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Abstract 5 

During the discharge process of a lithium-ion battery different phenomena can occur, such as 6 

copper deposits or active material coating on the separator, which influence the quality of 7 

recycling. According to their depth of discharge the cell types investigated behave differently 8 

in the mechanical recycling. The product qualities of the black mass scatter regarding yield 9 

and content of impurities, which generates new challenges in terms of the required recycling 10 

rates according to EU regulations. plating on  to the different structure of the components, the 11 

contamination of the black mass increases, while the liberation of active material is reduced. 12 

The findings of this study underscore the necessity of optimizing the mechanical recycling 13 

process to ensure stability in handling phenomena associated with greater discharge depths. 14 

Not addressing these issues would lead to the introduction of impurities that coat the separator, 15 

presenting new challenges for subsequence processes such as flotation and hydrometallurgy. 16 

1. Introduction 17 

Lithium-Ion Batteries (LIB) are an electrochemical storage system (Korthauer 2013) whose 18 

application has increased significantly over the last decade (Neef, Schmaltz et al. 2021). The 19 

functional unit of a LIB consists of two electrodes, cathode and anode, which are separated by 20 

a porous membrane, the separator foil. This unit is embedded in a casing and filled with 21 

electrolyte which enables the ion transport between the electrodes (Rothermel, Winter et al. 22 

2018). The electrodes consist of a metallic current collector foil ensuring geometric stability 23 

and a coating (Sommerville, Shaw-Stewart et al. 2020). For the anode, copper (Cu) is used as 24 

current collector foil which is predominantly coated with graphite and fixed by carboxymethyl 25 

cellulose (CMC) and/or styrene-butadiene-rubber (SBR) as binder. The coating of the cathode 26 

is formed by a layered metal oxide containing different combinations of nickel, manganese, 27 

aluminium and cobalt or phosphate (LiCoO2 (LCO), LiNixMnyCozO2 (NMC), LixMnyOz, 28 

LiNixCoyAlzO2 (NCA), LiFePO4 (LFP)) (Korthauer 2013, Zhao, He et al. 2019). This active 29 

material is fixed on an aluminium current collector foil using predominantly polyvinylidene 30 

fluoride (PVDF) as binder. The separator foil prevents short circuits and is made of 31 

polyethylene or polypropylene or a mixture of both. To ensure further thermal stability the 32 

separator can be coated with inorganic materials like alumina and silica (Shi, Dai et al. 2016). 33 

The ion-conducting electrolyte consists of a conductive salt, most likely lithium 34 



hexafluorophosphate (LiPF6), and a mixture of organic solvents, i.e. organic carbonates 35 

(Doose, Mayer et al. 2021).  36 

As LIB contain critical raw materials like Co, Ni and Li, a special economic and political need 37 

for recycling is essential to prevent material shortage of these materials. This need is especially 38 

pronounced as LIB are increasingly used to power electric transportation. The number of 39 

decommissioned LIB is expected to increase from 11 million in 2020 to 145-230 million 40 

worldwide in 2030 (Schmaltz 2023). To handle the shortage or criticality of materials and to 41 

enhance recycling efforts, the European legislation defined in 2023 element specific recycling 42 

rates. A recovery of 95% for Co, Cu, and Ni and 80% for Li by 2031 is proposed (EU 2023). 43 

China sets even higher recycling rates of 98 % for Ni, Co and Mg, 85 % for Li and 97 % for 44 

selected earths and other metals (Li, Yang et al. 2021). Due to this legislation, new challenges 45 

in LIB recycling arise as every step of the recycling chain has to be highly efficient and losses 46 

cannot be accepted. There are different ways to design the recycling process by combining 47 

variants of mechanical, hydrometallurgical and pyrometallurgical sub-processes. To find out 48 

more details about the process types, variants and their challenges, the authors refer to the 49 

following review articles (Sommerville, Shaw-Stewart et al. 2020, Werner, Peuker et al. 2020, 50 

Windisch-Kern, Gerold et al. 2022).  51 

Prior to the recycling, almost all processes require discharging the LIB to prevent hazards such 52 

as ignition and explosions (Rothermel, Winter et al. 2018, Wuschke, Jäckel et al. 2019). 53 

However, during discharging further challenges occur, which derive from the depth of 54 

discharge. Following operation, cell interconnected in the battery pack can have different 55 

capacities. Discharging the cells connected in series with the same current can result not only 56 

in discharge and overdischarge of the cells, but also in reversal of the poles (Fuentevilla, 57 

Hendricks et al. 2015, Rothermel, Winter et al. 2018) of the cells with the lowest capacity in 58 

the pack. During overdischarging and discharging into pole reversal different phenomena can 59 

occur. Due to the voltage difference Cu ions from the anode current collector can be 60 

electrochemically dissolved and transported to the cathode side, where the Cu ions are 61 

reduced to metallic copper, which precipitates on the cathode active material (He, Liu et al. 62 

2013, Kasnatscheew, Börner et al. 2017, Feng, Ouyang et al. 2018). This weakens the stability 63 

of the copper foil which starts to corrode (Hashimoto, Yamashiro et al. 2015, Rothermel, Winter 64 

et al. 2018). In addition to the formation of copper plating (Maleki and Howard 2006, Juarez-65 

Robles, Jeevarajan et al. 2020), overdischarging acts on the separator foil, promoting the 66 

formation of copper bridges (dendrites) through the separator foil (Juarez-Robles, Jeevarajan 67 

et al. 2020). As a result, the adhesion of the active material to the porous membrane increases, 68 

since the precipitated copper acts a binder. Thus, the separator foil becomes coated with active 69 

material (Fear, Juarez-Robles et al. 2018, Hendricks, Mansour et al. 2020) and can even melt 70 

(Wu, Sun et al. 2015, Wang, Zheng et al. 2020) due to the heat generation resulting from 71 



internal short circuit (Rothermel, Winter et al. 2018, Wu, Liu et al. 2018). Thus, the phenomena 72 

of deep discharge, especially internal short circuits, can also lead to thermal runaway. After a 73 

series of exothermic reactions, the thermal runaway leads to spontaneous ignition with a 74 

possible explosion (Doose, Mayer et al. 2021, Wang, Feng et al. 2023). 75 

As the internal structure of the LIB changes with the depth of discharge, understanding how 76 

valuable materials can still be recovered becomes essential. It has already been proven that 77 

discharging has an influence on the intermediate product streams in mechanical recycling 78 

