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Amn is ammonia. Bio is biology. EC is electrochemistry. DES is deep

eutectic solvents.
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(d) Simplified schematic of the process flow and material
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Table 1 Process parameters and economic benefits of hydrometallurgical leaching for recycling 1 t of spent LIBs
Recyclable . . . . .
. Pretreatment Optimal conditions for leaching Leaching efficiency Product Profit/$ Ref.
materials
NCM Alkaline dissolution treatment Temperature: 95 C, Li: 100% Li,CO; 1891.71 [98]
followed by calcination at Reagent: 2 mol/L H,SOs,, Mn: 98.13% MnO,
600 C for 4 h under an anoxic Time: 240 min, Co0:97.27% CoSO,
environment S/L of 100 g/L Ni: 97.37% NiSO4
NCM Calcination of air at 350 C for Temperature: 80 C, Li: 95.7% Li,CO; 2160.60 [12]
30 min Reagent: 0.5 mol/L C;H,04, (high purity)
Time: 20 min,
S/L of 20 g/L
LCO Calcination of air at 550 C for Temperature: 75 C, Li: 94.0% Cathode precursor  2394.56 [28]
60 min Reagent:
2 mol/L NH,CH,COOH,

6 % (in volume) H,O,,

Time: 100 min,
S/Lofl:15

NCM is LiNi,Co,Ni;_,,0,. LCO is LiCoO,.

5 LFP IEMMEIMLL, &&B&ENN NCM
IEAR AL LA O s 0 U 22 5 2 s P R
WA BERESERUA L ERTE &, ANV FR EEAE Tk
PR B AT AT 250 B A 45 A (A BelvA i s RUBROR
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Table 2 Process parameters and economic benefits of hydrometallurgical recycling for 1 t of spent LIBs

Recycled Optimal conditions for Leaching

Original Regeneration ~ Commercial

Pretreatment ) ) Cost/$  Regeneration method Ref.
cathode leaching efficiency performance  performance  performance
R-NCM622 Calcination of Temperature: 50 'C,  Li: 94.47% 7547 High-temperature No 2743V 2743V [103]
airat 600 ‘C  Reagent: 1 mol/L Mn: 99.36% solid-state method 163.5mA-h/g 151.7 mA-h/g
for 5 h, H,S0y, Co:99.28% at1C,85.08% atlC,84.67%
followed by an Time: 30 min, Ni: 99.56% retention after retention after

additional 1 h  S/L of 60 g/L
of calcination
under an anoxic

environment

300 cycles 300 cycles
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(Continued Table 2)
Recycled Optimal conditions for Leaching . Original Regeneration ~ Commercial
Pretreatment . . Cost/$  Regeneration method Ref.
cathode leaching efficiency performance  performance  performance
R-NCM622 Calcination of Temperature: 90 C, All >99% 8548 High-temperature No 2.7-42V Near [104]
airat 500 C  Reagent: 2.5 mol/L solid-state method 138.0 mA-h/g
for 40 min H,S04, 1% (in at 1 C, 90%
volume) H,0,, retention after
Time: 150 min, 100 cycles
S/Lofl1:9
R-NCM622 Calcination of Temperature: 50 C, All >99% 7778 High-temperature No 2.7-43V Near [105]
airat 700 C  Reagent: 0.5 mol/L solid-state method 152.2 mA-h/g
for5h H,C,04, at1C, 87.7%
Time: 60 min, retention after
S/L of 20 g/L 150 cycles
R-NCM523  Alkaline Temperature: 60 C, All >99% 8075 High-temperature No 2.7-43V 2743V [106]
dissolution Reagent: 0.47 mol/L solid-state method 143.5 mA-h/g 133.4mA-h/g
treatment H,S0y4, 2% H,0,, at1C, 87% at1C, 80%
followed by ~ Time: 30 min, retention after  retention after
calcination in ~ S/L of 20 g/L 100 cycles 100 cycles
air at 600 C
for5h
R-NCM523  An anoxic Temperature: 50 C, All >99% 6332 High-temperature No 3.044V Near [54]
calcination Reagent: 2 mol/L solid-state method 173.9 mA-h/g
process H,SOy, at 0.5 C, 91.9%
conducted at  Time: 90 min, retention after
650 C fora  L/Sof 10 mL/g 100 cycles
duration of 1 h
R-LFP An anoxic Temperature: 25 'C,  Li: 99.02% 2034 High-temperature ~ 2.0-4.5V 2.0-45V No [107]
calcination Reagent: 0.6% (in solid-state method ~ 115.5 mA-h/g 135.6 mA-h/g
process volume) at1C,30.0% atlC,98.6%
conducted at  (H,O,/CH3COOH), retention after retention after
500 C fora  Time: 15 min, 200 cycles 200 cycles
duration of 2h S/L of 80 g/L
R-NCM523  Alkaline Temperature: 90 C, All >95% 8361 Sol-gel method 2.8-43V 2.8-43V No [108]

