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Abstract

:

Recent increases in the demand for automotive lithium-ion batteries (LIBs) have led to higher needs for critical materials like lithium, cobalt, nickel, and graphite. Consequently, recovering materials from spent batteries has gained importance. This study aimed to (1) develop a mechanical pretreatment method for separating and concentrating materials from spent NCM811 cells and (2) evaluate the economic, environmental, and shortage potentials of these fractions. The pretreatment involved grinding and granulometric separation, producing six particle-size fractions. The main novelty of the study was the assessment to identify the particle size fractions which are priorities for recycling for decision-making by recycling companies, optimizing their resources and efforts. Analysis showed that the finest fraction (n < 0.5 mm) had 85% of lithium, 77.4% of cobalt, 75.1% of manganese, and 68.5% of nickel. This fraction represented 40.4% of the processed mass and had the highest economic value (USD 3669/ton NCM cell). This fraction was also prioritized for recycling due to its superior environmental impact (103,788 kg CO2-eq/ton NCM cell) and scarcity considerations. Furthermore, the black mass of NCM was the priority for recycling and had greater economic, environmental, and supply risk potential than the black mass of LFP cells.
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1. Introduction


The demand for automotive lithium-ion batteries (LIBs) increased by about 65% in 2022, driven by the increase in sales of electric vehicles. The outlook is that sales of electric vehicles will continue to increase exponentially in the coming years, mainly in regions such as China, the United States, and Europe, and expand to developing countries [1].



As can be seen in Figure 1, LIBs comprise an anode, a cathode, a separator, electrolytes, and a steel casing. The anode electrode is constituted of a polymer binder and carbon material, such as graphite, and is deposited on a copper sheet. The cathode electrode comprises acetylene black, polymer binder, and lithium transition metal oxides coated on an aluminum sheet. Polyvinylidene fluoride (PVDF), copolymers, and polypropylene (PP) stand out as the predominant binders employed in commercial LIBs. The commonly employed separators encompass microporous polyolefin membranes, including polypropylene (PP), polyethylene (PE), and fluorinated polymers. Meanwhile, diverse LIBs utilize distinct ion electrolytes. For instance, lithium-ion battery electrolytes often feature lithium salts like lithium hexafluorophosphate (LiPF6), lithium tetrafluoroborate (LiBF4), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), or others, dissolved in polar aprotic alkyl carbonate solvents, such as ethylene carbonate/dimethyl carbonate (EC/DMC) [2].



Currently, lithium nickel cobalt manganese (NCM) oxide batteries dominate the lithium-ion battery market, with a share of about 60% [1,4]. The NCM term represents a family of cathode active materials used in LIBs with variations stoichiometric in the composition, for example NCM111 (LiNi0.33Co0.33Mn0.33O2), NCM523 (LiNi0.5Co0.2Mn0.3O2), NCM622 (LiNi0.6Co0.2Mn0.2O2), and NCM811 (LiNi0.8Co0.1Mn0.1O2). NCM111, containing the same proportions of nickel, manganese, and cobalt, was the first commercially used cathode material, but currently, cathodes containing smaller amounts of cobalt, such as NCM622 and NCM811, are increasingly used [1,4,5]. Cations containing a higher nickel ratio present a benefit besides using a lower cobalt ratio and a higher energy density [6,7]. The market share scenario for LIB technologies could change quickly if in the future innovative technologies with superior properties emerge. Trends for the future of battery technologies, with a focus on lithium-based batteries, point to advanced nickel (Ni)-rich NCM batteries (NCM811), lithium–sulfur (Li-S) batteries, solid-state lithium (solid-Li) batteries, and lithium–air (Li-Air) batteries, with emphasis particularly placed on advanced nickel-rich NCM batteries (NCM811) [8,9].



NCM and lithium iron phosphate (LFP) batteries are the most widely used power LIBs in electric vehicles [10]. LFP cells are currently a popular alternative to NCM cells, in which the cathode material has high structural stability, allowing for long service life and being more economical to produce [11,12]. Jiang et al. (2022) found that the production of LFP cells has a lower environmental impact per kilogram compared to NCM cells. This difference is primarily due to the cathode material, which represents over 37%–43% of the manufacturing impacts for LFP cells and around 50% for NCM cells. The precursor for the NCM cathode, which includes metallic compounds such as nickel, manganese, and cobalt, requires more resources and energy to process compared to the iron phosphate precursor used in LFP cathodes, leading to higher environmental impacts during its production [13].



Quan et al. (2022) carried out a comprehensive life-cycle assessment (LCA) comparing LFP and NCM batteries from production to end-of-life. The main conclusions indicate that the production phases of batteries, the initial use for electric vehicles, and secondary use in energy storage systems contribute most significantly to environmental impacts, which can be mitigated through recycling processes, in particular hydrometallurgical methods. The study indicated that LFP batteries have a higher overall environmental impact compared to NCM batteries because the LFP battery, having a lower energy density, required a greater amount of LFP cathode material and additional metals to meet the same performance requirements. The charge–discharge efficiency during the use phases was identified as a crucial factor influencing the environmental performance of both battery types. It is worth noting that these calculations considered China, which has an energy matrix associated with high carbon emissions, so switching to a renewable energy matrix would reduce these impacts [10].



