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Lithium, an important component in lithiuran batteries, has been placed on the European
Uni onbés critical r a wof-lifedithiem-ion ddtteriesiiscrucial tiR e c y ¢ |
preserving natural lithium resources. Current recycling processes tlicaston 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 methakde dsaching
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 speritthium iron phosphatéatteries 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 @ottmizationof bi-

oleaching mediunareinvestigated.

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 efficieney céh re-

duce the operational costs, due to lower raw material costs.
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Litium-ioni akkujen paaraakane, litium, on lisatty Euroopan Unionin Kriittisten raaka

neiden listallevuonna 200. Kayttdian lopussa olevien litiumakkujen kierratys on erityisen
tarkeaa litium varantojen saastamisen nakdkannasta. Nykyiset kierratyskeinot eivat ota huo-
mioon litiumia, joka usein tuhoutuu prosessien aikana.

Nykyiset kierratysmenetelmat ovat jokot&in energia intensiivisia, tai kayttavat suuria
maarid vaarallisia kemikaaleja. Bioliuotusta on ehdotettu vaihtoehtoisena menetelmana ny-
kyisten menetelmien sijalle. Bioliuotus on ymparistoystavallisempi menetelma, silla liuotus
olosuhteet ovat paljoniedommat. Liuotus lAmpétilat ovat huomattavasti alhaisemmat,

eika vaarallisia kemikaaleja tarvita suurissa pitoisuuksissa.

Tasséa tyosstutkittiin litiumin bioliuotustakuluneista litium rauta fosfaattiakusta. Kulunei-
den litium rauta fosfaattiakkujen bioliuotus vaatii optimointia pystydkseen toimimaan teol-
lisessa mittakaavassa. Kahden eri bakteerin, sek&a naiden konsortion vaikutusta arvioitiin
tassa tyossa. Lisaksi arviiln massatiheyden seké bioliuotus median koostumuksen merki-
tysta liuotus tehokkuuteen.

Yleisesti litiumin liuotustehokkuus olidtkea. Kahden bakteerin konsortio, pienelld massa-
tiheydella oli kokeiden perusteella tehokkain. Bioliuotus median koostumuksella ei ollut
kokeiden perusteella merkittavaa vaikutusta liuotustehokkuuteen. Taman johdosta operaa-
tiokustannuksia voidaan laskes#l|a raakaaineiden hinta pienenee.
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SYMBOLS AND ABBREVIATIONS

Roman characters

o Measured metal concentration in blank sample, [ppm]
o Metal concentration in black masppjm|

@ Measured metal concentration on ICP, [ppm]
@ Concentration before correction, [ppm]

o Metal concentration in leach liquor, [ppm]

o Concentration of metal in black mass, [ppm]
@ Corrected concentration, [ppm]

0O Water evaporation, [L]

a Mass of black mass in leach systepprfl

a Initial mass of sample, [g]

Y Metal recovery rate, [%]

W Digestion volume, [L]

W Volume of bioleaching solutionl]

W Sample volume U]

W Volume of the experiment system] [

Greek characters

3 Conductivity, [ms/cm]



Dimensionless quantities

3 Nth sample

0 Sampling time

Abbreviatians

A. ferrooxidans

ANC

ANOVA

A. thiooxidans

CCF

CRM

CCR

DOE

EDS

EOL

EPS

EU

EV

GHG

ICP-MS

I0OB

LCA

LCE

LCO

Adidithiobacillus ferrooxidans

Acid Neutralization Capacity

Analysis Of Variance

Acidithiobacillus thiooxidans

Central Composite Fagmentered design
Critical Raw Material
CarbonReductionRoasting

Design Of Experiments

Energy Dispersive Spectroscopy
End-of-life

Extracellular polymeric substances
European Union

Electric Vehicle

Greenhousé&as

Inductively Coupled Plasma Mass Spectrometry
Iron-oxidizing bacteria

Life Cycle Assessment

Lithium CarbonateEquivalent

LiCoO>



LFP

LIB

LiFePO4

LMO

NCA

NCM

PVDF

RSM

SEM

SOB

Lithium Iron Phosphate

Lithium lon Battery

Lithium Iron Phosphate

LiMn 204

Lithium Nickel Cobalt Aluminum Oxide
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Polyvinylidene Fluoride

Response Surface Methddgy
Scanning Electron Micrespy

Sulfur-oxidizing bacteria



Table of contents

Abstract
Acknowledgements
Symbols and abbreviations
Declarations
N {110 To [ T 1o o IO PRSPPI 14
P2 N 1 018 o PP PO PP PP PPPPPPRPPPRR 16
2 R N o] o] | ToF= Vi [0 1< PP PP PP PP PP PP 16
2.2 LitNIUM FESOUICES......eeiiiiiiiiiiie e e e e e eeeetes s e e e e e e e e e e e e e e e enees e e e e e eeaeeeeeeeeesennnnns 18
3 Recycling of lithiumion batteries............oooevviiiiiiiiieeee e 21
3.1  Pyrometallurgical reCYCING..........ooumimmmiiiiiiiieeee e erre s 23
3.2  Hydrometallurgical reCyCling............coooiiiiiiiiiimeen e 23
R T I oY o @ o F= 11 (= = U 26
4  Bioleaching of lithiurmion batterieS..........cceeeiiiiii e, 30
4.1  Bacteria based bioleaching............cccooviiiiiiiceei e 31
4.1.1 Bioleaching methods and mechaniSMS.............ccvviiiieemiiiiieiiiiiieeeeeeen, 32
4.2  Fungal bioleacChing.............uuueiiiiiiiiiieeeiiiii e 34
4.3  Factors influencing the efficiency of bioleaching.................coooiiieeeinnn. 34
A g 011V [=To [ T= N0 F- T o PSP SSPR R 37
5 Materials and Methods..........oooviviiiiiiiir e e e e e e e 39
5.1  Analytical @QUIPMENT.......ccooiiiiiiiiiii e 39
5.2 CREMICAIS ...cco it 39
5.3 BlaCK MAaSS ..o 40
5.4 MICIOOIQANISITIS. .. .iiiiiiiiiiiiteeeeieeeastbbbbebse e e et e et e e e e e s eeemseeeeeeaeeaaaaeaeeeassssaanns 41
5.5  EXPerimental WOrK.............ueiiiiiiiiiiiieeiiiiieeee e 42
5.5.1 Acid neutralizing capacity and initial pH.............ccooooiiiicccii . 42
5.5.2 Bioleaching eXPeriMentS.........ccoiuuiuiiiieiiiieeme e seeene e 43
5.5.3 Optimization of bioleaching medium with response surface methodalotfy
T A e 1 I o 1= 1S | SRR 46
5.5.5 Chemical [€aChiNG.........ooevmiiiiiiiie e e e e 47



I I 0% 1 (ol 1] =1 1o I P URRRURY” ¥ 4

6  ReSUItS and diISCUSSIAN.....ccuiiiiiiiiiiee it 50
6.1  Results from black mass characterization..............cccooovviccc e 50
6.2 Initial pH and acid neutralization capacity of the black mass................... 51
6.3  Preliminary bioleaching experiments. ..o 53
6.3.1 Performance of the bioleaching systems..............cccccovvvieeeiiiii e, 54

6.4  Medium optimization EXPErMENLS.........uuuuuiiiiiiee e ceeerir e e e e e e e e eaeeens 62

6.5  Optimization of the bioleaching medium with response surface methodo&tyy

6.6  Optimization Of PUIP AENSItY......eeviiiiiiiiiiiiee e 71

6.6.1 Performance of bioleaching at various pulp densities................cccvvueenn. 72

6.7 Chemical leaching experiments..........ccccceeeeiviiiieeeiei e eeeeeeeeeeeeeveeee e A B

6.8 SEM analysis before and after leaching...............cccccociveeevviiiiiiiccceeeenn . 8

A O o] o Tod U1 o] o =SS PRSPP 83

] (=] = o =P SPP 85
Appendices

Appendix I. Results of ICP analysis Af ferrooxidans

Appendix Il. Results of ICP analysis Af thiooxidans

Appendix Ill. Results of ICP analysis of mixed system

Appendix IV. Results of ICP analysis, medium optimization
Appendix V. Results of ICP analysis, pulp density optimization
Appendix VI. Results of ICP analysis, chemical leaching experiments
Appendix VII. pH and conductivity measurements

Appendix VIII. EDS spectrum



10

Figures

Figure 1. Locations of all significant lithium depositsross the glohegpegmatite (blue),
brine (green), and other (red) (adapted from: Kesler, et al., 2012)

Figure 2. Global lithium supplgdemand balance forecdstween 201204Q (t LCE) (Eu-
ropean Commission, 2022)

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

Figure 4.Schematic chart for recovery of lithium from eofllife LFP batteries (Adapted
from: Jing, et al., 2024)

Figure5. SEM imaging otheblack mass
Figure6. A. ferrooxidanson the first day of inoculation and four days later
Figure7. A. thiooxidanon the first day of inoculation and four days later

Figure8. A. ferrooxidansystem on the first day (left) of the experiment and thirty days later
(right)

Figure9. ANC of the black mass

Figure10. Nortuniform, nonspherical, and large patrticles visible in the black mass. Hin-
dering the ANC of the black mass

Figure 1. Color change of the leaching residue. Left: before leaching, right: after Igachin
with mixed bacteria consortium for 30 days, pulp density 2% angptmized bioleaching
medium

Figure 2. Leachingefficiencies of the bioleaching systenos the left). Thdlanks foreach
corresponding bioleaching system are on the right. Top Aovierrooxidans middlerow:

A. thiooxidansbottom row mixed systemAll experiments performed at 2 % pulp density,
30 , 150 -oppnmezedabivldaching media

Figure 13. Evolution of pH and conductivity over time withik ferrooxidansystem
Figure 14 Evolution of pH and conductivity over time with# thiooxidansystem

Figure B. Evolution of pHand conductivityover time withinthe mixed system

Figure B. Leaching efficiencpf0g/LS, 0g/L& A 32k (/,and 0 g/L+ ( O / (top) and
0g/LS,0g/l& A32 (/,and 0.5 g/L+ ( O/ (bottom) medium optimization experi-
ments

Figure T7. Center point§2.5¢/L S, 11.05g/L & A3 (/, 0.25g/L + ( 0 /) leaching
efficiendes

Figure18. pH behavior of medium optimization experimedg/LS, 0gL. & A3 Ik (/,
and 0 g/L+ ( 0/ (orang@and0g/L S,0g/Ll& A3 2 (/,and 0.5¢g/l+ ( O / (green.



11

Figure 19. Conductivity behavior of medium optimization experimemsg/L S, 0 gL
&A3%(/,and 0 g/L+ ( O/ (orangd and0 g/L S, 0 g/L& A3 2 (/, and 0.5 g/L
+ ( 0/ (green.

Figure 2. Contour plot of lithium leaching efficienayn day 14(circle marking: optimal

setpoint, cross marking: robust setpoint)

Figure 2. 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. FeSA 3 ok (/.

Figure 2. Leaching efficiencies from pulp density optimization experimesisg mixed
bacteria consortium and bioleaching medium composifiogiL S, 0 g & A3 2% (/,
and 0.5 g/l+ ( 0 /. Top: 1 %, middle: 5 %, Bottom: 10.%

Figure B. pH behavior of pulp density experiments
Figure 21. Conductivity behavior of pulp density experiments

Figure 25. Chemical leaching experiments. Top: experiment A, middle: experiment B, bot-
tom: experiment CA: 0.31 M( 3 /, experiment B: 22.11 g/& A 3 2 (/ , and experi-
mentC( 3/ &A3 (/.

Figure . Surface morphology before leaching. Two different magnifications used: X2.00k
(left) and X5.00k (right)

Figure 2. Surface morphology after leachimgth mixed bacteria consortium and the non
optimized medium, pulp density 2.%wo different magnifications used: 2.50k (left) and
3.50k (right)

Figure B. Larger magnification (10.0k) ofiéfck mass after leaching

Figure29. EDS heat map of black mass before (left) and after (right) leaching. Red = P, blue
= Fe, yellow = Al

Figure30. EDS net count mapping for sulfur, before (left) and after (right) leaching

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

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

ium nickel cobalt aluminum oxide (NCA)



12

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

gies. *Molarity not disclosed

Table4. Lithium bioleaching efficiencies in various conditions

Table5. Experimental conditions for the preliminary bioleaching experiments
Table6. Inputvariables used for medium optimization

Table7. Design of experiments for medium optimization

Table8. Experiment conditions for chemical leaching

Table9. Theelemental composition a@lfie black mass

Table 10. Theelemental composition of black mass in literature

Tablell The pHprofile of the failedA. thiooxidanssystem

Table 12. ANOVA table for medium optimization

Table13. Optimal factor values to maximize leaching efficiency of lithium

Table 4. Optimumfactors for shorter leaching time (8 days) while maintaining maximum

leaching efficiency
Table 15. Optimized conditions for bioleaching of spent LFP black mass

Table 16. Optimum conditions for decreased leaching time, while maintaining maximal

lithium leaching efficiency



13

DECLARATIONS

Turnitin

The originality of this thesis has been reviewed with the Turnitin similarity checking ser-

vice.
Al usage

The author of the thesidda Harjunpaéaused the following Atools during the prepara-

tion of the thesis:
1. Scpous A

a. Purpose of usefiScopusAl is an Al application integrated into tl&co-
pusdatabase, allowing users to search for information using natural language
queriesd (L U T . Tine purpose)of use washelp with the information
searchas the Al is capable of finding peer reviewed artigléhin the data-

base

b. Explanation of the use of the todlhe Scopus Al tool was used to sedmmh
peer reviewed articles to answer detailed and specific questinrexample
of aquestion askedi What are the i mpacts of el
bioleaching efficiency of spent LFP black mass using a mixdtdire ofA.
thiooxidansandA. ferrooxidane. No content was created using Al.

Responsibility

The authorAda Harjunpagtakes full responsibility for the content of this thesis and has

reviewed and edited the content generated by the possible use of Al tools.



