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Lithium-ion batteries (LIBs) are a widely used energy storage technology as they possess high energy density and are
characterized by the reversible intercalation/deintercalation of Li ions between electrodes. The rapid development of LIBs
has led to increased production efficiency and lower costs for manufacturers, resulting in a growing demand for batteries
and their application across various industries, particularly in different types of vehicles. In order to meet the demand for
LIBs while minimizing climate-impacting emissions, the reuse, recycling, and repurposing of LIBs is a critical step toward
achieving a sustainable battery economy.
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| 1. Pretreatments

The initial stage of the recycling process involves pretreatment, where the battery casing is separated from the valuable
components LIZIBIAISISIA  spent LIBs often retain a residual voltage, which, if left unaddressed, can pose a safety risk
due to the potential for combustion or explosion. Discharge, battery disassembly, and sorting are typically involved in the
pretreatment of waste LIBs. Following pretreatment, the waste batteries can be broken down into various components
such as aluminum and copper foils, separators, plastic, and others. Manual disassembly involves carefully removing the
battery shell with specialized tools while taking safety precautions to obtain the battery core coil, which can then be
manually separated into its constituent parts, including the cathode, anode, and organic diaphragm. In contrast,
mechanical processing can be performed on a larger scale and is more cost-effective, making it a more economically
viable option. The most valuable component of a battery cell is black mass, and mechanical pre-treatment is primarily
designed to achieve its optimal recovery and separation. To accomplish this, a sequence of mechanical processes,
including crushing, sieving, magnetic separation, fine crushing, and classification, is typically performed in a specific order.

Widijatmoko proposed a flowchart for the recovery of black mass [8l. The cells underwent shredding and subsequent
sieving to partition the components into various size fractions. The fine black mass was extracted from the coarse foils
using an attrition scrubbing technique. Among the different size fractions, the 850 um fraction was found to yield the most
desirable black mass recovery composition with minimal copper and aluminum content during milling. However, a
significant portion of the black mass remained bound together by the polyvinylidene fluoride (PVDF) binder <.

| 2. Pyrometallurgy

Pyrometallurgy is a widely used recycling method that focuses on recovering valuable metal elements from spent LIBs,
such as metals, metal oxides, or alloys 22 The technology involves a metallurgical process that separates and
extracts valuable metals from solid resources at high temperatures based on their melting and boiling points. The process
is physical and chemical and comprises three stages: pyrolysis, metal reduction, and gas incineration. During the
pyrometallurgical process, the organic components of LIBs are first thermally degraded, followed by the production of
metal alloys using reducing agents at around 1500 °C. Finally, the gas is pyrolyzed and quenched at around 1000 °C to
prevent the formation and release of toxic gas 4. The pyrometallurgical process offers several advantages, such as a
short process flow, low equipment requirements, and strong operability. It is also a mature technology and is currently the
most diffused way to recycle LIBs in the available plants. However, the process also has some disadvantages. High
energy consumption is one of the primary concerns associated with pyrometallurgy, as well as significant environmental
pollution due to the release of pollutants during the process. The process also results in low product purity, and metals
cannot be often recovered as single metals or single oxides, but as metal alloys 12!,

One of the most significant challenges associated with pyrometallurgy is the difficulty in recovering lithium and aluminum
during the reduction smelting process due to their vigorous reducing activity. The slag-forming agent also enters the slag
phase, requiring further treatment. Overall, despite the challenges, pyrometallurgy remains a widely used recycling
method due to its efficiency and effectiveness in recovering valuable metals from spent LIBs.



The carbothermic reduction can also be applied to recover metals from spent LIBs. Carbothermic reduction is a process in
which a metal oxide is reduced to a metal using carbon as the reducing agent 14!, In the case of spent LIBs, the metal
oxides that are present in the cathode material can be reduced to their respective metals using this process. The process
involves mixing the spent battery material with carbon, typically in the form of coke, and heating the mixture in a furnace to
high temperatures (usually around 1000-1200 °C). The carbon reacts with the oxygen in the metal oxide, forming carbon
dioxide, and the metal is left behind. The metal can then be recovered and reused 12, This step is generally followed by
solvent extraction and chemical precipitation. In particular, combining pyrometallurgical technologies with
hydrometallurgical processes is a common approach to recovering valuable metals from spent LIBs. Umicore, for
instance, uses this method to first obtain Co-Ni-Cu-Fe alloy through the reduction and smelting of spent LIBs, and then
utilizes hydrometallurgy to obtain high-purity single metals and compounds €I,

Several studies suggest that microwave irradiation can lower the temperature required for reactions, even in non-catalytic
reaction systems, by several hundred degrees when compared to conventional heating systems 24,

Recently, microwave radiation has been proposed as a sustainable alternative to conventional pyrometallurgical
processes for recovering Li, Co, Mn, and Ni from spent LIBs. This approach utilizes a hybrid heating mechanism obtained
by combining microwave radiation with other heating methods (8. The black mass obtained from spent LIBs contains
graphite, which can cause heating due to the interfacial polarization of carbon atoms. Hybrid heating technology utilizes
an external susceptor to achieve carbothermic reduction conditions in just a few minutes. A significant advantage of this
method is that it does not require the separation of anode and cathode materials during the pretreatment process. It can
also process a mixture of various discarded LIB materials, which is typical in industrial recycling plants that do not
segregate spent battery types. Consequently, primary waste sorting before treatment is unnecessary, which is not feasible
in hydrometallurgical processes intended for specific waste recovery.

| 3. Hydrometallurgy

Hydrometallurgy is a promising recycling method due to its low energy consumption and ability to recover a wide range of
valuable metals. One of the main advantages of the hydrometallurgical process is the ability to recover metals individually,
as opposed to the pyrometallurgical process, where metals are recovered as alloys. This allows for greater control over
the purity of the final products, as well as the potential for greater economic value.

