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Abstract 

The oxidation of sulfidic minerals to liberate gold is currently performed with the utilization of 

microorganisms and chemical reagents. Biooxidation is a hydrometallurgical oxidation method which can 

be a pre-treatment method for gold recovery. Iron- and sulfur-oxidizing microorganisms with varying 

physiological characteristics liberate sulfide matrices by using reduced sulfur compounds for growth, which 

exposes minerals such as gold to lixiviants. Compared to conventional methods, biooxidation is an 

environmentally friendly and more economic pre-treatment method. The chemical oxidation of sulfide 

minerals has been performed in all pH ranges. However, operating in higher pH environments can decrease 

operating and material costs. The aim of this investigation is to test the oxidative capabilities of alkaline 

bacteria and chemical reagents in three pyrite concentrates. Two alkaliphilic, halo-tolerant, and 

chemolithoautotrophic bacteria Thiomicrospira aerophila (DSMZ 13739) and Thioalkalivibrio versutus 

(DSMZ 13738) were used for this study. For chemical oxidation, the carbonate effect which occurs due to 

the presence of sodium carbonate and bicarbonate was evaluated. Various parameters such as pH, 

temperature, pulp density, time, and changes in media were altered to determine the optimal oxidative 

parameters. Investigations with bacteria suggest that iron precipitates produced during oxidation passivated 

onto the particles, preventing them from attaching to the particle surface. This resulted in all experiments 

without the inoculation of bacteria oxidizing more pyrite than the experiments with bacteria. Therefore, 

chemical oxidation via the carbonate effect was investigated. Complete oxidation of the sample was 

observed at 11 days using 20 g/L Na2CO3 and 10 g/L NaHCO3 with parameters of 80 °C, air supplied at 0.1 

L/min, 20% pulp density, and stirred at 500 rpm. Further, qualitative, and quantitative analysis were 

performed on the oxidized samples to investigate physical and chemical changes in the samples. Gold 

leaching tests with conventional cyanidation techniques were performed on oxidized samples to determine 

the relationship between oxidation and gold recovery.  
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Chapter 1 

Introduction 

1.1 Background Information  

Microorganisms are of significant interest in the mining industry and in waste treatment due to their 

high capacity to transform various toxic sulfur compounds into stable compounds. Various waste 

materials such as galvanic sludge, electronic waste, medical waste, waste slag etc. are remediable 

in the presence of sulfur-oxidizing bacteria (SOB) (Mahmoud et al., 2017) which are well-known 

for their oxidative abilities to desulfurize toxic compounds and liberate sulfide from mineral 

matrices. The progression of knowledge on iron- and sulfur-oxidizing bacteria led to the 

development of an alternative pre-treatment technique called biooxidation. Biooxidation is an 

advantageous pre-treatment method that is more robust, economical, and eco-friendlier than 

processes such as pressure oxidation and roasting. Biooxidation is a hydrometallurgical oxidation 

method that has been applied to recover precious metals by enhancing the microbial decomposition 

of refractory ores. These bacteria exploit various inorganic sulfur compounds by catalyzing sulfur 

redox reactions that are not spontaneous at ambient conditions (Sorokin et al., 2011). Biooxidation 

and bioleaching have been used to extract  metals such as gold, silver, copper, cobalt, nickel, zinc 

and uranium at high efficiencies in irrigated (heap, dump, in situ and vat) and agitated processes 

using bacteria (Schippers et al., 2014).  

The SOB are isolated from environments with natural sulfur cycles such as soda lakes. These 

bacteria are characterized into different groups depending on their optimal growth temperature i.e. 

psychrophiles (Topt ≤ 15 ˚C), mesophiles (Topt = 20-45 ˚C), thermophiles (Topt = 55-65 ˚C), 

hyperthermophiles (Topt = 85-113 ˚C) (Willey et al., 2016). Their growth and sulfur-oxidizing 

capabilities depend on the pH, dissolved oxygen (DO), salt concentration, nutrients, and the 

presence of toxic compounds. They are also characterized based on their optimal pH for growth 
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i.e., acidophilic, neutrophilic and alkaliphilic bacteria. Most SOB are chemolithoautotrophic 

prokaryotes and vary in the pathways, enzymes, and mechanisms of electron transfer in the 

oxidation of sulfur species. However, some are photolithotrophs which use light as their energy 

source and do not require oxygen for their survival or for oxidation (Poulain and Newman, 2009).  

Mixed cultures of SOB, based on their sulfur-oxidizing abilities, are also used for biomining 

processes to enhance biooxidation. Over time, the bacteria can adapt to process conditions and 

increase in number and metabolic capabilities, improving metal recovery efficiency (Rawlings and 

Johnson, 2007). Although the composition of an added inoculum may be known, the microbes at 

the end of a process have been found to be dramatically different. This change can be due to new 

bacteria from “contaminated” feed (i.e., ores, medium, air, etc.) or from mutation.  

Acidophilic bacteria have been extensively explored for biooxidation in the mining industry. 

However, there are no significant reports on biooxidation processes using neutrophilic and 

alkaliphilic bacteria, although operating at neutral and alkaline pH is beneficial to the economics 

of a biooxidation process. In a conventional biooxidation plant, pH control represents about one-

third of the operational cost (29%), including sulfuric acid, limestone and lime. Before alkaline 

cyanide leaching, a neutralizing agent such as limestone and slaked lime is used to produce a neutral 

effluent at pH 7.0-8.0 and to precipitate iron and arsenic. Biooxidation performed at elevated pH 

conditions will reduce the operating costs of the process by eliminating the solid/liquid separation 

stage between the acidic biooxidation and alkaline cyanidation process for gold recovery.  

Furthermore, residual acid could be present in cyanide leaching, which could lead to cyanide 

volatilization as HCN.  The absence of information on neutrophilic and alkaliphilic microorganisms 

is attributable to the dominance of acidophiles in biomining. However, as current processes 

encounter challenges due to variations in waste and mineralogy of refractory materials, continuous 

optimization of biomining processes is required for them to remain sustainable and economical. 

The evaluation of the oxidizing capabilities of neutrophiles and alkaliphiles will assist in 
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broadening the fundamental knowledge on biooxidation. Understanding the potential engineering 

applications of microorganisms can extend beyond biomining, immensely benefiting other 

biotechnical fields.  

 

1.2 Bacterial Oxidation 

The term refractory applies to gold ores when the conventional cyanidation recovers only around 

80% of gold after fine grinding (Nan et al., 2014). Refractory materials include the submicroscopic 

or occlusion of fine-grained gold, presence of tellurides, carbonaceous matter, clays, arsenic, iron 

and base-metal sulfides, silica encapsulation, and incomplete oxidation of elemental sulfur (Belyi 

et al., 2015b; Berezowsky and Weir, 2013; Fernández et al., 2000; Jha, 1987). Most refractory ores 

are comprised of sulfide and carbonaceous matter combined with gangue materials which prevents 

effective leaching by lixiviants due to preg-robbing and the occlusion of gold (Amankwah et al., 

2005; Ofori-Sarpong et al., 2010). Furthermore, carbonaceous matter adsorbs the aurocyanide 

complex behaving like activated carbon (Adams et al., 1996). These factors result in lower lixiviant 

leaching efficiencies, higher lixiviant consumption and increased operating costs.  

The energy consumption for the biooxidation of ores is often lower than for conventional 

techniques such as pressure oxidation and roasting. Furthermore, biooxidation is more 

advantageous for the refractory materials due to the high metal extraction in the leaching step as 

compared to the conventional methods. Currently, biooxidation processes for metal sulfides are 

inoculated with acidophilic SOB in aerobic conditions, and operate at pH=1.2-1.8 and 40-45 ˚C 

(Rawlings and Johnson, 2007). These processes require corrosion resistant materials and 

neutralization of wastewater as acid mine drainage can occur resulting in higher operating costs. 

Furthermore, the addition of lime is required to increase the pH for subsequent cyanidation for gold 

extraction as cyanide gas forms below pH 9.3-9.5 (ICMI, 2014).  However, biooxidation in 

neutrophilic and alkaliphilic solutions can reduce or eliminate these issues, more specifically bio-
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oxidation and gold leaching can occur in a singular mixed system such as a tank leaching process, 

or a non-mixed process such as a heap leaching process. 

Acidophiles have been the dominant type of SOB utilized for biooxidation and their oxidation 

mechanisms have been studied intensively. However, there is little known about neutrophilic SOB 

and even less about alkaliphiles as compared to acidophiles. 

1.3 Chemical Oxidation 

Aqueous pyrite oxidation is generally described as an electrochemical reaction and can be 

performed in acidic, neutral, and alkaline conditions. The presence of Fe3+ and O2 significantly 

increases the rate of pyrite dissolution, however, Fe3+ is more aggressive and effective as the 

oxidant in all pH ranges (Moses et al., 1987). The optimal oxidation parameters of iron minerals in 

alkaline conditions have been previously reported to be in high pH (pH = 9-13) and temperature 

(60-100 °C) environments (Caldeira et al., 2010; Ciminelli and Osseo-Asare, 1995; King and 

Lewis, 1980; Li et al., 2006; Verron et al., 2019; Wu et al., 2021).  

Alkaline chemical oxidation is more advantageous than acidic oxidation for the treatment of high 

carbonate refractory gold ores. This avoids high acid consumption and suppresses elemental sulfur 

formation which accounts for agglomeration and gold loss (Bidari and Aghazadeh, 2018a). Further, 

the oxidative power of oxygen is amplified by reducing the production of carbon dioxide (Bidari 

and Aghazadeh, 2018a). Operating at high pH also reduces the chance of AMD occurring as it 

would buffer the generated acid from the process.   

The oxidation of pyrite in alkaline solutions have been performed mainly in hydroxide, carbonate, 

bicarbonate, and lime media (Ciminelli and Osseo-Asare, 1995; Hossner and Doolittle, 2003; 

Huminicki and Rimstidt, 2009; Melashvili et al., 2016; Wu et al., 2021). Sodium hydroxide has 

advantages over the carbonate/bicarbonate media as it has shown an increase in oxidation due to 

the higher pH which results in higher gold recoveries by cyanidation (pH > 13) (Bidari and 

Aghazadeh, 2018a; Li et al., 2006). The addition of NaOH should be considered as expensive 
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relative to sodium carbonate/bicarbonate and requires higher concentrations which may cause 

economic problems in industrial processes. The combination of NaOH and sodium 

carbonate/bicarbonate media can also lead to more oxidation under specific parameters (Wu et al., 

2021). Li et al. (2006) reported that a Ca(OH)2/Na2CO3 media improves oxidation as Ca(OH)2 

increased the pH to 10. However, the addition of calcium can have negative effects as Bidari and 

Aghazadeh (2018b) reported the reduction of oxidation rate due to passivation by the presence of 

calcite and dolomite. Further, Senanayake (2005) noted that insoluble calcium carbonates will form 

(calcium ions react with free carbonate ions in solution) around gold particles leading to a 

significant decrease in gold extraction. Although, sodium carbonate/bicarbonate media is inferior 

to NaOH, it can oxidize more pyrite than NaOH between pH 10-12 as previously reported by 

Caldeira et al. (2010). As refractory gold ores are becoming more of an economic burden to 

efficiently recover gold from, an inexpensive process is required for the future of the mining 

industry.  

1.4 Scope and outline of the research project 

The motivation of this study stems from the demand of environmental and economic concerns 

resulting from current pre-treatment processes for refractory gold ores. In this research, new 

technologies utilizing bacteria and chemical reagents in alkaline environments to effectively 

oxidize pyrite minerals were investigated. The two alkaliphilic bacteria studied were 

Thiomicrospira aerophila and Thioalkalivibrio versutus. Additionally, a simplified media derived 

from the bacterial growth solution comprising of carbonate/bicarbonate was examined. A 

methodical strategy was established to understand the reactions occurring and to obtain optimized 

parameters for the performed experiments. The key objectives for this thesis project were: 

1. To study the growth of Thiomicrospira aerophila and Thioalkalivibrio versutus  

2. To analyze the oxidative abilities of Thiomicrospira aerophila and Thioalkalivibrio 

versutus in Na2S and various pyrite samples 
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3. To understand the chemical reactions occurring during oxidation in a 

carbonate/bicarbonate buffered medium 

4. To explore various parameters to optimize oxidation of pyrite with bacteria or chemical 

reagents  

5. To optimize gold recovery by cyanidation in refractory gold ores following subsequent 

oxidation  

 

Proposed Methodology: The structure of this investigation follows a five-chapter wise sequential 

layout as presented below: 

 

Chapter 1 Introduction: This research project focuses on the oxidative abilities of bacteria and 

chemical reagents from sulfide materials and pyrite concentrates. The background of biooxidation 

and chemical oxidation are explained, and the significance of alternative pre-treatment methods are 

outlined.  

 

Chapter 2 Literature Review: A comprehensive literature review was conducted on the various 

mechanisms of oxidation from sulfur oxidizing microorganisms, nutrients required for growth, the 

Calvin-Benson-Bassham cycle, acidic, neutral, and alkaline microorganisms previously used in 

biooxidation processes, the carbonate effect, bacteria used for this research, and a typical bacteria 

growth cycle. 

 

Chapter 3 Materials and Experimental Methods: A detailed breakdown of the characterization of 

the three samples and experimental methods used are explained. Bacterial growth and maintenance, 

bacterial and chemical oxidation procedures with Na2S and pyrite samples, analytical methods, 

calculations and error estimation, and safety are described.  
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Chapter 4 Results and Discussion: This chapter presents the results of growth curves for 

Thiomicrospira aerophila and Thioalkalivibrio versutus, biooxidation of Na2S, biooxidation and 

chemical oxidation of pyrite, effects of various parameters on oxidation and gold recovery. 

Explanations of the results are presented with corresponding figures obtained from analysis if 

applicable.  

 

Chapter 5 Conclusion and Recommendations: A summary of key experimental results and 

concluding remarks on biooxidation and chemical oxidation via the carbonate effect are described. 

Recommendations for future investigations in this research area are highlighted.   
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Chapter 2 

Literature Review 

2.1 Mechanisms of Biooxidation  

The mechanism for bacterial oxidation on reduced sulfur compounds is unique relative to the 

physiology of the microorganism. Further, microorganisms can oxidize one or all of the various 

sulfur compounds with varying kinetics to obtain energy and electrons. Microorganisms  are 

predominantly aerobic chemolithoautotrophs which also utilize CO2 and O2 as essential nutrients 

for survival, growth, maintenance and metabolite production (Mahmoud et al., 2017). 

2.1.1 Chemolithotroph and Hydrogen Oxidation 

Chemolithotrophy is the mode of metabolism (Figure 2.1) used for the oxidation of reduced 

inorganic compounds exclusively by prokaryotes (Amils, 2011). These prokaryotes are distributed 

among the Bacteria and Archaea (Oren, 2009). Chemolithotrophs use inorganic substrates such as 

reduced sulfur compounds (H2S, S0
 or S2O3

2-), reduced nitrogen compounds (NO2
- or NH3), 

hydrogen (H2), or iron (Fe2+) as electron donors (energy) for their growth and reproduction (Amils, 

2011). The main electron acceptors are oxygen (O2) and sulphate (SO4
2-), nitrate (NO3

-), and CO2. 

