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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 (HCl), nitric acid (HNO₃), 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 

HCl PLS. Ga was further selectively stripped into H₂SO₄ solution, which was subsequently 

used for its recovery via complexation with siderophores, utilising the GaLIophore 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 HNO3 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 HCl leaching solution and 80% of Ge at 10M HCl 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 H₂SO₄, 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/L of Fe—was recovered through complexation with desferrioxamine B 

(DFOB), resulting in approximately 44% recovery of Ga. The research contributes to 
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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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गैलियम (Ga) और जमेनियम (Ge) का औद्योगगक कचरे से निष्कर्षण और पुिर्प्ाषप्ति 

सार 

गैलियम (Ga) और जमेनियम (Ge) को प्रौद्योगिकी-महत्वपूर्ण तत्वों के रूप में विीकृत ककया िया है और य े

अर्णचालकों, सैन्य अनुप्रयोिों, फोटोवोल्टेइक्स तथा पॉललमराइजेशन उत्पे्ररर् सहहत उन्नत तकनीकों में एक 

अननवायण भूलमका ननभाते हैं। हालाांकक, इन र्ातुओां से जुडी आपूनतण जोखिम उनके सीलमत प्राथलमक स्रोतों, आयात 

ननभणरता और बढ़ती औद्योगिक माांि के कारर् उत्पन्न होती है, जो सतत पुनप्राणप्तत हेतु द्ववतीयक स्रोतों की 

और अगर्क िोज को आवश्यक बनाती है। यह अध्ययन कॉपर सल्फाइड फ्लोटेशन टेललांग्स से Ga और Ge की 

ननष्कर्णर् और Ga की चयनात्मक पुनप्राणप्तत की जाांच करता है, जो एक कम उपयोि ककया िया लेककन 

सांभावनाशील द्ववतीयक स्रोत है। 

इस हेतु एक व्यापक दृप्ष्टकोर् अपनाया िया, प्जसमें हहांदसु्तान कॉपर लललमटेड (िेडी कॉपर कॉम्पतलेक्स, 

राजस्थान) से प्रातत ताांबा अयस्क, रफ फीड, कां सांटे्रट और फ्लोटेशन टेललांग्स का ववस्तृत ववशेर्ता ननर्ाणरर् ककया 

िया ताकक र्ातुओां की उपप्स्थनत और ववतरर् को समझा जा सके। स्कैननांि इलेक्ट्रॉन माइक्रोस्कोपी और एनजी-

डडस्पलसणव एक्स-रे स्पेक्ट्रोस्कोपी (SEM-EDX) तथा इांडप्क्टवली कपल्ड तलाज़्मा मास स्पेक्ट्रोमेट्री (ICP-MS) 

का उपयोि तत्वीय सांरचना ननर्ाणरर् हेतु ककया िया, जबकक लमनरल ललबरेशन एनालललसस (MLA) का उपयोि 

मोडल लमनरलॉजी, कर् आकार ववतरर्, तत्वीय ववतरर्, िननज सांघटन और मुक्तता का आकलन करने हेतु 

ककया िया। 

इसके पश्चात, टेललांग्स के ललए रासायननक लीगचांि—हाइड्रोक्लोररक अम्पल (HCl), नाइहट्रक अम्पल (HNO₃), और 

सल्फ्यूररक अम्पल (H₂SO₄)—तथा जैववक अम्पल (ऑक्सैललक अम्पल, साइहट्रक अम्पल) से की िई। जैवलीगचांि में 

लौह- और िांर्क-ऑक्सीकारक सूक्ष्मजीवों (Acidithiobacillus ferrooxidans और Acidithiobacillus 
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thiooxidans) का उपयोि शुद्र् और लमगित दोनों समूहों में ककया िया। अध्ययन में इसके अनतररक्त डाई-

ट्राइडेसाइलैमाइन (DTDA) द्वारा H₂SO₄ पे्रग्नेंट लीगचांि सोल्यूशन (PLS) से Fe हटाने और 

