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Abstract The rising global demand for lithium, particularly for lithium-ion batteries, necessitates efficient
recovery methods from secondary sources. This study investigated the effect of short-term acid leaching
pretreatment on mechanochemical lithium extraction from spent NCM811 cathodes. Three acid systems—HCI,
H,SO4 with 4% vol. H,0,, and CH;COOH with 4% vol. H,O,—were tested, along with co-grinding milling
powders (NaCl and SiO,). Pretreatment with H,SO,4 and 4% vol. H,O, initially reduced extraction efficiency due
to the formation of a stable oxide layer; however, with extended milling and a higher ball-to-powder ratio (40:1),
lithium recovery reached approximately 94%. HCI exhibited concentration-dependent effects, with 2 M HCI
yielding over 89% recovery after 9 hours, while 1 M HCl resulted in lower performance. Acetic acid produced the
lowest recovery (~72%) due to its weak acidity and limited oxidation strength. These findings demonstrate that
combining short-term acid pretreatment with mechanochemical processing substantially enhances lithium recovery

efficiency, offering a promising and scalable strategy for sustainable recycling of lithium from spent batteries.
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1. INTRODUCTION

The rapidly increasing global demand for lithium,
particularly driven by the growth of lithium-ion battery
technologies, underscores the need for efficient and
sustainable recovery methods (Kaunda, 2020; Mata &
Hlavacek, 2024). Conventional hydrometallurgical and
pyrometallurgical processes, although widely applied to
metal extraction, face significant limitations for lithium
recovery, such as costly and complex separation or
complete loss of lithium during processing (Ruberti
2024; Wu et al., 2023). In this context,
mechanochemistry has emerged as a promising
approach due to its ability to activate solid-state
reactions without the need for high temperatures or large
amounts of solvents (Mohamad Arif et al., 2024; Wang
etal., 2021).

Mechanochemical processing relies on high-energy
ball milling, which induces particle size reduction,
surface activation, and structural fraction of crystalline
phases (Dolotko et al., 2023). Using co-grinding media
such as NaCl or SiO2 can further enhance lithium
release through ion-exchange mechanisms or by
promoting surface reactions (Wang et al., 2021).
Nevertheless, lithium recovery in such systems has often
remained below 80%, highlighting the need to integrate

complementary strategies, such as targeted chemical
pretreatments (Dolotko et al., 2023).

This study investigates the effect of short-term acid
pretreatment (<15 min) using 1 M and 2 M HCI, 2 M
H,SO04 with 4% vol. H2O,, and 2 M CH3COOH with 4%
vol. H>O; on the efficiency of lithium extraction from
spent NCM811 cathodes. The synergistic effect of acid
pretreatment with mechanochemical milling, along with
the roles of NaCl and SiO; as co-grinding powders, was
evaluated. The ultimate objective is to develop a multi-
step approach that enhances lithium recovery efficiency
from secondary sources while reducing energy
consumption, thereby advancing sustainable recycling
strategies.

2. MATERIALS AND METHODS

NCMS811/C cathode electrodes coated on aluminum
foil were obtained from Partin Battery Novin Co. NaCl,
Si0,, HCI (37%), H2SO4 (95-99%), CH3COOH (99.7%
>), and H>0: (30%) were supplied by Merck. Cathode
powders were separated from aluminum foil using
acetone (99%), dried at 60 °C for 6 h, and sieved through
a 270-mesh screen.

For pre-leaching, electrodes were treated for 1 or 15
min with 1 M or 2 M HCI, 2 M H,SO4 with 4% vol.
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H20;, or 2 M CH3;COOH with 4% vol. H>O..
Mechanochemical milling was then performed in a
planetary ball mill (Retsch PM 400) at 275 rpm.
Mixtures of NCM:NaCl:SiO, in a 6:2:1 ratio were
milled with stainless steel balls at ball-to-powder ratios
(BPRs) of 30 and 40 for 3—12 h.

