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Abstract 

Pyrite is an important mineral due to its ability to contain high concentrations of gold. Unfortunately, pyrite 

does not typically allow for conventional gold leaching, and often an oxidative pre-treatment process must 

be applied in order to recover the refractory gold. Oxidative pre-treatments exist in a variety of forms 

categorized under either pyrometallurgical or hydrometallurgical processes. Further hydrometallurgical 

pre-treatment methods must be investigated in order to meet the current demands of the industry due to the 

ever changing types of gold deposits. This study investigates the effectiveness of two carbon-based 

oxidation rate enhancing additives, Lewatit® AF 5, a micro/mesoporous carbonaceous bead, and granular 

coconut shell activated carbon in the atmospheric oxidation of pyrite and their ability to promote elemental 

sulphur generation rather than sulphuric acid. Pyrite oxidation in the absence of the carbon additives was 

60% after 96 h, with elemental sulphur yields ranging between 16% and 28%. Under the same test 

conditions, oxidation tests assisted by AF 5 resulted in approximately 96% pyrite oxidation with elemental 

sulphur yields ranging between 54% and 63%, while activated carbon assisted oxidation reached virtually 

100% pyrite oxidation with elemental sulphur yields between 53% and 54%. AF 5 indicated superior 

mechanical properties and elemental sulphur retention when compared to activated carbon, resulting in its 

choice for an additional parameters study. Characterization of the two carbon additives indicated the 

presence of amino acid group L-cystine on AF 5, absent from activated carbon, which was believed to 

promote the sulphur retention observed with AF 5. Parameters testing indicated that AF 5 was a versatile 

additive to atmospheric pyrite oxidation as elemental sulphur yield and oxidation was not greatly impacted 

by varying parameters when AF 5 was present. The highest oxidation and elemental sulphur yields were 

achieved at a concentrate to carbon additive ratio of 1:2 and a temperature of 90 oC, however. A final study 

conducted using polyethylene terephthalate (PET) and high-density polyethylene (HDPE) doped with L-

cystine did indicate that L-cystine did enhance elemental sulphur retention, and helps to explain AF 5’s 

sulphur retention. 
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Chapter 1 

Introduction 

Sulphide minerals, including pyrite, have been proven to contain high concentrations of refractory 

gold (Chryssoulis and Cabri, 1990). In order to retrieve this refractory– or “difficult to treat” –gold, 

an oxidative pre-treatment must be applied to the sulphide prior to conventional recovery methods. 

During oxidative pre-treatment, gold-bearing sulphides are oxidized (decomposed), exposing the 

encapsulated gold particles, permitting conventional gold extraction downstream (Aylmore and 

Jaffer, 2012). One common method of oxidizing pyrite and other sulphide-minerals is through high 

temperature and high pressure (HT/HP) oxidation within suitable vessels called autoclaves. The 

HT/HP process kinetics are very fast, taking only 1-2 hours (Marsden and House, 2006). 

Unfortunately, HT/HP oxidation presents high capital and operational costs, as well as 

environmental concerns (Hourn et al., 1999; Marsden and House, 2006). The major downfall of 

HT/HP oxidation is that the majority of sulphur is oxidized to sulphate (Hourn et al., 1999). 

Oxidation to sulphate has several disadvantages including the environmental concern of the 

formation of sulphuric acid, as well as the added costs in neutralizing agents to counteract acid 

generated (Hourn et al., 1999). 

 

The goal of this research project is to investigate a sustainable atmospheric oxidative pre-treatment 

process to be applied to pyrite ores and concentrates. This process will operate at atmospheric 

pressure and should result in a maximum elemental sulphur yield, thus minimizing sulphuric acid 

production. The process must offer fast kinetics making it economical, while lowering capital and 

operating costs, by eliminating HT/HP autoclaves. The process should also show a reduction in 

oxygen consumption, and a large reduction in acid generation when compared to HT/HP oxidation, 
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reducing the environmental impact. A large portion of the project will involve studies on the impact 

of carbon-based additives in assisting atmospheric pyrite oxidation in acidic ferric sulphate media.    
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Chapter 2 

Literature Review 

2.1 Refractory materials 

It is well known that pyrite is an important sulphide mineral within the gold industry due to its 

affiliation with invisible gold and its ability to contain invisible gold concentrations as high as 132 

g/t (Chryssoulis and Cabri, 1990). As a result, ores composed of only a small amount of pyrite still 

have the ability to contain high gold grades. Unfortunately, this invisible or refractory gold cannot 

be accessed via conventional gold leaching processes, such as cyanidation, and additional oxidative 

pre-treatment is required (Marsden and House, 2006). 

 

2.2 Oxidative pre-treatments 

Oxidative pre-treatments are dependent on the refractory material itself, and as a result there are a 

variety of options currently applied at a commercial level. The pre-treatment methods available can 

be categorized within one of two streams: pyrometallurgical or hydrometallurgical. 

 

2.2.1 Pyrometallurgical oxidative pre-treatment 

Pyrometallurgical pre-treatment in the form of roasting has been in practice globally for decades 

and proven to be highly effective for refractory sulphidic, arsenical, carbonaceous and telluride 

ores. The overall reaction for pyrite oxidation via roasting is presented in Equation 1. 

 
2FeS2 +

11

2
O2 ↔ Fe2O3 + 4SO2 

1 

 

The sulphur dioxide generated by roasting can be retrieved and converted into sulphuric acid, 

reducing gas emissions, however increased environmental legislations and high capital costs 
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associated with roasters, have led to further development of hydrometallurgical processes. Roasting 

will continue to be a pre-treatment option, however the process can become uneconomic with 

diminishing gold grades, variable gold prices and further environmental requirements. 

 

2.2.2 Hydrometallurgical oxidative pre-treatment 

The increase in environmental legislations have generated difficulties in opening new roasting 

facilities. Instead, in recent decades the focus has been on developing and implementing 

hydrometallurgical methods that provide a more sustainable solution to roasting. There are many 

hydrometallurgical pre-treatment processes including but not limited to HT/HP oxidation, 

biological leaching, nitric acid oxidation, chlorination and fine grinding. Examples of some of these 

processes are outlined in Table 2-1.  
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Table 2-1 Summary of primary sulphide leaching processes. 

Process Status 
Temp 

(°C) 

Pressure 

(kPa) 

P80 

(μm) 
Special Conditions Reference 

Activox Demonstration 110 1000 5 - 10 
Fine grinding and high oxygen overpressure 

prevent chalcopyrite passivation 
(Corrans and Angove, 1993) 

Albion Pilot Plant 85 100 5 - 20 
Atmospheric ferric leaching of ultrafine 

concentrate in either acidic or alkaline leach 

(Hourn et al., 2005; Hourn and 

Turner, 2012; Voigt et al., 2015) 

Biotech/Mintek Pilot Plant 35 100 5 - 10 
Low temperature bioleaching with very fine grind 

to prevent chalcopyrite passivation 

(Miller and Winby, 1997; Neale et 

al., 2000) 

BIOCOPTM Commercial 80 100 37 
High temperature leach catalyzed by thermophilic 

bacteria 
(Batty and Rorke, 2006) 

CESL Commercial 150 1378 37 
Leach of chalcopyrite catalyzed by chloride 

producing copper sulphate precipitate in autoclave 

(Defreyne et al., 2004; Mayhew et 

al., 2013) 

Dynatec Pilot Plant 150 1213 37 Coal added to assist chalcopyrite leaching (Stiksma, J. et al., 2000) 

FLSmidth® 

ROL 
Pilot Plant 85 100 40 Inter-stage grinding with chemical pre-activation (Ghahreman, 2018) 

Freeport 

McMoran 

HTPOX 

Commercial 220 3240 40 
Pressure and temperature achieve high sulphide 

oxidation and Cu and Au (in residue) recovery  
(Ghahreman, 2018) 

Freeport 

McMoran Lite 
Commercial 195 2230 40 

Pressure and temperature achieve high sulphide 

oxidation and Cu and Au (in residue) recovery 
(Ghahreman, 2018) 

Freeport 

McMoran 

MTPOX 

Pilot Plant 160 2230 5 - 20 
Medium temperature pressure oxidation, 

consumes acid and less oxygen than HTPOX  
(Ghahreman, 2018) 

Mt. Gordon Commercial 90 806 100 
Pressure oxidation of chalcocite/pyrite ore or bulk 

concentration in an iron sulphate rich electrolyte 

(Dreisinger et al., 2002; Richmond 

and Dreisinger, 2003) 

Sepon Copper Commercial 
80-Cu 

220-FeS2 

100 

3240 

100 

50 

Fe3+ leach of Cu from chalcocite. Pressure 

oxidation of FeS2, acid and Fe2(SO4)3 used for Cu 

leach 

(Baxter et al., 2003) 

PLATSOL Pilot Plant 220 - 230 3240 15 
Pressure oxidation in the presence of 10 - 20 g/L 

NaCl. Precious metals leached with base metals 
(Ferron et al., 2001) 

Total Pressure 

Oxidation 
Commercial 225 3240  37 

Pressure and temperature achieve rapid 

chalcopyrite and other sulphide destruction 

(Dreisinger, 2006; King and 

Dreisinger, 1995; Marsden et al., 

2003) 
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2.2.3 HT/HP oxidation 

HT/HP oxidation is a proven process reaching desirable recoveries with fast oxidation kinetics 

(approximately a 1-2 h process), resulting from the increased temperatures and pressures, allowing 

for an increase in dissolved oxygen (Marsden and House, 2006). HT/HP oxidation is generally 

applied to sulphidic and arsenical ores and occurs within large autoclaves containing either acidic 

(for high sulphide and low carbonate materials) or basic media (for low sulphide and high carbonate 

materials). Above 170 ºC in oxidizing conditions sulphide will be irreversibly oxidized to form 

sulphate as follows: 

S2− + 2O2 → SO4
2− 2 

 

The reaction presented in Equation 2 will occur within autoclaves as they operate above 170 oC, 

generating sulphuric acid, however the oxidation of pyrite will also produce sulphuric acid as 

shown below in Equations 3, 4 and 5: 

 2FeS2 + 7O2 + 2H2O → 2FeSO4 + 2H2SO4 3 
 
 4FeSO4 + 2H2SO4 + O2 → 2Fe2(SO4)3 + 2H2O 4 

 
 Fe2(SO4)3 + 3H2O → Fe2O3(↓) + 3H2SO4 5 

 

It is evident from Equations 3, 4 and 5 that for the oxidation of 1 mole of pyrite, approximately 

3.75 moles of oxygen are consumed and 2 moles of sulphuric acid are produced. The production 

of sulphuric acid results in a necessary neutralization process prior to downstream cyanidation, 

adding neutralizing reagents to the operating cost of the process. Neutralization also produces a 

high volume of gypsum which must be handled.  A large cost associated with the operation of the 

autoclaves is the oxygen consumption, as approximately 4 moles of oxygen are required to convert 

1 mole of pyrite. In 2013 Barrick’s Goldstrike autoclave circuit operated at $47 per ton with an 

average throughput of 12,000 tons per day, meaning a cost of approximately $564,000 per day 
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(Cole, 2014). On top of high operating costs associated with autoclaves, they are capitally 

expensive as autoclaves must be built to withstand temperatures and pressures ranging roughly 

between 180 and 225 oC and 1,500 and 3,200 kPa respectively (Marsden and House, 2006). It has 

become a concern within the gold mining industry that HT/HP autoclave leaching may not remain 

a viable oxidative pre-treatment method with declining gold grades, and a volatile gold price that 

may lead to an uneconomic process. 

2.2.4 Medium temperature pressure oxidation 

Although sulphuric acid is generated in HT/HP oxidation, it has been well documented that 

oxidizing sulphides in medium temperatures (< 170 oC) will produce elemental sulphur (Filippou 

et al., 1997; McDonald and Muir, 2007; Papangelakis and Demopoulos, 1991). Papangelakis and 

Demopoulos (1991) studied the pressure oxidation of pyrite at temperatures between 140 and 180 

oC. At temperatures below 160 oC it was reported that elemental sulphur formation occurred and 

resulted in the blocking of the pyrite surface, hindering oxidation well before completion was 

achieved. At 140 oC only 50% oxidation was accomplished after 2 h. Above 160 oC pyrite oxidation 

was not hindered and complete oxidation was experienced. The authors related this partially due to 

the physical property changes that liquid sulphur experiences around 160 oC (Papangelakis and 

Demopoulos, 1991).  

 

McDonald and Muir (2007) investigated the oxidation of chalcopyrite under pressure at 108 oC. It 

was reported that decreasing temperature from high temperatures above the melting point of 

sulphur (180 – 220 oC) to 100 – 110 oC hindered chalcopyrite oxidation due to passivation caused 

by the formation of elemental sulphur. In order to optimize oxidation at a temperature of 108 oC 

and prevent passivation, ultra-fine grinding (5 – 15 μm) was incorporated. Copper extraction of 

94% was achieved after 10 – 30 min of pressure oxidation at 108 oC with oxidation of sulphide to 
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elemental sulphur between 80 – 90%. At temperatures of 180 oC and above sulphide was 

exclusively oxidized to form sulphate (McDonald and Muir, 2007).   

 

It is evident that pressure oxidation can be altered using medium temperatures to promote elemental 

sulphur generation over sulphate, however the generation of elemental sulphur in autoclaves poses 

issues such as passivation of the mineral surface, and sulphur in the residue consuming cyanide 

downstream in conventional gold leaching. The issue of sulphur passivating the mineral surface 

can be addressed by the fine grinding of the sulphide, however sulphur may still need to be removed 

from the residue. 

2.2.5 Atmospheric biological leaching  

Biological atmospheric leaching is another option for the oxidative pre-treatment of refractory 

sulphides. Biological leaching can take place as heap leaching or atmospheric tank bio-oxidation. 

Tank bio-oxidation is more applicable to the research involved in this study. The process 

incorporates the use of thermophilic and/or mesophilic iron and sulphur-oxidizing bacteria acting 

as a catalyst to drive the oxidation of sulphides. Current bacterial oxidation processes include the 

BIOX® process (Dymov et al., 2004) and the BacTech/Mintek process (Miller and Winby, 1997; 

Neale et al., 2000), which have been proven to work on the commercial level. Generally, these 

processes are applied to refractory gold ores with a low sulphide concentration. This is because the 

overall process is acid generating and neutralizing reagents are required, as demonstrated in 

Equation 6: 

 4FeS2 + 15O2 + 2H2O → 2Fe2(SO4)3 + 2H2SO4 6 
 

As a result, if the sulphide content is too high, the reagent costs to neutralize the acid produced 

outweigh the profits to be made. The process is only considered economic if the gold grade to 

sulphide grade ratio is greater than 0.7, as demonstrated in Equation 7 (van Aswegen et al., 2007). 
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 Gold grade (g/t)

Sulphur grade (%)
> 0.7  

7 

 

An example of atmospheric bacterial leaching is the BacTech/Mintek process. The 

BacTech/Mintek process consists of biologically leaching metal from sulphide minerals within an 

aerated and agitated biological reactor (D’Hugues et al., 2002). The bacteria used in the process 

will depend on the specific characteristics of the mineral/ore being leached. However, generally a 

moderately thermophilic or a mesophilic bacteria culture operating within the range of about 37 to 

50 oC is used (Neale et al., 2000). The temperature range of the BacTech/Mintek process leads to 

one of its benefits in comparison to other bioleach operations, as there is a reduced heat load 

requiring removal from the exothermic reactions (Miller and Winby, 1997). The process is operated 

at a relatively low pH for both bacteria cultures. Early testwork on the leaching of chalcopyrite 

performed by BacTech, using moderately thermophilic bacteria, maintained a pH range between 

0.8 and 2.0 (Miller and Winby, 1997). The reactions involved in the leaching of chalcopyrite during 

this testwork are as follows: 

  4CuFeS2 + 17O2 + 2H2SO4 → 4CuSO4 + 2Fe2(SO4)3 + 2H2O 8 

 CuFeS2 + 2Fe2(SO4)3 → CuSO4 + 5FeSO4 + 2S 9 

 2S + 3O2 + 2H2O → 2H2SO4 10 

 

The ferric sulphate required in Equation 9 is generated by the bacterial oxidation of ferrous sulphide 

as follows: 

 4FeSO4 + O2 + 2H2SO4 → 2Fe2(SO4)3 + 2H2O 11 

 

The testwork by BacTech concludes that the process is capable of obtaining copper recoveries up 

to and exceeding 98% for a variety of concentrates, ranging from 4.7% to 42% copper. It is 
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important to note that this testwork was conducted in 1.5 L, aerated, mechanically agitated, reactor 

vessels (Miller and Winby, 1997), however the process has been applied commercially.  

 

The BacTech/Mintek Process has shown promise since 1995, when BacTech successfully 

commercialized the use of bacteria for the oxidation of refractory gold ores at the Youanmi mine 

(Miller and Winby, 1997). Since then, the process has been modified and used for different 

applications such as the extraction of copper from chalcopyrite at temperatures up to 70 oC (Gericke 

and Pinches, 1999). BacTech and Mintek once operated as two different entities, developing their 

own technologies relating to bacterial oxidation of metal ores, however in 1997, the two joined 

forces (Neale et al., 2000). The two worked together to create a bacterial-oxidation plant for 

Beaconsfield gold mine in Tasmania, Australia (Neale et al., 2000).  

 

During the Beaconsfield project, two bacterial cultures were considered, Mintek’s mesophilic iron- 

and sulphur-oxidizing culture, working within the range of 37 to 43 oC, and BacTech’s moderately 

thermophilic iron- and sulphur-oxidizing culture, working between 45 and 50 oC (Neale et al., 

2000). Mintek’s mesophilic bacteria was selected for the Beaconsfield project due to its proven 

ability to operate at a low pH level in the presence of a high iron concentration (Neale et al., 2000). 

Piloting testwork found 98% sulphide oxidation, indicating a possible sulphide oxidation level of 

95% at the design level with a residence time of around four days (Neale et al., 2000). As of early 

June 2000, the Beaconsfield bacterial oxidation plant was operating at a throughput of 2.1 t/h of 

concentrate, slightly under the desired throughput of 2.44 to 2.84 t/h, due to mechanical failures 

experienced on the agitators within the primary bacterial-oxidation reactors (Neale et al., 2000).  
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2.2.6 Nitric acid oxidation 

Nitric acid has been investigated as a potential oxidant for the treatment of refractory pyritic and 

arsenopyritic ores and concentrates since the 1980s. It is capable of achieving the fastest kinetics 

of all of the other pre-treatment methods discussed, however the process is relatively expensive and 

complex (Marsden and House, 2006). 

 

Nitric acid processes that have been investigated and patented include: the Arseno, Nitrox, nitrogen 

species-catalyzed (NSC also referred to as Sunshine), and Redox processes. The Sunshine mine in 

Idaho has used a nitric-sulphuric acid pressure oxidation (NSC) process since 1984. However this 

process is principally used for silver and copper recovery from refractory concentrates (Anderson 

et al., 1996). Although there are many processes, very few have been applied commercially due to 

the complex nature of the processes and the high costs associated with them. As of 2006, only the 

NSC process at Sunshine mine had been applied commercially (Marsden and House, 2006). 

 

While many different processes exist, the chemical reactions involved are generally similar. Nitric 

acid completely dissociates in water: 

 HNO3 ↔ H+ + NO3
− 12 

 

The nitrate ion produced is an oxidizing agent, can be subjected to multiple redox reactions. In 

some cases a nitrite species can be formed (HNO2). Sulphide minerals will be oxidized by both 

nitrate and nitrite, nitrite being the stronger oxidant (Marsden and House, 2006). Peters discussed 

that the oxidation mechanism likely occurs through an intermediate species (NO+) which is much 

more reactive than nitrate and nitrite (Peters, 1992). 
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Nitrous oxide (NO) is the major reduction product, while other products include nitrogen dioxide 

(NO2), dinitrogen (N2O), dinitrogen tetroxide (N2O4) and nitrogen (N2). Gaseous nitrous oxide 

reacts quickly with oxygen to form nitrogen dioxide, which is soluble in water, nitrous and nitric 

acid regeneration can occur as follows (Marsden and House, 2006):   

2NO + O2 ↔ 2NO2 13 

2NO2 + 2H2O ↔ HNO2 + HNO3 14 

N2O4 + H2O ↔ HNO2 + HNO3 15 

6NO2 + 2H2O ↔ 4HNO3 + 2NO 16 

 

As demonstrated in Equations 13 to 16, the reagents are regenerated and as a result the process is 

very efficient. In fact approximately 99% of NOX gases produced are recycled (Marsden and House, 

2006).  

 

There are many advantages of using nitrate/nitrite ions over oxygen for sulphide oxidation. Such 

advantages include, a higher solubility of nitrogen dioxide in aqueous systems, the regeneration of 

the oxidant in the gaseous phase and a higher redox potential improving reaction kinetics (Marsden 

and House, 2006). 

 

The oxidation of pyrite via nitric acid can be written overall as seen in Equation 17:  

2FeS2 + 10HNO3 ↔ 2Fe3+ + 2H+ + 4SO4 
2− + 10NO + 4H2O 17 

 

The reaction observed in Equation 17 proceeds very quickly above 60 oC and at pH values less than 

1.7. Also at concentrations of nitric acid above 50 g/L minimal elemental sulphur is produced, 

however as the concentration decreases elemental sulphur increases and at low temperatures 

maximum elemental sulphur is achieved (Anderson et al., 1996; Beattie and Ismay, 1990; Marsden 

and House, 2006). 
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2.2.7 The Albion process 

The Albion process was developed by Xstrata Technology (now Glencore Technology) and 

consists of ultra-fine grinding (usually 80% passing 20 µm or less), followed by oxidative leaching 

at atmospheric pressure in open tanks (Hourn et al., 2005; Hourn and Turner, 2012; Voigt et al., 

2015). The process was originally intended for the recovery of base metals as well as precious metal 

by-products via an acidic process. During process development however, it was discovered that 

pyrite oxidation could be achieved more effectively under alkaline conditions. The discovery of the 

beneficial alkaline conditions lead to the simultaneous development of “The Acid Process” for 

recovery of base metals such as copper, zinc, nickel and cobalt from sulphide concentrates, and 

“The Alkaline Process” for recovery of precious metals (gold, silver and platinum group metals) in 

refractory materials (Hourn et al., 2005).  A general flowsheet of the Albion Process is provided in 

Figure 2-1. 
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Figure 2-1 Generalized flow sheet of the Albion Process, preceded by flotation and followed 

by either base metal recovery or gold cyanidation (Hourn et al., 2005). 

 

The initial step of the Albion Process is ultrafine grinding, regardless of the oxidative leach being 

acidic or alkaline. Ultrafine grinding, usually to P80 of 20 μm or less applies high strain to the 

mineral lattice, which in turn activates the mineral and greatly enhances the surface area of the 

concentrate (Hourn et al., 2005). In the acidic leach, a P80 of 8 to 12 μm will prevent the formation 

of a passive sulphur layer as the material will deteriorate before the passive layer can form (Hourn 

et al., 2005). Similarly, in the alkaline leach, grind sizes less than 20 μm again prevent passivation 

as the minerals are consumed before a passive layer is able to form (Hourn et al., 2005; Voigt et 

al., 2015). 

 

Following ultrafine grinding the concentrate undergoes either acidic or alkaline oxidative leaching. 

Ferric iron is the main oxidant in the acidic process and the leaching reaction occurs as follows: 

MeS + Fe2(SO4)3 → MeSO4 + 2FeSO4 + S0 18 
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Because the process is atmospheric, elemental sulphur is the dominant reaction product from the 

sulphide oxidation (Hourn et al., 2005). Ferrous iron produced in the oxidation process is re-

oxidized to form ferric iron: 

2FeSO4 +
1

2
O2 + H2SO4 → Fe2(SO4)3 + H2O 

19 

 

Following the acidic leach the desired base metals, such as copper, are removed via electrowinning 

or solvent extraction. Any unwanted metals leached during the process such as iron and arsenic are 

removed by precipitation in a neutralization process, and any encapsulated gold liberated during 

the process is recovered by cyanidation (Hourn et al., 2005). In the case of the alkaline leach, the 

oxidative reaction for pyrite would be as follows: 

FeS2 +
15

4
O2 +

9

2
H2O + 2CaCO3 → FeO ∙ OH + 2CaSO4 ∙ 2H2O + 2CO2 

20 

Any carbonaceous materials are removed automatically due to precipitation of iron oxides and 

gypsum in the process. Furthermore, the alkaline leach eliminates the need for a neutralization step 

as well as any counter current decantation or filtering prior to cyanidation (Hourn et al., 2005; Voigt 

et al., 2015). 

2.2.8 The FLSmidth ROL process 

FLSmidth has developed an atmospheric ferric sulphate to oxidize refractory copper sulphides. In 

this process Stirred Media Reactors (SMRt) are incorporated in tandem with conventional leaching 

tanks to prevent surface passivation commonly experienced in atmospheric tank oxidation 

(Eyzaguirre et al., 2015). The inclusion of the SMRt in conjunction with conventional leaching 

tanks introduces inter-stage grinding to improve copper dissolution through chemical and 

mechanical activation processes. The FLSmidth ROL process led to 97 – 99+% copper recovery 

from chalcopyrite concentrates after 6 h of leaching in ferric sulphate media at 80 oC. (Eyzaguirre 
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et al., 2015). The FLSmidth ROL process is of particular interest as it indicates how mechanical 

and chemical activation can be used in conjunction to improve the atmospheric oxidation of copper 

sulphides at elevated temperatures.   

2.3 Past research on the atmospheric oxidation of sulphides 

2.3.1 Chalcopyrite leaching 

Dutrizac (1990) investigated the formation of elemental sulphur during the ferric chloride leaching 

of chalcopyrite. It was noted that elemental sulphur yield was independent of leaching time, FeCl3 

concentration, HCl concentration, and chalcopyrite particle size, and over 95% elemental sulphur 

yields with less than 5% sulphate yields were observed. It was also noted that the presence of air 

or oxygen in the leaching reactor had no effect on the relative amounts of elemental sulphur and 

sulphate. The experiments in this study were conducted with 2 g of chalcopyrite in 1 L of FeCl3-

HCl leaching media within a 2 L kettle. Temperature was controlled at 95 oC and stirring was 

maintained at 200 rpm. FeCl3 concentrations varied between 0 and 2 M and the HCl concentration 

varied between 0 and 3 M, while leaching time ranged between 0 and 90 h. Ferrous ions were 

determined via dichromate titration, and Cu2+ did not disrupt the titration (Dutrizac, 1990). 

 

A previous study conducted by Dutrizac in 1982 on the ferric leaching of different chalcopyrites 

determined that sulphidic impurities consisting of sphalerite or pyrrhotite should yield primarily 

elemental sulphur just as chalcopyrite does and should not impact the relative amounts of elemental 

sulphur and sulphate seen in chalcopyrite leaching. However, it was shown that the presence of 

pyrite led to lower yields of elemental sulphur. Pyrite was leached slowly leading to higher amounts 

of sulphate, however, pyrite could also increase the sulphate yield produced by chalcopyrite 

through a galvanic interaction (Dutrizac, 1982). 
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Dixon and Tshilombo (2010) developed a process for the atmospheric leaching of copper 

concentrates in which leaching was galvanically assisted (Dixon and Tshilombo, 2010). Dixon and 

Tshilombo determined that the cathodic half-cell reaction, ferric reduction, of chalcopyrite leaching 

leads to a reduced leaching rate as a result of passivation on the chalcopyrite surface, and that 

introducing pyrite to act as a catalyst and surface for ferric reduction will negate the passivation 

effects (Dixon and Tshilombo, 2010). This process became known as Galvanox. A typical 

electrochemical leaching mechanism of chalcopyrite can be seen in Figure 2-2, whereas the 

Galvanox electrochemical leaching mechanism is depicted in Figure 2-3. 

 

Figure 2-2 Typical electrochemical leaching of a chalcopyrite particle (Dixon et al., 2008). 
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Figure 2-3 Galavnox electrochemical leaching of a chalcopyrite particle with added pyrite 

(Dixon et al., 2008). 

The Galvanox process involves atmospheric conditions with temperatures near 80 oC. The galvanic 

leaching is chemical and does not include the addition of bacteria. Chalcopyrite is leached in a 

ferric/ferrous sulphate media with no chloride, nitric acid, or ammonia added to the system. P80 

sizes between 53 and 75 µm are sufficient for the process, and pyrite is typically added at a ratio of 

approximately 2:1 to 4:1 pyrite:chalcopyrite (Dixon et al., 2008). As seen in Dutrizac’s 1990 

chalcopyrite leaching study, greater than 95% elemental sulphur production is achieved, requiring 

minimal oxygen (Dixon et al., 2008). An important aspect of the Galvanox process is that it is 

selective for chalcopyrite over the added pyrite to ensure pyrite acts only as a cathode. In order to 

ensure this the solution potential is held below 520 mV versus Ag/AgCl, typically between 380 and 

480 mV versus Ag/AgCl (Dixon and Tshilombo, 2010). The Galvanox process has been shown to 

reach almost complete copper leaching (upwards of 99% in some cases) in less than 24 h and is 

robust, thus applicable to most chalcopyrite concentrates (Dixon et al., 2008). 

 

The Galvanox process was not only effective in copper leaching but was also shown to be an 

effective pre-treatment process to conventional cyanidation gold leaching. In the 2008 Dixon et al. 
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study, leached residue samples were subjected to gold leaching via bottle roll cyanidation. It was 

shown that high gold recoveries of approximately 93% were achieved, and low cyanide 

consumption with less than 6 kg/t NaCN consumed, after 48 h (Dixon et al., 2008).    

 

2.3.2 Enargite leaching 

Rivera-Vasquez and Dixon applied the Galvanox research to the atmospheric leaching of enargite 

in acidic ferric sulphate media. The best conditions for leaching were observed at 80 oC with a 

pyrite:enargite ratio of 4:1, leading to complete copper extraction after 24 h. Iron and acid 

concentrations seemed to have a minimal effect on copper dissolution, while temperature and 

enargite particle size had the largest impact. Arsenic leaching followed the same rate of copper 

leaching and the majority of arsenic was found in the form of As(III) (Rivera-Vasquez and Dixon, 

2015).  

