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4 ABSTRACT: Lithium-ion batteries (LIBs) are extensively used for power
5 storage in most gadgets, electric vehicles (EV), and energy storage devices.
6 Spent LIBs are an excellent source of metals, which can be recycled and
7 reused in new batteries to reduce environmental impacts. Our current
8 study reported bioleaching-mediated metal recovery from spent nickel-,
9 manganese-, cobalt (NMC)-based LIBs at a high solid content, using an
10 autotrophic bacterium Acidithiobacillus ferrooxidans. Inductively coupled
11 plasma−optical emission spectrometry (ICP-OES) analysis showed
12 recoveries of 90% Ni, 92% Mn, 82% Co, and 89% Li from spent LIBs in
13 72 h at a solid content of 100 g/L. The X-ray diffraction (XRD) and
14 scanning electron microscopy−energy dispersive X-ray spectroscopy
15 (SEM−EDX) analyses of the LIB powder before and after bioleaching
16 confirmed that most of the metals leached out from the batteries. A high
17 leaching efficiency was achieved by elevated concentrations of H2SO4 and ferric ion in the A. ferrooxidans culture as well as
18 replenished bacterial culture for three cycles during the bioleaching. The bioleaching process reported here can be used to efficiently
19 extract metals from spent EV batteries in an eco-friendly manner.

20 KEYWORDS: bioleaching, Acidithiobacillus ferrooxidans, spent LIBs, recycling, NMC battery, high solid content (S/L), replenishing

21 ■ INTRODUCTION

22 The growing demand for gadgets, electric vehicles (EV), and
23 other appliances substantially increases battery usage and,
24 accordingly, expands toxic metal-containing electronic wastes.1

25 The lifetime of many electronic consumer products is
26 shortening due to compatibility, consumer usability, battery
27 life, and newly upgraded product launch.2 The extensive use of
28 batteries has been causing severe problems to the environment
29 because of the presence of hazardous substances, such as toxic
30 metals, plastics, cathodic metal oxides, and flammable
31 electrolytes, in spent batteries and e-wastes.3,4 Even though
32 lithium-ion batteries (LIBs) are considered safe, toxic gases
33 such as HF and PF5 are released into the atmosphere when the
34 solvent inside the battery is burned or exposed to the air or
35 water. The spent batteries have been disposed into the open
36 farming land, waste dumps, and water bodies, polluting the soil
37 and water bodies.5 There is an imperative need to recycle spent
38 batteries to reduce their environmental impacts and the
39 reliance on the production of virgin metals from ores.
40 LIBs are superior to other rechargeable batteries due to their
41 lightweight, high-energy capacity, high voltage per cell,
42 comfortable discharge resistance, vast standby number of
43 cycles, and a broad range of operating temperatures, and they
44 are also environmentally sound.6 Speedy growth in the EV
45 market dramatically increases the usage of LIBs, leading to its
46 necessary production in huge volumes. Nowadays, hybrid

47electric vehicles (HEVs), plug-in hybrids (PHEVs), and energy
48storage systems (ESSs) also use LIBs as their powerhouse to
49meet the cost, safety, life cycle, power, and execution
50requirements.7,8 Different cathodic materials have been
51explored in the production of LIBs, such as LiCoO2, LiNiO2,
52LiFePO4, lithium nickel manganese cobalt (NMC), and
53lithium nickel cobalt aluminum (NCA).9−11 Recycling of
54metals such as Co, Ni, Mn, and Li from cathodic materials in
55spent LIBs is more beneficial than using pure materials due to
56low cost and high circulability with little supply risk.12

57Pyrometallurgy and hydrometallurgy are the standard conven-
58tional processes used for metal recovery from batteries.13

59Hydrometallurgical processes are widely employed to extract
60valuable metals from spent LIBs.14 Inorganic acids such as
61H2SO4, HNO3, and HCl aided with H2O2 (oxidant) are
62extensively used in this process to solubilize the valuable metals
63from spent batteries at a high temperature, and the disposal of
64the waste acids requires additional cost.3,15,16 Recently, mild
65organic acids, such as oxalic acid, malic acid, acetic acid, citric
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66 acid, and tartaric acid, are used to replace strong inorganic
67 acids to meet the green chemistry requirements.17,18 In most
68 hydrometallurgical processes, a high concentration of acids
69 (3−6 mol/L) with H2O2 is used for the leaching of LIBs at the
70 pulp density of 100 g/L to achieve more than 90% metal
71 extraction.19 From the industry perspective, sulfuric acid is
72 often preferred because other inorganic acids required high
73 treatment costs for the wastewater and brought severe
74 equipment corrosion and release of toxic gases such as Cl2
75 and NOX.

