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The use of lithium-ion batteries in portable electronic devices and electric vehicles has become well-established,
and battery demand is rapidly increasing annually. While technological innovations in electrode materials and
battery performance have been pursued, the environmental threats and resource wastage posed by the resulting
surge in used batteries have been overlooked. Spent batteries are technically inoperable but contain excess metal
inside the structure, making recycling essential for environmental protection and recovery of scarce resources.
The battery recycling industry has gradually emerged under the influence of government implementation and
ecological protection trends. However, the annual recycling volume is still insufficient compared to the output
volume of used batteries. Therefore, more recycling plants and advanced technologies are imperative to improve
recycling efficiency. This article summarizes pretreatment, pyrometallurgical, and hydrometallurgical processes
and technologies in three major parts, analyzes their applicability and environmental friendliness using industrial
examples, highlights their technical shortcomings and problems, and emphasizes the bright future of battery

recycling.

1. Introduction

Lithium-ion batteries (LIB) are the mainstay of power supplies in
various mobile electronic devices and energy storage systems because
of their superior performance and long-term rechargeability [1]. In re-
cent years, with growing concerns regarding fossil energy reserves and
global warming, governments and companies have vigorously imple-
mented replacing oil and natural gas with clean energy and conven-
tional cars with electric vehicles (EVs). LIBs are currently the most suit-
able battery for EV applications. Consequently, the demand for LIBs
has increased dramatically, which jumped from 185 GWh in 2020 to
685 GWh in 2024 and will exceed 2035 GWh by 2030, according to
the statistical data from Statista shown in Fig. 1(a) [2]. The consump-
tion of metals and organic materials to produce large quantities of LIBs
is remarkable. A typical LIB module comprises active materials, such
as LiCoO, (LCO), LiNiO, (LNO), LiNiq §C0g 154l 9505 (NCA), LiMnO,
(LMO), LiNixCoyanOZ (NCM), LiFePO, (LFP) cathode and anode cur-
rent collectors (Al and Cu foil), electrolytes, alloys, and a polyester plas-
tic shell covering, along with graphite [3]. Fig. 1(d) depicts the percent-
age composition of each component within the battery, highlighting the
presence of substantial quantities of valuable metals, indicating signifi-
cant recycling potential.
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Unprocessed electronic waste and the pollution from spent LIBs un-
dermine the goal of using electricity to reduce environmental pollu-
tion. These problems include potential water source contamination by
leaking electrolytes, land salinization by heavy metals, and toxic sub-
stances throughout the food chain that affect human health. Therefore,
the development of a detailed battery recycling system is crucial. More-
over, amid the surging demand for batteries, the annual generation of
spent LIBs is rapidly increasing, with the volume doubling from less
than 170000 tons in 2019 to 360000 tons in 2023 and is expected to
sharply increase to over 1.22 million tons by 2030, as demonstrated
in Fig. 1(b) [4]. Owing to technological advancements, a positive mar-
ket outlook, and an increasing number of discarded batteries, the bat-
tery recycling volume has increased annually, from 9 GWh in 2019 to
50 GWh in 2024, with projections estimating a surge of over 230 GWh
by 2030, as shown in Fig. 1(c) [5]. Many battery recycling firms are es-
tablished worldwide—such as the United States; Belgium and Germany
in Europe; and China, Japan, and South Korea in Asia—which utilize
various recycling processes that are mainly classified into three types:
pretreatment, pyrometallurgical, and hydrometallurgical processes [6].
This review summarizes the classification of pretreatment (sorting, dis-
charging, disassembly, and crushing); smelting and roasting processes
in pyrometallurgy; and leaching and selective extraction processes in
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Fig. 1. (a) Worldwide LIB demand from 2020 to 2030 data from Statista [2]. (b) Worldwide volume of spent LIB generated annually [4]. (c) Worldwide volume of
LIB regenerated by recycling process annually [5]. (d) Graphical representation of the percentage of each component in an LIB.

hydrometallurgy. Furthermore, the strengths and weaknesses of labora-
tory results and industrial cases are discussed.

2. Pretreatment process

Pretreatment is the initial and vital step in the battery recycling pro-
cess, which converts batteries from compact, solid units into fractured
parts and fine particles for subsequent refinement. Primary pretreatment
processes include sorting, discharging, disassembly, and crushing.

2.1. Battery sorting

Batteries are highly commercialized and technology-intensive prod-
ucts with varying parameters such as type, size, and model. Battery recy-
cling is a downstream process that deals with end-of-life batteries of dif-
ferent types and health conditions. Many established battery-recycling
plants require a standardized presorting process to distinguish spent
LIBs, as direct recycling reduces the efficiency of recovering valuable
metals. The Umicore process does not include pretreatment steps such
as sorting and smelting waste batteries directly, resulting in low metal
recovery; however, rapid and straightforward pyrometallurgy leads to
continued utilization [7]. Therefore, a meticulous sorting process is im-
perative for achieving a superior battery recycling industry. Fig. 2(a)
shows a flowsheet for sorting spent LIBs [8]. Initially, the health of the
batteries is evaluated, discerning those that retain a viable utility value.
For instance, spent LIBs extracted from EV battery modules, which con-
tinue to exhibit endurable lifespans, can be repurposed as small-scale
mobile electronic devices and auxiliary energy reservoirs. Subsequently,
nonreusable batteries exhibiting deformities or structural impairments
also undergo a selection process based on the congruity of size and shape
[9]. This step can facilitate disassembly, crushing, and other processes
and avoid operational difficulties caused by versatile shapes; fractured
batteries can be directly smelted and recycled by pyrometallurgy. The
screening based on the cathode material is then used to ensure the pu-
rity of the final product. Sony focuses on recycling NCM, NCA, and LCO
batteries to refine Co; their final product, enriched with cobalt oxide, is
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obtained through a meticulous sorting step to eliminate parts without
Co maximally [10]. The study by Wang et al. [11], which compared me-
chanical pulverization outcomes strictly classified by the cathode mate-
rial versus those broadly classified by battery type, confirmed that pul-
verizing old batteries with identical cathode materials mitigates over-
heating, sticking, and side reactions and enhances the uniformity of the
pulverized particle size [12]. Manual sorting, as shown in Fig. 2(b) is
still widely used in ongoing industrial recycling processes. This is be-
cause the complex conditions of the batteries require manual identifi-
cation [13]. However, electrolyte leakage from the crushed LIBs and
electricity risks pose safety and security concerns. To avoid these issues,
some companies have already adopted machine-assisted and automated
equipment, including robotic arms and standardized assembly lines, as
shown in Fig. 2(c) [14]. With advances in technology such as X-ray scan-
ning shown in Fig. 2(d), sorting has been used to accelerate the process
[15].

2.2. Battery discharging

Although the waste battery may retain up to 20% of its electric-
ity, which is insufficient for peak capacity, hasty dismantling poses a
high risk of leakage accidents [16]. The electrolytes of LIBs are mostly
corrosive; therefore, controlled discharge of batteries coupled with be-
nign neutralization of electrolytes must be executed to prevent accidents
[17]. A liquid medium is frequently used to short-circuit a battery and
drain electricity during discharge, as shown in Fig. 3(a) [18]. Chloride
salts such as NaCl and KCl are commonly used in aqueous solution dis-
charge methods because of their cost-effectiveness and favorable con-
ductivity. This method involves submerging used batteries in a salt so-
lution, which is more accessible for discharging via a short circuit [19].
The leaked electrolyte is also diluted in the solution without a vigorous
reaction. Sulfate solutions, such as (Na,SO,4, ZnSO,4, and MnSO,) are
also used for discharging.

A paradox occurs when selecting the discharge medium: media with
low discharge efficiency have a long discharge time; hence, the solution
concentration must be elevated to increase efficiency. Media with high
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Fig. 2. (a) Flow chart presenting the sorting process in the recycling of LIBs. (b) Image of manual sorting of spent LIBs [12]. (c) Image of mechanical arm-assisted
sorting of spent LIBs [14]. (d) Image of X-ray scanning that assisted in the sorting of spent LIBs [15].
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Fig. 3. (a) Schematic of an LIB discharging in a liquid medium. (b) Schematic of an LIB discharging in a solid medium.

discharge efficiencies face corrosivity, high costs, and safety problems.
In a study by Li et al. [20], a standard cylindrical LIB (18 mm in diame-
ter and 65 mm in length) consumed over 1460 min to exhaust electricity
in the NaCl solution and required to increase the solution concentration
to enhance the discharging ability. Solutions such as MnSO, and FeSO,
significantly reduce the discharge time; however, their cost is substan-
tially higher than that of NaCl. Thus, balancing cost-effectiveness and
discharge efficiency is crucial for selecting the medium for the battery
discharge process [21].

