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Abstract
Spent lithium-ion batteries (LIBs) are becoming increasingly common 

due to their widespread use in various energy-related applications. These 
batteries contain valuable metals such as cobalt (Co) and lithium (Li), 
which are in high demand and have limited long-term supply. To recover 
these valuable metals and avoid environmental pollution, the recycling 
of spent LIBs using different methods, including hydrometallurgy, 
pyrometallurgy, direct recycling, and biohydrometallurgy (bioleaching), 
has been widely explored. Each method has advantages and disadvantages 
in terms of cost-effectiveness and the recovery of Co and Li from spent 
LIBs. Thus, a comprehensive and critical analysis of recent studies on the 
performance of different recycling methods for the extraction of Co and Li 
from spent LIBs is necessary for the development of novel and practical 
strategies for effective metal extraction. Specifically, this review focuses on 
the current advancements in the application of existing recycling methods 
and emerging recycling technologies in terms of sustainability, efficiency, 
cost-effectiveness, and environmental friendliness for the recovery of Co 
and Li from spent LIBs. This review also identifies standardization of LIB 
design, automation of disassembly of SLIBs and involvement of artificial 
intelligence/machine learning in the recycling process as some of the best 
practices for the sustainable recovery of valuable metals from SLIBs and 
the minimization of pollution from SLIBs.
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Highlights
• Traditional recovery technologies for Li and Co from 

SLIBs are summarized and reviewed

• DES is an emerging green technology with high recovery 
efficiency for Li and Co.

• Standardization of LIB designs; and

• The automation of disassembly is considered the best 
practice for the future.

Introduction
Lithium-ion batteries are widely used in society, 

powering various technological products such as electric 
bicycles and mobile phones [1-3]. They are considered the 
optimal technology for sustainable transportation due to their 
ability to reduce greenhouse gas emissions [2-4]. Compared 
to traditional batteries, lithium-ion batteries offer numerous 
benefits, including high power and energy density, minimal 
self-discharge, and a long storage life. They can also function 
at different temperatures, making them ideal for plug-in and 
hybrid electric cars [5]. The sale of electric battery vehicles 
is projected to increase significantly (it is anticipated that 
by 2045, 100 million electric battery vehicles will be sold 
worldwide) in the coming years [6]. However, the disposal 
of spent lithium-ion batteries is expected to generate a 
substantial amount of waste [7]. These batteries contain 
dangerous components that could harm the environment 
if not properly managed [8]. Moreover, used lithium-ion 
batteries are known to ignite instantaneously if not managed 
properly and are fully discharged, posing risks to the 
environment, public safety, and human health. The release 
of toxic elements, such as cobalt, nickel, and lithium, during 
landfill disposal can also have harmful effects on human 
health. Increasing the use of these batteries could worsen 
these negative impacts on human health and the environment 
[6]. Additionally, extracting natural raw materials for battery 
production requires more energy than recycling, resulting 
in a 70% increase in energy usage and CO2 emissions 
[6]. Lithium, a key component of lithium-ion batteries, is 
geographically limited to a few areas (approximately 70% 
of the world's lithium reserves are found in Argentina, 
Bolivia, and Chile) [4], making the sustainability of supplies 
uncertain due to market volatility and geopolitical unrest. As 
the demand for lithium-ion batteries continues to rise, there 
may be challenges in meeting the demand for lithium [6], and 
the government needs to implement a strict policy on battery 
recycling while considering geopolitical and environmental 
factors. The European Union has already adopted stricter 

legislation on battery recycling than other countries. The EU 
Battery Directive 2006/66/EC mandates that by January 1, 
2014, the recycling rate of wasted lithium-ion batteries must 
increase to at least 50% of the weight of lithium batteries 
and accumulators [3], [8]. From an economic perspective, 
the active material in a high-energy cell account for 72.2% 
of the total cost, with the cathode and electrolyte making up 
48.8% and 23.4%, respectively. These components contain 
various metals, such as copper, aluminum, magnesium, 
nickel, cobalt, and lithium. Certain metals, such as cobalt, 
nickel, and copper, are recycled due to their economic value. 
The recovery of lithium becomes economically viable when 
lithium production reaches one million tons for the lithium-
ion battery industry in electric vehicles [4, 7, 9]. Spent 
lithium-ion batteries typically contain cobalt, nickel, lithium, 
other metals, organic compounds, and plastics. To extract one 
ton of lithium, 28 tons of spent batteries are needed, which is 
equivalent to 250 tons of minerals or 750 tons of brine [10]. 
The average prices for cobalt and lithium in December 2017 
were $72,589 and $22,914 per ton, respectively. Additionally, 
Zhang et al. (2018) estimated that the value of end-of-life 
vehicle batteries is between $1.38 million and $6.76 million 
by 2035 [5]. Recycling spent lithium-ion batteries is both 
necessary and potentially profitable. However, the recycling 
process for these batteries poses challenges and uncertainties. 
Efficient recycling processes are difficult to design because 
of the diverse composition of lithium-ion batteries in terms of 
technology, application, and manufacturing [11]. Additionally, 
economic benefits and resource demands strongly impact 
battery recycling [12], with the former relying on the market 
price of metals and the technologies utilized for cathode 
materials in lithium-ion batteries. It is important to note 
that the recycling of batteries can yield lithium carbonate, a 
significant raw material for lithium-ion battery production 
[13]. Currently, only 3% of lithium-ion batteries are recycled, 
with a recovery rate for lithium of less than 1% [13, 14]. The 
development of new recycling processes is imperative for 
enhancing efficiency and ensuring environmental safety [9, 
11]. Lithium-ion battery recycling may not be able to entirely 
fulfil the demand for vital metals, but it is an important 
step towards protecting fundamental resources for future 
generations. This will help to stabilize the raw material costs 
and avoid resource shortages [15]. Improving the lithium-ion 
battery recycling process can help us gain a strategic edge in 
the future by lowering our dependency on nations possessing 
mineral deposits [16]. Furthermore, recycling lithium-ion 
batteries will lessen the environmental risks associated with 
waste batteries and assist in preventing the buildup of wasted 
batteries [17]. The scrap quantities will also remain low 
due to recycling. Recycling can be performed using high-
temperature or low-temperature separation techniques. There 
are three well-known technologies available: pyrometallurgy 
(high temperature), hydrometallurgy (low temperature) and 
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direct recycling (Fan et al., 2021; Verma et al., 2020; Yun et 
al., 2018). Hydrometallurgy is considered superior due to its 
environmental friendliness, low energy requirements, and high 
efficiency [9]. By employing a hydrometallurgical process, it 
is possible to recover almost 100% of the lithium, whereas in 
a pyrometallurgical process, it would be completely lost[9]. 
The recycling process for spent lithium-ion batteries consists 
of three stages: pretreatment, secondary treatment, and metal 
extraction. Pretreatment involves dismantling, crushing, and 
separating battery constituents to concentrate the metallic 
portion and eliminate hazardous elements. Secondary 
treatment aims to dissolve the organic binder to improve 
separation of the black mass from the current collector [9, 
18]. Metal extraction utilizes hydrometallurgical processes 
to retrieve pure metals and optimize the efficiency of the 
recycling process [18]. The current methods for recycling 
spent lithium-ion batteries (LIBs), namely, pyrometallurgy, 
hydrometallurgy and direct recycling [19-21], are not without 
negative impacts. Pyrometallurgy generates waste gases and 
slag at high temperatures [13, 22]. Hydrometallurgy requires 
complex equipment and poses safety risks due to the use of 
acids and alkalis [23- 25]. Although strong acids can achieve 
high metal extraction yields [26, 27, 28], their negative 
impacts are recognized [29]. More recently, the use of deep 
eutectic solvents in recycling spent lithium-ion batteries has 
emerged as a method of hydrometallurgy. The use of natural 
deep eutectic solvents (DESs) has advantages in terms of cost, 
toxicity, and biodegradability [27, 30-35]. Direct recycling 
repairs batteries without destroying the original materials. 
However, each method has advantages and disadvantages, so 
there is a need for an environmentally friendly and efficient 
recycling technology.

Since few of these techniques have been made 
commercially available, SLIB recycling techniques have 
achieved modest success in recent years. For lithium-
ion batteries, the Umicore, Sony-Sumitomo, and Toxco 
technologies are the three main industrial recycling 
procedures. The Recupyl process is a novel plant that has 
also been commercialized. Although the recovery of lithium 
is typically not a priority, the primary goal of recycling 
procedures, both at the industrial and laboratory levels, is to 
recover cobalt and nickel because they are highly valuable 
[13]. Using a scientific database (Elsevier-ScienceDirect) 
(Supplementary Figure 1), this review thoroughly examined 
the publishing trend over the last 14 years (2010–2024) 
to determine the current level of knowledge about the 
recycling of spent LIBs. The methodologies used were 
adapted and modified from [36]. The two keywords used 
in the “ScienceDirect” search engine are “spent lithium-ion 
batteries” and “recycle”, which resulted in 2,286 publications, 
with 1973 publications between 2010 and 2024 representing 
86% of the publications within the selected range of years. 

The scientific community is becoming increasingly interested 
in creating innovative and sustainable methods for recycling 
spent lithium-ion batteries (LIBs) to recover valuable metals 
from waste and protect the environment. This is indicated by 
the steady increase in publications about spent LIBs over the 
past seven years. A major fraction of these publications are 
related to the recycling of spent LIBs using pyrometallurgy, 
hydrometallurgy or direct recycling. Previous studies have 
also reported that the above three methods are commonly 
used for recycling spent LIBs [18], [37]. Approximately 
60% of the articles published worldwide were written by 
researchers in China, with the United States coming in second 
with 9% and India third with 6% [36]. Further analysis in 
the “ScienceDirect” database with the keywords “spent 
lithium-ion batteries”, “leaching”, “pyrometallurgy”, “direct 
recycling”, “deep eutectic solvents (DES)” and “bioleaching/
biohydrometallurgy” resulted in a total of 1646 publications, 
573 publications, 222 publications, 139 publications and 215 
publications (research articles), respectively. The recovery 
rates of the current recycling methods for Li and Co extraction 
were obtained from the literature, and their average recovery 
leaching efficiencies were recorded. These average recovery 
rates are based on general trends observed in the literature 
and presented in this review and may vary depending on 
the specific parameters of each study. The flowchart for the 
review methodology is presented in Supplementary Figure 1.

Our literature review revealed approximately 677 
review papers in the “ScienceDirect” database when the two 
keywords “spent lithium-ion batteries” and “recycle” were 
used. The majority of these review papers dealt with spent 
lithium-ion batteries as a whole and specific component, such 
as cathodes, anodes, electrolytes and graphite, while others 
dealt with recycling technologies. However, there is little 
information on the comparative evaluation of the performance 
of both traditional and emerging recycling technologies for 
the recovery of Li and Co, specifically from spent LIBs. This 
review's primary goal is to conduct a thorough analysis of the 
most recent advancements in the literature regarding the use 
of various recycling techniques to recover valuable metals 
(primarily Co and Li) from spent LIBs, taking into account 
factors such as cost-effectiveness, efficiency, environmental 
friendliness, and best practices for spent LIBs.

Selection and classification of research methods 
There were three stages involved in the selection and 

classification of research methodologies:

Selection and classification of the literature
The first step of this research is to conduct literature 

searches through a comprehensive search of the Elsevier 
database (ScienceDirect) using the keywords “spent lithium-
ion batteries” AND “recycle” AND “leaching” AND 
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“pyrometallurgical” AND “DES” AND “biohydrometallurgy/
bioleaching”. Abstracts of the most relevant research papers 
were assessed by title to check whether they fell within the 
scope of the study. Additionally, available techniques and 
technologies were obtained by identifying and using earlier 
published reviews on the recycling areas of spent lithium-ion 
batteries. In particular, for the recovery of cobalt (Co) and 
lithium (Li) from spent lithium-ion batteries, the literature 
has classified them using a variety of recycling methods.

Selection and classification of recycling technologies
 For traditional recycling technologies such as 

pyrometallurgy and hydrometallurgy, we selected the 
technologies commonly used for the recovery of Li and Co 
and their outstanding improvement in terms of efficiency, 
cost-effectiveness and environmental protection. In addition, 
recycling technologies for spent LIBs that have emerged 
in recent decades were investigated. These technologies 
are highly important for recycling metals because of their 
sustainability, environmental friendliness, reusability and 
recovery efficiency. These include deep eutectic solvents, 
molten salt roasting, biohydrometallurgy (bioleaching), 
mechanochemical technology, and electrochemical 
technologies. The individual recycling technologies are 
summarized and reviewed.

Evaluation of technological processes
 Both traditional and emerging technologies were analysed 

for their efficiency in recovering Li and Co from spent LIBs. 
The efficiency of the different recycling technologies was 
calculated based on their average recovery rates from the 
data used in this study and taken from the literature. A filtered 
literature search was carried out for a specific technical 
process. Finally, best practices for the future sustainability of 
spent LIBs to recover valuable metals and minimize pollution 
are outlined.