In the leaching process, various chemical reagents, such as acids or alkalis, are used to dissolve the metal ions from the
battery waste. Acid leaching is a commonly used method for recovering valuable metals from spent LIBs, where sulfuric or
hydrochloric acid is used to dissolve the metal ions 2. Alkali leaching, on the other hand, uses a basic solution, typically
sodium hydroxide or potassium hydroxide, to extract the metal ions [2[21122]23] Bjo|ogical leaching involves the use of
microorganisms to dissolve metals, while special solvent leaching utilizes specific solvents to selectively extract certain
metals [24],

After leaching, separation and purification techniques are used to remove impurities and isolate the metal ions for further
processing.

Solvent extraction is a process that separates metal ions from impurities in a two-phase system by using solubility
differences between the metal ions and the solvent. This technique is used after metal leaching and helps to remove
impurities like aluminum, copper, and iron to achieve the desired metal purity. Chemical precipitation is another method
used for metal separation and impurity removal. The process involves adjusting the pH of the solution to precipitate
different metals.

In the hydrometallurgy process, inorganic acids like nitric acid (HNOg3), phosphoric acid (H3POg), hydrochloric acid (HCI),
and sulfuric acid (H,SO,4) are commonly used as leaching agents 2. However, these acids can release toxic gases such
as Cl,, SO3, and NOy during the leaching process, and the waste acid solution requires neutralization with a strong base
to prevent water pollution 28!,

On the other hand, the use of organic acids (either alone or in combination) like malic acid (C,HgOs) &4, oxalic acid
(CoH204) 28 citric acid (CgHgO7) 22, and formic acid (CH,0,) is considered more environmentally friendly. Organic acids
can act as chelating agents, precipitants, and even reducing agents during the leaching process B9,

The efficiency of leaching Li, Mn, Co, and Ni from various cathode materials of waste LIBs, including NMC, LCO, and
LMO, is influenced by both the process temperature and time. As the temperature increases, the efficiencies also tend to
increase due to the endothermic nature of cathode material dissolution. The effect of time on the leaching efficiency



depends on factors such as the type of leaching agent, leaching temperature, and the type of cathode material. In
general, longer leaching times tend to improve the leaching efficiency, up to a certain point where further increases in time
do not significantly improve the efficiency 11,

One potential disadvantage of hydrometallurgy is the generation of large amounts of wastewater containing chemical
reagents and impurities, which require treatment and disposal. Additionally, the recovery of certain metals, such as lithium,
can be challenging due to their high solubility and reactivity. Overall, however, hydrometallurgy offers a promising
approach to the sustainable recycling of spent LIBs.

| 4. Biometallurgy

Bioleaching is a bio-hydrometallurgy method that employs microorganisms such as fungi, chemolithotrophic bacteria, and
acidophilic bacteria as leaching agents to extract valuable metals from a substrate. These microorganisms use ferrous
ions and sulfur as energy sources to produce metabolites in the leaching medium that facilitate the recovery of metals 2.

Selective microbial bacteria can be employed to facilitate the leaching of valuable elements through specialized metabolic
processes 28l One example of a microorganism that can be used for bioleaching is Aspergillus niger, a haploid
filamentous fungus. A. niger facilitates bioleaching by secreting low molecular weight metabolites, such as organic acids,
that dissolve metals from batteries. To extract Co and Li from spent LIBs, the spent medium bioleaching method was
employed using the organic acids produced by A. niger 4],

Compared to traditional metal recovery methods, bioleaching presents several benefits, including complete metal
recovery, simplicity, cost-effectiveness, and lower energy consumption. One of the significant advantages of bioleaching is
that it does not require harsh conditions or specialized industrial equipment, making it an attractive technology for metal
recovery. However, the slow kinetics of the process are a potential limitation. Although bioleaching is a promising
technique, it takes longer to recover metals than other methods, which can be a disadvantage in terms of processing time
and efficiency. Nevertheless, ongoing research in this field is focused on improving the kinetics of bioleaching and making
it more efficient for industrial applications 2. Due to the requirement for microorganisms to adapt and undergo genetic
modification to withstand the toxicity of the leachate media from spent LIBs, as well as the relatively slow kinetics of the
process, bioleaching is not currently well-suited for large-scale applications 22,

| 5. Solvometallurgy

Solvometallurgy is an extremely recent approach developed for the recycling of waste-LIBs as an alternative to the
hydrometallurgical processes and to overcome their main limitations. Indeed, as discussed in the previous paragraphs,
hydrometallurgy exploits water-based solutions of leaching agents with inorganic and organic acids as the most reported
for industrial and laboratory scale research, respectively B8IBZBEE This leads to the creation of large volumes of
wastewater as, typically, the solubility of the leached metals is low in this water-based solution. Moreover, in the case of
inorganic acid leaching, the formation of hazardous gas species such as NO,, SOy, and HCI need to be accounted for as
a source of secondary pollution B8IB8I391 Solyometallurgy is based on the use of alternative leaching systems such as
ionic liquids and deep eutectic solvents (DESSs); particularly, this last class of compounds has led to appealing results
since the first report of their exploitation for cathode recycling [2Q1411[42](43]

