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ABSTRACT

Gallium (Ga) and germanium (Ge) are categorised as technology-critical elements and play an
indispensable role in advanced technologies, including semiconductors, military applications,
photovoltaics and polymerisation catalysis. However, the supply risk associated with these
metals is driven by their limited primary sources, import dependency and increasing industrial
demand, necessitates further exploration of secondary sources for sustainable recovery. This
study investigates the extraction of Ga and Ge and the selective recovery of Ga from copper
sulfide flotation tailings, an underutilised but promising secondary source.

A comprehensive approach was used, with a detailed characterisation of copper ore, rough
feed, concentrate and flotation tailings from Hindustan Copper Ltd. (Khetri Copper Complex,
Rajasthan) to determine the occurrence and distribution of metals. Scanning Electron
Microscopy and Energy-Dispersive X-ray Spectroscopy (SEM-EDX) and Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) were used to determine the elemental composition, and
Mineral Liberation analysis (MLA) was used to determine modal mineralogy, particle size
distribution, elemental deportment, mineral association, and liberation. Subsequently, chemical
leaching using—hydrochloric acid (HCI), nitric acid (HNO:3), and sulfuric acid (H2SO4)—and
organic acid (oxalic acid, citric acid) was conducted for the tailings. Bioleaching was
performed with iron- and sulfur-oxidising microorganisms (Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidans) with both pure and mixed consortia. The study further explored
solvent extraction techniques using di-tridecylamine (DTDA) for the removal of Fe from
H2SO4 Pregnant leaching solution (PLS) and Trihexyl(tetradecyl)phosphonium bis(2,4,4-
trimethylpentyl)phosphinate (Cyphos IL 104) for the selective extraction of Ga and Ge from
HCI PLS. Ga was further selectively stripped into H2SOa solution, which was subsequently
used for its recovery via complexation with siderophores, utilising the GaLlophore technology

to achieve high selectivity.
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The results of the finding showed that the ore from Khetri Copper Complex (KCC) is mainly
a sulfide ore, and the main minerals detected were chalcopyrite, pyrite and silicates (micas and
quartz). Ga and Ge were detected in all four samples and accumulated in tailings to a certain
extent. MLA results showed the association and interlocking of minerals, and the particle size
analysis showed that the minerals were more liberated in small-size fractions. The chemical
leaching results indicated that HCl and HNO3 were suitable for leaching Ga and Ge from
sulfide tailings, and organic acid was unsuitable for leaching metals from complex tailings. Ga
leaching was 95% in 2M HNOs after 7 days, and the maximum Ge leaching of 78% was
observed in 2M HCl after 7 days of leaching at 30°C and 150 rpm. Bioleaching results showed
very low leaching of metals in both individual and mixed consortia. It showed that the
adaptation of the organisms enhanced the leaching of the metals. Still, the tailings sample
imposed specific toxicity on organisms' growth, affecting the overall leaching of metals.

The recovery of metals by solvent extraction using DTDA and Cyphos IL 104 showed
promising results; DTDA extracted 89% of Fe from the H2SO4 leaching solution. However,
7% Ga and 14% Ge coextraction also occurred. Cyphos IL 104 effectively extracted
approximately 85% of Ga at 3M HCI leaching solution and 80% of Ge at 10M HCI leaching
solution. However, the addition of ascorbic acid—used to suppress Fe extraction—negatively
impacted Ge extraction. Selective stripping of Ga was achieved using 0.5 M H>SOs, resulting
in a final Ga recovery of 83% in the stripping solution under optimised conditions (0.005 M
Cyphos IL 104, room temperature). While Ge extraction by Cyphos IL 104 reached 80%, its
recovery remains a subject for future work and may be achieved through the application of
suitable technologies. Further, GaLIophore technology was tested for the recovery of Ga from
stripping solution containing a scarce amount of metal, where Ga from the stripping solution—
containing 53 mg/LL of Fe—was recovered through complexation with desferrioxamine B

(DFOB), resulting in approximately 44% recovery of Ga. The research contributes to



developing an efficient, sustainable process for recovering Ga and Ge from secondary sources,
addressing supply chain vulnerabilities. By integrating mineralogical insights and
hydrometallurgical methods, this study paves the way for optimising resource utilisation while
mitigating environmental concerns associated with mining waste.