19 In the case of organic acids, the concentration of
76 1−2 mol/L with the aid of H2O2 is used at the highest pulp
77 density of 50 g/L to achieve a 90% leaching efficiency.17,19

78 Biohydrometallurgy offers a cost-efficient and eco-friendly
79 alternative to both pyrometallurgy and hydrometallurgy to
80 treat spent LIBs. Bioleaching is one of the biohydrometallur-
81 gical processes that has drawn significant attention for
82 recycling of LIBs.20−23 Bioleaching is an eco-friendly and
83 cost-efficient technology that replaces the established heat-
84 based pyrometallurgy and acid-based hydrometallurgy.24 It
85 utilizes microorganisms such as chemolithotrophic and acid-
86 ophilic bacteria. These bacteria use sulfur powder (S°) or
87 FeSO4 as their primary energy sources and produce H2SO4 and
88 Fe3+ in the culture solution, which can dissolve metals such as
89 Co, Li, Ni, Mn, and Cu from the spent LIBs.25 Bioleaching
90 technology has been used to recover metals from ore, sewage,
91 spent catalyst, printed circuit boards (PCBs), and LIBs using
92 iron-oxidizing bacteria such as Acidithiobacillus ferrooxidans,
93 Leptospirillum ferrooxidans, and Sulfobacillus thermosulfidoox-
94 idans; sulfur-oxidizing bacteria such as Acidithiobacillus
95 thiooxidans;26−34 and fungi such as Aspergillus spp. and
96 Penicillium spp.35−42 Bioleaching of LIBs has been reported
97 with pulp densities in between 5 and 40 g/L in most of the
98 previous reports, where the batteries were from a single source
99 (e.g., mobile phones, laptops, or coin cells), and the battery
100 materials were separated for the lab-scale experiments by
101 manual dismantling.25,39,43−47 It took 10−15 days for the
102 bioleaching processes to achieve an efficiency of 80−95% for
103 metal extraction.43−45 Metal recovery from LIBs through the
104 bioleaching process at a high pulp density is challenging due to
105 the metal toxicity, substrate distribution, reduced dissolved
106 oxygen, and an inadequate air supply because of higher
107 viscosity.48

108 In this study, spent NMC-based LIBs were fully discharged
109 and grated by a mechanical shredder followed by fine crushing,
110 mimicking material preparation in industrial battery recycling
111 facilities. We screened four Acidophilic bacteria for the
112 bioleaching experiments and found that A. ferrooxidans
113 performed well at high pulp densities and exhibited fast
114 growth. A. ferrooxidans is Gram-negative, easy to grow, safe to
115 handle, and survives in acidic leaching media. A. ferrooxidans is
116 usually cultivated under aerobic conditions by oxidizing Fe(II)
117 or element sulfur (S°) as the primary energy source. The
118 objective of the current study is to investigate the capability of
119 A. ferrooxidans in the bioleaching of spent NMC-based LIBs at
120 a high-level of toxic metals in the black mass such as nickel
121 (160 g/kg), manganese (91 g/kg), cobalt (74 g/kg), and
122 lithium (52 g/kg) and to evaluate the leaching efficiencies of
123 these metals. The pH, redox potential, biogenic H2SO4, and
124 Fe3+ ion throughout A. ferrooxidans-mediated bioleaching
125 process were monitored. The production of H2SO4 and Fe3+

126 in the culture increased by elevating the dosage of nutrients to
127 increase the leaching efficiency. The bacterial culture was
128 replenished for three cycles to increase the leaching efficiency

129of metals within a short time frame. Inductively coupled
130plasma−optical emission spectrometry (ICP-OES) analyzed
131the element concentration; X-ray diffraction (XRD) and
132scanning electron microscopy−energy dispersive X-ray spec-
133troscopy (SEM−EDX) characterized the native NMC black
134mass and the bioleaching residue to confirm the leaching
135efficiency.