ट्राइहेप्क्सल(टेट्राडेसाइल)फॉस्फोननयम बबस(2,4,4-ट्राइमेगथलपेंहटल)फॉप्स्फनेट (Cyphos IL 104) द्वारा HCl 

PLS से Ga और Ge के चयनात्मक ननष्कर्णर् की सॉल्वेंट एक्सटै्रक्शन तकनीकों की भी पडताल की िई। Ga को 

आिे 0.5M H₂SO₄ में चयनात्मक रूप से प्स्ट्रप ककया िया, प्जस े बाद में साइडरोफोसण के साथ उसके 

कॉम्पतलेक्सेशन द्वारा पुनप्राणतत ककया िया, प्जसमें GaLIophore तकनीक का उपयोि कर उच्च चयनशीलता 

प्रातत की िई। 

पररर्ामों से ज्ञात हुआ कक िेडी कॉपर कॉम्पतलेक्स (KCC) से प्रातत अयस्क मुख्यतः सल्फाइड प्रकार का है, और 

इसमें प्रमुि िननजों के रूप में चालकोपाइराइट, पाइराइट और लसललकेट्स (माइका व क्वाट्णज) पाए िए। Ga और 

Ge सभी चार नमूनों में मौजूद थे और कुछ सीमा तक टेललांग्स में सांगचत पाए िए। MLA के पररर्ामों ने िननजों 

की सांिनत और इांटरलॉककां ि को दशाणया, जबकक कर् आकार ववश्लेर्र् से पता चला कक छोटे आकार वाल ेअांशों में 

िननज अगर्क मुक्त हुए थे। रासायननक लीगचांि पररर्ामों से ज्ञात हुआ कक HCl और HNO₃, सल्फाइड टेललांग्स 

से Ga और Ge के ननष्कर्णर् हेतु उपयुक्त थे, जबकक काबणननक अम्पल जहटल टेललांग्स से र्ातु ननष्कर्णर् में अप्रभावी 

रहे। 2M HNO₃ में 7 हदनों के बाद Ga का 95% ननष्कर्णर् हुआ, और 2M HCl में 30°C तापमान और 150 rpm 

पर 7 हदनों में Ge का अगर्कतम 78% ननष्कर्णर् प्रातत हुआ। 

जैवलीगचांि के पररर्ामों से यह स्पष्ट हुआ कक व्यप्क्तित और लमगित समूहों में र्ातुओां का ननष्कर्णर् बहुत कम 

था। हालाांकक, सूक्ष्मजीवों की अनुकूलन प्रकक्रया ने र्ातु ननष्कर्णर् में कुछ वदृ्गर् हदिाई, कफर भी टेललांग्स के नमूनों 

ने उनके ववकास पर ववलशष्ट ववर्ाक्तता प्रभाव डाला, प्जससे कुल ननष्कर्णर् प्रभाववत हुआ। 
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DTDA और Cyphos IL 104 द्वारा सॉल्वेंट एक्सटै्रक्शन से र्ातुओां की पुनप्राणप्तत के पररर्ाम आशाजनक रहे; 

DTDA ने H₂SO₄ लीगचांि सोल्यूशन से Fe का 89% ननष्कर्णर् ककया, लेककन साथ ही 7% Ga और 14% Ge का 

सह-ननष्कर्णर् भी हुआ। Cyphos IL 104 ने 3M HCl लीगचांि सोल्यूशन से लिभि 85% Ga और 10M HCl से 

80% Ge को प्रभावी रूप से ननष्कवर्णत ककया। हालाांकक, Fe ननष्कर्णर् को दबाने हेतु जोडी िई एस्कॉबबणक एलसड ने 

Ge ननष्कर्णर् पर प्रनतकूल प्रभाव डाला। 0.5M H₂SO₄ द्वारा Ga का चयनात्मक प्स्ट्रवपांि ककया िया, प्जससे 

अनुकूललत प्स्थनतयों में प्स्ट्रवपांि सोल्यूशन में 83% Ga की अांनतम पुनप्राणप्तत प्रातत हुई (0.005M Cyphos IL 