Keywords: Critical metals, gallium, germanium, flotation tailings, bioleaching, solvent

extraction, sustainable metal recovery.
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DTDA & H2SO. SIeT HIeg2reT & Fe 3T 89% foTsehdor fehd, olfehel AT &1 7% Ga 3R 14% Ge T
Ag-feTSHYOT 81 §31T| Cyphos IL 104 & 3M HCI SRR HegRIed & ST 85% Ga 3R 10M HCI &
80% Ge 2l FTeT &7 { TASh YT FohaT| BTeliTeh, Fe foTserduT o Gallel g S1ST 915 UEhiTeieh TS o
Ge forserdor 9T yfdighel ST STeT| 0.5M H.SO4 G@RT Ga &1 IdATcHS TEeiiar famam aram, foas

et Teufaat # fEeiier diegee # 83% Ga T 3iaH goAsiiea wred §'§ (0.005M Cyphos IL

104, HFER & ATIATA W) | ST Cyphos IL 104 ZIRT Ge T eS0T 80% TFeh TG, IHhT TeAv ot

Hﬁﬁﬂ%@%@ﬁﬂﬂﬁ@ﬁﬁgﬁ%ﬁ?wg% deheilehl o 3UART H UTCd T ST Tl
gl

37T, FEE TR Hog2rel @ Ga T G 8] GaLlophore cehotieh T GRYETOT foaT ara, foes Fe &
53 mg/L 39TeAfa arer Feefer Wegq@eT & Desferrioxamine B (DFOB) % AT ShiFcaadlsT GaRT
TSI 44% Ga AT TohaT 91AT| TE A Sfaciires Hial & Ga 3R Ge T gAY & foT Th

Ferel, feohT= wfohar & Taehrer 7 Teteret Yl &, Torad 3mqfcl e i wasiRat wr deferd faar

ST Tk | @iarst [aaTeT 3R gt ot TAfAAT & ThaUT & ATETH § Ig eI I JATIT &
SSEAH 39T 3R WAt 3M9frse J TafSd TATaRONT GATATI oY el ahiet T eI & AT wered

AR

PESH: HecaquT UTL, s, STHIA, Fellers efoiad, Staeiieer, Hiede Taragerels, Held

X



Table of Contents

CERTIFICATE ..uuuuiiiiiiiniineinninnnissnnissnisssesssissssssssssssesssssessssssssssssssssssssasss i
ACKNOWLEDGEMENTS .....cooninninnennsnensnncsnecsssecssesssaecssecsssecsseses i
ABSTRACT ..uueiiiiiiiiiisnninnninntcssisssssssssssssssssssssssssssssssssssssssssessssssssssss iv
Table Of CONLENLS ....ccuueiveiisuiiieiiiiiniicseisticstissecseissseessssssnssssssssesssssesssssssssssessssssssssssassssassns X
LiSt Of TabIeS...cciueinirnniniiensueninensnensnensnnssnensensssessneessnssssesssassssesssssssaesses XV
LSt Of FIGUIES c.ccuuueeiiirirnnrinsisnriesssssnnecssssnssessssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssasssss xvii
Chapter 1. INtroduCtion......ceecceveeissncsssencsssanesssansssssnssssansssssssssssssssssssssssssssssssssssssssssssssssssssnss 1

1.1. Gallium (Ga) and germanium (Ge) as critical metals .........ccceeevueecvvricscricssricscnneenns 1

1.2. Flotation tailings as a secondary resource for Ga and Ge..........ccceeevvnereccscnerccsscnnnes 2

1.3. Recovery of Ga and Ge using Hydrometallurgical (acid leaching) and

Biohydrometallurgical teChniqUES......cucevvveerueriseenreninensnnnsnenseessnensnssssesseesssessnssssessancens 3
1.4. Role of Automated Mineralogy in Assessing Low-Grade Resources ..........ccceeeeunneee 5
1.5. Solvent extraction for the recovery of Ga and Ge........cueeevvurecsvnricssnrccssnnicssnnscssnnecnns 5
1.6. Siderophore-Assisted Recovery of Ga Using Desferrioxamine B (DFOB) .............. 6
1.7. Objective of the StUAY ....ccccceeeerererirercssrercssnnressnrcsssnscssansssansssnes w7
1.8. Scope Of the StUdY....cccceririviiiisricissnicsisnncnssnnessssncsssicssnsscsssssssssssssssssssssssssssssssssssssssssssns 9
Chapter 2. Literature reView .........ccccceeiccscssnseesssssssecsssasssssssssssssssssssess 10
2.1. Characterisation of Industrial Waste.........couecveisreriseisseensenssnensenssnecseccssecsencnnes 10

