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ABSTRACT 

In conventional gold ore processing, two critical problems need to 

be addressed: one is the use of toxic chemicals during the 

extraction process, and the other is the depletion of gold ore 

reserves that can be quickly processed. Thus, the development of 

eco-friendly alternatives to extract gold from refractory ores is 

needed. Many studies have been conducted to find alternative 

solvents, such as thiourea, thiocyanate, halogen-based and 

thiosulfate. Among the alternatives, ammonium thiosulfate has 

been highlighted because it has been shown to have higher 

selectivity and leaching rate to gold, and most importantly, it is less 

corrosive and non-toxic to humans. While methods to recover gold 

from the leachate have yet to be established, this causes 

limitations to commercial operations.  

A recent study reported that gold recovery could be achieved by 

cementing the gold ions via galvanic interactions between 

activated carbon (electron mediator) and zero-valent aluminum 

(electron donor) in the gold-copper ammoniacal thiosulfate system. 

The research also highlighted that metal ions can be recovered via 

galvanic interactions using Al and other conductive materials.  

Considering the semiconductive properties of hematite and 

magnetite, it may be possible to use them as electron mediators. 

This dissertation evaluated the technical feasibility of two iron 

oxides (hematite and magnetite) as electron mediators for the 

enhanced cementation of gold from ammonia thiosulfate leachate 

using zero-valent aluminum as an electron donor. 



4 
 

Chapter 1 describes the problem statement and this study's 

objective. Literature on the recent studies of gold leaching and 

recovery from leachate using ammonium thiosulfate solutions was 

reviewed. 

In Chapter 2, cementation experiments were conducted using iron-

oxides as electron mediators and aluminum as electron donors to 

investigate metal recovery from a model ammonium thiosulfate 

leachate containing gold and copper ions. Solution analysis and 

SEM-EDX observation for cemented material confirmed that 

copper and gold were cemented from the solution in a reference 

experiment using activated carbon as an electron mediator. On the 

other hand, when iron-oxides like magnetite and hematite were 

used as electron mediators, copper deposition was limited, and 

gold was selectively deposited. This indicates that selective 

recovery of gold is possible by using iron-oxides and aluminum.    

In Chapter 3, electrochemical experiments were conducted to 

evaluate the galvanic interaction between the electron donor and 

electron mediator using Fe2O3/Al electrode and Fe3O4/Al 

electrode as the working electrode in ammonium thiosulfate 

medium containing known concentrations of gold and copper ions. 

Cyclic voltammetry showed that the current peak due to gold 

reduction was detected around -1.0 V vs Ag/AgCl, while current 

peaks due to copper reduction were not detected. Cyclic 

voltammogram and electrochemical impedance spectrum obtained 

in the experiments using high-purity iron oxides (magnetite and 

hematite) specimens as working electrodes also confirmed the 

selective reduction of gold. The results of SEM-EDX analysis for 

the cementation products confirmed that only gold was deposited 
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on the surface of iron oxide electrodes. These results indicate that 

selective gold deposition is mainly due to the properties of iron 

oxides. 

In Chapter 4, the mechanism for the selective gold deposition from 

ammonium thiosulfate solutions containing gold and copper ions 

on the iron oxide surface was discussed based on the results of 

zeta-potential measurements and investigations for the 

semiconductive properties of the iron oxides. The results of zeta 

potential measurements showed that the iron oxide surface was 

positively charged in ammonium thiosulfate solutions, implying that 

negatively charged gold thiosulfate complexes are electrostatically 

attracted to the iron oxide surface, but this is not for positively 

charged copper ammonium complexes. Investigations of the 

semiconductive properties of iron oxides showed that they were n-

type semiconductors with a band gap energy of 1.0 eV for 

magnetite and 2.4 eV for hematite. The flat-band potentials were 

around -0.9 V for magnetite and -1.0 V for hematite. By configuring 

the energy band diagrams of magnetite and hematite, it was found 

that the redox potential of gold thiosulfate complexes is near the 

bottom edge of the conduction band for the iron oxides, which may 

cause a smooth electron transfer from iron-oxide to gold 

thiosulfate complexes in solutions. The redox potential of copper 

ammonium complexes was positioned in the band gap between 

conduction and valance bands, where the electron density is zero, 

and this may be caused by the limited electron transfer from the 

iron oxides to copper ammonium complexes in solutions.   

Lastly, Chapter 5 summarizes the essential findings of this 

dissertation and its implications. 
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CHAPTER I 

 

1.1 BACKGROUND OF THE STUDY 

Gold mining is a global business with operations on every continent except 

Antarctica, and gold is extracted from mines of widely varying types and 

scales. At a country level, the Philippines is one of the principal producing 

countries, having produced 25.332 tons of gold as per the data from the 

Mines and Geosciences Bureau, inferring that the production decreased 

significantly to 24% in 2021. In addition, based on the amount of gold sold to 

Bangko Sentral ng Pilipinas (BSP), Small Scale Mines (SSM) plays a vital 

role in generating the highest amount of gold produced as its contribution to 

the Gross Production Value of Metallic and Non-metallic Mining reaches to 

40% in 2021, implying that most of the production was attributable to small 

scale operations. With an average of 0.6% of the total mining contribution to 

total employment, substantial attention towards small-scale operations is 

critical, primarily when we discuss environmental issues. 

In most hydrometallurgical processes for the recovery of gold, elemental gold 

is solubilized by oxidation to ionic gold and complexation with cyanide. While 

the use of cyanide for gold recovery systems has been the primary process 

for the recovery of gold for many decades, the toxicity of cyanide makes 

introduction to groundwater associated with gold ores highly undesirable 

(McGrew & Murphy, 1985). In lieu, apart from the toxicity of cyanide to man, 

its uses impose long-term environmental and waste disposal problems. 

Furthermore, gold production in the Philippines that treats pyritic ores has an 

average overall gold recovery of around 54% [55].  

Recently, high-grade gold ores have been reported to be gradually depleting, 

and the refractory gold ores consisting of about one-third of the total gold 

production from open pit/underground mines and in tailing deposits become 

the interest of this study. In refractory ores, sulfide-type gold ores, especially 

gold-pyritic ore, account for a substantial proportion of gold resources (i.e., 

about 22%), the recovery of gold from gold-pyritic ore has recently come into 
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the spotlight as a valuable study in resources field [1-4]. Also, it poses 

environmental hazards upon storing these sulphide-rich minerals, as these 

minerals potentially form highly acidic water, commonly known as acid mine 

drainage (AMD) [5].  

With the increasing awareness of preserving the environment, the need for 

other lixiviants in leaching has escalated. The investigation into lixiviants, 

especially for gold, primarily involves the halogen group and thiosulfate. From 

halogens, iodine forms the most stable gold complex but is highly corrosive 

and expensive. For these reasons, the development of alternative technology 

was focused on thiosulfate, and a recent study reported that gold recovery 

could be efficiently achieved by cementing the gold ions via galvanic 

interactions between activated carbon (electron mediator) and zero-valent 

aluminum (ZVAl) (electron donor) in a gold-copper ammoniacal thiosulfate 

system [52].  

Considering the semiconductive properties of iron oxides such as hematite 

(Fe2O3) and magnetite (Fe3O4) [by-products of treating pyritic gold ore], it is 

possible to use them as an electron mediator in the cementation process 

proposed by the previous researchers [53-56]. In this case, direct advantages 

are derived from the lack of immediate pollution of the leach area compared 

to highly toxic cyanide; also, activated carbon can be eliminated upon 

processing refractory gold ores, and by treating refractory gold in pyrite 

(FeS2), we could mitigate the formation of acid mine drainage (AMD) as we 

treat the gold from refractory gold deposits in the abandoned tailings dam.  

 

This dissertation study was inspired to make solutions to the current situation 

in artisanal small-scale gold production units as well as the ongoing and 

abandoned pyritic gold mines in the Philippines; this manuscript highlights a 

new technology that shows significant extraction technique as well as its 

corresponding science that governs the mechanism that can be used for 

future applications. 
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1.2 SIGNIFICANCE OF THE STUDY 

Despite the enormous research on gold using thiosulfate as lixiviant, a 

promising technology has been proposed using the galvanic interaction with 

zero-valent aluminum from the previous research conducted by Jeon et al., 

2022. Sustainability is the status quo for future gold resources, and the 

refractory gold from pyrite in tailings deposits should light a prospect; the 

challenge for further investigations lies in the feasibility of iron oxides as an 

electron mediator in a galvanic system with zero-valent aluminum.  

In Addition, numerous public and private organizations are concerned with the 

rules and regulations of environmental protection. This multiplicity is 

necessary to create an appropriate and practical system of precautions. The 

significant findings of this study could contribute significantly to the benefit of 

humanity, considering that it plays an essential role in developing 

hydrometallurgical-electrometallurgical processes dealing with pyritic 

refractory gold ores as one of the critical considerations in designing gold-

processing plants that could save environmental assets. 

1.3  OBJECTIVES OF THE STUDY 

The study's general objective is to investigate the potential of iron oxides as 

electron mediators in galvanic interaction with zero-valent aluminum upon 

gold cementation in an ammoniacal thiosulfate medium. 

Specifically: 

1. To investigate the technical feasibility of iron oxides as electron 

mediators by conducting cementation experiments with zero-valent 

aluminum under various conditions: aerobic/anaerobic solution 

condition, electron mediator, electron donor, and electron mediator-

electron donor dosage, and time. 

2. To investigate the galvanic interaction of iron oxide and zero-valent 

aluminum. 

3.  To propose a general cementation mechanism.  
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1.4  REVIEW OF RELATED LITERATURE 

1.4.1The Mechanism of Gold Extraction Using Activated Carbon and 

Cyanide  

The solubility of gold in cyanide solutions was recognized as early as 1783 by 

Scheele (Sweden) and was studied in the 1840s and 1850s by Elkington and 

Bagration (Russia), Elsner (Germany), and Faraday (England). Elkington also 

held a patent for the use of potassium cyanide solutions for electroplating of 

gold and silver. The dissolution of gold in aerated cyanide solutions and the 

role of oxygen in the mechanism were investigated by Elsner in 1846 [1] and 

the reaction reported as follows:  

2Au + 4KCN + 1/2O2 + H2O = 2AuK(CN)2 + 2KOH                                    (1.1) 

Elsner’s equation, which is now thought to apply directly to only a minor 

portion of gold during dissolution, is still quoted in present-day publications on 

gold leaching. The mechanism is now better understood and is considered in 

this section.  

Simple cyanide salts, such as sodium, potassium, and calcium cyanide, 

dissolve and ionize in water to form their respective metal cation and free 

cyanide ions, as follows: 

 NaCN → Na+ + CN-                                         (1.2) 

Table 1.1 Properties of cyanide compounds. 

(From the Textbook Chemistry of Gold Extraction, J.O Marsden) 

The solubility and relative cyanide content of the different cyanide salts are 

given in Table 1.1. All three salts have been used effectively on a commercial 

scale gold extraction as sources of cyanide for leaching. Sodium and 

potassium cyanide are more readily soluble than calcium cyanide and are 

generally available in purer form, which has advantages for the handling and 
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distribution of the reagent in leaching systems. Liquid sodium cyanide (i.e., in 

aqueous solution), which is widely available in some regions of the world, 

avoids the need to dissolve the reagent on site, reducing process 

requirements. Thus, the choice of cyanide type depends on the method of 

application, cost, and availability.  

Cyanide ions hydrolyze in water to form molecular hydrogen cyanide (HCN) 

and hydroxyl (OH–) ions, with a corresponding increase in pH:  

CN– + H2O → HCN + OH-                (1.3) 

Hydrogen cyanide is a weak acid, which incompletely dissociates in water as 

follows [2]:  

HCN →H+ + CN-                                                                                    (1.4)  

where Ka(25°C) = 6.2 × 10–10  and a relative pKa =9.31  

Figure 1.1 shows the extent of this dissociation reaction at equilibrium as a 

function of pH. At approximately pH 9.3, half of the total cyanide exists as 

hydrogen cyanide and half as free cyanide ions. At pH 10.2, >90% of the total 

cyanide is present as free cyanide (CN–), while at pH 8.4, >90% exists as 

hydrogen cyanide. This is important because hydrogen cyanide has a 

relatively high vapor pressure (100 kPa at 26°C [3]) and consequently 

volatilizes readily at the liquid surface under ambient conditions, causing a 

loss of cyanide from the solution. The rate of volatilization depends on the 

hydrogen cyanide concentration (a function of total cyanide concentration and 

pH); the surface area and depth of the liquid; temperature; and transport 

phenomena associated with mixing [3]. As a result, most cyanide leaching 

systems are operated at a pH that minimizes cyanide loss, typically above pH 

10, although adverse effects may be caused by excessively high pH.  

Both hydrogen cyanide and free cyanide can be oxidized to cyanate in the 

presence of oxygen and under suitably oxidizing conditions, as illustrated in 

the Eh–pH diagram for the CN–H2O system, given in Figure 1.2.  

The important reactions are as follows:  

4HCN + 3O2 → 4CNO– + 2H2O                                                                   (1.5) 
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3CN– + 2O2 + H2O → 3CNO– + 2OH                                                          (1.6) 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Speciation of cyanide and hydrogen in aqueous solution as a function of 

Ph (From the Textbook Chemistry of Gold Extraction, J.O Marsden) 

. 

 

 

 

 

 

 

 

 

Figure 1.2 Eh-pH diagram of the CN-H2O system at 25°C. (From the Textbook 

Chemistry of Gold Extraction, J.O Marsden) 
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These reactions are undesirable during leaching, because they reduce the 

free cyanide concentration, and the cyanate species formed does not dissolve 

gold. 

Figure 1.2 indicates that oxidation of cyanide to cyanate should occur 

spontaneously with oxygen, but the reaction is very slow and, in practice, 

strong oxidizing agents, such as ozone (O3), hydrogen peroxide (H2O2), or 

hypochlorous acid (HOCl), are required for the reaction to proceed at a 

significant rate. In aerated cyanide solutions, the reaction is extremely slow, 

but can be accelerated by the action of ultraviolet light, heat, bacteria, and 

catalysts such as titanium dioxide, zinc oxide, and cadmium sulfide [3]. Some 

of these oxidation reactions are important for the destruction or degradation of 

cyanide. 

Free cyanide forms complexes with many metal species, principally the 

transition metals, which vary widely in stability and solubility:  

Mx+ + yCN– → M(CN)y (y–x)-                                                                         (1.7) 

where K →  [Mx+]·[CN–]y / M(CN)y 
(y–x)- . 

The complexes may be grouped into three main categories, based on their 

stability [3]:  

1. Free cyanide (HCN, CN–)  

2.  Weak acid dissociable (WAD) cyanide complexes (for which log K ≤ 

approximately 30) 

3. Strong cyanide complexes (for which log K > approximately 30)  

These categories are used widely in the analysis of process solutions 

because they help to describe the behavior of the cyanide species present, 

while avoiding the need to provide detailed analytical information of every 

cyanide complex present, greatly simplifying analytical procedures. This 

general grouping is often useful for the evaluation and optimization of 

metallurgical performance or when working in environmental chemistry. 

Further information on the speciation of cyanide in aqueous solutions used for 

leaching is available in the literature [4, 5, 6, 7]. Metal cyanide complexes can 
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form double salts with a variety of cations, for example, sodium, potassium, 

calcium, ammonium, and many other metal ions. For example, the iron(II) 

cyanide complex, Fe(CN)6 4–, which is common to all gold leaching circuits, 

forms a large number of salts of varying solubility [8]. The Fe(III) salt, 

Fe4(Fe(CN)6)3, is commonly encountered in process effluents, appearing as 

“Prussian Blue” precipitate. The formation and solubility of these salts is an 

important consideration in effluent disposal and treatment.  

GOLD DISSOLUTION  

Anodic Reactions  

In aqueous, alkaline cyanide solution, gold is oxidized and dissolves to form 

the Au(I) cyanide complex, Au(CN)2–, as shown in the Eh–pH diagram, 

Figure 1.3. The Au(III) cyanide complex, Au(CN)4–, is also formed, but the 

Au(I) complex is more stable than the Au(III) species by 0.5 V [16, 6]. For 

practical purposes, the stoichiometry of the dissolution reaction can be 

assumed to be:  

Au(CN)2– + e →Au + 2CN                                                                           (1.8) 

for which the Nernst equation is:  

E = –0.60 + 0.118pCN + 0.059 log a                                                           (1.9) 

Cyclic voltammetry has been used to study the mechanism of gold dissolution 

[16, 17]. Oxidation proceeds in three stages, as indicated by the three peaks 

shown in Figure 1.4. The peak at approximately –0.4 V probably represents 

the formation of an adsorbed intermediate species, AuCN, which causes 

temporary passivation of the gold surface: 

 AuCN(ads) + e → Au + CN–                                                                                                      (1.10)  

The second peak at approximately 0.3 V is attributed to the complexation 

reaction between free cyanide and the adsorbed intermediate AuCN(ads) 

species [16]:  

AuCN(ads) + CN– → Au(CN)2
–                                                                                                (1.11) 
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In the treatment of ores and concentrates with alkaline cyanide solutions, 

passivation of gold rarely occurs, even at low cyanide concentrations, 

probably due to the presence of low concentrations of heavy metals ions 

(e.g., lead and mercury), dissolved from the feed material or introduced with 

reagents, which disrupt the formation of such a passivating layer [17, 18].  

The final peak at 0.6 to 0.7 V is thought to be due to the formation of an 

Au(III) oxide (Au2O3) layer which passivates the gold surface. However, such 

passivation is unlikely to be a problem in practice because of the highly 

positive potential required for this to occur [6, 16, 17]. The formation of the 

adsorbed intermediate species (and the associated passivation), the 

beneficial effect of lead (and other divalent cations), and the passivation due 

to formation of the oxide layer have been confirmed using surface-enhanced 

Raman scattering (SERS) spectroscopy to study the gold surface during 

cyanidation[19]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Potential-pH equilibrium diagram for the system Au-H2O-CN- at 25°C. 

Concentrations of all gold species =10-4 M [6]. [CN-]total =10-3 M, pO2=pH2=1 atm, log 

([H2o2]- [HO2
-]/pO2). (From the Textbook Chemistry of Gold Extraction, J.O Marsden). 
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Figure 1.4  Current vs potential for the oxidation of gold in alkaline cyanide 

solutions; (1) 0.077 M CN-, pH 12, (2) 0.1 M CN, 0.1M OH (adapted from 

[17]). 

Cathodic Reactions  

In aerated, alkaline cyanide solutions, the anodic dissolution reaction shown 

in Equation (1.10) is accompanied by the cathodic reduction of oxygen. The 

mechanism of this reaction has long been controversial and involves several 

parallel and series cathodic reactions. Experimental investigation of the 

stoichiometry of gold dissolution has shown the major reaction to be as 

follows [20]:  

O2 + 2H+ + 2e = H2O2; E0 = +0.682            (1.12) 

where  

E = 0.682 – 0.059 pH – 0.0295 pO2 (V)                                                    (1.13)  
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The hydrogen peroxide formed is a strong oxidizing agent, which may take 

part in further oxidation reactions:  

H2O2 + 2e = 2OH–; E0 = +0.88 (V)                                                             (1.14)   

The effect of hydrogen peroxide on gold leaching rates in alkaline cyanide 

solution is a matter of controversy and debate. Early studies indicated that the 

reduction of hydrogen peroxide on gold surfaces is kinetically hindered, and 

the dissolution rate of gold in oxygen-free solutions containing hydrogen 

peroxide is very slow [21, 22].  

This work provided evidence of passivation of the gold surface by oxide layer 

formation, inhibiting gold leaching. On the other hand, hydrogen peroxide 

decomposes to oxygen and water, thus providing dissolved oxygen in solution 

as follows:  

2H2O2 → O2 + 2H2O                                                                             (1.15)  

It has been demonstrated that as much as 85% of the hydrogen peroxide 

formed by oxygen reduction (1.12) diffuses away from the reaction site, with 

only a small proportion reduced directly to hydroxyl ions [21].  

Other studies have indicated that hydrogen peroxide can play a direct role 

[23, 24]. One such investigation has demonstrated that for pure gold the 

leaching rate could be increased significantly using a concentration of 0.015 

M H2O2 in a solution containing 0.01 M NaCN at pH 10. However, this study 

showed that smaller quantities of hydrogen peroxide (i.e., 11) also reduced 

the gold dissolution rate, due to increased cyanide oxidation and decreased 

cyanide concentration [24].  

