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A B S T R A C T

State-of-the-art stand-alone recycling routes for lithium-ion batteries (LIB), such as pyrometallurgy or hydro-
metallurgy, face significant challenges, including high energy consumption, loss of valuable elements like lithium 
(Li) and susceptibility to a waste stream with varying cathode chemistry. The present work investigates the 
comparison of recovery targets when processing synthesized black mass between a standalone bio-
hydrometallurgical process and a combined method, including an upstream pyrometallurgical process. In this 
approach, black mass undergoes carbothermic reduction in the InduMelt reactor, in which volatile elements like 
Li are vaporized and extracted via the gas stream, producing a Li-free alloy. Thermodynamic equilibrium cal-
culations using FactSage™ showed the possibility of partial oxidation when using the alloy in an open-loop 
approach. Within a closed-loop approach, the alloy was pulverized for downstream biohydrometallurgy. Bio-
leaching experiments using adapted enriched cultures with synthetic pre- and untreated NMC811 and LFP black 
mass were performed at pulp densities (w/v) of 1 % and 10 %. The highest leaching efficiency of up to 100 % for 
Nickel (Ni), Manganese (Mn), Cobalt (Co), and Aluminium (Al) was achieved in the 1 % pre-treated experiment. 
Increasing the pulp density to 10 % reduced the leaching efficiency of these metals to less than 25 % which could 
be attributed to factors such as the alkaline nature of the black mass, microbial inhibition and passivation due to 
precipitation. Pyrometallurgical pre-treatment improved metal leaching from NMC by up to 90 %, but had no 
impact on LFP. To close the materials loop, selective precipitation was applied.

1. Introduction

The demand for lithium-ion batteries (LIB) has seen an ever-growing 
rise, mainly caused by the desire for global electrification, touching 
diverse sectors, including the automotive industry and the broader 
transition towards sustainable energy solutions [1,2]. The rapid growth 
in the production and use of LIBs has consequently created a pressing 
need for efficient recycling methods to recover valuable metals such as 
lithium (Li), cobalt (Co), nickel (Ni), and other critical elements to avoid 
a resource dependency and mitigate environmental impacts. The Euro-
pean Union (EU) has recognized this urgency and has implemented 
stringent regulations to promote the recycling and recovery of these 
critical metals. The EU’s Battery Directive mandates high collection and 
recycling rates for batteries with a special focus on LIBs, stipulating 

targets of 95 % for Ni, Co, and copper (Cu) and 80 % for Li until 2031 
[3]. These regulations will drive innovation in recycling technologies, 
evaluating existing and emerging methods crucial for a sustainable 
battery life cycle. Demand forecasts, however, tend to be under-
estimated and are heavily adjusted upwards from time to time. While the 
anticipated global demand for LIBs was initially projected to be around 
2.6 TWh in early 2020, a mere two years later, this forecast surged to 
4.700 GWh by 2030 [1]. Furthermore, a fundamental transformation in 
the composition of cathode active materials (CAM) within LIBs has 
occurred, shifting from lithium-nickel-cobalt-aluminum-oxide (NCA) 
and low Ni- Nickel-Manganese-Cobalt-oxide (NMC) dominance to a 
market dominated by high Ni-NMC and lithium-iron-phosphate (LFP) 
chemistries (Fig. 1) [4]. This transformation is underpinned by the need 
for cost-effective stationary energy storage (represented by LFP cathode 
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chemistry) [5,6] and high-energy-density solutions for the mobility 
sector (represented by high Ni-NMC cathode materials) [7,8]. While the 
industry can readily adapt to these changing CAM requirements, this 
evolving landscape presents a significant challenge in efficiently and 
effectively managing these batteries’ recycling [2].

The cathode is specially primed for recycling due to the high amount 
of scarce and strategically important elements like Li, Ni, Co, and 
Phosphorous (P) [10]. Current industrial recycling methods for LIBs 
primarily include pyrometallurgical and/or hydrometallurgical pro-
cesses, each with distinct advantages and limitations [11,12]. Pyro-
metallurgical recycling is a well-established method that involves 
high-temperature processing to extract metals from LIBs. This method 
includes calcination, roasting, and smelting [13]. In calcination, LIB 
components are heated in an oxygen-deficient environment, leading to 
the decomposition of lithium-metal oxides and the release of volatile 
components [14]. Roasting, conducted in a low-oxygen atmosphere, 
facilitates gas-solid reactions that convert active cathode materials into 
simpler oxides [15,16]. The most critical stage, smelting, involves 
melting the materials at temperatures exceeding 1400 ◦C. This 
high-temperature treatment separates transition metals such as Ni, Co, 
Cu, Fe, and Mn from lighter elements typically found in the slag phase, 
such as aluminum (Al), calcium (Ca), and silicon (Si). This separation 
facilitates the formation of a metal-rich alloy and a mineral slag phase, 
where both can be efficiently processed in subsequent steps. While 
smelting is robust against impurities and can handle a waste stream of 
mixed battery chemistries, it is also energy-intensive and can generate 
toxic gases, necessitating extensive gas-cleaning systems. Moreover, Li 
often ends up in the slag, requiring additional steps for recovery, which 
are economically unfavorable in cases of low commodity prices for Li 
[13,17]. For example, Umicore’s Battery Recycling Process in Belgium 
uses a sophisticated pyrometallurgical method to recover Co, Ni, and Cu, 
but additional hydrometallurgical steps are required to recover Li [18, 
19]. Additionally, to reuse the alloy for battery production within a 
closed-loop recycling approach, further downstream processes such as 
hydrometallurgy have to be deployed to achieve the desired product 
quality.

Hydrometallurgical processes involve aqueous chemistry to recover 
metals from LIBs [20]. These processes typically start with the 
pre-treatment of batteries, including discharging, dismantling, and 
crushing to liberate the active materials [21]. The resulting ‘black mass’, 
a mixture of the cathode – and anode active material (AAM) with several 
impurities, is subjected to leaching using organic or inorganic acids like 
oxalic acid (C2H2O4) [22], sulfuric acid (H2SO4), hydrochloric acid 
(HCl), or nitric acid (HNO3) [23,24]. Generally, hydrometallurgy is 
advantageous for its ability to recover Li efficiently and produce 
high-purity products either as metal hydroxides or as metal salts [25]. 
However, stringent safety measures are required to handle strong acids 

and oxidizers. Given the projected future waste streams, a highly fluc-
tuating composition of materials can be expected where each additional 
element introduced into the recycling process increases hydrometal-
lurgical methods’ complexity and resource dependency. This variability 
complicates the extraction and purification processes, necessitating 
more advanced and resource-intensive techniques to recover valuable 
materials efficiently. As a result, managing these diverse waste streams 
becomes increasingly challenging, emphasizing the need for more 
adaptable and sustainable recycling solutions [26].

Biohydrometallurgical processes have gained increasing interest in 
recent years, with commercial applications already established for the 
biooxidation of refractory gold ores or concentrates, as well as bio-
leaching of low-grade sulphidic ores such as copper sulfides [27–29]. 
Bioleaching is a process by which metals from insoluble solids such as 
minerals and ores are solubilized using acidophilic bacteria or archaea, 
microorganisms thriving under acidic conditions. These microbes are 
mainly chemolithoautotrophs obtaining the energy required for growth 
via the oxidation of inorganic substances such as Fe2 +, H2, reduced 
sulfur compounds, etc., and use CO2 as their carbon source [30]. The 
primary role of these microorganisms in bioleaching is the production of 
ferric iron (Fe3+) and H2SO4 through the oxidation of Fe2+ and reduced 
sulfur compounds, respectively, which then acts as an oxidant to solu-
bilize metals into the leaching solution [31,32]. Recently, bioleaching 
has been broadened to other secondary sources such as electronic waste, 
spent LIBs, ashes, and slags from waste incineration, etc. [33–35]. Bio-
leaching processes, both electrochemically assisted and not, represent a 
promising, environmentally friendly alternative to conventional hy-
drometallurgical methods [36,37]. It operates at ambient temperatures 
and pressures, significantly reducing energy consumption and mini-
mizing the production of hazardous byproducts [38]. However, these 
processes are slower than chemical leaching and require optimization of 
microbial cultures and conditions to achieve desirable metal recovery 
rates [39]. In addition, complex feedstock such as spent LIBs for bio-
leaching lead to complications such as high concentration of heavy 
metals, alkaline nature of the material, inhomogeneity of the material, 
etc., which may be toxic to the microorganisms and hinder the leach-
ability of the metals.

