluate
this difference through chemical potentials, activity coefficients, and liquid–liquid equi-
librium calculations, thereby predicting whether metal complexes preferentially partition
into the DES or aqueous phase [35,128]. This is particularly relevant for hydrophobic DESs,
where separation depends on the free-energy difference associated with transferring a
metal complex between the two phases [130,132]. Studies of Ce(III) extraction have shown
that COSMO-RS-selected hydrophobic DESs can achieve extraction efficiencies above 90%
under experimentally favorable conditions [134]. The key value of COSMO-RS is there-
fore not simply to identify a solvent with strong metal affinity, but to determine whether
differences in solvation are large enough to support selective phase transfer.

This thermodynamic description still does not fully predict practical recovery perfor-
mance. DES viscosity, water content, and non-ideal solution behavior can alter mass transfer,
coordination environments, and phase separation, while ion-pair representation, conforma-
tional selection, and parameterization directly affect COSMO-RS accuracy [73,126,135–137].
Experimental calibration is therefore required for complex real leachates [125]. More im-
portantly, COSMO-RS predicts thermodynamic preference rather than solid-state bond
cleavage, interfacial reaction kinetics, or actual leaching rates [129]. Its greatest strength lies
in ranking candidate DESs and predicting solvation and phase-partitioning trends within
a predefined chemical space. Once DES composition, operating conditions, and multiple
interacting variables must be optimized simultaneously, this predefined thermodynamic
screening becomes insufficient, motivating the use of machine-learning approaches for
higher-dimensional prediction and optimization [138,139].

4.3. Predicting Leaching Performance Under Multifactor Coupling and Designing Candidate
Systems Using Machine Learning

Practical DES-based leaching is jointly governed by solid-waste characteristics, DES
structure, and operating conditions [140]. Metal speciation and host phases determine the
initial difficulty of release, whereas DES acidity, redox properties, and coordination capacity
influence dissolution and stabilization. Water content, viscosity, temperature, liquid-to-
solid ratio, and reaction time further regulate mass transfer and reaction kinetics [129].
These variables often interact nonlinearly and are strongly coupled [141,142]. Consequently,
single-factor experiments cannot answer a more practical question: which combinations
provide higher leaching efficiency and selectivity when material properties, solvent com-
position, and operating conditions vary simultaneously? Machine learning can integrate
solid-waste composition, DES structure and physicochemical properties, DFT/COSMO-RS
descriptors, and operating conditions within a unified feature space [140]. Models can then
learn their relationships with leaching efficiency, selectivity, and impurity co-leaching. This
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approach moves DES optimization beyond single-variable adjustment toward multivariable
performance prediction.

Machine learning can also prioritize promising systems that have not been exten-
sively validated experimentally, reducing reliance on exhaustive trial and error. Zhou
et al. [34] developed an extreme gradient boosting (XGBoost) model using existing DES-
leaching data to predict metal-leaching performance. They further combined the model
with a conditional generative adversarial network and identified a ChCl-glycolic acid
system with high predicted leaching potential. The selected system was subsequently vali-
dated experimentally [34]. Nurfajrin et al. [141] integrated quantum-chemical calculations,
COSMO-RS, and machine learning to screen 218 candidate combinations. They identified a
2,2′-bipyridine-phenol DES that achieved extraction efficiencies of 99% for Ni and 97% for
Co from simulated waste-battery leachate. Although this study focused on liquid–liquid
extraction, it illustrates the broader value of combining theoretical descriptors with ma-
chine learning. This strategy can reduce a large candidate space to a few high-performing
systems, thereby substantially improving DES-screening efficiency.

The value of machine learning extends beyond identifying high-performing DESs.
More importantly, it can identify the variables most strongly associated with predicted
leaching behavior, thereby shifting screening towards problem-oriented solvent design.
For DES-based leaching, this involves determining which solvent characteristics and op-
erating variables dominate model predictions and whether their effects are nonlinear or
interactive. Feature-importance analysis, SHapley Additive exPlanations (SHAP), and
partial-dependence analysis can estimate individual feature contributions and visual-
ize interactions among DES composition, solvent properties, and operating conditions
(Figure 3d–f). Using an XGBoost–SHAP framework, Zhou et al. [34] identified the liquid-
to-solid ratio and temperature as two of the most influential predictors of metal leaching
performance. Reaction time, together with the acidity, reducing ability, and coordination ca-
pacity of the DES, also contributed substantially to the model predictions. Amusa et al. [140]
used an ensemble neural-network model to describe the leaching of spent LiCoO2 using a
glycine–ascorbic acid–water DES. The model simultaneously predicted Li and Co leaching
behavior. Collectively, these studies show that machine learning can not only predict which
systems are likely to perform better but also help identify the variables associated with
predicted performance differences. Such information can support the targeted design of
DESs for specific solid wastes and target metals.