 

Dixon and Rivera-Vasquez submitted an U.S. patent application for a hydrometallurgical method 

for copper extraction from concentrates containing arsenic and/or antimony sulphosalt minerals 

such as enargite. The process involves the addition of carbon in amounts of at least a 1:20 weight 

ratio of carbon to concentrate to an acidic ferric sulphate leach solution in the presence of oxygen 

or air. The carbon used as a catalyst can consist of activated carbon, coal, brown coal, coke, hard 

carbon and/or elemental carbon. Solution potential is maintained at least 390 mV versus Ag/AgCl 

through the use of oxygen. The leach solution should contain at least 1 g/L of iron with preferable 

amounts above 5 g/L, however some of this iron can be provided by iron minerals in the 

ore/concentrate (Dixon and Rivera-Vasquez, 2012). 
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The Dixon and Rivera-Vasquez patent included three examples of the method in which various 

enargite concentrates were studied. In the first example, the addition of 100 g of activated carbon 

to 90 g of concentrate saw complete copper dissolution after approximately 22 h, however the 90 

g of concentrate alone experienced less than 60% copper dissolution after roughly 35 h. The 

solution potential during this example was 480 mV vs. Ag/AgCl, agitation was set to 1200 rpm, 

initial ferric:ferrous ratio was 1:3 within 60 g/L of sulphuric acid (Dixon and Rivera-Vasquez, 

2012).  

 

The second example investigated the effect of concentrate regrinding, solution potential, impeller 

speed and carbon recycle. Pulverizing the concentrate improved copper leaching by approximately 

60% after 70 h when carbon was not added to the system, however, with carbon addition a minimal 

improvement in copper leaching kinetics was noticed in regrinding. Recycling the carbon did not 

have a drastic effect on dissolution. After approximately 40 h tests with fresh and tests with recycled 

carbon reached the same copper dissolution. At a solution potential of 450 mV vs. Ag/AgCl, 

approximately 70% copper dissolution was achieved after 65 h. Increasing the solution potential to 

490 mV and up to 530 mV saw a drastic increase in copper leaching kinetics with near completion 

of copper leaching within the first 22 h. Three different impeller speeds, 450, 750 and 1200 rpm, 

indicated that copper dissolution rate increased proportionally with agitation rate (Dixon and 

Rivera-Vasquez, 2012).          

 

The final example compared the effect of various carbon catalysts, and indicated that the best 

carbon was Norit Carbon 3. More importantly these tests indicated that different carbons have 

different effects on the copper leaching rate, however all types drastically improved the leaching 

rate versus the concentrate alone (Dixon and Rivera-Vasquez, 2012). The studies by Dixon and 
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Rivera-Vasquez included in the patent application showed that the process could be applied to 

various enargite concentrates. 

 

Jahromi (2018) conducted extensive research on the impact of activated carbon and carbon-based 

catalyst, AF 5, on the atmospheric leaching of enargite in chloride and sulphate mediums. The 

presence of both, activated carbon and AF 5 in the enargite leach, improved copper recovery to 96 

and 92% for activated carbon and AF 5, respectively, compared to 69% copper recovery without 

catalyst addition (Jahromi, 2018). The study investigated the impact of various parameters on the 

carbon catalyst assisted enargite leach. Of the parameters tested, temperature, concentrate to 

catalyst ratio, oxidant addition and oxygen presence had the largest impact on copper recovery. The 

highest copper recoveries were experienced with lower concentrate to catalyst ratios, at 90 oC, in 

the presence of oxygen sparged at 0.1 L/min (or higher). It was determined that a concentrate to 

catalyst ratio of 1:2 for activated carbon and 1:1 for AF 5 produced acceptable oxidation kinetics. 

Jahromi determined that in chloride leaches at 80 oC or above, with at least 2:1 concentrate to AF 

5 or 1:1 concentrate to activated carbon, and a minimum initial lixiviant concentration of 5 g/L 

initial ferric ions, crystalline scorodite was precipitated, achieving arsenic immobilization 

(Jahromi, 2018).  

2.3.3 Pyrite oxidation mechanisms and products 

The mechanism involved during the oxidation and dissolution of pyrite has long been studied 

without definitive knowledge of the total mechanism (Burghardt, 1878; Foreman, 1929; Lowson, 

1982). The focus of this section will be the possible mechanisms involved in the acidic aqueous 

oxidation of pyrite, as other oxidation methods are outside of the scope of this project. 
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Early proposed mechanisms of pyrite oxidation indicated oxygen adsorption on the pyrite surface, 

followed by chemical reaction (Lowson, 1982). McKay and Halpern proposed a mechanism in 

which oxygen quickly chemisorbs on the pyrite surface, creating a single layer of oxygen. 

Oxidation follows when a second oxygen molecule is adsorbed to the oxygen covered surface 

(McKay and Halpern, 1959). The proposed mechanism is outlined below: 

FeS2 + O2 → FeS2 ∙ O2 21 

FeS2 ∙ O2 + O2 → FeS2 ∙ 2O2 → FeSO4 + S0 22 

8FeSO4 + 2O2 + 2H2SO4 → 8Fe2(SO4)3 + 4H2O 23 

2S0 + 3O2 + 2H2O → 2H2SO4 24 

 

In the above mechanism, it is evident that elemental sulphur is an intermediate in the formation of 

sulphate and that sulphate is the dominant product. The above reaction mechanism is composed of 

chemical reactions leading to the oxidation of pyrite, however it is noted that alternative 

electrochemical mechanisms are likely to occur in the oxidation of pyrite in acidic media (Bailey 

and Peters, 1976; Lowson, 1982; Mishra and Osseo‐Asare, 1988).   

 

It was accepted that the probable electrochemical mechanism for pyrite dissolution in acidic media 

was two separate anodic reactions and a cathodic reaction (Bailey and Peters, 1976; Lowson, 1982). 

The anodic half-cell reactions are as follows: 

FeS2 + 8H2O → Fe2+ + 2SO4
2− + 16H+ + 14e− 25 

FeS2 → Fe2+ + S0 + 2e− 26 

 

The cathodic reaction complementing Equations 25 and 26 is as follows: 

1

2
O2 + 2H+ + 2e− → H2O 

27 
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Peters suggested that the elemental sulphur produced in Equation 26 was an intermediate species 

in the oxidation of pyrite, and that it would be oxidized to sulphate (Peters, 1984). Biegler and Swift 

argued that the sulphur formed is a stable end product and that it is electrochemically stable even 

at potentials where sulphate yields are high and that the two pathways (Equations 25 and 26) were 

independent of each other (Biegler and Swift, 1979). What is important to note is that Equation 25 

includes 14 electron transfers, implying that multiple intermediate steps must be involved in the 

overall reaction (Wei and Osseo‐Asare, 1997). 

 

Mishra and Osseo-Asare showed that the anodic pyrite dissolution did not produce elemental 

sulphur via Equation 26, but was produced as a stable product through the chemical decomposition 

of thiosulphate (Mishra and Osseo‐Asare, 1988). The authors proposed a mechanism in which the 

aqueous oxidation of pyrite incorporates the electroadsorption of hydroxide ions captured by iron 

3d electrons, allowing for hydroxide oxidation by holes on the iron 3d states. These groups were 

then transferred to pyritic sulphur (S2
2-) sites in the pyrite lattice, where these sulph-oxy groups are 

further oxidized (Mishra and Osseo‐Asare, 1988). The authors proposed that the iron d electrons 

play a catalytic role in the capture of hydroxide ions and transfer it to sulphide sites and the 

mechanism is as follows: 

FeS2 + H2O ↔ Fe(OH)S2 + H+ + e− 28 

Fe(OH)S2 ↔ FeS2(OH) 29 

FeS2(OH) + 3H2O → Fe(OH) ∙ S2(OH)2 + 3H+ + 3e− 30 

Fe(OH)S2(OH)2 → Fe2+ + S2O3
2− + 2H+ + H2O + 2e− 31 

 

Thiosulphate produced in Equation 31 is either further oxidized to form sulphate or can decompose 

to form elemental sulphur and bisulphate (Mishra and Osseo‐Asare, 1988). This study was the first 

to observe thiosulphate present during coulometric experiments of pyrite dissolution in the absence 

of oxygen with pH between 2 and 3 (Mishra and Osseo‐Asare, 1988) 
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The mechanism presented by Mishra and Osseo-Asare is an electrochemical oxidation process. 

Wei and Osseo-Asare showed, by comparison of measured iron dissolution and calculated iron 

dissolution from current density readings, that electrochemical oxidation is not the only pyrite 

dissolution pathway and may be partially due to chemical decomposition (Wei and Osseo‐Asare, 

1997). Wei and Osseo-Asare proposed a non-electrochemical dissolution pathway involving pyrite 

surface adsorption of hydrogen ions, breaking Fe-S bonds, dissolving pyrite and releasing 

hydropolysulphide ions into solution that may decompose to form elemental sulphur or 

polysulphides (Wei and Osseo‐Asare, 1997). The proposed mechanism is outlined below: 

FeS2 + H(aq)
+ → FeS2 ∙  H(ads)

+  32 

FeS2 ∙  H(ads)
+ → Fe2+ ∙ HS2

−
(ads) → Fe(aq)

2+ + HS2
−

(aq) 33 

HS2
− → S0 + HS− 34 

2S0 + HS2
− → S4

2− + H+ 35 

 

The reactions presented in Equations 34 and 35 can occur non-electrochemically, implying that not 

all elemental sulphur produced comes from only electrochemical processes but could also be 

produced by a chemical decomposition as presented in Equations 32 to 35 (Wei and Osseo‐Asare, 

1997). 

 

Garrels and Thompson studied the oxidation of pyrite by iron sulphate solutions in the absence of 

oxygen. It was shown that ferric ions act as an oxidant for pyrite and that in the absence of oxygen 

the rate of reduction of ferric ions, represents the rate of oxidation of pyrite (Garrels and Thompson, 

1960). With relation to acid mine drainage (sulphuric acid producing) there are two oxidation 

pathways, either pyrite is oxidized by ferric ions or pyrite is oxidized by oxygen displayed in 
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Equations 36 and 37 below (Garrels and Thompson, 1960; Holmes and Crundwell, 2000; Singer 

and Stumm, 1970). 

 

FeS2 + 8H2O + 14Fe3+ → 15Fe2+ + 2SO4
2− + 16H+ 36 

2FeS2 + 2H2O + 7O2 → 2Fe2+ + 4SO4
2− + 4H+ 37 

 

Singer and Stumm noted that in the presence of oxygen, ferrous ions generated will be oxidized to 

form ferric ions once again as follows (Singer and Stumm, 1970): 

 4Fe2+ + O2 + 4H+ ↔ 4Fe3+ + 2H2O 38 

 

Singer and Stumm reported that the rate of pyrite oxidation is controlled by the oxidation of ferrous 

ions to ferric ions (Singer and Stumm, 1970), this was further validated by Li’s experiments in 2016 

(Li et al., 2016). 

 

In an electrochemical study on the anodic dissolution of pyrite, Holmes and Crundwell (2000) made 

a case that sulphur is not produced through the decomposition of thiosulphate as proposed by 

Mishra and Osseo-Asare, but through independent routes (Holmes and Crundwell, 2000). 

However, a study conducted by Zhong investigated the kinetics of gold bearing pyrite in acidic 

ferric sulphate media. The study suggested that pyrite oxidation is controlled by chemical reaction 

in a temperature range of 30 to 75 oC, resulting in an activation energy of 51.39 kJ/mol. The research 

in this study proposed that oxidation of pyrite to sulphur is through a series of intermediate stages, 

resulting in the eventual formation of sulphate with some elemental sulphur, suggesting that the 

oxidation mechanism is via thiosulphate oxidation (Zhong, 2015). This study contradicts Holmes 

and Crundwell and agrees with results reported by Mishra and Osseo-Asare as well as Wei and 

Osseo-Asare.  
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One can see from the many proposed mechanisms outlined that there are multiple opinions for 

intermediate reactions in the oxidation of pyrite and that it is difficult to determine the exact 

mechanism. However, many researchers seem to agree that elemental sulphur and sulphate are the 

most stable final products resulting from pyrite oxidation (Bailey and Peters, 1976; Bouffard et al., 

2006; Flatt and Woods, 1995; Garrels and Thompson, 1960; Holmes and Crundwell, 2000; Mishra 

and Osseo‐Asare, 1988; Wei and Osseo‐Asare, 1997). Nordstrom noted that in highly acidic 

solutions (pH values less than 3) oxidation of pyrite via oxygen (Equation 37) can be disregarded, 

as the oxidation of pyrite is much more rapid by ferric ions (Nordstrom, 1982). Thus with ferric 

ions acting as the oxidant at pH values less than 3, the overall reaction for the process can be 

represented in Equation 39, as presented by previous researchers (Bouffard et al., 2006).   

  

 FeS2 + 8𝑥H2O + (2 + 12𝑥)Fe3+

↔ (3 + 12𝑥)Fe2+ + 2𝑥SO4
2− + (2 − 2𝑥)S0 + 16𝑥H+ 

39 

 

The variable x in Equation 39 represents sulphate yield, which can range between 0 and 1 dependent 

on the conditions of the reaction. Regardless of sulphate yield, it is evident that ferric ions are 

consumed during the oxidation of pyrite, and that ferrous ions are generated, and that oxygen is 

primarily used in the regeneration of ferric ions rather than direct oxidation of pyrite in highly 

acidic conditions. 

  

Schoonen et al. investigated the effect of temperature and illumination on the oxidation of pyrite 

between pH levels of 2 and 6. The rate of oxidation was strongly dependent on temperature, and 

was improved by a factor of less than two when exposed to visible light. Visible light did not seem 

to alter the surface chemistry of the pyrite oxidation, however chemical stoichiometry was changed, 
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implying that visible light may modify the mechanism. The temperature dependence could not be 

modelled by an Arrhenius Equation, as in this study it was deduced that the activation energy 

required was dependent on the progress variable analyzed. Activation energies varied as much as 

40 kJ/mol comparing activation energies calculated by proton release rate, sulphate release rate and 

total iron release rate. The difference implied that the sulphur and iron oxidation mechanisms within 

pyrite oxidation were independent of each other (Schoonen et al., 2000). 

2.3.4 Oxidation/reduction potential (ORP) impact on pyrite oxidation 

It has been extensively reported that the solution ORP has an impact on the yield of sulphate and 

elemental sulphur as end products in the oxidation of pyrite. Bailey and Peters, Flatt and Woods, 

Holmes and Crundwell, Mishra and Osseo-Asare, and Wei and Osseo-Asare have all reported that 

anodic dissolution of pyrite produces both elemental sulphur and sulphate and that the sulphate 

yield is dependent on redox potential (Bailey and Peters, 1976; Flatt and Woods, 1995; Holmes and 

Crundwell, 2000; Mishra and Osseo‐Asare, 1988; Wei and Osseo‐Asare, 1997).  

 

Flatt and Woods studied the oxidation of pyrite in nitric acid solutions at temperatures ranging 

between 26 oC and 80 oC. Their investigation determined that pyrite being oxidized to form 

elemental sulphur decreased with an increase in potential (leading to an increase in sulphate 

generation). At 820 mV (vs. SHE) the proportion of pyrite oxidized to sulphur was approximately 

70%. However, increasing the potential to 1.5 V (vs. SHE) resulted in negligible sulphur production 

(Flatt and Woods, 1995). 

 

Holmes and Crundwell’s electrochemical study of pyrite kinetics indicated that the oxidation of 

pyrite by ferric ions with dissolved oxygen is an electrochemical process and the rate-determining 

step is charge transfer at the mineral-solution interface. Their research indicated that products 
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influencing oxidation kinetics did not form on the surface of pyrite, and that sulphate yield 

increased with increasing potentials (Holmes and Crundwell, 2000). Figure 2-4 depicts the sulphate 

yield for the anodic dissolution of pyrite at various potentials applied during their investigation. 

 

Figure 2-4 Sulphate yields experienced during pyrite dissolution at various applied 

potentials. Conditions: 0.2 M H2SO4, 308 K, N2 sparged, 250 rpm (Holmes and Crundwell, 

2000) 

Similarly to what was reported by Holmes and Crundwell, Mishra and Osseo-Asare experienced 

maximum elemental sulphur formation at low potentials. The authors also reported favourable 

conditions for elemental sulphur formation to be at high temperatures and low pH values (Mishra 

and Osseo‐Asare, 1988).  

 

Wei and Osseo-Asare, observed that illumination and higher electrode potentials favoured 

electrochemical oxidation, such as the mechanisms displayed in Equations 25 and 26 or Equations 

28 through 31. The authors reported that illumination created holes in the valence band of pyrite, 

favouring electrochemical reactions, and that the potentials applied control the electrochemical 
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oxidation (Wei and Osseo‐Asare, 1997). This observation is in agreement with the Schoonen et al. 

study which noted that visible light may alter the mechanism (Schoonen et al., 2000). It was also 

documented that the electrode potentials applied do not affect chemical dissolution, and as a result 

chemical dissolution, such as that displayed in Equations 32 to 35, will be the dominant pathway 

at lower potentials (Wei and Osseo‐Asare, 1997). 

  

Recent research conducted by Sun et al. focussed on the kinetics of pyrite oxidation via ferric 

sulphate media under controlled redox potentials. Their study used the shrinking core model and 

activation energies of pyrite oxidation were calculated to be 56.6, 55.9 and 51.9 kJ/mol at controlled 

potentials of 700, 800 and 900 mV (vs. SHE) respectively, indicating that the oxidation is chemical 

reaction controlled. The study indicated that increasing temperature and ORP increased pyrite 

oxidation greatly (Sun et al., 2015).   

2.4 Oxidation impact of activated carbon 

The use of activated carbon in the assistance of sulphide leaching and oxidation has been 

documented. Wan et al. (1984) studied the electrochemical features of the ferric sulphate leaching 

of chalcopyrite and chalcopyrite-carbon aggregate electrodes. Their research indicated that the 

inclusion of carbon to form aggregates with chalcopyrite greatly enhanced chalcopyrite leaching 

rates and the rate of potientiostatic electrochemical oxidation for the chalcopyrite-carbon aggregate 

electrode was five times faster than the chalcopyrite electrode. Polarization curves generated in this 

study indicated that a galvanic coupling between chalcopyrite and carbon reduces passivation on 

the mineral surface (Wan et al., 1984). Nakazawa et al. (1998) investigated the effect of activated 

carbon addition on the biological leaching of a chalcopyrite concentrate. The addition of the 

activated carbon indicated enhanced leaching rates thought to be attributed to a galvanic interaction 

(Nakazawa et al., 1998). 
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Dixon and Rivera-Vasquez further investigated activated carbon and submitted an U.S. patent for 

the use of activated carbon with an acidic ferric sulphate leach solution in the presence of oxygen 

to assist the copper extraction in enargite. The addition of 100 g of activated carbon to 90 g of 

concentrate resulted in a complete copper dissolution after approximately 22 h, however the 90 g 

of concentrate alone experienced less than 60% copper dissolution after roughly 35 h (Dixon and 

Rivera-Vasquez, 2012).  

 

Activated carbons have been studied and researched intensively to determine their capabilities for 

metal removal, ion oxidation, functional group interactions, and how different pre-treatments affect 

their properties, among a long list of other studies. Figueiredo et al. investigated the modification 

of surface chemistry of activated carbons, discovering that gas phase oxidation of carbon increases 

hydroxyl and carbonyl surface group concentrations, while liquid phase oxidation increases the 

carboxylic acid surface concentration (Figueiredo et al., 1999). Radzinski et al. confirmed the in-

situ formation of hydrogen peroxide in acidic solutions in the presence of activated carbon and 

oxygen (Radzinski et al., 2016). Rodriguez-Reinoso stated that non-polar molecule adsorption on 

the surfaces of activated carbon is more dependent on pore size distribution rather than surface 

chemistry (functional groups) (Rodríguez-Reinoso, 1998). 

 

Ahumada et al. studied the catalytic impact of activated carbons on the oxidation of ferrous ions in 

the presence of oxygen (Ahumada et al., 2002). In the Ahumada et al. study, the authors outlined 

the oxidation of Fe2+ ions in the presence of activated carbon and oxygen with the following 

reactions (Ahumada et al., 2002): 

 
CRed

∗ +
1

2
O2 + H2O → H2O2 + COx

∗  
40 
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2Fe2+ + H2O2 + 2H+ → 2Fe3+ + 2H2O 
41 

 

C*Red in Equation 40 represents a functional oxygen surface group such as quinone that has a lower 

redox potential than the O2/H2O2 couple and C*Ox represents a functional oxygen surface group 

with a redox potential greater than that of the Fe3+/Fe2+ couple. Hydrogen peroxide generated in 

Equation 40 is then used to oxidize ferrous ions seen in Equation 41, which in turn promotes the 

overall oxidation of the pyrite viewed in Equation 39 at a much faster rate than unassisted oxidation. 

2.5 Elemental sulphur 

There are many different allotropes of sulphur, however there are three that are of practical interest: 

orthorhombic, monoclinic, and polymeric sulphur (Meyer, 1977). Orthorhombic sulphur is stable 

at room temperature up to 95.5 oC. At 95.5 oC, orthorhombic sulphur decomposes and forms 

monoclinic sulphur, which is the stable form of sulphur at the melting point of 119.6 oC. Both 

orthorhombic and monoclinic allotropes are crystalline containing different configurations of the 

S8 cyclic rings. At the melting point, the liquid sulphur remains in a mostly monoclinic crystalline 

form with some other allotropes co-existing, however at approximately 159.4 oC the properties of 

sulphur change and experience a discontinuity as polymerization begins (Meyer, 1977). The change 

in viscosity is the largest noticeable change. After melting, liquid sulphur decreases in viscosity 

with temperature like a typical liquid, however at approximately 159.4 oC the viscosity significantly 

increases by multiple orders of magnitude achieving a maximum at approximately 187 oC (Bacon 

and Fanelli, 1943; Crapanzano, 2005). After this maximum, the viscosity begins to gradually 

decrease with temperature, and at approximately 300 oC the viscosity of the molten sulphur is again 

typical of a fluid (Bacon and Fanelli, 1943). The boiling point of liquid sulphur is 444.64 oC (Meyer, 

1977). 
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Polymeric sulphur, also referred to as amorphous sulphur and insoluble sulphur, is formed by 

quenching hot liquid sulphur, and generally consists of long helices which can have random 

orientation. The different polymers present in polymeric sulphur make it very plastic and it can be 

stretched up to 20 times its length, whereas orthorhombic sulphur is very brittle and fragile. The 

name insoluble sulphur is given due to the fact that polymeric sulphur is insoluble in CS2 a common 

solvent for elemental sulphur (Meyer, 1977). Polymeric sulphur is unstable at room temperature 

and if left untreated it will convert back to orthorhombic sulphur in approximately 30 days (Meyer, 

1977), however if heated to 100 oC this process will occur in approximately 30 min (Tuller, 1970). 

Polymeric sulphur can pose a problem for processing purposes due to its plastic properties which 

can completely coat material surfaces, introducing grinding and reaction difficulties (Tuller, 1970). 

 

While polymeric sulphur is formed by the quenching of hot liquid sulphur, its presence has been 

documented in past hydrometallurgical studies pertaining to the oxidation of sulphides. In 1989, 

Dutrizac studied elemental formation during the ferric sulphate leaching of chalcopyrite. It was 

reported that globules of elemental sulphur formed on larger chalcopyrite surfaces (~ 1 cm2), 

however on chalcopyrite particles <40 µm, sulphur was seen to coat the entire particle (Dutrizac, 

1989). In Klauber’s critical review of the surface chemistry of acidic ferric sulphate dissolution of 

chalcopyrite with regards to hindered dissolution, he discusses that elemental sulphur (S8) would 

be expected to produce globules on chalcopyrite, rather than extensive coatings, and that the 

coatings seen in Dutrizac`s 1989 study may relate to the formation of polymeric sulphur (Klauber, 

2008).  Lu et al. studied the impact of chloride ions on the ferric sulphate leaching of chalcopyrite. 

Their study indicated that when chloride ions were present, porous crystalline sulphur formed on 

the chalcopyrite surface, however in the absence of chloride, the chalcopyrite was completely 

coated by an amorphous (polymeric) or cryptocrystalline film (Lu et al., 2000). Thus it is evident 

that polymeric sulphur can be formed during the hydrometallurgical oxidation of sulphides. 
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Typical analysis methods for elemental sulphur incorporate the use of CS2 or organic solvents such 

as aniline to dissolve crystalline sulphur. Heat treatment is followed in order to convert polymeric 

sulphur to a crystalline and thus soluble form, followed by successive washes with a solvent (Tuller, 

1970). CS2 is a dangerous solvent and extreme caution must be practiced with its use. Many of the 

other organic solvents can be hazardous and typically require high temperatures to achieve a 

practical solubility of sulphur (Meyer, 1977). Sulphur dissolved in these solvents will precipitate 

out of solution as the temperature and solubility decreases, providing difficulties in analysis. 

Previous researchers however, have shown that thermogravimetric analysis of elemental sulphur in 

a nitrogen atmosphere indicates a distinct decrease in weight percentage starting at approximately 

200 oC with complete sublimation finishing at approximately 300 oC (Doan et al., 2013; Zhang, 

2014).   

2.6 Research focus 

It is evident that while there are oxidative pre-treatment processes that are proven to work 

commercially, they all have limitations and flaws. It is well-known that the majority of clean high-

grade gold reserves have been depleted and that the industry as a whole is moving towards more 

and more refractory sulphide materials like pyrite, and alongside this, gold grades can be expected 

to decrease. Knowing the economic limitations of bio-oxidation processes such as BIOX®, it is 

clear that these processes will not be applicable for future reserves to be mined. It is also 

understandable that due to environmental concerns and constraints, costs associated with roasting 

may prove to be uneconomic. With the low grades to be expected, it is evident that the high capital 

and operating costs associated with autoclaves of the HT/HP processes are no longer economical. 

A new process with lower capital and operating costs than that of the autoclave processes, however 

with similar kinetics must be developed. That is where the survival of the gold industry lies. 
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The focus of this study is testing the effects of carbon additives on an atmospheric leaching process 

that will hopefully become a viable commercial pre-treatment option for the oxidation of pyrite. 

The process involves the atmospheric oxidation of pyrite in a sulphuric acid media. Carbon based 

additives are being applied to the atmospheric oxidation in order to increase the pyrite oxidation 

rates while promoting the production of elemental sulphur rather than sulphuric acid. Although 

carbon additives have been investigated in the use of sulphide oxidation previously, very little 

research has been conducted on their use in pyrite oxidation. This research conducted in this study 

is novel as it investigates using additives to enhance pyrite oxidation as well as promote elemental 

sulphur generation, while studying the additives’ ability to generate and retain elemental sulphur. 
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Chapter 3 

Experimental methods and materials 

3.1 Pyrite oxidation study methods and materials 

3.1.1 Sample Preparation 

Testwork was performed on a pyrite concentrate. The testwork involved in this study, apart from 

some contracted analysis was performed in the mineral processing and hydrometallurgy 

laboratories at Queen’s University, Kingston, ON. The concentrate was a leach feed concentrate 

with a P80 of 40 µm, and required very little sample preparation prior to oxidative leaching. The 30 

kg bulk concentrate was split into 250 g aliquots using a rotary sampler. Each aliquot was bagged 

and placed in a freezer to prevent unwanted sulphide oxidation prior to the experiments. The 

mineral composition was analyzed through the use of QEMSCAN, the results can be seen in Table 

3-1 below.  
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Table 3-1. QEMSCAN results of the pyrite concentrate. 

Mineral Formula 

Percent 

Composition 

(%) 

Pyrite FeS2 41.5% 

Feldspar (K,Na)AlSi3O8, CaAl2Si2O8 33.3% 

Quartz SiO2 14.7% 

Sulphide/Silicate 

Texture, or 

Sulphate 

 5.0% 

Carbonate/Oxides  1.3% 

Mica *X2Y4-6Z8O20(OH,F)4 1.3% 

Chlorite (Mg,Fe,Ni,Mn)6(Si,Al)4O10(OH)8 0.7% 

Ilmenite/Fe 

Oxides 
FeTiO3 0.7% 

Barite BaSO4 0.6% 

Cu Sulphide  0.2% 

Sphalerite (Zn,Fe)S 0.1% 

Kaolinite Al2Si2O5(OH)4 200 ppm 

Other Silicates  170 ppm 

Other  0.4% 

*X represents K, Na or Ca; Y represents Al, Mg or Fe; Z represents Si or Al 

 

It is evident from Table 3-1 that the concentrate primarily consists of pyrite, feldspar and quartz. 

Pyrite is the only major iron sulphide present in the sample, and copper sulphides are only present 

in trace amounts. This data is supported by ICP-OES and total carbon and sulphur determination 

analyses summarized in Table 3-2.  
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Table 3-2. ICP-OES and total carbon and sulphur determination of the pyrite concentrate. 

Element 
Sulphide 

S (%) 

Sulphate 

S (%) 

Total 

S (%) 

Fe 

(%) 
K (%) 

Na 

(%) 

Ca 

(%) 

Content 22.48 0.62 23.10 20.67 3.04 1.01 0.25 

        

Element 
Total C 

(%) 

Cu 

(ppm) 

Zn  

(ppm) 

As 

(ppm) 

Pb 

(ppm) 

Ag 

(ppm) 

Hg 

(ppm) 

Content 0.16 700 180 100 70 <= 10 <= 10 

 

3.1.2 Reactor Tests 

The oxidative pre-treatment tests were conducted in 2-L round-bottomed glass-kettle batch 

reactors. Test solutions were prepared using 1 L of 1 M H2SO4 solution, with 4 g/L ferric ions, 

supplied by ferric sulphate. Each test contained either no carbon additive, 100 g of a granular 

coconut shell based activated carbon (activated carbon) or 100 g of Lewatit® AF 5 (AF 5), a new 

microporous carbonaceous bead, added to the aqueous media and was fixed at an oxygen sparging 

rate of either 0.1, 0.5 or 1.0 L/min. Mechanical stirrers were used to maintain effective leach 

agitation at 800 rpm and the temperature of the solution was fixed at 90 oC using J-KEM Scientific 

Model 210 temperature controllers. Once the appropriate operating temperature was reached, a 15 

mL sample of the lixiviant was drawn and 50 g of pyrite concentrate was added to the leach. The 

apparatus used in this study is displayed in Figure 3-1. 
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Figure 3-1 Apparatus used for pyrite oxidation tests. 2-L round bottom flasks, each 

equipped with a heating mantle, temperature controller and probe, reflux condenser, and 

mechanical mixer. 

Tests were conducted for a total of 96 h, and 15 mL liquid samples for kinetic testing were drawn 

at 0, 1, 3, 6, 12, 24, 36, 48, 60, 72, 84 and 96 h. Each sample was subjected to centrifuging in a 

Hermle Labnet Z 206 A centrifuge at 6000 rpm for 3 min, facilitating solid-liquid separation, 

followed by filtering via a 0.45 µm Sarstedt non-pyrogenic sterile syringe filter. The remaining 

solids were returned to the reactor along with 15 mL of stock solution replacing what was removed 

during sampling. Ferrous-ferric titration was conducted on the filtered solution using a 1 g/L 

KMnO4 solution. Two mL of the kinetic sample was added to 10 mL of deionized water and 1.2 

mL of phosphoric acid in a 50 mL beaker. A burette was used to add drops of the KMnO4 solution 
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until discolouration was viewed in the 50 mL beaker. When discolouration was achieved the 

amount of KMnO4 consumed was recorded and the ferrous concentration could be calculated. 