Despite these advancements, there is growing interest in combining 
pyrometallurgical and downstream hydro- or biohydrometallurgical 
processes to leverage the strengths of both approaches. Generally, this 
paper investigates the comparative effectiveness and limitations of 
solely biohydrometallurgical processes versus a combined pyrometal-
lurgical and biohydrometallurgical approach. For pyrometallurgical 
treatment of the black mass, the so-called InduRed reactor concept is 
used, enabling the evaporation of volatile elements via its favorable 
thermodynamic properties, leading to an almost Li- and P-free alloy. 
With the possibility of using renewable energies for the reduction 

Fig. 1. LIB cathode chemistry demand forecast in GWh and respective shares of cathode chemistries; a.) forecast based on McKinsey numbers from 2020 and Xu et al. 
(2020) [8] b.) forecast based on McKinsey numbers from 2023 [6] and Pillot et al. (2023) [9] (Further details regarding the underlying data is given in Appendix A.).
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processes of the oxidic input material, the environmental impact can be 
reduced drastically by decreasing the need for conventional energy 
sources and, therefore, limiting the amount of greenhouse gas emissions. 
Further treatment of the alloy using direct biohydrometallurgical 
leaching also benefits the ecological impact by supporting process 
simplicity and, therefore, energy and cost efficiency as well as speed and 
control since the process directly relies on the natural metabolic pro-
cesses of the microorganisms. To close the loop of Li-ion battery recy-
cling, purification and metal separation of the metal burden (bio) 
leachates are crucial. Currently, different technologies such as bio-
sorption [40], electrowinning [41], bioelectrochemical metal recovery 
[42], solvent extraction [43], and selective precipitation [44] are being 
investigated. Regarding the latter, metals are precipitated by adding 
precipitation agents such as sodium hydroxide, lime, or sodium car-
bonate, raising the pH till the solubility limit is exceeded. Hydroxide 
precipitation is widely used in industry and is a relatively inexpensive, 
easy to implement method and was thus the method of choice in this 
work for purification [45].

This study seeks to comprehensively assess these novel and yet un-
explored process synergies through detailed analysis, including opti-
mizing microbial leaching conditions and the efficiency of alloy 
formation and grinding processes.

2. Materials and methods

Fig. 2 provides an overview of a process scheme to help readers to 
better understand the different process steps. As can be seen, two 
different approaches are compared: one combined approach of pyro-
metallurgy and biohydrometallurgy (Route 1) and one stand-alone 
biohydrometallurgical approach (Route 2), both with a synthesized 
black mass, according to Table 1

2.1. LIB sample preparation

The use of synthetic black mass was selected to ensure controlled and 
reproducible experimental conditions, enabling precise analysis of the 
underlying mechanisms during the pyrometallurgical treatments. While 
synthetic black mass closely mimics the elemental composition of real 
black mass derived from spent LIBs, differences in the presence of im-
purities such as binders and electrolytes could potentially influence the 
melting behavior. However, these effects can be minimized with 
appropriate pre-treatment steps, such as thermal processes that effec-
tively vaporize binders and other impurities. Such pre-treatment is 
commonly applied in industrial processes to ensure a cleaner black mass 
feedstock for subsequent metallurgical treatments. While future studies 
using real black mass will be necessary to capture the effects of impu-
rities and binders fully, the results from synthetic black mass trials are 
expected to remain relevant for comparison, particularly when pre- 
treatment steps align the composition and thermal properties of the 
feedstock. Therefore, synthetic black mass offers a reliable starting point 
for evaluating the proposed pyrometallurgical treatments.

To mimic the composition of black mass derived from used LIBs more 
accurately, analytical-grade cathode material, obtained from Gelon 
Energy Corp., Linyi, China, with a purity of 99.5 %, was mixed with 
amorphous carbon powder (purity: 99.7 %) to represent the anode. Cu 
powder (purity: 99.7 %) and Al powder (purity: 99.1 %) were used to 
represent the electrode conductor foils. Additionally, iron (Fe) powder 
(purity: 98.6 %) was added to the mixture, simulating scrap particles 
generated during mechanical pre-treatment. The chemical composition 
of the LFP chemistry, as well as the chemistry of the NMC811 cathode 
chemistry, is detailed in Table 1. Analysis of the metal composition listed 
in Table 1 was performed using inductively coupled plasma optical 
emission spectroscopy (ICP-OES), while oxygen content was theoreti-
cally determined to reconcile the total to 100 %.

Considering previous tests, the mixing ratios between cathode 

Fig. 2. Schematic overview of process steps for a combined pyro- and biohydrometallurgical way (Route 1) or a stand-alone biohydrometallurgical approach (Route 
2) to recover metals from synthesized LIB black mass.
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material, carbon, and other additives were done according to Wisz-
niewski et al. (2024) [46], where a detailed explanation of the stoichi-
ometry and preparation is given. From that knowledge, the Cu and Fe 
contents in black mass from recycled batteries typically range between 
1 % and 6 %, and for Al within 1 % and 3 %. Hence, an average of 3 % 
for Cu and Fe and 2 % for Al was assumed for the synthesized model 
black mass. The stoichiometric minimum requirement of carbon under 
consideration of process-specific conditions was determined to be 
around 20 %. However, considering that Al exhibits a stronger reduction 
potential compared to C, adding Al reduced the required carbon content 
to 17 % for these trials. Considering these assumptions, the following 
mixing ratio, as shown in Table 2, was applied to the materials used in 
this study.

2.2. Pyrometallurgical treatment

The pyrometallurgical treatment was performed using the batch- 
operated InduMelt reactor [49,50], based on the InduRed reactor 
concept [47,48]. A schematic overview of the InduMelt reactor is given 
in the graphical abstract and Appendix B (Figure B1). This inductively 
heated system utilizes a packed bed of graphite cubes as a susceptor, 
converting electromagnetic energy into heat via ohmic resistance. A 
copper induction coil encircling the crucible generates the required heat 
to sustain the reaction temperature, with a maximum power output of 
7.5 kW. This coil induces an eddy current in the graphite cubes, which 
heats them through their inherent ohmic resistance. By using renewable 
energies, this reactor can substantially reduce the overall environmental 
impact of pyrometallurgy and act as an ecological alternative in future 
pyrometallurgical recycling approaches.

The fine black mass input is distributed between layers of graphite 
cubes within a ceramic crucible, where additional carbon serves as a 
reducing agent to facilitate carbothermic reduction while minimizing 
wear on the graphite cubes’ structure. The reactor reaches temperatures 
of up to 1500 ◦C, enabling the effective evaporation of volatile elements 
such as lithium and phosphorus via the gas phase. Off-gas is collected 
through an alumina off-gas pipe and washed to recover volatile com-
ponents. A detailed description of the apparatus setup is given in pre-
vious studies conducted by Holzer et al. [50], with further 
improvements implemented and described in Wiszniewski et al. [46].

Approximately 24 hours post-heating phase, once the crucible and 
its contents had cooled to ambient temperature, the graphite cubes and 
solid fractions—comprising a metal alloy, magnetic powder, and non- 
magnetic powder (slag)—were extracted and separated using sieving 
(up to a particle size of 0.5 mm) and magnetic separation with a neo-
dymium bar magnet. The alloy was crushed using a jaw crusher equip-
ped with titanium jaws (Retsch BB 200 WC) to remove sintered products 
that adhered to its surface effectively. After crushing, the material was 
subjected to sieving and magnetic separation to isolate the pure alloy 
fraction. Only this purified alloy fraction was subsequently grinded to 
achieve the target particle size required for biohydrometallurgical 

leaching. Since Li is not bound within the matrix of the slag phase using 
this pyrometallurgical approach, the slag phase is not investigated 
further in this study.

While batch-based systems often result in prolonged processing 
times and high energy consumption, a continuously operated reactor 
significantly improves time efficiency and energy utilization. This 
improvement is primarily due to fine powdery black mass as the input 
material, which melts immediately upon contact with the hot graphite 
bed. Furthermore, the skin effect results in heat being generated directly 
at the surface of the graphite cubes. Which further minimizes the overall 
energy demand [51]. This mechanism significantly reduces the energy 
required for the melting process compared to conventional heating 
methods. Compared to the Wöhler process, the InduRed reactor offers a 
more uniform temperature distribution, significantly enhancing the 
evaporation of lithium and phosphorus, thereby improving recovery 
rates [52]. While exact economic data concerning the energy input 
cannot be given yet, the authors plan a techno economic analysis (TEA) 
to combine different technologies for future research. Additionally, the 
continuous operation eliminates the need for cooling periods typically 
necessary in batch reactors, thereby reducing overall processing time 
and improving the system’s efficiency [53].