These predictive and design capabilities, however, depend strongly on the quality
and representativeness of the training data. Literature-derived datasets may suffer from
publication bias because unsuccessful or low-performing leaching results are less frequently
reported. Differences in feedstock composition, pretreatment, operating conditions, and
analytical procedures can also introduce substantial inter-study heterogeneity [143–145].
Consequently, high predictive metrics obtained from internal validation do not necessar-
ily indicate reliable extrapolation to unseen waste compositions or complex industrial
leachates. A DES-leaching database should contain more than final leaching efficiencies.
It should record solid-waste composition and metal occurrence states, DES composition
and physicochemical properties, water content, temperature, reaction time, liquid-to-solid
ratio, and agitation conditions. Target-metal recovery, impurity co-leaching, and cycling
performance should also be documented. DFT-derived descriptors of bonding, adsorp-
tion, reaction energetics, and coordination can strengthen the physical basis of the learned
structure-performance relationships [146]. COSMO-RS-derived activity coefficients, chemi-
cal potentials, solvation properties, and phase-partitioning parameters can provide addi-
tional thermodynamic information [147]. Nevertheless, machine learning cannot reliably
extrapolate beyond the chemical space represented in the training data. Nor can it replace
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mechanistic understanding of solid-state bond cleavage, interfacial mass transfer, or high-
solid-loading effects [31,148]. Its most appropriate role is as a high-dimensional prediction
and design tool that integrates molecular descriptors, material characteristics, process
variables, and experimental validation. Table 5 summarizes representative applications
of DFT, COSMO-RS, and machine learning in DES-assisted metal recovery, highlighting
their respective roles in molecular interaction analysis, solvent screening, phase-behavior
prediction, and performance optimization.

Table 5. Representative multiscale modeling approaches for DES design: key inputs, outputs, and
model validation.

Method Design Task Key Inputs Outputs and
Representative Validation Reference

DFT

DES hydrogen bonding
and proton activation

Molecular and hydrogen-bonding
configurations

Bond-length and
electronic-structure changes;

consistent with observed
hydrogen-bonding and

proton-activation behavior

[74]

Metal/oxide interfacial
interactions

Cu/CuO structures, urea species,
and Cl−

Bonding and
electronic-structure changes;

consistent with dissolution trends
[119]

NCM lattice stability
and Al effects

Al substitution, oxygen vacancies,
and solvent adsorption

Bonding and
electronic-structure changes;

consistent with dissolution trends
[120]

Multimetal
coordination

and separation

Metal ions, Cl−, CH3COO−,
and acetone

Preferred coordination structures
and energy barriers; consistent with

Co/Mn-Li/Ni partitioning
[123]

Water-dependent
competitive
coordination

Li+, Co2+, Cl−, C2O4
2−, H2O,

and temperature

Binding energies and RDFs;
consistent with preferential

Li2C2O4 precipitation
[72]

COSMO-RS

Large-scale DES
screening

Structures of 15 HBAs,
45 HBDs, and LCO

Activity-coefficient and
affinity ranking;

675 combinations reduced to
8 candidates

[133]

HDES screening for Ce
extraction

HDES components and Ce(III)
species

σ-surfaces/profiles/potentials;
selected system

experimentally validated
[134]

ML

Cathode-solubility
prediction and DES

generation

Molecular fingerprints, DES
properties, descriptors, and

conditions

Solubility prediction and
feature importance;

XGBoost R2 = 0.9702
[34]

DES formation and
Ni/Co

selectivity screening

Molecular descriptors and
COSMO-RS SLE data

DES formation and
selectivity classification;

RF/XGBoost scores = 0.72/0.74
[141]

HBA, hydrogen-bond acceptor; HBD, hydrogen-bond donor; HDES, hydrophobic deep eutectic
solvent; LCO, lithium cobalt oxide; NCM, nickel-cobalt-manganese; RDF, radial distribution function;
RF, random forest; SLE, solid–liquid equilibrium; XGBoost, extreme gradient boosting.
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5. Separation and Purification of DES Leachates, Product Recovery, and
Solvent Regeneration

