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H I G H L I G H T S  

• Overview of capacities and outputs quality in lithium-ion battery recycling. 
• Pyrometallurgy-based and hydrometallurgy-based example processes critically described. 
• Unit operations classified and ranked according to industrial readiness. 
• Hydrometallurgical capacity in EU must be enhanced to recover battery-grade materials. 
• Outputs definitions and calculation rules for recycling efficiency need harmonization.  
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A B S T R A C T   

Lithium-ion batteries (LIBs) are the core component of the electrification transition, being used in portable 
electronics, electric vehicles, and stationary energy storage. The exponential growth of LIB use generates a large 
flow of spent batteries which must be recycled. This paper provides a comprehensive review of industrial realities 
of LIB recycling companies in Europe, North America, and Asia. An in-depth description of representative 
pyrometallurgy-based and hydrometallurgy-based processes is reported, providing classification of unit opera-
tions, their industrial readiness, and quality of output materials. The analysis shows that the pyrometallurgical 
route can treat different LIB chemistries without pre-sorting, but Li is not recovered unless the slag is refined. 
Hydrometallurgy-based processes are more chemistry-specific and in, although being affected by losses of 
electrode active materials during the mechanical pre-treatments for black mass separation. Efforts are required to 
promote in Europe the industrial capacity and readiness of hydrometallurgical processes by facilitating sorting 
and mechanical separations. There is also the need for harmonization of criteria for outputs definitions and rules 
for calculating recycling efficiency indicators. This represents an opportunity for modeling to support quanti-
tative techno-economic and environmental assessments of the entire LIB recycling chain.   

1. Introduction 

Nowadays climate change and the abuse of natural resources have 
become challenging global issues, which cannot be overlooked. Several 
alternatives have been conceived to move towards a sustainable and 
climate-neutral society, guided by strategic plans such as the European 
Green Deal [1] and the Horizon Europe plan [2], which place the Eu-
ropean Union (EU) at the forefront of the green transition. One of the 
main objectives is the decarbonization of the transport sector by the 

adoption of electric vehicles (EVs), whose spread is rapidly growing in 
the last decades. Switching to EV utilization is expected to contribute to 
a significant reduction in the emission of greenhouse gases (GHGs) from 
the road transport sector, which accounted for the 11.9% of global 
emissions in 2020 [3]. The spread of EV adoption is also promoted by 
strategic legislative initiatives, such as the EU ban to the selling of new 
internal combustion engine cars by 2035. 

There exist different categories of electric vehicles, such as hybrid 
electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and 
battery electric vehicles (BEVs) [4]. HEVs and PHEVs integrate both an 
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internal combustion engine and an electric motor of different sizes, 
where the electric propulsion is limited for HEVs (ca. 2 km electric au-
tonomy given by the energy recovered during braking) and more sig-
nificant for PHEVs (50–100 km electric autonomy, with the possibility to 
charge the battery by connecting it to an external electric power source); 
BEVs are powered solely by a battery pack, allowing up to 500 km of 
driving range. In any case, the key technology for all these EV categories 
is the lithium-ion battery (LIB). Thus, along with the growth of EV 
adoption, there is an equivalent rise in the production of LIBs, which are 
increasingly used also for stationary energy storage applications. 
Therefore, considering that the expected lifetime of a LIB system is 
10–15 years [5], a large flow of LIBs at end-of-life (EOL) is expected in 
the future: by 2030,140 million EVs are predicted to be on the road all 
over the world, generating cumulatively 11 million tons of spent bat-
teries [6,7]. If such spent batteries cannot be repurposed in second-life 
energy storage applications, thus delaying their disposal, they effec-
tively become a hazardous waste, which contains flammable organic 
solvents, polymeric layers, graphite, metallic foils, and oxides of tran-
sition metals such as Ni, Co, Mn, and/or Fein addition to Li ions [8,9]. 
While such a flow of spent LIBs can represent a serious 
waste-management challenge, it can be turned into a good recycling 
opportunity, thus making spent LIBs a valuable source of useful mate-
rials [10]. 

There are multiple driving forces for LIB recycling, including envi-
ronmental, economic, and strategical matters. In fact, if the disposal of 
hazardous materials, like flammable solvents of the electrolyte and 
carcinogenic metals as Ni and Co, is prevented, also materials with a 
high market price can be recovered, making EOL LIBs particularly 
attractive from an economic perspective [6,10]. Nevertheless, the core 
reason pushing LIB recycling, especially in the EU, is linked to the raw 
materials employed in LIB technology, among which Li, Co, and natural 
graphite, which are included in the 2020 list of Critical Raw Materials 
(CRMs) [11]. This means that these materials combine high importance 
for the EU economy, concerning technological development and 
elevated supply risk [12–14]. However, recovering such valuable and 
critical materials entails technological challenges because LIBs are not 
standardized, neither in cathode chemistries nor in geometrical shapes 
and sizes, resulting in an extremely complex inventory of materials 
which are highly mixed together, thus making LIB recycling an open 
question regarding the ideal process configurations [10,15,16]. 

Several and quite diverse LIB recycling routes have been proposed 
and applied, where the common key feature is the recovery of metals 
contained in the cathode active material (CAM) [17–19]. 
Pyrometallurgy-based processes are currently the most established 
battery recycling route, consisting of smelting the whole battery at high 
temperatures to recover an alloy of valuable metals, like Ni, Co, Cu, 
which can be further refined in high-purity metal salts through hydro-
metallurgical steps [20–22]; however, Li ends up in the slag, which has 
little economic value, so that Li does not re-enter the battery chain. The 

hydrometallurgy-based recycling route is a comparatively emerging 
recycling strategy (although already industrially adopted in some cases) 
and consists of leaching, crystallizations, selective precipitations, and 
solvent extractions to recover high-quality single-phase metal salts, 
especially Co, Ni and Li salts. The co-precipitation recycling route shares 
similar unit operations, allowing the recovery of CAMs in the form of 
their precursors directly ready for LIB manufacturing. Finally, the direct 
recycling route aims at regenerating cathode (and anode) active mate-
rials by avoiding their destruction via smelting or leaching, thus repre-
senting a so-called closed-loop solution; however, direct recycling is not 
technologically ready yet at industrial level [7,9,10,16,23–27]. It has to 
be mentioned that, among these recycling routes, “greener” versions of 
some operations are recently being studied at research level [28–30]. 

While the currently established LIB recycling processes are mainly 
aimed at recovering metals as alloys or individual battery-grade salts, 
future needs are driving recyclers to move towards closed-loop solu-
tions, so that valuable materials contained in the spent batteries can re- 
enter the same value chain [31,32]. Moreover, along with the difference 
among the various recycling routes, each process category varies 
significantly both in terms of unit operations employed and their 
sequence in the process to achieve similar goals [15]. As an example, 
electrolyte removal in the hydrometallurgy-based route can be carried 
out either before or after the crushing step by using different unit op-
erations, such as thermal drying [33], extraction with solvents [34] or 
with sub/super-critical CO2 [35]. Broadly speaking, such different al-
ternatives entail different material recovery efficiencies and quality of 
recycled products, thus determining the overall sustainability of the 
recycling process [5,16]. These aspects are becoming increasingly 
relevant considering that new battery recycling regulations, such as the 
one proposed by the European Commission [36], need to be supported 
by detailed technical overviews on recycling capabilities to set mean-
ingful recycling indicators. 

This review paper aims at providing a systematic and updated 
comparison and classification of recycling processes, thus com-
plementing previous surveys about legislative considerations [18,37, 
38], process chains operations [10,37,39,40], environmental impacts 
[8,9,41], challenges and opportunities [5,15,16] and future perspectives 
[42–45]. An extensive survey of existing and established LIB recycling 
processes and companies in Europe, North America, and Asia is pro-
vided, aimed at characterizing, classifying, and comparing the unit op-
erations to identify similarities, critical aspects, and industrial readiness. 
This wide outlook on the current state-of-the-art allows for a critical 
analysis of recycling processes in terms of quality of the recycled out-
puts. These topics are tied to the need of reliable data and information 
required to develop harmonized rules for evaluating recycling indexes 
and possible implications at industrial and policy levels. In such regard, 
the scope of the review paper is limited to recycling processes which are 
established or, for emerging ones, at an advanced level of development 
(e.g., pilot scale or demonstration state); a similar approach is 

List of acronyms 

Acronym Description 
BEV Battery Electric Vehicle 
CAM Cathode active material 
CHB Cyclohexylbenzene 
CRM Critical Raw Material 
DEC Diethyl carbonate 
DMC Dimethyl carbonate 
EC Ethylene carbonate 
EMC Ethyl methyl carbonate 
EOL End-of-life 
EV Electric vehicles 

GHG Greenhouse Gas 
HEV Hybrid Electric Vehicle 
LCA Life cycle assessment 
LCO Lithium cobalt oxide LiCoO2 
LFP Lithium iron phosphate LiFePO4 
LIB Lithium-ion battery 
LMO Lithium manganese oxide LiMn2O4 
NCA Lithium nickel cobalt aluminum oxide LiNixCoyAl1-x-yO2 
NiMH Nickel metal hydride 
NMC Lithium nickel manganese cobalt oxide LiNixMnyCo1-x-yO2 
PHEV Plug-in Hybrid Electric Vehicle 
PVDF Polyvinylidene fluoride 
VOC Volatile organic compound  
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considered for the chemistries of LIBs analyzed, which are limited to the 
current systems available on the market. 

The paper is organized as follows. First, an overview of LIB designs 
and chemistries is given in Sec. 2 to illustrate the involved materials. 
Then, LIB recycling routes and processes are discussed in detail in Sec. 
3.1, with a further focus on a selected representative pyrometallurgy- 
based process (Sec. 3.2) and a representative hydrometallurgy-based 
process (Sec. 3.3). Other industrial processes are described in the sup-
plementary information (SI), whereas a classification and assessment of 
unit operations is carried out in Sec. 3.4. This is followed by an accurate 
comparison of recycling processes and recycling companies based on 
performance and quality of outputs (Sec. 4), ending up in a discussion of 
implications and possible future scenarios (Sec. 5). 

2. LIB design and chemistry 

A LIB is a complex system, made of different materials organized in a 
range of functional units, as shown in Fig. 1 [43,46]. The basic unit of a 
LIB system is the cell, which is schematically depicted in Fig. 1a in its 
most general design, comprising (from left to right) [47]: a Cu foil 
current collector, a porous anode made of graphite (and optionally 

silicon) particles tightened by a binder [48], a porous separator made of 
polypropylene or polyethylene [49], a porous cathode made of active 
material mixed with conductive carbon and a polymeric binder (e.g., 
polyvinylidene fluoride, PVDF) [50–52], an Al foil current collector. The 
porous electrodes and the separator are soaked in an electrolyte con-
sisting of LiPF6 salt (ca. 1 mol L− 1) dissolved in a mixture of organic 
solvents (e.g., dimethyl carbonate, DMC, ethyl methyl carbonate, EMC, 
ethylene carbonate, EC, cyclohexylbenzene, CHB, diethyl carbonate, 
DEC) [53]. Such a sequence of layers, which has a typical thickness of 
hundreds of microns or less, is wrapped multiple times within a cell, 
which is contained in a hard casing made of steel or Al alloy, or in a 
flexible pouch housing of Al laminated film [54,55]. 

The material composition of the anode is rather uniform for different 
LIB typologies, being graphite the most widespread anode active ma-
terial for Li intercalation [48]. New generations of LIBs may include 
5–10 wt% of silicon particles to increase the gravimetric capacity (3578 
mAh g− 1 for silicon vs. 372 mAh g− 1 for graphite), although the large 
volumetric expansion (up to 300%) of silicon during intercalation 
currently hinders its larger share in the anode composition [54]. In any 
case, active material particles are bound together by a binder, such as 
PVDF, enabling a good adhesion with the current collector foil [54]. 

Fig. 1. Global overview of a battery system: a) sche-
matic of the main components of a LIB cell, focusing 
on chemistries and materials currently available on 
the market; (b) exploded view of a representative 
battery pack for an EV, showing its organization into 
modules and cells in three different designs, high-
lighting the characteristic materials and parameters; 
(c) on the left, percentage weight distribution of the 
materials composing a battery cell for two relevant 
chemistries (LFP in blue, NMC111 in orange), sum-
ming up to 55.6% of the total battery weight, where 
the remainder of the weight is distributed in the 
module and pack components (which are the same for 
both cathode chemistries) as reported on the right 
(elaborated from Refs. [46,54]). (For interpretation of 
the references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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The cathode composition, instead, is more diverse because, along 
with an electroconductive additive like carbon black and a binder 
(PVDF), different chemistries of the cathode active material are used by 
different manufacturers for various applications [47,54]. Typical cath-
ode active materials are [43,46,54]: lithium cobalt oxide LiCoO2 (LCO), 
lithium manganese oxide LiMn2O4 (LMO), lithium nickel manganese 
cobalt oxide LiNixMnyCo1-x-yO2 (NMC), lithium nickel cobalt aluminum 
oxide LiNixCoyAl1-x-yO2 (NCA) and lithium iron phosphate LiFePO4 
(LFP), whose properties are summarized in Table S1 [42,54,56–58]. LCO 
is used in LIBs for smartphones, laptops, and digital cameras, although 
its relatively short life span, low thermal stability, and high cost are 
significantly slowing down its adoption. LMO batteries are largely used 
for power tools, medical instruments and, more recently, for powering 
e-bikes and scooters. The NMC cathodes are especially adopted for EV 
and come in different stoichiometries, ranging from low Ni excess for-
mulations (such as LiNi0.33Co0.33Mn0.33O2, named NMC111 or NMC333, 
and LiNi0.5Co0.3Mn0.2O2, NMC532) to high (LiNi0.6Co0.2Mn0.2O2, 
NMC622) and very high excess (LiNi0.8Co0.1Mn0.1O2, NMC811), in order 
to achieve different properties [50,52]; broadly speaking, increasing the 
Ni content improves the energy density and the accessible capacity, at 
the expenses of lower cycle stability and higher production costs due to 
stricter production conditions (for example, NMC811 synthesis is very 
sensitive to moisture). NCA cathodes come in different stoichiometries 
too (e.g., LiNi0.8Co0.15Al0.05O2 is more widespread compared to 
LiNi0.85Co0.11Al0.04O2 or LiNi0.84Co0.12Al0.04O2), offering comparatively 
higher energy density and accessible capacity than NMC, with the 
drawback of lower thermal stability and larger material and production 
costs [52,59]. Finally, LFP is attractive for its thermal stability, cycle life, 
and lower cost due to the abundancy of raw materials, but the lower cell 
potential and gravimetric energy make it more suitable for stationary 
energy storage applications, although its use in mid-class EVs is rapidly 
increasing [60]. 

There are three different LIB cell designs as shown in Fig. 1b, namely 
cylindrical, prismatic, and pouch, but their size is not currently stan-
dardized. In a cylindrical cell the single repeating unit is wound several 
times to create a jelly roll, that is placed in a cylindrical steel case. Cy-
lindrical cells, in their different sizes (e.g., 18650, 21700 or the Tesla 
4680), are smaller than prismatic and pouch designs, thus entailing 
lower packing density and gravimetric energy density, while offering 
good mechanical stability and competitive manufacturing costs [54,61]. 
In prismatic cells the flat jelly roll is wound in a rectangular area and 
compressed in a hard casing, thus improving space utilization and 
permitting flexible design with customizable size, from small format 
ones for laptops and tablets to larger formats for EV applications [54]. 
The pouch cell design, whose size and application are similar to the 
prismatic design, is characterized by a non-rigid case made of 
heat-sealable laminated multilayer foil, which can swell upon cycling, 
resulting in better packaging efficiency and weight minimization despite 
higher manufacturing costs [43,58]. Pouch cells are not provided with 
safety and protection devices, which need to be arranged externally to 
the cell. 

For electric vehicles and other industrial applications, unit LIB cells 
are usually connected in series and packaged to create modules which, 
in turn, make up the battery system (Fig. 1b) [62]. Each module, which 
is encased in a steel or Al housing, includes a thermal management 
system [63] and an electronic module management unit, which controls 
cells temperature, voltage and current [23,62,64]. Modules are con-
nected in series and in parallel to form the battery system. The battery 
system contains not only the battery pack but also additional peripheries 
such as the battery management unit, the housing cover, the cooling 
system, and connection cables [54]. The weight and electric energy of a 
battery system vary significantly, e.g., ca. 30 kg and 0.6–1.5 kWh [4,54] 
for HEVs, ca. 170 kg and 9–20 kWh for PHEVs, up to ca. 300 kg and 
30–100 kWh for BEVs [54] (see a summary in Table S2 [42]). 

The average weight composition of a battery system for EVs is shown 
in Fig. 1c [46,54]. The left panel reports the material composition of a 

single cell, either for LFP (in blue) or NMC111 (in orange) cathode 
chemistry, while additional data are reported in Fig. S1. The cumulative 
sum of materials contained within LIB cells is equal to 55.6% at the 
system level, while the remainder weight is due to the peripherical 
components (such as, housings, electronics, cables, plastics) that make 
up the modules and the battery pack, according to the percentage weight 
distribution reported on the right panel of Fig. 1c. In case of small format 
batteries used in portable electronics (e.g., for laptops, smartphones, 
power tools), there are no peripheries since LIB cells are directly used 
and a steel case is typically adopted, resulting in the weight composition 
reported in Fig. S2. 

3. Description of recycling processes 

3.1. Introduction to LIB recycling processes 

Once framed the importance of LIBs recycling and their morpho-
logical differences, this section gives a general description of the main 
recycling routes, followed by two representative examples in Sec. 3.2 
and Sec. 3.3, after which a detailed inventory of each unit operation 
involved is given in Sec. 3.4. 

Collecting and recycling LIBs is technically and economically chal-
lenging due to both the complexity of the battery systems, which 
comprise several components and materials, and the absence of stan-
dardization of battery cell geometries and chemistries [7,16,24,25,65]. 
The main targets that a LIB recycling process should achieve are [16]:  

⁃ high-quality products: ideally recyclers should aim at recovering 
battery CRMs with battery-grade quality, so to achieve a “closed- 
loop” recycling, and thus avoiding “downcycling”, that is, recovering 
low-quality materials addressed to construction industry, metal-
lurgy, or pigment production;  

⁃ competitive collection and recycling costs: the market price of 
recycled products should cover the costs of collection, transport, 
storage, and processing of spent LIBs, as well as a reasonable return 
on investment for recyclers, so that the price of recycled products is 
competitive with the cost of raw materials;  

⁃ low environmental footprint: LIB recycling is driven also by reducing 
the negative environmental impacts of landfilling and of mining and 
refining of virgin raw materials. However, also LIB recycling gener-
ates water contaminants and requires energy, although being less 
intensive than primary production [65]; thus, environmental impact 
analysis should be carried out to evaluate the sustainability of each 
LIB recycling process. 

Currently there are three main LIB recycling routes to convert spent 
LIBs into recycled products, which are conventionally classified based 
on how elements are liberated from electrode active materials, that is, 
via smelting in pyrometallurgy, via leaching in hydrometallurgy, or 
without destruction of the crystalline structure of the electrode active 
material in direct recycling; the co-precipitation route can be classified 
as an additional recycling route lying between hydrometallurgy and 
direct recycling because it employs the leaching step while targeting the 
re-synthesis of cathode active materials. These recycling routes are 
implemented in industrial recycling processes, which are a chain of 
subsequent unit operations. Each unit operation can be categorized 
based on its function in the process, for example: i) pre-treatments such 
as deactivation and mechanical separations, which are generally oper-
ated before the smelting or leaching step, ii) proper pyrometallurgical 
operations, as the smelting, and iii) hydrometallurgical operations, as 
the leaching and the following steps required to recover ions from liquid 
solutions (e.g., precipitations, solvent extractions). A recycling process 
typically consists of a series of several unit operations of different cat-
egories. Thus, in this study the terms pyrometallurgy-based and 
hydrometallurgy-based, when referred to a recycling process in its en-
tirety, shall not be regarded as a rigid classification applied to all the unit 
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operations in it, but rather as short cut notations of recycling routes 
according to the core separation step of metallic materials, namely the 
smelting for a pyrometallurgy-based process and the leaching for a 
hydrometallurgy-based process. Fig. 2 provides a general overview of 
such different recycling routes. 

The first pre-treatment, common to all the recycling routes, consists 
of the disassembly of casing, electronics, and cables from large battery 
systems. This can be followed by a deactivation step to lower the elec-
trical and flammable risks [24]. This generally includes an 
over-discharging step, carried out by discharge in a conductive liquid 
[66–68] (e.g., NaCl brine) or through an electric device with an 
adjustable load able to recover ca. 20% of the remaining energy to be 
introduced to the electric grid [54,69,70], followed by electrolyte 
deactivation, for example by thermal volatilization [71,72], freezing at 
− 65 ◦C [73] or, as currently explored at laboratory and demonstration 
levels, electrolyte extraction with super- or sub-critical CO2 [74–77]. 
Notably, electrolyte removal processes can be applied both to the entire 
battery cells as pre-treatments or to battery fragments after disassembly 
and crushing [78] (see Fig. 2b); alternatively, over-discharging and 
electrolyte removal can be skipped in the pyrometallurgical route via 
directly smelting the battery cells [79] (Fig. 2a). Additional important 
pre-treatments are represented by mechanical separation steps (Fig. 2b), 
consisting of crushing, sieving, sorting, and classification [80], which 
separate active materials contained in the black mass from other outputs 
as current collector foil scraps, Fe scraps, and plastic fraction [80]. The 
crushing is executed under inert atmosphere or in a wet mode using an 
alkaline solution to eliminate the acid gas release and minimize flam-
mable hazard [81]. 

