
DOI: 10.37190/ppmp/224969 

Physicochem. Probl. Miner. Process., 62(3), 2026, 224969 Physicochemical Problems of Mineral Processing  

http://www.journalssystem.com/ppmp 
ISSN 1643-1049 

© Wroclaw University of Science and Technology 

Deep eutectic solvents for sustainable recovery of critical and rare 
metals from primary and secondary resources: A review 

Mert Sarıkaya 1, Fatma Elif Genceli Güner 2, Birgül Benli 1 
1 Department of Mineral Processing Engineering, Istanbul Technical University, 34469, Istanbul, Türkiye 
2 Department of Chemical Engineering, Istanbul Technical University, 34469, Istanbul, Türkiye 

Corresponding author: benli@itu.edu.tr (Birgül Benli), sarikayam19@itu.edu.tr (Mert Sarıkaya) 

Abstract: The growing demand for critical raw materials and increasing environmental concerns have 
intensified interest in sustainable metal recovery from both primary ores and secondary resources. 
While conventional extraction from ores remains essential, it is often associated with high energy 
consumption, reagent use, and environmental impacts. In parallel, recovery from secondary sources 
such as electronic waste (e-waste), industrial by-products, and end-of-life products has emerged as a 
key strategy within urban mining and circular resource utilization. Deep eutectic solvents (DESs) have 
recently gained attention as tunable solvent systems due to their adjustable physicochemical properties, 
relatively simple preparation, and potential environmental advantages. DES-related research has 
increased significantly, with a notable rise in DES-based leaching studies since 2018. This review 
provides a comprehensive overview of DES applications in the recovery of critical and rare metals from 
both primary ores and secondary resources, emphasizing physicochemical properties, selective 
leaching behavior, operating conditions, process flowsheet considerations, and downstream recovery 
challenges. DESs have been applied in spent lithium-ion batteries, permanent magnets, primary ores, 
waste printed circuit boards (WPCBs), coal fly ash, metallurgical slags, and red mud. These studies 
highlight the potential of DESs for processing complex matrices and enabling selectively dissolution of 
target metals under specific solvent and process conditions. By integrating this review critically 
evaluates the scientific and practical significance of DESs in improving metal selectivity, reducing 
reliance on aggressive mineral acids, and supporting circular economy strategies, while identifying key 
challenges related to solvent stability, recyclability, downstream recovery, process integration, and 
scale-up.  

Keywords: deep eutectic solvents (DESs), selective leaching, critical metals, secondary resources, 
mineral processing 

1. Introduction 

In the era of sustainable development and heightened awareness of resource scarcity, the mining and 
mineral processing industries confront significant challenges (Pavloudakis et al., 2024). These 
challenges encompass not only the environmental impact and energy consumption but also the 
economic feasibility of extracting metals from lower-grade ores (An et al., 2023). One promising strategy 
to tackle these issues is the adoption of green solvents, with Deep Eutectic Solvent (DES) standing out 
prominently (Kaplan et al., 2025; Li et al., 2025; Svärd et al., 2024; Hansen et al., 2020; Paiva et al., 2014). 
These green solvents are designed to be environmentally friendly exhibiting low toxicity, high 
biodegradability, and minimal ecological footprint, making them suitable for sustainable industrial 
applications. Among them, deep eutectic solvents (DESs) have garnered considerable attention due to 
their unique and tunable physicochemical properties. Although DESs share several characteristics with 
ionic liquids (ILs), such as low volatility, strong solvation ability and adjustable solvent properties, they 
should not be considered simply as a subclass of ILs. ILs are generally composed entirely of discrete 
ions, whereas DESs are typically formed by combining hydrogen bond acceptors (HBA) and hydrogen 
bond donors (HBD), resulting in eutectic mixtures with melting point significantly lower than those of 
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the individual components. Compared with many conventional ILs, DESs are often easier to prepare, 
less expensive, and may offer advantages in terms of biodegradability and environmental compatibility; 
however, these properties strongly depend on their specific composition. Therefore, DESs can be 
regarded as IL- like solvent systems that provide a promising alternative to conventional solvents in 
mineral processing and metal recovery applications, particularly in metal leaching, solvent extraction, 
and selective recovery processes (Smith et al., 2014; Hansen et al., 2020; Jenkin et al., 2016; Khan et al., 
2026).  

Integrating DES into mineral processing operations can significantly enhance this approach. By 
reducing reliance on hazardous chemicals, lowering energy consumption, and mitigating the 
environmental footprint associated with mining activities, DESs enable more efficient and 
environmentally friendly extraction processes. This approach not only aligns with sustainable 
development goals but also opens new opportunities for improving the efficiency and sustainability of 
mineral resource utilization. Furthermore, due to their non-toxic nature, biodegradability, and 
especially their reusability, DESs are emerging as cost-effective and advantageous alternatives (Liu et 
al., 2020). 

Fig. 1 illustrates the relationship between the potential use of DESs and key areas of urban mining. 
In this context, the recovery of precious metals from secondary sources such as electronic waste (e-
waste), industrial by-products, and end-of-life products emerges as a crucial strategy. This approach 
mitigates the environmental hazards associated with traditional mining and promotes a more 
sustainable and circular approach to resource management. The figure highlights the principles of 
sustainable mining operations and their influence on essential domains. Sustainable mining aims to 
minimize environmental impact, ensure economic viability, and uphold social responsibility. 
Recovering precious metals from these secondary sources is not just an environmental imperative but 
also a strategic response to resource scarcity. It promotes a circular economy where waste is transformed 
into resources, thereby reducing the environmental footprint of mining, lowering energy consumption, 
and diminishing the need for new mining projects. 