The increase in demand for automotive LIBs has a direct impact on increasing the demand for critical materials such as lithium, cobalt, nickel, and graphite. This continuous and rapid increase in demand for these materials is a source of concern worldwide. In 2022, for example, the automotive battery industry responded to about 60% of lithium demands, and despite the increase in its production, lithium demand exceeded supplies. As a result, lithium carbonate prices have increased significantly, in such a way that at the beginning of 2023, prices reached levels up to six times above the average prices practiced during the 2015–2020 period [1]. In the cobalt case, increases in prices and the possibility of disruption in mineral supply (about 70% of world cobalt mine production comes from Congo, a region marked by internal conflicts) contributed to the use of cathodes rich in nickel and with lower cobalt content. However, the use of this type of cathode caused an increase in nickel prices in 2022, which reached double the average price in the period 2015–2020. Associated with the price increase, there is a growing concern related to supply risks [1,4,5]. Regarding graphite, another important component, its use in batteries, has grown by 250% since 2018 [5].



Another source of concern is the substantial number of LIBs that will reach their end-of-life (EOL) in the coming years. Inadequate disposal of these spent batteries may cause health and environmental impacts due to the presence of toxic materials in their composition. On the other hand, the spent LIBs could be a source of critical minerals [9,14]. However, the concentration of metals of high economic value present in LIBs depends on the type of battery analyzed. NCM LIBs, for example, contain Li, Co, Ni, Mn, Cu, and graphite in their composition. According to Dunn et al. [15], 11%–12% of cobalt, 7%–8% of lithium, and 10%–12% of the nickel internal demand in the US in 2030, and 15%–18%, 9%–11%, and 15%–17%, respectively, in 2035, could be met by a retired supply, assuming a closed-loop recycling system [15]. However, one of the challenges for recycling these devices, in general, is the different configurations used in the batteries, which makes it difficult to standardize recycling methods [9,14]. These factors have led to an increase in the amount of research related to the recycling of LIBs. Currently, several LIB recycling plants are under construction or in the planning phase in several countries [5].



Mechanical, hydrometallurgical, and pyrometallurgical processes, or a combination of these processes, are then usually used in the extraction of materials from spent NCM LIBs [9]. Each of these processes has advantages and disadvantages, and their application depends on several factors (economic, technical, and social, among others). Generally, mechanical processing is used as a pretreatment to separate and concentrate the metals of interest into different fractions that, posteriorly, will be recovered by other processes. Mechanical processing includes comminution and classification processes, such as shredding, milling, screening, and others [16,17]. As a result of mechanical processing, a fraction containing a mixture of materials contained in the cathode and anode and impurities is obtained; this fraction is known as black mass and can subsequently be treated hydrometallurgically to obtain the metals of interest [18].



Thus, the objectives of this study were to develop a route of mechanical pretreatment to segregate groups of materials, increase the concentration of metals into different fractions, and determine the potential of the fractions obtained through the mechanical treatment process. The prospective evaluation of particle size fractions derived from mechanical pretreatment has been devised to delineate priority fractions for recycling, incorporating considerations of (1) economic viability, (2) environmental impact, and (3) supply risk factors. The potential assessment, considering the three factors (economic, environmental, and supply), is an aspect especially important but few times explored in the literature. The main novelty of the study was the assessment to identify the particle size fractions, which are obtained by mechanical pretreatment, which are priorities for recycling for decision-making by recycling companies, optimizing their resources and efforts. Additionally, the economic, environmental, and scarcity assessment of the black mass obtained by pretreating NCM cells was compared with the same assessment carried out on the black mass obtained by pretreating LFP cells in the previous study of Camargo et al. (2024) [19] since both cells are the most common on the market [10].




2. Material and Methods


The methodology of research and the lithium cells employed are depicted in Figure 2a.



In this work, 22 spent lithium cells (around 1 kg) were employed. The cells have previously been used in micromobility equipment such as scooters and bicycles (Figure 2b). The cells are cylindrical and have nickel cobalt manganese (NCM) cathode material. The cells are 18,650-type batteries, with dimensions of 18.6 mm in diameter and 65.3 mm in length, manufactured in China in 2023, featuring a nominal capacity of 2200 mAh, 3.7 V voltage, and weighing 45 g. It is important to eliminate residual voltage from lithium cells so that they can be ground safely, avoiding explosions. In this work, the electric discharge in saline solution was not carried out to avoid contamination or loss of materials. For this reason, the cells (arranged in series) were discharged by resistors [20,21,22].



2.1. Characterization of NCM Cells


This preliminary study characterized the composition of Li-ion cells with nickel cobalt manganese cathode material to obtain reference values to evaluate the effectiveness of mechanical pretreatment (Figure 2a).



2.1.1. Thermogravimetric Analysis and Loss on Ignition Temperature


One of the aims of the mechanical pretreatment proposed in this work was to mill the NCM cells into a larger particle size to keep the polymeric separators in larger particle size fractions, reducing their contamination in the finer fractions. To assess the quantity of these polymers, such as polypropylene and polyethylene, loss-on-fire tests were carried out. To define the ideal loss-on-fire temperature, two TG/DTG analyses were carried out under an oxidizing atmosphere: (1) a sample of 17.8270 mg of a milled NCM cell, whose particle size was n < 0.5 mm, and (2) a sample of 31.4330 mg of cell separator, whose fragment was obtained by manually disassembling the cell. In these analyses, an equipment model Q50 from TA Instruments (LACOR, Porto Alegre, Brazil) was used, and the heating rate was 20 °C·min−1. The TG/DTG was carried out with a synthetic air flow of 90 mL·min−1 in an alumina crucible with a diameter of 10 mm [23,24]. Based on the thermogravimetric analysis, a temperature was defined to carry out the loss on ignition (LoI) and identify the percentage mass for all samples in this study, aiming to establish a parameter that indicates the number of polymers. The characterization of the cell separator was carried out separately from the ground cell in order to verify the best degradation temperature for this polymeric material, aiding in the definition of the temperature used in the loss on ignition. In addition, this TG/DTG was carried out to correlate it with the mass losses that occur in the milled material.