dissolution Reagent: 0.5 mol/L
treatment CeHs07, 1.5% (in
followed by volume) H,0,,
calcination Time: 60 min,
under S/L of 20 g/L
anaerobic

conditions at
80 C for 24 h,
and subsequent
calcination in
air at 700 C
for5h

113.2 mA-h/g  150.2 mA-h/g
at1C,54.7% at1C,75.4%
retention after retention after

300 cycles 300 cycles
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Table 3 Summary and analysis of various leaching methods in the hydrometallurgical processing of spent LIBs

Leaching o . . . . o Future optimization
Applicability Operating conditions Environmental impact Limitations X
process strategies
Acid The method has a broad Commonly used acids, The leaching process with Inorganic acids create major Select acids with high
leaching applicability, enabling the such as H,SO, and inorganic acids generates environmental issues, leaching efficiency and
rapid dissolution of metals ~ HCI, are typically wastewater, gas emissions,  while organic acids lead to  environmental
within batteries and affordable, with and solid waste, known as higher costs; The friendliness, particularly
demonstrating a high established processing  ‘three wastes’ pollution, purification processes after organic acids, as the
extraction efficiency. It is infrastructure while organic acids are leachate treatment are leachate acidic
capable of processing biodegradable and more quite complex wastewater can be
various types of spent LIBs environmentally friendly recycled
Ammonia  Selective dissolution of The operational Ammonia solution is The costs are high, and it’s  Create more efficient
leaching certain metals can be equipment demands are relatively environmentally ~ essential to manage the processing equipment
achieved, with higher quite stringent friendly, resulting in processing parameters, focused on capturing and
recovery rates observed for minimal environmental such as ammonia’s recycling evaporated
specific metals such as Co pollution volatility and ammonia solutions to
corrosiveness, which need reduce costs
specialized equipment
Biological ~ Currently, it remains in the  Typically conducted at  Utilizing microorganisms to Microbial activity is often  Cultivating adaptable
leaching laboratory phase, and the standard temperature mitigate environmental slow, resulting in longer microorganisms with

performance of certain
battery materials may be

suboptimal

Deep eutectic Currently, it remains in the

solvent

leaching

laboratory phase,
demonstrating excellent

solubility for certain metals

Electrochemical Electrochemical leaching

leaching

occurs at a significantly
faster rate than biological

leaching

and pressure, this pollution
procedure shows low
energy use and does
not require costly
chemicals or complex
equipment

Metal ions readily Predominantly eco-friendly

separate from the solvents, characterized by
solvent, facilitating
subsequent processing

The leaching process Conducting within a

can be controlled by relatively closed system to

adjusting the current minimize environmental

and voltage pollution

low toxicity or non-toxicity

processing times
Identifying
microorganisms that target
specific metals is crucial to

limit their overall use

Preparation costs are high,
applied research is
underdeveloped, and the
process needs optimization

Intensive energy use, higher
equipment costs, and

complex operations

diverse functions to
enable effective leaching
in both acidic and

alkaline conditions

Develop versatile deep
eutectic solvents for
processing various
mixed spent LIBs

Optimize equipment to
mitigate the cost burden
associated with energy

consumption

Future trend
Mix of anode/cathode
Re@e
%
%
- i] TI \ % Single electrode
0 S C .
@Low cost ¢ & @Eco -friendly
@Heavy pollution '°e,. = ,(\d’o @ High cost
on and po*
S . Ion exchange
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Fig. 10 Summary and prospect of hydrometallurgy recycling
technology for spent LIBs
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Extended Abstract