 
Fig. 1. Application of sustainable mining practices by integrating DES and recycling of primary and secondary 

resources 

 DES-based metal recovery processes can also be linked to several Sustainable Development Goals 
(SDGs), particularly SDG 6, SDG 9, SDG 12, and SDG 13, which emphasize clean water and sanitation, 
sustainable industrial innovation, responsible consumption and production, and climate action, 
respectively (United Nations, 2015). By enabling the recovery of valuable metals from secondary 
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resources such as e-waste, spent batteries, permanent magnets, slags, and fly ash, DESs can contribute 
to SDG 12, responsible consumption and production, through improved resource efficiency and circular 
material use. Their potential to reduce the use of aggressive mineral acids and hazardous reagents is 
also relevant to SDG 6, clean water and sanitation, by minimizing the generation of contaminated acidic 
effluents. In addition, DES-based processes may support SDG 9, industry, innovation and 
infrastructure, by promoting the development of innovative and more sustainable hydrometallurgical 
technologies. When integrated with low-energy and recyclable process designs, DESs may further 
contribute to SDG 13, climate action, by reducing the environmental footprint and energy intensity of 
metal recovery operations. However, these contributions depend strongly on solvent stability, 
recyclability, toxicity, downstream recovery, and life-cycle performance. 
 Recent data obtained from the Web of Science Core Collection database demonstrate a remarkable 
increase in publications related to deep eutectic solvents over the last fifteen years. The publication trend 
shown in Fig. 2 was obtained using the topic search term “deep eutectic solvent*” for DES-related 
publications and the combined search terms “deep eutectic solvent*” AND “leaching” for DES-based 
leaching studies. The search was conducted in 2025, the timespan was limited to 2010–2025, and the 
results were filtered by publication year to obtain the annual number of records. This analysis was used 
only to illustrate the general publication trend and was not intended as a comprehensive bibliometric 
analysis. As shown in Fig. 2, the total number of DES-related publications increased from only a limited 
number in 2010 to more than 3000 publications in 2025, indicating the rapid expansion of DES research 
across chemistry, materials science, environmental engineering, and separation technologies. A similar 
but more recent trend is observed for DES-based leaching studies, which remained relatively limited 
before 2018 but increased sharply thereafter, reaching more than 160 publications in 2025. This trend 
indicates that DES-based leaching has emerged as a rapidly growing subfield within DES research, 
particularly in relation to sustainable metal recovery, urban mining, and critical raw material 
processing. 

 

Fig. 2. Yearly growth of scientific publications on deep eutectic solvents and and DES-based leaching studies 
between 2010 and 2025 based on Web of Science Core Collection records. 

Each of these areas plays a vital role in the successful implementation of sustainable mining 
practices, by balancing economic growth with ecological preservation and social responsibility. 
Although DESs have attracted considerable attention in academic research and in several chemical and 
materials-related processes, their implementation in metallurgical applications remains largely at 
laboratory or pre-industrial scale. Therefore, the incorporation of DES-based green chemistry 
approaches into the recovery and processing primary and secondary resources should be considered a 
promising but still developing strategy to address resource scarcity. Further advances in solvent 
stability, recyclability, downstream metal recovery, process integration, and environmental assessment 
are required before DES-based processes can be broadly implemented in sustainable mineral 
processing. 

Recent patent activity, including EP3596241B1 on rare earth element recovery, US20200399737A1 on 
Li-ion battery recycling using green solvents, and CN117940592A on hydrophobic DES-based leaching 
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systems, further indicates growing technological interest in the commercialization potential of DES-
based metal recovery processes. However, broader implementation still requires further advances in 
solvent stability, recyclability, downstream metal recovery, process integration, and scale-up validation. 
Although several review articles have discussed DESs in the broader context of green solvents, metal 
extraction, or specific secondary resources, many of them focus mainly on a single material group, such 
as spent lithium-ion batteries, electronic waste, rare earth magnets, or general solvent properties. In 
contrast, the present review provides an integrated mineral processing perspective by covering both 
primary ores and secondary resources within the same framework. Its unique contribution is the 
comparative evaluation of DES-based leaching across different metal-bearing matrices, including spent 
lithium-ion batteries, permanent magnets, primary ores, waste printed circuit boards, coal fly ash, 
metallurgical slags, and other industrial residues. In addition to summarizing recent leaching 
efficiencies, this review emphasizes physicochemical properties, selectivity mechanisms, operating 
conditions, process flowsheet considerations, solvent stability, recyclability, downstream metal 
recovery, and industrial implementation challenges. Therefore, the review aims not only to summarize 
recent advances, but also to critically identify the opportunities and limitations that must be addressed 
for the practical application of DESs in sustainable mineral processing and critical metal recovery. 

2. Definition and classification of deep eutectic solvents (DESs) 

DESs have emerged as a notable class of green solvents, although they were only formally recognized 
relatively recently, approximately two decades ago (Achkar et al., 2019), with the term first introduced 
by Abbott et al. (2003). However, the definition of DESs remains somewhat controversial, as the 
proposed definitions often fail to clearly distinguish them from other mixtures. In fact, mixtures of solid 
compounds typically exhibit a eutectic point, and many are capable of forming hydrogen bonds when 
combined (Coutinho and Pinho, 2017).   

DESs can be expressed using the general formula Cat⁺X⁻zY, where Cat⁺ represents an organic cation 
(typically ammonium, phosphonium, or sulfonium), X⁻ is a Lewis base (often a halide), Y is a Brønsted 
or Lewis acid, and z denotes the number of Y molecules interacting with the anion. Fig. 3 shows the 
Cat⁺X⁻zY formulated classification system that helps in distinguishing the different types of eutectics 
(Smith et al., 2014; Abbott et al., 2007). Nowadays, type V has been added to the classification of non-
ionic donors. Rafati et al. (2025) studied on Thymol-Acetamide and Thymol-Acetanilide which belong 
to type V DESs. 

 

Fig. 3. Types of DESs (Smith et al., 2014, Boventi et al., 2024) 

3. Advantages and limitations of DESs  

DESs are widely recognized for their promising performance in diverse applications, ranging from 
catalysis to extraction processes. Their combination of physicochemical properties, relatively low 
toxicity, ease of preparation, and cost-effectiveness makes them attractive alternatives to traditional 
solvents (Cunha and Fernandes, 2018; Suffia and Dutta, 2024). These environmental and operational 
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advantages have contributed to the growing adoption interest in DESs in academic research and several 
chemical and materials-related processes. Fig.4(a) shows the major advantages of DESs, including 
thermal stability, environmental compatibility, and operational simplicity. 

 
 Fig. 4. (a) Key advantages and (b) physicochemical properties of DESs 

The physicochemical properties of DESs are highly depended on the types and molar ratios of HBA 
and HBD components. According to the study by (Jablonský et al., 2019), other important factors include 
water content and operating temperature. Variations in the hydrogen-bond network between different 
components can lead to significant changes in viscosity, density, conductivity, and thermal stability, all 
critical parameters for metal extraction processes. Fig. 4(b) illustrates how these properties affect 
extraction efficiency and solvent robustness. Key attributes such as pH, density, viscosity, surface 
tension, water content, and reusability are discussed in further detail below. The tuneable nature of 
DESs allows for their customization for different extraction and separation purposes. 

Despite these promising attributes, the translation of DES-based processes from laboratory research 
to industrial-scale metal recovery remains limited. Several constraints currently challenge their 
widespread adoption. First, many DES systems exhibit inherently high viscosity, which restricts mass 
transport and slows leaching kinetics. Consequently, elevated temperatures, the addition of controlled 
amounts of water, or increased mechanical agitation are often required to achieve acceptable dissolution 
rates.  