Solid conductive media are also employed to deactivate batteries;
Fig. 3(b) shows the discharging process of an LIB in a solid medium. A
typical example is graphite powder, which is an excellent conducting
material. In a comparative test of the discharge performance of waste
LIBs in different media conducted by Wang et al. [22], graphite pow-
der was used in the discharging treatment of LCO with approximately
2600 mAh remaining and discharged to only 6.8% after 16 h, a speed
equivalent to 1 mol/L NaCl, which only discharges to 13.5% remain-
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ing. However, these methods are primarily applicable on a minor scale
or laboratory stage; moreover, graphite is not only a good conductor of
electricity but also has high thermal conductivity. Therefore, detecting
the occurrence of dramatic thermal effects or other safety concerns is
necessary in the industry [23].

Pyrolysis and incineration during the pretreatment step of pyromet-
allurgy can also have a discharging effect because the electrolyte can
be decomposed directly at high temperatures, naturally excluding the
risk of leakage [24]. Ultrasonic oscillation and inert gases are auxiliary
methods for enhancing discharge efficiency. This is mainly attributed
to the cavitation effect of ultrasound, which increases the movement
of conductive ions, thereby facilitating the release of electrons [25].
Discharging in an inert gas-rich environment can reduce leakage acci-
dents because electrolyte activity decreases in a relatively low-oxygen-
content environment. Considering the industrial requirements and eco-
nomic feasibility, discharging with liquid media coupled with enhancing
technology is more efficient.
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Fig. 4. Flowchart of the battery disassembly process. Dismantling battery part from an EV battery module. (a) Al and Cu foil, (b) casing, and (c) active material and
separator; reprinted with permission from Ref. [27]. Copyright 2022 MDPI. (d) Image of mechanical arm-assisted disassembly of compression packaging [29]. (e)

Image of robot-assisted sorting and disassembly of a battery [30].

2.3. Battery disassembly

Battery disassembly also prepares for subsequent recycling pro-
cesses. In addition to the active material obtained via chemical processes
for extraction, components such as the Al casing, Cu foil, separator, and
current collector are also candidates for reuse via the disassembly pro-
cess [26]. Fig. 4 shows the battery disassembly step, and Figs. 4(a)-(c)
illustrate the components of the LIB module dismantled from EVs [27].
Because battery disassembly requires the identification of various parts,
manual operation remains the safest and most productive approach, par-
ticularly in established large-scale battery recycling facilities [26]. The
Umicore factory predominantly recycles EV batteries. For example, the
maximum daily capacity of their workshop is approximately 10 tons of
battery parts [28]. Every stage of disassembly requires manual involve-
ment; however, this approach guarantees the precision of disassembly,
and the high labor costs and limited operating speeds are inadequate to
meet the rising recycling demand.

Lander et al. [31] evaluated the dismantling of waste batteries used
by familiar automobile companies including BYD, Tesla, and Volkswa-
gen. They found that manual disassembly of standard battery modules
typically takes an average of 40-60 min and is associated with high la-
bor costs. Consequently, a growing preference has been observed for
more efficient mechanically assisted or automated disassembly. The
electronic clamp introduced by Schmitt et al. [32] in 2011 and the
robotic arm proposed by Wegner et al. [33] for production lines en-
abled the semiautomatic disassembly of batteries. These technologies
are integrated with methodological strategies and camera recognition
systems to facilitate the repetitive action of packaging and screws, fol-
lowed by manual operations for complex tasks. Furthermore, the advent
of collaborative robots has made it possible to automate disassembly.
Hathaway et al. [34] demonstrated the efficacy of using robots for disas-
sembling Nissan automobile battery modules, reducing the disassembly
time by at least 50% compared with the manual method. Robotic oper-
ation is computer-regulated, allowing operators to monitor the distance
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and intervene when necessary, thus replacing the physical presence at
the disassembly site. The two methods of advanced battery disassem-
bly are depicted in Figs. 4(d)(e). The robotic arm shown in Fig. 4(d)
is applied to remove the sealed packaging of the battery module. In
Fig. 4(e), the robot sorts used batteries, which did not require labor
involvement.

2.4. Battery crushing and flotation

Battery crushing and flotation represent another widely utilized and
effective pretreatment techniques that typically occur parallel to or af-
ter battery disassembly. While recyclers like Retriev Technologies [35],
Recupyl Valibat [36], and Akkuser [37] choose direct shredding to en-
hance recycling speed and reduce costs, firms such as Accurec prefer
detailed sorting, dismantling, and then shredding, which can eliminate
the interference of impurities and plastics [38]. During a typical bat-
tery crushing procedure, spent LIBs can be comminuted into small par-
ticles for further metal extraction based on various mechanical disin-
tegration techniques, such as direct shearing, rotary milling, cutting
milling, hammer milling, and grinding. These mechanical methods can
pulverize large, bulk, and inhomogeneous spent LIBs into small parti-
cles, including plastic particles and black mass-enriched active mate-
rial [39]. The general crushing and flotation processes are illustrated in
Fig. 5.

Crushing typically involves the use of a large industrial shredder
operating in a chamber or a batch [41]. Currently, industrial crushing
methods are categorized into two types: dry and wet crushing. Direct dry
crushing offers a straightforward approach for crushing material with-
out water or additives. In the Batrec process, spent LIBs are crushed into
granules using a shredder and hammer mill, without pretreatment [42].
The advantage of direct dry crushing is its ease of handling; however, its
drawbacks include the presence of chaotic particles and potentially un-
satisfactory product purity. In addition, batteries may encounter issues
such as overheating, explosions, strong oxidation when Li is exposed to
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Fig. 5. Flowchart depicting a battery undergoing mechanical crushing, magnetic flotation, and separation processes. Image captured and reproduced from column-
shaped waste LIBs; reprinted with permission from Ref. [40]. Copyright 2023 Elsevier.

air and dust, and gas generation during crushing, necessitating stringent
pollution and safety controls.

Dry crushing in a cryogenic and inert atmosphere can mitigate these
risks by operating at low temperatures, thus suppressing electrolyte ac-
tivity and reducing the potential for violent reactions. Crushing in an
oxygen-isolated chamber filled with inert gas can also prevent Li ox-
idation. These enhancements allow the processing of an insufficiently
discharged spent battery, thereby reducing the stress on the battery-
discharging step. In the Recupyl crushing process, Li stabilization was
achieved by pumping CO, into the chamber [43]. Similarly, wet crush-
ing is based on principles that suppress electrolyte activity and stabilize
Li by employing water and other control reagents. In the Horiba process
[44], a low-concentration halogen solution is sprayed into the batch
during crushing to effectively control the process.

The size of the crushed battery particles is typically inhomogeneous
owing to their differentiated ductility, and diverse crushing equipment
and processes also influence the particle size. Thus, efficient separation
of crushed particles is critical. The Fe components in the battery can
be readily separated using a magnetic flotation machine, whereas the
remaining materials require an additional sieving step. Based on the
laboratory findings by Zhang et al. [45] and Prabaharan et al. [46], the
particle size of crushed active material is typically less than 0.25 mm,
while those of Al, Cu, and plastic particles mostly exceed 0.25 mm. In
certain instances, the particle size of crushed Cu and Al foils ranges from
0.2 to 1.44 mm, attributed to toughness. Wang et al. [11] found that par-
ticles crushed under cryogenic and aqueous conditions yielded different
results compared to dry crushing (<0.5 mm). Therefore, combining the
actual procedure to design a particle screen with appropriate specifica-
tions is necessary to optimize separation. In industrial production, differ-
ences in equipment are particularly pronounced. Retriev Technologies
employs a 707 um screen to segregate Al, Cu, and plastic, subsequently
grinding the residual material and utilizing a 105 pum screen to isolate
finely milled active materials [47]. Recupyl Valibat adopts a comparable
approach but utilizes a 500 pm screen because it produces finer particles
[48].
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3. Metal extraction method
3.1. Pyrometallurgy

Pyrometallurgy, which is a prevalent industrial technology for re-
covering valuable metals from spent LIBs, relies on thermal treatments
to trigger physical and chemical transformation [49]. Pyrometallurgy is
crucial in industrial battery recycling because of its operational simplic-
ity and scalability. Depending on the operating equipment and tempera-
ture, pyrometallurgical processes, including pyrometallurgical pretreat-
ment (incineration and pyrolysis) and pyrometallurgical extractive pro-
cesses (calcination and smelting), differ significantly. Pyrometallurgy
can either independently recover valuable metals or be integrated with
hydrometallurgy for further refined recovery. The pyrometallurgical
process is illustrated in Fig. 6.

3.1.1. Preprocessing in pyrometallurgy

Pyrolysis and incineration are two promising pretreatment meth-
ods in pyrometallurgy and some hydrometallurgical processes, both of
which separate active materials from organic materials and undesired
substances such as plastic fragments, binders, and separator residues.