Lithium and Cobalt 
Most of the raw materials used in lithium-ion batteries, 

which are sourced from ores, are cobalt and lithium due to 
their dominating market shares in the battery manufacturing 
sector. [38].

Cobalt
Cobalt is commonly present in mineral deposits alongside 

copper or nickel and occasionally contains traces of arsenic 
and silver. It is typically found in low concentrations and is 
primarily obtained as a byproduct of other metal extraction 
processes. Approximately 50% of cobalt production stems 
from the nickel industry, 44% from copper and other industries, 
and the remaining 6% from primary cobalt operations. 
Historically, Africa has been a major source of cobalt, 
especially the Democratic Republic of the Congo (DRC) and 

Zambia. Australia, Brazil, Cuba, Russia, Canada, Madagascar, 
and China are also important contributors. The estimated 
quantity of refined cobalt as of 2014 was approximately 
92,000 tonnes, while the projected reserves were over 
13 million tonnes (CDI, 2016)[39]. Due to its expanding 
applications, the demand for cobalt has intensified despite its 
limited presence in the market. In terms of production volume, 
cobalt output exceeds that of lithium, yet its atomic quantity 
is only a quarter of the latter[40]. Shifts in cobalt demand 
patterns have been observed, with a notable transition from 
the United States and Europe to Asia since 2002. This shift 
has led to a surge in cobalt demand in Asia, particularly driven 
by chemical applications such as rechargeable batteries and 
catalysts, which constitute approximately 54% and 46% of 
the demand, respectively [18]. Generally, cobalt is employed 
in metallurgical processes, as a constituent of super alloys 
used in the construction of turbine engines and aircraft, in the 
chemical industry (powders, adhesives, catalysts, agriculture, 
medicine, etc.), in the manufacturing of cemented carbides, 
and in the ceramics and enamels sector [39]. The creation of 
lithium-ion batteries, which are utilized as a power source 
for many electronic devices, is nonetheless the most widely 
utilized purpose. China is the world's major user of cobalt, 
with almost 80% of this metal coming from the rechargeable 
battery industry [41].

Lithium
Currently, more than 32,500 tonnes of lithium are 

produced annually throughout the world. Much of the world's 
lithium output is derived from two primary producers: 
Australia and Chile. The production of lithium carbonate, 
hydroxide, and chloride has increased in China, which is 
also becoming a significant producer. In South America, 
where Chile accounts for approximately 53% and Argentina 
14%, the region is believed to have 14 million tonnes of 
lithium deposits. According to [42], China is thought to hold 
approximately 23% of global reserves. Lithium production 
has historically been dominated by subsurface brines due to 
their low production costs. However, with the current surge 
in demand for lithium, mineral-sourced lithium has been 
able to reclaim a significant portion of the market share. In 
fact, it is estimated that mineral-sourced lithium accounted 
for half of the world's lithium supply in 2015. Technology 
corporations in Asia and the United States are now placing 
a high premium on the security of the lithium supply. To 
ensure a reliable and diversified supply of lithium for battery 
suppliers and vehicle manufacturers, cooperative ventures 
and strategic alliances are being formed between technology 
companies and exploration companies [42]. Rechargeable 
batteries, particularly lithium-ion batteries, have shown the 
most potential for growth in the lithium market. The demand 
for lithium rechargeable batteries far surpasses that for other 
types of rechargeable batteries. For instance, a leading electric 
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Dismantling: When disassembling a battery, careful 
planning and attention to detail are important. There are three 
methods for removing a battery: manual, semiautomatic, and 
completely automatic. It is crucial to select the best strategy 
based on your specific needs, as each approach has advantages 
and disadvantages. Safety gear such as goggles, gloves, 
and gas masks is necessary. Manual disassembly involves 
unscrewing or loosening the battery parts using a pneumatic 
tool and separating the anode and cathode to remove active 
components. Semiautomatic and fully automatic dismantling 
systems are more cost effective and efficient for large-scale 
operations because they reduce the risk of human error by 
utilizing machinery [53].

Thermal separation: To obtain valuable cathode 
materials from dismantled lithium-ion batteries, it is important 
to remove impurities such as copper, aluminium, iron, and 
carbon. The most common binder used in lithium-ion batteries 
is PVDF, which makes it difficult to isolate the cathode 
materials and aluminum foil for recycling. To eliminate 
PVDF during pretreatment, thermal treatment is a simple 
and scalable technique that can be performed at temperatures 
ranging from 350 to 700 °C. This treatment can also increase 
the efficiency of lithium leaching by removing carbon, which 
can adsorb lithium. Thermal pretreatment can be costly due 
to energy consumption, machinery requirements, and toxic 
gas byproducts [54]. Vacuum pyrolysis is a process that can 
decompose cathode material without producing hazardous 
gases and prevent the oxidation of copper and aluminium. 
It also allows for the separation of precious metals without 
the need for scraping or sifting [55]. A recent study by Bi 
et al. introduced a novel approach using low-temperature 
heat treatment at 300 °C to effectively recycle LFP batteries 
[56]. The study revealed that increasing the heat treatment 
time improved the dissociation of the anode material from 
the aluminum foil and achieved complete separation without 
contamination after 120 minutes, although harmful gases 
were produced during crushing, and the strength of the 
cathode material was compromised, possibly resulting in 
the loss of LFP to non-metallic powder. Additionally, in our 
previous studies [57], high-temperature thermal pretreatment 
was optimized for maximum enrichment of Li and Co in the 
black mass of SLIBs produced at 600 °C with a heat treatment 
time of 35 minutes and a reduction in harmful gases during 
comminution.

Chemical separation: Lithium-ion battery recycling 
involves removing the binder from cathode scraps to extract 
active components. This can be achieved by using solvents 
such as NMP, DMF, DMSO, and DMAC, with DMAC being 
the most efficient for extracting aluminum [55]. Citrus fruit 
juice has also been used as an environmentally friendly 
solvent. Another approach involves dissolving aluminium in 
NaOH and burning PVDF residues from cathode materials 

car manufacturer is in the process of establishing a lithium-
ion battery processing plant in the United States capable of 
producing 500,000 lithium-ion vehicle batteries annually 
[42].

Recycling routes for spent lithium-ion batteries
The process of recycling spent lithium-ion batteries 

involves three stages: pretreatment, separation of individual 
components, and recovery of valuable products such as Cu, 
Al, Fe, Co, Li, Ni, Mn, C, and plastics. The pretreatment 
stage focuses on removing hazardous sources and separating 
the components. The second stage involves separating 
components and dissolving the components. Finally, the last 
stage is dedicated to recovering valuable materials from spent 
batteries [18].

Pretreatment process
The recycling of used lithium-ion batteries is a challenging 

process because accurately determining the remaining power 
can be difficult. Even after the battery is fully discharged, 
residual power may remain. Directly treating lithium-ion 
batteries is ineffective due to their diverse range of elements. 
[43] After being discharged, they are dismantled and then

separated either manually or mechanically. There are 
several techniques for separating the active material from 
discarded batteries. Pretreatments are generally used to 
separate materials and parts of spent LIBs based on their 
form, density, conductivity, and magnetic characteristics. 
Pretreatments such as disassembly, crushing, screening, 
magnetic separation, washing and thermal pretreatment are 
examples of physical procedures [44-46].

Discharging: To prevent the potentially dangerous 
occurrence of self-igniting short circuits and battery rolls 
during disassembly, it is essential to drain the battery first. 
This process is known as "discharging" [47]. To recycle 
lithium-ion batteries (LIBs) based on lithium cobalt oxide 
(LCO), the batteries can be soaked in a salt solution, typically 
sodium chloride (NaCl), for the most effective results. 
However, the optimal discharge level is still uncertain, as full 
discharge may cause copper to diffuse into the electrolyte, 
affecting the leaching process. The addition of NaCl to water 
can accelerate the discharge effect of LIBs. [48-50] reported 
that a 10% NaCl solution is the best for extracting precious 
metals while also allowing for the reuse of the leftover 
liquid. Researchers used a roller presser and then submerged 
lithium-ion batteries (LIBs) in distilled water to create a short 
circuit between the cathode and anode [51]. This process 
was performed for LIBs utilizing LCO and spent LIBs based 
on NMC [52]. The batteries were fully discharged under 
70-minute discharge conditions, causing the residual voltage 
to drop significantly within 10 minutes.
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to avoid hazardous gas release. The resulting powder can 
be milled for better leaching effectiveness. Overall, organic 
agents and NaOH are promising methods for lithium-ion 
battery recycling.

Mechanical processing
Crushing and shredding batteries is a simpler alternative to 

disassembling them. The industry combines the discharging 
and dismantling steps to save costs by shredding or crushing 
the battery in an inert environment, which is crucial for 
recycling electrode material comminution [58, 59]. This 
process benefits the hydrometallurgical recycling process and 
involves two steps: low-speed rotary milling and high-speed 
impact mill crushing. The process of crushing or shredding 
spent lithium-ion batteries is commonly carried out in inert or 
cryogenic environments to prevent the potentially hazardous 
reaction of lithium, which occurs when intercalated lithium 
reacts with water to form lithium hydroxide (LiOH) and 
hydrogen gas (H2). Overcharged batteries are at risk of 
developing lithium plating on the surface of the anode. 
Another rationale for conducting crushing or shredding in 
an inert atmosphere is that the electrolyte in the batteries 
contains toxic and flammable compounds, thereby reducing 
the hazards associated with organics present in the batteries. 
The interaction of metallic lithium with water or moisture 
salts leads to highly exothermic reactions [18]. They undergo 
crushing to produce small size fractions [14]. Following the 
successful crushing and reduction of lithium-ion batteries 
into small sizes, the materials are then sorted based on 
their physical properties. Techniques such as density-based 
separation are utilized to eliminate plastics, which are lighter 
than other components. Vibrating tables or flotation can 
also be utilized for this purpose. Furthermore, the lighter 
components can be separated from the heavier components 
based on their differing densities. A magnetic separator can be 
utilized to extract ferrous components. Mechanical processing 
can be exclusively employed for the recycling of lithium-ion 
batteries. This involves grinding post crushing to release the 
active materials from the spent batteries and separating them 
from their substrates. Subsequently, the valuable components 
can be extracted and concentrated through standard mineral 
processing techniques [60].

Hydrometallurgy
In the domain of hydrometallurgical processing, this 

method involves the disintegration of spent lithium-ion 
batteries, followed by the selective removal of components 
from the leachate. After that, the leachate was subjected 
to purification to obtain the essential valuable metals. 
Typically, crushing and shredding are the preliminary steps 
in hydrometallurgical processing, facilitating the release 
of materials. This leads to the integration of mechanical 
processing with hydrometallurgical techniques in many 

processing facilities. Studies reveal that the hydrometallurgical 
extraction of metals from spent lithium-ion batteries is 
a feasible option because of its numerous advantages, 
such as high metal recovery rates with purity, low energy 
consumption, and insignificant gas emissions. However, 
the process generates liquid waste. Hydrometallurgical 
processing is effective for extracting lithium from spent 
lithium-ion batteries [61]. Moreover, hydrometallurgical 
processes exhibit a high level of selectivity, allowing for 
the direct separation and retrieval of various materials with 
great efficiency [16]. The main hydrometallurgical methods 
used include leaching, precipitation, ion exchange, solvent 
extraction, and electrochemical separation.