Second, the long-term chemical stability, recyclability, and degradation pathways of DESs under 
industrial operating conditions are not yet fully elucidated, raising concerns regarding solvent lifetime, 
impurity accumulation, and overall process economics. Third, the cost, availability, and required purity 
of some DES components particularly specialized or high-purity HBDs may impose additional 
economic barriers for large-scale metallurgical use. Furthermore, industrial integration requires 
engineering considerations such as heat-transfer efficiency, solvent–solid contact optimization, and 
potential corrosion or compatibility issues with processing equipment. 

A comprehensive evaluation of both the advantages and the limitations of DES-based systems is 
therefore critical for identifying the specific metallurgical contexts in which they can provide 
performance benefits over conventional hydrometallurgical reagents. Such an assessment will guide the 
development of optimized, energy-efficient, and economically viable DES formulations and process 
designs, ultimately facilitating their transition from promising laboratory solvents to robust industrial 
tools for sustainable metal recovery.  

In addition to high viscosity, slow mass transfer, and relatively long leaching times, the chemical 
and thermal stability of DESs should be critically considered in metallurgical applications. This issue is 
particularly important for ChCl-based DESs containing carboxylic acids, which are frequently used in 
metal leaching studies. Rodriguez Rodriguez et al. (2019) reported that ChCl–carboxylic acid DESs may 
undergo degradation through esterification reactions between the carboxylic acid and the alcohol 
moiety of choline chloride. Therefore, such systems should not automatically be considered chemically 
stable under prolonged or elevated-temperature leaching conditions. Similarly, Peeters et al. (2022) 
showed that ChCl–ethylene glycol-based DESs can decompose at elevated temperatures, forming 
hazardous products such as trimethylamine and 2-chloroethanol. These findings indicate that the 
“green” character of DESs should be evaluated on a case-by-case basis by considering solvent 
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composition, operating temperature, residence time, degradation pathways, and possible toxicity of 
decomposition products. 

Another critical issue is that leaching represents only one step in a complete metallurgical flowsheet. 
Although DESs can dissolve metals from solid materials, the subsequent recovery and separation of 
dissolved metals from loaded DESs remain challenging. Downstream operations such as precipitation, 
stripping, solvent extraction, electrodeposition, or the addition of external reagents may be required to 
recover the target metals. However, these operations can introduce new chemical species into the DES 
phase, alter the original solvent composition and physicochemical properties, and lead to impurity 
accumulation. As a result, DES recyclability may be significantly affected. Therefore, claims regarding 
DES reusability should be made cautiously and supported by repeated leaching–recovery cycles, 
solvent regeneration data, impurity monitoring, and characterization of the DES after metal recovery. 

Consequently, despite the growing number of laboratory-scale studies, DES-based metal recovery 
has not yet reached widespread industrial implementation in metallurgy. The transition from 
laboratory leaching tests to industrial metallurgical practice requires not only high dissolution 
efficiency, but also proven solvent stability, efficient downstream metal recovery, robust solvent 
regeneration, acceptable process economics, and environmental validation. 

4. Novel opportunities in the metal recovery areas 

In recent years, the development of safer and more environmentally friendly alternatives, evaluated 
alongside their environmental impacts, has become a key research focus in the chemical and mining 
industry, particularly in ore processing and hydrometallurgy. As the industry moves towards 
sustainability, there is an in growing emphasis on innovative solutions that enhance efficiency while 
minimizing ecological footprints. 

In response to the rising demand for critical raw materials and the need for safer solvents, metal 
recovery technologies have gained significant attention. Many studies have explored the use of DESs in 
separation and recovery processes, especially from secondary sources and ore leaching (Yuan et al., 
2022). Conventional hydrometallurgical routes for spent lithium-ion battery cathodes commonly 
employ mineral acids, particularly H₂SO₄, in the presence of reducing agents such as H₂O₂ to promote 
the dissolution of transition-metal oxides. These systems are technologically mature and generally 
provide rapid dissolution kinetics. For example, Tang et al. (2022) reported that Li, Co, Ni, and Mn could 
be leached with efficiencies of 96.41%, 82.53%, 89.25%, and 99.99%, respectively, using 2 M H₂SO₄, 1.5 
vol.% H₂O₂, a solid-to-liquid ratio of 25 g/L, 60 °C, and only 15 min of leaching. Similarly, Vieceli et al. 
(2023) investigated the leaching of LCO, NMC oxides, and industrial black mass using 2 M H₂SO₄ and 
H₂O₂; complete dissolution of several NMC oxides was achieved within 15 min, while complete Co 
dissolution from industrial black mass required up to 60 min under the optimized conditions of 3 vol.% 
H₂O₂, S/L = 1:20 g/mL, 2 M H₂SO₄, and 50 °C. In another recent study on LFP production scraps, Bruno 
et al. (2024) showed that selective Li leaching could be achieved using 0.25–0.5 M H₂SO₄ with 3–6 vol.% 
H₂O₂ at 25 °C for 1 h, reaching up to 98% Li leaching while retaining most Fe and P in the solid residue. 
These examples demonstrate that conventional acid-based systems can be highly efficient and, in some 
cases, selective when redox chemistry and operating conditions are properly controlled. However, they 
may also promote the simultaneous dissolution of several valuable metals and, depending on the feed 
composition, impurity elements such as Al, Cu, and Fe, thereby increasing the need for downstream 
separation. In contrast, DES-based leaching often requires longer contact times and/or higher 
temperatures. Nevertheless, under appropriate solvent and process conditions, DESs may enable more 
controlled dissolution behaviour through preferential complexation, proton-assisted dissolution, or 
redox-controlled dissolution of specific metal species. Therefore, DES selectivity should not be 
considered an inherent or universal property of all DES systems, but rather a system-dependent 
outcome governed by the HBA/HBD combination, molar ratio, water content, ligand coordination 
ability, metal speciation, redox environment, and operating conditions. 

Fig. 5 illustrates the DES leaching technology and compares flow sheets used for both secondary 
sources and ores. These studies demonstrate the selective separation of metal oxides from various 
materials including recycled Li-ion batteries, permanent magnets, ores, and other metal-containing 
wastes.  Specifically, DESs have been applied to leach Ni, Co, Li, and Mn from Li-ion batteries; Nd, Fe, 
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Sm, and Co from permanent magnets; and a wide range of metals from ores and materials such as anode 
slime, coal fly ashes, and photovoltaic panels. 