14

1 Introduction

As society shifts towards carbon neutrality to condbatate changethe necessity of de-
carbonizingthe transport sector has skyrocketBdtween 190 and 2019, themissions
caused by the transport sedtmreasedy 80% After the energy sector, vehicles alone are
the second largesbntributor togreenhouse ga&HG) emissions(Bahman, et al., 2025
GHG emissions are still risingdue to reliance on fossil fuels and increasing denedind
mobility. Electric vehicles (EY are apromising option tadecarbonie the transportation
sector. Whichis why many countries have set goalstompletelyexcludethe use of diesel
and petrol cars by 205@eplacing them with EVVdHowever, agoad emissions drop to zero
with the implementation of \&s, the indirect emissions from the energy sector would in-
crease to higher than current levefsdirect emissions(Zhang & Fujimorj 220) Thus,
recyclingendof-life (EOL) lithium-ion batteriegLIB) is of upmosimportanceas a circular

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

Bioleaching a branch of hydrometallurgig a promising methouh the pursuit of lowering
GHG emissions from the transport sect@urrent practices for recycling of spent LIBs uti-
lize either hydrometallurgical or pyrometallurgical methodsese methods are either ex-
tremely energy intensiver extremelyhazardous chemicatse usedBioleaching would be
a significantly milder and more environmentally friendly meth@drtrently, bioleachingas

a recycling methods not optimized well enough to be economically feasibleetotilized

as ison an ndustrial scale(Tabelin, et al., 2021ITian, et al.2024)

In recent years, the European Union (EU) has included lithium on the critical raw materials
(CRM) 1list. Due to its6é high demand in the
lithium rich mineral depositgAlesia, et al., 2021European Commission, n;dMeshram,

et al., 201% Recycling of lithium from spent lithiurron batteries (LIBS) needsore atten-

tion from researcher©Overall, LIBs are recycledat low levels, and the current recycling
processes do not consider lithium as a valuable mitete recovered and is typically lost

in the recycling processSome countries have mandates to recycle spent LIBs, but these
mandates do not include recovery of lithiyRistoia, et al., 2018 abelin, et al., 2021

Further issueare caused by the lack of standardized cathode chemistry in Mi&s re-

searchutilizing bioleaching is focused dithium cobalt oxide (LCO) batterieas this was
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the first ever LIB tdoe commercializedl oday,the automotivendustryis shifting towards
cobalt free batteries, as cobaleigpensive, and diminishing natural resource. Due to this
industrial wide shift, lithium iron phosphate (LFP) batteries have becoanepopularin

the automotive industry_FP batteries have suffered from underestimated recycling value,
thuscausinga serious lackf researcton their recycling(Pistoia, et al., 201&hang, et al.,
2022

This thesisconsists of twarts:a literature review on lithiumesources and applicatigns
specifically LIBs and recycling of spent LIBShis is followed by experimental workhe
purpose of the experimentpért of this thesis was to studie bioleachingefficiency of
spent LFP black masssing two different strains of bacteria, and a mixed consorfium

ther goal was toptimizethe used bioleaching medium, and fudp density.
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2 Lithium

Lithium wasdiscovered in 1817 by Johanmf¥edson in Ut0 Island, Swedehithium is

unlike other Alkali metals as it was found in a minevehereasother alkali metalsvere

foundin organic plant mattei.he nameithium comes fronGr e & k t fwdhishds trans-
| at ed t(Dabdies20IBYAE20°C, lithium has a density of 0.534 g/énwhich makes
it the lightestsolid Alkali metal. (Priyadarsini & Das, 2025Royal Society of Chemistry
2025. Furthermorelithium has ahigh electrochemical potential of 3.0¥5(Meshram, et
al., 2014)

In 2020 theEU includedlithium in theCRM list, among29 otherraw materialsgue to the
increasing demand for EWatteries(Alesia et al, 2021, EuropeanCommission, 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 lithiums causi ng a g(Gaulkad, eai,|l i t hi
2019) It is evident thatithium is an attractive raw material mitigation d climate change

This chapter will discuss th@rimary and secondary resourceditifium, the most popular

industrial applications dithium, and recycling of spenithium-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, biomedicahd 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 (Ales, et al., 2021). The annual global demand of lithium for the most prominent

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

Application Demand [t/a]
Batteries (incl. rechargeable & noechargeable) 43 700
Ceramics 1 500
Glassceramics 7 800
Greases 7 000
Polymers 7 000
Metallurgical powders 3100
Glass 2 300
Air treatment 1500
Other 5 500
Total 79 400

As seerfrom Tablel. 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
a., 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 oftexgi$ EVs rose

by 89.2 % between 2016 and 2017. Furthermore, Norway has set a goalhtedsding of

diesel and petrol cars 2025,and other European countries will follow suit in 2030 and
2040.According tosome scenaridsy 2050the sum oplug-in hybrid EVs andully electric

EVs sold annuallywill be 109 million units These abowenentioned reasonasill cause a

spike in the sales of EVs, which in turn increases the demand for battery materials such as
lithium. (Tabelin, et al., 202Pistoia, et al., 2()
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2.2 Lithium resources

Occurrence ofithium in nature is rather commoe a r trhsbis estimated to contain

0.00L7 % oflithium; howevereconomicallysuitable concentrations for mining are unevenly
distributedacross the globg@rabelin, et al., 2P1), (Moazzam, et al., 2021\early 70% of

all lithium deposits are located in tee-calledlithium triangle,orSout h Amer i c a0
Argentina, Bolivia and ChiléMeshram, et al., 2014Puna plateais an area of 40000

km?, which covers regions irgentina, Bolivia, and Chile with lithiumich salars (Kesler,

et al., 2012)Australia, USA and China too hasgnificant deposits ofithium, Australia

being thelargestithium producemglobally, producing 54 % of alithium (in 2019)Tabelin,

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

¢
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anco Liénttd Al ’0 Goltsovoe
Clayton ¢ Quebec %3 i Tastyq Zavitskove
Searles Valley ‘F A Tadar Altai
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Figure 1. Locationsof all significantlithium depositsacross the glohegpegmatite (blue),
brine (green), and other (re@dapted fromKesler, et al., 2012)

Lithium is extremelyreactive anawill actively pursue formingcations with +1 charge by
losing its single valence electrpmvhich is the reason whythium does not occur in ele-
mental form in naturgTabelin, et al., 2021Royal Society of Chemistry, 202kjthium is

found in variousminerals, salt lakes, igneous roctsd various brinefPegmatite minerals
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have the highesithium concentratiojof these minerals spodumene is the principal mineral

being mined(Meshram, et al., 2014)

59 % oft h e wlahiumdeSaosirces are distributed in various brines, such as salt lakes,
seawater, and waskighium electrolyte(Moazzam, et al., 2021 oncentrations ofithium

in brine aretypically lower than irminerals. Additionally]ithium may be unevenly distrib-
uted within the sam&akebed makingexplorationof lithium pricy. Extraction oflithium

from brinesmay, however, bdess strenuouthan extractindithium from pegmatitesThis

is due tamostbrine depositbeing inone geological area and not scattenegastgeological

areas (Tabelin, et al., 2021j is estimated that 44.8 billion tons of lithium may be recover-
able from the oceanfecovering lithium from sea water mdpowever prove to be eco-

nomicdly nonsensiblgPistoia, et al., 2019)

Primary sourcesninerals and brinesvill eventually be exhausted as they are-nemewa-

ble (Moazzam, et al., 2021According to the European CommissiEuropean Commis-
sion, 2022) lithium demand will outgrow the supply by 2030 unless new approaches are
implemented. The forecast for lithium demasupply balance globally was estimated by the

European Commission. This is presenteBigure 2.
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Figure2. Globallithium supplydemand balance forecdsttween 208-204(Q (t LCE)
(European Commission, 20p

According to the suppidemand forecast conducted by the European Commission, by 2040
the primary and secondary sourggl cover only30 % of the globalithium demand. Ac-
cording to some Bkthlaumiresoarces will ba éxhaustetl by 24B8tr& h 6 s
terrestrial mining is beingxplored by multiple companies, bgbvernment space agencies,

for exampleNASA, andspace mining staps, like SpaceX. Howevethe abundancef
lithiumon Moon rocks i s | orwskat<O0@®5am(Tabetin, éthl.e Ear
2021)

The strain on lithium availabilitycaused by thgrowing EV market has been investigated

by several researchei®he results of theariousstudiesarecontradictory asthe estimates

of the required amount of lithium by the EV market in futare disagreed uparMany
factorsneed to be considered when estimating the lithium demand of the future EV.market
Regardlesanore focus should be shiftedrecyclinglithium from spent LIBS, as this pro-

motes circular economy and has the potential to lessen the environmental burden caused by
the transport sectofMachala, et al., 202Ristoia, et al., 2(8)
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3 Recycling oflithium-ion batteries

LIBs are widely used in the transport sector due to thgin energy efficiency anbigh-
powerdensity(Wei, et al., 2023)LIBs areexpected tde the mossignificantcontributor

in the decarbonization of the transport se(@hitre, et al., 2020).1Bs are used for various
purposes ranging frofnandheldelectrical devicesmedical devices, andattery packs for
EVs(Sigi, et al., 2019)At present LFPLCO, LiMn 204 (LMO), and lithium nickel manga-
nese cobalt oxides (NCM) atiee most common cathode materials for batteries (Yan, et al.,
2024).Recovering valuable metals from spent LIBs from EVs than from obsolete consumer
electronics LIBswill be muchmore crucial asthe quantity 6 the former will be much
greaterthan the latte¢Xin, et al., 2016)Batterygradelithiumwasa dded t o EUGs (
iNn2020due to i tsO si gniahdthe passible supply rigk finkerngtionale n
Energy Agency, 2022) his chaptediscusses recycling of LIBs in general.

In Australia, only 2 % o&nnual 3300 t of spent LIBserecycled however, this trend is not
only limited toAustraliabutrathera global habi{Tabelin, et al., 2021)n 2011 & estimate
done by The United Nations Environment Progranumecludedthe global recycling rate
of endof-life lithium to be less than 1 %he EU mandate45 % of endof-life batteries to
be collected, however this mandate doesambige the recyclingof lithium. This is why
lithium is not recovered by some LIB recycling faciliti@Bistoia, et al., 2018)

The current recycling of LIBs focusesly on recycling of Co, as it is the most expensive
component of LIBsHowever, suitable recycling methods tdBs containing less Co are
still being explored(Zhang, et al., 2028elective onestep recovery of lithium from layered
compounds with a complex structure, like the LEERimited (Kumar, et al., 2022)Moreo-
ver, industrial scale recycling plants for LIBgist only in developed countriezs stand
alone recycling facilities are not necessarily econortyicghble andas the capital costse
extremelyhigh (Tabelin, et al., 2021)

The term LIB is an umbrella term, accounting dirbattery types where lithium is the main
cathode material. Therefore, LIBs do not htheesame chemistry. This causes the recycling
of EOL batteries to be difficultThe composition of thelB must be known to establisn
efficient recycling proces&urthermorelIBs are produced imarious sizesand shapes, and

the design does not typically consider the need Bimpledisasembly. Due to tlreseissues,



22

therecycling of enebf-life LIBs is a rather niche markéts of now, he LIB manufacturing
market does not have an established concept of utilizing recycled lidsivaw material for
new batteries. (Pistoia, et al., ) LThitre et al., 202PFurthermorecontinuous improve-
ment in LIB design and thushanges irthe chemistry only adds to the difficulties of estab-
lishing arobust 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 commolry battein

EVs, portable devices, and grid energy stor&pent LIBs can contain betweefl2 % of

lithium depending on their cathode chemistry. This concentration of lithium is significantly
higher than in natural orefAn, 2019; Chitre, et al., 2020; IHzer, et al., 2019Tabelin, 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 resouPceducingl ton of battery grad@hium

from recycled batteries requiresgnificantly less raw materials compared to virgin re-
sourcespnly 28 tons of spent LIBsvhich would be approximately 25@ent EV batteries
producel ton of lithium,whereasobtaining the same amount of lithium from natural re-
source50 tons of mineral or50 tons of brinare needed(An, 2019 Chitre, et al., 2020
Harper, et al., 2019 abelin, et al, 2021t is estimated that if 100 % of erad-life batteries

with a 10year battery life are recycled, @00 tons of lithium from recycled LIBs could be
recovered in USA alone by 2050 (Pistoia, et al., 2018).

Moreover,the goal of decarbonization othe transport sector cannot be achieved only by
replacing fossil fuel and diesel vehicles with EVs. Although direct emissibrmead
transport would decrease to zeirtdirect emissions woulithicreaseThe increasén battery
pack production would cause the emissions from the energy sector to in(Zéasey &
Fujimori, 2020)By some estimatesising secondary ramwaterialsin addition to primary
raw materialgor LIB productionthe environmental impacts caused by LIB production could
be decreased by at least 58%6wever,asestablising a circular supply chain requires sev-
erallearning curves, significant impacts of recycled matewilshot be noticeable for dec-
ades As demandwill surpass supply by 2030, according to estimatesjediate actions to

developsustainableircular supply chainareof 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 methodv@see for the past 20
years. However, it is highly energy intensive, and critical metals like lithium will be lost.
During pyrometallurgical recling theblack mass is exposed to extremely high tempera-
t ur es; upNiCagand Gulafe then recovered in a metal a(lQw, et al, 2024)

A commonly used pyrometallurgical method is carbon reduction roastiRg)(®lack
mass is combined with a reducing agent aed ttoasted at a high temperat(ke 8 0)0

this produceslag which contains lithium and metal oxides. Lithium can be separated by
water leachingAlthough CRR is a robust method does have some major disadvantages,
includingsignificant GHG emissions, long process times, and overall low recovery of met-
als. Saltthermal methods are capable of achieving high lithium recovery rat@s ¢9;
howeverthese methods too have major disadvantdggh:temperature requirement (200

1 0 0 0 and $/F gas emissionsiyfang, et al., 2025)

3.2 Hydrometallurgicalecycling

Over time, hydrometallurgical methods have replaced pyrometallurgical methods as the
mainstream recycling process; of all thevaste being recycled, more than 80 % are handled
hydrometallurgically Hydrometallurgical methods requihégh pulp densities and contrib-

ute to environmental pollution due to the high consumption of hazardous reagents and chem-
icals. Farhad, 20227 abelin, et al., 202INguyen et al., 2022, p. 218p achieve cost ef-
fective recycling of LIBs, both mechanical and chemical treatisargcessary. 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 simultanemasiyeed 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 vari@ecsd leaching systems are presented in

Table 2.

Table2. Operational conditions and efficiencies of variaaslleaching strategigsLithium

nickel cobalt aluminum oxide (NCA)

Leachin . Pulp density, Temperature, | Leaching time,
Battery type efficiency, Q[’%] Leaching agent F[)g 1] y [BC] [h]g Reference
Li: 87.5,Co: | 2M( 3/ +2.0
LCO 96.3 vol% ( / 33 60 2 Farhad, 2022
Li:99.1,Co: | 2M( 3/ +5.0
LCO 20.0 vol% ( / 100 75 1 Farhad, 2022
LCO Li: 100, Co: 54 2M( 37 +04 25 95 2 Farhad, 2022
g/g cellulose
Li: 94.5, Co:
NCM 79.2, Ni: 96.4, M (0 3/ +5 50 50 4 Farhad, 2022
Mn: 84.6 wioe (-
Li: 89.6.Co: ( 3/:Li ratio:
NCM 6.5 Ni-128, | L3+ #11 C 250 70 15 Yu, et al., 2024
Mn: 217 | (Ni + Co + Mn)
ratio: 1.3
. 100 %(Li, Ni, Joulié et al.,
NCA Co & Al) 4M HCI 50 90 18 2014

It is evident thaacidleaching is a rather rapid method for metal recovalthoughit uti-

lizeshazardous chemicals such as sulfuric acid in rather high concentr&ighsic acid

is most usedor industrialleaching practices. Hydrochloric acid is extremely corrosive and

volatile. Nitric acid on the other hand is quite cos@yganic acids are emerging asaspot

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

ditions than inorganic acidsurthermoreorganic acids do not produce as harmful chemicals

as inorganic acidsA major drawback for organic @ls is their price: usually-20 times
higher than inorganic acidd-arhad, 2022)
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Alternative tydrometallurgical recycling methods of spent LiBslude alkaline leaching.

In acid leachingthe target metalmost often enter the leaching solution at the same time.

This leads to complegeparation and purification process&smonia leaching is an effi-

cient method for transition mesalespecially Cu, Co and Nieaching, as m& impurity
metals are not soluble in ammon{Buang, et al., 2024.iu, et al., 2023 Several studies

have investigated the usé alkali leaching for spent LIB leachin@he results fronsome

of these studies are presented aiel3.

