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Abstract 

 The depletion of free milling gold deposits has made the mining industry depend on 

refractory gold ores to meet the gold demand. Global statistics have shown that about 2/3 of the gold 

resources are refractory and the exploitation of these ores is expected to increase in future as the main 

primary gold deposits.  

In refractory gold ores, sulfide-refractory gold ores account for a substantial proportion of the 

refractory gold ores in which minerals like arsenopyrite and pyrite are commonly associated with gold. 

Gold is extracted from these ores using the conventional cyanidation process, but it has two major 

problems: gold recovery is usually less than 50 % due to encapsulation of gold grains in the sulfide 

matrix and cyanide the reagent used during leaching is toxic to both humans and animals. To address 

the toxicity of cyanide, several reagents including halides, thiourea and thiosulfate have been proposed 

to be alternatives to cyanide. Amongst these proposed reagents, thiosulfate is the most lucrative 

reagent to replace cyanide.  

The use of thiosulfate to extract gold from refractory ores is promising because of its non-

toxicity and high selectivity but the sulfide minerals (i.e., pyrite, arsenopyrite), refractory gold ores, 

hinder gold extraction due to the high consumption of lixiviant. To minimize the high reagent 

consumption, pretreatment techniques such as ultrafine grinding, biological oxidation and roasting are 

applied to make the ores amenable to thiosulfate leaching. On the other hand, these pretreatment 

techniques have drawbacks: ultrafine grinding does not remove decomposition effects of sulfide on 

thiosulfate, arsenic in arsenopyrite is toxic to microbes and roasting generates toxic arsenic oxides, 

making the pretreatment methods not compatible for arsenopyrite containing refractory gold ores. In 

this study, a new pretreatment method to improve gold extraction from arsenopyrite/pyrite-bearing 

gold ores are proposed based on the model experiments using mixture of gold powder and arsenopyrite 

and pyrite-bearing ore.  

 Chapter 1 describes the statement of the problem and the objectives of this study. 

 Chapter 2 reviewed literature on techniques to extract from refractory ores including 

roasting, ultrafine grinding, bio-oxidation, ultrasound enhanced oxidation, ozone oxidation and 

chemical oxidation. In addition, the available alternatives to cyanide are also evaluated. 

 In Chapter 3, model leaching experiments using gold powder and arsenopyrite leaching were 

conducted to determine the effects of the sulfide minerals on gold extraction. Gold extraction 
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significantly reduced in the presence of sulfide minerals like arsenopyrite and pyrite. Surface analysis 

using XPS and SEM-EDS for gold in ammonia thiosulfate solutions showed that a very thin layer 

containing cuprous sulfide, iron oxyhydroxide and elemental sulfur was formed on gold surface. This 

layer was formed both in the presence and absence of sulfide minerals, indicating that the layer is not 

the essential cause of the suppression in gold extraction with sulfide minerals. Solution analysis using 

UV-Vis showed that the presence of sulfide minerals accelerated the decomposition of thiosulfate. 

From this, it was concluded that thiosulfate decomposition is the main cause of the suppression in gold 

extraction in the presence of sulfide minerals like arsenopyrite and pyrite. 

 In Chapter 4, a novel pretreatment was proposed to enhance the succeeding ammonia 

thiosulfate leaching of gold. In the proposed pretreatment, sulfide minerals like arsenopyrite and pyrite 

is decomposed by the oxidation using the solutions containing cupric ammine complex. Model 

experiments using the mixture of gold powder and sulfide minerals were conducted. The results 

showed that significant amounts of sulfide minerals were decomposed in the pretreatment, and this 

suppressed the thiosulfate decomposition in the succeeding ammonia thiosulfate leaching, causing the 

enhancement of gold extraction.  

In Chapter 5, based on the results of model experiments outlined in Chapter 4, the 

effectiveness of the proposed pretreatment was evaluated using refractory gold ores obtained from 

Zimbabwe. Without pretreatment, 45% thiosulfate was decomposed and the gold extraction from the 

ores were less than 5 %, while with pretreatment thiosulfate decomposition was suppressed to 25% 

and gold extraction was improved to over 45 %.  

 Chapter 6 summarized the important findings of this dissertation and its implications. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Background 

 Gold is a lustrous, yellow metal which is malleable and chemically inert. Over the years, 

gold has played a pivotal role in humans’ economic and social lifestyle as currency and a metal for 

jewelry, signifying wealth, and power respectively (Mudd et al., 2012).  It has also found applications 

in industries such as electronics, electrical systems and devices, medical treatments, drugs, implants, 

and this has increased its demand (Corti & Holliday, 2004). Despite the rise in the demand in the use 

of gold, there is a growing depletion of “free milling ores”, making the mining industry rely on 

processing of refractory ores for gold production (Mudd et al., 2012; Espatia, 2021).  Gold ore 

refractoriness vary with gold mineralization and can also be classified based on the gangue mineral 

association (Afenya, 1991). In arsenopyrite/ pyrite ores, the refractoriness is from gold (Au) being 

encapsulated within arsenopyrite (FeAsS)/pyrite (FeS2) matrix (Zhang et al., 2019), and other 

characteristic elements which makes it difficult extract it (Xing et al., 2019). Refractory gold ores 

constitute the largest reserves but are the most difficult from which gold can be extracted from and 

gold leaching recoveries are often below 50% (Yang, et al., 2005). In conventional cyanidation process 

arsenopyrite encapsulates gold and prevents interaction of CN- with gold for leaching to occur. The 

problem of encapsulation results in low gold extraction and pretreatment of the refractory ores is 

employed to enhance the gold extraction. The other challenge of extracting gold from the refractory 

ores is the environmental pollution associated with processing ores containing arsenic. Arsenic is a 

very toxic metal which causes detrimental effects to both plants and animals if it pollutes the 

environment. In addition, the use of cyanide as a lixiviant is an environmental hazard as cyanide is 

also toxic to animals if ingested. To solve the problem of the toxicity of the lixiviant, alternatives have 

been proposed including halides, thiourea and thiosulfate. Of the proposed cyanide alternatives, 

thiosulfate is the most promising due to its low toxicity, fast leaching kinetics and high selectivity to 

gold. It is on this basis that this study investigates the applicability of thiosulfate to leaching of gold 

in pyrite and arsenopyrite-bearing ores. 

1.2 Objective of the research  

 This research aims to develop an efficient method to recover gold from refractory ore 

(arsenic-bearing ores).  

1.3 Outline of the dissertation 

 This dissertation is composed of six chapters. The key contents of each chapter are outlined 

as follows: 

 Chapter 1 describes the statement of the problem, background of fine particle problems in 

gold extraction from refractory gold ores. 

 Chapter 2 reviewed techniques to gold extract from refractory ores including roasting, 

ultrafine grinding, bio-oxidation, ultrasound enhanced oxidation, oxidation, ozone oxidation and 
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chemical oxidation. 

 In chapter 3, model experiments using gold powder and arsenopyrite leaching were 

conducted to determine the effects of the sulfide minerals on gold extraction and the results were 

compared to gold powder leached in the absence of sulfide minerals with that in the presence of 

arsenopyrite and pyrite samples. The mechanism of gold suppression in the presence of arsenopyrite 

was investigated using thermodynamics calculations and validated by leaching experiments.  

In chapter 4, a novel pretreatment stage before thiosulfate leaching was proposed which uses 

cupric ammine pre-oxidation before thiosulfate leaching to enhance gold extraction. Model 

experiments using gold powder and arsenopyrite leaching were conducted to determine the effects of 

a pretreatment stage in the subsequent thiosulfate leaching step. 

 In chapter 5, the effectiveness of cupric ammine pretreatment before thiosulfate leaching of 

run-off-mine (ROM) samples obtained from a mine, in Zimbabwe (i.e., sulfide zone ore and 

transitional zone) ore was conducted. In addition, stability of the pretreated leach residue of the mine 

samples was assessed to see the effects of the pretreatment of the minimization of acid mine drainage 

formation.  

 Chapter 6 summarizes the most essential findings of this dissertation and propose a possible 

application. 
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CHAPTER 2: LITERATURE REVIEWS 

2.1 Introduction 

 The demand for gold is increasing due to its many applications in various 

industrial sectors jewelry (53%), financial purposes (i.e., investment and central banks) 

(39%), and electric and electronic equipment (6%), and the remaining 2% in medical and 

pharmaceutical products. To meet high demand for gold, high-grade gold deposits must 

be available for exploitation, but currently that is not the case. Wilson et al. (2022) 

reported that there has been a decrease in the gold grades in global gold deposits from 10 

g/t in the 1970s [4] to less than 1.5 g/t [5]. The low-grade ores available for gold extraction 

are mainly refractory deposits in which gold is difficult to extract using conventional 

methods. In the refractory ores, gold is associated with sulfide minerals like arsenopyrite 

(FeAsS), pyrite (FeS2), chalcopyrite (CuFeS2) and minor sulfides like stibnite (Sb2S3). In 

the case of arsenic-bearing gold ores, gold recovery is usually less than 50 % (Yang, Rao, 

Liu, Zhang, & Chen, 2017) due to gold being encapsulated by the sulfide matrix and 

cyanide being consumed by associated gangue elements like copper, zinc (Ubaldini, 

Massidda, Abbruzzese, Vegliò, & Toro, 1998) (Hammerschmidt, Güntner, Kerstiens, & 

Charitos, 2016). In addition, the arsenic contained in arsenopyrite is a toxic element which 

kills microbes and has carcinogenic effects on human beings (Fatoki & Badmus, 2022). 

Apart from this, cyanide, the lixiviant used in the conventional process is very toxic and 

poses hazard to the environment. Hence, to extract gold from these refractory gold ores 

more sustainable, environmentally friendly methods of extracting gold from their primary 

ores must be developed. This chapter reviews the different techniques used to extract gold 

from arsenic–bearing gold ores and recent research and developments made in the gold 

extraction from refractory gold ores.  

 

1.1. Arsenopyrite−bearing refractory gold ores and problems associated with 

processing of these ores. 

In most gold bearing ores, gold occurs as free particles of gold and electrum, 

incorporated in the sulfide mineral matrix. In some cases, gold is present in ores as 

compounds, that is, gold tellurides, AuAg tellurides, aurostibnite (AuSb2), maldonite 

(Au2Bi),etc., along with characteristic elements such as iron (Fe),copper (Cu), As and Sb 

(Simon, Huang, Penner-Hahn, Kesler, & Kao, 1999) (Ashley, Creagh, & Ryan, 2000) 



5 

 

(Yang, Rao, Liu, Zhang, & Chen, 2017). Many studies have also confirmed that 

arsenopyrite and pyrite are the most common sulfide minerals associated with gold, where 

gold is present as micro-to nanosized inclusions of metallic gold and 

electrum ,incorporated in the sulfide crystal structure (Simon, Huang, Penner-Hahn, 

Kesler, & Kao, 1999) (Cabri, et al., 2000) (Merkulova, et al., 2019) (Vikentyev, et al., 

2021). 

In arsenopyrite–bearing ores, the refractoriness is due to the following reasons: (1) 

gold is encapsulated in matrix of sulfide minerals like pyrite (FeS2); (2) characteristic 

elements like Sb, Fe, Cu, Pb and Zn associated with the ores consume the leaching agents 

and compete with gold in the leaching process, making it difficult to extract gold; (3) 

redeposition or adsorption of dissolved gold due to the presence of naturally occurring 

carbonaceous material within the ore (Xing, Sohn, & Lee, 2019). These factors result in 

poor gold extraction from these refractory ores as gold is lost to the tailings (Ubaldini, 

Massidda, Abbruzzese, Vegliò, & Toro, 1998). 

For the past century, cyanide leaching has been the most common method for 

extracting gold from its hypergenic ores (in the weathering crust) (Brooy, Linge, & 

Walker, 1994). Due to the gradual decrease in the free milling ores, with time, direct 

cyanidation is proving to be ineffective in extraction of gold from the readily available 

refractory ores (Mudd, Giurco, Mohr, & Mason, 2012). In addition ,during the leaching 

of arsenic–bearing ores, high toxicity As, cyanide and its tailings poses health and 

environmental problems if not properly managed (Ubaldini, Massidda, Abbruzzese, 

Vegliò, & Toro, 1998) (Aylmore & Muir, 2001) (Jeon, et al., 2021). Hence proper 

management of these elements during the processing of arsenic–bearing gold ores is 

required to minimize environmental pollution. Table 2.1 below shows various refractory 

gold ores and the nature of refractoriness. 

Table 2.1: Nature of refractoriness in gold ores around the world. 

Nature of 

refractoriness 

Major 

minerals 

chemical & 

formula 

Name of Mine and 

Country 

Au 

grade 

(g/t) 

References 

Arsenopyrite 

(FeAsS), Pyrite 

Kibali, Democratic 

Republic of Congo 
2.9 (Resources, 2018) 
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Physical 

encapsulation and 

surface passivation 

(FeS2), Galena 

PbS), pyrrhotite 

(FeO(OH), 

stibnite(Sb2S3), 

Hematite(Fe2O3)(F

eSb2S4)Sphalerite(

ZnS) 

Olympiada, Russia 2.07 (Polyus, 2017) 

Cam and Motor, 

Zimbabwe 
2.99 (Index, 2020) 

Youanmi, Australia 5.42 (limited, 2020) 

Muruntau, Uzbekistan 3.4 (Wilde.A. & Gilbert, 2000) 

Loulo gounkoto, Mali 5 (RESOURCES, 2018) 

Formation of base 

metal aurocyanide 

complexes 

Chalcopyrite 

(CuFeS2) 

Pyrite (FeS2) 

Bornite (Cu5FeS4), 

Molybdenite 

(MoS2) 

Sphalerite (ZnS) 

Malachite 

(Cu2CO3(OH)2 

Illite(K,H3O)(Al,M

g,Fe) 

2(Si,Al)4O10[(OH)2

(H 2O) 

Cadia, Australia 1.17 (Limited, 2020) 

Grasberg, Indonesia 0.64 
(Leys, Cloos, New, & MacDonald, 

2012) 

Kuh-e-Zar, Iran 0.7-3.02 (Karimpour, et al., 2017) 

Pueblo Viejo, 

Dominican Republic 
1.4 (Technology, 2012) 

Tampakan, Philippines 0.19 (Technology, 2012) 

Cripple Creek, USA 2.3 (Kadel-Harder, et al., 2020) 

Adsorption of 

dissolved Au by 

carbonaceous 

material. 

Arsenopyrite 

(FeAsS), Pyrite 

(FeS2) 

Molybdenite 

(MoS2) 

Ullmannite (NiSbS) 

Tetrahedrite((Cu,Fe

)12Sb 4S13) 

Gold strike, USA 3.32 
(Bermeo, Penaloza, & Chavez, 

2019) 

Prestea, Ghana 2.24 
(Bermeo, Penaloza, & Chavez, 

2019) 

Batkyrchik, Russia 2.7 
(Bermeo, Penaloza, & Chavez, 

2019) 

Takwa, Ghana 0.9-3.7 (Yang, Liu, Song, & Dong, 2013) 

Ashanti, Ghana 1.4 (Yang, Liu, Song, & Dong, 2013) 

Kerr Anderson, Canada 28.35 (Yang, Liu, Song, & Dong, 2013) 

 

2. Recent research and development for arsenopyrite–bearing gold ore processing 

2.1. Overview 

As discussed in the last section, the major problem associated with arsenic-bearing 

refractory gold ores is incomplete gold extraction due to encapsulation. This section 

reviews the available techniques for extracting gold from arsenic–bearing ores and 
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strategies to overcome the problems are discussed. The complexity of extracting gold 

from arsenic–bearing ores makes pretreatment processes before leaching imperative. 

Ultra–fine grinding (Celep & Yazici, 2013), roasting (Dunn & Chamberlain, 1997), 

pressure oxidation (Gudyanga, Mahlangu, Chifamba, & Simbi, 1998), bacterial oxidation 

(de Carvalho, da Silva, Giardini, Souza, & Leão, 2019), chemical oxidation, i.e. acid and 

alkaline pretreatment (Wang Y. , Liu, Yan, & Ye, 2021) (Espitia & Lapidus, 2021) 

(Karimov, et al., 2021) are some of the common pretreatment techniques being employed 

to extract gold from arsenic–bearing ores but each method comes with its own short 

comings.  

 

2.2 Approaches extraction of gold physically encapsulated. 

2.2.1 Ultra-fine Grinding 

The ultra–fine grinding technique (UFG) is effective for treating gold ores in 

which gold is physically encapsulated with gold grains (size ranges between 1–2 µm to 

20 µm) locked in the sulfide matrix. By applying UFG, the desired degree of liberation 

of gold grains can be achieved without using chemicals (Corrans & Angove, 1991). UFG 

does not emit toxic effluents like SO2 which is generated in a thermal pretreatment 

process, roasting, discussed later. Thus, the use of UFG is incompliance with the stringent 

environmental requirements in the mineral processing industry. Examples of industrial 

plants utilizing the UFG technique include, Kalgoorlie Consolidated Gold Mines, 

Australia (Ellis & Gao, 2003), Kibali Gold Mine, South Africa (Mahlangu, et al., 2019), 

Sukari Gold mine , Egypt (Pardey, Osman, & Johnson, 2010) etc. 

Fine grinding can be achieved using three types of mills, namely: vibratory mills, 

stirred mills and jet mills. Stirred mills (i.e., Vertimill, Stirred Media Detritor (SMD) and 

ISAMill) are used to achieve the size of ground product (d80) around 2–3 µm (Brooy, 

Linge, & Walker, 1994). The UFG general process flowsheet is shown in Figure 2.1. 
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Figure 2.1: General flowsheet of UFG process. 