For sulfur oxidation, sulphate is the final product, however, sometimes elemental sulfur is stored 

as an alternative source of energy (Amils, 2011). 

Energy obtained from electron flow of the reductant to an oxidant is conserved in the form of a 

proton gradient throughout the cell membrane. The proton gradient uses a membrane-bound 

adenosine triphosphate (ATP) synthase to initiate the phosphorylation of adenosine monophosphate 

to ATP (Oren, 2009). The synthesis of ATP is driven by a proton motive force generated by 

chemolithotrophs. Most chemolithotrophs are autotrophic utilizing CO2 as their main carbon 

source. Hydrogen oxidizers can assimilate CO2 directly from the inorganic substrate. The rest of 
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the chemolithotrophs use ATP and a reducing power, generally the reverse electron transport 

reaction, to reduce CO2 (Amils, 2011).  

 

Figure 2.1. Schematic representation of the metabolism in chemolithotrophic bacteria. 

Chemical elements and electrons are shown as spheres: black (carbon), white (hydrogen), 

red (oxygen), blue (phosphorus), purple (nitrogen). 

 

Hydrogen is an electron donor used for energy metabolism in many chemolithotrophic bacteria. 

The 2H+/H2 couple has a very negative reduction potential (-0.41 V) which allows it to be coupled 

with the reduction of various electron acceptors (Oren, 2009). Therefore, aerobic bacteria can 

generate a large amount of energy by the oxidation of hydrogen shown below in Equation 1:  

 2 𝐻2 + 𝑂2 → 2 𝐻2𝑂 [1] 

A variety of anerobic bacteria can generate energy by using hydrogen to provide electrons to 

electron acceptors such as S, SO4
2−and NO3

− (denitrification) (Amils, 2011; Oren, 2009). Anaerobic 

respiration driven by hydrogen for nitrate, sulphate, and elemental sulfur reduction are exhibited in 

Equation 2, 3, and 4, respectively.  

 5 𝐻2 + 2 𝑁𝑂3
− + 2 𝐻+ → 𝑁2 + 6 𝐻2𝑂 [2] 
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 4 𝐻2 + 𝑆𝑂4
2− + 2 𝐻+ → 𝐻2𝑆 + 4 𝐻2𝑂 [3] 

 𝐻2 + 𝑆0 → 𝐻2𝑆 [4] 

Carbon dioxide is another appropriate electron acceptor for hydrogen in which the reduction 

reaction results in the production of methane (CH4) or acetate (C2H3O2
-) in Equation 5 and 6: 

 4 𝐻2 + 𝐶𝑂2 → 𝐶𝐻4 + 2 𝐻2𝑂 [5] 

 4 𝐻2 + 2 𝐶𝑂2 → 𝐶2𝐻3𝑂2
− + 𝐻+ + 2 𝐻2𝑂 [6] 

The formation of methane as the reduction product (Equation 5) is more feasible than acetate 

(Equation 6) as it has a more exergonic nature than acetate (∆GCH4

o′ = −131 kJ, ∆GC2H3O2
−

o′ =

 −95 kJ).  

2.1.2 Oxidation by Chemolithotrophic Denitrification 

Inorganic sulfur compounds are oxidized by some anaerobic chemolithotrophic bacteria via 

denitrification. Denitrifying bacteria commonly oxidize sulfide, elemental sulfur and thiosulfate 

(when O2 is limiting) while reducing nitrate and other oxidized nitrogen acceptors to nitrogen gas. 

Sulfide oxidation results in the formation of SO4
2−and S0 contingent on the physiological 

characteristics of the SOB (Cardoso et al., 2006).  

Denitrification is a technique commonly used to remove nitrate from wastewater. Microbial 

denitrification is considered more efficient at high nitrate concentrations and more economical 

compared to physico-chemical techniques such as reverse osmosis, ion exchange, electrodialysis, 

chemical denitrification and adsorption methods (Ahmaruzzaman and Gupta, 2011; Burakov et al., 

2018; Gupta and Saleh, 2013; Kapoor and Viraraghavan, 1997; Mohsenipour et al., 2014). The 

oxidation of sulfide is displayed in Equations 7, 8, 9, and 10: 

 𝑆2− + 1.6 𝑁𝑂3
− + 1.6 𝐻+ → 𝑆𝑂4

2− + 0.8 𝑁2 + 0.8 𝐻2𝑂 [7] 

 𝑆2− + 0.4 𝑁𝑂3
− + 2.4 𝐻+ → 𝑆0 + 0.2 𝑁2 + 1.2 𝐻2𝑂 [8] 

 𝑆2− + 4 𝑁𝑂3
− → 𝑆𝑂4

2− + 4 𝑁𝑂2
− [9] 
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 𝑆2− + 𝑁𝑂3
− + 2 𝐻+ → 𝑆0 + 𝑁𝑂2

− + 𝐻2𝑂 [10] 

The elemental sulfur (S0) that is produced biologically is hydrophilic unlike chemically produced 

S0 which can be recycled into soil fertilizer or fungicide (Van Den Bosch et al., 2007). The complete 

denitrification reactions of elemental sulfur and thiosulfate are given in Equation 11 and 12: 

 𝑆0 + 1.2 𝑁𝑂3
− + 0.4 𝐻2𝑂 → 𝑆𝑂4

2− + 0.6 𝑁2 + 0.8 𝐻+ [11] 

 𝑆2𝑂3
2− + 1.6 𝑁𝑂3

− + 0.2 𝐻2𝑂 → 2 𝑆𝑂4
2− + 0.8 𝑁2 + 0.4 𝐻+ [12] 

 

2.1.3 Contact, Non-contact and Cooperative Mechanisms of Bacterial Metal Sulfide 

Dissolution 

The oxidation of iron by chemolithotrophs is mainly performed using acidophiles as Fe2+ is rapidly 

oxidized in the presence of O2, however it is stable in acidic conditions. Therefore, the following 

description of the oxidation of iron sulfides applies to acidophiles while most neutrophiles and 

alkaliphiles are currently under investigation for their oxidative pathway. 

Iron dissolution by biooxidation is initiated by the generation of Fe3+ ions (oxidizing agent), and 

the subsequent oxidation of various dissociated sulfur compounds from the sulfidic ore (Vera et al., 

2013a). Metal sulfide oxidation occurs by an indirect method of chemical oxidation by “contact”, 

“non-contact” or “cooperative” leaching (Mahmoud et al., 2017) as illustrated in Figure 2.2. These 

are different chemical pathways (thiosulfate and polysulfide) for metal sulfide dissolution which 

are mainly dependent on the pH and the presence of different oxidants but also the mineralogy and 

geochemical conditions of the surrounding environment.  
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Figure 2.2. Schematic diagram for contact, non-contact, and cooperative bacterial leaching 

and oxidation of metal sulfides. 

 

“Contact” leaching occurs when the majority of bacterial cells are attached to the surface of sulfide 

minerals with the aid of extracellular polymeric substances (EPS) which are associated with the 

Fe3+ ions. Therefore, the bacteria degrades sulfide minerals by electrochemical reactions occurring 

between Fe3+ ions and the metal sulfides at the boundary between the cells and the metal sulfide 

surface within the EPS (Gehrke et al., 1998; Mahmoud et al., 2017; Sand et al., 2001; Sand and 

Gehrke, 2006). The “non-contact” mechanism utilizes the Fe3+ ions produced from the oxidation 

of Fe2+ ions by planktonic bacteria (Mahmoud et al., 2017). The Fe3+ ions are reduced, and the cycle 

is repeated after they come into contact with the mineral sulfide surface. Furthermore, for acid-

soluble sulfides, there is an additional attack by protons (H+). These reactions result in the formation 

of various sulfur compounds such as H2Sn, S2O3
2-, HS-, SO4

2-, S0. The “cooperative” mechanism 

was established to describe the dissolution of sulfur intermediates, mineral fragments, and sulfur 

colloids by planktonic cells (Mahmoud et al., 2017; Rawlings, 2002; Rohwerder et al., 2003; Sand 

et al., 2001; Tributsch, 2001; Vera et al., 2013a). Attached cells from “contact” leaching release 

these particulates into the leaching solution where planktonic cells use them as an energy source.  
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2.1.4 Chemical Mechanisms of Bacterial Metal Sulfide Dissolution 

Thiosulfate or polysulfide pathways oxidize sulfide minerals (Schippers, 2004). Through “contact”, 

“non-contact” and “cooperative” leaching, these two pathways determine the oxidation reactions 

of sulfidic minerals, generally pyrite (FeS2). Iron- and sulfur-oxidizing bacteria work 

simultaneously to oxidize metal sulfides. The mechanism proceeds when Fe3+ attacks the metal 

sulfide using electron extraction to reduce it to Fe2+  (Vera et al., 2013a). Metal cations (M2+) and 

water-soluble intermediate sulfur compounds are subsequently released. Recognized iron-

oxidizers, Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans, can catalyze the 

recycling of the Fe3+ ions in acidic conditions. Further, SOB such as Acidithiobacillus ferrooxidans 

and Acidithiobacillus thiooxidans oxidize the liberated reduced sulfur compounds. A schematic of 

the thiosulfate and polysulfide pathway is displayed in Figure 2.3. 

 

Figure 2.3. Schematic representation of the thiosulfate and polysulfide mechanism. 

Reproduced with permission from Schippers and Sand (1999). Copyright 1999, American 

Society for Microbiology. 

In regard to the thiosulfate pathway, the chemical bond between sulfur and iron atoms is severed 

and thiosulfate is formed as the intermediate oxidative product (Luther, 1987; Moses et al., 1987). 

Thiosulfate then oxidizes to tetrathionate which further degrades to other intermediates which are 
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further oxidized to sulphate (Vera et al., 2013a). The main end product is sulfuric acid. A summary 

of the reaction with pyrite is shown in Equation 13 and 14. 

 𝐹𝑒𝑆2 + 6 𝐹𝑒3+ + 3 𝐻2𝑂 → 𝑆2𝑂3
2− + 7 𝐹𝑒2+ + 6 𝐻+ [13] 

 𝑆2𝑂3
2− + 8 𝐹𝑒3+ + 5 𝐻2𝑂 → 2 𝑆𝑂4

2− + 8 𝐹𝑒2+ + 10 𝐻+ [14] 

Acid-soluble metal sulfides use the polysulfide pathway as their main oxidation mechanism 

(Schippers and Sand, 1999). These metal sulfides include chalcopyrite (CuFeS2), pyrrhotite (Fe7S8), 

galena (PbS), sphalerite (ZnS), realgar (As4S4) and hauerite (MnS2) (Vera et al., 2013a). Unlike the 

thiosulfate pathway, the metal-sulfur bonds are severed prior to the oxidation of the sulfidic sulfur. 

Elemental sulfur is the main oxidative product which can be explained via polysulfides, however 

it can be oxidized biologically to sulfuric acid (Schippers and Sand, 1999). Equations 15, 16, and 

17 exhibit the reactions of the polysulfide pathway. 

 𝑀𝑆 + 𝐹𝑒3+ + 𝐻+ → 𝑀2+ + 0.5 𝐻2𝑆𝑛 + 𝐹𝑒2+ (𝑛 ≥ 2) [15] 

 0.5 𝐻2𝑆𝑛 + 𝐹𝑒3+ → 0.125 𝑆8 + 𝐹𝑒2+ + 𝐻+ [16] 

 0.125 𝑆8 + 1.5 𝑂2 + 𝐻2𝑂 → 𝑆𝑂4
2− + 2 𝐻+ [17] 

The difference between the two mechanisms is that some liberated sulfur compounds in the 

polysulfide mechanism abiotically produce H2S2 after the release of metal cations. Further, the 

polysulfide mechanism performs an additional attack with protons which binds the valence band 

electrons of the sulfidic mineral.  

2.1.5 Chemolithotrophic Oxidation of Reduced Sulfur Compounds 

Chemolithotrophs can oxidize a variety of reduced inorganic sulfur compounds in aerobic 

conditions. Thiosulfate, elemental sulfur, and sulfide are common compounds oxidized by SOB 

which results in the formation of sulphate. The reactions are shown below in Equations 18, 19 and 

20. 

 𝐻2𝑆 + 2 𝑂2 → 𝑆𝑂4
2− + 2 𝐻+ [18] 
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 𝑆0 + 1.5 𝑂2 + 𝐻2𝑂 → 𝑆𝑂4
2− + 2 𝐻+ [19] 

 𝑆2𝑂3
2− + 𝐻2𝑂 + 2 𝑂2 → 2 𝑆𝑂4

2− + 2 𝐻+ [20] 

The formation of sulphate produces sulfuric acid which decreases the pH. This can lead to corrosion 

of materials, health risks and acid mine drainage. The treatment of the resulting acid mine drainage 

is unavoidable, therefore it must be neutralized.  

2.2 Sulfur-Oxidizing Microorganisms 

SOB have been successfully used in the desulfurization and in the neutralization of hazardous 

wastewater, spent caustic and gases such as H2S, SO2, and HS- in both laboratory and industrial 

applications. Further, the use of microorganisms for improved metal recovery including metal 

sulfide biooxidation in acidic conditions has been investigated extensively. Hydrogen sulfide and 

sulfur dioxide are toxic substances, produced from industrial and natural activities. They are present 

in gas or aqueous phases, have a pungent odor, and can cause respiratory problems to humans and 

wildlife, resulting in environmental pollution if untreated (Ndlovu, 2008; U.S. National Library of 

Medicine, 2107). Currently, hydrodesulfurization is the dominant desulfurization process used in 

the petroleum industry, however its high cost and availability of hydrogen sulfide have created 

interest in alternatives such as biodesulfurization (Kilbane, 2017) using SOB to remediate the toxic 

sulfur species in bioreactors. Biodesulfurization techniques are safer, use inexpensive reagents and 

are carried out at ambient temperatures unlike the conventional chemical methods (Cline et al., 

2003; Janssen et al., 1994). Biodesulfurization can occur in both aerobic and anerobic conditions, 

however the process is considerably slower in anaerobic conditions (Sohrabi et al., 2012). 

Microorganisms are categorized depending on the pH of the environment required for optimal 

growth. Acidophiles are the most acknowledged type of bacteria in biomining due to their 

versatility and demonstrated oxidative abilities. They are microorganisms that thrive in 

environments below pH 6.0. Neutrophilic and alkaliphilic bacteria are habitats of environments that 
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have a pH between 6.0 and 8.0 and above pH 8.0, respectively. The variety of these microorganisms 

will be discussed under the following subsections.  

2.2.1 Nutrients for Sulfur-Oxidizing Bacteria 

Each microorganism requires nutrients for cell growth, energy generation, and oxidative abilities. 

The minerals and salts found in their habitats contain a sufficient amount of nutrients to sustain the 

dominant population in the environment. However, when cultured in laboratories, the addition of 

the proper concentration of nutrients is vital. Nitrogen, phosphorous, potassium, magnesium, 

oxygen, and carbon are required nutrients depending on the physiology of the SOB.  