High leaching efficiency alone does not guarantee effective metal recovery, as down-
stream separation and DES regeneration determine product recoverability and solvent
recyclability [23,41]. The integrated pathway from selective separation to product forma-
tion, DES regeneration, and solvent return is illustrated in Figure 4 Table 6 summarizes
representative recovery routes, product quality, solvent reuse/regeneration strategies, and
cycling performance. In this context, reuse denotes repeated use of recovered DES with-
out demonstrated restoration of its original composition, whereas regeneration involves
restoration or adjustment of solvent composition and functionality.

Figure 4. Integrated separation and recovery pathway following DES-assisted metal leaching,
including selective separation, product formation, DES regeneration, and solvent reuse.
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Table 6. Representative product recovery and DES regeneration strategies in DES-based metal recovery systems.

Treatment
Category

Recovery
Method Feed/Leachate DES

System
Target

Metal(s)
Recovery

Rate Product Purity
DES Reuse/

Regeneration
Strategy

Cycling
Performance Reference

Precipitation/
crystallization

Stepwise
precipitation by
water-content

control

Leachate from
spent LiCoO2

cathode
active material

ChCl-OA-
H2O

Li
Co

90.0%
94.6%

Li2C2O4
CoC2O4·2H2O

98.43%
99.89%

Replenishment
of ChCl and OA;

water-content
adjustment

Performance
remained essentially
stable after 3 cycles

[72]

Ethanol-induced
stepwise

precipitation

Leachate from
spent NCM

cathode material
BeCl-CAA

Li
Ni
Co
Mn

86.10%
98.78%
93.15%
91.97%

Li2CO3
NiC2O4·2H2O
CoC2O4·2H2O

Mn(OH)2

NR NR NR [149]

Selective
phosphate

precipitation

Leachate from
model LiCoO2

cathode
ChCl-H3PO4

Li
Co

NR
79%

Li3PO4
(CoHPO4)2·3H2O

97.5%
99.3%

Ethanol
evaporation and

reuse

Li and Co leaching
efficiencies remained
at 94.3% and 80.8%

after 5 cycles

[86]

Closed-loop
oxalate

precipitation

Leachate from
spent LiCoO2

cathode material
MA-EG Co

Li
>96.5%
80.4%

CoC2O4·2H2O
Li2C2O4

NR
Oxalic-acid

replenishment
and reuse

Co leaching
efficiency remained
at 90% after 4 cycles

[150]

Electrochemical
recovery

Sequential
potentiostatic

electrodeposition

NCM111 and
NCM811
leachates

ChCl-EG
Ni
Co
Mn

>95%
Ni
Co
Mn

NCM111:
99.1%,

96.3%, NR;
NMC811:

99.2%,
98.8%, NR

Water removal
by evaporation

and reuse

Performance
remained essentially
stable over 4 cycles

[151]

Sequential
separation and

electrodeposition

Spent NCM811
cathode material ChCl-EG-TA

Li
Co
Ni

99.9%
98.1%
95.6%

Li2CO3
Co(OH)2

NiO

98.4%
97.3%
96%

Water removal
by heating

Ni recovery and
product purity

remained above 90%
after 3 cycles

[152]

Precursor
/material

regeneration

Antisolvent
crystallization
and cathode
regeneration

NCM111
leachate

ChCl-L-(+)-
tartaric acid

Co
Ni
Mn

>96%

Mixed Ni/Co/Mn
tartrate precursor;
regenerated NMC

material

NR NR NR [153,154]
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Table 6. Cont.

Treatment
Category

Recovery
Method Feed/Leachate DES

System
Target

Metal(s)
Recovery

Rate Product Purity
DES Reuse/

Regeneration
Strategy

Cycling
Performance Reference

Integrated
recovery

Integrated
delamination-

filtration-
precipitation

LiCoO2 cathode
sheets with Al

foil

ChCl-malonic
acid-2-

pyrrolidone

Co
Li

93.4%
83.7%

CoC2O4·2H2O
Li2CO3

NR
Water removal
by evaporation

and reuse

Co leaching
efficiency remained
>90% after 4 cycles

[155]

