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The growing demand for lithium-ion batteries (LIBs) highlights the need for efficient lithium recovery. Devel-
oping cost-effective, environmentally friendly extraction methods from secondary sources, such as end-of-life
(EoL) Li-ion batteries, is essential for a sustainable lithium supply chain. This study optimizes Li;CO3 recov-
ery, ensuring battery-grade quality, seamless integration into cathode active material (CAM) synthesis, and
economic feasibility within hydrometallurgical recycling. Two approaches for single-stage Li recovery in a hy-
drometallurgical process with integrated CAM production from black mass of lithium nickel manganese cobalt
oxide (NMC) LIBs are compared: homogeneous precipitation with Na;CO3 and heterogeneous precipitation using
CO, gas. The analysis focuses on process efficiency, Li purity, and suitability for battery applications. Results
show that selective COg-based precipitation demonstrated higher selectivity, achieving 97.10 % Li recovery
(recoverable as Li;CO3), compared to 77.97 % for NayCOs precipitation, with both methods yielding battery-
grade purity and morphology. Recycled NMC622 cathodes synthesized from recovered Li2CO3 achieved over
95 % of the discharge capacity of those from commercial Li;CO3. Recycled materials demonstrated excellent
capacity retention and high coulombic efficiency (~100 %) after 30 cycles. Full-scale modeling assessed eco-
nomic and environmental impacts in European LIBs recycling scenarios. Heterogeneous precipitation showed
higher profitability (+0.73 M€/year) and greater net GHG reduction (986 t COy/year) but was more energy
price-sensitive. Homogeneous precipitation demonstrated stable profitability (+0.62 M¢€/year); however,
reduction in GHG emissions was more limited, reaching 518 t COy/year. This study integrates lithium recovery
and water reclamation into a closed-loop process, enabling direct NMC cathode production, offering a sustain-
able and economically viable solution for LIBs manufacturing.

1. Introduction account for 50 % of this production by 2030 (Titirici et al., 2024). This

increasing demand for LIBs leads to a rise in the extraction of critical

The climate crisis underscores the urgent need for renewable energy,
but the intermittent nature of renewable sources creates a supply-
demand mismatch, which can be addressed through electrochemical
energy storage. As a result, battery production is rapidly expanding,
with lithium-ion batteries (LIBs) expected to dominate the market and
reach up to 5500 GWh/year by 2040 (Degen et al., 2023). Among the
various LIBs chemistries, NMC-based technologies are predicted to

materials like Li, Ni, Mn and Co, which are now listed as EU Critical Raw
Materials (CRMs) due to economic and supply risks (Hool et al., 2023).
Furthermore, the growing demand for LIBs leads to increased generation
of hazardous waste at the end of their life, necessitating specialized
treatment and contributing to overall waste accumulation (Gaines et al.,
2023; Velazquez-Martinez et al., 2019; Melchor-Martinez et al., 2021;
Mrozik et al., 2021). Thus, recycling LIBs significantly reduces the
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carbon footprint of battery production by incorporating recycled ma-
terials into the synthesis of new active materials (Larouche et al., 2020;
Latini et al., 2022).

State of the art LIBs recycling consists of pyrometallurgy and hy-
drometallurgy (Garole et al., 2020). Hydrometallurgical processes
involve leaching followed by recovery steps to produce high-quality
precursors for new LIBs, contributing to secondary raw materials sup-
ply as outlined by the European Battery Regulation (European Union,
2023). Battery recycling and materials recovery will not only be regu-
lated (90 % for Ni and Co recovery and 50 % for Li by 2027 and 95 % for
Ni and Co and 80 % for Li by 2031), but minimum mandatory levels of
recycled content in new batteries will be set by 2030, with 15 % of cell
materials required to come from recycling.

During leaching, target metals from LIB black mass are dissolved
using mineral acids, organic acids, or alkaline solutions (Gao et al.,
2018; Qing et al., 2023; Yu et al., 2023). Despite progress, further
optimization of recovery rates and purity is needed to ensure a reliable
LIB supply chain and cost-effective recycling (Jose et al., 2024; Marci-
nov et al., 2023). Li recovery remains challenging with current hydro-
metallurgical methods (Liu et al., 2019). Metals recovery for battery
applications involves a complex sequence of leaching, purification,
precipitation, and washing steps (Ramirez Velazquez et al., 2024), often
resulting in material losses and impurities in the final Li-rich precipitates
(Chang et al., 2025). Proven Li recovery methods—such as homoge-
neous precipitation with Na;CO3 and heterogeneous precipitation using
COo—are widely applied to concentrated Li solutions (>10 g/L), typi-
cally achieving 85-97 % recovery (Gu et al., 2024; Zhao et al., 2019;
Han et al., 2020; Raiguel et al., 2023; Aprilianto et al., 2024; Kim et al.,
2024), but often fall short in delivering battery-grade purity (an insuf-
ficient 90-96 %) and morphology. Producing high-purity Li»CO3 re-
quires additional, complex purification steps—such as selective
impurity removal, fractional crystallization/reprecipitation, and
ethanol or water washing—which increase Li losses and processing costs
(Battaglia et al., 2022; Zhao et al., 2025; Gu et al., 2024; Joshi et al.,
2024; Joshi et al., 2025).

This study develops, integrates, and optimizes a single-stage selec-
tive precipitation process (only precipitation and filtration) tailored for
low-Li content liquors (<5 g/L) from black mass recycling (originating
from the co-precipitation stage used for Ni, Mn, and Co precursor
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recovery), enabling the production of battery-grade Li;COs without
additional steps. The recovered LioCOs is directly used in solid-state
synthesis of NMC cathode materials, delivering electrochemical per-
formance comparable to commercial standards. By eliminating multi-
step crystallization, purification and/or washing, this process sim-
plifies operations and improves both economic and environmental
outcomes, marking a significant step toward cost-effective, circular Li
recovery from spent batteries.

Notably, all recovered materials, including Li;COs, originate from
the same hydrometallurgical recycling process, reinforcing a closed-loop
and sustainable approach to battery material production. The novelty of
this study lies in its lab-scale comparison of integrated homogeneous
and heterogeneous precipitation methods, followed by the synthesis of
NMC CAM using recycled precursors (NiyMnyCo;.x.y(OH)2 and Li;CO3)
from the same process, providing a comprehensive assessment of their
technical and environmental impacts.

