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【Sustainability spotlight statement】(118 words)

The transition from gasoline-powered vehicles, a major contributor to global warming, to electric 

vehicles is being encouraged. With the increasing demand for electric vehicles, the recycling of 

lithium-ion batteries (LiBs) becomes crucial. However, there are concerns surrounding traditional 

recycling methods for LiBs regarding their high environmental impact. This study aims to develop an 

environmentally friendly LiB recycling process surpassing conventional methods. Using N-[N,N-di(2-

ethylhexyl) aminocarbonyl methyl] glycine as a leaching agent, the metals were efficiently leached 

from LiB cathode materials. Furthermore, the proposed approach eliminates the need for inorganic 

acids, simplifying the process. Upon realization, this process will contribute to society in various 

aspects, including environmental, economic, and social aspects. This process aligns with SDGs 7, 11, 

and 13.
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【Abstract】

The demand for lithium-ion secondary batteries (LiBs) is rapidly increasing in pursuit of the Sustainable 

Development Goals. In particular, the recycling of nickel-based cathodes is attracting attention owing to the growth 

of the electric vehicle market. There are concerns surrounding conventional LiB recycling processes regarding 

environmental pollution because of their complexity and the discharge of large amounts of acidic wastewater. In 

this study, we used an alternative recycling process that directly leaches the cathode materials using a non-aqueous 

hydrophobic solvent instead of inorganic acids. This method enables simultaneous leaching and extraction, which 

are typically performed in two stages in conventional recycling, to be performed in a single step. To enhance the 

leaching of nickel-based cathodes, N-[N,N-di(2-ethylhexyl) aminocarbonyl methyl] glycine (D2EHAG), which has 

high affinity for nickel and cobalt, was used to prepare the leaching solvent. More than 96% of the nickel and cobalt 

in a nickel-based cathode was successfully leached into the D2EHAG solvent system, while typical industrial metal 

extractants showed very poor leaching performance. The addition of ascorbic acid and water into the leaching 

solvent synergistically enhanced the leaching efficiency, demonstrating a crucial role in the leaching process. After 

leaching, the leached metals could be selectively separated and recovered by stripping. Furthermore, the reusability 

of the leaching solvent was demonstrated for at least three leaching–stripping cycles. These findings will contribute 

to the development of a more simple recycling process for nickel-based automotive LiBs with a reduced amount of 

acidic wastewater.

1. Introduction

In recent years, lithium-ion batteries (LiBs) have attracted significant attention in the pursuit of achieving the 

Sustainable Development Goals, which are recognized as universal challenges worldwide.1–3 LiBs, as secondary 

batteries, use a metal oxide such as lithium cobalt oxide (LCO) or lithium nickel cobalt manganese oxide (NMC) 

as the cathode, graphite as the anode, and a metal such as copper (Cu) or aluminum (Al) as the current collector. 

Through the movement of lithium ions, these batteries undergo charging and discharging processes.4,5 The cathode 

material of LiBs is expected to transition from LCO to NMC because NMC is more cost-effective than LCO and 

offers equivalent or superior structural stability, specific capacity, and discharge voltage.6,7 The LiB market is 

estimated to expand from $41.1 billion in 2021 to $116.6 billion by 2030.8 The lifespan of lithium-ion batteries 
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(LiBs) is 8-10 years, leading to a large number of spent LiBs in the future. It is estimated that more than 11 million 

tons of spent LiBs will be generated by 2030.9

The positive electrode materials of LiBs contain several important metals, such as lithium (Li), cobalt (Co), nickel 

(Ni), and manganese (Mn).10 The resources of these metals are constantly being challenged by issues such as 

geographical concentration in producing countries and resource depletion.11,12 The current growth rate of LiBs 

places significant pressure on the supply of the rare metals for battery materials, leading to potential severe scarcity 

of these rare metals in the future.13 In addition to resource issues, there are environmental problems and potential 

safety concerns stemming from spent LiBs.14,15 Therefore, it is essential to recycle the important metals from spent 

LiBs.