(Kaas, Wilke et al. 2023). When processing parameters are kept unchanged, the electrode 79 

product, e.g., after flow separation is contaminated by the coated separator and the black mass 80 

generated by sieving shows increased copper values for the pole reversed cells. However, the 81 

entire mechanical process is not analysed with regard to the recycling rates. Therefore, this 82 

study aims at quantifying how significant is the effect of, e.g., pole reversal on yield of certain 83 

regulation relevant elements. Furthermore, the already mentioned contamination of the black 84 

mass with copper can lead to problems in the subsequent processes like hydrometallurgy. 85 

During leaching,  Cu2+ ions can co-precipitate with Co, Ni and Mn (Or, Gourley et al. 2020), 86 

necessitating, a multistage solvent extraction to remove copper impurities (Peng, Lahtinen et 87 

al. 2020) and enable a selective precipitation. If Cu is not removed from the black mass and 88 

the electrode materials are directly recycled, i.e. re-lithiated to build new cell, the impurities 89 

can cause short circuits (Park, Kim et al. 2019).  90 

Due to the problems arising from impurities in recycling product streams, it is necessary to 91 

characterize how far the phenomena of overdischarge influence the mechanical recycling and 92 

the product streams generated. The recovery rates of specified elements like Ni, Co, Cu and 93 

Li serve as important metrics to evaluate the resilience of recycling processes under varying 94 

feed material properties such as the depth of discharge. However, currently, no study assesses 95 

the complete mechanical recycling process in this respect. For this reason, this study uses the 96 

material from (Kaas, Wilke et al. 2023) to evaluate the recycling products of the second part of 97 

the mechanical process chain (Wuschke 2018) and assesses the process carried out with 98 

regard to the prescribed recovery rates. 99 

 100 

2. Materials and Methodology 101 

The data behind the figures and additional data can be found in the supplementary information 102 

(Kaas, Wilke et al. 2024). 103 

2.1 Material and methods 104 

To evaluate a whole mechanical recycling process and the influence of the discharge level, 105 

four different battery types (P1, P2, P6 and C3) were investigated, which differ in geometry 106 



and cell chemistry as shown in Table 1. The prismatic cells P1-P6 are classified by a NMC111 107 

chemistry with different capacities whereas the cylindric cell C3 has LFP as cathode active 108 

material. 109 

Table 1: Studied battery cells information, including their active materials and voltage after overdischarge and relaxation 110 
(PTC: positive temperature coefficient; IPR: into pole reversal) 111 

Indication P6 P2 P1 C3 

Format Prismatic Prismatic Prismatic Cylindric 

Capacity  94 Ah 20 Ah n.a. 4 Ah 

Chemistry NMC111 NMC111 NMC111 LFP 

PTC 0.44-0.49 V 0.76-0.82 V 0.32–0.44 V 1.29-1.63 V 

IPR 0 V 0 V 0 V 0 V 

 112 

The presented study used the material and data of (Kaas, Wilke et al. 2023). Therefore, the 113 

specific information about the discharge procedure can be found in (Kaas, Wilke et al. 2023). 114 

In summary, four cell types of the two different discharge levels: (a) positive temperature 115 

coefficient (PTC) and (b) into pole reversal (IPR). For the discharge level PTC the cells were 116 

discharged to a SoC < 0 % using an ohmic resistance. However, the residual voltage was far 117 

above 0 V. The IPR cells were discharged lower than 0V. This was done using a series 118 

connection of ohmic resistors and a battery with a higher residual voltage. The cells were 119 

investigated and the quality and yield of the recycling materials streams are quantified, 120 

discussed and compared to work out the effect of discharge. 121 

 122 

Figure 1: Recycling process of the LIB in (Kaas, Wilke et al. 2023) and the current study. 123 

In this study the process of TU Bergakademie Freiberg (Wuschke 2018) was applied, 124 

schematically shown in Figure 1. In the first part of the process (Kaas, Wilke et al. 2023) the 125 



final liberation of the LIB was performed by a fast rotating, single-shaft rotary shear (Universal 126 

Granulator UG300, Andritz MeWa GmbH; Gechingen, Germany) with a 20 mm discharge grid. 127 

Afterwards the crushed material was dried for 14 days at 22-25 °C. Black mass 1 is gained 128 

after the first classification of the dry material by sieving at 1000 µm. The electrode fraction is 129 

separated in the first air flow sorting at 2 m/s < vs < 6.4 m/s. The separator fraction is gained 130 

at 2 m/s whereas the casing fraction was separated at 6.4 m/s. Now, the electrode fraction 131 

was subjected to a high impact mill (TurboRotor G-35S, MAHLTECHNIK GÖRGENS GmbH; 132 

Dormagen, Germany) to further decoat the electrode foils from the remaining active particles 133 

(both anode and cathode active material) and reshape them to more spherical particles. 134 

Afterwards a second screening using an EML 450 sieve machine (Haver & Boecker OHG; 135 

Oelde, Germany) at 500 µm removed the liberated coating generating black mass 2. The 136 

fraction larger than 500 µm is sorted by further air flow sorting step with a Zig-zag air classifier 137 

(ZZAC) (design of TU Bergakademie Freiberg, Germany) at 4.7 m/s air flow velocity into a 138 

cathode concentrate and an anode concentrate. To determine the composition of the individual 139 

product fractions, manual sorting was employed using tweezers.  140 

To determine the cell composition, the cells were cut open, the jelly rolls enrolled and the 141 

casing, separator foil, anode and cathode foil collected separately. The materials were dried 142 

for 14 days at 22-25 °C. The mass difference was determined as electrolyte mass. Defined 143 

mass of the separator foil, cathode and anode were dissolved by microwave digestion and 144 

then analysed by ICP-OES, just like the black mass later on. This made it possible to determine 145 

the masses of Li, Co, Mn and Ni contained in the battery. The masses of copper and aluminium 146 

obtained were compared with those from the dismantling of the casing. Therefore, the 147 

determination of the masses for the metals Cu, Li, Co and Ni, which are relevant for the 148 

required recycling rates is possible. 149 

The content of Co, Cu, Fe, Li, Mn, Ni and P in the black mass was determined by digesting 150 

with inverse aqua regia in a Multiwave 7000 (Anton Paar GmbH; Graz, Austria). The solution 151 

was analysed with Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 152 

(iCAP 6300, Thermo Fisher Scientific Inc; Waltham, United States). Additionally, the black 153 

mass was analysed by Scanning Electron Microscopy (SEM) (FEI 30 ESEM-FEG; FEI Europe 154 