Following titration the sample solution was subjected to Microwave Plasma - Atomic Emission 

Spectroscopy (MP-AES) in an Agilent 4200 model, for total iron concentration. The 

aforementioned tests were conducted on all kinetic samples. The kinetic samples were stored in a 

refrigerator to prevent sample alteration between analytical tests. 

  

After 96 h, the reactors were decommissioned and solid-liquid separation was performed using a 

pressure filter. The filtrate was collected and analyzed using MP-AES, as well as a 1 L 0.5 M H2SO4 

solution wash and a second 1 L 0.1 M H2SO4 solution wash. The solid residues were dried 

atmospherically and any remaining moisture was removed via a vacuum desiccator. Once the 

residues were weighed and homogenized, they were subjected to total carbon and sulphur analysis 

using an ELTRA CS-2000 Induction Furnace, and digestions for iron content via MP-AES. 

Residues were also subjected to Thermogravimetric Analysis (TGA) using a Netzsch STA 449 F3 

Jupiter model to determine elemental and sulphide sulphur. If the test included a carbon additive, 

either the activated carbon or AF 5 was separated from the residue using a sieve during filtration. 

The carbon was allowed to dry in a low temperature oven. After the carbon additive was dry, it was 

weighed and recorded. A sub sample of the carbon additive was taken and pulverized using a Bico 

laboratory pulverizer. The pulverized carbon was then subjected to both total carbon and sulphur 

analysis using the ELTRA CS-2000 Induction Furnace, and digestions for iron content via the MP-

AES. 
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3.2 Carbon additive study methods and materials 

3.2.1 Carbon additive surface analysis 

Brunauer-Emmett-Teller (BET) surface area and and Barrett-Joyner-Halenda (BJH) pore size 

analysis was conducted on AF 5 and activated carbon using a TriStar 3000 Surface Area and Pore 

Size Analyzer. An initial de-gas was conducted for 2 h at 300 oC under nitrogen. Nitrogen 

adsorption surface area measurements were performed at -196.15 oC with an equilibration interval 

of 5 s. The full tests were 55 points and the sample tube was 0.9525 cm (3/8 in.) with an isothermal 

jacket and filler rod. The multipoint BET analysis relative pressures (P/P0) ranged between 0.0057 

and 0.022. 

3.2.2 Sample preparation 

SEM and BET surface area analysis required fresh granular samples for both activated carbon and 

AF 5. Very little sample preparation was required for these two analysis types, apart from attaching 

the coarse samples to platens via double sided carbon tape for SEM analysis. 

 

In the case of the oxidation activity tests the two carbons were prepared in the same fashion as 

previous oxidation tests, where the required amount of dry additive is weighed out and allowed to 

soak in deionized water for 24 h. 

 

Granular carbon additive samples were used for Raman spectroscopy analysis. Each carbon 

additive was subjected to two pre-treatment methods prior to analysis and untreated samples were 

also brought for analysis. The untreated additives were analyzed as they are fresh out of the 

container, and the two pre-treatment methods included treating both AF 5 and activated carbon by 

soaking in deionized water and 0.5 M H2SO4 for 24 h. Following the 24 h of submersion in pre-

treatment solution, all four wet samples of AF 5 and activated carbon were dried using a vacuum 
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oven at 40 oC for 24 h. The samples were then removed and placed in sealed plastic containers until 

analysis.   

3.2.3 Oxidation ability tests 

Oxidation ability of the two carbon additives was tested. The tests were modelled after tests 

conducted in the Ahumada et al. study in which the oxidation of ferrous ions by activated carbon 

subjected to various pre-treatments was tested (Ahumada et al., 2002). In the Ahumada et al. study, 

only 54 ppm of initial ferrous iron was introduced, however to make this study more applicable to 

the previous research conducted, 5 g/L of initial ferrous was introduced. 

 

In these tests 1 L of 0.5 M H2SO4 containing 5 g of ferrous ions was generated by adding the 

appropriate amounts of concentrated H2SO4 and FeSO4·7H2O to deionized water within a 1 L 

volumetric flask. The solution was vigorously mixed ensuring complete dissolution of the salt and 

proper mixing. After preparation, the stock solution was stored out of contact with light until needed 

in experimentation. 

 

The experiments were conducted in a 500 mL 3-port round bottom glass flask. Tests with a carbon 

additive contained 5 g of dry AF 5 or activated carbon. One test was conducted without the addition 

of carbon. After carbon addition, 200 mL of stock solution was added to the flask, along with a 

magnetic stir bar. The ports of the flask were sealed using 3 rubber septa in order to reduce solution 

loss. The flask was submerged in a water bath with a controlled temperature of 50 oC and mixing 

was controlled at 800 rpm via a magnetic hot plate. Oxygen was sparged into the flask at 0.2 L/min 

via a 20 gauge needle through one septum. A second needle piercing a second septum acted as a 

vent to prevent pressurizing the system. The experiments were conducted for 24 h and 5 mL kinetic 



 

 

 

 

42 

samples were drawn using a syringe and 20 gauge needle throughout the duration of the test. The 

apparatus used for this experimentation is presented in Figure 3-2. 

 

 

Figure 3-2 Apparatus used for the oxidation ability tests. 

The concentration of ferrous ions in each kinetic sample was determined via Ce(SO4)2 titration. A 

0.02 M Ce(SO4)2 was prepared diluting 20 mL of 0.1 M Ce(SO4)2 to 100 mL with 0.1 M H2SO4. 

For each kinetic sample, 1 mL of sample was drawn using a micropipette, and added to a 50 mL 

beaker containing approximately 10 mL of 0.1 M H2SO4 and two drops of ferroin indicator. This 

beaker was placed under a 25 mL burette containing the 0.02 M Ce(SO4)2 solution, and drops of 

Ce(SO4)2 were added until the red solution became blue. At this point the volume of Ce(SO4)2 was 

determined and the ferrous ions present in solution were calculated. 
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Total iron content in each sample was determined by diluting 1 mL of kinetic sample in 100 mL of 

0.1 M H2SO4, and performing MP-AES on the samples. The ferrous content of each sample was 

subtracted from the total iron content to give the ferric iron concentration of each sample. 

3.2.4 Raman spectroscopy analysis 

A HORIBA Jobin Yvon micro-Raman Spectrometer (Model: LabRAM) with a 632.8 nm He/Ne 

laser (17 mW) and an Olympus BX-41 microscope system were used for the Raman spectroscopy 

study. No filter was applied during the collection of spectra and a 50x microscope objective was 

used. Raman spectra were acquired from two spots on each carbon, and each spectra represents the 

average of two measurements. Acquisition time was 15 s. 

3.2.5 XPS analysis 

XPS analysis for the carbon additive characterization was performed at The University of Toronto. 

A ThermoFisher Scientific K-Alpha XPS spectrometer using a monochromated Al Kα X-ray source 

excitation (1486.6 eV). The analyses conducted for this study were performed with a 400 µm X-

ray spot, under chamber vacuum of 10 – 9 mbar. Survey spectra were acquired with an analyzer 

high pass energy of 200 eV with low point-density of 1 point/eV. High resolution O1s, C1s, S2p 

and N1s regional spectra were acquired with an analyzer low pass energy of 50 eV with high point-

density of 0.1 eV spacing. The binding energy scales were referenced by setting Au4f7/2 = 84.0eV, 

Cu2p3/2 = 932.67 eV and Ag3d5/2 = 368.26 eV.  

3.3 AF 5 parameters study methods and materials 

3.3.1 Sample Preparation 

This study incorporated the same pyrite concentrate outlined in Section 3.1.1, and thus the same 

sample preparation methods were applied.  
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3.3.2 Reactor tests 

Reactor tests for the AF 5 study were very similar to those in Section 3.1.2, with the same apparatus. 

The operating parameters for each test are outlined in Table 3-3. All tests were agitated at 800 rpm. 

Test solutions were prepared using 1 L of the desired concentrations of H2SO4 and ferric ions, 

supplied by ferric sulphate powder. Each test included addition of AF 5, the desired amount 

weighed dry and allowed to soak in deionized water overnight. Once the operating temperature was 

reached, a 10 mL sample of the lixiviant was drawn and the desired amount of pyrite concentrate 

was added to the system. 

 

Tests were conducted for a total of 96 h, and 10 mL liquid samples for kinetic testing were drawn 

at 0, 1, 3, 6, 12, 24, 36, 48, 60, 72, 84 and 96 h. Each sample was subjected to centrifuging in a 

Hermle Labnet Z 206 A centrifuge at 6000 rpm for 3 min, aiding in solid-liquid separation, followed 

by filtering via a 0.45 µm Sarstedt non-pyrogenic sterile syringe filter. The remaining solids were 

returned to the reactor along with 10 mL of stock solution replacing what was removed during 

sampling.  

 

Kinetic samples were subjected to ferrous-ferric ion titration as outlined in Section 3.1.2. Kinetic 

samples from tests AP 4, 5, 6 and P 4, 5, 6 were also analyzed for free acid using a Metrohm 916 

Ti-Touch potentiometric titrator in conjunction with a Metrohm 800 Dosino dosing unit. Free acid 

titration consisted of adding 2 mL of sample to 10 mL of deionized water and 10 mL of 3.4 wt.% 

C2K2O4 in deionized water. The titrator and dosing unit slowly added 0.5 M NaOH until the 

equivalent point was reached. 

 

After 96 h, the reactors were decommissioned and solid-liquid separation was performed using a 

pressure filter. The filtrate, as well as two 1 L 0.3 M H2SO4 solution washes (in the cases of AP 6 
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and P 6 two 1 L 0.25 M H2SO4 solution washes were used) and a third 1 L deionized water wash 

were collected and were subjected to MP-AES in an Agilent 4200 model, for total iron 

concentration along with the kinetic solution samples collected throughout testing. AF 5 was 

separated from the residue using a sieve during filtration. The difference in size fraction between 

the fine residue and coarse AF 5 allowed for adequate separation by sieving and washing the 

carbon. The solid residues were dried at SATP, minimizing further oxidation. Once the residues 

were weighed and homogenized, they were subjected to total carbon and sulphur analysis using an 

ELTRA CS-2000 Induction Furnace, and digestions for iron content via MP-AES. Residues were 

also subjected to TGA using a Netzsch STA 449 F3 Jupiter model to determine elemental and 

sulphide sulphur.  AF 5 was allowed to dry in a low temperature oven. After the AF 5 was dry, it 

was weighed and recorded. A sub-sample of AF 5 was taken and pulverized using a Bico laboratory 

pulverizer. The pulverized AF 5 was then subjected to total carbon and sulphur analysis using the 

ELTRA CS-2000 Induction Furnace, and TGA for sulphur content comparison. 
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Table 3-3  Operating parameters for the oxidation tests 

Test 

Operating 

Temperature 

(oC) 

Acid 

Concentration 

(M) 

Initial 

Ferric 

(g/L) 

Concentrate 

to AF 5 

Ratio 

Pulp 

Density 

(%) 

O2 

Flowrate 

(L/min) 

AP 1 75 1.00 5 1:1 10 0.2 

AP 2 80 1.00 5 1:1 10 0.2 

AP 3 85 1.00 5 1:1 10 0.2 

AP 4 

(Control) 
90 1.00 5 1:1 10 0.2 

AP 5 90 0.50 5 1:1 10 0.2 

AP 6 90 0.25 5 1:1 10 0.2 

AP 7 90 1.00 0 1:1 10 0.2 

AP 8 90 1.00 1 1:1 10 0.2 

AP 9 90 1.00 10 1:1 10 0.2 

AP 10 90 1.00 5 4:1 10 0.2 

AP 11 90 1.00 5 2:1 10 0.2 

AP 12 90 1.00 5 1:2 10 0.2 

AP 13 90 1.00 5 1:1 5 0.2 

AP 14 90 1.00 5 1:1 20 0.2 

AP 15 90 1.00 5 2:1 10 1.0 

AP 16 90 1.00 5 1:1 10 1.0 

AP 17 90 1.00 5 1:2 10 1.0 

AP 18 85 1.00 5 1:2 10 0.2 

AP 19 85 1.00 5 1:2 10 0.2 

AP 20 85 1.00 5 1:2 10 0.2 

AP 21 85 1.00 5 1:2 10 0.2 

       

P 1 75 1.00 5 N/A 10 0.2 

P 2 80 1.00 5 N/A 10 0.2 

P 3 85 1.00 5 N/A 10 0.2 

P 4 

(Control) 
90 1.00 5 N/A 10 0.2 

P 5 90 0.50 5 N/A 10 0.2 

P 6 90 0.25 5 N/A 10 0.2 

P 7 90 1.00 0 N/A 10 0.2 

P 8 90 1.00 1 N/A 10 0.2 

P 9 90 1.00 10 N/A 10 0.2 

P 10 90 1.00 5 N/A 5 0.2 

P 11 90 1.00 5 N/A 20 0.2 
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3.3.3 Error Analysis 

Error bars for pyrite oxidation curves were determined by evaluating the error from MP-AES 

measurements and repeat tests. Over the course of the study 41 quality standards were measured, 

resulting in a calculated error associated with MP-AES of 4%. This percent error was applied to 

each measured value to determine the error bar range for each kinetic sample associated with MP-

AES. Tests AP 18, 19, 20 and 21 provided repeated data points and the standard error between each 

repeat was determined. The resulting error for each kinetic sample was determined and the error 

range was determined, providing an indication of total error associated in the tests. The error 

determined through the repeated test work was much lower than the error associated with MP-AES 

and as a result, error from MP-AES was chosen for inclusion on the pyrite oxidation curves.     

3.4 Polymer study methods and materials 

3.4.1 Sample preparation 

This study incorporated the same pyrite concentrate outlined in Section 3.1.1, and thus the same 

sample preparation methods were applied. 

3.4.2 Polymer preparation 

Two polymers were acquired for this study. The first polymer, PET (acquired from Sigma-Aldrich), 

is in the form of cylindrical beads measuring approximately 3 x 1.5 mm, and the second polymer, 

HDPE (acquired from McMaster-Carr) is in the form of spherical beads approximately 3 mm in 

diameter. The polymers were doped with L-cystine following a procedure similar to that presented 

by Bùi et al., 1993, who determined that L-cysteine could be immobilized to the PET surface 

through a pre-treatment of 3-aminopropyltriethoxysilane (APTES) and glutaraldehyde (GA) (Bùi 

et al., 1993). The process was altered slightly to accommodate a larger yield of polymer, and L-

cystine was used rather than L-cysteine, as it was determined to be on the AF 5 surface. 
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Polymer surfaces were cleaned via Soxhlet extraction with tetrahydrofuran (THF) for 5 h prior to 

and after each surface modification procedure, ensuring the surfaces were cleaned of any unbound 

contaminants. Following each Soxhlet extraction, the polymer beads were rinsed with 95% ethanol 

and 100% chloroform. 

 

Soxhlet extraction was accomplished by filling a thimble with the desired polymer. For example 

initial PET sample was placed within the thimble, which was then placed within a Soxhlet extractor. 

The extractor was fitted into a 500 mL round bottom flask, containing 250 mL of THF. A condenser 

was fitted to the top of the extractor and a round bottom flask heating mantle was placed underneath 

the flask. The flask was heated to sustain the boiling point of THF, and cold water was passed 

through the condenser. This apparatus was left to run for 5 h, after which point it was dissassembled 

and the PET was rinsed with ethanol and chloroform. This apparatus is displayed in Figure 3-3. 

The clean PET that resulted after the initial Soxhlet extraction and ethanol and chloroform rinse is 

the untreated PET used in experimentation. The same process was performed on HDPE resulting 

in the untreated HDPE used in experimentation. 
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Figure 3-3 Soxhlet extraction apparatus  

Following the initial Soxhlet cleaning, clean PET was silanized for 48 h in 2% v/v toluene with 

APTES under nitrogen atmospheres at ambient pressure and 50 oC. To accomplish this the same 

apparatus presented in Figure 3-2 was used. 125 mL of 2% v/v toluene solution was added to a 250 

mL round bottom flask containing the clean PET. The flask was sealed with a septum, and fitted 

with a 20 gauge needle acting as a nitrogen inlet and a 20 gauge needle acting as a purge. Nitrogen 

was sparged into the system for 30 min. After 30 min, 5 mL of APTES was added to the system 

using a syringe and a third 20 gauge needle. The system was then permitted to mix at 500 rpm for 

48 h. After 48 h, the PET was removed from the system and allowed to cure for another 48 h at 

ambient temperature and pressure. This process was repeated for HDPE. 
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Following another round of Soxhlet extraction and ethanol and chloroform rinsing, the silanized 

PET was subjected to GA treatment. Using the same apparatus used in silanization, 125 mL of 5% 

v/v aqueous GA solution was added to the 250 mL round bottom flask containing the silanized 

PET. The PET and GA solution were mixed under ambient temperature and pressure at 500 rpm 

for 24 h. Nitrogen was not used in this step. After 24 h. PET was removed and subjected to another 

round of Soxhlet and ethanol and chloroform cleaning. This process was repeated for HDPE. 

 

Following GA treatment and subsequent cleaning, PET was incubated in 100 mL of 0.3 M HCl 

containing 1.0 g of dissolved L-cystine (purchased from Alfa Aesar) for 5 h. The resuting sample 

from this treatment was called PET Cys. The same procedure was repeated for HDPE and the 

resulting polymer was called HDPE Cys B. This was considered L-cystine treatment B for HDPE, 

as a second more simplistic method was incorporated to try and dope HDPE with L-cystine. Due 

to the simplistic nature of the second treatment it resulted in polymer HDPE Cys A. 

L-cystine treatment A involved taking clean untreated polymer, HDPE, and incubating it in 100 

mL of 0.3 M HCl containing 1.0 g of dissolved L-cystine for 5 h resulting in HDPE Cys A.  

3.4.3 XPS Analysis 

XPS analysis for the polymer characterization was performed at École Polytechnique. A VG 

ESCALAB 3 MKII XPS spectrometer using a Mg Kα X-ray source. The analyses conducted for 

this study were performed at a chamber pressure of 5.0 x 10-9 Torr. Survey spectra were acquired 

with an analyzer high pass energy of 100 eV with low point-density of 1 point/eV. High resolution 

O1s, C1s, S2p and N1s regional spectra were acquired with an analyzer low pass energy of 20 eV 

with high point-density of 0.05 eV spacing. Charge correction was accounted for with respect to 

C1s at 285.0 eV.  
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3.4.4 Oxidation tests 

Following preparation of the polymers (PET, PET Cys, HDPE, HDPE Cys A, and HDPE Cys B), 

oxidation tests could be conducted on the pyrite concentrate in the presence of each additive. In 

addition to conducting a test with each polymer a control test without any additive, and a control 

test with AF 5 was also conducted. The resulting tests are named No Add, AF 5, PET, PET Cys, 

HDPE, HDPE Cys A and HDPE Cys B. 

 

For each test, a 500 mL round bottom flask was filled with 200 mL of 1.0 M H2SO4 solution 

containing 5 g/L ferric ions. The flask was fitted with a septum containing a 20 gauge needle as an 

oxygen sparging inlet and a second 20 gauge needle as an oxygen outlet.  If AF 5 or a polymer was 

used, 5 g was added to the solution which was then sparged with oxygen at 0.1 L/min, agitated at 

800 rpm using a magnetic stirrer, and brought to temperature of 55 oC via hot plate and temperature 

probe regulating a water bath. Once temperature was reached 5 g of pyrite concentrate was added 

to the system, and the process was conducted for 48 h. The reactors were monitored throughout 

testing to ensure water baths were full and sparging and agitation was not interrupted. The apparatus 

for these oxidation tests is displayed in Figure 3-4. 
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Figure 3-4 Apparatus for polymer oxidation tests 

After 48 h, reactors were decommissioned and filtering occurred in a similar fashion to that 

presented in Section 3.3.2. Solid-liquid separation was performed using a pressure filter. The 

residue and AF 5 or polymer was subjected to two 200 mL 0.3 M H2SO4 solution washes and a 

third 200 ML deionized water wash. AF 5 or polymers were separated from the residue using a 

sieve during filtration. The solid residues were dried at SATP, minimizing further oxidation. Once 

the residues were weighed and homogenized, they were subjected to total carbon and sulphur 

analysis using an ELTRA CS-2000 Induction Furnace, and to TGA using a Netzsch STA 449 F3 

Jupiter model to determine elemental and sulphide sulphur.  AF 5 and polymers were allowed to 

dry in a low temperature oven. After the additives were dry, they were weighed and recorded. The 

AF 5 and polymers were then subjected to total carbon and sulphur analysis using the ELTRA CS-

2000 Induction Furnace, and TGA for sulphur content comparison.  
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Chapter 4 

Atmospheric oxidation of pyrite in the presence and absence of carbon 

additives 

4.1 Introduction 

The focus of this study is testing the effectiveness of two different carbon based additives, Lanxess 

Lewatit® AF 5 a micro/mesoporous carbonaceous bead, and a granular coconut shell based 

activated carbon in aiding the atmospheric oxidation of a gold-bearing pyrite concentrate. The study 

draws comparison between tests without carbon addition, tests with AF 5 addition and tests with 

activated carbon, in order to better understand how carbon additives impact atmospheric pyrite 

oxidation in sulphuric acid media. The methods and materials for this study are presented in Section 

3.1. 

4.2 Results and discussion 

4.2.1 Pyrite oxidation with and without additives 

Analysis of aqueous samples indicated no discernible change when varying the flow rate of oxygen 

sparging. The three different flow rates (0.1, 0.5, and 1.0 L/min O2) showed comparable results for 

iron dissolution (pyrite oxidation), ferrous concentration and ferric concentration. As expected the 

atmospheric oxidation of pyrite without the use of an additive showed poor conversion after 96 h 

with approximately 60% iron dissolution, depicted in Figure 4-1. The iron dissolution during the 

96 h of oxidation with the assistance of AF 5 is depicted in Figure 4-2. Immediately, it is evident 

that an increase in iron dissolution occurs with the assistance of AF 5 compared to the tests without 

an additive. Iron dissolution ranged between 79 and 88%, already a drastic increase compared to 

the tests without carbon addition. The rate of pyrite oxidation has changed with the use of AF 5, 

and can be clearly seen in the shape of the curves in Figure 4-2. Instead of one relatively linear 
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positive curve (Figure 4-1), the AF 5 curves depict a slowing oxidation rate starting to plateau at 

approximately 60% dissolution. Prior to 60% the curves are steep, suggesting quick kinetics and 

faster pyrite conversion. After 60% dissolution is achieved the slope begins to decrease, reaching 

a plateau, implying a slower oxidation rate. Figure 4-3 displays the iron dissolution over 96 h of 

oxidation assisted by activated carbon. Iron dissolution was similar to that of the AF 5 assisted 

leaching, in that approximately 80% dissolution was shown, however the shape of the curve is 

again different. Figure 4-3 displays a much steeper curve reaching 80% dissolution across all flow 

rates. There is a slight decrease in slope after 60% dissolution is achieved in Figure 4-3, however 

not as drastic as Figure 4-2. This suggests that kinetics during the activated carbon assisted leaching 

were faster than that of the AF 5 assisted oxidation, where a plateau was not reached until 

approximately the 82 h. Both carbon additives are observed to be rate enhancers.  

 

Figure 4-1 Iron dissolution of 50 g of pyrite concentrate over 96 h without the addition of 

carbon. Tests were conducted at 90 oC, 800 rpm, with an initial lixiviant containing 4 g/L 

ferric ions and 1 M H2SO4. 

Time (h) 

P
y
ri

te
 O

x
id

at
io

n
 (

%
) 



 

 

 

 

55 

 

Figure 4-2 Iron dissolution of 50 g of pyrite concentrate over 96 h with the addition of 100 g 

of AF 5. Tests were conducted at 90 oC, 800 rpm, with an initial lixiviant containing 4 g/L 

ferric ions and 1 M H2SO4. 

 

Figure 4-3 Iron dissolution of 50 g of pyrite concentrate over 96 h with the addition of 100 g 

of activated carbon (AC). Tests were conducted at 90 oC, 800 rpm, with an initial lixiviant 

containing 4 g/L ferric ions and 1 M H2SO4. 
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Following filtering and washing of the oxidation residues, the filtrate and wash solutions were 

collected for MP-AES iron analysis. The results were collected and used to calculate the total iron 

dissolution after the 96 h of oxidation, displayed in Table 4-1. The data presented in Table 4-1 

differentiates from the data presented in Figure 4-1 to Figure 4-3, as it measures total iron 

dissolution after the leach residue and carbon rate enhancers (if incorporated in the test) have been 

removed and thoroughly washed. The total iron dissolution presented in Table 4-1 combines iron 

dissolved in the filtrate as well as the total dissolved iron in the two wash solutions. 

Table 4-1 Iron dissolution percentage based on iron content in the filtrate and wash 

solutions from each leach for each additive and oxygen sparging rate after 96 h of oxidation. 

Additive 

O2 

Flowrate 

(L/min) 

Total Iron 

Dissolution 

(%) 

No Additive 

0.1 61.6 

0.5 56.6 

1.0 61.9 

AF 5 

0.1 90.9 

0.5 91.6 

1.0 88.2 

Activated 

Carbon 

0.1 92.4 

0.5 94.4 

1.0 87.4 

 

Table 4-1 portrays an interesting finding when compared with Figure 4-1, Figure 4-2 and Figure 

4-3 for each corresponding additive. The tests with no additive did not show a change between the 

iron dissolution of the 96 h kinetic sample versus the iron dissolution found in the combination of 

the filtrate and wash solutions. However, there was an increase in the iron dissolution found in the 

filtrate and wash solutions for both the AF 5 and activated carbon assisted oxidations when 

compared to their corresponding 96 h kinetic sample. This suggests that greater pyrite oxidation 

occurred in the AF 5 and activated carbon assisted oxidations than what is seen in Figure 4-2 and 
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Figure 4-3. It also implies that some of the iron in solution must be adsorbed to the carbon surface 

in these tests and does not wash into solution until after filtering and washing, this would explain 

why there is no change between the kinetic sample and filtrate/wash solution combination for the 

tests without any additive. 

4.2.2 Sulphur behaviour in the oxidation process with and without carbon addition 

The solid sample analysis is displayed in Table 4-2 below. The solid analysis provides a total pyrite 

oxidation estimate based on the sulphur balance from elemental sulphur found in both the solid 

residues and solid carbon additives, and total sulphur found in the residues. In order to perform this 

sulphur balance and ultimately calculate the total pyrite oxidized, a combination of sulphur 

determination via an ELTRA CS-2000 Induction Furnace and TGA were applied to residue and 

carbon samples. Sulphur determination with the induction furnace on residue samples indicated an 

amount of total sulphur consisting of both elemental sulphur formed during oxidation and any 

unoxidized sulphide sulphur remaining as pyrite. Induction furnace treatment on the carbon 

indicated elemental sulphur that formed and remained with the carbon additives during oxidation. 

TGA tests on the residue samples indicated the percent composition of elemental sulphur and 

sulphide sulphur remaining as pyrite. These compositions could then be applied to the induction 

furnace results determining the elemental sulphur and sulphide compositions equating to the total 

sulphur values experienced. With the knowledge of the composition of elemental sulphur and 

sulphide sulphur in the residues, the moles of unoxidized pyrite were calculated, allowing for the 

determination of total pyrite oxidation.  

  

Table 4-2 shows that without additives the total pyrite oxidized was approximately 60% for the 

tests with 0.1 and 1.0 L/min oxygen flowrates, and 50% in the test with a 0.5 L/min oxygen 

flowrate. These results are in agreement with the kinetic sample analysis and filtrate/wash water 
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analysis, where the 0.5 L/min oxygen flowrate test showed a lower iron dissolution (pyrite 

oxidation). More importantly the solid analysis shows poor elemental sulphur yield and that the 

majority of the pyrite is oxidized to sulphate (sulphate yields range between 72.0% and 83.7%). 

The data for the tests without any carbon seems to match the data presented in Figure 4-1 and Table 

4-1, further validating the kinetic sample analysis.  

 

The tests assisted by AF 5 show a total pyrite oxidation of approximately 96%, higher than the 80% 

and 87% seen in Figure 4-2, and slightly higher than the approximately 90% seen in Table 4-1. The 

most important aspect to note in the AF 5 solid analysis is the drastic increase in elemental sulphur 

production. Across the three tests, between 52.3% and 60.2% of pyrite was oxidized to elemental 

sulphur while 35.8% to 44.1% of pyrite was oxidized to sulphate, relating to elemental sulphur 

yields between 54.3% and 62.7% and sulphate yields between 37.3% and 45.7%. Not only does 

AF 5 provide better pyrite oxidation than an unassisted oxidation, the sulphur yield is much larger 

than the sulphate yield, opposite of the unassisted oxidation. The flowrate of oxygen seemed to 

affect the elemental sulphur production as an increase in flowrate indicated an increase in pyrite 

oxidized to form elemental sulphur. 

 

Solid analysis from the activated carbon assisted tests show that total pyrite oxidation reached 

100%. Although Figure 4-3 only shows iron dissolution around 80% and Table 4-1 shows a range 

of about 87% to 94%, 100% oxidation is not an unreasonable number as the trend in Figure 4-3 is 

flat after approximately 42 h, suggesting oxidation is complete. While total pyrite oxidation reaches 

100% with activated carbon, the sulphate yield ranged between 45.9% and 47.0%, slightly larger 

than the yields observed in the oxidations assisted by AF 5. Flowrate did not seem to affect 

elemental sulphur formation in the activated carbon assisted leaches as it did in the AF 5 assisted 

leaches. 
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Table 4-2 Solid sample analysis determining total pyrite oxidation, pyrite oxidized to form 

elemental sulphur and pyrite oxidized to form sulphate for leaches without any additive, 

assisted by AF 5 and assisted by activated carbon, for varying flowrates. 

Additive 

O2 

Flowrate 

(L/min) 

Pyrite 

Oxidized to 

So (%) 

Pyrite 

Oxidized to 

SO4
2- (%) 

Total Pyrite 

Oxidized 

(%) 

Sulphate 

Yield 

(%) 

Elemental 

Sulphur 

Yield (%) 

No Additive 

0.1 13.9 46.2 60.2 76.8 23.2 

0.5 8.3 42.6 50.9 83.7 16.3 

1.0 16.6 42.7 59.2 72.0 28.0 

AF 5 

0.1 52.3 44.1 96.4 45.7 54.3 

0.5 56.0 40.4 96.4 41.9 58.1 

1.0 60.2 35.8 96.0 37.3 62.7 

Activated 

Carbon 

0.1 53.0 47.0 100.0 47.0 53.0 

0.5 53.4 46.6 100.0 46.6 53.4 

1.0 54.1 45.9 100.0 45.9 54.1 

    

It becomes clear that there are benefits associated with carbon assisted oxidations, not only 

kinetically as rate enhancers but in terms of sulphate generation. The sulphate yields viewed in tests 

assisted by AF 5 were between approximately 31 to 42% lower than unassisted tests and with 

activated carbon, between 30 to 37% less than that of the corresponding unassisted oxidation test. 