136■ EXPERIMENTAL SECTION
137Battery Powder Preparation from Source. Spent NMC-based
138LIBs were sourced from the e-waste collection facility at Nanyang
139Technological University, Singapore. The collected spent LIBs were
140fully discharged using 20% NaCl for 24 h and dried, after which they
141were shredded using a mechanical battery shredder. Steel cases and
142plastic layers were taken out manually. The crushed battery materials
143were further grounded by a benchtop kitchen blender to make a fine
144powder and sieved through 100 μm (∼160 mesh). Distilled water was
145used to clean the powder; the electrolytes and binders were removed
146by dying at 60 °C overnight and stored at room temperature before
147bioleaching experiments.45 After digesting 0.5 g of NMC powder with
14840 mL of aqua regia at 90 °C for 4 h, the metal content was
149determined by ICP-OES analysis.
150Cultivation of Microorganism. A. ferrooxidans strain (DSMZ
1511927) was purchased from DSMZ Germany, which was formerly
152isolated from mine water in Austria. The Modified 9K media based on
153the basal salts was used to culture A. ferrooxidans having the
154composition of (NH4)2SO4 (0.5 g/L), KCl (0.05 g/L), K2HPO4·
1553H2O (0.2 g/L), MgSO4·7H2O (0.5 g/L), Ca(NO3)2 (0.01 g/L), and
156FeSO4·7H2O (150.0 g/L). The dosage of FeSO4 was increased from
15744.2 to 150 g/L to increase the biogenic H2SO4 production and ferric-
158ion concentration in the culture media. The jarosite formation was
159minimized by reducing the dosage of ammonium and potassium salts
160from the original 9K medium (Table S1). The modified 9K medium
161was filter-sterilized after the pH was adjusted to 2 using 5 N H2SO4.
162With 90 mL of modified 9K medium, 10 mL of bacterial inoculum
163was added (10% (v/v) (to accelerate the bacterial growth within a
164short time)) in a 250 mL Erlenmeyer flask. The bacterial growth was
165induced by stirring at 160 rpm at 30 °C in a shaking incubator. The
166pH, redox potential (Eh), H2SO4, and ferric-ion concentration were
167monitored during the bacterial growth at different time intervals. We
168also attempted to count the cell numbers under a microscope (Zeiss,
169Primo star) by a counting chamber using a microscopic slide;
170however, we have seen that many bacterial cells settled on the
171precipitate (complex salt) that forms during the bacterial growth.
172Thus, the cell density measurement may not be accurate; in this
173situation, Fe3+ formation was measured, which is a good indicator to
174represent the biological activity of A. ferrooxidans.
175Bioleaching Studies. We have investigated the efficacy of high
176pulp densities (S/L ratios) in the bioleaching of NMC-based LIBs in
177this study because of hazardous elements such as cobalt, manganese,
178and nickel at high levels. A. ferrooxidans bacteria were cultured in the
179modified 9K medium using 50 mL of inoculum for 450 mL of
180medium 10% (v/v). After 7 days, when the bacteria already entered
181the logarithmic phase (Eh & Fe3+ constant) as well as the biogenic
182H2SO4 concentration reaches 0.5 M, 50 mL of the bacterial culture
183was transferred into 250 mL Erlenmeyer flasks. The NMC black mass
184with varying pulp densities of 20, 50, 70, 100, and 120 g/L was added
185into the flasks and kept in a shaking incubator at 160 rpm and 30 °C.
186The leaching liquor was separated and filtered from the residue at
187different time intervals, then analyzed by ICP-OES to check the metal
188recovery. In the current study, nickel, manganese, cobalt, and lithium
189have been chosen for the investigation due to their presence at high
190levels in NMC-based LIBs. A test experiment was conducted
191simultaneously under the same conditions with the modified 9K
192medium (150 g/L FeSO4) in place of A. ferrooxidans culture to test
193the effect of culture medium on the bioleaching of LIBs. During the
194process of bioleaching, water evaporation may happen; therefore, the
195culture medium was added into the flasks every day to compensate it.
196The metals’ leaching efficiency after the bioleaching process was
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197 calculated by comparing the aqua regia’s leaching results of NMC
198 black mass.

= ×A
B

metal leaching efficiency (%) 100
199 (1)

200 A = metal concentration in bioleaching and B = metal concentration
201 in aqua regia leaching.
202 Replenishing cycles were performed at the solid content of 100 g/L
203 using A. ferrooxidans culture and modified 9K medium (control). The
204 leaching liquor was taken out from the residual LIB powder every 24
205 h and the new bacterial culture was added into the system, and the
206 leaching process was continued for the next 24 h. A total of three
207 bioleaching cycles were carried out.
208 Analytical Methods. Determination of Fe3+ Ion. 5-Sulfosalicylic
209 acid (SSA) was used to estimate the Fe3+ ions by the reported
210 protocol.49 A. ferrooxidans oxidizes Fe2+ ions to Fe3+ ions to gain their
211 energy for the metabolic activities, and the formation of purple-red
212 color after complex with SSA is an excellent indicator of the bacterial
213 growth. Ferric-ion formation in the bacterial culture and the
214 bioleaching liquor were measured by adding 100 μL of culture
215 medium to 10% (w/v) SSA (3 mL). The solution was made up to 100
216 mL using deionized water. The purple-red color formation shows the
217 transition of Fe2+ ions to Fe3+ ions, and the absorption of the ferric
218 ions was measured using a spectrophotometer (Shimadzu; UVmini-
219 1240) at 500 nm.
220 Estimation of Sulfuric Acid. The biogenic sulfuric acid (H2SO4)
221 production during the bacterial growth and in the bioleaching
222 solution was estimated by the acid−base titration method published
223 earlier.45 Before the titration, the culture solution and the leaching
224 liquor were diluted 10−20 times using distilled water and then
225 centrifuged (10 000 rpm, 10 min). Thereafter, 10 mL of the solution
226 was titrated against 0.1 M NaOH using bromothymol blue as an
227 endpoint indicator. The following acid−base titration equation (eq 2)
228 was used to determine sulfuric acid concentration.