After the pre-treatment phases, the core of recycling routes starts. 
Pyrometallurgy (Fig. 2a) is based on smelting the whole battery in a 
furnace at extremely high temperature (ca. 1500 ◦C) to recover an alloy 
of valuable metals (Ni, Co, Cu), which can be further refined via 

hydrometallurgical steps to obtain high-purity metal salts [54,82,83]. 
The electrolyte is evaporated in the low-temperature zone of the furnace 
and addressed to energy recovery while plastics and graphite are burnt 
in the higher temperature zone. Li, Al, Mn, and part of Fe are contained 
in the slag fraction which is typically addressed to low-quality markets 
as construction material additive, although in principle it might be 
refined via hydrometallurgical operations [22]. 

The core of hydrometallurgy is leaching (Fig. 2b) in strong inorganic 
acids such as H2SO4, with H2O2 as an additional reducing agent [84,85]. 
Other more recent and environmentally friendly options, namely bio-
hydrometallurgy, exploit the microbiological metal dissolution [86] 
and/or weak organic acids (e.g., citric, malic) [87] to recover precious 
metals, but their application to spent LIB recycling (mostly portable 
LIBs) is still far to be industrially ready [28,29]. The leaching aims at 
dissolving CAMs into solution, to recover them as single-phase metal 
salts through crystallization, selective precipitation, solvent extraction, 
and electrochemical methods (Fig. 2b, dashed blue contour) [88,89]. 
The process aims at recovering battery-grade salts, so that they can be 
potentially reused in the battery production chain contributing to a 
closed loop of CRMs [90]. The hydrometallurgical route, differently 
from the pyrometallurgical one, necessarily requires pre-treatments 
such as dismantling, over-discharging, and electrolyte separation fol-
lowed by complex mechanical separations (in grey in Fig. 2b), which 
allow recovering several scraps of Al, Fe, and Cu, and, in particular, to 
extract the black mass [91]. 

The black mass is the starting point of direct recycling route (dashed 
green contour in Fig. 2b). This consists of separating and then regen-
erating the cathode (and anode) active materials without destructing 
them into elements through leaching or high-temperature treatments 
[7]. The regeneration aims at restoring the Li inventory, lost during 
battery life, in the CAM by keeping the particle morphology and crys-
talline structure, so that such a recycled product can be directly reused 

Fig. 2. Simplified block flow diagrams of general LIB recycling processes based on: (a) pyrometallurgical route, with optional hydrometallurgical refining of the alloy 
and/or the slag, (b) hydrometallurgical/co-precipitation/direct recycling routes, preceded by a mechanical separation section. The colourmap on the top left in-
dicates the category of each step of the process, that is, mechanical treatments (light grey), pyrometallurgy (orange), hydrometallurgy (blue), co-precipitation 
method (light blue/green) or direct recycling (green). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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for manufacturing new LIBs [92,93]. While still seeking established 
methods to directly regenerate CAMs [30], recent studies have been 
performed on spent LFP [93–95] proceeding via chemical [96] or elec-
trochemical [97] lithiation. Finally, in the co-precipitation route 
(Fig. 2b, light blue/green) the black mass is leached, impurities are 
removed, and cathode material precursors are co-precipitated to sinter 
the CAM. Thus, the crystalline cathode structure is broken as in the 
hydrometallurgical route, but the same CAM of the starting spent LIB is 
re-synthesized from the recovered metals [98,99]. 

As a general comparison between the different recycling routes, 
pyrometallurgy allows versatility in the process feed with batteries of 
different geometries and chemistries, accepting even other types of 
batteries like Ni-metal hydride (NiMH) or primary Li [19]. In addition, it 
is the most technologically developed one and ready at industrial scale, 
making it capable to process large flows of spent LIBs [9]. The major 
drawbacks of the pyrometallurgical route lie in the typical low purity of 
recycled products and the downcycling of CRMs like Li; then, the high 
energy consumption entailed in the smelter could result in a net increase 
in GHG emissions for all the LIB chemistries through their entire life 
cycle [65,100]. On the other hand, the hydrometallurgical route enables 
for high purity and selectivity of recovered metals, with low energy 
consumption, and low toxic gas emissions. Ciez et al. [65] estimate that 
a net reduction of GHG emission is expected from the hydrometallur-
gical recycling of NMC and NCA-types LIBs, despite wastewater pollu-
tion due to hazardous chemicals and strong acids cannot be ignored. 
However, the high complexity of the chain of mechanical separations 
prior to the proper hydrometallurgical steps and the specificity to 
limited LIB chemistries slow down the application of this recycling route 
at the industrial scale, resulting in plants of smaller capacity compared 
to pyrometallurgy-based processes [100,101]. Focusing specifically on 
the environmental impacts, recent life cycle assessment (LCA) studies 
have evidenced that, considering the whole life cycle of a battery pack (i. 
e., from production to operation and then recycling), the 
pyrometallurgical-based recycling contributes less than 11% to all of the 
assessed impact categories, except for the hydrometallurgical refining of 
the produced slag which highly affects water contamination, 

contributing up to 60% of the life cycle impact [102,103]. Nevertheless, 
the recovered valuable materials are still relevant in terms of environ-
mental credits to many categories of the LCA [104,105], while their 
economic value is not always balanced with the scarcity of resources 
that will be faced in the next future (e.g., for Li) [106,107], given also 
the dramatic increase of raw materials prices in the early 2022 [108]. 
Therefore, although LIB recycling generally entails lower environmental 
impacts compared to the mining of virgin materials, economic aspects 
are equally important. All recycling routes can be profitable at high 
volume of EOL LIBs considering current raw material prices and battery 
composition [109], even if the reverse supply chain must still be opti-
mized [110]. In general, both pyrometallurgy-based and 
hydrometallurgy-based routes get revenues from recovering Co, Ni, and 
Cu [109], while only the second route may also consider selling Li given 
its recent high price [108]. A comparison among pyrometallurgy-based, 
hydrometallurgy-based and direct recycling routes revealed a cost 
saving relative to the use of virgin materials of 6, 13 and 27% respec-
tively for NMC111, increasing to the range 38–43% when treating LCO 
only [111]. Considering the technological readiness of 
pyrometallurgy-based and hydrometallurgy-based processes and their 
adoption in existing industrial LIB recycling realities, the pros and cons 
of these two processes are schematically summarized in Table 1. 

The direct recycling route has good potential in reducing GHG 
emissions, especially for high-value chemistries as NMC and NCA [65, 
113,114]. However, technological difficulties, such as the need for an 
ideal separation of cathode from anode materials as well as the “one--
chemistry” specificity of the processes, hinder the scale-up at industrial 
scale. Moreover, this may result in the production of obsolete CAMs 
which may not have a market considering the average life span of, say, 
an EV LIB (8–15 years) [115]. Thus, the co-precipitation method seems 
to offer a good trade-off between the most established hydrometallur-
gical steps and the ideal principles of direct recycling. Similarly to the 
hydrometallurgical route, the co-precipitation method requires pre-
liminary mechanical separations (with corresponding loss in active 
materials) and may be susceptible to impurities in the leached solution. 
Nevertheless, this recycling route can potentially handle a wider mix of 

Table 1 
Summary of the key advantages and disadvantages of pyrometallurgical and hydrometallurgical routes for LIB recycling. Notably, pyrometallurgy and hydrometal-
lurgy here refer to processes whose core unit operations are the smelting and the leaching, respectively.  

Recycling route Advantages Disadvantages 

Pyrometallurgy [20,21]  • Versatile: applicable to several battery chemistries and geometries   

• High recycling capacity   

• No sorting or other pre-treatments   

• High recovery of valuable metals (Co, Ni, Cu)   

• Established method and industrial know-how  

• Graphite, plastics, and electrolyte are necessarily burnt   

• Downcycling of Li and Al affecting the supply chain costs of the raw 
material   

• Expensive off-gas treatments to avoid toxic air emissions   

• High energy consumption   

• Low purity of products or further hydrometallurgical refinement   

• High GHG emissions 
Hydrometallurgy [84, 

112]  
• High recovery rates, which can potentially include the entire 

electrolyte   

• High purity of products   

• Low energy consumption   

• Low GHG emissions  

• High sorting efficiencies and mechanical pre-treatments required   

• Crushing of batteries involves safety problems   

• Efficient electrolyte separation methods have to be industrially 
demonstrated   

• Lower recycling capacity   

• Contaminated wastewater   

• High operating costs (e.g., solvents)   

• Process complexity   

• High costs for the treatment of the final effluent (neutralization)  
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spent LIBs compared to direct recycling by adjusting the composition of 
the dissolved metal salts to modify the chemistry of the re-sintered CAM, 
partially solving the obsolescence problems [98,116,117]. 

Worldwide these different recycling routes are adopted (and some-
times integrated each other) by different companies, which process LIBs 
as their main feed (e.g., Umicore, Retriev Technologies, Recupyl Valibat, 
Akkuser, Sumitomo-Sony, Accurec) or as a secondary input, resulting in 
different recycling efficiencies, recovered materials purity, and declared 
plant capacities [18,38,40,73,118–123]. Table 2 summarizes the main 
LIB recycling companies, grouped according to their geographical 
location and reporting their prevalent categories of unit operations 
adopted in their industrial reality, according to the declared information 
from scientific literature and company websites or reports. Considering 
the large number of emerging technologies reported in the literature 
[115], only those at pilot plant stages, under permitting procedure, 
under commercialization, or that have produced several patents are 
listed in Table 2 to provide a snapshot of the current technologies ready 

at industrial level. Notably, some hydrometallurgical companies are 
organized in dislocated hubs, which perform LIB collection and me-
chanical separation of the black mass, which is then treated in a single 
hydrometallurgical facility, thus minimizing transportation cost and 
flammable risks [124,125]. Other companies stop the recycling process 
at the black mass, which is then addressed to other recycling companies. 
A discussion of Table 2 is also reported in Sec. 4 in terms of claimed 
process capacities and quality of products. 

Finally, to explain in detail LIB recycling routes, the main steps and 
the comparison of unit operations at different levels of development, 
two representative industrial realities are selected: one is the established 
Umicore process, as an example of a pyrometallurgical route followed by 
the hydrometallurgical refining of the alloy [126]; whereas the second 
reality is an emerging process which combines the mechanical section of 
Duesenfeld and the hydrometallurgical/co-precipitation method section 
of Ascend Elements [141]. The reasons behind such choices are mainly 
based on availability of data and technological readiness. In particular, 

Table 2 
Overview of LIB recycling companies located in Europe, North America, and Asia. For each company, the table reports the declared plant capacity as the flow of spent 
batteries, along with the battery chemistry treated in the facilities. The category of prevalent unit operations used in the industrial reality, namely mechanical (M), 
pyrometallurgical (P), hydrometallurgical (H), co-precipitation (CP), direct recycling (DR) or a combination thereof, is reported in the penultimate column, where 
round brackets indicate a future addition to the facility.  

Company Location Capacity (year) [t y− 1] Battery chemistry treated Industrial reality Source 

Europe 
Umicore Belgium 7000 (2020) Li-ion P H [18,126] 
Accurec Recycling Germany 4000–6000 (2020) Li-ion M P H [122] 
Glencore (Xstrata) Norway 7000 (2020) Li-ion, NiMH P [18,121] 
Duesenfeld Germany 2000–3000 (2020) Li-ion M (H) [127] 
Akkuser Oy Finland 1000 (2020) Li-ion M [128,129] 

3000 (2020) Others 
Recupyl Valibat France 110 (2020) Li-ion M H [130] 
SNAM France 300 (2020) Li-ion, NiMH, NiCd P [122,131] 
Erasteel Recycling (Valdi) France 20,000 (2020) Mainly others, accepts Li-ion P [132] 
Batrec Industries Switzerland 200 (2020) Li-ion M [18,23] 
Euro Dieuze Industrie France 200 (2020) Li-ion M [122,133] 
Redux Germany Austria 10,000 (2020) Li-ion M [134] 
Neometals Germany 10,000 (2022) Li-ion M H [135] 
Northvolt AB Norway 8000 (2022) 125,000 (2030) Li-ion M H [136] 

Sweden Unknown (2023) up to 125,000 (2030) Li-ion M H 
Fortum Oyj Finland 3000 (2022) Li-ion M (H in 2023) [137] 
Stena Sweden 10,000 (2023) Li-ion M H [138] 

North America 
Retriev (Toxco) USA 4000 (2020) Li-ion M H [24,121,139] 

Canada 4500 (2020) Li-ion M H 
Glencore (Xstrata) Canada 7000 (2020) Li-ion, NiMH P [18,121] 
INMETCO USA 6000 (2020) NiMH, accepts Li-ion P [18,140] 
Ascend Elements (Battery Resourcers) USA 1500 (2020) Li-ion M CP [141] 
OnTo USA - Li-ion DR [18,75] 
Li-Cycle Canada 5000 (2020) Li-ion M [142] 

USA 5000 (2020) Li-ion M 
USA 10,000 (2020) Li-ion M 
USA 60,000 (2023) Li-ion CP (H) 

American Manganese Inc Canada 150 (2020) Li-ion CP (M) [143,144] 
Italy 40,000a (2024) Cathode scraps CP (M) 

Lithion Recycling Canada 200 (2020) Li-ion M H [121,145] 
Canada 2000 (2023) Li ion M H 

Asia 
Sony Sumitomo Japan 150 (2020) Li-ion P H [18,82] 
Hunan BRUNP China 30,000 (2020) Li-ion, NiMH, others M CP [122] 
Shenzhen Green Eco Manufacturer Hi Tech (GEM) China 20,000–30,000 (2020) Li-ion, NiMH M H [122] 
SungEel Hi Tech South Korea 8000 (2020) Li-ion M H [122,146] 
Huayo Cobalt China 65,000 (2020) Li-ion M H [122,147,148] 
Highpower International China 10,000 (2020) Li-ion - NiMH M P H [122] 
Guanghua Sci-Tech China 10,000 (2020) Li-ion M H [122] 
Tele Battery Recycling China 3000 (2020) Li-ions, others M H [122] 
Kobar South Korea 800 (2020) Li-ion M P [122] 

1200 (2020) NiCd, NiMH 
Dowa Eco-System Co Ltd. Japan 1000 (2020) Li-ion, others P H [122] 
Nippon Recycle Centre Corp. Japan 5000 (2020) Li-ion, NiCd, NiMH, alkaline P [122] 
JX Nippon Mining and Metals Co. Ltd. Japan - Li-ion, others M H [122]  

a American Manganese Inc recycling plant will recycle ca. 7700 t y− 1 of cathode production scraps from ItalVolt gigafactory, corresponding to 40,000 t y− 1 of spent 
LIBs. 
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the second process is explained in detail in the LithoRec project [141] 
and stands out as one of the best available technologies in terms of 
material recovery. Only the mechanical separations envisaged in the 
LithoRec project are currently developed at industrial scale by Due-
senfeld, while the hydrometallurgical/co-precipitation steps are not 
operative yet; nevertheless, the latter are similar to the 
hydrometallurgical/co-precipitation section carried out by Ascend Ele-
ments, which is thus considered here. 

3.2. Representative established pyrometallurgy-based process: Umicore 

Umicore is a multinational material processing group dealing with 
energy materials, performance materials, catalysts, and recycling [18, 
23,24,40,80,82,83,120–122,149–151]. Umicore developed a recycling 

process called Valéas in 2000–2003, specific for rechargeable NiMH and 
Li-ion batteries. After testing the process in a pilot plant in Hofers, 
Sweden, in 2011 the 7000 t y− 1 plant in Hoboken, Belgium, was 
established [121]. The Umicore process is a standard example of pyro-
metallurgical route in battery recycling, with a subsequent hydromet-
allurgical section added to refine Ni and Co [149]. The feed can be 
composed of NiMH, Li-ion, and Li polymer batteries. EV LIBs are dis-
assembled manually in the facility at Hanau, Germany, and the resulting 
battery cells and modules are shipped to the recycling facility in 
Hoboken, Belgium, where the pyrometallurgical process is carried out. 
The obtained alloy is sent to Olen, Belgium, to recover high-quality 
metals via hydrometallurgical refinement. The overall flowchart of the 
Umicore process is depicted in Fig. 3. 

The core of the Umicore process is the smelting (orange in Fig. 3). 

Fig. 3. Simplified flowchart of Umicore process [18,23,24], including pyrometallurgical smelting (orange), mechanical treatments (grey) and hydrometallurgical 
refining of the alloy (blue); the heat treatments, as the drying of filtered materials, are reported in red and apply to all the humid output streams. For the main streams 
the most relevant components are specified. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Disassembled battery cells are mixed with limestone (CaCO3), sand, 
coke, and reducing agents (i.e., metallic Al and Zn). The feed must 
contain 30-50 wt% of spent batteries to produce an alloy with a suffi-
cient content of Co and Ni to have economic revenues. The feed is 
introduced into a vertical shaft furnace with a top submerged lance 
[152]. The material enters the so-called “preheating zone” where the 
temperature of the mixture does not exceed 300 ◦C. A slow increase in 
temperature allows the electrolyte to be slowly evaporated, and thus 
reduces the risk of explosions to a minimum [40,54]. In the second zone, 
the “plastics pyrolysis zone”, the temperature increases up to 700 ◦C, 
whereby the plastic components and binders of the cells melt, decom-
pose, and partly evaporate in an overall exothermic process which heats 
the hot gases rising from the bottom of the furnace. The hot gases rise 
into the “preheating zone”, cool down and are fed together with the 
electrolyte vapors to the flue gas treatment section. In the third zone, 
“the smelting and reduction zone”, a regulated flow of pre-heated air 
(500 ◦C), optionally enriched in oxygen, is injected at the bottom of the 
shaft furnace. In this zone, where the temperature is between 1200 and 
1450 ◦C, the remaining battery waste is transformed into two fractions: a 
slag fraction, consisting of Li, Al, Si, Mn, Ca, and residual Fe in oxidized 
state, along with an alloy, which mainly contains Cu, Co, Ni, and Fe in 
reduced state [18,24]. 

Different smelter feeds depend on the battery casing: since steel does 
not act as a reducing agent during the smelting while Al does, the latter 
decreases the amount of carbon used for the reduction of cathode 
metals. The temperature inside the smelter is determined by the highly 
exothermic combustion reaction of carbon and endothermic thermal 
decomposition of CaCO3. The temperature of the flue gas leaving the 
furnace is increased to 1150 ◦C by a plasma torch before entering the 
post-combustion chamber [149]. Toxic halogens, produced by the 
decomposition of electrolyte salt LiPF6 and the binder PVDF [153], and 
volatile organic compounds (VOCs) [154] are captured by injection of 
Ca, Na, or ZnO in the post-combustion chamber. The hot gases are then 
cooled to 300 ◦C by a quench operation with water vapor and then 
conventional filtration is carried out. The Ultra High Temperature 
technology of the gas cleaning system based on the plasma torch allows 
to fully decompose the organic compounds and avoids the production of 
harmful dioxins or VOCs [155]. The toxic halogen compounds are 
captured in the flue dust which is filtered out and sent to disposal. For 1 t 
of spent batteries, 5000 MJ of heat is required for the smelter and the gas 
clean-up [82]. The following is an example of the smelter feed described 
in Umicore patent US 7169206B2 [149]: the furnace is fed with 1200 kg 
of LIBs with stainless steel casing, 200 kg of slag (40 wt% CaO, 34 wt% 
SiO2, 11 wt% Al2O3, 15 wt% others), 110 kg of SiO2, 100 kg of CaCO3, 
400 kg of coke and a flow of 120 m3 h− 1 of pre-heated air at 500 ◦C. The 
quantity of SiO2, CaCO3 and slag is increased in case of LIBs with Al 
casing. The smelting process, which has a mean residence time of 455 
min, results in the following metal recovery rates defined as the mass 
ratio between the metal recovered in the alloy and the total metal in the 
feed: 92.8% for Cu, 99.0% for Ni, 64.5% for Fe, and 94.0% for Co. The 
other fractions of these metals, in particular of Fe, together with other 
slag formers and other metals like Li, Al, and Mn, end up in the slag 
phase in the form of metal oxides. The slag from LIBs could undergo 
hydrometallurgical Li recovery [156,157], but currently this option is 
not economically attractive, so the slag is sold as an additive for con-
struction material. 