4.1. Li-ion battery DES leaching 

Table 1 presents DES leaching studies targeting Li-ion batteries. Most studies used ChCl as the HBA, 
while EG-based DESs were becoming more prominent in recent research. For instance, Tang et al. (2022) 
achieved highly selective leaching using EG and hydrogen donor OX dihydrate DES, reaching 94.4% Li 
leaching efficiency while keeping Ni, Co, and Mn leaching below 1%. Dong et al. (2023) synthesized an 
EG-MALO DES and studied leaching parameters such as time and solid-to-liquid ratio, achieving 100% 
leaching for Li, Ni, Co, and Mn. Ma et al. (2022) recycled LiCo1/3Ni1/3Mn1/3O2 cathode material 
using ChCl-TA DES, reporting leaching efficiencies of 96.0% Li, 97.1% Co, 98.0% Ni, and 96.7% Mn at 
70 °C over 12 hours. Luo et al. (2024) used dimethyl-beta-propiothetin-EG DES, achieving 99.59% Li, 
99.28% Ni, 99.04% Co, and 99.45% Mn leaching efficiencies. Chenthamara and Gardaş (2024) compared 
two ChCl-based DESs (pyruvic acid and glyoxylic acid monohydrate). ChCl-pyruvic acid DES achieved 
the highest leaching efficiency for Co and Li with 99.21% and 99.52% respectively at 80 °C in 5 hours. 
Zhang et al. (2024) evaluated CAA-TBAC DESs by varying key leaching parameters such as the HBA: 
HBD molar ratio, leaching temperature, leaching time, and solid-to-liquid ratio. While complete Co was 
achieved, Li recovery remained relatively low. Fig. 6 shows the effect of temperature on Co dissolution 
from LNCM and LCO cathode materials, with color changes observed at temperatures up to 160 °C 
(Fig. 6 (a)) and 130 °C (Fig. 6 (b)) (Luo et al. 2022; Wang et al. 2024). Additionally, Fig. 6 (c) demonstrates 
that increasing the leaching time significantly enhances Co dissolution efficiency (Wen et al. 2024). 

Recently, ternary DESs were synthesized using GUC as the HBA and EG, MA, MAL, and CA as 
HBDs (Liu et al., 2025). The effect of molar ratios of the HBA and HBD on the leaching efficiency was 
studied. The optimum composition, 1 M MA, 1 M GUC and 2 M EG, achieved over 99.5% leaching 
efficiency for both Li and Co at 100 °C within 9 hours. 

 
Fig. 5. Generalized flowsheets for DES-based leaching of ores and secondary resources. The schematic illustration 

was prepared by the authors based on the reviewed literature 

4.2. Permanent magnets DES leaching 

Permanent magnets, particularly NdFeB (Neodymium-Iron-Boron) magnets, are a valuable secondary 
resource due to their high content of rare earth and transition metals, including neodymium (Nd), iron 
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(Fe), and boron (B), and sometimes dysprosium (Dy) and praseodymium (Pr). Other types include 
Samarium-Cobalt, AlNiCo and ceramic ferrite magnets. Understanding the compositions and oxide 
forms of these magnets is essential for selecting appropriate recovery strategies. 

Table 1. Leaching applications of end-of-life lithium-ion batteries using DESs 

HBA HBD Cathode Material Results Ref. 

PEG200 OX All-solid-state LIBs Li leaching efficiency reached 87.5% at 
80 °C. Chen et al., 2025 

ChCl LEVU LCO and NMC111 

NCM111 and LCO were leached using 
different ChCl-LEVU-MClx DESs. 
ChCl-CuCl-LAC (1:1:4) achieved 100% 
LCO₂ leaching with 96.3% Li and Co 
recovery, while NMC111 leaching 
efficiencies were 90.16% Li, 90.37% Co, 
89.42% Mn, and 89.67% Ni. 

Zhou et al., 2024 

ChCl+HCl EG LCO Leaching efficiency was 100%. Yetim et al., 2024 

ChCl 
Tannic acid, 
Gallic acid, 
Pyrogallol 

LCO and LIB 
Leaching efficiency of LCO were 98% 
Co, %74 Li, and LIB 94.5% Co, 90% Li, 
92% Mn and 93% Ni. 

Sarma et al., 2024 

ChCl 
MALO, 

2-pyrrolidinone LCO LCO leached with >96% efficiency. Wen et al., 2024 

ChCl EG and Urea 

Mixed of LCO, 
LiMn2O4, 
LiNiCoAlO2, 
LiFePO4 

Optimal leaching rates were 92.83% Li, 
1.61% Co, 0.72% Ni, and 0.42% Mn. Jafari et al., 2022 

CAA TBAC LCO Co leached 100% efficiency. Zhang et al., 2024 

EG OX.2H2O 
LCO and 
Li14.8Ni1.7Co8.5MnO3

0.5 

Leaching for Li >94.4%, Ni/Mn/Co 
leaching 1%. Tang et al., 2022 

EG MALO Spent NCM523 Li, Ni, Co, Mn leached at 100% 
efficiency. Dong et al., 2023 

dimethyl-beta-
propiothetin EG Spent NCM Li, Ni, Co, and Mn leaching rates: 

99.59%, 99.28%, 99.04%, 99.45%. Luo et al., 2024 

 

ChCl 

MALO, OX, 
EG, CA, PEG, 
MAL, pTSA 

Propionic acid 

Spent LCO 
Leaching with DES using various HBD 
components achieved efficiencies of 
98.61% for Co and 98.78% for Li. 

Lu et al., 2022 

ChCl Gly LCO Leaching efficiency for Co was 95.7%. Yu et al., 2022 

ChCl EG LiNi1/3Co1/3Mn1/3O
2 

Leaching efficiencies were 89.94% Li, 
100% Co, 99.64% Ni, and 100% Mn. Wang et al., 2021 

ChCl CA, EG, OX, 
MALO, MAL LCO 

Leaching efficiencies of DESs with 
different HBD components were 
compared, showing 99.6% efficiency for 
DESs made with CA. 

Peeters et al., 2020 

PEG AA LCO 
LCO material leached with 6:1 DES and 
leaching efficiency of Co was 84.2% at 
80 °C, 72 h. 

Chen et al., 2023  
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ChCl MAL, Gly Spent NCM 

Battery leached with 1:1:3 ChCl: Mal: 
Gly DESs at 130 °C and 60 g/L with 
94.6% Ni, 96.8% Co, 93.8% Mn, and 
96.4% Li efficiencies. 

Zheng et al., 2024 

TEAC AA Spent LNCM 
NCM battery leached with 99.1%, 
99.6%, 99.4% and 99.3% for Li, Ni, Co, 
and Mn, respectively at 80 °C, 3 min. 