In UFG, the stirring speed, media size and ball charge ratios are the significant 

parameters which directly affect the fineness of the product, but parameter specifications 

vary with ore types (Jankovic, 2003) (Celep & Yazici, 2013). The desired product size 

for any operation is a key factor in selecting the most suitable mill to use during UFG. 

Table 2.2 gives a summary of the key operating conditions of stirred mills. 

Table 1.2: Operation conditions for stirred mills. 

Type of mill Ore type 
Grinding 

media size 

Operating speed 

(m/s) 

Power 

Intensity 

(KW/m3) 

Vertimill Sulfidic ore 6.0 mm 3 39 

Stirred Media Detriot 

(SMD) 
Pyritic ore 6.5 mm 10−12 243 

IsaMill Pyritic ore 6.5 mm >15 133 

 

 Research done by Celep et al., (2019) on the effect of grinding (using a pin−type 

vertical stirred media mill) on extraction of gold from a refractory ore containing pyrite 

by cyanidation revealed that gold extraction in 24 hr of leaching was 40 % without 

grinding and improved to 66 % after grinding (D80 of ground product, –3.7 µm). Apart 

from improvement of recovery, UFG tends to concentrate gold in the smaller size fraction 

as reported by a study done by Owusu et al., (Owusu, Agorhom, Fosu, & Arthur, 2020). 
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In this study, about 60 % of the Au was concentrated in –38 µm size fractions as shown 

in Figure 4. The major limitation of UFG is that it liberates gold physically locked only, 

and it is not effective for gold chemically incorporated in sulfides like auro-stibnite 

(AuSb2). This means that gold can be liberated from the sulfide matrix but the lixiviant 

for example, cyanide or thiosulfate, can still be consumed by the action of sulfides or 

other associated mineral composition. Another problem associated with the use of this 

technique is high energy consumption, stirred mills’ energy consumption is 3 times more 

than the conventional mills (Celep & Yazici, 2013).  

 

 

 

 

 

 

 

 

Figure 2.2. Gold, pyrite and arsenopyrite size–by–size deportment (Owusu, Agorhom, 

Fosu, & Arthur, 2020). 

2.2.2 Roasting 

Roasting is the traditional way of treating refractory gold ores in which gold is 

physically encapsulated in the sulfide matrix and it is conducted before cyanidation. There 

are several variations of gold ore roasting (Nanthakumar, Pickles, & Kelebek, 2007) (Li 

H. , 2018) (Qin, Xueyi, Qinghua, Dawei, & Zhang, 2021). Oxidizing roasting converts 

the arsenopyrite to iron oxides, arsenic oxide, sulfur oxides and arsenate (Mikhail, 1992). 

The calcine is porous and allows lixiviants to access gold grains leading, thus improving 

the gold extraction. The roasting treatment is performed in rotary kilns or fluidized–bed 

reactors: at around 450 ℃, As is removed as arsenic oxide gas (As2O3), then at 600–

700 ℃, oxidation of the FeAsS occurs as follows: 

2FeAsS + 3.5O2(g) → Fe2O3 + 2As2O3(g) + 2SO2(g) (1) 
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When oxidizing roasting treatment is applied on arsenic–bearing ores, final gold 

recovery in the following steps (leaching and recovery) is improved to 80–90 %. Table 3 

shows examples of mines that employ roasting as a pretreatment technique prior to the 

cyanidation process. The major technical problem associated with oxidizing roasting is 

the formation of iron oxide layer, which encapsulate gold grains (secondary encapsulation) 

and suppress gold leaching (Fraser & Wells, 1991) (Gudyanga, Mahlangu, Chifamba, & 

Simbi, 1998) (Liu, Chi, Xu, Zeng, & Liang, 2000) (Nunan, et al., 2017). This is because 

the oxidation of sulfides is exothermic in nature, and it is difficult to control the 

temperature and extent of the reactions during the roasting process. The environmental 

problems caused by the roasting process is emission of SOx gases, causing acid rain (Park, 

et al., 2021). Moreover, oxidizing roasting of arsenic–bearing ores, generates volatile 

arsenic trioxide (As2O3) in Eq (1), is highly toxic and has acute effects at a small 

concentration of 20 mg/Kg (Ruan, et al., 2022). This makes the roasting pretreatment not 

to be compatible for ores with high concentrations of arsenopyrite. Table 2.3 summarizes 

some of the industrial operations where roasting is utilized as a pretreatment step before 

leaching gold from refractory ores. 

Table 2.3: Application of roasting pretreatment in gold mines around the world (Walker 

et.al, 2015) (Dunne, Kawatra, & Young, 2019) 

Name of 

Mine 

Country Associated 

sulfide 

minerals 

Roasting 

Technique 

Recovery Status 

Giant Mine, 

Yellowknife, 

Northwest 

Canada 
FeS2 

Sb2S3 
FB > 80% Closed 

Goldstrike, 

Nevada 
USA 

FeS2 

FeAsS 
FB 92 % Operational 

Kalgoorlie 

Consolidated 

Gold Mines, 

Western 

Australia 

Australia 

FeS2 

CuFeS2 

 

CBF >90 % Operational 
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New Carlin USA FeS2 CBF > 90 % Operational 

Syama Mali 
FeAsS 

FeS2 
CBF >90 % Operational 

 

 2.2.3 Bioleaching 

The application of bacteria in leaching processes started in the 1950s to recover 

copper from low–grade copper ores and commercialized in the 1980s for the treatment of 

refractory gold ores in South Africa (Nan, Cai, & Kong, 2014). Currently, there are 

numerous gold mines in the world that are applying bioleaching to recover gold from 

sulfidic refractory gold ores as shown in Table 2.4. Physically encapsulated gold 

liberation is achieved by oxidizing the sulfide minerals and elemental sulfur (S) using 

microbes (Nunan, et al., 2017) (Wang, Faraji, Ramsay, & Ghahreman, 2021). The major 

advantages of this technique include zero emission toxic gases like SO2 as compared to 

oxidizing roasting, relatively lower costs of operation, thus, it is an economically viable 

method to extract gold from low grade ores (Brooy, Linge, & Walker, 1994) (Ahn, Wu, 

& Lee, 2019). The process of bacteria oxidation comprises of three stages; (1) cultivation 

of bacterial culture, (2) bio–catalyzed oxidation for removing As and S, (3) residue 

pretreatment, that is, neutralizing before cyanidation. Acidophilic bacteria (Acid 

thiobacillus−thiooxidants, acidithiobacillus–ferrooxidants and leptospirillum–

ferrooxidants) are the most widely used bacteria (Dave, 2018). Acidophilic bacteria 

survive at pH 1.2–1.8 and temperatures of ranging from 30–35ºC They oxidize Fe2+ to 

Fe3+, Eq (7), S to SO4
2– and H2SO4 ,Eq (9) and arsenic to arsenite (AsO3

3-) ,Eq (7) or 

arsenate (AsO4
3-) resulting in the liberation of Au from the sulfide matrix (Ofori-Sarpong, 

Osseo-Asare, & Tien, 2011) (Renjie, Jingying, & Zhongying, 2016).  The mechanism 

of bacteria oxidation is illustrated in Figure 2.3.  
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Figure 2.3: Mechanism of bacterial leaching (i) and (ii) with Ag+. 

The main bio–oxidation reactions, with respect to FeAsS, occur as follows: Eqs 

(5)– (8). 

4FeAsS + 13O2 + 6H2 O
Bacteria
→     4Fe2+ + 4SO4

2− + 4H2AsO4
− + 4H+ (5) 

Ferrous sulfate formed in the above reaction, Eq (6) is then oxidized to ferric 

sulfate, which is a strong oxidant to decompose FeAsS Eq (7), and elemental sulfur 

formed in Eq(7) is oxidized in Eq(8). 

4Fe2+ + O2 + 4H
+
Bacteria
→     4Fe3+ + 2H2O (6) 

FeAsS + 5Fe3+ + 3H2 O
Bacteria
→     H3AsO3 + 6Fe

2+ + S0 + 3H+ (7) 

2S0 + 3O2 + 2H2O
Bacteria
→     2H2SO4 

 

(8) 

The effectiveness of bio-oxidation of arsenic–bearing ores is affected by three 

factors which are the (i) concentration of As3+, (ii) treatment time and, (iii) temperature. 

However, the leaching behavior of minerals in the presence of bioleaching systems is also 

another factor to consider. FeAsS is oxidized at a rate about two times faster than FeS2 

because of its lower electrode potential, hence gold is liberated faster if FeAsS is the main 
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gold mineral carrier (Abbruzzesse, Ubaldini, Veglio, & Toro, 1994). In a study by 

Komnitsas et al., (1995), the degree of oxidation was measured for 3 g of FeAsS and FeS2 

concentrates of the same particles size (–0.044 mm) in H2SO4 in the presence of T–

Ferrooxidans bacteria for 17 days. The degree of FeS2 oxidation was between 27–40% 

whilst that FeAsS was 77– 100 %. The following is an in-depth in the factors that affect 

bioleaching systems: 

Effect of As3+ concentration on bio-oxidation. 

 Despite arsenopyrite oxidation rate being faster than pyrite, the bacteria activity 

is significantly affected by a gradual increase in As3+ concentration (Aposhian, Zakharyan, 

Avram, Sampayo-Reyes, & Wollenberg, 2004) (Cui, Yang, Chen, Zhang, & Li, 2010).  

As3+ ions toxicity to microorganisms is much higher than that of As5+, hence the 

oxidation of As3+ to As5+ must be accelerated to improve the bacterial activity and overall 

leaching kinetics. An investigation into the effect of As valence to bioleaching by Cui et 

al., (Cui, Yang, Chen, Zhang, & Li, 2010), revealed that the conversion of As3+ to As5+ is 

favored in high Fe:As ratio of 10:1 respectively, attained by addition of FeS2, thus, 

reducing the As3+ poisoning to the microbes.  

As3+ poisoning to bacteria is a serious challenge during gold extraction from high 

arsenic bearing ores. Hence, studies on the development of domesticated, As resistant 

bacteria to enhance the effectiveness of bioleaching to As bearing Au ores have been 

carried out. HQ−0211 bacteria have been identified as one of the most As resistant 

bacteria and effective for bioleaching of high As containing ores (Auwalu & Yang, 2020) 

(Cui, Yang, Chen, Zhang, & Li, 2010). Auwalu et al., (Auwalu & Yang, 2020) used 

domesticated HQ−0211 bacteria and Achaean culture to treat high As bearing Au ores 

before Au leaching. The domesticated strain (HQ−0211) oxidized about 65.5 % As3+ to 

As5+. To segregate the As3+ from the solution, separation was done in strong acidic 

solution with toluene as the As3+ extractant while As5+ was retained in the aqueous 

solution.   

Effect of treatment time on bio-oxidation 

 Many studies have reported that Au extraction with increase in bioleaching 

treatment time of up to 60 day in some cases (Hansford & Chapman, 1992) 

(Charandraprabh, Modak, Natarajan, & Raichur, 2002) (Marchevsky, Quiroga, Giaveno, 
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& Donati, 2017) (Huang & Yang, 2021). Observations made by Ubaldini (Ubaldini, 

Vegliò, Fornari, & Abbruzzese, 2000) and de Carvalho [43] confirmed that bio–oxidation 

leaching efficiency improves with an increase in leaching time of up to 30 days yielding. 

Gold extraction of over 90 %, while 37 % of As extracted. The long treatment time is a 

serious drawback of bioleaching: The causes of long treatment times for arsenic–bearing 

ores is attributed to formation of Fe, As, S containing intermediates and products such as 

jarosite ((MFe3(SO4)2(OH)6 ), where M is K+, Na+,H3O
+, etc.)), goethite (Fe(OH)O) and 

elemental S that have a passivation effect on the bioleaching process (Figure 3) (Corkhill 

& Vaughan, 2009) (Marquez, Ospina, & Morales, 2012). Remediations for slow kinetics 

reported include the use of metal ions like Ag+, Cu2+, Co3+, Hg+, Bi3+ which act as 

catalysts and other organic, complexing agents like ethylenediaminetetraacetic acid 

(EDTA) can be used to improve the leaching kinetics of bioleaching and minimize the 

effect of passivation (Li, et al., 2021). Zhang et al., (Zhang, Li, & Liu, 2020) used 5 mg/l 

Ag+ into the bioleaching system of an As–bearing Au ore and this resulted in an 

improvement of As removal from about 30 % without additives to over 47 %. In addition, 

use of Ag+ ions also shortened the bioleaching time from 19 days to 15 days. 

Effect of temperature on bio-oxidation 

The leaching temperature is a factor that affects the kinetics of bacteria during the 

liberation of gold grains from minerals sulfide matrix. It is an established fact that 

increasing temperatures beyond 35 ºC denatures the bacterial enzymes and kills them 

(Marquez, Ospina, & Morales, 2012) (Liu, Wu, & Zhang, 2017) (Mubarok, Winarko, 

Chaerun, Rizki, & Ichla, 2017). Hence, the application of thermophiles, a type of micro-

organisms that survive at temperatures of 60−80 ºC was considered for treatment of 

sulfide minerals with an improvement in the leaching kinetics (Lindstrom, Sandstom, & 

Sundkvis, 2003). The application of thermophiles at industrial scale is being used in 

processing plants in the world such as in the BIOXTM process, developed by GENCOR, 

and the BacTech process, to oxidize refractory gold concentrates (Whincup & Binks, 

2004). However, it still takes days to treat sulfide minerals for example the BacTech 

process has a residence time of 5−6 days treating high As concentrates (Tech, 2011).Table 

4 gives example of some notable gold mines that are utilizing bio-leaching as pretreatment 

to arsenopyrite/pyrite-bearing gold ores. 
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Table 2.2:A summary of commercial BIOX plants in the world (Ndlovu, 2008) (BIOX, 

2012) (Walker, Jamieson, Lanzairotti, Hall, & Peterson, 2015) (Exchange, 2022)   

Name of Mine 
Gold 

grade 
Country 

Date of 

Commissioning 

Concentrate 

treatment 

capacity. 

[tpd] 

Reactor 

size 

[m3] 

Current 

Status 

Fairview 7.29 
South 

Africa 
1986 62 340 Operating 

Wiluna 5.4 Australia 1993 158 480 Operating 

Ashanti 2.78 Ghana 1994 960 900 Operating 

Coricanchad 5.8 Peru 1998 60 262 Operating 

Fosterville 5-10 Australia 2005 211 900 Operating 

Suzdal 2.3 Kazakhstan 2005 520 650 Operating 

Bogoso/Prestea 2.24 Ghana 2007 820 1500 Operating 

Jinfeng 2.76 China 2007 790 1000 Operating 

Kokpatas 4 Uzbekistan 2008 2138 2008 Operating 

Agnesd 5.3 
South 

Africa 
2010 20 75 Operating 

Obuasir 9 Ghana 2018 2000 274 Operating 

Cam and Motor 

Mine 
2.99 Zimbabwe 

2022 

 
200 500 Operating 

 

2.3 Strategies to solve high reagent consumption due to decomposition of leaching 

reagent by coexisting elements in the conventional cyanidation process. 

Many publications have reported the ineffectiveness of conventional cyanidation 

process in extraction gold from refractory ores due to cyanide decomposition by co 

existing elements in the ores and the huge Au losses during the extraction process 
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(Abbruzzesse, Ubaldini, Veglio, & Toro, 1994) (Aylmore & Muir, 2000) (Adams, 2005) 

(Hilson & Monhemius, 2006) (Celep, I brahim, & Deveci, 2011) (Tabelin, et al., 2021) 

(Qin, Xueyi, Qinghua, Dawei, & Zhang, 2021). In general, cyanide dissolves gold in the 

presence of oxygen at around pH 10 as shown by the following Eq (10) (Adams, 2005).  

4Au(s) + 8NaCN(aq) + 2H2O(l) + O2(g)  →  4NaAu(CN)2(aq) + 4NaOH(aq) (9) 

During cyanidation of arsenic ores, CN- react with FeAsS to form thiocyanate, (SCN-) 

Eqs (10), (3), arsenite (AsO3
3-), and arsenate (AsO4

3-) (Kyle, Breuer, Bunney, & Pleysier, 

2012). Arsenate (AsO4
3-) is also formed in solution due to the oxidation of arsenite AsO3

3-) 

4FeAsS + 28CN−(aq) +  2O2(g) +  2H2O(l)  →  4SCN
−
(aq)  +  2AsO3

3−
(aq)

+ 4Fe(CN)6
4− + 4H+ (10) 

From Eqs (2) and (3) CN– ions and O2 intended for the dissolution of Au in Eq (9) are 

consumed resulting low Au leaching efficiencies and overall, Au losses to the tailings. 

Hence to solve this problem, extraction of As, Fe or other elements before cyanidation 

can be effective in minimizing the Au losses. Acid and or alkaline leaching have been 

reported to enhance Au extraction from arsenic-bearing ores (Li, et al., 2016) (Karimov, 

et al., 2021). 