2.1.1. Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy

(SEMEEDIX) c.ooeveooeeeeeeeeeeee e e eeseeeeeeseeeseseseseseseeesseseeessesses s essseseesssesaes s eess e sesseeeees 10



2.1.2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) ......c..cccevvvvvnienennne. 12

2.1.3. Mineral liberation analysisS (MLA) ......cccceeiiieeiiieeieeeeeeee e e 13
2.2. Sources of Ga and Ge.........cuueeveeiruecsseensncnsnniseecssecsssncssesssnenns .16
2.2.1. Primary and secondary Sources 0f Ga...........coccueevuienireriieniieieeieeie e 16
2.2.1.1. Gallium Recovery from the Bayer Process..........cccceevvveeiiiencieinieeeiee e 19
2.2.1.2. Gallium Recovery from Zinc Processing Residues .........cccocoevcvevvenvnieneenne. 19
2.2.1.3. Gallium in Industrial Waste and Alternative Secondary Resources................ 19
2.2.2. Primary and Secondary Sources 0f G ........ccceeeveeeiiieniieenieecee e 21
2.2.2.1. Germanium Recovery from Zinc Processing...........ccceeevvervieirienieenieeneeennens 23
2.2.2.2. Germanium Enrichment in Coal Fly Ash.......cc.cccccoviiviniiniiiniiiiceee, 24
2.2.2.3. Recycling of Germanium from end-of-life products and electronic waste.....24

2.3. Ga and Ge Production ........ceececceeecssnncssnecsssnessssncssssrcsssscsssseses 26
2.4. Ga and Ge recovery Methods .......eiiceivericcsissnnicssssnsecssssnssesssssssscsssssssssssssssssssssssssses 27
2.4.1. Garecovery MEthOdS .......c.cooiiiiiiiiieiieieceeee et 28
2.4.1.1. Fractional precipitation ...........coecueerieeiieniieeiiieniieeieeete ettt seee e 28
2.4.1.2. Electrochemical methods ...........cooiiiiiiiiiiiiiiceee e 30

2.4, 1.3, LeACKING ...ttt ettt ettt et enbeenneenneens 31
2.4.1.4. AdSOTPLION .....eiiiiiiiitiiieetereee ettt sttt 39
2.4.1.5. Sorption and [on eXChange reSINS ..........cccvveeeruieeeiieeniiieeeiieeereeeereeeeeeeaeeeens 42
2.4.1.6. SOIVENt EXITACLION ....eeuviriiiiieieeiieeit ettt ettt 45
2.4.1.7. ToNIC LAQUIAS ...uvvieiiieeeiie ettt sive e e ar e e e naeeeaaeeens 49
2.4.1.8. MISCEIIANECOUS ....c.eeiiiiiiiiiiiiiiieeicet ettt st 55
2.4.2. Ge recovery MEthOdS .......c.eoiuiiiiiiiiiciieeee e 56
2.4.2.1. LeaChINg.....coociiieeiieecee ettt e et e e e e e e eraeeeaaaeens 56
2.4.2.2 Adsorption and i0n eXChange reSINS .........c.eeveerieeiiienieeiienieerieeneeereeseeeeneens 60

xi



2.4.2.3. SOIVENT EXETACLION ..evvveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseaeeeseseseeenenesenenennnennne 62

2.4.2.4. TONIC HQUIAS .eeoviieiiieeciie ettt ettt e et e e seveeeaveeenaeeeneaeeens 65
2.4.2.5. MISCEIIANECOUS ....cueeiiiiiiiiiiiiiiiieeiceitee ettt st 69

