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ABSTRACT

Thiosulfate has received much attention as an alternative non-cyanide lixiviant for
gold recovery over the last three decades. In particular, a number of studies have shown
that an ammoniacal copper(II)-sulfate/sodium thiosulfate system offers fast leaching
kinetics but there are difficulties in controlling the complex solution chemistry and there
are concerns over the use of ammonia. Recently, thiosulfate leaching of gold in the
absence of ammonia has shown to be a useful alternative to cyanide, as evident from
the thiosulfate gold processing plant recently commissioned at Barrick’s Goldstrike
operation in the USA for treating a pressure oxidised double refractory ore.

In this work, the dissolution of gold as gold(I)-thiosulfate in non-ammoniacal
thiosulfate solutions has been studied using a rotating electrochemical quartz crystal
microbalance (REQCM), rotating gold disc electrode (RDE), gold powder and various
gold ores in the presence of sulfide minerals or activated carbon. The electrochemical
studies found that the gold oxidation is enhanced by increases in temperature,
thiosulfate concentration and the addition of low concentrations of copper(II)-sulfate.
Oxygen reduction was more effective on the surface of sulfide minerals than on the gold
surface, offering an opportunity for galvanic interaction. The subsequent leaching tests
using REQCM showed that the gold leach rate in the thiosulfate-oxygen system without
any additives is in the order of 10-7 mol m-2 s-1, two orders of magnitude lower than a
typical cyanidation rate. However, a temperature of 50 ºC, high oxygen concentration,
2 mM copper(II)-sulfate addition, in conjunction with the galvanic effect of sulfide
minerals, dramatically improved the gold leach rate to the same order of magnitude of
a typical cyanidation rate of order 10-5 mol m-2 s-1. This was supported by gold powder
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leaching tests in which the extent of dissolution was increased from around 2% without
an additive to above 86% in the presence of 2.5% pyrite over 24 hours.

Electrochemical and leaching studies have shown that activated carbon has three
potential impacts on gold dissolution: (i) removal of the surface passivating species,
thus enhancing the oxidation of gold; (ii) enhancing the oxygen reduction reaction via
galvanic interaction; and (iii) formation of an interim species which facilitates gold
dissolution. Chemical dissolution under open-circuit condition using rotating discs of
pure gold and Au-Ag(2% w/w) alloy, revealed that gold dissolution in oxygenated leach
solution of 0.1 M calcium thiosulfate, at pH 10 and 50 ºC is enhanced by the presence
of carbon. Gold dissolved faster from Au-Ag(2%) alloy than from pure gold. The use
of 0.3% carbon, 2-10 mM copper(II) at 50 ºC, dramatically improved the extent of gold
powder dissolution to over 95% in 24 hours.

Gold leaching efficiency was better for sulfide concentrates than for oxide ores in
the absence of activated carbon. This was due to the galvanic interaction between gold
and sulfide minerals which had a positive effect on the gold leach rate. The gold
leaching efficiency for sulfide concentrates was in the range 40-73% and that of oxide
ores was 21-43% after 24 hours. The addition of activated carbon had a beneficial effect
on gold leaching from an oxide ore, pyrite flotation concentrate, calcine and pressure
oxidised residue in calcium thiosulfate-oxygen solutions. Gold leaching efficiency for
the pyrite flotation concentrate was 40% and 77% in the absence and presence of
activated carbon, respectively, after 24 hours. The leaching of gold from the same
concentrate using standard cyanidation achieved a gold leaching efficiency of 62% after
24 hours. Hence, the study showed that the thiosulfate-oxygen system in the presence
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of activated carbon could be a promising alternative to cyanidation for treating some
sulfidic gold ores.

The ability of some typical gangue minerals and activated carbon to adsorb gold in
non-ammoniacal thiosulfate solutions was examined. Sulfide minerals and activated
carbon were found to strongly adsorb gold(I)-thiosulfate compared to oxide minerals.
The presence of free thiosulfate could significantly reduce or eliminate the adsorption
of gold(I)-thiosulfate. Copper(I) ions compete with gold(I)-thiosulfate ions and reduce
the adsorption of gold(I) on pyrite or activated carbon. The presence of tetrathionate as
sodium tetrathionate in a copper-free thiosulfate solution leads to a significant loss of
gold to pyrite. Addition of sodium tetrathionate reduces the adsorption of gold(I) on
activated carbon. Activated carbon enhances the degradation of tetrathionate to
trithionate and thiosulfate which stabilises gold in solution and/or compete with gold(I)thiosulfate for the adsorption sites. Sodium trithionate has no significant effect on the
adsorption of gold(I)-thiosulfate.

Keywords: Thiosulfate; Gold; Electrochemistry; Leaching; Additives; Kinetics;
Adsorption
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CHAPTER 1

INTRODUCTION

1.1 Cyanide and its issues

Cyanide has been used for more than a century as the preferred lixiviant for
extracting gold from ores. While cyanide is very effective in treating certain gold ores,
others, such as carbonaceous and high copper-bearing ores, could be difficult or
uneconomic to treat using the cyanidation process.

The cyanidation process is not suitable for treating gold ores that contain high pregrobbing components which adsorb the aurocyanide gold complex ion (Zhang and
Nicol., 2005). Copper minerals in gold ores present a challenge because copper is also
leached by cyanide. The major problems of copper minerals are: (i) excessive
consumption of cyanide, lime and oxygen; (ii) formation of copper-cyanide species
which interfere with subsequent processes such as activated carbon adsorption, gold
electrowinning and effluent treatment (Avraamides, 1991; Marsden and House, 2006;
Adams et al., 2008).

In addition to the aforementioned issues, cyanide is an extremely toxic chemical
which may cause serious environmental damage if released into the environment in an
accidental discharge (Donato, 1999; Needham, 2003). Water birds and fish were killed
because of exposure to cyanide from mining operations in Australia and Africa
(Needham, 2003). Many bats and rodents were reported dead at gold mines in the USA
between 1984 and 1989 due to cyanide poisoning (Clark and Hothen, 1991). As a result
of its toxicity, the use of cyanide has been criticised or restricted in a number of
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countries and states, with others such as Greece, Turkey and the state of Montana in the
USA banning its use in the mining industry (Ji et al., 2003a).

1.2 Alternative lixiviants

As a result of the issues associated with cyanide, non-cyanide lixiviants have been
seriously considered, viz., the ammonia system, the thiosystems (thiourea, thiosulfate
and thiocyanate), the halide systems (bromine-bromide, iodine-iodide and brominechloride), the bisulfide and bisulfite systems (Marsden and House, 2006; Ritchie et al.,
2001), and recently the glycine-hydrogen peroxide system (Oraby and Eskteen, 2015).
The dissolution of gold in the presence of oxygenated ammonia or glycine-hydrogen
peroxide solutions has very slow kinetics and requires elevated temperatures of 120 ºC
and 60 ºC, respectively. The application of halides has been hampered by the high cost
of reagents, high cost of construction materials that can withstand severe process
conditions, and health problems associated with the use of halides (Marsden and House,
2006; Ritchie et al., 2001). The thiourea and thiocyanate systems have several major
drawbacks including excessive reagent consumption, the cost of reagents which are
more expensive than cyanide, and the fact that downstream gold recovery requires more
investigation and development (Marsden and House, 2006). Bisulfide and bisulfite as
lixiviants result in very slow kinetics, while sulfide requires elevated temperatures. In
addition, there is low gold recovery with bisulfide because of passivation and adsorption
effects (Marsden and House, 2006). An alternative, which has been demonstrated to be
more effective for copper bearing and carbonaceous gold ores, involves the use of
thiosulfate as a lixiviant.
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1.3 Thiosulfate as a lixiviant

The dissolution process of gold can be described by the following reaction where
oxygen is an oxidant and thiosulfate is the ligand:

4Au + 8S2O32− + O2 + 2H2O = 4Au(S2O3)23− + 4OH−

(1.1)

In the presence of ammonia and copper(II), the reaction for gold dissolution is presented
by Eq. 1.2, where tetraaminecopper(II) complex ion is the oxidant:

Au + Cu(NH3)42+ + 5S2O32− = Au(S2O3)23− + Cu(S2O3)35− + 4NH3

(1.2)

The advantages of this system are that thiosulfate is cheap and forms a relatively stable
complex with gold(I) ions. It offers faster leaching kinetics when oxidized by copper(II)
in the presence of ammonia. The process for extracting gold from gold ores using
copper(II) catalysed ammoniacal thiosulfate solutions has been studied extensively over
the last three decades and broadly reviewed by a number of authors (Aylmore and Muir,
2001; Grosse et al., 2003; Molleman and Dreisinger, 2002; Muir and Aylmore, 2004;
Muir and Aylmore, 2005; Senanayake, 2005d; Senanayake, 2012; Zhang and
Senanayake, 2016). However, the system has not progressed to commercial application.
The use of ammonia makes the process less commercially attractive for several reasons:
(i)

ammonia is toxic to both human beings and aquatic life;

(ii)

ammonia is a co-ligand which affects both copper and gold speciation
resulting in several chemical and electrochemical reactions that make the
system complex;
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(ii)

the presence of ammonia increases the oxidation and consumption of
thiosulfate (Hackl et al., 2012; Xia, 2014); and

(iii)

the presence of residual ammonia in the water recycling unit can be
detrimental to gold recovery (Choi et al., 2013).

As a result of these issues, many researchers have looked at different oxidants that
do not use ammonia. There are a number of ammonia-free systems, many of which use
cupric or ferric complexes as oxidants together with stabilising ligands to reduce
thiosulfate degradation. The structures of various ligands which can form complexes
with cupric or ferric ions are presented in Appendix A1. One common feature of these
structures is the presence of carboxylate or amine functional groups which can chelate
with copper(II) or iron(III) to form complexes that have higher stability constants
compared to Cu(NH3)42+of the copper(II)-ammonia system (Xia, 2014). The various
ammonia-free systems are classified based on the oxidant used as copper(II)-complexes
including copper-organic amines such as copper-EDTA (Aazami et al., 2014; Brown et
al., 2003; Feng and van Deventer, 2011; Xia, 2014; Xia and Yen, 2011; Yu et al., 2014);
iron(III)-complexes including iron-EDTA, iron-oxalate (Chandra and Jeffrey, 2005;
Heath et al., 2008; Zhang et al., 2005); and chlorate (Morteza, 2004). However, most of
these systems are not effective in treating complex sulfide ores. The control of pH is
critical particularly for iron systems.

Another non-ammoniacal system is the thiosulfate-oxygen system (Choi and
Gharelar, 2014; Choi et al., 2013; Ji et al., 2003a, 2003b; Zhang et al., 2013). Recently,
researchers at Barrick Gold piloted and developed a process based on the thiosulfateoxygen system for treating a double refractory (pyritic and carbonaceous) gold ore to
commercial scale (Choi et al., 2013). The success of the process development has led
4

to the commissioning of the world’s first thiosulfate plant by Barrick’s Goldstrike
operation in the U.S.A. However, despite this positive and encouraging development,
few fundamental and real ore studies have been reported in the public domain.

As free-milling gold ore bodies and other easily processed ore deposits are getting
exhausted, mining companies will need to process refractory or complex ores in order
to meet the demand for gold. Pyritic and copper-gold ores are common types of
refractory ores. These ores are commonly associated with sulfide minerals (Marsden
and House, 2006). The galvanic interaction between gold and sulfide minerals or semiconducting materials may play an important role in the dissolution of gold in nonammoniacal thiosulfate solutions. There have been some preliminary investigations into
the galvanic effect of sulfide minerals on the leaching of gold in oxygen-thiosulfate
system. In a study using rotating disc electrode (RDE), Zhang et al. (2013) found that
oxygen is reduced more effectively on pyrite and chalcopyrite minerals than on the gold
surface. However, no attempt has been made to investigate the effect of the mineral
surface area on the rate of gold leaching and other sulfide minerals such as chalcocite
and marcasite. Therefore, it is necessary to conduct a systematic investigation of the
effect of sulfide minerals and additives on gold leaching in thiosulfate-oxygen solutions.

Silver coexists in some gold ores in the form of alloys such as electrum (Au, Ag),
kustelite (Ag, Au), uytenbogaardtite (Ag3AuS2) (Zhou et al., 2005) and tellurides
(AuAgTe4) (Csicsovski and Salminen, 2011). The presence of silver in alloyed form
increases the rate of gold dissolution in non-ammoniacal thiosulfate solutions in the
absence of copper (Webster, 1986) and in ammoniacal thiosulfate solutions (Aylmore
and Muir, 2001; Oraby et al., 2014; Senanayake, 2012). The effect of silver as silver
nitrate and in alloyed form was also investigated.
5

Lower gold extraction in thiosulfate than in cyanide systems could be due to the
instability of the gold(I)-thiosulfate ion as a result of re-precipitation or adsorption of
the species from solution (Muir and Aylmore, 2004). Evidence for the adsorption of
gold(I)-thiosulfate on sulfide and other gangue minerals in ammoniacal thiosulfate
solutions has been presented in the literature (Aylmore et al., 2014; Feng and van
Deventer, 2001). Despite its importance, the adsorption of gold(I)-thiosulfate ion on
minerals has not yet been investigated in non-ammoniacal thiosulfate systems. In
addition, no information is available in literature on models for the adsorption isotherms
of gold(I)-thiosulfate on minerals and carbon. Thus, it is important to systematically
examine the adsorption behaviour of gold(I)-thiosulfate on common gangue minerals
and carbon.

In this thesis, both traditional and advanced techniques as well as gold powder
and ores were used to conduct a systematic study of the effect of sulfide minerals,
carbon, various background ions and several conditions on the dissolution of gold in
thiosulfate-oxygen solutions. The ability of gangue minerals and carbon to adsorb
gold(I)-thiosulfate ions was examined.
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1.4 Objectives

The objectives of this study are as follows:

(i)

to review the literature on non-ammoniacal thiosulfate leaching of gold;

(ii)

to investigate the effect of various background ions on the dissolution of gold;

(iii)

to study the galvanic interaction between gold and sulfide minerals or carbon
and its impact on gold dissolution rate;

(iv)

to examine the use of carbon for treating complex ores and other various ores;
and

(v)

to investigate the effect of gangue minerals and carbon and the role of silver(I),
copper ions and polythionates on the adsorption of gold(I) from nonammoniacal thiosulfate solutions.
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The methods of study are described briefly in Table 1.1 below.

Table 1.1 – A description of methods used in the study
Method/Process

Description

Electrochemical dissolution of gold
(a) Anodic gold oxidation a,b

Rate of dissolution of gold was determined using anodic
dissolution of rotating gold discs in the form of:
(i) electrochemical quartz crystal microbalance (REQCM) at different
applied potentials and
(ii) disc electrode (RDE) at fixed potential.

(a) Cathodic oxygen reduction

Rate of cathodic reduction of oxygen on rotating disc electrodes (RDE)
of (i) gold, (ii) pyrite, (iii) chalcopyrite and (iv) carbon was determined
by measuring cathodic current at different applied potentials.

Chemical dissolution of gold
(a) Open-circuit leaching of gold
(i) REQCM a

The rate of dissolution of gold per unit surface area (R Au) was
determined by measuring mass change of gold with time.

(ii) RDE

RAu was determined by measuring gold(I) in solution using
atomic adsorption spectrometry (AAS).

(b) Dissolution of gold powder

The extent of dissolution of gold powder was determined by
measuring gold(I) in solution using AAS.

Ore leaching

Leaching tests were carried out using bottle rolls and
polyethylene bottles. Gold leaching efficiency was determined
by measuring gold(I) in solution using AAS and in the leach
residue using fire assay.

Gold(I) adsorption

Adsoprtion of gold(I)-thiosulfate, copper(I), silver(I), thiosulfate and
polythionates from synthetic leach solutions onto minerals and carbon
was carried out using bottle rolls and polyethylene bottles.
Adsorption was determined by measuring gold(I), total copper in
solution using AAS, and sulfur species in solution using
high-performance liquid chromatography (HPLC).

a

Jeffrey et al. (2000); b Zhang and Nicol (2003). Characterisation of electrode surface was done
using scanning electron microscopy (SEM) and X-ray diffraction (XRD) was used for
characterisation of precipitates, minerals and gold ores.

The thesis is comprised of eight Chapters. After the brief introduction of the
thiosulfate-oxygen system in this Chapter, the second Chapter reviews the previous
studies on ammonia-free thiosulfate leaching of gold and the third Chapter presents the
theory for the techniques used and describes the experimental set-up and experimental

8

procedures. Chapters 4, 5, 6 and 7 are described in Table 1.2. Chapter 8 summarises the
findings and suggestions for future work.

Table 1.2 – A summary of different tests reported in Chapters 4, 5, 6 and 7
Chapter Process
4
Electrochemical dissolution of gold
(i) Anodic gold oxidation (REQCM)

(ii) Anodic gold oxidation (RDE)
(iii) Cathodic oxygen reduction (RDE)

5

Chemical dissolution of gold
(i) Open-circuit leaching of gold from REQCM

(ii) Open-circuit leaching of gold from RDE

(iii) Gold powder dissolution

6

Gold leaching from ores

7

Adsorption of gold(I)-thiosulfate, copper(I) and
sulfur species from a synthetic leach solution

Variable

Range

Sodium thiosulfate (M)
Temperature (°C)
Copper(II) (mM)
Silver(I) (mM)
Thiourea (mM)
Cation
Carbon % (w/v)
Copper(I) (mM)
Mineral surface
pH

0.05-0.5
25-50
0-10
0.1-1
0 or 10
a
0 or 2
0 or 2
b
7.85 or 10.0

Copper(II) (mM)
DO (mM)
Copper(I) (mM)
Sodium chloride (M)

0-5
0.2-1
0-10
0-0.5
Pyrite surface area (mm2) 27-180
Carbon % (w/v)
0 or 2
Pyrite % (w/v)
0 or 2
Temperature (°C)
25-50
Pyrite % (w/v)
0-2.5
Carbon % (w/v)
0-0.4
Copper(II) (mM)
0-10
pH
7-12.0
Temperature (°C)
25-50
Carbon (g)
0-15
Oxidant
c
Particle size (µm)
d
Temperature (°C)
25 or 50
pH
7 or 10
Mineral type
e
Temperature (°C)
25 or 50
Copper(II) (mM)
0-5
Silver(I) (mM)
0-0.46
Polythionate (mM)
0 or 10
(Na2S3O6, Na2S4O6)

a

Na2S2O3 or CaS2O3; b surfaces of gold, pyrite, chalcopyrite and carbon; c oxygen or air;
-75, +75-120, +120-150 µm; e quartz, goethite, hematite, kaolinite, pyrite, chalcopyrite and
carbon.
d
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CHAPTER 2

LITERATURE REVIEW

2.1 Gold deposits in Australia

The gold mining industry has been the mainstay of the Australia’s economy for
many years (Whitaker, 2012). Australia has the largest gold deposits in the world,
accounting for approximately 14.3% of the known world gold reserves (George, 2016).
Fig. 2.1 shows known gold deposits in Australia. A number of gold deposits in Australia
contain substantial amounts of copper (Whitaker, 2012). Some of the copper-gold
deposits and their grades are shown in Table 2.1.