2.1.2. Chemical Characterization of NCM Cells


A total of 11 (average mass of 45 g and a total mass of about 500 g) NCM cells were comminuted in a knife mill (Retsch model SM300, RETSCH, Haan, Germany) with a rotation speed of 1500 rpm. After quartering, 6 samples of approximately 5 g each were subjected to LoI in a muffle furnace at the temperature identified in the thermogravimetric analysis of the separators for 1 h under an oxidizing atmosphere. Afterward, the 6 samples underwent acid digestion with aqua regia for 2 h (40 mL/g sample) at the temperature of 70–80 °C. After filtration, the liquid fraction was analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) by the Agilent model 5110 (LACOR, Porto Alegre, Brazil). The metal concentrations measured were set as reference values to evaluate the mechanical pretreatment. The amount of graphite present in the anode material was not measured (Figure 2a).



In addition, the polymeric separator of the NCM cell, which was removed manually and characterized separately, was chemically identified using Fourier transform infrared spectroscopy (FTIR) analysis (Figure 2a). The FTIR spectrophotometer used was a Perkin Elmer Spectrum 1000 model (LACOR, Porto Alegre, Brazil), using the horizontal ATR accessory (H-ATR).





2.2. Mechanical Pretreatment for Recycling


The mechanical pretreatment involved milling 11 NCM cells for a single cycle using a Retsch model SM300 knife mill (rotation speed of 1500 rpm), whose basket opening was 9.5 mm, operating at a feed rate of 10 g·min−1. After the milling was finished, the material was sieved into a series of bench sieves with a vibration system. The feed rate was 50 g/15 min, and the sieve aperture sizes were 9.5, 4.75, 2.0, 1.0, and 0.5 mm. The electromagnetic sieve shaker for particle size analysis was from the Bertel brand (Figure 2a). The mass percentage of each granulometric fraction was calculated [19].



2.2.1. Chemical Evaluation of All Fractions


Following homogenization, quartering, and comminution of the granulometric fractions from mechanical pretreatment, 3 samples of 5 g from each fraction underwent LoI, acid digestion, and analysis by ICP-OES (LACOR, Porto Alegre, Brazil), following the same procedures as previously reported (Figure 2a). The concentrations (% by mass) of each fraction of LoI, aluminum, cobalt, copper, iron, lithium, manganese, and nickel were calculated.



A fraction may have a high concentration of the material of interest but have a relatively low mass in relation to the total amount of cells processed. For this reason, calculating the mass percentage distribution of the element (metals and LoI) is important to check whether the mechanical pretreatment has been effective in separating and concentrating it. The mass percentage distribution of each element within each fraction was calculated using Equation (1):


   D  f n  e   ( % )  = 100 ×     C  f n  e   ( % )  ×  P  f n    ( % )      ∑   n = 1  6   C  f n  e   ( % )  ×  P  f n    ( % )     ,  



(1)




where



   D  f n  e  :   Mass percentage distribution of element “e” in fraction “n”, in %;



   C  f n  e  :   Average percentage concentration of element “e” in fraction “n”, identified by ICP-OES;



   P  f n   :   Mass percentage of the “n” particle size fraction in relation to the quantity of cells processed in mechanical pretreatment;



    ∑   n = 1  6   C  f n  e  ×  P  f n   :   Sum of all six concentration products of the element “e” in each fraction by the percentage of each fraction.



To assess the potential of the pretreatment developed, the mass (in kg) of each element of interest (metals and LoI) contained in each of the different particle size fractions was estimated if 1000 kg of the NCM cells studied were processed, using Equation (2).


   M  f n  e   (  kg  )  = 1000  (  kg  )  ×  [      C  f n  e   ( % )    100     ] × [      P  f n    ( % )    100     ]   








or


   M  f n  e   (  kg  )  =  [      C  f n  e   ( % )  ×  P  f n    ( % )    10     ]  ,  



(2)




where



   M  f n  e  :   Mass of element “e” in fraction “n” if 1000 kg of the NCM cells studied were processed in kg;



   C  f n  e  :   Average percentage concentration of element “e” in fraction “n”, identified by ICP-OES, in %;



   P  f n   :   Mass percentage of the “n” particle size fraction in relation to the number of cells processed in mechanical pretreatment, in %.




2.2.2. Black Mass (Fraction n < 0.5 mm): TG/DTG and X-Ray Diffraction


The black mass from mechanical pretreatment underwent a TG/DTG analysis (Figure 2a) using the Q50 model from TA Instruments (LACOR, Porto Alegre, Brazil), whose temperatures varied from 0 to 900 °C under a heating rate of 20 °C·min−1 The mass of the sample was 14.4070 mg, and the TG/DTG was carried out with a synthetic air flow of 90 mL·min−1 in an alumina crucible with a diameter of 10 mm.



For the X-ray diffraction analysis (XRD) (Figure 2a), the black mass sample was macerated in an agate mortar to achieve a particle size of 0.045 mm (325 mesh). The analysis was performed by the Panalytical equipment, Aeris model, using a Cu source (with Cu-Kα radiation source with λ = 1.54 Å), with the detector refined to the PHD range 8–11.27 kV, a step size of 0.022°, and a 2θ angular interval from 15° to 85°.




2.2.3. Economic, Environmental, and Shortage Potential Evaluation


These assessments were carried out using the methodology developed by Cenci et al. (2024) [25].



Economic Potential


The economic potential parameter relates to the market worth of materials based on their quantities within the fractions of the most efficient recycling processes. The economic value (EV) of each material (m) is derived by multiplying the mass fraction of that material by its market price (Table 1), as expressed in Equation (3). The values were normalized to the base of 1000 kg.