Generally, DESs are based on biodegradable and inexpensive components; from a structural and functional point of view,
they present medium-high viscosity, low volatility, non-flammability, extremally low toxicity, and high thermal stability, thus
presenting a desirable combination of favorable characteristics as possible leaching systems for w-LIBs. Indeed, due to

their peculiar composition, the solubility of metals in the DES is generally high and, thus, the production of wastewater is
reduced or eliminated [41[44][45][46][47]48]

DESs formally can be classified as a class of ionic liquids, and they are made of two or more components forming a
eutectic mixture at room temperature. The condition to obtain a eutectic mixture is to combine a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA) 42, Recently, the general formula has been proposed as Cat+ X- zY with
Cat+ as the cation, X- as the Lewis base, and Y as a Broensted acid; concerning this, a classification of DESs to
rationalize the variety of compositions has been proposed 71250 Almost all the DES compositions that appeared in the
literature for applications in the recycling of cathodes from waste-LIBs contain choline chloride as HBA and belong to Type
Il according to the classification reported above 9. Several reports have appeared in the literature exploring several
HBDs, reporting high efficiency for the leaching of LCO, NMC, and LMO materials 4[48149501(51][52)[53][54][551[56] |y minor




extension, DES has also been used for the detachment of electrodes from the current collector and anode recycling B2
(58]: today, most studies are focused on the degradation of cathode components.

The range of explored conditions is wide, with the main parameters affecting the leaching process being the time (60 min—
48 h), temperature (80—240 °C), and the liquid—solid ratio [BZI2042]49]50]51]52)[53)[54)55]156]. The mechanism driving the
leaching is still not completely clear; the presence of a reducing agent seems to be necessary to force the Co®*/Co?*
reduction and favor the degradation of the LCO materials BABABLUGEI The reducing ability of the HBD has been assessed

through density functional theory (DFT) analysis and Capacitance-voltage (CV) measurements, but this kind of study on

the leaching mechanism is still in its infancy. Several studies report the possibility of recovering the DES systems after the
leaching process and propose its reuse for several leaching cycles; this aspect must be further investigated and combined
with the determination of the leaching mechanism. Indeed, if the leaching reaction is driven by a reductive decomposition
of the cathode material, the oxidation of the DES must be inferred. Thus, for a full recovery of the DES and its reuse, this
oxidation must be reversed or compensated with a change in the DES composition. As a perspective, beyond the
promising results obtained up to now in the high-yield degradation of cathode components, some efforts are needed to
understand and rationalize the effect of the DES composition on the leaching process and to obtain insight into the
leaching mechanism. This can lead to a further optimization of compositions and conditions for a more effective leaching
process. As already stated, only small efforts have been made in the field of exploitation of DES for the detachment of
electrodes from the current collectors and for the recycling of the anodes; also, these topics can be of high relevance in
the future.

Overall, the different developed technologies here described present both advantages and weak points. Indeed,
pyrometallurgy is the mainstream method at the industrial scale, and is the most diffuse and mature, with high recycling
volume capacities and extremely simple operations. At the same time, it suffers from some severe limitations, the main
one being the possibility to recover only a fraction of elements of interest. Indeed, with the technologies implemented
today, it is not possible to recover lithium, considered one of the most critical and strategic elements, while also
considering the new regulation proposal from the EU that makes Li recycling and reuse mandatory 9. Hydrometallurgy
can encompass this limitation if not associated with preliminary pyrometallurgical steps (as often implemented) but as an
alternative independent strategy. Although still limited, it is already industrially exploited and is expected to grow rapidly
thanks to this particularly appealing factor. The main drawback of such an approach is the creation of large amounts of
wastewater due to the limited solubility of the relevant metals in water-based solutions [81. Solvometallurgy represents, in
this sense, a possible and appealing alternative as it allows for low-temperature operation (80-250° typically), complete
dissolution of the cathode materials, and high yields of recovery of different elemental species.

| 6. Direct Lithium Supplementation

Direct lithium supplementation is a method of recycling the cathode of LIBs that involves replenishing the lithium content
in the cathode material to restore its capacity and cycling performance 2. This method aims to address the issue of
lithium deficiency in spent LIBs, which can lead to a decrease in the overall performance of the battery. Direct cathode
regeneration methods have been proposed as a means of closed-loop recycling, which can mitigate raw material
shortages and supply chain risks 3. The regeneration process involved supplementing metal ions, granulation, ion
doping, and heat treatment, generally resulting in excellent electrochemical performance. One study proposed the use of
an eutectic Lil-LiIOH salt with a low eutectic point to create a Li-rich molten environment, which offers excess lithium and
benefits ion diffusion compared to a solid environment 2, This eutectic salt, combined with additives, simplifies the
recycling process and endows the cathode materials with lithium supplementation and structural ordering, leading to the
restoration of capacity and stable cycling performance. Another study developed a green, efficient, closed-loop direct
regeneration technology for reconstructing the LiNig sC0og 2Mng 30, cathode material from spent LIBs 641,