In this study, a lithium recovery step is integrated into the process to
enable circular CAM production from spent NMC batteries. The selective
precipitation of battery-grade Li;CO3—suitable for solid-state synthesis
of recycled NMC—is investigated, optimized, and evaluated from tech-
nical, economic, and environmental perspectives. This Li recovery stage
is the final step in a battery recycling process (Fig. 1) that includes: (1)
dissolving the black mass of EoL. NMC LIBs using sulfuric acid (H2SO4)
and hydrogen peroxide (H303) to extract metal ions (Mn2+, C02+, Ni%*,
Lit, and other impurities) from graphite; (2) purifying the leachate to
remove Fe, Al, and Cu with minimal loss of target elements; and (3) a co-
precipitation step to produce the NMC precursor, NixMnyCO1.x.y(OH)2,
under a nitrogen atmosphere with controlled stoichiometry. The co-
precipitation step was optimized to achieve recovery efficiencies of
99.9 % for Ni, 97.9 % for Mn, and 99.7 % for Co, while only 6.9 % of Li
was co-precipitated, with the majority remaining in solution. Efficient
recovery of residual Li—considering yield, purity, and morphology—is
essential for integrating CAM production into the recycling process. This
step is key to establishing a sustainable, economically viable pathway
for EoL battery recycling and enabling true circularity in the battery
value chain.

This study examines the integration of an optimized Li recovery stage
for the remaining Li-bearing solution, ensuring the production of Li,CO3
suitable for direct NMC CAM synthesis and validating its use in new

NaOH/NH,OH/N, Na,CO;or CO,
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Fig. 1. (1) Flowsheet of the hydrometallurgical recycling process with integrated CAM synthesis from black mass of EoL NMC LIBs. The studied, optimized, and

evaluated part of the process is shown in black. (2) Concept of this study.
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electrode fabrication. This supports a closed-loop recycling process that
enables CAM production directly from black mass.

A model of the integrated Li recovery stage was also developed to
simulate homogeneous and heterogeneous precipitation at full scale,
assessing the scalability, economic viability, and environmental impact
of both methods in the context of Li recovery from battery recycling in
Europe. The overall conceptual framework of the study is illustrated in
Fig. 1.

2. Materials and methods
2.1. LiyCOg3 recovery: homogenous and heterogenous precipitation

The solution fed to the Li recovery stage is the filtrate from the co-
precipitation process, simulated using a stock solution representative
of LIB black mass hydrometallurgical recycling after leaching and pu-
rification steps that recover Li, Co, Ni, and Mn while removing Al, Fe,
and Cu. The following reagents were used: lithium sulfate monohydrate
(>99.0 %), nickel sulfate hexahydrate (>99.0 %), manganese sulfate
monohydrate (>99.0 %), and cobalt sulfate heptahydrate (>98.0 %), all
from ThermoScientific. Sodium sulfate anhydrous (>99.0 %), sodium
hydroxide (4 M), and ammonium hydroxide (5 M) were supplied by
Honeywell-Fluka. This simulated liquor was used in the optimized co-
precipitation stage to maximize Ni, Mn, and Co recovery, forming
solid NiyMnyCoj .x.y and a Li-bearing filtrate. The process was conducted
at pH 11 (adjusted using 3 M NaOH and 0.15 M NH4OH) and maintained
at 50 °C for 60 min. Two recovery methods were tested to precipitate
Li»CO3 from Li-bearing filtrate: homogenous precipitation by adding
NayCOs (> 99.8 % Honeywell-Fluka) and heterogenous precipitation
via COy flow (CO9 extra-pure Nippon Gases, 40 bar). All experiments
involving Ni, Mn, and co-precipitation, as well as Li recovery, were
conducted in a 1 L glass reactor equipped with mechanical stirring and
gas injection, operated within a thermostatic bath. A ThermoScientific
Orion Star A111 multiparameter instrument was used to monitor and
control pH and temperature. Several operational parameters were tested
during the precipitation experiments, including durations of 0.25, 0.5, 1,
and 2 h; temperatures of 50 °C, 70 °C, and 90 °C; and stoichiometric
ratios of Li+ to NapCOs of 1:1.1, 1:1.2, and 1:2 for homogenous. Simi-
larly, several parameters were tested during heterogenous precipitation,
including durations of 1, 2 and 3 h; temperatures of 70 °C, and 90 °C;
and CO; gas flow of 100 mL/min, 150 mL/min and 200 mL/min. These
gas flow rates correspond to Qg/Vy ratios of 1.22s%,1.83 s and 2.44 s°
1, respectively, for the batch stirred tank reactor, where Qg is the gas
flow rate (m>/s) and Vi, is liquid volume in the reactor (m®%). NaOH was
added during heterogenous precipitation to control the solution pH.
Liquid and solid samples were collected for analysis and characteriza-
tion following filtration with a Millipore ASME-MU high-pressure filter.
The filters containing solid samples from Ni,MnyCo;.x.y(OH) precursor
co-precipitation stage were washed with distilled water before drying,
whereas the recovered Li precursors were directly placed in a drying
oven at 105 °C. Micro-milling tests of LioCO3 precipitated using CO5
were conducted with a Fritsch Planetary Micro Mill Pulverisette 7,
equipped with a zirconia grinding bowl (45 mm diameter) and balls (7
mm diameter). The milling process was carried out at a 40 % load rate
and a rotational speed of 290 rpm.