Leaching: The process of leaching involves using a 
solvent to remove a soluble element, typically a metal, from 
a solid. It can also be selective for particular elements and is 
used to bring metals into solution. Leaching is an important 
step in the hydrometallurgy process of recycling lithium 
and cobalt from used batteries. Different leaching agents are 
used, including alkaline solutions, inorganic/organic acids, 
and ammonia-ammonium salt systems. The agent used is 
contingent on the features of the substances being recycled 
and the desired outcome. Alkaline solutions are commonly 
used because they dissolve a broad range of metals, while 
inorganic acids are useful for extracting cobalt. Ammonia-
ammonium salt systems are an eco-friendly alternative to 
traditional agents. The most common leaching agent or 
solvent is sulfuric acid, which is also less expensive than 
other acids, such as hydrochloric or nitric acids, and is easier 
to obtain. It also poses less of a risk to the environment. The 
leaching efficiency or selectivity is contingent upon the nature 
of the leaching media, which can range from basic to acidic, 
as well as various configurations. By altering the oxidation 
state of a metal, such as cobalt (CO2+), which is far more 
water soluble than Co3+, the reduction leaching efficiency 
increases [16]. Table 1 gives the leaching optimum conditions 
for Li and Co recovery.  Researchers [62] developed a 
method to recycle cobalt from lithium-ion batteries using 
a hydrometallurgical process that involves alkali and acid 
leaching, SX, and chemical precipitation. They used H2SO4 + 
H2O2 as the leaching agent and reductant, achieving 95% and 
96% leaching rates for cobalt and lithium, respectively, under 
specific conditions. However, the use of strong acids can lead 
to harmful gas emissions and environmental pollution [63]. 
[64] used ultrasonic cleaning roasting and an eco-friendly 
weak organic acid, ascorbic acid, to extract valuable metals (Li 
and Co) from S-LIBs while minimizing harmful waste. They 
achieved high leaching rates of 98.5% for Li and 94.8% for 
Co by using 1.25 M C6H8O6 and a 25 g/L S/L ratio. Ascorbic 
acid converted insoluble Co3+ in LCO to easily soluble Co2+, 
while C6H8O6 was oxidized to C6H6O6. This approach is both 
effective and environmentally sustainable. A new method has 
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Solvent extraction (SX): Using a two-liquid layer system 
that takes advantage of ion solubility in polar and nonpolar 
liquids, the SX technique successfully isolates lithium from 
leached CAM. Nonpolar extractants are used to remove rare 
elements such as cobalt, nickel, and manganese from aqueous 
solutions, whereas lithium is extracted from the solution. To 
separate Co, Ni, and Mn, several extractants, such as Cyanex 
272, PC-88a, Cyphos IL-101, and D2EHPA, can be utilized. 
Table 2 summarizes previous SX experiments for LiCoO2 
CAM, providing better knowledge of the process and its 
possible applications. [43], [68].

Selective Adsorption: Selective adsorption is a method 
that separates lithium ions using a specialized lithium-ion 
sieve. These inorganic bead-type adsorbents, called spinel-
structured Mn-type Li-ion sieves, are very selective for Li 
ions in a Li-containing solution. This technology involves the 
extraction of lithium from brines. Li-ion sieves are perfect 
for Li because they use a vacancy to allow only Li ions to 
pass through. Among inorganic solvents, Li-Mn oxide 
spinel is the most selective and stable and has the highest 
capacity. This material is also commonly used due to its low 
toxicity [68]. Scientists [69] have developed a new method to 
recover precious metals from used lithium-ion batteries. The 
process involves extracting lithium, nickel, and cobalt from 
pretreated LIB powders using ammonia media and then using 
manganese-type lithium-ion sieves as adsorbents to separate 
the lithium from the other metals. The study revealed that 
the recovery efficiencies of lithium, nickel, and cobalt were 
76.19%, 96.23%, and 94.57%, respectively. This process 
also produces byproducts and allows for the recycling of 
ammonia. This study explored the separation of Li+ ions 
through experiments on the adsorption behaviors of lithium-
ion sieves under different conditions. An increase in the initial 
Li+ concentration led to an increase in the Li+ adsorption 
capacity, potentially because Li+ ions enter the active sites 

been developed by [65] extracting lithium and cobalt from 
used LiCoO2 cathodes. The method uses a reductive roasting 
technique with aluminum foil as a reductant. After 60 minutes 
at 600 °C, the spent cathode is converted into Li2O, LiAlO2, 
and CoO. The leaching efficiencies for Li and Al are 93.67% 
and 95.59%, respectively. This process selectively removes 
alkaline soluble Li2O and LiAlO2, leaving CoO in the residue. 
This approach reduces waste, promotes sustainability, and 
is advantageous compared to traditional thermal reduction 
techniques.

Precipitation: Leaching is typically followed by 
precipitation, which is the process of removing components 
from a solution by forming insoluble compounds. This 
is accomplished by including substances that react with 
solvated species to produce precipitate-forming insoluble 
salts. Filtration or centrifugation can then be used to retrieve 
the precipitated material. The reuse of the material is an 
advantage of precipitation, provided that a suitable solidifying 
agent is used. However, the expected residual solubility of 
the compound and the possibility of contamination of metal 
compounds, which would require an additional cleaning step, 
are disadvantageous [17]. The precipitation method uses 
varying pH and temperature to separate lithium from other 
elements in a solution. It is useful for industrial applications 
where efficient separation is important due to the high 
demand for lithium [66, 67]. Low-solubility materials, such 
as transition metal hydroxides, carbonates, or oxalates, can 
be readily precipitated from the process solution during 
hydrometallurgical treatment by employing precipitants such 
as NaOH, Na2CO3, and Na3PO4. These precipitates remove 
other dissolved metals, leaving behind lithium, which is 
then extracted in the form of Li2CO3, LiOH, or Li3PO4. 
This precipitation method is considered the optimal refining 
process because of its safety, affordability, and efficiency. 
Table S1 (supplementary material) provides a summary of 
previous studies supporting this claim [68].

Reagent-acid Oxidant T (°C) T (min) S/L (g/L) Recovery (%) Reference

1.25 M citric 1% H2O2 90 30 20 Li: 100%; Co: 90% [1]

1.5 M Citric+0.5 g/g D-glucose — 80 120 20 Li: 99%; Co: 92%; Ni: 91%; Mn: 
94% [2]

1.5 M DL-malic 2% H2O2 90 40 20 Li: 100%; Co: 90% [3]

1.0 M oxalate — 80 120 50 LiCoO2 98% [4]

1.25 M Ascorbic — 70 20 25 — [5]

4 M HCl — 80 120  Li: 97%; Co: 99% [6]

4 M HCl (NCA) H2O2 90 1080 50 Li: 100%; Co: 100% [7]

HNO3/H2SO4 10% H2O2 75 120 — Li: 99%; Co: 99% [2]

1 M H2SO4 (LCO)
— 85 — —

Li: 96%; Co: 95%
[7]

4 M H2SO4 CoC2O4↓

Table 1: S-LIB leaching optimum conditions
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Electrode material Leach reactive and conditions SX reagent Efficiency Purity References

LiCoO2

600 °C/2 h PC88a
Leaching 

100% >99.5% [8]2.25 M H2SO4 (80 °C/30 min) Residue: LiSO4

Leaching: 100%, purity 99.5%  

LiCoO2 0.5 M HCl (60 °C)

Cyphos IL-101 Saturated 
Na2CO3 (60 \C)

86.20% 74.20% [9]
Residue: Li2CO3

LIB scraps 4 M H2SO4 (100 g L−1)
glucose [90 °C]

80% >98% [10]D2HEPA, CYANEX 272, saturated 
Na2CO3

LiNi0.3Mn0.3Co0.3O2 2 M H2SO4 H2O2 (33 g L−1) [70 °C]
 Cyanex 272

Leaching 94%  [11]
Saturated Na2CO3

Li2CO3 H2SO4–H2O2 mixture NaOH, D2EHPA, Cyanex 272, 
kerosene, Na2CO3 [95 °C] 72% 99.70% [12]

Table 2: Results of solvent extraction (SX) of various LiCoO2 materials reported in the literature.

of the sieves faster [70]. This highlights the importance of 
considering varying lithium concentrations in optimizing 
the extraction process for valuable metals. The experiment 
examined the effect of varying concentrations of Li+, Ni2+, 
Co2+, and NH4+ ions on the adsorption capacity of lithium-
ion sieves. The results showed that as the concentration of 
Li+ decreased, the adsorption capacity of the lithium-ion 
sieves decreased, while the adsorption capacities of the 
Ni2+ and Co2+ ions remained relatively stable. Additionally, 
the experiment revealed that increasing the concentration 
of NH4+ ions resulted in an increase in the Li+ adsorption 
capacity but a decrease in the Ni2+ and Co2+ adsorption 
capacity due to a stronger complexation capacity between 
NH3 and the Ni2+ and Co2+ ions. The study also revealed that 
higher pH leads to reduced surface charge in lithium-ion 
sieves, resulting in greater interactions between lithium ions 
and hydrogen ions. This discovery can help in the creation of 
more efficient lithium-ion sieves [71]. Umeno et al. observed 
that the adsorption capacities of Li+, Ni2+, and Co2+ increased 
as the temperature increased from 20 to 50 °C while keeping 
their concentrations constant. This is consistent with previous 
research and suggests that temperature plays a crucial role in 
the adsorption process of these ions. The increase in capacity 
can be attributed to the enhanced mobility of the ions and the 
increased surface area of the adsorbent [69]. These findings 
have implications for efficient and cost-effective metal 
recovery from waste streams.

To ensure the success of the hydrometallurgical 
flowsheet, it is critical to separate the ionic species in the 
PLS from each other once they are in solution, which can be 
accomplished through various methods, such as precipitation, 
SX, electrochemical processing, and membrane separation. 

In general, hydrometallurgical processes include dismantling, 
crushing, leaching, purification, separation and product 
preparation, among which leaching has been the focus [72]. 
The implications for hydrometallurgical purification and 
refining are shown in Table 3. The recovery of materials by 
hydrometallurgy, which has been intensively researched, 
is a promising technique. However, because so much acid 
and base are needed for leaching, this process may result 
in increased chemical expenses, and disposal costs might 
be substantial. Before using hydrometallurgy extensively, it 
is crucial to assess the benefits and drawbacks to make an 
informed choice.

Pyrometallurgical Method
Lithium, cobalt, and nickel are precious metallic 

components that can be extracted from lithium-ion batteries 
(LIBs) via pyrometallurgy, a technique that employs high 
temperatures. The process is extensive and requires a number 
of phases, such as roasting, smelting, and refining. The 
purpose of roasting is to remove volatile components and 
other contaminants by heating the electrode material in the 
presence of air [73]. The roasted electrode material is melted 
along with a reducing agent during the smelting process, 
which eliminates any leftover impurities and leaves the pure 
metal behind (Figure 6). Finally, the metal is further purified 
during the refining process using a variety of methods, 
including electrolysis and distillation. Large amounts of 
wasted LIBs can be handled by pyrometallurgy, which can 
also yield excellent metal products and recover metals that are 
challenging to remove with conventional methods [74]. This 
method's streamlined extraction and purification operations 
allow it to produce results that are frequently faster and more 
affordable than those of alternative techniques. Nevertheless, 
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there are a number of drawbacks to pyrometallurgy, such as 
the difficulty of recycling the electrolyte and the ease with 
which lithium can be lost in the slag. Furthermore, during the 
smelting process, pyrometallurgy discharges pollutants into 
the atmosphere, including sulfur dioxide and other gases [73]. 
The Umicore Integrated Smelter and Refinery Plant uses a 
pyrometallurgical process to recover precious metals from 
waste electrical and electronic equipment (WEEE), which 
includes pretreatment, smelting in an Isa Smelt furnace, and 
electrolytic refining of base metals [75].

Smelting: The smelting process in recycling lithium-ion 
batteries involves heating the electrode material to melt metal 
oxides, which results in the reduction of metal oxides to a 
liquid state [74]. This method removes the requirement for 
pretreatment and enables direct smelting of cells and modules 
in the smelter [76]. In this process, the electrolyte is heated 
to a low temperature for evaporation, while the electrode 
material melts at high temperatures. Carbon and aluminum 
act as reducing agents, and the addition of appropriate fluxes 
aids in metal melting by lowering the melting point. An 
advantage of smelting is its ability to recover various spent 
LIBs with diverse chemical compositions.

Roasting: Carbonothermal reduction roasting is a crucial 
method in pyrometallurgy for recovering cathode materials by 
heating them with a reducing agent such as carbon, promoting 
the reduction of transition metal oxides and facilitating the 

leaching of Li and Co [77]. A combination of LCO and 
graphite was roasted for 30 minutes at 1000 °C in a nitrogen 
environment by [48]. The findings indicated that 98.93% of 
the Li, 95.72% of the Co, and 91.05% of the graphite were 
recovered by magnetic separation from the roasted products, 
which were made of graphite, Co, and Li2CO3. In contrast 
to conventional calcination methods, which necessitate heat 
transfer and result in undue thermal loss and comparatively 
long heating times, microwave-assisted carbothermal 
reduction is gaining attention because of its ability to recover 
metals from spent LIBs by directly heating graphite with 
microwave energy, improving metal recovery efficiency [78]. 
A brief overview of the pyrometallurgical recycling process 
for spent LIBs is shown in Table 4.

Emerging sustainable recycling technologies for 
SLIBs

Deep eutectic solvent: Hydrometallurgy has been the 
subject of countless investigations in recent decades because 
of its ability to produce highly pure products and because 
of the rich chemistry involved, which may enhance overall 
efficiency [76, 79]. Eco-friendly solvents have replaced 
traditional acid-based leaching reagents in an attempt 
to reduce pollution and improve the circular economy 
throughout the leaching process. The idea of solvometallurgy, 
a cutting-edge field of study that looks for safer and more 
efficient substitutes for leaching reagents, was born out of this 

supplementary material Challenges in hydrometallurgy Troubleshooting

Electrolyte (EMC, DMC) Organochlorine chemicals are produced, harmful gases are released, 
acid usage increases and prewashing expenditures are necessary.