Conventional LiB recycling methods include direct recycling, pyrometallurgy, and hydrometallurgy.16 Direct 

recycling is considered to be economically and environmentally advantageous over other methods. However, if the 

electrode materials contain structural defects, their repair is generally challenging, leading to slight degradation of 

the battery performance.17,18 Pyrometallurgy involves treating the cathode material at high temperatures (1400–

1700 °C) to recover the desired metals (Co, Ni, and Cu). However, Li, Mn, and Al form slag, resulting in production 

loss of the target metals. Moreover, these processes require significant energy and emit toxic pollutants, posing 

environmental challenges.19,20 Hydrometallurgy involves leaching the cathode material in an inorganic acid 

followed by solvent extraction to recover the desired metals. Compared with pyrometallurgy, hydrometallurgy has 

lower energy consumption for recycling, resulting in reduced environmental impact.21 Therefore, research on 

hydrometallurgy is being actively performed,22–24 and many companies have incorporated hydrometallurgical 

processes into their operations.25–27 However, concerns have been raised regarding the environmental impact 

stemming from the generation of large amounts of acidic wastewater and toxic gases during leaching, as well as the 

complex and lengthy process. As a result, there is a pressing demand for the development of environmentally 

friendly recycling processes for LiBs.

In recent years, researchers have proposed new recycling processes using hydrophobic solvents, such as organic 

solvents and hydrophobic deep eutectic solvents, as alternatives to inorganic acid solutions to address the above 

issues.28–35 Processes using non-aqueous solvents for refinement have been historically described as lyometallurgy, 

but in recent years they have been referred to as solvometallurgy or ionometallurgy depending on the solvent 

used.36,37 The use of hydrophobic solvents enables combination of the leaching and extraction operations, which are 

typically performed in two different stages, facilitating direct stripping. Thus, simplifying the process not only 

reduces the running costs, but it also improves the process safety and reduces the energy consumption. Additionally, 

by not using inorganic acids during leaching, the generation of harmful gases and corrosion of the equipment can 

be avoided.37 Therefore, these methods offer potential advantages in terms of economics, environmental impact, 

and safety. Peeters et al.32 reported LiB cathode material recycling via hydrophobic solvent leaching using the 

industrial extractant di-(2-ethylhexyl) phosphoric acid (D2EHPA) for the direct leaching and stripping of LCO for 

metal separation. Carreira et al.31 reported that a hydrophobic deep eutectic solvent composed of decanoic acid and 

trioctylphosphine oxide can selectively recover rare metals from NMC by concentrating HCl. However, challenges 

remain, such as the incomplete elimination of the inorganic acids during leaching and the low recycling efficiency 

of NMC, and there is the potential for future development.31,32
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In this study, to achieve a more environmentally friendly recycling process applicable to all types of LiB cathode 

materials, we propose a recycling process using an organic extractant and an organic solvent for the direct leaching 

of the metals from LiB cathode materials. This process uses N-[N,N-di(2-ethylhexyl) amino carbonyl methyl] 

glycine (D2EHAG), which was developed in our laboratory, as the organic extractant.38–40 This extractant, a proton-

dissociating tridentate ligand, exhibits specific metal selectivity for Co, Ni, and Mn in LiBs owing to the hard and 

soft acids and bases principle and chelation effect.41,42 Quantum chemical calculations using density functional 

theory have demonstrated its high affinity for Ni(II) and Co(II), showing its excellent separation performance for 

Ni, Co, and Mn.43 n-Dodecane, which possesses similar chemical properties to commercially used kerosene, was 

used as the organic solvent, along with the natural additive ascorbic acid and water as an additive agent. These 

additives were used to enhance the leaching efficiency and achieve high-efficiency leaching of the target metals. 

Following leaching, selective separation and recovery of the rare metals were accomplished through stripping by 

contact with acidic aqueous solutions with different pH values. Finally, to investigate the sustainability of this 

process, the reuse of the organic phase was demonstrated for a maximum of three leaching cycles. A new flow sheet 

for sustainable LiB recycling based on organic extractants and organic solvents was established. Furthermore, this 

process was applied to actual spent LiBs, demonstrating the potential impact of this recycling process on the future 

LiB industry.

Fig. 1 Schematic illustration of the LiB cathode material recycling process proposed in this study.