B.V.; Eindhoven, Netherlands) with HighVac mode. For detailed optical image analysis of the 155 

separator foil, an optical microscope (LiMi Zeiss AxioLab A1) was used. The coated separator 156 

foil underwent pyrolysis using a pyrolysis tube HTR11075-230SN (Carbolite Gero GmbH; 157 

Neuhausen, Germany) under nitrogen atmosphere at 450°C. Afterwards the pyrolysis product 158 

was analysed by SEM (FEI Quanta 600 F) equipped with a field emission source (FEG) and 159 

an SSD-EDS X-ray spectrometer (Bruker Quantax X-Flash 5030 EDS-Detectors). The loose 160 

powder samples were fixed on a tab (PELCO Tabs TM, 6 mm OD from TED PELLA, INC, 161 

Redding, CA, USA). To evaluate the structure of the copper current collector foil of P6 for PTC 162 



and IPR, Atomic Force Microscopy (AFM) with a Cantilever (ContAl-G von BudgetSensors, 163 

Bulgaria) was applied using the AFM XE-100 by Park Systems Europe GmbH (South Korea). 164 

For further details to the C-AFM measurements, refer to (Gräfensteiner, Friebel et al. 2024). 165 

In the present study, a scan size of 20 µm with a scan frequency of 0.7 Hz and a set point of 166 

7.0 nN was applied.  167 

 168 

2.2 Calculations  169 

The used symbols and indices of the publication can be found at the end of the publication. 170 

To calculate the mass fraction (wi) of the different components within the products (electrode 171 

product before and after second crushing, anode and cathode concentrate), Equation 1 was 172 

applied. Here, the mass of the individual component (mComponent) was divided by the total mass 173 

of the product (mTotal).  174 

𝑤𝑖 =
𝑚𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝑚𝑇𝑜𝑡𝑎𝑙
 

 

(1) 

Using Equation 2 it was possible to calculate the component recovery (Rc) into the different 175 

products for a process. Therefore, the mass of the component in the product (mi,Product) was 176 

divided by the mass of the component in the feed of the process (mi,Feed). 177 

 178 

𝑅𝑐 =
𝑚𝑖,𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑖,𝐹𝑒𝑒𝑑
 

 

(2) 

For example, regarding the overall copper recovery (Rc,Cu) the sum of the mass of copper 179 

(mCu,product) in the different products casing, black mass and anode concentrate were related to 180 

the total mass of copper (mtotal) in the cell.  181 

𝑅𝑐,𝐶𝑢 =
∑  𝑚𝐶𝑢,𝑝𝑟𝑜𝑑𝑢𝑐𝑡 

𝑚𝐶𝑢,𝑡𝑜𝑡𝑎𝑙
 

 

(3) 

In the case of copper, which is specified in the EU regulation (EU 2023), there are different 182 

sources in the initial battery, which contribute in addition to the anode foil to the overall 183 

copper content. Since the copper shows different appearance in the battery cell, e.g., foil, 184 

compact part, wire, the copper will end up in different recycling streams using the established 185 

process scheme discussed here.  186 



The black mass yield (YBM) was obtained using Equation 4 by dividing the mass of the 187 

produced fraction (mBM), for black mass 1 (< 1000 µm) and for black mass 2 (< 500 µm), by 188 

the cell mass (mCell). 189 

𝑌𝐵𝑀 =
𝑚𝐵𝑀

𝑚𝐶𝑒𝑙𝑙
 

 

(4) 

 190 

The maximal archivable black mass yield (YBM, maximal) was calculated by dividing the mass of 191 

coating (mcoating) by the cell mass (mcell). 192 

𝑌𝐵𝑀,𝑚𝑎𝑥𝑖𝑚𝑎𝑙 =
𝑚𝐶𝑜𝑎𝑡𝑖𝑛𝑔

𝑚𝐶𝑒𝑙𝑙
 

 

(5) 

The metal recovery (RMe) was calculated for Co, Li and Ni and compared to the specifications 193 

of the European legislation for the recycling efficiencies in 2031 (EU 2023) by Equation 6. 194 

Therefore, the mass of the respective metal in the black mass (mBM,Me) was related to the mass 195 

of the respective metal in the cell (mcell,Me). The masses were calculated from the measured 196 

metal concentration in the black mass (cBM,Me) and in the whole cell (cCell,Me) by Equations 7 197 

and 8. 198 

 

𝑅𝑀𝑒 =  
𝑚𝐵𝑀 · 𝑐𝐵𝑀,𝑀𝑒 

𝑚𝑐𝑒𝑙𝑙 · 𝑐𝐶𝑒𝑙𝑙,𝑀𝑒 
 𝑤𝑖𝑡ℎ 𝑀𝑒 = 𝐶𝑜, 𝐿𝑖, 𝑁𝑖 

(6) 

 

𝑐𝐵𝑀,𝑀𝑒 =  
𝑚𝐵𝑀,𝑀𝑒

𝑚𝐵𝑀
 

(7) 

 

𝑐𝐶𝑒𝑙𝑙,𝑀𝑒 =  
𝑚𝐶𝑒𝑙𝑙,𝑀𝑒

𝑚𝑐𝑒𝑙𝑙
 

(8) 

 199 

The metal oxides (MeO) are defined for the NMC chemistry as Ni, Co and Mn whereas for the 200 

LFP chemistry a MeP is defined with the metal oxides Fe and P. Li was not added as 201 

contribution to the metal oxide or metal phosphate as it can be contained in the LiMeO and 202 

LiMeP as well as in the conductive salt. Therefore, the abbreviations MeO and for the LFP 203 

active material MeP were introduced. The MeO was calculated for the cathode active material 204 

NMC by assuming the stoichiometric ratio to be 1:1 between Me and O2. Hence, the 205 

contribution of O2 was mathematically added to the measured Co, Mn and Ni contents. For the 206 

calculation of the MeP content only Fe was used as P can derive from both LFP and LiPF6. 207 



Small contamination amounts of Fe from the processing machines were neglected and also 208 

counted as Fe from the LFP. 209 

To obtain the yield of metals in the black mass (YBM,Me) for MeP, MeO and Cu, the measured 210 

concentration of the respective metal (cBM,Me) was multiplied by the according yield of black 211 

mass (YBM). 212 

 

𝑌𝐵𝑀,𝑀𝑒 =  𝑐𝐵𝑀,𝑀𝑒  ∙  𝑌𝐵𝑀 
(9) 