2.5. Siderophores as metal chelators (Ga and Ge reCOVery) .....cicnsrecssnnccsssrecssseecnes 70
Chapter 3. Materials and mMethods ..........coueiiciivvnniicnissericssssnnnccsssnnsicssssassesssssssssssssssssssssnes 75
3.1. Sample collection Site........cccevreesveressrercssnrcssercssnnrcssnsessnsesssnnes 75
R 20\ 1 ) ¢ T § E TN 76
3.3. Micro-organisms, inoculum preparation and acclimatisation 77
3.4. Particle size analysis ........cccoeveeerverccssencssnrcssnrcssnnicssnnscsnsscnns .. 78
3.5. Mineral liberation analysis.......cccceeeeeecssssnriecsssnnseccsssansecssssnssossssassens 79
R 20 TR D) 1] 2 11) 1 N 79
3.7. ACIA 1€ACKING...cccceeerinneriinirinnnnienintinsntesssncssssncssssncssssnesssssssssssssssssssssesssssesssssssssssssses 80
3.8. BiOleaChING.....uueeiiiiriiieriiinirinienininiessnicssnniessssecssssecsssssessssesssssesssssssssssesssssssssssssssssssss 81
3.9. Solvent eXtraction......ceeieensecsseccsniisseisssensseessseessessssesssessssnssssssssessssssssssssssssssssssssssnes 82
3.10. Complexation of Ga3" By DFOB........ccccceveurrnscsenrsnsassesssssnssssssesssssassssasssssassssasssssase 83
311 ANALYEICS cecervnnriccsssnnrecssssanrecsssnssessssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssssssssssssssasss 83
Chapter 4. Results and DiSCUSSION ....cccovvreeiveiciisercsssnicsssancssssncssssnsssssssssssssssssssssssssssssssssssessns 85
Work package 4.1. Characterisation of samples .........cceeueevueecuecnnnee. 86
4.1.1. Surface morphology and elemental COMpPOSItION.........ccceeeeeveeerciieeriieeeiieerree e, 86
4.1.2. Mineral 1iberation analysSiS..........ccccueeeuierieiiiieniieiieeie ettt eiee e saae b e 94
4.1.2.2. Particle size and grain size distribution .........c..ccecceevieriiienieniienieeieenee e 97
4.1.2.3. Elemental deportment ...........cccueeeiiieeiiieeiiieeieeeee et 100

xii



4.1.2.4. MINETAl ASSOCIALION ...evvvvveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeesesesesenesenenennnes 102

4.1.2.5. Mineral HIDeTatioN........ceuieiuiiiiiiiieeice ettt et 107
Work package 4.2. Leaching of flotation tailings............ccceeeuueeuneeneee. 110
4.2.1. Chemical leaching — Inorganic acid............ccoeveeriieniieniienieeiiee e 110
4.2.1.1. HydrochlOoric @cCid........cceeeuiiiiiiiiiiie ettt et 110
4.2.1.2. NIFIC ACTA. ..ottt sttt ettt e b enne s 112
4.2.1.3. SUfULIC QCTA ..ot 113
4.2.1.4. Correlation of Ga and Ge leaching with other metals............cccccecvvereveennneen. 117
4.2.1.5. Step-wise 1€aChing ........coeviiiiiiiiieiieie e e 124
4.2.2. Chemical leaching — organic acid ............ceeoueeiieiiienieeiieie e 126
4.2.2.1. Comparative Performance of Oxalic and Citric Acid in Metal Leaching.....129
Work package 4.3. Bioleaching.......ccoueeneenneensnensieninenssensenssnecsensssensecsssessssscssesssncens 132

4.3.1. Bioleaching of tailings using pure cultures of unadapted A. ferrooxidans and A.
thiooxidans from DSMZ ........cc.ooiiiiiiiiieee e 133

4.3.2. Bioleaching of tailings using unadapted ferrooxidans and thiooxidans cultures

grown from activated SIUAZE........cceeeviiiiiiiieecc e e 139
4.3.2.1. Bioleaching of metals using unadapted ferrooxidans ............c.ccceeveeeveennnnnne. 140
4.3.2.2. Bioleaching of metals using unadapted thiooxidans............ccccecerveervenennnene 144

4.3.2.3. Bioleaching of metals using mixed cultures of unadapted ferrooxidans and
tHIOOXIAAIS ...t st ettt ettt 148
4.3.3. Bioleaching of metals using adapted ferrooxidans and thiooxidans mixed culture
(ATFFAT) ettt et ettt ettt ettt e st e bt et e st et et eaee e 152
4.3.3.1. Bioleaching of flotation tailings using adapted mixed culture (AF+AT) .....153
4.3.3.2. Comparative leaching performance of adapted mixed cultures in flotation

tailings and COPPET OTC ....ccuvieuiieiieriieeieeiieereeereeteesiteebeeeeteeteeebeeseessseensaeenseenseennns 157

xiii



4.3.4. Broader Perspectives on Bioleaching Performance: Microbial, Mineralogical, and

Process-Level Considerations ...........cecveeiiiieeeieesiiieesiieeecieeeeireesreeesaeeeseaeesereesseeeenes 161
Work package 4.4. Solvent eXtraction........coeecccseecsssnrcssanecsssnssssssesssasssssssesssssssssssssssssess 164
4.4.1. Solvent extraction using DTDA.........ccoooiiiiiiiet e 165
4.4.2. Solvent extraction using Cyphos IL 104 .........cccovioiiiieiiiiieece e 172

