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ABSTRACT

Research subject: Bioleaching of lithium has emerged as an innovative and sustainable approach for extracting this valuable metal from solid sources,
including mineral ores, spent lithium-ion batteries, and other electronic waste. The increasing global demand for lithium-ion batteries, especially for
consumer electronics and electric vehicles, has intensified the need for efficient lithium resource recovery. Given the environmental and economic
challenges associated with traditional extraction methods, bioleaching has been proposed as an eco-friendly and cost-effective alternative.

Research approach: This study provides a comprehensive review of the scientific literature and research on lithium bioleaching. It begins with an
overview of lithium resources and applications, followed by an evaluation of studies on the bioleaching of lithium-ion batteries and other solid sources.
The mechanisms involved and commonly used microorganisms are analyzed. Additionally, key parameters influencing metal recovery efficiency—such
as pH, temperature, medium composition, pulp density, and leaching time—are investigated. The study also explores innovative approaches, including
the use of artificial intelligence, systems biology, and synthetic biology, to optimize bioleaching processes.

Main results: The findings demonstrate that bioleaching not only achieves efficient lithium recovery from solid sources but also significantly reduces
environmental hazards. Spent lithium-ion batteries are identified as a rich and valuable source for lithium extraction. The use of microorganisms such
as Aspergillus niger and Acidithiobacillus ferrooxidans has achieved lithium recovery rates of up to 100%. Studies indicate that optimizing microbial
strains through synthetic and systems biology, along with refining cultivation conditions using modern Al-based techniques, can address industrial
challenges in bioleaching. Furthermore, this research highlights the role of bioleaching in promoting a circular economy and presents a promising outlook
for its industrial application in sustainable lithium resource recovery.
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Figure 1 Solid and liquid lithium resources
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Figure 2 Lithium applications in energy storage, aerospace industries, ceramics, metallurgy, and biomedical sciences
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Table 1 Bioleaching studies on Li-ion batteries for metal extraction

Microorganism / Metal(s) Recovery -~
No. Process Recovered Efficiency Key Findings Reference
Fungal metabolites
1 Asperaillus nider Li, Mn, Cu, 100% Li, 94% improved metal [18]
perg g Al, Co, Ni Cu leaching efficiency for
LIB recycling.
Biogenic ferric iron Sequential leach stages
2 and sulfuric acid Li, Other 60% Li enr_lanced recovery, [19]
Lo - - metals offering an eco-friendly
(indirect bioleaching) :
alternative.
. - Two-step bioleaching
Acidophilic ;
. . Li, Other DA F process demonstrated
8 ct:&r;%gihg;rgﬂslc metals ULz significantly higher [20]
9 recovery efficiency.
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Microorganism / Metal(s) Recovery A
No. Process Recovered Efficiency Key Findings Reference
Sulfur concentration
Thermophilic 99.9% Co, a|rr11:1 ESS;A;I;;(I)
4 _[NerMOpniC Co, Ni, Li 99.7% Ni, proved. [21]
bioleaching at 45 °C - recovery, with cost-
84% Li - ;
effective alternatives
explored.
Citric acid produced by
. . . 95% Li, 100% the fungus
2 AP IS mEET H, Cu outperformed chemical (28]
leaching methods.
High-purity lithium
. . ol carbonate (Li2COs)
6 Aﬁ?r'rtgg(?g;”;us Li, Co 9%49{)0/ L(':’O produced with superior [22]
o electrochemical
performance.
High pulp density and
S . bacterial culture cycles
0, 0,
7 Aﬁf::gg(?g;:;us Co, Li A CI:_C: L provided an [23]
environmentally
friendly method.
Asperg _|Il_us_ niger, Enhanced Metal pre-exposure
Penicillium
. tolerance and enhanced fungal
8 chrysogenum, Li, Co . . - [24]
A biomass in A. | tolerance, beneficial for
Penicillium niger bioleachin
simplicissimum g g-
Mixed-culture
Acidithiobacillus 99% Co bioleaching improved
9 caldus, Sulfobacillus Li, Co ! metal recovery, with [25]
. : 100% Li ;
thermosulfidooxidans appropriate reductants
highlighted.
Bioleaching process
Gluconobacter Economically more sustainable than
10 oxydans (corn stover- Li, Co viable, traditional methods, [6]
derived biolixiviant) sustainable with a 21% profit
margin.
100% Sulfur combination
Pyrite (FeS2) + Li, Ni, Co, . enhances bacterial
11 leaching i . [26]
Elemental sulfur (So) Mn - activity and improves
efficiency i
metal extraction.
Weak static magnetic
Acidithiobacillus field accelerated
12 - Li, Ni, Co 100% Li bioleaching kinetics, [27]
ferrooxidans . .
improving recovery
efficiency.
Optimized
bioleaching 100% Li, Optimal conditions
13 conditions of Li, Co, Ni, 71%-86% Co, | achieved high recovery 129]
Gluconobacter Mn 57%-84% Ni, rates, with potential for
oxydans 100% Mn cost-effective recycling.
Mild acid cleaning and
. calcination regenerated
. . . Graphite . high-purity graphite
14 Bioleaching residue (anode 99.78% purity . [30]
- with excellent
material) :
electrochemical
performance.
Bioleaching residue
Graphite process enhanced
15 Bioleaching residue (anode 99.78% purity graphite purity and [31]
material) performance, surpassing

commercial material.
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Table 2 Bioleaching studies on solid sources for lithium extraction

Source Microorganism(s) Conditions Results Reference
Acidithiobacillus ferrooxidans + Mixed culture 47 pglg !_I in blorpass, 60 pg/L [32]
Rhodotorula rubra in leach liquor
Rhodotorula rubra Nutrient medium 4126 pg/g Liin b|c_)mass, 25 [33]
pa/L in leach liquor
Salt-limited 181.2 pg/g Li in biomass, 89
RAEREETE medium Mg/L in leach liquor [33]
LA Acidithiobacillus ferrooxidans Single culture ~14% (12 mg/L) Li released [34]
A. ferrooxidans + A. thiooxidans Mixed consortium 11 mg/L Li dissolved
. . Fungal o1 .
Aspergillus niger bioleaching 0.2% L. extraction [35]
Rhodotorula mucilaginosa Yeast bioleaching 1.1% L.i extraction
. - Bacterial o 1 )
A. ferrooxidans + A. thiooxidans consortium 8.8% L.i extraction
Acidithiobacillus ferrooxidans Single culture ~14% (12 mg/L) Li released
Spodumene Pen|C|II_|um purpurogenum, Nutrler)t-rlch 1.26,0.75, and 1.53 r_ng/L Li [35]
Aspergillus niger, R. rubra medium recovered, respectively
P. purpurogenum, A. niger, R. Nutrient-poor 1.06, 0.37, and 0.5 mg/L Li
rubra medium recovered, respectively
Acidithiobacillus ferrooxidans Af::clﬁgﬁged >120 mg/L Li released
Jadarite [32]
. . Comparatively T .
Chemical leaching (H2SO4) higher acid use 75% (180 mg/L) Li released
Sulfur-oxidizing bacteria Ba_tch 11% Li recovery
. . experiments
Zinnwaldite Bioreactor [34]
Sulfur-oxidizing bacteria ; 26% Li recovery
experiments
Aluminosilicate Heterotrophic microorganisms Not specified Mechanisms studied [35]
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Figure 3 Effective parameters on lithium bioleaching
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