104, कमरे के तापमान पर)। जबकक Cyphos IL 104 द्वारा Ge का ननष्कर्णर् 80% तक पहुांचा, उसकी पुनप्राणप्तत 

अभी भी भववष्य के अनुसांर्ान का ववर्य बनी हुई है और उपयुक्त तकनीकों के उपयोि से प्रातत की जा सकती 

है। 

आिे, प्स्ट्रवपांि सोल्यूशन से Ga की पुनप्राणप्तत हेतु GaLIophore तकनीक का परीक्षर् ककया िया, प्जसमें Fe की 

53 mg/L उपप्स्थनत वाल ेप्स्ट्रवपांि सोल्यूशन से Desferrioxamine B (DFOB) के साथ कॉम्पतलेक्सेशन द्वारा 

लिभि 44% Ga पुनप्राणतत ककया िया। यह शोर् द्ववतीयक स्रोतों से Ga और Ge की पुनप्राणप्तत के ललए एक 

कुशल, हटकाऊ प्रकक्रया के ववकास में योिदान करता है, प्जससे आपूनतण शांिला की कमजोररयों को सांबोगर्त ककया 

जा सके। िननज ववज्ञान और हाइड्रोमेटलप्जणकल ववगर्यों के एकीकरर् के माध्यम से यह अध्ययन सांसार्नों के 

इष्टतम उपयोि और िनन अपलशष्ट से सांबांगर्त पयाणवरर्ीय समस्याओां को कम करने की हदशा में मािण प्रशस्त 

करता है। 

कीवर्डषस: महत्वपूर्ण र्ातुएँ, िैललयम, जमेननयम, फ्लोटेशन टेललांग्स, जैवलीगचांि, सॉल्वेंट एक्सटै्रक्शन, सतत 

र्ातु पुनप्राणप्तत. 

 



 x 

Table of Contents 

CERTIFICATE ......................................................................................................................... i 

ACKNOWLEDGEMENTS ................................................................................................... ii 

ABSTRACT ............................................................................................................................. iv 

Table of Contents ..................................................................................................................... x 

List of Tables ........................................................................................................................... xv 

List of Figures ...................................................................................................................... xvii 

Chapter 1. Introduction ........................................................................................................... 1 

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

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

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

Biohydrometallurgical techniques ...................................................................................... 3 

1.4. Role of Automated Mineralogy in Assessing Low-Grade Resources ....................... 5 

1.5. Solvent extraction for the recovery of Ga and Ge...................................................... 5 

1.6. Siderophore-Assisted Recovery of Ga Using Desferrioxamine B (DFOB) .............. 6 

1.7. Objective of the study ................................................................................................... 7 

1.8.  Scope of the study......................................................................................................... 9 

Chapter 2. Literature review ................................................................................................ 10 

2.1. Characterisation of Industrial Waste ........................................................................ 10 

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

(SEM-EDX) ..................................................................................................................... 10 



 xi 

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

2.1.3. Mineral liberation analysis (MLA) ........................................................................ 13 

2.2. Sources of Ga and Ge.................................................................................................. 16 

2.2.1. Primary and secondary sources of Ga .................................................................... 16 

2.2.1.1. Gallium Recovery from the Bayer Process ..................................................... 19 

2.2.1.2. Gallium Recovery from Zinc Processing Residues ........................................ 19 

2.2.1.3. Gallium in Industrial Waste and Alternative Secondary Resources................ 19 

2.2.2. Primary and Secondary Sources of Ge .................................................................. 21 

2.2.2.1. Germanium Recovery from Zinc Processing .................................................. 23 

2.2.2.2. Germanium Enrichment in Coal Fly Ash........................................................ 24 

2.2.2.3. Recycling of Germanium from end-of-life products and electronic waste ..... 24 

2.3. Ga and Ge production ................................................................................................ 26 

2.4. Ga and Ge recovery methods ..................................................................................... 27 

2.4.1. Ga recovery methods ............................................................................................. 28 