Fig. 2.1 – Australian gold deposits with significant resources (Whitaker, 2012).
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Table 2.1 – Grades of selected copper-gold ore deposits in Australia

Grade
Deposit

State

-1

Cu ( %, w/w)

Au (g t )

Hillside Prospecta

South Australia

0.7

0.2

Prominent Hill

South Australia

1.22

0.5

Carrapteenaa

South Australia

1.31

0.56

Mount Magaret

Queensland

0.77

0.23

Telfer

Western Australia

0.3

<1

Northparkes

New South Wales

0.57

0.26

Cadia East

New South Wales

0.28

0.44

Olympic Dama

South Australia

0.86

0.32

Queensland

0.6

0.1

Mount-Dore
a

Porritt (2012) unless stated, Fairclough (2012).

2.2 Gold production statistics

The major producers of gold in the world are China, Australia, United States of
America, Russia and South Africa. Australia is the world’s second largest producer of
gold after China and contributes around 9.3% to the total world production (George,
2016). Table 2.2 summarises the production of gold by country. The data is given in
metric tonnes (mt) of gold.
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Table 2.2 – Recent gold production statistics by country

Country

Mine production / metric tonne
2014

2015

The United States of America

210

200

Australia

274

300

Brazil

80

80

Canada

152

150

China

450

490

Ghana

91

85

Indonesia

69

75

Mexico

118

120

Papua New Guinea

53

50

Peru

140

150

Russia

247

242

South Africa

152

140

Uzbekistan

100

103

Other Countries

858

855

George (2016). 1 metric tonne = 1 000 kg.

2.3 What is thiosulfate?

Thiosulfate (S2O32-) is an oxyanion of sulfur. It is structurally similar to a sulfate
(SO42-) with one oxygen atom replaced by sulfur. The ion has a slightly distorted
tetrahedral shape with a central and a peripheral sulfur (S—SO3) as shown in Fig. 2.2
(Dhawale, 1993). Sulfur is larger than oxygen in atomic size and forms weaker π-bonds;
the S–O bond is shorter than S—S bond as indicated in Fig. 2.2. It is the peripheral
sulfur which is responsible for the reducing properties, complexing abilities of
thiosulfate, and sulfide forming capabilities (Hiskey and Atluri, 1988). Thiosulfate is
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produced commercially by the reaction of sulfite ions with elemental sulfur in boiling
water (Beach, 1981).

S—S = 2.01 Å, S–O = 1.47 Å
Fig. 2.2 – Thiosulfate anion (Dhawale, 1993)

2.4 Complexation and degradation of thiosulfate

Gold leaching requires a ligand and an oxidant as indicated in Eq. 1.1. The oxidant
can directly consume thiosulfate or facilitate side reactions other than gold oxidation.
The significant consumption of thiosulfate during leaching of gold may also be caused
by complexation with different metal ions leached from host minerals in ores.

Thiosulfate is able to form strong complexes with a number of precious and transition
metal ions (Hiskey and Atluri, 1988). The thiosulfate ion acts as a ligand via the
peripheral sulfur atom, establishing strong σ-bonds with the metal ions which are
stabilized by pπ-dπ back-bonding (Grosse et al., 2003). Some of the possible metal ion
complexes of thiosulfate and their equilibrium constants (K) are listed in Table 2.3. It
is clear from Table 2.3 that, as thiosulfate forms relatively stable complexes with other
metal ions besides gold(I) and silver(I), it would be expected for these ions to be leached
by thiosulfate-containing solutions. Thus, these metal ions could adversely impact the
gold leaching process as well as the downstream recovery process if not removed. The
Standard Gibbs free energy (ΔGo) is related to the equilibrium constants (K) by the
expression -RT lnK (where, T is temperature in Kelvin and R is the ideal gas constant
in J mol-1 K-1). The larger the value of K, the more negative is the ΔGo which suggests
13

that Eq. 2.10 will be favoured over Eq. 2.12. However, if concentrations of [Cu+] >>
[Au+], then thermodynamics may be offset.

Table 2.3 – Equilibrium constants of thiosulfate complexes of metal ions

Ion
Silver(I)

K (at 25 °C) Ionic Strength

Reaction
+

Ag + S2O3

2-

-

2Ag + 3S2O3

2-

= Ag2(S2O3)3

4-

Ag+ + 3S2O32- = Ag(S2O3)35+

2Ag + 4S2O3

2-

= Ag2(S2O3)4

6-

3Ag+ + 4S2O32- = Ag3(S2O3)45+

2-

= Ag3(S2O3)5

+

2-

= Ag6(S2O3)8

2-

= Au(S2O3)

2-

= Au(S2O3)2

2-

-

3Ag + 5S2O3
6Ag + 8S2O3
Gold(I)

+

Au + S2O3
+

Au + 2S2O3
Copper(I)

+

Cu + S2O3
Cu + 3S2O3

Copper(II)

2-

Cu + 2S2O3
Iron(II)

Fe + 2S2O3
3+

[b]

6.3 × 1012

1.0

2.4

[a]

26

4.0

2.5

[a]

1.6 × 1038

1.0

2.6

[b]

4.0

2.7

[a]

4.0

2.0 × 10

2.8

[a]

-

2.5 × 10

10

2.9

[c]

3-

1.0 × 10

26

2.10

[d]

2.5 × 10

10

1.6

2.11

[a]

2.0 × 1012

1.6

2.12

[a]

13

1.6

2.13

[a]

2.5 × 102

0.2

2.14

[f]

4

0.2

2.15

[e]

1.0 × 102

2.16

[f]

2.17

[g]

Cu(S2O3)352-

5.0 × 10

4.0 × 10
1.0 × 10

2-

= Fe(S2O3)

+

9.6 × 10

1

0.1

2.18

[a]

2.5 × 10

6

1

2.19

[a]

8.0 × 104

1

2.20

[a]

6

1

2.21

[a]

2.0 × 1033

1

2.22

[a]

3

1

2.23

[a]

6.3 × 105

1

2.24

[a]

0.5

2.25

[a]

2-

Pb2+ + 2S2O32- =
2+

2-

Pb + 3S2O3 =

Cd(S2O3)34Pb(S2O3)22Pb(S2O3)34-

Hg2+ + 3S2O32- = Hg(S2O3)342-

=

Zn(S2O3)34-

2Zn2+ + 2S2O32- = Zn2(S2O3)2
Cobalt(II)

2.3

= Fe(S2O3)2

Lead(II)

2+

1.0

3.2 × 10

7

2+

Zn + 3S2O3

[b]

78

2-

Cd + 3S2O3 =

Zinc(II)

2.2

2-

Fe + S2O3

2+

1.0

24

4.0 × 10

= Cu(S2O3)2

Cadmium(II)

Mecury(II)

3.2 × 1012

10-

Fe2+ + S2O32- = Fe(S2O3)0
2+

Iron(III)

2-

[b]

6.3 × 10

Cu2+ + S2O32- = Cu(S2O3)0
2+

2.1

39

= Cu(S2O3)
=

1.0

7-

Cu+ + 2S2O32- = Cu(S2O3)23+

Ref.

1.6 × 10

= Ag(S2O3)

Ag+ + 2S2O32- = Ag(S2O3)23+

Eq.

9

Co + S2O3

2-

0

= Co(S2O3)

1.6 × 10
2.0 × 10
1.1 × 10

2

2+
20
2
Nickel(II)
0.5
2.26
[a]
Ni + S2O3 = Ni(S2O3)
1.2 × 10
a. Smith and Martell (1976); b. Hogfeldt (1982); c. Webster (1986); d. Hiskey and Atluri (1988);
e. Rabai and Epstein (1992); f. Senanayake (2005b); g. References cited in Grosse et al. (2003).
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Copper and copper-thiosulfate complex ions have been reported to have beneficial
effect on gold oxidation (Gudkov et al., 2010; Senanayake, 2005a). The dominant
copper(I) species in the absence of ammonia depends primarily on the copper-tothiosulfate ratio (Cui et al., 2011). At high copper-to-thiosulfate ratios, Cu(S2O3)− is the
dominant species, while Cu(S2O3)35− exists at low copper-to-thiosulfate ratios. Rabai
and Epstein (1992) proposed that copper(II) ions in aqueous solutions containing excess
thiosulfate are converted to stable Cu(S2O3)− via the formation of intermediate

Cu(S2O3)22−. Contrary to Rabai and Epstein’s proposal of forming a Cu(S2O3)22−
intermediate, Unguresan and Niac (2007) demonstrated the formation of Cu(S2O3)0
using a stopped-flow method as the first step of reduction of copper(II) with thiosulfate
ions. The researchers showed that the decomposition of Cu(S2O3)0 is second order and
found that the activation entropy for the reaction of copper(II) and S2O32− is -214 J K-1
mol-1 which suggests an associative mechanism. A detailed analysis of thiosulfate
oxidation in the presence of copper(II) has considered the involvement of mixed
copper(II)-thiosulfate complexes (Senanayake, 2005b). Also, in thiosulfate deficient
solutions, Cu(S2O3)− may disproportionate to Cu2S and S3O62− or Cu and S4O62−
(Senanayake, 2005a). The reactions for thiosulfate oxidation in the presence of copper
are presented in Table 2.4.
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Table 2.4 – Reactions for thiosulfate oxidation in the presence of copper(II)

Scheme

Reaction

Eq.

Ref.

I

Cu2+ + 2S2O32- = Cu(S2O3)22- (K = 4 × 104)

2.27

[a]

2Cu(S2O3)2

2-

II

-

2-

= 2CuS2O3 + S4O6 (rate determining)

2.28

Cu2+ + S2O32- = Cu(S2O3)0

2.29

0

+

2Cu(S2O3) = 2Cu + S4O6
2+

III

2-

2-

+

2.30
-

2.31

Cu + S2O3 = Cu + S2O3
+

3+

Cu + Fe = Cu

2+

+ Fe

2+

5-

Cu(S2O3)3
2-

2.33
5-

2.34

+ O2 = [(S2O3)3Cu·O2]

5-

22S4O6

4S2O3 + [(S2O3)3Cu·O2] + 2H2O =

-

+ 4OH +

5Cu(S2O3)3

2.36

Cu(II)Ln (S2O32-) + O2 = Cu(II)Ln + S2O52-

2.37

2-

2-

2-

21

-

2-

[d]

2.38

2S2O5 = S3O6 + SO4 (K = 1 × 10 )
2-

[c]

2.35

2Cu(II)Ln (S2O32-) = 2Cu(I)Ln + S4O62-

V

[b]

2.32

2S2O3- = S4O62-

IV

[b]

2-

10

2.39
4S4O6 + 6OH = 5S2O3 + 2S3O6 + 3H2O (K = 1.1 × 10 )
a. Rabai and Epstein (1992); b. Unguresan and Niac (2007); c. Zhang and Nicol (2005); d.
Senanayake (2005a). L is OH- for non-ammoniacal thiosulfate alkaline solutions.

The copper(II)-thiosulfate complexes, Cu(S2O3)22− and Cu(S2O3)0, act as oxidants
for dissolution of gold as shown by Eqs. 2.40 and 2.41 in Table 2.5 (Senanayake,
2005a). Likewise, the presence of Cu(S2O3)22− facilitates the dissolution of gold salts as
illustrated in Table 2.5 (Gudkov et al., 2010).

Table 2.5 – Reactions for the dissolution of pure gold and gold salts in thiosulfate solutions
in the presence of copper(I)/(II) complexes
K (at 25 °C) Eq.

Reaction
Au + 2S2O32- + Cu(S2O3)22- = Au(S2O3)23- + Cu(S2O3)23Au +

23S2O3 +

0

Cu(S2O3) =

3Au(S2O3)2

+

1 × 10 5.1

3Cu(S2O3)2

1 × 10

Au2S + 3.5S2O32- + 4Cu(S2O3)22- + 3OH- = 2Au(S2O3)23- + 4Cu(S2O3)23- + 1.5H2O
2-

3-

3-

2-

Au(OH)3 + 2S2O3 + 2Cu(S2O3)2 = Au(S2O3)2 + 2Cu(S2O3)2 + 3OH

-

7.9

Ref.

2.40 [a,b]
2.41

[a]

2.42

[b]

2.43

[b]

a. Senanayake (2005a); b. Gudkov et al. (2010).
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Thiosulfate is a meta-stable species. It is one of the oxy-sulfur species that tends to
readily undergo decomposition in aqueous solutions. Depending on a number of factors
including environmental conditions, thiosulfate can disproportionate into sulfite,
sulfide, sulfate and polythionates. The various factors that affect its stability are the
presence of sulfur-metabolising bacteria, pH, concentration of thiosulfate in solution,
exposure to ultraviolet light, presence of metal ions and catalysts, and presence of
oxygen and other oxidizing agents like Cl2 and I2 (Dhawale, 1993; Skoog and West,
1976). Thiosulfate solutions prepared in freshly boiled and double distilled water are
very stable if stored in an air tight bottle; dilute solutions of thiosulfate (<0.01 M) have
been found to decompose more rapidly than concentrated solutions (>0.1 M) (Dhawale,
1993). It has been demonstrated that thiosulfate is relatively stable in alkaline solutions
in the absence of a catalyst (Pryor, 1960).

Thiosulfate oxidation by oxygen in the absence of copper ions under normal
pressures and temperatures has been reported to be extremely slow (Gonzalez-Lara et
al., 2009; Rabai and Epstein, 1992; Rolia and Chakrabarti, 1982). Rolia and Chakrabarti
(1982) observed that, under sterile laboratory conditions, thiosulfate and polythionates
solutions aerated for four months at pH 7.0 demonstrated less than 10% change in
thiosalt concentration.

In the presence of oxygen or under oxidising conditions, thiosulfate will be oxidised
to sulfate, tetrathionate or trithionate (Eqs. 2.44-2.48) as shown in Table 2.6. At very
high temperatures of around 250-280 ºC and in alkaline thiosulfate solutions, sulfate
and hydrosulfide (HS-) ions are formed (Eq. 2.49). Depending on the conditions,
thiosulfate disproportionates into elemental sulfur, sulfate, sulfite and/or sulfide ions
(Eqs. 2.50-2.56). Under an applied potential, thiosulfate is also oxidised according to
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Eqs. 2.57 and 2.58, which is explained further in Section 2.7. The equilibrium constants
(K) for the reactions were calculated using HSC Chemistry software, Version 6.1
(Roine, 2014).

Besides forming complexes, cupric ion reacts with thiosulfate to form different
products depending on the conditions, as shown in Table 2.6. In the presence of cupric
ions, thiosulfate is oxidised to tetrathionate (Eq. 2.59a) and this reaction is very fast
(Smith and Hitchen, 1976). In the presence of excess cupric ions or in the absence of
excess thiosulfate, Eq. (2.59a) is followed by side reactions (Rabai and Epstein, 1992)
that result in the formation of sulfate and precipitation of cuprous sulfide according to
Eq. 2.59b. However, no copper(I) was detected during the reaction of copper(II) with
thiosulfate at pH 4-5 (Gonzalez-Lara et al., 2009). The reaction produced CuS and SO42−
according to Eq. 2.60. Chanda and Rempel (1986) studied the oxidation of aqueous
thiosulfate in the presence Cu2O (4% w/v slurry) at different temperatures. They found
that S4O62− and SO42− were the only species formed with no traces of S3O62− in solution.
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Table 2.6 – Reactions and equilibrium constants for thiosulfate degradation
K (at 25 °C)

Eq.

Ref.

2S2O3 + 0.5O2 + H2O = S4O62- + 2OH-

1.5 × 10 28

2.44a

[a]

2S4O62- + 2.5O2 + H2O = 4S2O32- + 4H+

8.8 × 10 34

2.44b

[a]

S3O6 + 0.5O2 + 2H2 O = 3SO3 + 4H

6.5 × 10 9

2.44c

[a]

2SO32- + O2 = 2SO42-

2.2 × 10 90

2.44d

[a]

S2O3 + 2O2 + H2O = 2SO4 + 2H

2.6 × 10 128

2.44

[a, b]

2S2O3 2- + 2O2 = S3O62- + SO42-

2.6 × 10 116

2.45

[c]

S2O3 + 2O2 + 2OH = 2SO4 + H2O

2.5 × 10 156

2.46

[c]

3S2O3 2- + 2O2 + H2O = 2S3O62- + 2OH-

8.6 × 10 77

2.47

[c]

1.4 × 10 84

2.48

[d]

S2O32- + OH- = SO42- + HS-

6.5 × 10 9

2.49

[e]

S2O32- + 2H+ = SO2 + S0 + H2 O

1.8 × 10 3

2.50

[f]

2.51

[g]

2.52a

[h]

2.52b

[h]

6.2 × 10 1

2.53

[i]

7.9 × 10 8

2.54

[j]

3.1 × 10 -21

2.55

[k]

2.4 × 10 -3

2.56

[i]

2.57

[l]

2.58

[l]

Reaction
Interaction with oxygen
2-

2-

2-

2-

+

2-

2-

-

2-

+

2-

+

2-

4S2O3 + O2 + 4H = 2S4O6 + 2H2 O
Interaction with hydroxide or hydronium

2-

+

-

0

S2O3 + H = HSO3 + S

S2O32- + 2OH- = SO42- + S2- + H2O

8.3 × 10 10

S2- = S0 + 2e 3S2O32- + H2O = 2SO42- + 4S0 + 2OHInteraction with polythionates or dissociation
S2 O32- + S3O6 2- = SO3 2- + S4O622-

S2 O3 + S4O6

2-

2-

= SO3 + S5O6

2-

S2O32- = SO32- + S0
Anodic oxidation reactions
2S2O32- = S4 O62- + 2e 2-

0

2-

+

S2O3 + H2O = S + SO4 + 2H + 2e

-

Interaction with copper
2+

2Cu + 2S2O3 2- = 2Cu+ + S4O62-

6.2 × 10 5

2.59a

[m]

2Cu+ + S2O32- + H2O = Cu2S + SO4 2- + 2H+

1.1 × 10 31

2.59b

[m]

2.1 × 10 19

2.60

[n]

2+

2-

2-

+

Cu + S2 O3 + 3H2O = 2CuS + SO4 + 2H3O

2.61
[h]
Cu2+ + S2O3 2- + 2OH- = CuS + SO4 2- + H2O
2.0 × 10 47
a. Ji et al. (2003b); b. Rolia and Chakrabarti (1982); c. Senanayake (2005e); d. Smith and
Hitchen (1976); e. Pryor (1960); f. Tykodi (1990); g. Zelinsky (2015); h. Senanayake (2005a);
i. Aylmore and Muir (2001); j. Hamilton and Woods (1983); k. Varga and Horvath (2007);
l. Woods et al. (2006); m. Rabai and Epstein (1992); n. Gonzalez-Lara et al. (2009).
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2.5 Eh-pH diagrams for thiosulfate systems

Pourbaix diagrams for S-H2O, Cu-S-H2O and Au-S-H2O systems are presented in
Figs. 2.3, 2.4 and 2.5. The Eh-pH diagram in Fig. 2.3 shows a narrow range of stability
for thiosulfate. According to this diagram, other metastable species such as tetrathionate
(S4O62−), trithionate (S3O62−), sulfite (SO32−) and sulfide (S2−) are also formed
depending on the Eh and pH. It is therefore necessary to control the Eh and pH of the
system so as to minimise the loss of thiosulfate. The diagram is, however, over
simplified as SO42−, HSO4−, polysulfides and other polythionates have been excluded
from it (Muir and Aylmore, 2005). At pH less than 9.5, the formation of sulfur is
possible depending upon Eh (Fig. 2.3), which can passivate the gold during the leaching
process (Jeffrey et al., 2008; Nicol et al., 2014). In the typical leaching region, S2− would
also hydrolyse to HS−, which could be further oxidised to S2O32− and S0. The in-situ
production of thiosulfate is beneficial for gold leaching; however, the formation of
sulfur has a detrimental effect on gold leaching. Studies have shown that trithionate is
more stable in fairly alkaline solutions than at low pH values (Melashvili et al., 2016a;
Rolia and Chakrabarti, 1982). However, Fig. 2.3 predicts that trithionate is more stable
below pH 3.5, depending upon Eh.