2. Materials and methods 

2.1. Reagents and chemicals

D2EHAG was designed in our laboratory, and its large-scale synthesis was commissioned to Koei Chemical Co., 

Ltd. (Osaka, Japan). D2EHPA was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). N-decanoic 

acid was obtained from Japan Epoxy Resin Co., Ltd. (Tokyo, Japan). A standard solution of Li, Co, Ni, Mn, and Y, 

lithium nickel manganese cobalt oxide (NMC111), and ascorbic acid were purchased from FUJIFILM Wako Pure 

Chemical Co. (Osaka. Japan). Hydrochloric acid (HCl, 10 mol dm−3), sulfuric acid (H2SO4, 5 mol dm−3), and 1-

propanol were obtained from Kishida Chemical Co., Ltd. (Osaka, Japan). Sodium hydroxide solution (NaOH, 1 mol 

dm−3) was purchased from Nacalai Tesque, Inc. (Osaka, Japan). Milli-Q water was used to prepare the aqueous 

solutions for all of the experiments.
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2.2. Leaching experiments

The experiments were performed in triplicate unless otherwise stated. A mixture of n-dodecane and water with a 

volume ratio of 1:1 containing an adjusted concentration of the extractant (D2EHAG, D2EHPA, or Versatic10) was 

subjected to vortexing for 1 min followed by vigorous shaking at room temperature and 1500 rpm for 1 h. The 

aqueous phase was saturated with water in the organic phase. Subsequently, centrifugation was performed at 293 K 

and 5500 rpm for 1 min to separate the organic and aqueous phases. The upper phase, containing the water-saturated 

organic solvent, was collected and used as the leaching solution. The organic solvent and NMC were placed in a 

vial to achieve a solid-to-liquid (S/L) ratio of 10 g/L. A known concentration of ascorbic acid was then added. The 

leaching tests were performed at 333 K for 24 h with stirring at 400 rpm, unless otherwise stated. After leaching, 

centrifugation was performed at 293 K for 10 min at 20,000g to precipitate the solids, and the supernatant was 

collected. The metal concentration in the organic phase after leaching was measured by inductively coupled plasma 

optical emission spectroscopy (ICP-OES: Optima 8300, Perkin-Elmer). The ICP samples were prepared by diluting 

with 1-propanol containing yttrium as an internal standard at a ratio of 50:1. The ICP-OES apparatus was equipped 

with a Peltier-cooled organic sample introduction kit and an injector with a reduced inner diameter of 1 mm for 

direct measurement of organic samples. To generate a stable plasma during the measurements, the flow rates of the 

plasma and nebulizer gas were adjusted to 10 and 0.5 L/min, respectively. Under these conditions, the correlation 

coefficient of the calibration curve for each analyzed element was above 0.999. To evaluate the leaching 

performance, the leaching efficiency (%L) was defined as follows:

%L = ( 
𝐶𝐿, 𝑀, 𝑂𝑟𝑔 

 𝑊𝑀, 𝑁𝑀𝐶 / 𝑉  ) × 100

where CL,M,Org, WM,NMC, and V are the concentration of any metal M in the organic phase after leaching, the initial 

weight of NMC, and the volume of the organic phase, respectively. Additionally, to investigate the formation of 

reverse-micellar droplets in the organic phase, dynamic light scattering was performed with a Zetasizer Nano 

analyzer. A Karl-Fischer CA-200/VA-0200 moisture meter was used to determine the amount of water in the 

organic phase. This experiment was performed in quintuplicate (n=5).

2.3. Stripping experiments

To recover the metals, the organic phase after leaching was brought into contact with dilute aqueous sulfuric acid 

solution of known concentration at an aqueous/organic phase ratio (A/O) of 1:1 for 1 h at 1500 rpm. Subsequently, 

centrifugation was performed at 298 K for 1 min at 5500 rpm to separate the organic and aqueous phases. The metal 

concentration in the organic solvent after stripping was measured by ICP-OES, following the same procedure as in 

the leaching experiment. To evaluate the stripping extraction performance, the stripping extraction efficiency (%S) 

was defined as follows:

%S = (1 － 
𝐶𝑆, 𝑀, 𝑂𝑟𝑔 
𝐶𝐿, 𝑀, 𝑂𝑟𝑔

) × 100

where CS,M,Org is the concentration of any metal M remaining in the organic phase after stripping.
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2.4. Reusability test of the extractant and organic phase

To establish a sustainable recycling process, the reusability of the organic phase was investigated. After stripping, 

a regeneration step was introduced to restore the leaching performance of the organic phase. In the regeneration 

step, the organic phase was brought into contact with aqueous ammonia solution of known concentration at a volume 

ratio of 1:1 for 1 h at 1500 rpm. Subsequently, centrifugation was performed at 298 K for 1 min at 5500 rpm to 

remove the aqueous phase. Subsequently, using the recovered regenerated organic solvent, leaching and stripping 

were repeated using the same conditions and methods, as described in Sections 2.2 (Leaching experiments) and 2.3 

(Stripping experiments). The leaching performance of each cycle was evaluated based on the leaching efficiency.