2.3. Alloy post-treatment for desired particle size

For efficient biohydrometallurgical treatment of the alloys obtained 
from the InduMelt plant, achieving small particle sizes is crucial for lab 
experiments. A particle size below 100 µm was aimed for, as smaller 
particle sizes enhance the activity and reaction surface area, facilitating 
more efficient leaching processes and maximizing metal recovery rates 
while reducing the processing time [54]. Therefore, attention to 
grinding techniques is essential to successfully implement bio-
hydrometallurgical treatments for the LFP and NMC811 alloy.

A ball mill was tested for grinding for the alloy resulting from the 
trial with LFP as input material. Parameters such as milling time, rota-
tional speed, and ball-to-powder ratio play pivotal roles in determining 
the final particle size of the metal. Longer milling times and higher 
rotational speeds tend to produce finer particles. Still, excessive energy 
input can lead to undesired phase transitions, especially when in contact 
with oxygen from the atmosphere. To achieve the desired particle size, a 
milling time of 12 h was applied, with about 75 – 100 revolutions per 
minute (rpm). The milling vessel, made of aluminum-oxide (Al2O3), had 
an inner diameter of 160 mm and a length of 200 mm. As grinding 
material, zirconia-oxide balls with a diameter of 20 mm were used, 
where the ball-to-powder ratio was 15:1. Due to the relatively low 
rotational speed and resulting lower energy input, no inert atmosphere 
was applied.

Unlike LFP, the NMC811 alloy presents challenges in conventional 
ball milling due to its high ductility and tendency to deform under 
mechanical stress. When traditional methods such as ball milling or 
other grinding methods prove ineffective or impractical for particle size 
reduction of highly ductile materials like NMC811, mechanical filing 
emerges as a pragmatic alternative for lab trials. Before filing, the sur-
face of the NMC811 alloy, as well as of the file, was cleaned and 
decreased to remove any contaminants that may compromise the filing 
process or introduce impurities. Throughout the filing process, the sur-
face quality was periodically assessed using visual inspection to monitor 
particle size reduction progress and identify any irregularities or defects. 
Following mechanical filing, the particle size of the NMC811 alloy was 
classified into three samples, one higher than 250 µm with large flakes of 

Table 1 
Chemical composition of the used cathode material from production in mass percent (%).

Pure cathode material unit Li Ni Mn Co Fe P O2

LiFePO4 (LFP) % 4.5 0.0 0.0 0.0 34.3 18.2 43.0
LiNi0.8Mn0.1Co0.1O2 (NMC811) % 7.6 49.8 5.7 5.9 0.0 0.0 31.1

Table 2 
Chemical composition of the used cathode material from production in mass 
percent (%).

unit Oxidic Additive (elemental)

 Cathode material C Fe Cu Al
% LFP 75 

75
17 3 3 2

% NMC811 17 3 3 2
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the alloy up to 500 µm, one lower than 250 µm and one lower than 
100 µm. Only the latter two samples (< 250 µm, < 100 µm) were used 
for the biohydrometallurgical leaching trials.

2.4. Bioleaching

Bioleaching consortia used in the present study comprised an 
enriched culture dominated by Acidithiobacillus thiooxidans and Alicy-
clobacillus disulfidooxidans. The enrichment and adaptation process, 
along with the complete metagenomic results, can be found in a previous 
work conducted by co-authors [55]. The cultures were pre-cultivated in 
sterilized 100 mL Erlenmeyer flasks sealed with a cellulose stopper for 7 
days in a basal salt medium as described by Ňancucheo et al. [56], 2016 
with 50 millimolar (mM) of Fe2+ and 1 % (w/v) of elemental S added, at 
pH 2 and a working volume of 50 mL. After the pre-cultivation, two 
different test series, one with 1 % and one with 10 % (w/v) of the sub-
strate (LFP or NMC811), were added, and the bioleaching experiment 
was further continued for 7 days. For the substrate, synthetic LFP 
(<50 µm) and NMC811 (<100 µm) after treatment in the InduMelt 
reactor (Section 2.2) and grinding process (Section 2.3), along with the 
non-treated black mass, were each tested separately. 1 mL samples were 
taken at regular intervals, followed by the addition of 1 mL of fresh 
medium to compensate for the loss in volume. Optical density (OD), pH, 
and oxidation-reduction potential (ORP) in millivolt (mV) were moni-
tored during the experiment. All samples were filtered using polyamide 
filters (0.20 µm) and then stored at − 20 ◦C. A chemical, abiotic control 
containing only the medium adjusted to the same pH (using 95 % 
H2SO4) compared to the pre-cultivation was also run in parallel with the 
biotic experiments. All bioleaching experiments were performed in du-
plicates with a shaking speed of 150 rpm and at 30 ◦C, which is the 
optimum growth temperature of mesophilic acidophile such as 
A. thiooxidans.

2.5. Selective precipitation

Selective precipitation of the leachates obtained from the biotic 
leaching of 10 % (w/v) NMC811 alloy was performed in triplicate. 
Before adjusting the pH stepwise to pH 8, 9, and 10, metal burden so-
lutions obtained from leaching NMC811 alloys with < 100 µm and 
< 250 µm particle size were filtrated and merged into a single sample. 
pH values were determined using a laboratory pH Meter control (Knick 
Elektronische Messgeräte GmbH & Co. KG, Berlin, Germany). During pH 
adjustment with a 2 molar (M) sodium hydroxide, the leaching solution 
was stirred at 500 rpm using an IKA RCT basic (Staufen, Germany). After 
precipitation the suspension was centrifuged with a Rotina 380 centri-
fuge (Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) at 
3000 rpm for 8 minutes. The obtained supernatant was sampled, and 
metal concentrations of filtered samples (0.22 µm) were determined by 
ICP-MS analysis. Subsequently, the remaining supernatant was used for 
the next pH increment step and precipitation and centrifugation fol-
lowed. Furthermore, metal precipitation from LFP leachate was con-
ducted similarly, but the pH was increased stepwise to pH 2, 3, 4, 5, and 
6. Before conducting precipitation of LFP leachate, H2O2 was added 
stoichiometrically to oxidize Fe2+ ions into Fe3+ ions, as precipitation of 
Fe(III) is known to occur at around pH 3, whereas Fe(II) precipitates 
later at pH 7–8.

2.6. Analytical methods

Samples of the metallic and non-metallic fractions after pyrometal-
lurgical treatment and the grinding process were analyzed for their 
chemical composition using Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES). Samples were digested using the aqua 
regia method (ÖNORM EN 13657–2002) for subsequent ICP-OES anal-
ysis according to ÖNORM EN ISO 11885:2009. In this process, 3 g of the 
sample was treated with 60 mL of aqua regia (a 3:1 mixture of HCl 37 % 

and HNO₃ 65 %) and refluxed at 300◦C for at least 2 hours in a sealed 
vessel with an absorption device. After cooling, the solution was filtered 
through a white-band filter to remove particulates and diluted to a final 
volume of 250 mL.

To identify potential phases, X-ray diffraction (XRD) measurements 
were conducted. A Bruker D8 Advance diffractometer operating in 
Bragg-Brentano geometry with Cu Kα radiation (λ = 0.15418 nm) at 
25 mA and 40 kV was used. Diffraction patterns were collected over a 2θ 
range from 10◦ to 100◦ with a step size of 0.02◦ and an acquisition time 
of 2 s per step. The XRD patterns were analyzed using SIeve+ software 
with the PDF-5 + 2024 database (ICDD, USA).

Sample cross-sections were examined using a Zeiss EVO MA 15 
scanning electron microscope (SEM) operated with a tungsten filament 
at 10 kV both in backscattered electron (BSE) and secondary electron 
(SE) mode. Energy-dispersive X-ray (EDX) analysis was performed with 
an Oxford Instruments Inca DryCool EDS detector.

For optical investigations of the grinded and filed alloys, a Keyence 
VHX-970F digital microscope was used to detect possible irregularities 
in the powders. Particle size distribution of powders was obtained by 
means of laser diffraction using a particle sizer from CILAS 1064, 
Orleans, France.