The two recovery methods were compared based on the yield of Li
recovery and the purity of the recovered LioCOs, see Eq. (1) and Eq. (2),
where, V;, jiguor and Vy, firqee represent the initial and final liquid volumes
(in L) before and after Li»CO3 precipitation, respectively. [Li*], and [Li*];
are initial and final Li concentration in the liquid (in g/L), respectively.
Then %Nayizcos is the sodium concentration in the Li;COs produced
(expressed on a per unit basis) and MMy, and MMnq impuriry Tefer to the
molecular weights (in g/mol) of sodium and the identified sodium-based
crystalline impurity, as determined by XRD analysis.
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2.2. Analytical methods

The chemical composition of liquid streams was analyzed by ICP-
OES (Agilent-5800) after collecting and acidifying aliquots with 2 %
v/v HNOs to stabilize metal ions and prevent losses. Samples were
diluted with deionized water to fit the calibration range. Calibration
used certified multi-element standards with Ga as an internal standard
to correct for matrix effects and drift. Solid samples (~25 mg) were
digested in 10 mL concentrated HNO3 using a Milestone ETHOS-UP
microwave digestion system and analyzed by ICP-OES. Total sulfur
content was measured using a LECO S-632 elemental analyzer. The
crystalline structure of the solid samples was identified through X-ray
powder diffraction (XRD) analysis with a Bruker D8 Advance Diffrac-
tometer in Bragg-Brentano geometry (0-0) using CuK,; radiation.
Additionally, Le Bail refinements were performed using the FullProf
Suite (Rodriguez-Carvajal, 1993) to obtain the unit cell parameters. The
morphology of the samples was analyzed using Scanning Electron Mi-
croscopy (SEM) with a Quanta FEG-250 microscope operated at 30 kV,
equipped with an Apollo 10 SSD energy-dispersive X-ray spectrometer
(EDS). The particle size distribution (PSD) of the materials was deter-
mined using a Laser Diffraction Analyzer (Malvern Panalytical
Mastersizer-3000).

2.3. Electrochemical testing of recycled cathode material

The LipCOj3 recovered both after homogenous and heterogenous
precipitation was mixed with NiyMnyCo;.xy(OH)2 samples from co-
precipitation stage using a roller mixer (Stuart SRT6D) at a stoichio-
metric ratio of 1:2 (Eq. (19)). The mixture was then thermally treated at
500 °C for 6 h, followed by calcination at 850 °C for 12 h in a Carbolite
Gero CWF-1200 furnace under an air atmosphere. These synthesized
NMC cathode materials obtained from recovered Li;CO3 were electro-
chemically benchmarked against NMC synthesized using commercial
battery-grade Li;CO3 (>99.0 % purity, Thermoscientific) as the Li pre-
cursor. The active material NCM was mixed with C65 carbon additive
(Imerys) and Polyvinylidene fluoride (PVDF-Solvay) binder in a mass
ratio of 85.0:7.5:7.5 N-methyl pyrrolidinone (NMP-Sigma-Aldrich).
Then, the slurry was cast on an aluminium current collector and dried
overnight at 120 °C under vacuum. Half cells were assembled using
Whatman GF/D borosilicate glass, a 1.0 M solution of LiPF6 in 1:1 vol.
EC:DMC (LP30-Sigma-Aldrich) and high purity Li metal as a separator,
electrolyte and negative electrode, respectively. The cells were charged
and discharged in the galvanostatic mode at C/20 in the voltage range
2.7-4.3 V vs. Li*/Li.

2.4. Process scale-up

The process of Li;CO3 recovery was scaled up considering a plant
with a treatment capacity of 2500 t/y of black mass, which is considered
a representative treatment capacity for LIBs recycling plants (Bruno and
Fiore, 2024). Energy and materials flows were estimated based on the
optimal operative conditions identified from the experimental set up
were taken into consideration for the scale up of the Li recovery process
by the two considered scenarios: recovery of Lio,CO3 by homogenous
precipitation with NayCO3 (Scenario 1) and by heterogenous precipi-
tation via CO» flow (Scenario 2). The boundaries of the system and the
materials and energy flows are shown in Appendix A Figure A1-A2-A3.
The scale-up methodology for each step of the LioCO3 recovery process is
detailed in the Appendix A Section Al. The design methodology was
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developed and simulated using computing software MATLAB® version:
9.13.0 (R2022b).

2.5. Economic analysis

The economic feasibility of the two proposed scenarios was assessed
through cash flow (Cy), net present value (NPV), return of investment
(ROI) and payback time. Cash flow (Cy), was calculated by subtracting
the operative costs (OPEX) from revenues from Li,CO3 sales (R), the see
Eq. (3). NPV was calculated as the difference between the capital in-
vestment (Cp) and the cumulative discounted cash flows considering a
discount rate (i) of 10 % over each year (n), see Eq. (4). ROI was
calculated as the ratio between the NPV and the Cy, see Eq. (5), and the
payback time can be identified as the first year with ROI > 0.

Ci(min € /y) =R — OPEX (Eq. 3)
N,
RroI (%) = M2V (Eq. 5)

0

Revenues were based on the current market price of Li;CO3 (9966.75
€/t). OPEX included the costs for black mass (300 €/t), chemical re-
agents (Ecoinvent, 2024), electricity (Eurostat, 2024a), gas (Eurostat,
2024b), waste treatment (European Environmental Agency, 2023), la-
bour costs (Eurostat, 2024c) and equipment maintenance. The opera-
tional basis of the process is based on the optimal duration of the Li
recovery process, as determined by experimental results, and considered
a working time of 2096 h/y for Scenario 1, corresponding to 8 batch/d
over 262 d/y, and 3144 h/y for Scenario 2, corresponding to 4 batch/d
over 262 d/y. Maintenance costs were assumed to be 5 % of the Co,
which included the cost of purchasing the equipment and the costs of
pipes (60 % of equipment cost), electrical connections (11 %) and
building infrastructure (18 %), which are typical for chemical plants
(Chemical Engineering Projects, 2014). Equipment costs were estimated
according to literature (Loh et al., 2002), and adjusted for inflation (US
Inflation Calculator, 2025), see Appendix A Table Al. Both scenarios
were assumed to be potentially implemented in an existing LIBs recy-
cling plant, with overhead costs such as land, storage, office space, and
administrative labor allocated outside the system boundaries of this
economic analysis.

A sensitivity analysis on profitability was performed considering
location-based factors (electricity, labour, waste disposal) for eight Eu-
ropean countries (Denmark, Finland, Germany, Italy, Poland, Romania,
Spain, Sweden) and market fluctuations (LioCOs3 prices) over a 10-year
period (2016-2025) (Benchmark Mineral Intelligence, 2025).