  E  V  f m  e   (  USD  )  =  M  f n  e   (  kg  )  × C  F e m  × M  V m   (     USD   kg     )  ,  



(3)




where



  E  V  f n  e  :   Economic value of each material in fraction “n” if 1000 kg of the NCM cells studied were processed;



   M  f n  e  :   Mass of element “e” in fraction “n” if 1000 kg of the NCM cells studied were processed;



  C  F e m   : Mass conversion factor from element “e” to material “m”;



  M  V m   : Market value of material “m”



For all materials except manganese, the market values were sourced from the Daily Metal Prices website [26], whose values were collected in July 2024. For the element Li, the values were obtained from compounds Li2CO3 and required a mass conversion to an elementary base. For manganese, the market value was sourced from the Business Analytiq website [27], whose value was found in July 2024. The value was obtained from compound Mn2O3 and required mass conversion to an elementary base. All other elements assumed 99% purity. This assessment of economic potential does not factor in the expenses associated with recovery processes and the manufacturing of raw materials derived from mechanically pretreated materials. Additionally, this calculation does not account for material losses. The aim of the economic potential estimative was to identify the priority fractions obtained through pretreatment for recycling based on economic considerations.




Environmental Burden as Global Warming Potential


Each material carries an environmental burden (EBm) through its life cycle.



Equation (4) assesses the environmental burden in the cradle-to-gate approach by multiplying the environmental impact (GWP in this study) by the mass fraction.


  E B    (  G W P  )   m  = G W  P m   (       kgCO  2  eq   kg     )  ×  M  f n  e   (  kg  )  ,    



(4)




where



  E B    (  G W P  )   m   : Environmental burden of material “m”



  G W  P m   : Global warming potential of material “m”



   M  f n  e   : Mass of element “e” in fraction “n” if 1000 kg of the NCM cells studied were processed;



Global warming potential (GWP) values were collected from the study of Nuss and Eckelman (2014) [28]. This approach highlights materials with a high environmental burden associated with primary ore treatment, making them attractive for recycling. Other environmental impact categories could be considered, such as land use, acidification, and ecotoxicity. The calculation used the following values in kg CO2-eq/kg: 8.8 for Al, 8.3 for Co, 2.8 for Cu, 1.5 for Fe, 7.1 for Li, 1.0 for Mn, and 6.5 for Ni. The values were adjusted in relation to the mass percentage of each fraction to inform the kilograms of CO2-eq per ton of NCM cells processed. The objective of the environmental burden as a global warming potential estimate was to identify the priority fractions obtained through pretreatment for recycling based on environmental considerations.




Shortage


Equation (5) evaluates material scarcity by integrating factors associated with raw material shortages, market shortages connected to supply risks, and the significance of scrap. The variables α, β, and γ denote the weights assigned to each criterion. In this study, weights of 1 were assigned to α and γ, while β received a weight of 3 to highlight the importance of supply risk. Alternative weight values may be employed as needed.


   SR m  =   10  4  ×    (     D e m a n  d m   (  ktons  )    M i n e r a l R e s o u r c e  s m   (  ktons  )      )   α  ×    (  S u p p l y R i s  k m   )   β  ×    (     M a s s F r a c t i o  n m   ( % )    D e m a n  d m   (  ktons  )      )    γ     ,  



(5)




where



  S  R m e   : Shortage Risk Index



The equation assesses the portion of accessible mineral resources needed for upcoming applications, integrating data from research on future demand covering the years 2016 to 2050 [29,30]. Due to geopolitical differences, the supply risk values specific to the European Union were considered. In this context, the mass fraction relative to demand focuses on materials that have a significant potential for recovery from scrap. Adjustments were made to the values based on the mass percentage of each fraction, which helps identify the priority fractions for recycling derived from mechanical pretreatment while considering the associated supply risks.







3. Results and Discussion


3.1. Characterization of NCM Cells


3.1.1. Thermogravimetric Analysis and Loss on Ignition Temperature


By the TG/DTG analysis of the milled cell (Figure 3a), the beginning of the thermal decomposition process was observed with a slight weight loss below 200 °C, which can be attributed to residual electrolyte [31]. A second weight loss, more pronounced (approximately 8.0%), was observed between 225 and 600 °C (Figure 3a,b) and was attributed to the decomposition of polymeric materials such as polyethylene (PE) and polyvinylidene fluoride (PVDF) [32,33]. The third weight loss (approximately 13.5%) was observed between 600 and 800 °C and can be attributed to the oxidation of graphite [34,35]. Also, a high percentage (approximately 75%) of residual material was observed at 800 °C. This high percentage of undecomposed material can be attributed to the inorganic fraction or metallic material in the sample. A slight increase in mass was identified above 800 °C, with a value of 75% at 800 °C rising to 76.3% at 900 °C. This increase in mass was due to the oxidation of the metals present. In this temperature range from 800 °C to 900 °C, there was competition for the available oxygen. On the one hand, the carbon in the graphite was turning into CO or CO2, and on the other, the metals were oxidizing [36].



In the TG/DTG analysis of the cell polymeric separator (Figure 3b), there was also a first stage below 225 °C and a second stage, 225–600 °C, similar to the stages seen in the TG analysis of the milled cell (Figure 3a). In the second stage, the weight loss was more evident (approximately 45.0%) and can be attributed to the decomposition of polymeric material from the separator. In the DTG analysis, it is possible to observe two peaks in the second stage, which indicates that the separator is made of polyethylene and polyvinylidene fluoride (PE/PVDF) [32]. Furthermore, it is possible to observe a high residue (approximately 47.0%) that can be attributed to the presence of inorganic material in the separator. Nanoparticles of aluminum oxide (Al2O3) or silicon oxide (SiO2), for example, are used in some types of separators to improve some of their properties [37,38].