Pyrolysis, situated between the pretreatment and main pyrometal-
lurgical processes, primarily utilizes the thermochemical degradation of
organic components to separate active substances. Pyrolysis typically
occurs at a temperature range of 600-800 °C in an oxygen-free envi-
ronment [50]. Pyrolysis requires either a vacuum or an operating envi-
ronment rich in inert gas to ensure the stability of the electrolyte vapor
and toxic gas. The Accurec hydrometallurgical process in Germany has
incorporated pyrolysis as a pretreatment method to remove electrolytes
and solvents [51]. The spent LIBs are subjected to pyrolysis in a rotary
roaster at 600 °C after the preceding pretreatment. This process ensures
that the active material maintains its structural integrity and minimizes
interference from the electrolyte and separator fragments. Additionally,
pyrolysis renders the Al and Cu foils brittle, facilitating the grinding and
milling of finer particles during mechanical crushing [52].
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Incineration is another thermal method that is employed for py-
rometallurgical pretreatment. Incineration eliminates the organic com-
ponent through direct combustion, preserving the active material for
subsequent processing in the oxygen-rich environment at temperatures
ranging from 700 to 800 °C [53]. In the German Nickelhiitte—~Aue pro-
cess, incineration in a drum furnace effectively removes plastic pack-
aging, graphite, separators, and electrolytes from spent batteries [54].
The post-incineration product consists of a black mass rich in metals
and slag. Pyrolysis and incineration are both effective battery treatment
methods [55]. Incineration is suitable for consecutive processes owing
to its operational simplicity and adequate reaction without preprocess-
ing; however, its drawbacks include significant energy consumption and
substantial Li loss. Pyrolysis is a more delicate pretreatment process that
preserves the material structure by relying solely on physical transfor-
mations to separate battery components. This makes pyrolysis particu-
larly suitable for intricate multistep battery recycling procedures. Both
methods require proper waste management to control the generation of
hazardous gases such as fluoride, CO, electrolyte vapor, and high CO,
emissions.

3.1.2. Primary extractive process in pyrometallurgy

The primary step in pyrometallurgy involves roasting spent batteries
in a high-temperature calciner, triggering a reduction reaction coupled
with Al and graphite within the battery or introducing additional reduc-
ing agents to convert metals from high- to low-valence states. Depending
on the reaction temperature and additive type, they can be categorized
into various processes.

Smelting, a typical high-temperature roasting method for pyrometal-
lurgical recovery of LIBs, involves directly placing untreated waste bat-
tery materials into the roaster at medium temperatures (600-800 °C) to
eliminate electrolyte interference and other substances as the pretreat-
ment step, followed by continuous increase in temperature to complete
the extraction process [56]. Subsequently, the battery material is heated
to its melting point (over 1400 °C), where graphite and Al in the LIB act
as reducing agents, forming an immiscible molten phase and slag. Upon
cooling, the molten phase typically comprises an alloy rich in elements
such as Ni, Fe, Co, and Cu, whereas the slag contains oxides or salts of
Al, Mn, and Li [57]. The Umicore process employs a smelting method
to recover LIBs, including medium-temperature pyrolysis for pretreat-
ment, followed by upper-temperature smelting [58]. Moreover, Umi-
core addresses the technical limitations of pyrometallurgy such as the
low recovery rate of Li, which is only found in slags. Metallurgical plants
recycle slag to extract the remaining Li and then use it as a precursor
for concrete in the construction industry. Umicore aims to maximize
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eco-friendliness during recycling. It employs ultra-high-temperature
(UHT) air purification technology to mitigate environmental impacts,
which reduces the dust content in slag and diminishes toxic gas
emissions.

Carbothermic reduction roasting is an exceptional method for re-
fining metals and is more complex than smelting but conducted under
medium-temperature condition (600-1000 °C). This process necessitates
the pretreatment of the material by pyrolysis or incineration to elimi-
nate organic material interference, thereby ensuring the purity of the
recovered metals [59]. Carbothermal reduction roasting utilizes a re-
ducing agent for carbon sources (such as charcoal, coke, or graphite) to
convert low-solubility high-valent metal electrodes into high-solubility
low-valent metal compounds. For example, LNO undergoes multistage
reduction reactions and degrades into soluble Li, CO5 and Ni compounds
[60]. Similarly, NCM composite metal oxides can be reduced to Li,CO3,
CoO, NiO, and MnO,, [61]. Combined with the subsequent leaching in
hydrometallurgy, this technique significantly enhances the potential for
recovering valuable metals. Contrary to smelting, carbothermal reduc-
tion roasting operates at relatively mild temperature (typically 600-
1000 °C), thus conserving energy. Smelting is inefficient for Li recov-
ery and often converts Li into slag. In contrast, carbothermal reduction
roasting preserves Li as a metal oxide and salts [62]. Carbothermal re-
duction roasting has some disadvantages: the carbon introduced into
the reaction system is often wasted owing to its low reactivity, and car-
bon consumption inevitably results in large amounts of greenhouse gas
emissions.

Salt-assisted roasting is a progressive technique based on carboth-
ermic reduction roasting. The solubility of Li,CO5 (13.282 g/L, 20 °C)
in carbothermal reduction roasting is unsatisfactory, leading to addi-
tional energy and material consumption during subsequent hydromet-
allurgical leaching [63]. Salt-assisted roasting generates salts with high
water solubility and low crystallinity, thus facilitating the following ex-
tractive processes. Typical salt-assisted roasting is classified into three
categories based on salt additives: chlorination, sulfation, and nitration,
with low reaction temperatures ranging from 400 to 1000 °C. Chlori-
nation roasting predominantly utilizes salts such as NaCl and NH,CI to
produce highly soluble LiCl (820 g/L, 20 °C) at 450 °C and final prod-
ucts containing (LiCl, LiOH, Co304, MnO,,, Ni-Co-Mn-0, 99.5% for Li,
M < 1%, (M = Ni, Co, and Mn)) [64]. Sulfurization roasting requites
sulfuric acid and salts such as H,SO, and (NH,4),SO,. Li et al. [64]
confirmed the feasibility of this method through an LCO recovery ex-
periment. They achieved a 99.3% Li recovery rate through salt-assisted
roasting using H,SO, and successfully obtained Li,SO, (348 g/L, 20 °C)
[65], Co304, and Co,O as the final products. Similarly, nitric acid roast-
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ing uses HNO3 to produce LiNO; (522 g/L, 20 °C) at significantly
lower reaction temperature of 250 °C and final products containing
(LiNO3, Co304, 93% for Li, metal ion <0.1%) [66]. Salt-assisted roast-
ing, whether by chlorination, sulfurization, or nitration, uses high tem-
peratures to convert metals in the oxide state into metal salts, which
are then separated according to the difference in the solubility of the
salts. This method is identical to hydrometallurgy and demonstrates
matching metal recovery during the experimental stage [67]. However,
the main limitations of salt-assisted roasting are the high energy con-
sumption associated with high-temperature roasting, the emission of
secondary harmful gases (Cl, in chlorination, SO, in sulfation, and NO,
in nitration), and product purity defects. Salt-assisted roasting has the
advantage of a direct yield of valuable metal products compared to
the current complex process. If the product quality is increased to a
higher purity with superior separation, the method can be industrialized
on a large scale in combination with appropriate contamination treat-
ment, which could be a sustainable process for battery recycling in the
future.

In addition, the traditional carbothermic reduction roasting pro-
cess requires significant energy to increase the reaction temperature,
which inevitably leads to high fuel consumption. Microwave-assisted
carbothermic reduction roasting is an environment-friendly and energy-
efficient method that uses microwaves instead of conventional heat
sources. In non-contact heating, microwaves generate heat through elec-
tromagnetic radiation that induces resonance between particles, offering
temperature levels compatible with traditional carbothermic reduction
roasting [68]. According to Pindar et al. [69], the heating efficiency of
microwave-assisted carbon-reduction roasting significantly, which sur-
passes that of the conventional heating method beyond 600 °C, thereby
enhancing the reaction efficiency. However, microwave-assisted carbon-
reduction roasting has several technical limitations. First, the size of the
equipment limits its industrial applicability. Second, the reaction kinet-
ics associated with the processing of large volumes of spent LIBs warrant
further research.
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3.2. Hydrometallurgy

Hydrometallurgy is another mainstream method for recycling spent
LIBs. Battery recycling aims to realize a circular economy and the re-
generation of valuable materials. However, pyrometallurgy is contrary
to some of these desires, and applying the product in an alloy form and
achieving low metal recovery encounter certain barriers. Hydrometal-
lurgy addresses these limitations by primarily utilizing aqueous dissolu-
tion to ionize the active materials from spent LIBs, followed by the selec-
tive extraction of different metals. Hydrometallurgy also offers precise
recovery, high product purity, and significantly lower energy consump-
tion than pyrometallurgy [70].