Nevertheless, the applicability of the approach is constrained when faced with diverse cathode chemistries and
degradation scenarios observed in different spent LIBs. Nearly all documented direct recycling techniques prove effective
solely for one or two categories of spent cathodes characterized by a limited degree of degradation 2. Specifically, these
are instances where the cathode materials exhibit a high residual capacity and minimal structural damage. Existing direct
recycling methods, however, largely neglect highly degraded cathodes marked by low residual capacity and significant
structural defects, primarily due to the challenges associated with their repair.

| 7. Anode and Electrolyte Recovery

In recent years, there has been increasing attention given to anode recycling, although it has not yet been established to
the same extent as cathode recycling. Anode recycling is becoming an increasingly important aspect of LIB recycling. At



present, anodes for LIBs can be manufactured using a variety of materials, such as natural or artificial graphite,
carbonaceous materials, or even silicon. Among these options, graphite is the most widely used material in commercial
applications due to its excellent conductivity, stability, and low cost. In fact, graphite is the most applied material in
commercial anode production processes [, Several approaches have been reported in the literature, including pre-
treatment, pyrolysis, hydrometallurgy, supercritical, and water treatment. Recycling anodes involves removing the active
material (e.g., graphite) from the copper or aluminum foil substrate. One common method is to use pyrometallurgical
processes to treat the anode material at high temperatures, which oxidizes the carbonaceous material and leaves behind
a mixture of metal oxides. This mixture can be further processed using hydrometallurgical technigues to extract valuable
metals such as lithium and cobalt. Another method involves the use of mechanical processes, such as grinding and
sieving to separate the anode material from the substrate, followed by further processing using hydrometallurgical
techniques [68],

Anode recycling has the potential to reduce the demand for virgin graphite and other raw materials, as well as decrease
the environmental impact of producing new anodes. However, the challenge with anode recycling is that the graphite
particles can become contaminated with metals and other impurities during the cycling process, which can affect the
performance of the recycled anode material.

Like anodes, the recycling of electrolytes has gained attention in recent years. Typically, electrolytes are evaporated or
burned during thermal processes, but various methods have been proposed to recover lithium from this component €2,
The initial technique involved in the recovery of the electrolyte was liquid extraction. Subsequently, a method utilizing sub-
and supercritical media was proposed, which exhibited relatively high recovery rates. This method was also utilized for the
retrieval of binders (€8], However, alternative methods for valorization have also been reported 52,

| 8. Current Collector Recycling

Current collectors, such as Al and Cu foils, are irreplaceable components of LIBs and have a significant impact on their
performance. The recycling and reusing of these current collectors can contribute to reducing total global emissions and
the demand for new materials /9. Several strategies have been proposed for the separation and recovery of current
collectors from spent LIBs. Pyrolysis and physical separation have been studied as effective methods for the recovery of
valuable materials, including current collectors 4. Another study developed a physical separation process using thermal
and mechanical treatments to recover active cathode materials from current collectors 72, The ultrasound-assisted
Fenton reaction has also been explored for the selective removal of binders to recover cathode materials from current
collectors 3. Additionally, a solvent-based recovery process has been developed for the low-temperature and efficient
separation of electrode materials from current collectors without damaging the active materials or corroding the metal foils
[74, These studies demonstrate various approaches to recycling and reusing current collectors in LIBs, contributing to the
sustainable development of LIBs and the electric vehicle industry.

References

1. Kim, S.; Bang, J.; Yoo, J.; Shin, Y.; Bae, J.; Jeong, J.; Kim, K.; Dong, P.; Kwon, K. A Comprehensive Review on the
Pretreatment Process in Lithium-lon Battery Recycling. J. Clean. Prod. 2021, 294, 126329.

2. Khodadadmahmoudi, G.; Javdan Tabar, K.; Homayouni, A.H.; Chehreh Chelgani, S. Recycling Spent Lithium Batteries
—An Overview of Pretreatment Flowsheet Development Based on Metallurgical Factors. Environ. Technol. Rev. 2023,
12, 2248559.

3. Werner, D.M.; Mitze, T.; Peuker, U.A. Influence of Cell Opening Methods on Organic Solvent Removal during
Pretreatment in Lithium-lon Battery Recycling. Waste Manag. Res. 2022, 40, 1015-1026.

4. Lombardo, G.; Ebin, B.; Mark, M.R.; Steenari, B.M.; Petranikova, M. Incineration of EV Lithium-lon Batteries as a
Pretreatment for Recycling—Determination of the Potential Formation of Hazardous by-Products and Effects on Metal
Compounds. J. Hazard. Mater. 2020, 393, 122372.

5. Zhang, G.; Yuan, X.; He, Y.; Wang, H.; Zhang, T.; Xie, W. Recent Advances in Pretreating Technology for Recycling
Valuable Metals from Spent Lithium-lon Batteries. J. Hazard. Mater. 2021, 406, 124332.

6. Yu, D.; Huang, Z.; Makuza, B.; Guo, X.; Tian, Q. Pretreatment Options for the Recycling of Spent Lithium-lon Batteries:
A Comprehensive Review. Miner. Eng. 2021, 173, 107218.