For the hydrometallurgical refinement (in blue in Fig. 3), the alloy is 
crushed and leached with H2SO4 solution, thus forming metal sulfate 
salts dissolved in aqueous solution [80]. Next, Cu is removed from the 
solution by precipitation of CuS and Cu2S using SO2 at elevated tem-
peratures [54], then Fe is precipitated as hydroxide using NaOH solution. 
The resulting solution, which contains Co and Ni ions, is pumped into a 
mixer-settler, where an organic extractant such as Cyanex 272 (orga-
nophosphinic acid) is contacted with the aqueous solution to separate 
the Co, which goes to the organic phase, from the Ni, which stays in the 
aqueous phase [150,151]. Generally, the extraction with Cyanex 272 is 

carried out at room temperature with a volumetric ratio between organic 
solvent and aqueous solution in the range 1–5 and pH around 5, 
achieving extraction efficiencies of Co and Ni above 80 wt% and under 
10 wt%, respectively [151,158,159]. Cyanex 272 is typically diluted in 
kerosene, and partially saponified with a NaOH solution to enhance its 
reactivity towards Co extraction. The selectivity series of Cyanex 272 for 
metal ions is the following: Fe3+ > Zn2+ > Cu2+ > Mn2+ > Co2+ > Mg2+

> Ca2+ > Ni2+ > Li+ [160]. Thus, Fe, Cu, and Mn impurities, which are 
not removed from leachate, end up in the organic Co-rich phase, whereas 
the aqueous solution, containing mostly Ni sulfate, includes the 
remaining Co sulfate [54,161,162]. A solution of NaOH is added to the 
Ni-rich phase to precipitate Ni(OH)2 at pH ca. 9, leading also to the 
precipitation of Co(OH)2 as an impurity. The Co-rich organic phase, 
instead, is stripped with a HCl solution to remove Co from the organic 
extractant as an aqueous CoCl2 solution. Such a solution is sent to a 
crystallization section to obtain solid CoCl2, setting the operative con-
dition to avoid the crystallization of NiCl2 and CuCl2, which are more 
soluble than CoCl2 [18,39,163]. The organic extractant is regenerated 
with NaOH solution, thus creating a closed loop for the extraction unit 
operation. 

In summary, the Umicore pyrometallurgical route is based on the 
smelting, which produces an alloy then refined via hydrometallurgical 
steps to obtain Co, Ni, Cu and Fe salts. The key features of the process are 
the high material recovery rates of such metals, while Li, Al and Mn end 
up in the slag. Plastics, graphite, and electrolyte are burnt for energy 
recovery and the resulting gases require a dedicated cleaning system 
[17,19,79]. 

3.3. Representative emerging hydrometallurgy-based process: LithoRec 

The LithoRec process was conceived in two projects funded by the 
German Federal Ministry of the Environment, Nature Conservation 
Building, and Nuclear Safety and VDI/VDE Innovation + Technik GmbH 
in 2009 and 2012, coordinated by the Technische Universität 
Braunschweig and the Westfälische Wilhelms-Universität Münster [18, 
24,35,54,91,122,164–170]. The projects aimed at developing a new 
recycling process by combining electrical, mechanical, thermal, and 
hydrometallurgical treatments, specifically designed for NMC-based 
LIBs from EVs. To prove the industrial feasibility of the process, a tem-
porary demonstration plant was built in Braunschweig and, during four 
months of operation, it recycled 1.4 t of battery systems reaching an 
overall material recycling efficiency of 75–80% [54], which could be 
potentially increased if also graphite and electrolyte salts were recycled 
as shown in the project at lab scale [141]. The mechanical treatments of 
the LithoRec process are implemented by Duesenfeld company in 
Wendeburg, Germany, which treats about 2000 t y− 1 of LIBs. The 
resulting black mass is sent to another company for the recovery of Co, 
Ni, and Mn as single-phase hydrated sulfates in addition to Li2CO3 and 
graphite. Instead, the LithoRec project [141] suggests a hydrometal-
lurgical route based on the co-precipitation method to recover a ternary 
Ni–Co–Mn hydroxide and Li2CO3 to be used as precursors for the 
re-sintering of NMC powders: such an original approach is described 
here and represented in Fig. 4. 

The first step is discharging the battery system to 0 V, which is car-
ried out in ca. 90 min and allows for the recovery of approximately 20% 
of the battery electric energy, followed by a 24 h short-circuit time to 
minimize the relaxation voltage of the battery [171,172]. The battery 
packs are manually disassembled to recover system peripheries such as 
housing, cables, and the battery management unit; automation of this 
process does not seem practicable due to the different geometries of 
battery packs [6]. 

The battery modules are then crushed under nitrogen atmosphere 
[150]. The crushing is performed with a shredder consisting of a single 
rotary shear with forced feeding, equipped with a discharge screen at a 
mesh size of 20 mm, which limits the upper size of fragments [54,173]. 
The connection from the crusher to the following equipment is 
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performed via a gastight screw conveyor, which is closed before starting 
the operation. The exhaust gas from the crusher is processed in a 
sequence of condenser, carbon filters, and wet scrubber with a recircu-
lating alkaline solution, to recover respectively evaporated electrolyte 
solvents, the remaining VOCs, and the toxic HF originated by binder and 

Li salt decomposition [174]. 
Next, the remaining electrolyte is removed to minimize the flam-

mable hazard and improve the following separation processes thanks to 
a lower adhesion among the fragments. Several electrolyte removal 
strategies were investigated in the LithoRec projects, such as solid-liquid 

Fig. 4. Simplified flowchart of LithoRec process [18,24,35,54,91,122,164–170], including mechanical treatments (grey), hydrometallurgical steps (blue) and heat 
treatments (red). (a) First section of the process, comprising all the mechanical treatments. (b) Second part of the process, related to the hydrometallurgical 
treatments of the black mass. The asterisks denote streams which may be optionally required in case of adjustments in NMC stoichiometry. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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extraction via DMC, extraction with sub-critical CO2, and thermal drying 
[54]. The first approach is not practicable because several extraction 
stages with DMC and water are required to reduce LiF impurities below 
the threshold required for the hydrometallurgical section [34,175]. An 
alternative solid-liquid extraction method, as reported in Fig. 4a, uses 
sub-critical CO2 to recover both the organic solvents and the conductive 
Li salt. As investigated by Grützke et al. [164] at laboratory scale, the 
electrolyte components are extracted with an efficiency of 89% through 
a flow of CO2 at 60 bar and 25 ◦C with additional co-solvents (a mixture 
of acetonitrile and propylene carbonate to enhance the extraction yield 
of EC and LiPF6) for 30 min, followed by 20 min without additional 
co-solvents to maximize the extraction of non-polar linear carbonates 
(EMC and DMC). After lamination, the solvents condense and are 
separated from CO2 that leaves the shredded fragments completely dry, 
with additional benefits of avoiding fire hazard associated to any traces 
of Li metal, which is converted to Li2CO3. The applicability of 
super-critical CO2 at industrial level has still to be demonstrated [35, 
176–178], although OnTo company has patented such operation and is 
going to test it in a pilot plant [75–77]. The third option for electrolyte 
removal, which is currently adopted in the Duesenfeld plant at industrial 
scale [54], consists of a thermal drying at temperatures between 80 and 
140 ◦C at 100–300 mbar [179]. The organic solvents of the electrolyte 
are vaporized and then condensed, or alternatively they are sent to a 
post-combustion process to obtain thermal energy. In this case, the 
conducting salt LiPF6 is decomposed, producing toxic HF gas [8]. 

After electrolyte removal, the battery fragments undergo a series of 
mechanical separations as a combination of air-sifting, crushing, and 
sieving processes to separate several output streams [54,91]. Dried 
battery fragments are fed to the first air zig-zag-sifter, which separates 
the light fractions from the heavy fractions. This air classification is 
carried out with a mass load of 109 g kg− 1 air and an air velocity of 3.34 
m s− 1 [9]. The heavy fraction consists of steel (13.8 wt%), Al housing 
(47.7 wt%), Al modules (26.6 wt%), plastics (4.0 wt%), Cu (5.0 wt%), 
and inclusions (2.9 wt%), whereas the light fraction is composed by Al 
and Cu foils, cathodic and anodic active materials, and plastic separa-
tors. The heavy fraction is fed to the following magnetic separation to 
recover steel and Al case fractions. Instead, the light fraction undergoes 
homogenization of the fragments via a cutting mill with a discharge 
screen of 10 mm (2nd crushing), followed by a vibration sieve at a mesh 
size of 500 μm to separate coating active materials of the electrodes 
[180]. Such a final powder resulting from the sieving process is known 
as black mass and contains electrode coatings (97 wt%) with impurities 
of Cu (1.9 wt%), Al (0.8 wt%), and steel (0.3 wt%). 

The recovery efficiency of the black mass in the mechanical sections 
ranges between 75 and 90 wt%. The loss of black mass in other streams 
is due to the organic binder, which is not removed during previous 
treatments and is therefore responsible for the adhesion of coating 
materials to the oversized current collector foils [24,181]. In the current 
process, the second crushing preceding the sieving aims indeed at 
decreasing the adhesion of active materials from current collector foils, 
but its efficiency is not ideal, resulting to be the bottleneck of the re-
covery of CAMs in the mechanical section. Alternative methods have 
been investigated to remove the binder and enhance the black mass 
yield; for example, Hanisch et al. [24,182] suggest an incineration step 
at 500 ◦C to decompose the PVDF binder (which produces HF, thus 
requiring gas cleaning), then the battery fragments are fed to an impact 
separator (which is a modified jet sieve) where an air jet pushes the 
fragments to the wall of the chamber, thus separating the black mass 
particles with a recovery efficiency of 99 wt%, with only 0.1 wt% of 
current collector impurities. Nevertheless, this method has not been 
implemented yet at industrial scale. 

While the black mass fraction is sent to the hydrometallurgical sec-
tion, described later in this section, the fraction remaining on the sieve 
undergoes a second air classification via zig-zag sifting [183]. The sec-
ond zig-zag sifter operates with a mass load of 25 g kg− 1 air and an air 
velocity of 1.1 m s− 1 [54,91], separating the plastic separators light 

fraction from the heavier fraction made of current collector foils [73]. Al 
and Cu are recovered by using an optical separation thanks to a CCD 
(Charge-Coupled-Device) camera. The Cu fraction needs two runs of 
optical separation to obtain high-purity Cu scraps with only 0.3 wt% Al 
[184]. 

The black mass containing the cathode active materials, graphite, 
and traces of current collector foils is fed to the hydrometallurgical 
section [54,168–170] (Fig. 4b). The process is specifically designed for 
NMC chemistries but could accept also other LIB chemistries as sec-
ondary input. However, LFP content should be lowered as much as 
possible because, at alkaline pH typical of the following co-precipitation 
step, almost all the phosphorous amount inside the LFP is turned into 
phosphate ions, leading to the unwanted precipitation of highly insol-
uble Cu, Co, Ni, and Mn phosphates. This phenomenon represents a 
double drawback since it causes Co and/or Ni losses as well as 
contamination of the NMC precursor that might affect its crystalline 
structure [44,185]. 

The black mass is first leached in a stirred tank at 70–80 ◦C for 2–3 h 
using H2SO4 4 mol L− 1 and 30–50 wt% H2O2 as an additional reducing 
agent, then insoluble graphite is removed via filtration [168]. The 
leachate contains Co, Ni, Mn, Li Al, Cu, and Fe ions, thus an impurity 
removal step is employed by adding NaOH solution: at pH ca. 6.5, Fe, Al, 
and Cu ions precipitate as hydroxides, whereas Co, Ni, Mn, and Li ions 
remain in solution [186,187]. After filtering out the precipitated salts, a 
stoichiometry adjustment can be performed by adding MnSO4, NiSO4, 
and CoSO4 to the solution to obtain the right molar ratio between Ni, 
Mn, and Co, according to the selected NMC formulation desired as 
recycling product. Then, a transition metal hydroxide precursor 
(NixMnyCo1-x-y(OH)2) is co-precipitated by increasing the pH to ca. 11 
by using NaOH in presence of NH4OH as a chelating agent, which avoids 
the precipitation of metals as single-phase hydroxides. The operation is 
realized in a stirred tank under N2 atmosphere to avoid the oxidation of 
Mn2+ to Mn4+. The co-precipitation step, which is the core of the 
homonymous recycling route, is realized in the same operative condi-
tions and with the same reagents as it occurs in the manufacturing of 
CAM from virgin raw materials [15,116,188]. 

After filtering out the NMC hydroxide precursor, the Li-rich solution 
is mixed with Na2CO3 solution at 40 ◦C to precipitate Li2CO3. The NMC 
hydroxide precursor and the Li2CO3 are dried (see the red box at the 
bottom right of Fig. 4b) and mixed with additional virgin Li2CO3 to 
reach the right stoichiometry, that is, a molar ratio of Li to metal pre-
cursor in the range 1.0–1.1. The blended powders are ball milled for 48 h 
and compressed into pellets [168]. Finally, the pellets are sintered at 
900 ◦C for 12–15 h to produce the selected NMC product. The operative 
conditions in the sintering step, involving the choice of Li source (Li2CO3 
or LiOH), the oxidizing atmosphere (air or pure oxygen), and a single or 
double step lithiation, strongly depend on the desired NMC formulation 
(e.g., NMC111 or NMC811). 

In summary, the LithoRec hydrometallurgical/co-precipitation route 
consists of a series of mechanical separation steps, which enable the 
recovery of current collector scraps, light plastic fractions and even the 
electrolyte, despite being the bottleneck for the recovery efficiency of 
black mass. The following hydrometallurgical steps of the black mass, 
which separate graphite from the leachate metal salt solution, are 
centered on the co-precipitation of NixMnyCo1-x-y(OH)2 followed by the 
precipitation of a Li salt precursor. These two products are mixed to 
sinter the NMC cathode material. 

3.4. Survey of unit operations in LIB recycling 

After analyzing two representative processes, a comprehensive sur-
vey of all the unit operations employed in the studied recycling com-
panies, including those reported in the SI, is developed in this section. 
Table 3 provides an inventory of such unit operations, both included in 
established industrial realities or still under development, classified 
according to their use in a specific section of the process (deactivation 
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and mechanical treatments) or to their common presence in a specific 
recycling route (pyrometallurgy, hydrometallurgy, and direct 
recycling). 

As already mentioned, after collection, sorting, and, optionally, 
manual dismantling for large battery systems [229], the first treatments 
in LIB recycling are deactivation steps aimed at reducing the risk due to 
high voltage and flammability of spent LIBs [230]. One of the first unit 
operations designed to minimize fire and explosion risks is cryogenic 
cooling, in which the whole battery is cooled at − 160 ◦C with liquid 
nitrogen before crushing [82,163,191]. This operation, developed by 
the former company Toxco [192], is no longer applied due to the high 
operative costs, although sometimes freezing at ca. − 60 ◦C of spent LIBs 
is still carried out to reduce fire risks during transportation [191]. High 
voltage risk is usually handled by an over-discharging step to 0 V 

through electronic devices to recovery the remaining electric energy of 
the LIB, as performed by Duesenfeld [127], Redux [134], and Ascend 
Elements [231,232]. Otherwise, spent LIBs are effectively and easily 
discharged by soaking them in a conductive brine, resulting in the loss of 
the stored energy [67,189,190]. Typically this is coupled to wet crushing 
[195–197]: Neometals uses an undisclosed brine [135], Retriev uses a 
recirculating LiOH brine [139], Li-Cycle adopts a solution of Ca(OH)2 
and NaCl [142]. Other wet crushing methods, aimed at electrolyte 
removal and minimization of fire risk, are carried out by Euro Dieuze 
Industrie (E.D.I.), which utilizes a water flow [133], and Lithion, which 
uses recirculating light organic solvents such as DMC followed by 
thermal evaporation and distillation steps to recover each electrolyte 
solvent with high purity [145]. 

The most widespread technique for electrolyte separation is thermal 

Table 3 
Inventory of typical unit operations used in LIB recycling processes and their possible and most common combinations. The 
industrial readiness is defined in three levels as follows: Laboratory (only at research level), Prototype (prototyped in estab-
lished process), Industrial (in established and competitive realities). 
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drying due to its well-known industrial know-how [33,179]. However, 
the quality of the recovered mixture of electrolyte solvents is affected by 
impurities generated by electrolyte decomposition, so that the recovered 
mixture is used only for energy recovery. Several operative conditions 
are selected by companies, varying not only temperature, pressure, and 
industrial equipment, but also the position of the operation in the pro-
cess chain [15]. Accurec, SNAM, Redux, Glencore, and Sumitomo Sony 
operate thermal treatment to the whole battery at high temperature to 
evaporate all the electrolyte solvents, to decompose and remove the 
conductive salt, and to pyrolyze plastics [20,183]. As an example, 
Accurec operates at 500 ◦C and 100 mbar in a rotary kiln for 2–3 h to 
avoid oxidation of valuable metals, thus removing plastics, the whole 
electrolyte, and decomposing the PVDF binder, which is responsible for 
the difficult separation of black mass from current collector foils in 
mechanical treatments [122,183]. Instead, Duesenfeld carries out a 
thermal treatment on wet battery fragments at 90–140 ◦C and 100–300 
mbar to evaporate only the electrolyte and decompose the conductive 
salts, thus minimizing energy consumption [179]. Nevertheless, Due-
senfeld is also investigating an incineration step at 500 ◦C aimed at 
decomposing the PVDF binder to maximize the recovery yield of the 
black mass in the following mechanical separations [40]. Lithion per-
forms an evaporation step at 90 ◦C of the liquid organic solvents exiting 
the wet crushing, then drying the battery wet fragments at 270 ◦C; heavy 
organics not evaporated at 90 ◦C are then burnt at 500 ◦C [145]. An 
alternative option for electrolyte separation is the extraction with sub- 
or super-critical CO2 [74]. This is an innovative technology, potentially 
allowing the recovery of the whole electrolyte with enough purity to be 
re-used in the battery production chain. In the LithoRec projects re-
searchers investigated electrolyte extraction with sub-critical CO2 
(25 ◦C, 60 bar) and additional polar organic co-solvents operated on 
battery fragments [179], whereas OnTo patented a process based on 
super-critical CO2 (31 ◦C, 74 bar) performed on the whole battery after 
perforation of the casing, thus resulting in LIB deactivation which is 
functional for safe and low-cost transportation [75,76]. However, elec-
trolyte extraction with sub-/super-critical CO2 is still in its infancy 
regarding its industrial scale-up, with operative and investment costs 
which appear to be higher than those required for the established 
thermal drying. 

The starting mechanical treatment operation is crushing, which is 
carried out in an inert atmosphere, in brine, or using other systems to 
prevent fire risks. In addition to the already discussed wet crushing, inert 
crushing is another option [81,194]: Duesenfeld operates with N2 [179], 
Batrec uses CO2 [193], while Recupyl utilizes both CO2 and Ar [130]. 
The CO2 atmosphere avoids any trace of metal Li from strongly react 
with water by converting it into the less reactive Li2CO3. Finally, 
Akkuser carries out the crushing step by exploiting cyclonic air re-
movals, hence preventing the build-up of flammable gases inside the 
crushing chamber and addressing them to off-gas treatments [18]. 

Mechanical separations of metal and plastic scraps are realized 
through specific unit operations arranged in different ways. Crushing 
and sieving are the only processes always present in the mechanical 
section. Generally, after crushing the heavy fraction (steel and Al cas-
ings) and the light fraction (current collectors, separator, and active 
materials) are divided via air classification [54,91], as performed by 
Duesenfeld, Accurec, Redux, and Neometals. The next step, operated by 
several processes (Duesenfeld, Accurec, Redux, Akkuser, Euro Dieuze 
Industrie, Ascend Elements, Recupyl, OnTo, Li-Cycle, and Lithion), is the 
magnetic separation of the heavy fraction or of the whole battery frag-
ments aimed at recovering steel [8,81,198]. Then, a second air classi-
fication can be performed to segregate the current collector foils from 
the separator, as done by Duesenfeld, Accurec, and Redux, or to differ-
entiate Cu and Al foils, as by Lithion [201]. Alternatively, current col-
lectors are divided from plastics through an eddy current separation 
[199,200,233], adopted by Euro Dieuze Industrie, Li-Cycle, and Lithion; 
optical separation of Cu and Al scraps is performed by Duesenfeld. An 
emerging and flexible unit operation is dense media separation, which 

splits fragments according to their density by submerging them in a 
selected liquid with proper density [205,206]. OnTo uses this technique 
to separate graphite from CAMs by using a liquid with density in the 
range 2200–3500 kg m− 3 [18], Li-Cycle proposes to separate current 
collectors from plastics through a liquid with density 2500 kg m− 3 and 
Cu from Al with another liquid with density 2850 kg m− 3 [207], whereas 
Ascend Elements uses this technique to remove plastics from Cu scraps 
[232]. Incidentally, for emerging direct recycling and co-precipitation 
routes, the separation of graphite from the CAMs is, respectively, 
necessary and useful: excluding separation due to black mass leaching, 
the current options are the dense media separation, or the froth floata-
tion, proposed by American Manganese Inc and Li-Cycle [143,208–210], 
which, however, appears technologically unready. In any case, as 
already mentioned, the yield of black mass from sieving operations is 
inversely proportional to the adhesion of electrode active materials to 
current collector foils [197]. While some companies, such as Duesenfeld 
and Lithion, employ an additional crushing step of the battery frag-
ments, the detachment of active materials from current collectors can be 
facilitated by the previously mentioned thermal treatments, specifically 
designed to decompose the binder, or by binder dissolution in proper 
organic solvents like N-methyl-2-pyrrolidone, as carried out by Ascend 
Elements [203,204]. Detailed and recent surveys on pre-treatment 
technologies for LIB recycling can be found in dedicated studies [78, 
180,202]. 