In hydrometallurgical processes, leaching can be broadly classified
into three types depending on the reagent used to ionize the active mate-
rial: acid leaching, bioleaching, and alkaline leaching [71]. The selective
extraction stage of hydrometallurgy is categorized based on the physi-
cal and chemical properties involved, specifically chemical deposition,
solvent extraction, and physical adsorption. Hydrometallurgy generally
requires comprehensive pretreatment to remove the separator and over-
pack and reduce the particle size of the active material to ensure an ef-
fective reaction and exclude impurity interference [72]. Fig. 7 shows a
flowchart of the hydrometallurgical process.

3.2.1. Leaching

The leaching step in hydrometallurgy involves converting metallic
elements from a solid active material to an ionic state in an aqueous so-
lution, following which the individual metals are recovered separately.
Therefore, the leaching efficiency directly affects the metal recovery and
product quality. The main factors affecting leaching are temperature,
leaching agent type, and pH value [73].

3.2.1.1. Acid leaching
Inorganic acid leaching is extensively utilized and industrialized in
hydrometallurgy. Typical acids include HCI, H,SO,4, HNO3, and H3PO,.
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Fig. 8. (a)-(c) Effect of the H,0, reducing agent on leaching efficiency during LCO leaching with different HCl concentrations; reprinted with permission from
Ref. [79]. Copyright 2022 Elsevier. (d)(e) Electrochemical properties of LCO regenerated from HNO; leaching solution; reprinted with permission from Ref. [84].
Copyright 2011 Elsevier. (f) Effect of solid-liquid ratio on leaching efficiency in the leaching of LCO with H;PO,; reprinted with permission from Ref. [85]. Copyright

2017 Elsevier.

With its high acidity, HCI can dissolve most metals and their compounds
because of its high dissociation constant in aqueous solution [74]. Li
et al. [75] successfully recovered LCO using 4 mol/L HCI as leaching
agent at 80 °C with a solid-liquid ratio of 50 g/L, achieving leaching
efficiency of over 97% at Li and 99% at Co. This indicated that HCI is
a highly effective leaching agent for metals and other compounds. LCO
and HCI react vigorously to form soluble CoCl, and LiCl, accompanied
by the release of Cl,. Subsequently, Co and Li are recovered through se-
lective extraction. The most significant issue with this process is safety
concerns regarding strong acids and the release of toxic Cl,, necessi-
tating safety facilities and exhaust gas management in laboratory and
industrial environments. In some tests, the leaching efficiency was un-
satisfactory owing to the leaching agent ratio, reaction temperature, and
other factors [74]. This was attributed to the incomplete reaction of sta-
ble high-valence metals in the active materials and the intense bonding
energy. Reducing agents can convert high-valence metals into divalent
soluble ionic states, such as Co3* to Co2t in LCO and Mn*t to Mn2+t
in NCM, thereby accelerating the leaching speed and efficiency; thus,
they are frequently introduced in the leaching process. Typical reducing
agents used in inorganic acid leaching are H,0,, NaHSO3, and glucose
[76]. Guimaraes et al. [77] demonstrated that the NCM leaching method
achieved a leaching efficiency of 88% with 1 mol/L H,SO, at a solid-
liquid ratio of more than 1:10 without the reducing agent. The leaching
process reported by Meshram et al. [78], wherein 1 mol/L H,SO, and
0.075 mol/L NaHSO5 were used as reducing agents, resulted in a leach-
ing rate of more than 90% for each metal at 20 g/L. Cerrillo-Gonzalez
et al. [79] investigated the effect of reductant usage on the leaching ef-
ficiency at different HCl concentrations and reported that an elevated
amount of reductant significantly increased the leaching efficiency of
the metal (Figs. 8(a)-(c)). Li et al. [80] discovered that H,O, as a re-
ducing agent significantly reduced the amount of Cl, in the exhaust
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gas during HCI leaching, suggesting that the reducing agent suppressed
the generation of toxic gases. A similar phenomenon was observed in
H,S0, leaching experiments, where toxic SO, gas emissions were cur-
tailed [81]. Kang et al. [82] investigated the recycling process using
H,S0, as leaching agent and achieved a leaching rate of over 99% in
LCO for Li and Co under optimized conditions (60 °C and 2 mol/L H,SO,
with 6% H,0, as a reductant). Based on the above experimental ex-
amples can prove, the introduction of a reducing agent can efficiently
increase the leaching rate and reduce the consumption of the leaching
agents, then inhibit the generation of toxic gases.

HNO; is another commonly used acid in inorganic acid leaching,
which requires an additional reducing agent to ensure efficient leach-
ing. Yuliusman et al. [83] used 3 mol/L HNO; and H,0, as reducing
agents to leach Co from LCO and obtained a Co leaching efficiency of
over 98%. In a study by Li et al. [84], an LCO leaching solution with
HNO; was shown to be directly regenerable into high-purity LCO crys-
tals, rather than lithiated salts, using an electrochemical precipitation
technique at a constant current, offering a novel recycling pathway.
According to the cycling performance of the regenerated LCO shown
in Figs. 8(d)(e), the new electrode material had intact electrochemical
properties. Hy3PO, is also frequently used as a leaching agent because of
its multiprotonic properties and suitable acidity, which allow it to ionize
high quantities of H* in aqueous solutions. During the leaching process
of H3PO,, PO,3~ forms precipitates with metal ions other than Li, such
as Co, and selective extraction can be accomplished directly. This ad-
vantage is most obvious in the recovery process of LCO because only Li
and Co are present, and Co can be separated with Co3(PO,), precipi-
tates. Pinna et al. [85] used a combination of 2 mol/L H;PO, and 2%
H,0, to leach LCO and obtained a Li leaching efficiency of more than
99%. The data in Fig. 8(f) shows that the solid-liquid ratio has less effect
on the leaching efficiency; therefore, H;PO, can be used as a highly ef-
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ficient and stable leaching agent and can reduce the consumption of the
leaching agent. Several of the aforementioned inorganic acids are also
used as leaching agents in established battery recycling plants because of
their ultrahigh solubility, such as Accurec and Battery Resources using
H,S0,, Umicore using HCI, and Recupyl Valibat using a combination
of H,SO, and H3PO,. Inorganic acid leaching is a potent and techno-
logically efficient hydrometallurgical process. However, disadvantages
stem from its strong acidity, which causes equipment corrosion, diffi-
culties in treating waste liquids, and secondary atmospheric pollution.
Therefore, future research on inorganic acid leaching may be directed
toward realizing environmental-friendly routes.

Considering environmental concerns, substituting inorganic acids
with organic acids as leaching agents in hydrometallurgy has attracted
increasing attention. Organic acids generate less pollution than inor-
ganic acids [86], and most organic acids are derived from plants and
animals, which enhances their recyclability. Organic acids are weak
electrolytes, and their acidity is determined by the number of func-
tional groups and capacity to ionize H* in aqueous systems (indicated
by their pK, values) [87]. Typical organic acids include citric, oxalic,
malic, ascorbic, and acetic acids.

Citric acid, a natural compound with the formula C4gHgO,, is abun-
dant in citrus fruits. Three hydroxyl groups allow each mole of citric acid
to dissociate three moles of H* in a solution, providing sufficient acid
to act as a leaching agent. In a study by Li et al. [88], 1.25 mol/L citric
acid combined with 1% H,0, reductant at 90 °C and a solid-liquid ratio
of 20 g/L were employed to leach LCO, acquiring Li and Co leaching
efficiencies of 99% and 90%, respectively. Yu et al. [89] used 1 mol/L
citric acid and H, 0, to treat LCO cathode materials under the conditions
of 70 °C and a solid-liquid ratio of 40 g/L and achieved both Li and Co
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leaching efficiencies of 99% in a simple and direct method with quick
90 min reaction time, as shown in Fig. 9(a). LFP is more difficult to re-
cover than other materials because of its stable olivine crystal structure.
Thus, the consumption of acid for dissolution increases during inorganic
acid leaching. Li et al. [90] achieved a leaching efficiency of 99% for
Li from LFP using 2 mol/L citric acid and a solid-liquid ratio of 20 g/L,
with the addition of 1% H, O, reductant, and the relatively high leaching
efficiency is shown in Fig. 9(b). This indicates the adequate acidity of
citric acid as an acid-leaching agent for electrode materials and its high
selectivity for multiple metals. Oxalic acid is another notable organic
acid leaching agent that is particularly effective for recovering LCO. It
is a moderately acidic dicarboxylic acid commonly found in plants and
has the chemical formula C;H,0,4 [91]. Oxalic acid is similar to H3PO,
in that oxalate ions can combine with Co®* and Li* to form the insoluble
precipitate CoC,0, and soluble Li,C, 0y, respectively, allowing one-step
Co separation and highly selective Li recovery. In addition, oxalic acid
can be used as a substitute for reducing agents. This is supported by the
findings of a study by Sun et al. [92], wherein the recovery of LCO in
1 mol/L oxalic acid without any reducing agent reached 95% and was
higher with the addition of a small amount of reducing agent, as shown
in Fig. 9(c).