Nitrogen, phosphorus and potassium are standard macronutrients added in industrial biooxidation 

processes for the production of microbial biomass. The nutrient addition rates and sources are 

displayed in Table 2.1.  

Table 2.1: Nutrients required for a standard biooxidation process (Rawlings and Johnson, 

2007) 

Nutrient Addition (kg/tonne of ore) Source 

Nitrogen 1.7 [NH4]2SO4, [NH4]3PO4, NH2CONH2 

Phosphorous 0.9 [NH4]3PO4 

Potassium 0.3 K2SO4, KOH, and potassium phosphate salts 

(KH2PO4, K2HPO4, K3PO4) 

 

The addition of an ammonium-nitrogen source is required for the synthesis of proteins, amino acids, 

nucleic acids and ATP (Wagnar, 2011). A phosphate-phosphorus source aids with the synthesis of 

ATP and nucleic acids, maintenance of homeostasis, regulating enzyme activity, and preserves the 

structure and function of cell membranes (Landis and Steenis, 2004). Potassium is a major 

monovalent intracellular cation in cells facilitating key functions such as intracellular enzyme 
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activity, acting as an intracellular second messenger, and maintenance of internal pH and membrane 

potential (Gründling, 2013). It is the least important of the three macronutrients, however it is 

required for the optimal growth of microorganisms.  

Magnesium is another macronutrient reported to assist with the growth and maintenance of SOB. 

A study by Sorokin et al. (2000) investigated the effect of magnesium on the growth of 

Thiomicrospira aerophila (strain AL3) and Thioalkalivibrio versutus (strain AL2). The conclusion 

was that magnesium helped maintain the integrity of the cells for AL3 while a low concentration 

of Mg2+ (0.5-1.0 mM) significantly increased the growth rate of AL2. There have been minimal 

studies performed on the effects of magnesium on SOB, therefore it is uncertain if it is deemed an 

essential nutrient. Trace elements are metal ions required by certain bacteria in miniscule 

concentrations which act as cofactors for essential enzymatic reactions (Ichhpujani et al., 2008). 

Some examples of these metal ions are B, Co, Cu, Mn, Mo, Ni and Zn. The addition of trace 

elements to culture media is not necessary, however it helps the bacteria to grow more optimally. 

Oxygen is the terminal electron acceptor in aerobic respiration which is required for the 

maintenance, metabolite production and survival of microorganisms (Mahmoud et al., 2017). Air 

is usually injected into biooxidation processes to ensure O2 is not the limiting factor. The DO 

concentration in the process must be higher than 2 mg/L to have sufficient oxygen in solution for 

the SOB (Rawlings and Johnson, 2007). Carbon is another essential nutrient required to promote 

bacterial cell production. A 2% carbonate concentration is required for biooxidation to guarantee 

that an adequate amount of carbon dioxide is available (Rawlings and Johnson, 2007). Autotrophic 

microorganisms commonly use CO2 as a source of carbon.  

Sodium ions in the form of sodium chloride (NaCl) is a nutrient required for the growth and 

metabolism of some SOB. Microorganisms can be classified as halophile or halotolerant. A 

halophile is an organism which requires a salinity of 0.2-5.2 M Na+ for growth. Further, Kushner 

and Kamekura (1988) identified halophiles as slightly halophilic (0.2-0.5 M), moderately halophilic 
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(0.5-2.5 M), and extremely halophilic (>2.5 M). Non-halophilic bacteria grow optimally in culture 

media with less than 0.2 M of dissolved salt. Unlike halophiles, halotolerant organisms can endure 

up to a certain concentration of NaCl but do not require it for survival. Non-tolerant bacteria, 

slightly tolerant, moderately tolerant, and extremely tolerant microorganisms can tolerate about 1% 

w/v, 6-8% w/v, 18-20% w/v, and from zero to saturation levels of NaCl, respectively (Larsen, 

1986). Halophilic and halotolerant SOB are typically isolated from soda lakes, however they were 

also discovered in saline soils, cold saline habitats (hypersaline lakes in Antarctica), animal hides, 

desert salt crusts, salted food and subterranean brines (Antón, 2011). 

2.2.2 Calvin-Benson-Bassham cycle  

Microorganisms utilize the CBB cycle for their growth. ATP and NADPH (nicotinamide adenine 

dinucleotide phosphate), created from photosynthesis, are used to produce glyceraldehyde-3-

phosphate (G3P) (Benson, 2019). This synthesizes the primary source of nutrients for heterotrophs, 

carbohydrate molecules (hexose sugars). The CBB cycle is described in three phases, 

carboxylation, reduction and regeneration and as shown in Figure 2.4 (Benson, 2019; Raven, 2005; 

Reginald and Grisham, 2008). 

 

Figure 2.4. Calvin-Benson-Bassham cycle 
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In phase one, ribulose-1,5-biphosphate (R15B) is first phosphorylated by the enzyme 

phosphoribulose kinase. Then CO2 is fixated to carboxylase R15B to produce two molecules of 3-

phosphoglycerate (3PG) which is catalyzed by ribulose bisphosphate carboxylase (commonly 

abbreviated as Rubisco). One 3PG molecule is used for phase 2, while the other molecule is utilized 

in central metabolic pathways.  

In phase two, 3PG is phosphorylated to 1,3-biphosphoglycerate (13BPG) with the aid of 

phosphoglycerate kinase. The 13BPG is reduced by glyceraldehyde-3-phosphate dehydrogenase 

and NADPH to form NADP+, inorganic phosphate (Pi), and glyceraldehyde-3-phosphate (G3P). 

G3P is essential to bacteria as every sixth G3P molecule is used in the formation of glucose and 

other metabolic activities. Phase 3 begins with a reverse conversion of G3P to dihydroxyacetone 

phosphate (DHAP) by triose phosphate isomerase. Aldolase and fructose convert DHAP into 

fructose-6-phosphate (F6P). F6P is converted into glucose with the aid of glucose-6-phosphatase 

and phosphoglucoisomerase via two enzymatic steps. Further, DHAP combines with erythrose-4-

phosphate to produce sedoheptulose-1,7-bisphosphate (SBP). Sedoheptulose-7-phosphate is 

produced by the de-phosphorylation of SBP by sedoheptulose bisphosphatase. Ribose-5-phosphate 

(R5P) and xylulose-5-phosphate (X5P) are formed after several rearrangement reactions by 

transketolase and transaldolase enzymes. Finally, R5P and X5P are isomerized by phosphopentose 

isomerase and phosphopentose epimerase to generate ribulose-5-phosphate (Ru5P) which re-enters 

the CBB cycle. 

2.2.3 Role of Acidophilic Microorganisms in Metal Sulfide Oxidation 

Acidophiles are the most used type of microorganisms for the oxidation of metal sulfides. A diverse 

set of microorganisms has been described in various industrial tank bioleaching operations and 

heap leaching processes (Table 2.2). The most described sulfur-oxidizing acidophiles are classified 

as Bacteria and are mostly mesophilic and moderately thermophilic. Archaea are the second most 

described microorganisms and are mostly extremely thermophilic (except for the Ferroplasma 
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genus) (Donati and Sand, 2007). All these microorganisms can oxidize Fe2+ and/or reduced sulfur 

compounds, however only a few grow chemolithoautotrophically (Donati and Sand, 2007). The 

microorganisms in Table 2.2 are mesophiles, moderate thermophiles, and thermophiles. There is 

an abundance of both iron and sulfur oxidizers which use different oxidizing and metabolic 

pathways. This is due to the temperature gradients within heaps and tanks which requires 

microorganisms with various growth temperatures that oxidize metal sulfides. Although many 

species and strains of microorganisms have been identified for their oxidative capabilities, the 

majority of the oxidation is performed by a few microorganisms. The dominant metal sulfide-

oxidizing acidophiles along with their pH and temperature growth ranges are shown in Table 2.3.  

Table 2.2: Metal sulfide oxidizing acidophilic microorganisms (Donati and Sand, 2007) 

S. No. Microorganisms 
Bacteria or 

Archaea 
Type 

1 Acidianus brierleyi Archaea Thermophile 

2 Acidianus infernus Archaea Thermophile 

3 Acidimicrobium ferrooxidans Bacteria Moderate Thermophile 

4 Acidithiobacillus albertensis Bacteria Mesophile 

5 Acidithiobacillus caldus Bacteria Moderate Thermophile 

6 Acidithiobacillus ferrooxidans Bacteria Mesophile 

7 Acidithiobacillus thiooxidans Bacteria Mesophile 

8 Alicyclobacillus disulfidooxidans Bacteria Mesophile 

9 Alicyclobacillus tolerans Bacteria 
Mesophile / Moderate 

Thermophile 

10 Caldibacillus ferrivorus Bacteria Moderate Thermophile 

11 Ferrimicrobium acidiphilum Bacteria Mesophile 

12 Ferroplasma acidarmanus Archaea Moderate Thermophile 

13 Ferroplasma acidiphilum Archaea Mesophile 

14 Ferroplasma cupricumulans Archaea Moderate Thermophile 

15 Leptospirillum ferriphilum Bacteria Mesophile 

16 Leptospirillum ferrodiazotrophum Bacteria Mesophile 

17 Leptospirillum ferrooxidans Bacteria Mesophile 
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18 Metallosphaera hakonensis Archaea Thermophile 

19 Metallosphaera prunae Archaea Thermophile 

20 Metallosphaera sedula Archaea Thermophile 

21 Sulfobacillus acidophilus Bacteria Moderate Thermophile 

22 Sulfobacillus montserratensis Bacteria Mesophile 

23 Sulfobacillus sibiricus Bacteria Moderate Thermophile 

24 
Sulfobacillus 

thermosulfidooxidans 
Bacteria Moderate Thermophile 

25 Sulfobacillus thermotolerans Bacteria 
Mesophile / Moderate 

Thermophile 

26 Sulfolobus metallicus Archaea Thermophile 

27 Sulfolobus yangmingensis Archaea Thermophile 

28 Sulfurococcus mirabilis Archaea Thermophile 

29 Sulfurococcus yellowstonensis Archaea Thermophile 

30 Thiobacillus plumbophilus Bacteria Mesophile 

31 Thiobacillus prosperus Bacteria Mesophile 

32 Thiomonas cuprina Bacteria Mesophile 

 

Table 2.3: Predominate acidophilic microorganisms metal sulfide oxidizers (Bosecker, 1997; 

Bruynesteyn, 1989; Donati and Sand, 2007; Ewart and Hughes, 1991; Kelly and Wood, 

2000; Mahmoud et al., 2017; Özkaya et al., 2007). 

S. No. Genus Species Oxidizes pH* 
Temperature* 

(˚C) 

1 Acidithiobacillus caldus Sulfur 1.0-3.5 (2.0-2.5) 32-52 (45) 

2 Acidithiobacillus ferrooxidans Iron, Sulfur 1.3-4.5 (2.5) 10-37 (30-35) 

3 Acidithiobacillus thiooxidans Sulfur 0.5-5.5 (2.0-3.0) 10-37 (28-30) 

4 Leptospirillum ferriphilum Iron  (1.3-1.8) 10-45 (30-37) 

5 Leptospirillum ferrooxidans Iron 1.3-4.0 (1.5-3.0)  (28-30) 

6 Sulfobacillus spp. - Iron, Sulfur ~ 0.7-5.5 ~17-60 

*optimum growth conditions are in brackets 

The genus Acidithiobacillus and Leptospirillum are the most described acidophilic bacteria for the 

oxidation of metal sulfides. Specifically, Acidithiobacillus ferrooxidans and Leptospirillum 
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ferrooxidans are implicated as the most significant microorganisms involved in sulfide mineral 

oxidation (Bacelar-Nicolau and Johnson, 1999a). For processes operating above 40 ˚C and pH 

below 1.0, Leptospirillum species are more abundant than Acidithiobacillus (Coram and Rawlings, 

2002). They are both obligate chemolithotrophs and have similar growth parameters, however 

Leptospirillum ferrooxidans cannot oxidize sulfur compounds.  

Although acidophiles are widely used in biomining processes, neutrophiles and alkaliphiles may 

have more advantages for certain processes i.e., gold recovery from refractory ores. Therefore, 

potential neutrophiles and alkaliphiles with sulfur-oxidizing capabilities are identified for future 

research in biomining.  

2.2.4 Role of Neutrophilic Microorganisms in Biooxidation 

Neutrophilic microorganisms have optimal growth parameters between pH 6.0 and 8.0. Most of the 

neutrophilic SOB are mesophilic, however some species are moderately thermophilic. The 

formation of sulphate or elemental sulfur by oxidation is problematic as the accumulation of 

sulphate results in acidification due to sulfuric acid formation (Blais et al., 1992; Moreira and 

Amils, 1997). Neutrophilic bacteria have been isolated from marine, freshwater, sewage treatment 

processes, soils, sulfur springs and sulfur deposits. Currently, the oxidative capabilities of 

neutrophiles are not as recognized as acidophiles. These microorganisms belong to the genus 

Citrobacter, Halothiobacillus, Nocardioides, Parapedobacter, Rhodobacter, Rhodopseudomonas, 

Starkeya, Thiobacillus, Thermithiobacillus and Thiomonas (Table 2.4). The neutrophilic sulfur-

oxidizing microorganisms utilized in biooxidation are shown in Table 2.5.  
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Table 2.4: Neutrophilic sulfur-oxidizing microorganisms and their characteristics 

S. No. Genus Species pH* Temperature* 

(˚C) 

Salinity  

(M Na+)* 

Sulphur 

Species 

Oxidized 

References 

1 Citrobacter youngae 4.0-8.0 (37) - S2- (Purnomo et 

al., 2019) 

2 Halothiobacillu

s 

neapolitanus 6.5-6.9  

(4.5-8.5) 

28-32 (8-39) Upper limit 

unknown (0-

0.9 M) 

S0, S2-, S2O3
2-, 

S3O6
2-, S4O6

2- 

(Boden, 2017) 

3 Nocardioides nitrophenolicus 6.0-10.0 (8.0) 15-40 (30) 0-0.1 S0, S2- (Liu et al., 

2020; Yoon 

and Park, 2006; 

Yoon et al., 

1999) 

4 Parapedobacte

r 

- 6.0-9.0 15-45 0-0.7 S0, S2- (Kumar et al., 

2015) 

5 Rhodobacter capsulatus 6.5-7.5 (7.0) (30-35) 0-0.5 (0) S2- (Srinivas et al., 

2007) 

6 Rhodobacter sphaeroides 6.0-8.5 (7.0) (30-34) 0-0.5 (0) S2- (Srinivas et al., 

2007) 

7 Rhodopseudom

onas 

palustris 6.0-9.0 (6.9) 30-37 (25-40) - S2-, S2O3
2- (Imhoff, 2006; 

Imhoff et al., 

2015; Venkata 

Ramana et al., 

2012) 

8 Starkeya novella 5.7-9.0 (7.0) 10-37 (25-30) - S2-, S2O3
2- (Kelly and 

Wood, 2000) 