 213 

To calculate the degree of liberation E, the mass share of compounds in the recycling streams 214 

was determined. The overall liberation was calculated by taken both crushing steps into 215 

account. 216 

 

𝐸 = 100 −  
𝑚𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠

𝑚𝑐𝑒𝑙𝑙
 

(10) 

As compounds are counted particles which macroscopy still attached to each other, e.g., 217 

separator to electrode foils or thinner plastics to separator foil. Coated separator foil and 218 

electrodes with remaining coating are not characterised as compounds.  219 

3. Results and Discussion  220 

3.1 Degree of liberation  221 

Liberation is one of the most relevant parameters in a recycling process. Since the separation 222 

properties required for sorting can only be utilised on liberated particles. The limited de-coating 223 

of the IPR cells results from the generation of new compounds of the cathode active material 224 

and the separator foil. Due to the Cu-plating the bonding of separator foil to the coating 225 

increases, with simultaneous adhesion of the active material to the cathode foil more 226 

compounds remain after the mechanical stressing. This is supported by the formation of 227 

dendrites at the separator (Hendricks, Mansour et al. 2020, Flügel, Kasper et al. 2021) leading 228 

to higher cohesion. The difference in total liberation in the process chain is largely attributed 229 

to the compounds transferred to the casing material fraction in the first stage of the process 230 

chain (Kaas, Wilke et al. 2023). Here, larger coated separator particles are generated during 231 

1st comminution, which in 1st classification go along with thin plastic particles and electrodes. 232 

The stress during the second crushing ranges between 8.2 kWh/t (P6-IPR) and 14 kWh/t (C3-233 

PTC). For more detailed information please have a look at (Kaas, Wilke et al. 2024). The 234 

compounds from the first stage, which were transferred to the electrode fraction, are liberated 235 

to nearly 100% in the second crushing and therefore do not affect the overall black mass yield. 236 

The total degree of liberation E of PTC cells ranges from 98% (C3) to 99.9% (P6) (Kaas, Wilke 237 



et al. 2024). In general, the IPR cells had a minor degree of liberation than the PTC cells. As 238 

the IPR cells contain coated separator foil, due to the higher adhesion of components, the 239 

liberation is minor within a range of E = 94% (P2) and E = 97.3% (P6). As highlighted by (Kaas, 240 

Wilke et al. 2023), P2 showed the highest proportion of coated separator, indicating higher 241 

bonding of components to the separator foil than in other IPR cells. The remaining compounds 242 

after the second crushing are characterized as elongated, thin plastic foils, originating from the 243 

inlay foil of the casing, with coated separator. Due to the elongated shape of the compound 244 

particles and the strong bonding within the compound, even the high impact stress in the 245 

second comminution step may not be sufficient for liberation. Nonetheless, since these 246 

compound particles constitute a minority and the liberation of the other compounds, e.g. 247 

electrode foils with remaining active material in the second crusher is nearly perfect, the 248 

second comminution stage can be regarded as ideal for the material in terms of liberation. The 249 

decoating behaviour of the electrodes, as well as the bonding mechanisms of the composites 250 

and the coatings on the foils, e.g. cathode coating on separator foil should be investigated 251 

more. The types of bonding mechanisms as well as the strength of adhesion should be 252 

investigated, e.g. by means of peel-off tests. These tests can also provide information on the 253 

decoating behaviour and the strength and type of stress to be applied. An earlier integration of 254 

the high impact stress should be investigated in order to examine the damage of the crushing 255 

tools, considering that not all mill types are suitable for stronger casing materials. Additionally, 256 

it could potentially increase the content of iron impurities in the fine black mass fraction. 257 

 258 

3.2 Change of composition 259 

Alongside with the liberation of compounds, the second crushing is applied to further decoating 260 

of the electrodes. Therefore, it is expected, that the share of coating material in the product 261 

increases. This trend is supported by the results shown in Figure 2a. For the PTC as well as 262 

the IPR cells, the total proportion of electrode and coating increases, which are the desired 263 

products of the mechanical recycling. Especially for the P2 IPR a growth of 25% (from 264 

wcoating,before = 35% to wcoating,after = 60%) and C3 IPR of 29% (from 57% to 86%) is achieved. 265 

These two types can be used to explain the reason for the increase. For the C3 IPR the share 266 

of compounds in the electrode product was the greatest among the investigated cells with 267 

wcompounds,before = 37%. Those compounds are liberated during the second crushing and their 268 

share minimized to 0.6%, resulting in a rise of coated separator foil and electrodes, as depicted 269 

in in Figure 2b. In the case of C3 IPR, the mass of coated separator foil doubled, which is due 270 

to the liberation of compounds, since these contain the separator. Additionally, to the liberation 271 

of compounds, a partial decoating of the coated separator foil occurred in parallel, resulting in 272 

a decrease of coated separator foil while the proportion share of coating increased. For P2, 273 



the mass fraction of coated separator is decreased from 55% to 31%, while the combined 274 

mass fraction of electrode and coating increased from 35% to 60%. These values are still very 275 

high, trapping the target material coating material in a compound. In the case of P6, the most 276 

significant decrease in the mass of coated separator was observed with -79% (Fig. 2b) and 277 

illustrated in Figure 2c. The composition analysis of the feed and product of the crusher shows 278 

that the share of coated separator decreased for P6 from 6.8% to 1.8%. In case of P2, the 279 

massive coating of the separator foil led to a significant proportion of this component in the 280 

electrode product after sifting (Fig. 2a). However, due to the high impact mill, the proportion 281 

could be reduced from 54.9% to 31.4%.  282 

 283 

Figure 2: (a) Change of the composition of the electrode product before and after the second crushing, with the change of 284 

mass (b) and appearance (c) of the coated separator foil after the second crushing of sample P6. The values in 2a state the 285 

combined share of electrodes and liberated coating.  286 

However, the question arises as to whether the coating of the separator film consists only of 287 

cathode active material or also contains other components like, for example, copper. To find 288 

this out, a detailed microscope image of the coated separator foil of P6 IPR was taken (Fig. 289 

3a). Notably, distinct regions in black, as observed in Fig 2.c, were identified as cathode active 290 

materials. In addition, during the discharging into pole reversal copper bridges are formed 291 