This means that in the worst case scenario the carbon assisted oxidation tests are producing at least 

30% less sulphuric acid of the unassisted tests. This also means that less neutralization reagents 

will be needed for downstream leaching. 

 

The question is why do the carbon additives improve the reaction kinetics and promote elemental 

sulphur formation rather than sulphate formation? The increase in reaction kinetics is likely due to 

functional oxygen groups on the surface of the carbon. It is probable that hydrogen peroxide (H2O2) 

is formed through the oxidation of oxygen surface groups with a lower redox potential than the 

O2/H2O2 couple such as benzopyran (chromene) or quinone as discussed by Ahumada et al 
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(Ahumada et al., 2002). In-situ formation of hydrogen peroxide in the presence of activated carbon 

and oxygen in acidic solutions has been confirmed by Radzinski et al (Radzinski et al., 2016). 

 

While the increased kinetic rate of oxidation observed in the tests with carbon additives can be 

explained by the likely production of hydrogen peroxide from functional oxygen surface groups, 

this does not explain the increase in elemental sulphur formation. Rodriguez-Reinoso declared that 

non-polar molecule adsorption on the surfaces of activated carbon is more dependent on pore size 

distribution rather than surface chemistry (functional groups) (Rodríguez-Reinoso, 1998). 

Elemental sulphur (S0, S8) is a non-polar molecule and as a result it is more likely to adhere to the 

surface of activated carbons due to the pores rather than functional groups on the activated carbon 

surface. It is evident from Figure 4-4, that sulphur is present on the surface of AF 5 after oxidation 

is completed, proving that indeed, sulphur adheres to the surface of the additive. 
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Figure 4-4 Macro digital photography of A) fresh AF 5 prior to oxidation and B) AF 5 after 

oxidation for 96 h, where sulphur is clearly visible on the carbon surface. 

4.2.3 Differences between activated carbon and AF 5 assisted oxidation 

Pyrite oxidation was improved similarly when assisted by both activated carbon and AF 5, however 

there were some differences experienced between the two carbon additives. The first difference is 

the much faster oxidation kinetics viewed in the tests with activated carbon, the second being 

slightly improved elemental sulphur yield during AF 5 tests that also increased with oxygen 

flowrate versus the more stable and lower yield observed during activated carbon tests, and finally 

the ability of the AF 5 to retain elemental sulphur adhered to its surface, demonstrated in Table 4-3. 

  

The faster kinetics viewed in the activated carbon assisted tests compared to the AF 5 assisted tests 

are likely due to surface chemistry. The activities of the two carbons may be different due to 

different surface chemistry, and it is probable that the activated carbon’s surface chemistry is more 

favourable in promoting Equations 40 and 41 than the AF 5’s. More research, however, must be 

conducted to draw conclusions about the activities of the two rate enhancing additives due to 

surface chemistry. 

A B 
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Improved elemental sulphur yield viewed in the AF 5 tests over the activated carbon tests is likely 

due to surface area and pore size, while the ability of the AF 5 to retain elemental sulphur is likely 

due to pore size and mechanical properties. The surface area of the AF 5 determined by BET surface 

area analysis is 1154 m2/g, while BET analysis determined the activated carbon surface area is 921 

m2/g. The surface area of the AF 5 is 20% larger than that of the activated carbon. Looking at Table 

4-2, the tests with 1.0 L/min oxygen flow for both carbons show that the elemental sulphur yield 

of the AF 5 test is approximately 15.8% larger than that of the activated carbon test. This suggests 

that the difference in surface area could compensate for some of the increase in elemental sulphur 

production seen in the tests with AF 5. 

 

Figure 4-5 below depicts scanning electron microscope images of both activated carbon and AF 5 

prior to oxidation tests. It is evident that the activated carbon is very porous while the AF 5 seems 

to be relatively smooth with some recessed channels. However, the AF 5 is microporous with pores 

an average size of 8 nm in diameter, meaning they are too small to see in the imaging.  
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Figure 4-5 Back-scatter electron imaging of fresh carbon additives under vacuum. A) Fresh 

activated carbon molecules after initial attrition, prior to testing. B) Fresh AF 5 particles 

prior to testing. 

As seen in Table 4-3, 100% of the elemental sulphur produced remains adhered to the surface of 

the AF 5 while only 40% remains on the carbon. Although 60% of the elemental sulphur produced 

is found in the residue, it is probable that a good portion of that sulphur remains on the carbon 

surface until washing and filtering occurs, where the large pores are cleaned of the majority of the 

sulphur within. 

 

 

 

 

 

 

 

A B 



 

 

 

 

64 

Table 4-3 The amount of elemental sulphur produced during oxidation tests along with the 

percent composition of that sulphur within the residue as well as adhered to the carbon 

additive surface. 

Additive 

O2 

Flowrate 

(L/min) 

S0 Produced 

(g) 

S0 in 

Residue (%) 

S0 on 

Additive 

(%) 

AF 5 

0.1 6.93 0 100 

0.5 7.36 0 100 

1.0 7.91 0 100 

Activated 

Carbon 

0.1 6.99 60 40 

0.5 7.04 60 40 

1.0 7.07 62 38 

 

One reason for the lack of elemental sulphur adhesion on the activated carbon surface is that the 

activated carbon is mechanically weaker than the AF 5. Upon filtering it was found that attrition 

during oxidation caused a large portion of the activated carbon to be lost as fines in a “slime”. Prior 

to oxidation the concentrate contained only 0.16% carbon, however after oxidation assisted by 

activated carbon, the residue contained between 35.4 and 38.0% carbon (Table 4-4), proving that 

carbon attrition did occur and that the fines produced were lost to the residue.  The breaking of the 

activated carbon into these fines could permit the liberation of elemental sulphur on the carbon 

surface. These fine carbon particles within the residue will cause problems further downstream for 

gold extraction as a result of preg-robbing gold-cyanide complexes. In addition to the problems 

downstream, the weak mechanical properties displayed of the activated carbon, suggests that the 

activated carbon would not be well recycled and would need to be replenished with fresh carbon 

each sequential test, as approximately 20% of the original activated carbon was lost to fines. While 

the activated carbon shows very good oxidation kinetics (Figure 4-3), the potential of downstream 

preg-robbing and poor recyclability proves that it is not a viable option for an industrial process. 

On the contrary, the AF 5 showed very strong mechanical properties, producing very little fines, 
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only 1.6 to 2.0% carbon found in the residue equating to approximately 0.4% of the original AF 5 

lost to fines, indicating that preg-robbing should not be an issue downstream and that the AF 5 

should be recyclable. 

Table 4-4 The composition of carbon (percentage and mass) found within oxidation residues 

after oxidation assisted by either AF 5 or activated carbon for various oxygen flowrates. 

The percentage of the original 100 g of carbon lost to fines in the residue is presented in the 

final column. The carbon composition of the concentrate prior to oxidation is also 

presented. *Denotes the amount of carbon in 50 g of concentrate prior to oxidation. 

Additive 

O2 

Flowrate 

(L/min) 

Carbon 

(%) 
Carbon (g) 

Carbon 

Lost (%) 

AF 5 

0.1 2.0% 0.51 0.43 

0.5 1.6% 0.41 0.33 

1.0 2.0% 0.53 0.45 

Activated Carbon 

0.1 35.4% 20.27 20.2 

0.5 36.3% 21.10 21.0 

1.0 38.0% 23.34 23.3 

Concentrate Prior to Oxidation 0.16% 0.08* N/A 

 

Another reason for the difference in elemental sulphur retention between activated carbon and AF 

5 is the pore size distribution. The distribution based on the volumes associated with various pore 

width sizes determined by BJH analysis for activated carbon and AF 5 are presented in Figure 4-6 

A and B, respectively. IUPAC classifies pores with diameters less than 2 nm microporous, 

diameters between 2 and 50 nm mesoporous and pores larger than 50 nm macroporous (Everett, 

1972). Using IUPAC classification Figure 4-6 A indicates that approximately 19.6%, 65.4% and 

15.1% of pores on activated carbon surfaces are macro-, meso- and micropores, respectively. Figure 

4-6 B shows that approximately 7.8%, 66.4% and 26.9% of pores on AF 5 surfaces are macro-, 

meso- and micropores, respectively. The BJH adsorption analysis also indicated that the total 
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distribution of pores on activated carbon result in 0.045 cm3/g while the pores on AF 5 provide a 

volume of 0.079 cm3/g. Further, activated carbon provided approximately 0.009, 0.029 and 0.007 

cm3/g from macro-, meso- and micropores, respectively, while AF 5 contributed approximately 

0.006, 0.053 and 0.021 cm3/g from macro-, meso- and micropores, respectively. It is evident that 

AF 5 contains more pores than the activated carbon providing more total pore volume, more volume 

associated with both meso- and micropores and less volume associated with macropores than 

activated carbon. The smaller sizes of pores associated with the AF 5 may allow for micro sized 

sulphur particles to sink within the AF 5, promoting very high sulphur retention on AF 5 surface.  
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Figure 4-6 Pore size distribution of A) activated carbon and B) AF 5 based on BJH 

adsorption. 

4.2.4 Ferric and ferrous behaviour during oxidation 

Titration of the solution samples during testing coupled with MP-AES analysis allowed for the 

determination of the concentrations of total ferrous and ferric species. Given that the oxidation of 
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pyrite in this system, represented in Equation 39, is driven by the consumption of ferric ions as the 

oxidant, and produces ferrous ions, the concentrations of the ferrous and ferric species can help 

provide a better understanding of the oxidation process. 

 

The trend in ferrous iron throughout testing without carbon addition (Figure 4-7 A) is relatively 

linear in the positive direction, with a slight plateau towards the end of the 96 h test. This suggests 

that the oxidation rate itself is constant, however slow. Figure 4-7 A shows that throughout the total 

96 h of testing, ferrous concentration is increasing, meaning that pyrite oxidation is still occurring. 

The linear increase in ferrous concentration also suggests that the oxidation is not near completion, 

as the slope should decrease as the oxidation reaches completion. This in fact justifies what is seen 

in Figure 4-1, where a maximum of 60% iron dissolution was seen and the curves were linear. A 

decrease in slope does seem to begin around the 72 to 96 h mark in Figure 4-7 A, suggesting that 

if the oxidation test were extended, the rate of oxidation would begin to slow after this point. This 

can be seen in Figure 4-2 and Figure 4-3 where the iron dissolution rate seemed to slow after 

relatively linear dissolution was seen up to approximately 60%. After 60% dissolution, the slope 

decreased eventually reaching a plateau. This observation has also been documented by Sun et al. 

who reported that pyrite dissolution slows down after 60% dissolution (Sun et al., 2015). Ferric 

concentration (Figure 4-7 B) seems to start increasing around the 60 to 72 h point in testing, which 

again could indicate the start of a decreasing rate in pyrite oxidation. As pyrite oxidation slows, 

ferrous ions would be produced at a slower rate and be oxidized to ferric ions by oxygen, while less 

ferric ions would be consumed, allowing for an increase in ferric concentration. Although an 

increase in ferric concentration towards the end of testing is viewed, the total ferric ion to total 

ferrous ion ratio (Figure 4-7 C) is relatively flat (apart from an initial spike due to the addition of 4 

g/L initial ferric) suggesting that the oxidation of pyrite is proceeding at a stable rate. There are 

more ferrous ions present throughout than ferric ions, showing that the reaction is continually 
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producing ferrous ions (oxidizing pyrite). An upward trend in Figure 4-7 C would suggest that the 

oxidation of pyrite is slowing and nearing completion as ferrous ions are being oxidized to ferric 

ions faster than pyrite is being oxidized to produce ferrous ions, however this is not the case and 

oxidation is incomplete. 

  

Figure 4-7 A) Total ferrous concentration- B) Total ferric concentration- C) Total ferric to 

total ferrous ratio- during leaching of 50g of pyrite concentrate over 96 h without addition 

of carbon. Tests were conducted at 90 oC, 800 rpm, with an initial lixiviant containing 4 g/L 

ferric ions and 1 M H2SO4.  
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The ferrous and ferric ion behaviour for the oxidation tests assisted by AF 5 are depicted in Figure 

4-8. These figures seem to agree with the behaviour in Figure 4-2, as a sharp drop in ferrous 

concentration (Figure 4-8 A) and a steep rise in ferric concentration (Figure 4-8 B) around the 48 

h mark. The sharp increase in ferric ions and decrease in ferrous ions implies that the oxidation of 

pyrite is nearing completion with less ferrous production and greater ferric regeneration. Initial 

analysis of Figure 4-2, does not indicate that the pyrite oxidation is near completion with only 79 

to 88% iron dissolution, however as shown in Table 4-1 some iron will adhere to the AF 5 surface 

prior to washing, decreasing the iron dissolution percentages. Due to the decrease in ferrous and 

increase in ferric species around the 48 h mark the ferric to ferrous ratio in Figure 4-8 C is seen to 

increase around 48 h as well. This suggests that pyrite oxidation is slowing down around the 48 h 

mark, with ferrous ions being oxidized to ferric ions faster than ferrous ions are produced as a result 

of pyrite oxidation. In Figure 4-2, the iron dissolution reaches 60% at approximately 48 h, and 

begins to slow after this point, matching the trends observed in Figure 4-8. By the end of the 

oxidation tests with AF 5, more ferric species are seen in solution than ferrous species, suggesting 

that pyrite oxidation has reached completion, and few ferrous species are being generated, instead 

ferric species are increasing as a result of the oxidation of ferrous iron by oxygen. An interesting 

observation during the AF 5 assisted tests is brought to attention in Figure 4-8 B where almost no 

ferric species can be seen initially, even though 4 g/L of ferric iron is initially added to solution. 

This means that initially the AF 5 is reducing almost all of the ferric iron present to the ferrous 

form.  
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Figure 4-8 A) Total ferrous concentration- B) Total ferric concentration- C) Total ferric to 

total ferrous ratio- during leaching of 50 g of pyrite concentrate over 96 h with the addition 

of 100 g of AF 5. Tests were conducted at 90 oC, 800 rpm, with an initial lixiviant containing 

4 g/L ferric ions and 1 M H2SO4. 

 

The faster kinetics of the activated carbon oxidation tests (Figure 4-3) compared to the AF 5 tests 

(Figure 4-2) can also be seen in Figure 4-9 A and B, where the same general trends occur as seen 

in Figure 4-8 A and B, however the changes occur around 36 h rather than 48 h. Figure 4-3 

demonstrates that again approximately 60% iron dissolution is reached at approximately 36 h, and 

oxidation slows after this point, matching what was reported by Sun et al. (2015). The ferrous 
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concentration in Figure 4-9 A, reaches a peak at 36 h and is followed by a drop in ferrous 

concentration over the remainder of the test. This same trend was seen in the AF 5 assisted oxidation 

(Figure 4-8 A), however the peak was 12 h behind, at the 48 h mark. Again the change is visible in 

Figure 4-9 B, where ferric concertation begins to increase at a faster rate after 36 h, suggesting less 

pyrite oxidation is occurring as the oxidation nears completion. The ratio between total ferric and 

ferrous concentrations viewed in Figure 4-9 C reaches approximately 2.5 compared to the 1.2 after 

96 h of AF 5 assisted oxidation (Figure 4-8 C), suggesting that the activated carbon assisted test 

has been stable in terms of pyrite oxidation longer than the AF 5 assisted test, as little ferrous is 

being produced and the majority of ferrous ions are oxidized to ferric ions.  

 

It is interesting to note that in Figure 4-9 B, initially there is only approximately 1 g/L ferric present 

in solution, although 4 g/L were added. Although not as drastic as what was seen in Figure 4-8 B 

with the AF 5, the activated carbon must also reduce some of the initial ferric present in solution. 

The reduction of ferric to ferrous ions by activated carbon was reported by Huang and Vane (Huang 

and Vane, 1989). In this study, there was no oxygen added to solution and ferric ions were seen to 

be reduced by the activated carbon. Uchida et. al. similarly concluded that activated carbon has a 

reduction effect on ferric ions and that this effect was attributed to the number of hydrophilic groups  

such as carboxyl and phenolic hydroxide groups on the carbon surface (Uchida et al., 2000). In the 

previous two studies, oxygen was not added to the system, however another researcher, Shirakashi, 

studied the reduction of ferric ions by activated carbon in the presence of dissolved oxygen and in 

its absence (Shirakashi, 1993). Shirakashi reported that in the presence or absence of oxygen, 

activated carbon can reduce ferric ions to ferrous ions, however in the presence of dissolved 

oxygen, activated carbon can also oxidize ferrous ions to ferric ions. Shirakashi also reported that 

initially, even in the presence of dissolved oxygen, only the reduction reaction will proceed 

(Shirakashi, 1993). It is evident that initially both carbon additives used in this study reduce ferric 
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ions present in solution (Figure 4-8 B and Figure 4-9 B), however after this initial period the carbon 

is more favourably oxidizing ferrous ions rather than reducing ferric ions. It is also apparent that 

the reduction ability of the AF 5 is stronger than that of the activated carbon, which suggests more 

hydrophilic surface groups present initially, according to the research by Uchida et al. (2000).  

 

Figure 4-9 A) Total ferrous concentration- B) Total ferric concentration- C) Total ferric to 

total ferrous ratio- during leaching of 50 g of pyrite concentrate over 96 h with the addition 

of 100 g of activated carbon (AC). Tests were conducted at 90 oC, 800 rpm, with an initial 

lixiviant containing 4 g/L ferric ions and 1 M H2SO4.  
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4.2.5 Ferric and ferrous speciation calculations 

With the data acquired from the ferric/ferrous analysis, iron speciation calculations can be 

conducted using PHREEQC Interactive (Version 3.3.7.11094), a software developed by the USGS 

(Parkhurst and Appelo, 2013). For each speciation calculation, a kinetic solution sample was taken 

from the pyrite oxidation test, and the solution was analyzed for ORP, pH, DO, total iron, ferric 

and ferrous concentrations. Then the measured data was fed into the PHREEQC software, to 

calculate the speciation of ferric and ferrous under the conditions of each kinetic sample. The 

speciation calculation results are presented in Table 4-5 through to Table 4-8.  As an example, the 

solution kinetics sample that was taken from the pyrite leaching test with no additive at 90 °C and 

1.0 L/min O2 sparging at 1 h time, was analyzed (ORP, pH, DO, total Fe, ferrous, and ferric 

analysis) and the analysis data was fed into the PHREEQC software to calculate the iron speciation. 

The calculated speciation data are presented in the second row of Table 4-5 (no additive, 1 h row).  

The speciation calculation resulted in the determination of the moles of ferrous and ferric iron 

species, the mole percentages of the different ferrous and ferric iron species in relation to total 

ferrous and total ferric species, as well as the activities of the iron species.  

 

The total moles of ferrous and ferric ions for the oxidation tests at 1.0 L/min oxygen sparging are 

presented in Figure 4-10. Only the one sparging rate was presented as the data across all three 

sparging rates did not vary by a significant amount. The calculated speciation data provides a good 

representation of Figure 4-7 A and B, Figure 4-8 A and B and Figure 4-9 A and B, comparing the 

total ferrous and ferric ions present in solution for all three tests in one figure. The same trends seen 

in Figure 4-7 through to Figure 4-9 are experienced in Figure 4-10, suggesting that the speciation 

is representative of the data. Initially without the assistance of a carbon, only ferric ions are present 

in solution, however with the addition of AF 5 almost all of the ferric ions are reduced to ferrous 
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and with the addition of activated carbon only about one third of the initial ferric remains, as 

discussed above. 

 

Figure 4-10 Moles of total ferrous and total ferric species after 0, 1, 36, 60, and 96 h of 

oxidation. An unassisted oxidation (No Additive), an AF 5 assisted oxidation and an 

activated carbon assisted oxidation are displayed. All three tests displayed were conducted 

with 1.0 L/min O2 sparging. 

Table 4-5 presents the molar percent composition of the ferrous and ferric species in solution for 

the tests conducted at 1.0 L/min. Again the other sparging rates provided negligible variance and 

the comparison between additives is what is of importance. The dominant ferrous species found 

were FeHSO4
+, Fe2+, and FeSO4, while the dominant ferric species were FeHSO4

2+, FeSO4
+, Fe3+, 

Fe(SO4)2
- and FeOH2+. It is evident that there is not much change in the molar percent composition 

of the different species across the three different tests, however when combined with the moles of 

No Additive 
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ferrous and ferric species presented in Figure 4-10, the differences can be seen. Throughout testing 

it is clear that, for ferrous species, FeHSO4
+ decreases while Fe2+ increases and FeSO4 remains 

relatively unchanged. Similarly for ferric species throughout testing FeHSO4
2+ decreases, FeSO4

+ 

increases, Fe3+ increases by a very small margin, while Fe(SO4)2
- and FeOH2+ remain constant.  

   

The activities calculated via the PHREEQC software for each test at each sparging rate are 

presented in Table 4-6, Table 4-7 and Table 4-8. It is evident that sparging rate has very little effect 

on test results. Originally it was thought that the sparging rate would have a large impact on the 

ORP of the solution, however looking at the free ferrous and free ferric values throughout Table 

4-6, Table 4-7 and Table 4-8, very little change is noticed. Instead the change in activities is seen 

across the different additives. The activities displayed in Table 4-6, Table 4-7 and Table 4-8 

demonstrate the same trends seen in Figure 4-7 through to Figure 4-9. Table 4-6 shows that without 

the addition of carbon, the activities of ferrous species are very low, due to the initial ferric ions 

added. Throughout testing the ferrous species` activities increase, while the ferric activities 

decrease until 60 h where they begin to increase, matching the trends in Figure 4-7. Table 4-7 and 

Table 4-8 also show the same trends witnessed in Figure 4-8 and Figure 4-9 respectively. It should 

be noted that for the test assisted by AF 5 at 0.1 L/min oxygen sparging, no initial ferric was found. 

The activities of the tests with AF 5 and activated carbon show that initial ferric species’ activities 

increase initially, eventually reaching a maximum and then decrease, while the ferric species 

increase throughout testing. The ferric species for the tests with activated carbon were more active 

in solution than the AF 5 tests, as expected by the faster oxidation kinetics seen in testing. The 

speciation calculations conducted are a good representation of the tests conducted because the 

trends found in the activities and molar compositions match the trends depicted in the experimental 

data. 
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Table 4-5 Mole percent compositions of ferrous and ferric species after 0, 1, 36, 60, and 96 h of oxidation, calculated by PHREEQC 

software. An unassisted oxidation (No Additive), an AF 5 assisted oxidation and an activated carbon assisted oxidation are displayed. All 

three tests displayed were conducted with 1.0 L/min O2 sparging and modeled at 90 oC. 

  Ferrous Species Ferric Species 

Additive 
Time  

(hr) 

FeHSO4
+  

(%) 

Fe2+  

(%) 

FeSO4  

(%) 

FeHSO4
2+  

(%) 

FeSO4
+  

(%) 

Fe3+  

(%) 

Fe(SO4)2
-  

(%) 

FeOH2+  

(%) 

No Additive 

0 63.7 31.8 4.5 78.6 17.8 2.6 0.9 0.2 

1 63.7 31.7 4.5 78.8 17.5 2.6 0.9 0.2 

36 63.2 32.4 4.5 78.4 17.9 2.7 0.9 0.2 

60 62.7 32.8 4.5 77.9 18.2 2.8 0.9 0.2 

96 61.9 33.8 4.4 77.0 18.9 3.0 0.9 0.3 

AF 5 

0 64.5 30.9 4.6 79.6 16.9 2.4 0.9 0.2 

1 64.2 31.3 4.6 79.3 17.1 2.5 0.9 0.2 

36 62.5 33.0 4.4 77.8 18.4 2.8 0.9 0.2 

60 61.8 33.8 4.4 77.0 18.9 3.0 0.9 0.3 

96 60.7 35.0 4.3 75.5 20.0 3.3 0.9 0.3 

Activated Carbon 

0 64.3 31.1 4.6 79.4 17.1 2.4 0.9 0.2 

1 64.1 31.4 4.5 79.2 17.2 2.5 0.9 0.2 

36 61.7 33.9 4.4 76.9 19.0 3.0 0.9 0.3 

60 60.8 34.9 4.3 75.7 19.9 3.2 0.9 0.3 

96 60.2 35.5 4.3 74.9 20.5 3.4 0.9 0.3 
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Table 4-6 Activities of the different iron species, calculated by PHREEQC software, during the pyrite oxidation tests without a carbon 

additive for the three different oxygen sparging levels at 0, 1, 36, 60 and 96 h. Calculations were conducted at the test temperature of 90 

oC. 

Flowrate  

(L/min) 

Time 

(hr) 

FeHSO4
+ 

(x10-2) 

Fe2+  

(x103) 

FeSO4 

(x10-3) 

FeHSO4
2+ 

(x10-3) 

FeSO4
+ 

(x10-4) 

Fe3+  

(x10-5) 

Fe(SO4)2
- 

(x10-5) 

FeOH2+ 

(x10-6) 

0.1 

0 0.04 0.04 0.05 22.98 80.92 9.51 51.95 21.75 

1 3.03 3.16 3.54 10.93 38.48 4.54 24.60 10.39 

36 5.74 6.09 6.70 6.90 24.30 2.91 15.29 6.66 

60 7.06 7.58 8.24 7.85 27.63 3.35 17.17 7.67 

96 8.18 8.93 9.56 12.31 43.35 5.35 26.50 12.23 

0.5 

0 0.04 0.04 0.05 23.00 80.99 9.52 51.99 21.77 

1 2.78 2.90 3.25 11.30 39.79 4.69 25.47 10.72 

36 5.07 5.34 5.92 6.57 23.14 2.76 14.65 6.30 

60 6.03 6.40 7.04 6.82 24.01 2.89 15.07 6.60 

96 7.73 8.36 9.03 8.83 31.10 3.80 19.19 8.69 

1.0 

0 0.04 0.05 0.05 22.96 80.84 9.50 51.89 21.73 

1 3.19 3.33 3.72 10.73 37.77 4.46 24.12 10.21 

36 6.19 6.59 7.24 6.53 22.98 2.76 14.41 6.32 

60 6.85 7.36 8.00 9.41 33.14 4.03 20.57 9.20 

96 7.53 8.24 8.79 17.66 62.20 7.70 37.89 17.60 
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Table 4-7 Activities of the different iron species, calculated by PHREEQC software, during the AF 5 assisted pyrite oxidation tests for the 

three different oxygen sparging levels at 0, 1, 36, 60 and 96 h. Calculations were conducted at the test temperature of 90 oC. 

Flowrate  

(L/min) 

Time 

(hr) 

FeHSO4
+ 

(x10-2) 

Fe2+ 

(x10-3) 

FeSO4 

(x10-3) 

FeHSO4
2+ 

(x10-3) 

FeSO4
+ 

(x10-4) 

Fe3+ 

(x10-5) 

Fe(SO4)2
- 

(x10-5) 

FeOH2+ 

(x10-6) 

0.1 

0 3.50 3.59 4.09 0.00 0.00 0.00 0.00 0.00 

1 4.34 4.50 5.07 0.63 2.22 0.26 1.43 0.59 

36 7.57 8.24 8.84 13.86 48.81 6.01 29.90 13.73 

60 8.02 8.86 9.37 20.44 71.98 8.99 43.48 20.54 

96 5.75 6.50 6.72 46.92 165.20 21.12 97.50 48.27 

0.5 

0 3.48 3.59 4.06 1.51 5.31 0.62 3.44 1.42 

1 4.37 4.55 5.10 2.65 9.34 1.10 5.99 2.51 

36 7.60 8.23 8.87 10.68 37.60 4.61 23.15 10.53 

60 7.72 8.52 9.02 20.87 73.49 9.16 44.46 20.94 

96 5.49 6.17 6.42 44.03 155.10 19.69 92.08 45.02 

1.0 

0 3.52 3.62 4.11 0.25 0.88 0.10 0.57 0.23 

1 4.35 4.51 5.08 1.39 4.90 0.58 3.15 1.32 

36 7.51 8.12 8.77 9.32 32.82 4.01 20.27 9.16 

60 7.67 8.40 8.96 17.25 60.73 7.52 36.98 17.20 

96 5.55 6.22 6.49 41.87 147.40 18.67 87.80 42.68 
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Table 4-8 Activities of the different iron species, calculated by PHREEQC software, during the activated carbon assisted pyrite oxidation 

tests for the three different oxygen sparging levels at 0, 1, 36, 60 and 96 h. Calculations were conducted at the test temperature of 90 oC. 

Flowrate 

(L/min) 

Time 

(hr) 

FeHSO4
+ 

(x10-2) 

Fe2+ 

(x10-3) 

FeSO4 

(x10-3) 

FeHSO4
2+ 

(x10-3) 

FeSO4
+ 

(x10-4) 

Fe3+ 

(x10-5) 

Fe(SO4)2
- 

(x10-5) 

FeOH2+ 

(x10-6) 

0.1 

0 2.39 2.45 2.79 5.00 17.61 2.05 11.43 4.68 

1 4.04 4.19 4.72 3.16 11.11 1.30 7.14 2.98 

36 7.46 8.19 8.72 19.35 68.13 8.46 41.41 19.33 

60 6.59 7.35 7.70 34.24 120.60 15.21 72.07 34.77 

96 3.12 3.51 3.65 56.52 199.00 25.30 118.10 57.85 

0.5 

0 2.40 2.47 2.81 6.15 21.66 2.52 14.03 5.77 

1 4.10 4.26 4.78 4.35 15.31 1.80 9.81 4.12 

36 7.84 8.63 9.16 19.37 68.23 8.49 41.34 19.41 

60 6.79 7.58 7.94 32.85 115.70 14.59 69.20 33.35 

96 3.25 3.67 3.80 58.09 204.60 26.10 121.00 59.67 

1.0 

0 2.35 2.42 2.75 6.61 23.27 2.71 15.07 6.20 

1 4.20 4.37 4.91 2.86 10.06 1.18 6.46 2.70 

36 7.79 8.56 9.10 18.12 63.82 7.93 38.76 18.11 

60 6.58 7.37 7.69 35.92 126.50 16.00 75.42 36.57 

96 3.30 3.72 3.85 58.35 205.50 26.23 121.40 59.97 
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4.2.6 Measured and calculated ORP and its impact on the results of the oxidation tests. 