+ → +2NaOH H SO Na SO 2H O2 4 2 4 2229 (2)

230 Instruments Used for the Analysis. A Metler Toledo pH meter
231 (SevenCompact S220) was used to measure the pH and redox
232 potential at 25 °C. ICP-OES (PerkinElmer Optima 8000) was used to
233 determine the metal concentration. Scanning electron microscopy
234 (SEM−EDX) (JSM-7600F Jeol, Japan) was used to determine the
235 surface morphology and mapping of the metals in NMC powder and
236 the bioleaching residues. EDX mapping was recorded at a resolution
237 of 256 × 192 pixels at the magnification of 100× with an acceleration
238 voltage of 20 kV, and the total scan time was 506 s, with 10 frames.
239 INCA mapping software was used for the mapping of elements. X-ray
240 diffraction analysis was used to determine the composition of cathodic
241 material present in the native NMC-based LIBs and the bioleaching
242 residue. XRD analysis was done by a Bruker powder diffractometer
243 (AXS D8 advance) using Cu Kα radiation (WL = 1.54060) with a 40
244 kV acceleration voltage and a 40 mA current. The scanning speed
245 used for the XRD analysis was 1 s per step with a step size of 0.04
246 (total 1875 steps) from 5 to 80°.

247 ■ RESULTS AND DISCUSSION
248 Elemental Analysis of NMC Black Mass. The presence
249 of elements in the NMC black mass was quantified using aqua
250 regia (a 3:1 mixture of HCl and HNO3). Aqua regia (40 mL)
251 was mixed with 0.5 g of NMC powder, and the extraction was
252 initiated by heating and stirring at 90 °C for 4 h. Then, the
253 reaction mixture was filtered and the solution was further
254 diluted 100 times to measure the element concentration by

t1 255 ICP-OES. Table 1 shows the elements present in the black
256 mass: Ni (15.96%), Mn (9.10%), Co (7.44%), Li (5.16%), Cu
257 (2.82%), Al (0.62%), and Fe (0.97%). Nickel, manganese,
258 cobalt, and lithium are the main constituents of NMC-based
259 LIBs, and the other metals may come from hard cases and foils
260 used in the anode parts of LIBs.

261Growth Profile of A. ferrooxidans. A. ferrooxidans was
262cultivated in a shaking flask (160 rpm) at 30 °C; while it grows,
263the pH, oxidation−reduction potential (Eh), biogenic H2SO4
264production, and Fe3+ concentration were monitored at various
265periods. The changes in pH, Eh, as well as H2SO4 and Fe3+

266 f1levels during the growth of A. ferrooxidans are shown in Figure
267 f11. The culture medium’s pH increased in the first 3 days of
268incubation due to the conversion of Fe2+ to Fe3+ and the
269protons (H+ ions) in the medium used by the bacteria. During
270the first 3 days, the uptake of protons by the bacteria was more
271significant than it was produced. Thus, the pH was reduced
272when the propagation of H+ was more significant than its
273intake (eqs 3−6).43 After 3 days, the pH started decreasing
274from 2.4 and reaches 2.0 in 7 days and 1.8 in 20 days. In the
275first 7 days of incubation, the redox potential (Eh) increased
276sharply; after that, it becomes constant, suggesting the
277occurrence of the logarithmic phase of growth. During the
278growth of A. ferrooxidans, it acquires its energy by oxidizing the
279Fe2+ ions from iron sulfate to Fe3+ ions and, when the ferric
280ions complex with NH4

+ or K+ ions, forms jarosite or ferric
281hydroxide within the medium (eqs 4−8).50,51

+ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ++ + +4Fe O 4H 4Fe 4H O
A ferrooxidans2

2
. 3

2 282(3)

+ → ++ + +Fe H O Fe(OH) H3
2

2
283(4)

+ → ++ + +Fe 2H O Fe(OH) 2H3
2 2 284(5)

+ → ++ +Fe 3H O Fe(OH) 3H3
2 3 285(6)

+ + +

→ +

+ + −

+

3Fe (NH ) 2(SO ) 6H O

(NH ) Fe (SO ) (OH) 6H

3
4 4

2
2

4 3 4 2 6 286(7)

+ + +

→ +

+ + −

+

3Fe K 2(SO ) 6H O

KFe (SO ) (OH) 6H

3
4

2
2

3 4 2 6 287(8)