9 Thiobacillus  thioparus 5.0-9.0 (6.6-

7.2) 

(28) - S0, S2-, SO3
2- 

S2O3
2-, S3O6

2-, 

S4O6
2-, SCN- 

(Boden et al., 

2017a; Millano 

and Sorber, 

1986; 

Vlasceanu et 

al., 1997) 
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10 Thermithiobaci

llus 

tepidarius 5.0-8.0 (7.0-

8.0) 

35-52 (43) - S0, S2-, S2O3
2-, 

S3O6
2-, S4O6

2-, 

S6O6
2-, S7O6

2-
 

(Belyi et al., 

2015a; Wood 

and Kelly, 

1985; Yang et 

al., 2015) 

11 Thiomonas - 2.0-7.8 (3.0-

6.0) 

40-65 

 (30-36, 50) 

- S0, S2-, S2O3
2-, 

S4O6
2- 

(Kelly et al., 

2007; Moreira 

and Amils, 

1997) 

*optimal growth conditions are in brackets
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Table 2.5: Neutrophilic sulfur-oxidizing microorganisms used for biooxidation 

S. No. Microorganism Material/ 

Method 

Oxidized Species pH Result References 

1 Citrobacter 

youngae 

Gold Tailings FeS, FeSO4·7H2O 5.0 Increased Au and 

Ag recoveries by 

6.1 and 8.3%, 

respectively 

(Purnomo et al., 

2019) 

2 Halothiobacilllus 

neapolitanus 

(NTV01) 

Bio-trickling filter 

with gas-liquid 

flow 

H2S 7.0 95-100% removal (Vikromvarasiri et 

al., 2017; 

Vikromvarasiri 

and Pisutpaisal, 

2016) 

3 Nocardioides 

spp., 

Nocardioides 

nitrophenolicus, 

Parapedobacter 

spp., 

Thermithiobacillu

s tepidarius 

Bio-cake from a 

gold-arsenic 

flotation 

concentrate 

S0, Sb2S3, Sb2S5 7.0-8.0 Reduced S0 and 

S2- by 3-4% 

(Belyi et al., 

2015a) 

4 Rhodobacter 

capsulatus, 

Rhodopseudomon

as palustris 

Airlift reactor 

system for 

synthetic and 

industrial waste 

gas 

H2S 6.2-7.6 98.5% removal (Chen et al., 

2018) 

5 Rhodobacter 

sphaeroides  

(S and NR-3), 

Rhodopseudomon

as palustris 

Synthetic sewage 

wastewater 

H2S - 99.8% removal (Nagadomi et al., 

2000) 

6 Starkeya novella 

(SRM) 

Immobilized in a H2S, CH4S, 

C2H6S, C2H6S2 

7.0 100% of H2S, 

100% of CH4S, 

(Myung Cha et 

al., 1999) 
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PVP matrix to 

treat organo-

sulfur compounds 

73% of C2H6S, 

87% of C2H6S2 

7 Starkeya novella  

(CH 3) 

Biofilter in 

mixotrophic and 

autotrophic 

conditions 

H2S 7.0 Removed 99.5% 

mixotrophically 

and 97.5% 

autotrophically 

(Chung et al., 

1997) 

8 Thiobacillus 

thioparus (CH11) 

Immobilized with 

Ca-alginate for 

biofiltration 

system 

H2S 7.0 98% removal (Chung et al., 

1996) 

9 Thiobacillus 

thioparus 

(ATCC 23645) 

Biofiltration H2S 6.0 100% removal (Oyarzún et al., 

2003) 

10 Thermithiobacillu

s tepidarius 

(JNU-2) 

Shake 

flask/internal 

airlift loop reactor 

Na2S2O3·5H2O 6.0 98% removal of 

S2O3
2- 

(Yang et al., 

2015) 

11 Thiomonas spp. 

(SS) 

Biological 

deodorization 

H2S 6.7 90-99% removal (Chen et al., 

2004) 

12 Thiomonas spp. 

(RAN5) 

Synthetic and 

anaerobically 

digested gas 

H2S 6.5 90-99% removal (Asano et al., 

2012) 
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2.2.5 Role of Alkaliphilic Microorganisms in Biooxidation 

Alkaliphiles are referred to as microorganisms with growth observed above pH 8.0 (with an optimal 

pH at 9.0-10.0), but they grow inefficiently at neutral pH (Horikoshi, 1999). Alkaliphiles are of 

great importance in the remediation of industrial wastes, epidemiology of pathogenic bacteria, and 

can be useful for mineral processing (Padan et al., 2005). However, investigations on the oxidative 

capabilities of alkaliphilic bacteria of reduced sulfur compounds are inferior in comparison to 

acidophilic and neutrophilic SOB. 

Some alkaliphilic microorganisms are isolated from neutral environments and are able to oxidize 

reduced sulfur compounds such as sulfide, polysulfide, thiosulfate, tetrathionate and thiocyanate 

(Gonzalez-Sanchez and Revah, 2009). Nevertheless, the majority of alkaliphilic SOB are isolated 

from soda lakes due to their contribution to the sulfur cycle. These are referred to as haloalkaliphiles 

as the survival of specific bacteria are influenced by highly saline environments. Haloalkaliphiles 

are alkaliphilic bacteria that require a high salinity for growth and often live in more extreme 

environments i.e. elevated temperatures. 

Alkaliphilic SOB have various advantages over acidophilic bacteria as these processes do not 

require corrosive-resistant material and have relatively safer systems. Furthermore, they can 

tolerate higher substrate and product concentrations than sulfur-oxidizing acidophiles and 

neutrophiles (Sorokin et al., 2011). The advantage of the use of alkaliphiles is associated with the 

gold leaching via a cyanidation process which requires high pH for the reaction. Applicability of 

alkaliphiles instead of acidophilic bacteria reduces the consumption of alkali to adjust the pH and 

make the process more economic and sustainable.  

The bacterial strains from the genus of Alkalilimnicola, Ectothiorhodospira, Thioalkalibacter, 

Thiomicrospira, and Thioalkalivibrio in Table 2.6 have been acknowledged for their oxidative 

abilities on synthetic and industrial waste. Up to date to the best of our knowledge, no research has 

been conducted on the application of alkaliphilic bacteria for the biooxidation of ores. Table 2.7 
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summarizes the most recent studies of alkaliphilic sulfur-oxidizing microorganisms for 

biooxidation in gas and liquid matrices.  
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Table 2.6: Characteristics of alkaliphilic sulfur-oxidizing bacteria 

S. 

No. 
Genus Species pH* 

Temperature* 

(˚C) 

Salinity*  

(M Na+) 
 Sulphur Species Oxidized References 

1 Alkalilimnicola ehrlichii 
7.3-10.0 

(9.3) 
13-40 (30) 0.3-3.3 (0.5) S2-, S2O3

2- 
(Hoeft et al., 

2007) 

2 Ectothiorhodospira magna 
8.0-11.0 

(9.0-10.0) 
20-45 (30-35) 

0-1.4 

(0.1-0.3) 
S0, S2- 

(Bryantseva 

et al., 2010) 

3 Ectothiorhodospira shaposhnikovii 
6.5-10.0 

(8.0-9.0) 
20-45 (30-35) 0-1.2 (0.5) S0, S2-, SO3

2-, S2O3
2- 

(Bryantseva 

et al., 2010; 

Cai et al., 

2019) 

4 Thioalkalibacter halophilus 
7.5-10.2 

(8.5) 
25-40 (30) 0.5-3.5 (1.0) S0, S2-, S2O3

2- 
(Banciu et al., 

2008) 

5 Thiomicrospira - 
5.9-10.0 

(7.0-10.0) 
3.5-42 (25-40) 

0.04-3 (0.43-

0.60) 
S0, S2-, S2O3

2-, S3O6
2-, S4O6

2-  
(Boden et al., 

2017b) 

6 Thioalkalivibrio halophilus 
7.5-9.8 

(8.0-9.0) 
25-47 0.2-5.0 (2.0) 

S0, S2-, S2O3
2-, S4O6

2-, 

polysulphide 

(Banciu et al., 

2004) 

7 Thioalkalivibrio jannaschii 7.0-11.2  25-47 (30) 
0.2-4.0 (1.0-

3.0) 

S0, S2-, S2O3
2-, S4O6

2-, 

polysulphide 

(Ahn et al., 

2019; Sorokin 

et al., 2002) 

8 Thioalkalivibrio sulfidiphilus 
8.0-10.5 

(10.0) 

 

 

25-47 (35) 

 

 

0.2-1.5 (0.4) 
S0, S2-, S2O3

2-, S4O6
2-, 

polysulphide 

(Sorokin et 

al., 2012) 

9 Thioalkalivibrio versutus 
8.5-10.4 

(9.5-9.8) 
25-47 (30-35) 

0.1 – 4.0 

(2.0) 

S0, S2-, SO3
2-, S2O3

2-, S3O6
2-, 

S4O6
2-, S5O6

2-, polysulphide 

(Ang et al., 

2017; 

Kalantari et 

al., 2018; 

Sorokin et al., 

2000) 

*optimal growth conditions are in brackets 
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Table 2.7: Alkaliphilic sulfur-oxidizing microorganisms used for biooxidation processes 

S. No. Microorganisms Material/ Method Oxidized Species pH Result References 

1 Alkalilimnicola  ehrlichii (MLHE-

1), 

Thioalkalibacter halophilus 

(ALCO 1), 

Thioalkalivibrio  

sulfidiphilus, Thioalkalivibrio 

versutus 

 

Thiopaq® process H2S 8.0-9.0 > 99.5% 

removal 

(Kiragosyan et al., 

2019; Sorokin et 

al., 2008) 

2 Ectothiorhodospira magna Synthetic wastewater S2- 8.0 99.9% removal (Zhao et al., 2018) 

3 Ectothiorhodospira shaposhnikovii Biogas desulfurization H2S - 100% removal (Vainshtein et al., 

1994) 

4 Thiomicrospira spp. Biogas desulfurization H2S 10.0 86% removal (Van Den Bosch et 

al., 2007) 

5 Thioalkalivibrio halophilus, 

Thioalkalivibrio jannaschii, 

Thioalkalivibrio versutus 

Biogas desulfurization H2S 10.0 - (Sorokin et al., 

2008) 

6 Thioalkalivibrio versutus Spent caustic and 

synthetic sulfide in 

stirred tank bioreactor 

S2-, Na2S·9H2O 10.2 82.7% oxidation (Kalantari et al., 

2018) 
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2.2.6 Thiopaq® Process 

The Thiopaq® process (Figure 2.5) is a three stage biodesulfurization process developed by Paques 

(2014) to biologically remove H2S from low-pressure biogas streams. A gas stream containing H2S 

contacts an aqueous wash solution in the first stage of the process, the absorber. The gas is absorbed 

into the solution and is then transported to the bioreactor. Purified gas is released at the top of the 

absorber.  

Sulfide is aerobically oxidized by SOB bacteria in the reactor to produce biological elemental sulfur 

(biosulfur). The biosulfur is hydrophilic and reduces the possibility of clogging in the system 

(Paques, 2014). No expensive reagents are added, however small amounts of nutrients are added to 

the bioreactor to ensure proper growth of the bacteria. The bioreactor is buffered with sodium 

hydroxide (NaOH) and operates at atmospheric pressure, between 25-40 °C, and at approximately 

pH 8.0-9.0. Operating under slightly alkaline conditions enables H2S to be absorbed in the absorber 

to produce sodium hydrosulfide and H2O (NATCO Group, 1999; Paques, 2014). The wash solution 

in the bioreactor is regenerated by the bacteria and is recycled for use in the absorber and the 

decanter for the next section.  

 Some of the wash solution is sent to the decanter (gravity settler) where the biosulfur is 

concentrated to 10-15 wt% and the overflow is recycled back into the bioreactor (Paques, 2014). 

The biosulfur leaves as a sludge which can be used for agricultural processes or purified to a high-

quality sulfur cake (Schlumberger, 2016). The decanter has a small bleed stream consisting of 

sodium salts and biosulfur (free of sulfide) making discharge disposal easy. The Thiopaq® process 

results in a high removal H2S efficiency exceeding 99.5% (Paques, 2014). 



 

 

 

32 

 

Figure 2.5: Schematic diagram of the Thiopaq® process 

Thiopaq® processes have advantages over conventional desulfurization processes as they use less 

equipment, is simple to operate, requires minimal supervision, low-operating costs, bacteria are 

self-regulating, safer, and is an environmentally-friendly system (Schlumberger, 2016). 

2.3 Carbonate Effect 

Investigations on the oxidation of pyrite minerals in aqueous systems have been previously 

conducted. Oxygen and Fe(III) are the main oxidants in aqueous oxidation as shown in Equations 

21, 22 and 23 (Chandra and Gerson, 2010; Descostes et al., 2002; Garrels and Thompson, 1960; 

Singer and Stumm, 1970).  

 FeS2 +
7

2
 O2 + H2O → Fe2+ + 2 SO4

2− + 2 H+ [21] 

 𝐹𝑒2+ +
1

4
 𝑂2 + 𝐻+ → 𝐹𝑒3+ +

1

2
 𝐻2𝑂 [22] 

 𝐹𝑒𝑆2 + 14 𝐹𝑒3+ + 8 𝐻2𝑂 → 15 𝐹𝑒2+ + 2 𝑆𝑂4
2− + 16 𝐻+ [23] 
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The oxidation of pyrite can be enhanced by increased temperature, pH, and injection of air. Acid 

mine drainage may occur if not neutralized due to the production of sulfuric acid, causing 

detrimental effects to the environment.  

The carbonate effect is a phenomenon in which the oxidation of sulfidic minerals is enhanced in a 

carbonate buffered solution between pH 8-11 (Caldeira et al., 2010). The oxidation of pyrite occurs 

by the generation of a hydroxide radical (•OH) through the reversible adsorption of H2O/OH- 

interacting with a hole in the iron 3d t2g (nonbonding pyrite orbital) at the anodic site as proposed 

by Mishra and Osseo‐Asare (1988) and Wei and Osseo‐Asare (1997). Caldeira et al. (2010) 

proposed that the hydroxide radical transfers to sulfur sites on the pyrite surface according to 

Equation 24 and 25.  

 𝐹𝑒𝑆2 + 𝐻2𝑂 + ℎ+ → 𝐹𝑒(∙ 𝑂𝐻)𝑆2 + 𝐻+ [24] 

 𝐹𝑒(∙ 𝑂𝐻)𝑆2 → 𝐹𝑒𝑆2(∙ 𝑂𝐻) [25] 

The complete hydroxylation of the surface and oxidation of sulfur is shown in Equation 26 and 27 

(Mishra and Osseo‐Asare, 1988).  