The bioleaching experiment was performed in a Multitron Pro shaker 
(Infors HT, Switzerland). For monitoring the growth of the cultures, the 
OD was measured at 660 nanometer (nm) (DR3900 Hach Lange, 
Austria) after the samples were centrifuged at 1500 g for 1 min (5427 R 
Eppendorf, Germany) to separate the suspended sulfur from the cells. 
For measurements of pH and ORP, LE422 and Inlab Redox (vs Ag/AgCl; 
Mettler Toledo, Switzerland), connected to S220 pH/ion meter (Mettler 
Toledo, Switzerland) were used. Total Fe and Fe2+ concentrations were 
measured using ferrozine solution as an indicator, HONH2-HCl as a 
reducing agent and NH4CH3CO2 as a buffer solution. The measurement 
was done at 562 nm on a 96-well plate using an Infinite 200 Pro M Plex 
Microplate Reader (Tecan, Switzerland). Metal concentrations of liquid 
samples from bioleaching and selective precipitation were measured 
using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) ac-
cording to the ÖNORM EN ISO 17294–2:2017–01 standard. After bio-
leaching, the solid residue was analyzed using SEM (TM 3030, Hitachi, 
Japan) with an Energy Dispersive Spectroscopy (EDS) detector.

Bioleaching efficiency (EAC) of each metal (and P) is calculated by 
using Formula 2, 

EAC(%) =
(cL − cM)

cs
× 100 (2) 

where CL→ concentration in the leachate solution, CM→ concentration 
in the cultivation medium, and CS → concentration in the substrate (all 
in mg/L). Due to the inhomogeneity of the substrate, some of the 
leaching efficiencies were above 100 %. For this reason, normalization 
according to the highest leaching efficiency which is above 100 % was 
done for each metal (and P). 

normalised leaching efficiency(%) =
EAC

EH
× 100 (3) 

Where EAC→ leaching efficiency from formula 2, EH = highest 
leaching efficiency above 100 %

3. Results and discussion

3.1. Pyrometallurgical treatment within the InduMelt reactor

For each trial within the InduMelt reactor, 400 g of the mixtures 
listed in Table 2 were used. The fractions obtained from the experi-
mental setup are summarized in Table 3 and were categorized based on 
their characteristic material properties as follows: 

• Reduced and magnetic alloy
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• Powder: Magnetic (particle size < 1 mm)
• Powder: Sparse magnetic (particle size < 1 mm)
• Dissolved species in the gas wash bottle

While the last listed fraction was attributed to the gas line, the first 
three fractions were isolated from the reactor interior.

While the conversion rate within the NMC811 mixture was suffi-
cient, with only about 2.6 % remaining powder content regarding the 
overall input material, this was not the case for the LFP mixture. Rather 
than having a pure molten metallic fraction, a higher quantity of the 
powder fraction appeared. As the main focus is on the metallic fraction 

within this study, representative samples after pyrometallurgical treat-
ment are only shown from the metallic alloy in Appendix B, Figure B2. In 
Wiszniewski et al. (2023) a graphical visualization of the different solid 
factions is given [57].

To investigate the phase composition and to define possible further 
refining steps before grinding, SEM-EDX analyses can provide the 
necessary information regarding the phase composition. As shown in 
Figure a, the LFP material primarily consists of different iron phos-
phides, where Fe2P is the most dominant phase. This aligns very well 
with findings in recent studies conducted by the author [58], investi-
gating the kinetics and phase evolution during carbothermic reduction 
of LFP, suggesting Fe2P as the most stable iron phosphide at tempera-
tures above 1500 ◦C, also supported by literature by Schlesinger [59]. 
Darker phases within the matrix of Fe2P consist of Fe3P. This matrix is 
interrupted by particles of smaller sizes of FeP embedded within Cu3P. 
While the solid fraction is very homogenous within the whole 
cross-section of the alloy sample, the material’s surface consists of 
iron-copper-oxides, where the corresponding EDX point analyses are 
given in Table B1 in Appendix B. Similarly, the NMC alloy in Figure c is 
even more homogenous, consisting of an FCC-Ni alloy, with up to 
66.9 % of Ni. The surface of the metallic droplets is again covered with 
an oxidic layer up to a width of 10 µm consisting of manganese oxide 
(MnO) (Fig. 3d).

As seen within Figure c and validated via EDX point analysis, 
numerous inclusions of Alabandite (α-MnS) were observed within the 
FCC-Ni alloy, indicating the formation of stable manganese sulfide. 
Notably, no other sulfides were detected. This observation is crucial for 
the recycling process, as an alloy devoid of manganese is desirable for 
open-loop recycling and reuse in secondary metallurgy. As removing Mn 
is crucial for open-loop treatment, two theoretical options are provided: 

Table 3 
Mass fractions of input material and products (metal, powder magnetic, and 
powder sparse magnetic) after pyrometallurgical treatment within the InduMelt 
plant in gram (g).

Sample unit Input Metal Powder 
magnetic

Powder sparse magnetic 
(slag)

LFP g 400 140.10 6.93 40.95
NMC811 g 400 204.97 7.23 3.46

Table 4 
Oxidation rates in mass percent (%) of specific elements of the NMC811 alloy 
based on oxygen amount as percent of input material in mass % (%).

unit Oxygen Al Mn Fe Co Ni

% 0.050 100.00 98.55 10.12 1.40 0.11
% 0.060 100.00 99.85 59.95 10.16 1.00
% 0.075 100.00 99.95 83.21 25.36 3.90
% 0.100 100.00 99.98 93.73 48.78 12.36

Table 5 
ICP-OES results from the different alloy powders after mechanical treatment in mass percent (%).

Material unit Li Al P Mn Fe Co Ni Cu

LFP_P % 0.17 0.19 22.01 - 68.67 - - 5.60
NMC< 100 % 0.01 1.94 - 8.68 6.65 9.23 66.28 5.82
NMC< 250 % 0.01 1.88 - 7.86 6.93 9.28 67.1 5.87

Fig. 3. SEM images with corresponding EDX point analyses of a.) LFP alloy near center, b.) LFP alloy at the surface, c.) NMC811 alloy near center, d.) NMC811 alloy 
at the surface with MnO layer.
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The first option includes adding an appropriate amount of sulfur at 
elevated temperatures. As seen from the EDX results, manganese could 
potentially be efficiently removed from the alloy to produce high-purity 
MnS. This MnS can subsequently be utilized in battery production, either 
as high-capacity anode material [60,61] or for cathode materials [62], 
specifically for NMC or NMA cathodes [63]. However, for optimal use as 
cathode material, MnS must be converted to MnSO₄, which serves as a 
precursor material within state-of-the-art applications. The conversion 
of MnS to MnSO₄ involves oxidation, which can be achieved by reacting 
MnS with a strong oxidizing agent such as sulfuric acid (H2SO4) or 
hydrogen peroxide (H₂O₂), or by heating in the presence of oxygen. 
When sulfuric acid is used, the reaction produces MnSO₄, water, and 
hydrogen sulfide gas (H₂S), a toxic byproduct that must be handled 
carefully. To mitigate the release of toxic gases and avoid contaminated 
wastewater, oxidation at elevated temperatures is often preferred. 
Heating MnS in the air or an oxygen stream facilitates its conversion to 
MnSO₄ when provided as a fine powder. This reaction, however, pro-
gresses slowly at lower temperatures, necessitating higher temperatures 
for efficient conversion [64]. Utilizing the exhaust heat of the reactor to 
preheat oxygen or air can achieve these temperatures, significantly 
reducing CO₂ emissions within this process.

Another method to remove Mn from alloys is through partial 
oxidation within a controlled atmosphere. This process involves several 
interconnected phenomena that collectively achieve Mn removal. By 
adjusting the oxygen partial pressure, Mn selectively oxidizes to form 
MnO, which can be removed as slag. This method is particularly effec-
tive in high-temperature environments due to Mn’s higher oxygen af-
finity than iron [65]. Internal oxidation further aids in this removal by 
promoting oxygen diffusion into the alloy, which reacts with Mn to form 
internal oxides that can be extracted [66]. Additionally, surface oxida-
tion during processes like annealing targets Mn at the alloy’s surface, 
refining its composition and enhancing its properties [67]. Partial 
oxidation of Mn from the obtained NMC alloy is furthermore calculated 
via the thermo-chemical Software FactSage™ 8.3 using the FactPS 
(2023) and SGTE alloy database (2020) shown in Figure. The calculation 
was performed at a constant temperature of 1600◦C for an input mass of 
1000 kg and a continuous oxygen addition (x-axis), whereby the tem-
perature increase due to the exothermic character of this reaction was 
neglected at this first consideration.

