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Abstract

Recycling of lithium-ion batteries (LIBs) remains challenging due to high energy require-
ments, losses of key elements like lithium, and the heterogeneity of waste streams arising
from different cathode chemistries. This study evaluates multiple recycling methods for
LIBs black mass (BM), to recover critical raw materials and other valuable components.
Three types of BM including nickel–manganese–cobalt (NMC), lithium iron phosphate (LFP)
and a heterogeneous mixture of cell phones and laptops (HL; German: Handy/Laptops),
were treated using froth flotation, pyrometallurgy, and biohydrometallurgy and their re-
spective recovery efficiencies were assessed. The flotation results revealed that the HL
sample had the lowest mis-recovery of non-ferrous metals into the froth product (around
10%), leading to further flotation only for HL. During screening, 94–99% of iron, phospho-
rus, and carbon in LFP-type BM were recovered in the fine fraction (<45 µm), while 92–99%
of lithium, cobalt, manganese, nickel, and carbon in NMC-type BM were recovered in the
same fraction. During precipitation, 99% of iron and 100% of phosphorus were recovered
from LFP bioleachates at pH 3, while ~97–100% of dissolved cobalt, manganese, and nickel
were recovered from NMC bioleachates. These findings confirm that no single recycling
method is optimal for all battery chemistries.

Keywords: lithium-ion batteries; LIBs; critical raw materials; black mass; froth flotation;
pyrometallurgy; biohydrometallurgy; recycling; battery passport

1. Introduction
The global demand for lithium ion batteries (LIBs) is rising rapidly, with projections

indicating a 14-fold increase by 2030, driven by the expansion of renewable energy storage
systems and electric mobility [1,2]. While this growth supports the transition toward
low-carbon energy systems, it also raises significant environmental concerns, as LIB pro-
duction involves energy- and material-intensive processes that contribute to water and
air pollution, as well as hazardous waste generation [3–9]. Moreover, growing use of LIBs

Recycling 2026, 11, 142 https://doi.org/10.3390/recycling11080142

https://crossmark.crossref.org/dialog?doi=10.3390/recycling11080142&domain=pdf&date_stamp=2026-08-07
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/recycling
https://www.mdpi.com
https://orcid.org/0000-0002-6977-4499
https://orcid.org/0000-0002-0076-2078
https://orcid.org/0000-0003-1404-5464
https://orcid.org/0000-0002-2204-1896
https://orcid.org/0000-0003-3340-7520
https://orcid.org/0000-0002-3700-6735
https://doi.org/10.3390/recycling11080142


Recycling 2026, 11, 142 2 of 29

is expected to generate millions of tons of waste annually, with electric vehicle batteries
alone contributing around 2 million tons per year by 2030 [3,7,10,11]. This hazardous waste
contains toxic and flammable substances, including fluorinated salts and heavy metals,
making its proper management essential to prevent adverse impacts on both human health
and the environment [7,12–15].

Given the environmental concerns and challenges associated with LIB production
and waste management, recycling offers a viable solution to reduce resource extraction
and pollution [16,17]. However, to be truly effective, recycling systems must rely on well-
designed, efficient, and environmentally sustainable processes that align with circular
economy principles [3,18].

In response to these challenges, the European Commission has introduced Regulation
(EU) 2023/1542 [19], aimed at improving recycling efficiency and material recovery from
waste batteries, particularly those containing critical raw materials (CRMs). This regulation
establishes standardized methodologies for calculating recycling efficiency and material
recovery rates, ensuring fair competition and high-quality recycling practices across the
European Union (EU). It sets a recycling efficiency target of 65% for lithium-based batteries
by 2025, increasing to 70% by average weight by 2030. In addition, material recovery targets
are set at 90% for cobalt, copper, and nickel and 50% for lithium by 2027, with further
increases to 95% for cobalt, copper, and nickel and 80% for lithium by 2031 [19].

In addition to establishing recycling efficiency and material recovery targets, Regula-
tion (EU) 2023/1542 places a strong emphasis on traceability and transparency throughout
the battery life cycle, notably through the introduction of a Digital Product Passport (DPP)
for certain categories of batteries. This passport, applied in the form of a QR code to
batteries exceeding a 2-kWh capacity threshold, is designed to provide standardized and
accessible information on battery composition, origin of materials, carbon footprint, and
end-of-life management, thereby supporting compliance with recycling and material recov-
ery obligations and facilitating more efficient reuse and recycling processes.

Although existing strategies pursue common objectives such as improving recycling
efficiency, increasing material recovery, promoting resource efficiency, and fostering in-
novation, a persistent disconnect remains between strategic ambitions and operational
realities. This gap highlights the need for more integrated approaches that address not only
technological challenges but also material, institutional, and cultural dimensions of LIB
recycling systems [16].

Meeting these ambitious regulatory targets requires advanced recycling technologies
capable of recovering critical materials efficiently. The recycling of LIB waste involves
a complex value chain, including reverse logistics, pre-treatment, and metallurgical pro-
cessing [20]. In practice, LIBs are recycled using thermal, chemical, or physical methods,
which can be categorized into three main technological approaches: pyrometallurgy, hy-
drometallurgy, and direct (functional) recycling [3,21,22]. Among these, pyrometallurgical
and hydrometallurgical routes are currently the most established at industrial scale [23],
often used in combination to maximize the recovery of valuable secondary raw mate-
rials [24,25]. Biohydrometallurgy has been investigated as a complementary approach
for LIB recycling [8]. Potential advantages reported in the literature include operation
at comparatively low temperatures, in situ generation of leaching agents, and reduced
handling and transportation of concentrated chemical reagents [26]. However, the overall
environmental performance of bio-based processes depends on factors such as energy and
reagent demand, aeration, residence time, downstream processing, and the achievable
recovery and product quality. These environmental implications were not quantitatively
assessed in the present study.
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In parallel with metallurgical developments, physical separation techniques such
as froth flotation have been investigated for enhancing material selectivity. Originally
developed for the beneficiation of low-grade ores, froth flotation has been applied to
separate graphite from LIB-type BM, enabling its reuse as a secondary raw material,
although its application remains less widespread than other separation techniques [23].
In the present study, ion exchange was investigated to transfer dissolved lithium from
flotation liquors into a more concentrated secondary stream. The experiments assessed
lithium removal and zeolite regeneration at batch scale. Reuse of the treated process water
and the associated potential reduction in wastewater generation were not evaluated. To
the best of our knowledge, this represents the first application of an ion-exchange-based
approach for the treatment of froth flotation liquors.

Conducted within the FuLIBatteR project, the present study investigates comple-
mentary process modules comprising flotation, magnetic separation, pyrometallurgical
pre-treatment, (bio-)leaching, refining, and metal recovery. The objective is to assess the
suitability, strengths, and limitations of the investigated approaches and to compare their
recovery and separation performance and resulting product streams for selected NMC-type
and LFP-type BM and the HL sorting fraction. Because the individual modules were
investigated under different operating conditions and at different scales, the proposed
linkages represent potential process integration rather than continuously operated recycling
routes. Environmental impacts, carbon footprint, economic viability, regulatory compli-
ance of complete process chains, and industrial feasibility were outside the scope of the
present study.

2. Results and Discussion
While parts of the experimental results presented in this section have been previously

reported by members of the FuLIBatteR consortium, the present study integrates these
individual process steps and complements them with new experimental data to provide a
comprehensive evaluation of the overall recycling route.

2.1. Screening

Tables 1–3 indicate the analysis of elemental distribution across the particle size
fractions received after sieving. According to these tables aluminum and copper are
predominantly concentrated in the coarser fractions (>45 µm). For all investigated BM
samples, approximately 41–49% of the aluminum and 36–60% of the copper were recovered
in the >45 µm fraction. This can be attributed to residues of current collector foils in the
coarser fractions, primarily composed of aluminum and copper. The valuable metals
contained in the coarse fraction (>45 µm) are not lost, as this fraction can be added to the
non-ferrous metal concentrates for further processing. In contrast, the carbon content in the
coarse fractions remained relatively low, ranging from about 4–6% across all samples, which
corresponds to 1–2% recovery rate. In the case of LFP-type BM, which mainly consists of
the elements iron and phosphorus next to graphite, 4.4% of iron and 5.6% of phosphate are
transferred to the coarse fraction. Overall, the study of the recovery rates of elements in all
samples at both fractions confirms that more than 90–95% of the elements of interest are
concentrated in the finer fractions <45 µm.
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Table 1. Balance of screening NMC-type BM with a mesh size of 45 µm; metal content with X-ray
fluorescence (XRF), carbon with laboratory equipment corporation combustion analysis (LECO), and
lithium with inductively coupled plasma optical emission spectroscopy (ICP-OES).