Previous research indicates that ORP during the oxidation of pyrite by ferric ions and dissolved 

oxygen has an impact on sulphate yield, with lower potentials decreasing sulphate yield and 

increasing elemental sulphur yield (Holmes and Crundwell, 2000). The measured ORP values for 

the tests without additives, with AF 5 addition and with activated carbon addition, with an oxygen 

sparging flowrate of 1.0 L/min are presented in Table 4-9. The ORP data in Table 4-9 indicates that 

the addition of AF 5 and activated carbon helps to moderate the ORP initially. In these tests it can 

be seen that the initial ORP was lowered by the addition of the carbons. Both carbon additives 

initially reduce the ferric ions to ferrous ions, equating to a decrease in ORP. The initial reduction 

of the species by carbon additives is a common observation (Huang and Vane, 1989; Shirakashi, 

1993; Uchida et al., 2000). It is believed that when the surface functional groups of the carbon are 

all consumed in the initial contact time of the carbon with the solution, the carbon becomes a 

reducing agent.  However, with time and addition of oxygen gas into the solution the carbon re-

produces the functional groups and becomes an oxidation enhancer again. This initial decrease in 

the solution ORP likely promotes the formation of elemental sulphur over sulphate. At lower ORP 

values, sulphide (S2-) is more favourably oxidized to elemental sulphur (So) rather than sulphate. 

At higher ORP values S2- will be oxidized further to S6+ in the form of sulphate (SO4
2-). The 

decrease in ORP that both carbon additivess introduce to the system could explain the increase in 

the elemental sulphur yield. The ORP is lower in the system with AF 5 than the system with 

activated carbon which again helps to justify why the tests with AF 5 showed higher elemental 

sulphur yields than the activated carbon assisted tests.  Alternatively, the higher sulphur yield with 

AF 5 vs. activated carbon, can be explained by the fact that AF 5 is a better sink for sulphur, which 

adsorbs the sulphur species in the solution (such as water soluble polysulphides) and depletes its 
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concentration in the leach solution, thus shifting the pyrite oxidation reaction towards the higher 

elemental sulphur generation. 

 

It is noticed in Table 4-9 that at approximately 36 h the ORP value associated with the activated 

carbon assisted test is higher than that of the test without additive. However in Figure 4-3 it can be 

seen that the majority of oxidation is complete at 36 h and as a result the increase in ORP is 

associated with a decrease in ferrous iron production due to near complete pyrite oxidation and an 

increase in ferric concentration by its regeneration. The same observation can be made at 60 – 72 

h of testing with AF 5 addition. Tests without carbon addition start with very high ORP values as 

the initial ferric in solution is not reduced, and begin to drop slowly, due to ferrous iron production 

by pyrite oxidation.  

Table 4-9 Measured ORP values throughout testing with 1.0 L/min oxygen sparging for 

tests without carbon addition, AF 5 addition and activated carbon addition. 

ORP  vs. SHE (mV) 

Time (h) 
No 

Additive 
AF 5 

Activated 

Carbon 

0 977.5 638.4 698.9 

1 722.6 648.5 644.5 

3 702.7 634.0 648.6 

6 698.8 647.1 646.6 

12 700.5 655.0 663.1 

24 698.3 661.1 674.5 

36 695.4 677.5 699.4 

48 696.6 687.1 709.0 

60 701.8 698.7 720.6 

72 705.7 715.0 736.9 

84 709.3 726.1 748.0 

96 714.3 738.5 760.4 
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Table 4-10 presents a comparison of ORP values between tests assisted by activated carbon in the 

presence of oxygen at sparging rates of 0.1, 0.5 and 1.0 L/min. It becomes evident that oxygen 

sparging rate has an insignificant impact on the ORP values experienced which is likely attributed 

to excess oxygen in the system for all three flowrates. The largest difference in ORP values between 

0.1 and 1.0 L/min oxygen sparging tests is approximately 12 mV at the 6 h time sample.  

Table 4-10 Measured ORP values comparing 0.1, 0.5 and 1.0 L/min oxygen sparging in tests 

assisted by activated carbon. 

ORP  vs. SHE (mV) 

Time (hr) 0.1 L/min 0.5 L/min 1.0 L/min 

0 696.5 696.5 698.9 

1 645.2 643.3 644.5 

3 641.9 645.2 648.6 

6 634.7 642.2 646.6 

12 659.9 656.8 663.1 

24 674.7 673.7 674.5 

36 692.1 696.5 699.4 

48 699.2 702.7 709.0 

60 710.4 715.0 720.6 

72 726.2 732.4 736.9 

84 741.1 745.8 748.0 

96 754.7 758.4 760.4 

 

The PHREEQC Interactive speciation calculation provided the free ferrous and free ferric ion 

activities (Table 4-5 through to Table 4-8). Using the activity values, the ORP of the solution can 

be calculated through the use of the Nernst Equation (Equation 42) 

 
E = E0 −

RT

F
ln (

𝑎Fe2+

𝑎Fe3+
)   

42 

 

Table 4-11 below summarizes the calculated ORP values from the speciation data. Comparing 

Table 4-11 with Table 4-9 and Table 4-10, it becomes evident that the calculated ORP values are 

an accurate representation of the actual measured ORP values. The largest discrepancies between 
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the calculated and experimental data are experienced in the initial calculated values. This is because 

the PHREEQC calculation is based on equilibrium, and the experimental data is measured 

immediately, and thus the system has not reached an equilibrium state. It is apparent in Table 4-10 

and Table 4-11 that the oxygen sparging rate had a negligible effect on the ORP experienced in the 

system. Carbon addition however, did have an effect on ORP. Initially, ORP values in the system 

were drastically reduced due to the addition of AF 5 and activated carbon when compared to the 

tests with no carbon addition. This can be attributed to the initial reduction of initial ferric ions to 

ferrous ions by the carbon additives as discussed above. Furthermore, the ORP was lower in the 

tests with AF 5 than the tests with activated carbon, meaning that its oxidizing potential is higher 

than the AF 5’s. ORP was seen to decrease throughout testing without carbon, until the final sample, 

while it steadily increased with the addition of the carbon rate enhancers. Again this is logical as 

oxidation did not reach completion in the tests without carbon, meaning that more ferrous ions 

continued to be produced than ferric ions, reducing the ORP. On the other hand, oxidation has 

reached completion in the tests with the addition of the carbon rate enhancers, agreeing with the 

rise in ORP throughout testing as ferrous production slows and ferric regeneration increases. 

 

Relating the ORP witnessed back to elemental sulphur yield and oxidation kinetics, it is evident 

that the ORP values experienced during the AF 5 tests were lower than those experienced during 

the activated carbon tests. Considering that it has been documented that lowering ORP will increase 

elemental sulphur yield (Holmes and Crundwell, 2000), this could help to explain why higher 

elemental sulphur yields were viewed in the AF 5 tests over the activated carbon tests. Furthermore, 

Sun et. al. reported that ORP has a drastic effect on the overall pyrite oxidation. In their study, tests 

conducted at 75 ºC and ORP values of 700 mV, 800 mV and 900 mV (all vs. SHE), resulted in 

pyrite oxidations of approximately 20%, 60%, and 90% respectively (Sun et al., 2015). Sun et. al. 

also reported that elevated temperature is beneficial to pyrite leaching, however the highest 
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temperature tested was 75 ºC compared to the 90 ºC tested in this study, justifying the higher pyrite 

oxidation values found in this study. The increased kinetics seen in the tests with activated carbon 

compared to the tests with AF 5, could be partially attributed to the fact that ORP is higher in these 

tests.  

Table 4-11 A summary of the solution ORP vs. SHE during oxidation testing calculated by 

speciation for tests without an additive, with AF 5 addition and activated carbon addition. 

The ORP is shown for each oxygen sparging rate at 0, 1, 36, 60 and 96 h. *Initial ORP could 

not be calculated due to the absence ferric ions. 

   ORP  vs. SHE (V) 

Flowrate Time (hr) 
No 

Additive 
AF 5 

Activated 

Carbon 

0.1 L/min 

0 871.0 N/A* 695.3 

1 712.3 611.8 664.4 

36 677.9 691.1 701.9 

60 675.5 701.4 723.7 

96 684.9 737.8 762.7 

0.5 L/min 

0 871.0 646.0 701.5 

1 716.0 656.5 674.0 

36 680.3 682.8 700.5 

60 676.0 703.2 721.5 

96 676.3 737.3 762.3 

1.0 L/min 

0 867.5 589.4 704.5 

1 710.1 636.5 660.1 

36 673.8 678.9 698.6 

60 682.1 697.5 725.2 

96 698.8 735.3 762.0 

 

4.2.7 Conclusions  

The authors have tested a novel process for the atmospheric oxidation of pyrite in ferric sulphate 

media with the addition of AF 5 and activated carbon additives. The results of the AF 5 tests were 

compared to tests under the same conditions without carbon addition and with the use of a granular 
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coconut shell based activated carbon. After 96 h of testing, the oxidation of pyrite without the use 

of carbon was very poor resulting in a maximum of 60% oxidation, however the use of AF 5 

improved oxidation to approximately 96% and activated carbon achieved 100% oxidation. 

Indicating that both AF 5 and activated carbon additives acted as rate enhancers. Although activated 

carbon completely oxidized pyrite, AF 5 proved to be the more versatile additive with a higher 

elemental sulphur yield, reaching a maximum of 63%, whereas the activated carbon had a 

maximum of 54%. Both carbon additives greatly improved elemental sulphur yield when compared 

to the unassisted oxidation tests which reached a maximum yield of 28% elemental sulphur. The 

improved oxidation kinetics viewed during tests with carbon addition are likely attributed to oxygen 

functional groups on the carbon surface promoting the production of hydrogen peroxide, to further 

oxidize ferrous iron. It is probable that activated carbon is more active than the AF 5 with more 

oxygen functional groups leading to faster oxidation kinetics, however its larger pores and weaker 

mechanical properties lead to less elemental sulphur adhesion and carbon attrition which would 

cause downstream problems. The ORP calculated through the use of free ferric and free ferrous 

concentrations calculated by PHREEQC Interactive demonstrated a good representation of the tests 

when compared to measured ORP data. Calculated and measured ORP showed that the AF 5 tests 

had slightly lower values than the activated carbon tests. The lower ORP values in the presence of 

AF 5 can help to promote higher elemental sulphur yields. Differing oxygen sparging rates seemed 

to have little effect on the majority of tests, however as oxygen sparging rate increased, elemental 

sulphur yield seemed to increase in the AF 5 assisted oxidation. 
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Chapter 5 

Activated carbon and AF 5 characterization and comparison 

5.1 Introduction 

The research conducted in Chapter 4, indicated that both activated carbon and AF 5 enhanced 

atmospheric pyrite oxidation in ferric sulphate media by approximately 40% when compared to 

unassisted oxidation and that elemental sulphur yields were increased from 23% to approximately 

58% and 54% when assisted by AF 5 and activated carbon respectively. The study indicated that 

although total pyrite oxidation assisted by the two carbons was similar, differences were noticed in 

the impact that the two additives had on the outcome of the oxidation.  

 

Kinetic curves indicated that atmospheric oxidation of pyrite seemed to reach completion after 48 

h of oxidation when assisted by activated carbon. A similar trend was noticed in the kinetic curves 

for oxidation when assisted by AF 5, however the oxidation curve did not reach completion until 

approximately 96 h. This observation indicated that the kinetics of pyrite oxidation are enhanced 

by both additives, however oxidation kinetics are much faster when assisted by activated carbon 

rather than AF 5. 

 

The study also indicated that AF 5 retained 100% of elemental sulphur formed while activated 

carbon only retained 40% of the elemental sulphur. The remaining 60% was found in the residue. 

Although both carbon additives improved sulphur yield greatly, AF 5 showed higher elemental 

sulphur yields than activated carbon, ranging from 54.3% to 62.7% compared to 53.0% to 54.1% 

for activated carbon. 
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In order to better understand the differences between the effect of AF 5 and activated carbon on the 

atmospheric oxidation of pyrite, a preliminary study was conducted. The study included surface 

analysis of the two carbons consisting of BET and BJH analysis, oxidation ability of the additive 

tests, Raman spectroscopy and XPS analysis. The methods and materials for this study are 

presented in Section 3.2. 

5.2 Results and discussion 

5.2.1 Carbon topography and surface area of activated carbon and AF 5 

The carbon surface topography was studied via SEM imaging. SEM images of fresh granular 

activated carbon and AF 5 are presented in Figure 5-1. Figure 5-1 A depicts activated carbon and 

Figure 5-1 B shows an AF 5 bead. It is apparent that the activated carbon grains are much larger 

than the AF 5 beads with diameters between 1 to 3 mm compared to the approximate 0.5 mm beads 

(Figure 4-5). It is also evident that the pores of the activated carbon are very large with respect to 

AF 5. In Figure 5-1 A pores are clear and defined, however no pores can be seen on the surface of 

AF 5 which seems to be smooth in Figure 5-1 B.  
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Figure 5-1 SEM imaging of the two carbon additives. A) Activated carbon surface B) A 

single bead of AF 5 

BET surface area analysis was conducted on both the AF 5 and activated carbon to achieve a better 

understanding of the AF 5 surface which seems to be smooth. Multipoint BET surface area analysis 

reported a surface area of 1154.4 m2/g and 921.0 m2/g for AF 5 and activated carbon respectively. 

This indicates that the “smooth” surface in Figure 5-1 B is not as smooth as it seems, and the surface 

is indeed micro/mesoporous, in agreement with Lanxess who reported that the average pore size of 

AF 5 is 8 nm in diameter.  

 

SEM and BET surface area analysis indicates that the surface area of activated carbon is roughly 

80% of the surface area of AF 5. Data collected indicated that in the best scenario, AF 5 assisted 

A 

B 
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oxidation achieved an elemental sulphur yield that was approximately 15.8% larger than the 

elemental sulphur yield associated with activated carbon assisted oxidation under the same 

conditions. The similarities in the increase of surface area and the elemental sulphur yield suggest 

that AF 5 improves elemental sulphur yield over activated carbon due to its larger surface area.  

 

SEM imaging also indicated that the pore sizes associated with activated carbon are much larger 

than AF 5. The AF 5 is micro/mesoporous and as a result has less variation in pore size distribution 

than the activated carbon. Rodriguez-Reinoso specified that non-polar molecule adsorption on to 

activated carbon surfaces is related more to pore size distribution than the surface chemistry of the 

carbon (Rodríguez-Reinoso, 1998). The adsorption of elemental sulphur, a non-polar molecule, 

should then be directly impacted by the pore size distribution. This is logical as the more uniform 

micro/mesoporous AF 5 retained 100% of the elemental sulphur formed during testing, while the 

less uniform and macroporous activated carbon only retained approximately 40% of the elemental 

sulphur generated. 

 

Although AF 5 had higher elemental sulphur yields than activated carbon both additives greatly 

improved elemental sulphur generation when compared against tests without the addition of carbon. 

The authors hypothesize that the increase in elemental sulphur yield can be attributed to the large 

surface areas of the carbon additives and Le Châtelier’s Principle. When AF 5 and activated carbon 

are added to the system, adsorption of non-polar elemental sulphur to the carbon surface occurs. At 

this point the sulphur is “locked” to the carbon surface, reducing its overall presence in the system. 

As a result, the ratio between sulphate and sulphur observed in the system increases, disturbing 

equilibrium in the system. In response to this disturbance the system is forced to produce more 

elemental sulphur. This process would continue throughout the oxidation test until completion is 
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achieved, resulting in a much higher elemental sulphur yield and a much lower sulphate yield than 

those observed in tests unassisted by carbon. 

5.2.2 Oxidation ability of activated carbon and AF 5 

The oxidation ability of the two carbon types were compared through a study of the carbon’s impact 

on the oxidation of ferrous ions in solution in the presence of oxygen. AF 5 and activated carbon 

were compared against each other as well as against the oxidation of ferrous ions by oxygen alone. 

The results of this study are presented in Figure 5-2.  

 

Figure 5-2 A displays the total iron concentration in solution during testing, and indicates that 

approximately 0.5 g/L of iron is adsorbed by both AF 5 and activated carbon surfaces after 24 h. 

Figure 5-2 B and C display the behaviour of ferrous and ferric ions during testing and provide an 

indication of the oxidation abilities of the two carbons. The decline in ferrous concentration in 

Figure 5-2 B and the increase in ferric concentration in Figure 5-2 C, implies that ferrous iron is 

oxidized to ferric iron in all three tests. Figure 5-2 B and C indicates that both carbon types increase 

the rate of ferrous oxidation, however the rate of oxidation in the presence of activated carbon is 

much faster, resulting in approximately 3 g/L of ferrous ions being oxidized after 24 h in 

comparison to the approximate 1 g/L oxidized in the presence of AF 5.   
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Figure 5-2 Iron behaviour in the presence of oxygen alone, oxygen and AF 5, and oxygen 

and activated carbon. A) Total iron concentration. B) Ferrous iron concentration. C) Ferric 

iron concentration. All tests were conducted for 24 h at 50 oC with constant mixing at 800 

rpm 

Figure 5-2 demonstrates the oxidation ability of the two carbon additives in ferrous sulphate acidic 

media in the presence of oxygen. Both carbons increased the oxidation rate of the ferrous ions 

compared to the oxidation due to oxygen alone. It is evident that both carbons add some functional 

groups to the system promoting Equations 40 and 41 and increased ferrous oxidation rate. This 

explains why the atmospheric oxidation of pyrite improved by approximately 40% after carbon 

addition when compared to unassisted oxidation. 
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Figure 5-2 also shows that the oxidation rate of ferrous ions in the presence of activated carbon and 

oxygen is faster than oxidation in the presence of AF 5 and oxygen. After 24 h, approximately 3 

g/L of ferrous ions were oxidized in the presence of activated carbon compared to roughly 1 g/L 

ferrous oxidized in the presence of AF 5. Only approximately 0.4 g/L of ferrous ions were oxidized 

without the addition of carbon after 24 h. This gives an indication that activated carbon is more 

active than AF 5 in its ability to oxidize ferrous ions in ferrous sulphate media, likely as it has more 

if not different functional groups than AF 5 promoting Equations 40 and 41. This justifies what 

was seen in the Chapter 4 study which indicated pyrite oxidation reached completion after 48 h 

with activated carbon addition compared to 96 h when AF 5 was added. 

 

5.2.3 Surface chemistry of activated carbon and AF 5 

Raman spectroscopy was performed on activated carbon and AF 5 in an attempt to better 

understand the surface chemistry of the two carbon additives. Ultimately Raman spectroscopy was 

not conclusive as it only indicated that the two additives were carbon structures, and the 

spectroscopy did not present any differences between the two. As a result, Raman spectroscopy 

was not able to characterize the additives and provide the researchers with any inclination to what 

functional groups were present on the surfaces and how the carbons differentiated from each other.  

 

Due to the inconclusiveness from Raman spectroscopy, XPS analysis was conducted on activated 

carbon and AF 5 in order to better understand the surface groups present on the two carbon 

additives. Unlike Raman spectroscopy, XPS provided a more in depth illustration of the additives, 

and immediately functional groups containing sulphur could be seen on AF 5 that were not present 

on activated carbon. The spectral analysis for the O1s, C1s, S2p and N1s regions are presented in 

Figure 5-3 and the summaries of the observed peaks are presented in Table 5-1 through to Table 
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5-4. Activated carbon did not show any peaks in either the S2p or N1s regions, while AF 5 showed 

a weak peak correlation in the N1s region. 

 

Figure 5-3 XPS spectral analysis of activated carbon and AF 5. A) O1s region; B) C1s 

region; C) S2p region; D) N1s region (only AF 5 is presented) 

Figure 5-3 A and B display similarities between activated carbon and AF 5 when considering the 

O1s and C1s regions. Activated carbon indicates one extra peak at 530.5 eV in the O1s region that 

is not observed in AF5, however other than this peak both the O1s and C1s regions are comparable 

for both activated carbon and AF 5. The summary of the groups associated with the peaks observed 

in the O1s and C1s regions presented in Table 5-1 and Table 5-2 indicate that both activated carbon 

and AF 5 contain surface oxygen in carboxyl, carbonyl and ester groups. However, activated carbon 

indicated more variety in surface oxygen associated with quinine, quinone, ether, alcohol, phenyl 

A B 

C D 
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and non-carbonyl groups. The wider spread variety in oxygen containing functional groups may 

help to explain why activated carbon was observed to have more favourable oxidation kinetics. 

Table 5-1 O1s region summary 

Additive 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

AC 

534.8 O in carboxyl groups 
534.3 - 535.4 

(Zhou et al., 2007) 

533.4 
Non-carbonyl O (ether type in esters and 

anhydrides) 

533.1 - 533.8 

(Zhou et al., 2007) 

531.8 Carbonyl O within quinine 
531.0 - 531.9 

(Zhou et al., 2007) 

530.5 O in quinone 
530.5  

(Jia et al., 2015) 
    

AF 5 

535.1 O in carboxyl groups 
534.3 - 535.4 

(Zhou et al., 2007) 

534.0 O in carboxyl groups 

534.0  

(Desimoni et al., 

1990) 

532.7 
Carbonyl O in esters, anhydrides and O in 

hydroxyl groups 

532.3 - 532.8 

(Zhou et al., 2007) 
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Table 5-2 C1s region summary 

Additive 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

AC 

293.0 Phenyl group 
290.1 - 293.3 

(Zhou et al., 2007) 

289.5 C in carboxyl or ester 
289.0  

(Yu et al., 2016) 

285.8 C-(O,N) in alcohol, or ether 
285.5 

(Yu et al., 2016) 

284.6 C-C, Graphitized carbon 

284.6  

(Hontoria-Lucas et 

al., 1995; Zhou et 

al., 2007) 
    

AF 5 

288.8 Carboxyl or ester 
288.8 - 289.1 

(Zhou et al., 2007)  

287.3 C in carbonyl groups 
287.3 - 287.6 

(Zhou et al., 2007) 

285.6 Phenol group 

285.4 - 286.4 

(Hontoria-Lucas et 

al., 1995) 

284.7 C-C, Graphitized carbon 

284.6 

(Hontoria-Lucas et 

al., 1995; Zhou et 

al., 2007) 

 

S2p and N1s analysis in Figure 5-3 C and D indicated that AF 5 contained sulphur groups on the 

surface and a weak nitrogen group was observed on AF 5, while activated carbon showed no 

correlation to any sulphur or nitrogen groups. The large S2p peak observed at 168.9 eV can be 

attributed to various sulphate or sulphite groups that can be present on the AF 5 surface, however 

what was more interesting was the classification of the two peaks at 165.2 and 163.9 eV. The weak 

N1s peak at 399.6 eV is associated with amine, amide or amino acid groups (Stevens et al., 2013), 

however only four amino acids contain sulphur, methionine, cysteine, homocysteine, and taurine, 

with methionine, and cysteine considered the most common sulphur containing amino acids as they 

are the only two found within proteins (Brosnan and Brosnan, 2006). When the two remaining S2p 
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peaks (165.2 and 163.9 eV) were analyzed, literature indicated that they were attributed to oxidized 

L-cystine and L-cystine (Setiawan et al., 1985). L-cystine occurs from the oxidation of amino acid 

L-cysteine, where one L-cysteine joins a second via disulfide bonding (Koval, 1994). The 

identification of these peaks as L-cystine compliments the weak amino acid peak observed on the 

AF 5 surface from the N1s region. L-cysteine and L-cystine are known to be hydrophobic 

substances (Nagano et al., 1999) and elemental sulphur is also considered hydrophobic in nature 

(Buckley and Riley, 1991). The hydrophobicity of sulphur and L-cystine can promote sulphur 

adsorption to AF 5, which may explain why AF 5 retained the elemental sulphur formed during 

pyrite oxidation, while activated carbon only retained approximately 40% in its pores as reported 

in Chapter 4.   

Table 5-3 S2p region summary 

Additive 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

AF 5 

169.7 Sulphate or sulphite groups 
167.0 – 170.1  

(Yu et al., 1990) 

168.5 Sulphate or sulphite groups 
167.0 – 170.1  

(Yu et al., 1990) 

165.2 Oxidized L-cystine 

165.4  

(Setiawan et al., 

1985) 

163.9 Thiol; L-cystine 

163.5 – 164  

(Castner et al., 1996; 

Setiawan et al., 1985) 

 

Table 5-4 N1s region summary 

Additive 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

AF 5 399.6 Amine, amide or amino acid 
398.8 - 401.7 

(Stevens et al., 2013) 
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5.3 Conclusions 

A preliminary study was conducted on AF 5 and activated carbon through the use of SEM, BET 

surface area analysis, oxidation tests, Raman spectroscopy and XPS to compare the two carbon 

additives and explain differences seen in a previous study.  

 

SEM and BET analysis confirmed that AF 5 is micro/mesoporous with a surface area of 1154.4 

m2/g, while activated carbon is macroporous with a surface area of 921.0 m2/g. The increase in 

surface area and less variance in pore size distribution is a probable cause for increased elemental 

sulphur production and retention when compared to activated carbon. 

 

Oxidation tests indicated that activated carbon and AF 5 improve the oxidation of ferrous ions in 

the presence of oxygen, however the rate is drastically improved by activated carbon. After 24 h of 

testing, 60% of ferrous ions were oxidized in the presence of activated carbon and oxygen, while 

only 20% were oxidized in the presence of AF 5 and oxygen. Only 8% of ferrous ions were oxidized 

by oxygen alone without carbon addition. 

 

Raman spectroscopy was inconclusive, indicating that the two additives consisted of a carbon 

backbone, however XPS analysis provided more details on activated carbon and AF 5. XPS 

indicated that both activated carbon and AF 5 contained oxygen in carboxyl and carbonyl groups, 

however activated carbon contained oxygen from a variety of sources such as quinine, quinone, 

ether, alcohol, phenyl and non-carbonyl groups. The inclusion of these oxygen groups help to 

explain both additives’ abilities to increase pyrite oxidation efficiency, however the more diverse 

groups discovered on the activated carbon warrant the increased oxidation kinetics experience 

when compared to AF 5. AF 5 however, saw inclusion of sulphur containing species that were not 

present on activated carbon. Probable candidates for the sulphur species observed are sulphur 
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containing amino acids such as L-cysteine, likely its dimer L-cystine and various oxidized forms 

of it. The inclusion of this hydrophobic substance may explain AF 5’s affinity for elemental sulphur 

collection.   
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Chapter 6 

A parameters study of atmospheric pyrite oxidation in the presence of 

Lewatit® AF 5  

6.1 Introduction 

Pyrite is important to the gold extraction industry due to its affinity with high gold grades, 

sometimes up to 132 g/t of pyrite (Chryssoulis and Cabri, 1990). Unfortunately the mineral is 

typically refractory, preventing conventional gold leaching without prior oxidative pre-treatment 

(Marsden and House, 2006). Pyrometallurgical and hydrometallurgical oxidative pre-treatments 

are currently implemented in industry, such as roasting, pressure oxidation in autoclaves, fine 

grinding, and biological leaching (Dymov et al., 2004; Marsden and House, 2006; Miller and 

Winby, 1997; Senchenko et al., 2016; Voigt et al., 2015). While the current processes have been 

proven, each has its own limitations. Pressure oxidation in autoclaves generate sulphuric acid which 

needs to be neutralized and can result in losses from gypsum precipitation, as well as consume a 

lot of oxygen resulting in high operating costs on top of extensive capital costs (Cole, 2014). 

Biological leaching processes are only applicable to gold ores with low sulphide concentrations. 

With high sulphide content, biological leaching neutralization costs due to sulphuric acid 

generation become uneconomic (van Aswegen et al., 2007). While roasting is a proven process, 

increased legislation has limited the commissioning of new roasting plants, and thus 

hydrometallurgical alternatives must be investigated. Therefore, there is a need for the development 

of a pre-treatment method for sulfidic gold ores or concentrates with low capital and operation costs 

and minimum acid generation. One such process can be the catalytic oxidation of pyrite under 

atmospheric conditions via hydrometallurgy processes, given that the sulphide from pyrite is 

mainly oxidized to elemental sulphur, thus minimizing oxygen consumption (by prohibiting 
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sulphate formation) and reducing acid generation in the process (i.e. lower neutralization costs). 

Further investigations must be conducted in order to develop a versatile oxidation process for pyrite 

under atmospheric conditions in the presence of carbon additives. 

   

Previous research, presented in Chapter 4, studied the impact of two carbon additives (granular 

coconut shell based activated carbon and AF 5) on the atmospheric oxidation of pyrite. Activated 

carbon and AF 5 acted as rate enhancers and improved the overall pyrite oxidation over the course 

of 96 h from approximately 60 to 100% and 96%, respectively. The additives also resulted in 

elemental sulphur yields improving from approximately 22.5% without carbon addition to 

approximately 53.5% with activated carbon and 58.4% with AF 5 addition. AF 5 was also observed 

to retain 100% of the elemental sulphur generated on and in the beads, rather than only 40% sulphur 

retention with the activated carbon, and had superior mechanical properties leading to negligible 

carbon losses. Due to the superior mechanical properties and the ability to retain all of the generated 

elemental sulphur, AF 5 was chosen as the additive to further investigate. The objective of this 

study is to observe how various operating parameters effect the atmospheric oxidation of pyrite 

assisted by AF 5. The materials and methods for this study are presented in Section 3.3. 