3. Results and discussion

3.1. Leaching

The target model LiB cathode material was LiNi1/3Mn1/3Co1/3O2 

(NMC), and direct leaching using different extractants was 

investigated. The chemical structures of the acidic extractants used 

in this study are shown in Fig. 2. These extractants were dissolved 

in n-dodecane and used as leaching solvents, with ascorbic acid 

and water added as environmentally friendly additives. The effect 

of the extractant concentration on the leaching efficiency of NMC 

into the organic solvent is shown in Fig. 3. Regardless of the 

extractant concentration, D2EHAG showed significantly better 

leaching performance than the other extractants. A previous study 

found that the chelating ability of the leaching solvent affects the 

leaching of metal oxides.44 Versatic10 exhibited low liquid–liquid 

extraction efficiencies for the four LiB-containing metals, as 

shown in Fig. S1. Consequently, most of the metals were not 

leached from the LiB cathode material. D2EHAG, which was 

designed to have high affinity for Ni and Co, showed good liquid–

liquid extraction behavior. The affinity for the metals was in the 

order Ni, Co, Mn, and Li, as shown in Fig. S2.41 In this study, the 

metals were leached in the order Ni = Co ≫ Mn = Li, suggesting 

that the high coordination ability of D2EHAG promoted metal 

leaching. In contrast, the liquid–liquid extraction behavior of D2EHPA showed an extraction order of Mn, Co, and 

Ni when excluding Li, with Ni showing the lowest affinity for D2EHPA (Fig. S3). This is attributed to the complete 

absence of Ni leaching in the leaching tests using D2EHPA. Furthermore, there was not much correlation between 

the concentration of the extractant and the Li leaching efficiency. Considering the layered structure of NMC, 

interlayer Li ions and protons in the system leach through a substitution reaction.45

Fig. 2 Chemical structures of the evaluated 

extractants. 
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Fig. 3 Leaching efficiencies of the metals from NMC by different concentrations of (a) Versatic10, (b) D2EHPA, 

and (c) D2EHAG diluted in n-dodecane with 0.1 mol/L ascorbic acid and a saturated amount of water. 

Experimental conditions: S/L = 10 g/L, heating at 333 K at 400 rpm for 24 h. 

　

Subsequently, the saturated water content in the organic solvent at various extractant concentrations was 

measured (Fig. 4(a) and (b)). The water content increased in a concentration-dependent manner for all of the 

extractants. At 0.6 mol/L D2EHPA, D2EHPA contained 0.16 vol% water. In contrast, 0.6 mol/L D2EHAG 

contained 3.3 vol% water. This indicates that D2EHAG can retain approximately 13 times more water than 

D2EHPA.

The particle sizes in the organic solvent before and after the addition of the saturation amount of water were 

measured, and the results are shown in Fig. 4(c) and (d). It has been reported that D2EHPA, which is already used 

as an industrial extractant, forms reverse micelle structures in organic solvents.46 Similarly, D2EHAG showed peaks 

in the range of several nanometers to several tens of nanometers, indicating the formation of reverse micelle 

structures. The peaks for D2EHAG were of higher intensity and larger particle size than those of D2EHPA, allowing 

it to retain more water. The differences in the water contents and particle sizes are due to the structures of D2EHAG 

and D2EHPA. The hydrophilic part of D2EHAG has alternating charges, resulting in attractive forces between 

D2EHAG molecules. Conversely, D2EHPA has a positive central element surrounded by negative charges, causing 

repulsive forces between D2EHPA molecules. Therefore, D2EHAG forms reverse micelles more readily than 

D2EHPA, enabling it to encapsulate more water than D2EHPA.
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Fig. 4 Saturated water contents in n-dodecane containing the extractants (a) D2EHAG and (b) D2EHPA. Particle 

diameters in n-dodecane containing the extractants (c) D2EHAG and (d) D2EHPA. (e) Schematic representation 

of the expected extractant and water state in the organic solvent.