2.3.1. Acid pretreatment. 

In this technique, arsenic–bearing gold ores are oxidized under elevated 

temperature and pressure, producing effluents that are more environmentally stable whilst 

efficiently precipitating toxic elements such as As, etc. During oxidation, arsenic–bearing 

ores undergo complex reactions that may form hematite (Fe2O3), jarosite 

[H3OFe3(SO4)2(OH)6], basic ferric sulfate (Fe2(SO4)3 (H2O) n), and a range of possible 

Fe(II)–AsO4–SO4 phases. Arsenic can be selectively removed by pressure oxidative 

leaching because As is dissolved in an acidic media whilst other characteristic elements 

like Sb remain in the leach residue (Mahlangu, Gudyanga, & Simbi, 2006)(Li, et al., 2016) 

(Han, Chao, Wenqing, Fen, & Wenhua, 2017). The phases formed during POX are 

dependent on the operational parameters such as the temperature, pH, Fe/As ratio, and 

leaching time. When sulfide minerals are oxidized, they form oxides which have a porous 

structure that allows dissolved O2 and any lixiviant to gain access to gold grains. The 

main reaction for the oxidation of arsenopyrite proceeds as follows: 

4FeAsS + 13O2 + 6H2O → 4H3AsO4 + 4FeSO4 (12) 

4FeSO4 + 2H2SO4 + O2 →  3Fe2(SO4) 3 + 2H20 (13) 
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Fe2(SO4) 3 + 2H3AsO4  → 2FeAsO4 + 3H2SO4 (14) 

There are some notable research studies that have demonstrated the effectiveness 

of extraction of As before cyanidation and are given as follows: 

Case 1: Comparable results were also obtained from a study by Celep et al., 

(Celep O. , Yazici, Altinkaya, & Deveci, 2019b), in which about 66 % As and 65 % Sb 

were removed from silver (Ag) concentrates using ferric chloride (FeCl3) acidified in a 

chloride solution. 

Case 2: A research conducted by Karimov et al., (Karimov, et al., 2021) 

investigated the arsenic deposition process from nitric acid leaching solutions. Results 

from the study indicate that arsenic removal rates of up to 98% from gold concentrates 

are achievable, with 95–98% of the dissolved arsenic precipitating as arsenic (II) sulfide, 

as depicted in Figure 3. In nitric acid leaching, the kinetics of arsenic sulfide dissolution 

are negatively affected by the formation of elemental sulfur, leading to passivation.  

Case 3: Rogozhnikov et al. (Rogozhnikov, Karimov, Shoppert, Dizer, & 

Naboichenko, 2021), conducted studies on the pretreatment kinetics of refractory sulfide 

on Au−As concentrates in the presence of Fe(III) ions and FeS2. Results from the study 

showed that FeS2 has a catalytic effect on the FeAsS because it provides an alternative 

surface for the reduction of nitrate ions in electrical contact with FeAsS ,this reduces the 

passivation effect of elemental sulfur (Dixon, Mayne, & Baxter, 2008) (Nazari, Radzinski, 

& Ghahreman, 2017). The main reactions for dissolution of FeAsS and FeS2 are 

illustrated by Eq (17−19).  

FeAsS + 13HNO3 ⇋ Fe(NO3)2 + 4HAsO2 + 4H2SO4 + 11NO2 + 5H2O (17) 

FeS2 + 8HNO3 ⇋ Fe(NO3)3 + 2H2SO4 + 5NO2 + 2H2O (18) 

The major challenge with pressure oxidation (POX) processes, is that they are 

energy intensive due to the need to generate high temperature and pressure, therefore not 

economically viable for low–grade refractory ores (Ahtiainen, Liipo, & Lundström, 2021). 

2.3.2. Alkaline Leaching 

Alkali pretreatment is performed using sodium hydroxide (NaOH) and/or sodium sulfide 

(Na2S) to liberate gold locked in arsenic-bearing containing antimony (Sb). The 

pretreatment is carried out at ambient conditions, does not emit toxic gases such as SOx, 

like the roasting methods and is not corrosive as compared to acid–based pretreatment 

techniques (Ubaldini, Vegliò, Fornari, & Abbruzzese, 2000) (Espitia & Lapidus, 2021). 
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Sequential leaching involves the initial leaching of antimony (Sb) using a 

combination of Na2S and NaOH to produce sodium thioantimonite, while arsenic (As) 

remains in the residue, as described by Eq, (20−22). Usually, NaOH is added to inhibit 

the hydrolysis of Na2S and improve the solubility of Sb2S3 by producing soluble 

oxothioantimonates and thioantimonites when the concentration of Na2S in the leaching 

solution is inadequate (Wu, Feng, Li, Liao, & Wang, 2019).  

Sb2S3(s) + 3Na2S(aq) ⇋ 2Na3SbS3(aq)  (20) 

Sb2S3(s) + 2NaOH(aq) ⇋ NaSbOS(aq) + NaSb𝑆2(aq) + H2O (21) 

Na2S(aq) + 2H2O ⇋ Na2S(aq) + 2NaOH(aq) (22) 

The dissolution of FeAsS in alkaline solutions can be represented by Eq (23).  

2FeAsS(s) + 10OH
−
(aq) + 7O2 → Fe2O3 + 2AsO4

3−
(aq)

+ 3SO4
2−
(aq)

+ 5H2O (23) 

In alkaline conditions, the oxidation of FeAsS is thermodynamically favored due to the 

low potential required for oxidation. However, iron oxide products form on the unreacted 

FeAsS causing a passivation effect. Therefore, As and Sb can undergo separation using a 

two-stage alkali pretreatment technique. In the initial step, Sb dissolves by Na2S and 

NaOH, whilst As remains in solid state. Subsequently, solid-liquid separation is then 

conducted to individually isolate the As and Sb respectively. The Sb is dissolved and can 

be extracted from solution by electrowinning. The As present in the residue can be 

separated in an acidic medium such as nitric acid, while the leach residue can be 

neutralized and subjected to cyanidation (Rogozhnikov, Rusalev, Dizer, & Naboychenko, 

2018). The major challenges associated with this method include significant reagent 

consumption and the production of substantial quantities of pyrite/arsenopyrite effluents, 

which are discharged into the tailings. The problem of arsenic effluent generation has 

prompted extensive research efforts to mitigate the adverse environmental impacts of 

arsenic present in arsenopyrite and prevent acid mine drainage (Park, et al., 2019) (Park, 

et al., 2021). The following table summarizes some notable research that demonstrated 

alkane pretreatment arsenic bearing refractory gold ores. 

Table 2.3: Research using on alkane pretreatment. 

Ore 

characteristic 

Reagents and 

conditions used 

Notable results References 
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Au–Sb–Ag Pretreatment conducted 

for 2 hr with 3 mol/L 

NaOH at 80 ºC 

Au extraction improved 

from 49.3 % to 85.4 % 

(Celep, I 

brahim, & 

Deveci, 2011) 

Au-FeAsS As can be removed from 

the ore by NaOH at high 

concentration of 3 mol/L 

79 % As removed during 

pretreatment. Gold 

extraction improved 

from 40 % to 83 % 

(Espatia & 

Lapidus, 

2015) 

(Espitia & 

Lapidus, 

2021) 

 

2.3.3. Enhanced pretreatment techniques 

The conventional pretreatment methods already discussed in the previous 

section have a lot of problems, e.g., slow leaching kinetics in bioleaching and 

environmental such as emission of toxic gases in roasting process. To alleviate some of 

these challenges, novel approaches to pretreatment have been suggested by researchers 

such as incorporation of ultrasound and ozone during pretreatment process. 

(i) Ultrasound enhanced pretreatment processes in gold extraction 

Ultrasound technology has been integrated into alkaline pretreatment 

processes, as depicted in the schematic diagram presented in Figure 2.4. When ultrasound 

is introduced into a liquid phase, it induces the formation of vibrating cavitation bubbles. 

These bubbles enhance local micro-mixing of liquids adjacent to solid surfaces, 

facilitating the delivery of fresh solvent (leaching agent) to the solid surface (Suslick & 

Price, 1999) (Tiwari B. , 2015). The asymmetric collapse of cavitation bubbles near the 

solid surface causes a jetting effect that breaks or erodes the solid surface, thus exposing 

a new metal rich surface (Tiwari B. , 2015) (John, Houwer, Mechelen, & Gevern, 2020). 

This technique has attracted a lot of research interest due to its enhancements in gold 

extraction, leaching kinetics, and environmental capabilities as reported by because it 

improves gold extraction, improves leaching kinetics Swamy & Narayana, (2001). It has 

been effectively employed in the extraction of copper, lithium, and uranium, leading to 

increased metal extraction (Avvaru, Roy, Chowdhury, & Pandit, 2008) (Turan, Sari, & 

Demiraslan, 2019). The following Table 2.4 gives a summary of studies on the application 

of ultrasound in extraction from refractory gold ores. 
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Table 2.4: Application of ultrasound in gold extraction 

Ore 

characteristic 

Reagents & 

experimental conditions  

Results References 

Au-FeAsS-

FeS2 

Ultrasound and 

chlorination oxidation 

Au extraction improved 

from 45.8 % to 68.55 % 

(Fu, Zhang, 

Wang, Cui, & 

Peng, 2017) 

Au-FeAsS Ultrasound and alkaline 

(NaOH) pretreatment  

Au extraction improved 

from 49.3 % to 85.4 %  

(Celep, I 

brahim, & 

Deveci, 2011)  

Au-FeAsS Ultrasound and alkaline 

treatment 

About 80.5 % Au 

extraction was attained 

in 1 hr of pretreatment 

with ultrasound 

(Zhang G. , 

Wang, Zhang, 

& Peng, 2016) 

Au- As-Sb Ultrasound and alkaline 

treatment 

Gold extraction 

improved from to 93.1 

whilst 81.2 % Sb was 

removed in 1 hr at 40 ℃ 

during pretreatment.  

(Hu, Guo, 

Wang, & 

Zhang, 2020) 

 

The findings shown in Table 2.4, have demonstrated that ultrasound can be 

integrated in the pretreatment arsenic–bearing ores before leaching to enhance gold 

extraction. Despite the benefits reported from the review, the impediment on application 

of the ultrasound technique on a large scale has been due to low efficiency in converting 

electrical energy to acoustic energy (Majid, Nayik, Nanda, & Yildiz, 2015). By using 

modern piezoelectric transducers, energy conversion can be increased to as high as 80 %. 

Currently its commercial application is seen in the food industry for emulsification, 

microbial disinfectant, and cleaning (Vyas & Ting, 2018). It is also important to note that, 

though the application of ultrasound has a significant improvement in the leaching 

kinetics, systematic comparative studies are needed to evaluate the enhancement in the of 

total gold extraction compared to using conventional pretreatment methods.  
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Figure 2.4: Schematic diagram of the ultrasound treatment technique. 

(ii) Ozone oxidation enhanced pretreatment processes in gold extraction 

Ozone is an oxidant used in the hydrometallurgical leaching processes 

because of its high oxidizing potential (2 V), which makes it thermodynamically capable 

of oxidizing a wide range of metals, sulfides, and arsenides (Li, Li, & Qian, 2009). This 

technique has several advantages including environmental friendliness, elimination of the 

passivation layer, primarily composed of the elemental sulfur. Table 2.5 provides an 

overview of studies showcasing the effectiveness of ozone oxidation in gold extraction 

from refractory gold ores. 

Table 2.5: Application of ozone oxidation in gold extraction from refractory ores. 

Ore 

characteristic 

Techniques used Results References 

Au-FeAsS-

FeS2 

Ozone and leaching  Au extraction improved 

from 19.5 % to 96.5 % 

(Li, Li, & 

Qian, 2009)  

Au- Ag-FeS2 Ozone and leaching Au extraction increased 

from 53 % to 88 % and 

26 % to 78% for Ag.  

(Rodriguez 

et.al., 2006) 

Au- As-Sb Ozone and Ultrasound 94% Sb was removed from 

ore 4hr, an improvement 

from 12hr in ozone only.  

(Guo, Xin, 

Wang, & Tian, 

2017) 
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The drawback of this technique is the low solubility of ozone in aqueous 

media, that is, about 14 mmol/L of ozone dissolves in water at 20 ºC. As observed in the 

review, the combined application of ultrasound and ozone treatment enhances gold 

extraction, leaching kinetics and reduces reagent consumption. However, there is a 

paucity of information regarding their industrial-scale application. 

2.4 Absorption of dissolved Au in solution,” preg robbing”. 

The problem of gangue absorption of dissolved gold by arises from the 

carbonaceous matter typically found in arsenic-bearing ores, in the form of  amorphous 

carbon, graphite, lignite, and micromolecular hydrocarbon materials (Marsden & House, 

2006) (Zhang X. , et al., 2022). Pretreatment techniques such as roasting (Thomas & Cole, 

2016), chemical oxidation like NITRO process  (Afenya, 1991),and biological oxidation 

(Chicago,USA Patent No. 12/277,046, 2009) have been utilized to address this of ‘preg 

robbing” problem. Microwave roasting has been applied on arsenic-bearing ores with 

carbonaceous material, Figure 2.5 depicts the transformation of the ore material post-

treatment. A study by Amankwah and Ofori–Sarpong (2020) on microwave roasting of 

flash flotation Au concentrate containing FeS2, FeAsS and carbonaceous matter 

demonstrated that that over 90 % sulfur (S), As and carbonaceous matter can be removed 

prior to cyanidation. After cyanidation of the calcine, over 95 % of Au was recovered 

(Amankwah & Ofori-Sarpong, 2020). Vacuum roasting has also been reported, for 

example Zhanget.al, (2022) applied it to an ore with the following composition: Au (2.9 

g/t), FeS2 (2.04 %), C (5.05 %), SiO2 (80.61 %) at 700-1200 ℃. The results indicated 

that after treatment about 73.4 % of Au was liberated, and 88.4% was extracted from the 

ore after chemical analysis and leaching of the calcine respectively.  

Hydrometallurgical methods can also be applied to address the “preg robbing 

“problem. They can be e classified as chemical and biological, achieving the following 
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effects (1) chemical oxidation of carbonaceous matter (2) biological oxidation of carbon 

matter. 

Biological oxidation using fungai can be used to decompose carbonaceous 

materials as demonstrated by Yen et al., (2009), were Trametes versicolor culture media 

with the fungal tissues on carbon-bearing on a high As refractory ore a led to improvement 

in Au extraction from 54.1% to 95.25 % after treatment. Konadu et al., (2019) applied 

thermophilic iron-oxidizing archeaon and fungal crude enzymes treatment to a refractory 

ore with the following composition: Fe-10.2 %, S-8.56 %, As-1.60 % C-5.86 %, Si-19.3 

5. The Au extraction after treatment was approximately 92 %. 

As-bearing refractory gold ores containing carbonaceous material, can be 

directly leaching using thiosulfate owing to the low affinity for the Au-thiosulfate ions to 

carbon. Chen et.al., (2022) applied thiosulfate leaching to a gold ore concentrate with the 

following composition: Au−21.3 g/t, copper, total carbon, and organic carbon being 

0.015 %,6.22 % and 0.18 % respectively. The dominant gangue minerals present were 

Al/Mg/Ca silicates and after leaching for 24 hr, the Au extraction was about 73. 69 %. 

The opportunities for direct leaching of thiosulfate As-bearing ores in general will be 

discussed in Chapter 3. 

 

Figure 2.5: Structural transformation of carbonaceous ore material 
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2.4.1 Summary  

Determination of the best pretreatment for the arsenopyrite–bearing gold ores 

is dependent upon the mineralogy of the ore hence. However, conducting a comparative 

analysis of the processes, considering both the cost (Capital expenditure (CAPEX) and 

Operational expenditure (OPEX)) and environmental impact, is essential. Table 2.8 

provides comparative analysis of pretreatment techniques applied on pyrite/arsenopyrite–

bearing ores. 

Table 2.8. Comparative analysis of pretreatment techniques prior to leaching 

arsenopyrite–bearing ores. 

Pretreatment 
%Au 

unlocked 

Environment

al impact 
Cost Challenges 

Physical     

UFG >80% Low 
Low 

CAPEX&OPEX 

High energy 

consumption (Celep & 

Yazici, Ultra fine 

grinding of silver 

plant tailings of 

refractory ore using 

vertical stirred media 

mill., 2013) 

Pyrometallurgica

l 
    

Roasting >80% Highly toxic 
High 

CAPEX&OPEX 

Toxic gases, 

secondary 

encapsulation of Au 

by oxides (Nunan, et 

al., 2017) 

(Nanthakumar, 

Pickles, & Kelebek, 

2007) 

Hydrometallurgic

al 
    

Bioleaching >90% Low 
High 

CAPEX&OPEX 

Slow leaching 

Kinetics (Owusu, 

Agorhom, Fosu, & 
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Arthur, 2020) (Wang, 

Faraji, Ramsay, & 

Ghahreman, 2021) 

     

POX (Acid 

leaching) 
>90%. Medium 

High 

CAPEX&OPEX 

High energy 

consumption. (Hilson 

& Monhemius, 2006) 

(Yang, et al., 2015) 

(Rogozhnikov, 

Karimov, Shoppert, 

Dizer, & 

Naboichenko, 2021) 

Alkali leaching 
 

>90% 
Medium 

High 

CAPEX&OPEX 

High reagent 

consumption (Celep, I 

brahim, & Deveci, 

2011) (Wang Y. , Liu, 

Yan, & Ye, 2021) 

(Espitia & Lapidus, 

2021). 

 

2.5. Alternatives to cyanidation 

The process flowsheet of gold from refractory gold ores is becoming 

increasingly complex and lengthy due to numerous pretreatment processes required to 

render the ore amenable to leaching(cyanidation). This is a clear indication that gold 

production is becoming more expensive. In section (1.1), the nature of refractoriness in 

refractory gold ores (arsenic- bearing ores) was discussed and pretreatment techniques 

reviewed in section 2.2-2.4, demonstrated that they could potentially solve the technical 

problems associated with gold extraction. However, the ecological impacts on the use of 

cyanide are challenges researchers need to address to efficiently extract gold from 

refractory gold ores efficiently while also protecting the environment. The toxicity of 

cyanide and its tailings has led governments, through environmental groups, to advocate 

for the total ban of cyanide in gold processing plants. For example, the government of 

Hungary and Czech Republic have already banned the use of cyanide (Organisations, 

2011). In 2010 the European Union parliament discussed the possibility of a total ban 
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cyanide use completely but later postponed the implementation due to lack of a more 

developed alternative lixiviant for cyanide (Feng & Deventer, 2010) (Kyle, Breuer, 

Bunney, & Pleysier, 2012) (Jeon, et al., 2020; Jeon, et al., 2021). Currently there are over 

20 reagents suggested to replace cyanide, but the most promising of the reagents to 

replace cyanide are halides (chlorine), thiourea, thiosulfate (Wang, Faraji, Ramsay, & 

Ghahreman, 2021). 

