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ABSTRACT

Recovery of critical metals like Co, Ni, Mn, Cu, and Li has become a high priority due to their limited
availability and environmental concerns. Lithium-ion batteries (LIB) contain substantial amounts of
these metals, but the current recycling rates are low and have many challenges. Bioleaching can
provide a promising alternative for metal recovery from wastes such as LIB, printed circuit board (PCB),
and slags due to its economic advantage and environment friendliness. Nevertheless, high
concentrations of toxic heavy metals inhibit the growth and metabolism of bioleaching
microorganisms. In this study, three environmental samples from a highly acidic lake with elevated
metal concentrations were used in enrichment and adaptation experiments to overcome this issue.
Using a universal medium, cultures were enriched with iron, sulfur, or a mixture of iron/sulfur as the
sole energy source. One promising culture was selected, enriched, and used for adaptation
experiments with elevated concentrations of Li*, Co?*, Ni**, Mn%, and Cu?. Cultures after enrichment
and adaptation were identified using 16S rRNA metagenomic analysis indicating that the dominant
genera included Acidithiobacillus, Alicyclobacillus, and Sulfobacillus. Finally, up to 100% recovery of Li,
Co, Ni, and Mn was achieved by direct bioleaching using the adapted enriched culture.

1.INTRODUCTION

Lithium-ion batteries (LIB) dominate the battery market with their use ranging from portable electronic
devices to e-bikes and electric vehicles (EV) due to their high energy density and longevity. LIB’s
components include the anode (e.g., graphite), a lithium metal oxide (e.g., LiCoO,) cathode, and a
liquid electrolyte. The most common types of LIBs include Lithium Cobalt Oxide (LCO), Lithium Nickel
Manganese Cobalt Oxide (LMC), and Lithium Iron Phosphate (LFP) (Boyden et al., 2016). The recent
boom in LIB production is greatly influenced by the transition from exhaustible engine vehicles to EVs.
This is the result of different countries especially developed countries like the USA, Japan, and the EU
taking new initiatives to reduce carbon emissions and move towards green energy (Kim et al., 2012).
It is predicted that 50% of the total vehicle production worldwide will be EVs by 2050 (Sonoc and
Jeswiet, 2014). This increase in usage and production of LIB will result in the production of huge
amounts of waste. It is estimated that around 200,000 tons of wastes from the LIB cathode alone was


mailto:lalropuia.lalropuia@k1-met.com

produced as of 2020 (Ali et al., 2021). Most of these LIB will end up in landfills and toxic metals like Co,
Ni along with other components pose a serious environmental threat as they could contaminate the
soil and groundwater and could be harmful to human health (Bankole et al., 2013).

Since spent LIB contains a substantial amount of critical metals like Co, Ni, Mn, and Li, they can be used
as an important secondary source for such metals. There is a huge potential for the recycling of LIB
whose current value is estimated to be $860 per ton for LiMnO4-based batteries while a staggering
$8900 per ton for LiCoO2-based cathodes (Wang et al., 2014). As the resources required for LIB are
limited and the production are concentrated only in a few countries like China, there arises a risk of
supply disruptions of the critical metals essential for LIB production especially Li, Co, Ni, and Mn (Sun
et al., 2019). Recycling of these LIB could help to mitigate the environmental impacts, minimize waste
production, and to lower the mining of virgin mineral resources required for LIB production (Bankole
et al., 2013). The current recycling process is mainly done through pyrometallurgical, mechanical, and
hydrometallurgical methods and these processes have many disadvantages like the production of
hazardous wastes (Boyden et al., 2016). To recover metals from the cathode material, nowadays
inorganic acids like hydrochloric acid (HCl), sulfuric acid (H,SO4), and nitric acid (HNOs) are mainly used
to leach the metals from the LIB waste which offers high metal recovery efficiency but has a negative
environmental impact and high energy consumption (Mossali et al., 2020). In recent years, research
on the application of bioprocesses in the field of metal recycling has become an emerging topic.
Organic acids such as citric acid, malic acid, and aspartic acids proved to be used as suitable leaching
agents. For example, almost 100% of Li and Co were recovered from LIB in the presence of H,0; using
such organic acids (Li et al., 2013).