Table 3. Operational conditions and leaching efficienaéwarious alkali leachingtrate-

gies. *Molarity not disclosed

Leaching . Pulp density, Temperature, | Leaching time,
Battery type efficiency, [%] Leaching agent [9/L] °Cl [l Reference
3.56mol/L
. . ( 317,061
'-Cﬁb';\'/\l"o’ Li 9&3516’3 Col T maL. (0 10 80 5 Liu, et al., 2023
' ( /,0.92 mol/L
(O #
Li: 56.53 (100 Zulkipli, et al.,
NCM % selectivity) 4 M NaOH ! 200 2 2024
Li: 98.2 (99.9 60 % .
NCM % selectivity) C A/ 250 175 2 Dai, et al., 2025
Li: 825Co: | 6M. (,15M Batkal,et al.,
LCO 96.1 (o # 100 70 5 2025
Li: 99.84, A3 Gong, et al.,
LFP Fe0.048 2 vol%( / 100 65 025 20222

Table3. clealy demonstrates that alkali leachiisgcapable o&chieving high leaching effi-

ciency and selectivity towards lithiurivhile alkali leaching can offemnigh leaching effi-

ciency and selectivity, aralmore environmentally friendly way of leaching spent L.Esd

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

why alkali leaching is not as widespread as acid leack®gng, et al.2022; Liu, et al.,
2023 Ratnam, et aJ 2022)
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In addition to acid rad alkali leaching, bieaching ispeaking interest as a ceeffective and
more environmentally methaaf LIB recycling. It has the potential gignificantly reduce
consumption of toxichemicalshowevert does have some major disadvantagekiding
slow kinetics and high maintenance costs due to scaling ig¢liesng, et al., 2025) Bi-
oleaching is discussed in more detail inptiea 4.

3.3 LiFePO; 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
LiFePOy (LFP) batteries. This subchaptetplains LFP batteries in general

In 1991the first battery with alithium-ion cathode LCO, was commercialized by Sony
Today, the battery industry loving towardusing lesgobaltin cathode materialgs it is
expensiveThis leaves anarketplacdor completelycobalt free cathode materials, such as
LFP. Kumar, et al., 202Zhang, et al., 2Z22) The LFP battery wafirst commercializedn
2002, and since then it has become widely used in energy storage {¥wgicest al., 2024)
For some time now LFP batteries have been used for elbas&s buhave only recently
begun to be utilized in EMEhitra, et al., 2020)LFP batteries hav&uperior safety and low
production costs compared to other LIB&ajor car manufacturersincluding Tesla and
Volkswagen utilize LFP batteries in their EV$Stock, et al., 2023)

LFP batteries havan olivinecrystalline structure, which provides thathode withhigh
stability even in high temperatures of above 700TFRe structure of an LFP battery is pre-
sented in Figur8. (Kumar, et al., 2022)ike all LIBs, the LFP consists of a cathode (LFP),
an anodeanda polymer separator. These pats submerged iorganic electrolyte, which
facilitates themovement of ions between the positive and negative elec{@uzng, et al.,
2022)
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Figure3. Composition and structure of an LFP battedapted from (Kumar, et al., 2022)

The charging and dischargingasf LFPpresented ifcquationl. WhereEq. 1.1 is the charg-
ing andEq. 1.2 the discharging.

, ERA ®» E Q °© ®&A0/ p w, E&AO/ PP

&B/ & E woQ©°w E&AOP w&AO/ o

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

the anodeln the anode E @& /Awill form& A 0,/still maintaining the olivine structure.
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During this, the& A are oxidized to& A ions. When the battery is dischargirig 1.2,
lithium ions and electroneave the anode and return to the cath&dd, are reduced to
& A, which inturnwill reduce& A 0 back to, E & /A (Cheruvally, 2008p. 13-26; Yan,
et al., 2024)

Currently, the dominatingecycling methods foEOL LFPs are hydrometallurgy, pyromet-
allurgy and direct recyclingSpent LFPs with high impurity contents benefit greatly from
hydrometallurgical methods. However, thignificantquantities of acid usedftenrequire
neutralizationvia alkaline solutionsthus increasing the operational costsermful gases
andsignificant quantities ofvastewateproduced byhydrometallurgicaprocesses contrib-
ute negativelyo environmental pollution(Azimi & Zadeh, 2025)

Pyrometallurgy is not as commonly used for LFP as for athgs. This is due to the olivine
structure of LFRs rather complicated to be reduced by oxydg&noductsoften requirere-
finement after pyrolysis, which g further dsadvantage as negatively impacts the eco-
nomic valueAdditionally, the procesproducedarge amounts of toxic gasdswever these
are somewhat managed trough waste gas treatment pro¢égees & Zadeh, 2025; Jing,
et al., 2024)

Directregeneration differs greatly from tabovementionedmethods. Over timehe con-
tinuous charge and discharge reacticassdithium ions to separate from the lattice struc-
ture. Eventually, thdons becomencapableof reintegratingnto the structureThis causes
lithium vacanciesn thestructure, which aréhen occupied by Féions The performance

of the battery is sigficantly reduced, as the lithium transport pathways are obstruidted

goal of direct regeneration methods isdplenish the lithim vacancies withdditional fresh
lithium. Effective methods odlirect regeneration are solglate roasting and hydrothermal.
Both methods are capable of reachidg 9 Tap&bity retention rat®irect regeneration
methods ar@ promising method for recycling spent LERzimi & Zadeh, 2025; Jing, et

al., 2024)lllustration of theprocess step before recovery methods and the various recovery

methods of EOL LFPs is presentedrigure4.
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Figure 4. Schematic chart for recovery of lithium from eofllife LFP batteries (Adapted

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

Bioleaching is @ranch of hydrometallurgy, where microorganisms are utilizezkt@act
valuable metalBi ol eaching is gai ni ng baudrereaoadmi- o n
cally feasibleand less energy intensive than traditional hydrometallurgical extraction meth-
ods. (Priyadarsini & Das, 202Byditionally, bioleachindhasthe potential of extractmall
metals,such as lithiumyhereagpyrometallurgicamethoddack the capabilities afxtract-

ing all metalsthis is due taxygenraffine metals such as lithium being transferred in a slag
phaseCurrently, an industrial scale method to recycle lithium from theetasedoes not
exist. However, adioleachingtypically utilizesliving organismgo at least some capagcity
maintaining optimal leaching conditions is more cruttiahduringchemical leaching An,

2019 Hao, et al., 2024Bioleaching is a morenvironmentally friendly method of treating
spent LIBs, as conditions are much milder than traditional, commerciallalleainethods.
Traditional chemical leaching typically utilizes 2 M sulfuric aeitherea biogenic sulfuric
acidis much less concentratgtHeydarian, et al., 2023ccording to life cycleassessment
(LCA) performed on various recycling methdoisleaching has much lower G&emis-
sionsthanother methods. Bioleachiremissions range from Q48 kg, hydrometallurgical
methods from 3.08.82 kg and ysical recyclenethods from 12:20.4 kg.(Guy, et al.,
2025)

Bioleaching was firstleveloped forxraction of metals from ore&0 bioleaching plant®f
metal extraction from ores have been commercialized during the pdétyatarsin 2010

1 257500 tons of copper was produdagbioleachingBioleaching of spent LIBs is not yet
commercially availableAlthough it has been confirmed bgsearcherthatbioleaching has
significant potential to becomenandustrial method for solid wasteeatmentwith spent

LIBs being oneof the mosessential categorie@Shassa, et al., 20B0Roy, et al., 2021)

In theory, selective leaching of lithiunmder suitable conditions is feasible. Under these
suitable conditionghe ferpusiron in lithium iron phosphate will oxidize to féeriron pro-
ducing lithium ions andon phosphate, this is preseniadEquation2. This, howeverre-

quiresasuitable pH and an oxidative environmdiihao, et al.2024)
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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 Imitatimdustrial
applications. (Ghassa, et al., 20p@ 0 minimize operational costs, high pulp density is a
requirementhowever bioleaching struggles with higher pulp densities. Leaching efficien-
cies drop drastically with high pulp densities. For indaktievelopment 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 bimxidative activity is caused by toxic metal ion accumulation in the leachate.
Higher pulp densities lead to higher concentrations of toxic ions such.d3ddrease in
viable bacteria concentratiaa 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, tooLow pulp densities require loradaptatiornphases, whiclnhibit the large
scaleapplication of bioleachingHeydarian, et al., 202%}eachingacceptabléeachingef-
ficiencies can take up to 4 days which on an industrial scale would lead to high opera-
tional costs and low efficiencgTian, et al., 2024)Most research has this farlgrbeen
conducted at laboratory sca@nly a fewstudies are conductexh a pilot scalePanda, et

al., (2024) performed bioleaching experiments with & bibreactor, achieving 80 % leach-
ing efficiency for lithiumwithin four days The scale up to larger scale at present is unfavor-
able, as bioleachingas long leaching cycleandis nonfeasible in high pulp densitié€ai,

et al., 2021).

4.1 Bacteria based bioleaching

Most common leaching ageritsbioleaching are bacteria and fungi (Huaagal., 2025)
This subchapter discusses the use of bacteria as the leachindrelgieteachingmetabolic
activities of the bacteria pdgoce organic and inorganic acids, which then act as leaching

agentsTheproduced leaching agenare dependenh theactivity type of the bacterid.or



32

bioleaching of spent LIBsulfur-oxidizing bacteria (SOB) and iresxidizing bacteria (I0B)

are predominarttaderia speciegHeydarian, et al., 2025)

Bioleaching performed using SOBs and IOBs bacteria use elemensallfur and ferrous
iron as theinutrient source. Elemental sulfur is oxidized to sulfuric acid and ferrous iron is
oxidized to ferric ironThese are then usédthe solubilization of metals from spent LIBs

as oxidizing agentgRoy, et al., 2023)

4.1.1 Bioleaching methods and mechanisms

Acidithiobacllus genusdominates the research ItiB bioleaching due to their high metal
toxicity toleranceAtmospheric carbon dioxide is used as a carbon source by these bacteria.
Due to thisbioleaching has a negative effect carbon footprintcontribution, and C&q
emissionhas a negative valuét must benoted,however, that othgprocessstepsdo not

have a negativeffect on emission#\ carbon source in the growth media is not requifed.
ferroxidansoxidize ferrous iron Fe(ll) to ferric ironeflll) as an energy sourcA. thiooxi-
dansoxidize elemental sulfur®3o sulfate S@? asan energy sourc¢Gu, et al., 2025Roy,

et al., 2021)he chemical reactionf sulfuric acid production byA. thiooxidands summa-

rized as Equation 3.

3 O/ (/0(3] o

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

are involved in the process of elemental sulfur oxidatiBohewerder & Sand, 2003)

Waksman and Joffe first isolatéd thiooxidangoriginally calledThiobacillus thiooxidans)
from compost soil in 1921 (Waksman & Joffe, 192)e optimumtemperature range for
A. thiooxidangs 28-30 °C andthe optimunmpH rangeds 2.03.5(Yang, et al., 2019).

When it comes to bioleachinthreedifferent methods can be utilized: estep, twestep
andspentmedium.In onestep methodnicroorganisma&ndblack masareinoculated sim-
ultaneously.In two-step methodmicroorganisms are first inoculated, ablhck mass is

added after thdogarithmic phase is observeth cell free spenmedium method the
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microorganisms are grown in a separate growth medium and then the microorganisms are
separated by centuging before adding the black mass to the produced metabdhes

azam,et al., 2021)

Bioleachingcan be divided into thremechanisntypes redoxolysis, acidolysis, and com-
plexolysis.These mechanisms are basedtanoperational basis of the bacteAathiooxi-
dansoperate via acidolysis by producing biogenic sulfuric acid from sulfuacidolysis
insoluble metals are transformed intowié form by protors/acids which areproduced by

the bacteriaDuring redoxolysiderrous iron isoxidizedinto ferric iron, which causes metals
to transforminto soluble formand ferric iron to be reduced back ferrous iron, continuing the
cycle Additionally, extracellularpolymers (EPSsare formed on the surface of minerals
during redoxolysisWithin complexolysismetals chelatewhich stabilizes them and pre-
vents metals from precipitatingPriyadarsini & Das, 2025eshavarz, et al., 202Mo-

azzam, et al., 29

As stated beforéA. ferrooxidansobtain energy fronoxidizing ferrous sulfateThegeneral

oxidation reaction catalyzed I8y ferrooxidangs

& A/ T(ST&AC(/ T

Initially, the pH of the mediurwill momentarily increase due to consumption of hydrogen
ions.The dissolutiorof metalsulfides (MeS)pccurs via indirect mechanisatirst Fe(ll) is
oxidized to Fe(lll)(Eq.4), after which the metals are leached by Fefiyfa chemical reac-
tion: Equatiorb. Following this, the elemental sulfur is oxidized to sulfuric acid by various
steps, which further aids the leaching of mef@sioud& Karamanev, 2005)

c&A - A% -A 3 c&A U

Mechanisms which are involved in the bioleaching of metals are still somewhat ambiguous.
Literaturehas, howeverlassifiedthe process inttwo categoriescontact and nowontact
Within contact bioleachinghysicalcontact between the metal particle anidroorganism
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cell occurs. This can happen within minutes or hoursion-contactmethodthere is no
physical contact between the bacteria, and the leacdkitig's due to the metabolite produc-
tion of microorganismsit 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 BPS Lithium bioleachingis independenof
EPSformation as the solactor advancing the leaching of lithiumgsoduction of sulfuric

acid by the microorganism@oazzam, et al., 2021)

4.2 Fungal bioleaching

The previous chapter discussed bacterial bioleaching in more détailchapter will dis-
cuss the use of fungi as the leaching agémgal leaching has shown some advantages
compared to bacterial leaching. Fungi can have higtetal tolerancéhanbacteria a de-
creased lag phase, and thus quicker leacltiaggal leachinganoccur at near neutral pH
via organic acids produced by the funigeterdrophic fungirequirecarbon substrates as
their nutrient The fungi used for LIB bioleachingroduceorgantc acidsincluding lactic
acid, citric acid and oxalic aciétungal bioleaching usually suffers from lower efficiencies
compared to bacterial bioleaching. Furthermeeme as with bacterial bioleachinfgungal
bioleaching struggles with high pulp densiti@oy, et al., 284) Fungal leaching can offer
milder operationatonditions than bacterial leachingdditionally, it may be more selective
towards lithium than bacterial leachingffering leachates with less than 1 % peesent.
(Xia, et al., 2025)

4.3 Factors influencing the efficien@f bioleaching

To achieve the best leaching efficiency, the growth condifimnsiicroorganismsnustbe
optimized.As each LIB has different compositions, the optimal operating condinss
be determined for each LIB separat€Roy, et al., 20237 his chapter will discuss the sig-
nificance of various paraaters oneachingefficiency.

The growth medig essential for microbial growth and the production of metaboB&s-
teria require specifiautrients in specific concentratiofe optimum operations. (Roy, et

al., 2021) As stateth chapterd.1 A. ferrooxidansrequire ferrous iron anA. thiooxidans
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require elemental sulfur in the growth mediao high concentrations of ferrous iron in the
growth medium can decrease the leaching efficiendyas have toxic effectdddition-
ally, elemental sulfur may accumulate on the surface of the metal, which can negatively
impact the leaching efficiencyypically, when bioleaching spent LIBs, large quantities of
elemental sulfur and ferrous ir@re required in the growth medium, la8s contain these

in low values(Moazzam, et al., 202Rohwerder, et al.,@3) However, acording to char-
acterization done by Xin, et al., (2016) LFP batteries contain 25 wiférofAccording to
Wang, et al., (20243pent LFP cathode powder contains 33.5 % iBased orEq 1.2, in
theory,a fully discharged battery only has Fe(ll), an8 / is presentHowever, in reality

a coexistence of F& and Fé" has been detectgan, et al., 2024)The effect ofFg(ll)
already present in LFPs will be investigated in this thesis.

Pulp density affects greatly the leaching efficiednyaddition to leachingfficiency,it also

affects the design of the industrial reactor, cost of the proce$srémel extraction methods.

For the process to be economically feasible the pulp density must be as high as possible.
However, in most cases elevated pulp densitiyaffect the functionality of the microor-
ganisms negatively a®ncentrationsf toxic heavy metals rise in the growth medium. (Mo-
azzam, et al., 202Ihe various leaching effiencies of lithium obtained under various con-
ditions are presented Table4.