2.5.1 Thiourea 

Application of thiourea to gold extraction started in 1906 by Moir (Brooy, 

Linge, & Walker, 1994), and gold is leached as follows: Eq (24). 

Au + 2NH2CSNH2 + Fe
3+ → (Au(NH2CSNH2)2)

+ + Fe2+  (24) 

The advantages of thiourea (TU) include faster leaching kinetics (4−6 hrs.), 

high Au selectivity and minimum environmental impacts. However, its disadvantages 

include instability in both alkaline and acidic conditions, which makes it costly to use and 

is a carcinogen (Marsden & House, 2006). Direct leaching of sulfidic refractory ores in 

general by TU results in Au recoveries less than 20 % due to the decomposition of TU 

(Zhang, Ritchie, & LaBrooy, 2004). In acidic conditions, TU readily transforms to 

formamidine disulfide (FDS, (NH2)2CSSC(NH2)2
+), as shown in Eq (25), leading to the 

formation of a passivating elemental sulfur layer that lowers gold extraction (Qin, Gua, 

Tian, & Zhang, 2021).  

2CS(NH2)2 → NH2CSSC(NH2)2
2+ + e−  (25) 

Sulfidic minerals like FeAsS and FeS2 exacerbate the decomposition of TU, 

with around 90 % of the TU to be decomposing during leaching of refractory gold ores 

(Qin, Gua, Tian, & Zhang, 2021). To effectively leach gold from the refractory ores, 

pretreatment is usually conducted before leaching. Amongst the commonly used 

pretreatment methods including, roasting, pressure oxidation and bio-oxidation: bacterial 

oxidation is widely used in TU leaching systems (Zhang, Ritchie, & LaBrooy, 2004). 

Recent studies on the use of TU to extract Au from As–bearing Au ores showed that more 

than 80 % of Au can be extracted when the ore is pretreated by bioleaching, but this is 

associated with high consumption of TU as TU is readily oxidized by ferric ions in acidic 

solution (Hilson & Monhemius, 2006) (Xu R. , et al., 2020)  

 In TU leaching system, Au is recovered from solution using adsorption 

techniques (activated carbon and ion exchange resins), cementation (using iron powder 
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or aluminum) and electrowinning (Ubaldini, Massidda, Abbruzzese, Vegliò, & Toro, 

1998). Ion exchange resins activated carbon and organic absorbents are the most used 

methods to recover Au from TU pregnant leach solutions due to their recyclability making 

the recovery cost-effective. However, the major challenge with adsorption methods is low 

Au selectivity of adsorption as other metal species compete for adsorption sites with Au 

(Zhang, Ritchie, & LaBrooy, 2004). After the adsorption stage, gold is usually electrowon 

as follows: 

Au(CS(NH2)2)2
2+
+ e− ⇋ Au + 2CS(NH2) 2 (26) 

 (CS(NH2)(NH))2 + 2H
+ + 2e− ⇋ 2CS((NH2) 2) (27) 

The gold electrowinning stage in TU systems is also associated with 

additional problems such as low selectivity due to similar reduction potentials co-existing 

ions in solution, which co-deposit with gold. Another problem is dissolution of Au back 

into solution by the action of TU; for example, when there is excess leachate in solution, 

the formamidine disulfide is generated, which can be reduced back to thiourea as shown 

by Eq (27). Additionally, the evolution of the hydrogen gas at the cathode and oxygen 

reduction lead to low gold recovery; oxygen reduction at the cathode becomes dominant 

in the presence of low concentration of gold in solutions, further hindering Au deposition. 

To improve gold recovery, there must be (1) high gold concentration in solution, (2) high 

corrosive resistance material for the electrodes, and (3) ease of removing the product from 

the cathode. 

 The following equations illustrate the side reactions that occur on the 

cathode during Au electrowinning in thiourea solutions: 

2H2+ + 2e− ⇋ H 2 (28) 

 O2 + 4H
+ + 4e− ⇋ 2H2O (29) 

Cementation is another method that can be applied to extract Au from TU 

pregnant leaching solution where metal species like Cu, Zn, Ni, Al, and Fe can be used 

as electron donors (Lee, Kim, & Oh, 1997). Eq (30) is an illustration of the cementation 

using Fe as an oxidant (Zhang & Dreisinger, 2002) 

Fe + (Au(NH2CSNH2)2)
+ → Fe2+ + Au + 4(CS(NH2)2 (30) 
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Recovery of gold from TU pregnant leach solutions is attained using many 

approaches, but its stability in both acidic and alkaline conditions seems to overshadow 

all those advantages.   

2.5.2 Chloride Leaching 

The use of chlorine in the extraction of Au started before cyanide was used 

in which chloride leaching systems were the most dominant used (Brooy, Linge, & 

Walker, 1994). The major advantages of the chloride system over cyanide are faster 

leaching kinetics and ability to leach gold in the presence of sulfide minerals, without the 

need for pretreatment like roasting and pressure oxidation (Marsden & House, 2006) (Li 

H. , 2018). On the other hand, the challenges associated with halide leaching systems 

include their relatively poor selectivity for gold, instability of gold chloride complex and 

their highly corrosive nature, thus, increasing the cost related to construction materials on 

industrial scale (Hilson & Monhemius, 2006) (Marsden & House, 2006). In chloride 

systems, cupric and ferric ions are commonly used as oxidants in acidic conditions (pH< 

3) to avoid precipitation of oxidants (Kim, 1995). In arsenic-bearing refractory ores, 

leaching is typically conducted at elevated temperature and pressure in autoclaves at 170–

200 °C and oxygen pressures between 700–1000 kPa to achieve complete oxidation 

(Adams, 2005) (Fu, Zhang, Wang, Cui, & Peng, 2017) (Pangum & Browner, 1996) 

(Ahtiainen, Liipo, & Lundström, 2021) (Zhang Y. , Wang, Baozhong, Jie., & Peng, 2019). 

In this process, two major reactions regimes dominate: (1) oxidation of FeAsS and (2) 

complexion of Au as follows: (Pangum & Browner, 1996). 

2FeAsS + 3H20 + 6.5O2 →  2H3AsO4 +  2FeSO4 (31) 

4Au + 3O2 + 12HCl + 4NaCl → 4NaAuCl4 + 6H2O (32) 

Au + 3FeCl3 + NaCl → NaAuCl4 + 3FeCl2 (33) 

The oxidation of FeAsS to ferric arsenate (FeAsO4), Eq (31), allows for the 

simultaneous Au liberation from the sulfide matrix and its dissolution. Gold extraction 

from arsenic-bearing refractory ore can be as high as 80, as demonstrated by a study by 

Ahtiainen et al., (Ahtiainen, Liipo, & Lundström, 2021) using a chloride–bromine 

leaching system was used on high As–bearing ores.  

The commonly used methods to recover Au from halides systems is using 

solvent extraction (Xing, Lee, & Senanayake, 2018), ion exchange resins, activated 

carbon and electrowinning. The use of absorbents (ion exchange resins, activated carbon) 
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is a well-developed technology but due to the poor selectivity of halides during leaching, 

selective adsorption of Au is affected. Thus, applicability of halide systems to arsenic-

bearing Au ores can be possible, but the major issue that still needs to be addressed by 

research including stabilization of Au chloride complexes, the corrosiveness of the halide 

solutions and their impact to cost on construction materials.  

2.5.3 Ammonium thiosulfate Leaching 

Ammonium thiosulfate leaching system has received a lot of attention by 

researchers as the alternative lixiviant to cyanidation due to its selectivity to Au during 

dissolution less toxicity and is cheap (Aylmore & Muir, 2001) (Feng & Deventer, 2010) 

(Zhang & Senanayake, 2016) (Jeon, et al., 2020) (Espitia & Lapidus, 2021). Thiosulfate 

can selectively leach Au in the presence of a wide range of metals from both secondary 

and primary resources including As and Sb (Feng & Deventer, Thiosulphate leaching of 

gold in the presence of ethylenediaminetetraacetic acid (EDTA, 2010). In this technique, 

Au is oxidized by cupric tetra–ammine complex [Cu (NH3)4
2+] in the presence of 

thiosulfate ion (S2O3
2–) (Aylmore & Muir, 2000). The role of NH3 is to stabilize copper 

ions via chelation and prevent the decomposition of the thiosulfate (Muir, 2011) (Zhang 

& Senanayake, 2016). The dissolution of Au is illustrated by Eqs. (34)– (37) as follows: 

(Aylmore & Muir, 2000) (Rivera, Patiño, Roca, & Cruells, 2015). 

 

Au + 5S2O2
2− + Cu(NH3)4

2+
→ Au(S2O3)2

3−
+ 4NH3 + Cu(S2O3)3

5−
 (34) 

Au + Cu(NH3)4
2+
→ Au(NH3)2

+
+ Cu(NH3)2

+
 (35) 

4Cu + 8S2O3
2− + 2H2O + O 2 → 4Cu(S2O3)2

3−
+ 4OH− (36) 

4Cu + 8NH3 + 2H2O + O2  → 4Cu(NH3)4
2+
+ 4OH− (37) 

Many researchers have confirmed the high leaching efficiencies of thiosulfate 

during extraction of Au from refractory ores (Aylmore & Muir, 2000) (Brooy, Linge, & 

Walker, 1994) (Celep, Altinkaya, Yazici, & Deveci, 2018) (Espitia & Lapidus, 2021) (Xu, 

et al., 2017). Sulfides in general have detrimental effects on the decomposition of 

thiosulfate; sulfides function as catalyst to decompose thiosulfate. The rate of thiosulfate 

decomposition in the presence of sulfides follows this order: pyrite > arsenopyrite > 

chalcopyrite > galena > sphalerite. Moreover, the Au dissolution rate decrease in the order 

of sphalerite > arsenopyrite > pyrite > galena ≈ chalcopyrite (Xu, et al., 2017). Apart from 

increasing the decomposition of thiosulfate, FeAsS inhibits the dissolution of gold by 
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forming a passive layer on the gold grains during thiosulfate leaching: sulfide ions are 

released from FeAsS, and they are deposited to form an elemental S layer on gold grains 

(Yang, et al., 2015). 

In order to minimize the decomposition of thiosulfate by sulfides during Au 

leaching, use of pretreatment(roasting, pressure oxidation, alkaline leaching 

etc.),inorganic, and organic additives including ethylenediaminetetraacetic (EDTA) 

(Feng & Deventer, Thiosulphate leaching of gold in the presence of 

ethylenediaminetetraacetic acid (EDTA, 2010) (Celep, Altinkaya, Yazici, & Deveci, 

2018), carboxymethyl cellulose (CMC) (Yang, et al., 2015), phosphate/polyphosphates 

and sodium citrate (Puente-Siller, Fuentes-Aceituno, & Nava-Alonso, 2014) have been 

reported. EDTA is a widely used complexing agent and it forms stable complexes with 

Cu (II), thus, preventing the decomposing of thiosulfate by Cu (II). In addition to 

stabilizing the Cu (II) ions, CMC changes the semiconductor characteristic of FeAsS 

surfaces which inhibits the negative effects of FeAsS on thiosulfate decomposition (Feng 

& Deventer, Thiosulphate leaching of gold in the presence of ethylenediaminetetraacetic 

acid (EDTA, 2010). The following Table 2.9 gives recent studies on leaching arsenic–

bearing gold ores using thiosulfate. 

Table 2.9: Case studies of extraction of gold from refractory ores using 

thiosulfate 

Case 

Study 
Materials and experimental conditions 

1 Xu et al., (Xu B. , et al., 2016) used thiosulfate after 

alkaline pressure oxidation pretreatment on a gold concentrate with 

90 % particle size passing 48 µm containing Au (31.1 g/t), S (6.15 %) 

and C, As, Sb being 3.61 %, 1.7 % and 0.98 % by weight respectively. 

Most of the S, As and Sb were from arsenopyrite and stibnite 

respectively. 

Key experimental conditions:  

Alkaline pressure oxidation treatment conditions: 

T−220 ℃,O2 partial pressure−0.8 MPa, Ca (OH)2−0.2 M, Time−3 hr. 

Leaching conditions: Na2S2O3−0.2 M, CuSO4−0.012 M, 

NH3−1.2 M, time−5 hr. 
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Results: 83 % and 86 % after leaching treated residue by 

cyanidation and thiosulfate respectively. 

2 Espitia et al., (Espitia & Lapidus, 2021) applied 

thiosulfate after alkaline pretreatment of a Au concentrate with the 

following assay values: 52 % FeAsS, 33 %FeS2,8% ZnS, 2% PbS and 

18 g/t Au. 

Key experimental conditions 

Alkaline treatment conditions: Temp−25 ℃,solid−liquid 

composition−40 g/l, 3M NaOH, time−48 hr. 

Thiosulfate leaching conditions: Na2S2O3−0.2 M, 

EDTA−0.025 M, CuSO4.5H2O−0.05 M, NH4H2PO4−0.1 M, time−7 

hr, pH−10, Temp−25 ℃. 

Results:63 % and 81 % gold recovery of the treated 

residue by cyanidation and thiosulfate respectively. 

3 Feng and Deventer (Feng & Deventer, Thiosulphate 

leaching of gold in the presence of ethylenediaminetetraacetic acid 

(EDTA, 2010) applied thiosulfate on a pretreated gold ore from 

Newcrest gold mine with the following composition: Au−4.3 ppm, 

Fe−5.27 %, S−2.9 %, As−383 ppm, Cu−0.07 %.  

Key experimental conditions: 

Alkaline treatment conditions: The ore was oxidized in 

cupric ammoniacal solutions with the following conditions: NH3−0.8, 

Cu2+− 6 mM, time−22 hrs. 

Thiosulfate leaching conditions: Na2S2O3−0.25 M, 1 M− 

NH3 and Cu2+−12 mM 24 hr 

Results: 94 % gold extraction 
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4 Yu et al, (Yu, et al., 2018) applied thiosulfate leaching on 

acid pressure oxidation treated refractory gold ore with the following 

composition: Au−22.3 g/t, Fe−13.12 %, As−1.14 %, S−15.94 %; 

Al2O3−4.76 %, MgO−13.9 %. 

Key experimental conditions 

Acid treatment conditions: pH−1, Temp−200 ℃, stirring 

speed 500 rpm, T−7 min. Thiosulfate leaching conditions: 

Na2S2O3−505 mM, 1 M−NH3, sodium humate (HA)−0.5 mM and 

Cu2+−34.77 mM, for 24 hr 

Results: About 86.21% Au was extracted from the 

concentrate. 

5 Wang et al., (Wang, Wang, Dong, Fu, & Xie, 2019) 

leached a refractory Au concentrate calcine after a microwave roasting 

treatment with the following composition: Au−21.9 g/t, Fe 1.72 %, 

S−0.51%, C−6.64 %, SiO2−43.43 %, CaO−17.11 %, MgO−7.85 %. 

Key experimental conditions 

Roasting conditions: microwave power−2.5 Kw, roasting 

time−30 min, Temp−500 ℃. 

Leching conditions: 0.01 mol/L Cu2+, 0.5 mol/L 

NH3·H2O, 0.1 mol/L S2O3
2−, initial pH 11.0 and leaching time for 

5.0 hr, Temperature−50 °C. 

Results: Au extraction 90.2 %. 

 

The difficulty to extract gold from thiosulfate leaching systems has been 

reported by many researchers and activated carbon has low affinity for gold–thiosulfate 

complex which makes the process more expensive as well (Hilson & Monhemius, 2006) 

(Aylmore & Muir, 2000) (Feng & Deventer, Thiosulphate leaching of gold in the presence 

of ethylenediaminetetraacetic acid (EDTA, 2010) (Jeon, et al., 2020). The other lucrative 

methods of extraction gold from thiosulfate leach solutions are ion–exchange resins. 

Resins are easy to use, does not require complex regeneration stages, have high Au 

extraction of up to 99 % (Xu B. , et al., 2019) and the functional groups of the resins can 
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transform to selectively adsorb the gold thiosulfate ions in solution. These advantages 

have attracted researchers to focus on them to recover Au from thiosulfate pregnant leach 

solutions (Xu, et al., 2017). Many studies conducted were on weak–base and strong–base 

resin and they revealed that weak–base resins have low adsorption capacity of 2 kg Au/t, 

and their capacities further decrease with increase in pH especially around pH 8–11 

(Zhang & Dreisinger, The adsorption of gold and copper onto ion-exchange resins from 

ammoniacal thiosulfate solutions, 2002) (Zhang, et al., 2021) (XIE, CHEN, & WANG, 

2021). Strong base resin was found to have higher adsorption capacities of 10–25 kg Au/t 

and independent of the pH but have very low selectivity to Au; ions such as [Cu(S2O3)3]
2– 

and will have preferential adsorption over [Au(S2O3)]
3– (Jeffrey, Hewitt, Dai, & Brunt, 

2010). On an industrial scale, ion exchange resins have been applied at Goldstrike mine, 

but it has many stripping, washing and regeneration stages which complicates the whole 

process (Jeon, et al., 2021) (Young, 2019). 