We also investigated the effects of the additives on NMC leaching. Considering the environmental impact, 

naturally derived ascorbic acid and water were used as the additives in this study. First, the effect of the amount of 

water was investigated (Fig. 5(a)). As the amount of water in the organic solvent increased, the leaching efficiencies 

of the metals improved, with the maximum leaching efficiencies were achieved when water was added at the 

saturation level. The effect of the water present in the organic solvent on metal leaching has not been previously 

elucidated owing to limited previous studies. It is known that lithium ions strongly associate with water and are one 

of the most easily hydrated metal ion species.47 Therefore, considering that D2EHAG does not exhibit affinity for 

lithium, water may be involved in stabilizing lithium ions in the organic solvent. Additionally, reverse micelles have 

been reported to be crucial reaction sites in various fields.48,49 Water-soluble reactants dissolve in the water phase 
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of reverse micelles. Consequently, given the proximity of the reaction sites owing to the aggregation of the reaction 

sites of D2EHAG, ascorbic acid, and NMC within the reverse micelles, processes such as ligand exchange reactions 

and redox reactions could potentially be used.

The effect of the amount of ascorbic acid on the leaching efficiencies of the metals was investigated. In this study, 

ascorbic acid was used as a reducing agent. Generally, additional reducing agents are required for the leaching of 

LiB cathode materials, such as NaHSO3, Cu, H2O2, and ascorbic acid.50–53 However, reducing agents containing 

metals, such as NaHSO3 and Cu, result in contamination of impurity metal ions during the process. Additionally, 

H2O2 is highly unstable and explosive, posing a safety hazard.54 Owing to these factors, ascorbic acid, a naturally 

derived organic compound, was selected. The results of experiments with different amounts of ascorbic acid are 

shown in Fig. 5(b). The leaching efficiencies of the metals were the highest for 0.3 mol/L ascorbic acid. The 

increases in the metal recovery efficiencies of Co and Mn are attributed to the reduction of Co(III) to Co(II) and 

Mn(IV) to Mn(II), which is consistent with a previous study.55 In other words, the addition of ascorbic acid promotes 

the leaching of the metals by reducing the insoluble metal species to soluble metal ions.

Finally, the effects of D2EHAG, ascorbic acid, and water are shown in Fig. 5(c). When only D2EHAG or 

D2EHAG and one of the additives was added, the leaching of the target metals was minimal. However, high leaching 

performance was achieved by adding both ascorbic acid and water to D2EHAG. The maximum leaching efficiencies 

of Li, Co, Ni, and Mn were 77.2%, 95.6%, 96.0%, and 75.8%, respectively. These results demonstrate the 

synergistic effect of D2EHAG, ascorbic acid, and water.
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Fig. 5 Effects of the (a) amount of water with 0.1 mol/L ascorbic acid and (b) ascorbic acid concentration with 

the saturated amount of water on the leaching of the metals from NMC by 0.6 mol/L D2EHAG diluted in n-

dodecane. (c) Summary of the effects of D2EHAG and the additives on the leaching efficiency. Experimental 

conditions: S/L = 10 g/L, heating at 333 K at 400 rpm for 24 h. 

So far, we have investigated the leaching behavior of NMC as a model LiB cathode material. However, actual 

LiBs are composed of various components, including not only the cathode material, but also the anode material, 

current collector, and other materials.10 Additionally, the separation process for each component is problematic 

because of the differences in the product specifications and cost considerations.56 Therefore, this recycling process 

was applied to the LiB black mass obtained by crushing actual spent LiBs. We characterized the black mass in a 

previous study, and its composition is given in Table S1.29 The results of leaching the black mass under the 

optimized conditions are shown in Fig. 6. Similar to the results obtained for NMC, the metals Co, Ni, and Mn were 

efficiently leached. However, the leaching efficiency of Li was lower than that for NMC. Interestingly, impurity 

metals such as Cu and Al were not efficiently dissolved and remained in the residue. These findings suggest the 

possibility of selectively leaching the important metals from LiB black mass using the proposed recycling system.
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Fig. 6 Leaching efficiencies of the metals from the LiB black mass by 0.6 mol/L D2EHAG in n-dodecane with 

0.3 mol/L ascorbic acid and a saturated amount of water. Experimental conditions: S/L = 10 g/L, heating at 333 

K at 400 rpm for 24 h.