The aim of the LoI temperature was to quantify the polymers in the separator in particular. In the TG/DTG of the polymeric separator (Figure 3b), the temperature of 600 °C was the one identified to obtain the maximum degradation of these polymers. The temperature of 800 °C, which was identified in the TG/DTG of the milled cell (Figure 3a), was not used like the LoI temperature. By analyzing these results (Figure 3b), it was possible to establish that 600 °C was the ignition loss temperature to be used in the samples throughout the study.




3.1.2. Chemical Characterization of NCM Cells


Figure 4a shows the mass percentage and their standard deviations of LoI, aluminum, cobalt, copper, iron, lithium, manganese, and nickel in the NCM cells studied. The percentage leached from the samples of milled NCM cells subjected to acid digestion was 93.7 ± 0.9%. In Figure 4a, the percentage of LoI corresponds to the thermally degraded material in the TGA of Figure 3a. Given the contribution of the LoI in the cell mass, an FTIR analysis was performed, aiming to discover its composition.



Figure 4b shows the FTIR of the separator from the NMC cell studied. The absorption bands in 2916 and 2848 cm−1 can be attributed to CH2 asymmetric and symmetric stretching, bands in 1462 and 1472 cm−1 to the bending deformation CH2, and bands in 730 and 719 cm−1 to the rocking deformation; all these bands are typical of polyethylene (PE) [39,40,41,42]. However, absorption bands in 1403 cm−1 can be attributed to the bending deformation of CH2, 1186, and 1081 cm−1 to the symmetric stretching vibration of CF2. Furthermore, the bands in 778, 846, and 977 cm−1 are typical of polyvinylidene fluoride (PVDF) [43,44,45]. Thus, it is possible to state that the separator is composed of PE coated with PVDF. The other absorption bands can be attributed to the presence of residual carbon and Al2O3, corroborating the results observed in the TGA analysis of the separator (Figure 4b).





3.2. Mechanical Pretreatment for Recycling


3.2.1. Chemical Evaluation of All Fractions


The fractions obtained by pretreatment can be seen in Figure 5a.



In the n > 9.5 mm fraction, there was a notable amount of polymer bands (white color) coming from the separators. It was observed that the white material (polymeric separators) content decreased as the particle size decreased, indicating a tendency for these polymers to concentrate in the coarser fractions. The ductility of polymeric separators, an inherent property of thermoplastic materials, results in low brittleness, leading to a reduced grinding efficiency and particle size reduction during the knife mill process. The LoI parameter was an indication of the mass percentage of this separator.



The amount of electrolytes and binders has not been measured or determined. However, the literature reports that these compounds are originally associated with the active materials of the cathode and anode [2]. Consequently, the electrolyte and binder are expected to be together in the black mass. The n < 0.5 mm fraction was rich in cathodic and anodic material, and consequently, the binder and residual organic electrolyte were present in them (Figure 5a).



The concentrations of each fraction are presented in Table 2.



The percentage leached from the samples subjected to acid digestion was 98.5 ± 1.5% for n > 9.5 mm, 97.4 ± 2.1% for 4.75 < n < 9.5 mm, 95.2 ± 1.2% for 2 < n < 4.5 mm, 92.5 ± 1.4% for 1 < n < 2 mm, and 98.0 ± 0.3 for n < 0.5 mm.



The fraction n < 0.5 mm had 39.2 ± 1.8 of LoI, which was associated with the amount of binder, graphite, and some residual electrolyte. On the other hand, the fraction n > 9.5 mm had 37.8 ± 5.6 LoI, which was associated with the polymeric separator (Table 2 and Figure 5a). The fraction 1 < n < 9.5 mm had the highest concentration of aluminum and copper. And the n > 4.75 mm fraction had the highest concentration of iron.



The n < 0.5 mm fraction, the black mass, had 22.7% nickel, 8.8% manganese, 6.8% cobalt, 5.0% lithium, 0.7% copper, 0.5% aluminum, and 39.2% LoI. Dadé et al. (2022) analyzed via ICP-OES the composition of black mass produced by treatments such as pyrolysis, dry shredding, and sieving and identified 21.40% nickel, 7.50% manganese, 7.27% cobalt, 9.78% lithium, 1.98% copper, 7.98% aluminum, and 40.80% carbon. The results were similar, but the n < 0.5 mm fraction had a lower concentration of lithium, and it was less contaminated with aluminum and copper [46].



In the study of Mousa et al. (2023), two grades of battery materials (BM1 and BM2) were collected from a recycling facility that processes spent Li-ion batteries (LIBs) through dry mechanical methods, including crushing, sieving, and magnetic separation. BM1 and BM2 represented the undersized fractions (<4.0 mm) from sieving, concentrating cathode materials (LiMeOx), and anode materials (graphite). The ICP-OES analysis indicated that BM1 had a chemical composition of 5.1% nickel, 3.0% manganese, 17.5% cobalt, and 3.9% lithium, among other components. The chemical analysis of BM2 revealed 12.5% nickel, 10.9% manganese, 5.4% cobalt, and 2.6% lithium, among other constituents. The findings indicated a higher cobalt content, while BM2 contained higher levels of nickel and manganese, suggesting different NMC battery types [47].