4.4.2.1. Effect of acid concentration on the extraction of metals with and without

ASCOTDIC ACTA. ...ttt ettt ettt ettt et e et e et e st e e saeesnbeenneas 173
4.4.2.2. Effect of Cyphos IL 104 concentration...........cceeeeuveeecvveenveeeniieeenveeeeeeennns 180
4.4.2.3. Effect of different stripping reagents ..........coceevveeeeeeniieeiieenieeieenie e 183

4.4.2 4. Effect of different concentrations of stripping reagent ..............cccceevveenennne. 185
4.4.2.5. Extraction and sequential stripping of metals..........cccceevevvevriieiniiennieennen. 188

Work package 4.5. Ga-DFOB complexation to recover Ga .........oeeereecseecsercsncnsancene 192
Chapter 5. CONCIUSION a.cccovvueiieiiirniecssssaniecsssssssecsssssssesssssssssssssssssssssssssssssssssssssssssssssssssassssss 193
APPENAIX caareiirirresssrncsssrncssaresssssnssssssssssssssssssssssssssssssssssssssssssssssssssasssssas 196
REfEIreNCeS ..ccoueeneeiieiiseensennsnensnnnsnensnnssnenssnssssesssnssssesssnesssesssnssssssssassnes 209
Biodata .......ueeoeeiiniiiniiiininnnnnennteneieneiesaseesssessssessssssesssssssssenns 238

Xiv



List of Tables

Table 2.1. Ga bearing minerals (Gray et al., 2013) ......cccoeviiriiiiiiiieeieeeeeee e 18
Table 2.2. A summary of Ga-bearing secondary resources (adapted from Lu et al., 2017).....18
Table 2.3. Ge bearing minerals (adapted from Nguyen & Lee, 2020)......cccccvevveeciveneeeneenen. 22
Table 2.4. Ge-bearing deposits (Nguyen & Lee, 2020) .......oeouieeiierieniieiieeieeie et 23
Table 2.6. Methods of Ga leaching from various SOUICES...........cccveeeriieerieeerieeeiieeeeeeeeeeens 37

Table 2.7. Adsorption efficiencies of KIT-6@x-CA/PEI composites for Ga(Ill) removal from a
50 mg/L feed solution at pH 3. Adsorbent dose: 5 mg; adsorption time: 1 day; temperature:
30°C. Adsorption capacity is calculated based on the Langmuir equation. Adapted from Fan et
AL (2024). et b ettt ettt e a b e bt et e it bt ettt 40
Table 2.8. Maximum Ga(Ill) loadings achieved using various adsorbents and ion exchange
resins. ? Values calculated based on the Langmuir isotherm model. ............ccceeviieiniinnnnnnn. 44

Table 2.9. Extraction of Ga from different leaching solutions using different types of extractants

Table 2.10. Ionic liquids investigated for the extraction of Ga(Ill) from different types of
AQUEOUS SOTULION . ..c.ttieiiieeiitetie et etee et e ite bt e st e et esate s bt e eabeesseasabeenseesaseenseasnseenseesnseeseeenseenseas 53
Table 2.11. A summary of the leaching of various resources to extract Ge..........c.cceeveeenneenne 59
Table 2.13. Summary of Ge(IV) extraction and separation by various extraction systems from
different aqueous solutions (Nguyen & Lee, 2020). .....c.cooiieiiiiniiiiienieeieeeeee e 63

Table 2.14. Ionic liquids were investigated for Ge(IV) extraction from different aqueous

SOIULIONS. 1.ttt ettt b et a e s a e e bt e a e e bt et e et e setenbeenbe e st e bt entesaeenee 68
Table 4.1. Elemental analysis by SEM-EDX (Wt%0) .....c.covouieiiiiiiiiienieeieeceee e 91
Table 4.2. ICP-MS analysis of samples from KCC (Wt%0) ...cceeevrerieriieeniieeiieieeieeseeeveeee. 92
Table 4.3. ICP-MS analysis of flotation tailings............cccecueeviieeiiiiieniiieieeeeee e 93

XV



Table 4.4. Modal mineralogy of samples in W% ........cceeviieriieniieiienieeeeeeee e 94