Evaporation/decomposition by 
thermal pretreatment

PVDF (Adhesive; 100% in AM) Costs associated with disposal rise due to the filter cake's inability to 
dissolve in acids.

Decomposition by thermal 
pretreatments

LiPF6 (conducting electrolyte 
salt; 100% in AM)

The HF(g) formation, fast corrosion to the equipment; LiF formation, 
thus, Li depletion in aqueous and metal-containing phase

Decomposition by thermal 
pretreatment

Mn
Expense on operation surges due to necessary precipitation and 
disposal, as well as cross-contamination in Fe and Al fraction, a more 
difficult recycling opportunity

Slagging Pyrometallurgy

Al and Fe operational expenses increase as a result of waste disposal and 
precipitation. Al decreases filtering effectiveness. Slagging Pyrometallurgy

Plastic residues (separator, 
sleeve, cable covers, etc.) Costs for additional filters and incinerator disposal Decomposition by thermal 

pretreatment

Graphite (100% in AM) Foam formation with an impact on the plant construction and cost of 
process additives Reducing agent Pyrometallurgy

LiFePO4 (100% in AM)
Hazardous wastewater containing PO4, corrosion due to gas 
production, the creation of stable Ni and Co PO4s, HF favouritism, 
issues for fundamental safety, and filtering challenges

Slagging Pyrometallurgy

Silicon (LiB Gen. Si Anode) The high expense of waste disposal and gel formation during filtering Slagging Pyrometallurgy

Table 3: Implications for hydrometallurgical purification and refining (adapted from the work of [13].
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Spent material Reducing agent Thermal-treatment 
condition Posttreatment leaching

Efficiency wt.%
Ref.

Co Li

Polymer LIB Al can, pyrolusite, SiO2 800 °C, 2 h Conc. H2SO4, H2O 99.84 50.28 [16]

LiCo0.7Ni0.15Mn0.15O2 Activated carbon 700 °C, 1 h C6H8O7, Na2SO4,1 M, H2O >99 38.3 [15]

LiCoO2 Graphite, NaOH 10% 520 °C, 3 h H2O – 93 [17]

LiCoO2, LiMn2O4, LiNiO2 Graphite 400–700 °C, 0.5–
1.5 h – – – [18]

LiCoO2, LiMn2O4, 
LiCoxMnyNizO2

Graphite, initial 
vacuum < 1 kPa 700 °C, 0.5 h H2O – 81.9 [19]

LiMn2O4 Carbon, vacuum 800 °C, 45 min H2O – 91.3 [20]

LiCoO2 Al foil 600 °C, 1 h NaOH 2.5 M – 93.67 [21]

LiCoO2 NaHSO4·H2O 600 °C, 0.5 h H2O 72.56 0.53 [22]

Simulated slag 
xLi2O·yCaO·zAl2O3·nSiO2.

CaCl2, NaCL, ACl3 1000 °C, 1.5 h – – 97.45 LiCl [23]

LiCoO2 HNO3, (70 °C, 5 h) 250 °C, 1 h H2O ˂0.1 >93 [8]

LiCoO2 NH4Cl 350 °C, 20 min H2O 99 99 [24]

Electrode materials  1700 °C–1750 °C   >90% with 
99% purity [25]

LiCoO2 + C  1000 °C/30 min in 
O2 free    

 

[3]

 

Cathode materials   650 °C/3 h Water leaching [100 °C/0.5 h] 99% 84.70% [26]

LIB scraps  Roasting 100–300 
°C 70 °C/5 h HNO3  

90% with 
99.95% 
purity

[23]

Electrode materials  Carbothermal 850 
°C/45 min  61% 80% with 

98% purity [27]

Co, Li and graphite  
High temperature, 

smelting and 
reduction process

 97.52%  98.93% [3]

Table 4: A concise analysis of pyrometallurgical recycling for LIBs adapted from [14], [15]
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transition [80]. Among the several solvents being studied for 
the recycling of lithium-ion batteries (LIBs), deep eutectic 
solvents (DESs) have garnered much attention due to their 
special ability to interact with the active components in 
LIBs. This feature offers the potential for cost-effective and 
environmentally friendly recycling of LIB cathode materials. 
DESs are a broad class of solvents that are created when two 
solid materials are combined, producing a combination that 
has a significantly lower melting point [81-83].

The extraction of different kinds of cathode materials was 
discovered to be feasible in 2019 with DESs [84], introducing 
a new phase in the recycling of LIBs via hydrometallurgy. 
Compared to ionic liquids and conventional solvents, DESs 
for cathode recycling in LIBs have a number of advantages. 
They are inexpensive, easily scalable, nontoxic, and eco-
friendly [85, 86]. When using DES as a leaching agent, further 
pollution is prevented, including the release of hazardous 
waste gases such as SO2, Cl2, and NO2 [25], and additional 
reducing agents are not needed, in contrast to traditional 
acid-based leaching agents such as H2NO3, HCl, and H2SO4 
[87-89]. As a result, complicated processes and additional 
reagents are not required during the leaching process. 
Moreover, DESs can be recycled numerous times while 
maintaining the same efficiency. The focus on DES recycling 
has increased recently, as evidenced by the numerous studies 
conducted to find the best DES system with better leaching 
efficiency [90], less environmental impact (Lu et al., 2022), 
and simpler leached element extraction [34]. Many facets of 
this field have been examined in a number of research papers, 
such as the physicochemical properties of DESs [91-93], 
the impact of functionalizing DESs on reaction rates [94], 
and the ways in which the composition of hydrogen donors 
and acceptors affects DES properties and the subsequent 
recovery of metal from LIBs [95]. These studies also weigh 
the benefits and limitations of DESs in comparison to those of 
conventional recycling techniques [96], examine the financial 
and environmental benefits of utilizing DESs to recycle used 
LIBs [97], and explore the direct extraction of metals from 
LIBs using acid-based DESs. More studies are necessary to 
continue growth in this area even though multiple studies 
have revealed considerable breakthroughs in waste LIB 
recycling utilizing Dess. Reported DES-based approaches for 
recycling Co from spent LIBs is provided in Table 5.

Molten salt roasting: Molten salt roasting is a 
pyrometallurgy process that involves heating spent lithium-
ion batteries (LIBs) in the presence of a salt mixture at high 
temperatures, which facilitates the subsequent recovery of 
essential metals and speeds up the disintegration of the battery 
components. (Li et al., 2023). Through techniques including 
chlorination, sulfation, and nitrification roasting, transition 
metal oxides are transformed into soluble metal salts through 
salt-assisted roasting. This process uses salts with certain 

qualities to lower acid use and enhance metal recovery. 
Compared to roasting techniques such as chlorination and 
nitrification, sulfation roasting has been demonstrated to be 
more environmentally harmless and friendly. This technique 
is an emerging recycling method aimed at enhancing the 
efficiency of LIB recycling while attempting to minimize 
environmental repercussions [98] (Li et al., 2023). By using a 
vulcanizing agent, metal oxides can be transformed into low-
valence sulfates, preventing SOx generation and secondary 
pollution [99-101]. Adjusting parameters such as temperature 
and additives in salt-assisted roasting can enhance the metal 
recovery efficiency and increase the eco-friendliness of the 
process. By using this technique, the temperature at which 
valuable metals are recovered is lowered, the cathode powder 
structure is disassembled at lower temperatures, and the 
calcination temperature is decreased. Molten salt roasting 
can potentially improve the efficiency of metal recovery from 
spent LIBs and its impact on sustainability, cost-effectiveness, 
and environmental friendliness by alleviating resource 
scarcity through the recovery of valuable materials (Li et al., 
2023). On the other hand, the high energy requirements for 
maintaining elevated temperatures could pose challenges to 
its environmental and economic viability (Li et al., 2023). 
Moreover, the process must be carefully managed to avoid 
the release of toxic emissions and to ensure that it aligns with 
the principles of green and sustainable development (Li et 
al., 2023). In summary, molten salt roasting is an innovative 
approach for recycling spent LIBs and has the potential to 
improve the efficiency of material recovery. However, its 
broader impacts on sustainability, cost, and environmental 
protection require careful consideration and optimization to 
ensure that it contributes positively to the circular economy 
and ecological civilization (Li et al., 2023). Further research 
and development are necessary to fully assess and enhance 
the sustainability and environmental friendliness of this 
recycling method.

Coupling redox flow desalination: Another exciting 
development involves coupling redox flow desalination with 
lithium recovery from spent lithium-ion batteries [102]. The 
spontaneous reaction between the battery cathode material 
(LiFePO4) and ferricyanide enables continuous regeneration 
of the redox species essential for desalination. This dual-
purpose system not only addresses desalination challenges 
but also contributes to sustainable lithium recovery.

[102] developed a novel approach that couples redox 
flow desalination with lithium recovery from spent 
lithium-ion batteries, particularly focusing on using spent 
LiFePO4 to regenerate redox species for desalination. By 
optimizing critical parameters, such as the current density 
and concentrations of redox species, this method enables 
continuous desalination and achieves a high lithium recovery 
rate. The redox flow system utilizes spent LiFePO4 from 
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Reaction system  Reaction condition Leaching efficiency Ref.

DES (ChCl + EG

LiCoO2

195°C, 24 h Co: 69.14 23[28]

DES (ChCl + urea) 160°C,2 h Co: 60 [29]

DES (ChCl + CA) 60°C,4 h Co: 99 [30]

DES (ChCl + Gly) 200°C, 10 h Co: 92.7 [31]

DES/H2C2O LiFePO cathodes 106 °C, S/L ratio of 0.02, 110 min Li and Fe is 95.3% 85.2%, 
respectively  

Choline chloride–citric acid
 

60 °C, S/L = 20 g/L, Al: LiCoO2 = 12 wt% , 
900 rpm

Co: 99.6
 

 [32]

Choline chloride–malic acid LiCoO2 Co:81.2  

DES (ChCl + H3PO4)
 

Ethanol aqueous/NaOH 100 °C Li (100%) and Co (92.8%) [33]
LiCoO2

DES (BeCl +Lactic acid) 
combined DES−ethanol

 Time:2.2 h Co: 99.86  

 S/L: 20(mg/g) Li: 99.98  

 T:120 °C   

LiCoO2 Time:0.3 h Co:99.7 [34]

 S/L: 20(mg/g) Ni:99.3  

 T:110 °C Mn:99.9  

  Li:99.9  

DES (GHC −LA) LiCoO2

Time:24 h Co: 100

[35]S/L: 19.9(mg/g) Li: 100

T:80 °C  

ChCl−LA LiCoO2

Time:24 h Co: 100

[36]S/L: Li: 100

T:105 °C  

ChCl-urea LiCoO2

Time:18 h Co: 94.7

[37]S/L: 20(mg/g) Li: 97.9

T:180 °C  

ChCl−FA LiCoO2

Time:12 h Co: 100

[38]S/L: 20(mg/g) Li: -

T:70 °C  

PEG −thiourea LiCoO2

Time:24 h Co: 71.5

[39]S/L: 20(mg/g) Li: -

T:160 °C  

SAD/EG LiCoO2

Time:6 h Co:94.8

[40]
S/L: 20(mg/g) Ni:99.1

T:110 °C Mn:100

 Li:100

Table 5: Reported DES-based approaches for recycling Co from spent LIBs
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lithium-ion batteries to regenerate the redox species required 
for desalination and lithium recovery. The critical parameters 
optimized in the study to enhance the efficiency of the redox 
flow system included the concentration of redox species, 
such as \[Fe(CN)6\]

4−, the NaCl concentration, and the molar 
ratio between \[Fe(CN)6\]

4−and LiFePO4. Additionally, this 
study examined the effect of current density on the system's 
performance and energy consumption for desalination.

The EverBatt model [103, 104] was used to scale up 
a redox flow system from the laboratory scale to the large 
scale, considering costs such as equipment, raw materials, 
electricity, and personnel expenses. Each redox flow unit 
with a 1 m2 electrode incurs equipment costs and expenses 
for recyclable chemical consumables, yielding LiCl and 
freshwater from spent LFP powder. Optimizing for a higher 
discharge current can enhance the treatment capability and 
bring more benefits to the process. A large-scale redox flow 
processing line with 10,000 units can process approximately 
2144.4 tons annually, using the EverBatt model for cost 
calculation. Redox flow processing lines for recycling LIBs 
are more efficient than pyrometallurgy and hydrometallurgy 
methods because of their lower chemical consumption, 
greenhouse gas emissions, and energy consumption [105]. 
The redox flow processing line incurs costs from ion exchange 
membranes but can generate revenue from LiCl production, 
making it potentially profitable [106].

Traditional recycling methods such as pyrometallurgy and 
hydrometallurgy [105-113] are not commercially viable for 
recovering cathode materials from spent LFP-based batteries 
due to economic losses.