Concerning purely pyrometallurgical steps, common battery 
smelters like Erasteel Recycling (former Valdi), SNAM, and INMETCO 
handle the feed including several battery types, also together with other 
metal scraps; other processes perform the smelting of the whole battery 
specifically for Li-ion technology, such as Umicore, Glencore, and Sony- 
Sumitomo [81]. Accurec is different from other pyrometallurgical pro-
cesses because it performs the smelting only on the black mass recovered 
after mechanical treatments [18]. In the end, several smelting technol-
ogies are used including rotary hearth furnace (INMETCO) [140], 
electric arc furnace (Erasteel Recycling and Accurec) [211], and shaft 
furnace (Umicore) [149]. 

Hydrometallurgical operations are extremely diverse and with 
operative conditions often undisclosed by the companies. Leaching is 
the starting point of each hydrometallurgical route and it is currently 
operated by most of the companies by using sulfuric acid, either without 
an additional reducing agent, like in the Umicore hydro-refining of the 
alloy, or by introducing hydrogen peroxide [212], like Ascend Elements, 
Lithion (optionally substituted by MnO2 [145]), Li-Cycle, and Accurec, 
or with SO2, as proposed by American Manganese Inc [143]. 

Fe, Al, and Cu ions in the leachate are treated mainly as by-products 
[234]. More valuable Cu ions can be selectively separated with Na2S 
solution like Lithion [145], via cementation with Fe shots (e.g., Accurec) 
[214] or through solvent extraction using for example LIX984 N as 
Li-Cycle suggests [142,207]. Otherwise, Cu ions are removed together 
with Fe and Al ions by adjusting the pH of the leachate, generally be-
tween 5 and 6.5 via addition of NaOH solution, to precipitate the cor-
responding hydroxides while keeping in solution Li, Ni, Mn, and Co ions 
[213]. After that, Ni, Mn, and Co ions are recovered: a practical solution 
seems to be the co-precipitation step, as carried out by Ascend Elements, 
American Manganese Inc and Li-Cycle [116]. However, it is undisclosed 
in these cases if NH4OH is used as a chelating agent to obtain a ternary 
Ni–Mn–Co hydroxide (as it is likely for Ascend Elements), which is the 
direct precursor of NMC, or if a mixture of single-phase metal hydrox-
ides is recovered (as likely for American Manganese Inc and Li-Cycle) 
[235,236]. Otherwise, Ni, Co, and Mn are selectively separated by 
using solvent extraction, especially with Cyanex 272 or similar organic 
extractants to separate a Co and Mn-rich organic phase from a Ni-rich 
aqueous phase [175,216]. Co and Mn separation can be then carried 
out with another solvent extraction or via electrochemical routes [195, 
217–219]. Finally, Li recovery is realized by most companies by 
precipitating Li2CO3 through the addition of Na2CO3 solution [99,215] 
(e.g., Ascend Elements, Accurec, Retriev, Li-Cycle, American Manganese 
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Inc, Lithion), or through CO2 bubbling (Recupyl) [130], or again by 
precipitating Li3PO4 after neutralization with H3PO4 (Recupyl) [130, 
237,238]. 

As previously explained, direct recycling is focusing on regenerating 
cathode materials without its destruction, but its development is still at 
research stage [113,114,225]. Among the different methods employed, 
hydrothermal regeneration has been successfully applied to fully 
recover LCO capacity [223] or to reinstate usage conditions on spent LFP 
[222] and LMO [224,239]. Solid-state sintering is another direct method 
that proved to effectively restore the capacity of the degraded cathodes 
[221]. Meng et al. [220] developed an economic viable process that 
directly regenerates NMC batteries with minimized chemical con-
sumption, while an acidless approach for regenerating LiNi0.5-

Co0.2Mn0.3O2 from spent LIBs using LiOH⋅H2O was proposed in another 
study [26]. Co-precipitating cathode precursors from spent LIBs and 
re-sintering them by adjusting the temperature to obtain the optimal 
performance has also been exploited [226,227]. Finally, direct recycling 
can be performed by adding external Li sources through different lith-
iation processes. Yang et al. [228] used a system composed by molten 
LiOH–KOH–Li2CO3 to compensate the Li+ loss in the degraded carbon-
ate and repair the damaged structure via a “dissolution-recrystalliza-
tion” mechanism, while the electrochemical reversibility of FePO4 as 
impurity phase was used to regenerate degraded LFP with a graphite 
pre-lithiation strategy [95]. 

4. Analysis and comparison of recycling routes in terms of 
outputs quality 

The description of LIB recycling processes provided in the previous 
sections shows how recycling routes, recovered components and their 
purity in the process outputs strongly depend on the input and on unit 
operations. One of the principal aspects of pyrometallurgy-based pro-
cesses is the capability to treat also small format LIBs for portable de-
vices, since mixed LIB chemistries and battery types are easily processed, 
whereas one of the main features of the hydrometallurgical recycling 
route is the necessity of previous mechanical treatments to obtain the 
black mass, generally carried out in different facilities of the same 
company or even by different companies. Direct recycling is not mature 
yet while the co-precipitation method is currently operated at industrial 
or demonstration scale mainly by companies that treat mostly cathode 
scraps from battery manufacturing [73,113]. 

To better underline how product quality and market potentialities 
vary among different processes, Table 4 reports a comprehensive list of 
the outputs and recovered materials of the analyzed battery recycling 
companies in Europe, North America and Asia as claimed by companies 
(see Table 2 for sources). The list of companies presented in Table 4 is 
sensibly shorter than the one in Table 2 (e.g., for Asia), this strictly 
depends on the availability of data. Concerning the process classifica-
tion, orange represents pyrometallurgy-based processes (i.e., employing 
a smelting step), grey marks companies that carry out only mechanical 
treatments, and blue highlights hydrometallurgy-based processes (i.e., 
employing the leaching of black mass). Regarding the classification of 
product quality, materials which are not recycled are marked in red, 
while yellow refers to recovered materials which require further pro-
cessing to be considered as recycled; the light-green color denotes ma-
terials which are fully recovered with sufficiently high quality, while a 
dark green color marks recovered materials with a battery-grade quality 
(or with a quality such that to be addressed to other high-quality mar-
kets). In this sense, the dark-green color is linked to the possibility to 
achieve a closed loop of materials from LIB recycling. Notably, battery- 
grade purity constraints are extremely strict, and many processes are not 
able to meet them, even when materials are recovered as high-purity 
single-phase metal salts [240]. It is also worth mentioning that the 
same material (for example, the slag) may be classified in Table 4 with 
different colors for different companies, depending mainly on the leg-
islative framework of the country where the company operates, while 

there is little difference in the chemical composition and quality of the 
material itself. Lastly, white cells mark the materials which are not 
present in the input of the considered process. 

Table 4 classifies the output materials as a list of metallic elements, 
along with graphite, electrolyte, and plastics. Nevertheless, the outputs 
of a LIB recycling process are quite diverse depending on the recycling 
route and process chain adopted by the company [39,241]. This results 
in a combination of the following ones: housing and peripherical com-
ponents fractions, magnetic steel scrap, non-magnetic heavy fraction (Al 
casings and others), current collector foil scraps, plastics light fraction, 
black mass, electrolyte, slag, alloy, single-phase metal salts to be used as 
precursors, co-precipitated Ni, Mn and Co salts and even re-sintered 
cathode active materials, such as NMC or LCO. All these recycling out-
puts are considered in Table 4 as a destination of the materials. 

Some specific considerations on the recycling quality classification 
adopted in Table 4 are necessary before comparing companies and ter-
ritories. Scraps, fragments, or disassembled materials fractions, even 
with low impurities content, usually require further refinements, 
resulting in purity gain but additional material loss [78,202]; as such, 
materials ending up in these fractions are marked in yellow in Table 4. 
The recycling status of the slag is an open question for LIB recycling, 
both for economical and policy reasons [15,18], thus requiring harmo-
nization of classification and definition criteria among different coun-
tries. Materials ending up in the slag are downcycled and can be 
considered recycled only from a legislative point of view depending on 
the country, e.g., the slag coming from the Umicore process, which has a 
market as construction material additive (as such, it is marked in light 
green for that specific company). Considering the elemental composi-
tion of the slag, where Li accounts for 2% of its mass, the hydrometal-
lurgical refining can likely produce as outputs mainly Al, Mn, and Fe 
hydroxides, along with Li carbonate/hydroxide with traces of other 
metal salts. Broadly speaking, further hydrometallurgical refinement of 
the slag to recover Li is technologically possible but not economically 
viable [22,156,157], therefore the slag is generally marked as yellow in 
Table 4, except for battery smelters like INMETCO and Glencore which 
consider it as a waste of the recycling process. On the other hand, the 
alloy obtained in pyrometallurgical processes is always accountable as 
recycled output, albeit not considered as battery-grade quality; in fact, 
in most cases this type of alloy is not an end product, but it is addressed 
to Ni, Co or steel primary metallurgical processes. 

Graphite is burnt in pyrometallurgical and thermal operations 
(therefore marked in red in Table 4), while in other processes it is 
typically recovered as unleached solid, trapped in the black mass and/or 
including other metal impurities, thus not considered as a high-quality 
output [210]. However, some companies apply further refinement 
steps to the unleached graphite, such as an additional leaching and a 
thermal treatment that removes plastic impurities and restore its 
morphology, as declared by OnTo and Lithion, whose graphite output 
can be considered as battery-grade according to company specifications 
[18,145]. Nevertheless, graphite is also in the CRMs list [11,12] in the 
EU, hence work should be done in Europe to recover such a valuable 
material, e.g., by investing on companies exploiting the 
hydrometallurgy-based route. Therefore, the quality and recycling sta-
tus of a stream exiting from a recycling process depend both on technical 
considerations as well as on the legislative framework and the end use of 
such a material output. 

Careful judgement is dedicated to assessing the quality of the 
recovered electrolyte. It has been demonstrated that the electrolyte can 
be recovered as a mixture of organic solvents, as single compounds or in 
its entirety including the conductive salts [33,34]. In the last case, 
typically the electrolyte composition of a spent LIB is affected by im-
purities resulting from its aging or from the recycling operations, 
resulting in a low-quality fraction which cannot be directly addressed to 
battery-grade applications. For example, electrolyte recycling strategies 
such as thermal vaporization and sub/super-critical CO2 extraction 
introduce impurities coming from the thermal decomposition of LiPF6 
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Table 4 
Overview of the recycling products and recovered materials of the analyzed battery recycling companies in Europe, North America and 
Asia. Companies are classified based on the recycling process involved, i.e. pyrometallurgy-based (orange), mechanical treatment 
(grey), and hydrometallurgy-based (blue) processes. Recycling products and recovered materials are classified based on the recovery 
rate and quality, specifically recycled battery grade (dark green) and high-quality (light green) materials, recycled materials requiring 
further processing (yellow), recycled materials lost during the process (red), and materials not included in the input stream (white). 
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and partial combustion of light organic solvents for the former, and 
contamination by extraction organic co-solvents for the latter [33,34]. 
In these cases, the electrolyte solvents are mostly addressed to energy 
recovery. Nevertheless, when thermal evaporation is followed by proper 
distillation, as proposed by Lithion, battery-grade electrolyte solvents 
may be recovered, despite the technical and economic feasibility of this 
approach has to be industrially demonstrated [145]. In this sense, 
Table 4 shows how Europe needs to catch up with North American 
companies that claim to recover electrolyte components even at 
battery-grade quality. 

The analysis of Table 4 shows that valuable metals, such as Co, Ni, Cu 
but also Al and Fe, are typically recovered worldwide with sufficient 
quality, except for companies which perform only mechanical treat-
ments, where these metals end up in the black mass and, as such, their 
recycling cannot be considered completed. In some cases, cathodic el-
ements as Co and Ni are recovered as battery-grade single-metal salts or 
in mixtures ready for co-precipitation [80,216], if not as proper CAM as 
NMC in some American and Asian hydrometallurgical companies. Li and 
Mn are generally present in the slag output of pyrometallurgical com-
panies, while hydrometallurgical processes typically enable for a 
battery-grade recovery of these metals. Cu is almost always recovered in 
the alloy or as foils, which are often mixed with Al; Al is generally 
recovered from Al casings, except for pyrometallurgical processes, 
where it ends in the slag [234]. Finally, Fe is basically always recovered 
in the steel fraction. 

Regarding the territorial distribution, it is evident that in North 
America there is a larger share of recycling companies which provide 
high-quality and battery-grade recovered fractions compared to Europe. 
This is attributed to the different recycling routes used in the two con-
tinents, with hydrometallurgical routes which are predominant in North 
America. In fact, as evidenced in both Tables 2 and 4, in Europe several 
companies such as Akkuser, Duesenfeld, Redux, Euro Dieuze Industrie 
and BatRec, carry out only pre-treatments and mechanical processes to 
obtain the black mass, whereas companies that operate the entire LIB 
recycling process, i.e., Umicore and Accurec, follow the pyrometallur-
gical route. The only exceptions are the established company Recupyl 
and the emerging one Neometals, that achieve the whole recycling 
process using mechanical and hydrometallurgical treatments [130]. In 
North America several companies as Ascend Elements (former Battery 
Resourcers), OnTo Technologies, Li-Cycle and American Manganese Inc 
(A.M.I.), are focusing on the recycling of LIBs towards achieving a closed 
loop of CAMs; other two hydrometallurgical companies, i.e., the estab-
lished Retriev and the emerging Lithion, can recover Li and cathodic 
elements with battery-grade quality as well. Most EU and US battery 
smelters like Erasteel Recycling, SNAM and INMETCO do not specif-
ically focus on LIB recycling, but treat several types of batteries, there-
fore a considerable fraction of LIB materials is lost and the recovered 
ones are included in alloys. Glencore in Canada and Umicore in Belgium 
are the only smelters designed for LIB recycling, which operate a further 
hydrometallurgical refinement of the alloy to recover battery-grade Co 
and Ni. The Sony-Sumitomo process in Asia works analogously by 
recovering battery-grade Co, Ni, and high-purity Cu, but completely 
discarding all the other materials. 

Finally, although Table 4 reports only a few Asian companies 
because of lack of specific information on the quality of their recycling 
outputs, Table 2 highlights that battery recycling in Asia follows me-
chanical treatments coupled to hydrometallurgy and even co- 
precipitation methods, with enormous recycling capacity when 
compared to similar facilities in Europe. In particular, Chinese LIB 
recycling companies are often associated to giga-factories which provide 
them with large amounts of scraps from battery manufacturing [242]. 
Therefore, as for the two Chinese companies in Table 4 (Brunp and 
GEM), high-quality recycled outputs are expected from LIB recyclers in 
Asia. 

5. Outlook and open research questions 

The analysis of recycling processes and quality of the recycled out-
puts leads to the identification of some criticalities and possible sce-
narios that are discussed in this section according to technological and 
management perspectives, evidencing implications for policy, industry, 
and research levels. 

One of the main criticalities for the recovery of CRMs in 
hydrometallurgy-based and direct recycling processes does not lie in the 
proper hydrometallurgical or regeneration steps, but rather in the me-
chanical separations, in particular in the sieving of crashed fragments 
[78,202]. Sieving efficiency depends on crushing efficiency and thus on 
battery fragments size distribution; nevertheless, the limiting factor is 
the strong adhesion of active materials on current collector foils, which 
is attributable to polymeric organic binders [40,203,243]. Recycling 
companies are trying to overcome this issue by using additional crush-
ing, thermal incineration, or dissolution of the binder in proper organic 
solvents, but neither of those options is yet optimal [81]. Hence, the 
solution does not seem to lie in the recycling steps, but more probably in 
the design-for-recycling [6,10]: battery makers should aim at replacing 
polymeric organic with water-soluble binders, which can be in principle 
easily removed in the recycling operations via a washing step with 
water; however, taking a life cycle perspective, the impact on LIB 
durability should be properly assessed since water-soluble binders might 
not guarantee the same long-lasting adhesion of active materials to 
metal foils as the current polymeric organic binders. 

The problematic recovery of CRMs in the mechanical separation 
section explains why several hydrometallurgy-based recycling com-
panies, especially those based on co-precipitation method, currently 
prefer to start from production scraps as input stream. This practice 
avoids mechanical separations and the consequent introduction of im-
purities since the composition of production scraps is less fluctuating 
compared to spent LIBs, thus making the hydrometallurgical steps 
inherently more efficient and leading to products of higher purity [73]. 
Thus, such a higher recycling efficiency must be attributed to the input 
feed rather than to the recycling process itself, showing again that the 
potential of hydrometallurgy-based processes is undermined by impu-
rities and material losses in mechanical separations when starting from 
mixed spent batteries. 

The variability of the LIB feed entering the recycling process is 
indeed another important factor. Currently, while pyrometallurgy al-
lows higher versatility and generally can handle feeds of mixed LIB 
chemistries (provided that a certain amount of Co in the feed is guar-
anteed to ensure economic profit) [21], most hydrometallurgical, 
co-precipitation, and direct recycling processes are designed to handle 
spent LIBs with a few types of chemistries [84,112], thus requiring a 
sorting phase [205]. Obviously, sorting a ton of small-format LIBs (e.g., 
18650-type), summing up to over 20,000 cells, is more complex than 
sorting a ton of battery systems, i.e., 3–5 battery packs of BEVs. In this 
regard, all the regulatory efforts in battery labelling, coding, and clas-
sification point in this direction [244] since reporting details, such as the 
chemical composition, in standardized form on shell information labels 
may realize, or at least facilitate, the automatic sorting [100]. For this 
reason, from a pure logistics perspective, one may speculate that pyro-
metallurgical recycling processes could treat small-format LIBs without 
a pre-sorting step, while hydrometallurgical processes could be dedi-
cated to recycling large battery systems, sorted according to their 
chemistry. However, such a strict split may be constrained by both legal 
restrictions and market necessity, resulting in a trade-off that need to be 
specifically addressed, considering also the evolution of new 
hydrometallurgy-based processes that do not require the sorting phase 
[245]. 

Limiting the discussion to the EU as an example, there is the question 
of whether the flow of spent LIBs can be effectively recycled and how 
these batteries will be distributed among the different recycling com-
panies. Based on published data about EV fleets [11], an internal 
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elaboration by the Joint Research Centre estimates the annual flow of 
EOL LIBs: out of the 121 kt of spent batteries expected for 2022, only 54 
kt can be recycled by EU companies based on the declared capacity listed 
in Table 2 (excluding companies treating mainly other types of batteries, 
like Erasteel Recycling, as well as the announced American Manganese 
Inc facility, which will recycle cathode production scraps from the 
ItalVolt giga-factory). As shown in Fig. 5, currently only 45% of the 
spent LIBs can be recycled by European companies, albeit with different 
efficiencies and quality of outputs as shown in Table 4. The current EU 
recycling capacity is rather equally distributed among pyrometallurgi-
cal, hydrometallurgical and mechanical-treatment companies, which 
contribute for roughly one third each to the total EU recycling capacity. 
This is arguably an overestimate because mechanical-treatment com-
panies, whose end product is the black mass, do not complete the entire 
LIB recycling route. The situation is expected to further evolve in 2030, 
when only 189 kt of LIBs would in principle be recycled in the EU among 
the 695 kt incoming the EOL stage, resulting in a recycling fraction of 
only 27%. These figures for 2030 include the declared capacity of the 
NorthVolt AB new recycling plant, which will shift the share of hydro-
metallurgy recycling in Europe to 82%, where the remainder will be 
distributed between pyrometallurgy-based (10%) and 
mechanical-treatment (8%) companies. In practice, to overcome the 
forecasted EOL battery flow expected by 2030, each existing recycling 
company should significantly increase its recycling capacity compared 
to the actual capacity. Obviously, new recycling companies can be ex-
pected to enter the market by 2030 as well. Nevertheless, this analysis 
indicates that the EU might not be ready to handle a large flow of spent 
LIBs; moreover, hydrometallurgy does not seem developed enough at 
industrial scale to guarantee a closed loop on CRMs in the European LIB 
chain, so that the established pyrometallurgical processes will continue 
to be a major player in the medium term [11]. 