Fraction
fm Element Content (wt.%) Recovery Rate (%)

% Al C Co Cu Li Mn Ni Al C Co Cu Li Mn Ni

Feed – 9.7 34.4 22.4 4.5 3.5 6.2 7.3 – – – – – – –
Output >45 µm 9.5 42.1 3.9 7.1 28.6 2.2 3.2 5.9 41.3 1.1 3.0 60.0 6.1 4.9 7.7
Output <45 µm 90.5 6.3 37.6 24.0 2.0 3.6 6.5 7.4 58.7 98.9 97.0 40.0 93.9 95.1 92.3

Table 2. Balance of screening LFP-type BM with a mesh size of 45 µm; metal content with XRF, carbon
with LECO, and lithium with ICP-OES.

Fraction
fm Element Content (wt.%) Recovery Rate (%)

% Al C Cu Fe P Al C Cu Fe P

Feed – 2.8 32.6 7.1 19.3 11.8 – – – –
Output >45 µm 7.5 16.4 5.6 34.1 11.3 8.9 44.4 1.3 35.9 4.4 5.6
Output <45 µm 92.5 1.7 34.8 4.9 20.0 12.0 55.6 98.7 64.1 95.6 94.4

Table 3. Balance of screening the HL sorting fraction with a mesh size of 45 µm; metal content with
XRF, carbon with LECO, and lithium with ICP-OES.

Fraction
fm Element Content (wt.%) Recovery Rate (%)

% Al C Co Cu Li Mn Ni Al C Co Cu Li Mn Ni

Feed – 7.7 30.0 32.7 8.2 3.9 4.1 5.2 – – – – – – –
Output >45 µm 19.6 19.2 3.6 37.4 19.1 3.9 3.2 5.3 48.8 2.3 22.4 45.8 19.8 15.4 19.8
Output <45 µm 80.4 4.9 36.5 31.5 5.5 3.9 4.3 5.2 51.2 97.7 77.6 54.2 80.2 84.6 80.2

2.2. Treatment of NMC-Type BM and the HL Sorting Fraction
2.2.1. Froth Flotation

The NMC sample initially showed comparatively high mis-recoveries of cobalt +
manganese + nickel into the froth product (approximately 30 wt.%), indicating limited
selectivity for carbon enrichment.

However, a second NMC sample provided by the same partner and intended to
undergo comparable thermal pre-treatment showed substantially lower mis-recoveries of
approximately 8 wt.%. This corresponds to an improvement in selectivity of around 38%
compared to the initial NMC sample and demonstrates that efficient graphite separation by
flotation is, in principle, achievable for NMC-type BM.

At the same time, the pronounced difference between the two NMC samples highlights
the sensitivity of flotation performance to upstream treatment conditions, material history,
or variations in the generated BM. Since the second NMC sample became available only
at a late stage of the project, additional cleaner-stage flotation experiments could not be
carried out within the remaining project timeframe. Among the investigated materials, the
HL sample consistently exhibited low non-ferrous metal mis-recoveries of approximately
10 wt.% and therefore provided the most consistent basis for the subsequent cleaner-stage
flotation tests. The HL material is an operator-defined, portable-device-derived sorting
fraction containing predominantly older, cobalt-rich cathode chemistries, including NMC
and LCO. To improve readability and avoid repetition, only results for HL sorting fraction
are presented in the following sections, while the complete NMC dataset is reported by
Rieger et al. [23].
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These recovery values correspond to a concentration containing about 85% carbon
in the froth product. Accordingly, subsequent investigations involving cleaner stages for
graphite production were conducted exclusively using the HL sorting fraction.

Another objective of the flotation process is the production of a carbon concentrate
intended for application in the refractory industry. To meet the required specification of
carbon content exceeding 90% and considering the results obtained from the rougher and
scavenger flotation stages, the addition of a cleaner stage for further enrichment of carbon
is required. The outcomes of the test, including a cleaner stage, are summarized in Table 4.

Table 4. Results for production of carbon concentrate for refractory industry using HL sorting fraction.
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The results of the multi-stage flotation process show that during the initial rougher
and scavenger stages the non-ferrous metals cobalt + manganese + nickel, as well as alu-
minum and copper, are primarily recovered, with recoveries of approximately 85%, 95%,
and 80%, respectively. In contrast, only about 5% of the total initial carbon reports to
this non-ferrous metal concentrate. Consequently, around 96% of the carbon is recov-
ered in the carbon pre-concentrate, resulting in an enrichment of the carbon content from
an initial 38 wt.% to approximately 85 wt.%. The remaining fraction mainly consists of
cobalt + manganese + nickel, originating from the cathode active material. The subsequent
cleaner stage further increases the carbon content in the carbon concentrate to approxi-
mately 91 wt.%, while the carbon recovery decreases by about 9% to 87%. The remaining
impurities (cobalt + manganese + nickel) are again largely attributed to cathode active mate-
rial, of which approximately 10% is finally recovered in the carbon concentrate and is there-
fore lost from the non-ferrous metal stream. The intermediate concentrate exhibits a slight
enrichment in carbon content together with a depletion of cobalt + manganese + nickel rel-
ative to the feed. Therefore, it may be advantageous to combine this intermediate product
with the non-ferrous metal concentrate to increase the overall recovery of cobalt, man-
ganese, and nickel in this fraction. The lithium balance indicates that approximately 43% of
the lithium dissolves into the process water. The remaining 57% is distributed among the
various flotation products, with the largest share (36%) reporting to the non-ferrous metal
concentrate. It is also evident that the lowest lithium content is achieved in the carbon
concentrate, at approximately 1 wt.% which corresponds to a recovery of approx. 8%.

2.2.2. Wet High Gradient Magnetic Separation

An additional optimization test demonstrates that further cleaner stages as well as the
application of wet high-gradient magnetic separation (WHGMS) can lead to an increased
enrichment of carbon in the carbon product. The results of this experiment are presented in
Table 5.

Table 5 demonstrates that aluminum, copper and cobalt + manganese + nickel are
largely recovered in the non-ferrous metal concentrate during the initial flotation stages,
with recoveries ranging from approximately 80% to 93%. By applying two additional
cleaner stages, the carbon content in the carbon pre-concentrate can be increased to about
97%. This indicates that further cleaner stages effectively enhance the enrichment of carbon
in the concentrate. The intermediate flotation concentrate also shows a slight enrichment in
carbon together with a minor depletion of cobalt + manganese + nickel relative to the feed.
However, it is again feasible to combine this intermediate concentrate with the non-ferrous
metal concentrate to improve the overall recovery of the valuable metals.

During the WHGMS treatment, cobalt + manganese + nickel are enriched in the
magnetic product (intermediate magnetic concentrate) obtained from the carbon pre-
concentrate. However, the carbon content of this fraction remains relatively high at ap-
proximately 75 wt.%, which is significantly higher than in the initial feed. Due to the low
mass yield of this intermediate fraction, it may also be advantageous to combine it with the
non-ferrous metal concentrate to further increase the recovery of the metals. Ultimately,
a carbon concentrate with a carbon content of approximately 99 wt.% can be obtained at
a carbon recovery of about 67%. The results show that WHGMS can also be effectively
applied for further enrichment of carbon.
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Table 5. Carbon concentrate production with additional Wet-High-Gradient-Magnetic-Separation.
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2.2.3. Ion-Exchange Loop Stripping

Froth flotation liquors obtained from the processing of the HL sorting fraction were
analyzed for their lithium content, revealing lithium concentrations of 1278 mg/L. Spe-
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ciation analysis indicated that lithium was predominantly present in dissolved form as
lithium carbonate (>90%), with minor concentration of lithium fluoride (<10%).

Based on the identified lithium concentrations and speciation in the flotation liquors,
an ion-exchange approach was considered for lithium removal and recovery. The experi-
ments demonstrated that synthetic zeolites A and X are well suited for lithium removal,
achieving removal efficiencies between 45% and 51% depending on the Z/L ratio. Regen-
eration of lithium-loaded zeolites was performed using NaCl solutions at two different
concentrations (5000 mg/L (Na+) and 20,000 mg/L (Na+)), demonstrating that lithium
recovery is feasible, with regeneration efficiencies exceeding 75%. Further optimization and
improvement of these values appear realistically achievable through further adjustment of
the Z/L ratio and the implementation of column-based operation instead of batch process-
ing. Overall, the results suggest that this approach enables the generation of concentrated
lithium solutions, which may subsequently be used for the precipitation of high-purity
lithium compounds.