Table 4.5. Correlation between Ga and Ge leaching with other metals in HCI, HNO3 and H2SO4

at different concentrations of acids and leaching time............c.cccocveevviiiiiiiiiniie e, 122
Table 4.6. Extraction of metal using DTDA from H.SOs pregnant leaching solution........... 169
Table 4.7. Extraction of metal using DTDA from HCI pregnant leaching solution .............. 171

Table 4.8. Extraction and sequential recovery of metals in the stripping solution (1: Experiment

I and 2: EXPEIrIMENT 2)...cc.eiiuiiiiriiiriiiiieiteeteeie ettt ettt sttt ettt ettt ae s 190
Table A.1. Elemental composition of flotation tailings (ICP-MS) .......ccccccevvviieviieeiiieeee. 196
Table A.2. Mineral composition of samples from KCC ...........cccoooiiriiiiiiiniieiieieeieee, 197
Table A.3. Liberation by free surface for pyrite.........cooeerieriieniieiiiirieeiieee e 206
Table A.4. Mineral association of different minerals in pyrite ........coceeevveeerieenrieennieeennen. 208

Xvi



List of Figures

Figure 2.1. Principle of BSE image capture in SEM-EDX and MLA (Rodriguez et al., 2014).

.................................................................................................................................................. 14
Figure 2.2. Flowsheet of Lime method (Zhao et al., 2013). ......ccoeeiieiiieiiieieeeeeeeeeeeee, 29
Figure 2.3. Flowsheet of Mercury cathode electrolysis (Zhao et al., 2013). ......ccccecervenennens 30
Figure 2.4. Flowchart for the process of Ga recovery (Wen et al., 2018).......c.cccecvveeeieeennnenns 34

Figure 2.5. Structures of common cations and anions used to synthesise ILs (Silwamba et al.,
2024). ettt bttt h bt et sh bt et nh e e nb e et e bt e b et e bt et entea 50
Figure 2.6. The conceptual flowsheet proposed for the leaching of zener diodes and extraction
of Ge(IV) using cyphos IL 104 (Dhiman & Gupta, 2020)........ccceeverienirienienieieeieniieneeens 67
Fig. 2.7. The most common iron-binding moieties found in microbial siderophores and
examples. (A) Catecholate, (B) hydroxamate, and (C) carboxylate. Some siderophores present
a combination of iron-binding moieties known as mixed-type siderophores (D) (Albelda-
Berenguer et al.; 2019). ..o et 71
Figure 3.1. The location of the Khetri copper belt in the Aravalli Mountain range is on the map
of India, and the Terrestrial photo shows the ground subsidence of the Khetri Copper Complex
(2014) (Jade & SUnita, 2015). ..cccuieieieieiieie ettt ettt sae et e e e sneenaeenneas 75
Figure 3.2. Schematic diagram of sampling points for samples copper ore, rough feed,
concentrate and flotation tailings. ........coceeviriiriiiiiiini e 76
Figure 4.1. Samples collected from KCC (a) copper ore, (b) rough feed, (c) concentrate, and
(d) T10tAtION tATIINES. ..eevieeiieiieeie ettt ettt et ettt e e e e e e sabeebeessseensaesnseesaaaenseensnas 89
Figure 4.2. SEM analysis of (a) Copper ore (100X), (b) Rough feed (100X), (c) Concentrate
(500X), and (d) flotation tailings (500X).......cccuierieriieriieiieirieeeeerieeeteerree e eeeeereesaeeeseenenas 90

Figure 4.3. Modal mineralogy of samples: concentrate, tailings, and copper ore. .................. 95

