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Abstract 

Currently, the focus of the waste Li-ion battery processing is on better separation of individual material 

components of the batteries so that this process is as efficient as possible. This step is closely related to the 

success of the subsequent processing of the individual separated components. The active material (black 

mass) after separation contains a certain proportion of metals in the form of their compounds and graphite. 

The paper deals with the possibility of separating a portion of selected metals, such as cobalt and nickel, into 

a separated fraction of the black mass using magnetic separation. The active material was annealed at 900 °C, 

whereby some of the metals were converted into a ferromagnetic state. The subsequent leaching converted 

the soluble salts into solution. A wet magnetic separation method was then used to concentrate the selected 

metals into the separated fraction. From the process, a mass fraction richer in the content of selected metals, 

a fraction richer in graphite and, after drying the solution after leaching, a proportion of salts including lithium 

salts was obtained. The success of the process depends on a number of parameters during leaching of the 

material and subsequent magnetic separation. This process made it possible to obtain a metal concentrate 

containing up to 60-70 wt% of cobalt and 2-3 wt% of nickel. The problem is to achieve better separation of 

individual components from the Li active material. Finding the best way to process waste lithium batteries is 

important for sustainable electromobility.  
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1. INTRODUCTION 

Lithium-ion batteries (LIBs) have become a key technology for energy storage, enabling a revolution in portable 

electronics and supporting the growth of electromobility and stationary storage systems. The global Li-ion 

battery market is expected to double every five years. A significant demand for LIBs in the automotive sector 

is anticipated over the next decade [1]. However, with increasing utilization, the need for efficient recycling 

becomes more critical. Electrode material, also referred to as "black mass," will be classified as hazardous 

waste. As a result, it will become a more strictly regulated commodity, enabling improved utilization within the 

European Union [2]. Battery lifetime requirements are also rising, exceeding 10 years for automotive 

applications [3], Moreover, a complete transformation in the material composition of traction batteries is 

expected [4].  The processing and recycling of lithium-based battery waste is currently, and will continue to be 

in the near future, essential for ensuring the sustainability of electromobility. Spent LIBs can contain 5–20% of 

cobalt, 5–10% of nickel, 5–7% of lithium and other metals (copper, aluminum, iron), 15% organic compounds, 

and 7% plastics [5]. Waste lithium batteries contain not only valuable metals—previously targeted for recovery 

through direct pyrometallurgical [6], hydrometallurgical, and combined processes, but also a significant fraction 

of valuable graphite [7].  

A major challenge in the processing of waste lithium batteries is the separation of anode and cathode materials, 

which tend to be intermixed in the electrode mass following mechanical battery treatment. The anode material 
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is graphite-based, whereas the cathode material consists of metal oxides such as Co, Ni, and Mn [4,8]. Both 

materials contain lithium. Graphite itself, along with all of the metals, represents a valuable and costly resource. 

Currently, efforts focus not only on the mechanical separation of casings (Fe, Al, polymers), current collectors 

(Al, Cu), and electrode mass, but also on the direct separation of graphite and metal-based components from 

the black mass. One possible approach involves thermal treatment of the electrode mass at elevated 

temperatures to induce a transition of the metal content (e.g., Co, Ni, and residual Fe) into a ferromagnetic 

state, enabling subsequent separation through leaching and magnetic separation. 

During this process, chemical reactions occur between cobalt and lithium compounds and graphite [9,10]. 

According to thermodynamic calculations, LiCoO₂ first decomposes into Li₂O, CoO, and oxygen, with the 

theoretical decomposition temperature in air being approximately 813 °C. Carbon then reduces cobalt oxides 

to metallic cobalt, while itself oxidizing to CO or CO₂. These gases can further react with Li₂O to form lithium 

carbonate (Li₂CO₃). Other metals, including nickel, may also participate in similar redox reactions. In the 

subsequent separation steps, the ferromagnetic properties of cobalt, nickel, and residual iron are utilized. A 

leaching step is advantageous, where soluble non-magnetic compounds are transferred into the solution 

phase. Certain lithium compounds are water-soluble, allowing for their efficient separation. Upon crystallization 

from solution, lithium compounds form a white powder. Subsequently, the magnetic and non-magnetic 

fractions are separated from the solid portion on the basis of different magnetic properties. The magnetic 

fraction should contain Co, Ni, and Fe. Whereas the non-magnetic fraction is expected to retain Mn, Cu, Al 

from the monitored elements and mainly C. However, the efficiency of magnetic separation is hindered by the 

presence of polymeric binders and other organic compounds, which are difficult to remove by roasting.  