Consequently, in general, hydrogen peroxide alone is not considered to be a 

very effective oxidant for use in gold leaching, except under conditions where 

dissolved oxy gen is limited (e.g., at high altitude or in the presence of 

significant oxygen consumers in the ore).  

Hydrogen peroxide is very effective for the oxidation of sulfides, although 

expensive for this purpose. However, it has been used successfully in some 

cases to accelerate low pressure (atmospheric) oxidation kinetics [25].  
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Finally, oxygen may be directly reduced to hydroxide ions, rather than to H2O2 

(1.12) as follows:  

O2 + 2H2O + 4e  → 4OH–; E0 = 0.401 (V)                                              (1.16) 

This reaction requires a large overpotential and is very slow but occurs in 

parallel with (6.11) to a limited extent.  

Overall Dissolution Reaction  

The overall dissolution of gold in aerated, alkaline cyanide solutions, 

considering both the anodic and cathodic half-reactions, is most accurately 

described by the following reaction equations, which proceed in parallel: 

2Au + 4CN– + O2 + 2H2O → 2Au(CN)2
– + H2O2 + 2OH-                        (1.17) 

2Au + 4CN– + H2O2 → 2Au(CN)2
– + 2OH-                                             (1.18) 

The major reactions are illustrated schematically in Figure 1.5. The equation 

proposed by Elsner:  

4Au + 8CN– + O2 + 2H2O → 4Au(CN)2
– + 4OH-                                     (1.19) 

is stoichiometrically correct but does not completely describe the cathodic 

reactions associated with the dissolution. 
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Figure 1.5  Schematic representation of the local corrosion cell at a gold surface in 

contact with an oxygen-containing cyanide solutions: Ia= the anodic current; Ic= the 

cathodic current [6].  



27 
 

1.4.2 ALTERNATIVE TECHNOLOGIES FOR THE EXTRACTION OF GOLD 

1.4.2.1 CHLORINATION 

Chlorination was applied extensively in the 1800s, prior to the introduction of 

cyanidation, for the treatment of ores containing fine gold and gold occurring 

with sulfides, which were not amenable to gravity concentration and 

amalgamation. Chloride media have also been applied in electroplating 

processes since the early 19th century. Although chlorine–chloride media is 

no longer used for leaching of primary ores, several processes have been 

proposed for the treatment of refractory, or semi-refractory, ores as an 

alternative to cyanide. Chlorination has also been applied for oxidative 

pretreatment of some carbonaceous refractory ores and significant 

proportions of the gold in the feed material may be dissolved during this 

process.  

 

Gold dissolves in aqueous chloride solution to form both the Au(I) and Au(III) 

chloride complexes, as follows:  

 

AuCl2– + e → Au + 2Cl– ; E0 = +1.113 (V)           (1.20) 

AuCl4– + 3e →Au + 4Cl– ; E0 = +0.994 (V)          (1.21) 

 

The corresponding solution equilibria are shown on the Eh–pH diagram for 

the Au–Cl–H2O system (Figure 1.6). The Au(III) complex is more stable than 

the Au(I) species by approximately 0.12 V. The gold chloride complexes are 

not as stable as the Au(I) cyanide complex, but one advantage of this is that 

they are more easily reduced to gold metal.  

Oxidation will only occur above approximately 1.2 V, and therefore a strong 

oxidant, such as chlorine, chlorate ions, or ozone, is required to dissolve gold 

at a reasonable rate. Chlorine is the most suitable oxidant for this purpose, 

because it also supplies chloride ions for gold dissolution in addition to the 

strongly oxidizing hypochlorous species; however, bromine and iodine may 

also be used to achieve fast dissolution rates. Nitric acid is a sufficiently 

strong oxidant to dissolve gold in chloride media, and this is applied as aqua 
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regia (a mixture of 33% HNO3 and 66% HCl) in a well-established technique 

for gold analysis.  
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Several mechanisms have been proposed for gold dissolution in aqueous 

chloride solutions. The dissolution probably proceeds in two stages with the 

formation of an intermediate Au(I) chloride on the gold surface during the first 

stage [26]: 

 2Au + 2Cl– → 2AuCl + 2e–                                                                    (1.22)  

The most likely theory for the second stage suggests that AuCl2– is formed as 

a secondary intermediate, which then is either oxidized further to Au(III), as 

follows:  

AuCl2– + 2Cl– → AuCl4– + 2e–                                                                (1.23)  

or diffuses into solution as AuCl2–, depending on the oxidizing potential of the 

solution [27]. At solution potentials above approximately 1.4 V, the gold 

surface becomes passivated with an oxide layer. 

 

 

 

 

 

 

 

 

 

 

FIGURE 1.6  Potential–pH equilibrium diagram for the system Au–Cl––H2O at 25°C 

including some equilibria between chlorine and water: [Au(III)] = 10–2 M; [Cl–] = 2 M; 

pCl2 = 0.1 atm; [HClO–] = [Cl–] = 6 × 10–3 M; pO2 = pH2 = 1 atm [6]. 
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1.4.2.2 THIOSULFATE  

In locations where environmental regulations and concerns prohibit the use of 

cyanide, thiosulfate has been proposed as an alternative to cyanide for the 

recovery of gold from ores and concentrates. The ability of thiosulfate species 

to form stable complexes with gold has been known for more than 100 years, 

but serious research into its use as an alternative to cyanide only started in 

the late 1970s. Extensive, worldwide research into the development of 

thiosulfate-based leaching processes escalated dramatically in the 1990s as 

a result of increased concerns over the use of cyanide and other factors.  

Until recently, the use of thiosulfate media was proposed only for difficult ores 

and concentrates, such as those containing large amounts of cyanide-

consuming copper, carbonaceous preg-robbing materials, refractory sulfides, 

and the products of partial oxidative pretreatment (e.g., biological oxidation) of 

refractory sulfides which contain cyanide consuming sulfur species. One of 

the drivers for these potential applications is that reactive sulfide minerals and 

sulfur species react only to a limited extent with thiosulfate and generally do 

not consume large quantities of the reagent, unlike cyanide.  

Much of the research and development work conducted since about 1995 

focused on the development of an effective thiosulfate process to replace 

cyanidation for a broader range of material types. Thiosulfate media have 

been demonstrated to be capable of effectively dissolving gold, but complex 

systems are required that include a suitable oxidant (such as Cu(II) or Fe(III) 

ions) and an effective oxidant stabilizer (such as ammonia, or open chain 

polyamine ligands for copper, and oxalate for iron) to achieve an acceptable 

gold dissolution rate, while minimizing the thiosulfate oxidation rate. Despite 

showing considerable promise, the development of an effective thiosulfate-

based process remains elusive because of high reagent consumption and 

costs (due to thiosulfate oxidation) and difficulties with metal recovery from 

the leach solution. However, this process continues to be researched 

aggressively by several of the major gold producers worldwide. 

constants for thiosulfate in comparison 

with various other gold complexes 
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Gold forms a stable complex with thiosulfate species (S2O3
2–) in aqueous 

solution, as follows:  

Au + 2S2O3
2–  → Au(S2O3)2

3– + e – ;    E0 = +0.153 (V)                          (1.24)  

Gold dissolves in alkaline thiosulfate solution, using dissolved oxygen as the 

oxidant, to form the Au(I) complex, as follows:  

4Au + 8S2O3 2– + O2 + 2H2O → 4Au(S2O3)2 3– + 4OH-                          (1.25)  

Theoretically, based on Eh–pH data, dissolution should occur over a wide 

range of pH conditions. However, the reaction proceeds very slowly with 

oxygen in the absence of a suitable catalyst. Cu(II) is a very effective catalyst 

for this reaction, provided that it is used in combination with ammonia to 

stabilize the copper species in solution as Cu(II) tetramine (Cu(NH3)4
2+) [27].  

Cu2+ + 4NH3 →Cu(NH3)4 2+             (1.26)  

Gold forms stable complexes in solutions containing ammonia. Therefore, in 

ammoniacal thiosulfate solution, both the thiosulfate and ammonia species 

compete to form complexes with gold, according to the following equation: 

Au(S2O3)2
3– + 2NH3 → Au(NH3)2

+ + 2S2O3
2-                                          (1.27)  

However, the exact values of the stability constants for the preferred 

thiosulfate and ammonia complexes of gold are in some doubt, and the two 

values are relatively close, resulting in a lack of clarity and certainty over 

which species predominates under the conditions applied for gold leaching 

with thiosulfate. The general consensus is that the thiosulfate complex 

prevails under the Eh–pH conditions applied for optimal leaching (i.e., a 

compromise between maximizing gold dissolution rate and minimizing 

thiosulfate oxidation rate). The Eh–pH diagram that best represents the most 

likely equilibria for the Au–NH3–S2O3
2- - H2O system (Figure 1.7) shows that 

dissolution can occur over a wide range of pH values [28]. Typically, leaching 

is carried out between pH 9 and 11. Below pH 9, the Cu(I) triamine 

(Cu(NH3)3
+) complex becomes prevalent, making the copper species less 
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effective as a catalyst. Commonly, thiosulfate research is conducted using 

initial solution pH of 10.5 to 11 because the pH decreases during the reaction 

in batch testing. However, continuously operating thiosulfate systems are 

likely to be optimized between pH 9.0 and 10.0. Fe(III) species are less 

suitable as the oxidant in the thiosulfate system because they are unstable 

above approximately pH 8, depending on the exact solution conditions. The 

use of Fe(III) with a suitable stabilizer such as oxalate has been proposed 

[19]. Hydrogen peroxide is also unsuitable because it oxidizes thiosulfate very 

rapidly and is difficult to stabilize. The chemistry of the ammoniacal copper–

thiosulfate system is highly complex, and, despite considerable research and 

investigation, the exact mechanism of gold dissolution and the catalytic action 

of Cu(II) species are still not completely understood [28-30]. The major 

reduction reaction is thought to be as follows: 

Cu(NH3)4 2+ + 5S2O3 2–  → Cu(S2O3)3 5– + 4NH3 + S4O6 2– + e –           (1.28) 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Eh–pH diagram for the Au–NH3–S2O3
2-–H2O system at 25°C: 

[Au(I)] = 10–5 M, [Na2S2O3] = 0.1 M, [NH3 + NH4
+] = 1 M [28] 
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where the Cu(S2O3)3 5– species is more stable than the Cu(NH3)2+ complex, 

under the conditions applied for effective gold dissolution. The reduction of 

the Cu(II) tetramine species is accompanied by oxidation of thiosulfate to 

tetrathionate. The oxidant species, Cu(II), is then regenerated by oxygen 

reduction, according to the following equation:  

4Cu(S2O3)3 5– + 16NH3 + O2 + 2H2O → 4Cu(NH3)4 2+ + 8S2O3
2– + 4OH-         (1.29) 

Therefore, the overall dissolution reaction for gold in ammoniacal copper–

thiosulfate solutions has been proposed as follows [94]: 

 Au + 5S2O3 2– + Cu(NH3)4
2+ →Au(S2O3)2

3– + 4NH3 + Cu(S2O3)3 5-       (1.30)  

The presence of ammonia is critical to stabilize the Cu(II) species in solution 

as the Cu(II) tetramine ion, to prevent the formation of Cu(OH)2 and to 

prevent passivation of the gold surface by preferential adsorption (i.e., 

avoiding coating with sulfur species). The mechanism of gold leaching in the 

ammoniacal copper–thiosulfate system is illustrated schematically in Figure 

1.8. The thiosulfate species is consumed by several possible oxidation and 

association reactions. These reactions include the formation of various 

intermediate sulfur species such as trithionate (S3O6
2–), tetrathionate (S4O6

2–), 

and other polythionates (e.g., S5O6
2–), and finally oxidation to sulfate (SO4

2–) 

and, in some cases, elemental sulfur [27-33]. 

Some examples of the possible oxidation and association reactions are 

provided as follows: 

 2S2O3 2– + 2Cu2+ → S4O6
2– + 2Cu+            (1.31) 

4S2O3 2– + O2 + 2H2O → 2S4O6 2– + 4OH– (slow at 25°C)                     (1.32) 

10S2O3 2– + 13O2 + 4e– → 4S3O6 2– + 8SO4 2-                                       (1.33) 

3S2O3 2– + 8Cu2+ + 6OH– → 2S3O6 2– + 8Cu+ + 3H2O                            (1.34) 

5S2O3 2– + 3H2O → 2S5O6 
2– + 6OH-                                                                                (1.35) 
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The polythionates, and in particular the trithionate and tetrathionate species, 

are very detrimental to downstream gold recovery processes because they 

significantly reduce the loading of gold thiosulfate onto activated carbon and 

anionic ion exchange resins. Consequently, the formation and effects of these 

species must be mitigated, or an alternative recovery method must be used. 

The thiosulfate species can be stabilized to some extent by the addition of 

small amounts of sulfite ions (SO3
2–), which react with other polythionate and 

sulfide species in the ore, to regenerate thiosulfate as follows: 

S5O6
2– + SO3

2–  → S4O6
2– + S2O3

2-             (1.36) 

S4O6
2– + SO3

2–  → S3O6 2– + S2O3
2-            (1.37) 

3SO3
2– + 2S2– + 3H2O → 2S2O3

2– + 6OH– + S                                      (1.38) 

 

Figure 1.8 Schematic representation of the mechanism of gold leaching with 

ammoniacal copper–thiosulfate [33]. 

Other methods of stabilizing thiosulfate have been investigated with varying 

degrees of success. These methods include the use of multidentate ligands, 

such as open chain polyamine ligands with 2 to 5 nitrogen donors (e.g., tris[2-

aminoethyl]amine) and thiourea to stabilize Cu(II), and oxalate to stabilize 

Fe(III). The chemistry of these systems is complex and, in the case of 
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thiourea, is further complicated by the fact that thiourea forms stable 

complexes with gold [34]. 

As thiosulfate is oxidized and the thiosulfate concentration in solution 

decreases, there is a risk that gold will reprecipitate out of solution onto ore 

constituents. There is evidence to suggest that gold will remain in solution as 

the thiosulfate complex down to 2 to 3 g/L S2O3
2–, however, this depends on 

specific solution conditions (e.g., temperature, pH, Eh, [NH3], etc.) [35].  

Silver, silver chloride, and silver sulfide all dissolve readily in thiosulfate 

media. The addition of sulfite species helps to prevent the precipitation of 

silver as insoluble sulfide. 

 The rate of dissolution is dependent on thiosulfate and Cu(II) concentrations, 

up to a certain point. Thiosulfate concentrations ranging from 0.05 to 2.0 M 

S2O3
2– have been used for investigations of gold leaching systems, but most 

researchers have focused on a thiosulfate concentration range of 0.1 to 0.2 M 

S2O3
2– (i.e., about 11 to 22 g/L). Both sodium thiosulfate (Na2S2O3) and 

ammonium thiosulfate((NH4)2S2O3) have been used as the primary reagent.  

There is the obvious benefit to using ammonium thiosulfate in cases where 

the leaching system is ammoniacal copper–thiosulfate in that it provides 

some of the ammonia required. Sodium thiosulfate may be preferable to use 

in applications where copper is not used as the catalyst. Copper 

concentrations applied in these investigations range from 0.0001 to 0.02 M; 

however, most commonly, Cu(II) concentration of 0.0005 to 0.002 M (i.e., 30 

to 120 mg/L Cu2+) is targeted. Unfortunately, the rate of thiosulfate oxidation 

increases with increasing Cu(II) concentration when all other parameters are 

held constant, and therefore from a practical standpoint this limits the 

maximum Cu(II) concentration that can be applied [30]. Ammonia 

concentration does not have any impact on gold dissolution rates, but it does 

have a big impact on the overall system effectiveness by stabilizing copper 

and reducing the thiosulfate oxidation rate. Ammonia concentrations between 

0.2 to 0.4 M NH3 have typically been applied, but up to 2 M NH3 has been 

used for investigative work. 
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Ammonia is lost by volatilization from solution, which is exacerbated by 

sparging of air or oxygen into the solution phase, and by oxidation reactions. 

Increased temperature does have a beneficial effect on the rate of gold 

extraction but also increases the rate of thiosulfate oxidation and the rate of 

ammonia loss from solution by volatilization. Most investigative work has 

been done at or slightly above ambient temperatures (i.e., 15°C to 30°C). 

Elevated temperature operation has been investigated up to 80°C, and a 

process using thiosulfate at an elevated temperature of 60°C has been 

proposed, in conjunction with the use of sulfite to stabilize the thiosulfate 

species at the higher temperature [35]. It has been reported that the presence 

of carbonates and bicarbonates in the ore can result in excessive oxidation of 

thiosulfate. 

1.4.2.3 THIOUREA 

Thiourea has been proposed as an alternative to cyanide for the treatment of 

sulfidic, cyanide-consuming ores, and for use in locations where 

environmental concerns make the use of cyanide difficult. Thiourea is a 

relatively nontoxic reagent, which behaves as a plant fertilizer in the 

environment, giving the impression that it might be an attractive alternative to 

cyanide in environmentally sensitive areas. On the other hand, the reagent is 

suspected to be carcinogenic and is capable of dissolving heavy metals in 

addition to gold and silver, which presents many similar environmental 

problems to cyanidation for the handling and disposal of effluents. In addition, 

thiourea is oxidized and consumed very rapidly under the conditions required 

for leaching, resulting in prohibitively high reagent costs in most applications, 

particularly when compared with cyanidation. Thiourea leaching has been 

used to treat an antimony-rich concentrate in New South Wales (Australia) 

and has been investigated as a process option for the treatment of several 

other ores, but no large-scale commercial processes have been developed 

[36-39]. 

Thiourea (NH2CSNH2) is an organic compound which dissolves readily in 

acidic solution in a stable molecular form. Gold dissolves in acidic thiourea 

solution to form a stable complex: 
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 Au(CS(NH2)2)2
+ + e– → Au + 2CS(NH2)2; E0= –0.38 (V)                       (1.39)  

where the pK value for the gold–thiourea complex is 21.75. In this system, no 

oxide layer is formed as a result of the relatively low solution potentials that 

can be applied, and no passivation of gold occurs. Figure 1.9 shows current–

potential curves for leaching in thiourea solution. This indicates that gold 

dissolution will only occur at an acceptable rate if the solution potential is 

greater than approximately 0.5 V. Consequently, air and oxygen are 

unsuitable oxidants, and stronger oxidants, such as Fe(III), hydrogen 

peroxide, or ozone, are required to enable the reaction to proceed at a 

sufficient rate to achieve adequate gold extraction within practical time scales 

[40]. The overall equation for the dissolution reaction is: 

 2Au + 4CS(NH2)2 + 2Fe3+ → 2Au(CS(NH2)2)2
+ + 2Fe2+                        (1.40) 

Silver dissolves in aqueous thiourea solutions similarly to gold, as follows:  

2Ag + 4CS(NH2)2 + 2Fe3+ → 2Ag(CS(NH2)2)2
+ + 2Fe2+                         (1.41) 

for which pK= 13.1.  
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Figure 1.9 Effect of potential on the anodic dissolution of gold and the current 

efficiency of its dissolution into a solution containing 0.1 M sulfuric acid and 

0.1 M thiourea at 30°C [42]. 
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The pH at which thiourea leaching may be carried out is limited at the upper 

end by two factors:  

1. Precipitation of Fe(III) hydroxide above approximately pH 3  

2.  Sharp increase in the kinetics of thiourea oxidation above pH 3.5–4  

Consequently, leaching is generally carried out at a pH of 1.4 to 1.8 [38-39]. 

Leaching rates in thiourea solutions are very fast—much faster than cyanide 

dissolution and at least comparable to the other leaching methods available. 

The rate of gold dissolution in acidic thiourea solutions is usually controlled by 

the diffusion of reactants to the gold surface and is consequently related to 

the concentrations of Fe(III), formamidine disulfide, and thiourea species. 

Formamidine disulfide plays an important role in the kinetics of thiourea 

leaching, because optimum kinetics are achieved when approximately half 

the thiourea present in solution is converted to this species [38]. The addition 

of sodium sulfite (2.5 g/t Na2SO3) to thiourea leach solutions has been 

shown to be beneficial by reducing thiourea consumption and increasing the 

gold dissolution rate [41]. 