2.4.1.1. Fractional precipitation ................................................................................... 28 

2.4.1.2. Electrochemical methods ................................................................................ 30 

2.4.1.3. Leaching .......................................................................................................... 31 

2.4.1.4. Adsorption ....................................................................................................... 39 

2.4.1.5. Sorption and Ion exchange resins ................................................................... 42 

2.4.1.6. Solvent extraction ........................................................................................... 45 

2.4.1.7. Ionic Liquids ................................................................................................... 49 

2.4.1.8. Miscellaneous ................................................................................................. 55 

2.4.2. Ge recovery methods ............................................................................................. 56 

2.4.2.1. Leaching .......................................................................................................... 56 

2.4.2.2 Adsorption and ion exchange resins ................................................................ 60 



 xii 

2.4.2.3. Solvent extraction ........................................................................................... 62 

2.4.2.4. Ionic liquids .................................................................................................... 65 

2.4.2.5. Miscellaneous ................................................................................................. 69 

2.5. Siderophores as metal chelators (Ga and Ge recovery) .......................................... 70 

Chapter 3. Materials and methods ....................................................................................... 75 

3.1. Sample collection site .................................................................................................. 75 

3.2. Materials ...................................................................................................................... 76 

3.3. Micro-organisms, inoculum preparation and acclimatisation ................................ 77 

3.4. Particle size analysis ................................................................................................... 78 

3.5. Mineral liberation analysis......................................................................................... 79 

3.6. Digestion....................................................................................................................... 79 

3.7. Acid leaching................................................................................................................ 80 

3.8. Bioleaching................................................................................................................... 81 

3.9. Solvent extraction........................................................................................................ 82 

3.10. Complexation of Ga3+ by DFOB .............................................................................. 83 

3.11. Analytics ..................................................................................................................... 83 

Chapter 4. Results and Discussion ....................................................................................... 85 

Work package 4.1. Characterisation of samples ............................................................. 86 

4.1.1. Surface morphology and elemental composition ................................................... 86 

4.1.2. Mineral liberation analysis ..................................................................................... 94 

4.1.2.2. Particle size and grain size distribution .......................................................... 97 

4.1.2.3. Elemental deportment ................................................................................... 100 



 xiii 

4.1.2.4. Mineral association ....................................................................................... 102 

4.1.2.5. Mineral liberation.......................................................................................... 107 

Work package 4.2. Leaching of flotation tailings .......................................................... 110 

4.2.1. Chemical leaching – Inorganic acid ..................................................................... 110 

4.2.1.1. Hydrochloric acid.......................................................................................... 110 

4.2.1.2. Nitric acid...................................................................................................... 112 

4.2.1.3. Sulfuric acid .................................................................................................. 113 

4.2.1.4. Correlation of Ga and Ge leaching with other metals ................................... 117 

4.2.1.5. Step-wise leaching ........................................................................................ 124 

4.2.2. Chemical leaching – organic acid ........................................................................ 126 

4.2.2.1. Comparative Performance of Oxalic and Citric Acid in Metal Leaching ..... 129 

Work package 4.3. Bioleaching ....................................................................................... 132 

4.3.1. Bioleaching of tailings using pure cultures of unadapted A. ferrooxidans and A. 

thiooxidans from DSMZ ................................................................................................ 133 

4.3.2. Bioleaching of tailings using unadapted ferrooxidans and thiooxidans cultures 

grown from activated sludge .......................................................................................... 139 

4.3.2.1. Bioleaching of metals using unadapted ferrooxidans ................................... 140 

4.3.2.2. Bioleaching of metals using unadapted thiooxidans ..................................... 144 

4.3.2.3. Bioleaching of metals using mixed cultures of unadapted ferrooxidans and 

thiooxidans ................................................................................................................. 148 

4.3.3. Bioleaching of metals using adapted ferrooxidans and thiooxidans mixed culture 

(AF+AT) ......................................................................................................................... 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 copper ore ............................................................................................... 157 



 xiv 

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

Process-Level Considerations ........................................................................................ 161 