The stability regions for the species of copper that are formed in ammonia free
thiosulfate systems at 25 ºC are presented in Fig. 2.4. It is clearly shown that Cu(S2O3)35−
is the most predominant species under typical gold-thiosulfate leach conditions. Other
copper species such as copper oxides and copper sulfides, also exist depending on the
pH and Eh of the solution. These precipitated solids can cause passivation of gold
surfaces during leaching. Fig. 2.5 shows that Au(I) can be stabilised in solution as AuS−
at higher pH and lower Eh values, whereas Au(S2O3)23− is stable at lower pH and higher
20

Eh values. However, in the region where AuS− is stable (Fig. 2.5), the formation of Cu2S
or Cu(OH)2 is also possible (Fig. 2.4) which can passivate the gold surface. Similarly,
in the region where Au(S2O3)23− is stable, CuS and S also can exist and passivate gold
inhibiting gold dissolution (Bagdasaryan et al., 1983). However, it should be noted that
Figs. 2.4 and 2.5 are binary Eh-pH diagrams and were constructed using the
predominant-species method which is not very precise unless applied to simply binary
systems (Huang and Young, 1996). The Eh-pH diagrams could have been presented
using mass balance method which uses a StabCaL software to give more accurate results
(Huang and Young, 1996).

Fig. 2.3 – Eh-pH diagram of S-H2O system at 25 ºC and 1 M sulfur species (Melashvili et al.,
2016a).
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Fig. 2.4 – Eh-pH diagram of Cu-S2O32--H2O system at 25 ºC, 0.2 M S2O32- and 0.5 mM Cu(II)
(Zhang, 2004).
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Fig. 2.5 – Eh-pH diagram of Au-S-H2O system at 25 ºC (Chen et al., 1996). Concentrations of metal
ions not given.
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2.6 In-situ thiosulfate generation

Depending on the leach conditions used and ore minerology, thiosulfate
consumption during gold leaching could be high due to its degradation and
complexation with metal ions as discussed above. However, unlike cyanide, thiosulfate
can be generated in-situ during gold leaching. It is possible to generate or regenerate
thiosulfate from sulfidic gold ores and other sulfur bearing species. In-situ generation
of thiosulfate described below maintains or increases the concentration of thiosulfate in
the leach solution, which is beneficial to gold leaching (Breuer et al., 2012).

2.6.1 Generation of thiosulfate from polythionates

The oxidation or degradation of thiosulfate generates a range of intermediate sulfur
species with sulfate being the ultimate oxidation product. Thiosulfate can be regenerated
from intermediate sulfur species such as trithionate and tetrathionate produced during
the leaching process. In alkaline solutions, thiosulfate can be regenerated from the
decomposition of tetrathionate (Eq. 2.62) in Table 2.7. Degradation products of
tetrathionate at pH 12 and 25 ºC are shown in Fig. 2.6 as a function of time (Rolia and
Chakrabarti, 1982). From the diagram, the reaction was almost complete in 2 hours
yielding a product ratio that corresponds to the stoichiometry for the decomposition
reaction (Eq. 2.62). Similar observations were made by Zhang and Dreisinger (2002).
At pH 11, the hydrolysis of tetrathionate was found to be very fast, with the reaction
almost complete within 1.5 hours (Zhang and Dreisinger, 2002). The reaction for the
decomposition of tetrathioante has been reported to be catalysed by thiosulfate (Lyons
and Nickless, 1968). In contrast to Eq. 2.62, studies by Miura and Koh (1983) indicate
that tetrathionate decomposes to thiosulfate, sulfite, sulfoxylic acid and sulfide (Eq.
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2.63). However, in the pH range of 6-8 the rearrangement of tetrathionate to form
trithionate and pentathionate dominates over the degradation reactions (Zhang and
Jeffrey, 2010).

Whilst tetrathionate can readily decompose at 25 ºC, the hydrolysis of trithionate
at room temperature is very slow (Rolia and Chakrabarti, 1982; Zhang and Dreisinger,
2002). The hydrolysis of trithionate at pH 10 and 80 ºC yields thiosulfate and sulfate
according to Eq. 2.64 (Rolia and Chakrabarti, 1982). Trithionate has also been observed
to degrade to thiosulfate and sulfite (Eq. 2.65) on boiling in strongly alkaline condition
(Szekeres, 1974). The yield of thiosulfate as a function of time in the decomposition of
trithionate is shown in Fig. 2.7 (Rolia and Chakrabarti, 1982). Despite the high yield of
thiosulfate formed as a function of time in this experiment conducted at 80 ºC, the
decomposition of trithionate has little practical application since most thiosulfate gold
leaching tests are carried out at temperatures below 80 ºC. Also, excessive degradation
of thiosulfate has been reported at 80 ºC (Ji et al., 2003a). Several other possible
reactions for the generation of thiosulfate from polythionates have been reported (Table
2.7).

The kinetic data from some studies of the degradation of tetrathionate and
hydrolysis of trithionate are shown in Table 2.8 (Naito et al., 1975; Rolia and
Chakrabarti, 1982; Zhang and Dreisinger, 2002). High rate constants of 0.18 and 0.38
mol L-1 s-1 show that tetrathionate is highly unstable in alkaline solutions. The high
activation energies for the degradation of tetrathionate and hydrolysis of trithionate
indicate that the reactions are sensitive to temperature and chemically controlled under
the stated conditions in Table 2.8.
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Fig. 2.6 – Decomposition of 19.5 mmol L-1 sodium tetrathionate to thiosulfate and
trithionate at pH 12 and 25 ºC (Rolia and Chakrabarti, 1982).

Fig. 2.7 – Decomposition of 5 mmol L-1 as sodium trithionate to thiosulfate at pH 10
and 80 ºC (Rolia and Chakrabarti, 1982).
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2.6.2 Generation of thiosulfate from sulfite, bisulfide and sulfur

Thiosulfate can be generated in-situ from reactions involving sulfite, bisulfide
(hydrosulfide) and elemental sulfur (Table 2.7). In addition to generation of thiosulfate,
either sulfide or sulfite assist in the removal of polythionates from the system. WestSells et al. (2003) showed that the reactions of sulfite with polythionates under
anaerobic conditions are beneficial as they prevent the polythionates from being loaded
onto the resin. Ji et al. (2003a) demonstrated that sulfite added after leaching, reacted
with tetrathionate to form sulfate and thiosulfate. The degradation products of
thiosulfate can compete with Au(S2O3)23− ions for adsorption onto anion exchange
resins used during the gold recovery process (Nicol and O'Malley, 2001). Sulfite
treatment has been reported to be very effective in the reduction of tetrathionate, though
ineffective in reducing trithionate (Ji et al., 2003b).

Sulfide can react with polythionates as demonstrated by the reactions listed in Table
2.7 (West-Sells and Hackl, 2005). Tetrathionate can be easily converted to thiosulfate
at room temperature. However, the reaction of trithionate with sulfide requires elevated
temperatures (Ji et al., 2003b). The elimination of polythionates during leaching is
advantageous as it minimises gold passivation by tetrathionate and trithionate (Nicol et
al., 2014). Despite these benefits, sulfides in the leach liquor can result in the reprecipitation of gold as Au/Au2S which can be lost to the tails (West-Sells and Hackl,
2005).
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Table 2.7– Reactions and equilibrium constants for in-situ generation of thiosulfate
K (at 25 °C)

Eq.

Ref.

1.1 × 10 10

2.62

[a]

2.63a

[b]

2.63b

[b]

3S(OH)2 + 6OH = S + 6SO3 + 6H2O

2.63c

[b]

10S4O62- + 34OH- = 13S2O32- + 38/3SO32- + 4/3S2- + 17H2O

2.63

[b]

Reaction
Reactions involving polythionates and hydroxide
2S4 O62- + 3OH- = 2.5S2 O32- + S3 O62- + 1.5H2 O
2-

-

2-

S4O6 + 2OH = S2O3 + S(OH)2 + SO3

2-

2S(OH)2 + 3OH- = S2O32- + 3H2O
-

2-

2-

2-

2-

2-

+

S3O6 + H2O = S2O3 + SO4 + 2H

1.0 × 10 12

2.64

[a]

2S3O62- + 6OH- = S2O32- + 4SO32- + 3H2O

4.8 × 10 55

2.65

[c,d]

2.8 × 10 39

2.66

[e]

2.8 × 10 25

2.67

[f]

9.8 × 10 18

2.68

[g]

S5O6 2- + SO3 2- = S2O32- + S4 O6 2-

3.2 × 10 20

2.69

[h]

S4O6 2- + SO3 2- = S3O62- + S2O3 2-

1.3 × 10 -9

2.70a

[h]

4.7 × 10 7

2.70b

[h]

2.61 × 10 32

2.70c

[h]

S4O6 + SO3 + 2OH = SO4 + 2S2 O3 + H2O

1.2 × 10 31

2.70

[h]

4S0 + 6OH- = 2S2- + S2O3 2- + 3H2O

1.1 × 10 20

2.71

[i]

2HS + 4HSO3 = 3S2 O3 + 3H2 O

8.4 × 10 15

2.72

[j]

2S4O6 2- + S2- + 3OH- = 4.5S2O32- + 1.5H2O

1.3 × 10 39

2.73

[k]

S4 O6 + S = 2S2 O3 + S

3.5 × 10 14

2.74

[k]

S3O62- + S2- = 2S2 O32-

1.2 × 10 29

2.75

[k]

3.4 × 10 4

2.76

[l]

2.77

[m]

S5O6

2-

-

2-

+ 3OH = 2.5S2 O3 + 1.5H2 O

S4O62- + 2OH- = S2O3 2- + SO4 2- + S0 + H2O
2-

2-

2S2O4 = S2O3 + S2 O5

2-

Reactions involving sulfite, sulfide and bisulfide

2-

S3O6 + SO3

2-

2-

= S2O6 + S2O3

2-

S2O62- + 2OH- = SO42- + SO32- + H2 O
2-

2-

-

-

2-

-

2-

2-

2-

2-

2-

2-

2-

2-

0

2-

SO3 + S2 = S2O3 + S

2S4O62- + S2- + 1.5H2O = 4.5S2O3 2- + 3H+
2-

2-

2-

-

0

3SO3 + 2S + 3H2O = 2S2O3 + 6OH + S

1.6 × 10 9

2.78

[g]

2SO2 + 2S2- + 2HSO3- = 3S2O32- + H2O

1.8 × 10 54

2.79

[g]

2.6 × 10 34

2.80

[g]

4SO32- + 2S2- + 3H2O = 3S2O32- + 6OH-

1.7 × 10 1

2.81

[n]

4S0 + 4OH- = 2HS- + S2O3 2- + H2O

6.8 × 10 17

2.82

[o]

4.2 × 10 5

2.83

[j]

2.84

[p]

2-

2-

3SO2 + 2S + 2SO3 = 3S2O3

2-

Reactions involving elemental sulfur

0

2-

S + SO3 = S2O3

2-

2S0 + 3H2O = S2 O32- + 6H+ + 4e 0

-

2-

2-

2.85
[q]
12S + 6OH = 2S5 + S2O3 + H2 O
2.3 × 10 28
a. Rolia and Chakrabarti (1982); b. Miura and Koh (1983); c. Szekeres (1974); d. Verga and Horvath
(2007); e. Lyons and Nickless (1968); f. Suzuki et al. (1999); g. references cited in Grosse et al.
(2003); h. Senanayake (2005a); i. Sano et al. (2012); j. Hackl et al. (2012); k. West-Sells and Hackl
(2005); l. Zhang (2004); m. Ji et al. (2003b); n. Gong and Hu (1990); o. Tykodi (1990); p. Holmes
and Crundwell (1995); q. Peters (1976).
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Table 2.8 – Rate equations/constants for degradation of tetrathionate and hydrolysis of
trithionate
Set

Method

pH

Rate

Rate constant

Degradation of S4O6

2-

Activation energy, Ea

Ref.

(˚C)

(kJ mol )

̶ d[S4O6 ]/dt = k[S4O6 ][OH ]

0.18

35

115.5

(15-45 °C) [a]

̶ d[S4O62-]/dt = k[S4O62-][OH-]

0.38

22

98.5

(22-40 °C) [b]

̶ d[S3O62-]/dt = k[S3O62-][H2O] 1.13 × 10 -6

70

91.7

(70-85 °C) [a]

NR ̶ d[S3O62-]/dt = k[S3O62-][H2O] 1.17 × 10 -6

70

87.3

(40-80 °C) [c]

equation
I

T

(mol L s )

-1

in alkaline solutions 11

2-

2-

-

-1

-1

without buffer, applying Eq. 2.62
II Degradation of S4O6 2- in alkaline solutions 11
with a buffer, applying Eq. 2.62
III

Degradation of S3 O62- in

11

water, adding NaOH to keep pH constant,
applying Eq. 2.64
IV

Degradation of S3 O62- in mixtures of
of ethanol and water,
applying Eq. 2.64

a. Rolia and Chakrabarti (1982); b. Zhang and Dreisinger (2002); c. Naito et al. (1975). Not reported
(NR), T is temperature.

2.6.3 Generation of thiosulfate from sulfide minerals

Thiosulfate can also be produced in-situ from the oxidation of sulfide minerals in
alkaline solutions. Sulfide minerals are commonly host minerals for gold (Xia, 2008).
The oxidation of pyrite in alkaline solutions to form thiosulfate has been reported by a
number of researchers (Breuer et al., 2016; Chen and Morris, 1972; Goldhaber, 1983;
Melashvili et al., 2015; Melashvili et al., 2016a; Mishra and Osseso-Asare, 1988;
Zhang, 2004). It was demonstrated by Goldhaber (1983) that tetrathionate and sulfate
were the major species during pyrite oxidation at low pH values of 6-7, whereas
thiosulfate (65-80%) and sulfite dominated when the pH was increased to 9. The
formation of thiosulfate in hydroxide and carbonate media is illustrated by Eqs. 2.86
and 2.87, respectively. Similarly, Melashvili et al. (2016a) studied the oxidation of two
pyrite concentrates and simultaneous dissolution of gold in alkaline solutions at elevated
temperature and oxygen pressure of 20 psi. It was observed that thiosulfate was
generated during the process and Eq. 2.88 in Table 2.9 was proposed as the reaction.
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Under optimum conditions, 60% and 65% of the sulfide was oxidised in 30 and 28
hours, respectively, for the two concentrates.

The lack of thiosulfate generation below pH 9 described above can be attributed to
the catalytic effect of pyrite on thiosulfate decomposition in aqueous solutions of pH
2.9-8.6 which has been reported by Xu and Schoonen (1995). They found that the rate
of decomposition was proportional to the pyrite surface area. The catalytic effect of
pyrite decreases with increasing pH value (Zhang and Jeffrey, 2008).

The oxidation of pyrrhotite in the presence of oxygen in alkaline solutions can also
result in the formation of thiosulfate as illustrated by Eq. 2.89 (Wang, 2008). It has been
demonstrated that in an alkaline solution, pyrrhotite forms a sulfide intermediate which
decomposes further to thiosulfate (Kondos et al., 1995). The alkaline oxidation of
refractory gold concentrate containing pyrite and arsenopyrite at ambient temperature
was found to be accompanied by simultaneous gold dissolution in the absence of any
added lixiviant, with up to 80% gold leached (Zhang, 2004). It was concluded that the
generation of thiosulfate from pyrite and arsenopyrite could be described by Eqs. 2.91
and 2.92 in Table 2.9, respectively. During the oxidation of arsenopyrite,
monothioarsenate (AsO3S3−) and other intermediate products such as arsenate (AsO43−)
may also be formed (Nicol and Guresin, 2003). These could react with polysulfides in
the ore to form dithioarsenate (AsO2S23−) which is further oxidized to thiosulfate (Eq.
2.93). When oxygen was used, the percentage oxidations of arsenopyrite and pyrite after
48 hours were 93.8% and 42.9%, respectively; whereas, the percentages with air were
92.4% and 31.8%, respectively (Zhang, 2004). In a recent study, Breuer et al. (2016)
demonstrated that thiosulfate can be generated autogenously during the ultrafine
grinding of sulfide concentrates with the addition of hydroxide and oxygen. The
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generated thiosulfate was observed to dissolve gold when the pH decreased, though the
leach rate was very low.

Table 2.9 – Reactions for thiosulfate generation from sulfide minerals
Reaction
-

4FeS2 + 7O2 + 8OH = 2Fe 2O3 + 4H2O + 4S2O3
2-

2-

2-

2-

pH

Eq.

Ref.

9

2.86

[a]

9

2.87

[a]

-

> 12

2.88

[b]

2-

Alkaline

2.89

[c]

2S + 2O2 + H2O = S2O3 + 2OH

Alkaline

2.90

[d]

12FeS2 + 25O2 + 32NaOH + 2H2O = 12Fe(OH) 3 + 8Na2S2O3 + 8Na2SO3

Alkaline

2.91

[e]

6FeAsS + 13O2 + 22NaOH = 6Fe(OH) 3 + 2Na3AsO3S + 4Na3AsO4 + 2Na2 S2O3 + 2H2O Alkaline

2.92

[e]

2.93

[e]

4FeS2 + 11O2 + 6CO3 = 2Fe2O3 + 4SO4 + 2S2O3 + 6CO2
-

2-

2FeS2 + 1.5O2 + 4OH = S2 O3 + 2FeOOH + 2HS
-

2FeS + 2.5O2 + 2H2O + 2OH = 2Fe(OH) 3 + S2O3
2-

3-

2-

-

-

3-

2-

AsO2S2 + 2O2 + 2OH = AsO4 + S2O3 + H2O

Alkaline

a. Goldhaber (1983); b. Melashvili et al. (2015); c. Wang (2008); d. Kondos et al. (1995); e. Zhang
(2004).