Zhang et al., 2024 

D-Glucose LAC LFP LFP cathode material leached 
selectively with 96.5% Li efficiency. Chen et al., 2024 

hydroxyl-
amine 
hydrochloride 

EG LCO 

LiCoO2 leached with 4:1 DES and 
leaching efficiencies reached 99.7% and 
88.0% for Li and Co, respectively at 
80 °C for 8 h. 

Zhou et al., 2024 

ChCl AC NCM111 
Li, Mn, Co and Ni were leached with 
97.1%, 93.3%, 96.5% and 96.1% 
efficiencies, respectively. 

Lyu et al., 2024 

ChCl pTSA, EG NMC 

Ternary DESs (TCE) 1:1:1 and 0.5:1:1. 
Leaching efficiencies for both DESs 
were 100% Li, 98.2% Ni, 97.8% Mn, 
96.1% Co and 99.4%Li, 100% Ni, 100% 
Mn, 99.4% Co, respectively. 

Xu et al., 2024 

ChCl CA.H2O LCO Li and Co leaching efficiencies reached 
100% and 97.6%, respectively. Wang et al., 2024 

dimethyl-beta-
propiothetin 
chloride 

AA LNCM111 Li, Ni, Co and Mn leached with 99% 
leaching efficiency. Li et al., 2025 

CAA Ethanol LFP 
Li leaching efficiency was 100% while 
Fe leaching efficiency was less than 
0.3%. 

Zhang et al., 2025 

ChCl OX, H2O LFP Li and Fe leaching efficiencies reached 
99.96% and 99.95% respectively. Zhang et al., 2025 

ChCl EG LCO Co leached completely with 1:5 
ChCl:EG DES. Shahid et al., 2025 

EG CA, Ethanol 
LCO and 
Li3.2Ni2.3Co0.9Mn1.4
O6.3 

Under optimal conditions, the leaching 
efficiency of Li was greater than 94.4% 
in the filtrates of LiCoO2 and 
Li3.2Ni2.3Co0.9Mn1.4O6.3, while more than 
84.6% of Ni, 85.5% of Co, and 47.4% of 
Mn were successfully separated. 

Guo et al., 2025 

ChCl GA, AA 
Mixed of LCO, 
LiNi0.33Mn0.33Co0.33
O2 and LiMn2O4 

Leaching efficiency reached to over 
95% for each metal Li, Co, Ni and Mn 
by using ternary DES of ChCl:GA:AA 
with 1:1.9:0.1 molar ratio. 

Nazlı et al., 2025 

 
Recent studies have reported successful applications of DES leaching for rare earth magnets          

(Table 2). The roasted NdFeB magnets (950 °C, 15 h) were leached using ChCl-SA DES at 60 °C for 24 h, 
achieving 97% Nd recovery (Varghese et al., 2024). Shuping et al. (2025) also compared four DESs (TEAC 
as HBA and LEVU, MALO, LAC, and GA as HBDs), achieving 97.63% Nd and 0.435% Fe leaching. Yang 
et al. (2024) used citric acid, MA, and 1,2-malonate as HBAs, with EG, glycerin, and 1,2-propanediol as 
HBDs. After oxidative roasting at 800 °C – 1000 °C, the optimum Nd and Fe leaching efficiencies were 
28.07% and < 0.01%, respectively.  



10 Physicochem. Probl. Miner. Process., 62(3), 2026, 224969 
 

 
Fig. 6. (a) Effect of temperature on LNCM battery dissolution (Luo et al., 2022); (b) LCO dissolution in DES at 

various temperatures (Wang et al., 2024); (c) Leaching time effect on Co dissolution efficiency (Wen et al., 2024) 

Heo et al. (2024) employed a comprehensive three-step approach to ensure complete oxidation of 
NdFeB magnets prior to leaching. First, the material caustic digestion using 50% NaOH at 145 °C for 5 
h under atmospheric conditions. This was followed by oxidation roasting at 450 °C for 3 h to convert 
the magnets fully into oxide form. Finally, the oxidized material was leached using EG-MA DES, 
achieving leaching efficiencies of 97% for Nd and 0.7% for Fe.  

Furthermore, the DES was successfully recovered and reused for two additional leaching cycles 
without any significant loss in performance, demonstrating its recyclability. A comparison between the 
studies of Yang et al. (2024) and Heo et al. (2024) reveals that although both used the same EG-MA DES, 
their leaching efficiencies differed significantly due to the oxidation states of the material. Yang et al. 
were unable to achieve full oxidation, resulting in lower Nd recovery, whereas Heo et al. employed a 
more effective caustic digestion that led to complete oxidation and improved leaching performance. 
These findings emphasize the critical role of pre-treatment and oxidation in enhancing the selectivity 
and efficiency of DES-based leaching processes. 

4.2. Efficient ore leaching with DESs 

Several studies have investigated the application of DESs in leaching metal ores and concentrates (Table 
3). Winardhi et al. (2022) leached sulfide concentrate using ChCl-EG DES, 91.7% Au, 62.6% Ag, and 
96.4% Te recovery after 96 h. Anggara et al. (2019) tested various DESs (ChCl with EG, urea, OX) for 
copper ores, reaching 99% Cu recovery. 

Shakiba et al. (2023) leached roasted monazite concentrate (500 °C for 2 h, NaOH pretreatment) using ChCl-
NaOH-PEG400 DESs, achieving 99.8% Ce, 99.9% La, and 94% Nd recovery. ChCl-LAC and pTSA DESs 
achieved 95% REE leaching from microgranite-type primary hard rock containing rare earth metals (Karan and 
Sreenivas, 2023). Sudová et al. (2024) applied ChCl-EG, ChCl-MALO, and ChCl-thiourea DESs for antimony 
leaching from flotation waste. Among the DESs tested, ChCl-EG exhibited the highest leaching performance 
with 74.15% Sb recover at 100 °C after 4 hours. In contrast, ChCl-MALO DES showed a lower efficiency of 
25.05% under the same temperature but after 24 hours, while ChCl-thiourea DES achieved a slightly higher 
efficiency of 25.97% at 80 °C after 24 hours. This comparison highlights the significant effect of both the HBD 
type and leaching conditions on antimony recovery. To enhanced the leaching performance, 3 grams of iodine 
were used as an oxidizing agent, enabling ChCl-EG DES to reach 100% Sb leaching efficiency. Iodine, due to its 
ability to accept electrons, act as a reducing agent. Although iodine-assisted oxidation it is not yet a widely 
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adopted industrial-scale processes, its effectiveness in enhancing metal recovery has been demonstrated. 
Additionally, hypervalent iodine compounds have gained attention for their friendly oxidizing potential in 
organic synthesis, showing promise for broader application in sustainable hydrometallurgical practices 
(Shetgaonkar et al., 2023). 