288The concentration of ferric ion increased to 37.82 g/L in 7
289days due to the high concentration of FeSO4 in the nutrient
290media. The biogenic H2SO4 produced by the bacteria also
291increased to 0.50 M in 7 days of its growth and reached 0.6 M
292in 14 days.
293Bioleaching Studies of NMC-Based LIBs. The increase
294in redox potential, biogenic H2SO4 and Fe3+ ion levels, and the
295reduction in the pH values of the culture medium stabilize after
2967 days of growth of A. ferrooxidans, which indicates the
297logarithmic phase. Usually, the logarithmic growth phase for A.
298ferrooxidans occur after 3 days; here, due to the high FeSO4
299level (150 g/L) in the medium, the logarithmic growth shifted
300to 7 days because the bacteria have sufficient nutrient to grow
301longer days.43 We have reported that breaking the battery
302powder involves a high concentration of ferric ions and

Table 1. Primary Element Composition of the NMC Black
Mass by ICP-OES Analysis

element % weight

Ni 15.96 ± 0.06
Mn 9.10 ± 0.03
Co 7.44 ± 0.02
Li 5.16 ± 0.07
Cu 2.82 ± 0.02
Al 0.62 ± 0.02
Fe 0.97 ± 0.01
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303 biogenic H2SO4 to discharge the metals from the inner
304 portion; otherwise, leaching happens just on the NMC powder
305 surface.48 Thus, the NMC black mass was added after 7 days of
306 the bacterial growth into the culture medium. After the black
307 mass addition, the pH, redox potential, biogenic H2SO4, and
308 Fe3+ concentrations were measured at various time frames

f2 309 shown in Figure 2. The time began from zero at the point of
310 NMC black mass addition to the A. ferrooxidans culture
311 medium in its logarithmic phase.
312 The pH values increase immediately consistent with the
313 pulp density due to the alkaline nature of the battery powder.43

314 There was an increase in pH for the pulp densities above 50 g/
315 L, in the early 2 days of bioleaching; however, there was no
316 significant change in the pH, which remains below 3 even at a
317 high pulp density of 120 g/L after 2 days, because the biogenic
318 H2SO4 concentration was high (0.5 M) in the culture medium.
319 A. ferrooxidans usually grow well at the pH of 2.0−2.5;
320 however, the pH value increased above 2.5 at high pulp
321 densities from 100 to 120 g/L.25,34 Under such conditions,
322 bacteria may live and grow, but they are less active when
323 comparing at lower pH values (Figure 2a). The metals in the
324 NMC black mass were leached into the solution because of the
325 protons induced by the bacteria that were used by the acid-
326 ingesting elements in the NMC powder.52 The release of
327 metals from the NMC black mass happens due to the
328 protonation of the oxygen atom in the complex of metals (eq
329 3).

330Similarly, the redox potential (Eh) also increases during the
331first 24 h of the bioleaching process. There was a sharp
332increase in redox potential for the pulp densities from 20 to
333120 g/L. On the second and third days of bioleaching, the
334redox potential slightly decreases for pulp densities 20−70 g/L
335and remains constant for the rest of the time due to the
336bioleaching process and the oxidation of Fe2+ ions into Fe3+ at
337the above range of pulp densities (Figure 2b). However, the
338redox potential slightly decreased or remained stable after 2
339days at the pulp densities of 100 and 120 g/L, supporting no
340more active bacteria to perform the bioleaching. When the
341bioleaching happens, LIBs are going through various
342oxidation−reduction processes that may alter because of the
343changes in the solution compositions. Redox potential is one of
344the vital and dominant factors in the oxidation process of ferric
345sulfate bioleaching.53−56 The oxidation/reduction potential
346(ORP) in the bioleaching process is generally defined by the
347Fe3+/Fe2+ redox couple, in which a high level of Fe3+ shows a
348high ORP.
349In contrast, the Fe3+-ion concentration falls when the pulp
350density goes on increasing. The biological activity of A.
351ferrooxidans is a vital parameter defined by the shifts in ferric-
352ion concentration in the process of bioleaching. The
353conversion of Fe2+ to Fe3+ during bioleaching indicates that
354the bacteria are still active and growing. During the first 24 h of
355the bioleaching process, the Fe3+ concentration decreased
356aggressively for the pulp densities from 20 to 120 g/L because

Figure 1. Changes during the growth of A. ferrooxidans: (a) pH and redox potential; (b) Fe3+ and H2SO4 concentration.

Figure 2. Changes happened during the bioleaching of NMC-based LIBs at different pulp densities by A. ferrooxidans: (a) pH, (b) redox potential,
(c) Fe3+ concentration, and (d) biogenic H2SO4.
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357 of the attack of ferric ions on the metals of the NMC powder;
358 this could be the reason for the reduction of ferric ions during
359 the bioleaching process. In the first 24 h, the Fe3+-ion
360 concentration decreased from 40 g/L to below 10 g/L at high
361 pulp densities of 100 and 120 g/L. This result indicates that
362 the bacteria could not tolerate high pulp densities and were
363 less active. After 2 days, the Fe3+ concentration in the
364 bioleaching medium was constant or slightly decreased for the
365 remaining days, which seems to be because the bacteria are still
366 active at lower pulp densities (Figure 2c). Even though there
367 was evidence of Fe3+ activity at pulp densities from 50 to 120
368 g/L, the metal toxicity of the bioleaching medium could not be
369 tolerated by the bacteria. A. ferrooxidans also utilized some of
370 the Fe3+ ions for the jarosite complex formation during its
371 growth.50,51