Malic acid, a cost-effective and widely available diacid with
the chemical formula C4,Hg¢Os, offers superior biodegradability and
reusability compared to inorganic acids, making it highly suitable for
hydrometallurgical processing [93]. Malic acid exhibits asymmetric
stretching vibrations in three isomers (D-malic acid, L-malic acid, and
DL-malic acid). DL-malic acid is particularly effective in recovering LCO
and NMC. Li et al. [87] used 1.5 mol/L DL-malic acid at 90 °C with a
solid-liquid ratio of 20 g/L and 4% H,0O, and achieved over 99% leach-
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ing of Li and 93% leaching of Co from LCO. Cheng et al. [94] reported
that the leaching efficiencies of NCM of Li, Co, Ni, and Mn reached
98.1%, 97.1%, 96.2%, and 97.6%, respectively, with 2 mol/L DL-malic
acid at 90 °C with a solid-liquid ratio of 30 g/L and 1.5% H,0,. The
X-ray diffraction (XRD) graph in Fig. 9(d) demonstrates the ability of
DL-malic acid to dissolve metal, showing that the spurious peaks which
are corresponding to metals are significantly reduced after treatment
with DL-malic. Ascorbic acid (Vitamin C) is a vital antioxidant in hu-
mans. Its polyhydroxy structure enables the dissociation of hydrogen
ions in aqueous solutions, thereby serving as an effective leaching agent
in hydrometallurgy [95]. Leaching efficiencies of 94.8% and 98.5% for
Co and Li, respectively, were achieved using 1.25 mol/L ascorbic acid
solution at a leaching temperature of 70 °C and solid-liquid ratio of
25 g/L [96]. Organic acids such as lactic, tartaric, aspartic, and formic
acids have been investigated as leaching agents for LIB cathode materi-
als [97]. The reducing properties of organic acids owing to their com-
plex double-bond structure can cover off the reducing agent dosage;
however, insufficient acidity compared to inorganic acids limits their
ability to dissolve metals [98]. From an industrialization perspective,
the plant requires a process with stable performance, while a wide va-
riety of organic acids with fluctuating properties are available, and fur-
ther research is required to achieve a leap from the laboratory to the
plant. Thus, identifying the optimal leaching conditions for efficient and
cost-effective processes is a key future direction for organic acids in hy-
drometallurgical research.

3.2.1.2. Bioleaching

Bioleaching is a hydrometallurgical leaching method that enhances
the environmental recyclability of organic acids. Bioleaching mainly
uses natural metabolites from microorganisms, such as fungi and bacte-
ria. Microorganisms metabolize acidic secretions to dissolve metals and
combine them with metal ions to form complexes that are dispersed in
an aqueous solution to complete leaching [99]. In a study by Bahaloo
et al. [100], bioleaching for the uniform grinding of electrode materials
using gluconic acid produced by Aspergillus niger as the leaching agent
yielded promising results. The optimized temperature and solid-liquid
ratio led to leaching efficiencies of 100%, 94%, 72%, 62%, 45%, and
38% for Li, Cu, Mn, Al, Ni, and Co, respectively. The XRD results in
Fig. 9(e) show that NCM peaks were evident in the non-bioleached ma-
terial, whereas after leaching, the Li-, Ni-, and Mn-related peaks were no
longer detected, indicating that NCM had been dissolved. Acidithiobacil-
lus ferrooxidans [101], Acidithiobacillus thiooxidans [102], and Leptospir-
illum ferriphilums [103] have also been used for bioleaching metabo-
lites. Joseph et al. [104] successfully regenerated high-purity graphite
(99.87%) with favorable electrochemical properties (400 mAh/g and a
retention rate of 100% after 200 cycles) from effluent after bioleaching
with Acidithiobacillus ferrooxidans. In conventional acid leaching, carbon
is typically directly converted into carbonate and can only be recovered
as a salt. Although the metal leaching rate of this microbial leaching
method is relatively low, carbon recovery can be achieved, thus pro-
viding new ideas for bioleaching. However, another experiment using
Aspergillus niger as the acid source yielded less satisfactory results; only
87% of Li, 13% of Ni, and 25% of Co were leached during the NCM re-
covery process. This fluctuation is attributed to the strong influence of
temperature on the acid secreted during microbial cultivation. In other
tests, microbial leaching was significantly affected by the interference
of external factors, such as temperature, solid-liquid ratio, catalysts, and
metal content of the solution [105]. In a study by Zeng et al. [103],
the adoption of Ag* as a catalyst for bioleaching with Acidithiobacil-
lus ferrooxidans significantly increased Co leaching from 43% to 90%
and reduced the leaching time by seven days. In summary, bioleaching
has several limitations. First, time-consuming and continuous microbial
cultivation is unfavorable for industrial applications. Second, the pro-
cess is impeded by slow kinetics, with leaching times often spanning
a few weeks. Third, the culture status of microorganisms profoundly
affects the acidity and leaching efficiency. In addition, they are sensi-
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tive to metals and struggle with the leaching of high-purity materials.
Despite these obstacles, bioleaching has demonstrated potential for bat-
tery recycling. Its environmental friendliness and minimal consumption
of natural resources warrant further investigation.

3.2.1.3. Alkaline leaching

In contrast to acid leaching, which predominantly utilizes acid to
dissolve the active material, alkali leaching mainly relies on the inter-
action between hydroxides and metal ions to facilitate the leaching or
separation process [107]. The primary approach to alkali leaching in-
volves the use of strong alkali- and ammonia-based solutions as leaching
agents. However, metal ions tend to combine with OH™ to produce hy-
droxide precipitates during alkali leaching, which directly completes the
separation. Therefore, alkali leaching cannot be considered as the total
meaning of the leaching process, but instead as a separation method
between leaching and selective extraction.

Ammonia solution is suitable as leaching agents, including NH;-H, O,
(NH,4),CO3, NH,HCO3, NH,Cl, and (NH,4),SO,4 [108]. The fundamen-
tal principle is the formation of complexes via the combination of NH,*
and metal ions, and the creation of hydroxide precipitates at varying pH
values, facilitating leaching and separation [109]. In ammonia-based
systems, ions such as Li*, Ni2*, Co?*, and Cu?* tend to form com-
plexes with NH,*, resulting in [M(NHg)n]2+ complexes that are selec-
tively leached from solution. Conversely, Al3*, Fe3*, and Mn?* react
with OH™ to form hydroxide precipitates at specific pH value [110]. Qi
et al. [111] introduced an effective ammonia leaching system using a
mixed solution of 120 g/L NH5;-H,0 and 80 g/L NH,HCO; to recover
Co and Li from spent LIBs. This approach achieved leaching rates of
91.16% and 97.57% for Co and Li, respectively. Zheng et al. [106] pro-
posed another ammonia-leaching hydrometallurgical process. In their
study on NCM recovery, they use an optimized mixed ammonia-based
solution (4 mol/L NH3-H,O and 1.5 mol/L (NH4),SO,) and 0.5 mol/L
Na,S0j; as reductant. This combination achieved high leaching efficien-
cies of 95.3%, 80.7%, and 89.8% for Li, Co, and Ni but poor leach-
abilities for Mn and Al. Lower selectivity for Al and Mn can be clearly
seen in Fig. 9(f). However, this also facilitates the subsequent separation
process, as the addition of NaOH can easily separate Al by Al(OH); pre-
cipitation, and Mn is precipitated by pH modulation and the formation
of the (NH4),Mn(SO3),°H,O precipitate. Notably, the dosage and con-
centration required for alkaline leaching are significantly higher than
those required for acidic leaching, limiting the economic feasibility and
processing time. Moreover, a strong alkali such as NaOH is particularly
effective for recovering Al, an amphoteric metal soluble in both acids
and alkalis and capable of forming NaOH precipitates under alkaline
conditions [112]. Al deposits are typically processed industrially via al-
kaline washing during pretreatment. Alkaline leaching is a promising
process that has been proven feasible at the laboratory stage. Although
alkali cannot be used as a universal leaching agent, it can participate in
detailed recovery by utilizing the selectivity for specific metals. Table 1
summarizes the aforementioned leaching agents and their optimal op-
erating conditions.