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 betweéeh (R8trizac, 2008Song, et

al., 202). 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 hindermgjaldissolution. (Behrad, et al.,
2022; Ning, et al., 2025)
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Ll leaeniing Pulp densit
Battery type | efficiency, BaderiaFungi 'Eg I y Temp [°C] pH Time, [days] | Reference
[%0]
LFP 98 A. thiooxidans 10 30 1 12 Xin, et al.,
' (2016)
A. thiooxidans Xin. et al
LFP <95 Leptospirillum 10 30 1.5 12 ' "
ISP (2016)
ferriphilum
Leptaspirillum Xin, et al.,
LFP 49 ferriphilum 10 30 2 12 (2016)
Thiobacillusthi- Mahandra, et
LFP 98 oparus 25 30 6.6 30 al., 2023)
A. ferrooxidan& .
LIB (not 99.2 A. thiooxidans 40 32 15 16 Heydarian,
specified) ) et al., (2018)
3:2)
Naseri &
SLISCEESS) 93 A. thiooxidans 60 30 <2 8 Mousavi
p (2024)
Bahaloo
LIB (not . . Horeh &
specified) 100 Aspergillus niger 20 30 5.44 22 Mousavi,
(2017)
Addithiobacillus Gu, et al.,
LFP 98 & Acidiphilium 20 30 1.89 2 2025
LIB (not A. ferrooxidans+ Nazerian, et
specified) 67 ultrasonication 10 30 2 0.5 al., (2023)
L Shokri, et
LIB (several) 92.5 A. thiooxidans 100 30 3 1 al., (2025)
A.Caldus& S.
LCO 98.02 thermosulfioxi- 20 30 595 > Liao, et al.,
' dans +0.0075 M ' (2023)
gallic acid
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Table4. presents the influence of various paramegatbebioleaching efficiency ofithium
from spentLIBs. It is evident that bioleaching is an attractive research t8gweeral studies
have been able to achieve high leaching efficiengi#srather shorteaching times. How-

ever,all research projects mentioned in Tadblare laboratory scale.
4.4 Knowledge gap

LFP batteries were commercializedther 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 ofriding and policies on recycling lessen interest in developing

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

Only limited studies focus on the metal extraction frigpentLIBs, and even less focus on
bio-hydrometallurgical extraction methods. There is serious lack of studies and review pa-
pers on this matteAdditionally, as LiCoQis 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. ferrooxidanson LFPs has not been studied (Roy, et al. 3202

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 usingA. ferrooxidansand A. thiooxidansInvestigating the conditions where other
metals starttteachi s cr uci al for selective | eaching
the dissolution of lithium from LFP is highly spontanegoiinss ispresented in Equatiod
(Churikov, et al., 201,3CRC Handbook of Chemistry and Physics, 202&tional Institute

of Standards and Technology, 2013

P

, E&A0]( q/ o, E &Aooy (/1 V¥ op@afEpFi T 1 o

This thesis will investigate the optimum bioleaching medium faximal lithium leaching

efficiency. Additionally, the aim of this thesis to investigatehe conditions in which the
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leaching period could be shorteng&tiis will be doneby utilizing response surfaceethod-
ology (RSM). After optimizing the bioleaching medium, the optimal pulp densitiybe

investigated
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5 Materials and methods

This is theexperimentaivork of the thesisThe goal of the experimental work is to investi-
gate the leachingfficienciesof single bacteria cultures and mixed bacteria culturés.
best performingbacterial consortiumvas dosen for furtheinvestigationto optimize the
leaching medium anplulp density. The goal of the experimewissto investigatehesetup
that would usethe leastsubstrates in the medium and offer fast leachivigle still main-
taining good leaching efficiencChemical leaching experiments were performed to com-
parethe bioleachingefficiency. In this chapter alused materials arahalyticd equipment

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

5.1 Analytical equipment

The cathode powder wadigested and the digestaaaalyzed usingigilent Technologies
7900 ICRMS (inductively coupledlasma mass spectrometryhe black masswvas di-
gested with microwave digestiqultraWAVE, Milestone) The chemical leachtesandbi-
oleachatesvere analyzed with IGIMS. Thephase components and the surfaceghnology

of the LFP powder before and after bioleaching were analyzedsgdhning electromi-
croscopy (SEM)The pH and conductivity of the experiments were monitorerbgieally
using Consort multi parametanalyzerSeparate probes for blanks were used to avoid cross
contamination. Additionallyprobes were cleaned with alaland deionized water before

and after use.

5.2 Chemicals

Analytical grade sulfuric acid was used to adjust the pH of the bioleaching ametlratric
acid, and hydrochloric acidvereusedto dilute the samples before analygsiditionally,
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 experimeavas received as i$he black mass was character-
ized with ICRMS. The analysis was performed twiéem which the average aide stand-

ard deviationwerecalculatedThe black mass contained various impurities in different con-
centrationsThe results of the characterization discuseathaptet6.1 The black mass was

subjected to SEM imagingefore leachingThis is presented in Figuke

Figure5. SEM imaging ottheblack mass

From the imaginglone to the black mass prior to leaching, it became evident that the mass
is hetaogeneousThereforethe metal concentrations may vary within samged may

have some deviations in concentration. Notpeatment was performed to the black mass
before digestion deaching experiments.
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5.4 Microorganisms

A. thiooxidangDSM 504) andA. ferrooxidangDSM 583) wereused for the bioleaching
experimentsii 9 K0 me d i u m Aviesrcoxidarssamal ATGColR5 medium was used
for A. thiooxidans.The bacteria were incubated at 30 °C and 150 rpm for approxinidtely
days before subculturing and bioleaching experimémdsvidual inoculums forA. ferroox-
idansandA. thiooxidans which were used for the bioleaching experiments are presented
Figure6 and7.

Figure6. A. ferrooxidann the first day of inoculation and four days later
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Figure?. A. thiooxidann the first day of inoculation and four days later

Bacterial growth wasdetectedn both inoculumsiron oxidationwas observethrough a
color change in thA. ferrooxidansnoculum In A. thiooxidandacterial growth wasb-

servedthroughincreasing turbidity, anthe gradual sinking of elemental sulfur.

5.5 Experimentaivork

Determining the ptimum bioleaching medium and pulp density required preliminary bi-
oleaching experiments teerify the best performing bacterial consortiumierms of lithium
yield, low sulfuric acid dosage, and selectivitjne bacteria consortium which shed best
leaching efficiency was utilized for medium optimization and pulp density optimization
This chapter explains trenditions ananethods usetbr each experiment.

5.5.1 Acid neutralizing capacitgnd initial pH

The acid neutralizing capacity (ANC) of th&P is ested taunderstand the buffering ca-
pacity of the black mas¥he ANC wasmeasured as described Hgreh, et al., (2016) g
of LFP powder was added to 10Q raof deionized wateiVaryingamounts of 1 Mitric acid

were added to the Erlenmeyer flasks, so ¢éhpH rangdrom approximately 1.@o that of
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the LFP powder was establishddhe initial pH of the black mass was concluded to be the
same as the system with no nitric acid added t®hieé samples werplaced in an orbital
shaker at 150 rpm and 3G for 10 daysAfter 10 days th@H equilibrium has been reached,

and the pHs measured.

5.5.2 Bioleaching experiments

Threeseparatebioleaching experimentaere performed.The goal of thepreliminary bi-
oleaching experimentwasto studythe performanceof each leaching experimental setup
and leaching kineticsThis informationwasused for the next set of experimeritse best
performing(in terms ofleaching efficiency)eaching experiment conditions would be used
for medium and pulp density optimizatidfor the first set of bioleaching experimentsee
separate experimentgere run A. ferrooxidansystemA. thiooxidansystemand a mixed
systemTheA. ferrooxidansystem is presenteal Figure8. A pulp density of 2 %vasused
for all systemsFor the mixed system#Aa ferrooxidangA. thiooxidangatio of3/2 was used.
For A. ferrooxidan9K medium was usedFor A. thiooxidanssystema slightly modified
version ofATCC 125 medium was used as the bioleaching medMedium components
and concentrations were mabdified;howeverthe pH was adjustedith sulfuric acid The

pH of theA. thiooxidansbioleachingmediumwas adjusted to approximately 1.9

The following medium was used for the mixed syste?& @L; . ( 3/ 4g/L;+ ( 0/
05¢g/L;- C3 /X (/ 05¢g/L;KCIO.1g/lL#A / 001g/L;& A3 (/ 22.11 g/L;

# A # (/ 0.13 g/L.Samples were taken at 1, 2, 3, 4, 5, 8, 10, 12, 15, 18 Sagmle
volume was & ml, and the volume loss wasplaced with fresh mediunsamples were
filtered with 0.4 um cellulose filter to remove bacteria and any solid maEgperiments
were run in duplicate and a blan&ntaining only the medium and LFP was performed for
each experimenDnestep method was utilized for the experimeiitse experiment setup

for preliminarybioleaching experiments ssimmarized iMable5.



Table5. Experimental conditions for the preliminary bioleaching experiments

A. ferrooxidans

A. thiooxidans

A. ferrooxidans

A. thiooxidans

dansratio

Temperaturg[°C] 30 30 30

Shaking [rpm] 150 150 150
Medium 9K ATCC 125 Adapted from 9K

Pulp density[%)] 2 2 2
Experimental volumgmL] 100 100 100
Bacterid concentration[%] 10 10 10

A. ferrooxidangA. tthiooxi-

- - 3/2

During the second and third set of experimentshbib&aching medium and pulp density
were optimizedto maintain high leaching efficiency of lithium amdile simultaneously
decreasing the use of substrates in the meduring the second set of experiments, the
contents of the bioleaching medium were varied. As the LFP contaimand phosphate,
the concentrations of ( 0 / and& A 3 Ik (/ werevariedin the leaching medium. Ad-
ditionally, the sulfur cocentration was variedifter optimizing the bioleaching medium,
the optimalpulp density was investigated using the optimal leaching meduoth.the me-
dium optimization and the pulp density optimizatexperiments were run fd4 days and

samples were takeat 1, 4,8, 12 and 14 dayShe pH and conductivity were measuad

sampling days.
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Figure8. A. ferrooxidansystem on the first day (left) of the experiment and thirty days
later (right)

A slight color change was observiadthe leachate after the experimehfter leaching, the
leachate had a slight yellow tint to it which is caused by the oxidation®6fofe to Fé".
Furthermore, the experimental systems experienced slight water evapondtiom,was

taken into accourwhen calculatinghe leaching efficiency

5.5.3 Optimization of bioleaching medium witesponse surface methodology

The ideal bioleachingixed culturemedium for optimal lithium recovery is determiniey
RSM. SinceLFP itself contains iron and phosphate, thakeng with sulfur concentration
are variedwithin the medium optimization experimen@therwise the medium is kephe
same as described chapter5.5.2 The input variablefor RSM are listed inTable6. The
factors of the optimization experiments were determined &angriusMODDE- software
A Central Composite Faamentered design (CCF) was uskd design of experiments
(DOE). Experiments were run fab days, and samples were takarl, 4, 8,12, 14 days.

pH andconductivity were measured on the sampling days.



Table6. Inputvariables used fanedium optimization
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[ 0 1
Factors i . . .
Low factorial Center point High factorial
S concentration[g/L] 0 2.5 5
& A 3 2x (/ concentration[g/L] 0 11.05 22.11
+ (0 / concentration[g/L] 0 0.25 0.5

A total of 15 separatexperimentsvereconducted for the optimization of the mixed culture

bioleaching mediumEach experiment set up is descrilied able7. Centerpoint is run in

triplicate, runs 1517.

Table7. Design of experiments for medium optimization

Run S, [g/L] &A3 (/,[glL] + ( 0/,[g/L]
1 0 0 0
2 0 0 0.5
3 0 2211 0
4 0 2211 0.5
5 5 0 0
6 5 0 0.5
7 5 2211 0
8 5 2211 0.5
9 0 11.05 0.25
10 5 11.05 0.25
11 25 0 0.25
12 25 2211 0.25
13 25 11.05 0
14 25 11.05 0.5
15 25 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, #ifect of pulp density on leaching ef-
ficiency was investigatedThe best bioleaching mediymvhich showedbest leaching
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efficiency, based on the medium optimizatierperimentsyas used for the pulp density
experimentsAs 2 % pulp density was used for pikeviousexperiments, this wasxcluded

from the pulp density experiments. 1 %, 5 %, and 10 % pulp densitiesnwestigated.

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 agenhe theoretical maximum sulfuric acid concentration that

A. thiooxidangan produce was calculated to be 0.31hN& results in a pH @pproximately

0.50. The mixed culture contains 22.11 gidlA 3 I (/ , which is the amount & A 3 D

X (/ used for chemical leaching as wélhe experimental setup for each chemical leaching

experiment iexplained in Tabl&.

Table8. Experiment conditions for chemical leaching

A B C

6o, [ml] 100 0 100
¢, [ml] 0 100 0
a [l 2 2 2

a 5 gl 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 condition€hemical leaching experiments were run for 2
hours and samples were taken a,(, 7, 10, 12, 15, 20, 30, 45, 60, 120, and 240 minutes.

5.6 Calculations

In this chapter all the necessary calculatiarespresented heblack mass was digested and

analyzedwith ICP; the results are calculated accordiag=quationy.



Where,

e

€
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Concentration of mekan black mass[ppm]
Measurednetalconcentration on ICP[ppm]
Measured metal concentration in blank samjgpm]

Digestion volume[L]

Initial mass of sampldg]

The experimental conditions are dilutelde tothe addition of fresh medium to replace the

volume loss aftesampling;therefore the results must be correctéiche corrected concen-

trations are calculated accordito Equatiors.

Where,

W
¢ Jw

@ O 3
w

Correctedconcentration, [ppm]
Concentration before correction, [ppm]
Volume of the experiment systeii]
Nth sample

Sample volume ]
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The metal recovery rais calculated wh Equation9. Water evaporation isonsidered in

the equation

OOw 0
T D w
Where, Y Metal recovery rate, [%0]

&) Metal concentration in leach liquor, [ppm]
W Volume ofbioleaching solution[L]
O Water evaporatianL]
0 Sampling time
& Metal concentration in black masppjm|

a Mass of black mass in leach systdky]
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6 Results and discussion

In this chapter all the results from theeviously explaineéxperiments are presented.

6.1 Results from black mass characterization

The result of théblack mass characterizatiam presented in Tabl@. For theblack mass

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

Table9. Theelemental composition a@lie black mass

Element Li Al Mn Fe Co Ni Cu
Concentration| 30200+ 32800 + 1620 + 237000+ 2450+ 1080+ 20900+
[ppm] 3820 3050 207 20100 346 53.9 1620

The obtained black massntained significant amounts of impurities, as is evident from the
ICP analysisMetalsare likely from other components of the batteky=P cathode has an
aluminumfoil, (see Figure3.) which is coated ipolyvinylidenefluoride (PVDF), which is

an organic binder coating the aluminum f&iMDF coating causes issues with separating
the cathode materials from the fglWang, et al., 2019)he significant amount of copper
most likely from the anode electrode of the battepe(Figure 3.Jhe black mass composi-
tion differed slightly tovalues found in literature. The elemental composition of black mass
in a study conducted byu & Yang, (2026 is presenteth Table10.



Table10. Theelemental composition of black mass in literature
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Element Li Al Mn Fe Co Ni Cu
Mass % 2.53 0.99 0.52 18 0.19 0.99 1.84
Concentration,
[ ] 25 300 9900 5200 180 000 1900 9 900 18 400
ppm

Differences in the elemental composition could be caused due to differencesreaprent

methoddefore 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 andacid neutralization capacitf the black mass

In this chapter the results of the ANEthe black masas well as the initial pH of the black

mass are presentethe results of the ANC are preseniedrigure9.