2.6. Environmental analysis

The environmental analysis performed in this study is based on the
net balance between the GHG emissions generated by the recycling
process and the GHG emissions avoided, by recycling of LioCO3 from
LIBs black mass, instead of from primary mineral extraction. The GHG
emissions generated by the recycling process were calculated based on
the GHG emissions index of electricity and natural gas production,
chemical reagents manufacturing and hazardous waste management
(Ecoinvent, 2024; European Environment Agency, 2024). Eventually,
the GHGs emissions associated with the extraction of primary Li min-
erals were considered a negative factor in the overall GHG emissions
balance, since recycling replaces the need for mining activities.
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3. Results and discussion
3.1. LiyCOs3 recovery

In this study, the Li recovery stage through the selective precipitation
of LioCO3 was investigated and optimized as a critical step in a hydro-
metallurgical recycling process with integrated CAM synthesis for EoL
NMC LIBs. To this end, the effects of the selected precipitating agent,
reagent dosage, temperature, and reaction time were analyzed, not only
in terms of techno-economic feasibility, focusing on maximizing the
recovery yield of a battery-grade Li precursor to produce recycled NMC
active material, but also in relation to the environmental impact of the
process. The Li;COs3 precipitation reaction from the exhausted liquor of
the Ni, Mn and Co precursor coprecipitation step (Table 1) has been
developed, optimized and evaluated by adding Na,COg or bubbling CO4
(g) as precipitating agent. Homogenous and heterogenous selective
precipitation of Li;CO3 were studied under varying conditions.

The effect of operating conditions—especially the choice of precip-
itating agent (NaxCOs3 or CO, gas)—was studied to understand their
influence on chemical equilibria, including solubility, acid-base, and
gas-liquid interactions, as well as their impact on nucleation and crystal
growth. The analysis offers mechanistic insights into the thermodynamic
and kinetic factors influencing Li,CO3 recovery efficiency, purity, and
morphology under various conditions.

CO (aq) + OH < HCO3 K; (T) (Eq. 6)

HCO3 + OH" < CO% + Hy0 Ky (T) (Eq. 7)

NHj + OH « NH; (aq) + H0 K3 (T) (Eq. 8)

NHj3 (aq) + HCO3 < NH,COO™ + Ho0 Ky (T) (Eq. 9)

H,0 & H' + OH K, (T) (Eq. 10)

Li* + HCOj3 < LiHCOj3 (s) Kps (T) (Eq. 11)

2 Lit 4+ COF © LinCO3 | (5) Kpsz (T) (Eq. 12)
Homogenous precipitation:

NayCO3 (5) < 2 Na' + CO3 Kpgs (T) (Eq. 13)
Heterogenous precipitation:

CO3 (g) + H20 < CO3 (aq) heo2 (T) (Eq. 14)

During heterogenous precipitation, the concentration of carbonate
ion ([CO3)] in the system depends on the gas-liquid transfer rate of CO,
(Fco,) in the reactor (Eq. (15)) (Wylock, C. et al., 2014).
FCOZ = _%KG (pcozg —PZ@) (EQ~ 15)

Where:

K¢ = Mass transfer coefficient (mol/mz.s)

Deo,g = Partial pressure of CO5 in bulk gas flow (Pa)

Do, = Equilibrium partial pressure of CO2 (Pa)

Ag= Total gas-liquid interfacial area (rnz)

Vi = Volume of liquid in the reactor (m®)

The morphology of the recovered Li;COs, mainly characteristic
crystal size (L), is crucial not only for precipitation and solid-liquid
separation yields but also for its suitability in battery applications.

Table 1
Composition of filtrate after co-precipitation stage, feed solution of studied Li
recovery stage.

[Ni®"]+[Mn**]+
[Co*"] (mg/L)

pH [Li](g/ [Na'l(g/ [SOF1(g/  [NH3l(g/
L) L) L) L)

11.3 434 25.91 88.99 4.86 0.56
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Optimizing crystal growth mechanisms and kinetics (Lewis et al., 2015)
is vital to enhance the effectiveness of this selective precipitation step
dt

(Eq. (16) and 17).
(&)
Gt
Where:

G = Crystal growth rate. The increase in crystal size due to deposition
of solute on crystal surface (m.s’l)

t = Residence time (s)

AC = Supersaturation (mol.m'3) kg = Growth rate constant (m.s’l)

g = Order of the growth rate (-) n (L) = Population density of crystals
(number of crystals.m'B) n, = Population density of nuclei (number of
nuclei.m®)

Since supersaturation is the thermodynamic driving force for crystal
size, precipitation parameters must be optimized to control its deviation
from equilibrium (Eq. (6) to 14):

dL

—Eact

=kgoe RT (C — Csq)¥(24) n(L) = noe

G= (Eq. 16)

T [Lﬁ]}’cog* [CO3™] — Kpea(T) _[Li2CO3] — [Li2CO3]sat

AC =
K2 (T) [Li2CO3]sat

(Eq. 17)

For the homogeneous precipitation alternative, the effect of process
temperature, duration and Na;CO3 dosage on the recovery rate of Li and
purity of the recovered Li,CO3 were studied (Fig. 2). Results confirmed
that higher temperatures reduced Li solubility, promoting precipitation,
see Appendix B, Figure B1. While longer reaction times improved Li
recovery rate, duration exceeding 1 hour decreased Li;COs3 purity due to
the formation of sodium salts as side products. Similarly, higher stoi-
chiometry ratio of LiT to NayCOs3 (Eq. (12) and 13) improved the re-
covery yield but compromised purity of the recovered Li;COs. The
optimal conditions for LioCO3 recovery via homogeneous precipitation
were determined to be a 1-hour reaction at 90 °C with a stirring speed of
600 rpm and a NayCOg stoichiometric addition factor of 1.2. Under these
conditions, the highest Li;COs recovery yield was achieved, corre-
sponding to 51.5 % of the Li feed, with a purity exceeding 97.0 %. Given
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that the solubility of Li,CO3 at 90 °C is 7.9 g/L (Appendix B, Figure B1),
this optimized recovery process with Nay;CO3 maximizes Li extraction
while ensuring a purity level suitable for battery applications (> 97.0
%), representing 77.97 % of the recoverable Li as carbonate through
selective precipitation. In this way, the integrated stage completes the
hydrometallurgical recycling process, achieving a total Li recovery of
58.1 %.