As visualized in Fig. 4, Mn and Al removal can be achieved with 
almost no loss of Ni, Co, and Cu. Only if Fe is considered to be removed 
with high grades, partial losses of Ni and Co to the slag phase are 
observed. Table provides an overview of some oxygen-dependent slag-
ging rates for each element. It can be seen that Fe can only be removed 
from the liquid melt alongside high losses of Co. Considering that Fe in 
an alloy for an open-loop approach can be accepted, the ideal amount of 
oxygen to obtain a product desired by the industry, lies between 50 kg 
and 60 kg per ton of liquid melt. For better comparability, the amount of 
oxygen was expressed as a relationship between oxygen amount and 

input material, where for example 0.05 means 50 kg oxygen per 1000 kg 
of input material.

While the partial oxidation of Mn requires further research especially 
to be validated with practical tests, the next critical step involves con-
verting the alloy into a fine powder. Reducing the particle size is 
necessary to increase reactivity and dissolution rates, significantly 
improving the efficiency of subsequent biohydrometallurgical processes 
and facilitating more effective recovery and purification.

3.2. Metal grinding and powder analysis

In the previous chapter, a detailed overview of the pyrometallurgical 
process was given, describing the properties of the different alloys for 
downstream post-treatment. Following this high-temperature treat-
ment, the alloy undergoes further processing to achieve smaller particle 
sizes, which is crucial for enhancing the efficiency of subsequent recy-
cling steps, such as biohydrometallurgical treatments. Different methods 
were employed to achieve the desired particle size reduction based on 
the ductility of the alloy. For the less ductile LFP alloy, a ball mill was 
utilized. This method involves the use of rotating cylindrical containers 
filled with grinding media, which crush and grind the material into finer 
particles. The ball milling process successfully reduced the particle size 
of the LFP alloy to less than 50 µm, making it suitable for further pro-
cessing. In contrast, the more ductile NMC alloy required a different 
approach due to its higher malleability. Filing techniques were 
employed to reduce the particle size of the NMC alloy. This method 
involves mechanically abrading the material to produce fine flakes using 
a shelf new file to avoid any introduction of impurities.

Microscopic examination of the powder samples provided further 
insights into the morphology of the processed materials (Figure). The 
NMC material, as observed under the microscope, consisted of flakes 
resulting from the filing process. These flakes indicate the mechanical 
abrasion technique used, which tends to produce elongated, thin parti-
cles. On the other hand, the LFP powder appeared as an agglomeration 
of small particles, with particle sizes ranging from less than 1 µm up to 
50 µm. This agglomeration is typical of ball milling, where the grinding 
action produces a wide range of particle sizes, often forming clusters of 
fine particles.

The resulting particle size distribution for the NMC alloy was cate-
gorized into three distinct fractions using a Retsch AS 200 control 
sieving tower: one fraction larger than 250 µm, another between 250 
and 100 µm, and a fraction smaller than 100 µm. For the subsequent 
biohydrometallurgical post-treatment, only the latter two fractions with 
250–100 µm and smaller than 100 µm were utilized. During the deter-
mination of particle size in an aqueous solution, it was found that the 
LFP powder was non-magnetic, while the NMC powder was highly 
magnetic and floated on the surface. This finding is essential as it pro-
vides a possible solution to remove LFP chemistry from a mixed waste 
stream, which is especially important for biohydrometallurgical 

Fig. 4. Thermodynamic equilibrium calculation for partial oxidation of the NMC811 alloy using FactSage™ 8.3. a.) Overview of phases including the liquid and solid 
phases, b.) Overview of liquid phase dependent on oxygen amount.
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leaching, as shown in 3.3. Consequently, a surfactant (sodium poly-
acrylate) was added to reduce the surface tension of the liquid, and the 
mixture was agitated using an ultrasonic probe to remove the particles 
from the surface and bring them into the liquid. The resulting particle 
size distribution was as follows: d10 / d50 / d90 = 25.3 / 76.9 / 145.7 µm.

For the LFP powder, without any pretreatment, a peak in the particle 
size distribution was observed around 80 µm, which contradicted the 
findings from the optical microscopy. This discrepancy suggested the 
occurrence of agglomerations. Subsequently, a dispersing agent was 
added (NPA-2100), and initially, agglomeration recurred over time, as 
seen in Figure b (V1–3 represent three different trials). However, the 
peak particle size was reduced to approximately 8 µm, better aligning 
with the microscopy results. Only after ultrasonic dispersion in combi-
nation with the dispersing agent, a relatively constant distribution, 
again with a peak at around 8 µm, could be achieved over time and 
multiple trials. This underscores the importance of potentially addi-
tional pretreatment of the powder for optimal use in hydrometallurgical 
processes. Although this was not further investigated within this paper, 
this issue could be addressed in future research work. In Fig. 6, Q3 is the 
volume-based cumulative curve of the particle size distribution, which 
states the volume percent of particles smaller than the grain size given 
on the x-axis, while q3 is the corresponding density function (i.e. the first 
derivative of Q3).

To further characterize the processed materials, an ICP-OES analysis 
was conducted on the three powder fractions: LFP, NMC smaller than 
250 µm, and NMC smaller than 100 µm. This method was essential for 
determining the elemental composition of the samples, providing 
valuable information on the presence and concentration of various el-
ements. The results of the ICP-OES analysis are summarized in Table, 
offering a detailed breakdown of the elemental composition of each 
fraction. Deviations from a 100 % detection rate in the ICP-OES analyses 
could be attributed to several factors. Oxygen and carbon, which cannot 
be detected via ICP, may account for some of the undetected mass. 
Additionally, elements other than Li and P, smaller than 0.1 % are not 
considered in this table and slightly affect the deviation to a 100 % 
detection rate. Another possibility is the presence of silicates, which 

cannot be dissolved with the aqua regia used in these trials, leading to 
incomplete dissolution and subsequent detection gaps.

While effective for small-scale lab trials, ball milling and filing are 
less suitable for large-scale applications due to limitations in uniformity 
and scalability. An alternative route, ideally fitting to a continuously 
operated reactor such as the InduRed, could be the atomization of the 
molten phases. This technique offers the advantage of processing 
already heated melts, where energy consumption for melting the alloy 
can be reduced, and simultaneously, heat recovery methods can be 
applied. In the continuously operated plant, the temperature and, 
therefore, the dynamic viscosity of the melt can be precisely adjusted for 
optimized atomization. Recent studies have demonstrated that not only 
the viscosity [68] of the metal but also the temperature and pressure 
[69] of the atomizing gas play crucial roles in determining the final 
particle size of the powders to be produced. Industrial setups leveraging 
these parameters can consistently produce fine, uniform metal powders. 
These powders are critical for advanced applications such as additive 
manufacturing or downstream purification techniques, including bio-
leaching followed by selective precipitation. However, atomization 
could be energy-intensive, particularly in scaling up to industrial levels. 
Addressing this, heat recovery systems integrated into the process can 
partially offset the high energy demand, making the operation more 
sustainable. The challenge of implementing atomization on an industrial 
scale involves not only energy considerations but also the design of 
robust, cost-effective systems capable of handling large volumes. While 
small-scale lab devices present inherent difficulties due to limitations in 
material throughput and device efficiency, the advantages of adopting 
atomization for industrial applications outweigh these challenges. With 
proper optimization, including innovations in energy recovery and 
atomizing nozzle design, atomization is a promising solution for 
high-efficiency, large-scale production of metal powders within this 
specific approach. Further research and pilot-scale testing will be critical 
to refining the balance between energy efficiency and output quality, 
ensuring the feasibility of implementing atomization on an industrial 
scale. Theoretical simulations and small-scale test series are planned for 
further supporting publications.

Fig. 5. Reflected light images of the alloy powders: a.) LFP powder, b.) NMC811 powder < 250 µm, c.) NMC811 powder < 100 µm.

Fig. 6. Cumulative particle size distribution of the LFP powder with different pre-treatment steps: a.) no pre-treatment, b.) addition of dispersing agent (NPA-2100), 
c.) addition of dispersing agent (NPA-2100) and ultrasound treatment.
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3.3. Bioleaching

To compare the effect of pyrometallurgical and further post- 
treatment of synthetic black mass (both NMC and LFP) on the metal 
leaching efficiency during direct bioleaching, a pulp density of both 1 % 
and 10 % (w/v) were tested using an adapted, enriched culture. The 
measurement of the leaching efficiency of the different metals and P at 
day 0 represents the leaching efficiency after 2 hours. The leaching ef-
ficiency was calculated using formula 2, or formula 2 with 3 if the 
leaching efficiency of that metal is higher than 100 %.