6.2 Results and Discussion 

6.2.1 The Impact of AF 5 Addition 

The results of solid analysis during the investigation are summarized in Table 6-1. The percent of 

pyrite oxidized to form elemental sulphur and sulphate as well as the overall percentage of total 

pyrite oxidized are presented in Table 6-1. The elemental sulphur and sulphate yields are also 

displayed. 
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Table 6-1  Solid sample analysis results from oxidative tests in the presence of AF 5 

Test Parameter Tested 

Pyrite 

Oxidized 

to So (%) 

Pyrite 

Oxidized 

to SO4
2- 

(%) 

Total 

Pyrite 

Oxidized 

(%) 

So Yield 

(%) 

SO4
2- 

Yield 

(%) 

AP 1 Temperature (75 oC) 32.5 39.4 71.9 45.2 54.8 

AP 2 Temperature (80 oC) 37.8 43.5 81.2 46.5 53.5 

AP 3 Temperature (85 oC) 42.7 47.7 90.4 47.3 52.7 

AP 4 

Control (90 oC, 1.0 M H2SO4, 

5 g/L Ferric, 1:1 Concentrate: 

AF 5, 10% Pulp Density) 

40.5 53.0 93.6 43.3 56.7 

AP 5 Acid Concentration (0.5 M) 36.0 60.0 96.0 37.5 62.5 

AP 6 Acid Concentration (0.25 M) 38.2 58.5 96.7 39.5 60.5 

AP 7 Initial Ferric (0 g/L) 38.3 51.9 90.1 42.5 57.5 

AP 8 Initial Ferric (1 g/L) 40.3 52.5 92.8 43.4 56.6 

AP 9 Initial Ferric (10 g/L) 41.7 56.6 98.4 42.4 57.6 

AP 10 Concentrate:AF 5 (4:1) 33.0 54.3 87.3 37.8 62.2 

AP 11 Concentrate:AF 5 (2:1) 37.2 53.6 90.8 41.0 59.0 

AP 12 Concentrate:AF 5 (1:2) 50.6 48.3 98.9 51.1 48.9 

AP 13 Pulp Density (5 %) 40.8 56.9 97.7 41.8 58.2 

AP 14 Pulp Density (20 %) 40.9 51.6 92.5 44.2 55.8 

AP 15 
Concentrate:AF 5 (2:1) and O2 

Flowrate (1.0 L/min) 
37.7 53.8 91.6 41.2 58.8 

AP 16 
Concentrate:AF 5 (1:1) and O2 

Flowrate (1.0 L/min) 
40.8 53.4 94.2 43.3 56.7 

AP 17 
Concentrate:AF 5 (1:2) and O2 

Flowrate (1.0 L/min) 
50.6 46.8 97.4 51.9 48.1 

AP 18 
24 h, 85 oC, Concentrate:AF 5 

(1:2) 
26.5 14.9 41.4 64.0 36.0 

AP 19 
48 h, 85 oC, Concentrate:AF 5 

(1:2) 
37.3 29.2 66.5 56.1 43.9 

AP 20 
72 h, 85 oC, Concentrate:AF 5 

(1:2) 
42.8 42.7 85.5 50.0 50.0 

AP 21 
96 h, 85 oC, Concentrate:AF 5 

(1:2) 
47.4 45.9 93.4 50.8 49.2 

6.2.1.1 Effect of Temperature 

Temperature has a drastic effect on the overall oxidation of pyrite, demonstrated in Figure 6-1 and 

Table 6-1. The kinetic liquid sample analysis presented in Figure 6-1 indicates that as temperature 

is increased, the oxidation kinetics are improved. Final kinetic samples indicated that pyrite 
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oxidation reached 63.3, 74.9, 80.2 and 84.9% at 75, 80, 85 and 90 oC respectively. It is important 

to note that these values are lower than the overall pyrite oxidation values found through solid 

analysis (71.9, 81.2, 90.4 and 93.6% at 75 oC, 80 oC, 85 oC and 90 oC respectively). This 

discrepancy is because iron in solution adheres to the surface of AF 5 and must be washed off of 

the carbon surface after filtering (Cowan et al., 2017). Similarly, solid digestion analysis of the 

oxidation residues indicated 56.4, 69.9, 83.0 and 88.9% pyrite oxidation at 75, 80, 85 and 90 oC 

respectively. Kinetic sample analysis, and solid analysis through sulphur balances both indicated 

an increase in pyrite oxidation with increasing temperature. The improved oxidation kinetics 

observed with increasing the test temperature agrees well with similar study conducted on an 

enargite concentrate (Jahromi et al., 2017). 

 

Figure 6-1 Pyrite oxidation over 96 h of testing for tests AP 1, AP 2, AP 3 and AP 4, 

displaying the impact of temperature. Test conditions are displayed in Table 3-3 

Figure 6-2 A displays the total ferrous species concentrations throughout the 96 h of oxidation. 

Ferrous iron can be applied as an indicator of pyrite oxidation following the reaction outlined in 

Time (h) 
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Equation 39. As expected the largest concentrations of ferrous species were achieved at 90 oC 

followed by 85, 80 and lastly 75 oC matching the results outlined in Figure 6-1 and the solid analysis 

that higher temperatures achieved further pyrite oxidation. A decrease in ferrous iron species 

concentration would suggest that the pyrite oxidation kinetics are slowing as the overall reaction 

progresses towards completion and less ferrous iron is generated, while a larger portion is oxidized 

to ferric iron. This phenomenon is further discussed by Cowan et al. (2017). In the 85 and 90 oC 

tests, the ferrous concentrations can be seen reaching a plateau at 48 to 60 h of testing, at which 

point the concentrations begin to decrease, displayed in Figure 6-2 A. Similarly, Figure 6-2 B 

indicates increasing ferric concentrations after 48 h of testing at 90 oC, suggesting further pyrite 

oxidation. The test at 85 oC does not show an increase in the slope at 48 h, however indicates a 

constant increase in ferric concentration throughout the test. This suggests slightly more subdued 

pyrite oxidation kinetics, where ferrous iron is being generated at a slower rate than that in the 90 

oC test, allowing for ferric iron to be regenerated constantly throughout. It is expected that in the 

first 48 h of oxidation with increasing temperature, less ferric species will be present, as pyrite 

oxidation is occurring at a faster rate leading to further ferrous generation. However, towards the 

end of the 96 h of the test the ferric concentration will increase with increasing temperatures, as 

pyrite oxidation slows reaching further completion of the oxidation process (i.e. less pyrite is 

available to be oxidized by time). This is evident in both Figure 6-2 A and B. The test at 80 oC did 

not reach a ferrous species plateau until approximately 12 h after the 85 and 90 oC tests at 

approximately 60 to 72 h of testing indicating slower pyrite oxidation kinetics, while the 75 oC test 

seemed to remain at a plateau after 72 h of testing without beginning to decrease during the 96 h. 

 

Figure 6-2 C indicates the measured ORP versus SHE throughout the duration of testwork. The 

ORP of the tests gradually increases by the elapsed time of the tests, and the higher ORP values 

can be attributed to the higher concentrations of ferric in the test solutions. Figure 6-2 C displays 
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that ORP values are almost identical for the 75, 80 and 85 oC tests during the first 24 h, with the 90 

oC test reading slightly higher until 24 h, at which point all four tests meet. After 24 h however, the 

ORP values begin to differentiate, increasing at a faster rate with increasing temperature. Generally 

with increasing the test temperature the pyrite oxidation kinetics increase, driving Equation 39, 

which results in the generation of more iron in the test solutions as ferrous species and further 

promoting the regeneration of ferric iron.  

 

Table 6-1 displays the solid analysis obtained from sulphur balances. The test conducted at 90 oC 

resulted in an elemental sulphur yield of 43.3% while the tests conducted at 75 oC, 80 oC and 85 oC 

lead to elemental sulphur yields of 47.3, 46.5 and 45.2% respectively. Similarly to the tests without 

AF 5 addition, the results indicate that testing at 90 oC could lead to reduced elemental sulphur 

generation, however, it cannot be confirmed that higher temperatures lead to lower elemental 

sulphur yields, due to the relatively stable yields experienced at the three lower temperatures. It is 

interesting to see that in both test suites with AF 5 and without 90 oC lead to the lowest elemental 

sulphur yields. Further investigation into this phenomenon is recommended to generate a 

conclusion on Temperature’s effect on the elemental sulphur generation during pyrite oxidation, 

however it can be concluded that temperature does enhance the overall pyrite oxidation kinetics.  
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Figure 6-2 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of testing 

for tests AP 1, AP 2, AP 3 and AP 4, displaying the impact of temperature. 

 

6.2.1.2 Effect of Initial Acid Concentration 

Three initial concentrations of sulphuric acid were studied in this investigation, 1.0, 0.5 and 0.25 

M. Figure 6-3 displays final pyrite oxidation determined by the kinetic sample analysis as 84.9, 

88.1 and 87.1% for 1.0, 0.5 and 0.25 M sulphuric acid lixiviants respectively. Table 6-1 indicated 

that the overall oxidation of pyrite slightly increases as the acid concentration decreases with 93.6, 

96.0 and 96.7% pyrite oxidation achieved at 1.0, 0.5 and 0.25 M solutions, respectively, when 

C 

B A 

Time (h) Time (h) 

Time (h) 
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determined by sulphur balance. All three concentrations of acid resulted in a similar overall pyrite 

oxidation. This is visually represented in Figure 6-3. The free acid titration results are also presented 

in Figure 6-3, which indicate that free acid is relatively stable throughout the oxidation tests, apart 

from an initial reduction in acid concentration when AF 5 is allowed to contact the initial stock 

solution. This decrease would result from some free acid becoming adsorbed to AF 5. At 1.0 M 

sulphuric acid, approximately 104 g/L of free acid is present which decreases to approximately 95 

g/L when in contact with AF 5 and remains at approximately 95 g/L free acid over the course of 

the test. Similarly, 0.5 and 0.25 M sulphuric acid tests indicated initial free acid concentrations of 

approximately 52 and 27 g/L, respectively, immediately decreasing to approximately 46 and 24 

g/L, respectively, and remaining relatively constant over the course of the 96 h of the two tests. 

 

Figure 6-3 Pyrite oxidation over 96 h of testing for tests AP 4, AP 5 and AP 6, displaying the 

impact of initial acid concentration. Free acid titration results are displayed with values 

corresponding to the right hand y-axis. Test conditions are displayed in Table 3-3 

Time (h) 
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Acid concentration did affect the concentrations of ferrous and ferric species present in solution as 

outlined in Figure 6-4 A and B. It is noticeable that ferrous concentrations were lower throughout 

testing at lower acid concentrations. Figure 6-4 A indicates that at 0.25 M, ferrous concentration 

reached a plateau at 36 to 48 h and began to decrease. This same effect occurred at 48 to 60 h in 

the 0.5 and 1.0 M tests. After 96 h of testing approximately 8.6, 7.3 and 6.2 g/L of ferrous ions are 

present in the 1.0, 0.5 and 0.25 M solutions, respectively. The ferric species concentrations depicted 

in Figure 6-4 B show that with reduced acidity, increased ferric iron is present and that by the end 

of the 96 h, approximately 9.2 g/L of iron present in solution is in the ferric form in the 0.25 M test 

followed by approximately 8.2 g/L in the 0.5 M test and roughly 7.0 g/L in the 1.0 M test. This 

indicates that the acidity did not impact how much iron was leached into solution during testing. 

The total amount of iron in solution was approximately 15.6, 15.5, and 15.4 g/L for 1.0, 0.5 and 

0.25 M solutions respectively with approximately 5 g/L attributed to the initial ferric added to the 

lixiviant before oxidation. It is evident however that acidity does impact the ratio of the ferric and 

ferrous iron in solution, with less acidic solutions seeming to promote ferric iron generation in the 

presence of AF 5. This observation can be explained by dissolved oxygen trends outlined in the 

literature. Kaskiala (2002) indicated that at 40 oC, water reached an oxygen solubility of 

approximately 1.05 mmol/L, however 1.0 M sulphuric acid only reached a solubility level of 

approximately 0.95 mmol/L (Kaskiala, 2002). Geffcken (1904) reported that at 25 oC increasing 

sulphuric acid concentration from 0.9 M to 2.6 M decreased oxygen solubility from approximately 

1.15 to 0.85 mmol/L (Geffcken, 1904). It is apparent that decreasing acid concentration can 

promote increased dissolved oxygen concentrations which can be beneficial in the regeneration of 

ferric ions necessary to promote Equation 39. This occurrence could be beneficial in promoting 

pyrite oxidation kinetics, although it did not benefit the oxidation kinetics of the pyrite concentrate 

when AF 5 was incorporated in the tests. The impact of acidity on pyrite oxidation without the 

addition of AF 5 is to be discussed later. 
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The ORP measured versus SHE shown in Figure 6-4 C, depicts that although the test with 0.25 M 

had a higher ferric to ferrous ratio than the 0.5 and 1.0 M tests, it had the lowest ORP values 

measured. Figure 6-4 C illustrates that ORP increased with increasing acidity in the presence of AF 

5. This can be explained because acidity increases with the concentration of free H+ ions. While H+ 

ions do not typically oxidize species on their own, they are oxidizers and will increase ORP and 

promote the potency of other oxidizers such as oxygen (Holmes-Farley, 2003).  

 

Previous research involving pressure oxidation of pyrite indicated that increasing sulphuric acid 

concentration up to 1.0 M promotes higher elemental sulphur generation. In that study sulphate 

yields decreased from 88.9% at 0.01 M sulphuric acid, to 80.0% at 0.1 M, to 72.1% at 0.2 M, to 

68.9% at 0.4 M, to 66.9% at 1.0 M, and to 63.7% at 3.0 M sulphuric acid (Bailey and Peters, 1976). 

The tests conducted for the current study indicate that in a 1.0 M sulphuric acid solution the 

elemental sulphur yield is higher, at 43.3%, than the 0.5 M and 0.25 M solutions, however the 0.25 

M solution achieved higher elemental sulphur generation than the 0.5 M solution with a yield of 

39.5% compared to 37.5%. It can be seen that acid concentration does not drastically impact the 

elemental sulphur production when AF 5 is present in the system. 
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Figure 6-4 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of testing 

for tests AP 4, AP 5 and AP 6, displaying the impact of initial acid concentration. 

6.2.1.3 Effect of Initial Ferric 

Initial concentrations of 0, 1, 5 and 10 g/L ferric ions in the lixiviant were investigated. Kinetic 

results, presented in Figure 6-5, illustrate pyrite oxidation achieving 83.5, 83.0, 84.9 and 96.6% in 

0, 1, 5 and 10 g/L initial ferric solutions, respectively. Sulphur balance data performed on the solid 

residues indicated pyrite oxidation reaching 90.1, 92.8, 93.6 and 98.4% in 0, 1, 5 and 10 g/L initial 

ferric tests, respectively. From Figure 5 it is clear that the initial ferric concentration up to 5 g/L 

has minimum effect on the pyrite oxidation rate, however increasing the initial ferric concentration 
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to 10 g/L increases the pyrite oxidation rate. Singer and Stumm (1970) and Nordstrom (1982) 

discuss how the regeneration of ferric ions from ferrous ions is the rate determining step in pyrite 

oxidation, and due to ferric ions acting as the driving reactant in pyrite oxidation represented in 

Equation 39, it is logical that increased initial ferric concentration would improve initial as well as 

overall pyrite oxidation.  

 

Figure 6-5 Pyrite oxidation over 96 h of testing for tests AP 7, AP 8, AP 4 and AP 9, 

displaying the impact of initial ferric concentration. Test conditions are displayed in Table 

3-3 

The impact of initial ferric concentration on pyrite oxidation kinetics is evident in Figure 6-6 A and 

B. As initial ferric concentration is increased the maximum concentrations of ferrous species 

represented in Figure 6-6 A occurred earlier in the tests. The 10 g/L initial ferric test reached a 

maximum concentration of ferrous species of approximately 14.0 g/L at 36 h, this was followed by 

the 5 g/L test which reached its peak of 10.4 g/L ferrous species at 48 to 60 h. The 1 g/L and 0 g/L 

tests reached peak values at 72 to 84 h of 8.2 and 7.2 g/L respectively. The ferrous peak reached at 

Time (h) 
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36 h followed by a sharp decrease in ferrous concentration suggesting that in the 10 g/L initial ferric 

test, pyrite oxidation is occurring quickly and after 36 h of testing oxidation is slowing. This is 

further justified by Figure 6-6 B where after 36 h a sharp increase in ferric concentration is 

observed. The linear increase of ferric concentration observed between 70 to 96 h in the 10 g/L test 

suggests that pyrite oxidation is very close to if not already reached completion. The same trends 

observed in Figure 6-6 A and B for the 10 g/L test present for the 5 g/L test however they are 

delayed approximately 12 to 24 h, indicating reduced oxidation kinetics. These trends are even 

further delayed in the 0 and 1 g/L tests indicating the slowest kinetics of the four tests. The 0 and 1 

g/L tests reach a peak ferrous concentration at during the same point of testing, suggesting similar 

reaction kinetics, however the 1 g/L ferrous concentration decreases more rapidly after 84 h than 

the 0 g/L test with a steeper increase in ferric at the same point implying further pyrite oxidation. 

These results are in agreement with the pyrite oxidation results previously discussed, and it can be 

said that in the presence of AF 5, increasing initial ferric concentration increases pyrite oxidation 

kinetics. 

 

Although tests showed that as initial ferric concentration is increased the pyrite oxidation also 

increases, the elemental sulphur production remains relatively stable as ferric concentration was 

increased from 0 g/L to 10 g/L, shown in Table 6-1. Elemental sulphur yields reported were 42.5, 

43.4, 43.3 and 42.4%, for initial ferric concentrations of 0, 1, 5, and 10 g/L respectively. The 

experiments indicated that in the presence of AF 5, increasing the initial ferric concentration does 

not impact the elemental sulphur yields. This is an interesting finding, as increasing the initial ferric 

concentration increases the ORP of the solution as witnessed in Figure 6-6 C, however, Bailey and 

Peters (1976) and Holmes and Crundwell (2000) have suggested that increasing the solution 

potential will decrease the elemental sulphur production (Bailey and Peters, 1976; Holmes and 
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Crundwell, 2000). It should be noted that in these past studies AF 5 or carbon based additives were 

not used. 

 

Figure 6-6 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of testing 

for tests AP 7, AP 8, AP 4 and AP 9, displaying the impact of initial ferric concentration. 

6.2.1.4 Effect of Concentrate to AF 5 wt. Ratio 

Four weight ratios of concentrate to AF 5 (4:1, 2:1, 1:1 and 1:2) were tested in order to determine 

the impact that the ratio of concentrate to AF 5 has on both pyrite oxidation kinetics and elemental 

sulphur yield. The kinetic solution analysis outlined in Figure 6-7, indicates that as the concentrate 

to AF 5 ratio decreased the pyrite oxidation increased; total pyrite oxidation values of 82.0, 83.5, 
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84.9 and 94.9% were achieved at the concentrate to AF 5 ratios of 4:1, 2:1, 1:1 and 1:2, respectively. 

Solid residue analysis showed the same trend, where with decreasing concentrate to AF 5 ratios, 

pyrite oxidations of 87.3, 90.8, 93.6, and 98.9% were achieved. 

 

Figure 6-7 Pyrite oxidation over 96 h of testing for tests AP 10, AP 11, AP 4 and AP 12, 

displaying the impact of concentrate to AF 5 ratio. Test conditions are displayed in Table 

3-3 

The impact that the concentrate to AF 5 ratio has on the pyrite oxidation kinetics can be seen clearly 

in Figure 6-8 A. As the AF 5 content increases the time necessary to reach peak ferrous species 

concentration decreases. When a concentrate to AF 5 ratio of 4:1 is applied, the peak ferrous 

concentration occurs at 60 to 72 h. This peak occurs at 60 h with a 2:1 ratio, and slightly earlier at 

48 to 60 h with the 1:1 ratio. There is a distinct ferrous concentration peak at 48 h when a 1:2 ratio 

is used. It is important to recognize that the test pulp densities were maintained throughout this 

suite of tests, and as a result, the most concentrate was used in the 4:1 test and the least was used 
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in the 1:2 test, which explains the reason for much higher measured ferrous concentrations in the 

tests with higher concentrate to AF 5 ratios. 

 

Decreasing the concentrate to AF 5 ratio not only improved the overall pyrite oxidation kinetics 

and efficiency, but also promoted an increased elemental sulphur generation. As presented in Table 

6-1, when the ratio of the concentrate to AF 5 was decreased from 4:1 to 2:1 to 1:1 and finally to 

1:2, the elemental sulphur yield increased from 37.8 to 41.0 to 43.0 to 51.1 %, respectively. As 

shown by Cowan et al. (2017), AF 5 promotes the regeneration of ferric ions to help further drive 

the pyrite oxidation reaction, enhances elemental sulphur generation as well as acts as a sulphur-

retaining sink due to the functional groups on the carbon surface. As a result, the more AF 5 present 

in the slurry the higher pyrite oxidation and elemental sulphur yields are expected due to the 

presence of more additive surface area and active functional groups. 
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Figure 6-8 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of testing 

for tests AP 10, AP 11, AP 4 and AP 12, displaying the impact of concentrate to AF 5 ratio. 

6.2.1.5 Effect of Pulp Density 

Three densities were investigated, 5, 10 and 20%, resulting in 95.4, 84.9 and 76.6% pyrite oxidation 

based on kinetic sample analysis portrayed in Figure 6-9. Filtrate and wash solution analysis 

indicated pyrite oxidation values of 97.1, 89.3 and 87.1% as pulp density was increased from 5 to 

10 to 20%, respectively. Although solution sample analysis shows that pyrite oxidation decreases 

with increasing pulp density, when the filtrate and wash solutions are analyzed, one can see that 

there is a higher amount of iron adsorbing to the AF 5 in the 20% pulp density test resulting in the 
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low result of 76.6% oxidation. Solid sample analysis indicated 97.0, 93.6, and 92.5% oxidation for 

5, 10 and 20% pulp density respectively. 

 

Figure 6-9 Pyrite oxidation over 96 h of testing for tests AP 13, AP 4 and AP 14, displaying 

the impact of pulp density. Test conditions are displayed in Table 3-3 

Figure 6-10 provides a better understanding of how pulp density impacts the oxidation kinetics. It 

becomes evident from the ferrous ion concentration presented in Figure 6-10 A that as pulp density 

increases, oxidation kinetics slow, as the maximum ferrous concentrations are reached at 48 h, 48 

to 60 h and 60 h for 5, 10 and 20% pulp densities, respectively.  

 

One can see that as pulp density increases, pyrite oxidation and oxidation kinetics do decrease, 

however, elemental sulphur yields increase only slightly. Table 6-1 presents the elemental sulphur 

yields experienced for the 5, 10 and 20% pulp density tests as 41.8, 43.3 and 44.2%, respectively. 

Both the decreased pyrite oxidation and the increased elemental sulphur yields are likely attributed 

to the increase in the pyrite mass to be oxidized by a lixiviant containing the same amount of initial 
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ferric ions and acid concentration. In the test with 5% pulp density, less pyrite is present in the 

system, so a lixiviant containing 5 g/L ferric ions and 1 M sulphuric acid will more actively drive 

Equation 39 forward than the test with 20% pulp density, containing a magnitude of pyrite 

approximately four times greater, resulting in higher pyrite oxidation in the 5% test. In addition, in 

a system with more pyrite, a larger amount of the ferric ions are consumed in the oxidation process, 

lowering the oxidizing potential of the solution, which more favourably results in elemental sulphur 

production. This can be seen in Figure 6-10 B and C where the initial ferric concentrations and 

ORP values in the 5 % pulp density test are higher than that of the 10 and 20% tests. Over the 

course of testing ORP values across all three pulp densities seem to converge, however the 20% 

test can be seen to have the most suppressed ORP values, which could help to explain the slightly 

increased elemental sulphur yield. 
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Figure 6-10 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of 

testing for tests AP 13, AP 4 and AP 14, displaying the impact of pulp density. 

6.2.1.6 Effect of Flowrate 

Previous tests conducted in the 2017 Cowan et al. study indicated that flowrate had little impact on 

the overall oxidation of pyrite in the presence of AF 5, however may impact the elemental sulphur 

yield. As a result, a second oxygen sparging rate of 1.0 L/min in addition to the original rate used 

of 0.2 L/min. Three concentrate to AF 5 ratios (2:1, 1:1, and 1:2) were tested at an oxygen flowrate 

of 1.0 L/min and therefore tests AP 15, AP 16 and AP 17 should be compared against AP 11, AP 

4 and AP 12 respectively. The objective of this study was to indicate if oxygen flow rate does 
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impact the elemental sulphur yields and as a result only the solid analysis is considered. The solid 

analysis results are summarized in Table 6-2. At a ratio of 2:1, an oxygen flowrate of 0.2 L/min 

resulted in 90.8% pyrite oxidation determined by sulphur balance, 84.8% oxidation through 

digestion analysis and 41.0% elemental sulphur yield, while 1.0 L/min produced 91.6% pyrite 

oxidation via sulphur balance, 87.9% oxidation as determined through digestion analysis and 41.2% 

elemental sulphur yield. A ratio of 1:1 achieved 93.6 and 88.9% pyrite oxidation through sulphur 

balance and digestion analysis, respectively, accompanied by 43.3% elemental sulphur yield for an 

oxygen flowrate of 0.2 L/min. While 94.2 and 91.4% pyrite oxidation was observed via sulphur 

balance and digestion analysis, respectively, with a 43.3% elemental sulphur yield for an oxygen 

flowrate of 1.0 L/min with a 1:1 concentrate to AF 5 ratio. The last ratio of 1:2 lead to 98.9 and 

97.8% oxidation through sulphur balance and digestion analysis, respectively, with an elemental 

sulphur yield of 51.1% at a flowrate of 0.2 L/min; while 1.0 L/min lead to 97.4  and 96.6% oxidation 

through the two analysis techniques with 51.9% elemental sulphur yield.  

 

It is apparent that flowrate does not impact the pyrite oxidation, as long as oxygen is being supplied 

to the system, with the largest difference between 0.2 L/min and 1.0 L/min tests being 3.1% pyrite 

oxidation for the 2:1 concentrate to AF 5 ratio tests analyzed via solid digestion. Similarly, the 

flowrate did not seem to greatly impact the elemental sulphur yields with the largest difference 

between 0.2 L/min and 1.0 L/min tests being 0.8%. This is because only a very small amount of 

oxygen is required to saturate the solution, and an increase in oxygen flowrate will only increase 

the initial saturation time. Once the solution is fully saturated, the oxygen flowrate becomes 

inconsequential. 
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Table 6-2 Comparative summary of the solid analysis results from changing the oxygen 

flowrate from 0.2 to 1.0 L/min at various concentrate to AF 5 ratios 

Test 

Total Pyrite 

Oxidized – S 

Balance (%) 

Total Pyrite 

Oxidized – 

Digestions (%) 

So Yield 

(%) 

SO4
2- Yield 

(%) 

AP 11 (2:1, 0.2 L/min O2) 90.8 84.8 41.0 59.0 

AP 15 (2:1, 1.0 L/min O2) 91.6 87.9 41.2 58.8 

AP 4 (1:1, 0.2 L/min O2) 93.6 88.9 43.3 56.7 

AP 16 (1:1, 1.0 L/min O2) 94.2 91.4 43.3 56.7 

AP 12 (1:2, 0.2 L/min O2) 98.9 97.8 51.1 48.9 

AP 17 (1:2, 1.0 L/min O2) 97.4 96.6 51.9 48.1 

 

6.2.1.7 Effect of Retention Time 

The goal of this research is to effectively oxidize pyrite while promoting maximum elemental 

sulphur generation. The study of the oxidative pyrite leaching only by the aqueous kinetics samples 

is difficult, particularly because a proportion of aqueous iron can always precipitate into the residue, 

thus the iron analysis of the residue would misrepresent the total pyrite oxidation rate. The removal 

of solid kinetics samples from the leach slurry is also challenging as the kinetics samples hardly 

will be representative samples of the solids. Also by taking several solid kinetics samples the pyrite 

mass available for the oxidation in the test will change during the test. Realizing the above 

challenges, in order to achieve a better understanding of the reaction retention time, four tests with 

identical test parameters were conducted for the duration of 24, 48, 72 and 96 h. The parameters 

employed for these tests were a temperature of 85 oC, a concentrate to AF 5 ratio of 1:2, an initial 

sulphuric acid concentration of 1.0 M, an initial ferric concentration of 5 g/L, a pulp density of 10% 

and an oxygen flowrate of 0.2 L/min. The four lines presented in Figure 6-11 and Figure 6-12 A, 

B and C cannot be easily differentiated meaning that all four separate tests representing 24, 48, 72 
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and 96 h are accurate representations of the test conditions with repeatable results. The purpose of 

operating the four separate tests was obtaining four solid residues that could be analyzed to give a 

more accurate representation of elemental sulphur generation throughout the course of the tests 

rather than at the end of 96 h. Kinetic sample analysis represented in Figure 6-11, indicated that 

44.1, 68.4, 81.6 and 90.1% pyrite oxidation was achieved after 24, 48, 72 and 96 h of testing, 

respectively. Pyrite oxidation determined by sulphur balance on the solid residues of the four tests 

showed similar results to the kinetic sample data with oxidation values of 41.4, 66.5, 85.5 and 

93.4% for the corresponding tests of 24, 48, 72 and 96 h.   

 

Figure 6-11 Pyrite oxidation over 24, 48, 72 and 96 h of testing for tests AP 18, AP 19, AP 20 

and AP 21, displaying the impact of retention time. Test conditions are displayed in Table 

3-3 
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Figure 6-12 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 24, 48, 72 and 

96 h of testing for tests AP 18, AP 19, AP 20 and AP 21, displaying the impact of retention 

time. 

Analyzing the elemental sulphur yields of the four separate solid residues provides interesting 

insight into the formation of elemental sulphur over each 24 h interval of the 96 h of oxidation. 

Elemental sulphur yields were 64.0, 56.1, 50.0 and 50.8% over the course of 24, 48, 72 and 96 h, 

respectively, which means that a greater ratio of sulphur is generated in the first 24 h and the ratio 

continuously reduces every 24 h interval after that. From data presented in Table 6-1, during the 
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first 24 h of oxidation, 26.5% of pyrite is oxidized to result in the generation of elemental sulphur. 

Over the next 24 h of testing 37.3 % of pyrite was oxidized to lead to elemental sulphur production, 

only a 9.8 % increase between 24 and 48 h of testing. Over the next interval 42.8% of the pyrite is 

oxidized to generate elemental sulphur, an increase of 5.5% between 48 and 72 h. The last 24 h 

interval indicates 47.4% of pyrite has been oxidized to form elemental sulphur rather than sulphate, 

only a 4.6% increase in between 72 and 96 h. This information is graphically represented in Figure 

6-13, where a plot of pyrite oxidized to form elemental sulphur over each 24 h interval and a plot 

of total pyrite oxidation over each interval is presented. The difference between the two plots in 

Figure 6-13 represents the amount of pyrite oxidized to form sulphate. The graphs suggest that 

during the initial 24 h, pyrite is more favourably promoting elemental sulphur generation rather 

than sulphate generation. After 24 h, the oxidation is generating more sulphate than sulphur, with 

the elemental sulphur generation further decreasing each 24 h interval. 

 

This phenomenon, while interesting, is logical when referring to Figure 6-12 C. During the first 12 

h of the test, ORP values are lower than the initial solution potential at time 0 h. After 12 h the 

solution potential increases above the initial solution potential and continues to increase throughout 

the 96 h duration. The higher potential of the slurry likely increases the oxidation of sulphide and 

also the elemental sulphur to sulphate. Sulphur present in pyrite (FeS2) can be oxidized one of two 

ways, either to form elemental sulphur (S0) or sulphate (SO4
2-), as presented in Equations 43 and 

44: 

 S1− → S0 + e− 43 

    S1− → S6+ + 7e− 44 

Equations 43 and 44 display that the total transfer of electrons to oxidize sulphide to elemental 

sulphur is 1 electron, however 7 electron transfers are required in the oxidation of sulphide to 
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sulphate. Therefore when lower oxidation potentials are experienced (i.e. initial hours of the 

oxidation process), sulphide will be more favourably oxidized to form elemental sulphur. However 

as oxidation potential increases, sulphide will more easily convert to the oxidized form of sulphate, 

supported by previous research where ORP was increased from 700 to 800 to 900 and finally to 

1000 mV versus SHE, sulphate yield increased from 59.6 to 63.1 to 67.6 to 90.2%, respectively 

(Bailey and Peters, 1976). The constant increase of ORP throughout testing observed in Figure 6-12 

C may aid in promoting sulphate generation, however the initial decrease in ORP likely promotes 

a larger portion of elemental sulphur initially being produced. 