In the case of heterogeneous precipitation, the effect of temperature,
reaction time, and CO, injection rate on the production of Li-.COs from
co-precipitation filtrate was analysed to optimize recovery and purity
(Fig. 2). During heterogenous precipitation, CO:z absorption acidifies the
solution (Fig. 2), leading to the formation of undesirable bicarbonates as
the dominant species at pH levels below 10.3 (Han et al., 2020).
Therefore, precise pH control is crucial for facilitating LioCO3 precipi-
tation, preventing the formation of soluble LiHCO3, and minimizing the
need for pH modification with NaOH due to the buffering effect of the
carbonates system (Appendix B, Table B1). Simultaneously, increasing
the process temperature reduces CO: dissolution (affecting the pH
gradient) and lowers its transfer rate to the liquid, despite improving
reaction kinetics, creating a trade-off in process optimization. Further-
more, increasing the CO4 flow rate was limited at optimal absorption
efficiency (Eq. (15)) due to the balance between reduced bubble size and
shortened bubble retention time. The highest Li;CO3 recovery yield,
64.2 % of the Li feed, with a purity exceeding 97.0 %, was achieved
under optimized conditions of 90 °C, a stirring speed of 700 rpm, and a
CO4, injection rate of 200 mL/min for 3 h. Under these conditions, 97.1
% of the recoverable Li as Li;COs was successfully precipitated,
contributing to a closed-loop hydrometallurgical process with a total Li
recovery of 70.9 %.

As shown in Fig. 3, all Li,CO3 materials recovered through homo-
geneous and heterogeneous precipitation crystallize in the characteristic
monoclinic structure with space group C2/c, consistent with the LioCO3
commercial material and the Bragg positions from the database. Dif-
ferences in the peak profiles can be observed, primarily attributed to
variations in particle shape and size, as clearly shown in the SEM images
(Fig. 3). Notably, in the Li;CO3 obtained through selective precipitation
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Fig. 2. Kinetic and Thermodynamic study of Li,CO3 selective precipitation. (1) Homogeneous precipitation: (a) Effect of temperature, Na;CO3 stoichiometric ratio,
and reaction time on Li recovery rate; (b) effect of temperature and reaction time on Li,CO3 purity; (c) effect of Na;CO3 stoichiometric ratio on Li;CO3 purity during
homogenous precipitation. (2) Heterogenous precipitation: (a) Effect of co-precipitation filtrate temperature on pH evolution over time during CO» bubbling (200 mL
CO/min at 700 rpm); (b) effect of temperature, CO, flow rate and reaction time on Li recovery rate and (c) effect on Li,CO3 purity.
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Fig. 3. Morphological and structural characterization of recycled LioCO3 samples. (1) SEM images of (a) the optimized product from homogenous precipitation,
Li»CO3 recycled by adding Na;COs, (b) the optimized product from heterogeneous precipitation, LioCO3 recycled by bubbling CO, and (c) commercial battery-grade
Li=COa. (2) XRD patterns of the recycled Li,CO3 by different methodologies compared with the commercial one. The grey lines show the Bragg position of the Li,CO3
from database. (3) Particle-size distribution of Li precursors used in the CAM synthesis stage: commercial Li,CO3 (blue), Li,CO3 precipitated using Na,CO3 (green)

and Li,CO3 bubbling CO, (red).

with NapCOs, minor peaks corresponding to Na;SO4 can be detected,
aligning with the measured purity of the product (Eq. 2). The unit cell
parameters obtained through LeBail refinement (Appendix C, Table C1
and Figure Cl) show good agreement with the literature values
(Idemoto et al., 1997).

Beyond impurity control in Li precursors, particle size distribution
and morphology are critical factors in determining the suitability of
Li»COg3 for CAM synthesis. The influence of optimized reaction variables
on the crystallization mechanism was evaluated, revealing distinct dif-
ferences between the two precipitation methods. In homogeneous pre-
cipitation, the recovered product exhibited fine crystal agglomeration
with a median particle size (dsp) of 26.4 ym. In contrast, heterogeneous
precipitation led to the formation of significantly larger agglomerates,
with a median particle size of 120 pm (Fig. 3).

Morphological differences, influenced by the residence time in the
stirred-tank reactor (Eq.18), are crucial for achieving Li;CO3 with the
required quality for battery applications.

Lso = 3,67(Gt) (Eq. 18)

Chemical adsorption and reaction kinetics play a crucial role in
determining the average crystal size (Lsg), influenced by the crystal
growth rate, and subsequently affect the agglomeration mechanism
(Franke and Mersmann, 1995). In addition, as described in Eq. (19), the
collision frequency kernel () is adjusted for turbulent flow conditions
(Lewis et al., 2015), helping to explain the greater tendency for
agglomeration observed during heterogeneous precipitation (Fig. 3).
This behavior is attributed to the larger average crystal size, which
directly influences the agglomeration mechanism under the specific
conditions of Li recovery.

B(LiLy) = %\/S/V(Li +1)° (Eq. 19)

where:
L; and L; crystal size of two crystals (m)
¢ = Mean energy dissipation rate (W.kg™)
v = Kinematic viscosity (mz.s'l)

3.2. Wastewater reclamation

In both precipitation options, after maximizing the recovery of
battery-grade Li,CO3, a Li-containing alkaline solution (pH=10.3-11.0
and high concentrations of sodium, sulphate and carbonate ions) re-
mains as a residual stream of the hydrometallurgical process. A con-
ventional chemical treatment process that relies on precipitation
reactions has been designed in order to reduce [SO?{] and [CO%’],
reusing the solution obtained as a reagent in the neutralization stage of
the hydrometallurgical recycling process with integrated CAM synthesis
(Fig. 1). When calcium hydroxide is added to the exhausted liquor at 20
°C, 600 rpm and controlled pH between 12.0 — 12.5, it reacts to form
calcium sulfate (CaSO4) and calcium carbonate (CaCOs), which have
low solubility in water and precipitates out (Eq. (20)).

Ca(OH), (aq) + SOz> + CO3~ + Na™ + Li* < CaSO4| (s) + CaCO3| (s) +
20H™ + Na® 4 Li" (Eq. 20)

The optimal Ca(OH), dosage for wastewater reclamation in the hy-
drometallurgical process was determined under the cited operating
variables for 45 min, achieving a constant [SO%’] +[CO§'] concentration
below 1,55 g/L with less than 2 % of Li losses, ensuring its recirculation.