Table 2. Recovery of rare earth elements from permanent magnets using DESs 

HBA HBD Results Ref. 

GUC LAC After selective leaching with synthetic DES, 
Nd was precipitated as Nd2(C2O4)3 with OX, 
and then converted to Nd2O3 by calcination, 
achieving 99% recovery of NTE oxide. 

Liu et al., 2020 

ChCl LAC Roasted residual magnet (<100 microns) was 
selectively leached at 70 °C for 24 hours, 
separating Co, Fe, and B from Nd and Dy. 
Nd and Dy were precipitated with OX and 
calcined at 950 °C for 3 hours, yielding Nd2O3 
(99.87% purity) and Dy2O3 (99.94% purity). 

Riaño et al., 2017 

Tri-octylphosphane 
oxide 

Dodecanol Sm and Fe leaching efficiencies reached 
above 99%. 

Ni et al., 2021 

EG MA NaOH digestion and oxidative roasting at 
450°C for 3 hours were applied. After 
leaching with EG-MA DES, efficiencies of 
97.3% for Nd and 0.8% for Fe were achieved. 
Recycling the DES and leaching with the 
recycled DES resulted in 97% efficiency for 
Nd and 0.7% for Fe. 

Heo et al., 2024 

TEAC LEVU, 
MALO, LAC, 
GA 

DESs' characteristic features were observed. 
The leaching efficiency for Nd was 97.63% 
and for Fe was 0.435%. 

Shuping et al., 
2025 

Trioctylphosphine 
Oxide  

Decan-1-ol, 
Lauryl 
alcohol, 
Myristyl 
alcohol 

Ternary HDES determined as DA: MA: 
Trioctylphosphine Oxide, 5: 5: 4 and recovery 
reached 99% with the final product purity 
was over 99%. 

Yu et al., 2024 

ChCl SA Grinding was applied to the demagnetized 
magnets, which were then roasted at 950°C 
for 15 h. The roasted magnets were leached 
for 24 hours at 60 °C and 200 rpm, achieving 
a maximum leaching efficiency of 97%. 

Varghese et al., 
2024 

Citric acid, MA and 
1,2-Malonate 

EG, Glycerin 
and 1,2-
propanediol 

Nd and Fe leaching efficiencies reached 
28.07% and 0.01%, respectively. 

Yang et al., 2024 

ChCl MALO NaOH digestion and roasting at 450 °C for 3 
h were applied. After that roasted magnet 
leached with ChCl-MALO DES at 80 °C for 6 
h with 1:20 S/L ratio. Leaching efficiencies 
reached 95.5 and 1% for Nd and Fe, 
respectively. 

Yadav et al., 2025 

ChCl OX, EG and 
Urea 

ChCl-OX DES combination is selected as 
optimum with 14% Sm and 82% Co leaching 
efficiencies.  

Nasrullah et al., 
2025 
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Table 3. Application of DESs in ore leaching 

Ore HBA HBD Results Ref. 

Bastnasite FeCl3 EG The highest light rare earth elements 
leaching efficiency reached 75.98%. 

Kaplan et al., 
2025 

Electrum (Au 
and Ag) 

ChCl+0.1 
mol Iodine 

EG 
 

Leaching efficiencies for electrum was 
100%. 

Winardhi et 
al., 2022 

Sulfide 
concentrate that 
bearing Ag, Te, 
Au, Pb, Cu 

ChCl 
 

EG 
 

Optimum leaching efficiencies for Au, Ag 
and Te were 91.7%, 62.6%, and 96.4%, 
respectively. 

Winardhi et 
al., 2022 

CuFeS2, CuS 
and Cu2S 

ChCl 
 

EG, Urea, 
OX 
dihydrate 

Leaching efficiency reached 99%. Anggara et al., 
2019 

Caustic treated 
monazite 
concentrates 

ChCl, 
NaOH, PEG-
400 
 

Urea, EG, 
PEG200, 
PEG400, 
pTSA, AC, 
LAC 

Leaching efficiencies of Ce, La and Nd 
reached 99.8%, 99.9%, and 94%, 
respectively. 

Shakiba et al., 
2023 

Rich 
microgranite 
type primary 
hard rock REE 

ChCl 
 

LAC and 
pTSA 
monohydrate 

REE leaching efficiency reached 95%. Karan et al., 
2023 

Antimony from 
Mining Residue 

 

ChCl 
 

EG, MALO 
and Thiourea 

Leaching efficiency for each different HBD 
group were 74.15%, 25.05%, and 25.97%. By 
using iodine, leaching efficiency reached 
100% for Ethaline. 

Sudová et 
al., 2024 

Cu, Fe, Pb, Zn 
bearing oxides, 
sulfates and 
sulphides 

ChCl 

 

EG, Urea and 
Gly 

 

Reline, Ethaline and Glyceline synthesized, 
sulfates leaching behaviour were higher 
than oxides and sulfides. 

Aragón-
Tobar et al., 
2024 

Chalcopyrite 
concentrate 

(CuFeS2) 
ChCl, pTSA 

OX, EG, 
Sucrose, 
MALO, 
Fructose, 
Urea, MA, 
CAand 
Glucose 

The highest leaching efficiency for copper 
was 90.5% with ChCl: pTSA DES. 

Moradi et al., 
2024 

Chalcopyrite 
concentrate 

(CuFeS2) 
FeCl3 EG For economic process leaching efficiency 

for chalcopyrite reached 87%. Li et al., 2020 

Chalcopyrite 
concentrate 

(CuFeS2) 
ChCl Urea and 

MA 
The highest leaching efficiency for copper 
was 48% with ChCl: MA DES. 

Mohammad
pour et al., 
2024 

Sphalerite (Zns) 

concentrate ChCl, pTSA EG Leaching efficiency of Zinc reached 99.7%. Shahrezaei et 
al., 2024 

Sphalerite 
(Zns)-Galena 
(PbS) 
concentrate 

ChCl Urea, EG and 
Gly 

The highest Zn and Pb leaching efficiencies 
were 99% for both metal with combining 
roasting pre-treatment method. 

Moreno et 
al., 2024 

Pyrite (FeS2) ChCl EG Fe leaching efficiency was 23.6%. Teimouri et 
al., 2023 
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Chalcopyrite ChCl EG, OX The highest copper leaching efficiency 
reached 76%. 