 Cementation is a gold recovery technique that can be considered as an 

alternative to extract Au from thiosulfate solutions. The traditional Merrill−Crowe Zn 

method used in the cyanidation systems, is ineffective due the presence of oxygen which: 

re–dissolved the gold precipitates, passivates the Zn surface and high Zn consumption 

(Aylmore & Muir, 2001). Recently, a novel technique of using zero-valent aluminum 

(ZVAl) and activated carbon to extract Au–thiosulfate complexes from solution was 

developed in our laboratory, yielding up to 99 % Au recovery from printed circuits boards 

(PBCs) (Jeon, et al., 2020). The mechanism of this technique is illustrated by Figure 2.6: 
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Figure 2.6: Schematic diagram of the Au recovery form thiosulfate solutions 

(Jeon, et al., 2021). 

From Figure 9, the zero valent aluminum (ZVAl) acts as the primary electron 

donor, whilst the attached activated carbon is the electron pathway from ZVAl to Au 

thiosulfate complex hence the galvanic interactions generated facilitate the cementation 

of the dissolved Au (Jeon, et al., 2020). This technique has assessed on Au pregnant leach 

solutions containing Cu, Fe, Co, Ni and Zn ion coexisting in solution resulting in Au 

recoveries above 90 % (Jeon, et al., 2021). The challenge with this method is that the 

cementator used ZVAl, is more electronegative (-1.66 V) and selectivity improves when 

the difference in potential is small. Thus, other elements like Cu, can deposit on the 

activated carbon before Au does depending on the concentration in solution. This 

technique has not been applied to recover Au from As/Sb bearing Au ores, which is a 

study the authors are investigating to fill the knowledge gap. 

2.5.4 Summary on alternatives to cyanide 

The extraction of Au from refractory ores, arsenic–bearing ores has been reported to be 

complex, generating toxic effluents. Hence in order to replace cyanide, which has 

received a lot of criticism on an environmental basis and its effectiveness to treat arsenic–

bearing ores, the alternative must have the following attributes: (1) inexpensive and 

recyclable (2) highly selective to gold; (3) non–toxic and (4) easy to manage in 

downstream process (Hilson & Monhemius, 2006) (McNulty, 2001). Table 2.91 shows 

the summary of the extent of research and applicability of the alternatives of cyanide in 

the leaching of refractory ores. 

Table 2.91. Alternatives to cyanide (Hilson & Monhemius, 2006). 

Lixiviant 
pH 

range 

Au 

Extraction 

(%) 

Environmen

tal Impact 
Research 

Level 

Extent of 

commercialization 

Thiourea 1–2 >80 Low 
Fairly 

popular 

New England Antimony 

Mine, Australia (Hilson & 

Monhemius, 2006) 

Chlorine 1–3 >80 Medium Extensive Not reported 
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Thiosulfate 9–10 >80 Low Extensive Goldstrike Mine, USA 

(Jeon, et al., 2021) 

(Aylmore & Muir, 2000) 

 

2.6. Chapter Summary 

This chapter has examined strategies that can be used to effectively extract 

Au from As–bearing ores. As free–milling ore reserves diminish, refractory ores are 

expected to become the primary sources of gold in the future. However, conventional 

methods of extracting Au are not suitable to the refractory Au ores because of the low 

gold recoveries. To address this issue, pretreatment techniques such as ultra–fine grinding, 

roasting, bioleaching, and alkaline pretreatment, are being used before cyanidation. For 

arsenic–bearing ores, ultra–fine grinding is effective in liberating the physically 

encapsulated Au in the sulfide matrix but cannot liberate gold chemically locked (i.e., in 

stibnite (AuSb2)). Additionally, ultra-fine grinding does not eliminate the negative effects 

of characteristic elements on the leaching reagent. Roasting generates highly toxic 

effluents containing arsenic oxide gases making it unsuitable for pretreating arsenic–

bearing ores before leaching. Although bioleaching is cost-effective, it has longer leached 

cycles and the toxicity of arsenic species (As3+ and As5+) outweighs its benefits.  

Chemical pretreatments (acidic and alkaline) are highly effective but lead to high reagent 

consumption. Both biological and chemical treatments are susceptible to surface 

passivation of gold grains, but using techniques like ultrasound and ozone oxidation 

during treatment improves treatment times and gold extraction.  

From both an environmental and technical standpoint, extracting gold from 

arsenic-bearing ores results in effluents with high arsenic levels. In addition, using 

cyanide as a lixiviant exacerbates the risks of environmental pollution. The most 

favorable solution to this problem is to use an environmentally friendly, non-cyanide 

leaching agent. Thiourea, chlorine, and ammonium thiosulfate are potential alternatives, 

but further development is needed to meet industrial requirements. Thiosulfate is more 

developed compared to other alternatives and is currently being used at an industrial scale 

at Goldstrike, Nevada, USA. The successful industrial application of thiosulfate can be 

achieved by using a pretreatment method before ammonium thiosulfate leaching to 

minimize thiosulfate consumption. To select the most suitable pretreatment method 

before ammonium thiosulfate leaching, understanding the mechanism of ammonium 

thiosulfate consumption in the presence of sulfide minerals is imperative. 
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CHAPTER 3: AMMONIUM THIOSULFATE LEACHING OF GOLD IN THE 

PRESENCE OF PYRITE AND ARSENOPYRITE: UNDERSTANDING OF THE 

MECHANISM OF GOLD EXTRACTION BY ARSENOPYRITE. 

3.1. Introduction 

In the preceding chapter, the applicability of thiosulfate in gold extraction 

from arsenic-bearing gold ores was examined. The industrial application of thiosulfate is 

still limited due to its excessive consumption. It is worth noting that Goldstrike Mine, 

Nevada, USA, is using thiosulfate as a leaching reagent to extract gold from refractory 

gold ores (Xu, et al., 2017) (Jeon, et al., 2020). To develop the most effective method to 

extract gold from arsenic-bearing gold ores, a thorough understanding of the mechanism 

by which gold extraction is suppressed is important. Several authors have reported on the 

causes of low gold extraction in the presence of arsenopyrite, suggesting that the 

decomposition of thiosulfate and passivation of gold are further accelerated when sulfide 

minerals (e.g., arsenopyrite and/or pyrite) are present in the refractory ore (Feng & 

Deventer, 2010) (Feng & Van Deventer, 2002). The suppression of gold extraction by 

arsenopyrite is not well understood. Chen et al 2008, reported that arsenopyrite does not 

significantly contribute much to thiosulfate decomposition but adversely affects gold 

extraction compared to pyrite. Yang et al., (2015) found that arsenopyrite suppresses gold 

extraction by formation of a passivation layer (i.e., cuprous sulfide (Cu2S), sulfur (S)) on 

the gold surface, which acting as a barrier between thiosulfate ions and gold grains (Yang, 

et al., 2015). Consequently, this chapter will focus on the understanding of the mechanism 

of gold suppression in the presence of arsenopyrite which is one of the minerals 

commonly associated with gold. Leaching experiments for gold powder were conducted 

with model samples high bearing arsenopyrite sulfide (HAsBS) samples. 

3.2 Materials and Methods 

3.2.1 Materials  

A high arsenic sample was supplied by Kitabita Mine, Yamaguchi Prefecture, 

Japan. Table 3.1 shows the chemical composition of the HAsBS sample determined using 

the X-ray fluorescence spectrometer (XRF, EDXL300, Rigaku Corporation, Tokyo, 

Japan). Quantitative X-ray diffraction (XRD, Multiplex, Rigaku Corporation, Tokyo, 

Japan) analysis result (Figure 3.1) showed that the HAsBS sample was composed of 

arsenopyrite, chalcopyrite, pyrite, pyrrhotite, and quartz.  

The ore sample was crushed using a jaw crusher (1023-A, Yoshida 

Manufacturing Co., Ltd., Sapporo, Japan) with a sieve (an aperture size of 1 mm), and 

ground using a Retsch RS 200-disc mill (Retsch Inc., Hean, Germany) to sizes of 80% 

less than 38 µm. Leaching experiments were conducted using gold powder (99.99%), 
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sodium thiosulfate pentahydrate (Na2S2O3·5H2O), ammonium sulfate ((NH4)2SO4), 

ammonia water (NH4(OH), 31%), and cupric sulfate (CuSO4 5H2O), which were all 

obtained from Wako Pure Chemical Industries, Ltd., Japan. To characterize the surface of 

gold during leaching, a gold foil (thickness 0.127 mm and 99.99% purity) obtained from 

Sigma-Aldrich, Corporation, St. Louis, MO, USA, was used. 

Table 3.1. Chemical composition of arsenopyrite sample. 

Elements Fe As S O Mg Si Cu Br Zn Sb Others 

wt.% 29.2 25.1 15.4 14.5 11.5 3.9 0.24 0.1 0.03 0.01 0.02 

 

 

Figure 3.1. The X-ray powder diffraction (XRD) patterns of HAsBS ore. 

 

3.2.2 Leaching Experiments 

Batch leaching experiments were carried out in 50 mL Erlenmeyer flasks 

containing a known amount of HAsBS (1 g) and 10 mg of gold powder in 10 mL of 

ammonium thiosulfate solution consisting of 1 M Na2S2O3·5H2O, 0.25 M (NH4)2SO4, 0.5 

M NH4OH, and 10 mM CuSO4·5H2O. The flasks were shaken in a thermostat water bath 

shaker at 25 °C for 24 h with a constant shaking amplitude and frequency of 40 mm and 

120 min−1, respectively. The effects of leaching time (2–24 h), solid-to-liquid ratio (1–

20%), CuSO4 concentration (0.1–15 mM), Na2S2O3 concentration (0.1–2 M) on gold 

dissolution were investigated in the leaching experiments. After leaching, the suspensions 

were filtered using 0.2 µm membrane filters (Sartorius AG, Germany), and the filtrates 

were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP–AES 

9820, Shimazu Corporation Japan (margin of error ±2%)) to measure the concentration 

of dissolved elements and by ultraviolet-visible spectroscopy (UV–Vis, UV–970, Japan 
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Spectroscopic Co., Ltd., Japan) to analyze the thiosulfate and sulfur species. The residues 

were washed thoroughly with deionized (DI) water, dried in a vacuum drying oven at 

40 °C, and analyzed by XRF, X-ray photoelectron spectroscopy (XPS, JPS–9200, JEOL 

Ltd., Akishima, Japan), and scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM–EDX, JSM–IT200, JEOL Ltd., Tokyo, Japan) for chemical and 

surface characterization, respectively.  

To determine the amount of dissolved metal in the leaching experiments of 

gold powder in ammonium thiosulfate solutions, the metal extraction was calculated 

using the following equation.  

Metal extraction =  
Cm×V

m×M
× 100%, (1) 

where Cm is the concentration of dissolved metal in mg/L, V is the volume of leaching 

solution in L, m is the mass of the sample (g), and M the metal content in the sample 

(mg/g), respectively. In addition, thermodynamic calculations using Geochemist’s 

Workbench (GWB) software were carried out for the Fe–As–S–H2O and Fe–S–H2O 

systems to predict the dissolution behavior of the metal species in the HAsBS ore for the 

conditions used in the leaching experiments.  

3.2.3. Characterization of the Passivation Layer on Gold Surface 

Batch leaching experiments were conducted to characterize the passivation layer formed 

on the gold grains in ammonium thiosulfate solutions. Leaching was conducted using 4 

mm × 4 mm gold foil, 1 g HAsBS, and 10 mL of ammonium thiosulfate solution, all of 

which were put in 50 mL flask and shaken (i.e., a thermostat water bath shaker at 25 °C; 

amplitude 40 mm; shaking speed 120 min−1) for 24 h. The residues were washed 

thoroughly with DI water, dried in a vacuum drying oven at 40 °C, and analyzed by XRF, 

XPS, and SEM–EDX for chemical and surface characterization. 

3.2.4.Evaluation of thiosulfate consumption due to the presence of pyrite and 

arsenopyrite. 

To evaluate the effect of pretreatment on thiosulfate decomposition, leaching experiments 

were carried out by mixing 4 g of HAsBS (i.e., pretreated, and untreated) with 40 mL of 

thiosulfate solution (1 M Na2S2O3, 0.5 M NH3, 0.5 M NH4Cl) with and without 10 mM 

CuCl2 in a 50 mL Erlenmeyer flask using magnetic stirring. A 2 mL suspension was 

collected at regular time intervals (20 min) and the filtrate was analyzed by UV–Vis. 

3.3 Results and Discussion 

3.3.1 Effect of HAsBS Ore on Gold Dissolution 

The suppression mechanism of gold extraction from refractory ores is 

classified into two phenomena: one is the physical encapsulation of gold grains in the 
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sulfide matrix, which prevents the contact of the lixiviant with the gold grains. The second 

is a chemical suppression mechanism that includes thiosulfate decomposition and 

passivation of the gold grains. The suppressive effect of physical encapsulation can be 

overcome by ultra-fine grinding to expose the gold grain to the lixiviant, but chemical 

suppression remains even after ultra-fine grinding is conducted. As a first step in the 

present study, the chemical suppressive effects of sulfide minerals on gold extraction were 

evaluated by leaching experiments using the mixture of gold powder and HAsBS ore 

(Figure 2). In the absence of HAsBS, over 90% of gold was extracted within 8 h, and 

more than 99% gold extraction was attained after 24 h. This fast-leaching kinetics 

matches with previous studies (Fleming, McMullen, Thomas, & Wells, 2001) (Grosse, 

Dicinoski, Shaw, & Haddad, 2003) (Zhang & Senanayake, 2016).  

The dissolution reaction of gold in ammonium thiosulfate has been reported 

by many authors (Equation (2)) (Aylmore & Muir, 2001) (Grosse, Dicinoski, Shaw, & 

Haddad, 2003) (Duan, Li, Jiang, Lei, & Dong, 2017) (Salinas-Rodríguez, et al., 2022) 

and is summarized as: 

Au + 2S2O3
2− + Cu(NH3)4

2+
→ Au(S2O3)2

3−
+ Cu(NH3)4

+
 (2) 

In Equation (2), gold is oxidized by the cupric ammine complex (Cu(NH3)4
2+), and the 

extracted gold (Au+) is stabilized by forming a water soluble complex with thiosulfate 

anions (i.e., Au(S2O3)2
3−). The cuprous ammine complex (Cu(NH3)4

+) formed in Equation 

(2) is then oxidized to a cupric ammine complex (Cu(NH3)4
2+) with dissolved oxygen in 

Equation (3). The overall reaction of gold dissolution from Equations (2) and (3) is 

summarized by Equation (4). 

4Cu(NH3)4
+
+ O2 + 2H2O → 4Cu(NH3)4

2+
+ 4 OH− (3) 

4Au + 8S2O3
2− + O2 + 2H2O → 4Au(S2O3)2

3−
+ 4 OH− (4) 

In the overall reaction of gold dissolution (Equation (4)), copper ammines 

(Cu(NH3)4
2+/(Cu(NH3)4

+) do not appear, and they are considered to be a catalyst for gold 

extraction. In the solution phase, the decomposition of thiosulfate occurs; that is, 

thiosulfate ions are oxidized by the cupric ammine complex to form tetrathionate (S4O6
2−) 

as follows (Alguacil, 2006): 

2Cu(NH3)4
2+
+ 2S2O3

2− → 2Cu(NH3)4
+
+  S4O6

2− (5) 

Because of this reaction (Equation (5)), thiosulfate ions, needed to extract gold, are 

decomposed, but as Figure 3.2 shows, more than 99% of gold was extracted in the absence 

of the HAsBS ore; this implies that the effects of thiosulfate decomposition can be 

considered negligible. 



52 

 

 

Figure 3.2. The effects of HAsBS ores on gold extraction in ammonium thiosulfate 

solutions. 

In the presence of HAsBS, a maximum of 10% gold extraction was attained after 24 h, 

which was much lower compared to the absence of HAsBS where over 99% extraction 

was obtained. There are two possible reasons that can explain the drastic reduction in gold 

extraction in the presence of HAsBS, which are: (1) the formation of a passivation layer 

on the surface of gold that retarded the dissolution of gold (Yang, et al., 2015), and (2) 

the accelerated decomposition of thiosulfate by associated sulfide minerals (Feng & Van 

Deventer, 2002). In the following sections, the above hypotheses are discussed based on 

the experimental results. 

3.3.2 Oxidation of arsenopyrite and pyrite ore in Ammonium Thiosulfate Solution 

During gold leaching in ammonium thiosulfate solutions, arsenopyrite and 

pyrite, the major sulfide minerals in HAsBS ore (Figure 1), are oxidized by the cupric 

ammine complex. Thermodynamic calculations performed using GWB software for the 

Fe–As–S–H2O and Fe–S–H2O systems (Figure 3) showed that iron arsenate (FeAsO4) 

and hematite (Fe2O3) are the stable phase for the iron and arsenic species at the observed 

pH (9.8) and Eh (0.15 V) conditions in the leaching experiments, shown as the cross point 

of the red dotted lines in Figure 3.3. Based on this, the possible reactions for arsenopyrite 

and pyrite oxidation are assumed to be: 

FeAsS + 14 Cu(NH3)4
2+ + 8H2O → FeAsO4 + SO4

2−+ 14Cu(NH3)4
+ + 16H+ (6) 

2FeS2 + 12Cu(NH3)4
2+ + 7H2O → Fe2O3 + 4SO4

2− + 12Cu(NH3)4
+ + 14H+ 

(7) 
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(a) (b) 

Figure 3.3. Eh–pH diagram of the (a) Fe–As–S–H2O system, (b) Fe–S–H2O system. 