Bioleaching, a process by which metals are solubilized using microorganisms, could be a viable option
for the recovery of critical metals from these LIB. Bioleaching provides several advantages over the
conventional method of recycling. Bioleaching is more environment friendly as it produces lesser
pollutants, is more cost-efficient, and has a lower energy consumption (Krebs et al., 1997). Bioleaching
microorganisms are mainly acidophilic and thermophilic which means that they can thrive, tolerate,
and grow at low pH and at high temperatures respectively. Most prominent examples are bacteria
such as Acidithiobacillus ferrroxidans, Acidithiobacillus thiooxidans, or archaea such as Sulfobacillus
thermosulfidooxidans. Bioleaching is mainly used for extracting metals from low-grade sulphidic ores
in which the Fe/S oxidizing microbes help in solubilizing metal sulfides by producing Fe3* and /or H,S0,4
as shown in eqn (i) and (ii) and the H,SO4 produced helps in lowering the pH of the surrounding (Sajjad
et al,, 2019). It is also used for recycling of e-waste such as printed circuit boards (PCBs) and other
waste streams such as ashes and slags. 96% Cu, 73% Ni, and 93% Co were able to be recovered from
(PCBs) using Leptospirillum ferriphilum and Sulfobacillus benefaciens consortia in a bioreactor (Hubau
et al., 2020). In a batch test bioleaching of ashes and slags from incineration residues, 100% leaching
efficiency of Zn, Cu, and Mn was able to be achieved using Fe and S oxidizing bacteria (Kremser et al.,
2021). As such, waste from LIB could be recycled using bioleaching resulting in increased research
activities in this area in recent years. Jegan Roy et al. (2021) reported that they were able to leach 90%
Ni, 82% Co and 92% Mn from spent NMC-based LIB using A. ferrooxidans. Another study demonstrated
that up to 96% of Co and Ni could be recovered using a mixed culture of Acidithiobacillus thiooxidans
and Leptospirillum ferriphilum from LIB collected from EVs (Y. Xin et al., 2016). The mechanisms
involved in bioleaching of LIB using Fe and S oxidizers are given below:(Roy, Cao, et al., 2021)

S%+ 1.5 0; + H,0 - 2H* + S04* > H,S04 (microbial, S oXidizers) .....cccceeeeveveieeeennnas (i)
4LiCo0; +6 HyS04 + > 2LirS04 + 4C0SO4 + 6H,0 + O, (chemical) ....vcvcveevevveeeecveevns (ii)

Fe2*+ LiCoO;, + 4H* - Fe 3* +Co2"* + Li* + H,0 (microbial, Fe oxidizers) .......c.ccccovuee... (iii)



Even though most acidophiles have a high tolerance to metals such as Co and Ni, LIB waste contains
high concentrations of metals combined with an acid-consuming character which could be inhibitive
for the growth of the acidophiles (Roy, Cao, et al., 2021). To improve their resistance and performance,
these microbes are often adapted to high metal concentrations before inoculating them with
substrates such as LIB, especially for the direct bioleaching approach. It involves direct cultivation of
the microbes with the LIB waste different from the indirect leaching where the bio-lixiviant is produced
and applied separately (Bosecker, 1997). In many of the studies, the adaptation process improves the
growth of the cultures in the bioleaching consortia and as a result, improves the leaching efficiency of
metals from the LIB (Bahaloo-Horeh et al., 2018; ljadi Bajestani et al., 2014; llyas et al., 2007).

Acidophiles and thermophiles are usually found in harsh environments such a. acid mine drainage or
in hot springs where there is low pH (<3) or high temperature (>30°C) and with high metal
concentration (Dopson et al., 2004; Salo-Zieman et al., 2006). Mixed cultures enriched from such
environments often have higher bioleaching efficiency as compared to pure cultures (Retnaningrum
et al., 2021; Xiang et al., 2010)

This study aims to recover critical metals like Li, Co, Ni, and Mn using a direct bioleaching process from
the BM of spent LIB with a microbial consortium that was enriched from samples taken from an acidic
lake. The enriched cultures were first pre-adapted to high metal concentrations to improve their
tolerance to such metals and the leaching efficiency of both the adapted and non-adapted cultures
were compared.