2.7 Passivation of gold

2.7.1 Passivating species and techniques

The rate of gold oxidation in a pure thiosulfate system is known to be very slow
due to passivation (Zhang and Nicol, 2003). The term passivation has been described
as the covering of a metal, in this case gold, with an inhibiting layer of oxide, sulfide or
other insoluble species (Pugaev et al., 2011). A list of gold-passivating species based
on observations and conclusions made by several researchers is given in Table 2.10. A
number of techniques have been used to identify the passivating species, such as
electrochemical

oxidation,

Raman

spectrometry,

Surface-Enhanced

Raman

Spectroscopy (SERS) or a combination of these techniques (Baron, 2010; Nicol et al.,
2014; Pedraza et al., 1988; Ter-Arakelyan et al., 1984; Watling, 2007; Woods et al.,
2006; Smith et al., 2015; Zelinsky and Novgorodtseva, 2013a; Zhang and Nicol, 2003).
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2.7.2 Electrochemical and spectroscopy studies

All potentials reported in this section are quoted with respect to the standard
hydrogen electrode (SHE). Detailed electrochemical studies of the gold surface have
shown evidence of the formation of a sulfur-like surface film or colloidal sulfur coating
that partially passivate the gold surface (Ter-Arakelyan et al., 1984; Zhang and Nicol,
2003). Similarly, an electrochemical impedance spectra (EIS) study by Chen et al.
(1996) proposed the formation of sulfur on a gold surface that prevented thiosulfate
diffusion to the gold surface and hence inhibited gold dissolution. The proposed
mechanism for gold passivation was either adsorption of elemental sulfur or oxidation
of sulfide ions on the gold surface. Other studies by Pedraza et al. (1988) and Hamilton
and Woods (1983) have shown that the passive layer formed on gold in thiosulfate
solution is composed not just of sulfur but includes some oxygen-containing sulfur
species.
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Table 2.10 – List of possible gold passivating species
Technique

Gold passivating species

Ref.

Electrochemical

Cu2S and sulfur

[a]

Electrochemical

Sulfide and S

0

[b]

Electrochemical

Colloidal sulfur

[c]

Electrochemical

Sulfur and sulfur-oxygen species

[d]

Electrochemical

S

0

[e]
0

[f]

Electrochemical impedance spectroscopy (EIS)

Sulfide or S

Electrochemical

Sulfur-like surface film

[g]

NR

Hydrated oxide

[h]

SERS and X-ray photo electron

Au2S and sulfide

[i]

Raman spectroscopy

S0

[i]

SERS

S8, Au2S, S4O6

2-

[j]

SERS

Sulfur

[k]

SERS

Cyclo-S8, polymeric sulfur chains

[l]

Electrochemical

Au(OH)3

[m]

Electrochemical

Au2S and Au2S3

Electrochemical

2-

S4O6 and S3O6

[m]

2-

[n]

SERS

S4O62-

[o]

Electrochemical and SERS

Sulfide, S0, S4O62- and S3O62-

[p]

0

Electrochemical and Raman spectroscopy

S

[q]

NR

Oxide coatings

[r]

SERS using gold nanorod

Sulfide or S8

SERS

0

2-

Sulfide, S , S4O6 and S3O6

[s]
2-

0

[t]

SERS using shell-isolated gold nanoparticles (SHINS)

Cyclo-S8, S , polymeric sulfur chains

[u]

SERS using gold nanorod (AuNR)

Cyclo-S8, polymeric and monoatomic sulfur

[v]

a. Bagdasaryan et al. (1983); b. Hamilton and woods (1983); c. Ter-Arakelyan et al. (1984); d.
Padraza et al. (1988); e. Zhu et al. (1994); f. Chen et al. (1996); g. Zhang and Nicol (2003); h.
reference cited in Zhang and Nicol (2003); i. Woods et al. (2006); j. Watling (2007); k. Jeffrey et al.
(2008); l. Parker et al. (2008); m. Gudkov et al. (2010); n. Baron (2010); o. Baron (2011); p. Baron
et al. (2013); q. Zelinsky and Novgorodtseva (2013a); r. reference cited in Zelinsky and
Novgorodtseva (2013a); s. Mirza (2014); t. Nicol et al. (2014); u. Smith et al. (2015); v. Mirza et al.
(2015). Surface Enhanced Raman Spectrometry (SERS), not reported (NR).

Earlier work by Bagdasaryan et al. (1983) using electrochemical techniques
showed the presence of a sulfur layer and copper sulfide during dissolution of gold foil
in thiosulfate solutions containing copper. However, the researchers could not identify
the composition of the passivating layer. Mirza (2014) also found that the presence of
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sulfide or sulfur on a gold surface prevents the formation of complex species between
gold(I) and thiosulfate ions to facilitate gold dissolution. A comprehensive study of the
gold-passivating layer using shell-isolated gold nanoparticles (SHINs) as Raman active
substrates also demonstrated that elemental sulfur, cyclo-S8, and polymeric sulfur
chains are responsible for inhibition of gold dissolution in oxygen rich thiosulfate
solutions (Smith et al., 2015).

An analysis of the gold surface using SERS showed the presence of tetrathionate
in the passivating layer at early exposure times, which degraded to trithionate and
thiosulfate with time (Baron, 2010; Baron et al., 2013). This could be explained by Eq.
2.57 in Table 2.6 proposed by Woods et al. (2006) for the anodic oxidation of
thiosulfate. Conversely, detailed studies of a gold surface and solution composition over
longer exposure times using Raman spectroscopy at potentials > 0.5 V showed evidence
of sulfate and elemental sulfur (Woods et al., 2006). Based on these results, the
researchers proposed Eq. 2.58 in Table 2.6 as the mechanism for the oxidation of
thiosulfate. A similar oxidation reaction scheme was proposed by Zelinsky and
Novgorodtseva (2013a) after they successfully identified sulfate ions and elemental
sulfur in solution and on a gold surface using Raman spectroscopy at potentials near 0.7
V. The mechanism in Eq. 2.57 is not well understood but, according to Mirza et al.
(2015), the possible participants in the process are tetrathionate, trithionate, sulfite,
polymeric sulfur and mono-atomic sulfur. Zelinsky and Novgorodtseva (2013a)
observed that the oxidation of thiosulfate at potentials more positive than 0.8 V, caused
complete passivation of a gold electrode. This was supported by the results of Zelinsky
(2014) who observed a decrease in current above a potential of approximately 0.8 V
and attributed it to the formation of a passivating layer which hindered current passing
through the electrode-solution interface. Passivation on gold surfaces is more prominent
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at high potentials (> 0.3 V) and is accompanied by a decrease in current efficiency
(Zelinsky and Novgorodtseva, 2013a; Zhang and Nicol, 2003).

A study by Jeffrey et al. (2008) of a gold surface under an applied potential and
also in open circuit using surface-enhanced Raman spectrometry (SERS) revealed the
presence of sulfur species in solutions which only contained thiosulfate. The adsorption
of sulfur passivates the gold surfaces. In the absence of ammonia, the anodic oxidation
of gold occurs simultaneously with the formation of elemental sulfur on the surface of
an electrode (Zhu et al., 1994). Detailed studies of the composition and behaviour of the
passivating layer using electrochemical techniques and SERS in calcium thiosulfate,
potassium thiosulfate or ammonium thiosulfate solutions containing copper showed the
presence of elemental sulfur and sulfur-like species with trithionate and tetrathionate as
minority components (Nicol et al., 2014). The adsorption of sulfur and polythionates
passivate a gold surface and inhibit gold dissolution. However, the composition of the
passivating layer showed no significant dependence on the type of thiosulfate salt.

A spectro-electrochemical study by Woods et al. (2006) also found evidence of a
gold sulfide (Au2S) monolayer in the potential region where gold oxidation occurs. The
thermodynamic feasibility that Au2S will dissolve in the presence of oxygen is quite
high (Gudkov et al., 2010). A different proposal was made by Gudkov et al. (2010) who
suggested that the passivating layer is not only composed of sulfur species but also of
Au(OH)3 which is not soluble in thiosulfate solutions. However, it was unclear under
what conditions (Fig. 2.5) the proposed gold hydroxide would form.
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2.8 Factors affecting gold dissolution

The rates and extent of the dissolution of gold from pure gold and from goldbearing ores are reviewed in this section. The source of pure gold can be a rotating disc
electrode (RDE), rotating electrochemical quartz crystal microbalance (REQCM),
rotating ring-disc electrode (RRDE), gold powder, gold foil, gold bead, a polycrystalline
gold electrode or nano-gold particles. The progress of a reaction is described in terms
of oxidation current (an electrochemical measure), gold(I) in solution (a chemical
measure) or percentage of gold dissolved which depend on physico-chemical factors as
well as minerology.

Tables 2.11 and 2.12 describe the mineralogical constituents and chemical assays
of various feed materials/ores used in gold leaching tests by previous researchers. The
names and chemical formulas for the mineralogical constituents are listed in Appendix
A3. The feed materials are grouped into different categories namely sulfides,
carbonaceous ores, oxides and others. For simplicity, all the ores are given codes which
will be referred to in the discussion in this section. The reported values for thiosulfate
consumption were converted to kg t-1 where possible. A number of factors which affect
the progress of gold dissolution and dissolution rates are discussed in the following
sections.
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Table 2.11 – Mineralogical constituents of different feed materials
Feed material

Code

Main minerological constituents

Size P80 (µm)

Ref.

Sulfide concentrate

SF1

FeS2 , FeAsS, CuFeS2

75

[a]

Sulfide concentrate

SF2

FeS2 , FeAsS, CuFeS2

119

Sulfide concentrate

SF3

FeAsS, FeS2 , minor Fe(1-x)S, CuFeS2

5*

Sulfide concentrate

SF4

FeAsS, FeS2 , CuFeS2

NR

Sulfidic preg-robbing

SF-PR1

NR

NR

[b]

Sulfidic preg-robbing

SF-PR2

NR

Pyrite concentrate

PY1

FeS2 , small % of copper sulfides

NR

[c]

Pyrite concentrate

PY2

FeS2

Pyrite concentrate

PY3

NR

26

[d]

Pyrite concentrate

PY4

NR

14

[e]

Pyrite concentrate

PY5

NR

16

Cu-Au concentrate

Cu-Au1

NR

NR

[f]

Cu-Au concentrate

Cu-Au2

NR

60

[g]

Cu/Pb/Zn-Au sulfidic

Cu-Pb1

FeS2 , SiO2 , (Zn,Fe)S, FeS, CuFeS2, PbS

74**

[h]

Cu/Pb/Zn-Au ore

Cu-Pb2

Fe2 O3 , FeO(OH)·nH2 O, MnO(OH), SiO2

NR

[i]

Carbonaceous

CA1

SiO2 , Al2 O3 , Fe2 O3 , CaO, MgO

75

[j]

Carbonaceous

CA2

SiO2

357

[k]

Carbonaceous ore A

CA3

NR

75

[l]

Carbonaceous ore B

CA4

75

Carbonaceous ore C

CA5

NR

Carbonaceous ore D

CA6

Oxide

OX1

Oxide

OX2

Oxide

OX3

NR

NR

[n]

Oxide

OX4

NR

90*

[o]

Oxide

OX5

NR

80

[p]

Oxide

OX6

SiO2 , (K,H3 O)(Al,Mg,Fe)2 (Si,Al)4 O10 [(OH)2 ,(H2 O)], KAISi3 O8 , Al2 Si2 O5 (OH)4 , WC

80

[q]

Oxide

OX7

SiO2 , (K,H3 O)(Al,Mg,Fe)2 (Si,Al)4 O10 [(OH)2 ,(H2 O)], KAISi3 O8 , Al2 Si2 O5 (OH)4 , WC

80

Oxide

OX8

SiO2 , (K,H3 O)(Al,Mg,Fe)2 (Si,Al)4 O10 [(OH)2 ,(H2 O)], KAISi3 O8 , Al2 Si2 O5 (OH)4

80

75
NR

150

[m]

150

Silicate gold ore

SL1

Fe(oxide), Cu(oxide)

NR

Au-tellurides

Au-TL1

SiO2 , Al2 O3 , K2 O, FeO

80‡

[r]
[s]

Orpiment Refractory ore

RF1

SiO2 , As 2 S3

70*

[t]

Ore A

UN1

NR

150*

[u]

Ore B

UN2

Pressure oxidised ore

POX1

Pressure oxidised ore

POX2

Quartz gold ore

Qz1

150*
NR

NR

[v]

NR
SiO2

NR

[w]

a. Zhang (2004); b. Choi et al. (2013); c. Breuer et al. (2012); d. Zhang et al. (2013); e. Melashivili
et al. (2016a); f. Sano et al. (2012); g. Zhang et al. (2013); h. Xia (2014); i. Yu et al. (2014); j. Ji et
al. (2003a); k. Morteza (2004); l. Ji et al. (2003b); m. Zhang et al. (2005); n. Breuer et al. (2012); o.
Zhang et al. (2013); p. Choi and Charelar (2014); q. Choi and Ghahremanezhad (2015), Choi and
Charelar (2014); r. Xia (2008), Xia and Yen (2011); s. Csicsovski and Salminen (2011); t. Aazami
et al. (2014); u. Zhang (2007); v. Xia (2008); w. Xia and Yen (2008). Not reported (NR), Tungsten
carbide (WC), * P100, ** P85.6, ‡P75, Feed materials and codes are referenced in Table 2.12-2.14, 2.16,
2.18-2.20.
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Table 2.12 – Chemical assay of feed materials
Feed material

Assay
-1

code

(%)

(g t )
Au

Ag

Cu

CT

1.64

S2-

Fe

22.4

NR

25.1

22.3

22.1

25.8

33.3

NR

38.6

35.7

NR

40.9

ST

SF1

94

SF2

82

SF3

23

SF4

414

SF-PR1

NR

> 1.4

SF-PR2

NR

< 1.4

PY1

NR

NR

PY2

NR

NR

5.8

0.12

3.9

0.04

PY3

45

30

NR

PY4

6.3

16.2

0.61

< 0.05

45.7

45.7

36.8

PY5

95

132

0.66

1.12

22.4

21.6

19.2

Cu-Au1

45.1

NR

0.6

Cu-Au2

7.7

NR

NR

Cu-Pb1

1.4

Cu-Pb2

2.1

CA1

9-10y

59.4

62

14
28.4

NR

NR

NR

0.57

0.7

0.02

0.005

4.5

0.4

NR

NR

NR
38.1

8.4

4.3

0.15

CA3

24.1

3.4

0.3

0.3

2.59

CA4

9.5

0.004

4.5

0.3

0.4

2.50

CA5

9.5

NR

4.2

0.39

0.36

2.52

CA6

12.2

0.004

4.3

0.22

0.12

2.09

OX1

1.6

NR

OX2

1.5

NR

OX3

a

NR

4.4

OX5

18.5

OX6

17.9

< 10

OX7

7.5

OX8

4.8

SL1

16.3

Au-TL1

5.9

5a

RF1

17

17

2.26

0.49

NR

<2

<1

NR

<2

1.76

< 10

NR

<2

0.97

< 10

NR

<2
0.19

2

0.4

CA2

OX4

Pb

0.84
0

0.18c
1.1c

0.025

7600b

UN1

2.5

NR

NR

UN2

2.5-5

NR

NR

POX1

3.3

NR

POX2

6.7

NR

Qz1

16.3

NR

Not reported (NR), sulfur total (ST), carbon total (CT), a in %, b in ppm (g/t), c as an oxide.
Feed materials are listed in Table 2.11
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2.8.1 Effect of mineralogy and pre-treatment

(a) Mineralogy

In general, the leaching behaviour of gold varies depending on the mineralogy of
the host ore. Three main groups of ores and the impact of ore type and various conditions
on gold extraction is shown in Table 2.13. Gold extraction (%) is expressed as gold
leaching efficiency (GLE). The conditions include concentrations of various reagents,
pH, temperature, gas flowrates and reaction time. The thiosulfate consumption is also
reported. As shown in Tables 2.13, oxide ores generally perform better in most nonammoniacal thiosulfate systems compared to sulfide ores or concentrates particularly
when copper(II) complexes are used as oxidants. Sulfide ores in thiosulfate-oxygen
solutions have faster gold leach rates compared to oxide ores (Breuer et al., 2012; Zhang
et al., 2013). This was explained by: (i) the galvanic interactions between gold particles
and pyrite (or other sulfides minerals) which facilitates gold leaching via enhanced
oxygen reduction on the pyrite surface; and (ii) the dissolution of copper from sulfide
minerals, which increased the total copper concentration in the solution.

(b) Preg-robbing

Researchers at Barrick Gold Corporation performed leaching studies on pressure
oxidised double refractory (pyritic and carbonaceous) ores with low and high total
carbonaceous content using a calcium thiosulfate solution (Choi et al., 2013). Fig. 2.8
shows the gold leaching efficiency (GLE) for the two ores, which is similar in calcium
thiosulfate solutions but differs in cyanide solutions. This indicates that high
carbonaceous material is highly preg-robbing due to high adsorption of Au(CN)2− on
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carbon compared to that of Au(S2O3)23− from the leach liquors. Preg-robbing is the
phenomena whereby the gold(I) ions are removed from solution by the constituents of
the ore (Feng and van Deventer, 2001).

Table 2.13 – Effect of mineralogy on gold leaching efficiency and thiosulfate consumption
Feed material

Cu(II)

T

(M)

(mM)

(ᵒC)

OX3

0.2g

2

OX4

g

2

50

10

g

0.79

50

8

code

TS

pH

Gas/flowrate/PO2

Time

GLE

TSC

(h)

(%)

-1

(kg t )

48

7

25a

Ref.