2.2.4. High-Temperature Reductive Smelting

Thermal treatment of synthetic BM in an inductive smelting furnace resulted in the
formation of distinct product phases, including a metallic alloy, magnetic and weakly mag-
netic powder fractions, and volatile components captured in the gas treatment system. This
thermal transformation significantly altered the physicochemical properties of the material,
particularly by converting metal oxides into metallic phases. As a result, a substantial im-
provement in metal dissolution during subsequent bioleaching was observed. These results
demonstrate that pyrometallurgical treatment as an intermediate step plays a crucial role in
enhancing the accessibility of valuable metals, increasing total material recovery rates and
facilitating efficient downstream hydrometallurgical processing. Wiszniewski et al. [27]
conducted thermal processing of the prepared BM samples in a batch-type smelter reactor.
Each experimental run was performed with a feed mass of 400 g. After treatment, the reac-
tor products were separated and classified according to physical appearance and magnetic
behavior. The resulting material streams consisted of 205.0 g of a metallic alloy phase, 7.2 g
of fine magnetic powder fraction, 3.5 g of weakly magnetic powder fraction, being slag, and
dissolved components collected in the gas scrubbing system. Solid products were recovered
from the reactor vessel, whereas volatile species were captured downstream [27]. This
can be attributed to the fact that, in addition to material purity and chemical composition,
particle size distribution and structural properties significantly influence the production of
high-quality cathode active material.

The metallic alloys obtained from the smelter trials were further conditioned to enable
efficient downstream recovery routes since it constitutes an advantageous basis for down-
stream (bio)hydrometallurgical processes, as most impurities are already eliminated [28].
To facilitate efficient leaching in these downstream processes, particle size reduction is
required. Owing to the distinct mechanical properties, a suitable grinding method needs to
be selected for the alloy. Due to its high ductility, the NMC-type alloy required controlled
mechanical abrasion for particle size reduction. This approach enabled the production of
fine metallic flakes without introducing secondary contamination and proved suitable for
laboratory-scale investigations where ductile materials are involved.

Following size reduction, the NMC alloy was fractionated using a vibratory sieve
system into three particle size classes: >250 µm, 250–100 µm, and <100 µm. For subsequent
biohydrometallurgical experiments, only the fractions smaller than 250 µm were selected.

To control the particle size, alloys underwent a post-treatment procedure and therefore,
magnetic behavior of the processed powders was evaluated during particle size analysis in
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aqueous suspension [27]. The results indicated that NMC-type material exhibited strong
magnetic characteristics and remained at the liquid surface.

Additionally, elemental characterization of the processed fractions was performed
by ICP-OES. Analyses were conducted for the NMC fractions below 250 µm and below
100 µm. Due to minor variation in chemistry of the named two size fractions mean values
are used for recovery rates. Moreover, it is assumed that mechanical treatment had no
influence on chemical composition, correspondingly the analyzed contents are used for the
total mass of recovered alloy phase.

Table 6 shows the ICP-OES analysis of synthetic NMC-type-derived alloy fractions
following pyrometallurgical and mechanical treatment. In this table minor deviations
from full mass closure are attributed to analytical uncertainty and the presence of trace
constituents below the detection limit of the ICP-OES method.

Table 6. ICP-OES analysis of synthetic NMC-type-derived alloy fractions following pyrometallurgical
and mechanical treatment [28].

Fraction
Fraction
Mass (g)

Element Content (wt.%) Recovery Rate (%)

Al Co Cu Fe Li Mn Ni Al Co Cu Fe Li Mn Ni

Feed * 400 2.0 4.4 3.0 3.0 5.7 4.2 37.3 – – – – – – –
Alloy 205 1.9 9.3 5.8 6.8 0.01 8.3 66.7 48.9 107.8 99.9 116.0 0.1 100.9 91.6

* Chemical composition of feed corresponds to synthetic input material in inductive smelter.

Recovery rates above 100% result from surface oxidation of alloy during cooling,
causing an overestimated mass of this fraction as well as minor variations in chemical
composition. Nevertheless, the results show that the target elements cobalt, manganese and
nickel are transferred to the alloy. Unfortunately, parts of aluminum and all of the copper
and iron from the input are found in the metal phase. Thus, under applied conditions only
the separation of lithium and aluminum, to some extent, is possible by pyrometallurgy.

2.2.5. Bioleaching

Using an experimental design based on response surface methodology, the effects
of temperature, pulp density, and H2O2 concentration were investigated on the leaching
efficiency of cobalt, manganese, nickel and lithium [29]. At the optimum levels of 55 ◦C,
pulp density of 7.5%, and 4.4% H2O2 (v/v), 24% cobalt, 21% manganese, 32% nickel and
82% lithium were solubilized within 5 min. Lithium was solubilized independently of
H2O2 concentration whereas the remaining metals required a reducing agent to be reduced
to their more soluble form. The low leaching efficiency rates for cobalt, manganese and
nickel were partially due to the low level of acidity of the biolixiviant used, as the sulfate
concentration was merely around 0.27 mol/L, and the alkaline nature of the NMC material.
Furthermore, a metal loss due to adsorptive properties of the carbon within the NMC
material was postulated. Lalropuia et al. [30] performed two-step direct bioleaching of
1% (w/v) of NMC using adapted and non-adapted enrichment cultures where a complete
dissolution of aluminum, cobalt, manganese, nickel and lithium was achieved by the
adapted enrichment culture, indicating that the adaptation greatly improved the leaching
performance of the culture.

2.2.6. Electrowinning and Precipitation

Metal concentrations of the target cathode elements (cobalt, manganese, nickel and
lithium) in the remaining solution were measured with ICP-OES and are shown in Table 7.
Copper was not considered in the table, as it is not relevant to the CRM obtained from
NMCs in this study. Furthermore, the recovery rates of NMC materials from batteries
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following each electrowinning and lithium precipitation method are shown in this ta-
ble. A significant recovery of cobalt, manganese and nickel was achieved while lithium
stayed mostly in solution due to its negative reduction potential. Cobalt and nickel were
deposited on the cathode, where XRF analysis revealed 93% of cobalt and 7% of nickel.
Manganese was plated on the mixed metal oxide (IrO2-Ta2O5) titanium anode, together
with residual cobalt. The anode was then treated with biogenic sulfuric acid to remove the
metals, followed by manganese precipitation with sodium hydroxide resulting in a powder
with 62.3% manganese, 23% cobalt and 14.7% nickel. Lithium was precipitated from the
remaining electrowinning solution by precipitation with saturated Na2CO3 solution, re-
covering 40% of left-over lithium as lithium carbonate. The potential for reusing Li2CO3

is largely determined by its purity. For battery-grade applications, a purity of at least
99.5% is required, as specified in the Non-Ferrous Metal Industry Standard of The People’s
Republic of China, Battery Grade Lithium Carbonate, YS/T 582-2023, 2023 [31]. In contrast,
applications in the glass, ceramics, and cement industries typically impose lower purity
requirements, allowing the use of Li2CO3 with a broader range of quality specifications.

Table 7. Metal concentrations of input and output fractions of material recovery by electrowinning
and precipitation as well as recovery rates [29].

Fraction
Metal Concentration (mg/L) Recovery Rate (%)

Co Mn Ni Li Co Mn Ni Li

Raw bioleachate 863.3 375.7 148.7 1551.3 – – – –
Solution after

electrowinning 1.1 10.5 0.9 1529.1 99.9 97.2 99.4 1.4

Li precipitates from
depleted electrolyte 0.0 0.0 0.0 916.6 – – – 40.9

The work by Baniasadi et al. [29] demonstrates a promising step towards a closed-loop
system of selective recovery of critical metals from LIBs.

2.2.7. Metal Precipitation After Combination of Bioleaching and Pyrometallurgy

The adapted enrichment culture (see Section 3) was further used for a two-step bi-
oleaching experiment using pyrometallurgically treated and untreated synthetic BMs at
pulp densities of 1 and 10% (w/v). Pyrometallurgical pre-treatment greatly improved the
metal dissolution from synthetic NMC during bioleaching, achieving 100% recovery of
cobalt, manganese and nickel at 1% pulp density. This enhancement is attributed to the
reduction in stable metal oxides (cobalt, manganese, nickel) to more readily dissolvable
forms. The limited recovery observed for untreated NMC is attributed to the presence of
these metals predominantly as stable metal oxides in less soluble oxidation states, which
restrict their dissolution under the applied bioleaching conditions [27,28].

However, increasing the pulp density to 10% (w/v) resulted in a substantial decline in
leaching efficiency, with metal recovery dropping below 20%, most likely due to microbial
inhibition and mass transfer limitations at higher solid loadings. Table 8 summarizes the in-
fluence of pyrometallurgical pre-treatment on the bioleaching efficiency of the investigated
synthetic BM [30].
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Table 8. Pre-treatment effect on the leaching efficiency of CRMs from synthetic NMC-type BM [30].

Condition
Element Content of Input Fraction (wt.%) Leaching Efficiency (%)

Co Mn Ni Co Mn Ni

Treated 9.3 7.9 67.1 100 100 100
Untreated 4.4 7.9 67.1 <40 <20 <10

Wiszniewski et al. [27] described the metal precipitation in the downstream stage after
high-temperature reductive smelting and bioleaching. The precipitation was performed by
incrementally adjusting the pH of the metal-laden leachate to pH 8 and pH 10 using sodium
hydroxide. After precipitation, the suspension was centrifuged and sampled. According to
Table 9 at pH 8 94% of cobalt, 27% of manganese and 91% of nickel co-precipitated, leading
to a decrease in the metal concentration of 2285 mg/L for cobalt, 535 mg/L for manganese
and 14,318 mg/L for nickel, forming a Ni-rich precipitate contaminated with cobalt and
manganese. At pH 10 the accumulated manganese precipitation reached up to 95%, while
the accumulated cobalt and nickel precipitation reached 100%.