In situ
precipitation
coupled with

solvent recovery

LiCoO2 and
NCM cathode

materials
EG-EtOH-CA Co

Li
NR

100%
CoC2O4·2H2O

Li2CO3
NR

Solvent
evaporation and

reuse

Li leaching efficiency
remained >90% after

5 cycles
[70]

Rotary
evaporation with

component
replenishment

Leachate from
spent NCM622

cathode material
[N2222][Cl]-PA

Ni
Co
Mn
Li

NR
(Ni,Co,Mn)C2O4·2H2O
mixed precursor;

Li2C2O4

NR
Water removal

and PA
replenishment

Li, Ni, Co, and Mn
leaching efficiencies
all remained >95%

after 5 cycles

[41]

BeCl, betaine hydrochloride; CA, citric acid; CAA, chloroacetic acid; ChCl, choline chloride; DES, deep eutectic solvent; EG, ethylene glycol; EtOH, ethanol; MA,
maleic acid; NCM, nickel–cobalt–manganese; OA, oxalic acid; PA, pyruvic acid; TA, tartaric acid; [N2222][Cl], tetraethylammonium chloride; NR, not reported.

https://doi.org/10.3390/separations13100295

https://doi.org/10.3390/separations13100295


Separations 2026, 13, 295 23 of 37

5.1. Leachate Characteristics and Selection of Separation Pathways

When compositionally complex solid wastes are treated with DESs, both target metals
and impurities, including Fe, Cu, and Al, may enter the liquid phase. The resulting
leachate may also contain DES components, water, residual reagents, and fine particles [156].
Variations in water content and residual acidic or redox-active species may further alter
metal coordination and valence-state equilibria [157,158]. Accordingly, separation strategies
for complex DES leachates cannot be designed solely on the basis of metal concentrations.
They must also account for differences in valence state, coordination stability, solubility,
and phase affinity [159]. Metals with pronounced solubility differences or strong tendencies
to form sparingly soluble species can be separated by selective precipitation [160]. Metals
that remain as soluble complexes can be separated by liquid–liquid extraction according to
their phase affinities [30,130,132]. Residual metals present at low concentrations can then
be further enriched through adsorption–desorption.

Selective precipitation separates metals by adjusting their valence states or promoting
the formation of sparingly soluble species [160]. It is particularly suitable for the rapid
separation of relatively concentrated metal components. However, high precipitation
recovery does not necessarily indicate high product quality. Carreira et al. [161] treated a
TOPO-decanoic acid DES system with KMnO4, achieving approximately 98% Mn recovery
but only 81% purity for the resulting Mn3O4. This comparison shows that impurity
coprecipitation can markedly reduce product purity, even when most of the metal has
been removed from the liquid phase. Precipitation should therefore be evaluated using
metal recovery, target-metal loss, and precipitate purity rather than liquid-phase metal
removal alone.

For metals that coexist as soluble complexes, liquid–liquid extraction can translate
differences in coordination behavior into differences in phase partitioning [30,130,132].
Following extraction of an automotive-catalyst DES leachate, Pt, Pd, and Rh transferred
nearly quantitatively to the extract phase, whereas approximately 80% of Al remained in
the original leachate [162]. This result shows that differences in complex phase affinity can
selectively separate precious metals from support-derived elements. When target-metal
concentrations become too low for efficient liquid–liquid extraction, adsorption–desorption
can provide further enrichment based on interfacial affinity. For example, mica recovered
up to approximately 97% of Nd from a salicylic acid-ChCl leachate and remained reusable
after desorption with CaCl2 [163].

Selective precipitation, liquid–liquid extraction, and adsorption–desorption should
not be considered treatment steps with a fixed sequence. Instead, they exploit differences
in solubility, phase affinity, and interfacial adsorption to separate metals across different
concentration ranges and speciation conditions. In practice, these methods should be
selected or combined according to the leachate composition, metal coordination forms, and
target-product requirements. Such combinations enable the stepwise fractionation and
enrichment of co-leached components [23].