372 In the same way, the biogenic H2SO4 concentration falls
373 when the pulp density increases. A high level of biogenic
374 H2SO4 is necessary to break the battery powder and release the
375 metals from the inner part.48 Within 24 h of bioleaching, the
376 H2SO4 concentration decreased aggressively for the pulp
377 densities from 20 to 120 g/L because of the conversion of
378 metals into their sulfate form during the leaching process. The
379 H2SO4 concentration at high pulp densities of 100 and 120 g/
380 L decreased from 0.53 M to below 0.2 M in 24 h due to the
381 utilization of SO4

2− ions for the formation of corresponding
382 metal sulfates (Figure 2d). The concentration of metals is high
383 at higher pulp densities; therefore, they utilize more SO4

2−

384 ions, thus decreasing the sulfuric acid concentration in the
385 bioleaching solution.
386 Metal Extraction from NMC Powder. Cobalt, lithium,
387 nickel, and manganese concentrations were measured at

f3 388 different time intervals during the bioleaching process. Figure
f3 389 3 shows the recovery of the four metals at various pulp

390 densities from day 1 to day 14. The results showed that all four
391 metals’ leaching efficiency increases as pulp density increase
392 from 20 to 70 g/L; above that level, it decreases. At lower pulp
393 densities, the concentration of bioleaching metabolites such as
394 biogenic H2SO4 and Fe3+ was sufficient to extract the metals
395 from NMC powder. The metal dissolution at lower pulp
396 densities was also high due to high bacterial growth because of

397the O2 and CO2 solubility, and their transfer to the bacteria
398was good at the low viscosity of the solution. However, at the
399pulp densities 100 and 120 g/L, the activity of A. Ferrooxidans
400is less because of the high metal toxicity, lower oxygen level,
401and restricted air penetration due to the solution’s high
402viscosity, thus decreasing the metal recovery.43 When the
403battery concentration increases above 70 g/L in the
404bioleaching medium, the solution becomes more viscous;
405therefore, the penetration of oxygen is less into the bottom of
406the solution. The decrease in oxygen dispersion changes the
407metabolism of the bacteria, electron transport, and redox
408potential in the solution, and thus reduces the leaching
409efficiency.57 Metal recovery by the leaching process usually
410occurs via acid dissolution, but the acid intake can be reduced
411by adding an oxidizing agent such as H2O2 or Fe

3+.31,32 The
412metal recovery is increased by the combined effect of proton
413attack (acid) and the oxidation process in the bioleaching
414process.
415During the bioleaching process, the dissolution of metals
416occurs by the conversion of Ni3+, Mn4+, and Co3+ (insoluble)
417to Ni2+, Mn2+, and Co+2 (soluble form) via a series of
418biochemical reactions followed by acid dissolution.33 The
419response happened via the reduction reaction by Fe3+ ion
420followed by the acid dissolution of insoluble metal ions.25,52

421This process consumed a large amount of biogenic acid,
422leading to an increase in pH; however, the sufficient
423production of biogenic H2SO4 in the system led to a slight
424increase in pH. Lithium release from NMC powder occurred
425via direct acid dissolution by biogenic H2SO4. However, the
426sulfur metabolism of A. ferrooxidans initiates the intermediate
427sulfate formation of Co, Ni, Mn, and Li that supports the metal
428dissolution process in the leaching solution (eq 13). Even
429though a significant quantity of Fe3+ was generated in the
430reaction medium to reduce an insoluble form of metal ions
431(Co3+, Ni3+, and Mn4+) to the soluble form, the shortage of
432biogenic acid results in less solubility of metal ions in the
433solution. Xin et al. proposed the metal leaching mechanism eqs
4349−12 for the NMC-based LIB by Fe2+/Fe3+ redox reaction
435followed by the acid dissolution as shown below.52

Figure 3. Leaching efficiency of metals: (a) nickel, (b) manganese, (c) cobalt, and (d) lithium at different pulp densities (20−120 g/L) at various
periods during the bioleaching of NMC-based LIBs by A. ferrooxidans.
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441 In the bioleaching process, it is essential to optimize the
442 process to get high metal recovery at high pulp densities. When
443 working with high pulp densities, the method should be cost-
444 effective with high metal recovery because a smaller reactor
445 volume is sufficient for the bio-lixiviant (Fe3+ and H2SO4)
446 production, and the costs of growth nutrient and other
447 conveniences would be lower.58 In 7 days of bioleaching, 44%
448 Co, 56% Li, 47% Ni, and 43% Mn were leached out at a 70 g/L
449 pulp density; above that level, the metal recovery significantly
450 decreased due to the metal toxicity and other facts. The S/L 70
451 g/L could be the optimal battery powder concentration for the
452 bioleaching of NMC powder (Figure 3). The leaching
453 efficiency of all metals decreased considerably after 7 days
454 because of oversaturation of more metals in the leach solution,
455 thus precipitating onto the leaching residue.
456 Increasing Leaching Efficiency by Replenishing
457 Bacterial Culture. After 24 h, the leaching efficiency of