3.2.2. Selective extraction

Leaching transforms the active material of spent LIBs into an ionic
state in an aqueous solution. Subsequent selective extraction leverages
the physicochemical properties of ions to isolate specific metals through
methods such as chemical deposition, physical adsorption, and electro-
plating for the regeneration of the electrode materials [113]. Because
of the diverse metal ions in solution, multiple extractions are usually
necessary to complete the final recovery. Therefore, selecting suitable
extraction processes and arranging optimized process combinations are
critical for enhancing recovery efficiency.

3.2.2.1. Chemical precipitation
Chemical precipitation is the predominant selective extraction
method in industry, utilizing the differential solubility of metal ions
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Table 1

Summary of the optimal conditions of leaching agents.
Leaching agent Cathode type Temp. (°C) S/L (g/L) Efficiency (%) Ref.
Inorganic acid
4 mol/L HCl LiCoO, 80 50 Li: 97% Co: 99% [75]
1 mol/L H,S0, LiNi,Co,Mn,0, 90 0.1 Li: 88% [771
1 mol/L H,SO, + 0.075 mol/L NaHSO4 LiNi, Co,Mn, 0, 95 20 Li: 96.7% Co: 91.7% Ni: 96.4% Mn: 87.9% [78]
2 mol/L H,80, + 6% H,0, LiCoO, 60 100 Li: 99% Co: 99% [82]
3 mol/L HNO; + 3% H,0, LiCoO, 90 60 Li: 98% Co: 98% [83]
2 mol/L H;PO, + 2% H,0, LiCoO, 90 8 Li: 99% [851
Organic acid
1.25 mol/L Citric acid + 1% H,0, LiCoO, 90 20 Li: 99% Co: 90% [88]
1 mol/L Citric acid LiCoO, 70 40 Li: 99% Co: 99% [89]
2 mol/L Citric acid + 1% H,0, LiFePO, 90 20 Li: 99% [90]
1 mol/L Oxalic acid LiCoO, 80 50 Li: 99% Co: 99% [92]
1.5 mol/L Malic acid + 4% H,0, LiCoO, 90 20 Li: 99% Co: 93% [871
2 mol/L DL-Malic acid + 1.5% H,0, LiNi,Co,Mn,0, 920 30 Li: 98.1% Co: 97.1% Ni: 96.2% Mn: 97.6% [94]
1.25 mol/L Ascorbic acid LiCoO, 70 25 Li: 98.5% Co: 94.8% [96]
Bioleaching
Aspergillus niger Mixture / / Li: 94% Co: 38% Ni: 45% Mn: 72% [100]
Aspergillus niger LiNi,Co,Mn,0, / / Co: 25.8% Ni: 13% [105]
Alkaline leaching
120 g/L NH3'H,0 + 75 g/L NH,HCO4 LiCoO, 70 / Li: 91.2% Co: 97.6% [111]
4 mol/L NH,H,0 + 1.5 mol/L (NH,),S0, LiNi,Co,Mn,0, 70 10 Li: 95.3% Co: 80.7% Ni: 89.8% [106]

at various pH values and temperatures. The addition of precipitating
agents resulted in the formation of insoluble hydroxide precipitates and
low-solubility metal salts, enabling metal recovery. This method ex-
ploits the unique properties of each metal ion for separation [114].
Common precipitants include NaOH, Na,CO3, NazPO,, NH3-H,0, and
(NH,4)5C,04. Co readily forms Co(OH), and Co,C,0, precipitates in the
presence of (NH,),C,0, at high pH. Ni typically precipitates as Ni(OH),
and Ni,COg in alkaline environments and Na,CO5. Mn forms Mn(OH),
precipitates that may decompose into MnO, under similar conditions.
Al, Cu, and Fe typically precipitate as hydroxides [72]. This separation
process frequently involves complex systems containing multiple metal
ions. Therefore, the selection of an appropriate precipitant and applica-
tion sequence are vital for achieving efficient metal recovery. Natarajan
et al. [115] demonstrated a process for recovering NCM using 3 mol/L
acetic optimized acid leaching system, coupled with 7.5% H,0, under
70 °C and solid-liquid ratio at 20 g/L. The process involved detailed
pretreatment to remove the Al and Cu foils. In the chemical precipita-
tion process, the low solubility of CoS was exploited by adding (NH,),S,
which resulted in efficient Co precipitation under pH values of 6. Sub-
sequently, the pH was increased using saturated Na,COs3, leading to the
precipitation of Mn as MnCOs. Finally, high-purity Li,CO; was obtained
through filtration and evaporation of the residual solution, achieving Li,
Co, and Mn recoveries of 99.4%, 99.2%, and 98.3%, respectively. The
process of separating the metal ions can be further visualized by the
color change of the leachate at different pH values in Fig. 10(a). The
variation in the remaining ratio of metals in the system with increas-
ing pH is shown in the bar chart Fig. 10(b). Yang et al. [116] provided
a pre-mechanochemical activation method to improve the efficiency of
LFP battery recycling and reduce the size of the active material through
mechanical shearing and efficient ball milling and then used H;PO, as a
leaching agent for selective recovery using chemical precipitation. Ap-
proximately 93.05% and 82.55% of Fe and Li could be recovered as
FePO,-2H,0 and Li;PO,. A comparison of the leaching efficiencies be-
fore and after the mechanochemical activation is shown in Fig. 10(c).
Chemical precipitation is preferred for large-scale industrial metal re-
covery because of its simplicity, high metal selectivity, and low opera-
tional costs. The precipitants currently used in many plants are gener-
ally NaOH and Na,CO;, with NaOH being used to regulate the pH to
form hydroxide precipitates for metals and Na,CO3 primarily to gen-
erate Li,CO5 as one of the best choices for the preparation of active
materials.
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3.2.2.2. Solvent extraction

Solvent extraction is also a powerful recovery technique that is sim-
ilar to chemical precipitation and uses the solubility difference of metal
ions in aqueous solutions. Li* is more soluble than other metal ions.
Solvent extraction allows the leaching solution to be divided into an
aqueous phase containing Li* and an oil phase with the remaining metal,
and then specific metal ions are separately recovered in the oil phase
[117]. Different extractants exhibit different metal preferences. Typical
extractants used for solvent extraction include 2-ethylhexylphosphonic
acid mono-2-ethylhexyl ester (PC-88A), diethylhexylphosphoric
acid (DEHPA), di(2-ethylhexyl) phosphoric acid (D2EHPA), and
bis(2,4,4-trimethylpentyl) phosphonic acid (Cyanex272) separated
well from Co, Mn, and Ni, and some other extractants such as 5-
nonylsalicylaldoxime Acorga (M5640), trioctylamine (TOA), and N-[N,
N-di(2-ethylhexyl)aminocarbonylmethyl]glycine (D2EHAG) are used
for Fe and Al [5]. The effectiveness of the extractants depends on
various factors, such as the extractant concentration, extraction time,
leaching solution pH, and organic/aqueous system ratio. Therefore,
researchers have investigated the optimal combinations for efficient
extraction. Wang et al. [118] explored the recovery of high-purity
Co from an NCM leaching solution comprising of 7 g/mL H,SO, and
1.5 g/mL H,0,. They employed a two-step extraction process using
D2EHPA to remove Cu and Mn at pH = 2.7. Subsequently, 80.13% of
Co was extracted using PC-88A at pH = 4.25, followed by the formation
of CoC,0,4 by adding oxalic acid. The trend of decreasing solubility of
Co ions in the system with increasing pH is shown in Fig. 10(d), which
proves that Co can be extracted highly selectively at pH = 4.25. The
remaining aqueous-phase solution yields Li,CO5 by adding Na,CO5.

Wang et al. [119] reported specialized extraction of Co and Mn dur-
ing the recovery of an NMC electrode material using Cyanex272. A
leaching rate of over 94% was achieved for Li, Co, Ni, Mn, and Al by
employing 2 mol/L acetic acid as the leaching agent and 4% H,0, as the
reducing agent with a solid/liquid ratio of 20 g/L. The extraction pro-
cess utilized an extractant composed of 15% Cyanex272, 10% tributyl
phosphate, and 75% sulfonated kerosene with an organic-aqueous phase
ratio of 1:1. This method resulted in the extraction of over 90.13% of Al,
95.72% of Co, and 98.93% of Mn. This process was further enhanced by
adding saturated Na,SO, to precipitate the Li salts from the remaining
liquid phase. Synergistic extraction utilizing mixtures of two or more
extractants significantly enhances metal selectivity compared to the use
of a single extractant. Pranolo et al. [120] demonstrated an approach
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Fig. 10. (a) Images of solution color changes for the separation of metal ions by sulfide precipitation from an acetic acid leaching solution; reprinted with permission
from Ref. [115]. Copyright 2018 Elsevier. (b) Bar chart of the influence of metal ions on pH in an acid leaching system; reprinted with permission from Ref. [115].
Copyright 2018 Elsevier. (c) Comparison of original and activated LFPs and in leaching efficiency; reprinted with permission from Ref. [116]. Copyright 2017
American Chemical Society. (d) Diagram showing ion concentration changes during the separation of Co from H,SO, leachate of NCM using PC-88A; reprinted with
permission from Ref. [118]. Copyright 2016 Royal Society of Chemistry. (e) Diagram of adsorption capacity versus time during Li-ion adsorption on Mn-Ti ion sieves;
reprinted with permission from Ref. [121]. Copyright 2023 MDPI. (f) Li adsorption selectivity from the salt solution on the Mn-Ti ion sieve (pH = 12, T = 45 °C);

reprinted with permission from Ref. [121]. Copyright 2023 MDPI.