The economic analysis shows that the redox flow system 
for lithium recovery from spent lithium-ion batteries offers 
significant advantages over traditional recycling methods. 
It requires less chemical consumption, has lower energy 
consumption, and generates less greenhouse gas emissions. 
Additionally, the redox flow system has the potential to be 
a profitable and environmentally friendly alternative for 
recycling spent lithium-ion batteries.

Biohydrometallurgy (bioleaching)
In a natural chemical process called bioleaching, 

insoluble materials are converted to soluble and extracted 
forms using microorganisms [114, 115]. Bioleaching is a 
promising biotechnological technology that can be utilized 
to recover secondary metal resources from used LIBs, 
thus contributing to the realization of an environmentally 
beneficial circular economy [115, 116]. Based on the types 
of interactions (direct or indirect) between microorganisms 
and pre-processed spent LIBs (crushed and sieved powder 
form of spent LIBs), bioleaching experiments are primarily 
carried out in three different ways: (1) one-step bioleaching, 
(2) two-step bioleaching, and (3) spent-medium bioleaching 
[117, 118]. The standard one-step procedure involves adding 
pre-growth microbes as an inoculum to the leaching media 
containing the powdered spent LIBs. Continuous bioacid 
production and simultaneous microbial development drive 
the leaching of metals from the complex spent LIB powder 
matrix [117]. The one-step approach works well with spent 
LIBs that have little to no toxic components, such as pre-
processed LIBs (such as those that have undergone water 
washing and drying), as the toxicity effects slow the rate of 
microbe growth. For the purpose of producing bioacids, the 
leaching organism in the two-step process is cultivated in the 
leaching medium for a predetermined amount of time, often 
up to the logarithmic phase. The metal extraction process is 
subsequently started by adding the powered LIB [117]. In the 
absence of any pretreatment, such as washing and drying, this 
approach can be applied to spent LIBs that contain harmful 
compounds and could prevent the proliferation of microbes.

In the bioleaching process, biotic and abiotic variables 
influence the rate at which metals dissolve from spent 
LIBs [119, 120]. Abiotic variables include the variety of 
microbiological agents, such as fungi versus bacteria. 
Aeration, catalyst, pulp density, spent LIB particle size, 
aeration, and pH are among the additional abiotic elements. 
Abiotic factors also include environmental parameters such 
as temperature and the chemistry of the leaching solution 
(e.g., concentration of nutrients and energy/carbon source 
and pH).

ChCl−OxA LiCoO2

Time: Co:95.1

[41]
S/L: 20(mg/g) Ni:95.5

T:120 °C Mn:99.1

 Li:

BeCl−EG LiCoO2

Time:2.5 h Co:99.5

[42]
S/L: 25(mg/g) Ni:99.6

T:140 °C Mn:99.7

 Li:99.1

ChCl: choline chloride, GHC: guanidine hydrochloride, FA: formic acid PEG: polyethylene glycol, SAD: sulfosalicylic acid dihydrate. B e C l : 
Betaine hydrochloride
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Bacterial-based bioleaching: To bioleach precious 
metals from spent lithium-ion batteries, acidophilic sulfur-
oxidizing bacteria (SOB) and iron-oxidizing bacteria (IOB) 
are often used. These bacteria use inorganic substances such 
as sulfur and ferrous ions as energy sources and carbon 
dioxide as a carbon source, respectively [121, 122]. They 
recover metals such as cobalt and lithium effectively and are 
resistant to metal toxicity. Research on the use of individual or 
groups of acidophilic bacteria in bioleaching procedures has 
demonstrated good rates of recovery for these metals [123, 
124]. Liu et al. [125] reported that metallic stress decreased 
the bio-oxidative activity of microbiological agents, which 
in turn decreased the bioleaching efficiency. However, when 
exogenous glutathione (GSH), a ubiquitous intracellular 
peptide with a variety of uses (0.3 g/L), was added, the level 
of bacterial intracellular reactive oxygen species (ROS) 
decreased by 40%, and at 5% pulp density, 96.3% of the 
Co and 98.1% of the Li were recovered from a microbial 
consortium composed of L. ferriphilum and S. thermosul 
fidooxidans. The recoveries of Li and Co metals from spent 
lithium-ion batteries (LIBs) via bacterial-based bioleaching 
are presented in Table S2 (supplementary material) [36].

Fungal-based bioleaching: As heterotrophic microbes, 
fungi obtain carbon from organic carbon-based sources, 
which they use for growth and metabolism [126]. A number 
of fungal species, including Penicillium simplicissimum, 
Aspergillus niger, Aspergillus tubingensis, and Penicillium 
chrysogenum, are used to extract metals from electronic 
waste [126-128]. However, because Aspergillus niger grows 
and harvests more easily and yields more water, it is a widely 
preferred strain for spent LIB bioleaching [129]. Unlike 
bacteria, fungi can thrive in wastes that are both acidic 
and alkaline, and they have a shorter lag phase and a faster 
leaching rate, which allows them to be more tolerant to a 
wider range of hazardous metals [118].

The recoveries of Li and Co metals from spent lithium-ion 
batteries (LIBs) via bacterial-based bioleaching are presented 
in Table S3 (supplementary material) [36].

Mechanochemical Process: Emerging mechanochemical 
technology, which has the benefits of simplicity, adaptability, 
and rapid processing time, offers a new strategy for the 
highly efficient and environmentally friendly recycling of 
key metals from waste LIBs as an alternative to conventional 
pyrometallurgy and hydrometallurgy [130]. By applying 
mechanical driving forces to reactants, such as shear, crushing, 
friction, impact, and extrusion, this method modifies the 
physicochemical characteristics and structures of the reactants 
while also initiating mechanochemical reactions [131, 132]. 
Mechanochemical technology is currently widely utilized 
for the extraction of various important metals from a variety 
of environmental media because it can perform reactions at 
ambient temperature and normal pressure and only requires 
basic, inexpensive reaction equipment [133, 134].

The application of mechanical energy to solids, liquids, 
and other condensed substances through shear, friction, 
impact, extrusion, etc., to cause changes in their structure 
and physical and chemical properties and to initiate chemical 
reactions is known as mechanochemistry at the chemical 
reaction level [131, 135]. A mechanochemical reaction can 
be carried out without the need for extreme temperatures 
or pressures because, in contrast to typical thermochemical 
reactions, it is driven by mechanical energy rather than 
thermal energy.

The potential for recovering essential metals from waste 
LIBs by mechanochemical processes is mostly attributed 
to their favourable environmental and financial aspects. 
(1) Compared with pyrometallurgy, mechanochemical 
reactions require less energy when they are conducted at 
room temperature and normal pressure. In comparison to 
hydrometallurgy, it was also safer. Mechanical force-driven 
chemical reactions are solid‒solid reactions that can utilize 
less water and have controlled exhaust gas discharges without 
posing a risk of secondary pollution to the environment. Thus, 
mechanochemistry might be regarded as an environmentally 
safe technology. (2) By combining alternative reagents 
while applying mechanical force, one can create a green 
and clean crucial metal extraction technique that uses fewer 
acid‒base reagents. Moreover, metal extraction from a 
variety of cathode materials can be accomplished universally 
by mechanochemistry. Additionally, greater technical 
adaptability translates into additional opportunities for 
advancement [130].

The effects of conventional procedures (such as 
pyrometallurgy, hydrometallurgy, and biometallurgy) and 
mechanochemical processes of Li and Co recovery from 
LIBs on the environment and economy were compared for 
the first time by Wang et al. (2017) [136]. The comparatively 
low reaction temperature and sealed atmosphere of the 
mechanochemical process have less of an environmental 
impact than the high temperatures typically required for the 
pyrometallurgical process, which also releases HF gases. 
The primary leaching agent used in hydrometallurgy readily 
produces waste water and corrodes equipment. Li and Co 
leaching in biometallurgy is facilitated by a long reaction 
time. On the other hand, no acidic waste water was produced 
by the documented mechanochemical process, the LiCoO2/
PVC/Fe solid‒solid reaction, since it does not require the use 
of water as a medium. Furthermore, this mechanochemical 
approach is straightforward to scale up for commercial 
applications and has a much easier recovery process and far 
lower separation costs than existing methods. This study by 
Wang et al. [137] evaluated the economic and environmental 
impacts of the designed process and hydrometallurgy process 
(using HCl, H2SO4, formic acid, succinic acid, and citric acid 
as leaching agents) for the recovery of Li and Co from spent 
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LiCoO2 batteries via mechanical activation combined with 
acetic acid leaching. Comparative analysis revealed that the 
designed method recovered metal at room temperature more 
quickly. Additionally, the economic viability of recovering 
1 kg of used LIBs at laboratory size was validated by an 
economic assessment [138]. Moreover, room temperature 
mechanochemistry decreased the energy consumption of 
the reaction in the mechanochemical extraction and thermal 
reduction routes for Li and Co recovery, and the entire metal 
recovery process did not discharge wastewater or residue, 
which is in accordance with No. 6 and No. 1 of the 12 Principles 
of Green Chemistry, respectively [130]. However, there are 
a few obstacles to the application of mechanochemistry: (1) 
the activity of the reactants determines the effectiveness of 
mechanochemical processes. A lengthy reaction period and 
a large energy input are needed if the reactants are inert. 
Selecting ligand reagents with high activity can minimize 

energy use; however, the cost of these ligands is typically 
greater, which diminishes the process's economic advantages. 
Thus, even for the selective extraction of key metals from 
solid waste, the right choice of ligands is essential for the 
waste LIB process. (2) Only 25% of the energy input into 
the reaction system is utilized in mechanochemical reactions; 
the remaining energy is wasted as heat, and high energy 
input will result in high industrial costs, which will decrease 
recycling profit. This position may change in the future due 
to the growth of the new energy industry, economies of scale, 
and additional advancements in new energy technology [130]. 
Literature-based methods involving mechanochemistry are 
presented in Table 6. 

Electrochemical extraction: Electrowinning can be 
used to extract metal species from a solution and achieve the 
necessary reduction by supplying energy to two electrodes, 

Material Ball milling parameters Leaching parameters Leaching efficiency (%) References

LiCoO2 Time: 30-min  90% of Co and Li [43]

LCO Speed:1650 rpm Time:300 min
4 M NH3·H2O; 1.5 M NH4Cl;

98.22% Co and 89.86% Li [44]
0.5 M Na2SO3;240 min; 353 K

LCO   98% of Co and 99% of Li [45]

LCO   95% of Co and 98% of Li [46]

LCO   100% of Li [47]

LCO
Speed:650 rpm Time:250 min 1 M HNO3; 99.9% Ni, 91.25% Co,

[48]
Co grinding reagent: Fe powder 120 min; 298 K 100% Mn and 77.15% Li

LFP
Speed:550 rpm Time:120 min 0.6 M H3PO4; 97.67% Fe and 94.29% Li [49]

Co grinding reagent: EDTA-2Na 20 min; 298 K; 50 g/L

LCO Speed:500 rpm Time:60 min
1.0 M L-ascorbic acid;

99% Co and 100% Li [50]
20 min; 298 K; 10 g/L

LCO
Speed:500 rpm Time:30 min 20 vol% acetic acid; 5 vol% H2O2; 99.7% Co and 99.8% Li [22]

Co grinding reagent: C 15 min; 298 K

LFP

Speed:500 rpm Time:120 min

H2O 94% Fe and 99% Li [51]Co grinding reagent: oxalic acid

ball milling medium:1 ml H2O

NCM
Speed:550 rpm Time:120 min 1.5 M H2SO4; 96.2% Ni, 94.3% Co,

[52]
Co grinding reagent: Zn powder 15 min; 323 K; 20 g/L 91.0% Mn and 99.9% Li

LCO Speed:500 rpm Time:120 min
1 M H2SO4; 0.03 M NH4Cl;

99.22% Co and 100% Li [53]
60 min; 353 K; 20 g/L

LCO

Speed:400 rpm Time:60 min

 98.87% Co and 99.33% Li [54]Co grinding reagent: Grape skin

Wet ball milling medium:0.15 M citric acid

Table 6: A summary of literature-based approaches involving mechanochemistry
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resulting in the oxidation and reduction of ions in the solution. 
This method requires metals to have differing reductive and 
oxidative potentials. Once metals are separated into different 
solutions using solvent extraction, high-purity metals can be 
produced by electrochemical deposition. An electrolysis cell 
can be used where electrodes are separated by a membrane 
that allows only metal ions to pass through. Metal ions 
are concentrated at the cathode side until the solubility of 
the product is exceeded, and solid metal hydroxides are 
precipitated. In another technique, gaseous carbon dioxide is 
introduced into the electrolysis cell to initiate the precipitation 
of lithium carbonate at the cathode side. The electrochemical 
processes and productivity are slow [16]. During this process, 
an active material is immersed in an electrolyte solution, and a 
current is applied to the solution via an electrode. The lithium 
ions in the solution are attracted to the electrode and deposited 
as metallic lithium, which is essential for the function of 
lithium-ion batteries. This process also produces hydrogen gas 
as a byproduct, which can be used as a clean energy source. 
The Li+ ions can be separated through the oxygen evolution 
reaction during the charging process. [139] demonstrated 
the practicality of utilizing water and the contents of waste 
Li-ion batteries as electrodes in a Li-liquid battery system. 
Through electrochemical collection, Li metal was extracted 
from a discarded Li-ion battery that contained Li-ion source 
materials from the anode, cathode, and electrolyte. Using this 
method, the Li in the spent battery was successfully recycled 
at room temperature. Water was used as the cathode, and the 
captured Li metal was then released to generate energy. In 
comparison to fresh Li metal at the same current rate, which 
had a discharge voltage of 2.8 V, the water had a voltage of 
2.7 V at 0.1 mA cm−2. This indicates that the battery system 
is highly efficient and can produce electricity at a lower cost. 
The proposed battery system is unique in that it utilizes water 
and waste Li-ion batteries as electrodes, which significantly 
reduces the cost of the battery. This makes it an attractive 
option for large-scale energy storage applications. 