Table 9. Recovery rates of CRMs cobalt, nickel and manganese by increased pH values from pyromet-
allurgically pre-treated and bioleachates at 1% pulp density.

Fraction pH
Element Content (mg/L) Recovery Rate (%)

Co Mn Ni Co Mn Ni

Feed 6.5 2430 1990 15,700 – – –
Output 8 145 1455 1382 94 27 91
Output 10 <0.01 94 2 ~100 95 ~100

2.2.8. Combination of Bioleaching and Graphite Flotation

The following section presents new experimental data for the combination of bioleach-
ing and graphite flotation. The HL sample used in froth flotation was then combined with
bioleaching for further investigation. The graphite flotation of the HL material resulted in a
graphite-rich fraction with detectable major contaminations of copper, cobalt and nickel,
requiring refining prior to further use. Hydrometallurgical-based purification processes
using sulfuric acid are commonly applied to remove graphite impurities [32–34].

Results of leaching experiments are shown in Figure 1, demonstrating a rapid in-
crease in metal concentration within 60 min, with the rate of solubilization leveling off
thereafter. The analysis of the solid residue revealed an increased carbon content and an
evident decrease in copper, cobalt and nickel aligning with the results gathered from the
liquid samples.

In Table 10 the final concentrations of selected elements found in the solid analysis of
the leaching residue are listed. To further evaluate the quality of the recovered graphite,
the electrochemical performance and graphite structure compared to commercial graphite
would have to be determined. Its potential reuse depends largely on its purity, crystallinity,
particle morphology, and residual metal contamination. The higher the quality of the
recovered graphite, the greater its economic value and the wider the range of possible
applications. High-quality graphite can potentially be regenerated and reused as an anode
material in new LIBs, thereby supporting a closed-loop recycling approach and reducing
the demand for virgin graphite [35]. In case of insufficient graphite quality required for
LIB anodes, graphite can be used as a reductant for metals in pyrometallurgical processes
or find use as a foundry material [34]. Olutogun et al. found a carbon content of 96% of a
purified graphite recovered from a flotation of LIB anodes, further concluding no negative
impacts on material performance and cyclic stability [36]. Natarajan et al. investigated
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a green chemistry approach of using a mild organic acid to purify the graphite fraction
of spent LIBs, reporting structural integrity of the regenerated graphite and delithiation
capacities comparable to commercial graphite [37].

Figure 1. Results of leaching experiment with biolixiviant using a pulp density of 100,000 mg/L.
(A) Co and Ni concentration in leachate over time. (B) Mass concentration comparison of C, Co, Cu,
and Ni in original graphite-enriched flotation product and in solid leaching residue.

Table 10. Chemical analysis of solid leaching residue.

Fraction
Element Content of Input Fraction (wt.%) Elemental Enrichment/Loss (wt.%)

C Co Cu Ni C Co Cu Ni

Treated 96.34 0.22 0.05 0.05
+3.94 −1.33 −0.72 −0.27Untreated 92.40 1.55 0.77 0.32

2.2.9. Metal-Binding Peptide Beneficiation

Metal-binding peptide beneficiation was tested using a 1:10 diluted NMC leachate
adjusted to pH 6.0. The diluted leachate contained 157 mg L−1 Li, 195 mg L−1 Mn,
279 mg L−1 Co and 52 mg L−1 Ni. Thus, Co, Mn and Li were present at substantially
higher concentrations than Ni, with approximately five times more Co, four times more
Mn and three times more Li than Ni in the solution.

All tested peptide-functionalized materials showed measurable metal biosorption
from the NMC leachate. In general, Co biosorption was higher than Ni biosorption for
Pep_1, Pep_2 and Pep_4, whereas Pep_3 showed only low overall metal uptake and Pep_5,
representing the control material, showed pronounced Ni biosorption. The highest Co
biosorption among the peptide-functionalized materials was observed for Pep_4, followed
by Pep_1 and Pep_2. Besides Co and Ni, Mn and Li were also removed from the leachate
to a measurable extent, indicating that biosorption was not fully selective under the tested
leachate conditions. With the use of ethylenediaminetetraacetic acid (EDTA) 100% of bound
metals could get removed.

2.2.10. Best Recycling Route for the Recovery of CRMs from NMC-Type BM and the HL
Sorting Fraction

Figure 2 presents an assessment of recycling pathways for NMC materials and indi-
cates the best recycling route for the recovery of CRMs following traffic lights logic.
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Figure 2. Schematic overview of FuLIBatteR pathways for NMC-type BM and the HL sorting fraction.
Traffic-light colors indicate qualitative route suitability within the investigated process framework:
green = experimentally demonstrated with favorable performance and no fundamental limitation
under the investigated conditions; yellow = technically or conceptually suitable but subject to relevant
limitations or incomplete validation; red = unsuitable or not applicable under the investigated
conditions, or experimentally insufficient for selective recovery. Dashed arrows indicate proposed
integration options that were not fully validated as complete experimental routes within this study.

For both NMC-type BM and the HL sorting fraction, screening at 45 µm proved to be an
effective pre-treatment step. More than 90% of the valuable elements in NMC-type BM and
approximately 80–98% of the target elements in the HL sorting fraction were concentrated
in the fine fraction, while substantial portions of aluminum and copper associated with
current collector residues were removed in the coarse fraction. Therefore, screening not
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only serves as particle size conditioning but also provides an initial upgrading step prior to
downstream processing.

For HL sorting fraction, froth flotation proved to be the most effective technology for
carbon recovery. The process produced a carbon pre-concentrate containing approximately
85 wt.% carbon at a carbon recovery of around 96%, while simultaneously concentrating
cobalt, manganese, nickel, aluminum and copper in the non-ferrous metal concentrate.
Additional cleaner stages and wet high-gradient magnetic separation further increased
the carbon content to approximately 99 wt.%, although at the expense of carbon recovery.
Subsequent bioleaching of the graphite-rich fraction reduced residual metallic impurities
and increased the carbon content from 92.4 wt.% to 96.3 wt.%. Although the suitability
of the recovered graphite for battery-grade applications was not evaluated, its use as a
secondary carbon source in MgO–C refractory bricks was successfully demonstrated within
the project.

In contrast, flotation was less suitable for NMC-type BM due to the comparatively high
mis-recovery of cathode-active materials into the carbon-rich fraction. For this chemistry,
pyrometallurgical treatment followed by biohydrometallurgical processing represented
the most promising recovery route. Pyrometallurgical treatment transferred more than
90% of cobalt, manganese and nickel into a metallic alloy phase while simultaneously
separating lithium from the alloy. The resulting alloy exhibited substantially improved
bioleaching performance compared with untreated BM, enabling complete dissolution of
cobalt, manganese and nickel under optimized conditions. Subsequent electrowinning and
precipitation achieved recoveries approaching 100% for these transition metals.

A key finding of this study is the strong synergistic effect between pyrometallurgical
pre-treatment and subsequent biohydrometallurgical processing. While direct bioleaching
of untreated NMC-type BM resulted in limited dissolution of cobalt, manganese and nickel,
pyrometallurgical treatment fundamentally altered the accessibility of these metals. By
transferring the transition metals into a metallic alloy phase and reducing stable metal
oxides, subsequent bioleaching achieved complete dissolution of cobalt, manganese and
nickel under optimized conditions. Compared with untreated material, this corresponds to
an increase from less than 40% cobalt recovery, less than 20% manganese recovery and less
than 10% nickel recovery to approximately 100% dissolution for all three elements. The
results therefore demonstrate that pyrometallurgy should not only be regarded as a stand-
alone recovery technology but also as an enabling pre-treatment step that substantially
enhances downstream biohydrometallurgical performance.

An important observation of the investigated pathways concerns the behavior of
lithium. Unlike cobalt, nickel and manganese, lithium does not primarily report to metallic
or hydrometallurgical concentrate streams. Instead, lithium follows different pathways de-
pending on its chemical form. During flotation, water-soluble lithium compounds dissolve
into the process water, where approximately 43–48% of the total lithium inventory was
found. The batch experiments achieved lithium removal efficiencies of 45–51% and zeolite
regeneration efficiencies exceeding 75%. These results provide a laboratory-scale proof
of concept for transferring lithium from dilute flotation liquors into a more concentrated
secondary stream. Further research on continuous column operation is recommended and
considered promising, but improved recovery and the subsequent production of lithium
compounds of defined purity require experimental validation.