(Juarez-Robles, Jeevarajan et al. 2020) through the separator foil and metallic copper is finally 292 

deposited onto cathode foil, which becomes visible in Figure 3a as bright red particles. This 293 

statement is also supported by the local position of the copper layer. The copper is deposited 294 

directly onto the separator in between the separator surface and cathode active material. To 295 

corroborate these observations, SEM-EDX imaging (Fig. 3b) was employed to ensure that the 296 

phases to be seen are cathode active material and copper. Before conducting the recording of 297 

the SEM image, the separator underwent pyrolysis to mitigate potential interference from 298 

plastic constituents with the electron beam, thereby ensuring precise characterization of the 299 

coating material.  300 



 301 

Figure 3: (a) Coated separator foil of P6 recorded with light microscope and (b) pyrolysed coating of the separator foil recorded 302 

via SEM. 303 

The pyrolyzed particles remained stable and revealed a plate-like form, as observed in Figure 304 

3b. The EDX analysis confirmed that the flat side of the particles originating from the contact 305 

with the separator corresponds to the copper phase, while the particles of the NMC cathode 306 

material are forming the irregularly shaped layer on top of it (Fig. 3b). This confirms the 307 

assumption of copper dendrite formation on the separator. Additionally, despite the intense 308 

stress exerted during the crushing sand milling steps during mechanical processing, the 309 

separation of copper and NMC particles was unfeasible, indicating a strong interlayer bond. 310 

Analysis of the powder after the pyrolysis treatment shows a Cu concentration of 21% and a 311 

NMC concentration of 65%, underscoring the necessity of recovery of the coating through 312 

further processing. One viable approach involves the previously implemented pyrolysis 313 

method, while another option entails acid leaching of the separator foil to dissolve the metals 314 

from the coating layer.  315 

3.3 Copper recovery  316 

The copper recovery is one part of the new European battery legislation (EU 2023), which 317 

mandates a 95% recovery rate of copper in LIB by 2031 For the process carried out in this 318 

study, copper recovery was categorised in the respective process streams: casing, anode 319 

concentrate and black mass (Fig. 4), thus there is no specific copper concentrate generated. 320 

First, depending on the thickness copper foil used in the design of cell such as the nail safety 321 

device and current collector foil, the copper can be transferred to different process streams. 322 

More detailed information about the design of the investigated cells and their components can 323 

be found in (Wilke, Kaas et al. 2023), wherein the varying shares of copper transferred to the 324 

casing are elucidated. Notably, C3 cells have a small amount of thicker copper components, 325 

whereas prismatic cells are equipped with an additional nail safety device made of a stronger 326 

copper foil.  However, the main difference in the copper recovery concerning the different 327 

depths of discharge is not evident in the casing fractions but rather for the anode product and 328 

the black mass. Specifically, for P1, no variation in copper recovery was determined. In the 329 

case of C3, the IPR cell shows an even greater proportion of copper recovery within the anode 330 

concentrate. One possible reason is the different transfer of the greater anode current collector 331 



particles to either casing or anode concentrate earlier in the process scheme. Given that the 332 

particle size is proportional to the settling velocity, larger particles of the anode current collector 333 

may be preferentially transferred to the casing fraction during the first air flow sorting process.  334 

 335 

Figure 4: Recovery of copper to the fractions casing, black mass as well as cathode and anode concentrate compared to the 336 

target of the EU legislation (red line) for the investigated cells and discharge levels. 337 

Comparing the different discharge levels of P2, it can be observed, that the recovery of Cu to 338 

the anode concentrate is marginal for the IPR to the PTC cells while having an equal recovery 339 

share to the casing. As a consequence, for P2, more copper is recovered into the black mass 340 

for the IPR discharge level since it sticks to the cathode material. Thus, the proportion of copper 341 

transferred to the cathode concentrate is higher for the IPR cell. The same occurs for P1 and 342 

C3. This phenomenon can be additionally explained by the weakened current collector foil, 343 

which broken down into smaller particles with reduced settling velocity. Thus, the copper 344 

particles are sorted to the light fraction of the ZZAC separation. Among the prismatic cells, P2 345 

shows the highest recovery of Cu into the black mass with Rc,Cu = 34% (Fig. 4). The transfer 346 

of the Cu to the black mass is reasonable, as the cathode coating is coated with metallic copper 347 

due to the discharge into pole reversal (Kasnatscheew, Börner et al. 2017). Furthermore, the 348 

partial decoating of the coated separator during the second comminution step contributes to 349 

an additional increase in copper recovery to the black mass fraction. However, this distinct 350 

trend is predominantly observable in prismatic cells. In the case of P6, a higher copper 351 

recovery to the casing is notable for the PTC cell, possibly attributed to the greater 352 

comminution of IPR anode foils due to the corrosion of the cells (Kaas, Wilke et al. 2023). 353 

Therefore, smaller particles are generated, which are better sorted to the electrode fraction in 354 

the first air flow sorting due to their low settling velocity. In contrast, larger anode particles of 355 

the PTC are transferred to the casing fraction. However, another consequence of the corrosion 356 



of the anode foil for the PIR cell is the easier break down in the second comminution step. 357 

Thus, finer particles are generated and end up in the black mass whereas other smaller parts 358 

are still transferred to the anode product.  359 

In regard of the P6 PTC, larger delaminated anode particles are transferred to the casing 360 

fraction. For C3 and P1, the recovery of copper to the black mass differs only slightly. This can 361 

be explained by the minor copper deposits on the cathode active material. As a result, during 362 

decoating, less copper is transferred to the black mass. However, none of the investigated 363 

cells meet the required recovery rate for copper if only the fractions casing and anode 364 

concentrate are considered. Therefore, establishing further treatment of the black mass 365 

concerning Cu recovery is imperative. An alternative could involve a milder stress to the 366 

electrode fraction during the second crushing. However, this might result in insufficient 367 

decoating. Another possibility is to vary the cut size for the black mass separation to limit the 368 

impurities as already proclaimed by (Wilke, Werner et al. 2023).  Nonetheless, reducing the 369 

amount of copper in the black mass is feasible, but separating copper particles from the active 370 

material remains unattainable. 371 

The significant transfer of copper to the black mass fraction of the IPR cells due to the coating 372 

of the cathode, a closer look to the properties of feed material current collector foil is necessary. 373 