Polymer Inclusion Membranes (PIMs) Electrodialysis 
(PIMED): Polymer-based liquid membranes have been 
considered a substitute for traditional solvent extraction for 40 
years. They have also been used to create sensing membranes. 
These liquid polymer membranes are now referred to as 
polymer inclusion membranes (PIMs) and are more stable 
and versatile than other types of liquid membranes, such 
as supported liquid membranes [140]. Polymer inclusion 
membranes (PIMs) are promising materials that use a 
polymer matrix and a carrier to selectively transport target 
species across a membrane. PIMs have many applications, 
including separating metal ions, organic compounds, and 
gases. Compared to other types of membranes, such as 
supported liquid membranes, PIMs offer benefits such as 
self-support, versatile fabrication, a longer lifespan, and 

resistance to fouling and degradation. Using an extractant, 
base polymer, or plasticizer or modifier, PIMs rely on a 
concentration gradient of species, carrier complex, or ion 
pair to facilitate transport across the membrane [141]. [142] 
reported that Co (II) can be effectively transported across 
PIMs that contain CTA, triisooctylamine, and 2-nitrophenyl 
pentyl ether. This was achieved in aqueous solutions that 
contained both Co (II) and Li (I). The initial fluxes for Co 
(II) and Li (I) were 14.4 and 4.4 μmol m−2 s−1, respectively. 
After 24 hours, the recovery rates for Co (II) and Li (I) 
reached 74.5% and 5.3%, respectively. PIMs containing 
specific components can effectively separate and recover Co 
(II) and Li (I) from water. However, metal ions have low 
permeability through PIMs, which limits their widespread 
use [140]. Recently, a new technology has emerged that 
combines PIM with electrodialysis (ED) to enhance PIM 
permeability. This innovative approach has proven to be 
highly effective, as evidenced by recent studies [143, 144]. 
Even at a low working voltage of only 2.6 V, the PIMED 
process has been shown to increase the initial flux of Cr 
(VI) by an impressive 86.4 times compared to the initial flux 
without the application of an electric field. Additionally, the 
transport efficiency of PIMED far surpasses that of PIM-
EME processes. A study was conducted by [145] to improve 
the selectivity of the PIMED system for separating mixed 
metals. The study analysed various parameters and revealed 
that three different membranes were effective at separating 
Co (II) and Li (I) in an ED process, with the PVDF-HFP-
Aliquat 336 membrane being the best at extracting Co 
(II). Using Aliquat 336 as a carrier in PIM resulted in high 
purity levels for both Li (I) and Co (II), with a separation 
factor Co/Li exceeding 164, showing that Aliquat 336 is 
an effective carrier for achieving high levels of purity. 
The addition of Aliquat 336 enhanced the performance of 
metal ion extraction processes, increasing transportation 
and separation. The study also revealed that the application 
of an electric field significantly improved the permeability 
coefficient and extraction degree of Co (II), highlighting 
the advantageous role of the PIMED system in enhancing 
PIM permeability. To create effective separation procedures, 
this study emphasized the significance of electric fields 
in transferring ions across polymer inclusion membranes 
(PIMs). High-purity precious metals can be extracted from 
spent lithium-ion batteries (LIBs) using a technique called 
Polymer Inclusion Membrane Electrodialysis (PIMED). Low 
energy usage and continual improvement are two benefits 
of this method. Therefore, PIMED can provide a sustainable 
solution for the recycling of LIBs.

Literature-sourced account of extraction methods, 
merits and demerits outlined

The spent LIBs are regarded as a secondary source of 
metals; occasionally, the metal concentration or quantity 
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is higher than that of natural or concentrated ores [146]. 
Given the limited availability of Li and Co, it is critical to 
lower the high demand for natural metal resources, preserve 
the valuable metals found in spent LIBs, and lessen the 
environmental damage that the hazardous components of 
spent LIBs create. Thus, spent LIBs should be appropriately 
handled and recycled. Recycling could play a major role 
in the overall sustainability of future LIBs by recycling 
secondary metallic resources and contributing to a circular 
economy [147]. Recycling and reuse of valuable metals, 
namely, Co and Ni, from spent LIBs could save 51.3% of 
natural resources and reduce the mining of metals from virgin 
mineral sources [148]. Spent LIBs can be recycled to create 

new LIBs or other goods, such as supercapacitors, using the 
valuable metals that were recovered (Ratnam et al., 2022). 
Hydrometallurgy, biohydrometallurgy (bioleaching), direct 
recycling and pyrometallurgy are the recycling techniques 
most frequently utilized for spent LIBs [129, 147]. The 
major advantages and disadvantages of various types of 
recycling methods are given in Table 7. Among the various 
types of recycling methods, bleaching is cost-effective, 
environmentally friendly, simple in operation and less energy 
intensive [147, 149].

Cost-effective recycling technologies for spent LIBs: 
A number of technologies are used in the recycling of 
spent lithium-ion batteries (LIBs), each with a unique cost-

Extraction 
Methods Advantages Disadvantages Reference

Hydrometallurgy 
(acid/alkaline 
leaching)

a) High efficiency a) Corrosive acid needs to be handled with care
[55], [56]b) Low cost b) Acidic waste needs proper disposal

c) Simple process c) Possibility of metal contamination

Hydrometallurgy 
(DES)

a) Greener a) Restricted recyclability,

[57], [58]
b) cost-effective than traditional b) high viscosity,
c) ability to selectively extract metals c) low thermal and chemical stability,
 d) complex chemistry,
 f) limited scalability

Pyrometallurgy

a) High efficiency a) Energy-intensive process

[58]
b) Metals recovered are of high purity b) High temperatures required
c) The process can generate heat for other 
industrial processes. c) Expensive equipment needed

 d) Possibility of airborne particle contamination

Electrochemical

a) High efficiency a) Chemicals used can be expensive

[58]b) Safe process b) Complex process

c)Low environmental impact c) The need for proper neutralization and disposal of waste 
after the recovery process.

Biohydrometallurgy

a) Environmentally friendly a) Low efficiency

[59]

b) Low energy requirements b) Time-consuming process

c)Can use low-cost microorganisms c) Requires special conditions for microorganisms to thrive

d)Minimal use of chemical reagent d)Not feasible in high toxic environment
e) Achieve high efficiency at low metal 
concentration e) Low efficiency at higher pulp density

f) Less issue of toxic gas generation f) Hard process control measures

Mechanochemical a) Can be conducted at room temperature, 
b) minimize energy consumption a) May require extensive milling time. [60], [61].

Polymer Inclusion 
Membrane 
Electrodialysis 
(PIMED)

a) high efficiency and purity. a) it requires the use of advanced materials and equipment

[62] b) It avoids the use of chemicals and b) high initial investment and operating costs

c) generates little waste  

Direct recycling

a) Practically feasible to recover different 
components of spent LIBs a) Recovered materials may not perform like virgin material

 
b) Active materials can be recovered with 
original chemical structures

b) Mixing of cathode material could decrease the quality of the 
recycled material

c) Energy efficient c) Regeneration process is not developed yet
d) Economically feasible d) It is remains at laboratory-scale, not applied industrial-scale

Table 7: Summary of extraction methods, advantages and disadvantages
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effectiveness profile. On the market, the main methods 
used are hydrometallurgical, pyrometallurgical, and direct 
recycling techniques [151]. Studies indicate that the most 
commonly utilized methods are hydrometallurgical processes. 
They have the potential to be an economically feasible 
industrial application due to their high recycling efficiency, 
selectivity, and low energy consumption [152]. The recycling 
rate of spent LIBs, however, falls short of market growth due 
to the complexity of these technologies and their use [151]. 
Interestingly, new technologies such as bioleaching and redox 
flow systems for desalination combined with lithium recovery 
are being investigated, despite hydrometallurgical procedures 
being recognized for their potential cost-effectiveness [102, 
153]. More specifically, a thorough cost study of the redox 
flow system indicates minimal energy usage and potential 
revenue production, hence demonstrating excellent economic 
and environmental benefits [102]. The use of deep eutectic 
solvents has also been demonstrated to be a viable and 
reusable recycling technique that could increase cost-
effectiveness [154]. Although hydrometallurgical procedures 
are currently the most common and potentially economical 
way to recycle spent LIBs, novel technologies show promise 
in terms of their potential to improve both the environment 
and the economy. Innovative techniques that can further 
increase the cost-effectiveness of LIB recycling include redox 
flow systems and the use of deep eutectic solvents [102, 152, 
154]. It is important to continue exploring and optimizing 
these technologies to enhance the recycling rate and cost 
efficiency of spent LIBs.

Scalability of recycling technologies for spent LIBs: 
The commercial viability of recycling techniques for spent 
lithium-ion batteries (LIBs) is influenced by various factors, 
including economic feasibility, environmental impact, 
and efficiency. Hydrometallurgical processes have gained 
widespread acceptance at the industrial level because 
of their notable advantages, including high recycling 
efficiency, superior selectivity towards metals, minimal 
energy consumption, and reduced capital expenditure [152]. 
At the industrial level, pyrometallurgical options have 
also been applied, with thermal pretreatment techniques 
being employed to recover active cathode materials [74] 
in companies such as Recupyl, Retriev Process, Accurec 
Process, and the Umicore Process, which combines both 
pyrometallurgy and hydrometallurgy processes [13]. These 
methods are commercially available due to their economic 
viability and ability to recover important metals. However, 
even though they have the potential to be sustainable, several 
innovative recycling technologies, such as green leaching and 
direct recycling, have not seen much industrial use. Because 
process optimization is difficult and high-purity input 
materials are needed, direct recycling, which attempts to 
maintain the structure of the cathode material, is still primarily 

performed at the laboratory or pilot scale [155]. Although 
organic acid-based "green leaching" technologies are more 
environmentally friendly than conventional techniques, they 
have limitations in terms of economic viability and scalability 
[156]. While pyrometallurgical and hydrometallurgical 
processes have been successfully scaled up for commercial 
use, developing technologies such as green leaching and 
direct recycling are still in the early stages of development, 
mainly because of technical and financial obstacles. 
Ensuring that these technologies are both commercially and 
environmentally feasible requires addressing these obstacles 
before they can be scaled up [74, 152, 155, 156].