 𝐹𝑒𝑆2(∙ 𝑂𝐻) + 3 𝐻2𝑂 + 3 ℎ+ → 𝐹𝑒(𝑂𝐻)2𝑆2(𝑂𝐻)2 + 3 𝐻+ [26] 

 𝐹𝑒(𝑂𝐻)2𝑆2(𝑂𝐻)2 + 2 ℎ+ → 𝐹𝑒2+ + 𝑆2𝑂3
2− + 2 𝐻+ + 𝐻2𝑂 [27] 

(Caldeira et al. (2010) proposed that the enhanced chemical oxidation of pyrite is due to soluble 

iron-carbonate complexes formed during pyrite oxidation in carbonate/bicarbonate media, 

buffering effect of carbonate ions, and the effect of carbonate complexation on Fe(III) solubility. 

Iron-carbonate complexes, FeHCO3
-, FeCO3, Fe(CO3)(OH)- and Fe(CO3)2

2-, accelerate the Fe(II)-

O2 electron transfer reaction by favoring the oxidation of Fe(II) to Fe(III) using dissolved oxygen. 

The carbonate ions neutralize the protons (which form sulfuric acid) produced by maintaining a 

high pH environment which is optimal for pyrite oxidation. The formation of the iron carbonate 

complexes increases the total dissolved iron concentration which raises the redox potential of the 

Fe(II)/Fe(III) couple. Further,(Caldeira et al. (2010) indicated that carbonate solutions had 
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significantly higher oxidation rates than NaOH, lime, and borate. Fe(II) bound to 

carbonate/bicarbonate ions form high spin complexes, requiring less energy to oxidize the Fe(II) 

ion (Luther et al., 1992).  

Figure 2.6 represents the proposed oxidation path for pyrite oxidation in carbonate solutions by 

Caldeira et al. (2010). Assuming an oxygenated system containing carbonate ions, adsorbed Fe(III)-

CO3 oxidizes to Fe(II)-CO3 by accepting electrons from the conduction band from the anodic site. 

Fe(II)-CO3 is then oxidized by dissolved oxygen at the pyrite surface or in solution to Fe(III)-CO3. 

This Fe(II)/Fe(III) redox couple was proposed by Moses and Herman (1991) at circumneutral pH 

but is suggested to also occur at alkaline pH.  

At the anodic site, hydroxyl or water adsorbs on the pyrite surface and the iron 3d t2g holes 

strengthen the adsorption of hydroxides in which the transfer of the OH radical to the sulfur species 

occurs as shown in Equation 24 and 25. Further hydroxylation occurs at the sulfur sites resulting 

in the release of thiosulfate and Fe(II)-CO3 as shown in Equation 26 and 27. These soluble Fe(II)-

CO3 complexes favour the oxidation of Fe(II) to Fe(III), creating the oxidation cycle.  

Figure 2.7 exhibits the predominant stability diagrams performed by Caldeira et al. (2010) at 25 °C 

in an iron, sulfur, carbonate, and water system. The precipitates produced during the carbonate 

oxidation of pyrite can vary. Goethite is suggested as the most probable species formed which 

predominates between pH 1.5-14. Ferrihydrite is the initial product of rapid hydrolysis in Fe(III) 

solutions, therefore it is expected to form in alkaline solutions. If ferrihydrite and Fe(OH)2(s) are 

absent, the iron carbonate complexes are stable between pH 5-11.  
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Figure 2.6: Schematic representation of the oxidation of pyrite in carbonate solutions 

modified from Caldeira et al. (2010). 
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Figure 2.7: Eh-pH diagrams for a metastable Fe-S-CO3-H2O system at 25 °C for (a) goethite 

and Fe (II) – carbonate complexes; (b) ferrihydrite and Fe (II) – carbonate complexes; (c) 

soluble iron species. Concentrations: [Fe] = 0.008 mol/L; [S] = 0.017 mol/L; [CO3] = 0.1 

mol/L (Caldeira et al., 2010). 
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2.4 Bacteria Used in this Investigation 

Two bacteria, Tm. aerophila and Tv. versutus were investigated in this study as they have been 

previously studied together for sulfur oxidation (Ang et al., 2017; Sorokin et al., 2001), and have 

been identified in liquid and gas desulfurization processes. The halo-tolerant bacteria studied were 

isolated from soda lakes which are usually located in dry climate areas that facilitate salt 

accumulation by evaporative concentration (Sorokin et al., 2011). These specific saline salt lakes 

are buffered with sodium carbonate and sodium bicarbonate, creating a high pH (9.5-10.5) 

environment (Sorokin et al., 2006). This environment is the only natural environment with the 

optimal parameters for the stable development of obligately alkaliphilic, salt-tolerant bacteria. 

Currently, there has been no research performed on the biological oxidation of a refractory gold 

ore with alkaliphilic microorganisms in a carbonate buffered media.  

2.4.1 Thiomicrospira aerophila  

Previously known as Thioalkalimicrobium aerophilum, the name was changed due to slight 

physiological differences. Thiomicrospira species are found in marine environments and have been 

exclusively associated with sulfide oxidation (Hansen and Perner, 2015). Isolated from low-saline 

soda lakes in Siberia and Kenya, this obligate chemolithoautotroph and gram-negative bacteria has 

a relatively high aerobic growth rate on a thiosulfate-limited culture (0.33 h-1) (Ang et al., 2017). 

Depending on the strain, Tm. aerophila can oxidize sulfide and thiosulfate to sulfate at high rates 

above a pH of 8.4. The sulfur compounds are used as energy and electron donors with oxygen 

acting as the electron acceptor. Tm. aerophila can oxidize elemental sulfur however, at a much 

lower rate compared to other bacteria. The microbe has a high growth rate, low growth yield, can 

grow between pH 7.5-10.6 (optimal 10.0), at a range of 0.2-1.5 M Na+ (optimal 0.5 M) and from 

ambient temperatures to 40 ˚C (optimal 30 °C) (Ang et al., 2017; Sorokin et al., 2000). This 

bacterium can also grow in microaerophilic conditions and has been of interest to the industry due 

to its ability to treat hydrogen sulfide. 
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Unknown bacterial species/strains from this genus were used for the removal of H2S in a 

biotechnological process held at halo-alkaline conditions due to their ability to grow under extreme 

conditions. In a typical fed-batch experiment held at 35 ˚C, pH 10.0 and 10 mmol/h H2S, 86% of 

H2S was oxidized in 22 h (Van Den Bosch et al., 2007).  

2.4.2 Thioalkalivibrio versutus 

Initially isolated in Siberia in 1989, there are 19 known strains of Tv. versutus that were obtained 

from Siberian and Kenyan soda lakes. The cells are vibrio- or spirilla-shaped, motile, and are white 

colonies filled with sulfur (Sorokin et al., 2001). The bacterial species can oxidize elemental sulfur, 

sulfide, polysulfide, thiosulfate, sulfite and tri-, tetra- and penta-thionate (Ang et al., 2017; 

Kalantari et al., 2018). A nucleophilic attack of sulfide on elemental sulfur at high pH produced 

polysulfide which was converted to sulphate due to the instability of polysulfide at high 

oxygenation levels. Further, a higher DO concentration resulted in higher sulfide oxidation and 

sulphate production. All but one strain (ALJ 17) prefers aerobic conditions, grows optimally at 30-

35 ˚C and can grow between a pH and Na+ of 8.5-10.4 and 0.1-4.0 M, respectively (Sorokin et al., 

2000). Studies have indicated that the optimal growth parameters are between pH 9.5-9.8, 2 M Na+ 

and a low concentration of Mg2+ (0.5-1.0 mM) significantly increased the growth rate (Sorokin et 

al., 2000). Tv. versutus has been used to treat spent caustic and biogas in Thiopaq® processes 

(Sorokin et al., 2008). Kalantari et al. (2018) performed oxidative tests on spent caustic and a 

synthetic sulfide source (Na2S·9H2O). A maximum of 82.7% oxidation of 2200 mg/L sulfide was 

documented in halo-alkaline conditions in a stirred tank bioreactor. Further, a DO concentration 

above 2 mg/L and Na+ concentration of 0.6-2.0 M resulted in the maximum sulfide removal and 

sulphate production. Other sulfur compounds such as thiosulfate, polysulfides, biosulfur were 

observed during the tests. Tv. versutus was also found in desulfurization processes along with 

Thioalkalivibrio jannaschii in the subgroup operating at pH 10.0 (Sorokin et al., 2008). 
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2.4.3 Bacteria Growth Cycle 

The growth dynamics of bacteria follow a general cycle of 4 phases: lag, exponential, stationary 

and death. Displayed in Figure 2.8 is the life cycle when bacteria are introduced into fresh 

medium.  

 

Figure 2.8: Typical growth cycle for microorganisms 

The lag phase is the initial period when the bacteria are adapting to their new environment. 

Parameters such as the physiology of the bacteria, temperature, pH, oxygen level, and nutrients 

effect the pace at which the bacteria grow. Further, if the bacteria are introduced to conditions 

similar to its previous conditions, they will grow faster as they are already adapted to the 

environment. The cells may not replicate but grow in volume preparing for the exponential phase.  

During the lag phase bacteria commonly synthesize RNA, enzymes and essential metabolites 

(Bruslind, 2021). 

In the exponential phase, the cells accumulate necessary nutrients for growth and divide into other 

cells using binary fission (Wang et al., 2015). This phase is predictable as the population doubles 

during this time. Optimal conditions result in more growth (steeper slopes) while non-ideal 

conditions will slow bacterial growth. The new cells produced are uniform and are the healthiest 
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compared to the cells in any other stage. Maximum growth is reached in the exponential phase and 

proceeds to the stationary phase.  

The stationary phase occurs during the exhaustion of essential nutrients or from the inhibition by 

their waste products or physical space (Bruslind, 2021). The growth of the microbial population 

ceases as the rate of the new cells produced is equivalent to the death of the old cells. The 

physiology of the cells adapts to the new starvation conditions which allows them to survive longer. 

The cells are typically smaller in size and are weaker making them prone to more damage (Wang 

et al., 2015).  

The final phase is from the death of the microbial population as they lose their ability to divide, and 

the total number of dead cells exceeds the number of live cells. The cells in this phase are generally 

damaged and are harder to replenish in new media.  
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Chapter 3 

Materials and Experimental Methods 

3.1 Raw Materials  

Three samples identified as GSL, EQ2, and COREM were refractory gold ore pyrite concentrates 

utilized for this work. Varying in sulfur content, each sample was crushed, pulverized, and sieved 

when received and stored in air-tight bags in a 4 °C fridge to prevent oxidation. All samples were 

used for investigations involving biological oxidation and only COREM was used for the chemical 

oxidation experiments.  

3.1.1 Ore Characterization 

The elemental analysis of the samples is displayed in Table 3.1 and the concentrations were 

determined using several techniques. The total carbon and sulfur contents were measured using the 

Eltra CS 2000 carbon sulfur determinator. The gold concentration was measured using a 

conventional fire assay method. The remaining elements were determined using a PerkinElmer 

ELAN 9000/NexION instrument for Inductively Coupled Plasma – Optical Emission 

Spectrometry. X-Ray diffraction (XRD) analysis was performed on the samples GSL and COREM. 

EQ2 was not analyzed because it was only used for a few tests. GSL had high concentrations of 

quartz and pyrite with traces of albite and orthoclase. COREM was composed of quartz, pyrite, 

illite and traces of magnetite and kaolinite.  

Table 3.1: Chemical analysis of the samples 

Element GSL EQ2 COREM  

Al (%) 3.9 8.5 5.2 

Au (ppm) 1.6 1.2 1.7 

As (ppm) 102 3350 182 

Ca (%) 0.2 0.6 0.1 

Cu (ppm) 522 1990 646 
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Fe (%) 20.1 12.6 4.5 

K (%) 3.2 2.9 1.6 

Mg (%) 0.2 0.6 0.2 

Pb (ppm) 41 770 234 

Total C (%) 0.1 0.2 0.1 

Total S (%) 23.4 11.0 5.7 

 

The particle size of the samples was measured using a Laser Particle Size Analyzer (LPSA). The 

initial P80 of GSL, EQ2, and COREM were 38, 32 and 55 µm, respectively.  

3.2 Experimental Methods 

All methods involving the presence of bacteria were performed under sterile conditions. A 70% 

ethanol solution was used to disinfect one’s hands and the lab area. All glassware in contact with 

bacteria were autoclaved at 121 °C for 35 mins for sterilization. To further ensure sterilization, the 

addition of media, bacteria and ore into flasks were performed under a propane flame.  

3.2.1 Growth and Maintenance of Bacteria 

Before the oxidation of sulfide minerals could be examined, the bacteria used for the experiments 

had to be investigated for their growth capabilities. Thiomicrospira aerophila (DSMZ 13739) and 

Thioalkalivibrio versutus (DSMZ 13738) are risk group 1 bacteria obtained from the Deutsche 

Sammlung von Mikroorganismen und Zellkulturen (DSMZ). The frozen bacteria cultures were 

recovered at room temperature and suspended into fresh DSMZ 925 media in 10 mL vials. The 

bacterial cultures were grown and maintained in autoclaved 250 mL baffled flasks in a 30 °C 

incubator at 150 rpm. 100 mL of fresh medium was added to the flask and 5% (v/v) of a previous 

liquid culture was inoculated. Fresh cultures were prepared every week. The flasks used caps with 

a 0.45 µm filter to ensure sterilization while providing air for the bacteria as they are aerobic 

microorganisms. To avoid any loss of bacteria, they were also stored in long-term storage in 

Biobeads at -80 °C and in short-term storage in 4% agar plates at 4 °C. 
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For batch cultivation, the carbonate buffered medium containing (g/L) Na2CO3 (20); NaHCO3 (10); 

NaCl (5); K2HPO4 (1); MgCl2·6H2O; KNO3; 2 mL/L of trace mineral solution containing (g/L): 

EDTA (0.5); MgSO4·7H2O (3); MnSO4·H2O (0.5); NaCl (1); FeSO4·7H2O (0.1); Co(NO3)2·6H2O 

(0.1); CaCl2 (0.1); ZnSO4·7H2O (0.1); CuSO4·5H2O (0.01); AlK(SO4)2 (0.01); H3BO3 (0.01); 

Na2MoO4·2H2O (0.01); Na2SeO3 (0.001); Na2WO4·2H2O (0.01); NiCl2·6H2O (0.02), using 

thiosulfate as the energy source was used (DSMZ, 2009). Tm. aerophila and Tv. versutus required 

20 g/L and 10 g/L of Na2S2O3•5H2O, respectively. The carbonate buffer maintained the pH of the 

solution at pH 10.2. 2N HCl was used to decrease the pH of the medium for investigations at lower 

pH. The medium was passed through a 0.2 µm Thermo Scientific Nalgene Rapid-Flow filter unit 

which removed any contaminants in the solution.  

 

Figure 3.1: Microbial cultures in a temperature-controlled shaker 

All the tests with bacteria were performed in the incubator pictured in Figure 3.1 unless noted 

otherwise. 
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To generate growth curves for the bacteria, Ultraviolet-visible spectroscopy at an optical density of 

600 nm was used. This method was previously used by Ang et al. (2017) to measure bacterial 

growth by their biomass. Kinetic samples were collected at 0, 1, 2, 4, 8, 12, 24, 48, 72, 120, 168 h 

intervals. Growth was measured at pH 10.2 and 9.5 to determine the optimal parameters.  