 

1.4.2.4 THIOCYANATE 

 

Gold dissolves in aqueous, acidified thiocyanate (SCN–) solutions to form 

both the Au(I) and Au(III) complexes, depending on the solution potential [42]:  

Au(SCN)2– + e– → Au + 2SCN–; E0 = +0.662 (V)                                   (1.42) 

Au(SCN)4
– + 3e– → Au + 4SCN–; E0 = +0.636 (V)                                 (1.43) 

The stability constants for the two complexes, Au(SCN)2
– and Au(SCN)4

–, are 

approximately 1017 and 1042 respectively, and Au(SCN)4
– is by far the most 

stable. Fe(III) is the most suitable oxidant for the reaction since the kinetics of 

dissolution are prohibitively slow if oxygen is used and thiocyanate is oxidized 

very rapidly by hydrogen peroxide. In addition, the stability of the thiocyanate 

ion is increased in the presence of Fe(III), presumably due to the many 

complexes it forms with these ions, as follows:  
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Fe3+ + n SCN–  → Fe(SCN)n
(3–n)             (1.44) 

where n =1 to 5.  

Figure 1.10 shows the Eh–pH diagram for the Au–SCN–H2O system under 

atmospheric conditions. The pH range for the reaction is limited at the low 

end (below about pH 1) by the reaction:  

SCN– + H+ → HSCN; pK = 0.85                                                            (1.45)  

Above about pH 3, Fe(III) is precipitated by hydrolysis. Consequently, the 

optimum pH for gold leaching is in the range of 1.5 to 2.5.  

The stability of thiocyanate species is strongly potential dependent, with 

stability achieved below approximately 0.64 V (vs. SHE). On the other hand, a 

potential >0.64 V is required to achieve satisfactory gold leaching rates at 

practical thiocyanate concentrations. In practice, a compromise between 

these two requirements is required to achieve acceptable gold leaching rates 

and to avoid excessive oxidation of thiocyanate, according to the following 

reactions:  

SCN– + 4H2O → SO4
2– + CN– + 8H+ + 6e–           (1.46) 

SCN– + 5H2O → SO4
2– + CNO– + 10H+ + 8e–           (1.47) 

SCN– + 7H2O → NH3 + CO3
2– + SO4 

2– + 11H+ + 8e–                   (1.48)  

 A number of other intermediate species also may be formed, including 

trithiocyanate (SCN)3
– and thiocyanogen (SCN)2. 

The rate of gold dissolution increases with increasing thiocyanate 

concentration and, to a lesser extent, Fe(III) concentration. Thiocyanide 

concentrations of 0.5 to 5 g/L (0.01 to 0.10 M) and Fe(III) concentrations of 6 

to 12 g/L (0.1 to 0.2 M) have been used in laboratory column leach testing 

and small-scale pilot work. Because the thiocyanate consumption rises with 

increasing thiocyanate concentration, it is important to maintain sufficient 

thiocyanate concentration for effective gold dissolution but no excess. The 

oxidant, Fe(III), must be regenerated, and this can be accomplished using 

either air and/or oxygen or by some other means [31]. 
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 Increasing temperature increases gold dissolution rate but also significantly 

increases the rate of thiocyanate consumption, and, in view of the high 

reagent consumptions even at ambient temperatures, elevating leaching 

temperature is not likely to be a viable option. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10 Eh–pH diagram for the Au–SCN–H2O system at 25°C [43] 

 

1.4.2.5 OTHER LIXIVIANTS 

Other halide systems, such as bromine–bromide, iodine–iodide, and 

bromine–chloride, are capable of dissolving gold at very fast rates, as 

predicted by the electrode potentials of the relevant reduction reactions, for 

example:  

Au + 2Br– + Br2 → AuBr4 – + e– ; E0 = +0.95 (V)          (1.49) 

Au + 2I– + I2 → AuI4– + e– ; E0 = +0.69 (V)                                             (1.50)  
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These systems are strongly oxidizing, and dissolution rates are typically 

several orders of magnitude faster than those achieved with cyanide and 

oxygen under ambient conditions [31]. In addition, they are capable of 

dissolving many sulfide minerals, and bromine chloride solution has been 

used commercially on a small scale for leaching of refractory gold-bearing 

materials. The dissolutions rate of gold in halide media is strongly dependent 

on the concentration of complexant and oxidant and can be increased 

significantly at elevated temperatures (e.g., 150°C to 180°C) [44]. 

Unfortunately, the commercial application of bromine and iodine solutions for 

gold leaching is restricted by the high cost of the reagents, the high cost of 

materials of construction to withstand the severe process conditions, and 

industrial hygiene and health issues associated with their use.  

Any process developed must be able to effectively regenerate the reagent to 

make it economic. One possible means of achieving this is by electrolytically 

regenerating the bromine or iodine from solution, with the potential for 

simultaneous recovery of gold and other metals [45-46]. Other leaching 

systems using cyanamide, cyanoform, organic nitrile, and malononitrile 

related compounds for gold dissolution have been proposed; however, 

despite some potential advantages, there is little prospect for commercial 

development, and they are currently of academic interest only [31, 47]. 

 

1.4.3 REFRACTORY GOLD IN PYRITE 

 

The sulfide mineral most commonly associated with gold, pyrite is very 

common throughout the world and is ubiquitous in sulfide orebodies. Although 

not usually an accessory mineral in primary igneous rocks, it is common in 

ore veins and metamorphic ores.  

Pyrite has a commonly displayed cubic cleavage, a brassy yellow color, and a 

metallic luster, which is sufficiently close to that of gold to warrant the phrase 

“fool’s gold.” The density of pyrite is 4,800 to 5,000 kg/m3, and it is relatively 

hard, with a value of 6 to 6.5 on the Mohs scale. Pyrite is a semiconductor 
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with either n-type or p-type properties (Table 1.2). It can occur in cubic or 

framboidal habits, each of which has different reactivity in aqueous solution. 

Pyrite is a very stable mineral in aqueous solutions, and its high standard 

reduction potential results in unreactivity under the mildly oxidizing conditions 

typical of cyanide leaching. Consequently, fine gold inclusions in pyrite 

require more extreme grinding and/or strongly oxidizing conditions to liberate 

the gold. Gold can occur in solid solution (i.e., invisible) within pyrite grains at 

concentrations from <0.2 to 132 ppm [48].  

In contrast, when gold is relatively coarse and accessible to cyanide leach 

solutions, this unreactivity is an advantage as reagent consumptions are not 

increased by a side reaction with pyrite. Consequently, pyrite is usually only a 

problem in processing if it affects gold liberation; it is rarely a significant 

cyanide (cyanide consumer). Leaching of fine gold grains contained within 

pyrite is a major difficulty in gold ore treatment and this is an important source 

of refractory gold. 

 Gold can occur in many textural associations with pyrite (and arsenopyrite), 

as shown schematically in Figure 1.11. For gold–sulfide association types 1 

to 3 in the figure, gold may be readily liberated. However, for types 5, 6, and 

possibly 4, gold may remain unliberated even at fine sizes.  
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Table 1.2 Electronic and Structural properties of selected sulfide and oxide 

minerals [49]. 
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For example, Plate 7 shows a gold grain within a coarser pyrite grain (type 3). 

Increasingly, ores containing type 6 mineralization are being treated (e.g., 

Carlin-type ores) in which both coarse cubic pyrite (10 to 100 μm) and more 

abundant fine spheroidal pyrite (1 to 10 μm) occur.  

Gold grains are typically <1 μm in diameter and occur within pyrite grains, as 

coatings on pyrite, and dispersed in grains of amorphous carbon. These ores 

may exhibit preg-robbing characteristics due to the presence of both carbon 

and ultrafine spheroidal pyrite. An oxidative pretreatment step is usually 

required to increase gold extraction for these ores. Pyrite can also be 

recovered by flotation as a by-product to gold , and the concentrate is 

sometimes roasted to produce sulfuric acid (H2SO4) and to liberate contained 

gold. In the past, elemental sulfur has also been produced commercially from 

pyrite.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Schematic representation of types of gold associations with 

sulfide minerals. (From the Textbook Chemistry of Gold Extraction, J.O 

Marsden) 
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In the gold ores of the Barberton Mountain land (Transvaal, South Africa), 

gold is present as free gold, and gold associated with pyrite and arsenopyrite 

(e.g., at Fairview 50% with pyrite, 20% with arsenopyrite, and 30% free). 

Although some coarse gold is present, the majority of gold occurs as fine (5 to 

30 μm) inclusions in the sulfides, leading to poor cyanidation performance. 

The remainder occurs interstitially between sulfide grains or in the no sulfide 

gangue. The gold usually contains about 10% silver, although some pink-

colored gold grains containing nickel and antimony have been detected. 

The refractory sulfide components of these ores must be oxidized prior to 

cyanide leaching to achieve acceptable gold recovery. This can be achieved 

with or without prior concentration by flotation. The flowsheet options are 

summarized in Figure 1.12. 

 

 

 

 

 

 

 

Figure 1.12 Flowsheet options for refractory sulfidic ores  
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This is suitable for refractory sulfide ores that are not amenable to 

concentration processes because of one of the following:  

1. Gold recovery to the concentrate is unacceptably low and the gold in the 

tailings is refractory.  

2.  The concentrate produced is less suitable for oxidation than the whole 

ore, for example, the sulfide sulfur content is too high.  

Pretreatment with acid may be required prior to oxidation to neutralize acid 

consumers. Options available for sulfide oxidation include pressure oxidation, 

roasting, and biological oxidation. The oxidation products are then neutralized 

(with or without prior solid–liquid separation) and cyanide leached. 

 Flotation can be included in this flowsheet as a method of smoothing and 

optimizing the sulfide content of the feed to the oxidation circuit. Concentrates 

may be stored and reclaimed as needed to control the feed to the oxidation 

circuit. 

 

1.4.4 ALUMINUM PRECIPITATION 

The use of aluminum for precipitation of gold from alkaline cyanide solutions 

was originally proposed and patented by Moldenhauer in 1893 [50]. Despite 

some advantages over zinc, the process has not been applied widely 

because of the more favorable eco nomics of zinc precipitation. Aluminum 

was used commercially at Nipissing and at the Deloro smelter (both in 

Canada) and has recently been tested for the recovery of gold and silver from 

various leaching systems other than cyanide. The oxidation of aluminum in 

aqueous solution is given by: 

Al3+ + 3e → Al                         (1.51) 

where  

E=–1.66 + 0.0197 log [Al3+]  (V)   
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The aluminate ion (AlO2
–) can hydrolyze further to form a relatively insoluble 

hydroxide:  

AlO2
– + 2H2O → Al(OH)3 + OH-              (1.52)  

The equilibrium of this reaction can be kept to the left, favoring the aluminate 

species, by keeping the pH >12 to avoid passivation of the aluminum surface 

by hydroxide layer formation. The overall stoichiometry of the gold 

precipitation reaction is:  

3Au(CN)2
– + Al + 4OH– → 3Au + 6CN– + AlO2

– + 2H2O         (1.53)  

Several other stoichiometries have been proposed based on plant 

observations, which take into account some of the many side reactions that 

may occur, but these are usually dependent on specific solution conditions 

[51].  

The stoichiometric requirement of aluminum is less than zinc, because the 

metal reduction is a three-electron reaction compared with the two-electron 

reaction for zinc. Also, it can be seen from Equation (1.53) that the gold 

cyanide reduction yields 2 moles of cyanide for every mole of gold, unlike the 

zinc precipitation reaction that actually consumes 2 additional moles of 

cyanide for every mole of gold precipitated. Consequently, the cyanide is 

effectively regenerated by aluminum precipitation.  

An important disadvantage of aluminum is that lime cannot be used for pH 

control because highly insoluble calcium aluminate is formed, which tends to 

foul filters and contaminates the final gold precipitate, as follows:  

2AlO2
– + Ca(OH)2 → CaAl2O4 + 2OH-            (1.54)  

Therefore, solutions containing even moderate calcium content would have to 

be treated for calcium removal prior to aluminum precipitation. This could be 

achieved by the addition of sodium carbonate to precipitate calcium 

carbonate, with the added benefit of a net increase in pH. Aluminum 

precipitates gold much more slowly than zinc, despite a larger electro 

chemical driving force, due to the faster dissolution rate of zinc in complexing 

cyanide solution. It is far less effective than zinc for recovery from solutions 
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containing little or no silver but works quite well for the precipitation of silver, 

or both gold and silver, from solutions containing >50 g/t silver. Deaeration of 

solutions is required prior to precipitation because of the rapid oxidation of 

aluminum in the presence of oxygen; however, the metal is less affected by 

“poisoning” ions, such as sulfide, arsenic, and antimony, than is zinc. 

1.4.5 PREVIOUS RESEARCH  

A previous study conducted by Jeon et. al, 2022 T describes a simple and 

highly efficient technique for Au(I) ion recovery from thiosulfate medium 

based on galvanic interactions between aluminum (Al) and activated carbon 

(AC) under various industrially relevant conditions. The results showed that 

when only AC or Al are used, Au recoveries were negligible under the 

following conditions: 0.15 g of AC or Al with 10 ml thiosulfate solution 

containing 100 mg/l of Au ions at 25 °C for 24 h with 120 rpm. With Al 

(0.15 g)-AC (0.15 g) mixture, however, Au recovery significantly increased 

reaching over 99% as shown in Figure 1.13. 

  

Figure 1.13 Recovery of Au ions from ammonium thiosulfate solution by 

various materials and their mixtures (Al, Fe, Cu, AC, Al–Fe, Al–Cu, Al-AC, Fe-

AC, and Cu-AC) (Note that AC denotes activated carbon) Jeon et. al, 2022. 

The effects on Au recovery of various parameters, including recovery time, 

dissolved oxygen, mixing ratio of Al and AC, solid-to-liquid ratio, and 

temperature, were also evaluated and the highest Au recovery was obtained 
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under the following conditions: 1 h recovery time without oxygen, 1:1 of Al 

and AC, and 0.3 g/10 ml at 25 °C. Using scanning electron microscopy with 

energy dispersive spectroscopy coupled with electrochemical experiments, 

the critical role of AC on Au recovery was identified as a reduction mediator 

between Al and Au(I)-thiosulfate complex in the solution as shown in Figure 

1.14.  

Figure 1.14  The linear voltammetry sweep using oxidized Al working 

electrode with and without AC, and point analysis of the surface of the 

working electrode after chronoamperometry at (b) -0.8 V, and (c) -1.0 V. 
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Finally, this previous research proposed a sequence of processes to explain 

Au recovery by Al-AC in thiosulfate medium: (i) AC is lodged into Al oxide 

micro-cracks or “attached” on Al oxide film, (ii) electrons moved from Al to AC, 

(iii) Au(I) ions receive electrons from AC, and (iv) metallic Au is cemented on 

AC. 

1.4.6 SUMMARY 

In refractory ores, sulfide-type gold ores, especially gold-pyritic ore, account 

for a substantial proportion of gold resources (i.e., about 22%). The recovery 

of gold from gold-pyritic ore has recently become a valuable study in the 

resources field. Also, it poses environmental hazards upon storing these 

sulphide-rich minerals, as these minerals potentially form highly acidic water, 

commonly known as acid mine drainage (AMD). Currently, upon processing 

refractory gold ore, conventional processing is done through roasting followed 

by the cyanidation process. In the later leaching process, where cyanide is 

conventionally employed, the solvent poses health and environmental 

hazards due to its potential toxicity if not appropriately managed. 

For these reasons, many studies have been conducted to find alternative 

solvents to mitigate the risk of using cyanide, such as thiourea, thiocyanate, 

halogen-based and thiosulfate. Among the alternatives, ammonium 

thiosulfate has been highlighted because it has been shown to have higher 

selectivity and leaching rate to gold, and most importantly, it is less corrosive 

and non-toxic to humans.  

Amongst all pretreatment processes, roasting has been conventionally 

employed to convert pyrite into various porous iron oxides such as hematite 

(Fe2O3) and magnetite (Fe3O4), so that gold grains can be exposed to leach 

solutions, making it susceptible to extraction. 

To further explore the potential of the research conducted by Jeon et al., 

2022, this research is focused on investigating the behavior of iron oxides as 

electron mediators with zero-valent aluminum in gold-copper ammoniacal 

thiosulfate systems.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxide-film
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CHAPTER II 

CEMENTATION INVESTIGATION USING IRON- OXIDES AND ZERO-

VALENT ALUMINUM IN GOLD-COPPER AMMONIACAL THIOSULFATE 

MEDIUM 

 

ABSTRACT 

Ammonium thiosulfate leaching is a promising alternative to the conventional 

cyanide method to extract gold from ores. However, strategies for recovering 

gold from the leachate were less commercially used due to its low affinity to 

gold. The present study investigated the recovery of gold from the leachate 

using iron oxides (hematite, Fe2O3 or magnetite, Fe3O4). Cementation 

experiments were conducted by mixing 0.10 mg of aluminum powder as an 

electron donor and 0.10 mg of electron mediator (activated carbon, hematite, 

or magnetite) in 10 ml of ammonium thiosulfate leachate containing 100 mg/L 

gold ions and 10 mM cupric ions for 24 hours at 25°C. The results of solution 

analysis showed that when activated carbon, AC was used, gold was 

recovered together with copper (recoveries were 99.99% for gold and 

copper). However, selective gold recovery was observed when iron oxides 

were used: gold and copper recoveries were 89.7 % and 21 % for hematite, 

and 85.9 % and 15.4% for magnetite, respectively. The electrochemical 

experiment was also conducted to evaluate the galvanic interaction between 

the electron donor and electron mediator in a conventional electrochemical 

set-up (Fe2O3/ Fe3O4 -Al as the working electrode, Pt as the counter 

electrode, Ag/AgCl as the reference electrode) in gold thiosulfate medium. 

Cyclic voltammetry showed a gold reduction "shoulder-like" peak at -1.0 V 

using Fe2O3/Al and Fe3O4/Al electrodes. Chronoamperometry was conducted 

and operated at a constant voltage (-1.0V) determined during cyclic 

voltammetry and further analyzed using SEM-EDX. The results of SEM-EDX 

analysis for the cementation products and electrochemical experiments 

confirmed that gold was selectively deposited on iron oxide's surface as an 

electron mediator.   
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2.1 INTRODUCTION 

Recently, high-grade gold ores have been reported to be gradually depleting, 

and the refractory gold ores consisting of about one-third of the total gold 

production from open pit/underground mines and in tailing deposits become 

the interest of this study. In refractory ores, sulfide-type gold ores, especially 

gold-pyritic ore, account for a substantial proportion of gold resources (i.e., 

about 22%), the recovery of gold from gold-pyritic ore has recently come into 

the spotlight as a valuable study in resources field [1-4]. Also, it posters 

environmental hazards upon storing these sulphide-rich minerals, as these 

minerals are potentially forming highly acidic water, commonly known as acid 

mine drainage (AMD) [5]. Currently, upon processing refractory gold ore, 

conventional processing is done through roasting followed by the cyanidation 

process. This current technology is being practiced in industrial mining plants, 

like the roasting-cyanidation leaching plant of Zhongyuan Gold Smelter Co 

Ltd in Henan Province, China [6]. In the later leaching process, where cyanide 

is conventionally employed, the solvent posters health and environmental 

hazards due to its potential toxicity if not appropriately managed [1-2, 7, 32]. 

For these reasons, many studies have been conducted to find alternative 

solvents to mitigate the risk accompanied by using cyanide, such as thiourea 

[8-10], thiocyanate [11], halogen-based [12-15] and thiosulfate [16-22]. 

Among the alternatives, ammonium thiosulfate has been highlighted because 

it has been shown to have higher selectivity and leaching rate to gold, and 

most importantly, it is less corrosive and non-toxic to humans [16-22]. While 

methods to recover gold from the leachate have not been extensively 

practiced due to its low affinity to carbon during the gold-adsorption recovery 

process [17-19, 23-26], this causes limitations to commercial operation.  

For these reasons, the development of an alternative recovery method for 

gold ions in the ammonium thiosulfate system is needed. A recent study 

reported that gold recovery could be efficiently achieved by cementing the 

gold ions via galvanic interactions between activated carbon (electron 

mediator) and zero-valent aluminum (ZVAl) (electron donor) in a gold-copper 

ammoniacal thiosulfate system [17]. The recovery results using ZVAl or AC in 

a single system were negligible. However, when mixed (binary system), over 
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99% of Au ions could be recovered through the following suggested 

mechanisms: ZVAl acts as an electron donor (i.e., anode), and activated 

carbon (AC) acts as an electron mediator (i.e., cathode), making the galvanic 

cell, and finally leading to reductive deposition of the gold-thiosulfate complex 

onto activated carbon attached to ZVAl [17-19]. To further explore the 

potential of this technique, further researched was conducted to understand 

the behavior of gold ions in an ammonium thiosulfate system in the presence 

of various metallic combinations of electron donors, zero-valent aluminum, 

and electron mediators such as Fe and Cu, and the results showed that about 

20% and 40% of gold ions were recovered, respectively [16]. Although it was 

not discussed on the recovery of gold ions, Choi with co-authors also further 

conducted a study to remove cadmium (Cd2+) and zinc (Zn2+) ions from the 

sulfate-based solvents using aluminum and iron oxide materials (e.g., Fe3O4). 