(Concentrations of Fe, As, and S were taken to be 0.001 mg/L, 0.001 mg/L, and 0.1 mg/L.) 

To confirm the proposed oxidation reactions for arsenopyrite and pyrite, 

soluble Fe, As, and S concentrations during the leaching experiments with HAsBS were 

analyzed (Figure 3.4). The dissolved sulfur concentration increased from 39 to 47 g/L in 

the first 6 h of leaching, Figure 3.4b. This is consistent with reaction (6) and (7), where 

sulfate ions are released by the oxidation of HAsBS. After 6 h, the soluble sulfur 

concentration started to decrease, and the concentration reached 36 g/L at 24 h. The 

decline in soluble sulfur concentration indicates that precipitation of the sulfur species 

occurs during the leaching. This may be interpreted by assuming the decomposition of 

thiosulfate due to the presence of an excess amount of dissolved oxygen. According to 

Rodriguez et al. 2022, an excess amount of dissolved oxygen favors the oxidation of 

thiosulfate and its complexation with Cu; oxygen causes the oxidation of Cu(I) to Cu(II), 

at the same time decomposing thiosulfate to form (S2O3)3
5−, sulfite(SO3

2−), sulfate(SO4
2−), 

and elemental sulfur(S) as shown in Equations (8) and (9) (Aylmore & Muir, 2001). In 

addition, the rate of oxidation of Cu(I) to Cu(II) is slower than the reduction of Cu(II) by 

thiosulfate, which may result in the formation of Cu(I)-sulfide precipitates, thus causing 

a reduction in the sulfur concentration.  

3S2O3
2− + 6H2O ⇌ 2SO4

2− + 4S0 + 2OH− (8) 

3S2O3
2− + 6OH− ⇌ 4SO3

2− + 2S2− + 3H2O (9) 

S2O3
2− → SO3

2− + S0 (10) 

As shown in Figure 3.4a, the extraction of Fe and As was very low with about 0% and 

less than 0.4% after 24 h of leaching, respectively. This indicates that both Fe and As 

species are not stable in the aqueous phase under the leaching conditions, and they are 

precipitated, probably, as ferric arsenate, hematite, or ferric hydroxides. Such precipitates 
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might affect the gold extraction; they may cover the surface of gold powder, suppressing 

gold extraction, and this is discussed in detail in the next section, Section 3.3.3  

 

Figure 3.4. The dissolution behavior of HAsBS during gold leaching: (a) extraction of Fe 

and As, and (b) change in S concentration with time. 

3.3.3 Effects of the Passivation Layer on Gold Extraction 

As highlighted in Section 3.3.2, the second possible reason that can cause the 

reduction in gold extraction in the presence of HAsBS is the formation of a passivation 

layer. A passivation layer covers the surface of the gold and prevents interaction between 

the gold and the lixiviant, resulting in low gold extraction. In a study by Yang et al. (2015), 

characterization of the passivation layer after ammonium thiosulfate leaching in the 

presence of arsenopyrite revealed that the passivation layer was comprised of cuprous 

sulfide (Cu2S), elemental sulfur (S), iron oxyhydroxide (FeOOH), and iron arsenate 

(FeAsO4) species on the surface of gold. To confirm the presence of these materials, this 

study analyzed the surface of the leached gold foils using SEM–EDX and XPS. Figure 

3.5 shows the results of SEM–EDX analysis for gold foil before and after leaching with 

HAsBS ores. 
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Figure 3.5. SEM–EDX photomicrographs of gold foil (a) before leaching and the 

corresponding EDX spectrum (a-1), (b) gold foil after leaching and the subsequent EDX 

spectrum (b-1). 

The SEM–EDX images (Figure 3.5) and EDX spectrum (Figure 3.5(a-1, b-

1)) did not detect any sulfur, arsenic, or copper species but showed the presence of oxygen 

and iron on the surface of gold after leaching. This may be because the amounts of the 

passivating materials on the gold surface were below the detection limit of SEM–EDS 

analysis. To detect a small amount of passivating materials, XPS was used to characterize 

the gold surface in the presence (i) and absence (ii) of HAsBS, (Figure 3.6). 

As shown in Figure 3.6, in the XPS spectrum, signals from Cu, Fe, As, S, and 

O were detected on the surface of the gold foil leached in the presence of HAsBS (i). In 

the deconvolution results for the Cu 2p3/2 spectrum, Figure 3.6a, a strong peak at 932.5 

eV was assigned to Cu(I) bound to a sulfur species as Cu2S (Yang, et al., 2015), and minor 

peaks at 934.5 eV and 936.0 eV corresponding to Cu(II)-oxide and Cu(II)-sulfate were 
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detected, respectively (Nakai, Sugitani, Nagashima, & Niwa, 1978). In the deconvoluted 

spectrum of S 2p3/2, peaks were detected at 163.0 eV and 161.7 eV and were assigned to 

disulfide and monosulfide sulfur species combined with copper species, respectively 

(Mielczarski & Minni, 1984), and at 165.5 eV corresponding to elemental sulfur. In 

addition, satellite peaks were observed at 167.3 eV and 167.9 eV, which could be S 

associated with the sulfate species (Wagner C.D., 1979). In the case of oxygen, the O 1s 

deconvoluted peaks at 531.9 eV and 534.3 eV were observed and were all attributed to 

oxygen in hydroxyl ions of Fe(III) hydroxide (Park, et al., 2020) while another small peak 

at 536.0 eV was assigned to the oxygen of water molecules. The iron spectrum showed 

peaks at 706.8 eV and 710.0 eV corresponding to Fe(II)-AsS and Fe(III)-AsS in the bulk 

FeAsS, respectively. The other iron peaks detected were at 711.7 eV corresponding to 

Fe(III)–hydroxide and at 713.7 eV attributed to similar Fe(III)-SO4 species (Park, et al., 

2021). In addition, there were satellite iron peaks observed at 715.8 eV and 715.1 eV, 

which were assigned to hydrated Fe(III) oxide (Can, et al., 2017). The arsenic spectra 

exhibited strong peaks at 41.3 eV and 45.5 eV, assigned to arsenic in the bulk FeAsS and 

As(III)-oxide, respectively. Furthermore, a peak at 46.2 eV was detected and assigned to 

(As(V)-O) species. The results from the XPS validated the presence of a passivation layer 

for the gold foil leached in the presence of HAsBS ore and were consistent with the work 

conducted by Yang et al. (2015) but did not give a clear indication of the source of 

elemental sulfur that formed on the surface of the gold foil.  

To determine the source of the sulfur species observed on the gold foil, XPS 

characterization was undertaken for the gold foil leached in the absence of the HAsBS 

(ii) and the results are outlined in Figure 3.6(aii–eii). The XPS spectrum of Cu 2p3/2 

(Figure 3.6(aii)) showed a peak centered at 933.5 eV assigned to Cu(II) oxide, while peaks 

observed at 931.9 eV and 935.6 3 eV were assigned to Cu(II) sulfide and hydrated Cu(II) 

sulfate, respectively (Nakai, Sugitani, Nagashima, & Niwa, 1978). For the sulfur 

spectrum (Figure 3.6(bii)), two peaks at 161.9 eV and 164.1 eV were shown and assigned 

to S2- and elemental sulfur (S), respectively. Oxygen peaks at 533.9 eV and 531.3 eV were 

assigned to the hydroxide ion (OH−), and peaks at 532.4 eV and 536.2 eV were attributed 

to the oxygen of water and Cu(II) species, respectively (Yang, et al., 2015). These results 

show that even in the absence of HAsBS, elemental sulfur was formed on the gold surface. 

This indicates that the major source of sulfur in the passivation layer may be formed by 

the decomposition of thiosulfate.  
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Figure 3.6. XPS spectra of gold foil residue leached in the presence of HAsBS (i) and 

without HAsBS (ii): (a) Cu 2p, (b) S 2p, (c) Fe 2p (d) As 3d, (e) O 1 s. 

The XPS analysis established that during gold leaching, the major passivating species on 
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the gold surface are elemental sulfur, Cu2S/Cu2O, and Fe(III)−O. The following Table 3.2 

gives a summary of the assignments used to interpret the XPS spectra for the surface of 

the gold in the presence and absence of HAsBS. 

Table 3.2. XPS peak parameters for Fe 2p, As 3d, S 2p, O1 s, and Cu 2p spectra. 

Spectral Peak Binding Energy FWHM Line Shape Chemical Species Content (at. %) References 

Fe 2p3/2 a 706.8 1.2 GL (20) Fe(II)-AsS 7.8 
(Park, et al., 

2020) 

Fe 2p3/2 a 710.0 2.4 GL (20) Fe(III)−AsS 7.3 
(Park, et al., 

2020) 

Fe 2p3/2 a 711.7 0.9 GL (20) Fe(III)−O 19.9 

(Chen, Xie, 

Wang, Fu, & 

Wang, 2022) 

Fe 2p3/2 a 713.7 1.3 GL (20) Fe(III)−SO4
2- 39.5 (Zhu, et al., 2014) 

       

As 3d5/2 a 41.3 1.1 GL (20) As(O) 31.6 
(Park, et al., 

2020) 

As 3d5/2 a 43.7 0.9 GL (20) As(I)-O 9.5 
(Park, et al., 

2020) 

As 3d5/2 a 45.5 1.3 GL (20) As(III)-O 42.6 
(Hollinger G., 

1994) 

As 3d5/2 a 46.2 0.8 GL (20) As(V)-O 16.4 
(Hollinger G., 

1994) 

       

S 2p3/2 a 161.7 1.3 GL (20) Monosulfide(S2−) 9.3 
(Park, et al., 

2020) 

S 2p3/2 a 163.0 2.2 GL (20) Disulfide(S2
2−) 52.7 

(Park, et al., 

2020) 

S 2p3/2 a 165.5 2.7 GL (20) Elemental (S) 27.0 
(Park, et al., 

2020) 

S 2p3/2 a 167.9 0.7 GL (20) Thiosulfate (SO3
2−) 3.5 

(Park, et al., 

2020) 

S 2p3/2 a 167.3 1.1 GL (20) Thiosulfate (SO3
2−) 7.6 

(Park, et al., 

2020) 

S 2p3/2 b 160.6 1.7 GL (20) Monosulfide(S2−) 22.8 
(Park, et al., 

2020) 

S 2p3/2 b 162.3 1.77 GL (20) Disulfide(S2
2−) 69.6 (Park, et al., 
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2020) 

S 2p3/2 b 163.9 0.68 GL (20) Elemental sulfur(S0) 3.0 (Zhu, et al., 2014) 

S 2p3/2 b 165.9 0.81 GL (20) Sulfate (SO4
2−) 4.52 

(Park, et al., 

2020) 

       

Cu 2p3/2 
a 932.5 2.3 GL (20) Cu(I)-S 57.9 

(Bilal, et al., 

2022) 

Cu 2p3/2 a 934.5 2.1 GL (20) Cu(II)−O 33.5 

(Wang, Wang, 

Dong, Fu, & Xie, 

2019) 

Cu 2p3/2 a 936.0 1.3 GL (20) Cu(II)−sulfate. 8.8 

(Nakai, Sugitani, 

Nagashima, & 

Niwa, 1978) 

Cu 2p3/2 b 931.9 1.9 GL (20) Cu(I)-S 57.5 
(Bilal, et al., 

2022) 

Cu 2p3/2 b 933.5 3.6 GL (20) Cu(II)−O/Cu(OH)2 26.8 

(Wu, Feng, Li, 

Liao, & Wang, 

2019) 

Cu 2p3/2 b 935.9 1.7 GL (20) Cu(OH)2 6.1 

(Wu, Feng, Li, 

Liao, & Wang, 

2019) 

Cu 2p3/2 b 938.4 1.7 GL (20) Cu(II)−sulfate. 9.5 

(Wu, Feng, Li, 

Liao, & Wang, 

2019) 

       

O 1s a 531.9 2.5 GL (20) Hydroxyl oxygen (OH−) 73.9 
(Park, et al., 

2021) 

O 1s a 534.3 1.6 GL (20) (O)attached to water 6.5 
(Wagner C.D., 

1979) 

O 1s a 536.0 2.6 GL (20) (O)attached to water 19.6 
(Wagner C.D., 

1979) 

O 1s b 533.1 1.9 GL (20 Hydroxyl oxygen (OH−) 36.6 

(Biesinger, Lau, 

Gerson, & Smart, 

2010) 

O 1s b 534 1.6 GL (20) (O)attached to water 39.7 
(Biesinger, Lau, 

Gerson, & Smart, 
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2010)  

O 1s b 535.0 1.7 GL (20) (O)attached to water 20.1 

(Biesinger, Lau, 

Gerson, & Smart, 

2010)  

O 1s b 536.3 1.1 GL (20) (O)attached to water 3.5 

(Biesinger, Lau, 

Gerson, & Smart, 

2010)  

Keys: a—gold foil leached with HAsBS, b—gold foil leached without HAsBS. 

Using the data in Table 2, the presence of a layer composed of Cu2S, S, and 

FeOOH was confirmed on the gold surface in the presence of HAsBS by XPS analysis. 

The formation of passivation materials (Cu2S and S) was, however, also observed even 

without HAsBS, indicating that the major source of sulfur in the passivation materials 

comes from the decomposition of thiosulfate. Considering these results, the effects of the 

passivation layer were limited and may not cause low gold extraction in the presence of 

HAsBS ore as used in this study but could be caused by thiosulfate decomposition. 

3.3.4 Effect of HAsBS on Thiosulfate Consumption. 

In the previous section, the formation of a passivation layer on gold with 

HAsBS and its effects were discussed. Another possible mechanism for the low gold 

extraction is thiosulfate decomposition induced by sulfide minerals. Therefore, the 

stability of thiosulfate in the presence of HAsBS was evaluated using UV–Vis spectral 

analysis to confirm thiosulfate decomposition by HAsBS. The UV–Vis spectral analyses 

for 0.5 M NH4Cl/0.5 M NH3 buffer solutions containing 100 µM of sodium thiosulfate or 

sodium sulfate are shown in Figure 3.7. Thiosulfate gave a strong absorbance peak at 

214–216 nm, which is in line with previous reports (Chen, Xie, Wang, Fu, & Wang, 2022). 

The absorbance for sulfate ions was very low in the measured range (190–290 nm), and 

thus it can be assumed that absorbance at 215 nm (Abs215) corresponds to thiosulfate.  

 

0

0.5

1

1.5

2

2.5

190 210 230 250 270 290

A
b

so
rb

an
ce

Wavelength(nm)

Sulfate

Thiosulfate



61 

 

Figure 3.7. UV–Vis spectra of sulfate (SO4
2−) and thiosulfate (S2O3

2−). 

The stability of thiosulfate in 0.5 M NH4Cl/0.5 M NH3 buffer solutions 

containing 100 µM of sodium thiosulfate was assessed with and without HAsBS (Figure 

3.8). The effects of HAsBS addition with time on the absorbance at 215 nm (Abs215), 

corresponding to thiosulfate, were measured (Figure 3.9). The vertical axis of Figure 3.9 

shows Abs215 at t min normalized with initial, at t = 0 min, Abs215(0), given by the ratio 

Abs215(t)/Abs215(0). Without HAsBS, the normalized absorbance slightly decreased with 

time, indicating that thiosulfate tends to self-decompose (Xu, et al., 2017). Even with the 

self-decomposition, the normalized absorbance remained over 0.60 after 80 min, 

suggesting that about 65% of thiosulfate remains in the experiments. The decreasing rate 

of the normalized absorbance was strongly affected by the addition of HAsBS. With 

HAsBS, the normalized absorbance rapidly decreased to 0.20 at 20 min, and it reached 

0.05 at 80 min. This suggests that thiosulfate decomposition was accelerated by HAsBS. 

Xu et al. (2017) reported that thiosulfate decomposition is mainly due to the oxidation on 

semiconductor sulfide minerals (Figure 3.10); thiosulfate ions are oxidized on the anodic 

sites of the mineral surface and electrons are transferred through the semiconductor 

minerals to a cathodic site where the reduction of oxidizing agents such as oxygen and 

Cu(NH3)4
2+ occurs. In a study by Chen et al. (2008), it was established that pyrite, 

pyrrhotite, and arsenopyrite can result in thiosulfate decomposition. Based on the 

mineralogical analysis conducted in this study, HAsBS contains arsenopyrite, pyrite, and 

pyrrhotite (Figure 3.11). From this, it can be assumed that the rapid decomposition of 

thiosulfate with HAsBS is mainly due to the sulfide minerals in the ore. This allowed us 

to hypothesize that thiosulfate decomposition in the presence of HAsBS may be the 

dominant mechanism for the suppression of gold extraction. Based on this assumption, a 

method to enhance the extraction of gold associated with HAsBS is proposed in the next 

chapter. 
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Figure 3.8. UV−Vis spectra of thiosulfate (a) in the absence of HAsBS ore, (b) in the 

presence of HAsBS ore. 

 

Figure 3.9. UV−Vis spectra thiosulfate decay of the (Abs215) absorbance for thiosulfate 

with and without HAsBS. 

 

Figure 3.10. Schematic diagram of the decomposition of thiosulfate on the surface of 
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sulfide minerals (Xu, et al., 2017). 

3.4 Summary 

The following is the summary of the finding obtained in the study conducted 

in this Chapter: 

✓  The mechanism for gold extraction proposed in the previous studies was 

confirmed to be passivation of the gold particles and thiosulfate decomposition. 

✓ Thiosulfate was decomposed with sulfide minerals because sulfides are 

semiconductors and provide anode and cathode sites for oxidizing thiosulfate with 

cupric ions. Thiosulfate is decomposed to sulfate, the most stable sulfide species 

under the experimental conditions used. 