10

pH
L (= =] 2] V)

b e =

Figure9. ANC of the black mass

3

mmol H*g! black mass

4
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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 Fiyuhe acid neutralizing capacitf the black

mass is 6.5 mmol Hj! black mass. This seems rather low as Horeh et al., (2016) observed
an ANC of 15.6 Fig? battery powder. The lower ANC could be affected by-noiform

and larger particles. Small and uniform particles enhance ANC, astit@ct surface area
increases as thearticle size decreaséBiswal & Balasubramanigr2023) Nonruniform,
nonspherical and large particles were observed when analyzing the black mass with SEM.

These particles aeenin FigurelO.

LUT 15.0kV X50 BSE-COMP 30Pa 1.00mm.

Figure10. Non-uniform, nonspherical, and large particles visible in the black mass. Hin-
dering the ANC of the black mass

No mechanicapre-treatment was performed on the obtained LFP black m#saot known

what pretreatment was performed to the black mMasf®reacquirementMore uniform and
smallercould improve the leaching efficiency, but on the other hand a higher ANC could
alsobe possible. Meaningnore sulfuric acid would be needed to counterbalance the effects
of ANC. Additional sulfuric acidowers the pH, which can enhance the dissolution of metals.
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However, if using a mixed consortium, excess sulfuric acid can intohibxidizing bacte-

ria, thus resulting in decreased leaching efficieflcg-Xian, et al., 2011)

6.3 Preliminarybioleaching experiments

In this chapterthe metal concentratiofiom ICP analyseBom which leaching efficiencies
were calculatedand the results fromH and conductivity measuremerits the initial bi-
oleaching experimeni@re presentedihe bioleaching medium fok. thiooxidanswas ad-
justed with 22.1 mlL of sulfuricacid (1 M); this was due to the experimeifiéiling when

using the ATCC 125 medium sulfuric acid content.

As seernn Figurell. a slight color change in the leaching residue was obsérkiedriginal
black massvas a greyish black color, but after leachiing leaching residue had turnedato
yellowish-brown color.The leaching residue present in the figure was obtained from the
mixed bacteria system.
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Figurell. Color change of the leaching residue. Left: before leaching, right: after lgachin
with mixed bacteria consortiufor 30 days, pulp density 2% and roptimized bioleach-
ing medium

The color change is likely due to elemental sulfur adhering to the surfadearflparticles.

Thisis also observed from tHeDS heatmapshese are presented in cha@ié&. To some

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

thick may, however, inhibit the leaching of theetals This is due tahe accumulation of
elemental sulfur on theurface of thenetalparticle forming a barriewhich will hinder acid

attack. (Liu, et al., 2024)

6.3.1 Performance of the bioleaching systems

The metal concentrations after leaching were yereal with ICP(seeAppendices-lIl) .
From the analysis resultsettieaching efficiencies were calculatctording taEq. 3.The

calculated values are presented in Figie 1
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Figurel2. Leachingefficienciesof the bioleaching systemar{ the left). Théolanks foreach
correspondingpioleaching system are on the rightp row A. ferrooxidans middlerow:

A. thiooxidansbottom row mixed systemAll experiments performed at 2 % pulp density,
3 0 , 150 rpm and nooptimized bioleaching media

As can be seen from the grapHbsring the first few days the blanks performed quite simi-
larly compared to thactual experiments. This is due to the added sulfuric acid to the leach-
ing mediums to ensure tloptimalconditions for the bacteritlowever,over time the leach-

ing efficiency of the blanks decreas@ decrease in leaching efficiency in the bioleaching
experiments was not observedceptfor A. ferrooxidansystem where a slighedrease in
leaching efficiency is observed on day, A3 ferrooxidansalso had the lowest leaching ef-
ficiency for lithium out of the three experimental systefif®e same resultwere also ob-
served by Xin, et al., (2009A. thiooxidansshowed the most selectivity towards lithium
however this system required more sulfuric acid tharferrooxidansand mixed.Mixed
system had the best leaching efficiency ove@atly the mixed system was capable of reach-

ing 100 % lithium leaching efficiency his observation differs from the results of the study
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done by Xin, et al., (2009), as they obsenfedhiooxidango have the best leaching effi-
ciency toward lithiumBased on these results, bioleaching can achieve as high or even higher
leaching efficiencies as acid leachihgaching efficiencies of several acid leachstiate-

gies arepresented in Table Zlowever acid leachings significantlyfaster,in less than 24
hours leaching efficiencies above 90 % are achieved

The growth of the bacteria wasonitoredby measuring pH and conductivityhe pH and
conductivitydevelopment oA. ferrooxidansystemarepresentedn Figurel3, for data in
tableform, see Appendi VII. An average from the duplicate experiments was calculated in
addition to standard deviatiofhe conductivity of thé\. ferrooxidansystem increases until
reaching a plateaat approximately 18 ms/cni\ 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 1. Evolution of pH and conductivity over time withik ferrooxidansystem

Arise in pH is observedfterthefirst day of experiments. Following this, a steady decrease
in pH is observedfter day4 until the pH settles at slightlgelow 3. However, the blank
experiment behaves quite similattythe bacterial experimenBoth pH and conductivity
plateauafter day4, whereaghe leaching efficiency oA. ferrooxidanglateaus after day 5.
The low pHof the blank explains the decent leaching efficiency within the bl&his. is

discussed moria this chapter.
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ThepH and conductivityprofiles of A.thiooxidanssystemarepresentedn Figurel4. Simi-
larly to A. ferrooxidansysteman average of the two duplicate experiments is presented in

the pH graptalong with the standard deviation.
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Figure H4. Evolution of pH and conductivity over time with# thiooxidansystem
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A. thiooxidanssystem behaved quite differently £o ferrooxidanssystem. A significant
decrease in conductivity was observed for the blark tiiooxidansystem. However, the
conductivity of the blankincreased to similar values than the microbial experiment. The
blank experienced more fluctuation aftbe plateau than the microbial experimeiihe
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 steadlge leaching efficiency of the blank begins to
decreasat the same time as the pHd conductivityplateauAs mentioned in chapter 4, the

A. thiooxidanssystem failed whensingthe sulfuric aciddescribed in ATCC 125The pH
measurements from the failed experimentpaesented in Tablgl

Tablell ThepH profile of the failedA. thiooxidanssystem

Time, [day] pH
0 1.99 £ 002
1 2.65 £ Q06
2 5.02 £ 049
3 6.36 + 03
4 6.36 £ 021
5 6.62 £ 021
8 7.05 £ 032

The ideal pH range foh. thiooxidanss less than 3.5 as statedchapter 41.1 The pH of
the bioleaching system spikes aboverSthe second day of tlexperiments andontinues
to increaseWith the slight modification to the bioleaching medium, the pH of the bioleach-

ing system stabilizest a pH of 4, as can be sdeom Figure14.

For both theA. ferrooxidansand mixed system, the pH profile of the blank behaved quite
similar to the experimental pH values. Due to the possibility of contamination, thes blank

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 contamin&iahiooxidanssystem did not

have similar issues. Nevertheless, the possibility of contaminati@nfefrooxidanslank

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 exper i momucsviy evolaten oflthe mixed dystempsigre-a n d
sentedn Figurel5.
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Figure15. Evolution of pHand conductivityover time withinthe mixed system

A sharp drop in conductivity was observed during the first days of the experinmest.
could be due to the lag phase of the bactasane step method was utilized for the exper-
iments The conductivity of the mixed culturie observed to steadily increaseer time.

This could be due to the steady release of ions into the solution, the oxidatidhtoffre,
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or the production of sulfuric acidhe conductivity continues to rise throughoutdioeation

of the entire experiment. The same can be said about the leaching efficieheyegperi-
ment. The leaching efficiency of atietalscontinues to rise until the last day of the experi-
ment (day 18).

All three blank runsvere observed to have values either similar or higher compared to the
bacterial experimentdhe same bioleaching medisrthat wereused for bacterial experi-
ments vere used for the blank runghich all had aather low pH.The low pHof the medi-

ums can cause leaching of metals, which in tsidetected as a rise in conductivigar all

blank experiments the conductivitysplayed fluctuation in readings.

In addition tooptimizing the leaching of metals, the recovery of metals after leaching should
be optimizedAfter leaching the leachate contains several dissolved methish must be
recoveredThe selectiverecovery of specifically lithiunirom bioleachates lacks research.
Conventional recovery methods are complex exyjuensiveShokri, et al.(2025 haveper-
formed a selective precipitation of lithium, with a purity of >9%arthermore, Shokri, et

al., (2025 claimed that the leaching residue met environmental stanfiari@dfilling.

6.4 Medium optimization experiments

In this chapter the results from the medium optimization RSM are presdimganixed
system was chosdar the optimizationAll three bioleachingystemshowedgood leach-
ing efficiency; lithium leaching efficiency exceed@® % by dayl2 of the experiments for
all systemsHowever the mixed systerhadbest overall efficiengyreaching lithium leach-
ing efficiency of 100 % by day 1&he single strain systenad not reach 100 % lithium
leaching efficiencyduring the duration of the experimems.thiooxidanglemonstrated the
best selectiveness towards lithium, howawere sulfuric acid was required to maintain a
suitable initial pH for the bacteria to remain vial#le the mixed system showcad@ghest
leaching efficiency of lithiumand less sulfuric acid was requirgldat systenwaschosen
to be investigated furthefhe analysisof varianc§ ANOVA ) table of tle model is presented
in Tablel2.
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Table12. ANOVA table formedium optimization

Component DF SS (val::lasnce) 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 4.03% 0.027 45.80
Residual 12 6239.67 519.972 22.8(8
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 fronTable12, theregression model is statistically significard, saiggested by the
P value. Additionally, the lack of fit istatisticallynot significant, meaning that the data fits

the modebdequately.

Experimental runwhich hadf0 g/L S, 09/L& A3 2k (/,and 0.5 g/l+ ( O / added to
the mediumperformed remarkably weltonsidering only 0.5 g/of + ( 0 / was added to
the bioleaching mediuntxperimental runwhich contained g/L of all threeof the inves-
tigated subsateshad quitegood leaching efficiengyreaching nearly 90 % leaching effi-
ciency for lithium although the bioleding medium containedlone of the investigatesiib-
stancesTheleachingefficiency ofthese two runarepresented in Figur#b.
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Figure16. Leaching efficiencyof 0 g/LS,0gL & A3 2x (/,and 0 g/L+ ( O / (top)
and0g/LS,09/L& A3 2 (/,and 0.5 g/l+ ( O / (bottom) medium optimization ex-
periments

Threecenter poinexperiments were performed, to evaluate the validithefsystemThe
three center point leaching efficiencies are presented in FiguBated on thithe system

is valid as only minovariation between the separate experimesats detected.
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Figure17. Centempoints(2.5g/L S, 11.05g/L & A 32 (/,0.25g/L + ( 0 /) leaching
efficiendes

In total, 17 separate experiments werefarrRSM. For all results of the medium optimiza-

tion experiments see Appendix IWH and conductivity measurements were carried out for

all 17 experiment rung:or numerical data, sé@pendixVIIl. All experiments experienced

a sharp inrease in pH which was then followed by a slight decrease before plat€2auiyg.
experiment 14 did not have a decrease before the plateau. The increase is caused by the
addition of the LFP black masas wellas the oxidation of Fé&ions, whichis due to con-
sumption of hydrogen ions. Hawer, asafter the adaptation phasepassedhacteria will

secrete sulfuric acid reducing the pHe pH behavioof experiment0 g/LS,0gL & A 3 D

X (/,and0g/L+ ( 0/ofandOg/LS,0g/L& A3k (/,and 0.5 g/L+ ( O/ are
presented in Figurés.
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Figure18. pH behavior of medium optimization experime®tg)/LS, 0 gL & A3 ok (/,
and 0 g/L+ ( 0/ (orang@and0g/L S,0g/l& A3 2 (/,and 0.5g/l+ ( O / (green.

Compared to the initial bioleaching experimemtbere no modifications weperformed to
the bioleaching mediur(Figure 15), the pHbehavior is quite similaAfter the initial rise
in pH, it stabilizes at higher acidity. This is promising, as it indicates thatteria activity

remans even without therucial substrates present in the bioleaching medium.

Conductivity of0 g/L S, 0 gL & A3 (/,and 0 g/L+ ( 0/ of and0 g/L S, 0 g/L
& A3 (/,and 0.5 g/l+ ( 0 / data collection is presented in Figui@



67

26
24
22
20

18

K, [ms/cm]

16

14

12
0 2 4 6 8 10 12 14

Time, [days]

Figure 19. Conductivity behavior of medium optimization experimesg/L S, 0 gL
&A3%(/,and 0 g/L+ ( O/ (orangd and0 g/L S, 0g/L& A3 2 (/, and 0.5 g/L

+ ( 0/ (green.

Both experimenthad 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 conduciivity to
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

Responseurface methodology was used to observe the significanttes @oncentrations
of elemental sulfur& A 32 (/,and+ ( 0 /. The objective of RSM was tmaximize

the leaching of lithiumyhile also decreasing the leaching tiimgtially, the response of the
model was lithium leaching efficiency of day 1After 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, & A3 (/PAT A ( 0 /concentrations)that would maximize the lithium leaching
efficiency.Optimization tool was useih optimizethe leaching efficiency dhe last day of

sampling (day 14) as this would represent the overall leaching of the sygsenable13.
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for the optimal values calculated by MODDRVith these factor valuethe leaching effi-

ciencyreaches nearly 90 %

Table13. Optimal factor values tmaximizeleaching efficiency of lithium

Factor Value [g/L] Factor range
S 1.68221 u
&A3 K (/ 9.56794 u
+(0/ 0.270667 _

According to the modeling done Itge softwareseveral setpointsould have provided al-

most maximal leaching efficiegc However, thevalues chosen provided the best leaching

efficiency with thesmallest concentrations of the three substarisor range provides a

visualhowthe optimized concentratioeempare to the high and |Idactorials of the model.

It is clear that good leaching efficienayould be achieved with low concentrations of the

threesubstances investigated. Althoutle results of the model should be confirmed with a

test run.

The contour ot is a visual representation of the faat s 6

A

i nf | ue n cFactosn

within the redareaprovide high leaching efficiency.he contour plobf the medium opti-

mization experiments is presented in Fighl@e This confirms thdact thatgood leaching

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

The differences in leaching efficiencannot be detected in the contour plot, as they are

rather minimal.Varying factors had a more significant influence on tidyeaching effi-

ciency.

t

h
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Figure 20. Contour plot of lithium leaching efficienogyn day 14(circle marking:optimal

setpoint, cross marking: robust setpoint)

Optimal setpointepresents the value that gives the alisdhest leaching efficiency with
this model. Robust setpoint takes into consideration the slight model variatidasnax-
imizing the leaching efficiencySartorius Stedim Data Analytics AB, 2Q1&ccordingFig-

ure D, the model is quite lenienkleaning, lower concentrations 8f& A 3 2x (/, and

+ 0 / than calculated by the softwateuld beused in the bioleaching mediumn other
words, from an economic point of view, further optimization of the bioleaching medium
composition could bearried outAs mentioned previouslypng leaching timesrea major
disadvantage of bioleaching. Therefore, the optimization is carried out fd@ léaghing
results, to finda medium composition that improves the speed of leaching, while maintaining
as high leaching efficiency as possit8eibstrate concentrations that according to MODDE

produce maximal lithium leaching efficiency in 8 days @mesentedn Tablel14.