During milling, the electrolyte did not react or damage the stainless steel mill. Most of the electrolyte was evaporated and was captured by the exhaust system. On a laboratory scale, the quantification and environmental and economic evaluation of the electrolyte was not contemplated because of its high volatility and consequent rapid evaporation during the milling process. The residual electrolyte that remained in the fractions was not in liquid form, and the fractions obtained by pretreatment were dry and unchanged. On a laboratory scale, a gas scrubber was not necessary, but a gas scrubber is essential on an industrial scale. The aim of this study was not to propose the recovery of the electrolyte, but the collection and condensation of these vapors during milling on an industrial scale is important for its recovery. Many industrial shredding centers are beginning to make use of emission controls such as enhanced air handling and suction systems like cyclones, scrubbers, and baghouse filters [48]. Elemental distribution in each particle size fraction obtained by mechanical pretreatment is shown in Figure 5b. The value reported indicates the percentage in relation to the total amount of the element present in the entire cell that was concentrated in each particle size fraction. These results are fundamental to verifying the separation efficiency of mechanical pretreatment. The fraction 1 < n < 9.5 mm had 89% of the total amount of aluminum in the cell, and 11% was lost to other fractions. A total of 84% of all copper was also separated in 1 < n < 9.5 mm, and 16% was lost to other fractions. In addition, 95% of all iron remained in the n > 2 mm fraction, and 5% was lost to other fractions (Figure 5b). The mechanical process adopted, based on grinding and sieving, showed 3.9% losses in the form of dust to the environment. In various comminution processes, material losses can primarily happen during the grinding phase. Fine particles may escape from the mills and become drawn into the exhaust system. Hence, mills must be designed to minimize environmental losses. Some cathode-active material might be lost to the coarser fractions. However, this material generally tends to accumulate in finer fractions. As can be seen in Figure 5b, 85% of all lithium in the cell was concentrated in the fraction with a particle size n < 0.5 mm, and the remaining 15% of lithium was lost in fractions n > 0.5 mm. Moreover, 77.4% of cobalt, 75.1% of manganese, and 68.5% of the nickel of the entire cell were concentrated in the n < 0.5 mm fraction. This fraction showed low contamination values for aluminum (2.2%), copper (3.2%), and iron (3.4%), whose percentages are related to the total element content of the entire cell. The fraction n < 0.5, which can be called the black mass, represented 40.4% of the mass of all the cells processed.



This study focused on mechanically processing cylindrical cells, but pouch and prismatic cells have different casing materials that affect the composition of the coarser fraction, where materials like steel, aluminum, and polymers are concentrated. Recycling processes may vary with these cell types due to differences in the casing size and composition, leading to differences in particle size distribution across product fractions. Prismatic cells with a steel casing require more energy than prismatic cells with an aluminum casing. Cylindrical cells require a similar crushing energy than prismatic cells, and pouch cells have a comparably low energy consumption. The particle size distribution varies quite significantly between the different cell types, which is mostly caused by the amount of material n < 1 mm being created. This is caused by significant differences in the decoating for the different cell types, especially of the cathodes [20,49,50,51,52]



The estimated amount of material separated into each fraction if 1000 kg of milled NCM cells were subjected to the same process is reported in Figure 5c. The figures do not consider losses since this factor depends on operating conditions. For each ton of pretreated cell, 188.7 kg of iron, 102.4 kg of polymers, 78.6 kg of aluminum, and 73.1 kg of copper would be generated at n > 2 mm. For each ton of cell processed, the black mass (n < 0.5 mm) would contain 27.5 kg of cobalt, 20.2 kg of lithium, 35.6 kg of manganese, and 91.7 kg of nickel, for a total of 174.9 kg of cathode material. This cathode material would be contaminated with 2.0 kg of aluminum, 2.8 kg of copper, and 6.9 kg of iron (Figure 5c). It would not be possible to recover 100% of these metals in subsequent recovery processes (via hydrometallurgy and pyrometallurgy, for example) as there are always losses. However, this study serves as an indication of the granulometric fraction richest in certain metals.




3.2.2. Black Mass (Fraction n < 0.5 mm): TG/DTG and X-Ray Diffraction


The DTG in Figure 6a shows a large peak observed at 710 °C that can be attributed to the LoI maximum decomposition rate. The 37.5% mass loss of this peak is compatible with the LoI percentage of 39.2 ± 1.8% (Table 2).



The X-ray diffraction (XRD) analysis of the black mass obtained by mechanical pretreatment revealed the presence of two crystalline phases. Graphite was identified, characterized by the crystallographic pattern ICDD 03-065-6512, and lithium–nickel–cobalt–manganese oxide, identified by the crystallographic pattern ICDD 01-070-4314, with a chemical composition of Co0.1Li1.03Mn0.1Ni0.77O2, characteristic of the NMC811 cathode material type (Figure 6b).




3.2.3. Economic, Environmental, and Shortage Potential Evaluation


The potential evaluation of the particle size fractions obtained by mechanical pretreatment (Figure 7) was designed to indicate the priority fractions for recycling, considering economic (Figure 7a), environmental (Figure 7b), and supply risk aspects (Figure 7c). The values given indicate the order of magnitude since they do not consider (1) process losses, (2) the efficiency of recovery of the metals mentioned, (3) economic costs, and (4) greenhouse gas emissions from subsequent recycling stages. This analysis did not account for polymers, graphite, or electrolytic solutions.



Economic Potential


As can be seen in Figure 7a, fraction n < 0.5 mm had the highest economic potential (USD 3669/ton NCM cell), which was four times more than the second-highest potential fraction, which was 2 < n < 4.75 mm (USD 870/ton NCM cell). Table 2 shows that there were around 16.4 ± 1.2% of nickel in the fraction 2 < n < 4.75 mm. Consequently, in Figure 7a, this fraction has the second highest economic potential, mainly because of the nickel (USD 323/ton NCM cell). Although the fractions 1 < n < 2 mm and 0.5 < n < 1 mm have similar percentages of nickel (Table 2), these fractions are not very representative in terms of mass (Figure 5b). Consequently, they do not stand out in the analysis of economic potential (Figure 7a). Moreover, copper (USD 378/ton NCM cell) was the metal with the highest economic potential in the fraction 4.75 < n < 9.5 mm (Figure 7a).