Environmental sustainability of recycling technologies 
for spent LIBs: There are two common methods for recycling 
used lithium-ion batteries (LIBs): hydrometallurgy and 
pyrometallurgy. Each process has particular environmental 
consequences. In contrast to pyrometallurgy, hydrometallurgy 
is thought to be more environmentally benign since it uses 
chemical leaching to remove metals, which is well-known 
for its effectiveness in purifying and separating metals [157, 
158]. Nonetheless, disposing of wastewater presents certain 
difficulties [158]. On the other hand, pyrometallurgy uses 
a lot of energy and produces air pollutants, both of which 
can harm the environment [158, 159]. A technique that is 
becoming increasingly popular is known as direct recycling, 
which can help to maintain the electrochemical properties 
of battery parts and prevent them from being converted into 
raw materials. This method has the potential to be a more 
environmentally friendly option [157, 159]. In order to 
lower operating costs and energy requirements, a biological 
process called bioleaching is also being investigated as 
an environmentally beneficial substitute for traditional 
techniques [129]. Furthermore, mechanochemical processes 
which use mechanical energy to trigger chemical reactions 
are being researched for their potential to offer a recycling 
option that is more environmentally friendly. [129] while 
traditional methods such as pyrometallurgy present significant 
environmental challenges, hydrometallurgy offers a cleaner 
alternative, albeit with its own drawbacks. Direct recycling, 
bioleaching, and mechanochemical methods show promise 
in terms of environmental sustainability, with the potential 
to minimize the ecological footprint of spent LIB recycling. 
These innovative approaches align with the principles of a 
circular economy and carbon neutrality, contributing to the 
development of green recycling technologies [129, 159]. 
Deep eutectic solvents (DESs) have emerged as promising 
green alternatives for recycling spent lithium-ion batteries 
(LIBs), thus promoting environmental sustainability. DESs 
are known for their low toxicity, biodegradability, and high 
efficiency in extracting valuable metals from spent LIBs. 
Several studies [32, 95, 160-163] have highlighted the 
potential of DESs in this regard [164]. The utilization of 
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DESs aligns with the principles of green chemistry, offering 
a more environmentally friendly approach than traditional 
metallurgical methods. Furthermore, the ability to recover 
and regenerate DESs further enhances their environmental 
friendliness. Molten salt roasting is another technique that 
shows promise in spent LIB recycling, although specific 
details regarding its environmental impact are lacking. 
Nevertheless, these methods aim to improve recycling 
efficiency while minimizing environmental repercussions. 
Redox flow desalination, as demonstrated in Shan et al., [102] 
not only recovers lithium from spent LIBs but also addresses 
water purification. This dual functionality can contribute 
to sustainable development by reducing the environmental 
footprint of both battery recycling and water desalination 
processes. The method described in Shan et al. stands out 
for its low energy consumption and minimal greenhouse 
gas emissions, which are crucial factors in environmental 
sustainability. Deep eutectic solvents have gained recognition 
for their positive environmental impact in the realm of spent 
lithium-ion battery (LIB) recycling. They signify a shift 
towards more sustainable practices within the industry, 
holding the potential to decrease pollution and resource 
wastage. While molten salt roasting has been identified as an 
emerging technique, further clarification is needed regarding 
its specific environmental benefits. On the other hand, redox 
flow desalination is a unique approach that integrates lithium 
recovery with water purification, offering a comprehensive 
solution with significant environmental advantages. Together, 
these methods contribute to the overarching objective of 
establishing a circular economy and ecological civilization 
by fostering the green and sustainable advancement of 
battery recycling technologies [102, 154] as the demand for 
lithium-ion batteries continues to rise, it is crucial to prioritize 
sustainable and eco-friendly methods for their recycling. By 
embracing innovative techniques such as direct recycling, 
bioleaching, and mechanochemical methods, we can not only 
reduce the environmental impact of spent LIBs but also move 
towards a more circular economy model. These approaches 
not only help in minimizing waste but also contribute to the 
overall goal of achieving carbon neutrality in the recycling 
process. By investing in green recycling technologies, we can 
pave the way for a more sustainable future for the battery 
industry and beyond.

Performance of current recycling methods for 
the recovery of Li and Co

After a comprehensive analysis of the publication trend 
over the last 14 years (2010–2024) using a scientific database 
(Elsevier-ScienceDirect) (Supplementary Figure 1), this 
review confirms what can be found in the literature, namely, 
that hydrometallurgy, pyrometallurgy, and direct recycling are 
the most researched and commonly used extraction methods 
for recycling spent LIBs spanning 14 years (Figure1a.), with 

hydrometallurgy being the most common extraction method 
in the literature reviewed. Leaching, a hydrometallurgical 
method was found to be the most commonly used recycling 
method for spent LIBs, especially for the recovery of lithium 
and cobalt. In addition to hydrometallurgy, pyrometallurgy, 
and direct recycling, deep eutectic solvents and bioleaching 
are receiving much attention as emerging environmentally 
friendly methods, indicating researchers’ efforts towards 
developing sustainable and eco-friendly recycling technology 
for the recycling of spent LIBs. Further analysis of the 
efficiency of these extraction methods in the recovery of Li 
and Co, as shown in Figure 1b, revealed that mechanochemical 
methods are more efficient in the recovery of Li and Co, even 
though they are not the most commonly used methods in 
the literature, as they boast average recovery rates of almost 
100% and 96.36%, respectively, based on the data analysed 
in this review. The mechanochemical process is also a viable 
option. However, due to its lengthy reaction period and 
high energy wasted as heat, which results in high industrial 
costs, this process might have led to its disadvantage, as 
researchers have pushed towards more sustainable and 
cost-effective recycling methods. After mechanochemical 
treatment, hydrometallurgy is still one of the most efficient 
methods for recovering lithium and cobalt, with average 
recovery rates of 89.38% and 88.49%, respectively. It is 
obviously one of the most common recycling methods for 
lithium and cobalt due to its simple process and low cost. 
Pyrometallurgy may not boast a high recovery rate for both Li 
and Co, but it is one of the extraction methods that has been 
scaled commercially and has seen major improvements over 
the years by companies such as Recupyl, Retriev Process, 
Accurec Process, and the Umicore Process, which combines 
both pyrometallurgy and hydrometallurgy processes [13]. 
Recently, biohydrometallurgy (bioleaching) has improved, 
with average recovery rates of 85.06% and 65.2% for Li and 
Co, respectively (Figure 3b). In their review of bioleaching, 
Biswal and Balasubramanian confirmed that both bacterial 
and fungal leaching are effective for metal dissolution from 
spent LIBs with a higher dissolution rate of Li than Co (Figure 
2) [36]. In comparing the average recovery rates of cobalt 
and lithium across the different extraction methods, cobalt 
showed higher rates in the pyrometallurgy, hydrometallurgy, 
and mechanochemical methods, while lithium had higher 
rates in the biohydrometallurgy and electrochemical methods.

As shown in Figure 1c, leaching is the most commonly 
used hydrometallurgy method for lithium and cobalt 
recovery, with average recovery rates of 98.62% and 95.38%, 
respectively, based on the data analysed in this review. 
Deep eutectic solvents (DESs) are emerging as recycling 
methods with efficient recovery rates for both Li (89.22%) 
and Co (85.7%). The figure shows that the DES and leaching 
methods are slightly more effective for Li recovery than for 
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Co recovery, and the precipitation is almost the same for 
both elements. Although leaching has proven to be the most 
effective method for extracting cobalt, it is important to note 
that this method also has disadvantages because it can be 
quite expensive, and the use of strong acids or strong alkaline 
agents can lead to harmful gas emissions and environmental 
pollution [63]. Nonetheless, due to its high recovery rate and 
efficiency, leaching has remained a popular choice for both 
cobalt and lithium extraction from spent LIBs.

The results of this study highlight the importance of 
selecting the appropriate extraction method for cobalt 
recovery. However, acid leaching, with its high recovery 
rate, may be the preferred method for industries that rely 
heavily on cobalt. However, it is not fully environmentally 
friendly because it emits some harmful gases. On the 
other hand, the pyrometallurgical process may be more 
suitable for applications where cost is a primary concern. 
By understanding the strengths and weaknesses of each 
extraction method, industries can make informed decisions 
that optimize their cobalt recovery rates.

Best Practices for the Sustainable Recovery of 
Cobalt and Lithium

Recycling of anode materials in S-LIBs: Cathode 
materials in LIBs consisting of various oxides or phosphates, 
such as LiCoO2, LiNiO2, LiMn2O4, and LiFePO4, have 
recently received much attention at the laboratory level 
and commercially [165, 166]. Previous studies have been 
performed in the area of recycling spent LIBs to recover 
lithium and cobalt from cathode materials. There is no doubt 
that the literature substantiates the fact that cobalt is one of 
the most researched elements in terms of recovering elements 
from LIBs. Hydrometallurgy and pyrometallurgy have been 
the major recovery methods for the extraction of cathode 
materials in LIBs and have been scaled up commercially by 
industry [100, 167]. Although these methods have shown 
high recovery efficiency, they are far from fully sustainable. 
Moreover, there is little literature supporting the recovery 
of anode materials from LIBs in contrast to that of cathode 
materials [168, 169].

Figure 1: (a)Comparison of recycling technologies per publications (source; Elsevier-ScienceDirect) (b) Comparison of the average recovery 
rates of lithium and cobalt from previous studies in the literature; (c) average recovery rates of lithium and cobalt from hydrometallurgical 
methods from previous studies in the literature

 

Hydrom-hydrometallurgy, Pyrom-pyrometallurgy, D.recycling-. Direct recycling, Biohydrom-biohydrometalurgy (bioleaching), DES-deep 
eutectic solvents
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Recent statistics indicate that there is a significant demand 
for graphite anode materials, which is approximately 10–20 
times greater than the demand for lithium cathodes [170]. 
Graphite anodes are highly sought-after substances due to their 
numerous advantages over other materials. Its exceptional 
stability and high conductivity (comparable to the 0.4 eV 
band gap) make it a reliable choice for various applications. 
Additionally, its lower lithium insertion potential (0.01-0.2 
V) and higher theoretical capacity (372 mAh g1) make it a 
more efficient option than other carbon materials.[171]

A novel technique for converting used graphite from an 
anode to a cathode for dual-ion batteries has been created 
[171]. This procedure used a two-step treatment to recover 
and return the crystal structure and morphology of the spent 
graphite to a typical layered structure. To stop electrode 
deterioration and improve cycle performance, an amorphous 
carbon layer is also included. The performance of recycled 
graphite is comparable to that of commercial graphite, and 
recycled graphite has a high reversible capacity. This novel 
method offers a long-term remedy for recycling exhausted 
batteries. The demand for graphite anode materials is on 
the rise, and for good reasons. Its superior properties make 
it a valuable asset in various industries, and its potential for 
further development is promising.

Reuse of S-LIBs: The reuse of spent lithium-ion 
batteries can prolong their lifespan, reduce the demand for 
new batteries and prevent the total overhauling of spent 
lithium-ion batteries (S-LIBs). Some of the batteries may 
have a reasonable capacity and can be utilized in a secondary 
application after their first usage rather than being disposed 
of for recycling. There are certain recycled batteries from 
electric cars that work just as well in grid applications as 
brand-new lithium batteries but at a lower cost [172-174]. This 
approach may be applicable to lithium-ion batteries (LIBs) in 
personal electronic devices (PEDs) that could have a second 
life in other electrical systems. Given the significant number 
of discarded PEDs, second-life LIBs may offer valuable 
capacity for small-scale renewable energy systems, such as 

solar systems with a capacity of less than 100 Wh. Second-
life LIBs may also find use in off-grid low-energy-intensity 
applications such as charging mobile phones, providing home 
lighting, serving as flashlights, and powering radios [175].

Energy storage is a crucial aspect of modern life, and 
lithium-ion batteries have proven to be a reliable and efficient 
solution. These batteries have sufficient energy storage 
capacity to be used for off-grid energy storage applications 
even after they are no longer appropriate for use in electronic 
equipment. This makes them an ideal choice for battery 
backup systems for solar panels and wind turbines. Another 
popular way to repurpose lithium-ion batteries is by turning 
them into portable power banks. These power banks can 
recharge mobile phones, laptops, tablets, and other small 
devices, making them convenient and cost-effective solutions 
for people on the go. To reduce the cost of buying a new 
battery for e-bike power tools such as drill machines, saws, 
and sanders, lithium-ion batteries can be converted into 
electric bike batteries. This solution is a great way to save 
money while still enjoying the benefits of an electric bike and 
while still enjoying the convenience of cordless tools.

In two real-world scenarios in Spain, Rallo et al. 
investigated the costs associated with establishing an energy 
storage system (SESS) powered by second-life batteries. The 
results showed that the viability of an SESS depends on an 
aging model combined with an economic study, as the aging 
of batteries plays an important role in determining economic 
results. The energy arbitrage strategy was found to produce 
greater savings than peak shaving. The study indicated that 
the best economic return can be obtained by over-dividing 
the SESS but requires considerable space for installation. 
Although their results did not show significant economic 
savings, they suggested that a decrease in the price of 
batteries could make SESS projects with second-life batteries 
more attractive to investors and reduce the effective price of 
electric vehicles [176].

The IEA 2022 report stated that grid storage will play a 
significant role in net zero emissions by 2050. With a total 
capacity of approximately 160 GW as of 2021, pumped-
storage hydropower is reported to be the most frequently 
employed large-scale energy storage technology, accounting 
for more than 8,500 GWh of capacity in 2020, representing 
more than 90% of global power storage. Nevertheless, it has 
been projected that lithium-ion batteries will soon take over 
in the coming years.

R. Xu et al. were able to recycle volatile organic solvents 
(DMC and DEC) from used electrolytes through vacuum 
distillation and reuse them for lithium-ion batteries (LIBs) 
with recovery efficiencies of almost 100% and 79.40%, 
respectively. The recovered solvents showed a high discharge 
capacity and good cycling performance for Li/graphite 

 
Figure 2: Comparison of Co and Li dissolution efficiency between 
bacterial and fungal bioleaching systems using literature data [63].
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batteries, even after 400 cycles at 1C. Additionally, the 
lithium remaining in the non-volatile component (EC) was 
recovered and turned into lithium carbonate, with a recovery 
efficiency of 86.93%. This process demonstrates the potential 
for the comprehensive recycling of electrolytes from spent 
LIBs [177].