2.MATERIALS AND METHODS
2.1 Active material

Four types of black mass (BM) from spent LIB were received from a partner company after each has
undergone a pre-treatment process of dismantling, crushing, and sorting. Inductively coupled plasma
mass spectrometry (ICP-MS) analysis was done to obtain the elemental compositions for each type of
BM, as previously described by Kremser et al. (2021) for characterization of the ashes and sludges.

Table 1: Concentration of different metals present in the BM (NMC, LFP, PSP and HL) after ICP-MS analysis.

Concentration of metals ( %)

Li Co Ni Mn Cu Al

o NMC 2.76 14.5 5.86 4.17 9.19 5.26
3 s LFP 2.46 0.08 0.35 0.12 5.84 1.69
S o PSP 3.38 8.21 10.6 8.42 4.49 3.44
HL 4.37 29.2 5.84 4.06 6.57 5.09

2.2 Media and Microorganisms

Three soil samples (sample 1, sample 2, and sample 3) were collected for enrichment from Hromnice
Lake, Czech Republic which is an acidic lake formed on a previously pyrite mine (Hrdinka et al., 2013).
For all experiments, a universal medium (UM) as described by Nancucheo et al was used for cultivation
consisting of 7.5 g/1 of Na;S04-10H,0, 22.5 g/l of (NH4)2S04, 2.5 g/l of KCl, 25 g/ of MgS04-7H,0, 2.5 g/|
of KH,PO,4, 0.7 g/l of Ca(NOs),-4H,0 along with trace element containing ZnS04-7H,0, CuSO4-5H,0,
MnS04-4H,0, CoS04-7H,0, H3BOs, Na;Mo04-2H,0, NiSO4-6H,0, Na,Se04:10H,0, Na,W0,4-2H,0 and
NaVOs (Nancucheo et al., 2016). Three types of UM were prepared i.e., one for the cultivation of Fe
oxidizers at pH 1.7 with 50 mM of FeSO, added (Fe media), one for S oxidizers at pH 3.5 with 1% w/v



of elemental sulfur (S media) and another one for mixed culture of Fe/S oxidizers at pH2 with both 50
mM of FeSOsand 1% w/v of S added (FS media). The UM was sterilized using 0.2um pore sized filter
(Thermo Fisher, Nalgene rapid flow) All experiments were carried out in triplicates and incubation at
30°C and 150 rpm.

2.3 Enrichment process

5g of each soil sample 1,2 and 3 collected from the acidic lake were enriched in a 250ml Erlenmeyer
flask with 100 ml total volume using the Fe medium (1F,2F and 3F), S medium (1S,2S and 3S), and FS
medium (1FS,2FS and 3FS). The experiment was carried out at 30°C, 150 rpm for 14 days for Fe medium
and 21 days for S medium and FS medium. After the incubation, 10ml from each flask was taken and
re-cultivated to be used for further experiments. The remaining cultures were first centrifuged at 1500
rcf for 1 min in a 50 ml falcon tube to remove soil and other solid residues. Afterwards, the
supernatants were centrifuged in a fresh 50 ml falcon tube at 3700 rcf for 15 minutes to obtain cell
pellets. The cell pellets were stored at -80°C until they were sent for 16S rRNA metagenomic analysis.

During the experiment, 1 ml samples from each flask was taken every day for the first week and on
alternate days from the second week. To measure cell growth, samples to be measured were first
centrifuged at 1500 rcf for 1 min, followed by measurement of the optical density (OD) at 660 nm. The
samples were afterwards filtered through 0.45 um pore sized syringe filter into a fresh tube followed
by pH value, oxidation reduction potential (ORP) and Fe?*/Fe concentration were measured before
storing them at -4°C.

2.4 Adaptation to elevated metal concentrations

After enrichment of the soil samples, sample 2FS was selected for the adaptation experiment. 2FS
culture was adapted to high concentrations of Li*2, Co*?, Ni*2, Mn*2and Cu?* metals. 1M synthetic
solution of each metal was prepared using LiCl, CoCl,, NiCl,, MnSO4 and CuS04.5H,0 respectively with
ultra-pure water. The adaptation was done in 3 stages with increasing metal concentration after every
stage. The adaptation experiment was performed in 100 ml volume using a 250 ml Erlenmeyer flask
for 14 days for each stage at 30°C, 150 rpm. For the first adaptation (1A), second adaptation (2A) and
third adaptation(3A), the inoculation was performed with metal concentration corresponding to 2.5
g/l, 5 g/l and 10 g/l of BM, respectively. Each time 10 ml of the inoculum from the previous stage were
used for the next adaptation stage.

ORP, pH, OD and Fe?*/Fe were measured as discussed in section 2.3. Samples were collected after
every stage for 16S metagenomic analysis. After the third stage of the adaptation experiment, the
adapted consortia were used for the direct bioleaching of the BM.

2.5 Direct bioleaching

For the direct bioleaching experiment, the adapted and non-adapted 2FS consortia were pre-
cultivated each in a sterilized 100 ml baffled Erlenmeyer flask in a volume of 50 ml for 7 days. Following
the pre-cultivation, 1% of each BM was added to the flasks and the bioleaching experiment was carried
out for 7 more days. Samples were taken on day 2,5 and 7 and pH, ORP, OD and Fe?* were measured
similar to the previous experiments. At the end of the experiment, the pregnant leach solution (PLS)
from each flask was filtered using 50 ml syringe, 0.45 um pore sized nylon filter and the clear PLS
samples were sent for ICP-MS analysis. For calculation of the metal recovery % of the metals for the
adapted cultures, the concentration of each metal from the synthetic solutions added to the medium
during the 3 stages of the adaptation experiment were subtracted from the ICP-MS result to get the
actual recovery.



2.6 Analytics and apparatus

Incubation was done using an Infors HT Multitron Pro shaker (Bartelt, Austria). For pH and ORP
measurement, a Mettler Toledo S220 pH/ion meter with glass electrode was used. For OD
measurement, a DR3900 spectrophotometer (Hach Lange, Austria) was used. All sterilization was done
using a Systec VX-150 (Bartelt, Austria). Centrifugation was done using an Eppendorf 5427 R
(Eppendorf, Germany).

For the measurement of Fe?*/Fe concentration, 228 uL of ferrozine was mixed with 12 L of the sample
in a 96 well plate. Measurement was done in a Tecan infinite M200 pro plate reader at 562 nm. After
the addition of 45 pL of HONH,-HCl and 15 plL of NH4CHsCO, to the plate and waiting time 20 mins, a
second measurement was done again at 562 nm. The first measurement was for the Fe?* concentration
and the second measurement results in the total Fe concentration. A calibration curve was produced
using 0 mM, 0.1 mM, 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, and 1 mM of FeSO4 x7H,0.

For the ICP-MS analysis, the samples were sent to Eurofins Umwelt Osterreich GmbH and Co, Austria.
The samples were diluted to 1:100 with MiliQ water and for the internal standard, a 400 pg/I solution
of Sc was used. The 16S rRNA analysis was done as described in more detail in a previous study
(Kremser et al., 2022).

The recovery % of each of the metals were calculated using the following formula:
Recovery % = [(Cpis — C me)/ Cam]*100
where,

Cris—concentration of the metal in the PLS from ICP-MS result
C me concentration of the metal in the added synthetic metal solution.
Cem—> concentration of the metal in the BM

3.RESULTS AND DISCUSSION
3.1 Enrichment of the Soil samples

Following the cultivation of the sample 1,2 and 3 in the Fe medium (1Fe,2Fe and 3Fe), S medium (1S,2S
and 3S) and FS medium (1FS,2FS and 3FS) for 14/21 days, 165 rRNA metagenomic analysis was
performed to identify the microbial consortia of the enriched cultures. The analysis showed that the
dominant genera were Acidithiobacillus and Alicyclobacillus in both sample 1 and 2 while the genus
Sulfobacillus were most representative in sample 3 (Fig 1). For sample 1, Acidithiobacillus thiooxidans
and Alicyclobacillus disulfidooxidans species were identified in the S media, Acidithiobacillus
thiooxidans and Acidithiobacillus ferrooxidans in the FS media and a mixted culture of Acidithiobacillus
thiooxidans, Leptospirillum ferrooxidans and Acidiferrobacter thiooxydans in the Fe media.
A.thiooxidans uses elemental sulfur, thiosulfate or tetrathionate as a source of energy but cannot
oxidize iron. A. ferrooxidans and A. disulfidooxidans (formerly Sulfobacillus thermotolerans) are
acidophilic and mesophilic and can oxidise both iron and sulfur (Donovan P. Kelly and Ann P. Wood,
2000; Karavaiko et al., 2005). L. ferrooxidans is an iron oxidizing acidophilic and mesophilic bacterium
(Hans Hippe, 2000) while A. thiooxydans is a thermo-tolerant facultatively anaerobic bacterium and
can oxidizes both iron and sulfur(Hallberg et al., 2011). In sample 2, Acidithiobacillus thiooxidans and
Alicyclobacillus disulfidooxidans species were identified in both the S media and the FS media while a
mixture of Acidithiobacillus thiooxidans, Leptospirillum ferrooxidans and the extremely acidophilic Fe
oxidizing heterotrophic bacteria Ferrithrix thermotolerans were found in the Fe media. The species
identified in sample 3 were mainly of the genus Sulfobacillus where S. thermotolerans and S. harzensis
were found in both the S media and FS media whereas S. thermotolerans and A. ferrooxidans were



found in the Fe media. S. thermotolerans and S. harzensis are thermophilic and acidophilic and can
oxidizes iron and sulfur in the presence of small amount of yeast extract (Bogdanova et al., 2006; Zhang
et al.,, 2021).
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Figure 1: Result of 16S metagenomic analysis of microbial communities a) samples 1, b) sample 2 and c) sample 3 resulting
from an enrichment experiment in Fe and S containing media.

For the enrichment in S media, the OD in 1S and 2S (Fig 2a) started to increase after day 7 and
continued to increase until day 21, whereas the pH for 1S and 2S (Fig 2b) decreased to 0.5 and 0.47,
respectively, at day 21. No increase in OD or decrease in pH was observed for 3S. (Fig 2a and b). The
decrease in pH in 1S and 2S is the result of the S metabolizing bacteria Acidithiobacillus thiooxidans
and Alicyclobacillus disulfidooxidans oxidizing the added elemental S in the media to H,SO, .as shown
in egn (i) (Dopson and Johnson, 2012). A. thiooxidans and A. disulfidooxidans have been reported to
occur in a bioleaching industrial heap of copper sulphides where the abundance of A. thiooxidans was
constant through the different leaching cycles (Remonsellez et al., 2009). The Fe?* in the experiment
1FS and 2FS (Fig 2c) and 1Fe and 2Fe (Fig 2e) were almost completely oxidized by the Fe oxidizing
bacteria after day 10 which was observed by the ferrozine method and at the same time the ORP
reaches more than 600 mV due to the Fe redox reaction (Hansford and Vargas, 2001). This is most
likely due the presence of Fe oxidizing bacteria like the A. ferroxidans and L. ferrooxidans in both
sample 1 and 2. The lower activity i.e. lower OD, lower Fe oxidation rate and stable pH for sample 3
cultures in all of the 3 media as compared to sample 1 and 2 (Fig 2) could be attributed to Sulfobacillus
being the dominant species in sample 3 which are thermophilic with optimum temperature of <40 °C
and usually grown with yeast extract. The cultivation medium has no added yeast extract, and the
experiments are carried out at 30 °C and hence the experimental condition and set up may not be
optimal for these cultures to grow and oxidize Fe or S substantially.
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Figure 2: [a,c &e] Measurement of OD and Fe(ll) using ferrozine solution [b,d &f] pH and ORP measurement, during the
enrichment experiment of microbial communities (samples 1,2 and 3) in S media (a & b), FS media (c &d) and Fe media (e

&f).
3.2 Adaptation to metal solution

Direct bioleaching of LIB has many challenges such as the inhibition of the microbial community due
to the toxicity and acid consuming nature of the LIB which increases the pH (Roy, Madhavi, et al., 2021).
Therefore, the culture enriched in the FS media is expected to be more promising for the direct
bioleaching of the LIB. Furthermore, mixed cultures of Fe/S oxidizers proved to be more efficient in
most bioleaching experiments as compared to pure Fe or pure S oxidizing culture (Akcil et al., 2007;
Qiu et al., 2005). The H,SO4 production through oxidation of S could also stabilize or even lower the
pH of the media when the cultures are mixed with the BM. Sample 2FS was chosen as the direct
bioleaching culture since it showed the highest OD, lowest pH, and highest Fe 2* oxidation rate
compared to the other two samples (Fig 2c and 2d). To improve the tolerance of the 2FS cultures to



the toxicity of the metals in the LIB, a series of 3 adaptation experiments (1A,2A and 3A) were
performed using synthetic solutions of Li, Co, Ni, Mn, and Cu for 14 days for each stage with increase
in concentration after each stage. There have been numerous studies of pre-adaptation of the
bioleaching microorganisms to high metal concentrations or to the LIB waste. In the study made by
Heydarian et al. (2018), a mixed culture was adapted to LIB in different cycles, and it was reported that
the cultures stop growing above 40 g/l of pulp density and the pH was required to be controlled due
to the alkaline nature of the LIB. From Fig 3a, the cell growth of 2FS is not inhibited by increasing metal
concentrations in fact, the OD of the 1A,2A and 3A are higher than the non-adapted cultures. The
cultures were also able to oxidize the Fe?* to Fe3* almost completely even during the third adaptation
(3A) and the decrease in pH further indicate that S oxidation was taking place at the same time (Fig 3a
and 3b).

a
) C—1A_0OD =24 _0D E 32 _OD ——1nen adapted_OD
weaayees 1A _Fe weanfgaas 2B Fe seacgeas 3/ Fe =««}s-- nion adapted _Fe
0,45 - r 70
0.4 A
r a0
0,35 4
- 50
0.3 4 _
Z 0,25 L a0 E
8';' 02 <
. - 30 @
0,15 4
F 20
0,1 A
0,05 F 10
o — 0
1 2 5 7 9 12 14
no.of days
—  — T o ] . 3A _pH [ non adapted_pH
b)  oo1aom ceeediees 24 _ORP coane. 3A_ORP «ee D= nion adapted_ORP
25 - BO0
2
z 15 <
E
1 &
e
[=]
0.5
o

no.of days

Figure 3: a) OD and Fe(ll) measurement b) pH and ORP measurement during the first (1A), second (2A) and third (3A)
adaptation experiments of the enriched sample 2 in FS media using different concentrations of Li, Co, Ni, Mn and Cu.

3.3 Direct bioleaching of the LIB

It has been reported that the direct bioleaching of LIB at high pulp density results in lower recovery of
metals (Niu et al., 2014). Therefore, for the direct leaching experiment using the adapted and non-
adapted 2FS, 1 % pulp density of LIB (NMC and HL type) was used. The adapted and non-adapted 2FS
consortia were pre-cultivated for 7 days with just the medium at 30°C, 150 rpm and different
parameters like pH, ORP, OD and Fe?*/Fe were measured at the end of the pre-cultivation. Afterwards,
the two BM types NMC and HL were added to each of the cultures i.e., adapted, and non-adapted



separately and the bioleaching was continued for 7 more days. From Fig 4a, the adapted cultures have
higher OD in both the BM type (NMC and HL). The Fe?* were almost completely oxidized (Fig 4a) at day
0 i.e., after the pre cultivation, but after the LIB were added, the Fe**concentration increased to 40-50
mM which indicate that the Fe in the LIB was leached out. Fig 4a show that the adapted cultures were
able to thrive more in both the BM type. The pH in all of experiments were below 1.5 which is ideal for
leachability of the metals and prevents possible precipitation of metals such as Fe which precipitates
at around pH 3 (Nurmi et al., 2010). In the study made by Mishra et al. (2008), they were able to leach
65 % of Co from LIB using adapted A. ferrooxidans. Up to 94% of Co and 60% Li were recovered in 3
replenishing cycles using A. ferrooxidans as inoculum in 72 hrs with 10% pulp density (Roy, Madhavi,
et al., 2021). Cultures enriched from soil samples were used for bioleaching of LIB where 62.83% of Li
were recovered after 15 days (Hartono et al., 2017). To the best of the author’s knowledge, there has
not been any study where complete recovery of combination of metals like Li, Co, Ni and Mn has been
achieved during direct bioleaching of LIB.
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Figure 4: [a] Fe (Il) and OD measurement [b] pH and ORP measurement during the direct bioleaching of BM (NMC and HL
type) using both non-adapted and adapted microbial cultures (sample 2 consortia) in FS media for 7 days at 30°C,150 rpm.



3.3.1. Metal recovery

The ICP-MS analysis of the PLS after the leaching experiments indicated that a high concentration of
Li, Co, Ni, Mn, Cu and Al were leached from the LIB as shown in table 2

Table 2: Concentration of the different metals in the PLS after the direct bioleaching of the BM

Culture(BM type) Metal concentration (mg/I)

Li Co Ni Mn Cu Al
2FS(NMC) 303.6 1609.6 643.9 490.6 348.6 581.3
adpt 2FS(NMC) 377.5 1986.4 805.6 606.1 443.8 653.6
2FS(HL) 329.8 2305.1 480.7 342.3 440. 372.3
adpt 2FS(HL) 482.1 3186.4 709.6 508.1 679.8 507.5

After the recoveries of each metal were calculated, some exceeded 100% which may be due to the
inhomogeneity of the BM. Normalization was done for the metal recovery according to the highest
recovery rate of each metal (Fig 5). For both BM types, the adapted cultures had higher recovery rates
for all the metals. For NMC, the adapted cultures improved the yield from 80% to 100% for Li, 81% to
100% for Co, 79% to 100% for Ni and 80% to 100% for Mn as compared to the yield of the non-adapted
cultures (Fig 5).
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Figure 5: Recovery (%) of metals from the LIB after direct leaching experiment using adapted and non-adapted 2FS culture
for 7 days. The recovery % is normalized according to the highest recovery % (which is above 100%) for each metal.

Studies have suggested that the leaching of Li* is mainly by acid dissolution and leaching of metals like
Co?* and Ni?* were by a combination of Fe?* reduction and the acid attack.(B. Xin et al., 2009). Co and
Ni are mostly present as Co* and Ni** respectively in the LIB which is less soluble as compared to the
more soluble Co* and Ni*".A study by Wu et al., 2019 show that the presence of pyrite and Fe?*
improves the bioleaching efficiency of Co and Ni where Fe?* act as a reducing agent to convert the less
soluble Co* and Ni** to the soluble Co?* and Ni?*. The equation for Co dissolution in the presence of
Fe?*is given below.

2FeS04 + 2LiCo0; + 4 H2S04 — Fe(S04)s + 2 COSO4 + LizSOs + 4H20 oo, (iv)

There have been studies for the effect of metal catalysts on bioleaching of spent LIB. For example, Ag*
could promote the dissolution of Co from LiCoO, using A. ferrooxidans with the formation of AgCoO as
intermediate product (Zeng et al., 2013). There has also been a report where the bioleaching efficiency



of Co greatly increased from 43.1% to 99.9% by using Cu?* as a catalyst. The equation is as given below.
(zeng et al., 2012)

CUZ* + LICOO2—> CUC204 + Li* srrerres s oeeeeeeeeeeereeeeseeseesesses s (v)
CuC0o,04+ Fe3* — B6Fe? + Cu?* +20;3 + 2C0%" .evoeeeeceeeeeeesseeeiee (vi)

Similarly, in the current direct leaching experiment, the dissolution of Li, Co, Ni and Mn could follow
the pathway as shown in eqn (iv). The Li was leached by the H,SO4 produced as a result of the S
oxidation by A. thiooxidans while Co, Ni and Mn were solubilized by the combination of the acid attack
and Fe reduction. Furthermore, the BM has high concentration of Cu and Fe which could be leached
out from the BM. The leached Cu could act as a catalyst and further promotes the dissolution of Co, Ni
and Mn as shown in egn (v) and (vi). The Fe oxidizing bacteria A. disulfidooxidans produces the Fe** by
oxidizing the leached Fe?* from the BM which further helped in the dissolution of Co/Ni/Mn.

4.CONCLUSION

A mixture of Acidithiobacillus thiooxidans and Alicyclobacillus disulfidooxidans identified in enriched
samples collected from the acidic lake proved to be a very promising culture for the bioleaching of LIB.
The cultures could tolerate a high metal concentration and the adaptation step greatly improved the
recovery of metals during the bioleaching of the BM. A leaching efficiency of up to 100% of Li, Co, Ni
and Mn from NMC and up to 100% of Cu from HL was accomplished by the adapted culture. The high
leaching efficiency could be attributed to the leached Cu from the BM acting as a catalyst for the
dissolution of the metals from the BM.
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