During pyrometallurgical treatment, lithium is transferred into a volatile fraction and
may subsequently be recovered via off-gas treatment. The results therefore identify two
distinct lithium-bearing streams arising from flotation and pyrometallurgical treatment.
Combining these streams may be promising for increasing overall lithium recovery; how-
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ever, the achievable total recovery was not determined because the respective process
modules were not operated as an integrated route.

Within the investigated NMC-type BM and HL sorting fraction, the observed dif-
ferences in flotation performance demonstrate that the preferred process configuration
depends not only on cathode composition but also on the specific BM composition and
upstream treatment history. The HL sorting fraction provided the most consistent basis
for a graphite-focused route comprising flotation, cleaner flotation, wet high-gradient
magnetic separation, and graphite purification. For the investigated NMC-type mate-
rial, reductive pyrometallurgical treatment followed by biohydrometallurgical processing
represented the most promising route for cobalt, nickel, and manganese recovery. These
results should therefore be interpreted as material- and recovery-target-dependent vari-
ants within the jointly assessed NMC/HL group rather than as fundamentally separate
chemistry-specific pathways.

In contrast to conventional metal recovery technologies such as chemical precipitation
and electrowinning, bio-based recovery technologies are also available. Among these
approaches, metal-binding peptides have attracted attention due to their high selectivity
and durability. In recent study, Sieber et al. [38] identified peptides with specific affinities
for cobalt or nickel binding. Specific nickel- and cobalt-binding peptide sequences identi-
fied by phage display screening demonstrated strong metal-binding affinities, indicating
their potential use for selective enrichment or polishing of bioleachates. However, the
approach remains sensitive to process conditions, especially pH, metal speciation and the
presence of competing ions. Therefore, metal-binding peptide beneficiation was assessed
as conditionally suitable within the investigated process framework. It can contribute to
selective downstream recovery but requires further optimization before being implemented
as a robust process module for complex battery-derived leachates. A summary of the in-
vestigated technology modules for CRM recovery from NMC-type BM and the HL sorting
fraction is available in the Supplementary Materials (Table S1).

2.3. Treatment of LFP-Type BM
2.3.1. Froth Flotation

According to Rieger et al. [23], flotation tests conducted on LFP samples were unsuc-
cessful due to the non-dispersibility of the material in water as froth flotation relies on
differences in surface hydrophobicity to separate dispersed materials. Froth flotation is
mainly based on differences in surface wettability (i.e., hydrophobicity/hydrophilicity),
which govern the selective attachment of particles to air bubbles. Graphite naturally ex-
hibits hydrophobic properties, meaning that its surface repels water and preferentially
interacts with air bubbles. Meanwhile, in practical applications, the surface characteristics
of spent LFP particles may exhibit increased hydrophobicity and become less hydrophilic
(in contrast to pristine LFP) during battery operation and recycling processes. As a result,
in LFP-type battery waste the main components often exhibit flotation behavior closer to
graphite, hindering selective separation and reducing the wettability contrast between
the two components. Hence, the insufficient difference in surface properties leads to poor
bubble–particle selectivity and limits the efficiency of flotation separation [39]. Conse-
quently, alternative approaches such as pyrometallurgical or hydrometallurgical treatments
are considered more effective for the recovery of valuable elements from LFP-type BMs.

2.3.2. Ion Exchange Loop Stripping

Due to unsuccessful froth flotation of LFP-type BM, ion-exchange loop stripping for
Li recovery of froth flotation water has not been conducted.
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2.3.3. High-Temperature Reductive Smelting

During the pyrometallurgical process of 400 g of synthetic LFP-type BM, as outlined
before, the reactor products were separated following the treatment based on their physical
appearance and magnetic properties, resulting in 140.1 g of iron fraction as well as 7.0 g of
magnetic and 41.0 g of spars magnetic powder. Since the downstream biohydrometallurgy
depends on enhanced surfaces to achieve efficient leaching process, the LFP-type alloy
fractured readily and was therefore reduced in size by ball milling, yielding a powder with
particle sizes predominantly below 50 µm.

As for magnetic behavior, investigations revealed that the LFP-type powder showed
no magnetic response, in contrast to NMC-type materials which displayed strong magnetic
behavior that remained at the liquid surface. This difference suggests a potential physical
separation route for mixed cathode materials prior to chemical leaching, which is of
relevance for selective metal recovery.

ICP-OES analysis was conducted for the LFP powders, shown in Table 11 highlight-
ing an Fe-rich phase with significant phosphorus content and minor impurities such as
aluminum and copper. Lithium is present only in trace amounts which is typical after
pyrometallurgical processing. Nevertheless, it should be noted that under the selected
smelter conditions phosphorus is only transferred to the gas phase in a minor extent. Thus,
the resulting iron phase is accompanied by a high phosphorus content of 22 wt.%.

Table 11. ICP-OES analysis of synthetic LFP-type-derived alloy fractions following pyrometallurgical
and mechanical treatment [28].

Fraction
Fraction Mass

(g)
Element Content (wt.%) Recovery Rate (%)

Al Co Cu Fe Li Mn Ni P Al Co Cu Fe Li Mn Ni P

Feed * 400 2.0 0.0 3.0 28.7 3.4 0.0 0.0 13.7 – – – – – – – -
Alloy 140 0.2 0.0 5.6 68.7 0.2 0.0 0.0 22.0 7.0 0.0 65.4 83.8 2.1 0.0 0.0 56.2

* Chemical composition of feed corresponds to synthetic input material in inductive smelter.

2.3.4. Bioleaching and Precipitation

Regarding the biohydrometallurgical process, after integrating with pyrometallurgy,
the results showed that in contrast to synthetic NMC, for synthetic LFP, the leaching ef-
ficiency of metals were similar in treated and untreated BMs as LFP mostly consists of
lithium iron phosphate and contain no or only traces of non-ferrous metal oxides in both
1% and 10% pulp densities. This can be attributed to the different phase chemistry of
LFP, which mainly consists of lithium iron phosphate and contains no or only traces of
non-ferrous metal oxides. Direct bioleaching of LFP nevertheless showed high lithium
leaching efficiencies under low-pulp-density conditions, whereas Fe and P recovery re-
mained affected by precipitation and phase-stability effects. Therefore, further pH control
and downstream separation steps are required to obtain recoverable Fe- and P-containing
products [27]. Furthermore, the selective metal precipitation of the leachate from bioleach-
ing of pyrometallurgically treated LFP at different pH was examined and shown in Table 12.
The lixiviants pH increased from 1.8 to 6 by the addition of NaOH. Setting the pH to
2 caused the co-precipitation of copper, iron, and phosphorus with respective precipitation
efficiencies of 36%, 82%, and 100%. This resulted in a significant decrease in iron and
phosphorus concentrations, while the copper concentration decreased more moderately.
Further increasing the pH to 3 caused an increase in accumulated iron precipitation up
to 99%, while copper concentrations remained stable. Therefore, high proportions of iron
(99%) and phosphorus (100%) were precipitated, while moderate proportions of copper
co-precipitated simultaneously. However, reusing iron and phosphorus in the form of
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FePO4 as a precursor for battery production requires high purity, therefore further research
is needed for quality improvement.

Table 12. Precipitation of materials from LFP-type BM at different pH values [27].

Fraction
Element Content (mg/L) Recovery Rate (%)

pH Cu Fe P Cu Fe P

Feed 1.8 1574 7487 1231 - - -
Output 2 1150 1551 <50 36 82 100
Output 3 1232 106 <50 35 99 100

2.3.5. Most Promising Recycling Route for the Recovery of CRMs from LFP-Type BM

Figure 3 presents an assessment of recycling pathways for LFP materials and illustrates
the percentage of CRM at each pathway.

Figure 3. Schematic overview of FuLIBatteR pathways for LFP-type LIBs. Traffic-light colors indicate
qualitative route suitability within the investigated process framework: green = experimentally
demonstrated with favorable performance and no fundamental limitation under the investigated con-
ditions; yellow = technically or conceptually suitable but subject to relevant limitations or incomplete
validation; red = unsuitable or not applicable under the investigated conditions, or experimentally
insufficient for selective recovery. Dashed arrows indicate proposed integration options that were not
fully validated as complete experimental routes within this study.
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In contrast to NMC-type BM, the recovery of critical materials from LFP batteries
has received increasing attention in recent years, yet comparatively few studies have
demonstrated integrated recycling routes beyond laboratory scale. Within the FuLIBatteR
project, the smelting pyrometallurgical treatment was investigated in a pilot-scale reactor,
while the downstream (bio)hydrometallurgical processing and precipitation steps were
investigated at laboratory scale. The results show that iron can be concentrated in an iron-
rich alloy phase, while lithium and phosphorus can be transferred into volatile fractions
and potentially recovered through off-gas treatment. Subsequent leaching and precipitation
enabled the recovery of iron- and phosphorus-containing products. However, the complete
process chain was not operated or validated as a continuous integrated recycling line.
The findings therefore demonstrate the technical feasibility of the pilot-scale smelting
treatment and the potential compatibility of the investigated downstream modules, but do
not establish industrial feasibility. Further integrated testing, scale-up, and product-quality
assessment are required. A summary of the investigated technology modules for CRM
recovery from LFP-type BM is available in the Supplementary Materials (Table S2).