 

Figure 6-13 Solid residue analysis from tests AP 18, AP 19, AP 20 and AP 21, indicating the 

percent pyrite oxidized to form elemental sulphur along with the total pyrite oxidized at 24, 

48, 72 and 96 h. 

The solid residues were also subjected to SEM and XRD analysis, and spent AF 5 from the four 

tests were analyzed via SEM analysis. Figure 6-14 and Figure 6-15 visually display the oxidation 

of pyrite over 24, 48, 72, and 96 h. In Figure 6-14 B, C, E, F, H, I, K and L, EDS mapping of 
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sulphur and iron indicate that sulphur is only present with iron in the residue, distinct sulphur 

crystals are not present in the residue nor are passivating layers of sulphur forming around pyrite 

crystals. Due to the composition of the concentrate the sulphur and iron species observed in Figure 

6-14 are known to be remaining pyrite. XRD analysis presented in Figure 6-15 provides further 

validation of the lack of sulphur crystals present in the residue along with the diminishing of pyrite, 

leaving the majority of the residue composition as quartz and feldspar. 

 

The analysis of AF 5 via SEM and EDS sulphur mapping, displayed in Figure 6-16, indicate that 

after 24 h of oxidation sulphur is well absorbed throughout the entirety of the bead. Further 

collection of sulphur at the core of the bead is observed at 48 h, after which very little change is 

observed with the 72 and 96 h samples. These results agree with those observed in Figure 6-13, 

where the majority of sulphur is produced during the initial 24 h of oxidation, and little increase in 

sulphur production is experienced after 48 h. Figure 6-14, and Figure 6-16 confirm that AF 5 

collects sulphur formed and that sulphur left in the residue is sulphide sulphur within pyrite, as 

experienced in the previous study (Cowan et al., 2017). 



 

 

 

 

127 

 

Figure 6-14: SEM imagery (A, D, G, J) with complementary sulphur (B, E, H, K) and iron 

(C, F, I, L) EDS mapping of residue after 24 h (A, B, C); 48 h (D, E, F); 72 h (G, H, I); 96 h 

(J, K, L) of oxidation  
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Figure 6-15. XRD analysis performed on pyrite concentrate A) prior to oxidation; B) after 

24 h of oxidation; C) after 48 h of oxidation; D) after 72 h of oxidation; E) after 96 h of 

oxidation 
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Figure 6-16: SEM imagery with EDS sulphur mapping of cross sections of AF 5 after A) 24 

h; B) 48 h; C) 72 h; D) 96 h of oxidation 

6.2.2 Comparative tests without AF 5 Addition 

In order to compare the impact that the addition of AF 5 has on the oxidation of the pyrite 

concentrate rather than the individual parameters tested themselves, a comparative study was 

conducted. The same parameters tested with AF 5 addition were again tested on the oxidation of 

the pyrite concentrate without AF 5 addition. Concentrate to AF 5 ratio was not applicable in this 

study. The results of solid analysis are presented in Table 6-3 below.  
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Table 6-3 Solid sample analysis results from oxidative tests in the absence of AF 5 

Test 
Parameter  

Tested 

Pyrite 

Oxidized to 

So (%) 

Pyrite 

Oxidized to 

SO4
2- (%) 

Total Pyrite 

Oxidized 

(%) 

So  

Yield 

(%) 

SO4
2- 

Yield 

(%) 

P 1 T (75 oC) 12.4 17.1 29.5 42.0 58.0 

P 2 T (80 oC) 17.0 27.0 44.0 38.6 61.4 

P 3 T (85 oC) 24.4 33.2 57.6 42.4 57.6 

P 4 

Control (90 oC, 1.0 M 

H2SO4, 5 g/L Ferric, 

10% Pulp Density) 

20.6 35.5 56.1 36.8 63.2 

P 5 Acid (0.5 M) 22.5 37.7 60.2 37.4 62.6 

P 6 Acid (0.25 M) 17.4 28.2 45.6 38.2 61.8 

P 7 
Initial Ferric  

(0 g/L) 
19.7 26.2 45.9 43.0 57.0 

P 8 
Initial Ferric  

(1 g/L) 
18.5 29.6 48.1 38.5 61.5 

P 9 
Initial Ferric  

(10 g/L) 
15.9 32.1 48.0 33.2 66.8 

P 10 
Pulp Density  

(5 %) 
17.4 35.4 52.8 33.0 67.0 

P 11 
Pulp Density  

(20 %) 
20.5 30.3 50.8 40.4 59.6 

  

6.2.2.1 Effect of Temperature 

The impact of temperature on the oxidation of pyrite without the addition of AF 5 was investigated 

by comparing atmospheric tests operated at 75, 80, 85, and 90 oC. Pyrite oxidation determined by 

kinetic sample results represented in Figure 6-17, indicated 40.0, 49.0, 59.8 and 61.2% oxidation 

at 75, 80, 85, and 90 oC, respectively. Solid analysis determined pyrite oxidation to be 29.5, 44.0, 

57.6 and 56.1% by sulphur balance and 37.1, 49.1, 61.5 and 60.1% through digestion analysis at 

75, 80, 85, and 90 oC, respectively. All three analytical techniques showed pyrite oxidation 

increasing up to 85 oC. Tests conducted at 85 oC and 90 oC did not seem to differentiate greatly 

with solid analysis indicating the 85 oC test oxidizing a small percentage more than the 90 oC test, 

however both tests reached approximately 60 % pyrite oxidation after 96 h of testing. This is in 



 

 

 

 

131 

agreement with previous experiments conducted which indicated approximately 60% pyrite 

oxidation over 96 h without the addition of a carbon (Cowan et al., 2017). The similarity between 

tests P3 and P4 suggests that raising the temperature above 85 oC without the addition of AF 5 does 

not impact the kinetic rate of pyrite oxidation. This is further justified in Figure 6-18 A, where the 

two tests show almost identical ferrous concentration curves, both reaching a maximum value at 

the same time of 82 h. 

 

Figure 6-17 Pyrite oxidation over 96 h of testing for tests P 1, P 2, P 3 and P 4, displaying 

the impact of temperature. Test conditions are displayed in Table 3-3 

Similarly to what was experienced in the temperature tests with AF 5 addition, sulphur balance 

analysis indicated higher elemental sulphur yields achieved at temperatures below 90 oC. Elemental 

sulphur yields of 42.0, 38.6, 42.4 and 36.8% were produced at temperatures of 75, 80, 85, and 90 

oC, respectively. It is not possible to say that decreasing temperature, increases elemental sulphur 

yield as there is not a distinct trend or correlation between temperature and elemental sulphur yield, 
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however, it is interesting to see that in both test suites with AF 5 and without 90 oC lead to the 

lowest elemental sulphur yields. 

 

Figure 6-18 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of 

testing for tests P 1, P 2, P 3 and P 4, displaying the impact of temperature. 

6.2.2.2 Effect of Acid Concentration 

Lixiviants containing sulphuric acid in concentrations of 1.0, 0.5 and 0.25 M were tested. Solution 

analysis indicated that final kinetic samples resulted in 61.2, 65.9 and 54.9 % pyrite oxidation at 

concentrations of 1.0, 0.5 and 0.25 M sulphuric acid, respectively. The kinetic sample analysis is 

depicted in Figure 6-19. Solid analysis indicated 56.1, 60.2 and 45.6 % pyrite oxidation via sulphur 

balance and 60.1, 63.8 and 50.6 % oxidation through digestion analysis for 1.0, 0.5 and 0.25 M 
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sulphuric acid concentrations, respectively. The 0.25 M sulphuric acid lixiviant had detrimental 

results on the pyrite oxidation when compared against the control test (P4), reducing the overall 

oxidation by approximately 10%. Conversely, a decrease in acid concentration from 1.0 M to 0.5 

M did not have a large impact on the pyrite oxidation as the 1.0 and 0.5 M plots depicted in Figure 

6-19 overlap each other throughout testing, with final analysis indicating improved overall 

oxidation for the 0.5 M test across all three techniques. It cannot be concluded that decreasing 

sulphuric acid concentration from 1.0 to 0.5 M impacts pyrite oxidation due to the similarities 

between the two tests’ solution sample analysis presented in Figure 6-19 and Figure 6-20, however 

an acid concentration of 0.25 M does reduce pyrite oxidation kinetics. Previous authors explain that 

an increase in pH will lead to decreased pyrite oxidation due to less ferric ion availability because 

of the insolubility of iron oxyhydroxides (Bierens de Haan, 1991; Luther, 1987) Although all three 

lixiviants are very acidic, the iron hydroxide species do increase with a decreasing acid 

concentration, and while precipitation of iron oxyhydroxide would be minimal, there is the 

possibility of increase as acid concentration was decreased.  
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Figure 6-19 Pyrite oxidation over 96 h of testing for tests P 4, P 5 and P 6, displaying the 

impact of initial acid concentration. Free acid titration results are displayed with values 

corresponding to the right hand y-axis. Test conditions are displayed in Table 3-3 

Unlike the tests with AF 5, reducing acid concentration when AF 5 was absent lead to a small 

increase in elemental sulphur yield. Solid analysis indicated elemental sulphur yields of 36.8, 37.4 

and 38.2 % as acid concentration was reduced from 1.0 to 0.5 and to 0.25 M, respectively. It is 

difficult to conclude if this apparent increase in elemental sulphur due to decreasing acid 

concentration is present due to the fact that there is only a 1.4% spread across all three tests. It is 

probable that the decrease in acid concentration in fact did not greatly impact elemental sulphur 

yield rather than cause the apparent increase and that the differences experienced are within 

expected error of the analysis techniques. This being said, Figure 6-20 C does indicate reduced 

ORP values measured throughout testing with reduced acid concentrations which could support 

increased elemental sulphur yields. It would be expected to observe elemental sulphur decreasing 
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with decreasing acid concentration based on the results of Bailey and Peters (1976) study, which 

was not apparent in the current study.   

 

Figure 6-20 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of 

testing for tests P 4, P 5 and P 6, displaying the impact of initial acid concentration. 

6.2.2.3 Effect of Initial Ferric 

Tests were conducted with 0, 1, 5 and 10 g/L initial ferric added to the lixiviant, and oxidation was 

performed without the addition of AF 5. Kinetic solution samples were analyzed and the results are 

presented in Figure 6-21 and Figure 6-22. Final kinetic samples indicated that as initial ferric 

concentration increased from 0 to 1 to 5 g/L pyrite oxidation also increased from 54.8 to 56.3 to 

61.2% oxidation, respectively. Increasing initial ferric concentration from 5 to 10 g/L however, 
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resulted in a pyrite oxidation decrease to 54.6%. Similarly, solid analysis indicated an increase in 

pyrite oxidation as ferric increased to 5 g/L followed by a decrease at 10 g/L as sulphur balance 

analysis lead to oxidation values of 45.9, 48.1, 56.1 and 48.0%, while digestion analysis provided 

values of 50.8, 52.8, 60.1 and 52.7% for initial ferric concentrations of 0, 1, 5 and 10 g/L, 

respectively. It has been summarized that in general pyrite oxidation kinetics will increase with 

ferric ion concentration (Holmes and Crundwell, 2000). Therefore, it is unexpected that the 10 g/L 

initial ferric test lead to a decrease in apparent pyrite oxidation, however, solid and liquid sample 

analysis are in agreement with each other indicating that the results are valid and true.  

 

Figure 6-21 Pyrite oxidation over 96 h of testing for tests P 7, P 8, P 4 and P 9, displaying 

the impact of initial ferric concentration. Test conditions are displayed in Table 3-3 

Solid analysis indicated that elemental sulphur yield decreased with increasing initial ferric 

concentration as yields of 43.0, 38.5, 36.8 and 33.2% were determined for tests with 0, 1, 5 and 10 

g/L initial ferric respectively. These findings are logical due to the ORP measurements displayed 

in Figure 6-22 C, where the 0 and 1 g/L initial ferric tests resulted in the lowest ORP measurements 
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during testing. Initially the 1 g/L test indicated lower ORP values than the 0 g/L test, which can be 

attributed to the initial ferric ions in solution promoting initial pyrite oxidation represented in 

Equation 39, generating ferric ions that will reduce ORP. Flatt and Woods (1995) and Holmes and 

Crundwell (2000) indicate the importance of potential on the sulphate yield experienced during 

pyrite oxidation, and show that sulphate yields can reach zero at low potentials. 

   

At 36 h, the 0 and 1 g/L tests ORP values converge and for the remainder of the 96 h, the 0 g/L test 

sustains the lowest measured ORP. This observation justifies that the highest elemental sulphur 

yield of the initial ferric concentration tests was observed in the 0 g/L test. Similarly the 10 g/L test 

can be seen to have much higher potentials over the first 36 h than the other three tests. At 48 h, 

the 10 g/L and 5 g/L tests converge and the 10 g/L test results in lower ORP values than the 5 g/L 

test for the remainder of testing. Although the 10 g/L test does not conclude the 96 h of testing with 

the highest measured ORP, it can be noticed in Figure 6-22 C that it sustains the highest average of 

ORP values during testing. In addition to this, during the first 36 h, when a lot of the sulphur 

generation is believed to occur based on what is observed in the AP 18, AP 19, AP 20 and AP 21 

retention time test suite, potentials of the 10 g/L test are much higher than the other tests, resulting 

in the least elemental sulphur generation.  
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Figure 6-22 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of 

testing for tests P 7, P 8, P 4 and P 9, displaying the impact of initial ferric concentration. 

6.2.2.4 Effect of Pulp Density 

Varying pulp density without the addition of AF 5 did not impact overall pyrite oxidation or 

oxidation kinetics. Solution analysis presented in Figure 6-23 illustrate the similarities between the 

three pulp densities of 5, 10 and 20%. Final solution samples presented comparable pyrite oxidation 

values of 59.8, 61.2, and 57.6 % for 5, 10 and 20% pulp densities, respectively. Solid analysis 

resulted in similar findings, as 52.8, 56.1 and 50.8% pyrite oxidation was determined through 

sulphur balances and 57.1, 60.1 and 55.3% oxidation was found from digestion analysis for 5, 10 

and 20% pulp density tests, respectively. The lack of variance between the pyrite oxidation results 
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suggest that increasing pulp density does not drastically affect the overall oxidation, however, it is 

interesting to note that the lowest oxidation results were experienced by the 20% pulp density tests 

across all three methods of analysis. This is logical because each lixiviant in the three tests contains 

the same concentrations of acid and iron and the variable is the amount of pyrite added to each 

system. The system with 20% pulp density could experience reduced efficiency in the lixiviant’s 

ability to drive oxidation forward. 

 

Figure 6-23 Pyrite oxidation over 96 h of testing for tests P 10, P 4 and P 11, displaying the 

impact of pulp density. Test conditions are displayed in Table 3-3 

Pulp density did not impact the pyrite oxidation kinetics, as illustrated in Figure 6-24 A. It is evident 

that regardless of the pulp density, a plateau in ferrous concentration was reached between 72 and 

84 h suggesting the oxidation kinetics are the same for each of the 5, 10 and 20% pulp densities. 

The difference in concentration among the three tests is solely due to the difference in pyrite 

concentrate added to each test. 
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While pulp density did not impact the overall pyrite oxidation greatly, nor did it impact the 

oxidation kinetics, when AF 5 was not included in the system, it did affect the elemental sulphur 

yields experienced. A direct correlation between pulp density and elemental sulphur yield was 

observed, as when pulp density increased from 5 to 10 to 20%, elemental sulphur yields increased 

from 33.0 to 36.8 to 40.4%, respectively. Figure 6-24 C can aid in explaining the increase in 

elemental sulphur yield through increasing pulp density, as the 10 and 20% pulp density tests 

further suppress the initial ORP of the lixiviant than the 5% test. As previously discussed, lowering 

ORP aids in promoting elemental sulphur generation (Flatt and Woods, 1995; Holmes and 

Crundwell, 2000). Although the 5% pulp density test has less iron that is leached into solution and 

by the end of testing less ferric in solution and thus lower ORP values, during the initial 36 h it 

cannot suppress the ORP to the extent of the 10 and 20% tests which is the probable cause for its 

lower elemental sulphur yields. 
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Figure 6-24 A) Ferrous concentration; B) Ferric concentration; C) ORP; over 96 h of 

testing for tests P 10, P 4 and P 11, displaying the impact of pulp density. 

6.2.3 Comparison between AF 5 tests and tests without carbon addition 

From the results presented above, it becomes evident that some parameters impact the oxidation 

kinetics and products for both tests with AF 5 and without. However, there is the question of if the 

improvements observed when AF 5 is present are due to the parameter being tested or the AF 5 

itself. The following discussion is intended to draw comparisons between the testing with AF 5 and 

without to draw conclusions if it is the parameters effecting oxidation or the AF 5. Table 6-4 

presents the solid analysis for each parameter compared with AF 5 addition and without. For ease 
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of comparison, the pyrite oxidation calculated from digestion analysis will be used in the following 

discussion. 

Table 6-4 Solid analysis comparison for each parameter tested in the presence and absence 

of AF 5 

 AF 5 Addition Without Additive 

Parameter Tested 

Total Pyrite 

Oxidized -

Digestion (%) 

So Yield (%) 

Total Pyrite 

Oxidized -

Digestion (%) 

So Yield 

(%) 

Temperature (75 oC) 56.4 45.2 37.1 42.0 

Temperature (80 oC) 69.9 46.5 49.1 38.6 

Temperature (85 oC) 83.0 47.3 61.5 42.4 

Control 88.9 43.3 60.1 36.8 

Acidity (0.5 M) 92.6 37.5 63.8 37.4 

Acidity (0.25 M) 91.5 39.5 50.6 38.2 

Initial Ferric (0 g/L) 84.6 42.5 50.8 43.0 

Initial Ferric (1 g/L) 88.5 43.4 52.8 38.5 

Initial Ferric (10 g/L) 97.1 42.4 52.7 33.2 

Pulp Density (5 %) 96.0 41.8 57.1 33.0 

Pulp Density (20 %) 89.0 44.2 55.3 40.4 

 

6.2.3.1 Comparison of Temperature Effects 

Temperature improved pyrite oxidation in both AF 5 assisted and absent tests to approximately an 

equal degree apart from the 90 oC test. When AF 5 was absent the percent change in pyrite oxidation 

as temperature increased from 75 to 80, 80 to 85 and 85 to 90 oC was 12.0, 12.4, and -1.4% 

respectively. As previously indicated, there is no noticeable change between the pyrite oxidation 

between the 85 and 90 oC tests, suggesting maximum kinetic rates are achieved for this reaction at 

85 oC. The temperature increase from 75 to 80, 80 to 85 and 85 to 90 oC in the presence of the AF 

5 lead to 13.5, 13.1, and 5.9% percent change in pyrite oxidation, respectively. It is evident that as 

temperature increased from 75 to 80 and 80 to 85 oC, pyrite oxidation was enhanced at a similar 

rate, between roughly 12 and 13% per 5 oC increase. With the increase of 85 to 90 oC, no increase 
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in pyrite oxidation was observed without the addition of AF 5. In fact, a 1.4% decrease was 

observed, indicating maximum kinetics via temperature increase had been achieved at 85 oC. When 

AF 5 was added to the system and temperature was increased from 85 to 90 oC, the 5.9% increase 

in pyrite oxidation suggests that maximum oxidation kinetics via temperature are not achieved at 

85 oC. This can be related to the fact that the oxidation mechanism involved in the presence of AF 

5, while unknown, is more complex than the system without, as there are additional mechanisms 

involving carbon functional groups promoting hydrogen peroxide generation, and consumption of 

hydrogen peroxide in the regeneration of ferric ions (Ahumada et al., 2002; Cowan et al., 2017). 

The increase in steps involved in the oxidation mechanism allows for temperature to impact 

multiple aspects of the reaction, so while the overall kinetic rate of Equation 39, unassisted by AF 

5 seems to reach a maximum rate at 85 oC, kinetics of the regeneration of ferric ions enhanced by 

a carbon additive may further be improved with an increase in temperature. This may be a reason 

for the 5.9% increase, as well as the slight increase in change in pyrite oxidation between the tests 

with AF 5 and without for the 75 to 80 and 80 to 85 oC increases. 

 

The difference in overall pyrite oxidation between tests with and without AF 5 addition were 19.3, 

20.8, 21.5 and 28.8% for 75, 80, 85 and 90 oC respectively. It can be seen that AF 5 addition 

improves pyrite oxidation by approximately 20% up to 85 oC, however this rises to almost 29% at 

90 oC. This indicates that at temperatures of 85 oC or below temperature does not improve tests 

with AF 5 any more than it improves tests without, and that the approximate 20% increase can be 

attributed to the addition of the AF 5 itself. However, above 85 oC temperature does further enhance 

the pyrite oxidation of AF 5 assisted tests. Therefore at high temperatures, temperature has a 

beneficial effect on pyrite oxidation in the presence of AF 5, however this is not the case when AF 

5 is not present. 
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Considering elemental sulphur yields, similar trends were observed between tests including AF 5 

and tests without. The lowest respective elemental sulphur yields were achieved at 90 oC and the 

highest elemental sulphur yields were achieved at 85 oC. Tests at 75 and 80 oC had comparable 

yields to the 85 oC tests, however the 80 oC test without AF 5 indicated an elemental sulphur yield 

3.8% lower than the 85 oC. Although both test suites indicated higher elemental sulphur yields at 

lower temperatures no trend can be seen between elemental sulphur and temperature and a 

conclusion cannot be drawn between the two. 

  

Considering tests AP 21 (85 oC) and AP 12 (90 oC), where a 1:2 concentrate to AF 5 ratio was 

incorporated rather than a 1:1 ratio, elemental sulphur yields were not impacted by the change in 

temperature with yields of 50.8 and 51.1%, respectively. Because a larger amount of AF 5 was used 

in these tests it cannot be concluded that temperature has no effect on elemental sulphur yield 

because the increase in AF 5 has shown to enhance elemental sulphur, and it could mask the effect 

of temperature, however tests AP 21 and AP 12 do not prove that temperature impacts elemental 

sulphur yield. 

6.2.3.2 Comparison of Acidity Effects 

Acid concentration had differing effects on tests with AF 5 and tests without. Overall pyrite 

oxidation was not impacted by acid concentration in the presence of AF 5 achieving oxidations of 

88.9, 92.6 and 91.5% at acid concentrations of 1.0, 0.5 and 0.25 M. A similar observation is made 

at 1.0 and 0.5 M concentrations without AF 5 addition with pyrite oxidation values of 60.1 and 

63.8%, respectively. However, pyrite oxidation was drastically impacted when acid concentration 

was reduced to 0.25 M, resulting in 50.6% oxidation. McKibbens and Barnes (1986) determined 

that pyrite oxidized by ferric ions in chloride media may be inversely proportional to the square 

root of proton concentration. This study was conducted over a range of pH values from 1 to 2 
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(McKibben and Barnes, 1986). Although the present study considers much lower pH values in the 

range of -0.35 to 0.27, apart from the 0.25 M acid test without AF 5 addition, pyrite oxidation 

increases as acid concentration decreases, indicating an inverse relationship between pyrite 

oxidation and proton concentration as observed by McKibben and Barnes (1986).  

 

The initial inclination of pyrite oxidation not altering with AF 5 and decreasing without at 0.25 M 

acidity, was thought to be attributed to the fact that AF 5 contains acidic functional groups such as 

carboxylic acid groups on the surface. However analyzing the free acid data presented in Figure 

6-3 and Figure 6-19, it is evident that at 0.25 M acidity, the free acid trends for both with AF 5 

addition and without are the same. There is a 3 g/L difference in free acid after the initial sample 

between the tests with and without AF 5, however that is attributed to initial acid adsorption to AF 

5. Although free acid in solution is not varying with and without AF 5, the 2017 Cowan et al. study 

discusses in further detail how acidic functional groups on the carbon surface will promote pyrite 

oxidation kinetics through the increased kinetic regeneration of ferric ions. This increase could 

negate the impact of the lower concentration of acid on pyrite oxidation.  

 

It becomes evident that AF 5 helps to make the process more versatile when considering acid 

concentration as the pyrite oxidation is not impacted with a decrease in sulphuric acid addition. 

Conversely, decreasing the acid concentration to 0.25 M inhibited pyrite oxidation by 

approximately 10 to 13% when compared to testing at 1.0 and 0.5 M sulphuric acid, respectively, 

when AF 5 is absent. Initial acid concentration also had varying effects on elemental sulphur 

production with and without AF 5. With AF 5, elemental sulphur yields were 43.3, 37.5 and 39.5 

at sulphuric acid concentrations of 1.0, 0.5 and 0.25 M, respectively. Although, the elemental 

sulphur yields did not continually decrease with decreasing acid concentration, it is evident that the 

highest concentration of acid lead to the largest elemental sulphur yield. While the elemental 
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sulphur yield experienced with 0.25 M sulphuric acid was 2% higher than that experienced at 0.5 

M, these values are closer to each other than the 43.3% experienced at 1.0 M, and it is probable 

that as acid concentration is increased, elemental sulphur yield is increased. 

  

The phenomenon of increasing elemental sulphur yield with increasing acid concentration was not 

experienced when AF 5 was absent from the system, in fact as acid concentration increased there 

was a small decrease in elemental sulphur yield. Elemental sulphur yields of 36.8, 37.4 and 38.2% 

were experienced at sulphuric acid concentrations of 1.0, 0.5 and 0.25 M, respectively. There is 

only a 1.4% range between elemental sulphur yields for the three respective sulphuric acid 

concentrations and it is probable that no real difference is present between the three. This is 

different than what was experienced with AF 5 present in the system, and it can be said that while 

increased acid concentration showed apparent increase in elemental sulphur yield with AF 5 present 

it did not impact the elemental sulphur production in the absence of AF 5. 

6.2.3.3 Comparison of Initial Ferric Concentration Effects 

Previous researchers have reported the directly proportional dependence of rate of pyrite oxidation 

and sulphate yield on solution potential (Flatt and Woods, 1995; Holmes and Crundwell, 2000; 

Moses et al., 1987). In this study it is evident that initial ferric ion concentration had a large impact 

on measured solution potential, showing an increase in ORP with increased initial ferric ions. The 

increase in initial ferric concentration lead to increased pyrite oxidation in both the presence and 

absence of AF 5, apart from the 10 g/L test without the addition of AF 5. This can be explained by 

the fact that as the concentration of salts, electrolytes and other dissolved ions in the lixiviant 

increases, such as ferric ions, the concentration of dissolved oxygen will be reduced (Kaskiala, 

2002). Although this would be the case when AF 5 is present, Cowan et al. explained that AF 5 

enhances the regeneration of ferric ions through the functional groups present on the surface, and 
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therefore dissolved oxygen is not the only oxidant resulting in the regeneration of ferric ions as it 

is without AF 5 present (Cowan et al., 2017). 

 

An interesting observation is the stability of elemental sulphur yields when AF 5 is present, 

regardless of the initial ferric concentration. Elemental sulphur yields experienced are 42.5, 43.4, 

43.3 and 42.4% for 0, 1, 5 and 10 g/L initial ferric, respectively, when AF 5 is present. As expected, 

in the absence of AF 5, sulphur yields are shown to decrease as initial ferric increases, with 43.0, 

38.5, 36.8 and 33.2% elemental sulphur yields obtained at 0, 1, 5 and 10 g/L initial ferric, 

respectively. This is interesting, because the study indicates that AF 5 neutralizes the negative 

impact that initial ferric concentration has on elemental sulphur yield, which can be useful as faster 

oxidation kinetics are obtained with higher initial ferric concentrations. Typically there would be a 

trade-off between oxidation kinetics and elemental sulphur yield and an initial ferric concentration 

would need to be chosen that achieves a satisfactory compromise between the two, however adding 

AF 5 to the system, eliminates the need for a compromise. 

6.2.3.4 Comparison of Pulp Density Effects 

Pyrite oxidation was not drastically impacted by pulp density for tests in the presence and absence 

of AF 5. Elemental sulphur yield however, was shown to increase as pulp density was increased. 

Tests indicated elemental sulphur yields of 41.8, 43.3 and 44.2% in the presence of AF 5 and 33.0, 

36.8 and 40.4% in the absence of AF 5, at 5, 10 and 20% pulp densities respectively. It is evident 

that pulp density had a larger impact on elemental sulphur yields experienced in tests without AF 

5 present. This is logical as the addition of AF 5 promotes higher elemental sulphur yields on its 

own. One of the reasons for this is that AF 5 helps to initially suppress the ORP of the lixiviant 

which can promote elemental sulphur generation over sulphate. While increasing pulp density 

decreased initial ORP in tests with and without AF 5 present, the difference in ORP between tests 
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without AF 5 was much larger than those of tests in the presence of AF 5. This would explain why 

increasing pulp density has a larger impact on elemental sulphur yields in the absence of AF 5, but 

at the same time still increases elemental sulphur yields experienced in the presence of AF 5, to a 

lesser extent.   

6.3 Conclusions 

The objective of this study was to learn how various parameters affect atmospheric pyrite oxidation 

in the presence of AF 5, and compare these outcomes against the same test conditions without AF 

5 addition. Pyrite oxidation with AF 5 enhanced the oxidation kinetics by approximately 20 to 40% 

(considering digestion analysis) over the tests without AF 5 at the same conditions. Apart from two 

test conditions, 0.5 M initial H2SO4 and 0 g/L initial ferric, where elemental sulphur yields were 

comparable, AF 5 addition also enhanced elemental sulphur yields during the oxidation tests when 

compared to the tests without AF 5. Addition of AF 5 was shown to enhance pyrite oxidation as 

well as elemental sulphur yields when compared to tests without its addition, however, it was also 

shown to impede the negative impact that certain parameters (such as increasing initial ferric ion 

concentration) have on elemental sulphur yields. This indicates that AF 5 has the ability to make 

pyrite oxidation more versatile and less vulnerable to changes in operating conditions. The findings 

from this experiment are as follows: 

 

1) Temperature has a drastic impact on pyrite oxidation with and without AF 5, however it does 

not strongly impact elemental sulphur yields. Pyrite oxidation increased with temperature between 

75 and 90 oC in the presence of AF 5. In AF 5’s absence, pyrite oxidation increased from 75 to 85 

oC, stabilizing at 85 to 90 oC. Although elemental sulphur yields did not indicate drastic differences, 

the highest yields were experienced at 85 oC in both cases, with lower temperatures achieving 

higher yields than the 90 oC tests. 
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2) Initial acid concentration did not greatly impact pyrite oxidation in the presence of AF 5, 

indicating a slight increase (3.7%) in oxidation when decreasing acid concentration from 1.0 to 0.5 

M, with the 0.25 M test achieving higher oxidation than the 1.0 M test yet lower than the 0.5 M 

test. Similarly tests without AF 5 addition indicated a slight increase (2.7%) in oxidation when 

decreasing acid concentration from 1.0 to 0.5 M, however, the 0.25 M test had detrimental results 

decreasing oxidation by 9.5% when compared to the 1.0 M test. In the presence of AF 5, the highest 

elemental sulphur yield was with 1.0 M (43.3%), this was not the case in AF 5`s absence, where 

yields were relatively stable across all three acid concentrations ranging between 36.8 and 38.2%. 