Following liquid-phase separation, the enriched metals must be converted into salts,
precursors, or metallic products with defined compositions, purities, and intended uses [31].
Product recovery from DES leachates can follow three main routes, depending on metal
solubility, electrochemical properties, and the desired product form [164]. These routes
comprise precipitation or crystallization of metal salts, electrochemical reduction to metallic
products, and co-recovery of mixed precursors without complete metal separation. Because
DESs differ from aqueous solutions in coordination environment, ionic activity, and mass
transfer, established aqueous operating conditions cannot be transferred directly [126].
Each route must instead be controlled according to product yield, purity, composition, and
application performance.
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5.2. Product Recovery and Quality Control

When target metals form sufficiently insoluble salts, selective precipitation and crys-
tallization can be induced by adjusting the DES composition or water content [165]. In a
ChCl-oxalic acid system, Li first precipitated as Li2C2O4. Water addition to the resulting
Co-rich filtrate then yielded CoC2O4·2H2O, with recovery efficiencies above 90% for both
metals [135]. In a ChCl-H3PO4 system, Li3PO4 and (CoHPO4)2·3H2O were obtained at
product purities of 97.5% and 99.3%, respectively [86]. These findings indicate that func-
tional DES components can support leaching while also supplying the anions required for
product formation. The solvent can therefore contribute directly to the product-recovery
stage. Nevertheless, precipitation recovery does not fully represent overall metal recovery.
Metal losses during filtration, washing, and intermediate liquid transfer must be evaluated
separately from final product purity [166].

For electrochemically reducible metals, electrodeposition can directly produce metallic
products while reducing the demand for additional precipitants [164]. However, depo-
sition behavior is jointly governed by applied potential, coordination environment, and
mass transfer [31]. In a real NMC leachate, adjusting the water content and deposition
potential produced recovery efficiencies above 95% for both Ni and Co [151]. In more
compositionally complex black-mass leachates, Cu and Co retained relatively high deposi-
tion efficiencies, whereas Ni deposition decreased substantially [167]. This contrast shows
that standard electrode potentials alone cannot determine deposition sequences in real
DES systems. Competitive coordination, ionic activity, and mass-transfer limitations also
influence selective deposition and final recovery.

When the final objective is to regenerate multimetal materials, complete separation
of individual metals may be unnecessary. Instead, multiple leachate components can be
co-converted into mixed precursors. In a ChCl-tartaric acid leachate, ethanol antisolvent
crystallization recovered approximately 98.5% of the transition-metal tartrates [153]. Re-
lated work further demonstrated that mixed precursors obtained through this route could
be used to resynthesize NMC materials [154]. This route reduces the need to separate
individual transition metals completely. However, Li partitioning and the coprecipitation
of Al and Cu may alter precursor stoichiometry and consequently affect the performance
of the regenerated material.

Precipitation or crystallization, electrodeposition, and mixed-precursor recovery
should not be regarded as treatment steps with a fixed sequence. Rather, they serve
different product objectives, including metal salts, metallic products, and precursors for
material regeneration [166]. The appropriate pathway should be selected according to
metal speciation, desired product form, and downstream use. Performance should be
evaluated beyond liquid-phase metal removal by considering product recovery, phase
composition, purity, stoichiometry, crystallinity, residual impurities, and final application
performance [168].

5.3. DES Regeneration and Closed-Loop Operation of the Overall Process

Maintaining high leaching efficiency over repeated cycles does not necessarily indicate
that a DES has been restored to its initial state [169]. During cycling, functional-component
depletion, changing water content, impurity accumulation, and chemical or thermal degra-
dation of DES components may progressively alter solvent composition, physicochemical
properties, and reactivity [31,170]. Such degradation may modify hydrogen-bonding in-
teractions, viscosity, acidity, and coordination behavior even before an obvious decline
in leaching efficiency is observed. Evaluating DES cycling therefore requires more than
confirming the retention of leaching performance. It must also determine whether solvent
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composition and key physicochemical properties are restored and quantify the material
and energy inputs required to maintain performance [126,171,172].

Existing studies have emphasized performance retention far more than restoration
of the solvent state. After Ni, Mn, and Co were precipitated from an ethaline leachate
by adding water, the added water was subsequently removed. The recovered DES could
then support at least three additional leaching cycles without an obvious decline in perfor-
mance [173]. However, this result demonstrates only reuse or partial solvent recovery, not
restoration of the HBA/HBD ratio, water content, or residual-metal concentration. When
leaching consumes functional components, removing water alone is even less likely to
restore solvent functionality. In a Cys-LA DES, cysteine consumed through oxidation had
to be replenished after each cycle to maintain high Co recovery over three cycles [174]. This
dependence shows that stable cycling requires restoration of functional components rather
than simple recovery of the mother liquor. Even after solvent recovery or compositional ad-
justment, performance losses may differ among metals. After five cycles in a ChCl-H3PO4

system, Li and Co leaching efficiencies remained at 94.3% and 80.8%, respectively [86].
This contrast indicates that individual metals respond differently to changes in solvent
composition and impurity accumulation [175]. Leaching efficiency during cycling therefore
indicates only whether DES functionality has been temporarily retained. Demonstrating
regeneration also requires monitoring the HBA/HBD ratio, water content, residual-metal
concentration, viscosity, acidity, and redox capacity.