7.Yu, W.; Guo, Y.; Xu, S.; Yang, Y.; Zhao, Y.; Zhang, J. Comprehensive Recycling of Lithium-lon Batteries: Fundamentals,
Pretreatment, and Perspectives. Energy Storage Mater. 2023, 54, 172—-220.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

. Widijatmoko, S.D.; Fu, G.; Wang, Z.; Hall, P. Recovering Lithium Cobalt Oxide, Aluminium, and Copper from Spent

Lithium-lon Battery via Attrition Scrubbing. J. Clean. Prod. 2020, 260, 120869.

. Widijatmoko, S.D.; Gu, F.; Wang, Z.; Hall, P. Selective Liberation in Dry Milled Spent Lithium-lon Batteries. Sustain.

Mater. Technol. 2020, 23, e00134.

Liu, C.; Lin, J.; Cao, H.; Zhang, Y.; Sun, Z. Recycling of Spent Lithium-lon Batteries in View of Lithium Recovery: A
Critical Review. J. Clean. Prod. 2019, 228, 801-813.

Tian, G.; Yuan, G.; Aleksandrov, A.; Zhang, T.; Li, Z.; Fathollahi-Fard, A.M.; lvanov, M. Recycling of Spent Lithium-lon
Batteries: A Comprehensive Review for Identification of Main Challenges and Future Research Trends. Sustain. Energy
Technol. Assess. 2022, 53, 102447.

Mossali, E.; Picone, N.; Gentilini, L.; Rodriguez, O.; Pérez, J.M.; Colledani, M. Lithium-lon Batteries towards Circular
Economy: A Literature Review of Opportunities and Issues of Recycling Treatments. J. Environ. Manag. 2020, 264,
110500.

Shi, G.; Cheng, J.; Wang, J.; Zhang, S.; Shao, X.; Chen, X.; Li, X.; Xin, B. A Comprehensive Review of Full Recycling
and Utilization of Cathode and Anode as Well as Electrolyte from Spent Lithium-lon Batteries. J. Energy Storage 2023,
72,108486.

Yu, W.; Zhang, Y.; Hu, J.; Zhou, J.; Shang, Z.; Zhou, X.; Xu, S. Controlled Carbothermic Reduction for Enhanced
Recovery of Metals from Spent Lithium-lon Batteries. Resour. Conserv. Recycl. 2023, 194, 107005.

Makuza, B.; Yu, D.; Huang, Z.; Guo, X.; Tian, Q.; Zhang, K.; Zhang, B.; Liu, P. Synergetic Carbothermic Reduction and
Selective Hydrochlorination of Spent Li-lon Batteries Black Mass towards Enhanced Metal Recovery. J. Clean. Prod.
2023, 386, 135831.

Li, J.; Li, L.; Yang, R.; Jiao, J. Assessment of the Lifecycle Carbon Emission and Energy Consumption of Lithium-lon
Power Batteries Recycling: A Systematic Review and Meta-Analysis. J. Energy Storage 2023, 65, 107306.

Omran, M.; Fabritius, T.; Heikkinen, E.-P.; Vuolio, T.; Yu, Y.; Chen, G.; Kacar, Y. Microwave Catalyzed Carbothermic
Reduction of Zinc Oxide and Zinc Ferrite: Effect of Microwave Energy on the Reaction Activation Energy. RSC Adv.
2020, 10, 23959-23968.

Fahimi, A.; Alessandri, I.; Cornelio, A.; Frontera, P.; Malara, A.; Mousa, E.; Ye, G.; Valentim, B.; Bontempi, E. A
Microwave-Enhanced Method Able to Substitute Traditional Pyrometallurgy for the Future of Metals Supply from Spent
Lithium-lon Batteries. Resour. Conserv. Recycl. 2023, 194, 106989.

Fan, X.; Song, C.; Lu, X.; Shi, Y.; Yang, S.; Zheng, F.; Huang, Y.; Liu, K.; Wang, H.; Li, Q. Separation and Recovery of
Valuable Metals from Spent Lithium-lon Batteries via Concentrated Sulfuric Acid Leaching and Regeneration of
LiNi1/3C01/3Mn1/302. J. Alloys Compd. 2021, 863, 158775.

Zheng, X.; Gao, W.; Zhang, X.; He, M.; Lin, X.; Cao, H.; Zhang, Y.; Sun, Z. Spent Lithium-lon Battery Recycling-
Reductive Ammonia Leaching of Metals from Cathode Scrap by Sodium Sulphite. Waste Manag. 2016, 60, 680—688.

Ku, H.; Jung, Y.; Jo, M.; Park, S.; Kim, S.; Yang, D.; Rhee, K.; An, E.-M.; Sohn, J.; Kwon, K. Recycling of Spent Lithium-
lon Battery Cathode Materials by Ammoniacal Leaching. J. Hazard. Mater. 2016, 313, 138-146.

Wang, H.; Huang, K.; Zhang, Y.; Chen, X.; Jin, W.; Zheng, S.; Zhang, Y.; Li, P. Recovery of Lithium, Nickel, and Cobalt
from Spent Lithium-lon Battery Powders by Selective Ammonia Leaching and an Adsorption Separation System. ACS
Sustain. Chem. Eng. 2017, 5, 11489-11495.