The fraction of black mass (n < 0.5 mm) obtained by the same mechanical process but from LFP cells ranged from 881 to 1120 USD/ton LFP cell [19]. This elevated economic potential of the black mass from NCM cells was due to the market value of cobalt (26.62 USD/kg) and lithium carbonate (11.78 USD/kg), both of which are critical raw materials, in addition to nickel (15.80 USD/kg). These results show that the black mass of NCM cells has greater economic potential than the black mass of LFP cells, not considering the costs of the recycling process. Consequently, more complex recycling processes can be used on NCM cells than on LFP cells, and LFP cells need to be treated by processes with lower economic costs to make recycling economically viable because they result in lower value-added products.



The greatest economic potential lies in the black mass from n < 0.5 mm (USD 3669/ton NCM cell), but an important part lies in the other fractions, especially 2 < n < 9.5, which accounted for 39.9% of the cell mass (Figure 5b). The fraction 2 < n < 9.5 had an estimated economic potential of USD 1529/ton NCM cell or 41.7% of the economic potential of fraction n < 0.5 mm. This study indicates that black mass (n < 0.5 mm) is the priority fraction, but the forwarding of other fractions for specific recycling processes is perfectly feasible through mechanical pretreatment. Wang et al. (2016) also proposed a pretreatment of mechanical shredding and sorting steps based on size and explained that, instead of processing the entire spent LIBs using a single technology, several recycling processes could be integrated to target specific materials enriched in each particle size fraction (e.g., copper from the medium fractions and iron from the coarse fractions) [48].




Environmental Burden as Global Warming Potential


In the environmental assessment (Figure 7b), it was determined which fractions should be prioritized for recycling to reduce CO2 equivalent emissions per 1 ton of NCM cells obtained through primary production. The fraction n < 0.5 mm represented 103,788 kg CO2-eq/ton NCM cell, primarily due to the presence of nickel, cobalt, and lithium. In contrast, the fraction of black mass (n < 0.5 mm) obtained by the same mechanical process but from LFP cells ranged from 183 to 388 kg CO2-eq/ton LFP cell [19]. These results indicate that the production of cathode material from NCM cells through primary production results in more carbon emissions than the production of cathode material from LFP cells, disregarding emissions related to the recycling process. Jiang et al. (2022) also reported that the production of LFP cells has a lower environmental impact per kilogram compared to NCM cells [13]. The recovery of valuable materials from NCM black mass has a significant multiplier effect on reducing total CO2 emissions. NCM recycling should, therefore, be prioritized as a strategy for minimizing global environmental impact while maximizing the economic value of critical metal recovery.



The fraction 2 < n < 9.5 mm had an environmental burden as a global warming potential of 122,925 kg CO2-eq, primarily due to the presence of aluminum, iron, copper, and nickel (Figure 7b). The recycling of fractions 2 < n < 9.5 mm, despite having a lower economic value, still plays a key role in reducing the CO2 emissions associated with primary production. These fractions contain materials such as aluminum, iron, and copper, which, although not as critical as cobalt or lithium, are also valuable and can be recycled to reduce the need for mining and the corresponding environmental impacts. Adopting recycling processes that integrate these medium and coarse fractions can, therefore, help balance the economic cost with a reduction in carbon emissions.




Shortage


Among all the metals present in NCM lithium-ion cells, cobalt and lithium stand out the most in terms of supply risk. The supply risk for n < 0.5 mm was 6.54 (Figure 7c), seven times higher than the second-highest index fraction (2 < n < 4.75 mm). Moreover, the fraction of black mass (n < 0.5 mm) obtained by the same mechanical process but from LFP cells ranged from 1.80 to 1.84 [19]. The recovery of cobalt from NCM cells is essential to guarantee the supply of this critical raw material, as well as lithium. Therefore, the n < 0.5 mm fractions are the priority for recycling, considering their shortage (Figure 7c).



The elevated shortage risk index of cobalt and lithium, especially concentrated in the n < 0.5 mm fraction, not only highlights the importance of recovering these critical metals but also underlines the environmental benefit of recycling. By recovering these metals through recycling, rather than relying on mining, the supply chain becomes more resilient and sustainable, reducing the pressure on natural sources and the emissions associated with the primary production of these materials. Recycling these fractions is, therefore, a dual strategy: mitigating supply risks and contributing to the reduction in carbon emissions.







4. Conclusions


The mechanical pretreatment (using grinding, with a knife mill, and particle size separation by sieving) concentrated lithium nickel cobalt manganese oxide and graphite in the finest fraction (particle size n < 0.5 mm), which represented 40.4%, on average, of the entire mass of NCM cells processed. The fraction n < 0.5 mm had the highest economic potential (USD 3,669/ton NCM cell), which was four times more than the second-highest potential fraction, i.e., 2 < n < 4.75 mm (USD 870/ton NCM cell). In the environmental assessment, fraction n < 0.5 mm represented 103,788 kg CO2-eq, primarily due to the presence of nickel, cobalt, and lithium. The fraction 2 < n < 9.5 mm had an environmental burden as a global warming potential of 122,925 kg CO2-eq because of the presence of aluminum, iron, copper, and nickel. Among all the metals present in NCM lithium-ion cells, cobalt and lithium stand out the most in terms of supply risk. The supply risk for n < 0.5 mm was 6.54, seven times higher than the second-highest index fraction (2 < n < 4.75 mm). Moreover, the n < 0.5 mm fraction (black mass) was the priority for recycling and had greater economic, environmental, and supply risk potential than the black mass of LFP cells.