Xvil



Figure 4.4. Particle size analysis by (a) manual sieve shaker, and (b) MLA...........c.cccevenie. 97
Figure 4.5. Grain size distribution (a) Copper concentrate and (b) flotation tailings............... 98
Figure 4.6. Elemental deportment of major metals in (a) Copper ore, (b) concentrate, and (c)
FlOtAtiON tAIIINES. ..eevviiiiieiiieiiete ettt ettt et ettt e et ettt e bt e e ab e e nneesane e neeenne 101
Figure 4.7. Mineral association in copper ore (a) chalcopyrite, (b) pyrite, (c) sphalerite, (d)
oxides, and (€) GALENA. ........ccuiiiiiiiiiiiieeece e et enne 104
Figure 4.8. Mineral association in concentrate (a) chalcopyrite, (b) pyrite, (c) sphalerite, (d)
oxides, and (€) GAlENA. ......c..eeeiuiiiiiiiecie e e et eareeeaaeas 105
Figure 4.9. Mineral association in flotation tailings (a) chalcopyrite, (b) pyrite, (c) sphalerite,
(d) oxides, and (€) GAIENA. ......cccueiiiiiiiiieiiee et 106
Figure 4.10. Mineral liberation (a) copper ore, (b) concentrate, and (c) flotation tailing......107
Figure 4.12. Effect of different concentrations of HNO3 on metal leaching from tailings at 30°C
for 14 days With @ S:L = 1:10.....ccciiiiieecee e e e 113
Figure 4.13. Effect of different concentrations of H2SO4 on metal leaching from tailings at
30°C for 14 days with @ S:L = 1110, ceeieiiiiiieie e e 114
Figure 4.14. Scatter plot for the correlation of Ga with (a) Al, (b) Sc, (¢) Ti, (d) Fe, (e) Cu and
(£) Z0e ettt ettt et ettt et h et et e b nees 120
Figure 4.15. Scatter plot for the correlation of Ge with (a) Al, (b) Sc, (¢) Ti, (d) Fe, (¢) Cu and

(£) Z00e oo e e s ee s ee s eee e eees e 121

Figure 4.17. Leaching of flotation tailings in (a) citric acid and (b) oxalic acid at different

concentrations at 30°C, S:L = 1:10, 200D, ....eeeriiiieiieeiiie ettt e e 128

Xviii



Figure 4.18. Bioleaching of tailings using un-adapted A. ferrooxidans (AF), A. thiooxidans
(AT), and mixed culture (AF+AT). AT (S) refers to A. thiooxidans bioleaching with elemental
sulfur as substrate incubated at 28°C with S:L = 1:10. NC represents the negative control
(uninoculated), and D indicates days of bioleaching. ..............cccccoeviiiriiniiiiniiiniieniecee 137
Figure 4.19. Bioleaching of tailings using unadapted A. thiooxidans (AT) and adapted A.
thiooxidans (AAT). (S) refers to bioleaching with elemental sulfur as substrate incubated at
28°C with S:L = 1:10. NC represents the negative control (uninoculated), and D indicates days
(o)l 03 (0] [T: T 4 V1 o L TSRS 138
Figure 4.20. Bioleaching of tailings using unadapted ferrooxidans (AF) cultures grown from
activated sludge under two solid-to-liquid (S:L) ratios of 1:20 and 1:10. “;” refers to S:L =
1:20, and “2” refers to S:LL. = 1:10. Experiments were conducted at 30 °C for 20 days. Negative
control: NC1 (tailings and medium without inoculum), NC2 (tailings, medium, and inoculum,

but no added substrate (FeSO4), and NC3 (tailings, medium, and substrate, but no inoculum).

Figure 4.21. Bioleaching of tailings using unadapted A. thiooxidans (AT) cultures grown from
activated sludge under two solid-to-liquid (S:L) ratios of 1:20 and 1:10. “1” refers to S:LL =
1:20, and “2” refers to S:L. = 1:10. Experiments were conducted at 30 °C for 20 days. Negative
control: NC1 (tailings and medium without inoculum), NC2 (tailings, medium, and inoculum,
but no added substrate (elemental S), and NC3 (tailings, medium, and substrate, but no
INOCUIUIM). .ottt e e et e e e b e e e e aaee e tbeeeeaseeessseeesseeesseesnsseesnseesnneens 147
Figure 4.22. Bioleaching of tailings using mixed culture of unadapted ferrooxidans and
thiooxidans (AF+AT) cultures grown from activated sludge under two solid-to-liquid (S:L)
ratios of 1:20 and 1:10. “1” refers to S:L = 1:20, and “2” refers to S:L = 1:10. Experiments were

conducted at 30°C for 30 days. Negative control: NCI1 (tailings and medium without