In any case, not only the total recycling capacity should be moni-
tored, but also the share of different battery chemistries available for 
recycling, especially those which entail low economic value, such as 
LFP. In fact, treating LFP batteries is not economically attractive for 
pyrometallurgical processes, that are able to technically recover only Fe 
from this CAM, in addition to the Cu included in current collectors. The 
situation is even more problematic for hydrometallurgical and co- 
precipitation method processes because the leaching of LFP produces 
phosphate ions, which interfere with metal precipitations, causing 

undesired loss in metals and impurities in the products [54,170]. As a 
matter of fact, only direct recycling methods seem to give savings with 
respect to the virgin materials when treating LFP [110]. Thus, although 
the new proposal for battery recycling regulation advanced by the Eu-
ropean Commission states that all collected waste batteries must un-
dergo proper treatment and recycling [36], proper strategies should be 
conceived to make LFP recycling effectively practicable, profitable, 
material efficient, and sustainable. Notably, Ciez and Whitacre [65] 
estimate that, compared to the mining of Fe precursor materials, the 
recycling of LFP batteries is more energetically intensive and results in a 
net increase of GHG emission for all the recycling routes. Therefore, the 
environmental impacts of LFP batteries must be properly assessed in 
their whole life cycle and compared to Ni–Co-based chemistries [246]. 

The final open question refers to the necessity of secondary Li supply. 
Taking again Europe as an example, while several mining companies are 
emerging to directly supply raw Li to the upcoming European battery 
manufacturers, also secondary Li sourcing from spent LIBs should be 
increased [247]. As shown in the previous sections, only hydrometal-
lurgical recycling processes can recover Li with enough quality to 
re-enter the battery chain, because in pyrometallurgical processes Li 
goes in the slag. Actually, recovering Li from the slag is technically 
possible by using hydrometallurgical operations (even if the corre-
sponding environmental impacts must be carefully evaluated) [248], 
but currently this seems economically unfeasible due to both the 
generally low price of Li and the complexity of hydrometallurgical 
refining. Nowadays the general leaching costs are mostly compatible 
with the overall total processing cost of 2–6 $ kg− 1 of battery [249], 
although this strictly depends on the form, purity and yield of the 
products from the recovery stage. As a consequence, while the operating 
costs of hydrometallurgical operations now are mainly compensated by 
the revenues from Ni (ca. 21 $ kg− 1) and Co (ca. 50 $ kg− 1) [108] 
(mostly from NMC batteries), in the future they could be covered also by 
selling battery-grade Li. In fact, recent increases in Li price (almost by 8 
times in the last months) [108], economic incentives, or legislative 
constraints can push recycling companies toward this solution. For the 
last aspect, there is certainly the necessity to set up harmonized defi-
nitions of what is recycled and what is not to remove differences in the 
legislative status of the slag depending on the location of the recycling 
industry (see Section 4). Such considerations go far beyond the slag 
problem and point in the direction of developing harmonized rules and 
definitions to assess what can be considered recycled, by establishing 
recycling indicators and calculation rules to quantify the efficiency of 
recycling processes to ensure sufficient quantity and quality of recycled 
outputs to re-enter the battery value chain. In this regard, the recent 
proposal for European regulation points in these directions [36] by 
introducing new indicators, such as the material recovery level (article 
57 of the regulation proposal), i.e., the fraction of a target element that is 
present in the recycled outputs compared to its input mass in the spent 
LIB feed, and the recycled content (article 8 of the regulation proposal), 
i.e., the percentage of secondary materials coming from battery recy-
cling compared to virgin materials in newly manufactured batteries, 
along with thresholds on the life cycle carbon footprint (including the 
EOL phase) for batteries to be put on the market (article 7 of the regu-
lation proposal). Next to these indicators, the recycling efficiency, i.e., a 
measure of the mass of battery materials which end up in the recycled 
outputs compared to the battery input material stream, is still in force. 
These indicators and targets, whose ultimate definitions and ways to 
calculate them will be available at the publication of the European 
regulation, when taken together aim at giving a comprehensive 
perspective on LIB recycling, surely contributing to a more circular and 
sustainable battery value chain. 

Ultimately, any effort should aim at reaching an optimal trade-off 
between different aspects related to LIB recycling: maximizing the 
yields of recovered materials (specifically CRMs) while lowering as 
much as possible the environmental impacts (e.g., carbon footprint) and 
still being viable from an economic point view both for manufactures 

Fig. 5. Comparison of EU total outlooked flow of spent LIBs from 2020 to 2035 
(solid yellow line). The insets report the fraction of EOL LIBs which are ex-
pected to be recycled (green) or not (red) in 2022 and 2030 considering a 
conservative situation in which recycling companies keep constant their ca-
pacity unless already specifically declared. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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(who aim at reducing the battery cost by avoiding precious metals) and 
recyclers (whose revenues come from valuable metals in the spent bat-
teries). In this regard, this review paper represents a starting point, 
providing a qualitative assessment and classification of LIB recycling 
routes, unit operations, and outputs quality, opening the way for an in- 
depth quantitative analysis made with a combination of modeling tools, 
from process simulation to environmental assessment and economic 
models. Such models would lead to accurate evaluation of the techno- 
economic and environmental feasibility of different LIB recycling sce-
narios and this would greatly support policy makers, industrial investors 
and researchers. 
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Lithium-ion batteries towards circular economy: a literature review of 
opportunities and issues of recycling treatments, J. Environ. Manag. 264 (2020), 
https://doi.org/10.1016/j.jenvman.2020.110500. 

[39] X. Duan, W. Zhu, Z. Ruan, M. Xie, J. Chen, X. Ren, Recycling of lithium 
batteries—a review, Energies 15 (2022) 1611, https://doi.org/10.3390/ 
EN15051611. 

[40] M. Mohr, M. Weil, J. Peters, Z. Wang, Recycling of lithium-ion batteries, 
Encyclop. Electrochem. (2020) 1–33, https://doi.org/10.1002/9783527610426. 
bard110009. 

[41] W. Mrozik, M.A. Rajaeifar, O. Heidrich, P. Christensen, Environmental impacts, 
pollution sources and pathways of spent lithium-ion batteries, Energy Environ. 
Sci. 14 (2021) 6099–6121, https://doi.org/10.1039/D1EE00691F. 

[42] Y.-L.L. Ding, Z.P. Cano, A.P. Yu, J. Lu, Z.W. Chen, Y.-L.L. Ding, Z.P. Cano, A.P. Yu, 
Z.W. Chen, J. Lu, Automotive Li-Ion Batteries: Current Status and Future 
Perspectives, 2019. 
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for Energy, 2020. https://www.ifri.org/en/publications/etudes-de-lifri/recycli 
ng-lithium-ion-batteries-strategic-pillar-european-battery. 

[120] D. Naberezhnykh, Recycling of Tracked Li-Ion EV Batteries Final Project Report, 
Transport Research Laboratory, 2013. 

[121] K. Environmetal, G. INC, M. Environmental, Research Study on Reuse and 
Recycling of Batteries Employed in Electric Vehicles: the Technical, 
Environmental, Economic, Energy and Cost Implications of Reusing and 
Recycling EV Batteries Project Report, 2019. https://www.api.org/~/media/File 
s/Oil-and-Natural-Gas/Fuels/Kelleher Final EV Battery Reuse and Recycling Re 
port to API 18Sept2019 edits 18Dec2019.pdf. 

[122] R. Sojka, Q. Pan, L. Billmann, Comparative Study of Li-Ion Battery Recycling 
Processes, 2020. https://accurec.de/wp-content/uploads/2021/04/Accurec-Co 
mparative-study.pdf. 

[123] A. Sattar, D. Greenwood, M. Dowson, P. Unadkat, Automotive Lithium Ion Battery 
Recycling in the UK Based on a Feasibility Study, REPORT SUMMARY, 2020. 

[124] L. Bravo Diaz, X. He, Z. Hu, F. Restuccia, M. Marinescu, J.V. Barreras, Y. Patel, 
G. Offer, G. Rein, Review of fire safety of lithium-ion batteries: industry 
challenges and research contributions, J. Electrochem. Soc. 167 (2020), 90559, 
https://doi.org/10.1149/1945-7111/ABA8B9. 

[125] L. Gaines, K. Richa, J. Spangenberger, Key issues for Li-ion battery recycling, MRS 
Energy Sustain. 5 (2018), https://doi.org/10.1557/MRE.2018.13. 

[126] Umicore Group, Umicore - Our recycling process, in: https://csm.umicore.com/ 
en/battery-recycling/our-recycling-process/, 2019. 

[127] Duesenfeld GmbH, Ecofriendly recycling of lithium-ion batteries. https://www. 
duesenfeld.com/recycling_en.html, 2022. 

[128] J. Pudas, AkkuSer Oy mobile phone and battery recycling services. https://ec.eur 
opa.eu/environment/archives/ecoinnovation2011/2nd_forum/presentations/Se 
ssion, 2011. 

[129] Akkuser Pathent US8979006 Copia, (n.d.). 
[130] F. Tedjar, J.C. Foudraz, Method for the Mixed Recycling of Lithium-Based Anode 

Batteries and Cells. US 7820317 B2, 2010. 
[131] SNAM, Collection and recycling of batteries, hybrid and electric vehicle sector (n. 

d.), https://www.snam.com/. (Accessed 26 May 2022). 
[132] Recycling - Erasteel (n.d.), https://www.erasteel.com/technologies/recycling/. 

(Accessed 26 May 2022). 
[133] E.D. Industrie, Euro Dieuze Industrie report. https://elibama.files.wordpress. 

com/2013/01/euro_dieuze_industrie.pdf, 2013. 
[134] Redux GmbH, Redux smart battery recycling. https://www.redux-recycling. 

com/de, 2022. 
[135] Neometals, Neometals company announcement. 7 May 2021. https://www.criti 

calmetals.eu/reports/132-210507-NMT-LiB-Recycling—Outstanding-Cost-, 2021. 
[136] Northvolt - the future of energy | Northvolt (n.d.), https://northvolt.com/. 

(Accessed 26 May 2022). 
[137] For a cleaner world | Fortum (n.d.), https://www.fortum.com/. (Accessed 26 May 

2022). 
[138] Resource management and recycling solutions | Stena Recycling (n.d.), htt 

ps://www.stenarecycling.com/. (Accessed 26 May 2022). 
[139] W.N. Smith, S. Swoffer, Process for Recovering and Regenerating Lithium-Ion 

Cathode Material from Lithium-Ion Batteries. US 8882007 B1, 2014. 
[140] A.M. Bernardes, D.C.R. Espinosa, J.A.S. Tenório, Recycling of batteries: a review 
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[164] M. Grützke, X. Mönnighoff, F. Horsthemke, V. Kraft, M. Winter, S. Nowak, 
Extraction of lithium-ion battery electrolytes with liquid and supercritical carbon 
dioxide and additional solvents, RSC Adv. 5 (2015) 43209–43217, https://doi. 
org/10.1039/c5ra04451k. 

[165] Hanisch, Recycling Method for Treating Used Batteries in Particular Rechargeable 
Batteries, and Battery Processing Installation. US 2019/0260101 A1, 2019. 

[166] C. Hanisch, W. Haselrieder, A. Kwade, Method for Reclaiming Active Material 
from a Galvanic Cell, and an Active Material Separation Installation, Particularly 
an Active Metal Separation Installation. US 9780419 B2, 2017. 

[167] C. Hanisch, B. Westphal, W. Haselrieder, M. Schoenitz, Method for Treatment of 
Used Batteries in Particular Rechargeable Batteries, and Battery Processing 
Installation. US 2018/0301769 A1, 2018. 

[168] E. Gratz, Q. Sa, D. Apelian, Y. Wang, A closed loop process for recycling spent 
lithium ion batteries, J. Power Sources 262 (2014) 255–262, https://doi.org/ 
10.1016/j.jpowsour.2014.03.126. 

[169] H. Zou, E. Gratz, D. Apelian, Y. Wang, A novel method to recycle mixed cathode 
materials for lithium ion batteries, Green Chem. 15 (2013) 1183–1191, https:// 
doi.org/10.1039/c3gc40182k. 

[170] Q. Sa, E. Gratz, M. He, W. Lu, D. Apelian, Y. Wang, Synthesis of high performance 
LiNi1/3Mn1/3Co1/3O2 from lithium ion battery recovery stream, J. Power 
Sources 282 (2015) 140–145, https://doi.org/10.1016/j.jpowsour.2015.02.046. 

[171] H. Rouhi, E. Karola, R. Serna-Guerrero, A. Santasalo-Aarnio, Voltage behavior in 
lithium-ion batteries after electrochemical discharge and its implications on the 
safety of recycling processes, J. Energy Storage 35 (2021), 102323, https://doi. 
org/10.1016/J.EST.2021.102323. 

[172] J. Shu, M. Shui, D. Xu, D. Wang, Y. Ren, S. Gao, A comparative study of 
overdischarge behaviors of cathode materials for lithium-ion batteries, J. Solid 
State Electrochem. 16 (2012) 819–824, https://doi.org/10.1007/S10008-011- 
1484-7. 

[173] J. Piątek, S. Afyon, T.M. Budnyak, S. Budnyk, M.H. Sipponen, A. Slabon, 
Sustainable Li-ion batteries: chemistry and recycling, Adv. Energy Mater. 11 
(2021), https://doi.org/10.1002/AENM.202003456. 

[174] Z. Liang, C. Cai, G. Peng, J. Hu, H. Hou, B. Liu, S. Liang, K. Xiao, S. Yuan, J. Yang, 
Hydrometallurgical recovery of spent lithium ion batteries: environmental 
strategies and sustainability evaluation, ACS Sustain. Chem. Eng. 9 (2021) 
5750–5767, https://doi.org/10.1021/acssuschemeng.1c00942. 

[175] S. Lei, W. Sun, Y. Yang, Solvent extraction for recycling of spent lithium-ion 
batteries, J. Hazard Mater. 424 (2022), 127654, https://doi.org/10.1016/j. 
jhazmat.2021.127654. 

[176] L. Schwich, T. Schubert, B. Friedrich, Early-stage recovery of lithium from 
tailored thermal conditioned black mass part i: mobilizing lithium via 
supercritical co2-carbonation, Metals 11 (2021) 1–30, https://doi.org/10.3390/ 
MET11020177. 

[177] Y. Liu, D. Mu, R. Zheng, C. Dai, Supercritical CO2 extraction of organic carbonate- 
based electrolytes of lithium-ion batteries, RSC Adv. 4 (2014) 54525–54531, 
https://doi.org/10.1039/C4RA10530C. 

[178] Y. Liu, D. Mu, Y. Dai, Q. Ma, R. Zheng, C. Dai, Analysis on extraction behaviour of 
lithium-ion battery electrolyte solvents in supercritical CO2 by gas 
chromatography, Int. J. Electrochem. Sci. 11 (2016) 7594–7604, https://doi.org/ 
10.20964/2016.09.03. 

[179] C. Hanisch, Recycling Method for Treating Used Batteries, in Particular 
Rechargeable Batteries, and Battery Processing Installation. US 20210175556 A1, 
2021. 

[180] G. Zhang, X. Yuan, Y. He, H. Wang, T. Zhang, W. Xie, Recent advances in 
pretreating technology for recycling valuable metals from spent lithium-ion 
batteries, J. Hazard Mater. 406 (2021), https://doi.org/10.1016/j. 
jhazmat.2020.124332. 

[181] S. Krüger, C. Hanisch, A. Kwade, M. Winter, S. Nowak, Effect of impurities caused 
by a recycling process on the electrochemical performance of Li 
[Ni0.33Co0.33Mn0.33]O2, J. Electroanal. Chem. 726 (2014) 91–96, https://doi. 
org/10.1016/j.jelechem.2014.05.017. 

[182] C. Hanisch, T. Loellhoeffel, J. Diekmann, K.J. Markley, W. Haselrieder, A. Kwade, 
Recycling of lithium-ion batteries: a novel method to separate coating and foil of 
electrodes, J. Clean. Prod. 108 (2015) 301–311, https://doi.org/10.1016/j. 
jclepro.2015.08.026. 

[183] T. Georgi-Maschler, B. Friedrich, R. Weyhe, H. Heegn, M. Rutz, Development of a 
recycling process for Li-ion batteries, J. Power Sources 207 (2012) 173–182, 
https://doi.org/10.1016/j.jpowsour.2012.01.152. 

[184] N. Vieceli, R. Casasola, G. Lombardo, B. Ebin, M. Petranikova, C.A. Nogueira, 
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[243] L. Wuschke, H.G. Jäckel, T. Leißner, U.A. Peuker, Crushing of large Li-ion battery 
cells, Waste Manag. 85 (2019) 317–326, https://doi.org/10.1016/j. 
wasman.2018.12.042. 

[244] Jaco Huisman, Silvia. Bobba, European commission. Joint research Centre., 
“Available for Collection” study on alternative collection targets for portable and 
light means of transport batteries., (n.d.). 

[245] C. Yang, J. Zhang, G. Liang, H. Jin, Y. Chen, C. Wang, An advanced strategy of 
“metallurgy before sorting” for recycling spent entire ternary lithium-ion 

D. Latini et al.                                                                                                                                                                                                                                   

https://doi.org/10.1007/S11837-007-0141-1
https://doi.org/10.1021/ACSSUSCHEMENG.0C07166/ASSET/IMAGES/LARGE/SC0C07166_0004.JPEG
https://doi.org/10.1016/j.jhazmat.2016.03.062
https://doi.org/10.1007/978-3-319-70572-9_3
https://doi.org/10.1016/J.APM.2005.11.005
https://doi.org/10.1016/J.JALLCOM.2022.164691
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref195
https://doi.org/10.1016/J.APM.2005.11.005
https://doi.org/10.1016/j.wasman.2004.12.012
https://doi.org/10.3390/EN13164183
https://doi.org/10.1016/j.jpowsour.2007.07.002
https://doi.org/10.1007/s40831-020-00265-8
https://doi.org/10.1016/j.hydromet.2021.105602
https://doi.org/10.1007/S11837-007-0141-1
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref198
https://doi.org/10.1002/sus2.16
https://doi.org/10.1016/j.jhazmat.2016.03.062
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref195
https://doi.org/10.1002/open.202100060
https://doi.org/10.1039/C4GC01951B
https://doi.org/10.1016/j.mineng.2020.106512
https://doi.org/10.1021/ACSAMI.0C15704/ASSET/IMAGES/LARGE/AM0C15704_0007.JPEG
https://doi.org/10.1080/10643389.2021.1874854
https://doi.org/10.1007/s40831-020-00265-8
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref207
https://doi.org/10.1149/1945-7111/AB6280
https://doi.org/10.1177/0734242X19871610
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref198
https://doi.org/10.1016/j.jclepro.2017.05.181
https://doi.org/10.1039/D0GC02662J
https://doi.org/10.1080/10643389.2021.1874854
https://doi.org/10.1039/C7GC03376A
https://doi.org/10.1039/D0GC02662J
https://doi.org/10.1039/C7GC03376A
https://doi.org/10.1016/J.MINENG.2021.107218
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref210
https://doi.org/10.1016/J.JCLEPRO.2021.126788
https://doi.org/10.1016/J.JCLEPRO.2021.126788
https://doi.org/10.1016/j.hydromet.2016.03.007
https://doi.org/10.1016/j.jclepro.2017.05.181
https://doi.org/10.1021/ACSAMI.0C15704/ASSET/IMAGES/LARGE/AM0C15704_0007.JPEG
https://doi.org/10.1016/j.wasman.2018.12.042
https://doi.org/10.1021/ACSSUSCHEMENG.0C07166/ASSET/IMAGES/LARGE/SC0C07166_0004.JPEG
https://doi.org/10.1088/1755-1315/463/1/012159
https://ascendelements.com/
https://doi.org/10.1016/J.JALLCOM.2022.164691
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref206
https://doi.org/10.1016/J.CERAMINT.2017.09.180
https://doi.org/10.1016/j.susmat.2018.e00062
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref198
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref232
https://doi.org/10.1016/j.hydromet.2021.105602
https://doi.org/10.1016/J.JMRT.2019.07.053
https://doi.org/10.1080/09593330.2021.1968505
https://doi.org/10.1016/J.RESCONREC.2020.104809
https://doi.org/10.1016/j.jhazmat.2016.12.021
https://doi.org/10.1016/j.mineng.2020.106512
https://doi.org/10.3390/batteries7030060
https://doi.org/10.1016/J.WASMAN.2018.11.034
https://doi.org/10.1021/ACSSUSCHEMENG.0C07166/ASSET/IMAGES/LARGE/SC0C07166_0004.JPEG
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref207
https://doi.org/10.1016/j.wasman.2018.12.042
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref210
https://doi.org/10.1039/C7GC02831H
https://doi.org/10.1088/1755-1315/463/1/012159
https://doi.org/10.1177/0734242X19871610
https://doi.org/10.1002/open.202100060
https://doi.org/10.1016/J.JMRT.2019.07.053
https://doi.org/10.1016/j.jpowsour.2007.07.002
https://doi.org/10.1016/j.jclepro.2018.01.101
https://doi.org/10.1016/j.isci.2020.101081
https://doi.org/10.1016/j.susmat.2018.e00062
https://doi.org/10.1016/j.chemosphere.2020.126670
https://doi.org/10.1002/sus2.16
https://doi.org/10.1016/j.wasman.2018.12.034
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref195
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref210
https://doi.org/10.1016/j.wasman.2019.08.041
https://doi.org/10.1016/j.wasman.2018.12.034
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref206
https://doi.org/10.1016/j.isci.2020.101081
https://doi.org/10.1007/S40831-015-0016-6
https://doi.org/10.1016/J.JCLEPRO.2016.09.144
https://doi.org/10.1149/1945-7111/AB6280
https://doi.org/10.1016/j.hydromet.2016.03.007
https://doi.org/10.1016/J.WASMAN.2018.11.034
http://refhub.elsevier.com/S0378-7753(22)00959-4/sref232


Journal of Power Sources 546 (2022) 231979

23

batteries, J. Clean. Prod. 361 (2022), 132268, https://doi.org/10.1016/J. 
JCLEPRO.2022.132268. 