Designing LIBs for Better Recoverability: The electric 
vehicles available on the market come in a variety of physical 
configurations, cell types, and cell chemistries. It has also 
been noted that various vehicle manufacturers have chosen 
different approaches to powering their vehicles. This poses a 
problem for the recycling of batteries [76]. Different methods 
for disassembly are needed due to variations in physical 
configurations. For instance, current batteries used in electric 
vehicles present differing form factors and capacities that 
also restrict their reuse. The use of diverse cell chemistries 
by electric car battery makers, according to Harper et al., 
requires distinct strategies for material reclamation and has 
a significant impact on the overall economics of recycling. 
The cylindrical cells are tightly coiled, which makes it 
more difficult to separate the electrodes for direct recycling 
procedures than the flat electrodes of the pouch and prismatic 
cells [76].

Improving the sustainability of battery recovery can be 
achieved through the design of easily disassembled and 
recycled batteries. This can be accomplished by utilizing 
fewer materials and implementing modular and standardized 
designs[178], which in turn can enhance the efficiency of 
the pretreatment process, as the current pretreatment process 
for S-LIBs is cumbersome and time-consuming. The current 
process also results in considerable waste. By adopting these 
measures, we can reduce the environmental impact of battery 
disposal and promote a more sustainable future.

Enhancing S-LIB recycling through artificial 
intelligence (AI)/machine learning: Machine learning could 
support the development of circular economy models for 
S-LIBs. By analysing usage patterns and end-of-life disposal 
data, these technologies can identify opportunities for reuse, 
refurbishment, and recycling [179]. This approach will not 
only reduce waste but also create new business opportunities 
and revenue streams. AI-driven predictive maintenance 
systems may help prevent battery failures and extend 
lifespans. Furthermore, timely maintenance or replacement 
of batteries may be possible due to early detection of possible 
problems caused by real-time battery performance monitoring 
systems. This will obviously enhance the reliability and 
minimize the downtime for S-LIB users. Consequently, 
efficiency, sustainability, and profitability can all be increased 
by incorporating AI or machine learning into the S-LIB 
production process. The production of batteries may thus 
become more environmentally and financially sustainable 

through the application of best practices, innovative 
technology, and circular economy concepts.

Automation of S-LIB disassembly
Automation is expected to lower costs and may make 

recycling economically feasible. Robotic battery disassembly 
is expected to reduce the possibility of injury to human 
workers. There are several ongoing research studies that are 
piloting the automation of battery disassembly [180, 181]. 
Automation has the ability to improve mechanical material 
and component separation, which increases the efficiency 
of downstream separation and recycling operations and 
improves the purity of the separated materials. The automation 
of dismantling automotive batteries is challenging due to 
the need for robots to adapt to various objects and handle 
uncertainty, which is a current frontier in artificial intelligence 
research. The assembly and waste handling of batteries, 
including those in mobile phones, are mostly manual and lack 
automation, posing challenges for disassembly and waste 
management. On the other hand, the assembly and waste 
handling of batteries, including those on mobile phones, 
are mostly manual and lack automation, posing challenges 
for disassembly and waste management. Progress has been 
made in automating battery sorting with the Optisort system 
using computer vision for recognizing labels and pneumatic 
actuators for segregation, but it is currently limited to AA 
and AAA batteries[182, 183]. With respect to automated 
battery disassembly, Apple has a line dedicated to automating 
the process that disassembles 1.2 million iPhones each 6 s 
annually, breaking them down into eight components with the 
help of 29 robots. The process includes removing the LIB 
with thermal protection due to fire hazards. The current Apple 
disassembly line is inflexible for new phone models because 
it only addresses the iPhone 6 design [184]. A flexible and 
adaptable robot disassembly line can be cost-effective by 
focusing on control algorithms, software, and advanced 
sensors for intelligent robot behavior.

State-of-the-art robotics, computer vision, and AI 
technologies [185] are now being adapted for robotic battery 
disassembly, facing challenges such as identifying materials, 
forceful interactions, and grasping deformable materials. 
Computer-vision algorithms are being developed to identify 
diverse waste materials[186], track objects in cluttered 
scenes [187], and guide robot arms dynamically[188-190]. 
Challenges in robotic battery disassembly include forceful 
interactions, grasping deformable materials, and autonomous 
grasp planning. Recent advancements show promise in 
addressing the complex research challenge of automated 
battery disassembly.

Implementation of Circular Economy Principles 
for S-LIB Recovery: Furthermore, implementing circular 
economy principles in S-LIB recovery can also help reduce 
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the reliance on mining for raw materials, which can have 
negative environmental and social impacts. By reusing and 
repurposing recovered materials, the demand for new raw 
resources can be reduced, leading to a more sustainable 
and responsible approach to battery production. In addition, 
circular economy principles can also create new business 
opportunities and revenue streams for companies involved 
in battery production. For example, repurposing recovered 
materials from used batteries could lead to the development of 
new products or services that meet market demand. This could 
comprise the manufacture of new energy storage solutions 
or the development of innovative recycling technologies. 
Overall, adopting circular economy principles in S-LIB 
recovery is essential for promoting a more sustainable and 
responsible approach to battery production. By reducing 
waste, reusing materials, and developing secondary 
applications for used batteries, we can create a more eco-
friendly and economically viable industry that benefits both 
people and the planet.

Summary
Hydrometallurgical operations, which include leaching, 

purifying, and precipitation techniques, are traditional 
recycling methods for extracting lithium and cobalt from 
spent lithium-ion batteries (LIBs). These methods are 
favoured over pyrometallurgical processes due to their lower 
energy consumption and potential for higher selectivity and 
recovery rates [191]. Specifically, the use of organic acids in 
leaching has been highlighted as an eco-friendly alternative 
to inorganic acids, with oxalic acid-based recycling showing 
promise in terms of environmental benignity and economic 
viability [192-194]. Additionally, closed-loop processes have 
been developed to enhance the sustainability of recycling 
methods by minimizing waste and reusing leaching agents, 
which also contributes to cost reduction [195]. Contradictions 
arise in the efficiency and eco-friendliness of these methods. 
While hydrometallurgical processes are generally more 
environmentally friendly, the disposal of wastewater remains 
a challenge [158]. Moreover, the efficiency of metal recovery 
varies, with some methods achieving over 98% recovery for 
nickel, cobalt, and copper [195], while others focus on the 
recovery of cobalt with high purity levels suitable for battery 
fabrication [192]. The cost-effectiveness of these methods 
is influenced by the recovery rates of valuable metals and 
the reuse of solvents. In general, the traditional recycling 
methods for obtaining lithium and cobalt from spent LIBs are 
predominantly hydrometallurgical, with a focus on organic 
acid leaching because of its eco-friendly properties. The 
efficiency of these methods is generally high, with some 
achieving significant recovery rates of valuable metals. Cost-
effectiveness is enhanced through closed-loop processes and 
the reuse of solvents. However, the environmental impact of 
wastewater disposal remains a concern that must be addressed 

to improve the overall sustainability of these recycling 
methods [154, 158, 191-195] Bioleaching, also known as 
biometallurgy, is increasingly recognized as a sustainable and 
environmentally friendly approach for recycling spent lithium-
ion batteries (LIBs). This method leverages microorganisms 
to selectively leach valuable metals from waste, offering a 
green alternative to conventional pyrometallurgical and 
hydrometallurgical processes, which are often associated 
with environmental concerns due to their energy-intensive 
nature and generation of secondary waste [36, 129, 196]. 
Interestingly, studies have shown that bioleaching can achieve 
high recovery rates of metals such as lithium (Li), cobalt 
(Co), nickel (Ni), and manganese (Mn) from spent LIBs. 
The process is cost-effective and reduces operating costs and 
energy demands compared to traditional methods. Moreover, 
bioleaching is adaptable to various operational scales and can 
be integrated into a closed-loop recycling system, aligning 
with the principles of the circular economy [36, 129, 197]. 
However, there are challenges to be addressed, such as the 
optimization of operational parameters and the scaling up of 
the process for industrial applications [153, 196]. Bioleaching 
presents a promising avenue for recycling spent LIBs, 
contributing to sustainability and environmental protection. 
This finding aligns with the growing need for eco-friendly 
recycling technologies that minimize ecological footprints 
and support resource conservation. As research progresses, 
it is expected that bioleaching will become more efficient 
and widely adopted, fostering a more sustainable approach to 
managing the lifecycle of LIBs [36, 129]

Current literature suggests that emerging recycling 
techniques such as deep eutectic solvents, molten salt roasting, 
and direct regeneration hold promise for improving recycling 
efficiency while reducing environmental impact [160]. The 
"green" approach, which encompasses the "3 L" criteria—
less energy consumption, less greenhouse gas emissions, 
and less operational cost—is also advocated to achieve these 
objectives [179] and is included in the 4H battery recycling 
strategy with the objectives of high safety, high economic 
return, high efficiency, and high environmental benefit [198]. 
In lieu of conventional solvents, deep eutectic solvents (DESs) 
have shown great promise in the recycling of spent lithium-ion 
batteries (LIBs), providing a more environmentally friendly 
and sustainable method. The use of DESs in the recycling 
process aligns with the principles of green chemistry, as they 
are typically biodegradable, nontoxic, and operate under 
mild conditions, which reduces energy consumption and 
minimizes the generation of hazardous waste [154, 162, 
163, 199-201]. Interestingly, DESs have been shown to 
achieve high leaching efficiencies for valuable metals such 
as lithium and cobalt, which are critical for the production 
of new batteries. This not only helps mitigate resource 
scarcity but also reduces the environmental impact associated 
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with mining and processing virgin materials. Moreover, the 
ability to regenerate and reuse DESs further enhances the 
sustainability of the recycling process, as demonstrated by 
several studies where DESs were successfully recycled for 
multiple cycles without significant loss of efficiency [154, 
163, 199, 202]. The application of DESs in the recycling 
of spent LIBs represents a significant advancement toward 
sustainable and environmentally friendly practices. The 
high recovery rates of valuable metals, coupled with the 
potential for solvent regeneration and reuse, contribute 
to the reduction of environmental pollution and resource 
depletion, thereby supporting the transition to a more circular 
economy in the battery industry [154, 162, 163, 199-203]. 
Molten salt roasting can also improve the efficiency of metal 
recovery from spent LIBs, and its impact on sustainability, 
cost-effectiveness and environmental friendliness in terms of 
alleviating resource scarcity by recovering valuable materials 
has been recognized. By converting refractory metal oxides 
into salt solutions that dissolve in water, this method degrades 
the cathode powder structure faster at lower temperatures 
and increases the recovery rate of precious metals. Polymer 
inclusion membranes (PIMs) are a stable and versatile 
technology that selectively transport target species across 
a membrane, offering benefits such as self-support and 
resistance to fouling. They have many applications, including 
separating metal ions, organic compounds, and gases. Recent 
studies have shown that combining PIM with electrodialysis 
(ED) can greatly enhance permeability, increasing the 
efficiency of the process. By using specific components in 
PIMs, such as Aliquat 336, high purity levels can be achieved 
in metal ion extraction processes. The best practices for the 
future of spent lithium-ion batteries (LIBs) should focus 
on enhancing sustainability, efficiency, cost-effectiveness, 
and environmental friendliness, as with continuous 
improvements in the emerging recycling techniques 
reviewed, and establishing a multimodal closed-loop 
recycling roadmap with regulation, AI-assisted pretreatment, 
and targeted recycling is emphasized as a strategic direction 
[179]. Additionally, the integration of recycling with other 
processes, such as redox flow desalination, can offer additional 
economic and environmental benefits [102]. On the other 
hand, the future sustainability of spent lithium-ion batteries 
should include the development and design of lithium-ion 
batteries for better recoverability in the standardization of 
LIB designs for easy disassembly for efficient pretreatment 
of spent LIBs, as well as the automation of disassembly and 
improvement of the overall recycling of spent LIBS through 
machine learning to improve the mechanical separation of 
materials and components, thereby increasing the purity 
of separated materials and the efficiency of downstream 
separation and recycling operations, and for a real-time 
battery performance monitoring system that enables timely 
maintenance or replacement of batteries. The future of LIB 

recycling should integrate advanced recycling technologies 
with comprehensive strategies that prioritize environmental 
protection and resource efficiency. The adoption of reusable 
solvents, the implementation of green approaches, and the 
exploration of innovative integrated systems are key to 
achieving a sustainable, efficient, and cost-effective recycling 
ecosystem. The development of policies and regulations that 
support these practices will be crucial for promoting the green 
and sustainable development of the battery recycling industry 
[102, 154, 179].
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