458metals was around Ni 34%, Mn 31%, Co 31%, and Li 46% at
459the pulp density of 100 g/L. It did not increase dramatically in
460the following days due to the high metal toxicity, lower
461dissolved oxygen, and limited air incursion due to the higher
462viscosity. Thus, to further increase the leaching efficiency, the
463NMC powder was replenished with the new bacterial culture
464after replacing the leached liquor every 24 h. In parallel,
465control tests were performed with nutrient media (pH 2.0) for
466the replenishing experiments. The higher concentration of
467biogenic H2SO4 and Fe3+ (bio-lixiviants) is essential to rupture
468the battery particles and release the metals from the inner part.
469The leaching efficiency increased to Ni 90%, Mn 92%, Co 82%,
470and Li 89% in 72 h after three replenishing cycles performed
471 t2with the new bacterial culture (Table 2). Due to the acidic
472nature of nutrient media (control) (pH 2.0) as well as
473extended hours of shaking, bioleaching also happened in
474nutrient media. However, the leaching efficiency of metals by
475A. ferrooxidans was 2.5- to 3-fold of that observed in media
476(control). The reason could be that the metal leaching happens
477only on LIB’s surface in nutrient media due to the lower
478concentration of H2SO4 and Fe3+.
479The metals extracted in the bioleaching processes can be
480separated by precipitation using oxalate or carbonate followed
481by regeneration of electrode materials by hydrothermal or
482calcination process.10,59−63 Lithium can be precipitated from
483the leach liquor after extracting other metals by adjusting the
484pH to 11−12 and precipitated as carbonate salts or extracted
485using solvents.45,62,64 Graphite can also be purified from the
486bioleaching residue by acid leaching followed by high-
487temperature calcination.65−67 The bioleaching happens only
488by metabolites produced by the bacteria such as biogenic

Table 2. Leaching Efficiency of Nickel, Manganese, Cobalt, and Lithium after Bioleaching with A. ferrooxidans by Replenishing
Three Cycles of Bacterial Culture (3 Days) compared with the Control (Modified 9K Media) at 100 g/L Black Mass

pulp density of LIB
powder g/L

bacteria/
media condition metal

1st leaching
24 h %

2nd leaching
24 h %

3rd leaching
24 h %

total %
leaching 72 h

metal recovery g/kg
black mass

100 A.
ferrooxidans

pH 1.93 Ni 36.46 ± 0.05 38.15 ± 0.38 15.77 ± 0.13 90.38 144.24
ORP 575.9 mV Mn 37.29 ± 0.20 37.90 ± 0.16 16.45 ± 0.08 91.64 83.39
Fe3+ 39.35 g/L Co 33.38 ± 0.20 34.52 ± 0.17 14.17 ± 0.06 82.07 61.06
H2SO4 0.53 M Li 39.32 ± 0.17 34.85 ± 0.14 14.62 ± 0.03 88.79 45.82

100 control
(media)

pH 2.00 Ni 20.72 ± 0.15 8.27 ± 0.10 3.54 ± 0.03 32.53 51.92
ORP 340.0 mV Mn 22.61 ± 0.17 9.21 ± 0.06 3.69 ± 0.03 35.51 32.31
Fe3+ 0.233 g/L Co 19.94 ± 0.08 7.71 ± 0.04 3.17 ± 0.01 30.82 22.93
H2SO4 0.045 M Li 22.22 ± 0.13 9.24 ± 0.03 4.37 ± 0.00 35.83 18.49

Figure 4. XRD analysis of original LIB powder of particle size <100 μm before and after bioleaching using A. ferrooxidans culture: (a) LIB powder,
(b) control (modified 9K media), and (c) bioleaching residue, after replenishing three cycles of bacterial culture (3 days) at 100 g/L of black mass.
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489 H2SO4 and ferric ions; thus, the bacterial cells can be collected
490 and reused for the subculture before adding the culture media
491 to the battery powder by filtration or centrifugation. Bacterial
492 cells lose their activity at the high pulp densities due to metal
493 toxicity during the bioleaching process. Hence, it would be
494 impractical to collect bacterial cells after the bioleaching
495 process for reuse.
496 In 2017, more than one million EVs were sold, and this will
497 generate an estimated 250 000 tons of waste battery packs in
498 the future.68 This bioleaching process is cost-efficient with high
499 efficiency in the extraction of valuable metals from spent car
500 batteries rather than extracting pure metals from the ores for