using an adjusted extractant to separate dissolved materials from spent
LIBs leached with H,SO,. This solution was treated with a mixture of
7% PC88A and 2% Acorga M5640 in kerosene, and Fe3*, Cu*, and
AI3* were successfully isolated from Co2+, Ni®*, and Li*. Subsequently,
Cu, Fe, and residual Al were extracted from the organic phase using
100 g/L H,SO,. Co was extracted from Ni and Li using 15% Cyanex 272
in kerosene at pH = 5.5-6.0. Finally, Li and Ni were separated using
Dowex IX resin. From the experimental results described above, solvent
extraction is a powerful extraction method, particularly because of its
high selectivity for specific metals and the high purity of the metal salt
products. However, extractants are generally expensive; therefore, the
process is costly, as in the method of Pranolo et al., which employs var-
ious extractants. Thus, chemical precipitation to extract readily separa-
ble metals, combined with solvent extraction to separate the remaining
metals and obtain high-purity Li, is an optimized process.

3.2.2.3. Other material extraction technologies

Ion sieving is a novel and promising method for metal recovery. This
technique is based on the principle of preparing porous materials that
are highly selective for single metal ions by using specific materials such
as resin and manganese dioxide crystals and placing ion sieve in solution
to adsorb metal ions for recovery. Ding et al. [121] presented a Mn-Ti
hybrid ion sieve dedicated to recovering Li ions with a maximum Li-ion
adsorption capacity of 32 mg/g. Fig. 10(e) shows that the peak adsorp-
tion capacity of 32 mg/g is reached after more than 600 min. Moreover,
in the control test of the adsorption capacity of the different metal ions
shown in Fig. 10(f), the data prove that the selectivity for Li is better
than that of the others. Strauss et al. [122] described a resin for recov-
ering NMC that was highly selective for Ni and Co, resulting in 99% Ni
and 98.5% Co recoveries. However, while these novel materials indeed
occupy a position of remarkable selectivity and recyclability for specific
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metals, they are generally expensive and require subsequent processing.
Therefore, its industrialization prospects depend on the specific process
requirements.

Electrochemical deposition is a well-established metallurgical tech-
nique used in the steel industry. This principle mainly uses different re-
dox potentials to realize deposition. Myoung et al. [123] demonstrated
that the recovery of Co from HNO; resulted in an LCO leaching solution,
using the reduction potential of divalent Co ions for constant current
discharge. Although Co(OH), can be deposited on a Ti substrate, the
recovery is unsatisfactory due to low reaction kinetics. In addition, the
recovery of specific metals through gel systems and polymer molecular
sieves has been reported with the aim of increasing the metal recovery
rate and compensating for environmental concerns in current technolo-
gies. The specific processes and recovery performances of the aforemen-
tioned selective extraction methods are summarized in Table 2.

4. Discussion

The aforementioned battery treatment methods have proven to be ef-
fective in the treatment of LIBs. However, the strengths and weaknesses
determine their industrial feasibility. Table 3 lists the combinations of
processes currently applied in major battery recycling plants.

The industrial combination of hydrometallurgy and pyrometallurgy
depends on the process design and choice of target products. In the
case of Pyro + Hydro process in Umicore, pyrometallurgical thermal
roasting is used as pretreatment to eliminate impurity interferences,
followed by inorganic acid leaching to ionize metal, and obtain metal
salts. The LCO active materials are regenerated by pyrolysis via reoxida-
tion between Co30, and the Li salt solution. In addition, Ni(OH), can
be produced from an acid leaching solution of Ni by pyrometallurgy
and recrystallization from a separate production line. The Nickelhiitte—
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Table 2
Summary of selective extraction processes.

Cathode type Leaching agent Extractive process Recovery efficiency Ref.

Chemical precipitation

LiNi, Co,Mn,0, 3 mol/L Acetic acid + 7.5% H,0, 5% (NH,),S precipitates Co as CoS; Na,CO; precipitates Mn as MnCO,; Li: 99.4%, Co: 99.2%, [115]
continue adding Na,CO; and evaporate to precipitate Li,CO5 Mn: 98.3%.

LiFePO, 0.6 mol/L H;PO, + 2% H,0, LiFePO, mechanochemical activation; leaching in H;PO,, recovered Li: 82.55%, Fe: 93.05% [116]
LFP as FePO,2H,0 and Li;PO,

Solvent extraction

LiNi, Co,Mn,0, 7 g/mL H,SO, + 1.6 g/mL H,0, D2EHPA extracts Cu and Mn at pH = 2.7; PC-88A extracts Co and Ni at Co: 99.5% [118]
pH = 4.25; Co precipitates as CoC,0, upon adding H,C,0,

LiNi,Co,Mn,0, 2 mol/ L Acetic + 4% H,0, 10% TBP, 15% Cyanex272, and 75% sulfonated kerosene as organic Al: 90.13%, Co: 95.72%, [119]
phase to extract Al, Co, and Mn; (NH,),S,0g precipitates Mn; NaOH Mn: 98.93%
precipitates Al and Co; adding Na,COj; to form Li,CO;

Mixture 3 mol/L H,SO, + 2% H,0, 7% PC88A and 2% Acorga M5640 extract Fe, Cu, and Al; 15% Cyanex Al: 95%, Co: 96%, Mn: [120]
272 in kerosene at pH = 5.5-6.0 extracts Co; Dowex IX resin extracts Ni 97%, Li: 99.5%
from Li

Novel method

Mixture 2 mol/L H,SO, + 2% H,0, Mn-Ti hybrid ion sieve selectively adsorbs Li Li: over 80% [121]

LiNi, Co,Mn,0, / Resin selectively recovers Ni and Co Ni: 99%, Co: 98.5% [122]

LiCoO, / Electrochemical deposition / [123]

Table 3
Summary of industrial LIB recycling process.

Company Battery type Pretreatment Selective extraction
Umicore All / Pyro + Hydro
Accurec All Thermal + Mechanical Pyro + Hydro
Nickelhiitte Aue All except LFP Thermal Pyro + Hydro
SNAM Ni-Cd/NMC Thermal Pyro + Hydro
EDI All Mechanical Hydro
AkkuSer All Mechanical Hydro
Duesenfeld All Mechanical Hydro
Promesa NMC/LCO/LNO Mechanical Hydro

Redux All Thermal + Mechanical Hydro
SungEel HiTech All Mechanical Hydro

Kyoei Seiko All / Pyro

Dowa All Thermal Pyro + Hydro
Brunp Ni-Cd/NMC Thermal + Mechanical Hydro

GEM NMC/LCO/LNO Mechanical Hydro
Retriev All Thermal + Mechanical Pyro + Hydro
Onto All Mechanical Hydro

Aue process aims to achieve industrial recovery of massive quantities
of mixed electrode materials by applying pyrometallurgical smelting in-
stead of a refined pretreatment step, followed by the selective recovery
of valuable metals by hydrometallurgy. Therefore, the process charac-
teristics of different companies clarifies that the application of metallur-
gical methods is closely linked to actual production needs and operating
costs.

From the processes used in the pretreatment stage of each com-
pany, the vast majority of companies applying hydrometallurgy will
carry out exhaustive mechanical pretreatment and sorting-discharging-
disassembly-crushing. Hydrometallurgy requires reactions to occur in
an aqueous solution, and therefore involves the size reduction of the ac-
tive material. However, its pretreatment process is labor-intensive, and
workers will be in close contact with the spent LIBs, which inevitably
raises safety concerns. This is not concerning for pyrometallurgical-only
companies because the main reaction occurs in the furnace. Their pro-
cesses should focus more on the operation and maintenance of large
equipment, and attempt to compensate for metal losses at high temper-
atures.