The results showed that about 83% of Cd2+ and 92% of Zn2+ were removed 

from the acid solutions. In contrast, recovery efficiency was negligible 

employing the ZVAl sole system (i.e., 0% recovery of Cd2+ and Zn2+) due to 

the thin insulating oxyhydroxide film on the surface of ZVAl. Although the 

recovery efficiencies were lower than the Al/AC system, the research 

highlighted that metal ions could be recovered via galvanic interactions using 

ZVAl and other conductive materials [27].  

As previously mentioned, when dealing with pyritic refractory ores, the 

leaching agent cannot contact gold in the ore because gold grains are 

encapsulated in sulfide minerals like pyrite, FeS2 [28]. Amongst all 

pretreatment processes, roasting has been conventionally employed to 

convert pyrite into various porous iron oxides such as hematite (Fe2O3) and 

magnetite (Fe3O4), so that gold grains can be exposed to leach solutions, 

making it susceptible to extraction [3,5,29-31]. 

Considering the semiconductive properties of hematite (Fe2O3) and magnetite 

(Fe3O4), it is possible to use them as an electron mediator in the cementation 

process proposed by the previous researchers [16-19]. In this case, activated 

carbon can be eliminated upon processing refractory gold ores, and by 

treating refractory gold in pyrite (FeS2), we could mitigate the formation of 

acid mine drainage (AMD). In the present study, the technical feasibility of two 

iron oxides (hematite (Fe2O3) and magnetite (Fe3O4)) (conventional products 
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of pyrite roasting) as electron mediators for the enhanced cementation of gold 

from ammonia thiosulfate leachate was evaluated using zero-valent aluminum 

as an electron donor.  

 

2.2 MATERIALS AND METHODS 

2.2.1 Materials 

All chemicals used were purchased from Wako Pure Chemical Industries, 

Ltd., Japan. In cementation experiments, ZVAl (99.99%, CAS No.: 012-

19172) was used as an electron donor. For electron mediators, activated 

carbon (99.99%, CAS No.: 031-02135) having about 800–1500 m2g-1 of 

specific surface area, hematite (Fe2O3, 99.99%, CAS No: 096-02821) and 

magnetite (Fe3O4, 99.99%, CAS No: 093-01035) were used.  

2.2.2 Solution Preparation 

The Au-ammonium thiosulfate solution was prepared by dissolving 50 mg of 

Au powder (99.999%, CAS No.: 937902 Wako Pure Chemical Industries, Ltd., 

Japan) in 500 ml of ammonium thiosulfate solution containing 1 M Na2S2O3 

.5H2O (CAS No.: 197-03585), 0.5 M NH3 (CAS No.: 016-03146), 0.25 M 

(NH4)2SO4 (CAS No.: 016-03445), and 10 mM CuSO4 (CAS No.: 034-04445) 

in a beaker;  the solution was agitated using a magnetic stirrer with a built-in 

heater, a part of a thermocouple was submerged in the solution to maintain 

the temperature at 30°C for 24 h with a constant shaking frequency of 600 

min−1. Electrolyte solutions were prepared by dissolving Na2S2O3 .5H2O and 

metal ions (Cu2+ and Au+) in 0.1 M NH3 / 0.05 M (NH4)2SO4 buffer solutions. 

2.2.3 Cementation Experiments 

2.2.3.1 The Effect of Atmosphere 

The latter investigated the effects of atmosphere, using air (aerobic) and by 

purging oxygen in the flask and solution with ultra-pure nitrogen (N2) gas 

(anaerobic). Cementation experiments were derived from the previous 

research performed by Jeon et. al, 2019 where the researchers conducted 

the cementation process by mixing 0.10 mg of electron donor (ZVAl) and 0.10 
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mg of electron mediator (AC, Fe2O3, or Fe3O4) with 10 ml of Au-ammonium 

thiosulfate solution in 50-ml Erlenmeyer flasks using thermo-stated water bath 

shaker (shaking amplitude, 40 mm; frequency, 120 min-1) maintained at 25°C.  

2.2.3.2 The Effects of Galvanic Constituents Dosage  

The latter investigated the effects of different galvanic constituents 

(magnetite, hematite, activated carbon, and aluminum) dosage in single 

system (10 mg, 50 mg, 100 mg, 150 mg, 200 mg, 300 mg and 500 mg) upon 

cementation process in anaerobic atmosphere. The solid-liquid separation is 

the same as previously mentioned in section 2.3.1. 

2.2.3.3 The Effects of Time 

The latter investigated the effects of time (1, 2, 3, 4, 5,10,15, 20, 30, 60, 120, 

240, 360,1440 in minutes) using different galvanic constituents (magnetite, 

hematite, activated carbon, and aluminum) in single and binary system upon 

cementation process in anaerobic atmosphere. The solid-liquid separation is 

the same as previously mentioned in section 2.3.1. 

2.2.3.4 The Effects of Electron Donor Dosage (ZVAL) 

The latter investigated the ZVAl dosage (5 mg, 10 mg, 20 mg, 40 mg, 80 mg, 

150 mg, 300 mg) using 10 mg different electron mediators (magnetite and 

hematite) in binary system upon cementation process in anaerobic 

atmosphere. The solid-liquid separation is the same as previously mentioned 

in section 2.3.1. 

2.2.3.5 The Effects of Using Different Electron Donor (Scrap Aluminum) 

The latter investigated the effects of using aluminum scrap with different iron 

oxides (magnetite and hematite) upon cementation process in anaerobic 

atmosphere. The solid-liquid separation is the same as previously mentioned 

in section 2.2.3.1. 
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2.2.4 Characterization Experiments 

The cementation residues were thoroughly washed with deionized water (DI), 

followed by drying the residues in a vacuum oven at 40°C and then further 

analyzed by Scanning Electron Microscopy with Energy Dispersive X-ray 

(SEM-EDS, JSM-IT200TM, JEOL Co., Ltd., Japan), operated at an 

accelerating voltage of 15 kV, 1000x to 1500x magnification and a working 

distance (WD) of 10 mm. The elemental maps were taken at 2,000 cps with 

60 min time constant and high pixel resolutions of 256x256 (~10-minute 

scans). 

2.2.5 Solution Analysis 

The concentrations of gold ions that remained in the sterile solution were 

determined using inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) (ICPE-9820, Shimadzu Corporation, Japan, with a margin of 

error= ±2%) and Au recovery (AuR) was then calculated according to the 

following equation:  

 

𝐴𝑢𝑅 =
[𝐴𝑢𝑖 ]−[𝐴𝑢𝑓 ]

[𝐴𝑢𝑖 ]
× 100                               (1)  

 

where [Aui] and [Auf] are denoted as dissolved Au's initial and final 

concentrations, respectively. Note that dissolved initial and final gold 

concentrations were measured, and the recovery experiments were done in 

three replicate samples. 
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2.3 RESULTS AND DISCUSSIONS 

2.3.1 Effects of solution condition 

Figure 2.1 shows the percent (%) recovery of gold and copper ions from 

gold-copper ammoniacal thiosulfate solution using different galvanic 

constituents; a) ZVAl/ and or activated carbon (AC), b) ZVAl/ and or hematite 

(Hem), and c) ZVAl/ and or magnetite (Mag) in aerobic conditions, 

respectively.  

 

Figure 2.1 Percent (%) recovery of gold, Au and copper, Cu from different 

galvanic constituents in air atmosphere after 24hrs a) activated carbon (AC) 

and or /ZVAl b) hematite (Hem) and or/ ZVAl and c.) magnetite (Mag) and or 

/ZVAl. 
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Figure 2.1 (a) showed that gold recovery was negligible when ZVAl was used 

without electron mediators like AC because of the passivation of the ZVAl 

surface with insulator aluminum oxide; This passivation layer (aluminum oxide 

layer) will hinder the transfer of electrons from ZVAl to gold ions in the 

solution phase, suppressing the electrochemical deposition of gold and 

copper [16-19]. Activated carbon has a high specific surface area. It may 

function as an adsorbent for metal ions even without electron donors like 

ZVAl, while gold and copper recoveries with activated carbon were around 

24% and 5%, respectively. The low recoveries indicate limited adsorption of 

gold and copper complexes from the aqueous phase to activated carbon [17-

19]. Copper and gold recoveries were also deficient even when activated 

carbon and ZVAl were used together. From Figure 2.1(b) for hematite and 

Figure 2.1(c) for magnetite, it was also found that gold and copper recoveries 

were limited when using iron oxides alone or iron oxide and ZVAl.  

Figure 2.2 Percent (%) recovery of gold ions, Au with respect to time using 

ZVAl and different electron mediators in aerobic condition after 24 hrs. 

The low recoveries of gold after 24 hr in the air may be due to the dissolution 

of cemented gold by oxidation with O2 [17-19]. Figure 2.2 shows the 

recoveries of gold with ZVAl and electron mediators as a function of time. It 

was observed that gold recoveries increased with time to reach the maximum 

of 58 % at the first 1 hr for AC/Al, 75 % at 3 hr for Fe2O3/Al, and 84 % at 6 hr 

for Fe3O4/Al, then gold recoveries decreased with time. The increase in gold 
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(a) (b) 

(c) 

recoveries in the initial period suggested that gold was deposited in the 

presence of both ZVAl and electron mediators in the short term due to the 

following:  

2Au(S2O3)2
3− + 6Al0 + 6H+ = 2Au0 + 8S0 +  3Al2O3 +  3H2O                      (2)                                                      

However, the decrease of gold recoveries after the maxima observed 

in Figure2.2 may be due to the oxidation of deposited gold with dissolved 

oxygen,  

4Au0 + 8(S2O3)2- + O2 + 2H2O = 4 Au(S2O3)2
3- + 4 OH-                               (3)                                                  

Since the dissolution of gold was significantly affected in the presence of 

oxygen, O2, the subsequent cementation experiments were conducted 

without O2 (anaerobic) by purging the gold thiosulfate solution with N2 gas for 

45 mins, as presented in Figure 2.3a-c, using ZVAl as an electron donor and 

various electron mediators.  

 

Figure 2.3 Percent (%) recovery of gold, Au and copper, Cu ions from 

different galvanic constituents in nitrogen atmosphere (anerobic) a) activated 

carbon (AC) and or /ZVAl b) hematite (Hem) and or/ ZVAl and c.) magnetite 

(Mag) and or /ZVAl. 
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When ZVAI was used without electron mediators, gold and copper recoveries 

were slightly improved; the recoveries were 35 % for Au and 29 % for Cu. 

These results may be due to the limited passivation of the Al2O3 layer on the 

ZVAl surface, allowing limited electron transfer from the electron donor (ZVAl) 

to the metal ions. The insignificant gold and copper recoveries were observed 

when only electron mediators were used (without ZVAl); the recoveries for Au 

and Cu were less than 40 %, regardless of the electron mediator. This result 

may indicate that the ability of AC, Fe2O3, and Fe3O4 as adsorbent to the 

metal ions is limited. 

However, when both ZVAl as an electron donor and the electron mediators 

were used together (binary system), high gold recoveries were observed; the 

recoveries were 99% with AC/Al, 92.6% with Fe2O3/Al, and 89.7% for 

Fe3O4/Al, respectively. This result may suggest that galvanic couples 

composed of ZVAl as electron donors and the electron mediators (AC, Fe2O3, 

and Fe3O4) are remarkably effective in recovering Au from ammonia 

thiosulfate solutions. The results’ selective recovery of Cu can be observed 

noticeably; Cu recoveries were 99.9 % with AC/Al while it was 49.3% with 

Fe2O3/Al and 46.2% for Fe3O4/Al. These results indicate that Fe2O3/Al and 

Fe3O4/Al can be used for the selective recovery of gold from copper-

ammoniacal thiosulfate solutions. 
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2.3.2 Effects of Electron Mediator Dosage 

In lieu of the results presented in Figures 2.1-3, the proceeding experiments 

were conducted in anaerobic conditions, where electron mediator was 

investigated with respect to varying dosage (10, 50, 100, 150, 200, 300, 500 

mg) with 0.10 mg of electron donor (ZVAl), for 24 hr cementation time as 

presented in Figure 2.4. 

 

 

 

 

 

 

Figure 2.4. Effects of electron mediator dosage [(10, 50, 100, 150, 200, 300, 

500) mg] upon cementation experiments after 24 hr a) Magnetite b) Hematite, 

and c) Activated carbon. 

The results of solution analysis obtained a metal recovery of 19 % Au-0 % 

Cu, 22.6 % Au- 0 % Cu, 30.1 % Au- 6.1 % Cu for magnetite, hematite, and 

activated carbon, respectively, using 10 mg dosage of electron mediators. 

Compared to the highest dosage of 500 mg which is fifty-fold higher than the 

initial dosage, it doesn’t have to show a significant increase of metal 

recoveries, where Au-Cu % recovery obtained 22.3 % Au- 0 % Cu for 

magnetite, 26.0 % Au – 0 % Cu for hematite, and 34.0 % Au- 8.49 % for 

activated carbon. 
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2.3.3 The Effects of  Cementation Time  

The latter experiments investigated the effect of cementation time  (5, 10, 20, 

30, 45, 60, 120, 240, 360, and 1400 min) with 10 mg electron mediator 

dosage, as presented in Figure 2.5 

Figure 2.5 Effects of cementation time  [(5, 10, 20, 30, 45, 60, 120, 240, 360, 

and 1400) min] with 10 mg of electron mediator dosage (single system ) on a) 

% Au recovery and b) %Cu recovery. 

The results of solution analysis obtained that all electron mediators obtained a 

significant increase of gold recovery after 60 minutes cementation time; 22.1 

%, 24.2 %, and 30.1 % Au recovery was obtained for magnetite, hematite and 

activated carbon, respectively. Comparing the recovery after 1440 minutes 

cementation; 23.4%, 25.8% and 32.2% Au recovery was obtained for 

magnetite, hematite and activated carbon, respectively. Suggesting that 60 

minutes was the optimum cementation time for single system as shown in 
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Figure 2.5a. Furthermore, the results of solution analysis for copper 

recoveries was presented in Figure 2.5b; magnetite and hematite recovered 

0% Cu in all cementation time, while the used of activated carbon, a 

significant increase was observed after 240 minutes (26.1 % Cu) and further 

increase insignificant after 1400 minutes obtaining 38.1% Cu recovery. 

Figure 2.6 Effects of cementation time [5, 10, 20, 30, 45, 60, 120, 240, 360, 

and 1400 min] with 10 mg of electron mediator dosage and 10 mg of electron 

donor (1:1) (binary system) on a) % Au recovery and b) %Cu recovery. 

Similar to the single system, the results of solution analysis in binary system 

(Figure 2.6) obtained a significant increase of gold recovery after 60 minutes 

cementation time; 85.9 %, 89.7 %, and 99.9 % Au recovery was obtained for 
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Mag/Al, Hem/Al and AC/Al, respectively. Comparing the recovery after 1440 

minutes cementation; 89.7 %, 92.6 % and 99.9% Au recovery was obtained 

for Mag/Al, Hem/Al and AC/Al, respectively as shown in Figure 2.6a. At 1440 

minutes, copper recoveries were 46.2 %, 49.3 %, and 99.9 % for Mag/Al, 

Hem/Al and AC/Al, respectively. We can observe in Figure 2.6b that the 

increase of copper recovery is limited to only after 60 minutes, along with the 

significant increase of gold recovery, suggesting that the optimum recovery 

considering the selective cementation of gold is only 60 minutes for 10 mg of 

electron mediator-electron donor dosage.  

 

2.3.4 The Effect of Aluminum Dosage  

In Figure 2.7,  the effects of aluminum dosage  [(5, 10, 20, 30, 40, 150, 300) 

mg] with 10 mg of electron mediator donor (1:1) (binary system) on % metal 

recovery were shown. Interestingly, as we increase the amount dosage of 

electron donor, a significant increase of gold and copper recoveries can be 

observed. The highest amount of gold and copper reveries was obtained 

when adding 300 mg of electron donor with 10 mg of electron mediator: 

having 99.7 % Au- 84.2 % Cu and 99.9% Au- 86.9% Cu, for magnetite and 

hematite respectively. Although great amounts of gold and copper was 

recovered when adding 300 mg of ZVAl, selective recovery of gold is more 

advantageous than that of having both gold and copper, using 5 mg of 

electron donor obtained the lowest % metal recovery, but compared to 10 mg 

of ZVAl, a competitive amount of gold was recovered and selective 

cementation was achieve having 85.9 % Au- 15.4 % Cu and 89.7 % Au- 21.0 

% Cu when using magnetite and hematite, respectively. 

Selective deposition of gold in an ammonia thiosulfate leaching system is 

significant and industrially attractive since this system requires cupric ions as 

a leaching catalyst, and extremely high concentrations of copper ions coexist 

with low concentrations of gold leached from ores. If selective deposition of 

gold is possible, separating gold and copper is not required after the 

deposition step, and the process becomes more straightforward compared to 

previous research conducted by Jeon et. al, 2022.  
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Figure 2.7 Effects of aluminum dosage  (5, 10, 20, 30, 40, 80, 150, 300 mg) 

on Au and Cu recoveries with 10 mg of electron mediator (binary system) in 

% metal recovery using A) Magnetite B) Hematite as electron mediator.  
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For the selective recovery of Au, this research suggests that the optimum 

parameters were determined to be 10 mg of electron donor and 10 mg 

electron mediator for 60 mins cementation time in anaerobic (N2 purged) 

solution condition maintained in pH 9-10 at 25°C. These optimum conditions 

obtained gold and copper recoveries of 89.7 % and 21 % for hematite and 

85.9 % and 15.4% for magnetite, respectively. The results of cementation 

experiments using iron oxide as electron mediator is selective to gold 

compared to iron oxides as summarized in Figure 2.8. 

 

 

Figure 2.8 % Metal recovery of the optimized cementation parameters. (60 

mins cementation time in anaerobic (N2 purged) solution condition maintained 

in pH 9-10 at 25°C using 10mg electron mediator and 10 mg electron donor. 
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2.3.5 Surface Characterization of Cementation Residue 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Back scattered electron photomicrograph with energy dispersive 

point analysis with elemental mapping of the leach residue using Al and AC 

galvanic system.   

To investigate the associations of cemented Au and Cu, morphological 

analysis of the representative particles on the residues from the cementation 

experiments was examined in detail by SEM-EDX analysis, as shown in  

Figures 2.9 to 2.11. The results shown in Figure 2.9 for the residue with 

AC/Al are consistent with the previously reported results [17-19]; In the SEM-

BSE image, bright (white) domains (points AC-2 and AC-3) were observed on 

the surface of the grey particle (point AC-1). The point spectrum data showed 

that at the grey particles (point AC-1), firm Al and O peaks were detected with 

a minor S peak, suggesting that the grey particle is ZVAl with an oxidized 

surface. In the spectrum at the bright domains (AC-2 and AC-3), Au and Cu 
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peaks were observed together with the C peak, suggesting that the bright 

domains correspond to Au and Cu deposited on AC. 

 

 

 

 

 

 

 

 

 

Figure 2.10.  Back scattered electron photomicrograph with energy 

dispersive point analysis with elemental mapping of the leach residue using Al 

and Hematite galvanic system. 