70

Table 14. Optimumfactorsfor shorter leaching time (8 days) while maintaining maximum

leaching efficieng

Factor Value, [g/L] Factor range
S 4.9998 |
&A3D (/ 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 concentratiomost significantly influences the leachiog day 8,

while the other two components investigated have virtually no effect on the leaching effi-
ciency.According to a study done b§ang, et al., (2021i) later stages difioleachingsulfur
oxidizing bacteriasulfur oxidizing bacteria will dominate in the leaching systend in the
earlier stages irooxidizing bacteria will dominateThis can be observeidom the effect

plot, presented in Figul. One couldarguethat& A 3 2k (/ ,and+ 0 / could be com-
pletely omitted from the bioleaching mediuni,the goal is to simply lessen the leaching
time, which would significantly decrease theaterial costsRoy, et al., (20253etermined

that for pure strain oA. ferrooxidansthe elemental sulfur concentration thed to maxi-

mum Li leaching efficiency was 3.5 gl/hen using onhA. ferrooxidanghe highest leach-

ing efficiency of lithium was achieved with 5 g/L B&* and 3.5 g/L & With 0 g/L of both
substrateshe leaching efficiency was not satisfactolgss than 70 %, however the most

selective towards lithiun{Roy, et al., 2025)



71

Effects
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Figure2l. Effect plot of the mixed systenmplot on the left is day 1 of bioleaching and plot
on the right is dag of bioleachingFeS =& A 3 2x (/.

On the first day of bioleaching, the concentratio®ok 3 Zx (/ , has a more significant
influence on lithium leaching efficiency than sulfur. On day 8 of the experimentvieowe
sulfur is the only component which influences the leaching efficiency. From this it can be
determined, that on dayA. thiooxidansnfluence the leaching efficiency more thanfer-

rooxidans.

6.6 Optimization of pulp density

Thepulp density expriments were conductedth bioleaching medium which containéd
g/LS,009/l& A3 2 (/,and0.5¢g/l+ ( O /.Although a different medium composition
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for the best leaching efficiency was calculated by R®i bioleaching mediumwas chosen
due to extremely efficient leachingth only + ( 0 / added to the mediurulp density has
a significant impact ofeachingefficiency;thereforejt is important tanvestigate the opti-

mal pulp density. The results péilp density optimizatioarediscussed in this chapter.

6.6.1 Performance of bioleaching at various pulp densities

While leached concentrations of metals arere significant irhigher pulp densities (see
Appendix V), the leaching efficiency suffers greatiyth higherpulp densitiessee Figure

22. Severalfactors contribute to the leaching efficiency decreasing with higher pulp densi-
ties.Metal ionsin the black mass cause oxidative stress on the baedddionallybacteria
growth rate is reduced duettaxicity caused by the metals present in black m@sswal &
Balasubramanigr2023)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 experimesiag mixed
bacteria consortiunand bioleaching mediurnomposition:0 g/L S, 0 gL & A3 2k (/,
and 0.5 g/L+ ( O /. Top: 1 %, middle: 5 %Botton 10 %



74

Higher pulp densities would be mdexorable in an economstandpointHowever, as seen
from Figure22. increasingoulp density from 1 % to 5 % decreases the leaching efficiency
of lithium from 90 % to less than 40 %eaching efficiency ofobalt increased slightly wit

the higher pulp densityhis however is not optimal, as the purpose iearove the leaching

of lithium. The besteachingefficiency of lithiumwas observed with a pulp density of 1 %.
Comparing leachingficiency with pulp densities 1 % and 2 $gee Figurd2.) the smaller
pulp density experienced minorly better efficienEjpwever,in an economic standpoint,
choosing 2 % pulp density is optimal, as the leaching efficiency is only slighfysignifi-

cant.

Gu, et al., (2025pbtained similar results when comparing leaching efficiency at different
pulp densitiesin the study it i<laimedthat with process optimization a pulp density of 12.5
% couldbe the best optioaconomically. A leaching efficiency of approximately 30 % at
12.5% pulp density was achieved by Gu, et(@025. For chemical leachindeaching
efficiency will begin to decrease ailp densities higher than 150 dfGilligan, et al., 2025)

Even at high pulp densities (250 g/L) leaching efficiency remains relatively (go@@ %)

with acid leachingas can be seen fromable 2 Similar trend can be observéom 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 to high metal toxicity,igh

pulp densityreduces metal dissolutioA way to possibly combat thesueis to utilize the
spent medium mechanisas there is no interaction between bacteria and black mass.
(Biswal and Balasubramania®023;Roy, et al. 2021)Fritze & Hedrich (2024 were able

to achieve lithium yield of 80 % at 7 % pulp density usthg spent medium approach.
However, this method requires the addition of an oxid#ue, to the lack of microbial oxi-

dation of iron.

The pHof the solution significantly affects the leaching efficieritlye pH and conductivity
weremonitored during the experiments evaluate théacterial activityThe results of these
measurements are preseniteéigures23. and24. For numericatlata,see Appendi¥Il .
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Figure23. pH behavior of pulp densitgxperiments

No plateauing in the pH of the 10 % pulp density experiment was observed during 14 days
for which the experiment was run fdkfter dayfour the increaséen pH slowed dowpand

after day 12 the pH increase was relatively smaliseen from Figure2 almost all leaching
ceased between days eight and twelnaly leachingof 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 activjgs it is unlikely for acidophilic bacteria to survive at

a pH ofseven.The pH ofl % and 5 % pulp density experiments both plateaued after four
days.The plateauing of the pH occwssnultaneouslyo the plateauing of leaching efficien-

cies of both 1 % pulp density drb % pulp density experimen®ss can be expected based

on the pH profiles, 10 % pulp denshgd the lowest leaching efficiency.

The pH éfects microbial growth rate arattivity. At high pH theAcidophiles are not viable,
and bacterial activity will cease which in turn will highmpact the leaching efficiency of
all metalsFurthermore, at higher pH levels impurities, ljasosite, will begin to precipitate,
which further hinder leachingMoazzam, et al., 2027A. ferrooxidanswere demonstrated

to be capable of leaching metals at a pH range/b{Biswal& Balasubramanigr2023).
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Figure24. Conductivity behavior of pulp densiexperiments

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(ll), this leads to less donor elesttorbe available thus

lowering the conductivity (Fatemi, et al., 2017).

6.7 Chemical leaching experiments

Chemical leaching experiments were conductezltduate the benefits of thacteriaThe
leachingefficienciesof chemical leaching experiments are presentédguare25. For con-
centrations of metals extractadd results from blanksee Appendi¥/I. To reiterate from
chapter 5.5.5; experiment A: 0.31 M3 /, experiment B: 22.11 g/& A3 (/, and
experiment C( 3/ &A 32 (/ . For systems B and C, the concentration of the

added& A 3 2k (/ is subtracted from the final concentrations.
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Acid leaching is evidently morerapid methodthan bioleachingas can also be seéom
Tables 2 and.4All systems reached th@ateauapproximately20 minutes after starting the
experimentsHowever, chemical leachingtilizes much larger quantities of sulfuric acid
than bioleachingExperiment A wasbserved to be the most efficient at leaching all metals.
Expectedly experiment Bvas rather insufficient at leaching most metbdlswever some
metals were leached, as the pH of the solutialightly acidic, due to thdissociationof
Fe?*ion. Experiment Gvas the most effient and reached the highest leaching efficiencies.

Chemical leaching is much more efficient at leaching copper thamnitmebial 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 cobaitilar re-

sults have been reported Bhassa, et al(2020). Reportedly, the leaching efficiency of
cobalt rose fron83.6%to 88.7%with a ferrous iron concentration increase from 0 g/L to 6
g/L. Lithium leaching efficiencyemained steady at <908gardless of varying ferrous iron

concentration.

The bioleaching experiments were observed to behave slightly differently to the chemical
leaching experiment8ystems A and @ereableto leach all metals ratively well, whereas
the A. thiooxidansand mixed bioleaching systems struggled with some metals, especially
copper.Thechemical leaching systems containing sulfuric acid (A and C) had a much lower
pH than the bioleaching systemEhis is the likely explanation to why all metals were

leached more efficientlwith chemical leaching.

Spent medium approach coulddpromising way to compete withst kinetics of chemical
leaching.Spent medium approach can reduce the leaching time from days to justifours.
addition to faster leaching, the spent medium approach is more lenkégher pulp densi-
ties. Leachingis solely dependent ocell freemetabolites produced by thacteria;thus,
harsher leaching conditions do not lead to decreased leaching effi¢ienizae & Hedrich,
2024; Moazzamet 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 tmvestigate how the surface morphology was affected by the leaching
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and additionallyto characterizeelements present in the black madse surface motplo-
gies of samples before and after presented irFigures26. 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.

LUT 15.0kV X2.00k SE

Figure26. Surface morphologydfore leachingTwo different magnifications used
X2.00k (left) andX5.00k (right)

LUT 15.0kV X2.50k SE

Figure27. Surface morphologgfterleachingwith mixed bacteria consortiuand the non
optimized medium, pulp density 2.%wo different magnifications used5Rk (left) and
3.50k (right).

A clear change in the surface morphology can be observed in the sample before leaching

compared to sample aftbioleachingwith mixed consortium anddapted 9K mednm.
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Particles overall were smaller in size in the sample after leaching than compared to before
leaching.In the sample before leachipgrticles have a smoo#urface, and particles are
moresphericallike. Particles in the sample after leaching were paqrfyaky, androugher

This is likely dueto dissolution of metals caused hyicrobialmetabolites like bio sulfuric

acid, which attack the metal surfad®oy, et al., 2025)The same change surface mor-
phology was observed by Roy, et §025. Rodshapedacteriawere observed to cover

the surface of particle¥he bacteria covering the metal particles can be seen in Egure

LUT 15.0kV X10.0k SE

Figure28. Larger magnification (10.0k) ofllcck mass after leaching

Energy Dispersive Spectroscopy (ED8as utilized alongside SEM to create elemental
maps of samples before aafter leaching, taain further understandingn the leaching.
The EDS heatmaps of samples before and after leaching are presdsigpae9. It must

be noted that the SEM was unable to detect lithium, astabisight of an element to be
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detected. Therefore, the weight percentagesot be considered as absolute valuesand

only be useds indicative and not definiteor the extracted spectrum see Appendii.V

Figure29. EDS heat map of black mass bef{edt) and after (rightjeaching. Red = P,

blue = Fe, yellow = Al

Large amounts afon and phosphorus avesible in the map after leachinghisis seen as
the purple color in the picture on the righhe color blue in the heat maps was observed to
be more intense in the sample after leacttiag the sample before leaching. Meaning higher
concentrations of iron was present in the sample after leadfirgyconfirms the high con-
centrations of Fe in the leachate toftmen the bioleaching medium, and ricdm the black

mass . Sulfur mapping before and after leachingiissented ifrigure 30.
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Figure30. EDS net count mapping for sulfinefore (left) and after (right) leaching

As discussed in chapter 6a3color 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 acclinatéefore

leaching sampldisplays virtually no sulfyrwhereashe sample after leaching displays sig-
nificant amounts of sulfur.
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7 Conclusions

As highlighted in the literature review within this thedisding new environmentally and
economicallysensiblenethods for recycling lithium from spent LIBs is crucBibleaching

is a wellestablished method, however not for the purpose of recycling spenBitl=ach-

ing would propose a greener way to recycle spent LIBs, however currently this is not eco-
nomically feasibleThe purpose of this thesis was to investigate bioleachiagneshod for
leachinglithium from spent LFRB. The aim of this thesis was tptimize the bioleaching of
spent LFP in a laboratory scale. Two different bactéridghiooxidansandA. ferrooxidans

and a mixed consortium wersead 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 ag whklboxidansystem had

best selectivity for lithium, howevenaintaining suitable conditions for the bacteria proved

to bedifficult. The medium wasupplemented with additional sulfuric acid, to lower the pH.
The mixed systerwas observed to have similar leaching efficiency of lithium.ahioox-

idans system; howeverhigher concentrations of othemetals were also leachetO0 %
leaching efficiencyof lithium was achieved by the mixed system on dayAl4hiooxidans
reached a leaching efficiency of 84 for lithium on day 14 A. ferrooxidanssystem 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 efficieeythiooxidansystem should be used

and optimizedConsidering all results from the experimental work conducted in this thesis,
the best bioleaching setfigr maximizing leaching efficiency of lithiuns presented in Ta-

ble 15.
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Table15. Optimizedconditionsfor bioleaching of spent LFP black mass

: Inoculum ra-| Tempera- Agitation, &A3D + ( 0/, Pulp density,
Bacteria tio tre, [)C] |  [RPM] SIOU 1y (/e | o [9%]
M'Xed. con- 3/2A.fto ALt 30 150 1.68221 9.56794 0.270667 1
sortium

The values in the table aboaee for al4-day leaching timeln thesis, thegossibility of
decreasing the leaching time was also investigdtee.conditions which produced the best

lithium leaching efficiency in 8 days are presentedable B.

Table B. Optimum conditions for decreased leaching time, while maintamangmal lith-

ium leaching efficiency

. Inoculum ra-| Tempera- Agitation, &A3D + ( 0/, Pulp density,
Bacteria tio ture, [°C] [RPM] S, [glL] x (/,[g/L] [o/L] [%0]
Mixed con-| 55 A f10 At 30 150 4.99998 0.08773 0.00378 1
sortium

However, a pulp density of 1 % may not be economically feasible. According to the results
2 % pulp density was not far behind in leaching efficiegrhaps, for industrial purposes
a 2 % pulp density would be more sensildditionally, the inoculum ratio was not opti-
mized in this thesis. Therefore, this should be investigatdideiyras a different ratio could

result in better leachingpossiblyat higher pulp densities.