[246] J. Quan, S. Zhao, D. Song, T. Wang, W. He, G. Li, Comparative life cycle 
assessment of LFP and NCM batteries including the secondary use and different 
recycling technologies, Sci. Total Environ. (2022) 819, https://doi.org/10.1016/ 
j.scitotenv.2022.153105. 

[247] A. Amato, A. Becci, M. Villen-Guzman, C. Vereda-Alonso, F. Beolchini, Challenges 
for sustainable lithium supply: a critical review, J. Clean. Prod. 300 (2021), 
126954, https://doi.org/10.1016/j.jclepro.2021.126954. 

[248] H. Dang, B. Wang, Z. Chang, X. Wu, J. Feng, H. Zhou, W. Li, C. Sun, Recycled 
lithium from simulated pyrometallurgical slag by chlorination roasting, ACS 
Sustain. Chem. Eng. 6 (2018) 13160–13167, https://doi.org/10.1021/ 
ACSSUSCHEMENG.8B02713. 

[249] D. Thompson, C. Hyde, J.M. Hartley, A.P. Abbott, P.A. Anderson, G.D.J. Harper, 
To shred or not to shred: a comparative techno-economic assessment of lithium 
ion battery hydrometallurgical recycling retaining value and improving 
circularity in LIB supply chains, Resour. Conserv. Recycl. 175 (2021), 105741, 
https://doi.org/10.1016/J.RESCONREC.2021.105741. 

D. Latini et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.scitotenv.2022.153105
https://doi.org/10.1016/j.scitotenv.2022.153105
https://doi.org/10.1016/J.JCLEPRO.2022.132268
https://doi.org/10.1021/ACSSUSCHEMENG.8B02713
https://doi.org/10.1016/J.JCLEPRO.2022.132268
https://doi.org/10.1016/J.RESCONREC.2021.105741
https://doi.org/10.1016/j.jclepro.2021.126954
https://doi.org/10.1021/ACSSUSCHEMENG.8B02713


 1 

 

SUPPLEMENTARY INFORMATION 

 

A comprehensive review and classification of unit 

operations with assessment of outputs quality in 

lithium-ion battery recycling 

 

Dario Latini1, Marco Vaccari1*, Marco Lagnoni1, Martina Orefice2, Fabrice Mathieux2, Jaco 

Huisman2, Leonardo Tognotti1, Antonio Bertei1* 

 

1Department of Civil and Industrial Engineering, University of Pisa, Largo Lazzarino 2, 56122 

Pisa, Italy 

2European Commission – Joint Research Centre, Via E. Fermi 2749, 21027 Ispra, Italy 

*marco.vaccari@unipi.it, antonio.bertei@unipi.it 

  



 2 

Table S1. Characteristics of selected cathode active materials 1–6. 

Cathode 
material 

Voltage 
operating 

range  
Nominal 
voltage  

Specific 
accessible 
capacity  

Specific 
accessible 

energy  
Cycle life Cost  

 [V] [V] [mAh g-1] [Wh kg-1] [No. cycles] [€ kg-1] 

LCO 3.00 - 4.20 3.60 145 150 - 200 500 - 1000 29.75 

LMO 3.00 - 4.20 3.70 - 3.80 120 100 - 150 300 - 700 8.50 

NMC-111 3.00 - 4.20 3.60 - 3.70 160 - 170 150 - 220 1000 - 2000 17.00 

NMC-532 3.00 - 4.20 3.60 - 3.70 180 150 - 220 1000 - 2000 16.00 

NMC-622 3.00 - 4.20 3.60 - 3.70 180 - 190 150 - 220 1000 - 2000 14.45 

NMC-811 3.00 - 4.20 3.60 - 3.70 200 200 - 260 500 - 1000 13.60 

NCA 3.00 - 4.20 3.60 180 - 200 200 - 260 500 20.40 

LFP 2.50 - 3.65 3.20 - 3.30 150 - 170 90 -120 2000 11.90 

 

Table S2. Overview of some of the most widespread BEV models and their LIBs currently on market 1. 

Cell 
Chemistry 

Battery 
Manufacturer 

Battery 
Format 

Cell 
Capacity 

Cell 
Voltage 

Battery 
Pack 

Energy 

Battery 
Pack 

Range 
BEV 

model 

Cathode/Anode   [Ah] [V] [kWh] [km]  

LFP/C A123 Pouch 20 3.3 21 130 
Chevrolet 
spark EV 

(2012) 

LFP/C BYD Prismatic - 3.3 61 300 BYD e6 
(2010) 

NCA/C Panasonic Cylindrical 3.2 3.6 60-100 330-500 Tesla S 
(2012) 

NCA/Si-C Panasonic Cylindrical 3.4 3.6 50-100 330-500 Tesla X 
(2015) 

NCA/Si-C Panasonic Cylindrical 4.75 3.6 75-100 350-500 Tesla 3 
(2017) 

NMC/C Panasonic/Sanyo Prismatic 25 3.7 24 190 VW eGolf 
(2015) 

NMC/LTO Toshiba Prismatic 20 2.3 20 130 Honda Fit 
EV (2013) 
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NMC/C Li-Tec Pouch 52 3.65 17 145 
Smart 
Fortwo 

EV (2013) 

NMC/C SK Innovation Pouch 38 3.7 27 145 Jia Soul 
EV (2014) 

NMC/C LG Chem Pouch 56 3.65 60 383 
Chevrolet 

Bolt 
(2016) 

NMC/C LG Chem Pouch 59 3.7 41 400 
Renault 

Zoe 
(2017) 

NMC/C Samsung SDI Prismatic 94 3.68 33.2 180 BMW i3 
(2016) 

NMC-LMO/C Li energy Japan Prismatic 50 3.7 16 160 
Mitsubishi 

i-MIEV 
(2008) 

NMC-LMO/C Samsung SDI Prismatic 63 3.65 24 140 Fiat 5003 
(2013) 

NMC-LMO/C LG Chem Pouch 16 3.7 35.5 160 
Ford 

Focus EV 
(2012) 

NMC-LMO/C LG Chem Pouch 36 3.75 26 150 
Renault 

Zoe 
(2012) 

LMO-NCA/C AESC Pouch 33 3.75 24 135 
Nissan 
Leaf 

(2010) 

LMO-NCA/C AESC Pouch 40 3.75 30 172 
Nissan 
Leaf 

(2015) 

 

Figure S1. Mass composition of a battery system for EV according to its cathode chemistry. 
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Figure S2. Mass composition of a small format lithium-ion battery according to its cathode chemistry. 
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S1. Description of other recycling processes in Europe 

S1.1 Accurec 

 Accurec Recycling GmbH is a German battery recycling company founded in 1995 7–15. In 

2016 Accurec opened a new recycling facility in Krefeld, Germany, specific for Li-ion batteries and 

in 2019 it reached a capacity of 3,000 t y-1. The Accurec process was initially designed only for Ni-

metal hydride batteries but it is currently able to recycle also LIBs using a combination of mechanical, 

pyrometallurgical and hydrometallurgical unit operations in order to recover a Co-Ni-Mn alloy and 

potentially Li2CO3. 

 LIBs are sorted, cleaned, and manually disassembled. The dismantled battery cells are fed to 

a vacuum thermal treatment in a rotary kiln at 250-600°C to remove electrolyte, solvents, and volatile 

hydrocarbons. The temperature is limited to 600°C to avoid the oxidation of valuable metals. In 

particular, the vacuum thermal pyrolysis is carried out preferably at 500°C and 100 mbar for 2-3 

hours. The process eliminates the risk related to flammable organic solvents and toxic decomposition 

of lithium conductive salt. The off-gas is cleaned by afterburner and the excess energy produced by 

the incineration of solvents and organic compounds is used to produce high pressure steam, which is 

used in the process. The flue gases are cooled down with water, then passed through a flue gas 

scrubber to wash out halogen gaseous compounds, after that dust is removed in a condensation 

electro-filter and NOx are removed by a catalyst. Electrolyte solvent could be partially recovered 

through condensation from the off-gas achieving a recycling efficiency of the electrolyte equal to 

approximately the 80 wt% with a composition of the recovered solvents mixture equal to 71 wt% of 

EMC, 10 wt% of EC and 19 wt% others. However, this mixture contains also various decomposition 

products that make a direct reuse impossible and so this alternative is not yet economically attractive. 

Treated batteries are milled and grinded using a rotating roll crusher, then fragments undergo a series 

of mechanical operations including vibrating screen, magnetic separator and zig-zag air classifiers. 

The mechanical separations produce a heavy fraction containing mostly steel and nickel heavy 
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magnetic fraction, a plastic and aluminum heavy non-magnetic fraction, an Al and Cu current 

collector foils light fraction, a plastic separator light fraction and a sieved powder which is the black 

mass. The black mass, which has a particle size lower than 200 !m, is agglomerated in pellets and 

undergoes a two-step pyrometallurgical process. The pellets are composed approximately of 30 wt% 

Co, 3 wt% Li, 30 wt% graphite and the remaining fraction is made of slag formers and binder. The 

slag formers are Al2O3, CaO, MgO and SiO2. The first step at 800°C is in a rotary kiln in order to 

halve the graphite content and a second step is in an electric arc furnace operating the “reducing 

meltdown” at 1500-1800°C. In the reducing meltdown graphite is burnt to enhance the recovery of 

valuable metals like Co and Ni. The slag phase includes LiO2, CaO, SiO2, Al, the remaining graphite, 

and impurities mainly of Cu, Co and Fe. The alloy is composed of Co, Ni, Fe, and Mn and is sold to 

metal industry. In the reducing meltdown process most of the lithium is volatilized as flue dust and 

oxidized as Li2O.  

In the past, efforts were made to further process flue dust and slag with hydrometallurgical 

treatments to recover Li2CO3; however, such a recovery is not operated anymore 9. During such 

research studies, the slag was crushed to obtain a particle size lower than 100 !m, then it was mixed 

with the flue dust and leached in 1 mol L-1 H2SO4 for 2 hours at 60-80°C with possible addition of 

H2O2. The solution was refined to remove impurities mainly of Cu, Fe, Al. First copper ions were 

cemented adding steel shots achieving a precipitation of more than 95 wt% of Cu in 30 minutes. Then 

Al and Fe ions were precipitated at 40°C by adjusting the pH to 4.4 with NaOH solution to precipitate 

hydroxides with a removal efficiency of Al and Fe higher than 97 wt%. Finally, the refined solution 

was boiled at 90°C to concentrate Li in the solution, 200 g L-1 Na2CO3 solution were added and 

Li2CO3 was precipitated keeping the temperature at 95°C, achieving a claimed Li2CO3 recovery 

efficiency of 90 wt% with battery grade quality and a declared overall recycling efficiency of 65.2 

wt%. However, Li recovery does not appear to be currently operated anymore by the company. 
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Figure S3. Simplified flowchart of Accurec process 13; the Li2CO3 recovery is no longer operated 9.   

 

S1.2 Erasteel Recycling (former Valdi)16 

 Valdi was a battery recycling French company, which was acquired by the French mining and 

metallurgical group Eramet in 2009. In 2021 Valdi trademark was replaced by Erasteel Recycling as 
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optionally treated. Batteries are fed in a continuous arc furnace that produces a metal alloy of Ni-Fe 

and a manganese slag. The alloy is sold to stainless steel market and it contains 20-25 wt% of Ni, 

whereas the Mn slag composed by MnO for up to the 47 wt% is addressed to productors of silico-

manganese alloy. The flue gas of the furnace is specifically cleaned and the flue dust is recovered and 

dedicated to a process unit for refinement and production of ZnO fraction with a purity up to 82 wt%. 

The recycling efficiency claimed by Erasteel is around the 80 wt%. 

 

S1.3 SNAM 

 SNAM (Societe Nouvelle d’Affinage des Metaux) is a battery recycling company founded in 

1977 in Lyon, France9. It recycles Ni-Cd, Ni-metal hydride, alkaline and Li-ion batteries. The 

recycling activities for Li-ion batteries started in 2000. Li-ion batteries are treated as Ni-Cd ones with 

a process including pyrolysis and refinements. The pyrolysis is a pre-treatment step, in which 

flammable solvents and other organic and plastic compounds are decomposed and incinerated in a 

following afterburner. The remaining battery scraps are sent to primary metallurgy processors to 

recover Co, Ni and Cu. The refinement treatments are mainly pyrometallurgy-based, but a 

hydrometallurgical section is under development. 

 

S1.4 Euro Dieuze Industrie  

 Euro Dieuze Industrie (E.D.I.) is a French company located in the Metz-Nancy area 9,17. It is 

a subsidiary of SARP Industries and of the Veolia Environment Waste Management Division. E.D.I. 

treats 5,000 t y-1 of spent batteries including alkaline, Ni-Cd, primary and secondary lithium batteries. 

The process of lithium-ion batteries recycling is mainly mechanical, including manual sorting, 

disassembly, crushing and other separations. Crushing for Li-ion batteries is carried out with a 

specially designed process using water flow to catch the electrolyte solvents. Crushed fragments are 

sieved to separate the black mass. The oversized fractions are fed to an electromagnetic conveyor belt 
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to separate steel and then, using an eddy current disk, paramagnetic metals such Al and Cu are 

recovered. Black mass is not currently refined. 

 

S1.5 Akkuser Oy  

 Akkuser Ltd is a battery recycling company founded in 2006 in Nivala, Finland 7,11,12,18,19. It 

handles ca. 4000 t y-1 of mixed LIBs with several chemistries using its own method named Dry-

Technology, which is based on low temperature mechanical treatments and pre-processing. 

According to Akkuser data, the recycling rate is higher than 90 wt% and energy consumption is only 

0.3 kWh kg-1 19.  

 The mixed spent LIBs are pre-sorted by type and then crushed by two continuous cutting 

mills. The first one operates at 40-50°C with a rotor speed of 100-400 rpm, resulting in battery 

fragments size ranging from 1.25 to 2.5 cm. During crushing gases such as H2 and O2 are released, 

thus the chambers are equipped with a cyclonic air removal. The off-gas is filtered a first time to 

remove plastic fragments with attached metals, then it is filtered further to produce a flue gas free of 

particulate, that is released to the atmosphere. An air-tight cooling tube transfers the crushed 

fragments to the second crusher, then operates at 1000-1200 rpm achieving a fragment size lower 

than 6 mm. Also, this equipment is provided with a cyclonic air removal and the same off-gas cleaning 

system previously described. The crushed batteries are fed to a magnetic separation step, resulting in 

the recovery of iron. The remained powder is composed mostly by electrodic materials and current 

collector foils and is sold as product to other recycling processes. 
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Figure S4. Simplified flowchart of Akkuser process 11. 

 

S1.6 Redux 

 Redux Recycling GmbH is a battery recycling company founded in 1997 in Dietzenbach, 

Germany 9. In 2016 it was acquired by the Austrian Saubermacher AG, which is a waste management 
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(Germany), which is able to recycle nearly 80% of all major portable batteries including alkaline, Ni-

Cd and others. In 2018 Redux opened a new hi-tech plant for LIBs in Bremerhaven, which can recycle 
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is carried out in a rotary kiln to deactivate batteries by removing flammable electrolyte. A crushing 

step follows, along with undisclosed mechanical separations leading to the production of aluminum, 

copper and active materials fractions.  

 

S1.7 BatRec  

 The BatRec Industries AG is a company based in Wimmis, Switzerland, specialized in 

hazardous waste treatment/recovery since 1989 7,11,12,20. The spent LIBs recycling process is mainly 

based on mechanical treatments.  

 Batteries are fed to a crusher, where they are comminuted under CO2 atmosphere, which 

reduces flammable risks and reacts with elementary metallic lithium creating a passivation layer of 

Li2CO3. Crushed fragments are neutralized by feeding a flow of moist air to the crusher. Then the 

protective atmosphere is released and the electrolyte evaporated during the crushing is condensed in 

the off-gas treatment section, but it is not considered for further use due to the presence of 

decomposition impurities. After that undisclosed mechanical separation and leaching are carried out 

to obtain four different fractions: a magnetic metal fraction including mostly steel, a non-magnetic 

metal fraction composed by Al and Cu, a plastics fraction, and a fine fraction containing active 

materials. The black mass is sold to companies producing cobalt and nickel such as Glencore and 

Umicore.  
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Figure S5. Simplified flowchart of BatRec process 12. 
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current process was developed during the VALIBAT project within the “European Commission’s 

Fifth Framework Programme” (FP5) between 2000 and 2003. The Recupyl process is a low 

temperature LIBs recycling technology based on mechanical treatments and hydrometallurgy.  
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crushing steps are carried out under inert atmosphere made of CO2 with 10-35% of Ar. Crushed 

fragments are sieved using a vibrating screen separating an oversized fraction (> 3mm) and an 

undersized one (< 3 mm). The oversized fraction, including Al, steel, and plastics from the housings 

and the major fraction of current collector foils and separator, undergoes a magnetic separation to 

remove ferrous metals and the remaining non-magnetic materials are processed with a densiometric 

table. Thanks to the relative difference in density, fragments are divided in a heavy fraction, 

containing mostly Cu and Al foils, and a light fraction, mostly made of plastics. The undersized 

fraction contains the anode and cathode active materials and traces of current collector foils, so it is 

further sieved at mesh size of 500 !m separating impurities of Cu. The sieved powder consists of 

cathode and anode active materials with less than 0.3 wt% of Cu impurities. The electrodic powder 

is mixed with water and steel shots with a steel-to-powder weight ratio of 0.15 and the pH is adjusted 

to 12-13 using LiOH alkaline solution. The hydrolysis of Li produces gaseous explosive hydrogen, 

so the tank is blanketed with CO2 or Ar coming from the flue gas of inert crushing. Li from the 

cathode material is dissolved in aqueous phase whereas other metals oxide and graphite are separated 

by filtration. Some of the lithium is precipitated as Li2CO3 using part of the flue gas of inert crushing 

rich of CO2 and the remaining lithium is precipitated as lithium phosphate in a neutralization step 

with 85 wt% H3PO4 solution. The precipitation of lithium with the neutralization step is carried out 

at pH 8.5 and achieves a recovery efficiency of Li up to 99 wt%. The precipitation occurs at pH 

around 9, then the precipitate is washed with CO2 saturated solution and dried at 105°C.  

The remaining solid fraction is leached in 1 mol L-1 H2SO4 solution at 80°C and pH lower 

than 3, which is able to dissolve in solution almost all the metals, whereas the insoluble graphite is 

filtered out. Then remaining traces of Cu ions are cemented with steel shots cooling down the solution 

at 60°C, resulting in the precipitation of elementary metallic Cu, which is separated by filtration. 

Then 20 wt% NaOH solution is added to increase the pH to 3.85 to precipitate iron hydroxides. 

Finally, Co is recovered from the solution through crystallization as Co(OH)3 in presence of NaClO 

or through electrolysis as elemental Co. The electrolysis is performed at 55°C, current density of 400-
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600 A m-2 by using stainless steel cathode and antimony-lead alloy anode. The process solution 

incoming the electrolysis is neutralized at pH 5.8 and after the process is recycled to the leaching 

step. The part of the solution which is sent to the Co precipitation process is adjusted to pH 2.3-2.8 

using NaClO, thus Co hydroxide is precipitated and filtered out whereas the solution containing 

lithium sulphate traces is sent to the lithium precipitation step.  

 
Figure S6. Simplified flowchart of Recupyl process 12. 

 

S1.9 Neometals  

 Neometals Ltd. is an Australian lithium mining and refining company which entered in the 

lithium battery recycling market 25–27. After three years of development including bench and pilot 
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Company SMS group. First a pilot plant was tested in Lakefield, Canada, then in 2020 the joint 
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commercial plant with a capacity of 20,000 t y-1 is under investigation. Primobius has also announced 

that its German demonstration plant will treat 1 t of black mass per day in 2022, thus achieving an 

annual capacity of recycled spent LIBs corresponding to ca. 10,000 t. The company is also studying 

a business model with several decentralized plants operating the mechanical treatments and a single 

centralized plant that carries out the hydrometallurgical treatments.  

The Neometals process is a combination of mechanical and hydrometallurgical treatments 

designed for portable electronics LIBs mostly with LCO chemistry, and large format LIBs with NMC 

and eventually NCA chemistry coming from EVs and stationary energy storage. The key minerals 

targeted for recovery are lithium, cobalt, nickel, copper, iron, aluminum, graphite, and manganese, 

but also plastics, aluminum foil, and copper foil are mechanically separated in the first part of the 

process. Metals from cathode active material and lithium are recovered with a battery grade purity to 

create a closed loop of recycling. Neometals claims an overall recycling efficiency higher than 90 

wt%.  