This liquor regeneration step enables efficient wastewater treatment
while retaining Li in the system. It lowers chemical use, especially
alkaline solutions for pH adjustment during neutralization, and pro-
motes gradual Li concentration for later recovery. This approach sup-
ports a zero-waste process, enhancing the sustainability of EoL battery
recycling.
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3.3. Synthesis of recycled NMC active material with recovered Li-COs

Recycled NMC is obtained through solid-state lithiation at elevated
temperatures, utilizing previously co-precipitated Ni, Co, and Mn hy-
droxides (Table 2) in combination with recovered LioCO3 (Table 3), both
derived from the hydrometallurgical recycling process, under an air
atmosphere (Eq. (21)).

% LiCO3 () + NixMnyCo1.x.,(OH)5 (s) + 4/3 O3 (g) <> Li(NixMnyCo1.x.y)
02 (s) + CO2 (8) + H20 (8) (Eq. 21)

As shown in Fig. 4, the main peaks in the XRD patterns of
NMC_Li,CO3_commercial and NMC_Li;CO3_NapCO3 correspond to the
characteristic NMC phase, assigned to the R-3m space group. In contrast,
the XRD pattern of NMC_Li,CO3_CO5 exhibits a noticeable splitting of
the main peaks, suggesting the presence of two distinct NMC phases with
differing composition. These results suggest that the physicochemical
properties and characteristics of Li;COs used as a precursor play a
crucial role in determining the structure and characteristics of the syn-
thesized NMC. Additionally, minor peaks associated with unidentified
impurities are observed in the XRD patterns. However, these impurities
do not significantly affect the structural integrity of the final NMC622
compounds. Their presence could potentially be mitigated through
optimization of the synthesis conditions. The cell parameters of the NMC
samples determined through Le Bail refinement (Figure S2 and Table S2)
show good agreement with previously reported values in the literature
(Tahmasebi and Obrovac, 2024). Furthermore, both NMC_Li»COs5_-
Commercial and NMC_Li;CO3_NayCO3 exhibit comparable crystallite
sizes, correlating with the characteristics of the Li precursors used in
their synthesis (Fig. 3 and Table 3).

The characterization of the synthesized products reveals the influ-
ence of Li2COs morphology (Fig. 3) on the synthesis reaction and the
resulting CAM properties (Fig. 4). This morphology is primarily gov-
erned by the crystallization and agglomeration mechanisms during the
precipitation stage. The NMC synthesized using Li-COs obtained under
the optimized operating conditions of homogeneous precipitation ex-
hibits similar morphology, particle size distribution, and shape (Fig. 4)
to that obtained from commercial battery-grade Li.COs. However, de-
viations in these properties were observed when Li precursors from
heterogeneous precipitation were used. This discrepancy suggests that
factors beyond chemical purity, as both scenarios produced Li-COs with
comparable composition, may play a significant role in the NMC syn-
thesis process. Specifically, variations in physical characteristics such as
particle size and surface area of Li2COs recovered under heterogeneous
precipitation appear to impact the reaction dynamics. In this case, the
morphology resulting from the precipitation-crystallization conditions
when CO: is used can be modified and optimized through additional
recrystallization or a controlled ball milling step, making the obtained
LioCOg3 suitable for commercial CAM production. In this context,
ceramic ball milling has been identified as an efficient method for the
industrial-scale micronization of recovered Li-COs, enabling the transi-
tion from the dgp=158 um of LipCO3 produced by COq-optimized se-
lective precipitation to the dgp=36.6 um required for suitable NMC
synthesis. This process is effective, provided that proper process controls
and appropriate milling media are used to ensure optimal quality and
efficiency.

These findings underscore the potential of the optimized recovery
process to obtain Li precursors for producing recycled NMC CAM with
properties comparable to those from conventional sources, reinforcing
the feasibility of integrating recycled materials into battery
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Table 3
Chemical composition of Li precursors obtained through optimized homoge-
neous and heterogeneous precipitation.

Sample Li»CO3 ( Na ( S( Ni Mn Co
%) %) %) (ppm) (ppm) (ppm)

Li»CO3 using 97.1 0.94 0.64 107 44 34
Na,CO3

Li»CO3 96.9 1.07 0.70 107 44 17
bubbling
CO,,

manufacturing.

3.4. Electrochemical performance of recycled CAM

The cycling performance and coulombic efficiency of recycled
NMC622 cathodes synthesized using two different LioCO3 precursors,
commercial-grade Li;COs and LipCO3 recovered in precipitated with
NayCOs, are shown in Fig. 5. While the cathode using commercial
Li»CO3 exhibits a slightly higher initial discharge capacity (155 mAh.g
vs. 136 mAh.g}), both materials demonstrate stable cycling perfor-
mance with coulombic efficiencies approaching 100 %. As is typical for
NMC materials, an initial formation step is required to stabilize the
layered structure, explaining the progressive increase in capacity
observed during the early cycles. The ~3 % difference in maximum
discharge capacity after formation is attributed to the presence of non-
active NaySO4 impurities in the recovered precursor, which remain
inert under the oxidizing conditions used during solid-state lithiation.
Notably, the CAM synthesized with recovered LioCO3 shows comparable
long-term electrochemical performance and excellent capacity reten-
tion, indicating that >97.0 % purity is sufficient for high functionality.
These results confirm the potential of recovered Li precursors for fully
recycled CAM and highlight the need to optimize Li recovery to balance
purity, morphology, structure, and electrochemical performance.

3.5. Material flow and process scale up

The materials and energy flow were calculated for a full-scale recy-
cling facility with a processing capacity of 2500 t/y of black mass, where
12,750 m®/y of Li-bearing solution undergoes Li recovery. In the case of
scenario 1596 t/y of NapsCOs3 are required to precipitate 203 t/y of
LipCO3. Whereas, in Scenario 2, 1517 t/y of CO, are required to pre-
cipitate 256 t/y of Li,CO3 and 4054 m>/y of pH buffer solution, con-
taining 2 t/y of NaOH are also necessary to stabilize the solution pH and
enable Li;CO3 precipitation. The presence of a buffer solution increases
the amount of wastewater produced by the press filter to 13,994 m®/y,
rather than the 10,618 m®/y of wastewater filtered out in Scenario 1. In
both scenarios, after filter press the generated wastewater is recovered
by adding 1500 t/y Ca(OH);, to precipitate 3800 t/y of solid waste,
characterized as 28 %wt CaCO3-2H,O and 72 %wt. CaSO4-2H,0.
Following this step, the precipitated waste was filtered out, and the
NaOH-enriched solution was recirculated within the recycling process as
a buffer solution for the neutralization step in the purification process
(Cu, Al and Fe removal) after black mass leaching and cementation.