Work package 4.4. Solvent extraction ............................................................................ 164 

4.4.1. Solvent extraction using DTDA........................................................................... 165 

4.4.2. Solvent extraction using Cyphos IL 104 .............................................................. 172 

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

ascorbic acid............................................................................................................... 173 

4.4.2.2. Effect of Cyphos IL 104 concentration ......................................................... 180 

4.4.2.3. Effect of different stripping reagents ............................................................ 183 

4.4.2.4. Effect of different concentrations of stripping reagent ................................. 185 

4.4.2.5. Extraction and sequential stripping of metals ............................................... 188 

Work package 4.5. Ga-DFOB complexation to recover Ga ......................................... 192 

Chapter 5. Conclusion ......................................................................................................... 193 

Appendix ............................................................................................................................... 196 

References ............................................................................................................................. 209 

Biodata .................................................................................................................................. 238 

 

 



 xv 

List of Tables 

 

Table 2.1. Ga bearing minerals (Gray et al., 2013) .................................................................. 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) ..................................... 22 

Table 2.4. Ge-bearing deposits (Nguyen & Lee, 2020) ........................................................... 23 

Table 2.6. Methods of Ga leaching from various sources ........................................................ 37 

Table 2.7. Adsorption efficiencies of KIT-6@x-CA/PEI composites for Ga(III) 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). ................................................................................................................................. 40 

Table 2.8. Maximum Ga(III) loadings achieved using various adsorbents and ion exchange 

resins. a Values calculated based on the Langmuir isotherm model. ....................................... 44 

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

.................................................................................................................................................. 48 

Table 2.10. Ionic liquids investigated for the extraction of Ga(III) from different types of 

aqueous solution....................................................................................................................... 53 

Table 2.11. A summary of the leaching of various resources to extract Ge ............................. 59 

Table 2.13. Summary of Ge(IV) extraction and separation by various extraction systems from 

different aqueous solutions (Nguyen & Lee, 2020). ................................................................ 63 

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

solutions. .................................................................................................................................. 68 

Table 4.1. Elemental analysis by SEM-EDX (wt%) ................................................................ 91 

Table 4.2. ICP-MS analysis of samples from KCC (wt%) ...................................................... 92 

Table 4.3. ICP-MS analysis of flotation tailings ...................................................................... 93 



 xvi 

Table 4.4. Modal mineralogy of samples in wt% .................................................................... 94 

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

at different concentrations of acids and leaching time. .......................................................... 122 

Table 4.6. Extraction of metal using DTDA from H₂SO₄ pregnant leaching solution ........... 169 

Table 4.7. Extraction of metal using DTDA from HCl pregnant leaching solution .............. 171 

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

1 and 2: Experiment 2). .......................................................................................................... 190 

Table A.1. Elemental composition of flotation tailings (ICP-MS) ........................................ 196 

Table A.2. Mineral composition of samples from KCC ........................................................ 197 

Table A.3. Liberation by free surface for pyrite ..................................................................... 206 

Table A.4. Mineral association of different minerals in pyrite .............................................. 208 

 

 

 

 

 

 

 

 

 

 

 

 



 xvii 

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). .................................................... 29 

Figure 2.3. Flowsheet of Mercury cathode electrolysis (Zhao et al., 2013). ........................... 30 

Figure 2.4. Flowchart for the process of Ga recovery (Wen et al., 2018). ............................... 34 

Figure 2.5. Structures of common cations and anions used to synthesise ILs (Silwamba et al., 

2024). ....................................................................................................................................... 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). ...................................................... 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). ............................................................................................................ 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). .................................................................................................. 75 

Figure 3.2. Schematic diagram of sampling points for samples copper ore, rough feed, 

concentrate and flotation tailings. ............................................................................................ 76 

Figure 4.1. Samples collected from KCC (a) copper ore, (b) rough feed, (c) concentrate, and 