The SEM-EDX mapping image confirmed that Au and Cu were always 

deposited on AC attached to ZVAl. Figures 2.10 and 2.11 show the results of 

SEM-EDX analysis for the solid residues obtained in the cementation 

experiments with Fe2O3/Al and Fe3O4/Al, respectively. The point spectrum 

and mapping results in Figure 2.10 and Figure 2.11 suggest that Au was 

deposited on the iron oxide particles attached to the ZVAl surface. Noticeably, 

copper signal intensity ranged from 200 to 6000 cps, as illustrated in Figure 

2.10 AH-3 and Figure 2.11 AM-3, while the values are higher (1000-31,000 

cps), as illustrated in Figure 2.9 AC-2 and AC-3, implying that copper 

deposition is limited for iron oxide/Al system. Analysis of the spectra from 40 

different points on illuminated bright particles was conducted. The results 

showed that the ratio of gold signal to copper signal was higher for the 

residues with iron oxide/Al than with AC/Al. This result agrees with the result 
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illustrated in Figure 2.9 and confirms that Au was preferably cemented than 

Cu when iron oxides were used as the electron mediators.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Back scattered electron photomicrograph with energy dispersive 

point analysis with elemental mapping of the leach residue using Al and 

Magnetite galvanic system. 
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2.4 CONCLUSIONS 

The present study investigated the technical feasibility of recovering gold from 

leachate using synthetic iron oxides (hematite, Fe2O3 or magnetite, Fe3O4) as 

intermediate by-products of roasting pyritic refractory gold ores. Parametric 

cementation experiments were conducted by firstly mixing a predetermined 

dosage of aluminum powder as an electron donor and electron mediator 

(activated carbon, hematite, or magnetite) in 10 ml of ammonium thiosulfate 

leachate containing 100 mg/L gold ions and 10 mM cupric ions for 24 hours at 

25°C in aerobic and anaerobic solution conditions. The results of solution 

analysis showed that anaerobic conditions obtained the most significant metal 

recovery where activated carbon, AC was used, and gold was recovered 

together with copper (recoveries were 99.99% for gold and copper). However, 

selective gold recovery was observed when iron oxides were used. 

Further cementation parameters were investigated concerning electron 

mediator dosage, cementation time in single and binary systems, and 

electron donor dosage in binary systems. All experiments obtained 

consistency concerning the selective cementation of gold using iron oxides 

with zero-valent aluminum, and the optimum parameters were determined to 

be 10 mg of electron donor and 10 mg electron mediator for 60 mins 

cementation time in anaerobic (N2 purged) solution condition maintained in 

pH 9-10 at 25°C. These optimum conditions obtained gold and copper 

recoveries of 89.7 % and 21 % for hematite and 85.9 % and 15.4% for 

magnetite, respectively. 
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CHAPTER III 

ELECTROCHEMICAL INVESTIGATION OF METAL DEPOSITION MODEL 

OF IRON OXIDE-ALUMINUM GALVANIC INTERACTION IN GOLD-

COPPER AMMONIACAL THIOSULFATE MEDIUM 

 

ABSTRACT 

The electrochemical experiment was conducted to evaluate the galvanic 

interaction between the electron donor and electron mediator in a 

conventional electrochemical set-up (Fe2O3/ Fe3O4 -Al as the working 

electrode, Pt as the counter electrode, Ag/AgCl as the reference electrode) in 

gold thiosulfate medium. Cyclic voltammetry showed a gold reduction 

"shoulder-like" peak at -1.0 V using Fe2O3/Al and Fe3O4/Al electrodes. High-

purity iron oxides (magnetite and hematite) specimen was also used as the 

working electrode to confirm if the reduction peaks were made possible using 

the electron mediator itself, and results obtained the same reduction peaks 

using iron oxides. Chronoamperometry was conducted and operated at a 

constant bias potential (-1.0 V) determined during cyclic voltammetry, and the 

surface of the working electrodes was further analyzed using SEM-EDX. 

SEM-EDX analysis and electrochemical experiments confirmed that gold was 

selectively deposited on iron oxide's surface as an electron mediator. 
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3.1 INTRODUCTION 

In Chapter 2, cementation experiments were conducted, and it was found that 

the use of iron oxides (magnetite and hematite) as electron mediators with 

zero-valent aluminum (ZVAl) as an electron donor selectively deposited gold 

ions from gold-copper ammoniacal thiosulfate medium: significant amounts of 

gold was reductively deposited on iron-oxides from the solution while copper 

deposition was limited. In this chapter, for the better understanding of the 

phenomena, the selective deposition of gold with iron oxides were 

investigated using electrochemical techniques like cyclic voltammetry and 

chronoamperometry.  

Cyclic Voltammetry (CV) is the most widely used technique to acquire 

quantitative information about electrochemical reactions. CV provides 

information on redox processes, heterogeneous electron transfer reactions 

and adsorption processes. It offers a rapid location of redox potentials of the 

electroactive species. During the potential sweep, the potentiostat measures 

the current resulting from electrochemical reactions occurring at the electrode 

interface and consecutive to the applied potential. The cyclic voltammogram is 

a current response plotted as a function of the applied potential. Furthermore, 

the chronoamperometry technique was also employed; this technique can be 

achieved by applying a constant potential (Ei) for a duration of time, and the 

current is measured. This technique can also be applied to the study of 

electrode surface mechanisms.  

The present work investigates the electrochemical profile of the different 

working electrodes (Fe2O3/ Fe3O4 -Al) in ammoniacal thiosulfate solutions 

containing gold and copper ion complexes.     
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3.2 MATERIALS AND METHODS 

3.2.1 Materials 

All chemicals used were purchased from Wako Pure Chemical Industries, 

Ltd., Japan.  Aluminum electrode was prepared using a high purity aluminum 

sheet purchased from WAKO chemical (99.99%, CAS No.:7429-90-5) . For 

electron mediators, activated carbon (99.99%, CAS No.: 031-02135) having 

about 800–1500 m2g-1 of specific surface area, hematite (Fe2O3, 99.99%, 

CAS No: 096-02821) and magnetite (Fe3O4, 99.99%, CAS No: 093-01035) 

were used.  

3.2.2 Solution Preparation 

The Au-ammonium thiosulfate solution was prepared by dissolving 50 mg of 

Au powder (99.999%, CAS No.: 937902 Wako Pure Chemical Industries, Ltd., 

Japan) in 500 ml of ammonium thiosulfate solution containing 1 M Na2S2O3 

.5H2O (CAS No.: 197-03585), 0.5 M NH3 (CAS No.: 016-03146), 0.25 M 

(NH4)2SO4 (CAS No.: 016-03445), and 10 mM CuSO4 (CAS No.: 034-04445) 

in a beaker;  the solution was agitated using a magnetic stirrer with a built-in 

heater, a part of a thermocouple was submerged in the solution to maintain 

the temperature at 30°C for 24 h with a constant shaking frequency of 600 

min−1. Electrolyte solutions were prepared by dissolving Na2S2O3 .5H2O and 

metal ions (Cu2+ and Au+) in 0.1 M NH3 / 0.05 M (NH4)2SO4 buffer solutions. 
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3.2.3 Electrochemical Set-up 

Electrochemical experiments were done using a conventional three electrode 

system connected to computerized driven potentiostat (SP-300, Biologic, 

France). The setup of the electrochemical measurements system is shown in 

Figure 3.1.    

 

Figure 3.1 Illustrates the electrochemical set-up numbered in different parts 

as follows: 

1. SP-300 ECLab Biologic, Farnce; Potentiometer apparatus. 

2. Computer with installed software (ECLab) used various  

electrochemical operations. 

3. Electrode set-up, with built -in recirculating thermostat water bath 

glass-type container. 

4. Magnetic stirrer with manual agitation speed operation. 

5. Nitrogen-gas system for solution purging to achieve anaerobic solution 

condition. 

6. Working electrode illustration, ZVAl attached with electron mediator 

particles. 

7. Illustration of ECLab-generated voltammogram spectra after 

electrochemical operation  
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Electrode Preparation 

Improvised Al electrode was prepared by cutting a cuboid (10 ×10 × 2 mm) 

out of a large aluminum metal sheet using a diamond cutter, connecting it to 

copper wires with silver conducting paste, and fixing it inside a plastic mold 

(25 mm diameter and 10 mm height) with Technovit® non-conductive resin. 

Next, the surface of the Al electrode was exposed by polishing it using silicon 

carbide (SiC) papers of decreasing grain size (#200, #600, #1000, #1500), 

followed by polishing with 5 and 1 μm Al2O3 pastes on a smooth glass plate. 

Finally, the polished electrode was ultrasonically cleaned for 5 min to remove 

residually attached Al2O3 particles and washed several times with DI water. 

After which, the exposed surface of the polished Al working electrode was 

oxidized under atmospheric conditions for 2 days to mimic the oxide layer on 

Al upon the cementation process; the oxidized Al working electrode was 

subjected to SEM-EDX analysis using SEM-EDS, JSM-IT200TM, JEOL Co., 

Ltd., Japan to elucidate the magnitude of oxide being formed. Iron oxide 

powder attached to Al electrodes was then prepared by mixing 0.05g of iron 

oxide powder (Fe3O4 or Fe2O3) with 5 mL acetone, and the resulting mixture 

was then carefully attached to the surface of Al electrode. After evaporating 

acetone, iron oxide/Al electrodes were used as the working electrode. This 

procedure was chosen to prevent “scratching” of the Al oxide layer formed on 

the electrode and has been successfully used in previous electrochemical 

studies [32]. 

Before conducting electrochemical measurements of the improvised FexOX/Al 

working electrodes, Figure 3.2  illustrates the backscatter electron 

photomicrograph with elemental mapping and point EDX analysis of the 

aluminum electrode. The result shows that traces of O were detected after 

exposing the surface of the aluminum electrode for two (2) days, which were 

dispersedly formed at the surface of the electrode. The presence of this layer 

mimics the surface oxide layer of ZVAl during the gold recovery process. 

Thus, the addition of iron oxides on the Al electrode surface was conducted to 

understand the electrochemical property of hematite and magnetite upon Au 

recovery.  
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Figure 3.2. Back scattered electron photomicrograph with elemental mapping 

and point EDS analysis of improvised aluminum electrode. 

 

3.2 Electrochemical Experiments 

3.3.1 Cyclic Voltammetry (CV) Measurements 

To elucidate the electrochemical properties of iron oxide/Al electrodes, cyclic 

voltammetry (CV) was conducted using a computerized driven potentiostat 

(SP-300, Biologic, France) with a conventional three-electrode system, 

composed of iron oxide/Al electrode as working electrode, Ag/AgCl electrode 

filled with saturated KCl as reference electrode, and platinum (Pt) electrode 

as the counter electrode. The measurements were conducted in an anoxic 

condition (without dissolved oxygen, O2) by purging the prepared 150 ml 

electrolyte solution with ultrapure N2 gas (99.99%) for 45 min before 

electrochemical measurements. Three electrodes were immersed in a glass 

cell with a water jacket before N2 purging and equilibrated at 25°C for 30 min. 

In all cases, measurements were always done after the equilibration of the 

working electrode to its open circuit potential (OCP). Equilibrium here means 

that the measured electrode potential of the working electrode did not change 

by more than 2 mV for 60 s. After that, the scan started from the OCP and 

Al 

O 

+ AlElec-1 

Al O 
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moved towards more negative potentials at a rate of 20 mV/s up to -1.5 V, 

after which the sweep direction was reversed and moved towards 

increasingly positive potentials. The scan direction was again reversed after 

reaching +1.0 V and then moved back to the starting position (i.e., OCP). This 

entire process constituted one cycle; each measurement lasted 3 cycles 

under unstirred conditions. After each experiment, the electrode was then re-

polished using fine-grained SiC papers (#1200 and #1500), and Al2O3 pastes 

(5 μm and 1μm) to expose a new and unreacted surface for the next run and 

attached new 5 mg of iron oxide particles at the surface. Triplicate 

measurements were done using this technique. 

3.3.2 Chronoamperometry (CA) and Electrode Surface Characterization 

Electrodes for surface characterization were prepared by applying the 

chronoamperometry technique using a computer-driven potentiostat 

electrochemical measurement (SP-300, Biologic, France) with a conventional 

three-electrode system at 25°C. After equilibration of the working electrode to 

the OCP, it was polarized at a fixed electrode potential of -1.0 V (this potential 

was selected since the reduction peak of gold was observed upon cyclic 

voltammetry) for 10 min using Au and Cu electrolytes, and the process was 

agitated in a constant speed of 120 rpm using a magnetic stirrer. After the 

process, the working electrode was removed from the cell, immersed in DI 

water, and cured in a vacuum oven at 40°C for 24 h. The surface of the 

working electrode was then investigated using scanning electron microscopy 

with energy-dispersive X-ray, SEM-EDX. 

 

3.4 RESULTS AND DISCUSSIONS 

 

Cementation of Au and Cu from ammonium thiosulfate solutions is an 

electrochemical process. When ZVAl is used as an electron donor, anode 

reaction is as follow, 

Al = Al3+ + 3 e-                                                                                            (1)                                                                                                                     

For cathodic reactions (deposition of Cu and Au) are assumed as   
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Cu (NH3)4
2+ + 2 e- = Cu + 4 NH3                                                       (2)    

Au (S2O3)2
3- + e- = Au + 2 S2O3

2-                                                             (3) 

 

Note that the anodic reaction is common for Cu and Au deposition, while 

cathodic reactions differ for Cu and Au. This suggests that the selective 

deposition of Au observed in the previous chapter is because Au cathodic 

reaction is preferred to that of Cu when iron-oxide is used as an electron 

mediator. A series of electrochemical experiments were conducted to confirm 

the results. 

To identify the reduction potential of Cu (NH3)4
2+ and Au(S2O3)2

3-, cyclic 

voltammetry was conducted using a Pt working electrode in NH4/NH3 buffer 

solutions containing different electrolytes. Figure 3.3(a) presents the effects 

of S2O3
2- and gold ions on cyclic-voltammogram. In the voltammogram 

spectra for a control experiment using NH4/NH3 buffer solution without metal 

ions, the current density was almost zero between - 0.7 V and +1.0 V, 

indicating no electrochemical reaction occurred in the range. However, below 

- 0.7 V, the current decreased with decreasing electrode potential, and this 

may be due to the reduction of H2O to form H2 gas.  

In the case of the experiment with S2O3
2-, a new cathodic current peak 

appeared at - 0.9 V, which can be assigned to the reduction of S2O3
2-. In the 

anodic region in the cyclic voltammogram with S2O3
2-, a significant anodic 

peak was observed around + 0.6 V. This peak was observed even when the 

initial potential scan direction was positive, indicating that the anodic current 

peak is due to the oxidation of S2O3
2-.  

When gold ions were added with S2O3
2-, Au(S2O3)2

3- is formed. In the 

experimental results with Au(S2O3)2
3-, a cathodic current peak was observed 

at - 0.9 V. When comparing cyclic voltammograms, peak current density at -

0.9 V was more substantial with Au(S2O3)2
3- than with S2O3

2-, implying that not 

only S2O3
2- but also Au+ in Au(S2O3)2

3- is reduced at almost similar redox 

potentials. 
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Figure 3.3. Voltammogram characterization of a) NH4/NH3, S2O3, and Au_ 

NH4/NH3_S2O3 b) Au_Cu_NH4/NH3_S2O3, Cu_NH4/NH3, Cu_NH4/NH3_S2O3 

and Cu_ S2O3 

 

Figure 3.3(b) shows the effects of cupric species on cyclic 

voltammogram. When CuSO4 was added to NH4/NH3 buffer solution, 

Cu(NH3)4
2+ was formed. With Cu (NH3)4

2+ , two cathodic peaks centered at 

approximately -0.2 V and -0.5 V, and two anodic peaks appeared. The 

presence of two cathodic peaks implies that Cu2+ in Cu(NH3)4
2+ undergoes a 

two-step reduction process; the cathodic peak at -0.2 V may correspond to 

the reduction of Cu2+ to Cu+, while the peak at -0.5 V corresponds to the 

reduction of Cu+ to Cu0.   
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Two anodic peaks in the cyclic voltammogram with Cu(NH3)4
2+ may be the 

back reactions of the two-step reduction process; the oxidation of Cu0 to Cu+ 

and Cu+ to Cu2+ occurs at - 0.2 V and 0 V, respectively. When CuSO4 and 

S2O3
2- were added into the NH4/NH3 buffer solution together, two sets of 

reduction and anodic peaks were observed in the cyclic voltammogram; one 

was around - 0.2 V, and the other was around – 0.8 V (approximate values). 

The cathodic peak at - 0.2 V was also observed in the voltammogram without 

S2O3
2-, confirming that this peak is due to the reduction of Cu(NH3)4

2+ to 

Cu(NH3)2
+ species. 

Table 3.1 Summary of reduction reactions and its corresponding potential 

peak observed in the cyclic voltammograms using Pt as a working electrode 

in Figure 3.3.  

 

 

 

 

 

 

The peak at - 0.8 V was not observed without S2O3
2- and CuSO4, implying 

that this cathodic peak reduces cuprous thiosulfate complexes such as 

Cu(S2O3)- to Cu0. Cuprous thiosulfate complexes may be formed from the 

amine complex Cu(NH3)2
+, which was the reduction product of Cu 

(NH3)4
2+. Table 3.1 summarizes the reduction reactions observed in the cyclic 

voltammograms in Figure 3.3.  

  

Assigned Reductions Reactions Potential 

(V) 

𝐶𝑢(𝑁𝐻3)4
2+

 + 𝑒− → 𝐶𝑢(𝑁𝐻3)2
+ +   2𝑁𝐻3 -0.2 

𝐶𝑢(𝑁𝐻3)4
+
 + 𝑒− → 𝐶𝑢0 +   4𝑁𝐻3 -0.5 

𝐶𝑢(𝑆2𝑂3)2
3−

 + 𝑒− → 𝐶𝑢0 +   2𝑆2𝑂3
2− -0.8 

2S2O3
2- + 6𝐻2𝑂 + 8e- → 4S0 + 12OH- -0.9 

𝐴𝑢(𝑆2𝑂3)2
3−

 + 6𝐻2O + 9𝑒− → 𝐴𝑢0 + 4𝑆0 +12 𝑂𝐻− -1.0 
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Figure 3.4 Cyclic Voltammogram of Fe2O3/Al electrode at different 

electrolytes a) Wide Scan b) Narrow Reduction Voltammogram c) Back 

scattered electron photomicrograph with elemental mapping and point eds 

analysis of Cu-Au electrolytes. 
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Figure 3.5 Cyclic Voltammogram of Fe3O4/Al electrode at different 

electrolytes a) Wide Scan b) Narrow Reduction Voltammogram c) Back-

scatter electron photomicrograph with elemental mapping and point eds 

analysis of Cu-Au electrolytes. 
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Figures 3.4 and 3.5 illustrate the voltammogram of Fe2O3/Al and Fe3O4/Al 

working electrodes in different electrolyte systems (i.e., 10 mM Cu ions, 10 

mM Au ions, 10mM Cu& Au ions, and without metal ions), respectively. The 

cathodic sweep parts were highlighted and projected at the right-side corner 

of the figures. When comparing the results without metal ions and with only 

Cu2+, there was no significant difference in the current-potential curves, 

indicating that Cu2+ was not reduced on iron oxide/Al electrodes. On the other 

hand, the cathodic current with Au+ was larger than without metal ions, 

indicating that gold ions can be reduced on iron oxide/Al electrodes. The 

cathodic current with Cu and Au ions was the same as that with the electrolyte 

containing only Au ions, confirming that only Au was reduced on the 

electrode. 

In contrast, Cu2+ was not reduced, i.e., selective reduction of gold ions occurs 

on iron oxide/Al electrodes.  Previous papers reported that when the Al 

electrode was used without an electron mediator, there was no significant 

reduction current due to metal ions like Cu and Au deposition [18-19]. 

Considering this, it can be concluded that the reduction of metal ions occurs 

only when iron oxides are attached to the surface of the Al electrode. This 

result suggests that iron-oxides function as electron mediators from Al to 

metal ions. 

Furthermore, to elucidate the electrochemical behavior of the different 

improvised electrodes, Figure 3.6 shows the narrow reduction curves of a) 

AC/Al, b) Fe3O4/Al c) Fe2O3/Al and d) the comparative reductive scan using 

Au and Cu electrolytes. It can be observed that using AC/Al, two shoulder-like 

peaks were observed around -0.5V and -1.0V, while for the iron oxides/Al 

electrode, only one shoulder-like peak was observed assigned to the 

reduction of gold ions.   
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Au(S2𝑂3)2
3− +  e− = Au0 + 2(S2𝑂3)2

2− 

(a) 

(b) 

(c) 

(d) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Cyclic voltammogram narrow reduction curve a) AC/Al b) Fe3O4/Al 

c) Fe2O3/Al and d) Narrow reductive scan of all improvised electrode at Cu 

and Au electrolytes. 

The results suggest that the cyclic voltammogram agrees with the results of 

cementation experiments in chapter 2, where only gold ions can be cemented 

when using iron oxide as electron mediator with ZVAl as electron doner. 