Photographs of the bacteria were taken on a Rebel Microscope, Echo.  

3.2.2 Na2S Oxidation Studies 

To test the oxidation potential of the bacteria, oxidation tests with Na2S were conducted for 7 days. 

The experiments were performed in the incubator at 30 °C and agitated at 150 rpm. Na2S with an 

initial sulfide concentration of 1000 mg/L S2- was used for these experiments. The salt was added 

to the flasks at two different times, initially before the bacteria was inoculated and after the bacteria 

reached their maximum growth. This was to determine if the bacteria could grow in the presence 

of Na2S and if oxidation was enhanced at maximum growth. The bacteria culture medium was 

constant for all bacterial tests with Na2S and pyrite unless stated otherwise.  

3.2.3 Bacterial Oxidation  

To evaluate the oxidative abilities of Tm. aerophila and Tv. versutus, pyrite concentrates were 

added to the sterile flasks with a pulp density of 1% (w/v). The experiments were maintained in 

an incubator at 30-35 °C and agitated at 150 rpm with a retention time of 2 weeks. Duplicate tests 

were performed without the inoculation of bacteria, which will be referred to as “control” 

experiments in this thesis. The process variables that were investigated include temperature (30 

and 35 °C), thiosulfate concentration (4 – 20 g/L), pulp density (1 - 10%), time (7 – 30 days) and 

pH (9.5 and 10.0).  

After 2 weeks, the ore was separated from the solution via centrifugation at 5500 rpm for 5 min 

using 50 mL Falcon tubes. The ore was placed in a vacuum-sealed oven at 40 °C for 2-3 days to 

ensure no more oxidation occurred. The centrifuge tubes were weighed, and the solids were 
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pulverized using a pestle and mortar. The ore was then acid washed in a 10% HCl solution at 65 

°C for 1 h. The acid wash removes any sulfates produced during oxidation. Once washed, the ore 

is centrifuged again to remove the acid and rinsed with deionized water. The centrifuge tubes are 

then placed into the vacuum-sealed oven until completely dry. The ore is then weighed, pulverized, 

and used for analysis.  

3.2.4 Bottle Roll 

Biooxidation tests were carried out with COREM ore in an autoclaved 1 L reactor (Figure 3.2) with 

a working volume of 500 mL and 5% pulp density. The bioreactor revolved at 40 rpm and at 

ambient temperature for a total experimental time of 2 weeks. The bacteria were grown to their 

maximum population and were transferred into the reactor with the pyrite sample. After 1 week, 

the bacterial solution and ore were separated through centrifugation using 50 mL Falcon tubes. 

Once the solid was completely separated from the previous bacterial solution, it was replaced by a 

fresh bacterial solution at maximum growth. The solids were added back into the reactor using a 

vortex mixer. The tests were restarted for another week to finish the 2-week tests. When finished, 

the solids were dried, acid washed and analyzed.  

 

Figure 3.2: Apparatus used for bottle roll experiments 
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3.2.5 Chemical Oxidation  

Experiments with COREM using only chemical reagents were conducted to determine the 

parameters necessary to achieve maximum oxidation and the effects of gold recovery following 

subsequent oxidation. Sodium carbonate and bicarbonate were the main constituents in the 

chemical oxidation tests. Tests were scaled up in 500 mL Erlenmeyer flasks with 225 mL of 

solution and were agitated at 500 rpm using a magnetic stir bar. Air was supplied at 0.1 L/min and 

a temperature probe connected to a heat plate was used to maintain the temperature in the system. 

To determine the optimal oxidation parameters, the temperature (25 – 80 °C), pulp density (10 – 

30 %), and concentration of reagents in the media were varied in the experiments. Kinetic sampling 

was performed at 24 h and 48 h subsequently until the end of the test. The residence time was 3-11 

days and when finished, the solids were separated from the solution using a vacuum filter. The 

solids were dried, acid washed and analyzed similarly to the bacterial oxidation tests. However, 

sterilization was not necessary for these tests as there was no presence of bacteria. The apparatus 

for the tests is shown in Figure 3.3. 

 

Figure 3.3: Schematic of the experimental set-up for chemical oxidation tests 

3.2.6 Gold recovery 

Conventional cyanidation leach experiments were performed for the chemically oxidized samples. 

100 mL of 1000 ppm cyanide solution was placed in 250 mL Erlenmeyer flasks with the oxidized 

ore (15 – 20% pulp density) for 24 h at ambient temperature. The slurry was mixed with a magnetic 
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stir bar at 500 rpm. The cyanide concentration was measured using a Metrohm, 916 Ti-Touch 

titrator with a silver electrode. The solids were separated using a gravity filter and were washed 

with NaOH then DI water to remove any remaining cyanide. The samples were dried, pulverized 

and sent for fire assay analysis.  

3.3 Analytical Methods 

3.3.1 Analytical Techniques 

All aqueous samples were measured for the pH, oxidation-reduction potential (ORP) and dissolved 

oxygen (DO) concentration. A pH/ORP probe equipped with a sympHonyTM H30PCO handheld 

meter was used to record the pH and ORP of solutions. A Thermo Orion Star A213 DO meter and 

probe were used to measure the oxygen concentration in the samples. Kinetic aqueous samples 

were passed through a 0.45 μm Sarstedt non-pyrogenic sterile syringe filter before analysis.  

For experiments examining oxidation, measurements were taken before and after each test by an 

iodometric titration method for sulfide concentration in solution (Holm et al., 2000) for Na2S and 

by the Eltra CS 2000 carbon sulfur determinator for pyrite samples. 

XRD, scanning electron microscopy (SEM), and LPSA were used to analyze the ore mineral for 

some pyrite samples. XRD and SEM were sent to analytical labs on campus (at Geological Sciences 

and Geological Engineering) and fire assay was sent for analysis to external service laboratories. 

3.3.2 Calculations and Error Estimation 

There were a variety of factors that may have affected the data due to the unpredictable nature of 

the bacteria. Therefore, all experiments with regards to growth curves and oxidation were repeated 

twice at minimum to generate consistent results. 

Pyrite oxidation was calculated using values obtained from the Eltra CS 2000 carbon sulfur 

determinator and inserted into Equation 28.  
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𝑊𝐼𝑆𝐼 −

𝑊𝐴𝑆𝐹
𝑊𝑃/𝑊𝐹

𝑊𝐼𝑆𝐼
∗ 100 

[28] 

where, WI is the initial weight of sample, SI is the initial sulfur content, WA is the weight of sample 

after acid wash, SF is the final sulfur content after acid wash, WP is the weight of ore added to the 

acid wash solution, and WF is the final weight after oxidation. Since only a portion of the sample 

was washed with acid solution, an equation had to be developed to correlate the weight loss with 

the entire oxidized sample. Kinetic oxidation values were calculated using the same equation; 

however the total weight of the sample (WF) was adjusted to account for the ore removed from the 

experiment.   

Gold recovery was calculated using Equation 29 from values acquired from fire assay analysis. 

Analysis was performed on samples before and after oxidation, and after cyanidation. 

 
𝐶 − 𝑐

𝐶
∗ 100 [29] 

where, C is the initial gold concentration and c is the final gold concentration.  

Error bars for the gold recovery graphs/charts were produced based on the average of gold 

concentrations in samples analyzed by fire assay. The average was approximately 3.25% for the 

upper and lower limit which will be used as the fixed error value for all gold recovery plots. 

3.3.3 Safety Precautions 

Laboratory work was performed using precautionary measures to maintain a safe working 

environment. A lab coat, safety glasses, and proper gloves and footwear were always worn. As both 

bacteria are risk group 1 microorganisms, sterilization and disposal were performed using 10% 

freshly prepared bleach solution. Tests with acid or cyanidation were performed in their respective 

fume hoods with a H2S or HCN gas detector. All chemicals and contaminated equipment were 

properly disposed in waste containers labelled with all elements and pH range. A shower and eye 

wash station was nearby in case of an emergency.  
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Chapter 4 

Results and Discussion 

4.1 Growth Curves  

Growth curves were produced for Tm. aerophila and Tv. versutus for 7 days using DSMZ 925 

media at 5% (v/v) inoculation. The bacteria were incubated at 30 °C and agitated at 150 rpm. 

Kinetic samples were collected at 0, 1, 2, 4, 8, 12, 24, 48, 72, 120, 168 h intervals at pH 10.2 and 

pH 9.5.  

4.1.1 Growth of Thiomicrospira aerophila 

As observed in Figure 4.1, the growth of Tm. aerophila gradually increased until 48 h and then was 

stationary for the entire 7-day period. At both pH 9.5 and 10.0, maximum growth was recorded on 

the 5th day of the tests. Optimal growth was measured at pH 9.5 where the maximum OD600 value 

was 0.39. Growth at pH 10.2 was slightly lower with the maximum OD600 value recorded at 0.34.  

For pH 10.2 and 9.5, the pH initially decreased reaching its lowest pH values at 48 h and 24 h, 

respectively. After these times, the pH steadily rose to approximately 9.7-9.8. The correlation 

between the growth and pH plot indicates the pH drops during initial growth and starts to increase 

as the population of the bacteria is maintained. The decrease in pH is due to the initial growth spurt 

where a large amount of sulfuric acid is produced as the thiosulfate is converted into sulfate. The 

increases in pH were due to the reduced production of sulfuric acid due to the buffering effects of 

carbonates. For oxidation experiments conducted with Tm. aerophila, the bacteria were grown for 

48 h before being utilized for the tests.  
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Figure 4.1: Growth curve (A) and pH change in the medium (B) for Tm. aerophila at pH 

10.2 and 9.5 for 7 days at 30 °C and 150 rpm. 
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Figure 4.2: Microscopic picture of Tm. aerophila 

Figure 4.2 exhibits a microscopic picture of the bacteria at maximum growth. The red and blue 

arrows indicate clusters or singular bacteria. They are known to form compact colonies and each 

cell is approximately 0.5 x 1.5 µm (Sorokin et al., 2001). 

4.1.2 Growth of Thioalkalivibrio versutus 

The growth patterns of Tv. versutus are different from those of Tm. aerophila as there was 

significant bacterial growth at 24 h as presented in Figure 4.3. The bacterial population then 

decreased and was maintained until the end of the 7 days. The optimal growth was observed at pH 

9.5 at a maximum OD600 value of 0.75. Although growth at pH 10.2 had a lower maximum OD600 

value of 0.49, the population was maintained higher than at pH 9.5 after 48 h. This may be due to 

the correlation of their death rate with their prior growth conditions. Biselli et al. (2020) performed 



 

 

 

52 

studies with Escherichia coli with observations of slower growth leading to an exponentially slower 

death rate as the maintenance rate of the cells decreased.  

The pH of the solution during growth was similar to the patterns observed for Tm. aerophila. The 

pH decreased until the maximum growth at 24 h for pH 9.5 and 48 h for pH 10.2 then steadily 

increased to pH 9.7-10.0. The decrease in the pH was correlated with the growth of bacteria due to 

the formation of sulfuric acid. For the oxidation experiments conducted with Tv. versutus, the 

bacteria were grown for 24 h before being utilized for the tests.   
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Figure 4.3: Growth curve (A) and pH change in the medium (B) for Tv. versutus at pH 10.2 

and 9.5 for 7 days at 30 °C and 150 rpm.  

 

 

Figure 4.4: Microscopic picture of Tv. versutus 
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A microscopic image shown in Figure 4.4 is of Tv. versutus at maximum growth. The cells are 

approximately 0.7 x 2.0 µm (Sorokin et al., 2001) in size. Halo-bacteria usually have carotenoids 

to protect them from high light and oxygen radicals. However, Tv. versutus produced yellow 

pigments instead of carotenoids as the colony grew older. Previous studies have reported this 

function to protect them by providing an additional ion barrier for the membrane (Foti et al., 2006; 

Takaichi et al., 2004). 

4.1.3 Growth of Mixed Cultures  

Biooxidation processes typically utilize various microorganism because of their unique oxidizing 

characteristics and bacterial synergism (Bacelar-Nicolau and Johnson, 1999b; Mahmoud et al., 

2017). For sulfur compounds, microorganisms oxidize different reduced sulfur species which can 

lead to increased oxidation. Therefore, growth using a mixed culture of Tm. aerophila and Tv. 

versutus were investigated from a 2.5% (v/v) inoculum from each bacterium.   

Since both bacteria used different concentrations of thiosulfate (20 g/L and 10 g/L of 

Na2S2O3.5H2O)  for growth, growth curves were performed at both concentrations and at pH values 

of 9.5 and 10.2 which are displayed in Figure 4.5. 
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Figure 4.5: Growth curve (A) and pH change (B) for mixed bacteria at pH 9.5 and 10.2 and 

thiosulfate concentrations of 10 and 20 g/L 
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The optimal growth condition for the mixed culture was at pH 9.5 and 20 g/L with an OD600 value 

of 0.43 at 48 h. Higher growth was observed at pH 9.5 regardless of the concentration of thiosulfate. 

Tests with the medium at pH 10.2 were measured at approximately half the OD600 value of tests at 

pH 9.5. The mixed culture resembled the growth pattern of Tm. aerophila (Figure 4.1A) with an 

initial increase in population which is then maintained. Similarly, the pH decreased until 24 - 48 h 

and increased to pH 9.7-9.9 by the end of the 7-day period.  

4.1.4 Growth Studies in Other Media 

Bacterial growth with a modified DSMZ 925 media were performed to test if both bacteria can 

survive in buffers other than carbonate/bicarbonate. Phosphate, ammonium, and a glycine-sodium 

hydroxide were considered. However, experiments with phosphate and ammonium buffers were 

not performed as the phosphate buffer did not reach pH 10.0 and both bacteria grow in 

concentrations of ammonium less than 2 mM (Sorokin et al., 2000). Therefore, growth tests were 

investigated at pH 10.0 with a glycine-sodium hydroxide buffer (AAT Bioquest Inc., 2020).  

The growth tests were unsuccessful as Tv. versutus did not grow in the modified media and Tm. 

aerophila had limited growth. The pH of the media with Tm. aerophila dropped below 8 in 24 h 

and dropped again below 7 after 48 h. This was below the growth pH threshold for the bacteria 

(Sorokin et al., 2000). This suggests bacteria cannot survive for long and the buffer was not strong 

enough. pH adjustments were made by adding more media, however they were also unsuccessful 

as the pH consistently dropped between 6-24 h after inoculation.  

Experiments were also conducted at varying inoculation percentages, 2.5, 5 and 10% (v/v). 

Increasing the inoculation affected their initial growth, however the difference in the population 

during the stationary phase was minimal.  
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4.2 Na2S Oxidation  

Investigations on the biological oxidation capabilities by Tm. aerophila and Tv. versutus were 

performed. The bacteria were grown to their maximum population and 1000 mg/L of sulfide as 

Na2S was added. The oxidation tests were conducted for 7 days in a 30 °C incubator at 150 rpm. 