Ghadamgahi 
et al., 2025 

Cu-Co Ore ChCl OX 

The highest Cu and Co leaching efficiencies 
reached 92.4% and 90.6%. By using H2O2, 
leaching efficiencies increased to 100% and 
97.5%, respectively. 

Oke et al., 
2025 

Chalcopyrite 
concentrate ChCl EG, OX, 

MALO 

The highest leaching efficiency for Cu 
reached to 54% with using ChCl-EG-OX 
ternary DES with 1:2:1 ratio. By adding 
water 20% volume, leaching efficiency 
increased to 86%. 

Shiri et al., 
2025 

Chalcopyrite 
concentrate ChCl pTSA, 

MALO 

Optimum leaching efficiency reached to 
83.9% and 87.2% for Cu and Fe respectively 
with using 1:1:1 molar ratio of ternary DES 
of ChCl:MALO:pTSA. 

Moradi et al., 
2025 

4.3. Other secondary resources DES leaching 

Please submit tables as editable text and not as images. Tables should be placed next to the relevant text in the 
Recent studies have demonstrated the effective application of DES leaching for extracting valuable metals from 
secondary resources such as waste printed circuit boards (WPCBs), coal fly-ash, and metallurgical slags (Table 
4). For instance, Topçu et al. (2021) recovered Cu and Ag with efficiencies of 97% and 91.02%, respectively, from 
anode slime using ChCl-Urea and EG DESs, while investigating the effects of leaching parameters such as time, 
temperature, solid-to-liquid ratio, and water content. Zhang et al. (2022) reported 98% Ag extraction from 
photovoltaic panels using ChCl-Urea DES. Niu et al. (2022) applied ChCl-Urea DES to zinc-containing dust 
sludge, optimizing leaching time, temperature, liquid-to-solid ratio, stirring rate, and ultrasonic power. Under 
optimum conditions, 60 °C, 240 minutes, a 12:1 liquid-to-solid ratio, and 350 W ultrasound, Zn recovery reached 
98%. Karan et al. (2022) investigated coal clay fly-ash leaching using ChCl¬-pTSA and ChCl-LAC DESs, with 
the highest metal recovery of 95% observed using a 1:1 ChCl-pTSA ratio. Topçu et al. (2021) further utilized 
ChCl-Urea DES to leach copper converter slag, 90% Cu and 65% Zn recovery. 

Mishra et al. (2024) compared several ChCl-based DESs (with urea, EG, MALO, FA, and OX) for 
mobile phone PCBs. Their multistage leaching process, initiated with 1 M OX DES at 80 °C, in 1 hour 
(300 rpm, 1/20 g/mL), extracted over 93% Sn and was visualized in a process flow chart (Fig. 7). The 
study emphasized that oxidized metals form coordination complexes with the chloride (Cl-) or carboxyl 
(COOH-) groups of DESs, which enhances metal extraction. Additionally, the presence of C=O 
stretching vibrations in PCBs facilities further interaction with DESs, thereby improving leaching 
performance. Bakkar (2014) used ChCl-Urea DES to leach electric arc furnace dust, achieving 60% Zn 
and 39% Pb recovery. Zürner and Frisch (2019) synthesized ChCl-EG, ChCl-urea, and ChCl-OX DESs 
for the leaching of zinc flue dust. While Ethaline (ChCl-EG) and Reline (ChCl-urea) showed very low 
leaching efficiencies of indium and tin at 50°C and 48 hours, Oxaline (ChCl-OX) demonstrated 
significantly higher performance, yielding 92% indium and 88% tin recovery. 

5. Conclusions 

The present review highlights the significance of DESs in the leaching and recovery of critical and rare 
metals from both primary and secondary metal-bearing resources. Literature studies show that DESs 
can provide selective metal dissolution in several systems, enabling efficient target metal recovery and 
reducing the need for extensive downstream purification in selected applications. In this context, DES-
based leaching represents a promising alternative to conventional mineral acid leaching, particularly 
for complex matrices such as spent lithium-ion batteries, permanent magnets, waste printed circuit 
boards, coal fly ash, metallurgical slags, red mud, and primary ores. The scientific contribution of this 
review is its integrated evaluation of DES-based metal recovery from a mineral processing perspective, 
with emphasis on physicochemical properties, solvent composition, selectivity, operating conditions, 
process flowsheets, downstream recovery, and practical implementation challenges. 
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Fig. 7.  ChCl based DESs for the selective metal extraction from thermally treated mobile phone PCBs; (A) metal 
recovery; (B) viscosity vs. temperature; (C) FTIR analysis; (D) suggested leaching flowchart. Reproduced from 

(Mishra et al., 2024) 

Table 4. DES leaching examples for various secondary resources. 

Material HBA HBD Results Ref. 

Anode slime ChCl Urea and EG 
Leaching efficiency of Cu and 
Ag reached 97% and 91.02%, 
respectively. 

Topcu et al., 
2021 

Photovoltaic 
panel ChCl Urea The highest leaching efficiency 

was 98%. 
Zhang et 
al., 2022 

Zinc-containing 
dust sludge ChCl Urea Optimum leaching efficiency of 

Zn was 98%. 
Niu et al., 
2022 

Coal fly ash ChCl pTSA and LAC Highest leaching efficiency 
reached 95%. 

Karan et al., 
2022 

Copper 
converter slag ChCl Urea The highest Cu and Zn leaching 

efficiencies were 90% and 65%. 
Topçu et al., 
2021 

WPCBs ChCl FA, Urea, OX EG, 
MALO 

Selective extraction; ~90 % of 
copper, iron, and nickel in FA-
ChCl, while ~90 % zinc 
extraction in Urea-ChCl 

Mishra et 
al., 2024 

Electric arc 
furnace powder ChCl Urea Zn and Pb leaching efficiencies 

were 60% and 39%, respectively. 
Bakkar, 
2014 

Zinc flue dust ChCl EG, urea, OX 
Indium and Tin leaching 
efficiencies reached 92% and 
88%, respectively. 

Zürner and 
Frisch, 2019 
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Spent 
automotive 
catalysts 

ChCl+HNO3 

Urea, EG, PEG-
200, PEG 400, 
pTSA, AC, DL-
LAC 

Pt, Pd and Rh leaching 
efficiencies were 100%, 100%, 
and 50%, respectively. 

Lanaridi et 
al., 2022 

WPCBs ChCl EG, OX, GA 
ZnO leaching efficiency reached 
90%. Other oxides leaching 
efficiencies lower than 22%. 

Zhao et al., 
2023 

Sodium-ion 
battery PEG200 

AA, Phenol, EG, 
Benzamide, 
Choline iodide, 
N-methyl-
acetamide 

Cathode material leached by 
different DESs and maximum 
leaching efficiency for Na was 
88.3% with 10:1 PEG: AA DES. 