Oxides ores

OX6

0.3
0.1

40

10

Air sparging
-1

48

-1

24

22.7 (86.2)

24

26.4 (71.1)c

24

70.7 (80.2)c

8

> 90

8

> 90

8

94.1

10 mL min O2
0.5 L min air

OX7
OX8
OX1

f

A

0.3

6.0-7

Open to air

OX2
POX1
POX2

0.04e
e

0.6

0.054

0.6

e

1.2

50

NR

Open to air

a

30.1
c

Breuer et al. (2012)

59

Zhang et al. (2013)

NR

Choi and Ghahremaninezhad (2015)

NR

Zhang et al. (2005)

2.6

Xia (2008)

16

89.4

4

Open to air

9

93.1

2.7

Open to air

24

89.6-98

NR

Zhang (2007)

24

83-91

48

58

150a

Breuer et al. (2012)

48

40

200

48

48.4

200a

48

52.4

153

28

72

NR

Malashvili et al. (2016a)

30

96

10

67

NR

Sano et al. (2012)

10 mL min O2

48

71.4

233

Zhang et al. (2013)

1 L min -1 air

48

58

-164a

Zhang (2004)

SF2

48

75

-142

SF3

48

76

NR

SF4

50

20

-265

6

81.3

NR

SL1

0.1

UN1

0.3f

A

UN2

6.5-8
6.5-8.5

Sulfide ores
PY1

0.3g

PY2
PY3

40

10

Air sparging

2
0.3g

PY3b
PY4

2

2

50

10

10 mL min -1 O2

2
d

80

> 12

20 psig O2

PY5
Cu-Au1

d

Cu-Au2
SF1

60
2

d

Open to air
-1

50
25

NR

Zhang et al. (2013)

Carbonaceous ores

a

CA3

0.1

CA5

0.1

6

82.7

CA6

0.1

8

79.3

b without

60

9

100 psig O2

Ji et al. (2003b)

13a

c after

in mM,
fine grinding,
carbon pre-treatment in brackets, d thiosulfate produced ine
situ in highly alkaline solutions, in the presence of EDA, sodium thiosulfate was used as a reagent
unless specified, f in the presence of thiourea and EDTA, g using calcium thiosulfate solution,
ambient (A), oxygen pressure (PO2), temperature (T), not reported (NR), thiosulfate (TS), thiosulfate
consumption (TSC), gold leaching efficiency (GLE).
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Fig. 2.8 – Gold recovery in cyanide under carbon-in-leach conditions (CIL) and in calcium
thiosulfate (CaTS) under resin-in-leach conditions for acidic and alkaline pressure
oxidation of ores with low and high total carbonaceous material content (SF-PR1 and
SF-PR2 in Table 2.12) (Choi et al., 2013).

(c) Pre-oxidation and thiosulfate consumption

Results obtained by Choi and Ghahremaninezhad (2015) for three different oxide
ores show much greater variability in gold extraction without pre-treatment of the ores.
However, the pre-treatment of the ores with carbon enhanced the gold extraction to over
70% in all three cases. These findings demonstrate the potential of using carbon-assisted
pre-treatment methods in industrial applications. Unfortunately, no information was
given on the consumption of thiosulfate.

Melashvili et al. (2016a) investigated the leaching of gold with thiosulfate, that had
been generated by simultaneous oxidation of two pyritic concentrates using pressure
leaching at elevated temperatures. High gold leaching efficiencies were obtained with
both ores (Table 2.13) though fewer tests were carried out for ore PY5 than PY4. Similar
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investigations were performed using four different refractory gold concentrates and ores
subjected to atmospheric oxidation (Zhang, 2004). In the case of gold ores in which
gold was associated with sulfide minerals, reasonably high gold extractions of more
than 58% were recorded (three ores: SF1, SF2 and SF3). However, only 20% gold
extraction was obtained for SF4 in 48 hours. This was attributed to the gold being
associated with pyrite, which needs to be completely oxidised before the gold is exposed
to thiosulfate. It has been claimed that natural pyrite and pyrrhotite had no significant
effect on thiosulfate consumption in copper(II)-EDA thiosulfate solutions (Xia and Yen,
2011).

However, pyrite and pyrrhotite were found to significantly increase thiosulfate
consumption in a conventional copper(II)-ammonia thiosulfate system. It was
concluded that ethylenediamine (EDA in Appendix A1) stabilises copper(II) reducing
thiosulfate degradation which facilitated gold leaching. The reactivity of pyrite,
however, depends on its crystal structure, Fe:S ratio or contaminants present (Doyle and
Mirza, 1996). Xia and Yen (2008) previously studied the effect of lead sulfide (galena)
on gold extraction from quartz-gold ore in a copper(II)-EDA thiosulfate solution. It was
observed that adding 2.4% galena at pH 9.5 reduces gold extraction from 93.9% to
60.9%, an indication that the gold was passivated by lead. However, the thiosulfate
consumption was almost the same, being 3.8 kg t-1 and 3.9 kg t-1 without and with
galena, respectively.
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2.8.2 Effect of temperature

The increase in temperature has a beneficial effect on gold dissolution rate (Uceda
et al., 2014; Zhang et al., 2013; Zhang and Nicol, 2003); it also increases the rate of
thiosulfate degradation. At solution temperatures higher than 75 ºC, thiosulfate becomes
highly unstable (Rolia and Chakrabarti, 1982). Other studies have shown that increasing
the temperature in a thiosulfate-thiourea solution does not have any significant effect
on the gold oxidation rate at potentials below 0.15 V (Zhang et al., 2005). Although the
reason for this behaviour is not known, the Eh-pH diagram at 25 °C in Fig. 2.3 shows
that S2O32- is stable at Eh below 0.15 V depending upon pH.

Dissolution rate of pure gold beads in the presence of meso-2,3-dimercaptosuccinic
acid (DMSA) with the structure shown in Appendix A1, was enhanced from 0.9 × 10-8
to 1.6 × 10-8 mol m-2 s-1 when the temperature was increased from 25 to 50 ºC (Uceda
et al., 2014). The impact of temperature on gold recovery from different ores is
presented in Table 2.14. The beneficial effect of increasing temperature from 25 to
50 ºC on gold extraction was reported for the copper(II)-DETA thiosulfate system (Xia,
2014). Elevated temperatures were found beneficial during pressure leaching of a
carbonaceous ore using copper free thiosulfate solutions (Ji et al., 2003a; Ji et al.,
2003b). However, at temperatures above 60 ºC, thiosulfate oxidation was excessive. In
contrast, Breuer et al. (2012) observed lower and negative thiosulfate consumption
when the temperature was raised to 50 ºC during leaching of gold from a refractory
pyritic ore in thiosulfate-oxygen solutions. This was attributed to the in-situ generation
of thiosulfate from oxidation of sulfide minerals.
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An increase in the extraction of gold from a copper-bearing sulfide ore was
observed at elevated temperatures of up to 80 ºC (Sano et al., 2012). A beneficial effect
from increasing the temperature to a moderate value of 40-50 ºC was also reported
(Choi and Gharelar, 2014; Xia, 2014; Zhang, 2004; Zhang et al., 2013). However, it is
important to increase both the temperature and the concentration of dissolved oxygen
(DO) if the rate of gold dissolution is to increase significantly (Zhang, 2004).

Table 2.14 – Effect of temperature on gold leaching
Feed material
code
Cu-Pb1

SF1

PT2

CA1

TS

T

(M)
a

0.2

c

Cu(II)

0.1

PO2

(h)

(%)

(kg t )

Open air

96

66

15.6

50

2

48

89

21.4

48

58

-170d

40

48

81

-234

50

48

80

-101

24

35

84d

-1

1 L min air

2

Air sparging

0.1

POX2

CA3

0.054

0.1

6

78

6.5

6

82

8.0

6

82

18

24

81

NR

Choi and Gharelar (2014)

24

82

10

49

NR

Sano et al. (2012)

60

10

67

80

10

89

16

80.6

3.8

Xia (2008)

16

89.4

4

6

58.5

NR

Ji et al. (2003b)

6

64.9

6

81.3

8

83.2

NR

Ji et al. (2003b)

60

6

82.7

80

10

80.5

40

f

100 psig O2

b

2

b

2

0.5 L min air

Open air

25

1.6

50

1.6

22

-1

Open air

100 psig O2

40
60

CA5

0.1

Breuer et al. (2012)
d

-117

40

e

Zhang (2004)

37

2

25

c

Xia (2014)

24

50

50

Cu-Au1

Ref.

-1

2

80
OX5

TSC

(mM)

60

g

GLE

A

40

0.2

Time

(°C)

25

g

Gas/flowrate/

40

100 psig O2

Ji et al. (2003a)

a

in the presence of DETA, b pre-treatment temperature, c thiosulfate generated in-situ in highly
alkaline solutions, d in mM, e in the presence of EDA, f no copper was added but the ore had
50 g/t copper, sodium thiosulfate was used as a reagent unless specified, g using calcium thiosulfate
solution, not reported (NR), ambient (A), oxygen pressure (PO2), temperature (T), thiosulfate (TS),
thiosulfate consumption (TSC), gold leaching efficiency (GLE).
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2.8.3 Effects of electrolyte cation

The effect of different electrolytes on gold leaching rate has been investigated by a
number of researchers (Chandra and Jeffrey, 2003, 2004 and 2005; Feng and van
Deventer, 2010a; Nicol, 2013; Zhang et al., 2013). A comparison of gold dissolution
rates using different thiosulfate salts is shown in Table 2.15. The rates were calculated
at 250 mV based on the relationship rate = i/nF where n is the number of moles of
electrons and F is the Faraday’s constant. The use of potassium thiosulfate instead of
sodium thiosulfate has a beneficial effect on gold dissolution in non-ammoniacal
solutions (Chandra and Jeffrey, 2004). Jeffrey et al. (2008) found that gold oxidation
occurs more readily in ammonium thiosulfate solutions than in sodium thiosulfate
solutions in the absence of copper and ammonia. Chemical dissolution of pure gold
using a RDE showed that the dissolution rate in a calcium thiosulfate solution is
significantly faster than that in a sodium thiosulfate solution (Zhang et al., 2013). An
analysis by Senanayake (2012) attributed this effect to the high Lewis acidity of Ca 2+
facilitating gold dissolution by stabilising the gold(I) as a Au2(S2O3)2Ca intermediate
species at the interface prior to the formation of Au(S2O3)23−.

Nicol (2013) observed that the leaching current densities measured in the presence
of copper for sodium thiosulfate, calcium thiosulfate and ammonium thiosulfate
systems were faster and almost the same, although no mechanism was proposed.
Similarly, a study of the different effects of sodium thiosulfate, potassium thiosulfate
and ammonium thiosulfate on gold oxidation in a mixed thiourea-thiosulfate solution in
the presence of oxalate showed that the dissolution rates were similar for all three salts
(Chandra and Jeffrey, 2005). The associated cation with thiosulfate thus has little effect
on the gold leach rate when copper or thiourea are present.
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Table 2.15 – Effect of cations on the rate of gold dissolution
Type of

Method

gold
RDE

Chemical

TS
Salt

(M)

Na2 S2 O3

0.1

Cu(II)

T

(mM)

(°C)
25

CaS2 O3
RDE

Chemical

Na2 S2 O3

0.1

50

Chemical

Na2 S2 O3

2

CaS2 O3
REQCM

REQCM

Electrochemical

Electrochemical

Na2 S2 O3

Electrochemical

50

10

Electrochemical

0.08a

10

1.98b

5

K2 S2 O3

30

<7

36

(NH4 )2 S2 O3

30

<7

100

30

6.0-7.0

9

30

6.0-7.0

21

A

10

1.9c

Na2 S2 O3

0.1

Na2 S2 O3

Zhang et al. (2013)

Zhang et al. (2013)

2.88b
<7

0.2

Zhang et al. (2013)

0.13a

Chandra and Jeffrey (2003)

Chandra and Jeffrey (2004)

Jeffrey et al. (2008)

c

(NH4 )2 S2 O3
RDE

0.02a

30

Na2 S2 O3

0.2

Ref.

0.07a

50

K2 S2 O3
RDE

10

50
0.1

Rate
(10-7 mol m-2 s -1 )

25

CaS2 O3
RDE

pH

6.0
0.1

10

A

8.0-8.5

3.6d

Nicol (2013)

d

CaS2 O3

4.2

(NH4 )2 S2 O3

3.6d

Electrochemical rates of gold dissolution calculated at potential 0.25 V vs. SHE and disc speed at
300 rpm unless stated, a rates calculated after 7 hours of leaching, b in the presence of pyrite, c rates
at 0.08 V versus Ag/AgCl, d average leaching current densities, ambient (A), temperature (T),
thiosulfate (TS).

2.8.4 Effect of copper, cobalt and nickel ions

A comparison of gold dissolution rates or % of gold dissolved for different
concentrations of copper ions is shown in Table 2.16. The dosage of copper ions
strongly influences the rate and extent of gold dissolution in thiosulfate systems. Low
concentrations of copper ions are beneficial for gold leaching in thiosulfate solutions
(Gudkov et al., 2010; Ter-Arakelyan et al., 1984; Uceda et al., 2014; Zhang and Nicol,
2005). However, excess copper ions cause passivation of gold due to the formation of
copper sulfide and/or copper oxide at the gold surface that inhibits the oxidation of gold
(Gudkov et al., 2010; Ter-Arakelyan et al., 1984).
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Table 2.16 – Effect of copper, nickel and cobalt ions on the rate and extent of gold
dissolution
Type of

TS

Metal ion

gold

(M)

Powder

0.2

Cu(II)

(mM)

0.1

Cu(II)

(milled)
RDE

T

0

Gas/flowrate/PO2

pH Time

(ᵒC)
25

O2 bubbling

(h)

( 10 mol m s )
0.02

10

7

0.02

Cu(II)

0

-1

10 mL min O2

d

Cu(II)

c

Co(II)

0.1

0

Foil

Powder

0.1

c

0.1

0.2

(milled)

OX4

b

0.3

Ni(II)

0

50

10 mL min O2

10

7

2.9
50

Open air

NR

1.5

20

Open air

NR

5

0.3b

0.1

10.0

0.41

8.0
20

Open air

NR

5

6.3

0.17

7.4

0.20

6.8
25

Open air

12

0.6c

2.5

Cu(II)

0.5

46

9.5

Cu(II)

2

46

6

48

30

Cu(II)

2

50

-1

10 mL min O2

10

Cu(II)

2

Cu(II)

0

Cu(II)

0.05

Cu(II)

0

Zhang and Nicol (2005)

Zhang et al. (2013)

35
50

10 mL min -1 O2

10

48

51

Zhang et al. (2013)

48
60

100 psig O2

11

6

82

Ji et al. (2003a)

80
23

Open air

10

24

56

Aazami et al. (2014)

50
43

0.15
0.1e

Nie et al. (2015)

48

0.10

Cu-Pb2

Nie et al. (2015)

4.8

0.09

0.79
RF1

Uceda et al. (2014)

4.8

0.27

10
CA1

0.08
0.1

10
Cu-Au2

Zhang et al. (2013)

a

7.6

nil

Zhang et al. (2013)

0.1

0.14

0

Zhang and Nicol (2005)

0.35a
-1

1
Foil

(%)

0.3

2
Bead

Ref.

3.5
25

2
0.1b

-1

NR

2

RDE

GLE
-2

12

0.5
0

Rate
-7

A

Open air

10

24

32

0.001

53

0.005

65

0.01

53

0.05

19

Yu et al. (2014)

a in

the presence of pyrite, sodium thiosulfate was used as a reagent unless specified, b using calcium
thiosulfate solution, c in the presence of EDA, d in the presence of 1 mM NaOH, e in the presence of
EDA, ambient (A), oxygen pressure (PO2), temperature (T), not reported (NR), thiosulfate (TS),
gold leaching efficiency (GLE).

Copper added as ions, metal or oxides has been shown to have a beneficial effect
on the dissolution rate of gold in alkaline oxygenated thiosulfate solutions (Zhang and
Nicol, 2005). However, despite the beneficial effect of copper on gold oxidation, the
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coulombic efficiency of the system decreases with increasing copper ion concentration
which is potentially due to the decrease in free thiosulfate concentration via enhanced
thiosulfate oxidation and complexation with copper (Zhang and Nicol, 2005).

The role of copper in the absence of ammonia is not very clear. It has been
suggested that the formation of either an intermediate species, [(S2O3)3Cu·O2]5− or
mixed complexes (Au,Cu)(S2O3)23− may assist the dissolution of gold (Zhang and Nicol,
2005). The calculated equilibrium constants predicted the formation of copper complex
species such as Cu(S2O3)0, Cu(S2O3)22− and Cu(OH)3− of low concentrations which
could facilitate the leaching of gold, producing a more stable Au(S2O3)23− and other
gold intermediate species (Senanayake, 2005a). It has also been suggested that copper
removes a sulfur passivating film and sulfide ions from the gold surface, enhancing gold
oxidation (Zhang and Nicol, 2005). Zhang et al. (2013) also proposed that copper(I)
could help to reduce passivation of gold, although no mechanism for partial
depassivation was suggested. A detailed analysis of the gold-thiosulfate interface in the
absence and presence of copper has suggested that copper ions assist in the removal of
polythionates from the interface, enhancing gold dissolution (Nicol, 2013).

Contradictory results have been reported regarding the effect of added copper ions
on leaching. Zhang et al. (2013) found that copper ions could be beneficial or
detrimental, depending on the type of ore or concentrate. An increase of copper(II)
concentration up to 10 mM increased the gold extraction from an oxide ore. However,
an increase in copper(II) concentration from 2 to 10 mM had a detrimental effect on
gold extraction from a pyrite concentrate. The reason for this is not well understood and
more research is needed. The addition of copper as cupric sulfate was found to have no
beneficial effect on gold extraction from a carbonaceous ore containing 50 g t-1 copper
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(Ji et al., 2003a). However, an increase in thiosulfate degradation was also observed. It
could, however, be argued that the copper present in the ore could have catalysed the
reaction (Senanayake, 2005a).

The beneficial effect of low concentrations of copper ions on gold extraction has
also been reported in a copper-EDTA thiosulfate leach system using a refractory gold
ore (Aazami et al., 2014). However, high concentrations of copper ions (> 0.05 M) had
a detrimental effect. This was attributed to the formation of copper sulfide which
passivates gold particles and inhibits their dissolution. In another study, a low level of
copper was reported to enhance gold dissolution in copper-EDA thiosulfate solutions,
with high copper concentrations impacting negatively on the leaching of gold as evident
from the results listed in Table 2.16 (Yu et al., 2014). Excess copper ions precipitate as
Cu(OH)2, passivating the surface of gold particles hindering dissolution (Yu et al.,
2014). The mechanism for the role of copper in an ethylenediamine-thiosulfate system
is presented later in Section 2.9.