Restoration of solvent composition and performance must also be assessed against the
associated material and energy costs [176]. DES regeneration commonly involves evapora-
tion, heating, replenishment of functional components, and other auxiliary treatments [177].
Repeated thermal treatment may also promote component decomposition or secondary
reactions, thereby changing DES composition and potentially increasing the replenishment
demand [178]. These operations may offset the environmental benefits of solvent recycling.
In an ethaline-based electrochemical recovery system, metal-recovery performance re-
mained relatively stable over four consecutive cycles. Nevertheless, water evaporation and
operation at 85 ◦C accounted for approximately 98.4% of total energy consumption [151].
This result shows that a larger number of reuse cycles does not necessarily reduce envi-
ronmental burdens. Closed-loop DES operation should therefore be evaluated using both
metal and solvent mass balances. Relevant metrics include performance degradation, DES
recovery, component loss and replenishment, impurity accumulation, regeneration energy
demand, and newly generated waste streams. In this review, substantive closed-loop regen-
eration is achieved only when solvent functionality is restored and regeneration reduces
the overall material consumption and environmental burden of the entire recovery process.

6. Sustainability and Engineering Feasibility
The preceding sections examined DES leaching mechanisms, solvent design, metal

separation, product recovery, and solvent regeneration. However, high leaching rates or
stable short-term cycling do not directly demonstrate sustainability or industrial applica-
bility [41,179]. A comprehensive evaluation of DES-based processes must address three
questions. Does the overall process reduce environmental impacts. Can revenue from
metal recovery offset solvent and processing costs. Can laboratory-scale systems remain
stable under scaled-up and continuous operating conditions. Accordingly, this section
evaluates the practical feasibility of DES-based metal recovery from solid waste through
life-cycle assessment, techno-economic analysis, and engineering implementation [41].
Table 7 summarizes the major evaluation dimensions, assessment methods, and key metrics
required to evaluate the sustainability and engineering feasibility of DES-based metal
recovery processes.
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Table 7. Evaluation framework for the sustainability and engineering feasibility of DES-based metal
recovery processes.

Evaluation
Dimension Primary Method Key Metrics and Considerations References

Environmental
sustainability Life-cycle assessment (LCA)

GWP, resource and energy use, toxicity, functional
unit and system boundary, product purity/recovery

level, and uncertainty analysis
[180]

Economic
feasibility

Techno-economic analysis
(TEA), sensitivity analysis,

and break-even analysis

CAPEX, OPEX, unit treatment cost, product revenue,
DES price and consumption, solvent lifetime,

and processing scale
[181,182]

Resource and
circular

efficiency

Material flow analysis (MFA)
and energy balance

Overall metal recovery, DES recovery and
component losses, replenishment requirements,

waste generation, and performance retention over
reuse cycles

[31]

Engineering
scalability

Scale-up and continuous-
operation validation

Solid loading, throughput, mass-transfer efficiency,
energy consumption per unit product, and

continuous-operation stability
[17,110]

Process safety
Process hazard analysis

(PHA) and materials
compatibility testing

Corrosion and material compatibility, thermal
stability, gas-release risks, occupational exposure,

and long-term operational safety
[110,183]

6.1. Life-Cycle Assessment, Toxicity, and Environmental Sustainability

Low volatility may reduce direct solvent emissions, but it does not by itself establish a
lower environmental impact for DES-based recovery processes. The overall environmental
performance depends on material and energy inputs across the full process, including DES
production, reagent consumption, solvent losses, regeneration, and downstream process-
ing [126,184]. Environmental assessment should therefore address upstream burdens from
DES feedstock production and solvent consumption. It should also quantify energy and
reagent demands from separation, product recovery, and solvent regeneration. A complete
assessment must further include non-carbon impacts, such as toxicity, biodegradability, wa-
ter use, and residual contamination. Accordingly, LCA requires consistent functional units
and system boundaries [180,185]. Meaningful comparisons should also consider product
purity and recovery basis, together with uncertainty in key parameters such as solvent
lifetime, regeneration efficiency, and energy demand. The assessment should integrate DES
preparation, leaching, separation and purification, product recovery, solvent regeneration,
and waste-stream treatment within a unified framework [174,186].