Chronoamperometry was conducted by applying a fixed electrode potential of 

-1.0 V in the stirred solutions for 60 minutes to confirm the deposition of Au on 

the working electrodes. After 60 minutes, the electrodes were taken out and 

dried to be analyzed by SEM-EDX. Elemental mapping and point analysis 

results were illustrated at the bottom side of Figures 3.4 and 3.5. The point 

analysis results show that Au peaks were observed along with S peaks at the 

point HE-1 in Figure 3.4 and the point ME-1 in Figure 3.5. At the same point, 

Fe and O peaks were detected, implying that gold ions were reduced and 

deposited on the surface of iron oxide particles attaching to the Al electrode.  



99 
 

―5 µm  ―5 µm  

―5 µm  ―5 µm  

A 

B  

 As shown in Figure 3.7, gold deposited on iron oxide shows similar 

morphology with the iron oxide particles (morphology here pertains to the 

shape of iron oxides); hematite and deposited gold are in longitudinal 

orientation (Figure 12. A) while magnetite and gold have an endless array of 

“nodular-like” particles (Figure 12. B). These morphological observation 

results from further support that iron oxides are an electron mediator between 

the electron donor (Al) and electron acceptor, Au(S2O3)2
3- ions, as already 

discussed with the following equations: 

Au (S2O3)2
3- = Au+ + 2 S2O3

2-                  (4) 

2S2O3
2-+ 6 H2O + 8 e- = 4S0 + 12OH-                                                        (5)  

Au+ + e- = Au0                                                                                                                        (6)                                                        

Au (S2O3)2
3- + 6 H2O + 9 e- = Au0 + 4S0 + 12 OH- 

                                                                    (7)     

Figure 3.7 Back scattered electron photomicrograph of a) Hematite particles 

(left), Hematite with Au (right)  b) Magnetite particles (left), Magnetite with Au 

(right).                                                     
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Figure 3.8  High-Purity iron oxide specimens used as working electrode; 

hematite (left)  and magnetite (right), respectively. 

 

Figure 3.8 shows the high-purity hematite (left) and magnetite (right) 

specimens as working electrodes to further investigate the electrochemical 

behavior of iron oxide. The results of cyclic voltammetry and surface analysis 

after chronoamperometry experiments was presented in Figure 3.9. The 

results obtained that using high-purity iron oxides as the working electrode in-

gold-copper ammoniacal thiosulfate medium, one reduction peak was 

observed at -1.1 V suggesting that the peak corresponds to the reduction of 

gold ions, also upon applying a bias potential of -1.1 V during 

chronoamperometry, the surface of the working electrode was investigated 

using SEM-EDX analysis. The results of surface analysis confirmed that the 

cemented metal (bright objects observed in the backscattered electron 

photomicrographs) and that it was gold as per the results generated using 

point analysis in the surface of the working iron oxide electrodes as shown in 

Figure 3.9 (right side).  

The results of electrochemical and surface analysis using high-purity iron 

oxides supports the selective cementation of gold and that the electron 

mediator itself facilitates the selective cementation. 

 

 



101 
 

 

 

 

 

Figure 3.9  Electrochemical profile of high purity working electrodes in gold-

copper ammonium thiosulfate solution. 

 

3.5 PROPOSED CEMENTATION MODEL 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Schematic diagram of the proposed galvanic electron transfer 

mechanism of iron oxide and zero-valent aluminum. (a) Direct contact on the 

porosity within Al-oxyhydroxide layer and (b) Direct transfer through Al-

oxyhydroxide layer. 
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Figure 3.10 shows the schematic diagram of the proposed cementation 

model of gold using iron oxides and ZVAl. In this model, ZVAl acts as an 

electron donor or anode where the anodic dissolution of ZVAl occurs 

(equation 1). An iron oxide particle attached to the ZVAl particle surface acts 

as an electron mediator or cathode: electrons from ZVAl pass through the iron 

oxide to gold thiosulfate complexes adsorbed on the surface. The cathodic 

reaction is the cementation (reductive deposition) of Au and S from 

Au(S2O3)2
3- (equation 7); this ion will be assigned as electron acceptors. This 

mechanism is supported by the electrochemical and surface analysis results 

presented in Figures 3.4 and 3.5. 

Interesting matters that can be observed in the proposed model are the 

following: 

First, is the electron transfer mechanism across the Al2O3 layer between 

ZVAl and iron oxide particle: ZVAl surface might be covered with a fragile 

layer of Al2O3 due to autogenous oxidation. Since Al2O3 is an electric 

insulating material, direct current cannot pass through this layer. 

Interpretation for the electron transfer through the insulating Al2O3 layer is via: 

(1) the quantum tunnelling effect [33] and (2) alternative current transfer 

through the Al2O3 layer acting as a capacitor [4].  

The tunnelling effect can interpret the electron transfer when the Al2O3 layer is 

fragile, where a thin Al2O3 layer can be broken down upon continuous 

agitation where particles collide. On the other hand, the electron transfer 

through the Al2O3 capacitor may be possible when electrochemical reactions 

(anodic and cathodic reactions) or physical contact of ZVAl and iron oxides 

are dynamically changed with time.  

Lastly, the most important issue associated with the proposed model is the 

selective deposition of gold. Gold was deposited on the iron oxide surface 

when iron oxides were used as an electron mediator, but copper deposition 

was limited. Furthermore, the reduction potential of Au(S2O3)2
3- is much lower 

than that of Cu(NH3)4
2+, indicating that from the thermodynamic viewpoint, 

reductive deposition of copper is more accessible than gold. This result was 

confirmed when using activated carbon as an electron mediator: both copper 
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and gold were deposited. These results further suggest that the selective gold 

deposition is due to the properties of iron oxide used as electron mediators, 

and simple thermodynamic considerations cannot interpret the mechanism.  

Selective deposition of gold in an ammonia thiosulfate leaching system is 

significant and industrially attractive since this system requires cupric ions as 

a leaching catalyst, and extremely high concentrations of copper ions coexist 

with low concentrations of gold leached from ores. If selective deposition of 

gold is possible, separating gold and copper is not required after the 

deposition step, and the process becomes more straightforward compared to 

previous research conducted [1-5], where both Cu and Au were cemented 

using AC as the electron mediator. Thus, understanding the mechanism of 

selective gold deposition with iron oxide is essential and further studies are 

needed and might be presented in the following paper.   

3.6 CONCLUSIONS 

The potential of iron oxides (Fe2O3 and Fe3O4) as an electron mediator and 

its galvanic interaction with zero-valent aluminum for enhancing gold 

cementation from gold-copper ammoniacal thiosulfate solution was evaluated. 

Electrochemical analysis further validates the selective cementation; when 

using iron oxides as well as high-purity iron oxides as working electrodes, the 

cyclic voltammograms obtained one "shoulder-like" peak centered at - 1.0 V 

for hematite and magnetite, which can only be assigned to reducing gold ions. 

Compared to activated carbon, the voltammogram spectra obtained two 

"shoulder-like" peaks centered at - 1.0 V and - 0.5 V, which can be assigned 

to gold and copper reduction, respectively. 

Lastly, the surface analysis revealed that the morphology of metal deposited 

on the surface of the iron oxide/Al electrode after chronoamperometry 

mimicked the morphology of iron oxide particles and was assigned to gold 

only. With these results, a promising effective technology can be used to treat 

the century-old problem dealing with pyritic-gold bearing ore, of which, after 

the roasting process, gold can be recovered via a thiosulfate leaching-

cementation process without using activated carbon as an absorbent. Though 

this research is focused on the technical feasibility of iron oxides as an 
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electron mediator, this warrants an in-depth investigation using natural 

refractory gold ores and might be presented in the following paper. 
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CHAPTER IV 

SELECTIVE CEMENTATION MECHANISM OF IRON OXIDES TO 

GOLD UPON GALVANIC INTERACTION WITH ZERO-VALENT 

ALUMINUM IN GOLD-COPPER AMMONIACAL THIOSULFATE MEDIUM 

4.1 INTRODUCTION 

Gold and the lucrative value it bears have caused and continue to cause an 

increase in demand that spiked its price up to 2000 USD per ounce as of 

December of 2023. This precious and novel metal has been used in several 

applications, such as the use of gold as official coins, in electronic devices, 

and other applications such as the used of gold in medical applications (H.M. 

King, 2023). These demands become a significant research interest for 

sustainability, knowing that the natural gold ore reserves are depleting and 

are finite resources; as such, finding alternative resources is an important 

issue to be addressed (Hong Qin et al., 2021). 

One potential gold resource is the tailings deposits operated by mining 

companies dealing with refractory gold pyritic ores. This mining company has 

60-70% overall recovery; thus, this refractory gold encapsulated in the sulfur 

matrix of pyrite is a potential resource for gold production (Hong Qin et al., 

2020). Researchers have been dealing with this type of ore as to how this 

material can be re-exploited. This natural reserve is difficult to refine as pyrite 

has a complicated mineralogy. Conventionally, a two-step process has been 

employed to recover gold from this type of ore successfully. The 

pyrometallurgical process is conventionally employed to alter pyrite's surface 

property to expose the gold on its surface via sulfur oxidation in the oxidation 

roasting process. The roasted pyrite is now susceptible to chemical 

dissolution via cyanide leaching (X. et al., 2013; P. et al., 2018).  

On the other hand, many countries have banned this toxic chemical, as this 

lixiviant has caused and continues to cause detrimental effects to humans and 

the environment. Much research has been driven to find alternatives, such as 

investigating halide groups and thiourea, but these chemicals have proven 
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highly corrosive (R. et al., 2018; H.X. (Wang et al., 2013; S.S. Konyratbekova 

et al., 2015). One of the potential candidates is the use of thiosulfate in the 

gold leaching process. However, it is not currently in use because of its low 

recovery in pregnant solution; its higher selectivity and leaching rate to gold 

warrants to be investigated concerning recovery techniques. To address this 

issue, Jeon et al., 2019 have proven the possibility of increasing gold recovery 

via galvanic interaction with zero-valent aluminum, which accounts for up to 

99.99% of gold recovery via reductive deposition. 

Previous research has been employed to investigate the feasibility of iron 

oxides (the main product of roasting pyrite) as electron mediators in galvanic 

interaction with zero-valent aluminum in gold-copper ammoniacal thiosulfate 

medium to resolve the issue of refractory gold pyritic ores. Also, the previous 

study reported that iron oxide can be used as an electron mediator and can 

cement gold up to 90% on its surface. Also, the difference between activated 

carbon and iron oxide has been highlighted and becomes the main interest of 

this study; activated carbon was able to recover both gold and copper at 

99.99%, while the use of iron oxides was able to recover gold and copper 

around 86-90 % and 15-21%, respectively. Thus, using iron oxides as 

electron mediators has selectively cemented gold in a copper ammoniacal 

thiosulfate medium (Zoleta et al., 2023). The previous findings are 

advantageous because the copper in a barren solution with ammoniacal 

thiosulfate can be re-used for gold dissolution, as copper is the main 

component in catalyzing gold dissolution. Considering the semiconductive 

properties of hematite and magnetite, this research is governed by 

investigating the primary mechanism of selective cementation in iron oxide-

electrolyte interface by conducting in-depth electrochemical impedance 

spectroscopic analyses of various semiconductive materials. 
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4.2 MATERIALS AND METHODS 

 

4.2.1 Materials 

 

ZVAl (99.99%, CAS No.: 012-19172, Wako Pure Chemical Industries, 

Ltd., Japan) and activated carbon (99.99%, CAS No.: 031-02135, Wako pure 

Chemical Industries, Ltd., Japan) having about 800–1500 m2/g of specific 

surface area were used to recover Au ions from ammonium thiosulfate 

solutions. Also, 99.99% purity synthetic hematite (Fe2O3), magnetite (Fe3O4), 

TiO2 (anatase) and TiO2 (rutile) were purchased from Wako Pure Chemical 

Industries, Ltd., Japan having a CAS No: 096-02821, 093-01035, 1317-70-0, 

and 1317-80-2, respectively. Table 4.1 summarizes the sample transmittal 

used in this study. 

 

4.2.2. Recovery of gold ions from ammonium thiosulfate solution 

 

Ammonium thiosulfate solution containing 100 mg/l of Au ions (i.e., Au-

ammonium thiosulfate solution), 1 M Na2S2O3 .5H2O (CAS No.: 197-03585), 

0.5 M NH3 (CAS No.: 016-03146), 0.25 M (NH4)2SO4 (CAS No.: 016-03445), 

and 10 mM CuSO4 (CAS No.: 034-04445) from Wako Pure Chemical 

Industries, Ltd., Japan, with pH 9.5-10 were used in the Au recovery 

experiments. The Au-ammonium thiosulfate solution was prepared by 

leaching 0.01g of Au powder (99.999%, CAS No.: 937902 Wako Pure 

Chemical Industries, Ltd., Japan) in 100 ml of ammonium thiosulfate solution 

using 300 ml Erlenmeyer flask shaken in a thermostat water bath shaker at 

30°C for 24 h with a constant shaking amplitude and frequency of 40mm and 

600 min−1, respectively.  

Furthermore, to evaluate the recovery of dissolved Au, 0.15g of ZVAl 

and/or 0.15g of activated carbon, 0.15g ZVAl and/or 0.15g hematite (Fe2O3), 

0.15g ZVAl and/or 0.15g magnetite (Fe3O4), 0.15g ZVAl and/or 0.15g Anatase 

(TiO2) and 0.15g ZVAl and/or 0.15g Rutile (TiO2) were mixed with 10 ml of 

gold-ammonium thiosulfate solution in 20-ml Erlenmeyer flasks at room 

temperature (25°C), note that the gold thiosulfate solution was purged with 
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ultra-pure nitrogen (N2) gas to take out all dispersed dissolve oxygen in the 

system as per the previous research, where the absence of O2 in the system 

leads to a more significant metal recovery. The shaking amplitude was 

maintained to 40mm at a frequency of 120 per minute. The residues were 

thoroughly washed with deionized water (18 MΩ·cm, Mill-Q® Integral Water 

Purification System, Merck Millipore, USA), followed by drying the residues in 

a conventional oven at 105°C for 1 hr and then further analyzed by SEM-EDX 

(SEM-EDS, JSM-IT200TM, JEOL Co., Ltd., Japan). SEM-EDX was operated 

at an accelerating voltage of 15 kV, 1000x to 1500x magnification and a 

working distance (WD) of 12 mm. The elemental maps were taken at 6,000 

cps with 60 min time constant and high pixel resolutions of 256x256 (~10-

minute scans). Also, the solid particles were subjected to X-ray photoelectron 

spectroscopic (XPS) analysis using a JEOL JPS-9200 spectrometer (JEOL 

Ltd., Japan) equipped with a monochromatized Al Kα X-ray source operating 

at 100W under ultrahigh vacuum (about 10-7 Pa). Wide scan and narrow scan 

spectrum of Au and Cu were obtained using the binding energy of 

adventitious carbon (285.0eV). All XPS data were deconvoluted using JEOL 

Specsurf Analysis using a true Shirley background and a 20%-80% 

Lorentzian-Gaussian peak model.  

Simultaneously, the concentrations of gold ions suspected to be 

remained at the pregnant solution were analyzed using inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) (ICPE-9820, Shimadzu 

Corporation, Japan, with a margin of error= ±2%) and Au recovery (AuR) was 

calculated accordingly 

(Equation 1).  

Table 4.1. Sample transmittal Summary.                                         
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4.2.3 Electrochemical measurements  

 

4.2.3.1 Electrode preparation 

 

Improvised metal oxide/Al electrode was described in detail in chapter three 

(3) where working electrodes was cut in a cuboid around (10 ×10 × 2mm) out 

of a large aluminum metal sheet using a diamond cutter, connecting it to 

copper wire attached with silver conducting paste, and fixing it inside a plastic 

mold (25mm diameter and 10mm height) with Technovit® non-conductive 

resin (Heraeus Kulzer GmbH, Germany). Al in the electrode was exposed by 

polishing it using silicon carbide papers of decreasing grain size (#200, #600, 

#1000, #1500), followed by polishing with 5 and 1 μm Al2O3 pastes on a 

smooth glass plate. Finally, the polished electrode was ultrasonically cleaned 

for 5 min to remove residually attached Al2O3 particles and washed several 

times with DI water (18 MΩ·cm, Milli-Q® Integral Water Purification System, 

Merck Millipore, USA). After which, the polished Al working electrode was 

oxidized under atmospheric conditions for 2 days to mimic the oxide layer on 

Al upon the cementation process. Mag/Al, Hem/Al, Anatase/Al and Rutile/Al 

working electrode was then prepared by mixing 0.05g of electron mediator 

with 5mL acetone, the resulting mixture was then carefully attached on the 

whole surface of Al electrode and used as the working electrode after acetone 

evaporation. This procedure was chosen to prevent “scratching” of the Al 

oxide layer formed on the electrode and has been successfully used in the 

previous electrochemical studies by Seng et al., 2019a; and Tabelin et al., 

2017b. 

 

Comparatively, to further understand the mechanism of selective cementation, 

high purity hematite ore, magnetite ore, rutile ore was used to make a working 

electrode. Ore specimens were shown in Figure 4.1, and it was prepared 

similarly as described in previous section above. 
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Figure 4.1 Ore specimen used as improvised working electrode a) Rutile, 

TiO
2
 b) Hematite, Fe

2
O

3
 and c.) Magnetite, Fe

3
O

4. 

 

 

 

 

4.2.3.2 Cyclic Voltammetry (LSV) Measurements 

 

Cyclic voltammetry is a surface sensitive technique capable of identifying the 

redox properties of surface-bound species by measuring the current 

generated by an applied potential (Kelsall et al., 1999; Mishra and Osseo-

Asare, 1988).CV was conducted using a computerized driven potentiostat 

(SP-300, Biologic, France) with a conventional three-electrode system to 

elucidate the electrochemical properties of each working electrode. In this 

chapter, CV experiments was conducted using  synthetic anatase and rutile 

(attached to ZVAL as working electrode) to compare its electrochemical 

property from the previous chapter using synthetic magnetite and hematite, 

Ag/AgCl2 electrode filled with saturated KCl as the reference electrode, and 

platinum (Pt) electrode as the counter electrode. CV measurements were 

conducted in anoxic condition (without dissolved oxygen) by purging the 

prepared 150-ml electrolyte solution with ultrapure N2 gas (99.99%) for 45 min 

prior to electrochemical measurements. The electrolyte solution was prepared 

with the same conditions presented during the cementation process. Three 

electrodes were immersed in a glass cell with a water jacket prior to N2 

purging and equilibrated at 25°C for 30 min. In all cases, measurements were 

always done after equilibration of the working electrode to its open circuit 

potential (OCP). Equilibrium here means that the measured current of the 

working electrode did not change by more than 2 mV for 60 s. The scan 

started from the OCP and moved towards more positive potentials at a rate of 
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10 mV/s up to +1.0 V, after which, the sweep direction was reversed and 

moved towards increasingly negative potentials. The scan direction was again 

reversed after reaching -1.5 V and then moved back to the starting position 

(i.e., OCP). This entire process constituted one cycle and each measurement 

lasted for 3 cycles under unstirred conditions. Finally, the polished electrode 

was ultrasonically cleaned for 5 min to remove residually attached Al2O3 

particles and washed several times with DI water (18 MΩ·cm, Milli-Q® Integral 

Water Purification System, Merck Millipore, USA). Triplicate measurements 

were done using this technique.  

 

After which, cyclic voltammetry was also used to investigate the 

electrochemical properties of pure ore specimens.  

 

4.2.3.3 Chronoamperometry measurement  

 

Chronoamperometry is an electrochemical technique whereby a fixed 

potential is applied to the working electrode and current density change is 

recorded with respect to time (Tabelin et. al, 2017). Chronoamperometry 

measurements were conducted using a computer driven potentiostat 

electrochemical measurement (SP-300, Biologic, France) with a conventional 

three-electrode system. After equilibration of each improvised working 

electrode to the OCP, it was polarized at fixed potential of -1.0 V for 60 min 

and at constant agitation speed at 120rpm using magnetic stirrer, and the 

entire system was maintained at 25°C. After the process, the whole working 

electrode was immersed in deionized water and cured at vacuum oven at 

40°C for 24h. The surface of all improvised working electrode was then 

investigated using scanning electron microscopy with energy dispersive X-ray, 

SEM-EDX.  