The resulting products were water-leached (25
g/L, 1.5 h), filtered, and analyzed for lithium recovery
using atomic absorption spectroscopy (AAS,
PerkinElmer AAnalyst 400). Residual solids were acid-
digested for lithium quantification. Morphological and
elemental analyses were performed using SEM
(TESCAN VEGAII XMU) with EDS.

3. RESULTS AND DISCUSSION

The effect of short-term acid pre-leaching on lithium
recovery from NCMS811 cathodes was systematically
evaluated. Figure 1 illustrates the comparative lithium
recovery efficiencies of untreated and pre-leached
cathodes under different acid systems as a function of
milling time and BPR. Without pretreatment,
mechanochemical milling alone achieved a maximum of
78.47% recovery after 9 h at a BPR of 40:1, highlighting
the limitations of purely mechanical activation.

Pre-leaching with HCl markedly improved Pre-
leaching with HCI markedly improved extraction
efficiency. At 1 M HCI, lithium recovery increased by
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approximately 32-33% after only 3 h of milling
compared with untreated samples. Using 2 M HCI
further enhanced structural degradation and promoted
the formation of soluble LiCl and chloride complexes,
enabling over 89% recovery after 9 h. These results
demonstrate the superior ability of chloride systems to
maintain surface reactivity and accelerate lithium
release (Xuan et al., 2019).

In contrast, pre-leaching with 2 M H>SO4 and 4%
vol. H>O, initially produced lower recovery due to the
formation of stable surface oxides (e.g., MnO,, C0304)
that hindered diffusion. However, extended milling
overcame these barriers, with recovery increasing to
82.45% and 93.99% at BPRs of 30:1 and 40:1,
respectively (Partinen et al., 2023; Vieceli et al., 2023).
Acetic acid pretreatment had the weakest effect,
showing only about 1% improvement and modest
enhancement overall, likely due to its limited acidity and
oxidative strength.

Overall, the results indicate that acid pretreatment
plays a critical role in controlling early-stage lithium
release. HCI, particularly at higher concentration,
provides the most effective acceleration of recovery,
while sulfuric acid offers strong long-term performance
under higher milling intensities. In contrast, acetic acid
is less suitable for synergistic mechanochemical
extraction.
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Figurel. Lithium Recovery efficiency from untreated and acid-pre-leached (with 15-minute pre-leaching time) the NCM81 1
at different milling durations (3, 6, 9, and 12 h) and a rotation speed of 275 rpm, at (a) 30:1 and (b) 40:1 BPR. Acid pre-leaching
HCI, 2 M H2S04 + 4% vol. H202, and 2 M CH3COOH + 4% vol. H20z. treatments included 1 M and 2 M

4. CONCLUSION

Pre-leaching NCMS811 cathodes with acids
significantly enhances lithium recovery during
mechanochemical milling. For hydrochloric acid,

increasing the concentration from 1| M to 2 M
substantially improved performance: 2 M HCI yielded
over 89% recovery after 9 h at a BPR of 40:1 by forming
soluble LiCl and chloride complexes that prevent surface
passivation and promote acid penetration, whereas 1 M
HCl primarily enhanced early-stage extraction. Pre-
leaching with 2 M H,SO4 and 4% vol. H,O» showed
lower initial recovery (~53%) due to the formation of
stable oxide layers (MnO;, C0304), but extended milling
disrupted these layers, increasing recovery to
approximately 94%. Acetic acid (2 M CH3COOH with
4% vol. H,O») was the least effective, producing slower

lithium release (~79% after 9 h at a BPR of 40:1) due to
its weak acidity and limited oxidative strength. Without
pre-leaching, lithium recovery depended solely on
milling parameters, resulting in slower extraction; under
identical conditions (9 h, BPR 40:1), the untreated
sample achieved only 78.47% recovery. Overall, the key
factors affecting efficiency include acidity, anion
complexation, surface passivation, solubility of formed
salts, and mechanical degradation.
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1. Atomic Absorption Spectroscopy
2 .Scanning Electron Microscope
3. Energy Dispersive X-ray Spectroscopy
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4. X-Ray Diffraction
5. Fourier-transform infrared spectroscopy
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