The total energy consumption, considering both electricity and heat,
amounts to 621,397 kWh/y (56,753 kWh/y of electricity and 564,644
kWh/y of heat) in scenario 1 and 651,597 kWh/y (69,928 kWh/y of
electricity and 586,889 kWh/y of heat) in scenario 2. The energy con-
sumption for the different steps of the process is detailed in the

Table 2

Characterization of NMC pCAM, obtained from previous co-precipitation stage, Ni,MnyCo;..,(OH),. Chemical composition and particle size distribution.
Sample Ni (%) Mn (%) Co (%) Li (%) S (%) d10 (um) d50 (um) d90 (um)
Co-precipitation product 36.22 9.84 8.67 0.50 3.76 33,3 228 451
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Supplementary Materials Table A2.

3.6. Economic analysis

In Scenario 1, the equipment cost for the recycling facility, including
a mixing reactor, heat exchanger, press filter for Li2COs recovery, and a
drum dryer for refining, amounted to 0.67 ME€. Including piping, elec-
trical installation, and building infrastructure, the total capital invest-
ment reached 1.73 ME. In contrast, Scenario 2 required a more powerful
mixing reactor, an additional reactor for preparing the pH buffer

solution, and a high-energy ball mill designed for fine grinding and
particle size reduction at the micron scale. These additional re-
quirements increased the cost of equipment purchase and installation to
0.87 ME€ and the total initial investment to 2.25 M€.

The annual cash flow in each scenario was calculated as the differ-
ence between OPEX and revenues from the sale of LioCO3, considering
average EU-27 values for electricity and gas price, labour cost and waste
management fees and the latest available value of Li;CO3 market price.
In Scenario 1, revenues from the sale of Li,CO3 amounted to 2.03 M€/y,
while in scenario 2, revenues increased to 2.56 M€/y, reflecting the
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higher recovery rate. OPEX in Scenario 1 were 1.42 M€/y and 1.83 M€/y
in Scenario 2. The main cost categories in both scenarios were raw
materials (54 % of OPEX in scenario 1 and 42 % of OPEX in Scenario 2)
and reagents (22 % of OPEX in Scenario 1 and 34 % of OPEX in Scenario
2). Despite higher OPEX in Scenario 2, the annual cash flow was positive
in both, with Scenario 2 yielding +0.73 M€/year and Scenario 1 + 0.62
M¢€/year, leading to quicker returns: 7 years in Scenario 2 and 9 years in
Scenario 1.

A location-based sensitivity analysis across the EU-27 and countries,
including Denmark, Sweden, Finland, Germany, Italy, Spain, Poland,
and Romania, revealed that both scenarios are economically viable in all
regions, though profitability and payback time vary depending on local
conditions, see Fig. 6.

Scenario 2 showed a quicker return on investment across all coun-
tries, due to the higher revenues, despite higher energy consumption
due to the additional processing steps, such as mixing the pH buffer
solution and ball milling the recovered Li»COs. Energy and labour costs
are key profitability drivers, with energy costs playing a more significant
role in Scenario 2, due to the extra steps involved. Countries with higher
energy prices, such as Denmark and Sweden, face higher OPEX making
them less favourable locations, while Romania stands out as a more cost-
effective option, benefiting from lower energy costs. In general, Scenario
1, with lower energy demand, is more stable and suitable for regions
with moderate energy costs.

The market-based sensitivity analysis illustrates how fluctuations in
the price of Li,COs3 directly influence the economic profitability of the
two scenarios, see Supplementary Materials Table S3. In 2022, when the
market price peaked at 35,677 €/t, the revenues for Scenario 1 were 5.86
M€/y, and for Scenario 2, they were 7.33 M€/y, resulting in a 100 % ROI
just 1 year for both scenarios. In contrast, in 2020, when the price
dropped to 7283 €/t, Scenario 1 generated 684,600 €/y in revenue, with
a payback time extending beyond 20 years, and Scenario 2 generated
only 40,331 €/y, with a payback period also extending beyond 20 years.
Therefore, Scenario 2 benefits more from price increases, as seen in
2022, where higher revenues from better recovery and purity signifi-
cantly improve its profitability. However, Scenario 1 remains more
stable under market fluctuations and is more resilient to downturns,
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Fig. 6. Net present value (M€) over time for Li,CO3 recovery, according to (A) Scenario 1 (chemical precipitation of Li,CO3 by addition of Na;CO3) in the EU-27 and
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making it a safer option during low-price years like 2020. The threshold
market price for LiCOs to ensure a positive cash flow is 6947 €/t in
Scenario 1 and 7126 €/t in Scenario 2. However, higher thresholds are
required for achieving a 100 % ROI after 20 years, corresponding to
8884 €/t in Scenario 1 and 8711 €/t in Scenario 2. This difference is due
to the additional revenues generated by the enhanced product recovery
in Scenario 2, which makes it economically feasible at a slightly lower
price compared to Scenario 1.

Alongside the market-based sensitivity analysis, profits from recov-
ering 1 t of Li2COs were calculated for both scenarios using EU-27
benchmarks. Scenario 1 yields €2992/t, while Scenario 2 generates
€2846/t. The lower profit in Scenario 2 results from higher operational
costs, which offset the benefits of improved recovery and product purity.
In conclusion, while Scenario 2 offers higher profitability and a quicker
return on investment, it is more sensitive to energy price fluctuations
and is best suited for regions with low energy costs, whereas Scenario 1,
although less profitable, is more stable and remains viable across a
broader range of market conditions, making it a safer option during low-
price year.