501the new battery production and supporting the growing
502electric vehicle market demands. This process also brings down
503the importing and supplying risk of pure metals from certain
504countries and strengthens the environmental quality by
505decreasing CO2 emissions toward a sustainable circular
506economy.69 These results are promising, which can be applied
507to scale up the process at high pulp densities.
508XRD and Field Emission Scanning Electron Micros-
509copy (FESEM) Analyses of Black Mass and Bioleaching
510Residue. The native NMC black mass and the bioleaching
511residues (100 g/L NMC black mass leached after replenishing
512bacterial culture for three cycles as well as nutrient media

Figure 5. Comparison of SEM images (500×, 5000×, and 10 000× magnifications) of native NMC-based LIB powder of particle size <100 μm (a−
c), leaching residue (control (modified 9K media)) (d−f), and bioleaching residue (g−i) (after replenishing three cycles of A. ferrooxidans culture
at 100 g/L of black mass).

Figure 6. EDX mapping of nickel, manganese, and cobalt of original LIB powder of particle size <100 μm (a−c), leaching residue (control
(modified 9K media)) (d−f), and bioleaching residue (g−i) (after replenishing three cycles of A. ferrooxidans culture at 100 g/L of black mass).
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513 (control)) were studied by XRD analysis to determine the
f4 514 changes in the metal concentrations after bioleaching (Figure
f4 515 4). In the native NMC battery powder, the cathodic material

516 LiNixCoyMn1−x−yO2 was identified at 2θ = 19, 37, and 45 and
517 the anode material graphite was observed at 2θ = 27 (Figure
518 4a).70 The XRD analysis showed the peaks of the cathodic
519 material in control; however, they were absent in the
520 bioleaching residue because of the presence of a high
521 concentration of bio-lixiviants (H2SO4 and Fe3+) in the culture
522 medium, where most of the metals leached out (Figure 4b,c).
523 Another important study for the bioleaching process is the
524 surface morphology analysis by scanning electron microscopy
525 (SEM). The SEM images of native NMC powder, battery
526 leaching residue by nutrient media (control), and the
527 bioleaching residue at 500×, 5000×, and 10 000× magnifica-

f5 528 tions are shown in Figure 5. There are significant differences in
529 the NMC powder’s surface morphology before and after the
530 bioleaching process, as evidenced by the SEM images. The
531 bioleaching residue’s surface turned porous and rough after the
532 bioleaching process; however, the native NMC powder’s
533 surface was smooth. The battery powder’s surface became
534 porous and corroded, caused by the metabolites (biogenic
535 H2SO4 and Fe3+ ions) produced by A. ferrooxidans.37 The
536 cathodic material (LiNixCoyMn1−x−yO2) in LIB was destroyed
537 more seriously after bioleaching, as shown by the SEM images,
538 due to the high concentration of biogenic H2SO4 produced by
539 A. ferrooxidans. EDX mapping of Ni, Mn, and Co before and

f6 540 after bioleaching (Figure 6) clearly showed that most of the
541 metals removed from the NMC black mass by the bioleaching
542 process (after replenishing three cycles of bacterial culture).

543 ■ CONCLUSIONS

544 In general, the current study showed that the bioleaching of
545 spent NMC-based LIBs by the autotrophic bacterium A.
546 ferrooxidans could be used as a feasible process for the recovery
547 of metals at high pulp densities. Metabolites such as the high
548 concentration of biogenic sulfuric acid produced by the
549 bacteria and their capability to oxidize ferrous ions to ferric
550 ions can leach out the metals indirectly from the spent LIBs.
551 Production of a high concentration of biogenic H2SO4 and
552 Fe3+ ions in the culture medium can be achieved by FeSO4

553 dosage increment in the nutrient medium. By refilling the new
554 bacterial culture every 24 h after removing the leach liquor
555 from the leaching residue, the leaching efficiency could be
556 increased to 80−90% in a short period at high pulp density.
557 The combination of high concentration of biogenic H2SO4 and
558 Fe3+ ions in the bacterial culture and replenishing three cycles
559 of bacterial culture increases the leaching efficiency of the
560 metals. The highest recoveries of 90% Ni, 92% Mn, 82% Co,
561 and 89% Li could be obtained at a high solid content of 100 g/
562 L in 72 h. The XRD, SEM, and ICP-OES analyses of NMC
563 black mass before and after bioleaching validated that above
564 80% of metals leached out from the black mass. This
565 bioleaching process is an eco-friendly and effective way of
566 recovering metals from LIBs in EV and very beneficial when
567 scaling up the process. Future work will apply this bioleaching
568 approach to other battery types to reduce the time of
569 bioleaching and scale up the process. We are also working
570 on the regeneration of the cathode and anode materials from
571 bioleaching solution and residue and reusing them in new
572 batteries.
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