 The process starts with a sorting, followed by a two-stage wet shredding. The crushed 

fragments are sieved to separate a slurry containing electrolyte, black mass, and the brine. The 

oversized fragments are fed to a zig-zag sifter, which separates a light plastic fraction and a heavy 

fraction including steel, aluminum, and copper. The heavy fraction could be further refined to 

separate metals. The black mass slurry is fed to a plate and frame filter to obtain a black mass solid 

cake and a solution containing diluted electrolyte. A vacuum dryer follows, which removes the 

remaining electrolyte and brine. The dried powder is then crushed with a mill and sieved. The 

resulting black mass can be stored and sent to the hydrometallurgical section of the plant, where it is 

leached; the unleached graphite is filtered out through a filter press. The leached solution is sent to a 

crystallization step to remove copper sulphate, which is then filtered out. Another impurities removal 

step follows, where Al and Fe hydroxides are precipitated by adjusting the pH with NaOH solution. 

Then, undisclosed solvent extraction and precipitation phases are carried out to obtain in 
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chronological order manganese sulphate, cobalt sulphate, nickel sulphate, lithium sulphate and 

ammonium sulphate. 

 
Figure S7. Hydrometallurgical steps in Neometals process 26. 

 

S1.10 NorthVolt AB, Fortum Oyj and Stena  

 NorthVolt AB is a Swedish leading battery company in Europe, which has decided also to 

invest in LIBs recycling. HydroVolt is owned by NorthVolt and the Norwegian aluminum producer 

Norsk Hydro. The plant in Fredrikstad, Norway, has been operating since the end of 2021 and has a 

capacity of ca. 8,000 t y-1 of spent batteries. This process is mainly mechanical with the aim to 

separate aluminum, addressed to Norsk Hydro, and black mass, sent to NorthVolt battery production. 

In addition, NorthVolt developed its personal recycling process called ReVolt, which will be 

implemented in a new recycling facility situated near Northvolt Ett gigafactory in Skellefteå, Sweden. 

The plant will be operative in 2023 and the process is claimed to recycle 97% of the LIB. The ReVolt 

process starts with a discharging step for energy recovery followed by a robot-assisted dismantling 

step. Batteries are shredded and several undisclosed mechanical separations are carried out to recover 

metal scraps, black mass and also the electrolyte. Finally, the black mass is fed to a hydrometallurgy-

based section to recover battery grade metal salts, that will be re-introduced in NorthVolt battery 
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production chain. According to the business plans, by 2030 the ReVolt recycling facility will treat ca. 

125,000 t y-1 of spent batteries, allowing NorthVolt to introduce 50% of recycled materials in its 

battery production. 

 Fortum Oyj is a Finnish company already carrying out a LIB recycling process based only on 

mechanical treatments to recover the black mass. The stated annual capacity of its mechanical process 

is ca. 3,000 tons of spent LIBs. Fortum Oyj has announced a new hydrometallurgy-based LIBs 

recycling plant, that will be ready 2023 in Harjavalta, Finland, to treat the black mass coming from 

the former established mechanical process. As a whole, LIBs are first disassembled and treated at 

Fortum’s mechanical separation plant in Ikaalinen, Finland, allowing the recovery of plastics, 

aluminum, copper, and black mass. Black mass will be addressed to Fortum's hydrometallurgical 

plant in Harjavalta to obtain battery-grade metal salts. Fortum declares that 80% of the battery will 

be recycled and the 95% of metals contained in the black mass will be recovered. 

 Stena is a Swedish company currently operating collection and sorting especially of small 

format LIBs coming from portable electronics, summing up to ca. 1,500 t y-1, which account for about 

half of Sweden small format spent LIBs. Stena has announced the development of a new 

hydrometallurgical facility in Halmstad in collaboration with the multinational company Johnson 

Matthey, claiming that 95% of the LIB will be recycled from starting from 2023. 

 

S2. Description of recycling processes in North America 

S2.1 Retriev Technologies  

 Retriev Technologies, called “Toxco” until 2013, commercialized one of the first lithium-ion 

batteries recycling processes in 1992 7–9,11–13,21,22,25,28,29. It is an established recycling route focused 

on LIBs and based on hydrometallurgy without any pyrometallurgical step.  
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 EV battery packs are manually disassembled. In the former Toxco process the reactive 

potential of LIBs was reduced by cryogenic cooling to -160°C with liquid nitrogen, which avoided 

short circuits due to the frozen state of the electrolyte. Currently this step is not carried out anymore 

for LIBs but only for batteries that could contain large amount of flammable metal Li like primary 

lithium batteries. So, nowadays dismantled LIBs are shredded and wet milled using first a shredder 

and then a hammer mill both operating under brine solution consisting of lithium brine, which is re-

circulated from a subsequent process step. A light floating fraction composed of plastic and steel 

fragments from outer housing is separated. If the content of Fe is high enough (65 wt% or more) the 

fraction is sold to metal industries otherwise it is sent to disposal. After milling, shredded fragments 

with an average dimension lower than 2.5 cm are screened at mesh size of 707 !m and fed to a shaker 

table, which separates a solid mixture of copper, aluminum, remaining plastics and active materials 

inclusions and a liquid slurry containing lithium, cobalt and graphite. The solid metal fraction is dried 

and sold to other primary metals producers. The cold brine solution containing active materials is 

transferred into a tank, where LiOH could be added to keep the pH constant at 10 avoiding the use of 

NaOH, that contaminates the brine. Afterwards, the solution is filtered by a filter press, whereby the 

active materials are separated as a mixture in form of a filter cake and are sold to other recycling 

processes, such as the pyrometallurgical facility of Glencore. The filtered lithium brine solution is 

transferred to a downstream tank where it is partially re-circulated to the previous crushing process 

or transferred to a following mixing tank. In this tank the solution is heated and concentrated through 

water evaporation, then the solution is transferred to a stirred tank where lithium is precipitated as 

Li2CO3 by addition of Na2CO3. The insoluble product is dewatered in a further filter press achieving 

a filter cake with 28 wt% moisture. The press has an electrolytic membrane selective for Li ions and, 

for further refining of Li2CO3, a subsequent dissolution in sulfuric acid is carried out, resulting in the 

dissolution of metals. Only Li ions pass through the membrane and then precipitate as LiOH, which 

is converted to Li2CO3 via CO2 bubbling. The produced Li2CO3 has a 99 wt% purity but is currently 

sold to steel manufacturers. Retriev carries out a preliminary analysis to determine the contained 
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metal values of each cell and, depending on metal content and current market values, it sets a gate 

fee to be paid by the battery owner or a credit to be assigned. 

 

Figure S8. Simplified flowchart of Retriev process 12. 

 

S2.2 INMETCO 

 The International Metals Reclamation Company (INMETCO) is a metal recycling company 

located near Pittsburgh (USA) that handles common industrial metal wastes such as electric arc 

furnace dust, mill scale, swarf, and flue dust from stainless steel manufacturers 7,11,25,30. It was 

established in 1978 and in 2009 became a subsidiary of American Zinc Recycling. INMETCO in 
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1995 opened a recycling unit specifically designed for Ni-Cd batteries. Since 2005 the unit recycled 

also zinc-carbon batteries, Ni-metal hydride batteries and also Li-ion batteries containing Ni, for a 

total of 6000 t y-1 of treated materials. Ni-Cd batteries continue to have their own unit whereas other 

batteries are fed to the primary unit treating also common metal scraps.  

 The feed is treated in a rotary hearth furnace at 1350°C together with carbon-based reducing 

pellets. Pellets are 12 mm in diameter and the load corresponds to three layers of pellets. The molten 

material is refined in an electric arc furnace recovering a Co-Ni-Fe alloy, whereas other metals such 

as Li are lost in the slag, while organic materials like the electrolyte solvents are burned. In the unit 

treating only Ni-Cd batteries the flue dust containing volatile Cd is further refined obtaining Cd with 

99.95 wt% purity. 

 

S2.3 Glencore 

 Glencore merged with Xstrata in 2013 and acquired also Sudbury Integrated Nickel 

Operations (INO) 7,11,25. Xstrata was a Swiss mining company, which started recycling batteries by 

adding battery scrap as secondary feedstock material in the extractive cobalt, nickel, and copper 

process routes. An advantage of this method is the reduction of energy consumption regarding the 

waste gas treatment. Because of the added sulfur-free battery scrap, the content of sulfur in the waste 

gases is reduced noticeably compared to the pure ore, that is mainly composed of sulphates of Co and 

Ni. There are also energy savings of about 75% because of the added secondary cobalt compared to 

the processing of the pure ore. Since 2008, Xstrata implemented a pretreatment of the LIBs in a rotary 

kiln to dry out the electrolyte. Similar to Inmetco, the Xstrata process targets the recovery of cobalt 

and nickel from the LIBs. Other contained materials just serve as reductants and are slagged or leave 

the process as waste gases.  

Sudbury INO is a battery recycling company that in the past treated mostly small portable 

batteries, while currently it also handles EV batteries. After the pre-treatment in a rotary kiln to 
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remove electrolyte and plastics, battery scraps are fed to a furnace operating at 1300°C. Li is lost in 

the slag, whereas Ni and Co are collected in the alloy. Co is extracted from the alloy using HCl as 

leaching agent and then is addressed to Glencore Refinery in Norway. Sudbury INO treats only Ni 

and Co-containing Li-ion batteries, whereas LFP batteries are not accepted unless after payment of a 

treatment charge. 

 

S2.4 Ascend Elements (former Battery Resourcers) 

 The Battery Resourcers process is considered a “closed loop” process because it recovers 

materials from LIBs suitable for LIB production 11,13,25,31–34. It was founded in 2015 and it is a spin-

off of Worcester Polytechnic Institute (WPI) based in Worcester, MA, which has developed a 

recycling process with an exclusive license from WPI that recovers cathode materials from a mixture 

of EOL LIBs. In 2018 the bench scale (50 kg of EOL batteries per batch) was upgraded to the pilot 

scale to process daily 500 kg of spent LIBs from major vehicles as well as production scrap from 

leading battery manufacturers. In 2020 Battery Resourcers opened a facility with a capacity of 5 t per 

day of spent EV batteries. The process is based on the co-precipitation method, which involves 

mechanical and hydrometallurgical treatments with a final single sintering step to produce cathode 

materials. It is specifically designed to treat LIBs with NMC chemistry but can accept also other 

chemistries as impurities. In January 2022 it changed its name into Ascend Elements, but the 

following description refers to the recycling process up to such a rebrand.  

 Spent LIBs are first over-discharged and then shredded with a hammer mill producing 

fragments with particle size lower than 6.3 mm. Wet fragments are soaked in propylene carbonate 

(PC) to remove the lithium conductive salt LiPF6, which can be recovered by evaporating the solvent 

at low temperature and pressure. Next, the undissolved material is filtered out and immersed in 1-

methyl-2-pyrrolidone (NMP) at 70°C to dissolve the PVDF binder and thus separate current collector 

foils from active materials. Fragments are treated by a magnetic separation to recover a magnetic 
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fraction composed mostly by steel. The non-magnetic fraction is composed by current collectors foils 

and electrodic material and is mixed with NaOH solution to extract Al as NaAl(OH)4. The slurry is 

then filtered and dried at 60°C. The dried fragments containing mostly plastics, Cu foils, graphite, 

cathode material are sieved at mesh size of 250 !m. The coarser fraction undergoes a dense media 

separation to obtain a Cu fraction and a plastic one. The sieved powder composed by graphite, cathode 

materials, and impurities are sent to the hydrometallurgical refinement. A leaching step with H2SO4 

4 mol L-1 and 30-50 wt% H2O2 at 70-80°C for 2-3 hours is carried out to dissolve the cathode material 

with NMC chemistries and separate unleached LFP cathode material, graphite, and plastics 

impurities. The remaining solution contains Co, Ni, Mn, Li Al, Cu and Fe ions, so that an impurities 

removal step is performed by adding NaOH solution. At pH 6.5 Fe, Al, and Cu ions precipitate as 

hydroxides, whereas Co, Ni, Mn, and Li ions remain in solution. After filtering out the precipitated 

salts, a stoichiometry adjustment is carried out by adding MnSO4, NiSO4, and CoSO4 to obtain the 

desired molar ratio (e.g., 1:1:1, 5:3:2 or 6:2:2 of Ni, Mn, and Co, while the production of NMC811 

is currently under development). Then a transition metal hydroxide precursor (NixMnyCo1-x-y(OH)2) 

is co-precipitated by increasing the pH to 11 (range 10.5-13) with NaOH and in presence of NH4OH 

solution as chelating agent. Each hydrometallurgical operation is realized in a stirred tank blanketed 

with N2 to avoid the oxidation of Mn2+ to Mn4+, that can easily happen in presence of oxygen. After 

filtering out the precursor, the Li rich solution is mixed with Na2CO3 solution at 40°C to precipitate 

Li2CO3. The transition metal hydroxide precursor and the Li2CO3 are dried and mixed with some 

additional virgin Li2CO3 necessary to reach the right stoichiometry, that is a Li-to-metals precursor 

molar ratio of 1.1. The blended powders are ball milled for 48 hours and compressed into pellets 

which are sintered at 900°C for 12-15 hours to produce cathode material with the chosen NMC 

chemistry. The most valuable products offered by Battery Resourcers are battery grade Li2CO3, NMC 

hydroxide precursors and NMC sintered materials with molar ratio 111, 532 and 622 and with d50 

equal to 5-6 !m or 10-12 !m. The recovery efficiency of Co, Ni and Mn is respectively 94, 96 and 



 23 

91 wt% 31, whereas the Li recovery efficiency ranges between 65 and 80 wt% according to the mixed 

LIB chemistry feed. 

 

Figure S9. Simplified flowchart of Battery Resourcers process 11. 
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S2.5 OnTo Technologies 

 OnTo is a company founded in 2004 which develops and patents advanced battery recycling 

innovations that produce manufacturing quality electrode materials from recycled LIBs 11,25,35–42. 

These breakthrough technologies are available to serve the battery and environmental services 

industries. In 2020 OnTo won the Phase II of the “Lithium-Ion Battery Recycling Prize” by the U.S. 

Department of Energy (DOE).  

 The OnTo recycling process, also called EcoBat, is based on the direct recycling concept, 

patented and implemented at laboratory scale. It starts with an over-discharging step, followed by 

disassembly to obtain single battery cells or small modules. Then cells undergo a perforation stage 

and an electrolyte separation step is carried out in a chamber using super-critical CO2 (74 bar and 

31°C) and additional polar co-solvents. This operation allows the extraction and recovery of the 

whole electrolyte including LiPF6 salt. Then, dried cells are shredded at ambient condition using a 

ball mill, crushed fragments are sieved obtaining an over-sized fraction composed of Al and Cu foils, 

plastics and steel, along with an under-sized fraction including active materials and impurities. The 

coarser fraction undergoes a magnetic separation to separate steel. The sieved powder is fed to a dense 

media separation (DMS) to separate graphite from cathode active material. The DMS is carried out 

in media of about 2.2-3.5 g cm-3. The obtained active material powders are addressed to the 

hydrometallurgical section, where they are purified first: the graphite fraction undergoes a low-pH 

treatment to dissolve cathode active material impurities and a high-pH treatment to remove remaining 

Cu and Al; on the other hand, the cathode fraction purification occurs in a basic solution of LiOH at 

pH 11-11.5 to dissolve the PVDF binder, then the solid is filtered out and washed using acetone or 

ethanol. Both purifications are able to produce streams with a purity of 99%. The purified graphite is 

then fed to a furnace to remove PVDF and remaining plastic impurities, thus producing battery grade 

graphite. The cathode material is dried at 140°C in a vacuum oven, ball milled and sieved at mesh 

size of 45 !m or preferably 38 !m. The cathodic powder is mixed with LiOH solution and a 



 25 

hydrothermal regeneration is carried out in order to restore the lithium lost during long cycling and 

degradation. One liter of 24 wt% LiOH is added for each kilogram of active material. The slurry in 

the autoclave is heated up to 250-275°C at rate of 5°C min-1 and then temperature is kept constant for 

12-14 hours. Next the solid is filtered out and washed with demineralized water or LiOH solution 

until pH drops under 11-11.5 due to NMC hydrolysis. The regenerated cathodic material is dried at 

150-160°C and grounded. The powder is sintered under air or oxygen flow in a tube furnace. The 

temperature is increased at a rate of 2-3°C min-1, kept constant at 900°C for 8 hours and rapidly 

decreased at ambient temperature at about 50°C min-1. Also, graphite undergoes a high temperature 

treatment to remove impurities and intercalated lithium. These treatments allow to produce battery 

grade active materials at costs below 10 $ kg-1 using less energy than in the original manufacturing. 
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Figure S10. Simplified flowchart of OnTo process 11. 
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y-1 was built in Canada, then Li-Cycle has received funding from Sustainable Development 

Technology Canada (SDTC) to build a demonstration plant in Kingston, Ontario, which included the 

Spoke and the Hub and was built in 2018. The following steps were the opening of commercial Spoke 

with a capacity of 5,000 t y-1, the first one was opened in 2019 in Canada, whereas the second one 

was built in New York State in 2020. In 2022 another commercial Spoke is expected to open in 

Arizona and it will be able to recycle 10,000 t y-1 of LIBs, in addition in 2023 Li-Cycle will build the 

first commercial Hub, that will be set in Rochester, New York. and will treat black mass coming from 

the equivalent of 60,000 t y-1 of LIBs.  

 The company is proprietary of two different patented technologies, that are the Spoke and the 

Hub. The Spoke is a mechanical process including wet crushing, magnetic separations, sieving and 

other material separations to obtain mainly black mass, but also an aluminum and copper foils 

fraction, a plastic stream and a steel fraction. 

 

Figure S11. Spoke mechanical process 43. 

 

The Hub is a hydrometallurgical process (still under development) which treats the black mass 

from several Spoke facilities to obtain as main products Li2CO3 and Ni-Co-Mn hydroxide cake, which 

will be sent to South Korea for battery production. A future development will be the creation of 
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further hydrometallurgical steps to produce separated streams of nickel sulphate, cobalt sulphate, and 

manganese carbonate. A graphite fraction is separated but it will be unlikely used in battery industry 

due to very stringent quality constraints. Li-Cycle supposes that the best and suitable strategy for 

market commercialization is the decentralization of tailored Spoke plants, that are close to the highest 

volume points of consolidation of LIBs, and the centralization of the Hub hydrometallurgical process. 

The main advantage is the generation of non-hazardous intermediate products close to the point of 

consolidation/generation of spent LIBs, which leads to the minimization of transportation liability 

and cost.  

 

Figure S12. Hub hydrometallurgical future process, including stages which are currently under development 43. 

 

 In the process proposed by Li-Cycle spent LIBs are optionally discharged to approximately 0 

V to recover electricity. Then LIBs are fed to a wet crusher with two different feed lines: large format 

LIBs coming from EVs or industrial applications enter the equipment in a dedicated opening and 

undergo a preliminary crushing at 10-20 rpm to obtain scraps with a size lower than 400 mm; portable 

LIBs are fed in the other opening and, together with the scraps from the previous pre-crushing, are 

fed to a second shredder operating at 30-50 rpm to produce fragments with a size lower than 100 mm. 



 29 

The whole equipment is submerged adding 2 m3 of a solution containing Ca(OH)2 and NaCl at 60°C 

for each m3 of LIBs: Ca(OH)2 solution is used to create an alkaline ambient, which neutralizes and 

removes all the HF toxic gas produced by the hydrolysis and decomposition of LiPF6, while NaCl is 

added as conductive medium to dissipate the residual charge of the batteries. The crushed slurry is 

screened and undersized fragments under 10 mm pass whereas oversized fragments are sent another 

time to the crusher. The undersized fraction undergoes a solid-liquid separation using a belt filter and 

then is sent to a magnetic separation, which separates steel and ferrous product with a recovery 

efficiency of 95 wt%. The magnetic fraction is then dewatered using a dewatering screen that leaves 

fragments with only the 1 wt% of moisture. The non-magnetic stream is stripped by mixing at 10 

wt% with NMP at 80°C for 6 hours. This step is necessary to dissolve PVDF binder to enhance the 

detachment of active materials from current collector foils. Then the slurry is sieved at mesh size of 

500 !m producing an undersized fraction containing the liquid solution and the black mass and an 

oversized fraction containing current collectors and plastics. This oversized stream is sent to an eddy 

current separation, which separates almost all aluminum and some copper. Alternatively, plastics are 

separated by using a liquid with density of 2.5 kg L-1 and aluminum is separated from copper using a 

liquid with density of 2.85 kg L-1. The densiometric separations have an efficiency beyond 95 wt%. 

The undersized fraction undergoes a solid-liquid separation to remove the organic solvent. The 

recovered black mass is dried and sent to the Hub to carry out the hydrometallurgical process.  