As already stated in literature (Maleki and Howard 2006, He, Liu et al. 2013), the copper is 374 

ionized and transferred to the other electrode. Hence, a distinct structure of the copper current 375 

collector foil for PTC and IPR cells is expected. To confirm the assumption of ion migration 376 

from the anode to the active material of the cathode, samples of both PTC and IPR current 377 

collector foil were taken at different points of the anode. Uncrushed cells corresponding to their 378 

respective discharge levels were selected for this purpose. The copper foil was still partially 379 

coated. The graphite coating was removed with the aid of water. The obtained foil pieces with 380 

a defined area were afterwards weighed. The distinction of PTC and IPR anode is visually 381 

evident, as illustrated in Figure 5a, where the copper current collector foil of the PTC cell 382 

exhibits a familiar metallic shine, whereas the foil of the IPR cell appears brownish matt. It can 383 

be assumed that corrosion (Hashimoto, Yamashiro et al. 2015, Rothermel, Winter et al. 2018) 384 

of the copper has occurred due to the depth of discharge.  385 



 386 

Figure 5: Difference of the anode current collector of P6 for the discharge levels PTC and IPR concerning their (a) macroscopic, 387 

(b) mass distribution and (c) morphology (AFM image).  388 

As depicted in Figure 5b, the distribution of the weight of 25 pieces each of PTC and IPR 389 

copper current collector foil. The weight distribution of PTC cells ranged consistently between 390 

12.25 mg and 13.26 mg, suggesting minimal fluctuations in mass. Conversely, 50% of the 391 

masses of the IPR samples ranged from 9.06 mg to 12.48 mg, indicating notable variability. 392 

This discrepancy confirms that the samples from PTC cells exhibit minimal structural changes, 393 

a finding supported by AFM measurements (Fig. 5c). The copper foils of the PTC cell analysed 394 

are very similar in structure to freshly produced copper foils by rolling processes (Yung, Wang 395 

et al. 2007, Xiao, Kim et al. 2013) showing a very small roughness. In contrast, the structure 396 

of the IPR cells displays completely different characteristics. As illustrated in Figure 5c, the 397 

sample exhibits an irregular surface structure, characterized by an increased number of peaks 398 

and valleys. This confirms the corrosions originating form release of copper ions and thus the 399 

altered and rough structure of the current collector foil. The pronounced fluctuations in the 400 

mass of the samples indicate a distribution of the weak points over the entire anode. In some 401 

areas the foil is intact, while in others significant degradation of the current conducting foil 402 

through ion migration is observed. The weakening of the structure due to discharge up to pole 403 

reversal can also lead to an increased share of fine copper in the black mass. At the same 404 

time, there is a reduced copper recovery to the anode concentrate. 405 

3.4 Black mass 406 

The black mass was subjected to a comprehensive analysis using the data from (Kaas, Wilke 407 

et al. 2023) alongside the results of the second stage of the process (Fig. 1) carried out. First 408 

of all, a mass balance compares the actual yield of the black mass to the maximal yield, 409 



calculated from the mass of coating, both anode and cathode, in the cell. Here, all investigated 410 

batteries behaved differently. In Figure 6a, it is noticeable that the yield of P1 even exceeds 411 

what is theoretically possible. The latter has to be attributed to impurities within the black mass 412 

fraction. However, the extent to which the PTC cell exceeds the theoretical yield is 413 

comparatively less pronounced. According to the literature, impurities derive from the crushing 414 

and comminution steps (Wilke, Werner et al. 2023), since small particles of electrode foils and 415 

some casing materials are generated which end up in the black mass after sieving.  416 

As copper, in addition to the usual amount of impurities, increasingly spreads into the black 417 

mass due to the effects during overdischarge, it is shown additionally in Figure 6a. As can be 418 

seen in Figure 6a for P1, the higher copper contamination in the IPR cell causes the higher 419 

overall yield of the black mass. In general, a comparison across all cell types with regard to 420 

the discharge depths shows that the IPR cell has generally a higher copper contamination. As 421 

already mentioned, this results from the copper plating on the cathode, which is connected to 422 

the decoating of the coated separator. Furthermore, all cells showed a further increase in 423 

copper contamination due to the mechanical processing in second stage, which can be caused 424 

by the higher stress in the second comminution step. On the one hand, the higher stress is 425 

required to achieve the de-coating of the cathode, which is results in a higher share of 426 

MeO/MeP in black mass 2. On the other hand, the current collector foils are subjected to a 427 

higher stress and therefore can break down to smaller particles. As a result, those end up as 428 

impurity in the black mass. The likelihood of copper foils breaking more easily in IPR cells is 429 

even higher due to pre-existing damage from discharge into pole reversal, as depicted in 430 

Figure 5b and corroborated by literature Figure 5a (Hashimoto, Yamashiro et al. 2015). 431 

However, the adhesion of the plated copper to the cathode active material seems to be 432 

significant, as mechanical detachment from the cathode particles is not feasible. Figure 6b 433 

presents a SEM-EDX image of a NMC agglomerate still carrying significant amounts of Cu 434 

plating.  435 



 436 

Figure 6: Analysis of the total black mass for the investigated cells and discharge levels concerning their (a) yield of black mass, 437 

yield of copper and yield of MeO/MeP for the first and second classification, (b) composition of a black mass particles recorded 438 

by SEM-EDX and (c) recovery rates of Li, Ni and Co compared to the EU legislations targets for 2031. 439 

Focussing again on the yield of black mass, P2 shows like P1 a difference concerning the 440 

discharge levels. The minor yield of P2 for the IPR level is explained by the great plating of 441 

cathode active material on the separator foil. Therefore, less coating can be transferred to the 442 

black mass fraction. This is underlined by the great amount of coated separator foil in the 443 

electrode product with a share of wcoatedseparator,after = 32% (Fig. 2a). In contrast, both discharge 444 

levels of C3 cells generate similar yield of black mass, although the IPR cell contains more 445 

copper due to plating, even though to a lesser extent than observed in P2, as previously 446 

demonstrated by (Kaas, Wilke et al. 2023). In addition, the decoating of the cathode foil was 447 

not sufficient for both discharge levels when comparing the decoated particles of C3 to the 448 

particles of the other cell types by visual observation. This results in a minor yield of MeP in 449 

the black mass. It is likely that the higher yield of black mass originates from the contribution 450 

of impurities e.g., copper like for P1 IPR to the overall mass collected. This is supported by the 451 

data on the copper recovery displayed in Figure 4. Regarding P6, the IPR cell shows like P1 a 452 

higher yield compared to the PTC cell. This results from a greater share of copper in the black 453 

mass, as more copper is recovered to the black mass (Fig.4). However, the black mass of the 454 