2.4. Comparative Assessment of NMC/HL and LFP Recycling Routes

The results demonstrate that no individual recycling technology is capable of selec-
tively recovering all valuable components contained in lithium-ion battery BM. Instead, the
investigated technologies should be regarded as complementary process modules targeting
different material fractions and element groups. Consequently, the most suitable recycling
route depends on the BM composition and the desired recovery targets.

Screening at 45 µm was an effective pre-treatment step for both the NMC/HL and LFP
material groups. Beyond screening, however, the suitability of the investigated downstream
processes differed substantially. Within the NMC/HL group, material composition and
recovery targets resulted in a graphite-focused branch investigated primarily with the HL
sorting fraction and a metal-recovery branch investigated with NMC-type BM. Flotation
was unsuitable for the investigated LFP-type BM under the applied conditions.

Reductive pyrometallurgical pre-treatment substantially improved the subsequent
bioleaching performance of NMC-type material, whereas no comparable improvement was
observed for LFP-type material. The pyrometallurgically treated materials also differed in
their magnetic behavior: the NMC-derived alloy showed strong magnetic characteristics,
while the LFP-derived powder showed no measurable magnetic response. These differences
illustrate the need for chemistry- and material-specific combinations of complementary
process modules.

This comparison is qualitative and is based on the results obtained within the present
study. Because the process modules were investigated at different scales, using different
materials and operating conditions, the reported values should not be interpreted as a
standardized quantitative ranking. Formal numerical technology readiness levels were not
assigned; instead, the experimentally demonstrated development status of each pathway is
reported. Environmental and economic performance were not assessed; consequently, the
comparison does not support conclusions regarding carbon footprint, overall sustainability,
economic viability, or industrial feasibility. Table 13 indicates the qualitative comparison of
the investigated NMC/HL and LFP recycling pathway variants.
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Table 13. Qualitative comparison of the investigated NMC/HL and LFP recycling pathway variants.

Material
Group

Investigated
Pathway Variant Target Materials Performance

Observed
Main

Advantages Main Limitations Development
Status

NMC-type BM
and HL sorting
fraction

Graphite-focused
flotation and
purification branch,
investigated
primarily using the
HL sorting fraction

Graphite;
non-ferrous
metal fraction

Approximately
96% carbon
recovery at about
85 wt.% carbon;
up to 99 wt.%
carbon after
additional
purification;
bioleaching
increased carbon
content from
92.4 to 96.3 wt.%

Effective graphite
enrichment;
separate
non-ferrous
fraction;
utilization in
MgO–C
refractories
demonstrated

Strongly
dependent on BM
composition;
purity–recovery
trade-off;
battery-grade
graphite quality
not assessed

Individual
modules
investigated at
laboratory scale;
complete route
not operated
continuously

Reductive
pyrometallurgical–
biohydrometallurgical
metal-recovery
branch,
investigated using
NMC-type material

Co, Ni, Mn,
and Li

More than 90%
transfer of Co,
Mn, and Ni into
the alloy;
approximately
complete
dissolution after
pyrometallurgi-
cal pre-treatment;
approximately
97–100% recovery
from the
investigated
bioleachates

Strong
improvement of
downstream
bioleaching;
complementary
transition-metal
and
lithium-bearing
streams

Pyrometallurgical
experiments used
synthetic BM;
complete
integration and
transferability to
heterogeneous
industrial BM
require validation

Individual
modules
investigated at
laboratory scale;
combined route
only partially
validated

LFP-type BM

Smelting treatment
with downstream
leaching,
precipitation, and
potential recovery
of volatile streams

Fe, P, and Li

Fe concentrated
in an alloy; Li and
P transferred into
volatile fractions;
99% Fe and 100%
P precipitation at
pH 3 from the
investigated
leachate

Dedicated Fe-, P-,
and Li-bearing
streams; Smelting
treatment
investigated at
pilot scale

Flotation
unsuitable; no
substantial
bioleaching
benefit from
pyro-treatment;
product purity, P
partitioning, and
off-gas recovery
require further
investigation

Smelting
treatment
investigated at
pilot scale;
downstream
modules at
laboratory scale;
complete
integrated route
remains
conceptual

3. Materials and Methods
This section outlines the experimental procedures, input materials, and characteri-

zation techniques employed in this study. To evaluate and compare different recycling
pathways for different LIB waste, three recycling methods were investigated: A dedicated
pre-treatment process with focus on froth flotation in combination with ion-exchange
stripping, a pyrometallurgical route with reductive induction smelting at the core, and a
biohydrometallurgical path including direct bioleaching with adapted enriched cultures
and the evaluation of indirect bioleaching with separately produced biogenic lixiviants
as a complementary integration option prior to selective precipitation. Each method is
presented by detailing the specific experimental setup, materials used, and analytical
techniques applied to assess the efficiency and outcomes of each process. To enable com-
parability among results, all researchers did their experiments with the same thermally
pre-treated BM samples provided by an industrial partner independently of the LIB type, if
not stated otherwise. All samples are a blend of anode and cathode material:

NMC: Batches containing NMC cathodes and graphite anodes, derived from industrial
batteries and the automotive sector.

LFP: Samples consisting of LFP cathodes combined with graphite anodes, derived
from industrial batteries and the automotive sector.
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HL: Operator-defined sorting fraction derived predominantly from small portable
devices, such as mobile phones and laptops. It contains a heterogeneous mixture of older,
cobalt-rich cathode chemistries, including NMC and LCO, combined with graphite anodes.
The fraction is sorted separately by the plant operator because its elevated cobalt content
increases its economic recovery value.

The HL fraction is an operator-defined sorting category rather than a distinct cathode
chemistry. Owing to its cobalt-rich composition and corresponding recovery targets, it was
evaluated together with NMC-type BM, whereas LFP-type BM was assessed separately
because of its fundamentally different chemical and metallurgical characteristics.

The elemental compositions of the investigated BM samples were determined by
ICP-OES, ICP-MS, and total carbon analysis. Results, representing new experimental data,
are summarized in Table 14.

Table 14. Elemental composition of the investigated BM samples in wt.% of dry mass.

BM
Element Content (wt.%)

Al C Co Cu Fe Li Mn Ni P

NMC 3.67 31.20 10.11 2.47 0.40 1.92 2.91 4.08 0.41
LFP 1.16 29.20 0.06 4.02 12.18 1.69 0.08 0.24 7.02
HL 4.25 26.20 24.40 5.49 0.37 3.65 3.39 4.88 0.52

Note: Carbon was determined by total carbon analysis. All other elements were determined by ICP-OES and
ICP-MS following aqua regia dissolution of the residue obtained after annealing at 500 ◦C.

3.1. Assessment of Best Recycling Route

To compare the investigated recycling pathways for different LIB waste streams, a
qualitative suitability assessment was performed. The results are presented as a traffic-light
system indicating the overall applicability of a given process route to a specific battery
waste type. The rating considers the experimental findings obtained throughout this study,
including the technical feasibility of the individual process steps, the observed recovery
and separation performance for target materials, and the quality of the resulting product
streams. The recycling success of each experiment is assessed by a dedicated material
recovery rate for the elements of interest (carbon, cobalt, lithium, manganese, nickel, iron
and phosphorus), given in Equation (1). The material recovery rate Rx of the element X is
calculated by the ratio of element X content wout,X in wt.% of the output mass fraction fm

in % and the element X content of the input win,X in wt.%.

RX =
wout,X · fm

win,X
(1)

The traffic-light classification was based on a qualitative, evidence-based assessment
rather than on universal numerical thresholds. Three aspects were considered jointly:
(i) experimentally demonstrated technical feasibility, (ii) recovery or separation performance
for the relevant target materials, and (iii) the quality and usability of the resulting product
streams. Green indicates that the process step was experimentally demonstrated and
showed favorable performance without a fundamental limitation under the investigated
conditions. Yellow indicates technical or conceptual suitability but also relevant limitations,
such as incomplete validation, reduced recovery or selectivity, insufficient product quality,
increased process complexity, or limited data availability. Red indicates that the process
was unsuitable or not applicable under the investigated conditions, or that experimental
results showed insufficient recovery or selective separation. Because the investigated
technologies differed in their objectives, process maturity, and available performance
indicators, fixed quantitative thresholds were not applied. The classification therefore
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represents the relative suitability and strength of evidence within the scope of this study
and should not be interpreted as a universal technology ranking or as evidence of industrial-
scale performance.