✓ In arsenic-bearing gold refractory ores passivation is not entirely the main cause 

of gold extraction suppression as suggested by previous authors, but rather, the 

decomposition of thiosulfate in the presence of sulfide minerals is the primary 

cause of the suppression of gold extraction, as indicated by UV-Vis and XPS 

results presented in this study. 

✓ XPS analysis confirmed the presence of a layer comprising of Cu2S, S, and 

FeOOH on the gold surface in the presence of HAsBS and in the absence of 

HAsBS elemental sulfur, Cu2S/Cu2O were identified. 

✓ To improve the gold extraction in the presence of sulfide minerals, oxidizing the  

of the surface of sulfides minerals can minimize thiosulfate decomposition. 
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CHAPTER 4: APPLICABILITY OF CUPRIC AMMINE PRETREATMENT TO 

IMPROVE GOLD EXTRACTION IN THE PRESENCE OF ARSENOPYRITE. 

4.1. Introduction 

As discussed in the previous chapter, the primary cause of low gold extraction 

in the ammonium thiosulfate leaching in the presence of mineral sulfides like pyrite and 

arsenopyrite is the decomposition of thiosulfate on the mineral surface. To enhance the 

gold extraction in the ammoniacal thiosulfate leaching system, roasting has been the 

predominant technique used to oxidize refractory sulfide gold ores before leaching (Nie, 

et al., 2021). By roasting, dense sulfide minerals are oxidized and converted to porous 

oxides, which increases the contact between gold and the lixiviant, and minimizes 

thiosulfate decomposition, resulting in enhanced gold extraction. However, in the case of 

high arsenic bearing sulfide (HAsBS), roasting generates toxic gases containing sulfur 

oxide gases (SOx) and arsenic oxides (As2O3 or As2O5) making it an unsuitable technique 

for treating HAsBS (Bowell, Alpers, Jamieson, Nordstrom, & Majzlan, 2014) (Yang, Shi, 

Zhang, Sasaki, & Endo, 2023). These toxic emissions can lead to leaks of arsenic and 

potential incidents of exposure, highlighting the unsuitability of roasting for HAsBS ores 

(Duan, Li, Jiang, Lei, & Dong, 2017) (Schlesinger, Klein, & Vengosh, 2022).  

To prevent toxic arsenic-containing gases, arsenic-bearing sulfide minerals in 

refractory gold ores can be pre-oxidized in low-temperature processes to minimize 

thiosulfate decomposition in the same manner as high-temperature roasting. Pre-

oxidation/pretreatment of sulfide minerals using ammonium solutions containing cupric 

ions can be considered as a pretreatment process for refractory gold ores at ambient 

temperature and pressure conditions. Thus, ammonium thiosulfate leaching will be 

carried out in a two-step process for gold: (1) the pre-oxidation of HAsBS using an 

ammonia solution containing cupric ions, and (2) ammonium thiosulfate leaching of the 

pretreated ore to extract gold.  

In the first step (1), sulfide minerals are oxidized by cupric ions (or cupric 

amine complexes), and associated metal species such as copper in the sulfide minerals 

are extracted into aqueous phase by forming soluble complexes with ammonium, while 

iron, the dominant metal in the sulfide minerals, is precipitated as metal oxyhydroxides 

on the surface of sulfide grain. This may minimize thiosulfate decomposition due to 

sulfide minerals in the subsequent gold extraction process using ammonium thiosulfate. 

 In this chapter, demonstration experiments using a model ore composed of 

gold powder and ground HAsBS were conducted to evaluate the effect of the pre-

oxidation on gold extraction. 
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4.2 Materials and Methods 

4.2.1 Materials  

In these experiments, the HAsBS sample was supplied by Kitabita Mine, 

Yamaguchi Prefecture, Japan. The chemical composition of the sample was characterized 

in Chapter 3. Leaching experiments were conducted using gold powder (99.99%), sodium 

thiosulfate pentahydrate (Na2S2O3·5H2O), ammonium chloride ((NH4Cl), ammonia water 

(NH4(OH), 31%), and cupric chloride (CuCl2), which were all obtained from Wako Pure 

Chemical Industries, Ltd., Japan. To characterize the surface of gold during leaching, a 

gold foil (thickness 0.127 mm and 99.99% purity) obtained from Sigma-Aldrich, 

Corporation, St. Louis, MO, USA, was used. 

4.2.2. Pre-oxidation of HAsBS and Its Effect on Gold Leaching procedure 

Pre-oxidation experiments were carried out by mixing 10 mg gold powder, 1 

g HAsBS, and 10 mL of solution containing 0.5 M NH3, 0.5 M NH4Cl, and 10 mM CuCl2 

in a 50 mL Erlenmeyer flask and shaking in a thermostat water bath shaker at 25 °C 

(amplitude 40 mm; shaking speed 120 min−1) for 24 h. After 24 h, shaking was stopped 

for decantation and 5 mL of supernatant was taken for analysis. Subsequent gold leaching 

was carried out by adding 5 mL of 2 M Na2S2O3 solution containing 0.5 M NH3, 0.5 M 

NH4Cl, and 10 mM CuCl2 to the flask and shaking the flask for another 24 h. After gold 

leaching, solutions and solid residues were collected by filtration, and analyzed by ICP-

AES and SEM–EDX, respectively. Control experiments (gold leaching experiments 

without pre-oxidation) were carried out by shaking 10 mg gold powder, 1 g HAsBS, and 

10 mL of solution containing 1 M Na2S2O3, 0.5 M NH3, 0.5 M NH4Cl, and 10 mM CuCl2 

in 50 mL Erlenmeyer flask at 25˚C for 24 h. The effect of pretreatment temperature and 

leaching conducted were conducted in 500 ml glass reactor by adding 100 mg of gold 

powder with 100 ml of cupric ammine solution at a temperature range:(30 ˚C, 35 ˚C, 40 

˚C, 50 ˚C), maintained by using a Thermo Fisher PID controlled heating mantle.    

To evaluate the effect of pretreatment on thiosulfate decomposition, leaching 

experiments were carried out by mixing 4 g of HAsBS and pyrite (i.e., pretreated, and 

untreated) with 40 mL of thiosulfate solution (1 M Na2S2O3, 0.5 M NH3, 0.5 M NH4Cl) 

with and without 10 mM CuCl2 in a 50 mL Erlenmeyer flask using magnetic stirring. A 2 

mL suspension was collected at regular time intervals (20 min) and the filtrate was 

analyzed by UV–Vis. In addition, the concentration of thiosulfate in the pregnant leaching 

solution determined by ion chromatography with a Dionex Integration RFIC System 

(Thermo Fisher K.K, Tokyo Japan). 
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4.3 Results and Discussion 

4.3.1 Pretreatment of HAsBS using ammonia solution containing cupric ions. 

A pre-oxidation experiment using ammonia solution containing cupric ions were 

conducted for the model samples composed of gold powder and HAsBS. From Equations 

(6) and (7) in chapter 3, it is expected that iron and arsenic species are precipitated during 

the oxidation of HAsBS. As shown in Figure 4.1, after 24 h of pretreatment in an 

ammonium solution containing cupric ions, about 25% of the sulfur were dissolved, but 

almost no iron and arsenic species were detected in the solution as expected. This suggests 

the precipitation of iron and arsenic species. Because the solution used in the pre-

oxidation did not contain thiosulfate, gold extraction in the pre-oxidation step was small 

(about 1%).  

 

Figure 4.1. Effects of cupric ammine oxidation on the leaching of HAsBS ore. 

 

The SEM–EDX analysis to evaluate the insulating layer formation on HAsBS 

after pretreatment for 24 h is shown in Figure 4.2. The morphology of the HAsBS before 

and after pre-oxidation shows that the HAsBS surface changed from smooth to “pitted”, 

and it was also confirmed that precipitates were attached to the HAsBS surface after pre-

oxidation. From EDX mapping for the residue, Fe, As, S, and O were evenly distributed 

on the mineral grain. The intensity of oxygen in the EDX spectrum (Figure 4.3) was 

higher in the residues as compared to the HAsBS particles before leaching. The stronger 

oxygen peak for the residue may be attributed to the formation of FeAsO4 adsorbed on 

the ferric oxyhydroxides precipitated from the oxidation of HAsBS (Equation (8) in 

chapter 3). Weak copper signals were also detected on the HAsBS leach residues, which 

might indicate the formation of Cu(I)-sulfide precipitates on the mineral surface as shown 

in Figure 4.2(b-5). 
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Figure 4.2. SEM–EDX photomicrographs of (a) HAsBS before treatment and the 

subsequent elemental maps, (a-1) Fe, (a-2) As, (a-3) S, (a-4) O; (b) pre-oxidized HAsBS; 

(b-1) Fe, (b-2) As, (b-3) S, (b-4) O and (b-5) Cu. 

 

Figure 4.3. EDX-energy elemental spectra of (a) untreated HAsBS, and (b) pre-oxidized 

HAsBS. 

Figure 4.4 shows the XPS results for the residue from pre-oxidation. In the Fe 

2p3/2 spectrum, Figure 4.4a shows two peaks at 708.2 eV and 711.4 eV, and both were 

assigned to Fe(III)−O [55]. In the deconvoluted results of the As 3d5/2 spectrum, (Figure 

4.4b), two peaks were detected at 45.6 eV and 47.3 eV, corresponding to As(III)−O and 

As(V)−O, respectively. In the O 1s spectrum, Figure 4.4 d, on the treated HAsBS, a peak 

at 532.3 eV, which corresponds to the hydroxyl oxygen (OH−), was detected. These results 

are consistent with the hypothesis that ferric arsenate (FeAsO4) and ferric oxyhydroxide 

(FeOOH) are present as oxidation products of arsenopyrite and pyrite. 

In the deconvoluted S 2p spectrum, Figure 4.4e, strong peaks at 162.5 eV and 

164.1 eV were dominant and assigned to disulfide (S2
2−) attached to Cu(I) species [38], 

S2− attached to Cu(II) species [56], and elemental sulfur (S) [57], respectively. At higher 
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energy levels, satellite peaks for sulfur were observed at 166.5 eV, 168.6 eV, and 169.8 

eV, which are due to sulfate species. 

The XPS analysis also confirmed that strong Cu signals appeared after pre-

oxidation. In the Cu 2p3/2 spectrum for the residue after pre-oxidation (Figure 4.4c), a 

dominant peak was observed at 932.3 eV and this was assigned to Cu(I), which could 

have originated from Cu2S or Cu(S2O3)3
5− [58]. This may suggest that during the pre-

oxidation, copper ions in the solution phase reacted with sulfide minerals in HAsBS ore 

and formed copper sulfides on the surface. A peak at 934.7 eV corresponded to Cu(II)-

oxide species. In addition, the Cu 2p3/2 spectrum had satellite peaks at higher energy 

levels; that is, 936.0 eV, 937.0 eV, and 938.6 eV, which were assigned to Cu(II)-sulfate 

species.  

The results of surface analyses (SEM–EDX and XPS) confirm that the HAsBS 

surface is covered by passivating materials such as FeAsO4 and FeOOH after the pre-

oxidation step.  
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Figure 4.4. XPS results: (a) Fe 2p, (b) As 3d, (c) O 1s, (d) Cu 2p, (e) S 2p spectra. 

4.3.2. Effect of Pre-oxidation of HAsBS on Thiosulfate Decomposition 

The effects of pre-oxidation were assessed in the previous section (Section 4.3.1), 

and it was found that a passivating layer, which comprised of oxidation products, formed 

on the surface of HAsBS. In this section, the effect of the pretreatment (pre-oxidation) of 

HAsBS on thiosulfate decomposition was evaluated using UV–Vis analysis (Figure 4.5). 

From the UV–Vis spectra of the thiosulfate solution, which had reacted with untreated 

HAsBS, the adsorption at 215 nm (Abs215) decreased drastically with time, while the rate 

of decrease became slower when the thiosulfate solution was reacted with pretreated 

HAsBS. The decay of absorbance with pretreated HAsBS was almost the same as that 

without HAsBS. These results confirmed that pre-oxidation of HAsBS, forming a 

passivating layer on its surface, was effective to minimize the decomposition of 

thiosulfate.  
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Figure 4.5. UV–Vis spectra for thiosulfate in the presence of (a) untreated HAsBS, (b) 

with pre-oxidized (pret) HAsBS, and (c) decay of Abs215 value with time. 

 

4.3.3. Effect of Pre-oxidation of HAsBS on Gold Extraction 

Figure 4.6 shows the effects of the pre-oxidation of HAsBS on the subsequent 

gold leaching using ammonium thiosulfate solutions, and the results show that gold 

extraction was significantly improved after pre-oxidation for 24 h; that is, gold extraction 

was 10% without pre-oxidation, while it increased to 79% when pre-oxidation was 

applied. The ICP-AES results indicate that passivation of the HAsBS surface was enough 

to suppress thiosulfate decomposition in the subsequent gold leaching step. When the 

surface of the HAsBS is oxidized, the oxidation products cover the surface of the sulfides 

and prevent the transfer of electrons from the thiosulfate ions to the cupric ammine 

complex as shown in Figure 10, thus minimizing thiosulfate decomposition.  
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Figure 4.6. The effect of pre-oxidation of HAsBS on gold extraction. 

 

4.3.4 The effect of pretreatment temperature on gold extraction. 

 The effect of temperature was investigated into two parts (1) the pretreatment 

temperature was the same as the subsequent leaching temperature, (2) pretreatment 

temperature was varied but the leaching temperature was kept constant at 30 ˚C. As show 

in Figure 4.7 below, it is expected that the gold extraction should increase as the 

temperature is increased but the gold extraction decreases after 30˚C. The reason that can 

explain the low gold extraction at high temperatures: high temperature increases cause an 

increase in the redox potential in the system, making the leaching solution to be highly 

oxidative and in turn result in high thiosulfate decomposition (Seisko, Aromaa, & 

Lundström, 2020). Figure 4.8 illustrates the morphological changes of pretreated high 

arsenic bearing sulfide particles which show a cracky surface covered with oxidation 

products. 
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Figure 4.7: Effect of pretreating and leaching temperature on gold extraction 

 

     

 

(a) (a-1) (a-2) (a-3) (a-4)  

      

(b) (b-1) (b-2) (b-3) (b-4) (b-5) 

Figure 4.8:  Effects of pretreatment at elevated temperatures on the morphology of 

sulfide mineral particles (a) before leaching, (b) after pretreatment and ammonium 

thiosulfate leaching. 

 

4.4 Summary 

The effects of HAsBS on gold extraction in ammonium thiosulfate were 

investigated by leaching experiments using a model ore composed of gold powder and 

ground HAsBS. The results showed that during ammonium thiosulfate leaching of the 

gold/HAsBS mixture, HAsBS having semiconductor properties facilitated the oxidation 

of the thiosulfate by the cupric ammine complex, resulting in the decomposition of 

thiosulfate, which is needed for gold extraction. As a result, gold extraction was 

suppressed in the presence of HAsBS. The thiosulfate decomposition can be minimized 

by applying a pre-oxidation treatment of HAsBS in cupric ammonium solutions, which 

results in passivation of the mineral surface with oxidation products. When the pre-

oxidation was applied before ammonium thiosulfate leaching, gold extraction was 

improved from 10% to 79% for HAsBS. The thiosulfate consumption significantly 

reduced from 60 % before treatment to 23 % after pretreatment for HAsBS, respectively.  

Increasing in the pretreatment and leaching temperature resulted in the reduction 

in gold extraction at temperatures above 30˚C due to the instability thiosulfate 

decomposition. Therefore, to maintain high gold extraction after pretreatment at high 

temperatures, an optimum temperature of 30˚C was maintained for all the ammonium 

thiosulfate leaching experiments. It is further noted that this approach minimizes reagent 

consumption as the copper (II) ions used in the pretreatment stage can be reused in the 
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subsequent thiosulfate leaching. 
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CHAPTER 5: APPLICABILITY OF CUPRIC AMMINE PRETREATMENT ON 

GOLD EXTRACTION OF MINE SAMPLES FROM ZIMBABWE. 

5.1 Introduction 

 Refractory gold ores are gradually becoming the main primary gold 

deposit for gold production around the world (Bermeo, Penaloza, & Chavez, 2019) 

(Huang & Yang, 2021). However, extraction of gold from theses ores is very complex due 

to gold being encapsulated in sulfide matrix, co-existence of sulfide minerals containing 

arsenic, heavy metals and organic carbon which have negative impacts on gold extraction 

as discussed in the previous chapters. To extract gold from primary resources, 

pretreatment is conducted to improve the gold extraction from the refractory gold ores 

(Amankwah & Ofori-Sarpong, 2020) (Celep O. , Yazici, Altinkaya, & Deveci, 2019b) 

(Chen, Xie, Wang, Fu, & Wang, 2022). In the case of arsenic-bearing sulfide minerals, 

this study has proposed a novel method of using cupric amine pretreatment before 

thiosulfate leaching. 

 In chapter 4, model experiments have demonstrated the effectiveness of the 

pretreatment in extracting gold in the presence of high arsenic bearing sulfide (HAsBs). 

To implement cupric ammine technique at industrial-scale, the pretreatment method must 

be assessed using “naturally occurring”, run-off-mine samples.  This chapter will focus 

on testing the effectiveness of the cupric ammine pretreatment to improve gold extraction 

with ammonium thiosulfate leaching and evaluate the stability of the leach residues to 

minimize arsenic pollution when the tailings are disposed. 