High leaching efficiencies of up to 100 % of Ni, Mn and Co were 
achieved by the enriched cultures from the 1 % treated NMC (t-NMC 
bio) while the untreated NMC (u-NMC_bio) has a comparatively lower 
leaching efficiency (<40 %) for these metals (Fig. 7a, b, c).

The poorer solubility of the untreated materials can be explained by 
the oxidation state of metals such as Ni, Mn, and Co, which are present as 
2-, 3-, or 4-valent metal oxides in the NMC black mass and mostly in less 
soluble oxidation states [70]. During the pyrometallurgical treatment, 
the metal oxides were reduced to their metallic form representing a 
material easier to leach. This is one possible reason why the leaching 
efficiencies of these metals were higher in the treated t-NMC than in the 
untreated u-NMC. The cultures in the untreated NMC were able to 
oxidize S and hence lower the pH up to 0.7 after day 7. On the other 
hand, cultures in the treated NMC (t-NMC_bio) could oxidize the Fe2+, 
indicated by the increase in Fe3+ concentration and ORP after day 4 
(Figure B3 in Appendix B). This microbial-produced H2SO4 and Fe3+

(Eqs. 4 and 5) solubilized the metals, which resulted in the biotic ex-
periments having higher recovery of metals than the chemical control 
[71]. For the treated t-NMC, the dissolution of the metals could follow 
Eq. 7. In contrast, for the untreated NMC, the metal oxides require 
reducing agents such as H2O2 for higher recovery as shown by Eq. 6
[72]. Therefore, in the absence of a reducing agent, the untreated 

u-NMC has lower leaching efficiency of Ni, Mn and Co as compared to 
the treated t-NMC. When the pulp density was increased to 10 %, the 
leaching efficiencies of Ni, Mn and Co decreased to < 20 % (Fig. 7d, e, f). 
This could be accredited to the alkaline nature of the NMC with 
increased pH (>4) and subsequent inhibition of the cultures resulted in 
no growth and no oxidation of S or Fe by the cultures, depicted by the 
low OD and Fe2+/Fe3+ concentration respectively (Figure B4 in Ap-
pendix B). A previous study performed by Naseri et al. (2019), tested 
different pulp densities (1 % and 10 %) of spent coin cells during bio-
leaching. It revealed that the leaching efficiency of Li and Co declined 
from 100 % to < 70 % and < 20 % when the pulp density was increased 
from 1 % to 10 %, respectively [73]. Similar results were reported where 
the leaching efficiency decreased from 52 % to 10 % for Co and 80–37 % 
for Li when the pulp density was increased from 1 % to 4 % during the 
bioleaching experiment of spent LIB, respectively [74]

4Fe2+ +O2 + 4H+ ⇌4Fe3+ + 4H2O (microbial) (4) 

2S+3O2 + 2H2O ⇌2SO4
2− + 2H+⇌ 2H2SO4 (microbial) (5) 

2LiCoO2(s)+H2SO4(aq)+ H2O2(aq)⇌2CoSO4(aq)+ Li2SO4(aq)
+ 4H2O(g)+ O2(g) (chemical)

(6) 

Co(s)+H2SO4 ⇌CoSO4(aq)+ H2(g) (chemical) (7) 

2Fe3+ +Cu⇌ 2Fe2+ + Cu2+ (chemical) (8) 

During the direct bioleaching of 1 % LFP, high recovery rates of Li 
with > 90 % were achieved in all experiments except the chemical 
control (Fig. 8a, b, c). For 10 % LFP, the highest Li recovery (80 %) was 
obtained by the cultures from the treated (t-LFP_bio) (Fig. 8d).

Li is leached via acid dissolution in the biotic experiments (t-LFP_bio 

Fig. 7. Leaching efficiency of Ni, Mn and Co during bioleaching of 1 % pulp density a), b) & c) and 10 % pulp density d), e) & f), respectively, of untreated NMC (u- 
NMC) and treated NMC (t-NMC). Both biotic experiments using the enriched culture (bio) and a chemical control (chem) were prepared. Error bar represents 
standard deviation (n = 2). Day 0 is 2 hrs after addition of the black mass.

L. Wiszniewski et al.                                                                                                                                                                                                                           Journal of Environmental Chemical Engineering 13 (2025) 116811 

9 



and u-LFP_bio), where the microbially produced H₂SO₄ plays a key role 
in achieving the high Li recovery rates. [75]For P, up to 100 % was 
leached from the untreated LFP (u-LFP_bio) but when the pulp density 
was increased to 10 %, little to no P was solubilized in all the experi-
ments (Fig. 8b and e). Under acidic and reductive conditions, LFP can be 
decomposed to Li+, Fe2+, and H3PO4 using acids such as H2SO4. When 
pH and ORP are increased, FePO4⋅2 H2O can be precipitated [76]. This 
could explain the low recovery of both Fe and P, suggesting that during 
the bioleaching experiment, the dissolution of the LFP could follow the 
same route and FePO4⋅2 H2O may be formed and precipitated in both 
u-LFP and t-LFP experiments when pH and ORP increased (Figure B5 
and B6 in Appendix B). It has been reported that Cu leaching is mainly 
through the Fe2+/Fe3+ oxidation-reduction cycle (Eqs. 4 and 8) [77]. In 
a study by Gan et al. the mobilization rate of Cu during the bioleaching 
of printed circuit boards by A. ferrooxidans increased with the increase in 
Fe3+ concentration [78]. Clearly visible, in the treated t-LFP_bio, the 
microorganisms could grow (shown as an increase in OD) and metabo-
lize Fe2+ (increase in Fe3+ concentration), thereby generating the 
required Fe3+, which further promotes the leaching of Cu (Figure B5 in 
Appendix B). In contrast, in both experiments using the untreated LFP 
material (u-LFP_bio and u-LFPchem), the Fe concentration decreased 
greatly after day 1, due to the rise in pH above 4, leading to Fe precip-
itation (Figure B6 in Appendix B). This could explain the low recovery of 
Cu and other metals in the u-LFP_bio and u-LFP_chem as it has been 
reported that complexed metal ions co-precipitate with Fe3+ during the 
formation of Jarosite [KFe(SO4)2(OH)6]. Additionally, the formation of 
Jarosite could form a passive layer on the surface of the substrate which 
can further prevent the dissolution of metals during bioleaching [79]. 
The SEM/EDS analysis of the solid residue after bioleaching with 10 % 
pulp density confirmed the Fe precipitation in both treated LFP and 
NMC and revealed the presence of unsolubilized metals such as Ni, Co, 

Mn and Cu in the residue (Figure B7 in Appendix B). Since the growth 
medium already contains added Fe2+, the leaching efficiency of Fe was 
not included in Fig. 8.

For both LFP and NMC, the treated BM were more readily mixed in 
the flask as compared to the untreated ones which could be due to the 
hydrophobic graphite in the untreated BM. This may also be the reason 
why the leaching efficiency of most of the metals were better for the 
treated NMC and LFP. Overall, for direct bioleaching, attaining optimal 
pulp density is vital when comparing the results from 1 % and 10 % pulp 
density experiments. Maintaining a low pH is also very crucial for high 
metal leaching efficiency to prevent precipitation and provide ideal 
acidic conditions for the acidophiles. This can be done either by 
reducing the pulp density or by controlling the pH, adding externally, for 
example, biogenic H2SO4. As a high pulp density is the limiting factor for 
the direct bioleaching approach, applying indirect bioleaching for a high 
pulp density could be a viable option. In this method, the metabolites 
such as H2SO4 or Fe3+ are produced separately in a reactor using sulfur 
or Fe-oxidizing bacteria, and then the biogenic H2SO4 or Fe3+ is used for 
leaching the substrate. Indirect bioleaching has been reported to have a 
higher yield with less leaching time [80,81]. For NMC, the reductive 
pyrometallurgical treatment, which reduced the metal oxide such as Ni, 
Co and Mn to their metallic form, greatly improves their solubilization 
during bioleaching. However, for LFP the pyro-treated and the untreated 
have similar leaching efficiencies of metal and P, where the formation of 
highly stable phosphides in the pyrometallurgical step could be one 
reason. However, further study will be needed in order to identify the 
detailed mechanism.

3.3.1. Effect of the size distribution of substrate
As previous studies showed, the size of the substrate could also have 

an influence on the leachability of metals during bioleaching [54,82]. 