Next steps in the research should fosuseon finding operating conditions, whialiould
lessen the leaching time. As stated before, bioleaching suffers from long leaching\mes.
proven in this thesidjioleaching required days before reaching high leaching efficiency. In
contrast;> 90 % leaching efficiency by chemical leaching occumeléss than 20 minutes
(system A).This is a serious drawback, and needs improMibgleaching is to be used on
an industrial scaleMoreover, recovery methods of lithium from the leachate should-be
vestigaed. This was not studied within thisesis;however it is animportantpart of recy-
cling lithium from spent LIBsFurther work should also include pilot scale operations, as

scalability may be an issue with bioleaching.
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Appendk I. Results of ICP analysisf A. ferrooxidans

Tablel. Metal concentrations d&. 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

Table2. Metal concentrations d&. 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




Table3. Metal concentration oA.fblank system

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm]| Fe [ppm] | Co, [ppm]| Ni, [ppm] | Cu, [ppm]
0 0.459 2.259 22605 | 7772489 0.000 0.000 1.561
1 111369 74,651 26785 | 7558240 4.382 1.539 108452
2 296424 | 417717 | 41251 | 6973594 | 31067 | 8423 273204
3 379788 | 443643 | 41016 | 5949055 | 33416 | 9.307 329041
4 389447 | 508543 | 44208 | 6157202 | 36892 | 11535 | 375917
5 426051 | 530714 | 45408 | 5607071 | 38118 | 13068 | 389826
8 490499 | 599729 | 48718 | 5377952 | 41591 | 14464 | 418686
10 461276 | 593703 | 47532 | 5122359 | 40723 | 14298 | 397.093
12 537105 | 652973 | 53802 | 5063862 | 45915 | 17.817 | 453692
14 593252 | 607618 | 48918 | 4688537 | 41806 | 15832 | 390885
18 561005 | 639592 | 49075 | 4653876 | 42174 | 17318 | 395745




Appendix Il. Results of ICP analysis Af thiooxidans

Tablel. Metal concentrations &. 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 332127 243614 10.889 1132396 25178 7.255 16.620
2 558531 137.382 14.056 214404 32968 9.826 2172
3 528360 108246 14.109 61452 33442 8.468 6.524
4 589495 117018 15128 0.000 35723 8.952 11.638
5 529933 93.635 13727 45351 31443 9.124 17.043
7 544846 87.375 14.838 75.281 31196 8.995 29747
9 568293 83923 16.687 45205 34.254 10.624 42780
12 582427 90.364 16.630 20374 34.908 10.961 50441
15 606.642 97.220 18.300 61.195 36.807 12.007 65.580
18 632584 98.548 21.090 34.563 41.155 13.909 83.816

Table2. Metal concentrations &. 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 15489 0.325 0.262 0.672
1 337.629 248676 10.523 1221600 22957 5.605 29325
2 553626 113296 13716 81312 32.883 8.801 65.105
3 600543 61117 12524 29.598 32987 8.229 39.596
4 616606 74.263 14.506 91.963 34.630 10.447 49581
5 540617 62258 11492 33191 27914 8.424 50.376
7 560074 69.321 13.047 47.051 30.968 9.285 63.480
9 559593 65.661 12983 56.630 31149 8.927 67.156
12 615305 64.040 13.235 37.538 31649 9.685 70979
15 619505 79811 14.788 52.506 34616 11523 86.660
18 640605 79.298 15946 30.946 35.841 11.753 96.115




Table3. Metal concentration oAt 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 170150 | 115267 5.207 721338 8.480 2.957 131599
2 339139 | 98344 9.924 102541 | 25114 6.750 1.472
3 380517 | 26941 8.016 61.833 24.453 5.737 1.638
4 416457 | 14310 5.283 32910 20.377 5.625 1.972
5 450860 | 13501 4195 102076 | 17.103 5.891 7.031
7 515748 7.733 1412 9.734 10.858 5.028 6.976
9 543600 7.179 1.103 7.124 8.214 4.908 6.999
12 573338 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 663719 | 11186 1.043 66.313 7.530 5.285 11.144




Appendix lll. Results of ICP analysis of mixed system

Tablel. Metal concentrations of mixed #loleaching system

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 18.835 5.182 10198 | 4569161 1.421 1.098 1.089
1 92401 36.403 13762 | 4834603 | 3.970 1.908 72.680
2 359715 | 273108 26758 | 4011168 | 26831 6.414 3.061
3 499866 | 279750 24984 | 3521351 | 28201 5.543 2.330
4 570226 | 319473 29502 | 3631915 | 27511 7.479 13.660
5 556140 | 433908 28276 | 3144851 | 32383 10.621 78.797
7 406577 | 349456 26426 | 2129894 | 26518 6.822 113640
9 649757 | 553727 33585 | 2694159 | 39813 13.223 191981
12 583912 | 497.320 34601 | 2468901 | 40512 13570 | 211599
15 698531 | 822383 | 49024 | 4267019 | 54230 16.463 327000
18 716483 | 867599 50954 | 3423184 | 59238 20412 394615

Table2. Metal concentrations of mixe@#ioleaching system

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 17.175 3.886 0.284 4943109 1.992 0.000 1.265
1 127476 37.705 16.788 4759304 5191 0.835 70581
2 416763 282258 25.346 4463107 24.927 7.043 3.388
3 471189 282382 25585 4044769 25382 8.706 1.105
4 566.838 364350 24.673 3052806 30.345 4.754 40.350
5 537.397 374198 25517 3248234 28873 6.787 46.745
7 648102 462829 32191 2844274 32.858 10.768 142799
9 582591 467926 31579 2489926 35.522 10917 168218
12 616814 490592 36.898 2464954 41.262 11.066 221566
15 705006 856.879 51.080 4170595 54.190 20.072 332936
18 793883 891635 58492 3587319 59.822 20.558 409901




Table3. Metal concentration ahixedblank system

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.460 0.323 15910 | 5291597 | 0.000 0.000 0.539
1 105082 | 69.808 20499 | 5075684 | 3.944 1.450 122972
2 309882 | 374812 | 28738 | 4786353 | 25955 6.894 13.688
3 374001 | 404868 | 30590 | 4220431 | 29.863 8.191 12.276
4 402033 | 446310 | 30763 | 4178360 | 30976 8.670 20134
5 405910 | 465026 | 31280 | 4121181 | 31.200 8.591 24.485
8 441896 | 511709 | 34252 | 4028443 | 34533 11.314 36.875
10 458631 | 548358 | 36.174 | 3548747 | 37.910 12.410 37572
12 504729 | 560408 | 37780 | 3323126 | 37.814 12.632 40.182
14 624063 | 630365 | 42098 | 3636061 | 42319 14.751 37.733
18 604431 | 629375 | 41589 | 2987335 | 40981 15119 61.589




Appendix IV. Results of ICP analysimedium optimization

Tablel. Metal concentratiomof 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 69855 0.013 0.000 0.481
1 157355 | 119982 9.242 1393157 6.790 1.851 149143
4 548682 | 218061 17311 866,187 28919 7.550 297421
8 504247 | 249577 18.326 649112 30674 10844 | 334520
12 549491 | 277954 | 21089 620538 32.386 12541 357363
14 574522 | 299901 22,088 539668 | 36.203 12571 371149

Table2. Metal concentrations of RSM 1.2

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 4374 9.647 1.229 727276 0.000 0.000 0.404
1 147925 | 89825 7568 | 1425886 | 5.283 1.077 135432
4 661667 | 249240 | 20536 | 751028 | 35695 11500 | 358700
8 526169 | 238825 | 20367 | 450980 | 34661 11607 | 341913
12 557111 | 277400 | 23340 | 371184 | 38156 12963 | 372868
14 569393 | 309102 | 24608 | 427267 | 42441 15162 | 406399

Table3. 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 12432 | 5449677 | 0.000 0.000 0.253
1 131771 | 76975 18258 | 5770581 | 5.052 0.877 121520
4 552102 | 318317 | 28846 | 4768893 | 32684 9.986 361402
8 507.201 | 353995 | 29628 | 3968830 | 32580 11517 | 358737
12 576389 | 407648 | 34962 | 3897805 | 37.865 13565 | 404590
14 555864 | 417514 | 34813 | 3907189 | 38775 13917 | 404567

Table4. 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 13007 | 5417679 | 0.000 0.000 0.234
1 127020 | 84903 18115 | 5549881 | 3.978 1.482 120282
4 601702 | 358692 | 32205 | 4792858 | 31.345 11.078 | 388909
8 531300 | 373174 | 32199 | 3487288 | 30.697 12079 | 383985
12 566904 | 428931 | 35150 | 3437301 | 34670 12963 | 409875
14 554467 | 451323 | 35867 | 3380194 | 34373 14188 | 409725




Table5. 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 782160 0.000 0.000 0.777
1 147196 | 103187 8154 | 1422970 | 6.178 2.799 137.609
4 554072 | 293778 | 22609 | 914227 | 34.888 12.783 103300
8 575302 | 322196 | 23816 | 598110 | 34301 13135 114690
12 543807 | 347383 | 24385 | 335953 | 32870 13.996 164160
14 547.732 | 362430 | 26075 | 271684 | 35032 13923 196896

Table6. 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 686338 0.000 0.081 0.877
1 134477 | 91320 6.962 1450892 | 5.048 2.333 124734
4 553596 | 241899 16455 | 767950 | 31715 9.256 282411
8 546745 | 264738 | 18120 | 573187 | 33861 10.051 | 316502
12 525629 | 247791 16833 | 464489 | 30379 9.650 291348
14 550433 | 274666 | 19871 | 444881 | 33714 11.656 | 332295

Table7. Metal concentrations of RSM7L.

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 1522 13019 | 5432823 | 0.000 0.081 1.123
1 113434 | 88522 18310 | 5831248 | 6.088 2.008 115852
4 554859 | 369741 | 31754 | 4463493 | 32240 12844 | 211047
8 561181 | 439721 | 34471 | 3698159 | 33173 14180 | 275633
12 530412 | 447206 | 32424 | 3059317 | 31360 13666 | 288445
14 554466 | 502538 | 34571 | 3089286 | 32924 15020 | 319876

Table8. Metal concentrations of RSM8L.

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]

0 0.000 1.857 11943 5391977 0.000 0.515 0.959

1 124897 102181 17.463 5556541 4.625 2.657 128368
4 574908 386171 31.994 4345310 32272 13272 134922
8 578632 423432 32.602 4003644 31.020 12.316 190370

12 546.836 466.079 35.140 3398179 31.828 13.882 228531

14 559272 524365 34.258 3318029 33.656 14.264 255595




Table9. Metal concentrations of RSMAL.

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 3.082 11661 | 5408572 | 0.000 0.353 1.295
1 132277 | 99.606 15892 | 5167013 | 5.232 2.637 126126
4 558018 | 376942 | 27923 | 4012866 | 29.346 10.714 | 384204
8 518029 | 426261 | 29917 | 3079078 | 29.736 10871 | 374727
12 587659 | 542484 | 35417 | 3028764 | 35487 14531 | 433344
14 555105 | 570423 | 35281 | 2568004 | 34467 13933 | 422507

Table10. Metal concentrations of RSM1I0

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 2.080 6.483 | 2870766 | 0.000 0.020 0.952
1 133534 | 122893 | 13330 | 3492420 | 6.249 2,698 141135
4 579800 | 379981 | 24910 | 2283837 | 29854 11407 | 119726
8 546428 | 396059 | 24126 | 2014579 | 28085 10881 | 168564
12 587.659 | 467.784 | 28871 | 1755364 | 32422 13233 | 244351
14 609924 | 485053 | 27.621 | 1509053 | 31375 12494 | 260532

Tablel1l. Metal concentrations of RSM11L

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 1.077 1.822 746526 0.000 0.101 0.995
1 154106 111361 6.995 1154473 6.514 2.769 140718
4 575381 | 263731 18202 | 448337 | 31198 9.368 286812
8 543094 | 264172 17.118 | 244716 | 28654 10.000 | 280595
12 560710 | 323963 | 22196 | 118423 | 34170 12173 | 348058
14 583797 | 341518 | 22503 37.884 35.754 13322 | 363830

Table12. Metal concentrations of RSM1R2

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 0.297 8922 | 4178687 | 0.000 0.101 1.680
1 163057 | 144166 | 20806 | 5559417 | 8.124 3.550 161921
4 536393 | 389885 | 33837 | 4502334 | 38346 12967 | 226348
8 514379 | 408954 | 31364 | 3670293 | 35157 11.803 187593
12 565176 | 545326 | 39972 | 3440318 | 41400 16.766 | 251426
14 538115 | 582652 | 40036 | 3159284 | 43255 16159 | 273730




Table13. Metal concentrations of RSM1B

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 1.968 7520 | 3286685 | 0.000 0.151 1.216
1 149396 | 130506 | 14756 | 3723055 | 7.932 3.742 156420
4 532762 | 333953 | 24082 | 2163963 | 29550 11.264 | 341248
8 518029 | 374907 | 24582 | 1985035 | 31634 12275 | 344863
12 570597 | 435382 | 28826 | 1577358 | 35714 14.006 | 389963
14 566486 | 448140 | 28696 | 1536323 | 35560 13581 | 390635

Table14. Metal concentrations of RSM14

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 1.633 6.273 | 2328028 | 0.000 0.030 2.016
1 107.779 | 88633 12605 | 2677613 | 4.430 2.221 114258
4 457540 | 382290 | 28429 | 1904201 | 33.109 13395 | 173401
8 546962 | 430055 | 30805 | 1478041 | 35264 15501 | 166413
12 556213 | 460161 | 33339 | 1583758 | 37.702 16.102 | 194316
14 585645 | 484316 | 32701 | 1343437 | 39210 18527 | 209730

Tablel5. Metal concentrations of RSM15B

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 1.857 6.932 | 2467695 | 0.000 0.061 2.320
1 93646 84.826 13335 | 2838865 | 4.543 2.353 109223
4 522493 | 312935 | 24724 | 1857490 | 30.832 10416 | 351248
8 568510 | 364747 | 29644 | 1670035 | 35234 12878 | 400840
12 587025 | 407429 | 31174 | 1258425 | 36.291 14602 | 410664
14 624780 | 471065 | 33616 | 1119456 | 38868 15660 | 437645

Table16. Metal concentrations of RSM1k

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 3416 6.722 | 2365959 | 0.000 0.303 2.348
1 126626 | 90873 13764 | 2909487 | 5012 2414 128364
4 561924 | 343232 | 28488 | 1640357 | 39.189 13017 | 388734
8 591212 | 414694 | 32658 | 1447136 | 46482 14832 | 433185
12 601077 | 427295 | 32593 | 1210067 | 44535 15456 | 421258
14 638904 | 478235 | 35240 | 1134123 | 48324 16727 | 457129




Tablel7. Metal concentrations of RSM11I7

Time, [days] Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 2.859 7.071 | 2617865 | 0.000 0.121 2.166
1 126626 | 123006 | 15202 | 3058053 | 6.582 3.043 136727
4 571239 | 346719 | 26816 | 1762662 | 35348 11.261 | 349857
8 585056 | 404273 | 32117 | 1443861 | 41758 13554 | 392075
12 585349 | 417001 | 31732 | 1246186 | 40777 14718 | 389038
14 624002 | 464802 | 32328 | 1130099 | 42254 16102 | 406012




Appendix V. Results of ICP analysjaulp density optimization

Tablel. Metal concentrations gfulp density optimizationl % 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 342734 0.017 0.100 1.122
1 85.651 63.009 5.085 596964 4.167 1.448 77.610
4 278763 | 281029 12.810 354593 16.124 6.674 214827
8 278262 | 295848 13.686 256487 16.979 7.467 225804
12 276467 | 285446 13.459 190304 17.991 8.583 222971
14 301863 | 302981 14738 119894 18530 7.785 235047

Table2. Metal concentrations gfulp density optimizatior§% 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 311157 0.000 0.100 0.909
1 227080 | 163660 | 10303 | 855750 9.578 3472 219512
4 622540 436273 45151 53471 88.255 21314 376612
8 731918 | 245185 | 44156 0.000 88.000 20.846 196498
12 783115 | 221884 | 43760 0.000 88.115 20.032 149736
14 928016 | 431948 | 46300 | 143534 | 94825 22386 | 301824

Table3. Metal concentrations gfulp 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 290647 0.000 0.000 0.793
1 405205 | 289391 15116 | 1209349 | 16957 6.003 400217
4 855436 | 305249 | 53266 0.000 127172 | 21741 141938
8 1064519 | 54130 22173 0.000 56.254 5.388 22632
12 1333650 | 34.095 2.363 0.000 6.030 0.359 29.828
14 1482961 | 175928 4274 0.000 10.604 1.978 114610




Appendix VI. Results of ICP analysishemical leaching experiments

Tablel. Metal concentrations ahemical 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 296416 20619 1485408 18.908 8.730 285126
5 397.308 322945 21072 2226804 19.958 8.389 278097
7 455128 387.834 23124 2571122 24.076 9.982 298933
10 540872 436685 24.986 2937161 27.655 10912 317.775
12 570742 470520 27.272 2815843 31.662 11.960 325250
15 574482 463470 27.007 3433410 30518 12525 315642
20 573021 524393 29.035 3212914 37.170 14.367 333159
30 581550 549817 29.775 3533321 38.725 14.417 321511
45 575879 554564 28194 3586613 39.032 14.016 318050
60 579989 594.020 29.307 3517.369 40.180 16.323 336.202
120 592167 656.000 31437 3351140 42812 16.805 397.430
240 586.729 705366 32054 3560999 44.159 17.258 433171
Table2. Metal concentrations @hemical leaching experiment(s,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 343756 270540 18.190 1459520 16.808 7.408 265153
5 457795 341803 22.187 2256625 22.705 9.784 301051
7 498737 383522 23.898 2834908 25531 10519 306,600
10 539712 406255 24.497 2792930 27.737 10.556 305575
12 577222 429588 26.698 2886024 30.908 11.894 318323
15 558199 471316 27.109 3044215 32.654 13.145 319708
20 568178 497.340 29.035 3381550 35.105 13676 320749
30 531928 538109 27.453 3204491 36.894 14.434 308870
45 558809 557.253 29.087 3290605 38501 15735 316374
60 551126 562995 28.348 3107672 38.740 15.946 325901
120 557.935 655531 30953 3450441 41.227 17.106 388562
240 581891 700281 31410 3399027 42310 18235 434.969