5.2. Materials and Methods  

5.2.1. Materials 

 In the leaching experiments conducted, the run of mine (ROM) samples obtained 

from a mine in Kadoma, Zimbabwe were used. The chemical composition and 

mineralogical composition of the samples are shown in Table 5.1 and Figure 5.1 

respectively. Leaching experiments were carried out using sodium thiosulfate 

pentahydrate (Na2S2O3·5H2O), ammonium chloride ((NH4Cl), ammonia water 

(NH4(OH), 31%), and cupric chloride (CuCl2), which were all obtained from Wako Pure 

Chemical Industries, Ltd., Japan.  

Table. 5 1. Chemical composition of sulfide zone ore sample. 

Elements Al Si S Fe Cu Zn As Sb Au Pb 

wt.% 15.67 33.70 12.43 5.43 0.02 0.03 0.61 32.10 0.001 0.01 
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Figure 5.1. XRD of the runoff mine ore samples from Kadoma, Zimbabwe. 

5.2.2. Leaching experiments procedures. 

  

Pre-oxidation experiments were conducted by combining 10 g of gold 

powder with a 100 mL solution comprising 0.5 M NH3, 0.5 M NH4Cl, and 10 mM CuCl2. 

The mixture was subjected to pre-oxidation process in a 500 mL glass reactor, with 100 

ml of cupric ammine solution at 30 ˚C using a Thermo Fisher PID controlled heating 

mantle, maintaining an agitation speed of 400 rpm for 24 hours. After this period, 

agitation ceased for decantation, and 50 mL of the supernatant was extracted for 

subsequent analysis. 

Gold leaching followed, with the introduction of 50 mL of 2 M Na2S2O3 

solution containing 0.5 M NH3, 0.5 M NH4Cl, and 10 mM CuCl2 to the flask, followed 

by shaking for an additional 24 hours. Post-gold leaching, both solutions and solid 

residues were obtained through filtration and subjected to analysis using ICP-AES and 

SEM–EDX, respectively. Thiosulfate consumption was determined through ion 

chromatography using a Dionex Integration RFIC System (Thermo Fisher K.K, Tokyo, 

Japan). 

5.3. Results and Discussion  

5.3.1. Effects of pretreatment of ROM samples using cupric ammine solutions. 

In Chapter 4, pretreatment of model sample (mixture of gold powder and 

FeAsS) revealed oxidation of the arsenopyrite as indicated by the sulfur dissolution: 25 % 

sulfur was dissolved, was sufficient to enhance gold extraction. In this chapter, the ROM 

samples were oxidized using the same parameters applied on the model samples. After 

24hr of pre-oxidation of the ROM, about 36 % of sulfur was oxidized as shown in Figure 
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5.3.1. About 0.4 % As, 0% Fe were recorded in solution which indicates that the Fe and 

As species would have precipitated on the surface of the ROM ore sample. These results 

were consistent with the results obtained using the model samples. Due to the high 

antimony content in the samples used (32 %), about 4% was extracted into the solution. 

There was no gold detected in solution during the pre-oxidation stage, as compared to the 

model sample where about 1 % was extracted, this id due to the low gold concentration 

in the samples used.  

 

Figure 5.3.1: Effect of pretreatment on the ROM sample 

To further evaluate the effectiveness of the pre-oxidation step of the ROM 

sample sulfur dissolution was assessed a function of particle size and temperature in 

Figure 5.3.2 (a) and (b). In most chemical reactions, particle size is an important 

parameter because as the particle size decreases, the larger the surface area (Barriga, 

2022). In the pretreatment of the ROM, reduction of the particle size not only improves 

the efficiency of sulfides oxidation but physically liberates gold particles from the gangue 

minerals (Celep O. , Yazici, Kuzu, & Deveci, 2019). In Figure 5.3.2 (a) the S extraction 

was maximum at particles below 38 µm, yielding an extraction of 33 % sulfur dissolution. 

Consequently, the decline in the S concentration in the larger size fractions can be 

attributed to the reduction in the surface area and sulfur content.  

In most industrial operations, the major cost for the operation is due to the 

energy consumption in the grinding operation, hence as an optimal grind to implement 

for the treatment of the ROM ore sample, if the 80 % of the product size after grinding is 

less than the 75 µm, maximum oxidation of the sulfides can be attained using cupric 

ammine pretreatment. 

The other parameter that was used to assess the effectiveness of the 

pretreatment process of the ROM was temperature. As shown, in Figure 5.3.2(b), high 

0

5

10

15

20

25

30

35

40

As Au Fe S Sb

E
x

tr
ac

ti
o
n
 (

%
)

Element



81 

 

temperature favors the oxidation of the sulfide minerals contained in the ROM sample. A 

maximum of 77 % of the sulfur was oxidized at a pretreatment temperature of 50 ºC. 

There are reports that have confirmed that, increasing the temperature in cupric ammonia 

systems increasing the leaching efficiency to a certain extent, about 55 ºC (Rath, 

Hiroyoshi, Tsunekawa, & Hirajima, 2003). Beyond this point the ammonia in the system 

will start to evaporate, in this study we did not show the extend of sulfur dissolution of 

the sulfide minerals beyond 50 ºC. Based on the results in Figure 5.3.2(b), pretreatment 

temperature of 50 ºC was adopted as the best temperature to effectively oxidize the sulfide 

mineral in the ROM sample. 

 

 

(a) S dissolution as a function of particle 

size (µm) 

(b) S dissolution as a function of 

temperature 

Figure 5.3.2: The effects of grinding and temperature on the oxidation of ROM samples 

 

 

5.3.2. Effects of pretreatment on the thiosulfate consumption. 

In the preceding section (5.3.1), it was observed that the oxidation of sulfide 

minerals was promoted by a combination of small particle size and high temperature, 

resulting in a 77% sulfur extraction when the ROM sample underwent cupric ammine 

pretreatment. This section assesses the impact of the pretreatment on thiosulfate 

consumption, determined by quantifying the remaining thiosulfate ions in solution using 

an ion chromatography machine, the Dionex Integration RFIC System (Thermo Fisher 

K.K, Tokyo, Japan). Figure 5.3.3 illustrates the influence of pretreatment on thiosulfate 
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consumption. 

Thiosulfate consumption during the leaching of gold ore without pretreatment 

was observed to be 65%, whereas after pretreatment, it reduced to 25%, as depicted in 

Figure 5.3.3. This indicates the effectiveness of the pretreatment method in minimizing 

thiosulfate consumption by oxidizing the surface of sulfide minerals. In the model 

experiments outlined, in chapter 4, the enhanced stability of thiosulfate post-pretreatment 

is anticipated to improve gold extraction. This improvement comes from the increased 

availability of free thiosulfate ions in the solution for gold extraction. This implies that 

effective liberation of gold from gangue minerals, particularly sulfide minerals, can 

enhance gold extraction.  

 

Figure 5.3.3: The effects of pretreatment on thiosulfate consumption 

 

5.3.3. Effects of pretreatment on gold extraction. 

 In the previous section (5.3.4), cupric ammine pretreatment was 

effective in the reduction in the thiosulfate consumption from 66% to about 25 %, 

indicating the availability of more thiosulfate ions in solution for gold extraction. In this 

section, the effect of pretreatment on gold extraction will be discussed. Based on the 

model experiments conducted in Chapter 4, when the model samples (mixture of gold 

powder and arsenopyrite) underwent pretreatment and subsequently ammonium 

thiosulfate leaching at 30 ºC, gold extraction improved from 10 % without pretreatment 

to about 83 %. Figure 5.3.4 shows the effect of the pretreatment and subsequent 

ammonium thiosulfate leaching at 30 ºC had on the gold extraction.  

When the ROM samples were leached in ammonium thiosulfate without 

pretreatment, gold extraction was very low (about 3 %). Pretreatment improved the gold 
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extraction, but gold extraction was still limited to about 9%, and this value is far from 

expectation (in Figures 5.3.4(a)). There are numerous reasons that can cause this low gold 

extraction even after (1) gold might still be encapsulated in the sulfide matrix or silica, 

due to the presence of high silicate minerals as shown in the XRD analysis((Figure 5.1)) : 

unlike in the model experiments where free gold was introduced into the system, the gold 

in the sample is naturally occurring and would be more complex to access: (Xu, et al., 

2017) ,(2) the passivation of the gold grains (Yang, et al., 2015). 

To evaluate the assumption that gold might not be fully liberated in the ore 

matrix, causing low gold extraction, leaching of ground ROM sample was conducted at 

different size fractions (x > 38 µm, 38 < x < 75 µm; 75 µm < x < 100 µm, and 100 µm 

< x < 150 µm, where x represents particle size). The ROM samples were pre-oxidized in 

an ammonia solution containing CuCl2 for and subsequently leached in ammonium 

thiosulfate solution at 30ºC for 24 hours respectively. Gold is more contained in smaller 

size fractions, with a concentration mainly below 38 µm with about 0.01 %wt. gold 

content. This suggests that grinding effectively liberates encapsulated gold from the 

sulfide matrix. Consequently, gold extraction is observed to significantly increase with a 

decrease in particle size, as smaller gold particles are liberated and can interact more 

effectively with the leaching agent. When pretreatment was conducted at different size 

fractions, gold extraction improved from 3 % to 45% achieved when particles less than 

38m were leached. This might be due to the increase in the concentration of the gold 

making the lixiviant to effectively interact with the gold.  This confirms that fine 

grinding is required to liberate for two reasons (1) maximum oxidation of the sulfide 

minerals and (2) liberation of the gold particles. 
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(a) Gold content changes with particle 

size 

(b) Gold extraction with particles size 

Figure 5.3.4: Effect of grinding on gold extraction 

Although the gold extraction improved when grinding was applied, there are 

some factors that can contribute to low gold extraction such as slow leaching kinetics 

(Mohammadi & Pourabdoli, 2019). Hence, the ground ore with a P80 of 18 µm was 

leached at different temperatures to check the effectiveness of the pretreatment and 

ammonium thiosulfate leaching respectively. From Figure 5.3.4, there was an 

improvement of gold extraction from 4.5 % to about 49 % gold extraction achieved after 

pretreatment at 50ºC and ammonium thiosulfate at 30 ºC. For the ROM samples without 

pretreatment gold extraction decreased as temperature increased, this was due to the 

instability of ammonium thiosulfate. As temperature increases, the leaching solution 

becomes more oxidative and accelerates thiosulfate decomposition.   

The enhancement of gold with cupric ammine pretreatment is very significant 

but the gold extraction is still less that that expected at industrial level, that is 80 % gold 

extraction. The reason for this might be attributed to passivation of the gold particles, 

unlike in model experiments were gold in the form of gold powder was liberated with 

relatively larger particles size (visible gold); the gold in the naturally occurring ores will 

be submicroscopic and passivation becomes more pronounced at those smaller size 

fractions. 

0.000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.010

G
o

ld
 c

o
n

te
n

t 
(w

.t
 %

)

Particle size (µm)

0
10
20
30
40
50
60
70
80
90

100

G
o
ld

 e
x

tr
ac

ti
o
n
 (

%
)

Particle size (µm)

w/pret
w/o pret



85 

 

 

Figure 5.3.5: Effect of temperature on gold extraction 

  

Based on the results obtained when the ROM sample was subjected to 

leaching at different grind size and temperature respectively. For effective gold extraction 

using the cupric ammine pretreatment followed by ammonium thiosulfate leaching, the 

best conditions under which gold extraction can be enhance are pretreatment temperature 

of 50 ºC, ammonium thiosulfate leaching at 30 ºC, targeting a grind size of P80 passing 

75 µm. It was also proven that cupric ammine pretreatment effectively oxidizes the sulfide 

minerals. The ROM sample used in this study has significant amounts of As and Sb which 

are highly toxic elements. When the leach residues are disposed into the tailings dam, 

these metals must be kept stable to protect the environment. Therefore, the next section 

(section 5.3.4) focuses on evaluating the effects of pretreatment on the stability of the 

leach residues. 

 

5.3.4. Effects of pretreatment on the stability of leach residues 

 After any mineral extraction process, the unwanted material (tailings) is always 

disposed in a certain place on the mining site but if the waste material is not stable, there 

will be formation of acid mine drainage (Park, et al., 2021), contamination of ground 

water and nearby water bodies by the heavy metals contained in the waste material.  

In this study, the mine residue samples (residues from the ammonium 

thiosulfate leaching without pretreatment and residues from the pretreated ROM samples) 

were leached in deionized water. 1 g of the pretreated residue and untreated residue, 

respectively, mixed with 10 ml of deionized water, shaken in a thermostat water bath 

shaker at 25 °C for 24 h with a constant shaking amplitude and frequency of 40 mm and 
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120 min−1. During the water leaching process, samples were collected at certain time 

intervals, filtered and the filtrate was analyzed for dissolved metals using ICP-AES. The 

results of analysis of the filtrates are shown in Figure 5.3.6 below.  About 0.2 mg/L 

arsenic and 0.5 mg/L antimony were dissolved from the pretreated leach residue after 24 

hr whilst for the untreated leach residues 12.5 mg/L and 15.3 mg/L were recorded. This 

indicates that the pretreated leach residues are very stable because they are covered by a 

layer of oxidation products. According to World Health Organization, the concentration 

of arsenic in drinkable water As: 0.01 mg/L but industrial waste effluents 0.2 mg/L is still 

acceptable for industrial effluents (Soda & Nguyen, 2023).  In the case of Sb the 

maximum the allowed in the drinkable water is 0.01 mg/l and for soils should be in the 

range of 0.3mg/L to 8.6 mg/L. Based on the results obtained for the pretreated leach 

samples, the concentrations of As, and Sb are within the acceptable levels. However, there 

is need to evaluate the stability of the residues over a prolonged period like month to 

assess the longevity of the oxide layer formed after cupric ammine pretreatment. 

  

(a) (b) 

  

 

Figure 5.3.6: The effect of pretreatment on the stability of leach residues (a) As, (b) Sb 

concentration. 

 

5.4. Summary  

 This chapter focused on testing the effectiveness of the proposed pretreatment 

process to real mine ore samples. The following is a summary the finding obtained in this 
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✓ Pretreatment at 50 ºC and ammonium thiosulfate leaching at 30 ºC reduced the 

thiosulfate consumption in the subsequent ammonium thiosulfate leaching from 65 % 

to 25 % before and after pretreatment respectively. This made the gold extraction 

improve from 3% to 45%. 

✓ Pretreatment is effective in the production of more stable leach residues. The ICP-

AES results of the pretreated residues show that about 0.2 mg/L of As was only 

dissolved after agitation in deionized water for 24 hr. This means that the 

pretreatment not only enhances the gold extraction but also stabilizes the leach 

residues. 
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CHAPTER 6: GENERAL CONCLUSION 
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 Refractory gold ores are going to be the main primary gold ore deposit and extraction of 

gold from arsenic-bearing gold ores a novel and environmentally friendly way was demonstrated in 

this study. Here are the summaries of the study: 

 Chapter 1 described the statement of the problem, background of fine particle problems in 

flotation and objectives of this study. 

 Chapter 2 reviewed techniques available in extracting gold from refractory ores which 

contain arsenic including ultrafine grinding, bio-oxidation, chemical oxidation, use of ultrasound 

enhanced chemical oxidation and ozone pretreatment are detailed and discussed. 

 Chapter 3 investigated the mechanism for suppression of thiosulfate gold leaching in the 

presence of a high arsenic bearing sulfide model sample. Previous studies have established that the 

most dominant mechanism is passivation of the gold grains by the oxidation products of arsenopyrite 

and thiosulfate decomposition. This study confirmed the existence of oxidation products on gold 

grains in the presence of sulfide minerals where gold extraction was above 99.99% and in the presence 

of a sulfide mineral where gold extraction was about 10 %.  Based on these results it was concluded 

that passivation is not necessarily the dominant mechanism of suppression of gold extraction but 

thiosulfate decomposition by sulfide minerals was the most dominant mechanism for gold suppression 

as confirmed by Uv-Vis results. Therefore, for improvement of gold extraction, minimization of 

thiosulfate decomposition was proposed as the best solution to improve gold extraction. 

 In Chapter 4, a novel pretreatment technique was prosed in which high arsenic bearing 

sulfide mineral and gold powder mixture was pretreated in an ammonia solution containing cupric 

(Cu2+) ion before ammonium thiosulfate leaching was proposed. The results from the pretreatment in 

100mM Cu2+ followed by ammonium thiosulfate leaching improved gold extraction from 10% to 79 %. 

This was due to the stability of thiosulfate ions because of the oxidation of the surface of sulfide 

minerals. XPS analysis of the pretreated sulfide minerals showed that a mixture iron oxyhydroxide 

(FeOOH) precipitates and ferric arsenate (FeAsO4) precipitated covered the surface of the sulfide 

mineral. Increasing the pretreatment and leaching temperature increased the gold extraction to over 

80 % at 30 ºC but beyond that, the gold extraction decreased to the instability of the thiosulfate. 

Therefor the optimum leaching and pretreatment temperature was taken to be 30 ºC. 

 In Chapter 5, the effectiveness of pretreatment using ammonia solution containing Cu(II) 

was assessed on refractory runoff mine gold  samples ions was conducted.  Direct leaching of the 

mine samples using ammonium thiosulfate at 30 ºC resulted in gold extraction of less than 5 % percent 

and improved to about 48 % after pretreatment at 50 ºC. The gold extraction improved but it is still 

below the expected at commercial scale; 80 %. In addition, agitation of the leach residues with 

deionized water for 24hr showed that about 0.2 mg/L of As and 0.01 mg/L Fe were only dissolved 

indicating that the cupric ammine pretreatment results in more stable leach residues. 

 Finally, chapter 6 gives the general conclusions of this study. 
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