The experiments containing bacteria were compared to the “control” tests in which only Na2S was 

added to the DSMZ 925 media (no bacteria). As shown in Figure 4.6A, both bacteria were able to 

oxidize approximately 96% of the sulfur compared to the control test in which approximately 38% 

was oxidized. This suggests that the bacteria were responsible for approximately 58% of the 

oxidation performed by utilizing sulfur as an energy source. Their growth in a sulfur medium had 

been investigated previously by Ang et al. (2017). Experiments with the addition of Na2S before 

inoculation were also conducted to determine if the amount of oxidation was affected. However, 

differences in the oxidation of Na2S were negligible regardless of when the salt was added to the 

system. For Tv. versutus, their growth in the solution was observed to be high at 24 h followed by 

good growth for the remainder of the test, like their growth curve. However, Tm. aerophila was 

observed to have slow growth in 24 h, followed by significant growth at 48 h which it maintained 

for the remainder of the experiment.  

Figure 4.6B exhibited a drop in pH due to the production of sulfuric acid due to the growth of the 

bacteria (using Na2S and thiosulfate as energy sources). Although most of the sulfur was oxidized, 

Tm. aerophila had a larger decrease in pH than Tv. versutus due to their growth characteristics. 

This was evident by comparing the pH changes in their growth in Figure 4.1B and Figure 4.3B. 

The control test had a slight drop in pH resulting from the chemical oxidation as there was no 

presence of bacteria. The ORP (Figure 4.6C) increased for all experiments and was positive in the 

bacterial tests, however the control tests remained negative suggesting less oxidation occurred. 

Therefore, the pH and ORP helped to confirm that both bacteria can oxidize Na2S in aqueous 
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systems. The DO (Figure 4.6D) in the solution was similar before and after for the tests inoculated 

with bacteria but was lower in the control tests.  
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Figure 4.6: Oxidation of Na2S (A) and the changes in pH (B), ORP (C), and DO (D) at pH 

10.2 for 7 days at 30 °C and 150 rpm.  
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4.3 Oxidation of GSL 

The differences in pyrite oxidation due to biological and chemical oxidation were investigated with 

GSL. This sample had the highest sulfur content (23.4%) compared to the other pyrite concentrates 

(EQ2 and COREM had 11% and 5.7%, respectively). Bacteria were grown to their maximum OD600 

value before the addition of ore.  

Figure 4.7 displays the oxidation of GSL at 1% pulp density with the changes in pH, ORP and DO. 

Tv. versutus, Tm. aerophila, and the control test oxidized approximately 34, 23, and 37% of pyrite, 

respectively. Although it was difficult to determine the pH change in the bacterial inoculated tests 

due to the reduction of pH during their growth, the final pH and ORP indicated that the highest 

oxidation occurred in the control tests. Unlike the Na2S tests, the control tests had lower pH and a 

positive ORP compared to the biooxidation tests. Therefore, this suggests more oxidation occurred 

in the control tests than with the tests inoculated with sulfur-oxidizing bacteria. This may be 

explained by the high sulfur content in the concentrate which can create a toxic environment for 

the microorganisms (Pirieh and Naeimpoor, 2019). The growth of the bacteria may be inhibited by 

the addition of the ore due to the new environment, or it currently cannot utilize the sulfur in pyrite 

as an energy source.  
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Figure 4.7: GSL oxidation at 1% pulp density and changes in pH (B), ORP (C), and DO (D) 

at pH 10.2 for 14 days at 30 °C and 150 rpm.  

 

-100

-80

-60

-40

-20

0

20

40

Tv. versutus  Tm. aerophila  Control

O
R

P
 (

m
V

)

Before Oxidation After Oxidation

7.5

8.0

8.5

9.0

9.5

Tv. versutus  Tm. aerophila  Control

D
O

 (
m

g
/L

)

Before Oxidation After Oxidation

D 

C 



 

 

 

63 

 

 

Figure 4.8: Surface morphology of GSL before (A) and after partial oxidation (B) at pH 

10.2, 30 °C, and 150 rpm for 14 days  
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Grain edges and corners, defects, solid and fluid inclusion pits, cleavages and fractures are formed 

in sites with specific sites of high surface energy (Chandra and Gerson, 2010; McKibben and 

Barnes, 1986). This is demonstrated on the surface of GSL before and after oxidation as observed 

in Figure 4.8. As seen in Figure 4.8A, the pyrite surface is generally flat. Figure 4.8B indicated 

oxidation occurred as the surface was rougher with deep cuts into the ore. The figures indicate the 

removal of sulfide matrices which may increase metal recovery by exposing the metals to lixiviants.  

4.3.1 Effect of Temperature 

Investigations on increasing temperature to improve pyrite oxidation is well established (Moses et 

al., 1987; Moses and Herman, 1991; Schoonen et al., 2000; Wang et al., 2019). To test the 

biological and chemical oxidation potential, experiments at 35 °C were performed. Tests at higher 

temperatures were not investigated as both bacteria have good growth parameters only until 35 °C. 

The oxidative performances by Tv. versutus, Tm. aerophila, and the control test are displayed in 

Figure 4.9 as 35, 30 and 42% were oxidized, respectively. This resulted in a 0.5% increase in 

oxidation for Tv. versutus, 6.5% for Tm. aerophila and 5% for the control test compared to the 

experiments at 30 °C. The increase of oxidation for Tm. aerophila may be due to its physiological 

oxidation abilities which might be enhanced at higher temperatures. As observed previously, the 

control tests oxidized more than both bacteria at 30 and 35 °C.  
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Figure 4.9: Effect of temperature at 30 and 35 °C with GSL at 1% pulp density, pH 10.2 

and 150 rpm for 14 days 

4.3.2 Effect of Reduced Thiosulfate Concentration 

To reduce the bacteria’s dependence on the supplied thiosulfate and to increase oxidation, a strategy 

by Mubarok et al. (2017) to significantly reduce thiosulfate in the media was investigated. Further, 

studies have shown that adapting microorganisms to certain environments can promote their 

dependance on other energy sources (i.e. sulfur in pyrite) (Astudillo and Acevedo, 2008; 

Haghshenas et al., 2009; Wang et al., 2014; Xia et al., 2008). The thiosulfate concentration in the 

media was reduced by 80%. Figure 4.10 exhibits the oxidative results with reduced thiosulfate 

media at 35 °C. Pyrite was oxidized by Tv. versutus, Tm. aerophila and the control test at 44.2, 

41.3 and 50%, respectively. This was a significant increase relative to the tests without reduced 

thiosulfate media as over 8% more oxidation occurred for all three cases.  
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Figure 4.10: Effect of reduced thiosulfate concentration with GSL at 1% pulp density, pH 

10.2, 35 °C and 150 rpm for 14 days 

4.3.3 Effect of Pulp Density 

To understand the role of chemical oxidation in sulfur materials, oxidation experiments without 

bacteria were performed at various pulp densities. As seen in Figure 4.11, there was a decrease in 

oxidation as the pulp density increased. At 0.5, 1, 5, and 10%, pyrite oxidation was observed to be 

42, 37, 26, and 14% respectively. Increasing pulp density decreases the iron solubility which results 

in lower oxidation (Acevedo et al., 2004; Pathak et al., 2014).  
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Figure 4.11: Effect of pulp density with GSL at pH 10.2, 30 °C and 150 rpm for 14 days 
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Figure 4.12: Effect of time with GSL at 1% pulp density, pH 10.2, 30 °C and 150 rpm 

4.3.5 Studies on other process variables  

Variations to the process were investigated to determine if oxidation by bacteria could surpass the 

oxidation occurring in the control tests. Methods such as using a mixed culture, lowering the pH to 

9.5, and a 2-phase technique were used to improve the oxidation of the ore. A mixed culture of 

bacteria was tested because it could lead to increased oxidation due to the combination of their 

oxidizing characteristics and bacterial synergism (Bacelar-Nicolau and Johnson, 1999b; Mahmoud 

et al., 2017). However, both tests were only able to oxidize approximately 23%. Lowering the pH 

to 9.5 where their maximum growth was achieved, was to test if more bacterial growth increased 

oxidation. These tests were also unsuccessful as approximately 22% and 12% of the ore was 

oxidized with Tv. versutus and Tm. aerophila, respectively. A 2-phase technique to initially oxidize 

the pyrite abiotically to transform the toxic sulfur compounds to less toxic intermediates was 

performed. Subsequently, biotic oxidation was performed by microorganisms to more easily utilize 

the sulfur intermediates to increase oxidation (De Graaff et al., 2012; Pirieh and Naeimpoor, 2019). 
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oxidation, 3% higher than the original test seen in Figure 4.7A. Although higher oxidation was 

achieved, the control tests were still more effective at oxidizing GSL.  

Further, methods such as limiting oxygen to the system and eliminating any potential contaminants 

by washing the ore with ethanol and thymol (bactericide), were investigated with no success. 

4.4 Oxidation of EQ2 

Investigations with another pyrite concentrate were conducted to understand the enhanced 

oxidation in the control experiments which are presented in Figure 4.13. EQ2 was another pyrite 

ore with approximately half the sulfur content as GSL (11%). However, the problem persisted as 

the experiments revealed that the control tests consistently had higher oxidation efficiencies than 

the bacterial tests. The control tests had chemically oxidized 54% of the pyrite compared to Tv. 

versutus and Tm. aerophila tests which had oxidized approximately 44% and 42%, respectively.  

This may be explained due to the high sulfur content or from the high concentration of arsenic 

(3350 ppm) which is toxic to most microorganisms (Cervantes et al., 1994; Das et al., 2013; 

Podol’skaya et al., 2002). The changes in the pH, ORP, and DO were similar to the results from 

GSL. Both bacteria increased their pH while the control test reduced pH after oxidation. This 

suggests that the bacteria continued to grow which increased pH and sulfuric acid reduced pH in 

the control test. The ORP and DO values followed the same trends as the tests from GSL, however, 

ORP was higher at the end of the tests for EQ2. These differences may be due to the minerology 

of the ore as EQ2 contained half of the sulfur content of GSL which resulted in higher oxidation 

occurring readily. 
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Figure 4.13: EQ2 oxidation at 1% pulp density and changes in pH (B), ORP (C), and DO 

(D) at pH 10.2 for 14 days at 30 °C and 150 rpm.  
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4.5 Bottle Roll tests 

To further comprehend the enhanced oxidation in the control tests, bottle roll tests were performed 

with COREM. This pyrite concentrate had the lowest total sulfur content (5.7%) which should have 

the least toxic impact on the bacteria. These experiments were scaled-up to 5% pulp density in 1 L 

sterile reactors, were run for 2 weeks at ambient temperature, and rolled at 40 rpm. The media was 

replaced after one week with new fully grown bacteria. However, the same pattern was observed 

in Figure 4.14 as enhanced oxidation was observed in the control tests. The oxidations of the ore 

were approximately 21, 16, and 19% for the control, Tv. versutus and Tm. aerophila, respectively. 

However, unlike the previous experiments, Tm. aerophila had better results than Tv. versutus. This 

may be due to their physiological characteristics regarding dissolved oxygen as the reactor was 

sealed during the experiment. Therefore, it is proposed that the chemical oxidation performed by 

the carbonate effect predominates in the oxidation of pyrite minerals in the presence of sulfur-

oxidizing bacteria.  

 

Figure 4.14: Bottle roll tests with COREM at 5% pulp density, 500 mL solution, ambient 

temperature, and 40 rpm for 2 weeks.  
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4.6 Investigations on the Carbonate Effect 

The results previously mentioned demonstrate the reduced oxidation of pyrite in carbonate 

solutions in the presence of alkaliphilic sulfur oxidizing bacteria. It is proposed in this study that 

the bacteria attach to the surface of pyrite preventing the “carbonate effect” to occur to its full 

extent. “Contact leaching” refers to the attachment of sulfur-oxidizing microorganisms onto the 

pyrite surface due to their extracellular polymeric substances (Dong et al., 2020; Gehrke et al., 

1998; Mahmoud et al., 2017; Sand et al., 2001; Sand and Gehrke, 2006; Vera et al., 2013b). This 

layer of bacteria would hinder the oxidation of pyrite reducing the exposure of the surface to 

chemical oxidizing constituents and by blocking oxidant diffusion. The passivation of precipitates 

(iron oxides) resulting in low oxidation yield from pyrite in carbonate solutions has been previously 

reported (Caldeira et al., 2003; Descostes et al., 2002; Evangelou and Zhang, 1995).  

Chandra and Gerson (2010) confirmed that goethite (FeOOH) and hematite (Fe2O3) passivates on 

pyrite surfaces under neutral and alkaline conditions. However, at both high pH (pH 8 – 11) and 

carbonate concentrations (0.1-1 mol/L NaHCO3), there is a continuous removal of the passivation 

layer due to the presence of soluble ferrous iron carbonate complexes (Fe(CO3)2
2- and 

Fe(CO3)(OH)-) (Caldeira et al., 2010; Descostes et al., 2002; Evangelou and Zhang, 1995; Wu et 

al., 2021). These are the main species in Fe(II) oxidation in carbonate/bicarbonate solutions, which 

prevent the coating of complexes (Caldeira et al., 2010; Descostes et al., 2002). This was the 

environment the ore was exposed to as the initial pH and carbonate/bicarbonate concentration of 

the solution was approximately 10.0 and 0.3 M, respectively. Therefore, it is suggested that the 

continuous removal of the passivation layer from the carbonate effect may also prevent the coating 

of bacteria on the pyrite surface, preventing biooxidation from occurring.  

4.7 Chemical Oxidation with COREM 

COREM ore with a total sulfur content of 5.7% and gold concentration of 1.7 ppm was used to 

investigate the carbonate effect and gold recovery after oxidation. The experiments were performed 
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on heat plates in 500 mL flasks with 225 mL of solution agitated at 500 rpm. Air was supplied at 

0.1 L/min to provide oxygen to the system and since no bacteria were present, various 

temperatures (25 – 80 °C) and pulp densities (10 – 30 %) were studied.  

Initial studies on the carbonate effect were conducted by eliminating constituents in the DSMZ 925 

media to determine if their presence affected oxidation. All reagents (excluding sodium 

carbonate/bicarbonate) had minimal effects on pyrite oxidation except for thiosulfate, which 

reduced oxidation. Thiosulfate was more readily oxidized than sulfide because it was soluble in 

water and has an easier oxidation pathway as it is an intermediate product before forming sulfate 

as depicted in Equation 13 and 14. Therefore, the media was simplified to only sodium carbonate 

and bicarbonate in concentrations of 20 and 10 g/L, respectively.  

4.7.1 Effect of Temperature 

Experiments to investigate the effect of temperature were performed at 20% pulp density and at 25, 

35, 50, 65 and 80 °C for 7 days. As shown in Figure 4.15, temperature is a significant parameter in 

pyrite oxidation and a clear correlation is exhibited. Considerable oxidation was achieved in the 

first 24 h at all temperatures followed by minor oxidation for the remainder of the test. The most 

oxidation occurred at 80 °C in which 89% of COREM was oxidized in 7 days. Temperatures at 25, 

35, 50, and 65 °C oxidized 42, 47, 55 and 74%, respectively. Experiments at 90 °C were attempted, 

however the high loss of solution made it difficult to maintain a proper volume. The relationship 

between temperature and pyrite oxidation in carbonate solutions was in agreement with other 

studies (Ciminelli and Osseo-Asare, 1995; Li et al., 2006). Due to the buffering effect of the 

carbonates, the pH did not vary much for temperatures below 50 °C as shown in Figure 4.15B. 