4.2.3.4 Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) 

Electrochemical Impedance spectroscopy analysis is a powerful tool to 

determine the mechanism involved in an electrochemical reaction and the 

values of the kinetic parameters of this mechanism, and it is used for the 
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electrical characterization of semiconducting material. Potentiostatic EIS 

performs impedance measurements into potentiostatic mode by applying a 

sinus around a potential that can be set to a fixed value or to the cell 

equilibrium potential.  The PEIS experiments were conducted using a 

computer driven potentiostat electrochemical measurement ((SP-300, 

Biologic, France) with a conventional three-electrode system. After 

equilibration of each improvised working electrode to the OCP after 60 

minutes, it was then polarized at biased potential from 1.0 V to -1.5 V with 0.1 

V interval  at 200-100 Hz frequency range, and the entire system was 

maintained at 25°C. The resulting impedance spectroscopy data was then 

analyzed with appropriate equivalent circuit using “Z Fit” analytical software 

embedded in SP-300, Biologic, France as analytical tool interface to calculate 

the resulting EIS data. 

4.2.3.5 Staircase Potentio Electrochemical Impedance Spectroscopy 

(Mott-Schottky Plot) 

SPEIS is a powerful techniques designed to perform successive impedance 

measurements (on a whole frequency range) during a potential scan. The 

main Application of these techniques is to study the electrochemical reaction 

kinetics along voltaperometric curves in analytical electrochemistry. This 

technique consists of a staircase potential sweep (in this case 1.0 V to -1.5 V). 

Impedance measurements with respect to different frequencies is performed 

in each potential step. For all these applications a Mott-Schottky plot (1/C2 VS 

Ewe) can be displayed, and a special linear fit is applied to extract the semi-

conductor parameters such as the flat-band potential. 

In this experiment, the impedance of different electron mediators (high purity 

magnetite, hematite, and rutile) was measured at bias potentials ranging from 

+1.0 V to -1.5 V (versus Ag/AgCl) in 0.1 V increments, 60 minutes was used 

to allow equilibration at each new potential. The frequency range was 

performed at 20kHz t0 1khz. The Mott-Schottky plot was automatically plotted 

in analytical software embedded in SP-300, Biologic, France, and  flat band 

potential can be determined using BioLogic EC-Lab V11.10 software. 

4.2.4 UV-VIS Spectroscopy (Direct Bandgap Measurement) 
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The bandgap represents the minimum energy difference between the top of 

the valence band and the bottom of the conduction band. UV-VIS 

spectroscopy which measures light absorption as function of wavelength 

gives information on electronic transitions occurring in semiconductor 

materials as a function of incident light wavelength thus acts as a tool to 

estimate the optical band gap. Optical band gap is approximated to electronic 

band gap which is defined as energy difference between conduction band 

maximum and valence band minimum. Reference UV-VIS spectra 

(background measurement) was measured by putting the glass tube with 

ultra-pure water. The UV-VIS absorbance spectra of the solid samples were 

measured by ultrasonically  dispersing the particles in the glass tube following 

the measurement using UV-VIS V-630 Spectrophotometer. This technique 

was operated in 1000 nm to 190 nm wavelength range (Deuterium lamp: 190-

350 nm, Halogen Lamp: 330nm-1000nm) at 12000 nm/min measurement 

rate. 

 

4.3. RESULTS AND DISCUSSIONS 

4.3.1 Cementation of metals from gold-copper ammoniacal thiosulfate 

medium 

As already reported in previous chapters, when iron oxides (hematite and 

magnetite) were used as electron mediator for cementation of metals from 

copper-gold ammonium thiosulfate solutions using aluminum as electron 

doner, selective deposition of gold occurred, and copper cementation was 

limited. To investigate the effect of semiconductor materials on the recovery of 

copper in ammoniacal thiosulfate medium, different semiconductive materials 

were used to further understand the relative effect on the difference of metal 

recovery. Figure 4.2 shows the percent Au and Cu recovery of the different 

electron mediator after cementation process in a) single system (zero-valent 

aluminum, activated carbon, magnetite, hematite, anatase and rutile), b) 

binary system using Al as electron donor and different electron mediators. 

The results of cementation experiments in single system were presented in 

Figure 4.2a, noticeably, in single system, all constituents were able to recover 
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gold and copper; 38.2% Au-18.9% Cu for aluminum, 30.1% Au-6.1% Cu for 

activated carbon, 22.1% Au-0% Cu for magnetite, 24.2% Au- 0% Cu for 

hematite, 32.5% Au-16.4% Cu for anatase, 26.1% Au-12.4% Cu for rutile, 

respectively. Comparatively, TiO2 (anatase) and TiO2 (rutile) have been 

shown to have higher copper recovery compared to other electron mediators, 

having 16.4% Cu and 12.4% Cu, respectively as presented in Figure 4.2.a.   

In binary system as shown in Figure4.3b, gold recovery was significantly 

increase using aluminum as electron donor, which were further validate using 

other semiconductive material using TiO2 (anatase) and TiO2 (rutile), having 

92.6% and 93.5% gold recovery, respectively. The results also obtained 

significant difference with respect to copper recovery, around 62.2% and 66.9 

% for anatase and rutile, respectively. This further suggests that the 

semiconductive property of electron mediators has influenced the increase of 

copper recovery.  Table 4.2 presents some semiconductive property of 

electron mediators being used in this research. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.   Percent metal recovery using different electron mediators after 

cementation process in a) single system and  b) binary system.  
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Given the following information in Table 4.2, we can initially infer that the 

bandgap has something to do with increase of copper recovery in binary 

system. Wherein, the greater the bandgap, the higher is the copper recovery. 

Although many researchers have reported the semiconductive properties of 

some metal oxides, the values of these properties depend on many factors, 

such as the materials particle size, pH , crystal structure of the materials etc. 

(50-53). For these reason, further electrochemical experiments were 

conducted to evaluate the semiconductive properties of metal oxides being 

used in this research and presented in the following sections.  

Table 4.2 Some semiconductive properties of electron mediators (D. Flaka et. 

al, 2020). 

Semiconductors  Semiconductivity bandgap  [eV] Semiconductivity Type 

Activated Carbon (AC) 3.5 n-type/p-type 

Hematite, Fe2O3 1.9- 2.2 n-type  

Magnetite, Fe3O4 0.9-1.9 n-type  

Anatase,TiO2 3.0 n-type 

Rutile, TiO2 3.3 n-type 

 

To confirm the presence of metal deposition after cementation experiments, 

SEM-EDX spectroscopy was conducted. Figure 4.3 presents the scanning 

electron microscopy profile (analyzed using elemental mapping and point eds) 

of the different electron mediators in single system, a) magnetite b) hematite 

c) anatase and d) rutile. It can be observed that fine particles of electron 

mediators (gray objects in back scattered electron (BSE) photomicrographs) 

were spontaneously covering the cemented metal (bright objects in BSE 

photomicrographs) which can further be detected using point analysis 

technique and elemental mapping. Comparatively, using iron oxides as 

electron mediator (Figure 4.3a and b), the bright particles detected were 

assigned to gold particle only, no copper was detected compared to titanium 

oxides (Figure 4.3c and d) as presented on its corresponding elemental 

mapping and point eds analysis.  
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Figure 4.3. SEM photomicrographs of gold cemented in different semiconductive material 

in single system A) magnetite B) hematite C) anatase and D) rutile. 
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Figure 4.4 presents the SEM-EDX profile of the different electron mediators 

in binary system using zero-valent aluminum as electron donor. It can be 

observed in all photomicrographs, the cemented bright particles were all 

detected along with spherical-shape particle which is the oxidized aluminum 

oxide layer which can be observed in Figure 4.4a-d. The backscattered 

electron (BSE) photomicrographs alongside its corresponding elemental 

mapping and point eds analysis, it was confirmed that all electron mediator 

used were able to cement gold. Noticeably, copper was also cemented but its 

intensities are much lower in iron oxides, averaging around 5000 cps, 
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compared to titanium oxides ranging from 5000 cps to 20,000 cps. The 

results of SEM-EDX analysis further suggest that when we used iron oxides 

as electron mediator along with zero-valent aluminum as electron donor, it 

presents better selectivity compared to titanium oxides. 

Furthermore, X-ray photoelectron spectroscopic analysis (XPS) was 

conducted to further validate the presence of cemented metals using the 

different electron mediators in single and binary system. XPS was conducted 

using JEOL JPS-9200 spectrometer (JEOL Ltd., Japan) equipped with a 

monochromatized Al Kα X-ray source operating at 100 W under ultrahigh 

vacuum (about 10-7 Pa). A wide scan (Figure 4.5-7) and  narrow scan (Figure 

4.7-8) spectrum of oxygen (O1S) and carbon (C1S) were obtained and 

corrected using the binding energy of the adventitious carbon (9285.0 eV). All 

XPS spectra were deconvoluted with XPSPEAK version 4.1 using a true 

Shirley background and a 20-80% Lorentzian-Gaussian peak model (Zoleta 

et.al, 2019). 

Figures 4.5 and 4.6 present the XPS wide spectra of selected electron 

mediators (rutile, magnetite, and hematite) and compare it to Zero-Valent 

Aluminum in single and binary systems. The results revealed  that XPS 

spectra of single and binary system were able to detect the presence of Au 

peaks at different energy levels; Au 5p 3/2, Au 4f 7/2, and Au 4f 5/2 detected 

at binding energy range 68-85 eV.  On the other hand, in single system, using 

magnetite and hematite presents no significant copper peaks compared to 

rutile (slightly forming amorphous-like peak) and aluminum detected at 

binding energy range of 926-925 eV for Cu 2p1/2 and Cu 2p3/2, which is with 

the agreement with the results of metal recovery upon cementation process 

where no copper was recovered when we used iron oxides as electron 

mediator.  
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Figure 

4.4. SEM photomicrographs of gold cemented in different semiconductive material in 

binary system a) Mag/Al b) Hem/Al c) Anatase/Al and f) Rutile/Al. 
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Figure 4.5 XPS wide scan spectra of selected electron mediators  (Rutile, 

Magnetite, Hematite) and Zero-Valent Aluminum (Al) in single system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 XPS wide scan spectra of selected electron mediators  (Rutile, 

Magnetite, Hematite) and Zero-Valent Aluminum (Al) in binary system. 
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Also, in binary system, we can observe clearly that copper was detected in all 

systems, comparing the XPS spectra of aluminum to electron mediator-

electron donor system, we can infer that the copper detected using iron 

oxides was made possible due to the presence of aluminum that act as an 

electron donor and as a reductant of copper simultaneously, which agrees 

with the results presented in Figure 4.4 a-b SEM-EDX elemental mapping, 

where the  illuminated copper was detected separately at the surface of 

aluminum, while titanium oxides where able to cement Au and Cu in same 

position Figure 4.4 c-d. To determine the exact energy positions and detailed 

components of the wide spectra, a narrow scan was conducted at specified 

binding energy range of gold and copper and the XPS narrow scan spectra is 

presented in Figure 4.7-8, respectively.  

 

 

 

 

 

 

 

Figure 4.7 XPS Au narrow scan of selected electron mediator-electron donor 

system  A) Mag/Al B) Hem/Al and C) Rutile/Al. 
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Figure 4.8 XPS Cu narrow scan of selected electron mediator-electron donor 

system  a) Mag/Al b) Hem/Al and C) Rutile/Al. 

 

Deconvoluted narrow XPS spectra of gold were presented in Figure 4.7. The 

scan range was based on the wide scan XPS spectra, where Rutile/Al binary 

system shown to have a gold peak at binding energy range around 68-78 eV 

which belongs to Au 5p1/2 electron orbital, while iron oxides, have gold peaks 

binding energy range of 82-88 eV which belongs to Au 4f5/2 and Au 4f 7/2 

electron orbital. The results revealed that Mag/Al detected three major peaks 

centered at 84.6 eV, 85.7 eV and 87.5 eV which belongs to Au, Au2O3 and 

Au, respectively. Also, hematite/Al obtained only one gold peak centered at 

83.6 eV which belongs to elemental Au, while rutile/Al obtained two major 

gold peaks which belongs to AlO1.72 and Au centered at 73.7 and 75.8 eV. 

On the other hand, the deconvoluted narrow XPS spectra of copper was the 

same in all binary system constituents where the narrow scan was focused on 

binding energy range of 926-936 eV. The results obtained three major peaks 

for all binary system constituents. For binding energy centered at 929-930 eV, 

931-932 eV and 933-934 eV, it was assigned to Cu, CuO and AuCu, 



123 
 

respectively. The results concerning XPS copper intensities is with the 

agreement with the results obtained using SEM-EDS point analysis shown in 

Figure 4.4, where the used of titanium oxide as electron mediator, it obtained 

a stronger signal of copper compared to iron oxides. This research further 

suggests that the use of SEM-EDX and X-ray photoelectron spectroscopic 

analysis can confirm the selective cementation of iron oxide to gold upon 

cementation in copper ammoniacal thiosulfate medium.  

 

4.3.2. Electrochemical experiments 

4.3.2.1 Cyclic voltammetry (CV) 

Figure 4.9  illustrate the voltammogram of titanium oxide (Anatase/Rutile)/Al 

working electrodes using gold and copper electrolyte. The previous chapter 

discusses the galvanic interaction between ZVAL and iron oxides and 

compare it to Al/AC working electrode, it was reported that the used of iron 

oxides as electron mediator facilitate the selective cementation of gold. Like 

the voltammogram generated using AC/Al working electrode, two reduction 

peaks were observed. When the potential sweep moves towards a more 

negative potential, a “shoulder-like” peak was observed around -0.7 V for 

anatase/Al and rutile/Al working electrode, and this peak is assigned to the 

reduction of copper ions. Furthermore, around -1.0 V “shoulder-like” peak was 

observed and assigned to the reduction of gold ions. This results further 

validate that both gold and copper can be reduced using titanium oxide/Al 

working electrode suggesting that it doesn’t possess selective cementation 

property.   
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A. B. C. 

 

Figure 4.9 Cyclic voltammogram profile of titanium oxide (Anatase and 

Rutile)/Al working electrode.  

 

To further understand if the titanium oxide facilitates the cementation of gold 

and copper, the same procedure was conducted in previous chapter using 

high purity ore specimen as a working electrode and its corresponding 

electrochemical profile was illustrated in Figure 4.10.  

 

 

Figure 4.10 Electrochemical profile using rutile crystal A) rutile crystal 

specimen  B) Cyclic voltammogram C) Narrow reductive scan. 
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Figure 10.b demonstrates the cyclic voltammogram of rutile crystal subjected 

to potential scan from 1.0 V to -1.5 V versus AgCl. Its narrow potential scan 

was illustrated in Figure 10.c  and the results further validates, that the used 

of titanium oxide alone can reduce Au(S2O3)3- species into metallic gold as 

well as Cu(NH3)2
+  species into metallic copper, the reduction potential peak 

was observed around -1.1 V and -0.5 V  for gold and copper, respectively. 

This results further suggest that the cementation using titanium oxide was 

facilitated by the electron mediator itself and that the cementation of gold and 

copper was enhanced by the used of electron donor which is in this case 

ZVAl.  

 

 

Figure 4.11 SEM-EDX profile of rutile crystal working electrode after 

cementation. 

 

Figure 4.11 presents the SEM-EDX profile of a rutile working electrode after 

chronoamperometry subjected to a fixed potential of -1.1 V for 1 hour in gold-

copper ammoniacal thiosulfate medium. The results further validate gold and 

copper were detected. This results further supplement the results on the claim 

that the electron mediator itself plays an important role on the selective 

cementation of electron mediators.   
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4.3.2.2 Potentiostatic Electrochemical Impedance Spectroscopy 

PEIS permits us to identify and analyze, in each frequency and temperature 

domain, the contributions of different parameters such as the impedance and 

the bulk capacitance. For this purpose, the PEIS data simulated by an 

equivalent circuit was presented using the Nyquist plot.  In the Nyquist plot, 

the modulus lZl and the phase angle define the position of each frequency 

dependent data point in a complex plane. In the Bode plot, lZl and phase 

angle were plotted against the modulation frequency. This maximum of “-

Im(Z) [Ω]” (Imaginary impedance) corresponds to the inflexion point in the 

“Re(Z) [Ω]” (real impedance). Otherwise, the Nyquist representation is 

characterized by an existence of impedance spectra that intercepts the real 

impedance. 

 

 

 

 

 

 

 

 

Figure 4.12 Representative electrochemical impedance 

spectroscopic analysis profile of a hematite working electrode at applied bias 

potential of 0 V and constant  pH 9 at 25 °C. 
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The behaviors of Nyquist plot, as shown in Figure 4.12 for our representative 

material and for a representative temperature of 25֯C and a bias potential at 0 

V maintained d at pH 9, indicates the contribution of only one process at 

maximum frequency. It can be noticed that the Nyquist plot (inset figure) is not 

really a full semi-circle. It is a depressed semi-circular arc where its center lies 

below the real impedance axis, suggesting the poly dispersive non-Debye 

relaxation type in our case. In this situation, constant phase elements (CPE) 

must be used in addition to resistors and capacitors to describe the equivalent 

circuit, which will be discussed later, to provide a complete picture of the 

system. Also, the no observation of peaks in the frequency domain (2–1 log 

frequency, KHz) suggests that the observed single peak in the plots of 

imaginary impedance represents the grain boundary component.  

 

 

 

 

 

 

 

Figure 4.13 Equivalent circuit used to analyze the EIS profile of different 

working electrodes using EC-Lab V11.10 ZFit-Bio Logic software. 

 

Also, Single semi- circular arcs are observed in Figure 4.12 and are related to 

the dominance of the contribution of grain boundaries process in the 

considered temperature and frequency ranges. To understand and extract 

meaningful information from EIS data presented in Figure 4.12, it must be fit 

to an equivalent circuit model which combines fundamental elements such as 

resistors, capacitors, inductors, constant phase elements, and diffusion 

elements.  
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The process of fitting the data by considering different electrical circuits, 

depending on applied voltage domain, has been described by Bredar et. al, 

2020. An important feature of this EIS diagram is the linear increase of 

impedance observed in the midfrequency range, this can be attributed to 

Warburg diffusion. As such, Figure 4.13 shows the selected equivalent circuit 

for analyzing data generated from EIS experiments, this equivalent circuit was 

suggested by EC-Lab V.11.10 ZFit-Bio Logic Software. This model has been 

used to explain the resistance to charge transfer between metal oxides and 

conductive substrates, often called contact resistance. This circuit is a 

modification to the Randle’s circuit where a Warburg diffusion (ZW) term has 

been included in series with the charge transfer resistance. This arrangement 

is meant to describe the physical reality of diffusion of electroactive species to 

the surface of the electrode where they undergo oxidation or reduction via 

charge transfer.  

To identify the contribution of bias voltage, Figure 4.14 shows the comparison 

of the Nyquist plot for the different working electrodes using NH4/NH3 buffer 

solution (pH 9) at two representative bias voltage at 1.0 V and 0 V versus 

Ag/AgCl reference electrode. In these curves, a maximum of imaginary 

impedance was observed at different bias voltage applied, specifically when 

1.0 V was applied, indicating the displacement of the peak towards higher 

frequencies with increasing voltage. 

 

Figure 4.14 EIS profile of different working electrode represented using the 

Nyquist plot subjected at 1.0 V and 0 V using NH4/NH3 buffer solution (pH 9) 

at 25°C a) Magnetite b) Hematite c) Rutile. 
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To further understand the behavior of metal oxides as electron mediators, EIS 

was conducted using gold ions only and copper ions only, in ammoniacal 

thiosulfate medium as electrolytes. The EIS profile of each electrode was 

illustrated in Figure 4.14 represented in Nyquist plot. 

 

 

Figure 4.15 EIS profile of the different working electrodes using metallic 

electrolytes (pH 9) subjected at different bias voltage from 1.0 V to 0 V 

represented in Nyquist plot.  

 

The results of Potentiostatic impedance spectroscopy were calibrated by 

applying a bias potential from 1.0 V to 0 V, we can observe that the charge 

transfer resistance (semi-circle) of all working electrodes were decreasing as 

shown in Figure 4.15 when using gold ions only as the electrolyte. These 

results further suggest that electrodes might be able to develop a solid-liquid 

interface that affects the electron transfer more favorably and become a 

conducting surface when approaching a more negative potential. 