The individual process modules were investigated at different levels of technological
maturity. Unless explicitly stated otherwise, the experiments were conducted on a labora-
tory scale, predominantly in batch operation. The pyrometallurgical smelting treatment
was performed in a pilot-scale reactor. Although selected outputs from individual process
steps were used as inputs for subsequent experiments, the complete process chains shown
in Figures 2 and 3 were not operated or validated as continuous integrated recycling lines.
The figures, therefore, combine experimentally investigated process steps with concep-
tual integration options. They demonstrate technical compatibility and potential process
linkages within the scope of the study but do not establish industrial feasibility.

3.2. Screening

Before the experiments, the BM samples were subjected to particle size analysis and
screening to evaluate the distribution of elements across different size fractions and to
ensure an appropriate flotation process. Since the efficiency of froth flotation strongly
depends on particle size [40,41], the material was separated into different size fractions,
with particular focus on the 45 µm cut size used for the subsequent screening step. Since
the pyrometallurgical processing required a lower aluminum and copper content for the
tests, screening of the samples at 45 µm prior to flotation is sought to be additionally
advantageous for the downstream process.

3.3. Froth Flotation

The froth flotation technique was employed to recover graphite from BM obtained
from LIBs. The primary aim of the process was to separate a carbon-rich fraction (froth
product) from a carbon-poor fraction (cell product), thereby enabling assessment of graphite
recovery efficiency. The recovered carbon-rich fraction was repurposed as an alternative
carbon source for the fabrication of magnesia–carbon (MgO–C) refractory bricks. Within
refractory manufacturing, carbon plays a vital role in the production of MgO–C bricks,
which are used in steelmaking operations [23]. The carbon-depleted non-ferrous metal
concentrate will be subject to subsequent pyrometallurgical treatment.

For this purpose, NMC-type BM, LFP-type BM, and the HL sorting fraction were used
in flotation experiments:

Flotation reagents were employed to optimize the purity and recovery of the graphite
fraction. Graphite present in the BM is inherently hydrophobic and therefore preferentially
reports to the froth phase during flotation. To further enhance this behavior and improve
process selectivity, surfactant-based reagents were applied [23].

To initiate froth formation for material recovery, the dry BM was mixed with deionized
water to create a suspension in an aqueous medium. Following flotation, the mass recovery
into the froth product was analyzed for each sample to evaluate process effectiveness. The
flotation test consisted of a rougher stage followed by two subsequent scavenger stages and
a final cleaner stage. During the rougher and scavenger stages, three froth products and
one cell product were generated. Reagent dosages of 200 ppm lignin sulfonate (L, Pionera™
DP-750, Borregaard, Sarpsborg, Norway) as a dispersing agent, 900 ppm diesel oil (D) as a
collector, and 55 ppm pine oil (P, FLOTANOL™ 7026, Clariant Mining Solutions, Muttenz,
Switzerland) as a frother were applied. The cell product obtained from these stages is
referred to as the non-ferrous metal concentrate. The three froth products generated in
the rougher and scavenger stages were combined for further processing and are referred
to as the carbon pre-concentrate. This combined product was subsequently subjected to
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a cleaner flotation stage. In the cleaner stage, additional reagents were added, including
100 ppm lignin sulfonate, 325 ppm diesel oil, and 18 ppm pine oil.

Diesel oil served as a collector to strengthen the hydrophobic character of graphite
particles and promote their attachment to rising air bubbles. Pine oil was used as a frother
to generate and stabilize the froth phase, enabling efficient transport of hydrophobic
particles to the surface. Lignin sulfonate functioned as a dispersing agent to reduce par-
ticle agglomeration and limit the entrainment of gangue minerals, thereby improving
separation efficiency.

As a result of the cleaner stage, the final carbon concentrate was obtained as the froth
product, while an intermediate concentrate was recovered as the cell product. The BM
derived from thermally pre-treated end-of-life LIBs contains the water-soluble lithium
salts Li2CO3 and LiF, which dissolve into the process water during flotation [42]. These
components are referred to as water soluble. The mass recovery of the water-soluble
fraction was determined from the mass loss, calculated as the difference between the initial
sample mass and the total recovered product mass. The lithium content of the water-soluble
fraction was determined by a separate elution experiment in which the BM sample was
repeatedly treated with an excess of deionized water relative to the solubility of the lithium
salts. The resulting eluate was completely evaporated, and the lithium content of the
remaining solid residue was determined by ICP-OES analysis. During the rougher and
scavenger stages, a solids concentration of 10 wt.% was applied. Under these conditions,
an excess of water was present, ensuring that all water-soluble lithium salts were expected
to dissolve into the process water.

The flotation procedure follows the previously described test for the production of
a carbon concentrate intended for the refractory industry. However, in this experiment
the froth product obtained from the first cleaner stage is subsequently subjected to two
additional cleaner stages. In this multi-stage flotation scheme, a total dosage of 500 ppm
lignin sulfonate, 1875 ppm diesel oil, and 75 ppm pine oil are applied. The cell products
generated in the three cleaner stages are combined and referred to as the intermediate
flotation concentrate. The froth product from the final cleaner stage is defined as the carbon
pre-concentrate, which serves as the feed material for the WHGMS.

3.4. Wet High-Gradient Magnetic Separation

For the WHGMS process, a background magnetic induction of 0.8 T is applied using a
matrix with a wire diameter of 1 mm (Eriez, expanded metal matrix). Additionally, 300 ppm
lignin sulfonate is added as a dispersing agent. The non-magnetic fraction corresponds
to the carbon concentrate, whereas the magnetic fraction is referred to as the intermediate
magnetic concentrate. The flotation test is conducted at an initial solid content of 10 wt.%.
Under these conditions, an excess of water is present, ensuring that all water-soluble
lithium salts dissolve into the process water and are therefore referred to as water soluble.
The mass recovery of the water-soluble fraction is determined by mass balance (initial
sample mass minus recovered product mass), while the lithium content is derived from the
previously described elution test.

3.5. Ion-Exchange Loop Stripping

In order to recover dissolved lithium from froth flotation wastewater, an ion-exchange-
based process was applied. The liquors were contacted for 24 h with different zeolite types
(natural clinoptilolite; zeolites A and X) at two zeolite-to-liquid ratios (Z/L = 0.04 & 0.08),
following an adapted procedure described in Stocker et al. [43] for the determination of
cation exchange capacities of zeolites.
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3.6. High-Temperature Reductive Smelting

For pyrometallurgical process, synthetic BM was employed for both LFP and NMC
chemistries to closely replicate the composition of BM derived from spent LIBs. Spent
batteries exhibit significant variability in impurity content, which can strongly influence
reduction behavior and metal distribution. Moreover, real batteries contain electrolytes,
polymeric separators, binders and metallic current collectors that introduce additional
side reactions and gas evolution at elevated temperatures. These complexities hinder
mechanistic interpretation of high-temperature processes. Therefore, synthetic materials
with well-defined stoichiometry similar to the real BM are preferred in this study [27]. To
simulate real BM more accurately, high-purity (>99%) analytical-grade cathode materials
were blended with amorphous carbon powder, representing the anode. Additionally, alu-
minum and copper powders were included to emulate the current collector foils. As such,
experimental results obtained using synthetic BM are considered valid and representative
when appropriate pre-treatment is assumed.

Table 15 presents the chemical composition of the investigated synthetic LFP and
NMC cathode materials. Based on these compositions, representative BM models were
prepared for the experimental work of this study [28].

Table 15. Chemical composition of used synthetic BM for high-temperature reductive trials arising
from cathode active materials and fixed additions of aluminum, carbon and copper [34].

BM-Type
Element Content (wt.%)

Al C Co Cu Fe Li Mn Ni P O

LFP 2.0 17.0 0.0 3.0 28.7 3.4 0.0 0.0 13.7 Bal.
NMC 2.0 17.0 4.4 3.0 3.0 5.7 4.2 37.3 0.0 Bal.

The pyrometallurgical experiments reported in this study were conducted as 400 g
batch trials using an inductively heated reactor based on smelting concept. The reactor
was operated at temperatures of up to 1500 ◦C to promote carbothermic reduction and
the transfer of volatile lithium- and phosphorus-containing species into the off-gas system.
Off-gas was collected through an alumina tube and treated to recover these components.
After cooling to ambient temperature (approximately 24 h), the solid products including
metal alloy, magnetic fraction, and slag were separated by sieving (<0.5 mm) and magnetic
separation using a neodymium magnet. The alloy fraction was crushed using a titanium-jaw
crusher, followed by further sieving and magnetic separation to obtain a purified alloy. This
fraction was then ground to the required particle size for subsequent biohydrometallurgical
leaching. As lithium is not retained in the slag phase under the operating conditions, the
slag was not analyzed.

Equation (2) shows the calculation methodology of material recovery rate Rx of element
X in % based on Regulation (EU) 2025/606 [44], calculated by the ratio of mass of element
X in the output fraction mout,X in g and the mass of element X in the input min,X in g.