Table3. Metal concentrations ahemical leaching experimen(s,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 2510 2114 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 1253 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 1451 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

Table4. Metal concentrations @hemical leaching experimen&,A3 / O ( / #1

Time, [min]| Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe, [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 2123 0.000 10.492 3920496 0.001 0.000 3.724
2 84.254 91.194 16.283 3979506 5.139 2.215 60.243
5 81748 68.869 15.913 3477703 29529 3.679 55218
7 83.832 69.131 16.468 4162998 5.351 3.021 58.176
10 91480 85555 15.619 4031901 4.802 2.142 64.683
12 90.008 78736 16.003 3934036 5.088 2.636 58835
15 100634 92.827 16.516 3949293 5.319 2.616 62.370
20 98.146 96.978 15.593 4233349 5.569 3.008 62.450
30 106031 106058 17.609 4050548 5.954 3.380 67.630
45 109897 111249 16.213 3682707 5.881 3.168 62721
60 112738 133448 17.177 3768666 6.313 3.219 63.078
120 113204 145770 15.222 3376545 5.806 1.628 45229
240 131956 197294 16.802 3212361 8.506 2.250 31974




Table5. Metal concentrations @hemical leaching experimen&,A3 / x ( / #2

Time, [min]| Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe, [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 1474 1.297 12.359 4044360 0.000 0.000 1312
2 89.841 70921 16.153 4064321 4651 2.011 60.287
5 113392 97.912 18.545 4062113 7.045 3.211 74.989
7 87.295 82.155 17.365 4011328 5.418 3.054 64.395
10 117391 119591 18.364 3908209 8.076 3.775 76.841
12 98172 96.341 16.656 3968249 6.290 2.944 67.577
15 120952 131595 17.750 3988338 8.439 3.713 80.218
20 132710 138607 19.427 4364487 8.573 4.347 83.245
30 121297 140162 18576 4017236 8.064 3.998 78.286
45 129874 143865 17.439 3733840 8.030 3.449 70.622
60 130162 167.261 18.003 3912195 7.804 3.578 66.690
120 140348 179576 16.646 3218002 7.317 2.695 52619
240 170670 224220 19.164 2980924 11.054 2.786 37.555

Table6. Metal concentrations @hemical leaching experimens&,A3 / O ( / blank

Time, [min]| Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe, [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 1.726 3.685 12.879 4025549 0.000 0.000 1181
2 0.593 2.193 13588 4112828 0.000 0.000 1.190
5 0.211 1.847 15.610 4418508 0.000 0.000 1322
7 3.804 6.796 13358 3786651 0.000 0.000 4.123
10 2.405 1594 12.329 3895487 0.000 0.069 1.738
12 0.000 1513 13174 3983531 1.702 0.161 1912
15 0.000 0.000 13418 4056532 0.547 0.103 1.606
20 0.000 1.619 12.637 4153052 0.000 0.000 1937
30 0.000 1.628 12.288 4070273 0.000 0.000 2.094
45 0.000 0.803 12.263 3595323 0.000 0.000 2.300
60 0.000 1.273 14.854 4448594 0.000 0.000 1.996
120 0.000 1.092 12261 3690494 0.000 0.000 2411
240 0.358 0.533 14.278 4162863 0.000 0.000 2.635




Table7. Metal concentrations @hemical leaching experiments,3 / & A3/ x( / #1
Time, [min]| Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe, [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 0.678 13.838 4404235 0.000 0.000 2.634
2 258058 210430 25.685 4984868 13285 5.987 207.456
5 355965 298546 30.132 5615418 18.988 7.946 258700
7 423577 358817 33833 6055599 23256 9.933 289431
10 494461 389823 34.080 6778033 26.728 10.233 291771
12 515410 421873 36.192 7076103 28.184 10.869 306977
15 533712 435554 36.329 7281806 31440 11.654 302022
20 529290 457630 38945 7000045 33.780 12.363 321812
30 554436 507.226 37.882 7403080 34970 13.748 310227
45 533274 520368 37.250 7390491 36.012 12518 305813
60 565625 584796 39.936 7359346 39425 14.466 338259
120 417666 471488 30.089 5384376 29.832 11.835 284126
240 599905 753579 44.325 7310599 44.079 17.206 439659
Table8. Metal concentrations of chemical leaching experimént3,/ & A3/ x( | #2
Time, [min]| Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe, [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.967 1.386 13.735 4280927 0.000 0.000 2491
2 288275 223412 27.452 5231322 13539 6.061 220005
5 438143 344931 32.896 6632869 21442 8.939 284435
7 507.843 378940 35436 6747095 23599 8.819 294862
10 528238 443458 36.295 7094926 28.365 10871 306141
12 533812 433036 36.289 6877119 29.202 10.735 305237
15 543482 483541 38.637 7408633 32737 11.880 315162
20 536.621 489453 38210 7136374 34.450 12.455 309562
30 554569 519948 37373 7392245 36.703 12.876 301008
45 361141 360697 25.240 4990692 26.844 8.664 208783
60 537426 568771 39.393 7595283 41.680 14.364 331219
120 573313 632771 40.609 7305492 45318 15.352 386453
240 599903 756594 46.196 7073651 51.397 17.448 460911




Table9. Metal concentrations of chemical leaching experimént8,/ & A3 / Ox( / blank

Time, [min] | Li, [ppm] | Al, [ppm] | Mn, [ppm] | Fe, [ppm] | Co, [ppm] | Ni, [ppm] | Cu, [ppm]
0 0.000 0.590 13977 | 4434270 0.000 0.000 1.989
2 0.000 0.592 15008 | 4695744 2.873 0.142 2.920
5 0.000 0.059 13988 | 4452564 0.000 0.000 2.610
7 0.000 0.958 12293 | 4174018 0.000 0.000 2.739
10 0.086 0.782 12251 | 4194350 0.000 0.000 2.479
12 0.604 0.877 15354 | 4728587 0.000 0.000 2513
15 0.217 1.611 16839 | 5354095 0.000 0.000 2.364
20 0.000 0.000 13599 | 4273539 0.000 0.000 2.285
30 1.273 2.273 14.895 | 4928462 0.000 0.000 4.088
45 0.352 1.266 12343 | 4240056 0.000 0.000 2.688
60 0.000 1.366 11.662 | 3752509 0.000 0.000 2.248

120 0.000 2.215 12636 | 4120569 0.000 0.000 2.572
240 0.627 1.663 14264 | 3805784 0.000 0.000 2.921




Appendix VII. pH and conductivity measurements

Tablel. pH and conductivity measuremenfsf#1

Time, [day] pH Co[rr]g:/(étr'x]' o
0 2.24 1158
1 3.45 12.46
2 3.72 12.08
3 3.37 1367
4 3.04 17.85
5 3.05 1834
8 2.54 179
10 2.54 1827
12 2.45 1858
15 2.38 1842
18 2.32 19.62

Table2. pH and conductivity measuremenhsf #2

Time, [day] pH Co[rfll?:/((::tl’l‘r\]/]lty,
0 2.50 14.28
il 3.34 1326
2 3.75 12.45
3 3.48 139
4 352 1856
S 2.95 1848
8 2.48 17.90
10 2.45 1853
i 2.37 1867
15 2.33 1877
18 2.26 19.62




Table3. pH and conductivity measuremensf blank

Time, [day] pH Co[rr;?:/ztr']\q/]' o
0 1.99 1551
1 2.29 17.24
2 3.34 20.1
3 3.29 20.2
4 3.05 1974
5 2.94 1959
8 2.72 20.1
10 2.63 20.2
12 2.53 18.65
15 271 20.2
18 2.56 19.78

Table4. pH and conductivity measuremendst #1

rme g | | e
0 1.61 1454
1 2.63 9.19
2 3.26 8.08
3 359 8.39
4 3.79 8.02
= 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




Table5. pH and conductivity measuremenést, #2

Time, [day] pH Co[rr;?:/ztr']\q/]' o
0 1.68 1539
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 4.22 891
12 4.15 8.75
15 412 8.68
18 411 9.01

Table6. pH and conductivity measuremendst blank

1.87 20.9
I 2.79 269
2 3.75 706
3 5.01 6.19
4 5.44 6.91
S 5.82 8.33
8 6.26 76
10 6.47 9.1
12 6.45 8.45
15 6.39 1041
18 6.31 9.47




Table7. pH and conductivity measuremendsf/A.t#1

Time, [day] pH Co[rr;?:/ztr']\q/]' o
0 171 1852
1 2 1829
2 419 14.62
3 3.98 16.74
4 321 16.81
5 3 17.03
8 2.83 16.79
10 2.67 17.26
12 2.56 17.39
15 25 17.89
18 2.46 1811

Table8. pH and conductivity measuremerdsf/A.t#2

Time, [day] pH Co[rrlr?:/(c:;tr:\q/]lty
0 1.64 20.2
1 1.92 1451
2 4.2 16.13
3 4.08 16.26
4 349 16.81
5 3.13 16.89
8 2.83 17.41
10 2.69 17.39
i 2.62 17.41
15 255 17.64
18 25 1813




Table9. pH and conductivity measuremensf/A.tblank

Time, [day] pH Co[rr]'r?su/:;:tr:qv]w

176 14.02
1 2.47 17.08
2 381 18.04
3 361 1845
4 3.05 17.49
5 3.21 18.39
8 3.04 1857
10 2.96 1775
12 2.83 17.22
15 2.85 1962
18 2.75 1911

Table10. pH and conductivity measurementsedium optimization run #1

Time, [days] pH Co[rrfsu/gal]ly’
0 1.4 24.4
1 16 17.52
4 3.48 15.01
8 312 14.45
12 311 15.49
14 2.98 1556

Tablell. pH and conductivity measurements, medium optimization run #2

Time, [days]  pH | “eyem?
0 1.42 238
1 1.66 17.63
4 3.36 15
8 312 14.2
12 3.04 15.37
14 3.01 1555




Table12. pH and conductivity measurements, medium optimization run #3

Time, [days|  pH | “Tem®’
0 1.41 254
1 1.59 219
4 2.88 1895
8 2.63 1811
12 2.54 18.66
14 2.53 1892

Table13. pH and conductivity measurements, medium optimization run #4

Time, [days] pH CO[rrlrtlisu/g:'nV]'ty,
0 1.42 255
it 1.62 21
4 2.88 19.24
8 253 17.54
12 2.4 19.69
14 2.4 19.48

Table14. pH and conductivity measurements, medium optimization run #5

Time, [days]  pH | “euem?’
0 15 24.1
1 1.69 17.38
4 3.26 15.16
8 3.19 14.68
12 3.08 1471
14 3.13 1521

Tablel5. pH and conductivity measurements, medium optimization run #6

Time, [days] pH Co[rr]r:jsu/gml]lty’
0 1.42 225
i 171 17.62
4 341 16.41
8 3.19 14.82
12 3.09 14.72
14 311 1518




Tablel6. pH and conductivity measurements, medium optimization run #7

Time, [days]|  pH | “Tem
0 157 237
1 1.72 218
4 3.08 16.41
8 2.79 1832
12 2.67 17.58
14 2.67 182

Tablel7. pH and conductivity measurements, medium optimization run #8

Time, [days] pH CO[rrlrtlisu/g:'nV]'ty,
0 1.69 25,5
it 1.73 20.8
4 3.06 19.16
8 2.84 1856
12 271 18.39
14 2.67 19.38

Table18. pH and conductivity measurements, medium optimization run #9

Time, [days]  pH | “euem?’
0 1.53 25,6
1 1.78 213
4 3.08 19.05
8 2.64 1856
12 2.54 18.27
14 2.47 18.89

Tablel19. pH and conductivity measurements, medium optimization run #10

Time, [days] pH Co[rr]r:jsu/gml]lty’
0 1.46 237
i 1.67 20.3
4 3.29 16.84
8 2.97 16.68
12 2.84 17.48
14 275 17.29




Table20. pH and conductivity measurements, medium optimization run #11

Time, [days|  pH | “Tem®’
0 15 224
1 1.84 1822
4 341 14.32
8 321 14.3
12 3.14 14.66
L6 31 14,67

Table2l. pH and conductivity measurements, medium optimization run #12

Time, [days] pH CO[rrlrtlisu/g:'nV]'ty,
0 158 24.4
1 1.9 209
4 3.25 18.25
8 2.9 1812
12 2.77 18.65
14 2.65 1835

Table22. pH and conductivity measurements, medium optimization run #13

0 1.53 213
1 1.78 20.2
4 3.02 16.3
8 2.76 15.86
12 2.69 163
14 2.62 16.45

Table23. pH and conductivity measurements, medium optimization run #14

mime, oyl PH | “giony
0 155 231
il 1.72 20.1
4 2.72 16.13
8 2.87 1652
12 278 17.12
14 2.75 172




Table24. pH and conductivity measurements, medium optimization run #15

Time, [days]|  pH | “Tom
0 1.53 229
1 1.69 20.3
4 3.07 16.28
8 2.76 16.25
12 2.63 17.19
14 2.52 1711

Table25. pH and conductivity measurements, medium optimization run #16

Time, [days] pH CO[rrlrtlisu/g:'nV]'ty,
0 155 233
it 1.78 1955
4 2.92 16.29
8 2.68 1641
12 257 17.13
14 2.52 1757

Table26. pH and conductivity measurements, medium optimization run #17

0 1.44 239
il 1.68 205
4 2.9 16.26
8 2.69 1665
12 2.6 17.2
14 255 174

Table27. pH and conductivity measurements, pulp denkity

mime, 2yl M| Pgiony
0 1.33 235
i 152 19.66
4 2.01 157
8 1.99 16.14
12 2.04 16.61
14 2.08 16.73




Table28. pH and conductivity measurements, pulp density 5%

Time, [days|  pH | “Tem®’
0 1.36 236
1 1.86 17.89
4 457 14.64
8 4.95 1517
12 5.19 16.11
14 5.18 16.39

Table29. pH and conductivity measurements, pulp density 10%

Time, [days] pH CO[rrlrtlisu/g:'nV]'ty,
0 1.36 239
1 273 11.06
4 5.39 15.01
8 6.51 1584
12 7.52 175
14 7.67 17.67




Appendix VIII. EDSspectrum

Table 1. Spectrum of the sample before leaching

Element Extracted Spectrum g);;te:ztcr Lerﬂ
Weight % Atom %
O K 7.08 16.73
Al K 9.58 1343
SiK 0.1 0.14
P K 24.49 2991
SK 0.49 0.58
CIK 0.16 0.17
KK 0.02 0.02
CaK 0.03 0.03
TiK 0.44 0.35
CrK 0.14 0.1
Mn K 0.15 0.11
Fe K 5241 355
Ni K 0.23 0.15
Cu K 4.67 278
100 100

Table 2. Spectrum of the sample after leaching

Element | Extracted Spectrum| Extracted Spectrum
Weight % Atom %
oK 1855 35.97
Mg K 0 0
Al K 2.23 2.56
Si K 0.05 0.06
PK 4.59 459
SK 36.29 35.11
CIK 0.02 0.02
K K 1.79 142
CakK 0.12 0.09
TiK 0 0
CrK 0 0
Mn K 0 0
Fe K 36.05 20.02
Ni K 0 0
CukK 0.31 0.15
100 100
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