XixX



inoculum), NC2 (tailings, medium, and inoculum, but no added substrate (FeSO4/elemental S),
and NC3 (tailings, medium, and substrate, but no inoculum). ..........cccceeevieeviiencieeeiiee e, 151
Figure 4.23. Bioleaching of flotation tailings using mixed culture of adapted ferrooxidans and
thiooxidans (AF+AT) cultures grown from activated sludge under two solid-to-liquid (S:L)
ratios of 1:20 and 1:10. “1” refers to S:L = 1:20, and *“>” refers to S:L = 1:10. Experiments were
conducted at 30°C for 20 days. Negative control: NC1 (tailings and medium without
inoculum), NC2 (tailings, medium, and inoculum, but no added substrate (FeSO4/elemental S),
and NC3 (tailings, medium, and substrate, but no inoculum). ..........ccccceecveirviieeeieeniieeenen. 156
Figure 4.24. Bioleaching of copper ore using mixed culture of adapted ferrooxidans and
thiooxidans (AF+AT) cultures grown from activated sludge under two solid-to-liquid (S:L)
ratios of 1:20 and 1:10. “;” refers to S:L = 1:20, and *“2” refers to S:L = 1:10. Experiments were
conducted at 30°C for 20 days. Negative control: NC1 (tailings and medium without
inoculum), NC2 (tailings, medium, and inoculum, but no added substrate (FeSOa4/elemental S),
and NC3 (tailings, medium, and substrate, but N0 iNOCUIUM. .........c.cooveveiiirieriieieeieee, 160
Figure 4.25. Extraction of metals using DTDA (20% DTDA in kerosene) at different pH levels
from the H2SO4 PLS (2M). Aqueous phase to organic phase ratio (A:O) = 1:1, mixing for 30
MINULES at TOOM tEMPETALUTE. .....veeviieiieriieeiieriieeieesteeteeseteesteeseteeseessseesseesnseesseeesseessaessaens 168
Figure 4.26. Structure of Cyphos IL 104 (Cieszynska & Wisniewski, 2012).........ccccccuenneene. 172
Figure 4.27. Effect of HCI concentration in the PLS (1-10 M) on metal extraction using Cyphos
IL 104 (0.005 M) at room temperature under two conditions: (a) without ascorbic acid and (b)
with 1.28 M ascorbic acid. A:O = 1:1, 15 minutes mixing at room temperature. Ascorbic acid
was added in PLS prior to the extraction by Cyphos IL 104 in (b). ...cccvvvevvveeeiieiiiecienee 179
Figure 4.28. Effect of Cyphos IL 104 concentration (0.001-0.2 M in toluene) on the %E of
metals from 3 M HCI PLS containing 1.28 M ascorbic acid. A:O ratio = 1:1, 15 min mixing at

TOOIM LEMPETALUTE. ..vveeeuereeeiiieeeiiieeeteeeeiteeeetteeetteeestteeensaeesnsaeeanseeesnseeessseeensseessseesnnseesnnseesnnsens 182

XX



Figure 4.29. Effect of different stripping reagents: HCI, H2SO4, NH3 (0.5M) and MQ water.
Extraction of metals was performed from 3M HCI PLS with ascorbic acid using 0.005M
Cyphos IL 104, A:O = 1:1 at room temperature for 15 minutes. Stripping was performed from
a loaded 0.005M Cyphos IL 104 into HCI, H2SO4, NH3 (0.5M) and milliQ water A:O = 1:1 at
room temperature fOr 15 MINULES. .......ccviiiiieiiiieeie et eeeveeeeaeeeeaees 184
Figure 4.30. Effect of different concentrations of stripping reagent (a) HCI, (b) H2SOs4, and (¢)
NHs. Solvent extraction: 3M HCI PLS with ascorbic acid, Cyphos IL 104 (0.005M), A:O = 1:1,
mixing for 15 minutes at room temperature. Stripping: loaded organic phase (Cyphos IL 104
0.005M), stripping reagent- HCl, H2SO4 and NH3, A:O = 1:1, mixing for 15 minutes at room
15000101 & 1111 (2SRRI 187
Figure 4.31. Process flow diagram for the selective recovery of Ga from flotation tailings. The
process includes acid leaching, solvent extraction using Cyphos IL 104 and sequential stripping
using HCI, H2SOu4, and NHa. ..ccouiiiiiiiiciieceeceeee et e 191
Figure A.1. MLA area X-ray analysis of a composite particle (Fandrich et al., 2007).......... 201

Figure A.2. Illustration of X-ray mapping (grid-based) for a particle containing pentlandite and

chalcopyrite (Fandrich et al., 2007). .....ooooiiiiiiie et 201
Figure A.3. BSE image from MLA (Madiba et al., 2019). .......ccccevviieiieieeiieeeeeeeee 202
Figure A.4. Mineral liberation and liberation class (Fandrich et al., 2007). .........cccceveennee. 204

xxi