The primary advantages of pyrometallurgical processes are their
straightforwardness and the capacity to handle large volumes without
intricate pretreatment. However, these characteristics are double-edged,
including the need for a substantial heat source and a roaster oper-
ating at high temperatures, leading to considerable energy consump-
tion. Moreover, the combustion of organics during processing emits haz-
ardous gases, posing severe contamination risks, and necessitating so-
phisticated waste-treatment systems.
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In the two-pretreatment method of pyrolysis and incineration, py-
rolysis is more suitable to be combined with the subsequent process
because it is less destructive to the material, whereas incineration is ap-
propriate to be used alone for pyrometallurgy because of its high temper-
ature, which undoubtedly wastes energy if cooled down to hydromet-
allurgy. Among the three main pyrometallurgical processes, smelting,
carbothermal reduction roasting, and salt-assisted roasting are versa-
tile because of the reduction reactions required to recover the active
material and the presence of carbonate in the final products. However,
smelting is suitable for pyrometallurgy because of the UHT and violent
oxidation reaction, most typically in the pyrolysis-smelting process of
Umicore. A comprehensive performance comparison of pyrometallurgy
is shown in the radar chart in Fig. 11. Each parameter represents: scale-
up, the applicability in mass production; damage, the thermodynamic
variability of the material; simplicity, the simplicity of the process; eco-
friendliness, the degree of harm to the environment; cost, the cost of the
process and energy consumption; energy efficiency, temperature span,
and heat utilization; waste gas, exhaust gas emissions; chemical addi-
tives, the use of additives in the reduction process; and product purity,
the ratio of the target product to the design requirements.

As shown in Table 3, hydrometallurgy is the most widely used recov-
ery process. This depends on the original intention of battery recycling
process design, which is to utilize and resynthesize waste LIB materials
to achieve a circular economy. This has led to the fact that although en-
terprises apply pyrometallurgy to thermally treat in-flow spent batteries
for industrial-scale production, the vast majority use hydrometallurgy to
recover each metal and the relevant metal salt as products rather than
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Fig. 11. Performance comparison of thermal pretreatment: (a) pyrolysis, (b) incineration; pyrometallurgical process, (c) smelting, (d) carbothermic reduction roast-

ing, and (e) salt-assisted roasting.

slag and alloys in pyrometallurgy. Hydrometallurgy involves two major
steps, namely leaching and selective extraction. The leaching process
utilizes various reagents, and its performance can be measured using
two major criteria: leaching efficiency and environmental friendliness.
Inorganic acids are currently the most used in industry, with the highest
efficiency among the leaching agents; the leaching speed is rapid, but
they emit toxic gas pollution. Organic acids can solve the problem of
exhaust gas pollution but are prevented from industrialization owing to
insufficient acidity and leaching efficiency. Bioleaching aligns with cir-
cular economy standards; however, low acidity, high cultivation costs,
and long reaction times prevent enterprises from doing so.

The most significant advantage of selective hydrometallurgical ex-
traction over pyrometallurgy is its precise recovery. The two most pow-
erful methods, chemical precipitation and solvent extraction, can effi-
ciently recover metals, but their disadvantages include large volumes of
chemical reagents and wastewater treatment at the end of the pipeline.
The two newer extraction methods, electrochemical deposition and ion
sieving, are restricted by their high costs and are difficult to industri-
alize. The radar chart in Fig. 12 provides a more detailed and intuitive
view of the advantages and disadvantages of each extraction method.
Each parameter represents the scale-up, the applicability to large-scale
production; simplicity, the simplicity of the process; environment friend-
liness, the degree of harm to the environment; chemical cost, the con-
sumption of leaching agents and recovery reagents; and recycling effi-
ciency, the ability to recycle spent LIBs.

In addition to the evaluation of the metallurgical performance,
byproducts are discussed to eliminate harm. Dust, heavy metal vapors,
and particles are likely to appear in pyrometallurgy; therefore, efficient
filtering equipment and adsorption devices must be installed to prevent
overflow and leakage. Most LIB configurations contain sulfides that de-
compose to release toxic SO, gas during pyrometallurgy and hydromet-
allurgy. Therefore, wet desulfurization and adsorption desulfurization
technologies can be arranged at the end of the pipeline to neutralize
the hazards. Conductive activated carbon widely exists in LIB [124].
The incomplete combustion of carbon during pyrometallurgical heat-
ing produces flammable and explosive CO. Efficient combustion tech-
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nology should be considered in the process design to ensure full com-
bustion. NO, emissions in the air become precursors of acid rain and
photochemical smog and are often present in nitrate-assisted roasting
and nitric acid-related hydrometallurgy [125]. Therefore, selectively
catalyzing the conversion of nitrogen oxides into harmless substances
is crucial. The liquid electrolytes in LIB often contain fluorides. Under
high-temperature pyrometallurgical treatment, toxic and highly corro-
sive HF gas is effused, which is extremely harmful to the environment
and the human respiratory system. Therefore, a fluorine-free treatment
can be performed via washing, precipitation, and membrane separation.
The management of harmful gases is an indispensable link in industry
and a crucial indicator for realizing a circular economy.

The comprehensive design of hydrometallurgical processes is based
on laboratory results, where process design and optimization are carried
out using small-scale experiments aimed at maximizing recovery effi-
ciency and various process parameters such as leaching agent, reaction
temperature and time, and leaching solution concentration [126]. Ad-
vanced testing modes and characterization were used to determine the
structure of the target product and whether it was consistent with the de-
sired results of the experimental scheme. After validating the hydromet-
allurgical process through experimental results, it becomes sufficiently
stable and reproducible for industrialization. The costs of reagents, en-
ergy consumption, potential safety issues, and product profitability must
be in line with the expectations of the enterprise. In the pilot stage, a
small-scale production line will be designed based on the experimental
results, which involve chemical engineering unit operations and fluid
performance tests to verify the feasibility of the scaled-up process. Emer-
gency measures and waste disposal devices must also be considered
based on the satisfactory process performance. In the industrialization
phase, the priority is plant location, local policies, raw material and
water supply, and transportation. Subsequently, during the initial oper-
ation of the plant the process parameters must be adjusted based on the
actual conditions to ensure stability during long-term operation. The
transition from laboratory to industrial production is a multiple-step
pathway that requires exhaustive consideration of technical, economic,
environmental, and safety factors. Through systematic experimental re-
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search, pilot scale-ups, plant design and construction, and continuous
process optimization, the industrial production of battery-recycling hy-
drometallurgical processes can be successfully realized.

Solid-state batteries (SSBs) have been extensively studied and gradu-
ally commercialized because they can solve the problems of electrolyte
leakage and the spontaneous combustion of traditional LIBs [127]. How-
ever, the exploration of recycling models remains in its infancy. The first
issue to consider is the peculiar solid electrolyte of SSBs; therefore, me-
chanical crushing pretreatment is necessary, and direct pyrometallurgi-
cal smelting is abandoned because of insufficient kinetics and higher en-
ergy consumption. Secondly, many design configurations are available
for SSB and a lack of sufficient experience in dismantling and recycling
[128]. Sulfide and halogen SSBs undergo violent oxidation reactions
and release toxic gases after being crushed and exposed to air. Oxidized
SSBs cause mechanical passivation and unevenness during the crush-
ing process owing to their hard ceramic textures. Structure-integrated
SSBs are difficult to recycle during automated disassembly and require
manual intervention. Therefore, the recycling process of SSB is differ-
ent from the traditional LIB recycling process, which requires detailed
classification according to the various configurations of SSB followed
by mechanical crushing, and then further processing by pyrometallurgy
or hydrometallurgy based on actual circumstances, which brings chal-
lenges to the established battery-recycling enterprise and limitations on
flexibility.

5. Conclusion and outlook

Contemporary renewable energy applications are flourishing, par-
alleling the internal combustion engines in the industrial revolution.
Although electricity has brought exponential growth in human produc-
tivity, the massive demand for batteries owing to the main energy stor-
age devices for electricity, generates a large amount of waste. However,
statistics show a massive gap between the volumes of used batteries
produced and recycled each year, indicating that improving the recy-
cling capacity of waste batteries is crucial. Battery recycling technology
satisfies the needs of the recycling industry and the future development
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direction toward establishing safer, greener, and more economical path-
ways.

(1) From a technical perspective, safety issues are the most signifi-
cant, and the safety hazards associated with extensive manual pre-
treatment intervention must be avoided by equipping workers with
labor protection. Safety in metallurgical processes requires the ra-
tional design of process units and operating parameters.

From an environmental perspective, the significance of battery re-
cycling lies in the circular economy and reduction in the ecologi-
cal damage caused by industrial products. The challenges caused by
metallurgical emissions and wastewater necessitate a comprehen-
sive waste management system to maximize the benefits of battery
recycling.

Various new types of batteries, such as potassium-ion batteries,
sodium-ion batteries, and all-solid-state lithium batteries, are grad-
ually being commercialized and are expected to produce waste bat-
teries after large-scale application. Therefore, future technologies
should focus on designing a recycling process based on the char-
acteristics of new batteries.

Economically, profits are the most essential for the survival of an en-
terprise. Therefore, the government should provide subsidies and ad-
vocate technological development to continuously promote progress
in the battery-recycling industry.

(2)
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