On the other hand, PEIS Nyquist plot of hematite and magnetite working 

electrodes also suggests that when using copper electrolytes, the contact 
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resistance of both electrodes did not develop any significant change when 

bias potential was applied from 1.0 V to 0 V, which is contrary to the Nyquist 

plot generated using rutile as the working electrode.  

Also, as the potential approaches 0 V, the semi-circle became more well-

defined, this indicates that the ionic resistance for Au+ decreases in all metal 

oxide electrodes, while Cu+ migration through the solid-electrolyte interface 

decreases only when using rutile electrode.  

Overall, Potentiostatic electrochemical impedance spectroscopic analysis 

represented by Nyquist plot demonstrated the ability of impedance in the form 

of charge transfer resistance to differentiate the semiconductive behavior of 

metal oxide (magnetite, hematite, and rutile), while considering the unique 

contributions of the different metallic electrolytes in different applied bias 

potentials.  

4.3.2.3 Staircase Potentio Electrochemical Impedance Spectroscopy 

(Mott-Schottky Plot) 

SPEIS was conducted by applying a staircase potential sweep from a positive 

to negative potential (1.0 V to -1.5 V) versus Ag/AgCl reference electrode. 

The Mott-Schottky plot was automatically plotted in analytical software 

embedded in SP-300, Biologic, France, and flat band potential can be 

determined using BioLogic EC-Lab V11.10 software as illustrated in Figures 

4.16. 

Figure 4.16 illustrates the Mott-Schottky plots for a) Magnetite b)Hematite 

and c) rutile in NH4/NH3 buffer solution. The plots were acquired in potential 

sweep from 1.0 V to -1.5 V in frequency ranging from 200 kHz to 1 kHz, but 

only lower frequencies (1 kHz, 1.5 kHz and 2.3lHz) where represented to 

refine the presentations. 
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Figure 4.16 Mott-Schottky plots of different metal oxide ore specimen 

performed in NH4/NH3 buffer solution a) Magnetite b) Hematite and c) Rutile. 

 

When the applied potentials approach more negative, around 0.5 V to -0.9 V, 

0.5 V to -1.0 V, and 0.5 V to -0.2 V, the plots have a positive slope for 

magnetite, hematite, and rutile, respectively. More than that of 0.5 V, the Mott-

Schottky plots starts to decrease, suggesting that in this region, no direct 

correlation between the semiconducting properties can be established. On the 

other hand, the positive slope of the Mott-Schottky plot at lower potentials, in 

the passive region, leads to confirmation that magnetite, hematite and rutile 

behave like n-type semiconductors (J. Wielant et. al, 2007). To recognize 

whether a linear dependence exists over a certain potential range, and thus, 

to obtain a reliable estimation, a limited linear region at potentials was used to 

estimate the flat band potential using the BioLogic EC-Lab V11.10 software. 

The results obtained different flat band potentials, -0.9 V, -1.0 V and -0.2 V for 

magnetite, hematite, and rutile, respectively.  
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4.3.3 Ultraviolet-Visible Spectroscopy (UV-VIS) 

This technique allows us to understand the optical and electronic properties of 

the semiconductors being investigated, which in this case magnetite, 

hematite, and rutile. In this research, band gap (Eg) energy of the 

semiconductor being used is focused to be quantitatively determined.  The 

band gap energy of a semiconductor describes the energy needed to excite 

an electron from the valence band to the conduction band. An accurate 

determination of the band gap energy is crucial in predicting the photophysical 

and photochemical properties of semiconductors.  

The band gap energy can be determined by using the UV-VIS spectra 

between the absorbance and its corresponding UV light wavelength and 

convert it to Tauc’s plot (P. Makula et. al, 2018.). The Tauc method assumes 

that the energy-dependent absorption coefficient α can be expressed in the 

following equation : 

𝛼ℎ𝑣1/𝛾 = 𝐵(ℎ𝑣 − 𝐸𝑔)                                                   (4.1) 

Where h  is the Planck constant, v is the photon’s frequency, Eg is the band 

gap energy, and B is a constant. The Ƴ factor depends on the nature of the 

electron transition and is equal to ½ or 2 for the direct and indirect transition 

band gaps, respectively. 

 

Figure 4.17  shows the absorbance spectrum of the different semiconductors 

transformed according to equation 1 plotted against the photon energy. The 

region showing a steep, linear increase of light absorption with increasing 

energy is a characteristics of n-type semiconductor. The X-axis intersection 

points of the linear fit of the Tauc plot gives an estimate of the band gap 

energy.  
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Figure 4.17 UV-Vis spectroscopy spectra of the different semiconductors and 

its corresponding Tauc’s plot (inset of the UV spectra) of a) magnetite b) 

hematite and c) Rutile. 
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The Tauc’s plot was plotted on the inset figure of the UV-Vis spectra of the 

different semiconductors as illustrated in Figure 4.18. Configuring 

interpolation of the linear portion of the Tauc’s plot, the band gap energy was 

estimated to be: 1.1 eV, 2.4 eV and 3.2 eV for magnetite, hematite, and rutile, 

respectively. To evaluate the relationship of electrochemical impedance 

spectroscopy and spectrophotometric analysis, the electronic band structure 

of the semiconductors can now be understood as shown in Figure 4.19.  

 

 

 

Figure 4.18 Schematic Energy band diagrams for the 

semiconductor-electrolyte interface (SEI) for a) Magnetite b) Hematite and 

c)Rutile. 

 

In the schematic diagram illustrated in Figure 4.18, two interfaces were 

shown in each figure. First is the semiconductor interface (left side of the 

vertical line), where the bottom edge of the conduction band (Ec) and top 

edge of the valence band (Ev), flat band potential (Vfb) or equilibrium Fermi 

level (Ef); red line below the conducting band edge, and the energy band gap 

(Eg ) are shown. Also, in the electrolyte interface (right side of the vertical 

line), the reduction potential of Au+ species  at -1.0 V, Cu+ species at -0.8 V 

and Cu2+ species at -0.2 V are shown with short horizontal lines pinned at the 

interface.  

Figure 4.18 describes the energy band diagram when a flat band structure is 

realized. When a flat band structure is realized, the bottom edge of the 

conduction band (Ec) and the top edge of the valance band (Ev) do not 

depend on the position (distance from the solid surface). They are horizontally 

distributed in the bulk solid phase. The flat band potential corresponds to the 
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Fermi level of this state (EF) (R. van de Krol et al., 2011). Generally, the Fermi 

level in the diagram corresponds to electrode potential. As already discussed, 

the linear positive slope at the higher potential region in the M-S plot (Figure 

4.16) indicates that the material is an n-type semiconductor, which is, in this 

case, and the Fermi level of the semiconductor, EF(s), sits just below the 

conduction band edge (Ec). This is considered to make Figure 4.18, i.e. the 

position of Ec is assumed to be almost the same as that of observed flat band 

potentials of magnetite (-1.0 V), hematite (-0.9 V), and rutile (-0.2 V). The 

position of Ev was decided from the observed energy band gap of the 

materials (1.1 V for magnetite, 2.4 V for hematite, and 3.1 V for rutile).  

Note that in the case of iron oxides like magnetite and hematite, the reduction 

potential of Au+ (-1.0 V) is close to that of the bottom edges of the conduction 

band (Ec), while the reduction potentials of Cu+ and Cu2+ are far from Ec. The 

reduction potentials of Cu+ and Cu2+ are positioned in the energy levels of the 

band gap of magnetite and hematite, where the electrons cannot be present 

in the solid phase. On the other hand, in the case of rutile, the redox potential 

of Cu+ and Cu2+, as well as Au+, are relatively higher than Ec. This means that 

the reduction potential of these metal ions is positioned at the conduction 

band level of rutile, where electrons can be present in the solid phase. These 

differences in the energy band diagrams among the three metal oxides may 

cause a difference in the selective deposition of metals. Details will be 

discussed in the next section.        
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4.4. PROPOSED SELECTIVE CEMENTATION  MECHANISM 

In the previous chapter, in the galvanic cementation method using ZVAl as an 

electron donor and iron oxides as an electron mediator, it was found that 

selective deposition of Au from Cu2+-Au+ ammoniacal thiosulfate solutions 

occur, and by various experimental methods, including cementation 

experiments, surface analysis, and electrochemical experiments carefully 

confirmed this. Gold was deposited on the iron oxide surface, but copper 

deposition is limited. The reduction potentials of copper ions are more positive 

than gold ions in the solutions, implying that the reduction (or cementation) of 

copper ions is thermodynamically easier than gold ions. However, this 

suggests that simple thermodynamic considerations cannot interpret the 

mechanism of the selective deposition of gold. In this section, based on the 

energy band diagram established in the last section, the mechanism of 

selective deposition of gold from Cu2+- Au+ ammoniacal thiosulfate solution 

using iron oxide (magnetite and hematite) as electron mediator with ZVAl as 

electron donor is discussed.   

 

Figure 4.19 Schematic diagram of energy band of n-type semiconductors 

upon A) Applying more positive potential B) Ideal C) Applying more negative 

potentials.  

Figure 4.19. a shows the energy band diagram when a positive potential is 

applied to an n-type semiconductor electrode. When the applied electrode 

potential is more positive than the flat band potential, the Fermi level in the 
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energy diagram is shifted down from the flat band potential. As a result, Ev 

and Ec bend like in Figure 4.19a, i.e., the energy level is lower at the solid 

bulk phase and higher at the surface. Because of the bending, electrons in the 

conducting band move from the solid surface (higher energy level) to the solid 

bulk phase (lower energy level). This causes a rack of electrons near the 

surface of the solid electrode, and the surface layer formed by this process is 

termed the “depletion layer”. When the depletion layer is formed, electron 

transfer from the solid electrode to the electrolyte in the solution phase 

becomes difficult due to the lack of electrons near the solid electrode 

surface.    

Figure 4.19c shows the energy band diagram when a negative potential is 

applied to the semiconductor electrode. When the applied potential is more 

negative than flat band potential, fermi level shifts up, and Ev and Ec bend 

like the figure, i.e. energy level is higher at solid bulk phase and lower at the 

surface. In this case, electrons in the conduction band move to the surface 

(lower energy level) from bulk phase (higher energy level), and a “electron 

rich” surface layer termed as “space charge layer” is formed near the surface. 

Because of the presence of electrons near the surface, electron transfer from 

the solid electrode to electrolyte in solution phase become more accessible, 

thus a reduction of electrolyte can occur. In most cases, the electron transfer 

rate or reduction rate of the electrolyte is proportional to the number density of 

the surface electrons at the energy level, the same as the reduction potential 

of the electrolyte (oxidized chemical species). If the reduction potential is 

positioned in the range between Ec at the surface and Ef, the number density 

of electrons is high, and a rapid reduction proceeds. If the reduction potential 

is out of the range, however, there is no electron at the same energy level as 

the reduction potential of electrolyte, and reduction of the electrolyte do not 

occur (or the reduction rate is very slow).  
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Figure 4.20 Energy band diagrams before (left) and after negative electrode 

potential is applied  for A.) Magnetite B.) Hematite) and C.) Rutile.   
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Figure 4.20 compares the energy band diagrams for two iron oxides 

(magnetite and hematite) and rutile when applying negative electrode 

potential. In the case of rutile (Figure 4.20 c), the positions of reduction 

potential for the electrolytes, such as Au+, Cu+, and Cu2+, are higher than that 

of Ec at the surface. Because of this relative position, a rapid electron transfer 

from rutile to these species may be possible when the applied electrode 

potential is low enough and the corresponding Fermi level is higher than the 

reduction potential. On the other hand, in the case of iron oxides (Figure 4.20 

a and b), the position of reduction potential for Au+ is higher than Ec for 

magnetite or near Ec for hematite, while the Cu+ and Cu2+ positions are inside 

the band gap and below Ec. This means reducing Au+ is possible but reducing 

Cu2+ and Cu+ is difficult. This may be the reason why iron oxides selectively 

cement gold.   

 

 

 

 

Figure 4.21 Schematic diagram of iron oxide's selective cementation 

mechanism to gold as an electron mediator upon galvanic interaction with 

zero-valent aluminum. 

The proposed selective mechanism of iron oxide to gold is presented 

in Figure 4.21. The proposed mechanism was supported by various 

electrochemical, spectrophotochemical and surface analysis results 

in Figures 3-17. The electron transfer mechanism across the Al2O3 layer 

between ZVAl and iron oxide particles was discussed in Chapter 3, where the 

ZVAl surface might be covered with a fragile layer of Al2O3 due to autogenous 

oxidation. Since Al2O3 is an electric insulating material, direct current cannot 
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pass through this layer. Interpretation for the electron transfer through the 

insulating Al2O3 layer is via (1) the quantum tunnelling effect [33] 

and (2) alternative current transfer through the Al2O3 layer acting as a 

capacitor [17]. From then on, electrons that pass through the solid-electrolyte 

interface can be interpreted using the energy band diagram. By staircase, 

potential electrochemical impedance spectroscopy, iron oxides confirm that 

the flat band potential of magnetite and hematite is around -0.9 V and -1.0 V, 

respectively. This confirms that by linear interpolation on the positive slope in 

the M-S plot, both iron oxides used in these experiments are n-type 

semiconductors, as presented in Figure 4.16.  

 

The Fermi level and flat-band potential of the n-type semiconductor sit just 

below the conduction band edge. Initially, this edge has no depletion layer 

(empty) at the junction between the electrolyte and the semiconductor. Then, 

electrons will flow from the semiconductor to the electrolyte interface, filling 

the depletion layer with electrons. This transfer of electrons bends and 

creates a layer near the semiconductor surface called the space charge layer. 

The extent of bending using iron oxides will only create a space charge layer 

across the Au(S2O3)2
3- reduction band edge around -1.0 V since the flat band 

potential of magnetite and hematite is around -0.9 V and -1.0 V, respectively. 

Relatively, copper ions will not be able to accept electrons from the 

semiconductor interface since the electrolytes' reduction potentials are around 

-0.8 V for Cu+/C0 and -0.2 V for Cu2+/Cu+ , respectively. This phenomenon is 

being proposed, that the semiconductive properties of hematite and magnetite 

and by configuring their relative energy band diagram, the travel of electrons 

from iron oxide-electrolyte interface facilitates the selective cementation 

towards Au(S2O3)2
3- ions in gold-copper ammoniacal thiosulfate solutions.  
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4.5. CONCLUSION 

Cementation experiments were conducted using titanium oxides (anatase and 

rutile) to investigate the direct influence of semiconductive properties. The 

results presented in Figure 4.2 show that titanium oxides can recover gold 

and copper in a single system with 32.5% Au-16.4% Cu for anatase and 

26.1% Au-12.4% Cu for rutile, respectively. Furthermore, when zero-valent 

aluminum was introduced into the system as an electron donor, a significant 

increase in metal recovery was observed, having 92.6% Au-62.2% Cu for 

anatase and 93.5% Au-66.9 % Cu for rutile, respectively. Comparatively, this 

research further suggests that the use of iron oxides has been shown to have 

better selectivity to gold upon the cementation process than titanium 

oxides and that the electrochemical experiments and surface analysis 

supported the results, as shown in Figure 4.3-4. 

 

The latter investigated the potential properties of metal oxides that would 

explain its selective cementation to gold, such as the energy band gap and 

the flat band potential, to estimate the energy band diagram of the metal 

oxides. Staircase potentio-electrochemical impedance spectroscopy was 

conducted to determine the corresponding flat-band potentials of metal oxides 

in NH4/NH3 buffer solution maintained at pH 9 at 25°C. The mott-Schottky 

plot was generated by computerized driven software to estimate reliable 

values, and the results obtained a flat-band potential of around -0.9 V, -1.0 V 

and -0.2 V for magnetite, hematite, and rutile, respectively, as shown 

in Figure 4.16.  

 

Furthermore, the M-S plot confirms that the metal oxides used in this 

experiment are n-type semiconductors. Furthermore, the band gap energy 

was estimated by configuring the positive slope of Tauc’s plot by linear 

interpolation from results generated by UV-VIS spectrophotometric analysis, 

and the results obtained a band gap energy of 1.02 eV, 2.4 eV, and 3.1 eV for 

magnetite, hematite, and rutile, respectively as shown in Figure 4.17.   
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By configuring the energy band diagrams of magnetite and hematite, it was 

found that the bending occurs from the conducting band edge to the flat band 

potential edge; in both cases, magnetite and hematite have a flat band 

potential near the conduction band edge where electrons can transfer from 

the semiconductive electrode interface across the electrolyte interface 

(reduction band edge) of gold around -1.0 V only as shown in Figure 

4.21. This research concludes that the representation of energy band 

diagrams was able to explain why iron oxides are selective only to gold upon 

the cementation process in gold-copper ammoniacal thiosulfate medium and 

that the semiconductive property governs the said selective cementation. 
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CHATER 5 

GENERAL CONCLUSIONS 

 

1.Parametric cementation experiments were investigated concerning aerobic or 

anaerobic solution condition, electron  mediator dosage, cementation time in single 

and binary systems, and electron donor dosage in binary systems. All experiments 

obtained consistency concerning the selective cementation of gold using iron 

oxides with zero-valent aluminum, and the optimum parameters were 

determined to be 10 mg of electron donor and 10 mg electron mediator for 60 

mins cementation time in anaerobic (N2 purged) solution condition maintained 

in pH 9-10 at 25°C. These optimum conditions obtained gold and copper 

recoveries of 89.7 % and 21 % for hematite and 85.9 % and 15.4% for 

magnetite, respectively as shown in Figure 5.1. 

 

 

 

 

 

 

 

 

 

Figure 5.1 Percent (%) recovery of gold, Au and copper, Cu ions from 
different galvanic constituents in nitrogen atmosphere (anerobic) a) activated 
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carbon (AC) and or /ZVAl b) hematite (Hem) and or/ ZVAl and c.) magnetite 
(Mag) and or /ZVAl. 

2.The electrochemical experiment was conducted to evaluate the galvanic 

interaction between the electron donor and electron mediator in a 

conventional electrochemical set-up (Fe2O3/ Fe3O4 -Al as the working 

electrode, Pt as the counter electrode, Ag/AgCl as the reference electrode) in 

gold thiosulfate medium. Cyclic voltammetry showed a gold reduction 

"shoulder-like" peak at -1.0 V using Fe2O3/Al and Fe3O4/Al electrodes. The 

results of SEM-EDX analysis on the surface of the working electrodes and 

electrochemical experiments confirmed that gold was selectively deposited on 

iron oxide's surface as an electron mediator as shown in Figure 5.2 and 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Cyclic Voltammogram of Fe2O3/Al electrode at different 

electrolytes a) Wide Scan b) Narrow Reduction Voltammogram c) Back 

scattered electron photomicrograph with elemental mapping and point eds 

analysis of Cu-Au electrolytes. 
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Figure 5.3 Cyclic Voltammogram of Fe3O4/Al electrode at different 

electrolytes a) Wide Scan b) Narrow Reduction Voltammogram c) Back-

scatter electron photomicrograph with elemental mapping and point eds 

analysis of Cu-Au electrolytes. 
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3. The investigation of metal oxides' band gap and flat band potential to 

estimate critical potential band edges to configure the energy band diagram 

was evaluated. The Mott-Schottky (M-S) plot was generated by computerized 

driven software to estimate reliable values, and the results obtained a flat-

band potential of around -0.9 V, -1.0 V and -0.2 V for magnetite, hematite, and 

rutile, respectively. the band gap energy was estimated by configuring the 

positive slope of Tauc’s plot by linear interpolation from the results generated 

by UV-VIS spectrophotometric analysis, and the results obtained a band gap 

energy of 1.02 eV, 2.4 eV, and 3.1 eV for magnetite, hematite, and rutile, 

respectively as shown in Figures 5.4. 

Figure 5.4 Schematic Energy band diagrams for the semiconductor-

electrolyte interface (SEI) for a) Rutile b) Hematite and c) Magnetite. 
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4. This research concludes that iron oxides can be used as an electron 

mediator undergoing selective cementation to gold along with zero-valent 

aluminum as an electron donor during the cementation process and that the 

intrinsic semiconductive property of iron oxides govern the selective 

cementation mechanism and can be represented using the energy band 

diagrams, describing the selective electron transfer mechanism in the 

semiconductor-electrolyte interface in gold-copper ammoniacal thiosulfate 

medium as shown in Figure 5.5. 

 

Figure 5.5 Schematic diagram of the proposed selective mechanism of iron 

oxides and their galvanic interaction with zero valent aluminum in gold-copper 

ammoniacal thiosulfate medium. 
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