However, there was a slight decrease in pH at 65 °C at the end of the test and a significant decrease 

at 80 °C at 120 h. Additional media was added to the experiments at 80 °C to raise the pH as more 

oxidation occurred as pH the was increased (Caldeira et al., 2010; Ciminelli and Osseo-Asare, 

1995; Li et al., 2006; Wu et al., 2021). No significant changes were seen in the ORP and DO plots 
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in Figure 4.15C and D, respectively. The ORP was positive indicating oxidation occurred and the 

DO generally decreased which correlated with the oxygen uptake required for oxidation.  

Further, the samples could be analyzed qualitatively by their colour both during and after oxidation. 

The iron precipitates formed during oxidation changed the solution to a reddish orange colour 

which became darker as higher oxidation was achieved. Figure 4.16 demonstrates the change in 

colour for a test at 80 °C as A was after 1 day (original colour of ore in solution), B after 2 days, 

and C after 7 days. Figure 4.17 shows the incremental colour differences in the final dry samples 

as the temperatures in the tests were increased. The precipitates were washed with HCl which 

removed the reddish orange colour, returning the sample to its grey colour.  

The particle size of the ore oxidized at various temperatures was investigated using LPSA analysis. 

The results shown in  

Table 4.1 presents a relationship as particle size decreased as higher oxidation was attained. This 

can be explained by the removal of sulfide matrices during oxidation. The starting particle size of 

COREM was 55 µm which was reduced to 44, 39, 39, 37 and 34 µm for the experiments at 25, 35, 

50, 65 and 80 °C, respectively. Although the difference in oxidation between 35 and 80 °C was 

approximately 47%, the particle size only decreased by 5 µm.  
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Figure 4.15: Effect of temperature and changes in pH (B), ORP (C), and DO (D) of 

COREM at 20% pulp density, air supplied at 0.1 L/min and 500 rpm for 7 days.  
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Figure 4.16: The change in colour of COREM in solution indicating oxidation. Pictured 

above is oxidation of a test at 80 °C, air supplied at 0.1 L/min and 500 rpm at 0 h (A), after 1 

day (B) and after 7 days (C).  

 

Figure 4.17: Colour change of the dry oxidized COREM samples of tests performed for 7 

days, air supplied at 0.1 L/min and 500 rpm at varying temperatures. The experiments were 

conducted at 25 (A), 35 (B), 50 (C), 65 (D) and 80 °C (E). 
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Table 4.1: LPSA analysis of COREM oxidized at various temperatures 

Test Temperature (°C) Particle Size (µm) 

Control 55 

25 44 

35 39 

50 39 

65 37 

80 34 

 

 

4.7.2 Complete Chemical Oxidation 

The maximum oxidation of COREM was achieved in 11 days at 80 °C, air was supplied at 0.1 

L/min and the solution was stirred at 500 rpm. As shown in Figure 4.18, the high oxidation was 

achieved in 24 h followed by slowing incremental increases. At 24, 72, 120, 168, 216, and 264 h, 

approximately 56, 64, 78, 89, 94 and 97 of the ore was oxidized, respectively. The difference in 

oxidation was only 5% and 3% for the last 3 kinetic samples.  
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Figure 4.18: Complete oxidation test with COREM performed at 80 °C, 0.1 L/min air and 

500 rpm for 11 days 

 

4.7.3 Effect of Pulp Density 

The pulp density was varied from 10 – 30% and the experiments were performed at 80 °C, air was 

supplied at 0.l L/min and the solution was stirred at 500 rpm for 3 days. Figure 4.19 exhibits the 

results at 10, 15, 20, 25, and 30% pulp density which oxidized approximately 78, 66, 58, 49 and 

38% of COREM, respectively. The lowest pulp density, 10%, had the highest oxidation which was 

expected as increasing pulp density decreases iron solubility which negatively impacts the 

carbonate effect (Acevedo et al., 2004; Caldeira et al., 2010; Pathak et al., 2014). The oxidation 

pattern was similar to previous tests where initial oxidation was significant but diminished after 24 

h. The experiments at 25 and 30% pulp density only had a 2% increase in oxidation from 48 to 72 

h.    
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Figure 4.19: Pulp density tests with COREM at 80 °C, 0.1 L/min air and 500 rpm for 3 days 

4.7.4 Investigations with other Media  

To achieve higher oxidation, the media was altered in three ways. The experiments were conducted 

for 3 days, at ambient temperature, 500 rpm and 10% pulp density. The media was changed by 

doubling the concentration of carbonates/bicarbonates (“Media x2”), removing the bicarbonate 

(“Carbonate”), and removing the bicarbonate (“Carbonate x2”) but doubling the carbonate 

concentration. These were compared against the “control” tests (“Media”) which was the simplified 

media used for the previous chemical oxidation experiments. As shown in Figure 4.20, the regular 

media resulted in 23% oxidation which was enhanced to 31% by doubling the reagent 

concentration. The “Carbonate” and “Carbonate x2” experiments had 25 and 27% oxidation, 

respectively. These preliminary results indicated higher concentrations of carbonate/bicarbonate in 

solution increased oxidation, therefore this media was studied at 80 °C, 20% pulp density, 500 rpm, 

and air supplied at 0.1 L/min for 7 days (Figure 4.21). Experiments with no bicarbonates in the 
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media were not conducted with these parameters as the buffer could not be maintained from the 

acid produced during oxidation.  

The results from Figure 4.21 revealed higher oxidation was achieved for the control media over the 

entire experiment. There was no indication as to why more oxidation was achieved as 

approximately 8% more oxidation occurred as shown in Figure 4.20. The reduced oxidation may 

be due to the higher temperature or excess formation of sodium chloride. Reimers and Franke 

(1991) studied the effects of additives on pyrite oxidation and reported that sodium bicarbonate 

reduced oxidation at higher temperatures and sodium chloride reduced oxidation by 20%.  

Experiments with calcium hydroxide were performed, however, it could not chemically oxidize the 

ore as well as the carbonate/bicarbonate media. This can be explained by the passivation from the 

formation of calcite and dolomite reducing oxidation (Bidari and Aghazadeh, 2018b). 

 

 

Figure 4.20: Oxidation with other media with COREM at ambient temperature for 3 days, 

10% pulp density and 500 rpm. 
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Figure 4.21: Oxidation of COREM comparing the original and altered media at 80 °C, 20% 

pulp density, air supplied at 0.1 L/min and 500 rpm for 7 days.  

 

4.8 XRD and SEM Studies 

The identification of materials in COREM were identified using XRD analysis before oxidation, 

after oxidation, and after acid washing of the completely oxidized ore as seen in Figure 4.22. The 

majority of initial minerals were quartz, pyrite and illite. After oxidation, the minerals were mostly 

composed of quartz and illite. The absence of pyrite in the analysis suggested all of the sulfide 

mineral was oxidized. After the ore was acid washed, only quartz, illite, and kaolinite were detected 

which suggested magnetite was removed during HCl leaching.  

Figure 4.23 presents the surface morphology of COREM before oxidation, after oxidation, and after 

acid wash using SEM imaging. The unoxidized ore in Figure 4.23A had a relatively smooth surface 

with minimal indication of passivating elements. However, pyrite minerals were passivated with 

precipitates in the oxidized ore as seen in Figure 4.23B. Acid washing of the ore removed these 

precipitates and left the minerals with significant inclusion pits (Figure 4.23C).  
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Figure 4.22: XRD analysis of COREM for the original ore (A), completely oxidized ore (B), 

and residue after HCl leaching (C). 
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Figure 4.23: Surface morphology of COREM before oxidation (A), after oxidation (B), and 

after acid washing (C) of the completely oxidized ore. 

4.9 Gold Recovery 

The recovery of refractory gold from COREM was investigated by applying conventional 

cyanidation techniques to the oxidized ore. The results as displayed in Figure 4.24 which also 

includes a “control” experiment which was unoxidized ore. The control and samples oxidized at 

25, 35, 50, 65, and 80 °C had gold recoveries of approximately 8, 21, 34, 66, 81 and 89%, 

respectively. High gold recovery was achieved without the use of NaOH, excessive oxygen 

supply or in a pressurized system (Bidari and Aghazadeh, 2018a; Li et al., 2006; Melashvili et al., 

2016). Therefore, there was a positive correlation between chemical oxidation from the carbonate 

effect and gold recovery.  
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Figure 4.24: Gold recovery by cyanidation of COREM chemically oxidized at varying 

temperatures, 20% pulp density, air supplied at 0.1 L/min and 500 rpm for 7 days.  
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Chapter 5 

Conclusion and Recommendations 

Tm. aerophila and Tv. versutus are halo-tolerant and chemolithoautotroph bacteria previously used 

in desulfurization processes. They had optimal growth at pH 9.5 using DSMZ 925 media. 

Maximum growth was observed at 24 and 48 h for Tv. versutus and Tm. aerophila, respectively. 

Growth in media replacing carbonate/bicarbonate with phosphate, ammonium, and glycine-sodium 

hydroxide were attempted, however were unsuccessful. For future investigations, sodium salts are 

recommended as the bacteria require a certain concentration of sodium ions for growth.  

Na2S oxidation tests were effectively performed with both bacteria as approximately 96% was 

oxidized in 7 days starting with an initial sulfur concentration of 1000 mg/L. The control test (no 

bacteria) only oxidized 38% of the sulfur indicating the bacteria were responsible for 58% of the 

oxidation. To further understand the oxidative abilities of the bacteria in aqueous solutions, the 

concentration of sulfur can be increased or experiments to investigate the optimal residence time 

can be performed.  

Oxidation tests with GSL (23.4% total sulfur content) were performed with Tv. versutus and Tm. 

aerophila oxidizing 34 and 23%, respectively. Comparatively, more oxidation occurred in the 

control test at 37% which was dissimilar to the patterns in the Na2S experiments. The control test 

had a larger drop in pH and a more positive ORP which suggested more oxidation occurred. This 

may have been due to the toxic environment due to the high sulfur content in the sample or non-

optimal parameters. Experiments were conducted to assess the effect of temperature and reduced 

thiosulfate concentration in the media, however the control test outperformed the tests with 

bacteria. No previous oxidation studies were performed with these bacteria on ore samples, 

therefore procedures such as adapting the bacteria to solids or altering the concentration of reagents 

in the media may increase oxidation.  
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Experiments with EQ2 (11.0% total sulfur content) were conducted as it had half the total sulfur 

content of GSL which reduced the extent of sulfur toxicity. Although the sulfur content was 

approximately half of GSL, the results were similar as the control, Tv. versutus, and Tm. aerophila 

oxidized 54, 44 and 42%, respectively. Further, the patterns in the pH, ORP and DO were similar 

to GSL. This suggests that the chemical reagents were outperforming the bacteria.  Therefore, to 

reduce the toxic element and to increase the volume of the reactors, bottle roll tests were performed 

with COREM (5.7% total sulfur content). These experiments resulted in the same conclusion with 

the control test oxidizing more than the bacteria inoculated tests. The control, Tv. versutus, and Tm. 

aerophila oxidized the ore for 21, 16 and 19%, respectively. The only difference noted in these 

tests was that Tm. aerophila has better oxidation values than Tv. versutus which have not been 

observed previously. This may be due to their physiological nature as the bottle roll did not have 

an opening for air to freely pass through. The oxidation in the bacterial tests may be improved if 

the bacteria were put into their optimal temperature for growth at 30 °C, instead of the ambient 

temperature it was conducted at. Other strains of Tv. versutus and Tm. aerophila or species of 

Thioalkalivibrio and Thiomicrospira should be investigated as they have great oxidative 

capabilities. Further, alkaline microorganisms with the ability to utilize sulfur for growth may 

perform better than the Tv. versutus and Tm. aerophila used for this investigation. 

The carbonate effect was evident as experimentation with three different pyrite concentrates all 

resulted in the same conclusion. Therefore, it was suggested that the carbonate effect hindered the 

oxidation of pyrite by preventing the bacteria from attaching to the surface of the particles. The 

formation of iron precipitates such as goethite and hematite are known to passivate on the surface 

during chemical oxidation.  

Chemical oxidation tests were conducted with only carbonates and bicarbonates in solution as the 

other reagents were not necessary for the carbonate effect. Air was supplied at 0.1 L/min to provide 

oxygen to the experiments. The objective was to determine if more oxidation correlated with higher 
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gold recoveries. Initially, the effect of temperature was investigated by performing tests for 7 days 

at 25, 35, 50, 65, and 80 °C which resulted in 42, 47, 55, 74 and 89% oxidation, respectively. It 

was determined that 80 °C was the optimal temperature for chemical oxidation as higher 

temperatures were difficult to maintain due to the evaporation of water. Qualitative analysis was 

performed as the iron precipitates formed during oxidation turned the ore into a reddish orange 

colour which got darker as more oxidation occurred. The particle size of the ore was measured by 

LPSA analysis after oxidation. COREM ore had an initial particle size of 55 µm which was reduced 

to 44, 39, 39, 37, and 34 µm for experiments at 25, 35, 50, 65 and 80 °C, respectively. It was 

concluded that more oxidation led to smaller particle sizes as the sulfide matrices were degraded. 

Investigations on the complete oxidation of COREM were performed at 80 °C. After 11 days, 97% 

of the ore was oxidized.  

The effect of pulp density was explored in case the experiments were scaled up. Tests with pulp 

densities of 10, 15, 20, 25, and 30% oxidized approximately 78, 66, 58, 49 and 38%, respectively. 

The pattern of decreasing oxidation with higher pulp densities has been previously noted in other 

studies.  

Oxidation studies in altered media with various concentrations of carbonates and bicarbonates were 

performed. Doubling the concentration of carbonate/bicarbonate initially had more oxidation than 

at the original concentration at a smaller scale and at ambient temperature, therefore full-size tests 

were performed at 80 °C. However, the results exhibited lower oxidation for the double 

concentrated media although it achieved approximately 8% more oxidation at ambient temperature. 

This may be due to the high concentration of sodium bicarbonate which can reduce oxidation at 

higher temperatures. Chemical oxidation should be performed with other reagents (i.e. NaOH) for 

comparison and should be scaled-up to simulate a heap leach scenario.  

The completely chemically oxidized COREM was analyzed quantitatively with XRD which 

indicated all pyrite was removed after oxidation. Further, qualitative analysis by SEM imaging 
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showed that the pyrite minerals passivated with precipitates after oxidation (due to the carbonate 

effect) and removal of sulfide matrices (inclusion pits on the ore surface) after acid wash.  

Increased gold recovery was observed in all chemically oxidized samples compared to the 

unoxidized ore. Maximum gold recovery was recorded at 89% compared to the control test which 

had a gold recovery of only 8%. 
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