Spent lithium-ion batteries contain rare metals such as lithium, cobalt, nickel and manganese, which are limited and unevenly
distributed. Through recovery, we can effectively reduce the dependence on the exploitation of new mineral resources and realize the
sustainable utilization of resources. It can reduce the cost of raw materials for the production of new batteries, and the development of
the battery recycling industry can create new job opportunities and promote economic growth. As lithium-ion batteries contain heavy
metals and other harmful substances, if discarded at will, these substances may seep into the soil and water sources, causing serious
environmental pollution. The energy consumption in the process of battery production and recycling will produce greenhouse gases. If
not handled properly, it may cause fire or explosion due to internal short circuit, overheating and other reasons, resulting in safety
accidents. Therefore, effective recycling can reduce the energy consumption needed for the production of new batteries, thereby
reducing greenhouse gas emissions. In terms of policies and regulations, many countries and regions have laws and regulations on
e-waste disposal, which require the recycling of decommissioned batteries. Enterprises can show their sense of social responsibility
and enhance their corporate image by recycling retired batteries. This can not only promote the development of related environmental
protection technology and material science, establish a perfect battery recycling system, but also help to form a complete closed-loop
industry chain from battery production to recycling. In a word, the recycling of spent lithium-ion batteries not only is of great
significance to environmental protection and resource conservation, but also has a far-reaching impact on promoting economic
development, meeting the requirements of laws and regulations, and promoting corporate social responsibility. With the popularity of
electric vehicles and other portable electronic devices, the number of retired batteries will continue to increase, and the importance of
battery recycling will become more and more prominent.



o5 53 &5 8 1 Mo 5. PR IFER 8 1~ F it E AR R KRR 025 B SR P2 BRI Fe 1k Jié .+ 2165 -

Recycling the valuable metal resources of spent lithium-ion batteries can generate significant economic benefit. Among various
recycling technologies, hydrometallurgy reveals better application potential due to its high maturity and recovery rate. This review
focus on the development of hydrometallurgy, including the methods of leaching, separation, purification and re-synthesis of spent
cathode materials. The first part introduces the leaching strategies, using acid, ammonia, deep eutectic solvent, bioleaching, and
electrochemical leaching, as well as the auxiliary methods for such methods. The second part summarized the purification
technologies for the leaching solution and the following re-synthesis process, while the former includes the chemical precipitation
method, solvent extraction method, ion exchange method, and membrane separation method and the latter contains the high
temperature solid state method and sol-gel method. In the thrid part, the bottlenecks of hydrometallurgy are summarized, and possible
solutions are provided for the development of hydrometallurgy regeneration technology.

Summary and prospects Hydrometallurgy has high efficiency and practicability in the large-scale application of recycling the
cathode materials of spent lithium-ion battery. However, it consumes a large number of chemical reagents during the leaching process,
generating pollutants and arousing attention. Therefore, the key issue is to reduce the negative environmental impact caused by
hydrometallurgy. The selection of green and efficient leaching technology is beneficial to reduce the production of “three wastes”
pollutants in the hydrometallurgy recycle technology, in which the environment-friendly organic acid has the characteristics of both
leaching agent and chelating agent, promising to partly replace the inorganic acid leaching in the future. Using the microorganisms to
leaches the spent lithium-ion batteries is an environmentally friendly and cheap method, which can design a targeted leaching process
by adjusting its own redox properties. However, its strict cultivation environment and inefficiency have become a major difficulty in
industrialization. Compared with the traditional acid leaching technology, deep eutectic solvent technology and electrochemistry
technology still do not have the advantage in cost. For different cathode materials, auxiliary leaching methods such as mechanical
activation, Fe ion medium and wave assistance can be adopted to reduce the amount of leaching agent, increasing the leaching
efficiency and economic benefit. The traditional chemical precipitation and solvent extraction for separating and purifying often
reveal a complex process, increasing the burden on the environment. The advanced purification technologies such as ion exchange
and membrane separation generate positive effects on the environment, its cost still needs to be considered. Besides, enormous efforts
have been paid on recycling the single cathode materials. However, the spent cathode materials collected from the market often
consisted of a mixture of different cathode materials, which trend to increase the cost of pretreatment and separation process.
Therefore, recycling technology for mixed cathode materials should be studied. For recycling other components used in lithium-ion
batteries, such as anode materials, separator, current collector and so on, although it generates lower economic benefits than that of
cathode materials, the closed-loop recycle of all components of spent lithium-ion batteries is still important in the future, which
realizes high-value and deeply utilization of the whole components of spent lithium-ion batteries.
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