2. DESCRIPTION OF THE EXPERIMENT 

The basis of this experiment is the verification of the possibility of using the roasting of the electrode material 

from Li accumulators in air, converting part of the material into a ferromagnetic state and subsequent leaching 

of the treated material in an aqueous environment. During leaching, the non-magnetic soluble fraction should 

be transferred to the solution. After crystallization, this fraction should contain mainly lithium in the form of 

salts, which can also be of a more complex nature. The solid residue can then be separated into a non-

magnetic (the largest proportion should be graphite) and a magnetic fraction (cobalt, nickel and their 

compounds, which are ferromagnetic) using the wet magnetic separation method.  

2.1. Preparation of the experiment 

Electrode mass from waste Li-ion batteries (LIB) was used as an input for the experiment after sieving and 

separating the magnetic fraction. The composition of the input material (LIB mass) is given in Table 1, material 

is marked as LIB IN. The content of selected elements was determined by the method ED-XRF (Energy 

Dispersive X-ray fluorescence) using the device Delta professional. This analysis is only indicative and was 

used to compare the content of selected metals for the experiment. This mass was annealed in air at 900 °C 

for 30 minutes (oxidative roasting). Annealing was carried out in two ways in electric resistance furnace Clasic. 

Firstly, the material was annealed in a larger volume (about 50 g, designated as LIB R1) and in a smaller 

volume for better roasting (about 20 g, designated as LIB R2). The content of selected elements in the 

annealed electrode mass was determined again by the method ED-XRF.  

Table 1 Average content of selected elements in LIB mass after annealing - content of element (wt%) 

 Co Mn Ni Fe Cu Al 

LIB IN 25.06±0.53 3.11±0.06 1.69±0.06 0.24±0.24 1.61±0.22 1.91±0.12 

LIB R1 28.33±0.30 3.53±0.06 1.95±0.03 0.27±0.01 1.86±0.12 1.44±0.08 

LIB R2 32.85±0.10 4.12±0.04 2.68±0.05 0.37±0.01 2.17±0.23 1.22±0.09 
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It is clear from Table 1 that the element content increased because part of the organic and volatile components 

was removed during annealing. Roasting in a thin layer has a better effect for removing organic components 

and increasing the proportion of metals of interest Co, Ni, Mn, as can be seen in Table 1. In the LIB R2 sample, 

the Co content increased by 7 % compared to the original content. The weight loss during annealing was for 

the sample LIB R1 14,39 % and for LIB R2 23,01 %. After oxidative roasting under the given conditions, the 

material was ferromagnetic. Figure 1 shows the electrode material after annealing (left) and then after crushing 

and sieving (right). This modified mass was used for subsequent experiments. 

 

 

 

 

 

 

Figure 1 Black mass after roasting: left before and right after crushing and sieving 

2.2 Wet magnetic separation of LIB mass 

The wet magnetic separation method was used to separate cobalt and nickel from the annealed electrode 

mass. The process produces three separated fractions – a solid magnetic fraction (based on metals Co, Ni, 

Fe – (M)), a solid non-magnetic fraction (graphite and metals Al, Cu, Mn, … - (N)) and a liquid fraction (Li and 

other metals in soluble form – (S)). It is assumed that lithium in the annealed mass under the above conditions 

is in the form of slightly soluble Li2CO3. 