Low concentrations of other transition metal ions (Co2+, Ni2+) in the leach solution
were found to promote gold leaching in a copper(II)-EDA thiosulfate system (Nie et al.,
2015). Nickel(II) or cobalt(II) ions enhance gold dissolution by increasing the redox
potential of gold and by removing the passivating species on the gold surface and in
solution. A detailed study of the gold surface using XPS showed that the presence of
these metal ions in the lixiviant system and leach liquour could change the morphology
of the gold surface and decrease the concentration of passivating species containing
sulfur (Nie et al., 2015).
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2.8.5 Effect of additives

The beneficial or detrimental effect of various additives on gold leaching rates is
shown in Tables 2.17 and 2.18. Background reagents or additives may affect the gold
dissolution in several ways. They may affect the Eh, copper speciation and
concentration, modify surface reactions with gold by catalytic action, or prevent the
formation of, or remove, passivating layers on gold surfaces (Senanayake and Zhang,
2012). Researchers at Barrick Gold Corporation claimed that pre-treating certain oxide
ores with carbon in oxygenated water followed by leaching with calcium thiosulfate,
significantly improved gold recovery from oxide ores as shown in Table 2.18 (Choi and
Ghahremaninezhad, 2015). The chemistry of the process is not well understood,
although it was suggested that the carbon catalysed the oxidation of dissolved oxygen
to hydrogen peroxide which removed the passivating film from the surface of gold
particles. However, reagent consumption for the systems with and without pretreatment was not compared. More detailed studies have been conducted by other
researchers on the effect of organic reagents, polythionates and inorganic salts as
described in the following sections.
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Table 2.17 – Effect of additives on electrochemical dissolution of gold in sodium thiosulfate
solutions
Type of

TS

gold

(M)

REQCM

0.2

REQCM

RDEa

0.2

0.1

Additive

Tu

T

0.1

(gold electrode)

EQCM

b

0.05

(°C)

(10 mol m s )

30

26

5

78

10

97

nil

30

0.1

(gold electrode)

EQCM

0.01

Chandra and Jeffrey (2003)

9

50

22

(CH3 )2 NH2 Cl

50

12

(CH3 )3 NHCl

50

Tu

0

Chandra and Jeffrey (2004)

6
25

3

Zhang et al. (2005)

2

207

5

301

nil

712
A

0.49c

10

0.45

Na2 S4 O6

10

0.39c

0

nil

Baron et al. (2013)

c

Na2 S3 O6

20

0.1
Polycrystalline

-1

1

CH3 NH3 Cl

TINO3

Ref.
-2

(mM)

10
Polycrystalline

Rate
-7

18

Bek and Shevtsova (2012)

201
A

1.4c

Tu

10

1.8c

3-mpa

10

2.9c

L-cysteine

10

5.9c

Tu

0.01

A

0.1d

0.1

0.8d

1

2.4d

Baron et al. (2011)

Zelinsky and Novgorodtseva (2013b)

Rates of gold dissolution calculated at potential 0.25 V versus SHE and disc speed at 300 rpm unless
stated, a disc speed 400 rpm, b buffered solution with acetate, c leaching current determined by the
use of Tefel plots, d calculated at potential 0.5 V versus SHE, ambient (A), temperature (T), thiourea
(Tu), thiosulfate (TS).
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Table 2.18 – Effect of additives on gold leaching efficiency and thiosulfate consumption
Type of

TS

gold

(M)

REQCM

0.2

Additive

Tu

T

(mM)

(°C)

0

30

Gas/flowrate/PO2

O2 saturated

pH

<7

Time

Rate

GLE

TSC

(h)

(10-7 mol m-2 s -1 )

(%)

(kg t -1 )

NR

1

5

0.065

DMSA

0

5
A

Open air

NR

1.5

1 x 10-3
DMSA

0

0.2

Tu

0

Open air

NR

1.5

0.1

A

nil
Fd

Au-TL1

Cu-Pb1

O2 bubbling

6

96

Tu

10
0.05

0.1b

nil

0.1

0.1
0.3e

OX6

O2 bubbling

0
3

6-7.0

96

Open air

25

NR

24

NR
Open air

9.9-10.2

96

9.3-10.1

nil

0

Tu

15

25

nil
0.2d

Fe

1d

nil

60

Na2 CO3

0.2

carbon

0

9.9-10.2

96

9.3-10.1
60

Fe

Open air

50

100 psig O2

100 psig O2
0.5 L min -1 air

11

11

8

6

6

24

d

carbon

0

50

0.5 L min -1 air

8

24

d

carbon

0

50

0.5 L min -1 air

8

24

d

0.1b

nil

70

NR

60

NR

66

15.6

82

12.3

66

15.6

82

15.2

82

9.7

73

9.9

80

8.6

Csicsovski and Salminen (2011)

Xia (2014)

Xia (2014)

Ji et al. (2003a)

82

8.4

55

21.0

Ji et al. (2003a)

23

NR

Choi and Ghahremaninezhad (2015)

NR

Choi and Ghahremaninezhad (2015)

NR

Choi and Ghahremaninezhad (2015)

NR

Yu et al. (2014)

26

71
80

50
Cu-Pb2

Zhang et al. (2005)

71

50
OX8

20

86

50
OX7

Zhang (2007)

70
A
A

nil

18

50

TI(I)

0.2c

CA1

15 - 22

Pb(II)

Uceda et al. (2014)

69

5

0.1
0.2c

0.11
0.16

10
Powder

Uceda et al. (2013)

0.01
50

1 x 10-3
Powder

0.03
0.06

5 x 10-3
0.1a

Bead

Chandra and Jeffrey (2003)

4

10
Bead

Ref.

A

Open air

10

24

55

NaBr

1.5f

5

CTAB

1.5

76

BS

1.5

35

CTAC

1.5

52

Na2 SiO3

1.5

36

a

in the presence of 1 mM copper and 1 mM NaOH, b in the presence of EDA, c in the presence of
DETA, d in weight % of ore, sodium thiosulfate was used as a reagent unless specified, e using
calcium thiosulfate solution, f in kg/t, not reported (NR), ambient (A), temperature (T), oxygen
pressure (PO2), bromine solvent (BS), thiourea (Tu), formamidine disulphide (Fd), thiosulfate (TS),
thiosulfate consumption (TSC), gold leaching efficiency (GLE).

(a) Organic reagents

The oxidation of gold in thiosulfate solutions in the absence of additives is very
slow (Chandra and Jeffrey, 2003). Low concentrations of thiourea significantly enhance
gold dissolution (Baron, 2010; Baron et al., 2011; Chandra and Jeffrey, 2003;
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Melashvili et al., 2016b; Zelinsky and Novgorodtseva, 2013b; Zhang, 2007; Zhang et
al., 2005). However, the effect of thiourea was found to be considerably less in sodium
thiosulfate than ammonium thiosulfate solutions (Chandra and Jeffrey, 2003). This is
attributed to the beneficial effect of both NH4S2O3− and thiourea at the gold surface via
the formation of an interim species Au(S2O3)Tu− (Senanayake, 2012). The addition of
thiourea accelerates gold dissolution in a ferric oxalate-thiosulfate system at slightly
acidic or neutral pH of 4-6 (Chandra and Jeffrey, 2005). The addition of thiourea was
also reported to have a beneficial effect on the leaching efficiency of gold from an oxide
ore using a ferric-EDTA thiosulfate system (Zhang et al., 2005). However, the cost of
the amount of EDTA required may be very high if it is used to treat complex sulfides
ores with multi-elements that can also form complexes with EDTA (Feng and van
Deventer, 2011). Lead(II) forms a strong complex with EDTA (NIST, 2004); hence, its
presence will influence iron or copper ion equilibria and diminish the amount of EDTA
available for the stabilisation of iron(III) or copper(II).

The mechanism by which thiourea affects gold oxidation is not well understood.
Thiourea is thought to prevent the formation of sulfur-oxygen species associated with
passivation of gold in thiosulfate solutions (Baron, 2010). Zelinsky and Novgorodtseva
(2013b) also suggested that thiourea prevents the adsorption of sulfur species on a gold
surface, or removes them. A mechanism in which thiourea acts as a ligand or a co-ligand
with thiosulfate is also possible (Senanayake, 2012). A detailed study using surfaceenhanced Raman spectrometry (SERS) revealed that thiourea is capable of disrupting
networked sulfur-sulfur bonds on a gold surface (Watling, 2007). However, no
information was provided to support a mechanism which explains this observation.
Tafel plots by Baron (2010) showed that thiourea strongly enhances the anodic gold
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oxidation compared to the oxygen reduction reaction. Zhang et al. (2005) also found
that thiourea had no significant effect on the reduction of oxygen.

Small amounts of additives such as 3-mercaptopropionic acid (3-mpa), meso-2,3dimercaptosuccinic acid (DMSA) and L-cysteine (Appendix A2) have been reported to
accelerate gold dissolution in thiosulfate solutions. The increased gold dissolution rate
in the presence of 3-mpa is related to its effect in preventing passivation of the gold
surface, or side reactions such as the oxidation of the reagents (Baron, 2010). The
addition of DMSA increases dissolution rate of gold by disrupting the formation of a
passivating layer on the gold surface (Uceda, 2013). Other organic additives such as
formamidine disulfide (Appendix A2) have an effect similar to that of thiourea, while
urea, cysteine, sodium ethyl xanthate and dithiooxamine passivate gold surfaces (Zhang
et al., 2005). The detrimental effect of 2-thiouracil on gold dissolution rate has also been
reported (Mirza, 2014). A detailed study of a gold surface using SERS showed the
formation of a self-assembled monolayer (SAM) following the addition of 2-thiouracil.
This monolayer minimised the interaction of thiosulfate with the gold surface (Mirza,
2014). Addition of methyl ammonium chloride and dimethyl ammonium chloride in
sodium thiosulfate solutions is beneficial to gold oxidation (Chandra and Jeffrey, 2004).
However, the addition of trimethlyl ammonium chloride, hindered gold dissolution.
This was attributed to the increased number of alkyl ammonium ions that adsorbed on
the gold surface. Yu et al. (2014) also examined the effect of a number of additives on
gold extraction. Among these, cetyltrimethyl ammonium bromide (CTAB) accelerates
the gold dissolution rate and reduces thiosulfate consumption significantly, while others
had detrimental effect on gold extraction as shown in Table 2.18. The beneficial effect
of CTAB was attributed to the formation of ion pairs, [CTA+]3[Au(S2O3)23−]·nH2O,
which stabilise the gold thiosulfate complex, Au(S2O3)23− (Yu et al., 2014).
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(b) Polythionates, sulfite and sulfide

The addition of polythionates (Na2S3O6/Na2S4O6) to thiosulfate solutions during
gold dissolution passivate the surface of gold (Baron, 2010). The formation of
polythionate ions (S3O62−/S4O62−) from thiosulfate degradation was observed to have a
detrimental effect on gold extraction in a resin in leach (RIL) process because they
compete with Au(S2O3)23− for the adsorption on resin causing the metal ion complex to
remain in solution (Choi et al., 2013). Similarly, Ji et al. (2003a) observed that gold
loading on the resin decreased by about 7 times when the concentration of polythionate
ions (S3O62− + S4O62−) was increased from 0.05 to 0.5 g L-1.

The beneficial effect of adding sulfite or sulfide salts to gold thiosulfate solutions
in gold leaching has been reported (Gudkov et al., 2010; Ji et al., 2003a). It has been
demonstrated that the addition of sulfite to the slurry converts the tetrathionate to
trithionate and thiosulfate (Ji et al., 2003a). The addition of sulfite during gold
dissolution has been found to prevent the deposition of sulfur and sulfides on the gold
surface (Bagdasaryan et al., 1983). Sulfide at low concentrations increases the rate of
gold oxidation due to its dissolution as AuS− (Senanayake, 2012). Beneficial effect of
sulfide ions on gold cyanidation has also been reported (Senanayake, 2008). Gudkov et
al. (2010) observed that the addition of 0.01 mM Na2S to sodium thiosulfate solutions
at pH 12 has a beneficial effect on gold leaching while 1 mM Na2S results in the
precipitation of gold sulfide.
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(c) Inorganic salts and metals

Low concentrations of thallium ions have been reported to have a beneficial effect
on gold dissolution in thiosulfate solutions. Voltammetric studies of an electrode
surface that was renewed by cutting off a thin metal layer revealed that the catalytic
effect of thallium ions as TlNO3 is associated with their adsorption on the gold surface
(Bek and Shevtsova, 2012). Similarly, Melashvili et al. (2016b) proposed that Tl(I) ions
diffuse to the gold surface and undergo reversible charge transfer at the electrode to
Tl(III) which subsequently catalyses the oxidation of gold. However, Gudkov et al.
(2010) suggested that thallium prevents the formation of passivation species and
enhances gold dissolution. Csicsovszki and Salminen (2011) compared the extraction
of gold by leaching from a mild refractory ore using two systems, thallium-thiosulfate
and cupric-EDA-thiosulfate. Superior results were obtained using thallium as a catalyst.
However, thallium has also been reported to be highly poisonous even more than lead,
mercury or cadmium (Peter and Viraraghavan, 2005; Saddique and Peterson, 1983).

Researchers at Placer Dome and SGS Lakefield Research examined the effect of
various additives (FeSO4, FeS, Fe(S) and Na2CO3) on gold extraction and thiosulfate
oxidation in the case of a carbonaceous ore using pressure leaching (Ji et al., 2003a).
All four additives had a detrimental effect on gold recovery and promoted thiosulfate
degradation (Table 2.18). Metallic iron causes cementation of the gold while carbonate
results in the formation of an insoluble calcium carbonate layer around the gold particles
(Ji et al., 2003a). This is consistent with the equilibrium constants calculated by
Senanayake (2005a). It is also possible that metallic iron and FeSO4 decrease the gold
extraction due to passivation of the gold surface by iron hydroxide, in a similar manner
to the process in ammoniacal thiosulfate solutions (Feng and van Deventer, 2010b).
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It has been claimed that adding soluble lead (lead nitrate) or thiourea (Tu) in a
copper-DETA-thiosulfate system accelerated gold leaching from a Cu/Pb/Zn-bearing
ore (Xia, 2014). However, the consumption of thiosulfate was doubled in the presence
of lead. The lead(II) ions dissolved from lead nitrate (Pb(NO3)2), lead oxide (PbO) or
lead sulfide (PbS), destroys plants, micro-organisms and animals if discharged into the
environment (Greene, 1993).

2.8.6 Effect of pH

(a) Fundamental studies

A study of the effect of pH on thiosulfate oxidation in the absence of ammonia and
copper ions revealed that thiosulfate is most stable at pH 10 and its rate of oxidation
increases at pH values either above or below 10 (Jiang et al., 1997). Zhang and Nicol
(2003) showed that gold dissolution increases with an increase in pH values from 10.6
to 13. Likewise, increasing pH from 7 to 12 is beneficial for gold dissolution at
potentials above 0.3 V in deoxygenated thiosulfate solutions containing copper (Zhang
and Nicol, 2005). At high pH values, hydroxyl ions remove sulfur-like films from gold
surfaces (Zhang and Nicol, 2003). Jiang et al. (1993) observed that a change in pH value
from 8 to 10 in the presence of copper increased gold leaching efficiency from 30 to
55%, but further increase in pH had a detrimental effect. At high pH values, the
formation of copper oxides or hydroxides, as indicated by Eh-pH diagram in Fig. 2.4 can
passivate the gold surface. Zhang (2004) investigated the dissolution of gold powder
with in-situ thiosulfate generated through atmospheric alkaline oxidation of pyrite. A
decrease in the rate of thiosulfate formation and a simultaneous increase in gold
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leaching were observed when the pH was changed from 13.5 to 10.5 accompanied by
an increase in slurry potential from -0.6 to 0.2 V.

The optimum pH for gold powder dissolution in a ferric-EDTA-thiosulfate-thiourea
solution, is around 6-7 (Zhang, 2007). Similarly, the optimum pH for the dissolution of
gold in a ferric oxalate-thiosulfate system in the presence of thiourea is 4-6 (Chandra
and Jeffrey, 2005). The pH control is critical for these systems as thiosulfate becomes
unstable in acidic solutions while, at higher pH values, the iron(III) tends to precipitate
or become less effective. However, under these conditions, the pyrite-catalysed
oxidation of thiosulfate (further enhanced by thiourea) can be significant (Zhang and
Jeffrey, 2008).

(b) Ore leaching studies

The impact of pH on gold extraction from different ores and thiosulfate systems is
shown by the results listed in Table 2.19. Aazami et al. (2014) observed that varying
the pH between 9 and 11 does not have a significant effect on the gold extraction from
an orpiment refractory ore using a copper(II)-EDTA-thiosulfate system. However,
further increase in the pH strongly hinders the leaching of gold. At high pH values, the
soluble copper in the leach solution was found to be significantly decreased due to
precipitation of copper as Cu2O or CuO (Aazami et al., 2014). Maintaining pH values
> 12 was found to be critical in stabilising the lixiviant during leaching of gold with
thiosulfate generated by simultaneous oxidation in pyritic ores (Melashvili et al.,
2016a). Xia and Yan (2011) examined the effect of varying the pH from 6-11.5 on gold
extraction from a high grade silicate gold ore using a thiosulfate-copper(II)-EDA
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system. The initial pH value had little impact on gold extraction and thiosulfate
consumption.

The extraction of gold from a double refractory ore was found to reach a maximum
at pH 8 (Choi et al., 2013). Higher pH values were found to be detrimental to gold
extraction. The authors attributed this to the disproportionation of thiosulfate to sulfate
and hydrogen sulfide in solutions of high pH according to Eq. 2.49 in Table 2.6.

Low pH values were also found to be beneficial to gold extraction from a quartz
gold ore using a copper(II)-EDA-thiosulfate system in the presence of 2.4% PbS (Table
2.19). However, high pH values had a detrimental effect on gold extraction. This was
attributed to the passivation of gold by Pb(OH)2 which was further confirmed by X-ray
Photoelectron Spectroscopy (XPS) analysis. Gold extraction from a carbonaceous ore
was enhanced at near neutral pH values (7-8.3) in calcium thiosulfate solutions in the
presence of KClO3 as an oxidant (Morteza et al., 2004).
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Table 2.19 – Effect of pH on gold leaching efficiency and thiosulfate consumption
Feed material

TS

T

Cu(II)

code

(M)

(°C)

(mM)

SF-PR1

0.03e

25

0.08

25
SL1

0.1a

A

pH

8

Gas/PO2

NR

10
1.2

6.0

Open air

CA4

Qz1

b

0.6

0.1

d

0.1

A

60

A

50

GLE

TSC

(h)

(%)

(kg t -1 )

12

73

NR

Choi et al. (2013)

12

70
Xia and Yen (2011)

9

94.7

2.9

7.5

9

95.3

2.7

8.5

9

95.0

2.7

9.5

9

94.3

2.6

10.5

9

91.9

2.4

11.5
RF1

Time

Ref.

9

90.4

2.3

24

54

NR

Aazami et al. (2014)

10

24

56

11

24

57
NR

Ji et al. (2003b)

Xia and Yen (2008)

9

9

Open air

4

72

11

4

69 (77)c

12

4

14 (61)c

9

79

3.5

9

61

3.9

7.5
9.5

50 psig O2

Open air

a

in the presence of 1.2 mM Cu(en)2 and 3.6 mM total EDA, b in the presence of 0.2 M Na2CO3, 0.05
M sodium citrate and 0.025 M EDTA, c in brackets after 8 hours of leaching, d in the presence of CuEDA and 2.4% PbS, sodium thiosulfate was used as a reagent unless specified, e using calcium
thiosulfate solution. Ethylenediamine (en), ambient (A), oxygen pressure (PO2), temperature (T),
not reported (NR), thiosulfate (TS), thiosulfate consumption (TSC), gold leaching efficiency (GLE).