IPR cell contains also slightly (1%) more MeO. In combination with the greater yield a higher 455 

recovery of around 7% of Li, Ni and Co is reached for the IPR discharge level as can be seen 456 



in Figure 6c. With the exception of P6, all cell types demonstrate better recoveries of the 457 

elements specified in the new EU legislation at the PTC discharge level. One potential 458 

explanation for P6 could be attributed to the improved recovery of MeO, facilitated by the 459 

effective decoating of the coated separator foil for IPR (Fig. 2b). Conversely, the inferior 460 

decoating of cathode particles is responsible for the comparatively lower Li recovery observed 461 

in the C3 cell. With the exception of P2 IPR, P6 PTC and C3, the Li recovery rate of 80% which 462 

is prescribed in 2031 by the EU could be reached. The recovery rates of Li, Co, and Ni are 463 

similar to each other due to the stoichiometric ratio of Li to MeO. Hence, it can be concluded 464 

that by achieving the recovery rates of Co and Ni, Li recovery into the black is also attained. 465 

The Li has to be separated in further, e.g. hydrometallurgical steps, from the MeO particles 466 

(Wang, Chen et al. 2019, Zhao, Zhang et al. 2019). 467 

However, the poorest recovery rates were observed in P2 IPR. This can be attributed to the 468 

extensive transfer of coating to the separator foil product as well the minor decoating of them 469 

compared to the P6 IPR (Fig. 2b). In summary, it is important to control the depth of discharge 470 

in order prevent overdischarge and with it a massive copper coating of the separator foil. When 471 

the separator cannot be decoated sufficiently, the recovery rates in the established mechanical 472 

processes become more challenging.  473 

Additionally, it has to be kept in mind that with a greater depth of discharge more impurities 474 

are transferred to the black mass such as copper. This can greatly affect further processing 475 

steps like hydrometallurgy in terms of consumption of chemicals. Therefore, it is recommended 476 

to further investigate the fractions of the black mass where impurities are present and assess 477 

whether it is possible to adjust the cut size for black mass separation to come to better qualities. 478 

However, this can only remove the small copper particles that originate from the milling of 479 

conductor foil, since the copper of the plating is in the same size as the cathode coating 480 

material.  481 

 482 

3.5 Zig-Zag air classifier products 483 

The last process step of the performed mechanical recycling scheme (Fig. 1) is an air flow 484 

sorting using a Zig-Zag air classifier. To finally separate the decoated electrodes from each 485 

other and to generate Al- and Cu-metal concentrates another air flowing sorting with ZZAC is 486 

applied. In this stage, the aluminium has to be recovered to the light product as cathode 487 

concentrate and the copper to the heavy product as anode concentrate. As a high amount of 488 

the separator foil is still contained in the electrode foil product, either as uncoated separator 489 

foil or as coated separator foil (Fig. 2a), the possibility of introducing a third product was 490 

investigated. At 2 m/s (Kaas, Wilke et al. 2024) the entirely decoated separator foil showed a 491 



recovery from 64% (P2-PTC) to 92% (C3 IPR) to the separator product. The PTC cells showed 492 

a better recovery of separator compared to the IPR cells. However, after the sorting the 493 

separator still makes up a share of up to 10% (P2 PTC) in the cathode foil fraction. Challenging 494 

is also the loss of cathode material to the separator product, which reached up to 11% (P2 495 

IPR). Furthermore, the results showed that still coated separator foil remained in the cathode 496 

concentrate e.g., the share of coated separator foil for C3 IPR was 29% and for P2 IPR 68%. 497 

Even in the anode fraction for P2 IPR coated separator foil was found. In summary, it was not 498 

feasible to sort all coated and non-coated separator particles to an individual product. 499 

Therefore, it was chosen to stay with the conventional process design (Rothermel, Winter et 500 

al. 2018, Wuschke 2018), generating two products of cathode and anode concentrate by using 501 

a cut velocity of 4.7 m/s in the ZZAC.  502 

Regarding the recovery of the aluminium into the cathode concentrate no clear differences 503 

between the different discharge levels are observed as can be seen in Figure 7c. Therefore, it 504 

can be concluded that also the mass of aluminium does not vary significantly between the PTC 505 

and IPR levels of a given cell type. However, disparities in aluminium recovery are evident 506 

when comparing C3 with prismatic cells. Possible causes for this are explained in (Kaas, Wilke 507 

et al. 2024), where the authors conclude that the narrower particle size distribution and more 508 

spherical shape of the foil particles could contribute to the lower recovery. Although the 509 

recovery of aluminium is similar for PTC and IPR cells, differences for the mass distribution 510 

are revealed. The main difference addresses the mass fraction of coated separator foil in the 511 

products. As this component could not be removed, the share in the IPR cells makes up wcoated 512 

separator,cathode = 6% (P6 IPR) to wcoated separator,cathode = 64% (P2 IPR). Due to the higher differences 513 

of coated separator foil in the individual fractions, the comparison of the other components is 514 

more challenging. Comparing the mass fractions of the anode in the cathode concentrate, it 515 

becomes clear that the discharge levels of P1 and C3 only differ slightly. A different result can 516 

be seen for P2 and P6. In these cases, the amount of smaller copper particles in the cathode 517 

concentrate is higher than for P1 and C3. This is supported by the lower recovery rates of 518 

copper for the anode concentrate (Fig. 7c).        519 

 520 



 521 

Figure 7: Composition of the ZZAC products for (a) cathode product and (b) anode product together with (c) the recovery rates 522 

of Cu and Al for the investigated cells and discharge levels. 523 

As displayed in Figure 7c, differences between IPR and PTC for the copper recovery in the 524 

anode concentrate range from 3% (P1) to 30% (P2). As already mentioned, this difference is 525 

attributed to the transfer of the smaller copper particles into the light product. The smaller 526 

particles result from the weakened copper foil due to the corrosion and ion transfer. This is 527 

also supported by the lower share of copper in the IPR anode concentrate compared to the 528 

PTC cells. Furthermore, the composition of P2 IPR stands out. The composition is mainly 529 

influenced by the coated separator foil. Most of the coated separator particles in the anode 530 

concentrate are larger in comparison to the smaller particles in the cathode concentrate. In 531 

combination with the higher share of coating on the separator foil in comparison to the other 532 