Chen et al., 
2025 

Waste smelting 
slag ChCl Urea 80% Cu and 61% Zn leached 

with 1:2 DES 
Topçu et al., 
2024 

Cold filter cake ChCl 
EG, OX, CA, 
MALO, Urea and 
MA 

The highest cadmium leaching 
efficiency reached 97.47%. 

Jafari-
Basirabad et 
al., 2024 

WPCBs ChCl, TMA, 
GuHCl 

EG, Gly, OX and 
FA 

ChCl-H2O2-EG DES used to 
leached Cu and leaching 
efficiency was 97.8%. 

Liu et al., 
2024 

Copper smelter 
slag TBAC CA Cu, Zn and Fe leached with 77%, 

49%, and 1%, respectively. 
Mohammad 
et al., 2024 

Residual lead 
automotive 
battery 
recycling slag 

ChCl Glycerine Pb leaching efficiencies reached 
95%. 

Salgado et 
al., 2024 

PCBs ChCl Urea, LAC, OX, 
EG, MAL, FA 

By using H2O2, leaching 
efficiency of Cu reached over 
80% when 1:2 DES to water 
mixed 

Emmons-
Burzyńska 
et al., 2025 

WPCBs ChCl 
EG, LEVU, 
MALO, AC, CA, 
Iodine 

Cu, Ni, Au, Fe and Al leached 
with 99%, 92%, 90%, 40%, and 
0% respectively. 

Saffaj et al., 
2025 

Waste 
phosphors ChCl MALO By using ultrasound, leaching 

efficiency reached to 90.13%. 
Li et al., 
2025 

Waste 
phosphors ChCl MALO Leaching efficiency reached to 

95.7% for yttrium. 
Li et al., 
2025 

Red mud ChCl OX, EG, Urea 

The highest metal dissolution 
from red mud provided with 
ChCl-OX DES combination with 
76.8% vanadium and 84.2% 
titanium. 

Rüşen et al., 
2026 

One of the key advantages of DESs is their tunable nature, which allows their physicochemical 
properties to be adjusted through the selection of hydrogen bond acceptor and hydrogen bond donor 
combinations, molar ratio, water content, and operating temperature. This tunability provides 
opportunities for improving metal dissolution, enhancing selectivity, and reducing the use of aggressive 
mineral acids in selected separation and extraction applications. DESs may also contribute to more 
sustainable hydrometallurgical processes by lowering chemical consumption, reducing hazardous 
effluent generation, and supporting circular resource utilization through the recovery of valuable 
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metals from secondary resources. Moreover, the potential regeneration and reuse of DESs, when 
properly demonstrated through repeated leaching–recovery cycles, may help reduce reagent 
consumption and the environmental footprint of metal recovery processes.  

However, replacing conventional mineral acids with DESs in industrial leaching processes still 
presents several challenges. Long leaching durations, high operating temperatures, high viscosity, slow 
mass transfer, solvent degradation, impurity accumulation, and downstream metal recovery remain 
important limitations. Although several studies have reported selective dissolution in DES-based 
leaching, the mechanistic origin of this selectivity is still not fully resolved in many cases. Therefore, 
future studies should focus not only on reporting leaching efficiencies, but also on clarifying the roles 
of solvent composition, metal speciation, complexation, redox chemistry, water content, and operating 
conditions in governing selective metal dissolution.  

Several recent patents also indicate increasing technological interest in the use of DESs for metal 
extraction and recovery. Patent EP3596241B1 (European Patent Office, 2023) describes a method for 
recovering rare earth elements from metallic or alloyed sources using specially designed DES 
formulations, highlighting the relevance of DESs for high-value materials such as permanent magnets 
and rechargeable batteries. Similarly, patent US20200399737A1 (United States Patent Office, 2020) 
focuses on the dissolution of metal oxides using DESs, emphasizing their potential for selective metal 
extraction and solvent recovery. In addition, patent CN117940592A (China National Intellectual 
Property Administration, 2024) presents a hydrophobic DES-based leaching system aimed at improving 
phase separation and optimizing downstream processing. These patent examples suggest a growing 
trend toward tailoring DES compositions for specific metal recovery applications. However, they 
should be interpreted as emerging commercialization signals rather than evidence of mature industrial 
implementation. 

Despite these promising advancements, the large-scale industrial implementation of DES-based 
leaching remains limited by challenges related to solvent stability, recyclability, downstream metal 
recovery, process integration, scalability, environmental validation, and economic viability compared 
with traditional hydrometallurgical methods. Future research should therefore move beyond single-
step leaching performance and systematically evaluate DES degradation, post-leaching solvent 
composition, impurity accumulation, solvent regeneration efficiency, environmental impact, and 
repeated leaching–recovery cycles under realistic process conditions. By addressing these knowledge 
gaps, DES-based processes may become more practical and sustainable tools for critical and rare metal 
recovery.  
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Abbreviations 

DESs Deep Eutectic Solvents 
DES Deep Eutectic Solvent 
ILs Ionic Liquids 
HBA Hydrogen Bond Acceptor 
HBD Hydrogen Bond Donor 
ChCl Choline Chloride 
GUC Guanidine Hydrochloride 
pTSA p-toluenesulfonic Acid 
TBAC Tetrabutylammonium Chloride 
TEAC Tetraethylammonium Chloride 
TMA Trimethylammonium Chloride 
AA Ascorbic Acid 
EG Ethylene Glycol 
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PEG Polyethylene Glycol 
CA Citric Acid 
MALO Malonic Acid 
MA Maleic Acid 
MAL Malic Acid 
OX Oxalic Acid 
AC Acetic Acid 
FA Formic Acid 
TA Tartaric Acid 
SA Salicylic Acid 
GA Glycolic Acid 
CAA Chloroacetic Acid 
LEVU Levulinic Acid 
Gly Glycerol 
LAC Lactic Acid 
NADE Natural Deep Eutectic Solvents 
MDESs Magnetic Deep Eutectic Solvents 
HREEs Heavy Rare Earth Elements 
HDES Hydrophobic Deep Eutectic Solvent 
LCO Lithium Cobalt Oxide 
FTIR Fourier Transform Infrared Spectroscopy 
LNCM Lithium Nickel Cobalt Manganese Oxide 
NMC Nickel Manganese Cobalt 
NdFeB Neodymium-Iron-Boron 
REE Rare Earth Element 
REEs Rare Earth Elements 
WPCBs Waste Printed Circuit Boards 
PCBs Printed Circuit Boards 
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