Existing studies identify DES feedstock production and solvent consumption as major
determinants of life-cycle environmental performance [187]. For example, an LCA of a ChCl-
formic acid system identified ChCl and formic acid inputs as the dominant contributors to
the overall environmental burden [188]. This finding positions lower solvent use, greater
DES recovery, and optimized feedstock sourcing as key routes to improved environmental
performance. Low volatility and relatively mild operating conditions can reduce burdens
at selected process stages. These advantages become stronger when combined with low
solvent demand and efficient solvent recovery.

Downstream separation and regeneration determine whether the advantages achieved
during leaching extend across the full process [189]. Neutralization, extraction, precip-
itation, washing, and evaporative regeneration add energy and reagent demands. By
contrast, high-quality regenerated products can provide environmental credits by displac-
ing virgin-material production [190,191]. Whole-process performance therefore reflects the
balance among front-end leaching, downstream product recovery, and solvent regener-
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ation. Key optimization priorities include reducing high-burden operations, increasing
product-substitution value, and improving solvent-circulation efficiency.

A complete environmental profile also includes impacts beyond global warming po-
tential and energy consumption. HBAs and HBDs differ substantially in toxicity, biodegrad-
ability, water demand, and upstream production burdens [187]. Their performance should
therefore be assessed from full production and use profiles rather than feedstock origin
alone. Future LCAs can incorporate water consumption, human toxicity, ecotoxicity, DES
degradation products, and residual metals in recycled solvents. Sensitivity and uncer-
tainty analyses can then identify the dominant environmental drivers associated with DES
recovery, cycle life, energy mix, and product-substitution ratio [192].

6.2. Techno-Economic Feasibility and Key Drivers

The economic competitiveness of DES-based processes is determined by solvent
expenditure, process complexity, and the value of the final products [188]. TEA should
quantify solvent costs through DES price, liquid-to-solid ratio, replenishment demand, and
cycle life. It should also account for energy and reagent expenditures during separation and
regeneration, together with the economic contributions of product yield, purity, and added
value. Collectively, these factors determine whether laboratory-scale leaching performance
can be translated into a competitive industrial recovery route.

DES consumption is often a major cost variable. Lower liquid-to-solid ratios reduce
solvent demand per unit of waste while simultaneously decreasing heating and regen-
eration loads [193]. Higher solid loading, however, places greater demands on viscosity
control and mass transfer [194]. The most favorable operating window therefore balances
solvent consumption, mass-transfer efficiency, and metal recovery instead of maximizing a
single performance metric.

Downstream process complexity also directly influences overall profitability [195].
Multimetal leaching increases the amount of resource transferred into the liquid phase,
but its economic value depends on the required separation steps and resulting product
value [196]. Byproduct recovery should likewise be evaluated by comparing additional
product revenue with the associated separation and purification costs. Selective leaching,
direct precursor recovery, and material regeneration provide attractive routes for reducing
separation steps while preserving greater product value. These routes offer alternatives to
complete leaching followed by sequential purification.

The economic advantage of DES-based processes is therefore driven primarily by high
selectivity, low solvent consumption, simplified downstream processing, and high-value
final products. Future TEAs can use sensitivity and break-even analyses to identify critical
thresholds for DES price, liquid-to-solid ratio, cycle life, product recovery, and processing
scale [197]. These thresholds can define the technical and market conditions under which
DES-based systems achieve economic competitiveness.

6.3. Process Intensification, Engineering Scale-Up, and Safe Implementation

The engineering value of DES-based processes rests on mass-transfer and rheological
performance, long-term operational stability, and equipment and process safety. High
viscosity affects agitation, pumping, particle suspension, and solid–liquid separation [198].
During extended cycling, accumulated metals, auxiliary reagents, and degradation prod-
ucts progressively alter solvent composition and reactivity [199]. Acidic components,
Cl−, and strongly oxidizing conditions place additional demands on equipment materials
and process safety [200]. Engineering assessment should therefore quantify mass-transfer
efficiency, stability under continuous operation, throughput, unit energy demand, and
material compatibility.
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Mass-transfer and rheological behavior provide the foundation for DES scale-up [198].
Increasing water content, raising temperature, or intensifying mixing can improve metal
release under laboratory conditions. At larger scale, these variables also determine en-
ergy requirements for pumping, mixing, heating, solid–liquid separation, and solvent
regeneration. Rheological evaluation should cover the operating ranges of water content,
temperature, metal loading, and cycling state [132,199]. It should also report the associated
energy demand per unit of waste treated or product recovered.