Gaye, N.; Gueye, R.S.; Ledauphin, J.; Balde, M.; Seck, M.; Wele, A.; Diaw, M. Alkaline Leaching of Metals from
Cathodic Materials of Spent Lithium-lon Batteries. Asian J. Appl. Chem. Res. 2019, 3, 1-7.

Biswal, B.K.; Balasubramanian, R. Recovery of Valuable Metals from Spent Lithium-lon Batteries Using Microbial
Agents for Bioleaching: A Review. Front. Microbiol. 2023, 14, 1197081.

Chagnes, A.; Pospiech, B. A Brief Review on Hydrometallurgical Technologies for Recycling Spent Lithium-lon
Batteries. J. Chem. Technol. Biotechnol. 2013, 88, 1191-1199.

Kumari, A.; Jha, M.K.; Lee, J.; Singh, R.P. Clean Process for Recovery of Metals and Recycling of Acid from the Leach
Liquor of PCBs. J. Clean. Prod. 2016, 112, 4826-4834.

Ning, P.; Meng, Q.; Dong, P.; Duan, J.; Xu, M.; Lin, Y.; Zhang, Y. Recycling of Cathode Material from Spent Lithium lon
Batteries Using an Ultrasound-Assisted DL-Malic Acid Leaching System. Waste Manag. 2020, 103, 52—60.

Zeng, X.; Li, J.; Shen, B. Novel Approach to Recover Cobalt and Lithium from Spent Lithium-lon Battery Using Oxalic
Acid. J. Hazard. Mater. 2015, 295, 112-118.

Li, L.; Ge, J.; Wu, F.; Chen, R.; Chen, S.; Wu, B. Recovery of Cobalt and Lithium from Spent Lithium lon Batteries
Using Organic Citric Acid as Leachant. J. Hazard. Mater. 2010, 176, 288—293.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Nayaka, G.P.; Manjanna, J.; Pai, K.V.; Vadavi, R.; Keny, S.J.; Tripathi, V.S. Recovery of Valuable Metal lons from the
Spent Lithium-lon Battery Using Aqueous Mixture of Mild Organic Acids as Alternative to Mineral Acids.
Hydrometallurgy 2015, 151, 73-77.

Zeng, G.; Yao, J.; Liu, C.; Luo, X.; Ji, H.; Mi, X.; Deng, C. Simultaneous Recycling of Critical Metals and Aluminum Foil
from Waste LiNi1/3C01/3Mn1/302 Cathode via Ethylene Glycol-Citric Acid System. ACS Sustain. Chem. Eng. 2021, 9,
16133-16142.

Moazzam, P.; Boroumand, Y.; Rabiei, P.; Baghbaderani, S.S.; Mokarian, P.; Mohagheghian, F.; Mohammed, L.J.;
Razmjou, A. Lithium Bioleaching: An Emerging Approach for the Recovery of Li from Spent Lithium lon Batteries.
Chemosphere 2021, 277, 130196.

Zhang, W.; Xu, C.; He, W.; Li, G.; Huang, J. A Review on Management of Spent Lithium lon Batteries and Strategy for
Resource Recycling of All Components from Them. Waste Manag. Res. J. A Sustain. Circ. Econ. 2018, 36, 99-112.

Bahaloo-Horeh, N.; Mousavi, S.M. Enhanced Recovery of Valuable Metals from Spent Lithium-lon Batteries through
Optimization of Organic Acids Produced by Aspergillus Niger. Waste Manag. 2017, 60, 666—679.

Esmaeili, M.; Rastegar, S.O.; Beigzadeh, R.; Gu, T. Ultrasound-Assisted Leaching of Spent Lithium lon Batteries by
Natural Organic Acids and H202. Chemosphere 2020, 254, 126670.

Harper, G.; Sommerville, R.; Kendrick, E.; Driscoll, L.; Slater, P.; Stolkin, R.; Walton, A.; Christensen, P.; Heidrich, O.;
Lambert, S.; et al. Recycling Lithium-lon Batteries from Electric Vehicles. Nature 2019, 575, 75.

Li, B.; Li, Q.; Wang, Q.; Yan, X.; Shi, M.; Wu, C. Deep Eutectic Solvent for Spent Lithium-lon Battery Recycling:
Comparison with Inorganic Acid Leaching. Phys. Chem. Chem. Phys. 2022, 24, 19029-19051.

Golmohammadzadeh, R.; Faraji, F.; Rashchi, F. Recovery of Lithium and Cobalt from Spent Lithium lon Batteries (LIBs)
Using Organic Acids as Leaching Reagents: A Review. Resour. Conserv. Recycl. 2018, 136, 418-435.

de Oliveira Demarco, J.; Stefanello Cadore, J.; da Silveira de Oliveira, F.; Hiromitsu Tanabe, E.; Assumpcé&o Bertuol, D.
Recovery of Metals from Spent Lithium-lon Batteries Using Organic Acids. Hydrometallurgy 2019, 190, 105169.

Wang, S.; Zhang, Z.; Lu, Z.; Xu, Z. A Novel Method for Screening Deep Eutectic Solvent to Recycle the Cathode of Li-
lon Batteries. Green Chem. 2020, 22, 4473-4482.