Fig. 8. Leaching efficiency of Li, P and Cu during bioleaching of 1 % pulp density a), b) & c) and 10 % pulp density d), e) & f), respectively, of untreated LFP (u-LFP) 
and treated NMC (t-LFP). Both biotic experiments using the enriched culture (bio) and a chemical control (chem) were prepared. Error bar represents standard 
deviation (n = 2). Day 0 is 2 hrs after addition of the black mass.
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Two size fractions of treated NMC alloy - 250–100 µm (N250) and 
< 100 µm (N100), were tested as a substrate for direct bioleaching with 
10 % (w/v). Fig. 9 shows that the leaching efficiency of metals such as 
Li, Ni, Mn, and Co were very similar between N100 and N250, and no 
significant difference was apparent. As discussed in Section 3.2, the 
NMC alloy is very ductile and hence causes some complications during 
milling and consumes more time and energy. If further milling to a 
smaller size could be avoided, this could have an economic advantage 
for further research or even up-scaling of the process and addresses the 
critical considerations in paragraph 3.2 regarding the atomization of the 
metal alloy.

3.4. Selective precipitation

After the biohydrometallurgical processing of the pretreated NMC alloy, 
metal precipitation from the filtrated leachate of the 10 % pulp density ex-
periments (Chapter 3.3.2) has been investigated, by increasing the pH step-
wise, from an initial pH of 6.5 up to pH 10. NMC leachates from both size 
distributions (N100 and N250) were combined, allowing to perform exper-
iments in triplicate. The mixed NMC leachate had the following metal 
composition at pH 6.5: 15.70 g/L Ni, 2.43 g/L Co, 1.99 g/L Mn. Very low 
concentrations (<100 mg/L) of Fe, Al, Cu, and Li have been measured and 
were therefore not displayed in Fig. 10a. The accumulated precipitation of 
Mn, Co and Ni at pH 8, 9 and 10 is shown in Fig. 10b. At pH 8, co- 
precipitation of 94 % Co and 91 % Ni was detected, and 27 % of Mn has 
been precipitated. However, due to a much higher share of Ni in the leachate 
compared to Co and Mn, a high proportion of Ni was precipitated, which led 
to a Ni decrease of 14.32 g/L. In comparison, Co decreased by 2.29 g/L and 
Mn by 0.54 g/L. Therefore, the generated precipitate was dominated by Ni 
precipitates. At pH 9, 100 % Co, 100 % Ni, and 48 % Mn were precipitated, 
and by further addition of sodium hydroxide, the pH was increased to 10, 
which led to 95 % Mn precipitation. Due to the previous separation of large 
portions of Ni and Co at pH 8, the highest share of precipitant at pH 10 
accounted for Mn, leading to 0.94 g/L Mn precipitation, 0.008 g/L Co, and 
0.038 g/L Ni. According to these results, precipitation at pH 10 can form a 
Mn(OH)2 dominated precipitate with low impurities. MnO2 is well known for 
its usage as a precursor for LIB production. To obtain high-purity products, 
several separation techniques such as precipitation (e.g. removal of impurities 
such as Al, Cu, Fe), solvent extraction (e.g. for Co, Ni, Mn) and (evaporative) 
crystallization can be applied and combined to produce battery grade Li, Ni, 
Mn salts [83,84]. For instance, Han and co-workers have used BaS to pre-
cipitate Co, Ni and Zn from Mn rich stripped solution to obtain battery grade 
MnSO4 after a solvent extraction step [85]. Another possibility to remove 
impurities from the precipitate is acid washing, which has improved the purity 
of MnO2 precipitate in a recent study above 98 % [86]. In total 259 mL/L 
sodium hydroxide was needed for increasing the pH from 6.5 up to 10, 
especially for raising the pH from 6.5 to 8, most sodium hydroxide was 

consumed. In a recent study 98.6 % Ni, 98.4 % Mn and 98.7 % Co have 
been recovered via precipitation as Ni0.5Mn0.3Co0.2(OH)2 after sulfuric acid 
leaching of spent Li-ion batteries by addition of Li(OH) till pH 13.05 [87]. In 
line with our results, at pH 8, high recovery efficiencies (>70 %) for Co and 
Ni have been detected and Mn has been recovered at lower levels [87]. By a 
further pH increase to pH 13.05 also almost the entire Mn was recovered. 
Based on this reference and due to experimental observations in this paper, Co 
and Ni precipitation from NMC leachate at pH 8 is suggested, whereas Mn 
could be recovered with only low Co and Ni impurities at pH 10. Error bars 
and standard deviations within Fig. 10 and Fig. 11 were calculated using the 
Excel STABWN function.

Furthermore, selective precipitation of LFP leachate, from biotic leaching 
experiments of pretreated LFP alloy at 10 % pulp density, was conducted in 
duplicate by increasing the pH stepwise from pH 1.8 up to pH 6. The initial 
LFP leachate at pH 1.8 had the following concentration: 7.49 g/L Fe, 1.23 g/ 
L P and 1.57 g/L Cu as shown in Figure. Low metal concentrations of Al and 
Li (<0.25 g/L) have been measured and were therefore not shown in Fig-
urea, but results have been added in the Supplementary Information. The 
accumulated precipitation at pH 2, 3, 4, 5 and 6 of Fe, P and Cu is depicted in 
Figureb. At pH 2 100 % of P co-deposited together with 82 % Fe and 36 % 
Cu. Adjusting to pH 2 causes the precipitation of high proportions of Fe and P 
and a strong decrease in Fe (5.94 g/L) and P (1.23 g/L) concentration, 
whereas Cu decreased moderately (0.42 g/L) as depicted in Figurea. By 
further base addition till pH 3, 99 % of Fe was precipitated, whereas Cu and 
Li behaved rather stably and remained to an extent in solution. At pH 4 and 5 
44 % and 62 % of Cu was precipitated, respectively. By further pH increase 
until pH 6, 91 % of Cu has been precipitated from the LFP leachate. In total, 
233 mL/L of sodium hydroxide was consumed during the experiment. 
Especially for the first pH adjustment from pH 1.8 to pH 2, a major amount of 
sodium hydroxide (134 mL/L) was needed.

According to these results, high shares of Fe and P could be recovered by 
adjusting the LFP leachate till pH 3, whereby only moderate Cu and low Al 
and Li concentrations simultaneously co-precipitated. An environmentally 
friendly and effective recovery of FePO4 and Li from LFP batteries is urgent to 
prevent environmental pollution and reuse valuable materials because the 
production and usage of LFP batteries has significantly increased due to their 
advantages (e.g., safer usage and long lifespan) [88]. Moreover, regarding 
the EU battery regulation from 2023 80 % of Lithium should be recycled till 
the end of 2031 [89]. Furthermore, phosphorus was ranked as a critical raw 
material in the EU list of critical raw materials in 2023 [90]. However, to use 
the generated FePO4 as a precursor for battery production a high purity is 
crucial. According to Feng et al. (2024) [91], optimal precipitation of FePO4, 
in terms of recovery and purity, would be obtained at a pH of 1, however, 
even at such low pH, 10.3 % of Al and 1.2 % of Cu co-precipitation was 
reported. To recover the majority of Cu, base addition till pH 6 is necessary 
and an intermediate precipitation at pH 4, thus removing the remaining Fe, 
would support obtaining a low impurity precipitate.

Fig. 9. Comparison of leaching efficiencies of metals between two size distributions of treated NMC, < 250 nm (N250_bio) and < 100 nm (t-NMC_bio), during direct 
bioleaching using adapted enriched culture.
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4. CONCLUSION – OUTLOOK

This study investigates the potential of combining pyro- and bio-
hydrometallurgical processes to enhance metal recovery from synthe-
sized NMC and LFP black mass, compared to using biohydrometallurgy 
as a standalone approach.

Pyrometallurgical treatment was conducted using carbothermic 
reduction within the InduMelt reactor. Transfer coefficients of higher 
than 92 % for Li were achieved, leaving an almost Li-free alloy. Ther-
modynamic equilibrium calculations using FactSage™ indicated that 
partial oxidation could effectively remove remaining aluminum and 
manganese while minimizing losses of nickel, cobalt, iron, and copper. 
The optimal condition was established with 50 kg of oxygen per ton of 
alloy, yielding a liquid melt suitable for secondary metallurgy within an 
open-loop approach.

Within a closed-loop approach, the alloy was grinded to particle sizes 
of < 100 µm and further treated using direct biohydrometallurgical 
leaching with two different pulp densities(w/v) at 1 % and 10 %. The 
direct leaching results showed that the pyrometallurgical pre-treatment 
greatly improves the leachability of metals for 1 % pulp density for the 
untreated NMC, where up to 100 % of Ni, Mn, Co, Al, and Cu were 
leached in the biotic experiment. Conversely, for LFP, both pre-treated 
and untreated samples showed comparable leaching efficiencies, sug-
gesting that the pre-treatment may not be as critical for this material. 