2.8.7 Effect of oxidant

The beneficial or detrimental effects of different oxygen concentrations or different
types of oxidants are presented in Table 2.20. Increasing oxygen pressure had a
beneficial effect on gold extraction from a carbonaceous ore (Ji et al., 2003a; Ji et al.,
2003b). However, thiosulfate oxidation was excessive at high oxygen partial pressures.
Researchers at CSIRO Australia carried out leaching studies on different types of ores
and concentrates, which included oxidised ore, Cu-Au flotation concentrate, and pyrite
concentrate, in thiosulfate oxygen solutions (Zhang et al., 2013). It was found that the
use of pure oxygen instead of air greatly improved the gold extraction for all types of
feed material. Similar results were reported by Choi and Gharelar (2014) who pretreated oxide ores with pure oxygen gas or air in the presence of carbon before leaching
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(Table 2.20). Sano et al. (2012) observed enhanced gold extraction from a copper-gold
flotation concentrate (27% sulfur content) by blowing air through highly alkaline
solutions with no added lixiviant. It was claimed that sodium thiosulfate was generated
in-situ. Other studies found that the addition of chlorate as an oxidant was beneficial to
gold extraction from a carbonaceous ore (Morteza, 2004), where the cathodic reaction
in the system can be represented as follows:

ClO3− + H2O + 2e− = ClO2− + 2OH−

(2.94)

Increasing oxygen concentration has been reported to have a beneficial effect on gold
extraction from pressure oxidation residues in copper(II)-EDA system (Xia, 2008). Xia
(2014) also reported an enhanced gold extraction from Cu/Pb bearing ores at high
concentration of oxygen, using copper(II)-DETA system.

The beneficial effect on gold leaching of adding a copper(II)-EDTA complex as an
additional oxidant to oxygen has been observed during the dissolution of gold from a
refractory ore, RF1 (Aazami et al., 2014). Gold leaching efficiency in the absence of
EDTA was very low, which was attributed to the low stability of copper in solution and
thereby result to an increased solution potential. Higher solution potential led to higher
thiosulfate loss, which decreased the stability of the gold thiosulfate complex, resulting
in low gold recovery (Aazami et al., 2014). The presence of 0.025 M EDTA
significantly increased gold dissolution as shown in Table 2.20. Further increase in
EDTA concentration above 0.025 M, had little impact on the gold leaching efficiency.
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Table 2.20 – Effect of oxygen concentration or oxidant type on gold leaching efficiency and
thiosulfate consumption
Feed material

TS

Cu(II)

T

code

(M)

(mM)

(°C)

Cu-Pb1

0.2a

2

25

SF1

b

2
25

pH

[O2 ] / PO2 /

CA2

OX6

0.1

60

0.2e
0.1e

A

0.79

50

b

60

CA5

RF1

a in

0.1c

1.2

0.1

g

0.6

A

60

0.05

23

-1

Ref.

(h)

(%)

(kg t )

96

66

16.5

9.8-10.4

12.5

48

77

9.3

NR

1 L min -1 O2

48

62

-167d

1 L min air

48

58

-164

1 L min -1 O2

12

34

-181

1 L min -1 air

12

12

-95

11

10 psig O2

6

79.5

6

11

30

6

80

9

10

6

82

14

7.0-8.4

0

550

53

NR

Morteza (2004)

7.0-8.5

8.35 g L-1 ClO3 -

550

64

8

0.5 L min -1 air

24

81

NR

Choi and Ghahremaninezhad (2014)

0.5 L min O2

24

86

Open air

1

46

NR

Sano et al. (2012)

1 L min air

1

56

0.7f

9

25

1.5

Xia (2008)

5.0

9

62

1.8

NR

-1

POX1

TSC

additive

-1

Cu-Au1

GLE

1.6-6.3 mg L-1

9.9-10.2

-1

CA1

Time

NR

Xia (2014)

Zhang (2004)

Ji et al. (2003a)

7.5

9

82

2.0

21.1

9

94

2.6

30

9

93

5.7

9.4

0 psig O2

6

78.0

NR

Ji et al. (2003b)

9.3

10

6

80.8

9.0

50

6

81.1

Aazami et al. (2014)

8.7

100

6

82.7

10

No EDTA

24

10

NR
d

0.025 M

24

57

20

0.050

24

60

NR

0.075

24

64

NR

b thiosulfate

the presence of 6 mM DETA,
generated in-situ in highly alkaline solutions, c in the
d
presence of EDA, in mM, sodium thiosulfate was used as a reagent unless specified, e using calcium
thiosulfate solution, f is % oxygen, g in the presence of 0.05 M sodium citrate, ambient (A), oxygen
pressure (PO2), temperature (T), not reported (NR), thiosulfate (TS), thiosulfate consumption (TSC),
gold leaching efficiency (GLE).

2.8.8 Effect of thiosulfate concentration

Thiosulfate is the ligand that stabilises gold(I) in solution, so its concentration is
critical. At a constant potential of 0.25 V, the increase in concentration of thiosulfate
from 0.1 to 1 M facilitated gold oxidation in oxygenated alkaline solutions (Zhang and
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Nicol, 2003). Zhang et al. (2005) observed a similar trend during gold dissolution in
thiosulfate-thiourea solutions. The increase in thiosulfate concentration from 0.1 to 0.5
M increased the gold extraction from around 47% to 84% after 72 hours. However, the
anodic current efficiency decreased with an increase in thiosulfate concentration (Zhang
and Nicol, 2003). This indicates that the reaction order with respect to thiosulfate
concentration for gold oxidation is smaller than that of thiosulfate oxidation (Zhang and
Nicol, 2003).

In the presence of copper ions, the concentration of thiosulfate has to be controlled
so that the catalytic role of copper ions is optimised and gold dissolution is maximised.
Jiang et al. (1993) conducted leaching studies with gold plates in sodium thiosulfate
solutions, in the presence of copper ions. It was noted that the increase in thiosulfate
concentration from 0.36 to 1.33 M doubled the gold extraction from 28 to 56%. It has
been shown that the rate of electrochemical oxidation of thiosulfate increases with the
increase of S2O32− concentration in a non-linear relationship (Jiang et al., 1997). Thus,
the presence of S4O62−, S3O62−or S0 formed during gold leaching could passivate gold
particles and hinder their dissolution.

The beneficial effect of increasing thiosulfate concentration was also reported
during dissolution of gold from a carbonaceous ore, CA1 (Ji et al., 2003a). However, at
concentrations above 0.1 M, thiosulfate consumption was found to be high with no
significant change in gold leaching efficiency. On the other hand, very low
concentrations of thiosulfate in solution may cause precipitation of gold and copper
from solution (Ji et al., 2003a; Senanayake, 2005a). It should also be pointed out that,
in leaching copper-gold ores, the concentration of free thiosulfate plays an important
role in controlling the rate of gold dissolution.
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2.8.9 Effect of sulfide minerals on gold leaching

Sulfide minerals and other gangue minerals such as quartz and kaolinite are often
host minerals for gold (Marsden and House, 2006). A schematic representation of gold
associated with sulfide minerals is shown in Fig. 2.9.

Fig. 2.9 – Schematic diagrams of gold associated with sulfide minerals. (a) readily liberated
gold, (b) gold along crystal grain boundaries, (c) gold grain enclosed in sulfide, (d)
gold in concretionary sulfide or crystal defects (Marsden and House, 2006).

Sulfides can be oxidised during the leaching process consuming oxygen available
for the leaching process (Xia, 2008). It has been reported that addition of either pyrite
or pyrrohite during ammoniacal thiosulfate leaching of gold from a silicate ore had a
detrimental effect on the gold leaching efficiency and increased thiosulfate consumption
(Xia and Yen, 2005). Pyrite has a catalytic effect on the oxidation of thiosulfate and this
is well documented (Feng and Deventer, 2005; Xia and Yen, 2005; Xu and Schoonen,
1995; Zhang and Jeffrey, 2008). The proposed mechanism for pyrite-catalysed
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oxidation of thiosulfate to tetrathionate is shown in Fig. 2.10 (Xu and Schoonen, 1995).
Thiosulfate ions adsorb onto the surface of pyrite and become anodic sites (Fig. 2.10a)
and (Fig. 2.10a). Electrons from thiosulfate transfer from the anodic site (Fig. 2.10c) to
the cathodic site where they are accepted by oxygen (Fig. 2.10d). Eq. 2.48 in Table 2.6
was proposed as the overall reaction at pH range 2.9-8.6.

Fig. 2.10 – Mechanism for oxidation of thiosulfate on the surface of pyrite. (Xia and Yen,
2005 after Xu and Schoonen, 1995).

Galvanic interaction between gold and sulfide minerals can occur during thiosulfate
leaching as indicated earlier in Section 2.8.1. Galvanic interactions between gold and
sulfide minerals during cyanidation have also been reported (Lorenzen and van
Deventer, 1992). Galvanic interaction occurs when electrically-conducting minerals are
in contact in an electrolyte which facilitates charge transfer (Holmes and Crundwell,
1995). In thiosulfate solutions, the interaction can increase the surface area for oxygen
reduction and potentially increase the rates of the anodic and cathodic half-reactions
that occur at the surface of each mineral (Zhang et al., 2013). Since galvanic interaction
can affect the rates of anodic and cathodic reactions, this can cause a shift in the leaching
mixed potential. The mixed potential concept in leaching is explained in Section 2.9.
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2.8.10 Effect of minerals on the adsorption of gold(I)

Besides having a catalytic effect on thiosulfate degradation, sulfide minerals can be
preg-robbing in thiosulfate solutions. Preg-robbing or adsorption of gold(I)-thiosulfate
on pure gangue minerals, carbon and gold ores has been studied extensively in
ammoniacal thiosulfate solutions (Aylmore et al., 2014; Feng and van Deventer, 2001).
It was observed that the sulfide minerals, activated carbon and sulfidic gold ores were
highly preg-robbing in thiosulfate deficient systems which could be decreased or
eliminated by the addition of free thiosulfate. However, Young et al. (2013) claimed
that activated carbon has very low affinity for gold(I)-thiosulfate. Xia and Yen (2005)
proposed that the adsorbed gold(I)-thiosulfate ions could be reduced on the surface of
pyrite according to Eqs. 2.95-2.98:

Au(S2O3)23− + defected sulfide surface + e- = Au + 2S2O32−

(2.95)

Au(S2O3)23− + Fe(OH)2 + OH− = Au + 2S2O32− + Fe(OH)3

(2.96)

Au(S2O3)23− + Fe2+ + 3OH− = Au + 2S2O32− + Fe(OH)3

(2.97)

Au(S2O3)23− + FeOH+ + 2OH− = Au + 2S2O32− + Fe(OH)3

(2.98)

The precipitated gold may be redissolved in the presence of sufficient oxidant (Xia and
Yen, 2005).

The preg-robbing effect of carbonaceous gold ores (Adams and Burger, 1998; LaBrooy et al., 1994; Pyke et al., 1999) and sulfide minerals (Adams et al., 1996; Nguyen
et al., 1997; Rees and van Deventer, 2000; Sarwar and Naeem, 1994) has also been
65

thoroughly studied in cyanide systems. In general, carbonaceous ores have been
reported to be strongly preg-robbing while sulfide minerals are also preg-robbing
depending on the concentration of free cyanide available.

2.9 Solution potential and mixed potential affecting gold leaching

2.9.1 Mixed potential diagram

Besides pH, another important parameter in thiosulfate leaching of gold is the Eh
(potential) of the slurry. High Eh values will oxidise all the available thiosulfate while
at very low Eh values, gold oxidation will not occur (Fig. 2.5). The solution potential is
a parameter used to describe the oxidising power or reducing power of a solution. It
usually reflects a mixed potential that may be a function of the state of equilibrium or
disequilibrium of redox couples (Davis et al., 1988). An example is given on the basis
of Nernst equation 2.99 and 2.100 for the couples Red1/Ox1 and Red2/Ox2 (Rand and
Woods, 1984).

Ox1 + n1e- = Red1

(2.99a)

ER Red1/Ox1 = E° Red1/Ox1 + RT/n1F ln{[Ox1]/[Red1]}

(2.99b)

Ox2 + n2e- = Red2

(2.100a)

ER Red2/Ox2 = E° Red2/Ox2 + RT/n2F 1n{[Ox2]/[Red2]}

(2.100b)

where,
•

ER is the reduction potential;

•

Eo is standard half-cell reduction potential;
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•

R is the universal gas constant (J K−1 mol−1);

•

T is the temperature in Kelvin (K);

•

[Red] and [Ox] is the concentration of the reducing and oxidizing agent
respectively;

•

F is the Faraday’s constant (C mol -1); and

•

n is the number of moles of electrons.

The schematic diagram of the mixed potential model is shown in Fig. 2.11. At the mixed
potential, the rate of anodic reaction is equal to the rate of the cathodic reaction (Hiskey
and Atluri, 1988).

Fig. 2.11 – Schematic diagram of the mixed-potential system (Rand and Woods,
1984).

The mixed potential concept has been used to explain the kinetics of many
hydrometallurgical processes by a number of authors (Breuer and Jeffrey, 2002;
Chandra and Jeffrey, 2003; Hiskey and Atluri, 1988; Li et al., 1992; Nicol et al., 1987;
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Nikoloski, 2002; Rand and Woods, 1984). The mixed potential of a system depends on:
(i) the nature of the electrode surface (Woods, 1976); (ii) the stirring speed of the
electrode, thus stirring of the solution will increase the rate for a diffusion controlled
reaction; and (iii) the presence of impurities that can adsorb on the electrode/mineral
surfaces (Rand and Woods, 1984). In addition to the above, the mixed potential in a
gold thiosulfate system can also be affected by pH of the solution, thiosulfate
concentration, copper concentration, electrolyte cation, temperature and additives.
Some of these factors are described below.

2.9.2 Evans or Ritchie diagram

A Ritchie diagram (modified Evans diagram) has been used in the literature to
compare the measured mixed potential and reaction rate with those predicted from
electrochemical experiments (Chandra and Jeffrey, 2003). Fig. 2.12 illustrates a typical
Ritchie diagram showing the effect of thiourea and thiosulfate concentration on the
predicted rate and mixed potential (Zhang et al., 2005). The anodic gold reaction was
greatly enhanced when the concentration of thiosulfate was increased in the presence of
thiourea. This was accompanied by the shift of the mixed potential (Emix) from right to
left, allowing gold to be leached at lower potentials (Fig. 2.12). Although the overall
dissolution rate increases as the mixed potential shifts in the negative direction, the
increase is less significant because the rate of oxygen reduction increases is 0.3 to
0.05 V (Zhang et al., 2005). Thus, in order to increase the overall reaction rate, the
cathodic half-reaction needs to be improved.
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Fig. 2.12 – Typical Ritchie diagram showing the anodic oxidation of gold in deoxygenated
sodium thiosulfate solutions under different conditions (polarisation curves 1-3)
and the cathodic reduction of oxygen on gold in oxygen saturated solution at
constant pH of 6.4 (Zhang et al., 2005). (Buffer solution (0.2 M KH2PO4 and NaOH),
scan rate 1 mV s-1, 400 rpm at 25 °C, thiosulfate (TS), thiourea (Tu)).

2.10 Reaction mechanism

The mechanisms by which electrolyte cations, copper ions and additives enhance
the anodic or cathodic half-reactions are illustrated in Table 2.21. Thiosulfate forms two
complex species with gold(I), namely Au(S2O3)− and Au(S2O3)23− with the latter being
the stable species as indicated in Table 2.3. It has been proposed that the reaction
mechanism for gold dissolution in the absence of copper(II) involves anodic adsorption,
oxidation and stabilisation reactions (Table 2.21). A detailed analysis of the effect of
chemical speciation on gold oxidation has shown that the anodic oxidation occurs via
the adsorption of the MS2O3− ion-pair where M represents Na, K or NH4 (Senanayake,
2005b). The adsorption, oxidation, desorption and stabilisation mechanisms explain the
faster rates of anodic oxidation in potassium thiosulfate solution compared to that in
sodium thiosulfate. Due to the higher association constant (Appendix A6), the
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concentration of KS2O3- is higher than that of NaS2O3- at the same initial concentrations
of the two salts leading to the beneficial effect (Senanayake, 2012). Yu et al. (2014)
proposed that gold oxidation in the presence cetyltrimethyl ammonium bromide CTAB
(Appendix A2) also involves ion-pair formation, as illustrated in Table 2.21.

Table 2.21 Reaction mechanisms for gold oxidation
Mechanism

Reaction
Au + S2O3

I

2-

AuS2O3

2-

AuS2O32-(ads)

=

(adsorption)

-

(ads)

= Au(S2O3) (ads/aq) + e

-

M + S2O3

II

2-

-

= MS2O3

-

Au + MS2O3 =
-

Au(S2O3)M (ads) = Au(S2O3)M

+e

(ads/aq)

Au(S2O3)M0(ads/aq) + MS2O3- = M2Au(S2O3)2-(aq)

-

[a]

2.104

[a]

2.105

(adsorption)

0

2.101

2.103

(ion-pair formation)

Au(S2O3)M-(ads)

Ref.

2.102

(oxidation)

Au(S2O3)-(ads/aq) + S2O32- = Au(S2O3)23- (desorption/stabilisation)
+

Eq.

2.106

(oxidation)

2.107

(desorption/stabilisation)

where M is Na, K, NH4
Cu(S2O3)35- + O2 = [(S2O3)3Cu·O2]5-

III
2-

5-

4Au + 8S2O3 + [(S2O3)3Cu·O2] + 2H2O =
IV

2-

0

Au + 2S2O3 + Cu(OH)2 =
2-

2-

Au + S2O3 + Cu(OH)2(S2O3)

34Au(S2O3)2

3Au(S2O3)2 +

=

+ 4OH + Cu(S2O3)3

Cu(OH)2

3Au(S2O3)2

-

2.108
-

2Cu(OH)2 + 0.5O2 + H2O = 2Cu(OH)2 + 2OH

-

2.110

-

2.111

(leaching)

(regeneration)

Au + Cu(en)22+ = Au+ + Cu(en)2+

V

+

+

+

2-

-

Au(en)2 + 2S2O3 + 2e =
2+

Au(S2O3)23-

Cu + 2en = Cu(en)2

[d]

2.114

3Au + Cu(en)2 = 2Au + Cu + Au(en)2
3+

[c]

2.112
2.113

3+

[b]

2.109

(leaching)

+ Cu(OH)2

0

5-

2.115

+ 2en

2+

2.116

where en is ethylenediamine
CTAB = [CTA+] + Br-

VI

2-

Au + 2S2O3
3-

+

=

Au(S2O3)23+

2.117
+ e

-

[e]

2.118
3-

Au(S2O3)2 + 3[CTA ] + nH2O = [CTA ]3 [Au(S2O3)2 ]·H2O

2.119

where CTAB is cetyltrimethyl ammonium bromide

a. Senanayake (2005b); b. Zhang and Nicol (2005); c. Senanayake (2005a); d. Xia (2008); e. Yu et
al. (2014)
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Zhang and Nicol (2005) proposed that cuprous thiosulfate acts as a carrier of
oxygen, enhancing the oxygen reduction half-reaction. Thus, the leaching mixed
potential will shift to more positive potentials enhancing the dissolution of gold. The
mechanism involved is shown in Table 2.21. A critical analysis of the role of copper in
non-ammoniacal thiosulfate leaching of gold and the thermodynamic speciation of
copper ions suggests the possible involvement of copper(II) in the leaching process as
described by the reactions shown in Eqs. 2.110-2.112 (Senanayake, 2005a). However,
the concentration of such copper(II) species is extremely low. In the copper(II)ethylenediamine thiosulfate system, Xia (2008) proposed Cu(en)22+ was involved as a
catalyst in a series of reactions shown in Table 2.21. Ethylenediamine stabilises
copper(II) in solution by forming a Cu(en)22+ complex which lowers the solution
potential (Eh) and reduces the degradation of thiosulfate. The increase in gold
dissolution in the presence of thiourea may be due to the formation of an intermediate
mixed complex Au(S2O3)Tu− on the gold surface, similar to the intermediate mixed
complex species Au(S2O3)(NH3)− proposed in the presence of ammonia (Senanayake,
2005c; Senanayake, 2012).