Samples of the annealed electrode material were leached in 200 ml of distilled water and stirred for a given 

time on a magnetic stirrer. For experiment 1, mass LIB R1was used, for experiments 2-5 mass LIB R2. The 

weight was 2 or 1 g of mass, the ratio of solid to liquid phase S:L was 1:200 or 1:100. The leaching time was 

varied in the range 3-48 h. After the end of the process, the magnetic fraction (M) was taken out by permanent 

magnet using in magnetic stirrer and the liquid and solid fraction were subsequently filtered. The leachate was 

heated to cause crystallization for several hours (days) until completely dry. For the separated fractions (M, N, 

S), the content of selected metals was determined using the ED-XRF method and their proportion to the input 

was determined. Lithium and other elements cannot be determined by this method, however, from the analysis 

it is possible to evaluate how the metal content changes in each fraction after separation and whether it is 

present or not in the given fraction. Basic information about the leaching conditions is given in Table 2. From 

the results in Table 2, it follows that the proportion of the obtained magnetic fraction is within the range 10-27 

%, non-magnetic fraction 50-74 % and crystallized 14-20 %. Figure 2 shows the separated fractions from the 

LIB mass. The losses after separation are not listed in the Table 2. 

Table 2 Basic information about leaching conditions, proportions of obtained fractions 

Sample mLIB (g) S:L Time (h) 
M N S 

(g) (%) (g) (%) (g) (%) 

1 2.14 1:100 25 0.44 20.56 1.33 62.15 0.36 16.82 

2 1.01 1:200 3 0.28 27.72 0.51 50.50 0.21 20.79 

3 2.02 1:100 30 0.22 10.89 1.44 71.29 0.31 15.35 

4 2.08 1:100 30 0.23 11.06 1.54 74.04 0.29 13.94 

5 2.00 1:100 48 0.32 16.00 1.35 67.50 0.28 14.00 

20 mm 20 mm 
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The determined contents of selected metals in the magnetic, non-magnetic and crystallized fractions are given 

in Table 3. It is clear from Table 3 that during the experiments, Co and Ni were redistributed between the 

magnetic and non-magnetic fractions at longer leaching times. This process made it possible to obtain a metal 

concentrate containing up to 60-70 wt% of cobalt and 2-3 wt% of nickel in magnetic fraction. The increase in 

the content of Mn, Cu and Al in the non-magnetic fraction is not entirely obvious. A positive finding is that of 

the selected metals, only aluminum passes into solution. The aluminum content may be distorted, however, it 

is likely that aluminum will also form soluble compounds with lithium. The purity of the obtained fractions, 

respectively the efficiency of the separation, is important, therefore analysis was also carried out by the SEM 

method (scanning electron microscopy).   

Table 3 Average content of selected metals in separated fractions after leaching 

Sample/
Fraction 

Content of element (wt%) 

Co Ni Fe Mn Cu Al 

1-M 62.54±8.92 4.05±0.83 0.57±0.10 2.99±0.32 3.21±0.51 1.06±0.11 

2-M 36.25±1.93 1.99±0.15 0.29±0.02 3.63±0.18 4.81±0.12 2.32±0.09 

3-M 61.32±0.61 4.09±0.14 0.54±0.01 4.15±0.02 2.35±0.21 1.94±0.04 

4-M 70.98±8.69 3.36±0.36 0.48±0.05 2.60±0.22 3.37±0.95 2.10±0.09 

5-M 64.02±6.00 3.00±0.28 0.41±0.03 2.47±0.14 2.70±0.10 1.71±0.08 

1-N 18.10±1.25 1.56±0.14 0.23±0.04 4.56±0.25 1.67±0.06 2.58±0.07 

2-N 25.06±0.76 1.87±0.06 0.26±0.00 3.83±0.05 1.33±0.06 1.63±0.05 

3-N 29.97±0.20 2.70±0.01 0.38±0.01 4.60±0.05 2.55±0.06 2.61±0.25 

4-N 28.03±0.75 2.71±0.16 0.36±0.02 4.80±0.12 2.60±0.67 1.95±0.11 

5-N 24.15±0.21 2.56±0.06 0.33±0.01 4.94±0.03 1.99±0.13 2.09±0.10 

1-S ND ND ND ND 0.0017±0.0003 4.67±0.35 

2-S ND 0.0050±0.0015 ND 0.0114±0.0022 0.0038±0.0017 2.26±0.71 

3-S ND 0.0016±0.0002 ND ND 0.0084±0.0004 9.12±1.15 

4-S ND 0.0028±0.0003 ND ND 0.0042±0.0005 7.71±1.39 

5-S ND 0.0049±0.0008 ND 0.0096±0.0015 0.0037±0.0007 4.02±0.45 

ND – The element content is below the detection limit. 