3.2. Stripping

To recover and separate each metal, a stripping process was performed by contacting the metal-loaded organic phase 

with dilute aqueous sulfuric acid solution. The stripping of Li, Co, Ni and Mn was performed by controlling the 

sulfuric acid concentration, and the results are shown in Fig. 7. Through stripping, each metal was selectively 

separated and recovered depending on the sulfuric acid concentration. Li almost quantitatively migrated to the 

aqueous phase at low sulfuric acid concentration, followed by the recovery of Mn, Co, and Ni as the sulfuric acid 

concentration increased, in that order. This is consistent with the order of the affinities of the metals with D2EHAG. 

Generally, when stripping with acidic extractants, proton exchange occurs between the organic and aqueous phases 

upon contact with acidic aqueous solution.57 As a result, the coordination structure between the acidic extractant 

and the metal is disrupted, releasing the metals with low affinity. Similarly, in the case of D2EHAG, the protons of 

the carboxylic acid at the metal binding sites are regenerated, preventing the coordination of metals and causing 

their release.41 Therefore, it is suggested that the metals with low affinity for D2EHAG migrated to the aqueous 

phase. Furthermore, for stripping with 1 mol/L sulfuric acid, almost all of the metals were removed from the organic 

phase, and the percentages of the metals remaining in the organic phase were all below approximately 3%. However, 

it is not possible to completely separate individual metals in a single stripping process. This could be resolved by 

repeating liquid–liquid extraction, which is expected to purify the metals.

　

Fig. 7 Stripping efficiencies of the metals from loaded D2EHAG in n-dodecane at different concentrations of 

sulfuric acid. Experimental conditions: A/O = 1/1, shaking at room temperature at 1500 rpm for 1 h. 

3.3. Reusability
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The reusability of the organic phase is one of the most important aspects of sustainable recycling processes. 

Therefore, the reusability of D2EHAG as a leaching solvent was investigated. The organic phase, from which all of 

the metals were removed after stripping, underwent a regeneration process by contact with aqueous ammonia 

solution and was reused as the leaching solvent. The aqueous ammonia solution was used to neutralize the abundant 

protons in the organic solvent and to maintain an environment in which metals can coordinate with D2EHAG. The 

results of the leaching tests up to the third cycle under the same conditions of leaching and stripping are shown in 

Fig. 8. The leaching efficiencies of Li, Co, Ni, and Mn in the third cycle were 81.7%, 97.8%, 99.4%, and 72.2%, 

respectively. That is, D2EHAG continued to efficiently leach Li, Ni, and Mn even after three cycles. Regarding Mn, 

there was a slight decrease in the leaching performance with cycle repetition. However, compared with the other 

metals, Mn production is stable, and its recycling priority is lower than those of the other metals. Therefore, 

D2EHAG demonstrated high reusability, indicating the sustainability of this recycling process.

 

Fig. 8 Reusability of the organic solvent using 0.6 mol/L D2EHAG as the leaching agent. Before each leaching, 

0.3 mol/L ascorbic acid was added to the organic solvent. Leaching experiment conditions: S/L = 10 g/L, heating 

at 333 K at 400 rpm for 24 h. After leaching, the organic phase was stripped by 1.00 mol/L H2SO4. Stripping 

experiment conditions: A/O = 1:1, shaking at room temperature at 1500 rpm for 1 h. 

4. Conclusion

In this study, the acidic extractant D2EHAG was used to separate and recover the important metals from LiB 

cathode materials. This newly proposed recycling process reduces the use of inorganic acids in conventional 

processes and allows for the omission of extraction steps. Under the optimized mild leaching conditions (60 °C, 400 

rpm, 24 h), using 0.6 mol/L D2EHAG with 0.3 mol/L ascorbic acid and the saturated amount of water (~3.3 vol%) 

as the leaching solvent, the leaching efficiencies of Li, Co, Ni, and Mn from NMC reached 77.2%, 96.1%, 96.5%, 

and 76.6%, respectively. In contrast, conventional industrial extractants, such as Versatic 10 and D2EHPA, showed 

negligible leaching. This exceptional leaching performance is attributed to the excellent affinity of D2EHAG for 

metals. Following leaching, selective separation and recovery of the metals can be achieved by contacting the metal-

containing organic phase with aqueous sulfuric acid solution of various concentrations. Furthermore, the organic 

phase for leaching can be regenerated by neutralizing it with aqueous ammonia solution after stripping. D2EHAG 

demonstrated excellent leaching performance for three cycles. These results demonstrate an environmentally 

friendly and sustainable recycling process for LiB cathode materials through direct leaching using D2EHAG.
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