RX =
mout,X · 100%

min,X
(2)

3.7. Biohydrometallurgy

Biohydrometallurgical processing was investigated as another recycling approach
for metal recovery from LIB materials. Baniasadi et al. [29] described an indirect leaching
approach using a biolixiviant generated by Acidithiobacillus thiooxidans. The resulting
bioleachate was further processed as described in Section 3.8. For DoE and parameter
optimization a Central Composite Design-Response-Surface Methodology was used.
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Lalropuia et al. [30] investigated a direct biohydrometallurgical approach. Suitable
microorganisms were investigated therefore sediment samples taken from an acidic mine
lake were cultivated in a basalt salt medium supplemented with iron and sulfur. The en-
riched culture was dominated by A. thiooxidans and Alicyclobacillus disulfidooxidans and was
employed for direct bioleaching of NMC BM. Experiments were performed in triplicates
and standard deviations were calculated. As a high concentration of heavy metals could
inhibit these microorganisms, the culture was adapted to elevated concentrations through
a three steps adaptation experiment with increasing metal levels after each stage.

For graphite purification experiments, the biolixiviant used in the leaching tests was
produced by cultivating A. thiooxidans in a double-jacketed stirred-tank reactor (Schmizo
AG, Oftringen, Switzerland). The culture was grown in a basal salt medium prepared
according to Frueholz et al. [45] without yeast supplementation and containing 20 g L−1

elemental sulfur and the cultivation temperature was set to 30 ◦C. The cultivation period
was 14 days, and an inoculum size of 10% (v/v) was used to start off the cultivation cycle.
At the end of cultivation, the biolixiviant was sterile filtered, yielding an approximate
sulfate concentration of 0.7 mol/L.

Bioleaching experiments were conducted using cathode materials in both pre-treated
and untreated forms, as well as graphite-enriched flotation products derived from BM.
Leaching tests with graphite-enriched flotation products were performed with a reactor
equipped with a motor stirrer (Heidolph, Schwabach, Germany) operating at 200 rpm. The
reactor was loaded with 0.5 L of biolixiviant and a solid concentration of 100,000 mg/L.
Experiments were carried out at room temperature under continuous agitation.

3.8. Electrowinning and Precipitation

Dissolved metals need to be selectively recovered from the leachates. In that regard,
Baniasadi et al. [29] applied a combined electrowinning and precipitation approach to
recover cobalt, manganese, nickel, and lithium from previously leached NMC-type BM.
For the electrowinning, two different cathode materials, stainless steel and carbon felt,
were tested with a synthetic solution containing the mentioned metals ten times more
concentrated than in the leachate. The stainless-steel cathode provided better current
efficiencies and a more practical recovery of the deposited metal alloy and was therefore
used in the next stage for the metal recovery from the real bioleachate. Optimal operation
parameters included current density of 5 mA/cm2, cathode surface of 10 cm2, pH of 4,
and the addition of 14 g L−1 of boric acid. The electrowinning experiment was run for
4 h at room temperature and agitation. The precipitation was performed by incrementally
adjusting the pH of the metal-laden leachate to pH 8 and pH 10 using sodium hydroxide.
After precipitation, the suspension was centrifuged and sampled.

3.9. Metal-Binding Peptides

Metal-binding peptide beneficiation was considered for NMC-type BM as a selective
downstream recovery step for dissolved transition metals from biohydrometallurgical
process solutions. The approach is based on four short, sequence-defined peptides (Pep_1
to Pep_4) with affinity toward specific metal ions, particularly nickel and cobalt which
were identified previously by Sieber et al. [38]. The hexahistidine peptide (Pep_5) was used
as a reference peptide.

For each experiment, 5 mg of TentaGel® MB resin (Rapp Polymere GmbH, Tübingen,
Germany) were functionalized with peptide followed by an incubation with 1 mL of
metal-containing solution. Peptide-functionalized materials were tested in parallel with
non-functionalized TentaGel resin as a control to account for unspecific metal binding by
the carrier material.
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Six metal solutions were investigated: single-metal Ni solutions containing 1 mM Ni,
corresponding to 58.69 mg L−1, at pH 6.0 and pH 7.5; single-metal Co solutions containing
1 mM Co, corresponding to 58.93 mg L−1, at pH 6.0 and pH 7.5; a mixed Ni/Co solution
containing 1 mM of each metal at pH 6.0; and a real leachate solution diluted 1:10 and
adjusted to pH 6.0. All samples were incubated overnight to allow metal binding to the
peptide-functionalized resin.

After biosorption, the remaining metal concentration in the liquid phase was deter-
mined by ICP-MS. Subsequently, bound metals were desorbed from the beads by overnight
incubation with EDTA. The EDTA eluates were also analyzed by ICP-MS to quantify the
metal fraction released from the peptide-functionalized material and the control resin.

4. Conclusions
This study compared complementary recycling modules for NMC-type and LFP-type

black masses and an operator-defined HL sorting fraction containing older, cobalt-rich
portable-device chemistries. No single technology selectively recovered all valuable components.

Not all recycling routes can be applied under identical conditions to all investigated
materials. Hence, recovery values obtained for a particular process should not be inter-
preted as evidence of the superiority of that recycling route, but rather as an indication of
its suitability for a specific battery chemistry and recovery objective.

Screening at 45 µm was an effective pre-treatment for all investigated materials, while
the preferred downstream configuration depended on composition and recovery targets.

Within the jointly assessed NMC/HL group, the HL sorting fraction provided the
most consistent basis for a graphite-focused route. Flotation achieved approximately
96% carbon recovery at about 85 wt.% carbon, and additional purification increased the
carbon content to as much as 99 wt.%. The recovered graphite was successfully tested as
a secondary carbon source for MgO–C refractories, although battery-grade quality was
not assessed. For the investigated NMC-type material, reductive pyrometallurgical pre-
treatment strongly improved subsequent bioleaching of cobalt, manganese, and nickel.
Because the pyrometallurgical trials used synthetic BM, transferability to heterogeneous
industrial material requires validation.

For synthetic NMC-type BM, the combination of pyrometallurgical and biohydromet-
allurgical treatment emerged as the most promising recovery route. Pyrometallurgical
treatment effectively concentrated cobalt, manganese, and nickel into a metallic alloy while
simultaneously transferring lithium into a volatile recovery stream. A key finding of
this work is the strong synergistic effect between pyrometallurgical pre-treatment and
subsequent bioleaching.

Pyrometallurgical processing fundamentally altered the accessibility of transition
metals and increased bioleaching efficiencies. These findings demonstrate that pyromet-
allurgy should not only be considered a stand-alone recovery technology but also an
enabling process step that substantially enhances downstream biohydrometallurgical per-
formance. However further research is required to evaluate the transferability of the
observed results to real-world BM streams, which exhibit greater compositional heterogene-
ity and contain additional constituents such as electrolyte residues, binders, separators,
and process-related contaminants.

The smelting treatment was investigated in a pilot-scale reactor, whereas downstream
leaching and precipitation were evaluated at laboratory scale. Pyrometallurgical pre-
treatment did not substantially improve LFP bioleaching, in contrast to NMC-type material.
The differing magnetic behavior of the treated NMC and LFP materials indicates a po-
tentially useful separation criterion, but its selectivity and practical applicability require

https://doi.org/10.3390/recycling11080142

https://doi.org/10.3390/recycling11080142


Recycling 2026, 11, 142 26 of 29

further study. The complete LFP route was not operated as a continuous integrated process
and therefore does not establish industrial feasibility.

The ion-exchange batch experiments provide a promising proof of concept for trans-
ferring dissolved lithium from flotation liquors into a more concentrated secondary stream.
A separate lithium-bearing volatile stream was generated during pyrometallurgical treat-
ment. Continuous ion-exchange operation, off-gas recovery, product purity, and the overall
recovery achievable by combining these streams remain to be demonstrated experimentally.

Future work should evaluate the proposed process combinations through integrated
trials, life cycle assessment, and techno-economic assessment. Such evaluations should
consider energy and reagent demand, direct emissions, water and wastewater management,
product quality, recovery yields, and scale-up requirements. Only on this basis can the
environmental and economic performance and industrial feasibility of the investigated
recycling routes be compared. Accurate battery identification and sorting, potentially
supported by the Digital Battery Passport, remain important for selecting material-specific
recycling configurations.

The main contribution and novelty of this work is the development of a chemistry-
oriented framework that integrates experimentally investigated recycling process modules
and supports the selection of appropriate recycling pathways based on battery chem-
istry and recovery objectives. By clearly distinguishing experimentally validated process
steps from conceptual process linkages, this study provides a structured basis for future
optimization and validation of integrated recycling strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/recycling11080142/s1, Table S1. Summary of the investigated
technology modules for CRM recovery from NMC-type BM and the HL sorting fraction, Table S2.
Summary of the investigated technology modules for CRM recovery from LFP-type BM.
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