Decreasing acid concentration seemed to reduce AF 5`s ability to promote elemental sulphur yield. 

 

3) Increasing initial ferric ion concentration from 0 to 10 g/L in the presence of AF 5 indicated an 

increase in pyrite oxidation from 84.6 to 97.1%, however elemental sulphur yields remained 

relatively constant ranging between 42.4 and 43.4%. Similarly, tests in the absence of AF 5 

indicated an increase in pyrite oxidation from 50.8 to 60.1% as ferric ions increased from 0 to 5 

g/L, however further increase in ferric ions to 10 g/L indicated a decrease in oxidation resulting in 

52.7%. Interestingly, unlike the relatively stable elemental sulphur yields experienced with AF 5, 

elemental sulphur yields decreased as initial ferric ion concentration increased from 43.0 to 33.2% 

in the absence of AF 5. This shows that AF 5 negates the negative impact that higher initial ferric 

ion concentrations have on elemental sulphur yields, allowing the benefit of increased pyrite 

oxidation without any trade off in reduced sulphur yield. 

 

4) Tests with and without the addition of AF 5 behaved in the same manor with respect to increasing 

pulp density. With AF 5 the 5% pulp density test achieved the highest pyrite oxidation at 96.0%, 

with the 10 and 20% tests achieving 88.9 and 89.0% oxidation, respectively. In the absence of AF 
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5, the 10% test achieved the highest oxidation at 60.1 % with the 5 and 20% tests reaching 57.1 

and 55.3% oxidation, respectively. Apart from the 5% test in the presence of AF 5 pulp density did 

not seem to greatly alter pyrite oxidation. This being said, as pulp density was increased elemental 

sulphur yields were shown to increase with both AF 5 presence and absence. 

 

5) The mass ratio of concentrate to AF 5 was shown to have the largest impact on the elemental 

sulphur yield of the process, with the highest yields across all testing achieved at a concentrate to 

AF 5 ratio of 1:2. The more AF 5 that is introduced to the leach slurry, the more functional groups 

that not only benefit pyrite oxidation but also elemental sulphur formation are introduced into the 

system. 

 

6) Flowrate was not shown to impact elemental sulphur yield in the presence of AF 5. The Cowan 

et al. (2017) tests indicated that increasing oxygen flowrate may increase elemental sulphur yield 

due to the preliminary results in that study. The present study compared 0.2 and 1.0 L/min oxygen 

flow at three different concentrate to AF 5 mass ratios and saw no discernible change in elemental 

sulphur yield when oxygen flowrate was increased. 

 

7) The retention time tests indicated that the majority of elemental sulphur is generated during the 

first 24 h of pyrite oxidation, when AF 5 is present in solution. This is interesting and could indicate 

that replenishing the system with fresh AF 5 could promote higher elemental sulphur yields. This 

should be further investigated. 
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Chapter 7 

Study of L-cystine doped polymer-based additives in the application of 

atmospheric pyrite oxidation  

7.1 Introduction 

Initial characterization of the activated carbon and AF 5 additives, in Chapter 5, indicated that AF 

5 carried sulphur containing groups such as amino acids on the surface, which were not present on 

activated carbon. Although the specific group cannot be definitively determined, L-cystine was 

identified as a potential match for the sulphur containing group on the AF 5 surface. L-cystine and 

its monomer, amino acid L-cysteine, are both hydrophobic (Nagano et al., 1999), and could explain 

AF 5’s ability to adsorb and retain the elemental sulphur (also hydrophobic) formed during pyrite 

oxidation.  

 

As a result, a study was conducted using two polymers (PET and HDPE beads), in which each 

polymer was doped with L-cystine. The surface enhanced beads, along with unaltered beads were 

used as additives to pyrite oxidation rather than AF 5 or activated carbon. Control tests were 

conducted using only the pyrite concentrate without any carbon addition and with pyrite 

concentrate in the presence of AF 5, in order to compare elemental sulphur production and retention 

across all mediums. The methods and materials for this study are presented in Section 3.4. 

7.2 Results and Discussion 

7.2.1 Characterization of the polymer surfaces prior to and post doping 

Following L-cystine surface doping, XPS analysis was conducted on – unaltered PET (PET), L-

cystine doped PET (PET Cys), unaltered HDPE (HDPE), L-cystine doped HDPE via treatment A 
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(HDPE Cys A) and L-cysteine doped HDPE via treatment B (HDPE Cys B) – in order to verify L-

cystine (as reported on the AF 5 surface) was present on the polymer surfaces. 

 

XPS spectral analysis for PET and PET Cys is displayed in Figure 7-1. PET did not indicate any 

peaks in the S2p or N1s regions and as a result only PET Cys is presented in Figure 7-1 C and D. 

The lack of peaks in the S2p or N1s regions for PET indicates that no L-cystine is present on the 

surface prior to doping treatment. The comparison of XPS spectra between PET and PET Cys in 

Figure 7-1 A and B indicate that doping treatment did not greatly alter any surface groups that were 

originally present on the PET surface as the same peaks are observed, however doping did reduce 

the intensity of these peaks. Figure 7-1 C and D indicate the presence of sulphur and nitrogen 

species on the PET surface after the L-cystine doping procedure.  
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Figure 7-1 XPS spectral analysis of PET and PET Cys. A) O1s region; B) C1s region; C) 

S2p region (only PET Cys is presented); D) N1s region (only PET Cys is presented) 

Table 7-1 through to Table 7-4 summarizes the spectral peaks observed in the O1s, C1s, S2p and 

N1s regions for PET and/or PET Cys, allowing for an in-depth comparison of the PET prior to and 

post L-cystine doping. 

  

A B 

C D 
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Table 7-1 O1s region summary of PET and PET Cys 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

PET 

533.1 
Non-carbonyl O (ether type in esters and 

anhydrides) 

533.1 - 533.8 

(Zhou et al., 2007) 

532.2 
Carbonyl O in esters, anhydrides and O in 

hydroxyl groups 

532.3 - 532.8 

(Zhou et al., 2007) 

531.4 Carbonyl O within quinines 
531.0 - 531.9 

(Zhou et al., 2007) 
    

PET 

Cys 

532.7 
Non-carbonyl O (ether type in esters and 

anhydrides) 

533.1 - 533.8 

(Zhou et al., 2007) 

532.3 
Carbonyl O in esters, anhydrides and O in 

hydroxyl groups 

532.3 - 532.8 

(Zhou et al., 2007) 

531 Carbonyl O within quinines 
531.0 - 531.9 

(Zhou et al., 2007) 

 

Table 7-2 C1s region summary of PET and PET Cys 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

PET 

288.7 C in carboxyl or ester 
288.8 - 289.1 

(Zhou et al., 2007) 

286.3 C in phenols, alcohol, ether or C꓿N groups 
286.0 - 286.3 

(Zhou et al., 2007) 

284.7 C-C, Graphitized carbon 

284.6  

(Hontoria-Lucas et 

al., 1995; Zhou et 

al., 2007) 
    

PET 

Cys 

288.7 C in carboxyl or ester 
288.8 - 289.1 

(Zhou et al., 2007) 

286.5 C in phenols, alcohol groups 
286.5 (Hontoria-

Lucas et al., 1995) 

284.9 C-C, Graphitized carbon 

284.6 

(Hontoria-Lucas et 

al., 1995; Zhou et 

al., 2007) 
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Although Figure 7-1 A and B indicated weaker intensity observed in the O1s and C1s region peaks 

after L-cystine doping, Table 7-1 and Table 7-2 confirm that the same functional groups are present 

before and after treatment.  

Table 7-3 S2p region summary of PET Cys 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

PET 

Cys 

169.4 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

168.2 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

167.9 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

166.9 Cysteine sulphinic acid 

166.9  

(Setiawan et al., 

1985) 

165.1 Oxidized L-cystine 

165.4 

(Setiawan et al., 

1985) 

163.8 Thiol; L-cystine 

163.5 – 164 

(Castner et al., 

1996; Setiawan et 

al., 1985) 

 

Table 7-4 N1s region summary of PET Cys 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

PET 

Cys 

401.9 Protonated amino groups 

~ 402.0 

(Barazzouk and 

Daneault, 2012) 

400.6 L-cystine or its known oxidation products 

400.5 - 401.8 

(Setiawan et al., 

1985) 

399.3 Amine, amide or amino acid 

398.8 - 401.7 

(Stevens et al., 

2013) 

 

Table 7-3 and Table 7-4 indicate that the sulphur and nitrogen groups observed in Figure 7-1 C and 

D, are in fact attributed to L-cystine, along with some added sulphate or sulphite groups. Following 
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the L-cystine doping procedure, the PET surface indicates similar functionality to that of AF 5, 

presented in Chapter 5, indicating that the surface doping was successful. 

 

XPS spectral analysis for HDPE, HDPE Cys A and HDPE Cys B is displayed in Figure 7-2. 

Similarly to PET, HDPE did not indicate any peaks in the S2p or N1s regions and thus, only HDPE 

Cys A and HDPE Cys B are presented in Figure 7-2 C and D. Again, the absence of any correlation 

in the S2p or N1s regions for HDPE indicates that L-cystine is absent from the surface prior to 

doping. The same peaks observed across HDPE, HDPE Cys A, and HDPE Cys B in Figure 7-2 A 

and B indicate that L-cystine doping did not generate or remove any functional groups originally 

present on the HDPE. Sulphur and nitrogen species were observed on the HDPE surface after the 

L-cystine doping procedure, displayed by the spectral analysis in Figure 7-2 C and D.  
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Figure 7-2 XPS spectral analysis of HDPE, HDPE Cys A and HDPE Cys B. A) O1s region; 

B) C1s region; C) S2p region (only HDPE Cys A and B is presented); D) N1s region (only 

HDPE Cys A and B is presented) 

 

The spectral peaks observed in the O1s, C1s, S2p and N1s regions for HDPE and/or HDPE Cys A 

and B are summarized and characterized in Table 7-5 through to Table 7-8, allowing for further 

analysis of the HDPE surface prior to and post L-cystine doping. 

  

A B 

C D 
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Table 7-5 O1s region summary of HDPE, HDPE Cys A and HDPE Cys B 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

HDPE 

533.4 
Non-carbonyl O (ether type in esters and 

anhydrides) 

533.1 - 533.8 

(Zhou et al., 2007) 

532.4 
Carbonyl O in esters, anhydrides and O in 

hydroxyl groups 

532.3 - 532.8 

(Zhou et al., 2007) 

531.5 Carbonyl O within quinines 
531.0 - 531.9 

(Zhou et al., 2007) 

    

HDPE 

Cys A 

533.6 
Non-carbonyl O (ether type in esters and 

anhydrides) 

533.1 - 533.8 

(Zhou et al., 2007) 

532.6 
Carbonyl O in esters, anhydrides and O in 

hydroxyl groups 

532.3 - 532.8 

(Zhou et al., 2007) 

531.6 Carbonyl O within quinines 
531.0 - 531.9 

(Zhou et al., 2007) 
    

HDPE 

Cys B 

533.4 
Non-carbonyl O (ether type in esters and 

anhydrides) 

533.1 - 533.8 

(Zhou et al., 2007) 

532.5 
Carbonyl O in esters, anhydrides and O in 

hydroxyl groups 

532.3 - 532.8 

(Zhou et al., 2007) 

531.3 Carbonyl O within quinines 
531.0 - 531.9 

(Zhou et al., 2007) 
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Table 7-6 C1s region summary of HDPE, HDPE Cys A and HDPE Cys B 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

HDPE 285 C-C, Graphitized carbon 

284.6 

(Hontoria-Lucas et 

al., 1995; Zhou et 

al., 2007) 
    

HDPE 

Cys A 
285 C-C, Graphitized carbon 

284.6 

(Hontoria-Lucas et 

al., 1995; Zhou et 

al., 2007) 
    

HDPE 

Cys B 
285 C-C, Graphitized carbon 

284.6 

(Hontoria-Lucas et 

al., 1995; Zhou et 

al., 2007) 

 

The summary of the O1s and C1s regions presented in Table 7-5 and Table 7-6, indicate that surface 

doping of HDPE with L-cystine did not alter the functional groups on the untreated HDPE. The 

same non-carbonyl oxygen, carbonyl oxygen groups were experienced on all three specimens.  
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Table 7-7 S2p region summary of HDPE Cys A and HDPE Cys B 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

HDPE 

Cys A 

170.2 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

168.9 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

165.0 Oxidized L-cystine 

165.4 

(Setiawan et al., 

1985) 

163.8 Thiol; L-cystine 

163.5 – 164 

(Castner et al., 

1996; Setiawan et 

al., 1985) 
    

HDPE 

Cys B 

169.8 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

168.7 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

168.3 Sulphate or sulphite groups 
167.0 – 170.1 

(Yu et al., 1990) 

166.9 Cysteine sulphinic acid 
166.9 (Setiawan et 

al., 1985) 

164.8 Oxidized L-cystine 

165.4 

(Setiawan et al., 

1985) 

163.6 Thiol; L-cystine 

163.5 – 164 

(Castner et al., 

1996; Setiawan et 

al., 1985) 

 

  



 

 

 

 

161 

 

Table 7-8 N1s region summary of HDPE Cys A and HDPE Cys B 

Polymer 
Peak 

(eV) 
Classification 

Literature Value 

(eV) 

HDPE 

Cys A 

402.8 Protonated amino groups 

~ 402.0 

(Barazzouk and 

Daneault, 2012) 

401.6 L-cystine or its known oxidation products 

400.5 - 401.8 

(Setiawan et al., 

1985) 

400.1 Amine, amide or amino acid 

398.8 - 401.7 

(Stevens et al., 

2013) 
    

HDPE 

Cys B 

402.0 
Protonated amino groups, L-cystine or its known 

oxidation products 

~ 402.0,  

400.5 - 401.8 

(Barazzouk and 

Daneault, 2012; 

Setiawan et al., 

1985) 

399.8 Amine, amide or amino acid 

398.8 - 401.7 

(Stevens et al., 

2013) 

 

As was observed with PET, the summary of the S2p and N1s regions presented in Table 7-7 and 

Table 7-8 indicates that sulphur and nitrogen species on the HDPE surface after doping are 

attributed to L-cystine, and its known oxidation products. HDPE Cys B included identical L-cystine 

species as observed with PET Cys, while HDPE Cys A was missing the cysteine sulphinic acid. 

This is logical as HDPE Cys B, followed the same doping procedure as PET Cys, while HDPE Cys 

A followed a less intensive procedure (further discussed in Chapter 3). The missing cysteine 

sulphinic acid and weaker intensity peaks associated with L-cysteine on HDPE Cys A surface may 

indicate that L-cystine doping treatment A was less effective than that of L-cystine doping 

treatment B. 
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7.2.2 The impact of L-cystine doped polymers on pyrite oxidation 

Confirming that the polymers were successfully doped with L-cystine, seven bench scale pyrite 

oxidation tests were conducted; control tests without an additive and with AF 5 addition, and tests 

with PET, PET Cys, HDPE, HDPE Cys A and HDPE Cys B in the system. Following testing, solid 

analysis was performed on each oxidation residue, added AF 5 and polymer additives. The 

summary of solid analysis for each test is presented in Table 7-9. 

Table 7-9 Solid sample analysis from pyrite oxidation tests without additive, with AF 5 

addition, and with treated and untreated polymer addition. Tests were operated at 55 oC for 

48 h in 1.0 M H2SO4 containing 5 g/L initial ferric ions. O2 was sparged continuously at 0.1 

L/min  

Test 
Pyrite Oxidized 

to So (%) 

Pyrite Oxidized 

to SO4
2- (%) 

Total Pyrite 

Oxidized (%) 

So 

Yield 

(%) 

So on 

Additive 

Surface (%) 

No Add 4.3 20.5 24.8 17.4 N/A 

AF 5 10.6 17.0 27.6 38.4 86.4 

PET 4.1 21.7 25.8 15.8 2.7 

PET 

Cys 
3.8 22.7 26.5 14.4 12.4 

HDPE 3.4 20.3 23.7 14.4 17.5 

HDPE 

Cys A 
3.9 22.4 26.3 14.9 18.0 

HDPE 

Cys B 
3.3 17.9 21.2 15.7 24.4 

 

The solid analysis indicated that without AF 5 or polymer addition 24.8% pyrite oxidation was 

achieved after 48 h, with 4.3% of the pyrite being oxidized to form elemental sulphur. When AF 5 

was added to the system, pyrite oxidation improved to 27.6% with 10.6% of pyrite oxidized to form 

elemental sulphur. Analyzing the results from the various polymers, it becomes evident, regardless 

of L-cystine treatment, that the results are comparable to the results without additives. Pyrite 

oxidation in the tests with polymers added to the system ranged between 21.2 and 26.5% with 
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between 3.3 and 4.1% of pyrite oxidized to elemental sulphur. This suggests that neither the 

untreated polymers nor the L-cystine treated polymers improved pyrite oxidation kinetics, or 

promoted elemental sulphur formation. 

  

Untreated PET resulted in 25.8% pyrite oxidation with 4.1% pyrite oxidizing to form elemental 

sulphur. Oxidation in the presence of PET Cys resulted in 26.5% oxidation and 3.8% pyrite 

oxidized to form elemental sulphur, no discernable difference to the results from the test with 

untreated PET. This proves that the addition of L-cystine to the polymer surface does not alter the 

oxidation kinetics nor does it impact the elemental sulphur yield. However, there is one difference 

between the results from the PET and PET Cys tests. Approximately 2.7% of the total elemental 

sulphur generated is found on the PET surface, while approximately 12.4% of the elemental sulphur 

generated is adhered to the PET Cys surface. The addition of L-cystine to the polymer surface does 

seem to promote increased elemental sulphur adhesion. 

 

Results from the HDPE, HDPE Cys A and HDPE Cys B tests indicated similar findings to those 

from the PET and PET Cys tests. The treatment of HDPE with L-cystine could not be attributed to 

benefiting oxidation kinetics or elemental sulphur production with the HDPE, HDPE Cys A and 

HDPE Cys B tests resulting in 23.7, 26.3 and 21.2% pyrite oxidation respectively, and 3.4, 3.9 and 

3.3% of the pyrite oxidizing to form elemental sulphur, respectively. However, again, the addition 

of L-cystine to the polymer surface increased elemental sulphur adhesion to the polymer surface 

with percent total sulphur on polymer surface increasing from 17.5 to 18.0 to 24.4% for HDPE, 

HDPE Cys A and HDPE Cys B, respectively. It is evident that HDPE Cys A only saw a minimal 

increase in sulphur adhesion compared to untreated HDPE, which indicates that L-cystine doping 

treatment A was not as effective as treatment B, which is what was speculated from the XPS results 

discussed in Section 7.2.1. 
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Although the L-cystine treated polymers indicated increases in elemental sulphur retention, none 

of the treated polymers were as effective as AF 5. AF 5 reached 86.4% sulphur retention in this 

study and reached approximately 100% retention in the Chapter 4 and Chapter 6 studies where the 

2 L reactors were used. AF 5 is much smaller than the two polymers with a diameter of 

approximately 0.5 mm compared to PET cylindrical beads of approximately 3 mm x 1.5 mm and 

HDPE beads with approximately a 3 mm diameter. AF 5 is micro/mesoporous compared to smooth 

PET and HDPE surfaces. These two attributes allow AF 5 to contain much more surface area than 

either polymer allowing for greater presence of a surface species, such as L-cystine, promoting 

elemental sulphur retention, and overall more surfaces for sulphur interaction. As a result it is 

expected that AF 5 would be more effective in sulphur retention than the synthesized L-cystine 

polymers used in this study. This study successfully indicated that L-cystine does promote 

elemental sulphur retention and could explain AF 5’s ability to effectively retain elemental sulphur.   

 

The inclusion of polymers in sulphide leaching has been investigated previously, when 

polytetrafluoroethylene (PTFE) beads were added to pressure oxidation leaches of enargite 

(Govindaiah et al., 2015). In this study PTFE beads improved overall leach kinetics, by providing 

a reaction surface and resulted in sulphur collection away from the residue. This study used 

untreated PTFE, and the most promising results were achieved at a 3:1 and 4:1 ratio of 

PTFE:concentrate (Govindaiah et al., 2015). Further treating the PTFE beads with L-cystine could 

improve the affinity of sulphide minerals to the bead surface, providing the reaction surface, 

allowing for comparable results with reduced PTFE:concentrate ratios. Also, treating other resistant 

polymers that have a larger surface area than the PTFE beads used in the Govindaiah et al. (2015) 

study with L-cystine, could achieve similar results with a reduced polymer:concentrate ratio. This 
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is why the findings of the L-cystine polymer doping tests are interesting, because with further 

development customization of additives could be achieved for a variety of applications. 

7.3 Conclusions 

Two polymers, PET and HDPE were effectively doped with L-cystine, however HDPE treatment 

A was deemed not efficient in comparison to HDPE treatment B. XPS spectral analysis of the 

polymers prior to and post doping treatment, indicated that L-cystine groups with similar spectral 

peaks to the groups observed on AF 5 were present on the polymer surfaces after treatment. L-

cystine did not benefit pyrite oxidation kinetics nor did it improve elemental sulphur yield, however 

it did promote improved elemental sulphur retention on the additive surface. The synthesized 

polymer additives were not as effective as AF 5 in terms of sulphur retention which can likely be 

attributed to the reduced surface area of the polymers compared to AF 5. Although the elemental 

sulphur retention experienced with AF 5 could not be replicated by the L-cystine treated polymers, 

the study did indicate that L-cystine could be the reason for AF 5’s ability to effectively retain 

elemental sulphur produced during oxidation. 
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Chapter 8  

General conclusions and recommendations 

8.1 Conclusions 

The initial study investigated the effectiveness of the addition of activated carbon and AF 5 to the 

atmospheric oxidation of pyrite. Both carbon additives were shown to greatly enhance pyrite 

oxidation, with AF 5 enhancing oxidation by approximately 36% and activated carbon improving 

oxidation by approximately 40%. Activated carbon indicated faster oxidation kinetics than AF 5 

over the 96 h period.  

 

In addition to improving oxidation, both carbon additives greatly enhanced elemental sulphur yield. 

The study indicated that AF 5 enhanced tests reached a maximum elemental sulphur yield of 63%, 

where the maximum achieved yield in activated carbon enhanced tests was 54%, compared to only 

28% achieved without carbon addition. It was observed that elemental sulphur produced in the AF 

5 tests was an amorphous form that coated and percolated the AF 5 beads, whereas crystalline 

globules were experienced in the activated carbon tests. As a result, all elemental sulphur produced 

was retained by the AF 5, with only 40% remaining with the activated carbon. Additionally, 

activated carbon was subjected to extreme attrition losses upwards of 20%, with only 0.5% AF 5 

carbon lost to fines in the residue. The ability for AF 5 to retain all of the elemental sulphur 

produced, and withstand significant losses to fines, while promoting maximum elemental sulphur 

yields with comparable oxidation results, were the reasons why AF 5 was carried forward to assess 

the impact of altering various parameters effecting pyrite oxidation in the presence of AF 5 rather 

than continuing with activated carbon. 
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Prior to the parameters study with AF 5, the researchers wanted to better understand the reasons 

for AF 5’s enhanced sulphur production and retention, and activated carbon’s faster oxidation 

kinetics. In order to achieve this, characterization of the two carbon additves was conducted. SEM 

and BET analysis indicated that AF 5 is micro/mesoporous with a surface area of 1154.4 m2/g, and 

that activated carbon is macroporous with a surface area of 921.0 m2/g. The larger surface area and 

less wide spread pore size distribution associated with AF 5 is a potential cause for increased 

elemental sulphur production and retention when compared to activated carbon. 

 

Oxidation tests in the characterization study proved that activated carbon and AF 5 promote 

oxidation of ferrous ions in the presence of oxygen, however the rate of oxidation is further 

enhanced by the presence of activated carbon compared to AF 5. Following 24 h, 60% of ferrous 

ions were oxidized in the presence of activated carbon and oxygen, only 20% when AF 5 was 

present with oxygen. However, 8% of ferrous ions were oxidized by oxygen alone without carbon 

addition, indicating the importance of the carbon additives in promoting ferric ion generation, and 

thus their ability to act as oxidation rate enhancers. 

 

XPS analysis conducted on the activated carbon and AF 5 provided details about the functional 

groups on the additives. Both carbons contained oxygen in carboxyl and carbonyl groups, however 

activated carbon showed oxygen from a larger spectrum of sources including quinine, quinone, 

ether, alcohol, phenyl and non-carbonyl groups. The presence of these oxygen groups on both 

carbon surfaces help to explain why the ferrous oxidation is increased in their presence, however 

the abundance of oxygen groups on the activated carbon surface justifies the increased oxidation 

kinetics experienced over AF 5 addition. On the other hand, AF 5 contained sulphur species that 

were not present on activated carbon. The sulphur species were attributed to sulphur containing 
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amino acids such as L-cysteine and L-cystine. L-cysteine and L-cystine are hydrophobic as is 

elemental sulphur, which can rationalize AF 5’s ability to collect and retain elemental sulphur. 

The effect of altering various parameters in AF 5 assisted pyrite oxidation was studied and 

compared to the same test conditions without AF 5 addition. The inclusion of AF 5 in the system 

increased oxidation between 20 to 40%, depending on the parameter tested. Two tests, 0.5 M initial 

H2SO4 and 0 g/L initial ferric indicated similar elemental sulphur yields for both AF 5 assisted and 

unassisted oxidation. Other than these two tests, AF 5 addition enhanced elemental sulphur yield 

across all parameters compared to unassisted oxidation at the same conditions. AF 5 also indicated 

the ability of negating the negative impact that certain parameters have on elemental sulphur yield. 

For example elemental sulphur yields experienced in the presence of AF 5 as initial ferric ion 

concentration was increased from 0 to 10 g/L, remained at approximately 43%. Without the 

addition of AF 5, elemental sulphur yield decreased from 43 to 33% as initial ferric ion was 

increased from 0 to 10 g/L. This finding suggests that AF 5 can promote more versatile pyrite 

oxidation that will be less vulnerable to changes in operating conditions which may be experienced 

during processing. The impact of each parameter tested is summarized below: 

 

 Temperature has a large impact on both AF 5 assisted and unassisted oxidation, as 

oxidation increased with temperature from 75 to 90 oC with AF 5, and increased with 

temperature from 75 to 85 oC without.  

 Temperature could not be concluded to impact elemental sulphur yield. 

 Initial acid concentration did not impact oxidation in the presence of AF 5, however in its 

absence oxidation decreased by approximately 10% in 0.25 M solutions. 

 Decreasing initial acid concentration seemed to reduce AF 5’s ability to promote elemental 

sulphur production as 0.5 and 0.25 M tests experienced lower elemental sulphur yields than 

the 1.0 M test. 



 

 

 

 

169 

 Initial acid concentration did not impact elemental sulphur yield greatly in the unassisted 

tests. 

 Increasing initial ferric concentration improved pyrite oxidation in both AF 5 assisted and 

unassisted tests, apart from the 10 g/L test without AF 5.  

 AF 5 prevented the decrease in elemental sulphur yield experienced with increasing initial 

ferric ion concentration in unassisted tests. 

 Pulp density did not greatly alter pyrite oxidation with or without AF 5. 

 Increases in pulp density did increase elemental sulphur generation both in AF 5’s presence 

and absence. 

 Concentrate to AF 5 ratio had the largest impact on elemental sulphur yield across all 

parameters tested. The highest elemental sulphur yields were achieved at the lowest ratio 

tested (1:2).  

 The initial tests in Chapter 4 indicated that increasing oxygen flowrate could increase 

elemental sulphur yield. No discernible change in elemental sulphur yield was found in the 

parameters study when oxygen sparging was increased from 0.2 to 1.0 L/min. 

 Analysis of solid residues from the retention time tests indicated that the majority of 

elemental sulphur was generated in the first 24 h, when AF 5 is present. This could indicate 

that replenishing AF 5 throughout oxidation may increase elemental sulphur yields. 

 

The final study conducted in this research was performed in order to determine if the L-cystine that 

was identified on the AF 5 surface is a reason for elemental sulphur generation and/or retention. 

Two polymers, PET and HDPE were successfully treated with L-cystine, verified by XPS spectral 

analysis. Comparing the L-cystine treated polymers to the untreated polymers, it was concluded 
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that L-cystine does not improve pyrite oxidation or elemental sulphur yield, however its presence 

does increase elemental sulphur retention on the polymer surface.  

8.2 Recommendations 

Over the course of this research, a great deal of experimentation was conducted, however there are 

some aspects of the project that could not be accomplished within the study period or the scope of 

this particular research. As a result some recommendations have been included below for future 

research in this field. 

 

 Conduct further oxidation tests on various pyrite and arsenopyrite concentrates. 

o During the course of this research one pyrite concentrate was utilized in oxidation tests 

and AF 5 showed great promise in its presence.  

o Incorporating the parameters that showed the best oxidation and elemental sulphur 

production in this study, other pyrite concentrates as well as arsenopyrite concentrates 

should be subjected to AF 5 assisted oxidation.  

o This will help to determine how versatile AF 5 truly can be in terms of pyrite oxidation. 

 

 Investigate AF 5 recycling and regeneration 

o Fresh AF 5 was used in the oxidation tests conducted in this research 

o Spent AF 5 should be used in pyrite oxidation tests to see if it is effective after initial 

use. If so, the number of effective cycles should be determined, if not, a regeneration 

method should be investigated. 

o The regeneration method would need to effectively remove elemental sulphur from the 

AF 5 and replenish the functional groups on its surface that benefit oxidation 
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 Further polymer investigation in the hopes of developing a rate enhancing additive for 

oxidation in-house 

o The successful doping of PET and HDPE with L-cystine was promising as it did result 

in improved elemental sulphur retention, however this retention did not match that of 

AF 5. The polymers also did not improve pyrite oxidation or elemental sulphur yields 

o Further treatment of the polymer surfaces should be investigated to try and develop a 

rate enhancer comparable to AF 5 in terms of oxidation, elemental sulphur yield and 

sulphur retention. 

o Alternative polymers may need to be considered with larger surface areas and increased 

porosities. 

o Developing an effective oxidation rate enhancing additive in-house would allow for 

customization and potential cost reductions. 

 

 Investigate replenishing AF 5 throughout oxidation tests 

o The parameters study indicated that the majority of elemental sulphur was generated in 

the first 24 h in the presence of AF 5. 

o Tests should be conducted where fresh AF 5 is introduced into the system multiple times 

over the duration of oxidation. 

o Multi-stage tests could also be conducted in order to accomplish this. 
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