Wang, M.; Liu, K.; Xu, Z.; Dutta, S.; Valix, M.; Alessi, D.S.; Huang, L.; Zimmerman, J.B.; Tsang, D.C.W. Selective
Extraction of Critical Metals from Spent Lithium-lon Batteries. Environ. Sci. Technol. 2023, 57, 3940-3950.

Suriyanarayanan, S.; Babu, M.P.; Murugan, R.; Muthuraj, D.; Ramanujam, K.; Nicholls, I.A. Highly Efficient Recovery
and Recycling of Cobalt from Spent Lithium-lon Batteries Using an N-Methylurea—Acetamide Nonionic Deep Eutectic
Solvent. ACS Omega 2023, 8, 6959-6967.

Martin, M.l.; Garcia-Diaz, |.; Lépez, F.A. Properties and Perspective of Using Deep Eutectic Solvents for
Hydrometallurgy Metal Recovery. Miner. Eng. 2023, 203, 108306.

Chen, Y,; Lu, Y,; Liu, Z.; Zhou, L.; Li, Z.; Jiang, J.; Wei, L.; Ren, P.; Mu, T. Efficient Dissolution of Lithium-lon Batteries
Cathode LiCoO2 by Polyethylene Glycol-Based Deep Eutectic Solvents at Mild Temperature. ACS Sustain. Chem. Eng.
2020, 8,11713-11720.

He, X.; Wen, Y.; Wang, X.; Cui, Y.; Li, L.; Ma, H. Leaching NCM Cathode Materials of Spent Lithium-lon Batteries with
Phosphate Acid-Based Deep Eutectic Solvent. Waste Manag. 2023, 157, 8-16.

Huang, F.; Li, T.; Yan, X.; Xiong, Y.; Zhang, X.; Lu, S.; An, N.; Huang, W.; Guo, Q.; Ge, X. Ternary Deep Eutectic
Solvent (DES) with a Regulated Rate-Determining Step for Efficient Recycling of Lithium Cobalt Oxide. ACS Omega
2022, 7, 11452-11459.

Wang, M.; Tan, Q.; Liu, L.; Li, J. A Low-Toxicity and High-Efficiency Deep Eutectic Solvent for the Separation of
Aluminum Foil and Cathode Materials from Spent Lithium-lon Batteries. J. Hazard. Mater. 2019, 380, 120846.

Yu, H.; Wang, S.; Li, Y.; Qiao, Q.; Wang, K.; Li, X. Recovery of Cobalt from Spent Lithium-lon Battery Cathode
Materials by Using Choline Chloride-Based Deep Eutectic Solvent. Green Process. Synth. 2022, 11, 868-874.

Padwal, C.; Pham, H.D.; Jadhay, S.; Do, T.T.; Nerkar, J.; Hoang, L.T.M.; Kumar Nanjundan, A.; Mundree, S.G.; Dubal,
D.P. Deep Eutectic Solvents: Green Approach for Cathode Recycling of Li-lon Batteries. Adv. Energy Sustain. Res.
2022, 3, 2100133.

Wang, Z.; Li, S.; Li, T.; Hu, T.; Ge, X. Deep Eutectic Solvents (DESs) for Green Recycling of Wasted Lithium-lon
Batteries (LIBs): Progress on Pushing the Overall Efficiency. Min. Metall. Explor. 2022, 39, 2149-2165.

Wang, K.; Hu, T.; Shi, P.; Min, Y.; Wu, J.; Xu, Q. Efficient Recovery of Value Metals from Spent Lithium-lon Batteries by
Combining Deep Eutectic Solvents and Coextraction. ACS Sustain. Chem. Eng. 2022, 10, 1149-1159.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72

73.

Wang, H.; Li, M.; Garg, S.; Wu, Y.; Nazmi Idros, M.; Hocking, R.; Duan, H.; Gao, S.; Yago, A.J.; Zhuang, L.; et al.
Cobalt Electrochemical Recovery from Lithium Cobalt Oxides in Deep Eutectic Choline Chloride+Urea Solvents.
ChemSusChem 2021, 14, 2972-2983.

Tran, M.K.; Rodrigues, M.-T.F,; Kato, K.; Babu, G.; Ajayan, P.M. Deep Eutectic Solvents for Cathode Recycling of Li-lon
Batteries. Nat. Energy 2019, 4, 339-345.

Tang, S.; Zhang, M.; Guo, M. A Novel Deep-Eutectic Solvent with Strong Coordination Ability and Low Viscosity for
Efficient Extraction of Valuable Metals from Spent Lithium-lon Batteries. ACS Sustain. Chem. Eng. 2022, 10, 975-985.

Chang, X.; Fan, M,; Gu, C.; He, W.; Meng, Q.; Wan, L.; Guo, Y. Selective Extraction of Transition Metals from Spent
LiNixCoy Mn1-x-yO2 Cathode via Regulation of Coordination Environment. Angew. Chem. Int. Ed. 2022, 61,
€202202558.

Ma, C.; Svard, M.; Forsberg, K. Recycling Cathode Material LiCo1/3Ni1/3Mn1/302 by Leaching with a Deep Eutectic
Solvent and Metal Recovery with Antisolvent Crystallization. Resour. Conserv. Recycl. 2022, 186, 106579.