(d) flotation tailings.................................................................................................................. 89 

Figure 4.2. SEM analysis of (a) Copper ore (100X), (b) Rough feed (100X), (c) Concentrate 

(500X), and (d) flotation tailings (500X). ................................................................................ 90 

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



 xviii 

Figure 4.4. Particle size analysis by (a) manual sieve shaker, and (b) MLA. .......................... 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 tailings. .................................................................................................................... 101 

Figure 4.7. Mineral association in copper ore (a) chalcopyrite, (b) pyrite, (c) sphalerite, (d) 

oxides, and (e) galena. ........................................................................................................... 104 

 Figure 4.8. Mineral association in concentrate (a) chalcopyrite, (b) pyrite, (c) sphalerite, (d) 

oxides, and (e) galena. ........................................................................................................... 105 

Figure 4.9. Mineral association in flotation tailings (a) chalcopyrite, (b) pyrite, (c) sphalerite, 

(d) oxides, and (e) galena. ...................................................................................................... 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 a S:L = 1:10. ................................................................................................ 113 

Figure 4.13. Effect of different concentrations of H2SO4 on metal leaching from tailings at 

30°C for 14 days with a S:L = 1:10. ...................................................................................... 114 

Figure 4.14. Scatter plot for the correlation of Ga with (a) Al, (b) Sc, (c) Ti, (d) Fe, (e) Cu and 

(f) Zn. ..................................................................................................................................... 120 

Figure 4.15. Scatter plot for the correlation of Ge with (a) Al, (b) Sc, (c) Ti, (d) Fe, (e) Cu and 

(f) Zn. ..................................................................................................................................... 121 

................................................................................................................................................ 125 

Figure 4.16. Stepwise leaching of tailings in (a) HCl and HNO3 and (b) H2SO4 and HNO3.

................................................................................................................................................ 125 

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, 200rpm. ......................................................................... 128 



 xix 

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. ............................................................ 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 

of bioleaching......................................................................................................................... 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. “1” 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 (FeSO4), and NC3 (tailings, medium, and substrate, but no inoculum).

................................................................................................................................................ 143 

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: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 (elemental S), and NC3 (tailings, medium, and substrate, but no 

inoculum). .............................................................................................................................. 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: NC1 (tailings and medium without 



 xx 

inoculum), NC2 (tailings, medium, and inoculum, but no added substrate (FeSO4/elemental S), 

and NC3 (tailings, medium, and substrate, but no inoculum). .............................................. 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 “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 (FeSO4/elemental S), 

and NC3 (tailings, medium, and substrate, but no inoculum). .............................................. 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. “1” 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 (FeSO4/elemental S), 

and NC3 (tailings, medium, and substrate, but no inoculum. ................................................ 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 

minutes at room temperature. ................................................................................................ 168 

Figure 4.26. Structure of Cyphos IL 104 (Cieszynska & Wiśniewski, 2012). ....................... 172 

Figure 4.27. Effect of HCl 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). ...................................... 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 HCl PLS containing 1.28 M ascorbic acid. A:O ratio = 1:1, 15 min mixing at 

room temperature. .................................................................................................................. 182 



 xxi 

Figure 4.29. Effect of different stripping reagents: HCl, H2SO4, NH3 (0.5M) and MQ water. 

Extraction of metals was performed from 3M HCl 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 HCl, H2SO4, NH3 (0.5M) and milliQ water A:O = 1:1 at 

room temperature for 15 minutes. .......................................................................................... 184 

Figure 4.30. Effect of different concentrations of stripping reagent (a) HCl, (b) H2SO4, and (c) 

NH3. Solvent extraction: 3M HCl 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 

temperature. ........................................................................................................................... 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 HCl, H₂SO₄, and NH₃. .................................................................................................. 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). ...................................................................................... 201 

Figure A.3. BSE image from MLA (Madiba et al., 2019). .................................................... 202 

Figure A.4. Mineral liberation and liberation class (Fandrich et al., 2007). .......................... 204 

 

 

 

 

  