3.7. Environmental analysis

The environmental analysis performed in this study is based on the
comparison between the GHG emissions generated and avoided by
LioCO3 recycling, in the two scenarios. The emissions factors affecting
the environmental impact of recycling were clustered into three cate-
gories: energy consumption (considering electricity and heat), reagents
(including NayCOsg for scenario 1 and CO,, NaOH and water for Scenario
2, Ca(OH); for both scenarios) and waste management. Besides in this
analysis, an additional factor was included to reflect the environmental
benefits of Li,CO3 recycling compared to primary extraction. Indeed, the
emissions associated with extraction activities were considered as a
negative contribution to the net GHG emissions balance. Considering the
average EU-27 data, the GHGs emissions generated amounts to 2468 t
CO3 eq./y in Scenario 1 and 5234 t CO eq./y in Scenario 2. The higher
amount of GHG emissions generated in Scenario 2 are caused by the
increased energy consumption and reagent use, primarily due to the
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additional steps involved in the process. Nonetheless, both scenarios
show a net reduction in GHG emissions, corresponding to —518 t CO4
eq./y in Scenario 1 and —985 t CO5 eq./y. Scenario 2 represents a more
environmentally effective solution since it leads to a higher overall
reduction in GHGs emissions, due to the contribution of the avoided
emissions from the increased yield of LioCOj3 recovery. The environ-
mental analysis was extended to assess net GHG emissions from recov-
ering 1 t of Li2COs. Scenario 1 results in —2479 kg CO2/t, while Scenario
2 achieves a greater reduction of —3846 kg CO2/t, showing higher GHG
avoidance per unit recovered. This is mainly due to Scenario 2's higher
yield, which offsets its increased energy and reagent use.

The environmental sensitivity analysis focuses on the GHG emissions
generated and avoided during the Li»COs recovery process across
different European countries. The analysis examines the impact of en-
ergy consumption, the use of reagents, and waste management practices
on GHG emissions. The resulting GHG emissions balance in EU-27 and in
different countries is shown in Fig. 7.

The geographic variability in GHG emissions is strongly influenced
by each country’s energy mix and waste management practices. For
example, Denmark and Sweden, which have a higher share of renewable
energy sources, experience lower GHG emissions compared to countries
like Poland and Romania, which rely more heavily on fossil fuels for
electricity generation. In Scenario 1, the GHG generated in Denmark are
3030 t CO2/y, while the avoided emissions are 3610 t CO5/y, resulting in
a net reduction of 585 t COy/y. This is due to Denmark’s cleaner energy
mix, which reduces the emissions associated with energy consumption.
On the other hand, Poland generates 3330 t CO»/y of GHG in Scenario 1,
with avoided emissions of 3610 t COy/y, leading to a net reduction of
285 t COy/y. However, the carbon intensity of Poland’s energy mix in-
creases the generated GHG, making the environmental benefits of
LiaCO3 recovery less significant compared to countries with more sus-
tainable energy sources.

In Scenario 2, the energy consumption is higher due to additional
processing steps, leading to a greater environmental impact. In
Denmark, the GHG emissions generated in Scenario 2 are 3490 t COy/y,
with 4550 t COy/y avoided, resulting in a net reduction of 1060 t CO5/y.
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The cleaner energy mix in Denmark allows for a more significant
reduction in GHG, as the emissions from energy use are lower. In Poland,
however, Scenario 2 generates 3810 t CO»/y in GHG, with 4550 t COy/y
avoided, resulting in a smaller net reduction of 739 t CO2/y. The higher
reliance on fossil fuels in Poland increases the GHG emissions generated
during the process, reducing the overall environmental benefit of Sce-
nario 2.

Overall, Scenario 2 results in a larger net reduction in GHG emissions
across the EU-27, with a net reduction of 986 t CO5/y, compared to 518 t
COo/y in Scenario 1. However, Scenario 2 is more dependent on the
energy mix, with countries using lower-carbon sources showing the
greatest environmental benefits. In contrast, Scenario 1 is better suited
for regions with higher carbon intensity, as the impact of increased
energy use is less significant in terms of overall GHG emissions.
Improving energy mixes and enhancing waste management would yield
notable environmental benefits for both scenarios, especially in fossil
fuel-reliant countries.

A comparative analysis was conducted to assess how geographic
context influences the economic viability and environmental sustain-
ability of the proposed recycling process (Fig. 7). Scenario 2 consistently
delivers higher avoided GHG emissions than Scenario 1 across all
countries. A clear trade-off emerges: Romania provides the highest
economic return, especially in Scenario 2, while Denmark and Sweden
are most favorable for minimizing environmental impact. Germany,
Italy, and Spain offer a balanced compromise with moderate cash flow
and relatively high avoided emissions. In contrast, Poland shows strong
economic potential but the lowest avoided emissions, making it less
attractive for sustainability-focused objectives. Ultimately, plant loca-
tion depends on whether economic return or environmental perfor-
mance is prioritized in meeting Europe’s Li demand.

4. Conclusions
This study presents a closed-loop hydrometallurgical recycling

strategy that integrates optimized Li recovery and wastewater treatment
to directly produce recycled NMC CAM from black mass, promoting
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circularity in battery manufacturing:

e Li»CO3 Recovery Methods:

o Homogeneous (NaxCO3): 77.8 % recovery at >97 % purity.

o Heterogeneous (CO3): 97.1 % recovery at >97 % purity.

o Trade-off observed: longer residence times for heterogeneous
precipitation increase particle size, requiring post-milling (dgg =
36.6 um) to meet battery-grade specifications.

e Electrochemical Performance:

o Recycled LizCOs-based NMC cathodes performed comparably to
commercial ones.

o Commercial Li»COs-based cathode stabilized at 161 mAh.g™! after
30 cycles, while the recycled counterpart reached 157 mAh.g,
both achieving ~100 % coulombic efficiency.

e Techno-Economic Assessment:

o Scenario 2: Delivers higher profitability and faster ROI (1 year at
€35,677/t in 2022) but is best suited to regions with low energy
costs due to greater sensitivity to energy price fluctuations.

o Scenario 1: Provides a more stable ROI and lower sensitivity to
energy costs, making it suitable for regions with moderate prices
and still viable in low-price years like 2020, with ROI exceeding 20
years at €7283/t.

e Environmental Impact:

o Both scenarios reduce GHG emissions: Scenario 2 achieves greater
reductions in countries with clean energy, while Scenario 1 is more
effective in regions with high carbon intensity.

Heterogeneous precipitation combined with tailored micronization
offers superior economic and environmental benefits compared to direct
homogeneous precipitation. However, it is more sensitive to energy
price volatility and the share of renewable energy.
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