Magnetic fraction  Non-magnetic fraction   Crystallized fraction 

Figure 2 Black mass after process of wet magnetic separation – magnetic, non-magnetic, crystallized 

fraction 

2.3 SEM analysis of separated fractions 

A detailed characterization of selected experimental samples was conducted, including elemental analysis. 

Scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDX) was 

performed using an ESEM FEI Quanta FEG 450 microscope equipped with an EDAX EDS analyzer. 

Representative elemental analysis was carried out for both the magnetic and non-magnetic fractions. Although 

this method is not fully suitable for analyzing the crystallized fraction, an EDX analysis was performed for this 

sample as well. Sample 1 was selected as a representative example, and all separated fractions—1M 

20 mm 20 mm 30 mm 
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(magnetic), 1N (non-magnetic), and 1S (crystallized)—were documented.  The measurement results were 

compared with the results obtained by the ED-XRF method listed in the Table 3. Enrichment of the 1M fraction 

in cobalt was confirmed, with relatively low contamination by other elements. Figure 3 (left) shows a SEM 

image (BSE – back scattered electrons) of fraction 1M. Bright particles rich in metals, mainly cobalt, are clearly 

visible, intermixed with darker particles, which are presumed to be residual graphite. Figure 3 (right) presents 

the SEM image of fraction 1N. Fraction 1N contained mainly carbon (dark particles) and small light particles 

based on metals. Both images in Figure 3 indicate that complete separation of the fractions was not achieved, 

which corresponds to the values listed in Table 3. Figure 4 displays a SEM image (SE – secondary electrons) 

of the crystallized fraction 1S. The image reveals a heterogeneous mixture of crystalline particles. 

Unfortunately, from the results of the elemental analysis, it is not possible to distinguish with certainty what 

compounds are involved. Lithium could not be determined by this method, however, it was found that this 

fraction does not contain metals such as Co, Ni or Fe. The analysis therefore showed that only a small amount 

of aluminum, passes into this fraction. 

 

 

 

 

 

 

 

 

  Figure 3 SEM-BSE images of magnetic (left) and non-magnetic (right) fractions  

 

 

 

 

 

 

Figure 4 SEM-SE image of the dissolved and subsequently crystallized fraction 

The wet magnetic separation technology is suitable for processing electrode mass with higher Co and Ni 

contents. The obtained results show that the separation method is applicable to increase the efficiency of 

processing LIB mass. However, the success of the method is influenced by a number of parameters and it is 

also appropriate to bring the solution closer to real conditions for recycling Li-Ion batteries. The authors of 

some articles achieved higher separation efficiency, but pure materials were used for the experiments [9,10]. 

For our experiment, the used material was derived from the processing of real Li batteries, which contain a 
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number of other elements. Flotation technology [11] and other procedures are also being tested to solve the 

separation of components from LIB material. At the moment, there is an effort to completely change the 

principle of Li accumulators used in electric vehicles so that their reuse, refurbishing or direct recycling is 

possible (recrystallization, reactivation) [1,3,12].  

3. CONCLUSION 

The fractions from the LIB mass were separated using the wet magnetic separation method. The active 

material was annealed at 900 °C, whereby some of the metals were converted into a ferromagnetic state. The 

subsequent leaching converted the soluble salts into solution. From the process, a mass fraction richer in the 

content of ferromagnetic metals, a fraction richer in graphite and, after drying the solution after leaching, a 

proportion of salts including lithium salts was obtained. This process made it possible to obtain a metal 

concentrate containing up to 60-70 wt% of cobalt and 2-3 wt% of nickel. The success of the process depends 

on a number of parameters during separation process and the problem is to achieve individual components 

from the Li active material with sufficient purity. 
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