2.11 Conclusions

Thiosulfate can form complex species with a number of metal ions besides gold(I)
and silver(I). Some copper species such as Cu(S2O3)22− may act as oxidants for the
dissolution of gold while others like Cu2S can passivate the gold surface. Thiosulfate
oxidation by oxygen in the absence of copper(II) is very slow. Thiosulfate rapidly reacts
with copper(II) to form different products depending on the conditions. The degradation
of thiosulfate to polythionates and other sulfur species can have both detrimental and
beneficial effects on gold leaching.
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Leaching of gold in a pure thiosulfate solution in the presence of oxygen is very
slow due to passivation of the gold surface. Gold passivation is mainly caused by
adsorption of sulfur, sulfides and polythionates on the gold surface. This is more
prominent at potentials > 0.3 V. A number of additives have been proposed to enhance
the dissolution of gold with mixed success. Most additives reported in literature enhance
the gold oxidation half-reaction with little impact on the reduction of oxygen. Hence,
the need for an additive which could significantly increase the cathodic reaction and/or
anodic reaction to obtain a faster leach rate similar to that of cyanidation is growing.

The use of elevated temperatures or an increase in thiosulfate and oxygen
concentrations have a positive effect on the gold leach rate in non-ammoniacal
thiosulfate solutions. In most thiosulfate systems, low concentration of copper(II) ions
are required to significantly increase the rate of gold oxidation. The chemistry that
determines the role of copper ions in ammonia-free thiosulfate systems has not been
adequately explained, although several mechanisms have been proposed. Optimum pH
for the dissolution of gold varies depending on the oxidant type and/or system. In
thiosulfate solutions containing iron(III)/oxalate or EDTA, the optimum pH is in the
range of 4-7, while other systems operate well in the pH range of 7 to 11.

Low thiosulfate consumption was reported for the thiosulfate systems that use
copper(II) or iron(III) complexes as oxidants. However, they are not effective in treating
complex sulfide ores with multiple elements, and pH control is critical particularly for
the iron systems. Considerable research would be needed to develop a robust process
that matched or surpassed the performance of the traditional cyanidation process.
Thiosulfate-oxygen systems show excellent potential for processing of sulfidic,
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carbonaceous and some oxide gold ores. The major drawbacks to these systems are: (i)
potentially high reagent consumption; and (ii) the inability of any one single system
investigated to date to treat a wide range of ores and concentrates. Thus, there is need
to test and develop a system that could treat a variety of ores and concentrates at a
reduced production cost.
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CHAPTER 3

EXPERIMENTAL DESCRIPTIONS

3.1 Reagents

The reagents used in this study are listed in Table 3.1.

Table 3.1 – List of reagents
Name

Chemical formula

Purity (%)

Supplier

Sodium thiosulfate pentahydrate

Na2S2O3·5H2O

99.5+

Rowe Scientific

Calcium thiosulfate (20-30%)

CaS2O3

a

Tessendero Kerley, USA

Gold(I) sodium thiosulfate hydrate

Na3Au(S2O3)2·2H2O

99.9

ALFA Chem

Potassium dicyanoaurate(I)

KAu(CN)2

98

Sigma Aldrich

Gold standard (1000 mg L )

HAuCl4

AR grade

BDH

Sodium cyanide

NaCN

95+

Merck

Potassium cyanide

KCN

98+

Sigma Aldrich

Potassium carbonate

K2CO3

99.5+

Rowe Scientific

Buffer solutions pH 4, 7, 10

Weak acid and salt

AR grade

Perth Scientic ltd

Sodium hydroxide (1 M)

NaOH

AR grade

VWR International ltd

Lime

Ca(OH)2

Industrial grade

Swan Cement

Sodium sulfate

Na2SO4

99.5

Sigma Aldrich

Sodium choride

NaCl

99+

Sigma Aldrich

Copper sulfate pentahydrate

CuSO4·5H2O

98+

Sigma Aldrich

Copper(I) chloride

CuCl

98+

Sigma Aldrich

AgNO3

98+

Sigma Aldrich

Ag(I) standard

AR grade

PLASMA CHEM

ICP-MS standard (10 mg L )

Multi-element

AR grade

Merck

Sodium tetrathionate

Na2S4O6

99+

Merck

Sodium trithionate

Na2S3O6

c

CSIRO

Nitrogen gas

N2

High purity grade

BOC gas

Oxygen gas

O2

Industrial grade

BOC gas

Compressed air

Mixture of gases

Mixture of gases

-1

Silver nitrate
-1

Silver standard (10 g L )
-1

a Copper
c

b

CISRO
b

and silver impurities less than 0.006 mM and 0.1 µM respectively, Au = 56%
Prepared from AR grade reagents using the procedure developed by Kelly and Wood (1994).
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The Milli-Q water used for the preparation of all aqueous solutions for the
fundamental electrochemical studies was ultrapure water produced from a Milli-Q
water purifier. The Milli-Q water purifier model SIMS000WW Simplicity Water
Purification System was used, which used resin filters and deionisation to purify water
to 18.2 MΩ cm at 25 °C. However, distilled water was used in ore leaching and
adsorption studies which did not require high purity water.

3.2 Minerals and gold ores

The minerals, gold ores and concentrates used in this study are listed in Table 3.2.
All sulfide minerals and concentrates were stored in a freezer to retard oxidation.

Table 3.2 – List of minerals and gold ores

a

Materials

Purity (%)

Supplier

Pyrite (bulk)

99+

GEO discoveries

Pyrite (crystal)

100

c

Chalcolpyrite

90+

GEO discoveries

Hematite

92+

GEO discoveries

Goethite

99+

c

Kaolinite

98+

c

Quartz

100

c

Pyrite flotation concentrate

a

KCGM, Western Australia

Calcine concentrate

a

KCGM, Western Australia

Copper-gold concentrate

a

Telfer, Western Australia

Pressure oxidised (POX) residue

a

Porgera Mine, PNG

Oxide ore

a

Golden Grove, Western Australia

Gold rod, 3.85 mm diameter
Gold powder, 1.5-3.0 μm

99.99+

Bio Scientific

99.99+

Bio Scientific

Activated carbon

b

Jacobi Carbons

b

mixture of minerals, levels of copper impurity were below 0.002%, the detection limit of the
ICP-OES, c provided by CSIRO, activated carbon had an average particle size of ~ 2 mm.
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3.3 Electrochemical and open-circuit leaching tests

Fundamental studies for gold dissolution were divided into two categories namely:
electrochemical and leaching tests. The sources of gold were in the form of gold powder,
plated or massive gold disc used in the rotating electrochemical quartz crystal
microbalance (REQCM) or rotating disc electrode (RDE). The advantages of studying
gold dissolution from the three different sources are listed in Table 3.3 which justifies
the use of REQCM. It is well known that thiosulfate leaching of gold is accompanied
by other side reactions such as thiosulfate oxidation; therefore, the conventional RDE
electrochemical technique was not the most suitable method for studying the gold
oxidation half-reaction. A REQCM has the capability to differentiate the reactions
involving mass change due to gold oxidation from side reactions that do not involve
mass change, and was therefore considered more appropriate for the study of the gold
oxidation half-reaction, while the RDE was mainly used for studying the cathodic
reduction of oxygen.
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Table 3.3 – Advantages of using RDE, REQCM and gold powder in studying gold
dissolution

Advantage

Ability to study reactions over a short period

Gold

Gold

Gold

(RDE)

(REQCM)

powder

√

√

Useful when performing experiments in the
√

potential regions where other reactions occur
simultaneously with gold oxidation
High reproducibility of results

√

√
√

High sensitivity in the range of µg to ng
Most accurate method of measuring reaction

√

kinetics
√

In-situ measurement of rates
Allow an investigation over a long leaching period

√

√

Diffusion layer is developed with a thickness that
√

√

does not change with time
Jeffrey et al. (2000); Town et al. (1991).

3.3.1

Apparatus and equipment

(a) Rotating electrochemical quartz crystal microbalance (REQCM)

The REQCM consists of four main parts: (i) EQCM circuit which is connected to
the power supply, frequency counter (Optoelectronics MI Handicounter), and
potentiostat/galvanostat PGP 201 by silver impregnated brushes and copper slip rings;
(ii) shaft constructed of stainless steel and a mild steel liner inserted inside to shield the
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circuit; (iii) quartz crystal electrode; and (iv) variable electric motor, connected to the
shaft by drive pulley. A schematic diagram of the REQCM showing the circuit housed
inside the rotating mild steel shaft and the electrode end view is shown in Fig.
3.1(Jeffrey et al., 2000).

Procedures for the preparation of quartz crystal electrodes were as follows:
(i)

The quartz crystals (12-mm diameter) were first cleaned by immersing them in a
100 mL beaker containing propanol;

(ii) The crystals were removed and put on a clean sheet of paper to dry;
(iii) After drying, a layer of platinum was sputtered onto each quartz crystal using a
sputter coating machine;
(iv) The crystal was mounted on a hollow PVC holder with an inside diameter of 11.95
mm;
(v) Thin plastic-coated wires were connected to each side of the crystal electrode
using epoxy resin; and
(vi) The PVC holder was attached to the REQCM shaft using a tapered joint and the
thin plastic-coated wires attached to the quartz crystal were connected to the
circuit with a two-pin connector.
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Fig. 3.1 – Schematic diagram of (a) the REQCM showing the circuit housed inside
the rotating mild steel shaft, (b) the electrode end view (Jeffrey et al., 2000).

(b)

Rotating disc electrode (RDE)

The RDEs of pure gold and pure minerals were prepared by cutting the mineral or
gold into circular or square discs of an appropriate size and attaching it to a brass holder
with a conductive silver epoxy resin. The specimen and the holder were subsequently
embedded in a non-conductive epoxy resin and the surface of the specimen was exposed
by grinding followed by wet polishing using Struers silicon carbide paper grit 4000.
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The electrode was threaded to a Teflon-coated rod which was also threaded and attached
to the steel shaft. The Au-Ag(2%) alloy, marcasite, chalcocite and activated carbon
electrode were obtained from CSIRO; the pure gold (17 mm diameter) electrode was
obtained from the Curtin University gold group. All the electrodes had the specimen
embedded in a non-conductive epoxy resin. The schematic view of a rotating disc
electrode is shown in Fig. 3.2. Table 3.4 shows the diameters of the disc electrodes and
the corresponding surface area.

Fig. 3.2 – Schematic view of a rotating disk electrode (Town et al., 1991).
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Table 3.4 – Diameter and surface area of different electrodes

(c)

2

Material

Diameter (mm)

Surface area (mm )

Gold

17

227.1

Gold

3.85

11.6

Au-Ag(2%) alloy

15

176.8

Activated carbon

2.11

3.5

Pyrite

5.86

27

Pyrite

10.7

90

Pyrite

15.14

180

Chalcopyrite

4.79

18

Chalcocite

5.64

25

Marcasite

8.67
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Electrochemical cell

The electrochemical cell was a typical 100 mL water-jacketed, three-electrode glass
vessel consisting of the working electrode, reference electrode and a platinum wire as
counter electrode. The reference electrode was separated from the glass cell by a Luggin
capillary tube (salt bridge) connected at the base of the cell. A saturated KCl solution
mixed with an Agar jelly was used as the salt bridge and the Luggin capillary tube was
placed approximately 2 mm from the working electrode. A schematic diagram of a
three-electrode electrochemical cell is presented in Fig. 3.3.
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Fig. 3.3 – Schematic diagram of the three-electrode electrochemical cell.

(d) Reference electrode

The reference electrode was a Ag/AgCl electrode, ionode model IH-10 with a
potential of +199 mV versus the standard hydrogen electrode (SHE) at 25 °C. A
schematic presentation of the electrode is shown in Fig. 3.4.
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Fig. 3.4 – A schematic diagram of a Ag/AgCl reference electrode (Cross et al., 2008).

(e) Counter electrode

A coiled platinum wire (1 mm in diameter) was used as a counter electrode (CE),
and placed in a separate compartment in contact with the working solution through a
glass frit.

(f) Water bath and gas supply

A Ratek water bath Model TH5-2 kW, supplied by Rowe Scientific, with
circulating water was used to maintain solution temperature within ± 0.1°C of the
desired value. Cylinders of industrial oxygen and nitrogen, compressed air produced
on-site at CSIRO were used. Gas flowrates were controlled by adjusting the gas valves
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and flowmeters. The same water bath and gas supply system was used for REQCM,
RDE and gold powder dissolution tests.

(g) Electrochemical system

The electrochemical set-up included a PGP 201 potentiostat/galvanostat model 362
connected to the REQCM and potentiostat (EG & G model 362) connected to the RDE.
Data acquisition and all analysis involving REQCM were done with customised
software written in Q-Basic. Potentiometer Control.vi Software was used for RDE
experiments.

3.4 Gold powder dissolution tests

A water-jacketed glass vessel (1 L) with ports on the glass lid was used, with the
mechanical stirrer inserted in the central port. The other ports were used for air/oxygen
injection and sampling tube. The schematic diagram of the vessel used in gold powder
dissolution is shown in Fig. 3.5.
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Fig. 3.5 – Photograph of the glass reactor used in gold powder dissolution.

3.5 Ore leaching and adsorption tests

The equipment used for sample preparation, ore leaching and gold adsorption
studies are described below.

3.5.1 Ball mill and sieves

Gold ores/concentrates, minerals and activated carbon were milled using a Lab
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Technics LM2 laboratory pulverising ball mill. These were then sieved to obtain the
required particle size range using laboratory test sieves supplied by Endecotts Ltd. The
sieve sizes used were: 75, 100, 120 and 150 µm.

3.5.2 Reaction vessels and bottle roller

The leaching and adsorption tests were carried out using a bottle/tube roller model
STRT9D manufactured by Stuartz. The unit can be used in an oven at temperatures up
to 60 °C. High density polyethylene bottles (1 L) with holes on the lids for the gas inlet
were used for ore leaching. Gas flow into the reactor vessel was controlled using
flowmeters. A photograph showing the experimental set-up is presented in Appendix
A4. The gold adsorption tests were carried out in closed 500 mL high density
polyethylene bottles.

3.5.3 Oven

A Contherm Series 5 drying oven with bottle rollers placed inside was used to
maintain the temperature of the slurry to the desired value during the ore leaching and
gold(I)-thiosulfate adsorption studies. The temperature was maintained within ± 0.1 ºC
of the set values.
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3.6

Experimental procedures

3.6.1 Electrochemical measurements

The dissolution of gold in thiosulfate solutions with oxygen as the oxidant is an
electrochemical reaction whereby the oxidation of gold and the reduction of oxygen
occur simultaneously. Hence, the anodic and cathodic half-reactions were studied
separately. The electrochemical measurements were therefore divided into
electrochemical oxidation of gold and oxygen reduction.

(a)

Electrochemical oxidation of gold

The REQCM and electrochemical system described in Section 3.3 was used for
short term gold oxidation tests. Prior to the gold oxidation studies the quartz crystal
electrode was first plated with gold. Electroplating solutions were prepared using
potassium cyanide, potassium carbonate, and potassium dicyanoaurate(I), diluted with
milli-Q water to the concentrations of reagents shown in Table 3.5 (Chandra and Jeffrey,
2003). The gold electrode was freshly plated with the solutions by applying currents
shown in Table 3.5. An initial pulsing current was applied for 5 seconds resulting in an
initial gold cover on the platinum surface. A residual mass of around 120 µg was then
plated on the electrode at a constant current density of 25 A m-2 (Table 3.5). The plated
electrode (5 mm diameter) was immediately removed from the solution and rinsed with
milli-Q water.
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Table 3.5 – The composition of gold electroplating solution and plating current densities

Reagent

Concentration Initial pulsing current Constant plating current
density / (A m-2)

(M)
KAu(CN)2

0.02

KCN

0.023

K2CO3

0.086

density / (A m-2)

250

25

Procedures for the electrochemical oxidation of gold using REQCM were as follows:
(i)

A 100 mL electrolyte solution of thiosulfate (Na2S2O3/CaS2O3) was poured
into the electrochemical cell;

(ii)

The solution was deoxygenated by purging with highly pure nitrogen gas
for 30 minutes prior to and during the test;

(iii) Immediately after the deoxygenation process, the freshly plated gold
REQCM electrode was immersed in a solution at a rotation rate of 300 rpm;
and
(iv) The potential scan at a rate of 2 mV s-1 from 0 to +500 mV was started
immediately after the immersion of the electrode.
During the oxidation process, the mass change of the gold electrode was converted to a
calculated current density (icalc) using Faraday’s law as indicated in Eq. 3.1 (Jeffrey et
al., 2000):

icalc =

nF dm
AM dt

(3.1)

where, n is the number of moles of electrons transferred per mole of gold (n = 1), F is
the Faraday constant (96 485 A s mol-1), A is the electrode surface area (m2), m is the
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mass of gold (g), M is the molar mass of gold (g mol-1), and t is time in seconds. A plot
of icalc versus potential, known as a voltammogram or polarization curve, was generated.

Pure gold RDE (17 mm diameter) was used to investigate the effect of carbon on
the anodic oxidation of gold at a fixed potential of 180 mV over a period of 18 hours
and at varying potentials. The same procedure for the oxidation process was applied as
in the REQCM studies. Gold dissolution rates were calculated based on the moles of
gold(I) ions in solution and the measured current. Scanning Electron Microscope (SEM)
analysis of the gold electrode surface before and after the oxidation process was also
carried out. A number of factors were varied during the electrochemical dissolution tests
and are shown in Table 3.6.

Table 3.6 – Factors investigated in electrochemical dissolution of gold

Gold

Variable

Cu(II)

Na2S2O3

T

(mM)

(M)

(°C)

Sodium thiosulfate

2

0.05-0.5

50

Temperature

2

0.1

25-50

Copper(II)

0-10

0.1

50

Silver(I) (0.1-1 mM)

nil

0.1

50

Thiourea (0 or 10 mM)

2

0.1

50

Carbon (0 or 2%)

2

0.1a

50

disc
REQCM

RDE

Temperature (T), solutions under nitrogen, a CaS2O3, carbon in % (w / v), 300 rpm at pH 10.

(b)

Oxygen reduction using RDE

The reduction of oxygen on pure gold, pure minerals and carbon rotating disc
electrodes was carried out in sodium sulfate solutions. