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Lithium, an important component in lithium-ion batteries, has been placed on the European 

Unionôs critical raw material list. Recycling end-of-life lithium-ion batteries is crucial to 

preserving natural lithium resources. Current recycling processes do not focus on lithium, 

and lithium is often lost during recycling.  

Current methods of recycling are either extremely energy intensive or utilize large quanti-

ties of hazardous chemicals. Bioleaching has been proposed as an alternative method to the 

current methods. Bioleaching is a more environmentally friendly method, as the leaching 

conditions are much milder. Bioleaching operates at mild temperatures, and much lower 

concentrations of hazardous chemicals are used.  

In this work, bioleaching of spent lithium iron phosphate battery black mass is investigated. 

Bioleaching of spent lithium iron phosphate batteries requires optimization to operate at an 

industrial level. In this work, the significance of two different bacteria, and their mixed con-

sortium is investigated. Additionally, the optimum pulp density and optimization of bi-

oleaching medium are investigated. 

Overall good leaching of lithium was achieved. Mixed consortium with lower pulp density 

was observed to have the highest leaching efficiency of lithium. The composition of the bi-

oleaching medium did not have significant influence on leaching efficiency. This can re-

duce the operational costs, due to lower raw material costs.   
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Litium-ioni akkujen pääraaka-aine, litium, on lisätty Euroopan Unionin kriittisten raaka-ai-

neiden listalle vuonna 2020. Käyttöiän lopussa olevien litiumakkujen kierrätys on erityisen 

tärkeää litium varantojen säästämisen näkökannasta. Nykyiset kierrätyskeinot eivät ota huo-

mioon litiumia, joka usein tuhoutuu prosessien aikana. 

Nykyiset kierrätysmenetelmät ovat joko erittäin energia intensiivisiä, tai käyttävät suuria 

määriä vaarallisia kemikaaleja. Bioliuotusta on ehdotettu vaihtoehtoisena menetelmänä ny-

kyisten menetelmien sijalle. Bioliuotus on ympäristöystävällisempi menetelmä, sillä liuotus 

olosuhteet ovat paljon miedommat. Liuotus lämpötilat ovat huomattavasti alhaisemmat, 

eikä vaarallisia kemikaaleja tarvita suurissa pitoisuuksissa.  

Tässä työssä tutkittiin litiumin bioliuotusta kuluneista litium rauta fosfaattiakusta. Kulunei-

den litium rauta fosfaattiakkujen bioliuotus vaatii optimointia pystyäkseen toimimaan teol-

lisessa mittakaavassa. Kahden eri bakteerin, sekä näiden konsortion vaikutusta arvioitiin 

tässä työssä. Lisäksi arvioitiin massatiheyden sekä bioliuotus median koostumuksen merki-

tystä liuotus tehokkuuteen. 

Yleisesti litiumin liuotustehokkuus oli korkea. Kahden bakteerin konsortio, pienellä massa-

tiheydellä oli kokeiden perusteella tehokkain. Bioliuotus median koostumuksella ei ollut 

kokeiden perusteella merkittävää vaikutusta liuotustehokkuuteen. Tämän johdosta operaa-

tiokustannuksia voidaan laskea, sillä raaka-aineiden hinta pienenee.   
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ὧ Measured metal concentration in blank sample, [ppm] 
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ά  Initial mass of sample, [g] 
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ὠ  Digestion volume, [L] 
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ὠ  Sample volume, [L] 

ὠ  Volume of the experiment system, [L] 

 

Greek characters 

ə  Conductivity, [ms/cm] 

 

 



Dimensionless quantities 

ὲ Nth sample 

ὸ Sampling time 

 

Abbreviations 

A. ferrooxidans  Adidithiobacillus ferrooxidans 

ANC  Acid Neutralization Capacity 

ANOVA  Analysis Of Variance 

A. thiooxidans  Acidithiobacillus thiooxidans 

CCF  Central Composite Face-centered design  

CRM  Critical Raw Material 

CCR  Carbon Reduction Roasting 

DOE  Design Of Experiments 

EDS  Energy Dispersive Spectroscopy  

EOL  End-of-life 

EPS  Extracellular polymeric substances 

EU  European Union 

EV  Electric Vehicle 

GHG  Greenhouse Gas 

ICP-MS   Inductively Coupled Plasma Mass Spectrometry 

IOB  Iron-oxidizing bacteria 

LCA  Life Cycle Assessment 

LCE  Lithium Carbonate Equivalent 

LCO  LiCoO2 



LFP  Lithium Iron Phosphate 

LIB   Lithium Ion Battery 

LiFePO4  Lithium Iron Phosphate 

LMO  LiMn 2O4 

NCA  Lithium Nickel Cobalt Aluminum Oxide  

NCM  LiNiMNCoO2 

PVDF   Polyvinylidene Fluoride  

RSM  Response Surface Methodology 

SEM  Scanning Electron Microscopy 

SOB  Sulfur-oxidizing bacteria
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1  Introduction 

As society shifts towards carbon neutrality to combat climate change, the necessity of de-

carbonizing the transport sector has skyrocketed. Between 1990 and 2019, the emissions 

caused by the transport sector increased by 80%. After the energy sector, vehicles alone are 

the second largest contributor to greenhouse gas (GHG) emissions. (Bahman, et al., 2025) 

GHG emissions are still rising, due to reliance on fossil fuels and increasing demand of 

mobility. Electric vehicles (EV) are a promising option to decarbonize the transportation 

sector. Which is why many countries have set goals to completely exclude the use of diesel 

and petrol cars by 2050, replacing them with EVs. However, as road emissions drop to zero 

with the implementation of EVs, the indirect emissions from the energy sector would in-

crease to higher than current levels of direct emissions. (Zhang & Fujimori, 2020) Thus, 

recycling end-of-life (EOL) lithium-ion batteries (LIB) is of upmost importance as a circular 

supply chain has the ability to reduce indirect emissions significantly. (Machala, et al., 2023) 

Bioleaching, a branch of hydrometallurgy, is a promising method in the pursuit of lowering 

GHG emissions from the transport sector. Current practices for recycling of spent LIBs uti-

lize either hydrometallurgical or pyrometallurgical methods. These methods are either ex-

tremely energy intensive or extremely hazardous chemicals are used. Bioleaching would be 

a significantly milder and more environmentally friendly method. Currently, bioleaching as 

a recycling method is not optimized well enough to be economically feasible to be utilized 

as is on an industrial scale. (Tabelin, et al., 2021; Tian, et al., 2024) 

In recent years, the European Union (EU) has included lithium on the critical raw materials 

(CRM) list. Due to itsô high demand in the battery industry and the geological challenges of 

lithium rich mineral deposits. (Alesia, et al., 2021; European Commission, n.d.; Meshram, 

et al., 2014) Recycling of lithium from spent lithium-ion batteries (LIBs) needs more atten-

tion from researchers. Overall, LIBs are recycled at low levels, and the current recycling 

processes do not consider lithium as a valuable material to be recovered and is typically lost 

in the recycling process. Some countries have mandates to recycle spent LIBs, but these 

mandates do not include recovery of lithium. (Pistoia, et al., 2018; Tabelin, et al., 2021) 

Further issues are caused by the lack of standardized cathode chemistry in LIBs. Most re-

search utilizing bioleaching is focused on lithium cobalt oxide (LCO) batteries, as this was 
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the first ever LIB to be commercialized. Today, the automotive industry is shifting towards 

cobalt free batteries, as cobalt is expensive, and a diminishing natural resource. Due to this 

industrial wide shift, lithium iron phosphate (LFP) batteries have become more popular in 

the automotive industry. LFP batteries have suffered from underestimated recycling value, 

thus causing a serious lack of research on their recycling. (Pistoia, et al., 2018; Zhang, et al., 

2022) 

This thesis consists of two parts: a literature review on lithium resources and applications, 

specifically LIBs and recycling of spent LIBs. This is followed by experimental work. The 

purpose of the experimental part of this thesis was to study the bioleaching efficiency of 

spent LFP black mass using two different strains of bacteria, and a mixed consortium. Fur-

ther goal was to optimize the used bioleaching medium, and the pulp density.  
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2  Lithium 

Lithium was discovered in 1817 by Johann Arfvedson in Utö Island, Sweden. Lithium is 

unlike other Alkali metals as it was found in a mineral, whereas other alkali metals were 

found in organic plant matter. The name lithium comes from Greek ñLithosò, which is trans-

lated to ñstoneò. (Tabares, 2013) At 20 °C, lithium has a density of 0.534 g/cm3, which makes 

it the lightest solid Alkali metal. (Priyadarsini & Das, 2025), (Royal Society of Chemistry, 

2025).  Furthermore, lithium has a high electrochemical potential of 3.045 V (Meshram, et 

al., 2014). 

In 2020 the EU included lithium in the CRM list, among 29 other raw materials, due to the 

increasing demand for EV batteries (Alesia, et al., 2021; European Commission, n.d.). A 

growth of 87 % in the lithium market is expected by this year (2025) (Moazzam, et al., 2021) 

The sudden spike in demand of lithium is causing a global ñlithium rushò (Gourcerol, et al., 

2019). It is evident that lithium is an attractive raw material in mitigation of climate change. 

This chapter will discuss the primary and secondary resources of lithium, the most popular 

industrial applications of lithium, and recycling of spent lithium-ion batteries. 

2.1  Applications 

Lithium has unique electrochemical properties and thus has a wide range of applications. 

Common applications for lithium are in the fields of ceramics, metallurgy, batteries, fuel 

cells, aerospace, biomedical, and pharmaceuticals. Lithium is the standard treatment for bi-

polar disorder and has shown potential for treatment of other neurodegenerative disorders. 

(Priyadarsini & Das, 2025) In the shift to a low carbon economy, lithium is an essential 

element (Alesia, et al., 2021). The annual global demand of lithium for the most prominent 

applications is presented in Table 1.  
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Table 1. Annual demand of lithium globally, in years 2019/2020 (Alesia, et al., 2021) 

Application Demand [t/a] 

Batteries (incl. rechargeable & non-rechargeable) 43 700 

Ceramics 1 500 

Glass-ceramics 7 800 

Greases 7 000 

Polymers 7 000 

Metallurgical powders 3 100 

Glass 2 300 

Air treatment 1 500 

Other 5 500 

Total 79 400 

  

As seen from Table 1. the need for lithium in the battery industry covers more than half of 

the lithium demand globally. In 2014 primary applications of lithium were still in ceramics 

and glass manufacturing.  LIBs accounted for 50 % of all battery types in 2018 (Tabelin, et 

al., 2021).  

The demand for lithium is at an uprise, as EVs are becoming increasingly popular. Report-

edly, in 2017 6.23 million EVs were registered globally, by 2030 that number is expected to 

rise to 253 million. (Priyadarsini & Das, 2025) In China the number of registered EVs rose 

by 89.2 % between 2016 and 2017. Furthermore, Norway has set a goal to ban the selling of 

diesel and petrol cars in 2025, and other European countries will follow suit in 2030 and 

2040. According to some scenarios by 2050 the sum of plug-in hybrid EVs and fully electric 

EVs sold annually will be 109 million units. These above-mentioned reasons will cause a 

spike in the sales of EVs, which in turn increases the demand for battery materials such as 

lithium. (Tabelin, et al., 2021; Pistoia, et al., 2018)  
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2.2  Lithium resources 

Occurrence of lithium in nature is rather common: earthôs crust is estimated to contain 

0.0017 % of lithium; however, economically suitable concentrations for mining are unevenly 

distributed across the globe (Tabelin, et al., 2021), (Moazzam, et al., 2021). Nearly 70 % of 

all lithium deposits are located in the so-called lithium triangle, or South Americaôs ABC: 

Argentina, Bolivia and Chile (Meshram, et al., 2014). Puna plateau is an area of 400 000 

km2, which covers regions in Argentina, Bolivia, and Chile with lithium-rich salars (Kesler, 

et al., 2012). Australia, USA and China too have significant deposits of lithium, Australia 

being the largest lithium producer globally, producing 54 % of all lithium (in 2019) (Tabelin, 

et al., 2021). All major pegmatite, brine and other deposits are illustrated in Figure 1.  

 

 

Figure 1. Locations of all significant lithium deposits across the globe; pegmatite (blue), 

brine (green), and other (red) (adapted from: Kesler, et al., 2012) 

 

Lithium is extremely reactive and will actively pursue forming cations with +1 charge by 

losing its single valence electron, which is the reason why lithium does not occur in ele-

mental form in nature. (Tabelin, et al., 2021; Royal Society of Chemistry, 2025) Lithium is 

found in various minerals, salt lakes, igneous rocks, and various brines. Pegmatite minerals 
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have the highest lithium concentration, of these minerals spodumene is the principal mineral 

being mined. (Meshram, et al., 2014)  

59 % of the worldôs li thium resources are distributed in various brines, such as salt lakes, 

seawater, and waste lithium electrolyte (Moazzam, et al., 2021). Concentrations of lithium 

in brine are typically lower than in minerals. Additionally, lithium may be unevenly distrib-

uted within the same lakebed, making exploration of lithium pricy. Extraction of lithium 

from brines may, however, be less strenuous than extracting lithium from pegmatites. This 

is due to most brine deposits being in one geological area and not scattered in vast geological 

areas. (Tabelin, et al., 2021) It is estimated that 44.8 billion tons of lithium may be recover-

able from the oceans. Recovering lithium from sea water may, however, prove to be eco-

nomically non-sensible (Pistoia, et al., 2019) 

Primary sources, minerals and brines, will eventually be exhausted as they are non-renewa-

ble (Moazzam, et al., 2021). According to the European Commission (European Commis-

sion, 2022), lithium demand will outgrow the supply by 2030 unless new approaches are 

implemented. The forecast for lithium demand-supply balance globally was estimated by the 

European Commission. This is presented in Figure 2. 
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Figure 2. Global lithium supply-demand balance forecast between 2016-2040, (t LCE) 

(European Commission, 2022) 

 

According to the supply-demand forecast conducted by the European Commission, by 2040 

the primary and secondary sources will cover only 30 % of the global lithium demand. Ac-

cording to some estimates all of earthôs lithium resources will be exhausted by 2400. Extra-

terrestrial mining is being explored by multiple companies, both government space agencies, 

for example NASA, and space mining start-ups, like SpaceX. However, the abundance of 

lithium on Moon rocks is lower than on the Earthôs crust, at <0.0015 %. (Tabelin, et al., 

2021)  

The strain on lithium availability caused by the growing EV market has been investigated 

by several researchers. The results of the various studies are contradictory, as the estimates 

of the required amount of lithium by the EV market in future are disagreed upon. Many 

factors need to be considered when estimating the lithium demand of the future EV market. 

Regardless, more focus should be shifted to recycling lithium from spent LIBS, as this pro-

motes circular economy and has the potential to lessen the environmental burden caused by 

the transport sector. (Machala, et al., 2023; Pistoia, et al., 2018)  
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3  Recycling of lithium-ion batteries 

LIBs are widely used in the transport sector due to their high energy efficiency and high-

power density (Wei, et al., 2023). LIBs are expected to be the most significant contributor 

in the decarbonization of the transport sector (Chitre, et al., 2020). LIBs are used for various 

purposes ranging from handheld electrical devices, medical devices, and battery packs for 

EVs (Sigi, et al., 2019). At present LFP, LCO, LiMn 2O4 (LMO), and lithium nickel manga-

nese cobalt oxides (NCM) are the most common cathode materials for batteries (Yan, et al., 

2024). Recovering valuable metals from spent LIBs from EVs than from obsolete consumer 

electronics LIBs will be much more crucial, as the quantity of the former will be much 

greater than the latter (Xin, et al., 2016). Battery-grade lithium was added to EUôs CRM list 

in 2020 due to itsô significance in the green shift and the possible supply risk (International 

Energy Agency, 2022). This chapter discusses recycling of LIBs in general. 

In Australia, only 2 % of annual 3300 t of spent LIBs are recycled, however, this trend is not 

only limited to Australia but rather a global habit (Tabelin, et al., 2021). In 2011 an estimate 

done by The United Nations Environment Programme concluded the global recycling rate 

of end-of-life lithium to be less than 1 %. The EU mandates 45 % of end-of-life batteries to 

be collected, however this mandate does not oblige the recycling of lithium. This is why 

lithium is not recovered by some LIB recycling facilities. (Pistoia, et al., 2018)  

The current recycling of LIBs focuses only on recycling of Co, as it is the most expensive 

component of LIBs. However, suitable recycling methods for LIBs containing less Co are 

still being explored. (Zhang, et al., 2022) Selective one-step recovery of lithium from layered 

compounds with a complex structure, like the LFP, is limited (Kumar, et al., 2022). Moreo-

ver, industrial scale recycling plants for LIBs exist only in developed countries, as stand-

alone recycling facilities are not necessarily economically viable and as the capital costs are 

extremely high (Tabelin, et al., 2021).  

The term LIB is an umbrella term, accounting for all battery types where lithium is the main 

cathode material. Therefore, LIBs do not have the same chemistry. This causes the recycling 

of EOL batteries to be difficult. The composition of the LIB must be known to establish an 

efficient recycling process. Furthermore, LIBs are produced in various sizes and shapes, and 

the design does not typically consider the need for a simple disassembly. Due to these issues, 
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the recycling of end-of-life LIBs is a rather niche market. As of now, the LIB manufacturing 

market does not have an established concept of utilizing recycled lithium as raw material for 

new batteries. (Pistoia, et al., 2018; Chitre, et al., 2020) Furthermore, continuous improve-

ment in LIB design and thus changes in the chemistry only adds to the difficulties of estab-

lishing a robust recycling process (Qiu, et al., 2024). 

The increasing demand for EVs causes a significant increase in the number of LIBs pro-

duced, which will lead to major issues with proper recycling methods as no proper recycling 

methods exist as of now (An, 2019). At present, LIBs are the most common battery type in 

EVs, portable devices, and grid energy storage. Spent LIBs can contain between 2-15 % of 

lithium depending on their cathode chemistry. This concentration of lithium is significantly 

higher than in natural ores. (An, 2019; Chitre, et al., 2020; Harper, et al., 2019; Tabelin, et 

al, 2021) 

Recycling spent LIBs is a highly attractive way to not only mitigate environmental pollution 

but to also decrease the burden of mineral resources. Producing 1 ton of battery grade lithium 

from recycled batteries requires significantly less raw materials compared to virgin re-

sources: only 28 tons of spent LIBs, which would be approximately 256 spent EV batteries, 

produce 1 ton of lithium, whereas obtaining the same amount of lithium from natural re-

sources 250 tons of mineral or 750 tons of brine are needed.  (An, 2019; Chitre, et al., 2020; 

Harper, et al., 2019; Tabelin, et al, 2021) It is estimated that if 100 % of end-of-life batteries 

with a 10-year battery life are recycled, 40 000 tons of lithium from recycled LIBs could be 

recovered in USA alone by 2050 (Pistoia, et al., 2018). 

Moreover, the goal of decarbonization of the transport sector cannot be achieved only by 

replacing fossil fuel and diesel vehicles with EVs. Although direct emissions of road 

transport would decrease to zero, indirect emissions would increase. The increase in battery 

pack production would cause the emissions from the energy sector to increase. (Zhang & 

Fujimori, 2020) By some estimates, using secondary raw materials in addition to primary 

raw materials for LIB production the environmental impacts caused by LIB production could 

be decreased by at least 58%. However, as establishing a circular supply chain requires sev-

eral learning curves, significant impacts of recycled materials will not be noticeable for dec-

ades. As demand will surpass supply by 2030, according to estimates, immediate actions to 

develop sustainable circular supply chains are of necessity. (Machala, et al., 2023) 
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3.1  Pyrometallurgical recycling 

Currently, spent LIBs are recycled either by pyrometallurgical or hydrometallurgical meth-

ods. Pyrometallurgy has been the conventional recycling method for e-waste for the past 20 

years. However, it is highly energy intensive, and critical metals like lithium will be lost. 

During pyrometallurgical recycling the black mass is exposed to extremely high tempera-

tures; up to 1800 , Ni, Co, and Cu are then recovered in a metal alloy. (Qiu, et al, 2024)  

A commonly used pyrometallurgical method is carbon reduction roasting (CRR). Black 

mass is combined with a reducing agent and then roasted at a high temperature (> 800 ); 

this produces slag which contains lithium and metal oxides. Lithium can be separated by 

water leaching. Although CRR is a robust method, it does have some major disadvantages, 

including significant GHG emissions, long process times, and overall low recovery of met-

als. Salt-thermal methods are capable of achieving high lithium recovery rates (> 99 %); 

however, these methods too have major disadvantages: high temperature requirement (200-

1000 ) and S/F gas emissions. (Huang, et al., 2025) 

 

3.2  Hydrometallurgical recycling 

Over time, hydrometallurgical methods have replaced pyrometallurgical methods as the 

mainstream recycling process; of all the e-waste being recycled, more than 80 % are handled 

hydrometallurgically. Hydrometallurgical methods require high pulp densities and contrib-

ute to environmental pollution due to the high consumption of hazardous reagents and chem-

icals. (Farhad, 2022; Tabelin, et al., 2021; Nguyen et al., 2022, p. 218) To achieve cost ef-

fective recycling of LIBs, both mechanical and chemical treatment is necessary. Mechanical 

processes are used to enhance the efficiency of chemical recycling procedures. (Lv, et al., 

2018) In future, bioleaching has the potential to become the superior method to recycle spent 

LIBs in the most sustainable way (Kumar, et al., 2022). 

The most critical process step in hydrometallurgical methods is leaching, as it determines 

the extraction percentage of each metal. Typically, metals from LIBs are leached by either 

inorganic or organic acids. The cathode materials dissolve simultaneously and need to be 
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separated. In addition, the leachate likely contains impurities which are to be removed before 

separation. Lithium loss may be caused by the separation process. (Yu, et al., 2024) Operat-

ing conditions and leaching efficiencies of various acid leaching systems are presented in 

Table 2.  

 

Table 2. Operational conditions and efficiencies of various acid leaching strategies * Lithium 

nickel cobalt aluminum oxide (NCA) 

Battery type 
Leaching  

efficiency, [%] 
Leaching agent 

Pulp density, 

[g/L]  

Temperature, 

[°C] 

Leaching time, 

[h] 
Reference 

LCO 
Li: 87.5, Co: 

96.3 

2M (3/ + 2.0 

vol% (/  
33 60 2 Farhad, 2022 

LCO 
Li: 99.1, Co: 

70.0 

2M (3/ + 5.0 

vol% (/  
100 75 1 Farhad, 2022 

LCO Li: 100, Co: 54 
2M (3/ + 0.4 

g/g cellulose 
25 95 2 Farhad, 2022 

NCM 

Li: 94.5, Co: 

79.2, Ni: 96.4, 

Mn: 84.6 

1M (3/ + 5 

wt% (/  
50 50 4 Farhad, 2022 

NCM 

Li: 89.6, Co: 

6.5, Ni: 12.8, 

Mn: 21.7 

 (3/:Li  ratio: 

1.3 +  #//(: 
(Ni + Co + Mn) 

ratio: 1.3 

250 70 1.5 Yu, et al., 2024 

NCA* 
100 % (Li, Ni, 

Co & Al) 
4M HCl 50 90 18 

Joulié, et al., 

2014 

 

It is evident that acid leaching is a rather rapid method for metal recovery. Although it uti-

lizes hazardous chemicals such as sulfuric acid in rather high concentrations. Sulfuric acid 

is most used for industrial leaching practices. Hydrochloric acid is extremely corrosive and 

volatile. Nitric acid on the other hand is quite costly. Organic acids are emerging as a hotspot 

for research. Organic acids are capable of producing high leaching efficiency at milder con-

ditions than inorganic acids. Furthermore, organic acids do not produce as harmful chemicals 

as inorganic acids. A major drawback for organic acids is their price: usually 5-20 times 

higher than inorganic acids. (Farhad, 2022) 
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Alternative hydrometallurgical recycling methods of spent LIBs include alkaline leaching. 

In acid leaching, the target metals most often enter the leaching solution at the same time. 

This leads to complex separation and purification processes. Ammonia leaching is an effi-

cient method for transition metals; especially Cu, Co and Ni; leaching, as most impurity 

metals are not soluble in ammonia. (Huang, et al., 2025; Liu, et al., 2023) Several studies 

have investigated the use of alkali leaching for spent LIB leaching. The results from some 

of these studies are presented in Tabel 3. 

 

Table 3. Operational conditions and leaching efficiencies of various alkali leaching strate-

gies. *Molarity not disclosed 

Battery type 
Leaching  

efficiency, [%] 
Leaching agent 

Pulp density, 

[g/L]  

Temperature, 

[°C] 

Leaching time, 

[h] 
Reference 

LCO, LMO, 

NCM 

Li: 90.31, Co: 

84.56 

3.56 mol/L 

.( 3/, 0.61 

mol/L .(Ͻ
(/, 0.92 mol/L 

.( #/ 

10 80 5 Liu, et al., 2023 

NCM 
Li: 56.53 (100 

% selectivity) 
4 M NaOH 1 200 2 

Zulkipli, et al., 

2024 

NCM 
Li: 98.2 (99.9 

% selectivity) 

60 % 

.( Ͻ(/ 
250 175 2 Dai, et al., 2025 

LCO 
Li:  82.5, Co: 

96.1 

6 M .(, 1.5 M 

.( #/ 
100 70 5 

Batkal, et al., 

2025 

LFP 
Li: 99.84, 

Fe:0.048 

.Á(3/* , 

2 vol% (/  
100 65 0.25 

Gong, et al., 

2022a 

 

Table 3. clearly demonstrates that alkali leaching is capable of achieving high leaching effi-

ciency and selectivity towards lithium. While alkali leaching can offer high leaching effi-

ciency and selectivity, and a more environmentally friendly way of leaching spent LIBs, acid 

leaching still dominates the industry and research. The lack of research is one of the reasons 

why alkali leaching is not as widespread as acid leaching. (Gong, et al., 2022b; Liu, et al., 

2023; Ratnam, et al., 2022) 
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In addition to acid and alkali leaching, bioleaching is peaking interest as a cost-effective and 

more environmentally method of LIB recycling. It has the potential to significantly reduce 

consumption of toxic chemicals; however, it does have some major disadvantages including 

slow kinetics and high maintenance costs due to scaling issues. (Huang, et al., 2025) Bi-

oleaching is discussed in more detail in chapter 4. 

3.3  LiFePO4 batteries 

The previous section covered LIBs in general. While recycling valuable metals from all 

spent LIBs is important toward a more sustainable future, this thesis focuses solely on 

LiFePO4 (LFP) batteries. This subchapter explains LFP batteries in general. 

In 1991 the first battery with a lithium-ion cathode, LCO, was commercialized by Sony. 

Today, the battery industry is moving toward using less cobalt in cathode materials, as it is 

expensive. This leaves a marketplace for completely cobalt free cathode materials, such as 

LFP. (Kumar, et al., 2022; Zhang, et al., 2022) The LFP battery was first commercialized in 

2002, and since then it has become widely used in energy storage devices (Yan, et al., 2024). 

For some time now LFP batteries have been used for electric buses but have only recently 

begun to be utilized in EVs (Chitra, et al., 2020). LFP batteries have superior safety and low 

production costs compared to other LIBs. Major car manufacturers, including Tesla and 

Volkswagen, utilize LFP batteries in their EVs. (Stock, et al., 2023) 

LFP batteries have an olivine crystalline structure, which provides the cathode with high 

stability even in high temperatures of above 700 °C. The structure of an LFP battery is pre-

sented in Figure 3. (Kumar, et al., 2022) Like all LIBs, the LFP consists of a cathode (LFP), 

an anode, and a polymer separator. These parts are submerged in organic electrolyte, which 

facilitates the movement of ions between the positive and negative electrode. (Zhang, et al., 

2022) 
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Figure 3. Composition and structure of an LFP battery, adapted from (Kumar, et al., 2022) 

 

The charging and discharging of an LFP presented in Equation 1. Where Eq. 1.1 is the charg-

ing and Eq. 1.2 the discharging.  

 

,É&Å0/ ὼ ,É ὼὩ ᴼὼ &Å0/ ρ ὼ ,É&Å0/ ρȢρ 

&Å0/ ὼ ,É ὼ Ὡ ᴼὼ ,É&Å0/ρ ὼ &Å0/ ρȢς 

 

During the charging process, Eq 1.1, lithium ions and electrons move from the cathode to 

the anode. In the anode ,É&Å0/ will f orm &Å0/, still maintaining the olivine structure. 
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During this, the &Å are oxidized to &Åions. When the battery is discharging Eq 1.2, 

lithium ions and electrons leave the anode and return to the cathode, &Å are reduced to 

&Å, which in turn will reduce &Å0/ back to ,É&Å0/. (Cheruvally, 2008, p. 13-26; Yan, 

et al., 2024) 

Currently, the dominating recycling methods for EOL LFPs are hydrometallurgy, pyromet-

allurgy and direct recycling. Spent LFPs with high impurity contents benefit greatly from 

hydrometallurgical methods. However, the significant quantities of acid used often require 

neutralization via alkaline solutions, thus increasing the operational costs. Harmful gases 

and significant quantities of wastewater produced by hydrometallurgical processes contrib-

ute negatively to environmental pollution. (Azimi & Zadeh, 2025) 

Pyrometallurgy is not as commonly used for LFP as for other LIBs. This is due to the olivine 

structure of LFP is rather complicated to be reduced by oxygen. Products often require re-

finement after pyrolysis, which is a further disadvantage as it negatively impacts the eco-

nomic value. Additionally, the process produces large amounts of toxic gases, however these 

are somewhat managed trough waste gas treatment processes. (Azimi & Zadeh, 2025; Jing, 

et al., 2024) 

Direct regeneration differs greatly from the above-mentioned methods. Over time, the con-

tinuous charge and discharge reactions cause lithium ions to separate from the lattice struc-

ture. Eventually, the ions become incapable of reintegrating into the structure. This causes 

lithium vacancies in the structure, which are then occupied by Fe3+ ions. The performance 

of the battery is significantly reduced, as the lithium transport pathways are obstructed. The 

goal of direct regeneration methods is to replenish the lithium vacancies with additional fresh 

lithium. Effective methods of direct regeneration are solid-state roasting and hydrothermal. 

Both methods are capable of reaching Ó 95 % capacity retention rate. Direct regeneration 

methods are a promising method for recycling spent LFP. (Azimi & Zadeh, 2025; Jing, et 

al., 2024) Illustration of the process step before recovery methods and the various recovery 

methods of EOL LFPs is presented in Figure 4.  
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Figure 4. Schematic chart for recovery of lithium from end-of-life LFP batteries (Adapted 

from: Jing, et al., 2024) 
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4  Bioleaching of lithium-ion batteries 

Bioleaching is a branch of hydrometallurgy, where microorganisms are utilized to extract 

valuable metals. Bioleaching is gaining attraction due to itsô potential to be more economi-

cally feasible and less energy intensive than traditional hydrometallurgical extraction meth-

ods. (Priyadarsini & Das, 2025) Additionally, bioleaching has the potential of extracting all 

metals, such as lithium, whereas pyrometallurgical methods lack the capabilities of extract-

ing all metals: this is due to oxygen-affine metals such as lithium being transferred in a slag 

phase. Currently, an industrial scale method to recycle lithium from the slag phase does not 

exist. However, as bioleaching typically utilizes living organisms to at least some capacity, 

maintaining optimal leaching conditions is more crucial than during chemical leaching. (An, 

2019; Hao, et al., 2024) Bioleaching is a more environmentally friendly method of treating 

spent LIBs, as conditions are much milder than traditional, commercially available methods. 

Traditional chemical leaching typically utilizes 2 M sulfuric acid, whereas biogenic sulfuric 

acid is much less concentrated. (Heydarian, et al., 2025) According to life cycle assessment 

(LCA) performed on various recycling methods bioleaching has much lower CO2eq emis-

sions than other methods. Bioleaching emissions range from 0.4-1.8 kg, hydrometallurgical 

methods from 3.06-8.82 kg, and physical recycle methods from 12.3-20.4 kg. (Gu, et al., 

2025) 

Bioleaching was first developed for extraction of metals from ores, 20 bioleaching plants for 

metal extraction from ores have been commercialized during the past 30-40 years. In 2010 

1 257 500 tons of copper was produced by bioleaching. Bioleaching of spent LIBs is not yet 

commercially available. Although, it has been confirmed by researchers that bioleaching has 

significant potential to become an industrial method for solid waste treatment, with spent 

LIBs being one of the most essential categories. (Ghassa, et al., 2020b; Roy, et al., 2021) 

In theory, selective leaching of lithium under suitable conditions is feasible. Under these 

suitable conditions the ferrous iron in lithium iron phosphate will oxidize to ferric iron pro-

ducing lithium ions and iron phosphate, this is presented in Equation 2. This, however, re-

quires a suitable pH and an oxidative environment. (Zhao, et al., 2024) 

 



31 

 

,É&Å0/ᴼ&Å0/,É Ὡ ς 

 

Although bioleaching of spent LIBs is an exciting new approach in recycling lithium, it does 

have some drawbacks. Bioleaching suffers from slower kinetics, and leaching may take up 

to days to reach acceptable extraction rates. This can be a major limitation for industrial 

applications. (Ghassa, et al., 2020b) To minimize operational costs, high pulp density is a 

requirement, however, bioleaching struggles with higher pulp densities. Leaching efficien-

cies drop drastically with high pulp densities. For industrial development point of view, this 

is an unattractive attribute and limits the use of bioleaching as a recycling method. (Gu, et 

al., 2025) Increasing pulp density from 1 % to 4 % would decrease the operational costs by 

75 % (Wang, et al., 2022). 

Stress on bio-oxidative activity is caused by toxic metal ion accumulation in the leachate. 

Higher pulp densities lead to higher concentrations of toxic ions such as Li+. Decrease in 

viable bacteria concentration is caused by high concentrations of toxic ions. (Liu, et al., 

2020) Microbial inhibition can be an issue with not only high pulp densities, but at low pulp 

densities, too. Low pulp densities require long adaptation phases, which inhibit the large-

scale application of bioleaching. (Heydarian, et al., 2025) Reaching acceptable leaching ef-

ficiencies can take up to 12-14 days, which on an industrial scale would lead to high opera-

tional costs and low efficiency (Tian, et al., 2024). Most research has this far only been 

conducted at laboratory scale. Only a few studies are conducted on a pilot scale. Panda, et 

al., (2024) performed bioleaching experiments with a 10 L bioreactor, achieving 80 % leach-

ing efficiency for lithium within four days. The scale up to larger scale at present is unfavor-

able, as bioleaching has long leaching cycles, and is non-feasible in high pulp densities (Cai, 

et al., 2021). 

4.1  Bacteria based bioleaching 

Most common leaching agents in bioleaching are bacteria and fungi (Huang, et al., 2025). 

This subchapter discusses the use of bacteria as the leaching agent. In bioleaching, metabolic 

activities of the bacteria produce organic and inorganic acids, which then act as leaching 

agents. The produced leaching agents are dependent on the activity type of the bacteria. For 
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bioleaching of spent LIBs sulfur-oxidizing bacteria (SOB) and iron-oxidizing bacteria (IOB) 

are predominant bacteria species. (Heydarian, et al., 2025) 

Bioleaching performed using SOBs and IOBs, the bacteria use elemental sulfur and ferrous 

iron as their nutrient source. Elemental sulfur is oxidized to sulfuric acid and ferrous iron is 

oxidized to ferric iron. These are then used in the solubilization of metals from spent LIBs 

as oxidizing agents. (Roy, et al., 2023)  

4.1.1  Bioleaching methods and mechanisms 

Acidithiobacillus genus dominates the research in LIB bioleaching due to their high metal 

toxicity tolerance. Atmospheric carbon dioxide is used as a carbon source by these bacteria. 

Due to this bioleaching has a negative effect on carbon footprint contribution, and CO2eq 

emission has a negative value. It must be noted, however, that other process steps do not 

have a negative effect on emissions. A carbon source in the growth media is not required. A. 

ferroxidans oxidize ferrous iron Fe(II) to ferric iron Fe(III) as an energy source. A. thiooxi-

dans oxidize elemental sulfur S0 to sulfate SO4
-2 as an energy source. (Gu, et al., 2025; Roy, 

et al., 2021) The chemical reaction of sulfuric acid production by A. thiooxidans is summa-

rized as Equation 3. 

 

3 σ
ς/ (/ᴼ(3/ σ 

 

This is a summarized chemical reaction of the process, in reality various enzymic systems 

are involved in the process of elemental sulfur oxidation. (Rohewerder & Sand, 2003) 

Waksman and Joffe first isolated A. thiooxidans (originally called Thiobacillus thiooxidans) 

from compost soil in 1921 (Waksman & Joffe, 1922). The optimum temperature range for 

A. thiooxidans is 28-30 °C and the optimum pH range is 2.0-3.5 (Yang, et al., 2019). 

When it comes to bioleaching, three different methods can be utilized: one-step, two-step, 

and spent-medium. In one-step method microorganisms and black mass are inoculated sim-

ultaneously. In two-step method microorganisms are first inoculated, and black mass is 

added after the logarithmic phase is observed. In cell free spent-medium method the 
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microorganisms are grown in a separate growth medium and then the microorganisms are 

separated by centrifuging before adding the black mass to the produced metabolites. (Mo-

azzam, et al., 2021)  

Bioleaching can be divided into three mechanism types: redoxolysis, acidolysis, and com-

plexolysis. These mechanisms are based on the operational basis of the bacteria. A. thiooxi-

dans operate via acidolysis by producing biogenic sulfuric acid from sulfur. In acidolysis 

insoluble metals are transformed into soluble form by protons/acids, which are produced by 

the bacteria. During redoxolysis ferrous iron is oxidized into ferric iron, which causes metals 

to transform into soluble form and ferric iron to be reduced back ferrous iron, continuing the 

cycle. Additionally, extracellular polymers (EPSs) are formed on the surface of minerals 

during redoxolysis. Within complexolysis, metals chelate, which stabilizes them and pre-

vents metals from precipitating. (Priyadarsini & Das, 2025; Keshavarz, et al., 2021; Mo-

azzam, et al., 2021) 

As stated before, A. ferrooxidans obtain energy from oxidizing ferrous sulfate. The general 

oxidation reaction catalyzed by A. ferrooxidans is 

 

τ&Å / τ(
Ȣ
τ&Å ς(/ τ 

 

Initially, the pH of the medium will momentarily increase due to consumption of hydrogen 

ions. The dissolution of metal sulfides (MeS) occurs via indirect mechanisms. First Fe(II) is 

oxidized to Fe(III) (Eq. 4), after which the metals are leached by Fe(III) by a chemical reac-

tion: Equation 5. Following this, the elemental sulfur is oxidized to sulfuric acid by various 

steps, which further aids the leaching of metals. (Daoud & Karamanev, 2005) 

 

ς&Å -Å3O-Å 3 ς&Å υ 

 

Mechanisms which are involved in the bioleaching of metals are still somewhat ambiguous. 

Literature has, however, classified the process into two categories: contact and non-contact. 

Within contact bioleaching physical contact between the metal particle and microorganism 
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cell occurs. This can happen within minutes or hours. In non-contact method there is no 

physical contact between the bacteria, and the leaching occurs due to the metabolite produc-

tion of microorganisms. It is debated which of these two methods is superior to the other. 

Lithium bioleaching mechanism differs from other metals present in LIBs. Other metals like 

Mn, Co and Ni benefit from the formation of EPS. Lithium bioleaching is independent of 

EPS formation as the sole factor advancing the leaching of lithium is production of sulfuric 

acid by the microorganisms. (Moazzam, et al., 2021) 

4.2  Fungal bioleaching 

The previous chapter discussed bacterial bioleaching in more detail. This chapter will dis-

cuss the use of fungi as the leaching agent. Fungal leaching has shown some advantages 

compared to bacterial leaching. Fungi can have higher metal tolerance than bacteria, a de-

creased lag phase, and thus quicker leaching. Fungal leaching can occur at near neutral pH 

via organic acids produced by the fungi. Heterotrophic fungi require carbon substrates as 

their nutrient. The fungi used for LIB bioleaching produce organic acids including lactic 

acid, citric acid and oxalic acid. Fungal bioleaching usually suffers from lower efficiencies 

compared to bacterial bioleaching. Furthermore, same as with bacterial bioleaching, fungal 

bioleaching struggles with high pulp densities. (Roy, et al., 2024) Fungal leaching can offer 

milder operational conditions than bacterial leaching. Additionally, it may be more selective 

towards lithium than bacterial leaching: offering leachates with less than 1 % Fe present. 

(Xia, et al., 2025) 

4.3  Factors influencing the efficiency of bioleaching 

To achieve the best leaching efficiency, the growth conditions for microorganisms must be 

optimized. As each LIB has different compositions, the optimal operating conditions must 

be determined for each LIB separately. (Roy, et al., 2023) This chapter will discuss the sig-

nificance of various parameters on leaching efficiency.  

The growth media is essential for microbial growth and the production of metabolites. Bac-

teria require specific nutrients in specific concentrations for optimum operations. (Roy, et 

al., 2021) As stated in chapter 4.1 A. ferrooxidans require ferrous iron and A. thiooxidans 
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require elemental sulfur in the growth media. Too high concentrations of ferrous iron in the 

growth medium can decrease the leaching efficiency as it can have toxic effects. Addition-

ally, elemental sulfur may accumulate on the surface of the metal, which can negatively 

impact the leaching efficiency. Typically, when bioleaching spent LIBs, large quantities of 

elemental sulfur and ferrous iron are required in the growth medium, as LIBs contain these 

in low values. (Moazzam, et al., 2021; Rohwerder, et al., 2003) However, according to char-

acterization done by Xin, et al., (2016) LFP batteries contain 25 wt% of iron. According to 

Wang, et al., (2024) spent LFP cathode powder contains 33.5 % iron. Based on Eq 1.2, in 

theory, a fully discharged battery only has Fe(II), as no &Å0/ is present. However, in reality 

a coexistence of Fe2+ and Fe3+ has been detected (Yan, et al., 2024). The effect of Fe(II) 

already present in LFPs will be investigated in this thesis.  

Pulp density affects greatly the leaching efficiency. In addition to leaching efficiency, it also 

affects the design of the industrial reactor, cost of the process and further extraction methods. 

For the process to be economically feasible the pulp density must be as high as possible. 

However, in most cases elevated pulp density will affect the functionality of the microor-

ganisms negatively as concentrations of toxic heavy metals rise in the growth medium. (Mo-

azzam, et al., 2021) The various leaching efficiencies of lithium obtained under various con-

ditions are presented in Table 4.  

Jarosite formation is an issue with bioleaching, as the bacteria and bioleaching medium pro-

vide an environment which can favor jarosite formation. Jarosite can form in potassium rich 

and oxidative environments, where the pH range is between 2.8-5 (Dutrizac, 2008; Song, et 

al., 2021). While in theory, jarosite formation aids selective leaching of lithium, as it removes 

Fe from leachate, it can subsequently reduce leaching efficiency. This is due to jarosite form-

ing inhibitive layers on mineral surfaces, thus hindering metal dissolution. (Behrad, et al., 

2022; Ning, et al., 2025) 

  



36 

 

Table 4. Lithium bioleaching efficiencies in various conditions 

Battery type 

Li leaching 

efficiency, 

[%] 

Bacteria/Fungi 
Pulp density, 

[g/L]  
Temp, [°C] pH Time, [days] Reference 

LFP 98 A. thiooxidans 10 30 1 12 
Xin, et al., 

(2016) 

LFP < 95 

A. thiooxidans & 

Leptospirillum 

ferriphilum 

10 30 1.5 12 
Xin, et al., 

(2016) 

LFP 49 
Leptospirillum 

ferriphilum 
10 30 2 12 

Xin, et al., 

(2016) 

LFP 98 
Thiobacillus thi-

oparus 
2.5 30 6.6 30 

Mahandra, et 

al., (2023) 

LIB (not 

specified) 
99.2 

A. ferrooxidans& 

A. thiooxidans 

(3:2) 

40 32 1.5 16 
Heydarian, 

et al., (2018) 

LIB (not 

specified) 
93 A. thiooxidans  60 30 <2 8 

Naseri & 

Mousavi, 

(2024) 

LIB (not 

specified) 
100 Aspergillus niger 20 30 5.44 22 

Bahaloo-

Horeh & 

Mousavi, 

(2017) 

LFP 98 
Acidithiobacillus 

& Acidiphilium 
20 30 1.89 2 

Gu, et al., 

2025 

LIB (not 

specified) 
67 

A. ferrooxidans + 

ultrasonication 
10 30 2 0.5 

Nazerian, et 

al., (2023) 

LIB (several) 92.5 A. thiooxidans 100 30 3 1 
Shokri, et 

al., (2025) 

LCO 98.02 

A. Caldus & S. 

thermosulfioxi-

dans + 0.0075 M 

gallic acid 

20 30 > 2.5 2 
Liao, et al., 

(2023) 
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Table 4. presents the influence of various parameters on the bioleaching efficiency of lithium 

from spent LIBs. It is evident that bioleaching is an attractive research topic. Several studies 

have been able to achieve high leaching efficiencies with rather short leaching times. How-

ever, all research projects mentioned in Table 4. are laboratory scale.  

4.4  Knowledge gap 

LFP batteries were commercialized rather recently, therefore no established recycling 

method for spent LFP batteries exists. As the LFP battery has a rather long lifetime, not 

enough batteries have become retired for it to be feasible to establish industrial size recycling 

plants. Furthermore, lack of funding and policies on recycling lessen interest in developing 

recycling methods. (Bi, et al., 2019) 

Only limited studies focus on the metal extraction from spent LIBs, and even less focus on 

bio-hydrometallurgical extraction methods. There is serious lack of studies and review pa-

pers on this matter. Additionally, as LiCoO2 is currently the most used cathode material, 

many studies that do utilize bioleaching focus on this cathode type. (Sethurajan & Gaydar-

dzhiev, 2021) However only a few studies focus on bioleaching LFP batteries and the use of 

A. ferrooxidans on LFPs has not been studied (Roy, et al., 2023). 

Mahandra, et al., (2023) were able to selectively leach lithium from LFP batteries with neg-

ligible iron using neutrophilic bacteria. Selective leaching of lithium has not been investi-

gated using A. ferrooxidans and A. thiooxidans. Investigating the conditions where other 

metals start to leach is crucial for selective leaching of lithium. Based on Gibbôs free energy, 

the dissolution of lithium from LFP is highly spontaneous, this is presented in Equation 6. 

(Churikov, et al., 2013; CRC Handbook of Chemistry and Physics, 2025; National Institute 

of Standards and Technology, 2013).  
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This thesis will investigate the optimum bioleaching medium for maximal lithium leaching 

efficiency. Additionally, the aim of this thesis is to investigate the conditions in which the 
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leaching period could be shortened. This will be done by utilizing response surface method-

ology (RSM). After optimizing the bioleaching medium, the optimal pulp density will be 

investigated.   
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5  Materials and methods 

This is the experimental work of the thesis. The goal of the experimental work is to investi-

gate the leaching efficiencies of single bacteria cultures and mixed bacteria cultures. The 

best performing bacterial consortium was chosen for further investigation to optimize the 

leaching medium and pulp density. The goal of the experiments was to investigate the setup 

that would use the least substrates in the medium and offer fast leaching, while still main-

taining good leaching efficiency. Chemical leaching experiments were performed to com-

pare the bioleaching efficiency. In this chapter all used materials and analytical equipment 

are listed. Additionally, used methods are described in this chapter. 

5.1  Analytical equipment 

The cathode powder was digested and the digestate analyzed using Agilent Technologies 

7900 ICP-MS (inductively coupled plasma mass spectrometry). The black mass was di-

gested with microwave digestion (ultraWAVE, Milestone). The chemical leachates and bi-

oleachates were analyzed with ICP-MS. The phase components and the surface morphology 

of the LFP powder before and after bioleaching were analyzed with scanning electron mi-

croscopy (SEM). The pH and conductivity of the experiments were monitored periodically 

using Consort multi parameter analyzer. Separate probes for blanks were used to avoid cross 

contamination. Additionally, probes were cleaned with alcohol and deionized water before 

and after use.   

5.2  Chemicals 

Analytical grade sulfuric acid was used to adjust the pH of the bioleaching media and nitric 

acid, and hydrochloric acid were used to dilute the samples before analysis. Additionally, 

nitric acid was used for the determination of the acid neutralization capacity of the black 

mass. 
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5.3  Black mass 

The black mass used for the experiments was received as is. The black mass was character-

ized with ICP-MS. The analysis was performed twice, from which the average and the stand-

ard deviation were calculated. The black mass contained various impurities in different con-

centrations. The results of the characterization discussed in chapter 6.1. The black mass was 

subjected to SEM imaging before leaching. This is presented in Figure 5. 

 

 

Figure 5. SEM imaging of the black mass 

 

From the imaging done to the black mass prior to leaching, it became evident that the mass 

is heterogeneous. Therefore, the metal concentrations may vary within samples and may 

have some deviations in concentration. No pre-treatment was performed to the black mass 

before digestion or leaching experiments.  
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5.4  Microorganisms 

A. thiooxidans (DSM 504) and A. ferrooxidans (DSM 583) were used for the bioleaching 

experiments. ñ9Kò medium was used for A. ferrooxidans and ATCC 125 medium was used 

for A.  thiooxidans.  The bacteria were incubated at 30 °C and 150 rpm for approximately 14 

days before subculturing and bioleaching experiments. Individual inoculums for A. ferroox-

idans and A. thiooxidans, which were used for the bioleaching experiments are presented in 

Figure 6 and 7.  

 

 

Figure 6. A. ferrooxidans on the first day of inoculation and four days later 
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Figure 7. A. thiooxidans on the first day of inoculation and four days later 

 

Bacterial growth was detected in both inoculums; iron oxidation was observed through a 

color change in the A. ferrooxidans inoculum. In A. thiooxidans bacterial growth was ob-

served through increasing turbidity, and the gradual sinking of elemental sulfur.  

5.5  Experimental work 

Determining the optimum bioleaching medium and pulp density required preliminary bi-

oleaching experiments to verify the best performing bacterial consortium in terms of lithium 

yield, low sulfuric acid dosage, and selectivity. The bacteria consortium which showed best 

leaching efficiency was utilized for medium optimization and pulp density optimization. 

This chapter explains the conditions and methods used for each experiment. 

5.5.1  Acid neutralizing capacity and initial pH 

The acid neutralizing capacity (ANC) of the LFP is tested to understand the buffering ca-

pacity of the black mass. The ANC was measured as described by Horeh, et al., (2016) 1 g 

of LFP powder was added to 100 mL of deionized water. Varying amounts of 1 M nitric acid 

were added to the Erlenmeyer flasks, so that a pH range from approximately 1.6 to that of 
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the LFP powder was established. The initial pH of the black mass was concluded to be the 

same as the system with no nitric acid added to it. The samples were placed in an orbital 

shaker at 150 rpm and 30 °C for 10 days. After 10 days the pH equilibrium has been reached, 

and the pH is measured.   

5.5.2  Bioleaching experiments 

Three separate bioleaching experiments were performed. The goal of the preliminary bi-

oleaching experiments was to study the performance of each leaching experimental setup 

and leaching kinetics. This information was used for the next set of experiments: the best 

performing (in terms of leaching efficiency) leaching experiment conditions would be used 

for medium and pulp density optimization. For the first set of bioleaching experiments, three 

separate experiments were run: A. ferrooxidans system, A. thiooxidans system, and a mixed 

system. The A. ferrooxidans system is presented in Figure 8. A pulp density of 2 % was used 

for all systems. For the mixed system a A. ferrooxidans /A. thiooxidans ratio of 3/2 was used. 

For A. ferrooxidans 9K medium was used.  For A. thiooxidans system a slightly modified 

version of ATCC 125 medium was used as the bioleaching medium. Medium components 

and concentrations were not modified; however, the pH was adjusted with sulfuric acid. The 

pH of the A. thiooxidans bioleaching medium was adjusted to approximately 1.9. 

The following medium was used for the mixed system: S0 5 g/L; .( 3/ 4 g/L; +(0/ 

0.5 g/L; -Ç3/Ͻχ(/ 0.5 g/L; KCl 0.1 g/L; #Á./  0.01 g/L; &Å3/Ͻχ(/ 22.11 g/L; 

#Á#ÌϽς(/ 0.13 g/L. Samples were taken at 1, 2, 3, 4, 5, 8, 10, 12, 15, 18 days. Sample 

volume was 0.5 ml, and the volume loss was replaced with fresh medium. Samples were 

filtered with 0.45 µm cellulose filter to remove bacteria and any solid matter. Experiments 

were run in duplicate and a blank containing only the medium and LFP was performed for 

each experiment. One-step method was utilized for the experiments. The experiment setup 

for preliminary bioleaching experiments is summarized in Table 5.  

 

 

 

 



44 

 

Table 5. Experimental conditions for the preliminary bioleaching experiments 

 A. ferrooxidans A. thiooxidans 
A. ferrooxidans / 

A. thiooxidans 

Temperature, [°C] 30 30 30 

Shaking, [rpm] 150 150 150 

Medium 9K ATCC 125 Adapted from 9K 

Pulp density, [%] 2 2 2 

Experimental volume, [mL] 100 100 100 

Bacterial concentration, [%] 10 10 10 

A. ferrooxidans/A. tthiooxi-

dans ratio 
- - 3/2 

 

During the second and third set of experiments the bioleaching medium and pulp density 

were optimized to maintain high leaching efficiency of lithium and while simultaneously 

decreasing the use of substrates in the medium. During the second set of experiments, the 

contents of the bioleaching medium were varied. As the LFP contains iron and phosphate, 

the concentrations of +(0/ and &Å3/Ͻχ(/ were varied in the leaching medium. Ad-

ditionally, the sulfur concentration was varied. After optimizing the bioleaching medium, 

the optimal pulp density was investigated using the optimal leaching medium. Both the me-

dium optimization and the pulp density optimization experiments were run for 14 days, and 

samples were taken at 1, 4, 8, 12 and 14 days. The pH and conductivity were measured on 

sampling days.  

 



45 

 

 

Figure 8. A. ferrooxidans system on the first day (left) of the experiment and thirty days 

later (right) 

 

A slight color change was observed in the leachate after the experiment. After leaching, the 

leachate had a slight yellow tint to it which is caused by the oxidation of Fe2+ ions to Fe3+. 

Furthermore, the experimental systems experienced slight water evaporation, which was 

taken into account when calculating the leaching efficiency.  

5.5.3  Optimization of bioleaching medium with response surface methodology 

The ideal bioleaching mixed culture medium for optimal lithium recovery is determined by 

RSM. Since LFP itself contains iron and phosphate, these along with sulfur concentration 

are varied within the medium optimization experiments. Otherwise, the medium is kept the 

same as described in chapter 5.5.2 The input variables for RSM are listed in Table 6. The 

factors of the optimization experiments were determined using Sartorius MODDE- software. 

A Central Composite Face-centered design (CCF) was used for design of experiments 

(DOE). Experiments were run for 15 days, and samples were taken at 1, 4, 8, 12, 14 days. 

pH and conductivity were measured on the sampling days. 
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Table 6. Input variables used for medium optimization 

Factors 
ī1 

Low factorial 

0 

Center point 

1 

High factorial 

S0 concentration, [g/L]  0 2.5 5 

&Å3/Ͻχ(/ concentration, [g/L]  0 11.05 22.11 

+(0/ concentration, [g/L]  0 0.25 0.5 

 

A total of 15 separate experiments were conducted for the optimization of the mixed culture 

bioleaching medium. Each experiment set up is described in Table 7. Center point is run in 

triplicate, runs 15-17. 

 

Table 7.  Design of experiments for medium optimization 

Run S0, [g/L]  &Å3/Ͻχ(/, [g/L]  +(0/, [g/L]  

1 0 0 0 

2 0 0 0.5 

3 0 22.11 0 

4 0 22.11 0.5 

5 5 0 0 

6 5 0 0.5 

7 5 22.11 0 

8 5 22.11 0.5 

9 0 11.05 0.25 

10 5 11.05 0.25 

11 2.5 0 0.25 

12 2.5 22.11 0.25 

13 2.5 11.05 0 

14 2.5 11.05 0.5 

15 2.5 11.05 0.25 

16 2.5 11.05 0.25 

17 2.5 11.05 0.25 

 

5.5.4  Pulp density 

Following the medium optimization experiments, the effect of pulp density on leaching ef-

ficiency was investigated. The best bioleaching medium, which showed best leaching 
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efficiency, based on the medium optimization experiments, was used for the pulp density 

experiments. As 2 % pulp density was used for all previous experiments, this was excluded 

from the pulp density experiments. 1 %, 5 %, and 10 % pulp densities were investigated.  

5.5.5  Chemical leaching 

The influence of the bacteria will be evaluated by performing chemical leaching experiments 

that mimic the leaching environment that the bacteria produce. This will be done by using 

sulfuric acid as the leaching agent. The theoretical maximum sulfuric acid concentration that 

A. thiooxidans can produce was calculated to be 0.31 M, this results in a pH of approximately 

0.50. The mixed culture contains 22.11 g/L &Å3/Ͻχ(/, which is the amount of &Å3/Ͻ

χ(/ used for chemical leaching as well. The experimental setup for each chemical leaching 

experiment is explained in Table 8. 

 

Table 8. Experiment conditions for chemical leaching 

 A B C 

ὠ , [ml] 100 0 100 

ὠ , [ml] 0 100 0 

ά , [g] 2 2 2 

ά Ͻ , [g] 0 2.21 2.21 

 

Each chemical leaching setup was performed in duplicates. A blank experiment for each 

setup was run without LFP. The leaching conditions, temperature and shaking, were kept 

identical with the bioleaching conditions. Chemical leaching experiments were run for 2 

hours and samples were taken at: 0, 2, 5, 7, 10, 12, 15, 20, 30, 45, 60, 120, and 240 minutes. 

5.6  Calculations 

In this chapter all the necessary calculations are presented. The black mass was digested and 

analyzed with ICP; the results are calculated according to Equation 7. 
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ὧ
ὧ ὧ Ͻὠ

ά
χ 

 

Where, ὧ  Concentration of metal in black mass, [ppm] 

 ὧ  Measured metal concentration on ICP, [ppm] 

 ὧ Measured metal concentration in blank sample, [ppm] 

 ὠ  Digestion volume, [L]  

 ά  Initial mass of sample, [g]  

 

The experimental conditions are diluted due to the addition of fresh medium to replace the 

volume loss after sampling; therefore, the results must be corrected. The corrected concen-

trations are calculated according to Equation 8. 

 

ὧ ὧϽ
ὠ

ὠ ὲϽὠ
ψ 

 

Where,  ὧ  Corrected concentration, [ppm] 

 ὧ Concentration before correction, [ppm] 

 ὠ  Volume of the experiment system, [L] 

 ὲ Nth sample 

 ὠ  Sample volume, [L] 
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The metal recovery rate is calculated with Equation 9. Water evaporation is considered in 

the equation.  

 

Ὑ
ὧϽὠ ὉϽὸ

ὧϽά
Ͻρππ Ϸ ω 

 

Where, Ὑ Metal recovery rate, [%] 

 ὧ Metal concentration in leach liquor, [ppm] 

 ὠ Volume of bioleaching solution, [L] 

 Ὁ Water evaporation, [L]  

 ὸ Sampling time 

 ὧ Metal concentration in black mass, [ppm] 

 ά  Mass of black mass in leach system, [kg] 
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6  Results and discussion 

In this chapter all the results from the previously explained experiments are presented. 

6.1  Results from black mass characterization 

The result of the black mass characterization is presented in Table 9. For the black mass 

characterization approximately 100 mg of black mass was digested for each sample.  

 

Table 9. The elemental composition of the black mass 

Element Li  Al  Mn Fe Co Ni Cu 

Concentration, 

[ppm] 

30 200 ± 

3 820 

32 800 ± 

3 050 

1 620  ± 

207 

237 000 ± 

20 100 

2 450 ± 

346 

1 080 ± 

53.9 

20 900 ± 

1620 

 

The obtained black mass contained significant amounts of impurities, as is evident from the 

ICP analysis. Metals are likely from other components of the battery. LFP cathode has an 

aluminum foil, (see Figure 3.) which is coated in polyvinylidene fluoride (PVDF), which is 

an organic binder coating the aluminum foil. PVDF coating causes issues with separating 

the cathode materials from the foil. (Wang, et al., 2019) The significant amount of copper is 

most likely from the anode electrode of the battery (see Figure 3.) The black mass composi-

tion differed slightly to values found in literature. The elemental composition of black mass 

in a study conducted by Yu & Yang, (2026) is presented in Table 10. 
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Table 10. The elemental composition of black mass in literature  

Element Li  Al  Mn Fe Co Ni Cu 

Mass % 2.53 0.99 0.52 18 0.19 0.99 1.84 

Concentration, 

[ppm] 
25 300 9 900 5 200 180 000 1 900 9 900 18 400 

 

Differences in the elemental composition could be caused due to differences in pre-treatment 

methods before the recycling process. Additionally, different synthesis methods of the actual 

LFP battery will also cause slight differences in the elemental composition of the black mass. 

(Wijareni, et al., 2025)  

6.2  Initial pH and acid neutralization capacity of the black mass 

In this chapter the results of the ANC of the black mass, as well as the initial pH of the black 

mass are presented. The results of the ANC are presented in Figure 9. 

 

 

Figure 9. ANC of the black mass  



52 

 

The pH was measured after 10 days, after reaching the equilibrium. The pH of the black 

mass was observed to be 8.95. Based on Figure 9. the acid neutralizing capacity of the black 

mass is 6.5 mmol H+g-1 black mass. This seems rather low as Horeh et al., (2016) observed 

an ANC of 15.6 H+g-1 battery powder. The lower ANC could be affected by non-uniform 

and larger particles. Small and uniform particles enhance ANC, as the contact surface area 

increases as the particle size decreases (Biswal & Balasubramanian, 2023).  Non-uniform, 

non-spherical and large particles were observed when analyzing the black mass with SEM. 

These particles are seen in Figure 10. 

 

 

Figure 10. Non-uniform, non-spherical, and large particles visible in the black mass. Hin-

dering the ANC of the black mass. 

 

No mechanical pre-treatment was performed on the obtained LFP black mass. It is not known 

what pre-treatment was performed to the black mass before acquirement. More uniform and 

smaller could improve the leaching efficiency, but on the other hand a higher ANC could 

also be possible. Meaning, more sulfuric acid would be needed to counterbalance the effects 

of ANC. Additional sulfuric acid lowers the pH, which can enhance the dissolution of metals. 
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However, if using a mixed consortium, excess sulfuric acid can inhibit iron oxidizing bacte-

ria, thus resulting in decreased leaching efficiency. (Le-Xian, et al., 2011) 

6.3  Preliminary bioleaching experiments 

In this chapter, the metal concentrations from ICP analyses from which leaching efficiencies 

were calculated, and the results from pH and conductivity measurements for the initial bi-

oleaching experiments are presented. The bioleaching medium for A. thiooxidans was ad-

justed with 22.1 mL/L of sulfuric acid (1 M); this was due to the experiments failing when 

using the ATCC 125 medium sulfuric acid content.  

As seen in Figure 11. a slight color change in the leaching residue was observed. The original 

black mass was a greyish black color, but after leaching the leaching residue had turned to a 

yellowish-brown color. The leaching residue present in the figure was obtained from the 

mixed bacteria system. 
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Figure 11. Color change of the leaching residue. Left: before leaching, right: after leaching 

with mixed bacteria consortium for 30 days, pulp density 2% and non-optimized bioleach-

ing medium. 

 

The color change is likely due to elemental sulfur adhering to the surface of mineral particles. 

This is also observed from the EDS heatmaps; these are presented in chapter 6.8. To some 

extent this will improve the leaching efficiency as it promotes bacterial activity. A layer too 

thick may, however, inhibit the leaching of the metals. This is due to the accumulation of 

elemental sulfur on the surface of the metal particle, forming a barrier which will hinder acid 

attack. (Liu, et al., 2024)  

6.3.1  Performance of the bioleaching systems 

The metal concentrations after leaching were analyzed with ICP (see Appendices I-III) . 

From the analysis results the leaching efficiencies were calculated according to Eq. 3. The 

calculated values are presented in Figure 12. 
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Figure 12. Leaching efficiencies of the bioleaching systems (on the left). The blanks for each 

corresponding bioleaching system are on the right. Top row: A. ferrooxidans, middle row: 

A. thiooxidans, bottom row: mixed system. All experiments performed at 2 % pulp density, 

30 , 150 rpm and non-optimized bioleaching media. 

 

As can be seen from the graphs, during the first few days the blanks performed quite simi-

larly compared to the actual experiments. This is due to the added sulfuric acid to the leach-

ing mediums to ensure the optimal conditions for the bacteria. However, over time the leach-

ing efficiency of the blanks decreased. A decrease in leaching efficiency in the bioleaching 

experiments was not observed, except for A. ferrooxidans system where a slight decrease in 

leaching efficiency is observed on day 18, A. ferrooxidans also had the lowest leaching ef-

ficiency for lithium out of the three experimental systems. The same results were also ob-

served by Xin, et al., (2009). A. thiooxidans showed the most selectivity towards lithium; 

however, this system required more sulfuric acid than A. ferrooxidans and mixed. Mixed 

system had the best leaching efficiency overall. Only the mixed system was capable of reach-

ing 100 % lithium leaching efficiency. This observation differs from the results of the study 



56 

 

done by Xin, et al., (2009), as they observed A. thiooxidans to have the best leaching effi-

ciency toward lithium. Based on these results, bioleaching can achieve as high or even higher 

leaching efficiencies as acid leaching. Leaching efficiencies of several acid leaching strate-

gies are presented in Table 2. However, acid leaching is significantly faster, in less than 24 

hours leaching efficiencies above 90 % are achieved.  

The growth of the bacteria was monitored by measuring pH and conductivity. The pH and 

conductivity development of A. ferrooxidans system are presented in Figure 13, for data in 

table form, see Appendix VII . An average from the duplicate experiments was calculated in 

addition to standard deviation. The conductivity of the A. ferrooxidans system increases until 

reaching a plateau at approximately 18 ms/cm. A sharp increase in conductivity was ob-

served after the second day of experiment in both the blank as well as the bioleaching ex-

periment.   
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Figure 13.  Evolution of pH and conductivity over time within A. ferrooxidans system 

 

A rise in pH is observed after the first day of experiments. Following this, a steady decrease 

in pH is observed after day 4 until the pH settles at slightly below 3. However, the blank 

experiment behaves quite similarly to the bacterial experiment. Both pH and conductivity 

plateau after day 4, whereas the leaching efficiency of A. ferrooxidans plateaus after day 5. 

The low pH of the blank explains the decent leaching efficiency within the blank. This is 

discussed more in this chapter. 
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The pH and conductivity profiles of A.thiooxidans system are presented in Figure 14. Simi-

larly to A. ferrooxidans system, an average of the two duplicate experiments is presented in 

the pH graph along with the standard deviation.  

 

 

Figure 14. Evolution of pH and conductivity over time within A. thiooxidans system 
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A. thiooxidans system behaved quite differently to A. ferrooxidans system. A significant 

decrease in conductivity was observed for the blank of A. thiooxidans system. However, the 

conductivity of the blank increased to similar values than the microbial experiment. The 

blank experienced more fluctuation after the plateau than the microbial experiment. The 

leaching efficiencies of the microbial experiment and blank reached similar levels. However, 

after day 4 the leaching efficiency of the blank decreases steadily, and the leaching efficiency 

of the microbial experiment remains steady. The leaching efficiency of the blank begins to 

decrease at the same time as the pH and conductivity plateau. As mentioned in chapter 4, the 

A. thiooxidans system failed when using the sulfuric acid described in ATCC 125. The pH 

measurements from the failed experiment are presented in Table 11. 

 

Table 11. The pH profile of the failed A. thiooxidans system 

Time, [day] pH 

0 1.99 ± 0.02 

1 2.65 ± 0.06 

2 5.02 ± 0.49 

3 6.36 ± 0.3 

4 6.36 ± 0.21 

5 6.62 ± 0.21 

8 7.05 ± 0.32 

 

 

The ideal pH range for A. thiooxidans is less than 3.5 as stated in chapter 4.1.1 The pH of 

the bioleaching system spikes above 5 on the second day of the experiments and continues 

to increase. With the slight modification to the bioleaching medium, the pH of the bioleach-

ing system stabilizes at a pH of 4, as can be seen from Figure 14.  

For both the A. ferrooxidans and mixed system, the pH profile of the blank behaved quite 

similar to the experimental pH values. Due to the possibility of contamination, the blanks 

for both systems were run a second time, however the issue persisted. Separate equipment 
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was used for the blank runs and bacterial experiments; however the same calibration solu-

tions were used, which could be the cause of contamination. A. thiooxidans system did not 

have similar issues. Nevertheless, the possibility of contamination of A. ferrooxidans blank 

and mixed blank must be considered when comparing the bacterial experiments to their cor-

responding blanks. It must be noted that this issue does not influence the validity of the 

bacterial experimentsô result. The pH and conductivity evolution of the mixed system is pre-

sented in Figure 15. 
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Figure 15. Evolution of pH and conductivity over time within the mixed system 

 

A sharp drop in conductivity was observed during the first days of the experiment. This 

could be due to the lag phase of the bacteria, as one step method was utilized for the exper-

iments. The conductivity of the mixed culture is observed to steadily increase over time. 

This could be due to the steady release of ions into the solution, the oxidation of Fe2+ to Fe3+, 
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or the production of sulfuric acid. The conductivity continues to rise throughout the duration 

of the entire experiment. The same can be said about the leaching efficiency of the experi-

ment. The leaching efficiency of all metals continues to rise until the last day of the experi-

ment (day 18).  

All three blank runs were observed to have values either similar or higher compared to the 

bacterial experiments. The same bioleaching mediums that were used for bacterial experi-

ments were used for the blank runs, which all had a rather low pH. The low pH of the medi-

ums can cause leaching of metals, which in turn is detected as a rise in conductivity. For all 

blank experiments the conductivity displayed fluctuation in readings.  

In addition to optimizing the leaching of metals, the recovery of metals after leaching should 

be optimized. After leaching, the leachate contains several dissolved metals which must be 

recovered. The selective recovery of specifically lithium from bioleachates lacks research. 

Conventional recovery methods are complex and expensive. Shokri, et al., (2025) have per-

formed a selective precipitation of lithium, with a purity of >99%. Furthermore, Shokri, et 

al., (2025) claimed that the leaching residue met environmental standards for landfilling. 

6.4  Medium optimization experiments 

In this chapter the results from the medium optimization RSM are presented. The mixed 

system was chosen for the optimization. All three bioleaching systems showed good leach-

ing efficiency; lithium leaching efficiency exceeded 80 % by day 12 of the experiments for 

all systems. However, the mixed system had best overall efficiency, reaching lithium leach-

ing efficiency of 100 % by day 14. The single strain systems did not reach 100 % lithium 

leaching efficiency during the duration of the experiments. A. thiooxidans demonstrated the 

best selectiveness towards lithium, however more sulfuric acid was required to maintain a 

suitable initial pH for the bacteria to remain viable. As the mixed system showcased highest 

leaching efficiency of lithium, and less sulfuric acid was required, that system was chosen 

to be investigated further. The analysis of variance (ANOVA) table of the model is presented 

in Table 12. 
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Table 12. ANOVA table for medium optimization 

Component DF SS 
MS 

(variance) 
F p SD 

Total 17 5666240 333308    

Constant 1 5651610 5651610    

Total corrected 16 14633.5 914.594   30.242 

Regression 4 8393.83 2098.46 4.036 0.027 45.809 

Residual 12 6239.67 519.972   22.803 

Lack of Fit 10 6098.95 609.895 8.668 0.108 24.696 

Pure error 2 140.72 70.360   8.388 

 

 

As seen from Table 12, the regression model is statistically significant, as suggested by the 

P value. Additionally, the lack of fit is statistically not significant, meaning that the data fits 

the model adequately.  

Experimental run, which had of 0 g/L S, 0 g/L &Å3/Ͻχ(/, and 0.5 g/L +(0/ added to 

the medium, performed remarkably well, considering only 0.5 g/L of +(0/ was added to 

the bioleaching medium. Experimental run, which contained 0 g/L of all three of the inves-

tigated substrates had quite good leaching efficiency, reaching nearly 90 % leaching effi-

ciency for lithium, although the bioleaching medium contained none of the investigated sub-

stances. The leaching efficiency of these two runs are presented in Figure 16.  
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Figure 16. Leaching efficiency of 0 g/L S, 0 g/L &Å3/Ͻχ(/, and 0 g/L +(0/ (top) 

and 0 g/L S, 0 g/L &Å3/Ͻχ(/, and 0.5 g/L +(0/ (bottom) medium optimization ex-

periments. 

 

Three center point experiments were performed, to evaluate the validity of the system. The 

three center point leaching efficiencies are presented in Figure 17. Based on this the system 

is valid as only minor variation between the separate experiments was detected.  
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Figure 17. Center points (2.5 g/L S, 11.05 g/L &Å3/Ͻχ(/, 0.25 g/L +(0/) leaching 

efficiencies 

 

In total, 17 separate experiments were run for RSM. For all results of the medium optimiza-

tion experiments see Appendix IV. pH and conductivity measurements were carried out for 

all 17 experiment runs. For numerical data, see Appendix VII. All experiments experienced 

a sharp increase in pH which was then followed by a slight decrease before plateauing. Only 

experiment 14 did not have a decrease before the plateau. The increase is caused by the 

addition of the LFP black mass, as well as the oxidation of Fe2+ ions, which is due to con-

sumption of hydrogen ions. However, as after the adaptation phase is passed, bacteria will 

secrete sulfuric acid reducing the pH. The pH behavior of experiments  0 g/L S, 0 g/L &Å3/Ͻ

χ(/, and 0 g/L +(0/ of and 0 g/L S, 0 g/L &Å3/Ͻχ(/, and 0.5 g/L +(0/ are 

presented in Figure 18. 
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Figure 18. pH behavior of medium optimization experiments. 0 g/L S, 0 g/L &Å3/Ͻχ(/, 

and 0 g/L +(0/ (orange) and 0 g/L S, 0 g/L &Å3/Ͻχ(/, and 0.5 g/L +(0/ (green). 

 

Compared to the initial bioleaching experiments, where no modifications were performed to 

the bioleaching medium (Figure 15.), the pH behavior is quite similar. After the initial rise 

in pH, it stabilizes at a higher acidity. This is promising, as it indicates that bacteria activity 

remains even without the crucial substrates present in the bioleaching medium. 

Conductivity of 0 g/L S, 0 g/L &Å3/Ͻχ(/, and 0 g/L +(0/ of and 0 g/L S, 0 g/L 

&Å3/Ͻχ(/, and 0.5 g/L +(0/ data collection is presented in Figure 19. 
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Figure 19. Conductivity behavior of medium optimization experiments. 0 g/L S, 0 g/L 

&Å3/Ͻχ(/, and 0 g/L +(0/ (orange) and 0 g/L S, 0 g/L &Å3/Ͻχ(/, and 0.5 g/L 

+(0/ (green). 

 

Both experiments had quite low conductivity, settling at slightly below 16 ms/cm. Both runs 

had a rise in conductivity after day 10, and reached a new plateau at 16 ms/cm. This is pos-

sibly due to the lag phase ending, and the bacterial activity causing the conductivity to in-

crease slightly. Conductivity values did not return to the initial value, before the addition of 

black mass, for any of the experimental runs. 

6.5  Optimization of the bioleaching medium with response surface methodology 

Response surface methodology was used to observe the significance of the concentrations 

of elemental sulfur, &Å3/Ͻχ(/, and +(0/. The objective of RSM was to maximize 

the leaching of lithium, while also decreasing the leaching time. Initially, the response of the 

model was lithium leaching efficiency of day 14. After this, day 8 leaching efficiency of 

lithium was used as the response for the model. 

The optimization tool within the MODDE software was used to find the values for the factors 

(S, &Å3/Ͻχ(/ȟÁÎÄ +(0/concentrations), that would maximize the lithium leaching 

efficiency. Optimization tool was used to optimize the leaching efficiency of the last day of 

sampling (day 14) as this would represent the overall leaching of the system. See Table 13. 
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for the optimal values calculated by MODDE. With these factor values the leaching effi-

ciency reaches nearly 90 %. 

 

Table 13. Optimal factor values to maximize leaching efficiency of lithium 

Factor Value, [g/L] Factor range 

S 1.68221 

 

&Å3/Ͻχ(/ 9.56794 

+(0/ 0.270667 

 

According to the modeling done by the software several setpoints could have provided al-

most maximal leaching efficiency. However, the values chosen provided the best leaching 

efficiency with the smallest concentrations of the three substances. Factor range provides a 

visual how the optimized concentrations compare to the high and low factorials of the model. 

It is clear, that good leaching efficiency could be achieved with low concentrations of the 

three substances investigated. Although the results of the model should be confirmed with a 

test run.  

The contour plot is a visual representation of the factorsô influence on the response. Factors 

within the red area provide high leaching efficiency. The contour plot of the medium opti-

mization experiments is presented in Figure 20. This confirms the fact that good leaching 

efficiency could be reached with a wide range of concentrations for the three substances. 

The differences in leaching efficiency cannot be detected in the contour plot, as they are 

rather minimal. Varying factors had a more significant influence on day 12 leaching effi-

ciency.  
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Figure 20. Contour plot of lithium leaching efficiency on day 14 (circle marking: optimal 

setpoint, cross marking: robust setpoint)  

 

Optimal setpoint represents the value that gives the absolute best leaching efficiency with 

this model. Robust setpoint takes into consideration the slight model variations while max-

imizing the leaching efficiency. (Sartorius Stedim Data Analytics AB, 2017) According Fig-

ure 20, the model is quite lenient. Meaning, lower concentrations of S, &Å3/Ͻχ(/, and 

+0/ than calculated by the software could be used in the bioleaching medium. In other 

words, from an economic point of view, further optimization of the bioleaching medium 

composition could be carried out. As mentioned previously, long leaching times are a major 

disadvantage of bioleaching. Therefore, the optimization is carried out for day 8 leaching 

results, to find a medium composition that improves the speed of leaching, while maintaining 

as high leaching efficiency as possible. Substrate concentrations that according to MODDE 

produce maximal lithium leaching efficiency in 8 days are presented in Table 14. 
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Table 14. Optimum factors for shorter leaching time (8 days) while maintaining maximum 

leaching efficiency 

Factor Value, [g/L] Factor range 

S 4.99998  
 &Å3/Ͻχ(/ 0.08773 

+(0/ 0.00378 

 

A leaching efficiency of 86 % can be achieved on day 8, with the medium calculated by the 

optimization tool. Sulfur concentration most significantly influences the leaching on day 8, 

while the other two components investigated have virtually no effect on the leaching effi-

ciency. According to a study done by Yang, et al., (2021) in later stages of bioleaching sulfur 

oxidizing bacteria sulfur oxidizing bacteria will dominate in the leaching system, and in the 

earlier stages iron oxidizing bacteria will dominate. This can be observed from the effect 

plot, presented in Figure 21. One could argue that &Å3/Ͻχ(/, and +0/  could be com-

pletely omitted from the bioleaching medium, if the goal is to simply lessen the leaching 

time, which would significantly decrease the material costs. Roy, et al., (2025) determined 

that for pure strain of A. ferrooxidans, the elemental sulfur concentration that led to maxi-

mum Li leaching efficiency was 3.5 g/L. When using only A. ferrooxidans the highest leach-

ing efficiency of lithium was achieved with 5 g/L of Fe2+ and 3.5 g/L S0. With 0 g/L of both 

substrates the leaching efficiency was not satisfactory, less than 70 %, however the most 

selective towards lithium. (Roy, et al., 2025) 
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Figure 21. Effect plot of the mixed system, plot on the left is day 1 of bioleaching and plot 

on the right is day 8 of bioleaching. FeS = &Å3/Ͻχ(/.  

 

On the first day of bioleaching, the concentration of &Å3/Ͻχ(/, has a more significant 

influence on lithium leaching efficiency than sulfur. On day 8 of the experiment, however, 

sulfur is the only component which influences the leaching efficiency. From this it can be 

determined, that on day 8 A. thiooxidans influence the leaching efficiency more than A. fer-

rooxidans. 

6.6  Optimization of pulp density 

The pulp density experiments were conducted with bioleaching medium which contained 0 

g/L S, 0 g/L &Å3/Ͻχ(/, and 0.5 g/L +(0/ . Although a different medium composition 
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for the best leaching efficiency was calculated by RSM, this bioleaching medium was chosen 

due to extremely efficient leaching with only +(0/ added to the medium. Pulp density has 

a significant impact on leaching efficiency; therefore, it is important to investigate the opti-

mal pulp density. The results of pulp density optimization are discussed in this chapter. 

6.6.1  Performance of bioleaching at various pulp densities 

While leached concentrations of metals are more significant in higher pulp densities (see 

Appendix V), the leaching efficiency suffers greatly with higher pulp densities, see Figure 

22. Several factors contribute to the leaching efficiency decreasing with higher pulp densi-

ties. Metal ions in the black mass cause oxidative stress on the bacteria, additionally bacteria 

growth rate is reduced due to toxicity caused by the metals present in black mass. (Biswal & 

Balasubramanian, 2023) A factor, which too affects the leaching efficiency, is the pH of the 

leaching solution. This is discussed later in the chapter. 
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Figure 22. Leaching efficiencies from pulp density optimization experiments using mixed 

bacteria consortium and bioleaching medium composition: 0 g/L S, 0 g/L &Å3/Ͻχ(/, 

and 0.5 g/L +(0/. Top: 1 %, middle: 5 %, Bottom: 10 %. 
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Higher pulp densities would be more favorable in an economic standpoint. However, as seen 

from Figure 22. increasing pulp density from 1 % to 5 % decreases the leaching efficiency 

of lithium from 90 % to less than 40 %. Leaching efficiency of cobalt increased slightly with 

the higher pulp density, this however is not optimal, as the purpose is to improve the leaching 

of lithium. The best leaching efficiency of lithium was observed with a pulp density of 1 %. 

Comparing leaching efficiency with pulp densities 1 % and 2 %, (see Figure 12.) the smaller 

pulp density experienced minorly better efficiency. However, in an economic standpoint, 

choosing 2 % pulp density is optimal, as the leaching efficiency is only slightly less signifi-

cant.  

Gu, et al., (2025) obtained similar results when comparing leaching efficiency at different 

pulp densities. In the study it is claimed that with process optimization a pulp density of 12.5 

% could be the best option economically. A leaching efficiency of approximately 30 % at 

12.5% pulp density was achieved by Gu, et al., (2025).  For chemical leaching, leaching 

efficiency will begin to decrease at pulp densities higher than 150 g/L (Gilligan, et al., 2025).  

Even at high pulp densities (250 g/L) leaching efficiency remains relatively good (< 90 %) 

with acid leaching, as can be seen from Table 2. Similar trend can be observed from Table 

3. good (> 90 %) leaching efficiencies can be achieved at high pulp density (100 g/L) with 

alkali leaching. This is a serious drawback for bioleaching. Due to high metal toxicity, high 

pulp density reduces metal dissolution. A way to possibly combat the issue is to utilize the 

spent medium mechanism as there is no interaction between bacteria and black mass. 

(Biswal and Balasubramanian, 2023; Roy, et al., 2021) Fritze & Hedrich, (2024) were able 

to achieve lithium yield of 80 % at 7 % pulp density using the spent medium approach. 

However, this method requires the addition of an oxidant, due to the lack of microbial oxi-

dation of iron. 

The pH of the solution significantly affects the leaching efficiency. The pH and conductivity 

were monitored during the experiments, to evaluate the bacterial activity. The results of these 

measurements are presented in Figures 23. and 24. For numerical data, see Appendix VII .  
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Figure 23. pH behavior of pulp density experiments 

 

No plateauing in the pH of the 10 % pulp density experiment was observed during 14 days 

for which the experiment was run for. After day four the increase in pH slowed down, and 

after day 12 the pH increase was relatively small. As seen from Figure 22. almost all leaching 

ceased between days eight and twelve. Only leaching of lithium continued to the end of the 

experiment, however this was likely due to the sulfuric acid present in the bioleaching me-

dium, and not due to microbial activity, as it is unlikely for acidophilic bacteria to survive at 

a pH of seven. The pH of 1 % and 5 % pulp density experiments both plateaued after four 

days. The plateauing of the pH occurs simultaneously to the plateauing of leaching efficien-

cies of both 1 % pulp density and 5 % pulp density experiments. As can be expected based 

on the pH profiles, 10 % pulp density had the lowest leaching efficiency.  

The pH effects microbial growth rate and activity. At high pH the Acidophiles are not viable, 

and bacterial activity will cease which in turn will highly impact the leaching efficiency of 

all metals. Furthermore, at higher pH levels impurities, like jarosite, will begin to precipitate, 

which further hinder leaching. (Moazzam, et al., 2021) A. ferrooxidans were demonstrated 

to be capable of leaching metals at a pH range of 1-4 (Biswal & Balasubramanian, 2023). 
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Figure 24. Conductivity behavior of pulp density experiments 

 

10 % pulp density had a significant drop in conductivity after the addition of black mass. 1 

% and 5 % pulp densities had a more gradual decrease in conductivity. Higher pulp densities 

inhibit the oxidation rate of Fe(II), this leads to less donor electrons to be available thus 

lowering the conductivity (Fatemi, et al., 2017).  

6.7  Chemical leaching experiments 

Chemical leaching experiments were conducted to evaluate the benefits of the bacteria. The 

leaching efficiencies of chemical leaching experiments are presented in Figure 25. For con-

centrations of metals extracted and results from blanks, see Appendix VI.  To reiterate from 

chapter 5.5.5; experiment A: 0.31 M (3/, experiment B: 22.11 g/L &Å3/Ͻχ(/, and 

experiment C: (3/  &Å3/Ͻχ(/ . For systems B and C, the concentration of the 

added &Å3/Ͻχ(/ is subtracted from the final concentrations. 
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Figure 25. Chemical leaching experiments. Top: experiment A, middle: experiment B, bot-

tom: experiment C. A: 0.31 M (3/, experiment B: 22.11 g/L &Å3/Ͻχ(/, and experi-

ment C: (3/  &Å3/Ͻχ(/ . 
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Acid leaching is evidently a more rapid method than bioleaching, as can also be seen from 

Tables 2 and 4. All systems reached the plateau approximately 20 minutes after starting the 

experiments. However, chemical leaching utilizes much larger quantities of sulfuric acid 

than bioleaching. Experiment A was observed to be the most efficient at leaching all metals. 

Expectedly, experiment B was rather insufficient at leaching most metals. However, some 

metals were leached, as the pH of the solution is slightly acidic, due to the dissociation of 

Fe2+ ion. Experiment C was the most efficient and reached the highest leaching efficiencies. 

Chemical leaching is much more efficient at leaching copper than the microbial systems.  

The addition of ferrous iron to the leaching solution did not have major effect on the leaching 

efficiency of lithium. However, the addition did enhance the leaching of cobalt. Similar re-

sults have been reported by Ghassa, et al., (2020a). Reportedly, the leaching efficiency of 

cobalt rose from 33.6% to 88.7% with a ferrous iron concentration increase from 0 g/L to 6 

g/L. Lithium leaching efficiency remained steady at <90% regardless of varying ferrous iron 

concentration. 

The bioleaching experiments were observed to behave slightly differently to the chemical 

leaching experiments. Systems A and C were able to leach all metals relatively well, whereas 

the A. thiooxidans and mixed bioleaching systems struggled with some metals, especially 

copper. The chemical leaching systems containing sulfuric acid (A and C) had a much lower 

pH than the bioleaching systems. This is the likely explanation to why all metals were 

leached more efficiently with chemical leaching.  

Spent medium approach could be a promising way to compete with fast kinetics of chemical 

leaching. Spent medium approach can reduce the leaching time from days to just hours. In 

addition to faster leaching, the spent medium approach is more lenient to higher pulp densi-

ties. Leaching is solely dependent on cell free metabolites produced by the bacteria; thus, 

harsher leaching conditions do not lead to decreased leaching efficiency. (Fritze & Hedrich, 

2024; Moazzam, et al., 2021) 

6.8  SEM analysis before and after leaching 

The LFP black mass was analyzed with SEM before and after leaching. The goal of the SEM 

analysis was both to investigate how the surface morphology was affected by the leaching 
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and additionally, to characterize elements present in the black mass. The surface morpholo-

gies of samples before and after are presented in Figures 26. and 27. The after leaching 

sample on which SEM analysis was conducted was obtained from the leaching residue of 

the initial mixed consortium leaching system. 

 

 

Figure 26. Surface morphology before leaching. Two different magnifications used: 

X2.00k (left) and X5.00k (right). 

 

 

Figure 27. Surface morphology after leaching with mixed bacteria consortium and the non-

optimized medium, pulp density 2 %. Two different magnifications used: 2.50k (left) and 

3.50k (right). 

 

A clear change in the surface morphology can be observed in the sample before leaching 

compared to sample after bioleaching with mixed consortium and adapted 9K medium. 
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Particles overall were smaller in size in the sample after leaching than compared to before 

leaching. In the sample before leaching particles have a smooth surface, and particles are 

more spherical-like. Particles in the sample after leaching were porous, flaky, and rougher. 

This is likely due to dissolution of metals caused by microbial metabolites like bio sulfuric 

acid, which attack the metal surface (Roy, et al., 2025). The same change in surface mor-

phology was observed by Roy, et al., (2025). Rod-shaped bacteria were observed to cover 

the surface of particles. The bacteria covering the metal particles can be seen in Figure 28. 

 

 

Figure 28. Larger magnification (10.0k) of black mass after leaching 

 

Energy Dispersive Spectroscopy (EDS) was utilized alongside SEM to create elemental 

maps of samples before and after leaching, to gain further understanding on the leaching. 

The EDS heatmaps of samples before and after leaching are presented in Figure 29. It must 

be noted that the SEM was unable to detect lithium, as it is too light of an element to be 
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detected. Therefore, the weight percentages cannot be considered as absolute values and can 

only be used as indicative and not definite. For the extracted spectrum see Appendix VIII.  

 

 

Figure 29. EDS heat map of black mass before (left) and after (right) leaching. Red = P, 

blue = Fe, yellow = Al 

 

Large amounts of iron and phosphorus are visible in the map after leaching. This is seen as 

the purple color in the picture on the right. The color blue in the heat maps was observed to 

be more intense in the sample after leaching than the sample before leaching. Meaning higher 

concentrations of iron was present in the sample after leaching. This confirms the high con-

centrations of Fe in the leachate to be from the bioleaching medium, and not from the black 

mass. Sulfur mapping before and after leaching is presented in Figure 30.  
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Figure 30.  EDS net count mapping for sulfur, before (left) and after (right) leaching 

 

As discussed in chapter 6.3 a color change in the mixed system leaching residue was ob-

served. This was assumed to be due to elemental sulfur adhering to the surface of metal 

particles. Based on the EDS mapping this assumption proved to be accurate. The before 

leaching sample displays virtually no sulfur, whereas the sample after leaching displays sig-

nificant amounts of sulfur.   
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7  Conclusions 

As highlighted in the literature review within this thesis, finding new environmentally and 

economically sensible methods for recycling lithium from spent LIBs is crucial. Bioleaching 

is a well-established method, however not for the purpose of recycling spent LIBs. Bioleach-

ing would propose a greener way to recycle spent LIBs, however currently this is not eco-

nomically feasible. The purpose of this thesis was to investigate bioleaching as a method for 

leaching lithium from spent LFPs. The aim of this thesis was to optimize the bioleaching of 

spent LFP in a laboratory scale. Two different bacteria, A. thiooxidans and A. ferrooxidans, 

and a mixed consortium were used for bioleaching. 

As stated in previous studies, a mixed consortium performed better than single strain leach-

ing systems. The same result was observed in this thesis as well. A. thiooxidans system had 

best selectivity for lithium, however maintaining suitable conditions for the bacteria proved 

to be difficult. The medium was supplemented with additional sulfuric acid, to lower the pH. 

The mixed system was observed to have similar leaching efficiency of lithium as A. thioox-

idans system; however, higher concentrations of other metals were also leached. 100 % 

leaching efficiency of lithium was achieved by the mixed system on day 14. A. thiooxidans 

reached a leaching efficiency of 87 % for lithium on day 14. A. ferrooxidans system was 

observed to have lower leaching efficiency of lithium than the other two systems discussed.  

The mixed system was chosen for further optimization, as the goal of this thesis was to op-

timize the leaching efficiency of lithium. However, in case where selectivity towards lithium 

is more important than the overall leaching efficiency, A. thiooxidans system should be used 

and optimized. Considering all results from the experimental work conducted in this thesis, 

the best bioleaching setup for maximizing leaching efficiency of lithium is presented in Ta-

ble 15.  
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Table 15. Optimized conditions for bioleaching of spent LFP black mass 

Bacteria 
Inoculum ra-

tio 

Tempera-

ture, [°C] 

Agitation, 

[RPM] 
S, [g/L] 

&Å3/Ͻ
χ(/, [g/L] 

+(0/, 
[g/L]  

Pulp density, 

[%] 

Mixed con-

sortium 
3/2 A.f to A.t 30 150 1.68221 9.56794 0.270667 1 

 

The values in the table above are for a 14-day leaching time. In thesis, the possibility of 

decreasing the leaching time was also investigated. The conditions which produced the best 

lithium leaching efficiency in 8 days are presented in Table 16. 

 

Table 16. Optimum conditions for decreased leaching time, while maintaining maximal lith-

ium leaching efficiency 

Bacteria 
Inoculum ra-

tio 

Tempera-

ture, [°C] 

Agitation, 

[RPM] 
S, [g/L] 

&Å3/Ͻ
χ(/, [g/L] 

+(0/, 
[g/L]  

Pulp density, 

[%] 

Mixed con-

sortium 
3/2 A.f to A.t 30 150 4.99998 0.08773 0.00378 1 

 

However, a pulp density of 1 % may not be economically feasible. According to the results 

2 % pulp density was not far behind in leaching efficiency. Perhaps, for industrial purposes 

a 2 % pulp density would be more sensible. Additionally, the inoculum ratio was not opti-

mized in this thesis. Therefore, this should be investigated further, as a different ratio could 

result in better leaching, possibly at higher pulp densities.  

Next steps in the research should focus more on finding operating conditions, which would 

lessen the leaching time. As stated before, bioleaching suffers from long leaching times. As 

proven in this thesis, bioleaching required days before reaching high leaching efficiency. In 

contrast, > 90 % leaching efficiency by chemical leaching occurred in less than 20 minutes 

(system A). This is a serious drawback, and needs improving if bioleaching is to be used on 

an industrial scale. Moreover, recovery methods of lithium from the leachate should be in-

vestigated. This was not studied within this thesis; however, it is an important part of recy-

cling lithium from spent LIBs. Further work should also include pilot scale operations, as 

scalability may be an issue with bioleaching.   
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Appendix I. Results of ICP analysis of A. ferrooxidans 

Table 1. Metal concentrations of A. f #1 bioleaching system 

time Li  Al  Mn  Fe  Co  Ni  Cu  

0 29,9610 21,6026 18,1780 6632,8494 1,1809 0,7061 24,1652 

1 152,508 188,390 21,534 5786,635 9,825 3,528 48,675 

2 244,916 236,913 21,041 3959,812 14,652 4,463 160,577 

3 346,872 362,246 27,443 4691,585 20,756 7,242 239,608 

4 522,770 481,844 38,995 5411,545 28,725 10,930 313,392 

5 619,193 578,534 42,284 6180,717 37,470 13,178 362,726 

7 511,074 608,213 40,841 4931,301 34,647 14,898 341,987 

9 599,809 608,702 47,518 5229,194 39,993 15,160 373,218 

12 611,611 692,753 52,865 5222,549 40,048 18,022 390,052 

15 653,120 811,562 55,508 5538,721 45,946 20,913 432,199 

18 593,586 731,415 52,405 4717,519 38,957 20,837 386,211 

 

Table 2. Metal concentrations of A. f  #2 bioleaching system  

time Li  Al  Mn Fe Co Ni Cu 

0 79,138 68,689 16,468 5206,960 3,730 1,650 67,872 

1 135,476 172,268 18,735 4956,670 10,403 2,884 50,804 

2 202,960 234,039 21,128 4025,718 17,744 4,993 150,446 

3 322,413 336,370 30,446 4817,727 26,476 7,459 242,308 

4 421,038 444,886 39,269 5235,881 34,393 10,385 308,225 

5 443,684 498,921 38,368 4991,861 35,359 11,808 331,346 

7 588,145 672,242 42,670 4704,424 40,757 13,889 365,486 

9 553,332 631,483 46,514 4240,383 42,100 14,976 344,959 

12 488,711 559,327 43,341 4069,694 40,642 13,199 339,679 

15 764,483 781,761 52,411 4743,077 50,023 20,913 419,121 

18 621,578 695,998 50,876 4280,724 45,275 16,619 395,326 
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Table 3. Metal concentration of A.f blank system 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.459 2.259 22.605 7772.489 0.000 0.000 1.561 

1 111.369 74.651 26.785 7558.240 4.382 1.539 108.452 

2 296.424 417.717 41.251 6973.594 31.067 8.423 273.204 

3 379.788 443.643 41.016 5949.055 33.416 9.307 329.041 

4 389.447 508.543 44.208 6157.202 36.892 11.535 375.917 

5 426.051 530.714 45.408 5607.071 38.118 13.068 389.826 

8 490.499 599.729 48.718 5377.952 41.591 14.464 418.686 

10 461.276 593.703 47.532 5122.359 40.723 14.298 397.093 

12 537.105 652.973 53.802 5063.862 45.915 17.817 453.692 

14 593.252 607.618 48.918 4688.537 41.806 15.832 390.885 

18 561.005 639.592 49.075 4653.876 42.174 17.318 395.745 
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Appendix II. Results of ICP analysis of A. thiooxidans 

Table 1. Metal concentrations of A. t #1 bioleaching system 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 4.747 4.028 0.169 0.000 0.407 0.263 0.461 

1 332.127 243.614 10.889 1132.396 25.178 7.255 16.620 

2 558.531 137.382 14.056 214.404 32.968 9.826 2.172 

3 528.360 108.246 14.109 61.452 33.442 8.468 6.524 

4 589.495 117.018 15.128 0.000 35.723 8.952 11.638 

5 529.933 93.635 13.727 45.351 31.443 9.124 17.043 

7 544.846 87.375 14.838 75.281 31.196 8.995 29.747 

9 568.293 83.923 16.687 45.205 34.254 10.624 42.780 

12 582.427 90.364 16.630 20.374 34.908 10.961 50.441 

15 606.642 97.220 18.300 61.195 36.807 12.007 65.580 

18 632.584 98.548 21.090 34.563 41.155 13.909 83.816 

 

Table 2. Metal concentrations of A. t #2 bioleaching system 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 3.373 0.000 0.000 15.489 0.325 0.262 0.672 

1 337.629 248.676 10.523 1221.600 22.957 5.605 29.325 

2 553.626 113.296 13.716 81.312 32.883 8.801 65.105 

3 600.543 61.117 12.524 29.598 32.987 8.229 39.596 

4 616.606 74.263 14.506 91.963 34.630 10.447 49.581 

5 540.617 62.258 11.492 33.191 27.914 8.424 50.376 

7 560.074 69.321 13.047 47.051 30.968 9.285 63.480 

9 559.593 65.661 12.983 56.630 31.149 8.927 67.156 

12 615.305 64.040 13.235 37.538 31.649 9.685 70.979 

15 619.505 79.811 14.788 52.506 34.616 11.523 86.660 

18 640.605 79.298 15.946 30.946 35.841 11.753 96.115 
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Table 3. Metal concentration of A.t blank system 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 1.404 1.332 0.609 0.000 0.387 0.778 0.678 

1 170.150 115.267 5.207 721.338 8.480 2.957 131.599 

2 339.139 98.344 9.924 102.541 25.114 6.750 1.472 

3 380.517 26.941 8.016 61.833 24.453 5.737 1.638 

4 416.457 14.310 5.283 32.910 20.377 5.625 1.972 

5 450.860 13.501 4.195 102.076 17.103 5.891 7.031 

7 515.748 7.733 1.412 9.734 10.858 5.028 6.976 

9 543.600 7.179 1.103 7.124 8.214 4.908 6.999 

12 573.338 7.737 0.921 56.895 7.269 4.688 6.912 

15 646.256 9.850 0.866 41.822 7.038 5.132 8.808 

18 663.719 11.186 1.043 66.313 7.530 5.285 11.144 
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Appendix III. Results of ICP analysis of mixed system 

Table 1. Metal concentrations of mixed #1 bioleaching system 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 18.835 5.182 10.198 4569.161 1.421 1.098 1.089 

1 92.401 36.403 13.762 4834.603 3.970 1.908 72.680 

2 359.715 273.108 26.758 4011.168 26.831 6.414 3.061 

3 499.866 279.750 24.984 3521.351 28.201 5.543 2.330 

4 570.226 319.473 29.502 3631.915 27.511 7.479 13.660 

5 556.140 433.908 28.276 3144.851 32.383 10.621 78.797 

7 406.577 349.456 26.426 2129.894 26.518 6.822 113.640 

9 649.757 553.727 33.585 2694.159 39.813 13.223 191.981 

12 583.912 497.320 34.601 2468.901 40.512 13.570 211.599 

15 698.531 822.383 49.024 4267.019 54.230 16.463 327.000 

18 716.483 867.599 50.954 3423.184 59.238 20.412 394.615 

 

Table 2. Metal concentrations of mixed #2 bioleaching system 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 17.175 3.886 9.284 4943.109 1.992 0.000 1.265 

1 127.476 37.705 16.788 4759.304 5.191 0.835 70.581 

2 416.763 282.258 25.346 4463.107 24.927 7.043 3.388 

3 471.189 282.382 25.585 4044.769 25.382 8.706 1.105 

4 566.838 364.350 24.673 3052.806 30.345 4.754 40.350 

5 537.397 374.198 25.517 3248.234 28.873 6.787 46.745 

7 648.102 462.829 32.191 2844.274 32.858 10.768 142.799 

9 582.591 467.926 31.579 2489.926 35.522 10.917 168.218 

12 616.814 490.592 36.898 2464.954 41.262 11.066 221.566 

15 705.006 856.879 51.080 4170.595 54.190 20.072 332.936 

18 793.883 891.635 58.492 3587.319 59.822 20.558 409.901 
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Table 3. Metal concentration of mixed blank system 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.460 0.323 15.910 5291.597 0.000 0.000 0.539 

1 105.082 69.808 20.499 5075.684 3.944 1.450 122.972 

2 309.882 374.812 28.738 4786.353 25.955 6.894 13.688 

3 374.001 404.868 30.590 4220.431 29.863 8.191 12.276 

4 402.033 446.310 30.763 4178.360 30.976 8.670 20.134 

5 405.910 465.026 31.280 4121.181 31.200 8.591 24.485 

8 441.896 511.709 34.252 4028.443 34.533 11.314 36.875 

10 458.631 548.358 36.174 3548.747 37.910 12.410 37.572 

12 504.729 560.408 37.780 3323.126 37.814 12.632 40.182 

14 624.063 630.365 42.098 3636.061 42.319 14.751 37.733 

18 604.431 629.375 41.589 2987.335 40.981 15.119 61.589 
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Appendix IV. Results of ICP analysis, medium optimization 

Table 1. Metal concentrations of RSM 1.1 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 7.886 0.000 1.212 698.55 0.013 0.000 0.481 

1 157.355 119.982 9.242 1393.157 6.790 1.851 149.143 

4 548.682 218.061 17.311 866.187 28.919 7.550 297.421 

8 504.247 249.577 18.326 649.112 30.674 10.844 334.520 

12 549.491 277.954 21.089 620.538 32.386 12.541 357.363 

14 574.522 299.901 22.088 539.668 36.203 12.571 371.149 

 

Table 2. Metal concentrations of RSM 1.2 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 4.374 9.647 1.229 727.276 0.000 0.000 0.404 

1 147.925 89.825 7.568 1425.886 5.283 1.077 135.432 

4 661.667 249.240 20.536 751.028 35.695 11.500 358.700 

8 526.169 238.825 20.367 450.980 34.661 11.607 341.913 

12 557.111 277.400 23.340 371.184 38.156 12.963 372.868 

14 569.393 309.102 24.608 427.267 42.441 15.162 406.399 

 

Table 3. Metal concentrations of RSM 1.3 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 0.000 12.432 5449.677 0.000 0.000 0.253 

1 131.771 76.975 18.258 5770.581 5.052 0.877 121.520 

4 552.102 318.317 28.846 4768.893 32.684 9.986 361.402 

8 507.201 353.995 29.628 3968.830 32.580 11.517 358.737 

12 576.389 407.648 34.962 3897.805 37.865 13.565 404.590 

14 555.864 417.514 34.813 3907.189 38.775 13.917 404.567 

 

Table 4. Metal concentrations of RSM 1.4 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 1.831 0.000 13.007 5417.679 0.000 0.000 0.234 

1 127.020 84.903 18.115 5549.881 3.978 1.482 120.282 

4 601.702 358.692 32.205 4792.858 31.345 11.078 388.909 

8 531.300 373.174 32.199 3487.288 30.697 12.079 383.985 

12 566.904 428.931 35.150 3437.301 34.670 12.963 409.875 

14 554.467 451.323 35.867 3380.194 34.373 14.188 409.725 
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Table 5. Metal concentrations of RSM 1.5 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.076 1.384 782.160 0.000 0.000 0.777 

1 147.196 103.187 8.154 1422.970 6.178 2.799 137.609 

4 554.072 293.778 22.609 914.227 34.888 12.783 103.300 

8 575.302 322.196 23.816 598.110 34.301 13.135 114.690 

12 543.807 347.383 24.385 335.953 32.870 13.996 164.160 

14 547.732 362.430 26.075 271.684 35.032 13.923 196.896 

 

Table 6. Metal concentrations of RSM 1.6 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.857 1.955 686.338 0.000 0.081 0.877 

1 134.477 91.320 6.962 1450.892 5.048 2.333 124.734 

4 553.596 241.899 16.455 767.950 31.715 9.256 282.411 

8 546.745 264.738 18.120 573.187 33.861 10.051 316.502 

12 525.629 247.791 16.833 464.489 30.379 9.650 291.348 

14 559.433 274.666 19.871 444.881 33.714 11.656 332.295 

 

Table 7. Metal concentrations of RSM 1.7 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.522 13.019 5432.823 0.000 0.081 1.123 

1 113.434 88.522 18.310 5831.248 6.088 2.008 115.852 

4 554.859 369.741 31.754 4463.493 32.240 12.844 211.047 

8 561.181 439.721 34.471 3698.159 33.173 14.180 275.633 

12 530.412 447.206 32.424 3059.317 31.360 13.666 288.445 

14 554.466 502.538 34.571 3089.286 32.924 15.020 319.876 

 

Table 8. Metal concentrations of RSM 1.8 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.857 11.943 5391.977 0.000 0.515 0.959 

1 124.897 102.181 17.463 5556.541 4.625 2.657 128.368 

4 574.908 386.171 31.994 4345.310 32.272 13.272 134.922 

8 578.632 423.432 32.602 4003.644 31.020 12.316 190.370 

12 546.836 466.079 35.140 3398.179 31.828 13.882 228.531 

14 559.272 524.365 34.258 3318.029 33.656 14.264 255.595 
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Table 9. Metal concentrations of RSM 1.9 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 3.082 11.661 5408.572 0.000 0.353 1.295 

1 132.277 99.606 15.892 5167.013 5.232 2.637 126.126 

4 558.018 376.942 27.923 4012.866 29.346 10.714 384.204 

8 518.029 426.261 29.917 3079.078 29.736 10.871 374.727 

12 587.659 542.484 35.417 3028.764 35.487 14.531 433.344 

14 555.105 570.423 35.281 2568.004 34.467 13.933 422.507 

 

Table 10. Metal concentrations of RSM 1.10 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 2.080 6.483 2870.766 0.000 0.020 0.952 

1 133.534 122.893 13.330 3492.420 6.249 2.698 141.135 

4 579.800 379.981 24.910 2283.837 29.854 11.407 119.726 

8 546.428 396.059 24.126 2014.579 28.085 10.881 168.564 

12 587.659 467.784 28.871 1755.364 32.422 13.233 244.351 

14 609.924 485.053 27.621 1509.053 31.375 12.494 260.532 

 

Table 11. Metal concentrations of RSM 1.11 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.077 1.822 746.526 0.000 0.101 0.995 

1 154.106 111.361 6.995 1154.473 6.514 2.769 140.718 

4 575.381 263.731 18.202 448.337 31.198 9.368 286.812 

8 543.094 264.172 17.118 244.716 28.654 10.000 280.595 

12 560.710 323.963 22.196 118.423 34.170 12.173 348.058 

14 583.797 341.518 22.503 37.884 35.754 13.322 363.830 

 

Table 12. Metal concentrations of RSM 1.12 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 0.297 8.922 4178.687 0.000 0.101 1.680 

1 163.057 144.166 20.806 5559.417 8.124 3.550 161.921 

4 536.393 389.885 33.837 4502.334 38.346 12.967 226.348 

8 514.379 408.954 31.364 3670.293 35.157 11.803 187.593 

12 565.176 545.326 39.972 3440.318 41.400 16.766 251.426 

14 538.115 582.652 40.036 3159.284 43.255 16.159 273.730 
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Table 13. Metal concentrations of RSM 1.13 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.968 7.520 3286.685 0.000 0.151 1.216 

1 149.396 130.506 14.756 3723.055 7.932 3.742 156.420 

4 532.762 333.953 24.082 2163.963 29.550 11.264 341.248 

8 518.029 374.907 24.582 1985.035 31.634 12.275 344.863 

12 570.597 435.382 28.826 1577.358 35.714 14.006 389.963 

14 566.486 448.140 28.696 1536.323 35.560 13.581 390.635 

 

Table 14. Metal concentrations of RSM 1.14 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.633 6.273 2328.028 0.000 0.030 2.016 

1 107.779 88.633 12.605 2677.613 4.430 2.221 114.258 

4 457.540 382.290 28.429 1904.201 33.109 13.395 173.401 

8 546.962 430.055 30.805 1478.041 35.264 15.501 166.413 

12 556.213 460.161 33.339 1583.758 37.702 16.102 194.316 

14 585.645 484.316 32.701 1343.437 39.210 18.527 209.730 

 

Table 15. Metal concentrations of RSM 1.15 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.857 6.932 2467.695 0.000 0.061 2.320 

1 93.646 84.826 13.335 2838.865 4.543 2.353 109.223 

4 522.493 312.935 24.724 1857.490 30.832 10.416 351.248 

8 568.510 364.747 29.644 1670.035 35.234 12.878 400.840 

12 587.025 407.429 31.174 1258.425 36.291 14.602 410.664 

14 624.780 471.065 33.616 1119.456 38.868 15.660 437.645 

 

Table 16. Metal concentrations of RSM 1.16 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 3.416 6.722 2365.959 0.000 0.303 2.348 

1 126.626 90.873 13.764 2909.487 5.012 2.414 128.364 

4 561.924 343.232 28.488 1640.357 39.189 13.017 388.734 

8 591.212 414.694 32.658 1447.136 46.482 14.832 433.185 

12 601.077 427.295 32.593 1210.067 44.535 15.456 421.258 

14 638.904 478.235 35.240 1134.123 48.324 16.727 457.129 
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Table 17. Metal concentrations of RSM 1.17 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 2.859 7.071 2617.865 0.000 0.121 2.166 

1 126.626 123.006 15.202 3058.053 6.582 3.043 136.727 

4 571.239 346.719 26.816 1762.662 35.348 11.261 349.857 

8 585.056 404.273 32.117 1443.861 41.758 13.554 392.075 

12 585.349 417.001 31.732 1246.186 40.777 14.718 389.038 

14 624.002 464.802 32.328 1130.099 42.254 16.102 406.012 

 

  



 

Appendix V. Results of ICP analysis, pulp density optimization 

Table 1. Metal concentrations of pulp density optimization, 1% pulp density 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 1.032 1.481 342.734 0.017 0.100 1.122 

1 85.651 63.009 5.085 596.964 4.167 1.448 77.610 

4 278.763 281.029 12.810 354.593 16.124 6.674 214.827 

8 278.262 295.848 13.686 256.487 16.979 7.467 225.804 

12 276.467 285.446 13.459 190.304 17.991 8.583 222.971 

14 301.863 302.981 14.738 119.894 18.530 7.785 235.047 

 

Table 2. Metal concentrations of pulp density optimization, 5% pulp density 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.209 1.297 1.871 311.157 0.000 0.100 0.909 

1 227.080 163.660 10.303 855.750 9.578 3.472 219.512 

4 622.540 436.273 45.151 53.471 88.255 21.314 376.612 

8 731.918 245.185 44.156 0.000 88.000 20.846 196.498 

12 783.115 221.884 43.760 0.000 88.115 20.032 149.736 

14 928.016 431.948 46.300 143.534 94.825 22.386 301.824 

 

Table 3. Metal concentrations of pulp density optimization, 10% pulp density 

Time, [days] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 1.726 0.147 1.593 290.647 0.000 0.000 0.793 

1 405.205 289.391 15.116 1209.349 16.957 6.003 400.217 

4 855.436 305.249 53.266 0.000 127.172 21.741 141.938 

8 1064.519 54.130 22.173 0.000 56.254 5.388 22.632 

12 1333.650 34.095 2.363 0.000 6.030 0.359 29.828 

14 1482.961 175.928 4.274 0.000 10.604 1.978 114.610 
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Appendix VI. Results of ICP analysis, chemical leaching experiments 

Table 1. Metal concentrations of chemical leaching experiments, (3/ #1 

Time, [min] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 2.990 0.059 0.000 0.000 0.000 0.000 0.460 

2 354.802 296.416 20.619 1485.408 18.908 8.730 285.126 

5 397.308 322.945 21.072 2226.804 19.958 8.389 278.097 

7 455.128 387.834 23.124 2571.122 24.076 9.982 298.933 

10 540.872 436.685 24.986 2937.161 27.655 10.912 317.775 

12 570.742 470.520 27.272 2815.843 31.662 11.960 325.250 

15 574.482 463.470 27.007 3433.410 30.518 12.525 315.642 

20 573.021 524.393 29.035 3212.914 37.170 14.367 333.159 

30 581.550 549.817 29.775 3533.321 38.725 14.417 321.511 

45 575.879 554.564 28.194 3586.613 39.032 14.016 318.050 

60 579.989 594.020 29.307 3517.369 40.180 16.323 336.202 

120 592.167 656.000 31.437 3351.140 42.812 16.805 397.430 

240 586.729 705.366 32.054 3560.999 44.159 17.258 433.171 

 

Table 2. Metal concentrations of chemical leaching experiments, (3/ #2 

Time, [min] Li , [ppm] Al , [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 2.104 0.000 0.000 0.000 0.000 0.000 0.591 

2 343.756 270.540 18.190 1459.520 16.808 7.408 265.153 

5 457.795 341.803 22.187 2256.625 22.705 9.784 301.051 

7 498.737 383.522 23.898 2834.908 25.531 10.519 306.600 

10 539.712 406.255 24.497 2792.930 27.737 10.556 305.575 

12 577.222 429.588 26.698 2886.024 30.908 11.894 318.323 

15 558.199 471.316 27.109 3044.215 32.654 13.145 319.708 

20 568.178 497.340 29.035 3381.550 35.105 13.676 320.749 

30 531.928 538.109 27.453 3204.491 36.894 14.434 308.870 

45 558.809 557.253 29.087 3290.605 38.501 15.735 316.374 

60 551.126 562.995 28.348 3107.672 38.740 15.946 325.901 

120 557.935 655.531 30.953 3450.441 41.227 17.106 388.562 

240 581.891 700.281 31.410 3399.027 42.310 18.235 434.969 
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Table 3. Metal concentrations of chemical leaching experiments, (3/ blank 

Time, [min] Li, [ppm] Al, [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 2.182 0.000 0.000 0.000 0.000 0.419 

2 0.000 2.104 0.000 0.000 0.000 0.000 0.398 

5 2.510 2.114 0.000 0.000 0.000 0.000 0.656 

7 0.000 0.239 0.000 0.000 0.000 0.000 0.657 

10 2.405 0.000 0.000 0.000 0.000 0.000 0.681 

12 0.735 0.877 0.000 0.000 0.000 0.000 0.448 

15 0.000 0.790 0.000 0.000 0.000 0.000 0.534 

20 0.087 1.253 0.000 0.000 0.000 0.000 0.552 

30 0.000 0.246 0.000 0.000 0.000 0.000 0.300 

45 0.220 1.451 0.000 0.000 0.000 0.000 0.408 

60 0.000 0.528 0.000 0.000 0.000 0.000 0.251 

120 0.000 0.062 0.000 0.000 0.000 0.000 0.493 

240 1.165 0.533 0.000 0.000 0.000 0.000 0.353 

 

Table 4. Metal concentrations of chemical leaching experiments, &Å3/Ͻχ (/ #1 

Time, [min] Li, [ppm] Al, [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 2.123 0.000 10.492 3920.496 0.001 0.000 3.724 

2 84.254 91.194 16.283 3979.506 5.139 2.215 60.243 

5 81.748 68.869 15.913 3477.703 29.529 3.679 55.218 

7 83.832 69.131 16.468 4162.998 5.351 3.021 58.176 

10 91.480 85.555 15.619 4031.901 4.802 2.142 64.683 

12 90.008 78.736 16.003 3934.036 5.088 2.636 58.835 

15 100.634 92.827 16.516 3949.293 5.319 2.616 62.370 

20 98.146 96.978 15.593 4233.349 5.569 3.008 62.450 

30 106.031 106.058 17.609 4050.548 5.954 3.380 67.630 

45 109.897 111.249 16.213 3682.707 5.881 3.168 62.721 

60 112.738 133.448 17.177 3768.666 6.313 3.219 63.078 

120 113.204 145.770 15.222 3376.545 5.806 1.628 45.229 

240 131.956 197.294 16.802 3212.361 8.506 2.250 31.974 
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Table 5. Metal concentrations of chemical leaching experiments, &Å3/Ͻχ (/ #2 

Time, [min] Li, [ppm] Al, [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 1.474 1.297 12.359 4044.360 0.000 0.000 1.312 

2 89.841 70.921 16.153 4064.321 4.651 2.011 60.287 

5 113.392 97.912 18.545 4062.113 7.045 3.211 74.989 

7 87.295 82.155 17.365 4011.328 5.418 3.054 64.395 

10 117.391 119.591 18.364 3908.209 8.076 3.775 76.841 

12 98.172 96.341 16.656 3968.249 6.290 2.944 67.577 

15 120.952 131.595 17.750 3988.338 8.439 3.713 80.218 

20 132.710 138.607 19.427 4364.487 8.573 4.347 83.245 

30 121.297 140.162 18.576 4017.236 8.064 3.998 78.286 

45 129.874 143.865 17.439 3733.840 8.030 3.449 70.622 

60 130.162 167.261 18.003 3912.195 7.804 3.578 66.690 

120 140.348 179.576 16.646 3218.002 7.317 2.695 52.619 

240 170.670 224.220 19.164 2980.924 11.054 2.786 37.555 

 

Table 6. Metal concentrations of chemical leaching experiments, &Å3/Ͻχ (/ blank 

Time, [min] Li, [ppm] Al, [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 1.726 3.685 12.879 4025.549 0.000 0.000 1.181 

2 0.593 2.193 13.588 4112.828 0.000 0.000 1.190 

5 0.211 1.847 15.610 4418.508 0.000 0.000 1.322 

7 3.804 6.796 13.358 3786.651 0.000 0.000 4.123 

10 2.405 1.594 12.329 3895.487 0.000 0.069 1.738 

12 0.000 1.513 13.174 3983.531 1.702 0.161 1.912 

15 0.000 0.000 13.418 4056.532 0.547 0.103 1.606 

20 0.000 1.619 12.637 4153.052 0.000 0.000 1.937 

30 0.000 1.628 12.288 4070.273 0.000 0.000 2.094 

45 0.000 0.803 12.263 3595.323 0.000 0.000 2.300 

60 0.000 1.273 14.854 4448.594 0.000 0.000 1.996 

120 0.000 1.092 12.261 3690.494 0.000 0.000 2.411 

240 0.358 0.533 14.278 4162.863 0.000 0.000 2.635 
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Table 7. Metal concentrations of chemical leaching experiments, (3/ &Å3/Ͻχ (/ #1 

Time, [min] Li, [ppm] Al, [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 0.678 13.838 4404.235 0.000 0.000 2.634 

2 258.058 210.430 25.685 4984.868 13.285 5.987 207.456 

5 355.965 298.546 30.132 5615.418 18.988 7.946 258.700 

7 423.577 358.817 33.833 6055.599 23.256 9.933 289.431 

10 494.461 389.823 34.080 6778.033 26.728 10.233 291.771 

12 515.410 421.873 36.192 7076.103 28.184 10.869 306.977 

15 533.712 435.554 36.329 7281.806 31.440 11.654 302.022 

20 529.290 457.630 38.945 7000.045 33.780 12.363 321.812 

30 554.436 507.226 37.882 7403.080 34.970 13.748 310.227 

45 533.274 520.368 37.250 7390.491 36.012 12.518 305.813 

60 565.625 584.796 39.936 7359.346 39.425 14.466 338.259 

120 417.666 471.488 30.089 5384.376 29.832 11.835 284.126 

240 599.905 753.579 44.325 7310.599 44.079 17.206 439.659 

 

Table 8. Metal concentrations of chemical leaching experiments, (3/ &Å3/Ͻχ (/ #2 

Time, [min] Li, [ppm] Al, [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.967 1.386 13.735 4280.927 0.000 0.000 2.491 

2 288.275 223.412 27.452 5231.322 13.539 6.061 220.005 

5 438.143 344.931 32.896 6632.869 21.442 8.939 284.435 

7 507.843 378.940 35.436 6747.095 23.599 8.819 294.862 

10 528.238 443.458 36.295 7094.926 28.365 10.871 306.141 

12 533.812 433.036 36.289 6877.119 29.202 10.735 305.237 

15 543.482 483.541 38.637 7408.633 32.737 11.880 315.162 

20 536.621 489.453 38.210 7136.374 34.450 12.455 309.562 

30 554.569 519.948 37.373 7392.245 36.703 12.876 301.008 

45 361.141 360.697 25.240 4990.692 26.844 8.664 208.783 

60 537.426 568.771 39.393 7595.283 41.680 14.364 331.219 

120 573.313 632.771 40.609 7305.492 45.318 15.352 386.453 

240 599.903 756.594 46.196 7073.651 51.397 17.448 460.911 
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Table 9. Metal concentrations of chemical leaching experiments, (3/ &Å3/Ͻχ (/ blank 

Time, [min] Li, [ppm] Al, [ppm] Mn, [ppm] Fe, [ppm] Co, [ppm] Ni, [ppm] Cu, [ppm] 

0 0.000 0.590 13.977 4434.270 0.000 0.000 1.989 

2 0.000 0.592 15.008 4695.744 2.873 0.142 2.920 

5 0.000 0.059 13.988 4452.564 0.000 0.000 2.610 

7 0.000 0.958 12.293 4174.018 0.000 0.000 2.739 

10 0.086 0.782 12.251 4194.350 0.000 0.000 2.479 

12 0.604 0.877 15.354 4728.587 0.000 0.000 2.513 

15 0.217 1.611 16.839 5354.095 0.000 0.000 2.364 

20 0.000 0.000 13.599 4273.539 0.000 0.000 2.285 

30 1.273 2.273 14.895 4928.462 0.000 0.000 4.088 

45 0.352 1.266 12.343 4240.056 0.000 0.000 2.688 

60 0.000 1.366 11.662 3752.509 0.000 0.000 2.248 

120 0.000 2.215 12.636 4120.569 0.000 0.000 2.572 

240 0.627 1.663 14.264 3805.784 0.000 0.000 2.921 
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Appendix VII. pH and conductivity measurements 

Table 1. pH and conductivity measurements, A.f #1 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 2.24 11.58 

1 3.45 12.46 

2 3.72 12.08 

3 3.37 13.67 

4 3.04 17.85 

5 3.05 18.34 

8 2.54 17.9 

10 2.54 18.27 

12 2.45 18.58 

15 2.38 18.42 

18 2.32 19.62 

 

Table 2. pH and conductivity measurements, A.f #2 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 2.50 14.28 

1 3.34 13.26 

2 3.75 12.45 

3 3.48 13.9 

4 3.52 18.56 

5 2.95 18.48 

8 2.48 17.90 

10 2.45 18.53 

12 2.37 18.67 

15 2.33 18.77 

18 2.26 19.62 
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Table 3. pH and conductivity measurements, A.f blank 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 1.99 15.51 

1 2.29 17.24 

2 3.34 20.1 

3 3.29 20.2 

4 3.05 19.74 

5 2.94 19.59 

8 2.72 20.1 

10 2.63 20.2 

12 2.53 18.65 

15 2.71 20.2 

18 2.56 19.78 

 

Table 4. pH and conductivity measurements, A.t #1 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 1.61 14.54 

1 2.63 9.19 

2 3.26 8.08 

3 3.59 8.39 

4 3.79 8.02 

5 3.81 8.34 

8 3.9 8.76 

10 3.89 8.73 

12 3.85 8.49 

15 3.85 8.81 

18 3.82 9.12 
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Table 5. pH and conductivity measurements, A.t #2 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 1.68 15.39 

1 2.75 9.1 

2 3.96 7.89 

3 4.32 8.05 

4 4.37 7.36 

5 4.32 8.3 

8 4.28 8.71 

10 4.22 8.91 

12 4.15 8.75 

15 4.12 8.68 

18 4.11 9.01 

 

Table 6. pH and conductivity measurements, A.t blank 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 1.87 20.9 

1 2.79 2.69 

2 3.75 7.06 

3 5.01 6.19 

4 5.44 6.91 

5 5.82 8.33 

8 6.26 7.6 

10 6.47 9.1 

12 6.45 8.45 

15 6.39 10.41 

18 6.31 9.47 
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Table 7. pH and conductivity measurements, A.f/A.t #1 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 1.71 18.52 

1 2 18.29 

2 4.19 14.62 

3 3.98 16.74 

4 3.21 16.81 

5 3 17.03 

8 2.83 16.79 

10 2.67 17.26 

12 2.56 17.39 

15 2.5 17.89 

18 2.46 18.11 

 

Table 8. pH and conductivity measurements, A.f/A.t #2 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 1.64 20.2 

1 1.92 14.51 

2 4.2 16.13 

3 4.08 16.26 

4 3.49 16.81 

5 3.13 16.89 

8 2.83 17.41 

10 2.69 17.39 

12 2.62 17.41 

15 2.55 17.64 

18 2.5 18.13 
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Table 9. pH and conductivity measurements, A.f/A.t blank 

Time, [day] pH 
Conductivity, 

[ms/cm] 

0 1.76 14.02 

1 2.47 17.08 

2 3.81 18.04 

3 3.61 18.45 

4 3.05 17.49 

5 3.21 18.39 

8 3.04 18.57 

10 2.96 17.75 

12 2.83 17.22 

15 2.85 19.62 

18 2.75 19.11 

 

Table 10. pH and conductivity measurements, medium optimization run #1 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.4 24.4 

1 1.6 17.52 

4 3.48 15.01 

8 3.12 14.45 

12 3.11 15.49 

14 2.98 15.56 

 

Table 11. pH and conductivity measurements, medium optimization run #2 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.42 23.8 

1 1.66 17.63 

4 3.36 15 

8 3.12 14.2 

12 3.04 15.37 

14 3.01 15.55 
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Table 12. pH and conductivity measurements, medium optimization run #3 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.41 25.4 

1 1.59 21.9 

4 2.88 18.95 

8 2.63 18.11 

12 2.54 18.66 

14 2.53 18.92 

 

Table 13. pH and conductivity measurements, medium optimization run #4 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.42 25.5 

1 1.62 21 

4 2.88 19.24 

8 2.53 17.54 

12 2.4 19.69 

14 2.4 19.48 

 

Table 14. pH and conductivity measurements, medium optimization run #5 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.5 24.1 

1 1.69 17.38 

4 3.26 15.16 

8 3.19 14.68 

12 3.08 14.71 

14 3.13 15.21 

 

Table 15. pH and conductivity measurements, medium optimization run #6 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.42 22.5 

1 1.71 17.62 

4 3.41 16.41 

8 3.19 14.82 

12 3.09 14.72 

14 3.11 15.18 
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Table 16. pH and conductivity measurements, medium optimization run #7 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.57 23.7 

1 1.72 21.8 

4 3.08 16.41 

8 2.79 18.32 

12 2.67 17.58 

14 2.67 18.2 

 

Table 17. pH and conductivity measurements, medium optimization run #8 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.69 25.5 

1 1.73 20.8 

4 3.06 19.16 

8 2.84 18.56 

12 2.71 18.39 

14 2.67 19.38 

 

Table 18. pH and conductivity measurements, medium optimization run #9 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.53 25.6 

1 1.78 21.3 

4 3.08 19.05 

8 2.64 18.56 

12 2.54 18.27 

14 2.47 18.89 

 

Table 19. pH and conductivity measurements, medium optimization run #10 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.46 23.7 

1 1.67 20.3 

4 3.29 16.84 

8 2.97 16.68 

12 2.84 17.48 

14 2.75 17.29 
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Table 20. pH and conductivity measurements, medium optimization run #11 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.5 22.4 

1 1.84 18.22 

4 3.41 14.32 

8 3.21 14.3 

12 3.14 14.66 

14 3.1 14.67 

 

Table 21. pH and conductivity measurements, medium optimization run #12 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.58 24.4 

1 1.9 20.9 

4 3.25 18.25 

8 2.9 18.12 

12 2.77 18.65 

14 2.65 18.35 

 

Table 22. pH and conductivity measurements, medium optimization run #13 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.53 21.3 

1 1.78 20.2 

4 3.02 16.3 

8 2.76 15.86 

12 2.69 16.3 

14 2.62 16.45 

 

Table 23. pH and conductivity measurements, medium optimization run #14 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.55 23.1 

1 1.72 20.1 

4 2.72 16.13 

8 2.87 16.52 

12 2.78 17.12 

14 2.75 17.2 
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Table 24. pH and conductivity measurements, medium optimization run #15 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.53 22.9 

1 1.69 20.3 

4 3.07 16.28 

8 2.76 16.25 

12 2.63 17.19 

14 2.52 17.11 

 

Table 25. pH and conductivity measurements, medium optimization run #16 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.55 23.3 

1 1.78 19.55 

4 2.92 16.29 

8 2.68 16.41 

12 2.57 17.13 

14 2.52 17.57 

 

Table 26. pH and conductivity measurements, medium optimization run #17 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.44 23.9 

1 1.68 20.5 

4 2.9 16.26 

8 2.69 16.65 

12 2.6 17.2 

14 2.55 17.4 

 

Table 27. pH and conductivity measurements, pulp density 1% 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.33 23.5 

1 1.52 19.66 

4 2.01 15.7 

8 1.99 16.14 

12 2.04 16.61 

14 2.08 16.73 
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Table 28. pH and conductivity measurements, pulp density 5% 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.36 23.6 

1 1.86 17.89 

4 4.57 14.64 

8 4.95 15.17 

12 5.19 16.11 

14 5.18 16.39 

 

Table 29. pH and conductivity measurements, pulp density 10% 

Time, [days] pH 
Conductivity, 

[ms/cm] 

0 1.36 23.9 

1 2.73 11.06 

4 5.39 15.01 

8 6.51 15.84 

12 7.52 17.5 

14 7.67 17.67 

 

 



 

 

Appendix VIII. EDS spectrum 

Table 1. Spectrum of the sample before leaching 

Element Extracted Spectrum 
Extracted 

Spectrum 

  Weight % Atom % 

O K 7.08 16.73 

Al K  9.58 13.43 

Si K 0.1 0.14 

P K 24.49 29.91 

S K 0.49 0.58 

Cl K 0.16 0.17 

K K 0.02 0.02 

Ca K 0.03 0.03 

Ti K 0.44 0.35 

Cr K 0.14 0.1 

Mn K 0.15 0.11 

Fe K 52.41 35.5 

Ni K 0.23 0.15 

Cu K 4.67 2.78 

  100 100 

 

Table 2. Spectrum of the sample after leaching 

Element Extracted Spectrum Extracted Spectrum 

  Weight % Atom % 

O K 18.55 35.97 

Mg K 0 0 

Al K  2.23 2.56 

Si K 0.05 0.06 

P K 4.59 4.59 

S K 36.29 35.11 

Cl K 0.02 0.02 

K K 1.79 1.42 

Ca K 0.12 0.09 

Ti K 0 0 

Cr K 0 0 

Mn K 0 0 

Fe K 36.05 20.02 

Ni K 0 0 

Cu K 0.31 0.15 

  100 100 
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