These findings underscore the critical importance of recycling the n < 0.5 mm fraction to address both economic and environmental concerns. The efficient recovery of cobalt and lithium from this fraction can significantly mitigate supply chain risks and lower CO2 emissions associated with the traditional mining process. Additionally, the higher economic potential and environmental burden of the n < 0.5 mm fraction make it a prime target for technological innovations in recycling, which could improve both the profitability and sustainability of the recycling process. Recycling the 2 < n < 9.5 mm fractions, though economically less valuable, is crucial for reducing CO2 emissions by recovering materials like aluminum, iron, copper, and nickel, thus minimizing the need for mining and its environmental impact.
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Figure 1. A schematic diagram of the lithium-ion battery components. Source: Adapted from Ji et al., 2021 [3]. 
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Figure 2. (a) Methodology, and (b) photography of the spent NCM cells used in this study. a Characterization method. 
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Figure 3. TG/DTG analysis under an oxidizing atmosphere of (a) milled NCM cell, whose particle size was n < 0.5 mm (b) cell separator, whose fragment was obtained by disassembling the cell. 
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Figure 4. (a) Mass percentage and their standard deviations of LoI at 600 °C, aluminum, cobalt, copper, iron, lithium, manganese, and nickel in the NCM cells studied. LoI indicates the polymers of separators, binders, and organic electrolytes thermally degraded at 600 °C. (b) FTIR analysis of the separator of the NCM cell studied. 
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Figure 5. (a) Particle size fractions obtained by mechanical pretreatment of grinding and sieving of NCM cells. (b) Percentage mass distribution of the main elements in the granulometric fractions obtained by mechanical pretreatment. The data show the ratio of the mass of the element found in the fraction to the total mass of the element identified in the characterization of the NCM cell. (c) Distribution in kilograms of metals and LoI in each particle size fraction for 1 ton of processed NCM cells. LoI indicates the polymers of separators, binders, and organic electrolytes thermally degraded at 600 °C. 
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Figure 6. (a) TG/DTG analysis of black mass, under an oxidizing atmosphere, which was obtained by mechanical pretreatment (n < 0.5 mm). (b) X-ray diffraction (XRD) analysis of the black mass obtained by mechanical pretreatment of NCM cells. 
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Figure 7. (a) Economic potential (in US dollars) of the particle size fractions obtained by processing 1 ton of NCM cells. (b) Environmental burden as global warming potential (in kg CO2-eq/ton NCM Cell) of the particle size fractions obtained by processing 1 ton of NCM cells. (c) Shortage risk index according to the fractions obtained by mechanical pretreatment. 
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Table 1. Materials analyzed with their mass conversion factors and market values in USD/kg.






Table 1. Materials analyzed with their mass conversion factors and market values in USD/kg.





	Element
	Material
	Mass Conversion Factor
	Market Value (USD/kg)





	Al
	Aluminum
	1
	2.290 1



	Co
	Cobalt
	1
	26.625 1



	Cu
	Copper
	1
	9.10 1



	Fe
	Steel Rebar
	1
	0.425 1



	Li
	Li2CO3
	5.322
	11.78 1



	Mn
	Mn2O3
	4.260
	1.25 2



	Ni
	Nickel
	1
	15.80 1







Sources: 1 (Daily Metal Prices, 2024) [26]; 2 (Business Analytiq, 2024) [27].













 





Table 2. Percentage concentration (by mass) of the particle size fractions obtained by pretreatment in the NCM cells studied.






Table 2. Percentage concentration (by mass) of the particle size fractions obtained by pretreatment in the NCM cells studied.





	
Concentrations of the Fractions Obtained by Mechanical Pretreatment (%, in Mass)




	

	
n > 9.5 mm

	
4.75 < n < 9.5 mm

	
2 < n < 4.75 mm

	
1 < n < 2 mm

	
0.5 < n < 1 mm

	
n < 0.5 mm






	
LoI

	
37.8 ± 5.6

	
12.2 ±0.6

	
9.2 ± 0.8

	
9.8 ± 1.6

	
22.3 ± 1.6

	
39.2 ± 1.8




	
Al

	
4.3 ± 1.3

	
21.1 ± 1.4

	
11.3 ± 1.4

	
11.7 ± 1.4

	
6.1 ± 0.9

	
0.5 ± 0.0




	
Co

	
1.0 ± 0.3

	
0.0 ± 1.3

	
3.9 ± 0.6

	
3.3 ± 0.5

	
5.0 ± 0.8

	
6.8 ± 1.6




	
Cu

	
6.4 ± 1.1

	
15.2 ± 10.6

	
17.5 ± 2.3

	
23.4 ± 2.4

	
7.7 ± 1.8

	
0.7 ± 0.2




	
Fe

	
23.7 ± 1.7

	
47.9 ± 5.4

	
17.1 ± 2.6

	
9.1 ± 0.8

	
4.8 ± 0.3

	
1.7 ± 0.9




	
Li

	
<LD

	
<LD

	
1.9 ±0.3

	
2.4 ± 1.0

	
3.4 ± 0.6

	
5.0 ± 1.1




	
Mn

	
1.2 ± 0.3

	
0.6 ± 0.2

	
4.6 ± 0.3

	
4.8 ± 0.3

	
8.7 ± 1.4

	
8.8 ± 1.8




	
Ni

	
6.1 ± 1.2

	
2.0 ± 0.2

	
16.4 ± 1.2

	
15.1 ± 1.5

	
16.7 ± 1.7

	
22.7 ± 1.1
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