Therefore, for efficient recovery of NMC and other layer-structured 
CAMs, it is of utmost importance to remove LFP from a mixed recy-
cling stream. The implementation of the EU’s battery passport in 2027 
would therefore be an economic solution to implement a proper sepa-
ration between battery types.

Additionally, it was found that for Cu recovery, oxidation-reduction 
of Fe2+/Fe3+ is essential. Furthermore, optimal pulp density as well as 
pH are critical for the direct bioleaching of both NMC and LFP to achieve 
a high yield. A rise in pH causes the precipitation of metals such as Fe, 
which can then co-precipitate with other metals or P and, therefore, 
lower the leaching efficiency. Precipitation of the NMC leachate showed 
high co-precipitation efficiencies for Co and Ni (94 % and 91 % 
respectively) at pH 8, whereas 95 % of Mn has been precipitated at pH 
10. Precipitation results of LFP have shown that high shares of Fe and P 
can precipitate at pH 2, providing a potential basis for LFP precursor 
materials.

Overall, the results highlight that the combined approach signifi-
cantly benefits the recycling of layer-structured cathode materials like 
NMC, while the olivine-type LFP presents challenges due to phosphide 
formation during pre-treatment In the biohydrometallurgical process, 
regulating the pH externally (using biogenic H2SO4) or lowering the 
pulp density could solve the above-described precipitation problems. 
Therefore, indirect bioleaching using biogenic H2SO4 or Fe3+ could be a 
viable option for bioleaching with high pulp densities. To reuse the 

Fig. 10. a.) Metal concentrations of NMC leachate at an initial pH of 6.5 and with a stepwise pH increase from pH 8–10 together with the accumulated base 
consumption. Metal concentrations below 0.1 g/L are not shown. b.) Accumulated precipitation of Mn, Co and Ni from NMC leachate at pH 8, 9 and 10. Error bars 
indicate the standard deviation (N = 3).

Fig. 11. a.) Metal concentrations of LFP leachate at an initial pH of 1.8 and with a stepwise pH increase from pH 2–6 together with the accumulated base con-
sumption. b.) Accumulated precipitation of Fe, Cu, and P from LFP leachate at pH 2, 3, 4, 5, and 6. Error bars indicate the standard deviation (N = 2).
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generated metals such as Ni, Co and Mn from the NMC solution, as well 
as Fe and P from the LFP solution, as a precursor for battery production 
high purity of the precipitate is crucial and needs to be further improved. 
However, also, an open loop reuse of the recovered Ni, Co, Fe, and P in 
other industrial sectors could be an interesting option and can be 
investigated in future research.
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Appendix A

This section is dedicated to the comprehensive description of Fig. 1, the corresponding data used, and which simplifications have been made. In 
2019, the World Economic Forum (WEF) disseminated a seminal report entitled "A Vision for a Sustainable Battery Value Chain in 2030," which 
provides insights into the anticipated global installed battery capacity up to the year 2030. In 2023 this report was updated with a web-based 
statement entitled “Battery 2030: Resilient, sustainable, and circular”. Table A1 provides data from these reports.

Table A4 
Global LIB battery demand in GWh for the year 2030, WEF base case

unit 2020 2022 2025 2030

Report 2020 Total demand GWh 282 - 971 2623
Report 2023 Total demand GWh - 700 1700 4700

As described in the introduction, the forecast regarding cathode chemistries also hugely changes. In Table A2 the forecasted demand from Xu et al. 
[8] and Pillot et al. [9] regarding shares in cathode chemistries is given.

Table A2 
Share of LIB battery demand in % for the year 2030 by chemistry derived from Xu et.al (2020) and Pillot et.al (2023)

unit LFP NCA NMC Other

Xu et al., 2020 (year 2020) % 32.2 37.9 29.9 -
Xu et al., 2020 (year 2025) % 20.1 40.8 39.3 -
Xu et al., 2020 (year 2030) % 2.5 38.6 59.1 -
Pillot et al., 2023 (year 2020) % 40.0 14.0 41.0 5.0
Pillot etal. 2023 (year 2025) % 36.4 9.2 47.5 6.9
Pillot et al., 2023 (year 2030) % 46.7 5.2 46.8 1.3

In Table A3, the numbers stated by the WEF scenario were then multiplied by the percentages from Xu and Pillot.

Table A3 
Global LIB battery demand in GWh for the year 2030, WEF base case

unit LFP NCA NMC Other

Xu et al., 2020 (year 2020) GWh 90.8 106.9 84.3 -
Xu et al., 2020 (year 2025) GWh 195.2 396.2 381.6 -
Xu et al., 2020 (year 2030) GWh 65.6 1012.5 1550.2 -
Pillot et al., 2023 (year 2020) GWh 280 98 287 35
Pillot et al. 2023 (year 2025) GWh 618.8 156.4 807.5 117.3
Pillot et al., 2023 (year 2030) GWh 2194.9 244.4 2199.6 61.1
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Appendix B

This section provides an overview of additional data which supports the findings of the research.
The reactor used within this study, initially explored and well described in literature [46,49] for the recycling of sewage sludge ashes and P re-

covery, is for additional reader feasibility, shown in Figure B1.

Figure B1. Schematic overview of the InduMelt reactor with gas exhaust and gas wash bottle (own depiction based on [46])

An example of the obtained alloy for both the NMC811 (Figure B2a) trial and the LFP trial (Figure B2b), after pyrometallurgical treatment within 
the InduMelt reactor is shown in Figure B2.

Figure B2. Representative samples of the alloy after pyrometallurgical treatment in the InduMelt reactor: a.) LFP, b.) NMC811

A SEM image of the different alloys is given in Fig. 3, where the detailed point analysis for the NMC811 alloy is given in Table B1, which shows the 
formation of MnS (point 7) and Mn-oxides (point 8) at the surface of the alloy.

Table B1 
EDX point analyses to corresponding SEM analysis of LFP and NMC811 alloy samples in Fig. 3 in atom %

Spectrum unit Ni Co Mn Cu Al Fe P O S

1 atom % - - - 4.2 - 66.0 29.8 - -
2 atom % - - - 5.4 - 72.1 22.5 - -
3 atom % - - - - - 53.8 46.2 - -
4 atom % - - - 76.0 - 1.2 22.8 - -
5 atom % - - - 9.9 - 40.4 15.4 34.3 -
6 atom % 66.9 8.8 8.4 7.0 3.2 5.7 - - -
7 atom % 0.8 - 46.2 2.8 - - - 50.2
8 atom % 1.8 4.6 36.5 - 7.1 6.0 - 43.9 -

For the bioleaching experiments additional data such as pH, OD, Fe concentration etc are given in Figures B3 to Figure B6 and are explained and 
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referenced to in the main text. Additionally, in Fig. 7B SEM-EDX analyses of the leached precipitates are given.

Figure B3. Measurement of a) OD660, b) pH, c) ORP, d) Fe2+ concentration, e) Fe3+ concentration and f) total Fe concentration, during the course of direct bio-
leaching experiment of 1 % (w/v) of both untreated NMC (u-NMC) and pyrometallurgically treated NMC (t-NMC)

Figure B4. Measurement of a) OD660, b) pH, c.) ORP, d) Fe2+ concentration, e) Fe3+ concentration and f) total Fe concentration, during the course of direct bio-
leaching experiment of 10 % (w/v) of both untreated NMC (u-NMC) and pyrometallurgically treated NMC (t-NMC)
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Figure B5. Measurement of a) OD660, b) pH, c) ORP, d) Fe2+ concentration, e) Fe3+ concentration and f) total Fe concentration, during the course of direct bio-
leaching of 1 % (w/v) of both untreated LFP (u-LFP) and pyrometallurgically treated LFP (t-LFP)

Figure B6. Measurement of a) OD660, b) pH, c) ORP, d)Fe2+ concentration, e)Fe3+ concentration and f) total Fe concentration, during the course of direct bio-
leaching of 10 % (w/v) of both untreated LFP (u-LFP) and pyrometallurgically treated LFP (t-LFP)
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Figure B7. SEM/EDS analysis of solid residue before and after direct bioleaching of a) treated LFP (t-LFP) and b) treated NMC (t-NMC) with 10 % (w/v) pulp density 
using adapted enriched culture

Data Availability

Data will be made available on request.
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