Continuous operation depends on controlling time-dependent changes in DES com-
position and performance. The accumulation of residual metals, auxiliary components,
and degradation products can modify viscosity, acidity, coordination capacity, and selectiv-
ity [174]. Short-term cycling establishes immediate reuse performance, while engineering
validation extends this assessment to prolonged operation. Tracking these solvent parame-
ters together with product quality over time enables the stable operating window of the
DES system to be defined directly.

The engineering value of process-intensification technologies must likewise be as-
sessed at the relevant scale. Microwave irradiation, ultrasound, and mechanochemical
processing can substantially enhance mass transfer and reaction rates. For example, some
microwave-assisted DES systems achieve high metal release within minutes [201]. At engi-
neering scale, their competitiveness depends on throughput, energy-conversion efficiency,
heating uniformity, and energy consumption per unit of product. Corrosive components
and strongly oxidizing conditions also increase performance requirements for reactors,
piping, seals, and filtration materials [200]. These requirements directly influence safety,
capital expenditure, and operating costs. Pilot-scale DES systems should therefore in-
tegrate continuous-operating stability, throughput, unit energy consumption, material
compatibility, and safety within the same evaluation framework.

Overall, engineering evaluation of DES-based recovery should prioritize the stable
production of high-quality products within acceptable limits of material consumption,
energy demand, and safety. Complete laboratory-scale mass and energy balances should
include DES losses, auxiliary-reagent consumption, product yield, and waste-stream gener-
ation [179,202]. These balances provide the quantitative foundation for subsequent LCA,
TEA, and engineering scale-up.

7. Conclusions and Outlook
This review establishes an analytical framework that integrates metal occurrence

states, initial release barriers, DES-assisted leaching mechanisms, multiscale solvent de-
sign, and whole-process resource recovery. The framework begins with how target metals
occur within the solid matrix, identifies the dominant barriers that must be overcome
during transfer into the liquid phase, and then interprets the relative roles of proton activa-
tion, redox regulation, coordination stabilization, and mass transfer. On this basis, DFT,
COSMO-RS, and machine learning support mechanistic understanding and rational DES
design from the perspectives of local bonding, bulk solvation and phase distribution, and
multivariable performance prediction, respectively. The framework further incorporates
selective separation, product recovery, DES regeneration, and environmental, economic,
and engineering evaluation within a unified system.

This framework indicates that DES leaching performance is governed less by the
isolated enhancement of acidity, redox capacity, or coordination strength than by the
matching between dominant release barriers and DES functions. Different occurrence states
exhibit distinct bonding environments, valence characteristics, and interfacial accessibility,
and therefore differ in their requirements for surface activation, phase transformation,
bond weakening, electron transfer, and stabilization of dissolved species. These effects are
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not related through simple one-to-one correspondence, but often act cooperatively during
metal release. DES design should therefore begin with identification of the dominant
release barrier and then tailor the relative contributions and coupling of different solvent
functions to the characteristics of the target solid waste.

Future research should establish quantitative relationships among solid-phase char-
acteristics, release barriers, DES functions, and process performance that are both in-
terpretable and predictive. Standardized datasets should simultaneously record metal
occurrence states, DES composition and water content, operating conditions, target-metal
selectivity over impurities, product yield and purity, and DES cycling performance, thereby
supporting closer integration among experiments, DFT, COSMO-RS, and machine learning.
DES research should also progress from optimization of a single leaching step toward
coordinated design of leaching, selective separation, product recovery, and solvent regener-
ation. Combined with material and energy balances, life-cycle assessment, techno-economic
analysis, and engineering scale-up, this approach can provide a more complete basis for
evaluating process competitiveness. Through this transition, DESs can advance from
leaching media developed for specific wastes toward designable, recyclable, and scalable
platforms for recovering resources from complex metal-containing solid wastes.
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