IPR cells, the settling velocity required increases. Therefore, the probability of a transfer to the 533 

heavier fraction is higher for these coated separator particles. Furthermore, C3 shows a higher 534 

share of cathode in the anode fraction, resulting from the low recovery rate to the cathode 535 

concentrate (Fig. 7a).  536 

It can be concluded that the sorting process is mainly influenced and disturbed by the coated 537 

separator foil and the weakened copper current collector foils. Other plastics, such as the blank 538 

separator foil and thinner plastic foils also contaminate the concentrates, especially the 539 

cathode concentrate. Since the coated separator foil cannot be completely recovered as a 540 

separate product through another air flow sorting, a prior thermal treatment should be 541 

considered to decompose the separator and recover the active material. The temperature 542 

regime should be selected so that the binders are also decomposed in order to avoid unwanted 543 

side reactions, for example higher adhesion of the cathode coating to the current collector foil 544 

(Hanisch, Loellhoeffel et al. 2015). It is also useful for further processing, as the binders have 545 



to be removed for flotation, for example. However, this is not the optimum solution as there are 546 

too many side effects: increased proportion of pyrolysis coke, higher energy consumption and 547 

possible aluminium oxidation. Integrating this thermal treatment upstream of the second 548 

sieving step (Fig. 1) could effectively recover the coating material into the black mass. In cases 549 

where separator foils are only coated to a certain extent like for P2 IPR, a thermal treatment 550 

of the cathode concentrate alone could be feasible to limit the mass of heated material and 551 

reduce emissions. Due to the problems outlined above, further research is needed to find ways 552 

of reducing the adhesion between the separator foil and the active material.  553 

 554 

Conclusion and outlook  555 

This study aims to evaluate the influence of depth of discharge of battery cells, which are 556 

processed with a characteristic mechanical recycling process (TU Bergakademie Freiberg), 557 

which is a characteristic mechanical recycling strategy. Therefore, four different LIB types were 558 

overdischarged (PTC) and discharged into pole reversal (IPR).  559 

By subjecting the electrode fraction of the first part of the recycling process (Kaas, Wilke et al. 560 

2023) to a further crushing step to increase the liberation and to support the decoating of the 561 

electrode foils, the liberation for PTC and IPR cells reached 94-99%. The high stress of the 562 

second comminution resulted in a decoating of the coated separator foils and liberation of 563 

compounds. Analysis showed that, next to the active material, copper deposits are also present 564 

on the coated separator foil. This means that further copper impurities are also introduced into 565 

the black mass fraction, which have to be dealt with by increasing the effort involved in 566 

hydrometallurgy. Despite the intensive mechanical stress, however, it is not possible to remove 567 

the plated copper layer from the active material. Therefore, a more detailed analysis of the 568 

particle behaviour inside the impact mill should be investigated. 569 

The presence of copper deposits on both the separator foil and the active material on the 570 

cathode side lead to a shift of the copper yield to the black mass in the NMC cells of the IPR 571 

levels. However, the necessary recovery rate of the copper of 95% could also not be achieved 572 

with PTC cells only by the amount lost in the casing and anode fraction. This underscores the 573 

necessity of treating the black mass. 574 

Concerning the additional recovery requirements of Ni, Co and Li, only P2 PTC was able to 575 

achieve these. In terms of the discharge depths, it can be assumed that the adhesion of active 576 

material to the separator caused a reduced recovery. In the cases of PTC and IPR cells, it is 577 

assumed that the mechanical stress is too low, so that the aluminium particles contain further 578 

residual coating. More intensive stress could lead to further decoating. However, this would be 579 

associated with higher copper contamination, especially for the cells with IPR level. The 580 



structure of the anode foils analysed by AFM indicates a decrease in structural stability, likely 581 

due to corrosion and the partial ionisation of the copper atoms leading to changes in layer 582 

thickness. 583 

When processing the foil mixture and analysing the sorting products after the zig-zag classifier, 584 

it becomes evident that the main difference in the separation behaviour is due to the coated 585 

separator foil which is still present. This component has a significant influence on the 586 

composition of the products. However, prior separation of the coated separator at lower air 587 

speeds showed no improvement. Hence, there is a need to explore alternative treatments for 588 

the remaining coated separator. 589 

In summary, it can be said that the mechanical recycling process requires a redesign to react 590 

on the changes of material properties of the batteries due to the influence of discharge. The 591 

sifting step, which separates the separator into its own fraction shows no added value and 592 

reduces the recovery of the cathode components, as other components such as aluminium 593 

particles are discharged instead of the separator foil. In order to recover the active material 594 

from the coated separator film, higher stresses need to be applied in the shredding step or the 595 

material can be treated by pyrolysis.  596 

 597 

Acknowledgement 598 

The authors would like to thank Lakshmanrao Pentela, Jasmine Kavitha and Shreyan Mudgil 599 

for their support in manual sorting. The authors would like to thank Dr. Gert Schmidt of the 600 

Institute of Ceramics, Refractories and Composite Materials for performing the SEM imaging. 601 

Special thanks to Dr. Lisa Ditscherlein for carrying out the AFM measurements and Jan Nicklas 602 

for the plotting of the AFM data. Thanks, as well to Yvonne Volkmar and Annett Kästner for 603 

the black mass analysis. At last, the authors want to thank the technical and scientific staff of 604 

the Institute of Mechanical Process Engineering and Mineral Processing. 605 

 606 

Funding 607 

This research was funded by the German Federal Ministry for Education and Research 608 

(BMBF), as well as the Projektträger Jülich (PTJ), with the projects DIGISORT (Digitalisation 609 

of mechanical sorting processes in mechanical battery recycling) 03XP0337 and 610 

LOWVOLMON (Monitoring of low-volatile electrolytes in the mechanical recycling process 611 

chain) 03XP0354 within the competence cluster for battery recycling (greenBatt). 612 

 613 

Author contribution  614 



A.K. and C.W. developed the idea and the content of the report; A.K. and C.W conducted the 615 

experiments, analyzed the resulting data and results; A.K. wrote the article; A.V. made the 616 

SEM-EDX pictures and discussed the results with A.K and C.W.; U.A.P. and A.V. revised the 617 

article and improved both the presentation of the results and the structure of the chapters; 618 

everything took place under the supervision of U.A.P. All authors have read and agreed to the 619 

published version of the manuscript. 620 

 621 

Symbols and Indices 622 

Latin Symbol Meaning Unit 

c Concentration % 

m Mass g 

w Mass distribution % 

wm Specific stress energy kWh/t 

R Recovery  % 

Y Yield % 

   

Indice Meaning  

BM Black Mass  

c concentrate  

i Component  

Me Metal  
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