Lai, Y.; Zhu, X.; Li, J.; Gou, Q.; Li, M.; Xia, A.; Huang, Y.; Zhu, X.; Liao, Q. Recovery and Regeneration of Anode
Graphite from Spent Lithium-lon Batteries through Deep Eutectic Solvent Treatment: Structural Characteristics,
Electrochemical Performance and Regeneration Mechanism. Chem. Eng. J. 2023, 457, 141196.

Hua, Y.; Xu, Z.; Zhao, B.; Zhang, Z. Efficient Separation of Electrode Active Materials and Current Collector Metal Foils
from Spent Lithium-lon Batteries by a Green Deep Eutectic Solvent. Green Chem. 2022, 24, 8131-8141.

Gong, S.; Wu, T.; Wang, G.; Huang, Q.; Su, Y.; Wu, F. Screening of Deep Eutectic Solvent Based on Efficient Recovery
of Spent Lithium-lon Battery Cathode Materials. Gaodeng Xuexiao Huaxue Xuebao/Chem. J. Chin. Univ. 2021, 42,
3151-3159.

Council of the European Union; European Parliament. European Commission Regulation (EU) 2023/1542 of the
European Parliament and of the Council Concerning Batteries and Waste Batteries; European Commission: Brussels,
Belgium, 2023; Volume 2023, pp. 1-117.

Gulliani, S.; Volpe, M.; Messineo, A.; Volpe, R. Recovery of Metals and Valuable Chemicals from Waste Electric and
Electronic Materials: A Critical Review of Existing Technologies. RSC Sustain. 2023, 1, 1085-1108.

Ma, J.; Wang, J.; Jia, K.; Liang, Z.; Ji, G.; Zhuang, Z.; Zhou, G.; Cheng, H.-M. Adaptable Eutectic Salt for the Direct
Recycling of Highly Degraded Layer Cathodes. J. Am. Chem. Soc. 2022, 144, 20306—20314.

Graham, J.D.; Rupp, J.A.; Brungard, E. Lithium in the Green Energy Transition: The Quest for Both Sustainability and
Security. Sustainability 2021, 13, 11274.

Fan, X.; Tan, C.; Li, Y.; Chen, Z,; Li, Y.; Huang, Y.; Pan, Q.; Zheng, F.; Wang, H.; Li, Q. A Green, Efficient, Closed-Loop
Direct Regeneration Technology for Reconstructing of the LiNi0.5C00.2Mn0.302 Cathode Material from Spent Lithium-
lon Batteries. J. Hazard. Mater. 2021, 410, 124610.

Natarajan, S.; Aravindan, V. An Urgent Call to Spent LIB Recycling: Whys and Wherefores for Graphite Recovery. Adv.
Energy Mater. 2020, 10, 2002238.

Zhang, G.; He, Y.; Wang, H.; Feng, Y.; Xie, W.; Zhu, X. Application of Mechanical Crushing Combined with Pyrolysis-
Enhanced Flotation Technology to Recover Graphite and LiCoO2 from Spent Lithium-lon Batteries. J. Clean. Prod.
2019, 231, 1418-1427.

Xu, R.; Lei, S.; Wang, T.; Vi, C.; Sun, W.; Yang, Y. Lithium Recovery and Solvent Reuse from Electrolyte of Spent
Lithium-lon Battery. Waste Manag. 2023, 167, 135-140.

Fu, VY.; Schuster, J.; Petranikova, M.; Ebin, B. Innovative Recycling of Organic Binders from Electric Vehicle Lithium-lon
Batteries by Supercritical Carbon Dioxide Extraction. Resour. Conserv. Recycl. 2021, 172, 105666.

Jung, S.; Kwon, D.; Park, S.; Kwon, K.; Tsang, Y.F.; Kwon, E.E. Valorization of a Spent Lithium-lon Battery Electrolyte
through Syngas Formation Using CO2-Assisted Catalytic Thermolysis over a Battery Cathode Material. J. CO2 Util.
2021, 50, 101591.

Natarajan, S.; Akshay, M.; Aravindan, V. Recycling/Reuse of Current Collectors from Spent Lithium-lon Batteries:
Benefits and Issues. Adv. Sustain. Syst. 2022, 6, 2100432.

Zhong, X.; Liu, W.; Han, J.; Jiao, F.; Qin, W.; Liu, T.; Zhao, C. Pyrolysis and Physical Separation for the Recovery of
Spent LiFePO4 Batteries. Waste Manag. 2019, 89, 83-93.

.Wu, Z.; Zhu, H.; Bi, H.; He, P.; Gao, S. Recycling of Electrode Materials from Spent Lithium-lon Power Batteries via

Thermal and Mechanical Treatments. Waste Manag. Res. 2021, 39, 607-619.

Chen, X.; Li, S.; Wang, Y.; Jiang, Y.; Tan, X.; Han, W.; Wang, S. Recycling of LiFePO4 Cathode Materials from Spent
Lithium-lon Batteries through Ultrasound-Assisted Fenton Reaction and Lithium Compensation. Waste Manag. 2021,



136, 67-75.

74. Bai, Y.; Belharouak, I. Solvent-Based Electrode Recovery Toward Sustainable Direct Recycling of Lithium-lon Batteries.
ECS Meet. Abstr. 2022, MA2022-02, 341.

Retrieved from https://encyclopedia.pub/entry/history/show/123220