The black mass is leached with 0.5 mol L-1 H2SO4 and 20-30 g L-1 H2O2 for 6 hours at 80°C: 

H2O2 is added stoichiometrically, whereas H2SO4 is added with a 10% excess. The slurry contains 10 

wt% of solid and the pH is kept at 2.5 by adding H2SO4 during the reaction time. The leaching results 

in the recovery of 95% of all the metals. A solid-liquid separation step is carried out to separate the 

unleached solid from the leachate. The residual solid is mixed with water, the pH is adjusted to 5 and 

through a floatation step the hydrophobic graphite is separated from hydrophilic metals with a 

recovery efficiency of 80 wt% or more. The leachate is added with 50 wt% NaOH adjusting its pH 

to 2. Cu is removed using solvent extraction with organic LIX 984N at 30 vol.% in kerosene. The Cu 
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extraction efficiency is higher than 95 wt%. The extracted Cu is removed from the organic phase 

using 1 mol L-1 H2SO4 and the aqueous solution rich in Cu (10 g L-1) is sent to electrowinning to 

produce copper plating with a conversion efficiency higher than 85 wt% and achieving a purity of 

99.9 wt%. The electrowinning is carried out with a current density of 250 A m-2, a cathode voltage 

of 0.34 V and an anode voltage of -1.23 V. The raffinate aqueous process solution is adjusted to pH 

4.5 at 50°C using 50 wt% NaOH, which causes the precipitation of Al and Fe hydroxides. A solid-

liquid separation follows to remove the precipitated impurities from the process solution. Then the 

solution is adjusted to pH 9.5 at 50°C adding 50 wt% NaOH to precipitate single-phase Co, Ni and 

Mn hydroxides. The solution is stirred for 1 hour. The precipitated salts are filtered out and dried in 

an oven at 80°C. The filtrate is evaporated at 95°C and 0.85-1 kPa to increase the concentration of 

Na ions up to 70 g L-1. Then the pH is adjusted to 9.5 by adding 50 wt% NaOH and the solution is 

cooled down to 10°C causing the precipitation of Na2SO4·10H2O. The salt is filtered out and dried 

under vacuum to produce Na2SO4. The process solution is then evaporated to reach a concentration 

of Li equal to 11 g L-1 and a saturated solution of Na2CO3 at 90°C with concentration of 430 g L-1 is 

added such that the carbonate is 1.25 times the stoichiometric requirement to precipitate Li. The 

mixture is stirred for 6 hours at 95°C and the precipitated Li2CO3 is then filtered out, washed twice 

with hot water at 70°C and dried in an oven at 80°C. The lithium recovery step has an efficiency of 

90 wt% and the Li2CO3 has a purity of 89 wt%, thus it needs to be purified to comply with battery 

industry constraint of 99.5 wt% purity. Finally, the step of Na2SO4 precipitation can be repeated to 

recover the remaining sulphates. A simplified flowchart of Li-Cycle process can be found in 45. 

 

S2.7 American Manganese Inc  

 American Manganese Inc is a Canadian company founded in 1987 in British Columbia, 

Canada 25,46,47. The company owns manganese mining operations in Arizona and started the recycling 

business as a result of testing new ways to recover more manganese from low concentration sources. 
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The company has developed the RecycLiCo patented process for recycling Li-ion batteries in an 

environmentally friendly way achieving a closed loop of the cathode materials. This process is able 

to recover cathode metals such as Li, Co, Ni, Mn and Al using hydrometallurgical treatments. The 

process input consists of black mass or cathode scraps from battery manufacturers with NMC, LCO, 

NCA and also LMO chemistry, whereas the output includes cathodic material metal precursors, 

lithium carbonate, aluminum foils and others recycled streams such as graphite depending on the 

feed. The recovered cathodic material precursor and lithium carbonate are battery-grade and the 

material recovery efficiency is extremely high. Currently the process is carried out at laboratory scale 

at a rate of 1 kg h-1 of treated black mass, while the target is a demonstration plant with a cathode 

waste processing capacity of 500 kg per day. After the demonstration stage, the company will build 

a commercial recycling plant with a daily capacity of 5 t, that will be located near a battery 

manufacturing Gigafactory, such as the commercial partner Italvolt, to treat cathode manufacturing 

scraps to produce cathode precursors to be reintegrated in the battery manufacturing process. Italvolt 

Gigafactory in Scarmagno, Italy, is planned to start its production in 2024 with a full capacity 

production of 45 GWh, corresponding to more than 75,000 t y-1 of cathode active material. Battery 

manufacturing leads to generation of an amount of scraps equal to near the 10 wt% of production, 

thus the recycling facility of American Manganese Inc will handle more than 7,500 t y-1 of cathodic 

scraps.  

The RecycLiCo process is a hydrometallurgical process based on the co-precipitation method. 

The process accepts as input black mass from  mechanically processed spent batteries with cathode 

chemistry principally of LCO, NMC and NCA, but not mixed together, and also cathode active 

material scraps from battery manufacturers. Concerning cathode active material scraps, the first step 

is leaching with 1.2-2 mol L-1 H2SO4 with SO2 as reducing agent to produce sulphates and dithionate 

of Co, Ni, Mn, Li and Al. The leaching is carried out for 2 hours at pH around 1.5 with a solid 

concentration of 10 wt% in the slurry and almost 100 wt% of Li, Ni, Mn, Co and Al are leached. 

Then the solution is slowly mixed with 10 mol L-1 NaOH to raise the pH to 10.7 to precipitate Ni, 
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Mn and Co hydroxides with an efficiency of metal recovery equal to almost 100 wt% for these metals. 

Precipitated mixed Ni, Mn and Co hydroxides are filtered out and dried. Then an amount of solid 

Na2CO3 equal to 1.2 times the stoichiometric quantity required to precipitate all Li is added to the 

solution to precipitate Li2CO3. The mixed solution is stirred for 15-30 min at 95°C achieving up to 

68 wt% lithium recovery. The precipitated solid is filtered out and washed with saturated Li2CO3 

solution at 95°C. Then the solution containing Na2SO4, Na2S2O6 and remaining Li is cooled to 5°C 

and stirred for 2 hours to crystallize Na2SO4·10H2O and Na2S2O6·2H2O. Solids are then filtered out 

and heated at 120°C to decompose the Na2S2O6·2H2O to Na2SO4 and SO2, which can be recycled to 

the leaching step. The remaining solution can be recycled to the leaching step to minimize water 

consumption and maximize lithium recovery, or alternatively can undergo a nanofiltration to produce 

clean water, that can be used for washing steps. The concentrate from nanofiltration is recycled back 

to the crystallizer to maximize the Na2SO4 recovery.  

Concerning black mass treatment, the process starts with a floatation step to separate the 

graphite and conductive carbon from the cathode active material. So, the black mass is mixed with 

water achieving a solid concentration in the range 5-30 wt%. Then kerosene is added and the slurry 

is stirred. 100 g of frother for each ton of solution are added to create stable bubbles, air is fed to 

create an air-bubble froth. Graphite and carbon are separated in the froth, whereas the cathode active 

material remains in the slurry. More than 90 wt% of the graphite is separated through this step. The 

slurry is then leached with H2SO4 and SO2 as explained before. An impurities removal step is added 

to eliminate Al, Cu and Fe impurities. Thus the pH is raised to 5 using 50 wt% NaOH, causing the 

precipitation of Al(OH)3, Fe(OH)3 and Cu(OH)2. The lithium recovery step and the crystallization of 

Na2SO4 follow as previously explained. A simplified flowchart of RecycLiCo process for NMC-111 

cathodic scraps from battery manufacturers can be found in 47 
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S2.8 Lithion Recycling Inc  

 Lithion Recycling Inc. is a Canadian company, which has developed a solution to recover 

over 95 wt% of a lithium-ion battery, including not only high value elements like cobalt and nickel 

but also lithium, graphite, and electrolyte 25,48,49. Lithion battery recycling process is based on a 

combination of mechanical treatments, hydrometallurgy, and electrometallurgy-based extraction 

steps. Lithion is supported by strong partners such as Seneca experts-conseil, Call2Recycle, Hydro-

Québec’s Center of Excellence in Transportation Electrification and Energy Storage (CEETES) and 

Centre d’étude des procédés chimiques du Québec (CÉPROCQ). The Sustainable Development 

Technology Canada (SDTC) has rewarded Lithion with a 3.8 M$ contribution, and the partners also 

invested in Lithion project reaching an overall investment of 12 M$. First Lithion has developed its 

process steps with laboratory continuous operations, then in 2020 a pilot plant with a capacity of 200 

t y-1 started operating in Montreal, Canada. The company is planning to open a commercial plant with 

a capacity of 2000 t y-1 in 2023 in Quebec, Canada.  

 The process starts with a wet crushing using a light organic solvent, in particular one already 

included in the battery electrolyte such as DMC. The organic solvent is fed at 40°C and it also works 

as heat sink thus reducing hazards concerning exothermic reactions and local short circuits and as 

extraction agent for the electrolyte conductive salt LiPF6. The crushing step can be also done in inert 

atmosphere using a N2 or CO2 flow. The shredded fragments with particle size of about 5 to 10 mm 

undergo a further solvent extraction to ensure an optimal washing of the LiPF6. The extraction is 

carried out with the same organic solvents at 50°C for 1 hour in a jacketed stirred tank. Then 

fragments are separated from the liquid by filtration and the liquid phase is fed to an evaporator 

operating at about 90°C and atmospheric pressure, which is the boiling point of pure DMC. In this 

step the lighter organic compounds evaporate and are following condensed, whereas the heavier 

solvents and the electrolyte salt remain in the slurry. The condensed light organics are in part re-

circulated to the wet crusher and in part are sent to a purification step which is done with three 
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atmospheric distillation columns in series. The first column operates at 90°C and separates a head 

product of pure DMC and a bottom one including EMC, DEC and EC. The second distillation is 

operated at 107°C to obtain battery grade EMC in the column overhead and a mixture of DEC and 

EC in the bottom. The operating temperature in the third column is 126°C and the distillation allows 

to recover a head product of high purity DEC and bottom product of EC. The heavier organics slurry 

is burned off at 500°C to eliminate organo-fluorophosphate compounds and fluorides. The off-gas 

contains toxic HF and P2O5, which are removed respectively by using a dry scrubber with CaO and 

a wet scrubber with re-circulating alkaline solution of NaOH. Battery fragments are dried at 270°C 

to evaporate the remaining light organics, that are sent to evaporator outlet.  

 

Figure S13. Lithion recycling process: shredding section 49. 

 

Then magnetic ferrous pieces are separated using a magnetic separation, whereas the non-

magnetic fraction undergoes a further comminution step in a hammer mill to obtain a particle size of 

0.1-2 mm. The crushed fragments are sieved at mesh size of 1 mm separating an oversized fraction 

of plastics and an undersized fraction containing active materials and current collector foils. The 
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oversized one is fed to a cutting mill to ensure the separation of active materials from current collector 

foils, and it is sieved another time. The coarser fraction, including mostly aluminum, copper and 

plastics, undergoes an eddy current separation to separate current collector foils. Then this metallic 

fraction is separated in lighter aluminum fraction and a heavier copper fraction using an air classifier. 

The sieved black mass, that is composed by graphite, cathode active material and Al, Cu and Fe 

impurities, is sent to the hydrometallurgical section.  

 
 

Figure S14. Lithion recycling process: mechanical separations section 49. 

 

The black mass is leached at 20°C with H2SO4 and Al, H2O2 or MnO2 as reducing agent, 

achieving a solid concentration of 100 kg m-3. Metals are dissolved as sulphates, whereas the graphite 

does not react and is filtered out using a solid-liquid separation. The overall recovery efficiency of 

metals is 98.5 wt%. Graphite is then mixed with the same leaching solution to remove the remaining 

metals. Next there is another filtration, followed by a washing step with water. Finally, the graphite 
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cake is fed to a furnace operating at 600°C to dry the powder and operate the pyrolysis of plastics 

impurities. The leachate is mixed with Na2S at pH 2 and 40-80°C to selectively precipitate CuS. An 

amount of 2-5 kg of Na2S per kg of leachate is added and a Cu recovery efficiency of 99 wt% is 

achieved. Precipitated solid is filtered out and the solution is fed to another tank, where pH is adjusted 

to 3.5-5 by using NaOH to precipitate aluminum and iron hydroxide, that are separated with an overall 

efficiency of 97 wt%. Then the solution is mixed with an organic extraction solvent diluted in a 

petroleum-based compound, in particular a mixture of 10 vol.% Cyanex 272 and 90 vol.% naphta 

with a 1:1 organic-to-leachate ratio. The pH is adjusted to 5.4-6.2 to minimize the nickel extraction, 

thus obtaining a light organic phase, containing Co and Mn, and a heavy aqueous phase containing 

Ni. The recovery efficiency of Co in the organic phase is 99.9 wt% and the Ni/Co separation factor 

is 4000. 

 
Figure S15. Lithion recycling process: hydrometallurgical section (part 1)49. 

 

Co and Mn are stripped from the organic phase using a H2SO4 solution with a pH between 1 

and 2. The cleaned organic phase is re-circulated to the solvent extraction step, whereas the aqueous 

solution containing Co and Mn is sent to an electrochemical separation step. Even with accurate pH 
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metallic Co, whereas Mn deposits on the anode as MnO2. The electrowinning process takes place at 

a voltage between 2.7 and 5 V and current density between 200 A m-2 using a metallic Co cathode, a 

DSA (mixed metal oxide) anode and an electrolyte at pH 3.5 and at 50°C, according to the following 

cathodic reactions: 

"#!"($%) + 2&' ↔ "#(() 

2(!"($%) + 2&' ↔ (!()) 

and anodic reactions: 

(!)(*) ↔ 0.5)!()) + 2(!"($%) + 2&' 

-.!"($%) + 2(!)(*) ↔ -.)!(() + 2&' + 4(!"($%) 

After the electrowinning step, the sulfuric acid solution with poor metal concentration is re-

circulated to the stripping step. The Ni aqueous solution is adjusted to pH 10.8 using NaOH solution, 

then precipitated Ni(OH)2 is filtered out, washed and dried obtaining a product with 99.3 wt% purity. 

The remaining solution is rich in Na2SO4 produced by neutralization reaction of H2SO4 and NaOH, 

thus the pH is adjusted to 8 and Na2SO4 is crystallized by cooling the solution between 0 and 10°C 

obtaining Na2SO4·10H2O, that is filtered out. Recovered hydrated Na2SO4 has a purity of 99.9 wt%, 

thus it is dissolved in solution and fed to an electrolysis cell, that produces H2SO4 at the anode and 

NaOH at the cathode. The electrolysis is carried out at voltage of 10 V and current density of 1000 A 

m-2 using a solution of 18 wt% Na2SO4 at 25°C. The mother liquor from crystallization step is rich in 

lithium, thus it is heated to 90°C and is added with Na2CO3 to precipitate Li2CO3. Then the precipitate 

is filtered out, washed and dried. 
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Figure S16. Lithion recycling process: hydrometallurgical section (part 2)49. 

 

S3. Description of recycling processes in Asia 

S3.1 Sony-Sumitomo 

 The Sony-Sumitomo process was developed in 1996 by a cooperation between Sony 

Electronics and Sumitomo Metal Mining Company 11,13,21,50–53. It has a capacity of 150 t y-1 of spent 

LIBs and it is composed by two main steps: battery incineration carried out at Sony plants at about 

1000°C to open the batteries, followed by the cobalt extraction and recovery step, which is performed 

at Sumitomo plants. The incineration opens the batteries and eliminates the flammables such as 

electrolyte and separators. The organic solvents, lithium, and fluoride in the batteries are lost as fly 

ash, which is removed from the flue gas by a scrubbing system. An estimate of the minimum energy 

required to heat 1 ton of automotive Li-ion polymer batteries is 992 MJ. The pyrometallurgical step 

leads to the recovery of a Co, Ni and Fe alloy and a slag containing other components including 

lithium, which is not recovered. The main product of the Sumitomo–Sony process is CoO with 

battery-grade purity, thus the alloy is sent to Sumitomo plants to carry out hydrometallurgical 

processes. Optionally a thermal pre-treatment step is carried out to reduce the hazard of large format 

Li-ion batteries. This step is a calcination at medium-high temperature, which burns plastics and 

electrolyte and decomposes the conductive salt into HF, thus the off-gas must be carefully treated. 

Large battery packs after the thermal deactivation are disassembled to recover steel or aluminum 
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housing. Recently, Sumitomo announced its first practical method to recover copper by 

pyrometallurgy and nickel by hydrometallurgy.  

 

S3.2 Brunp  

 Brunp Recycling Technology Co. Ltd. is a battery recycling company founded in 2005 in 

Fushan, China 9,54–56. Brunp facilities are located in Guangdong and Hunan provinces. In 2015 Brunp 

became a subsidiary of CATL. Brunp recycles mostly LIB waste materials from production scrap, 

but also spent LIBs from portable devices and EVs. Brunp produces over 10,000 t y-1 of nickel cobalt 

manganese hydroxide.  

The LIBs recycling process developed by Brunp is based on the co-precipitation method and 

mainly includes over-discharging, thermal pretreatment, mechanical treatments, and 

hydrometallurgy. The company hydrometallurgical treatment is based in the facility in the Hunan 

province. The cathode scraps including Al foil, binder, conductive carbon black and cathode active 

material are firstly pulverized by a vertical high-speed rotating disintegrator and fragments are sieved 

at mesh size of 177 !m. Then the powder undergoes a thermal treatment to decompose the PVDF 

binder at 600°C for 4 hours. After that Al is recovered using a selective leaching step with 0.2 mol L-

1 NaOH solution. The leaching occurs at 65°C and the solution is let to react for 40 min allowing the 

recovering of nearly 100 wt% of Al. The unleached solid containing active material is filtered out, 

whereas the leachate is washed several times to neutralize it and the precipitated Al is dried at 150°C 

for 12 hours. The active material is leached at 60°C using a solution composed by 1.1 times the 

stoichiometric of 4 mol L-1 H2SO4 and 1.6 times the theoretical consumption of 50 wt% H2O2. The 

unleached carbon black additive is filtered out, whereas the solution undergoes solvent extraction to 

remove impurities. First iron is removed by adjusting the pH between 1 and 3 with NaOH solution 

and precipitating iron hydroxide. Next copper is extracted using 25% N902 solvent or a mixture of 

M5640 and LIX series solvents. Copper extracted in the organic phase is recovered as CuSO4 using 
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H2SO4 as stripping agent. Then, using 20% P2O4, Al, Cu, Zn, Ca impurities are removed from the 

aqueous phase obtaining a purified solution of Co, or Ni, Co and Mn depending on the feed LIB 

chemistry. When the feed is NMC chemistry, the total concentration of Ni, Mn and Co is adjusted to 

2 mol L-1, then 2 mol L-1 NaOH solution and 1 mol L-1 Na2CO3 are added. The solution is kept at pH 

8 and stirred for 5 hours, then NMC carbonate is filtered out. The solution is sent to lithium recovery. 

The NMC carbonate is calcined at 550°C in air atmosphere for 5 hours to produce NMC oxide, then 

an amount of Li carbonate or hydroxide equal to 1.05 times the stoichiometry is added and finally the 

mixed solid precursors are sintered at 900°C for 10 hours to obtain NMC cathodic material. 

Concerning LCO chemistry the purified solution is adjusted to a cobalt concentration of 1 mol L-1, 1 

mol L-1 Na2CO3 is added and it is stirred for 5 hours keeping the pH at 8. The precipitated cobalt 

carbonate is filtered out and the remaining solution is sent to a lithium recovery step. The cobalt 

carbonate is calcinated at 500°C for 4 hours in air atmosphere, then a quantity of Li source equal to 

1.05 times the theoretical consumption is mixed with the obtained cobalt oxide and the solid mixture 

is sintered at 850°C for 10 hours in air atmosphere to produce LCO cathodic material. In some cases 

also LMO and LFP cathodic scraps can be recycled. 

 

S3.3 Green Eco-Manufacturer Hi-tech (GEM) 

 Green Eco-Manufacturer Hi-tech Co. Ltd is a recycling company founded in 2001 in 

Shenzhen, China 9,57. GEM core business is new energy materials, in particular battery active 

materials, and “Urban Mines”, including electronic wastes, battery wastes, discarded cars, Ni-Co-W 

metal scraps and others. Since 2006 the company has started recycling batteries. GEM recovers 

mainly Co and Ni via a hydrometallurgical process as battery-grade Co and Ni sulphate or carbonate 

salts or as ultrafine elementary Co and Ni powders. Recovered materials are directly integrated by 

GEM in the production of cathode active materials, in particular NMC and NCA types, that the 

company produces with a capacity of 5000 t y-1. GEM treats spent LIBs together with Ni-Co 
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containing wastes. The spent LIBs case is broken and then batteries are disassembled to separate 

anode and cathode. The cathode material is then calcined or soaked in appropriate organic solvents 

to remove the binder and to easily separate the active material from the aluminum current collector 

foil. Then the cathode is comminuted with Ni-Co containing scraps and sent to the hydrometallurgical 

section. The first step is leaching under acid conditions using H2O2 or Na2S2O3 as reducing agent. 

This is followed by an impurities removal step. Then a Ni rich solution and a Co rich solution are 

obtained via selective solvent extraction. Finally, these metals are recovered through precipitation as 

salts for cathode active material production or as ultra-fine metal powder used in superalloy industry. 
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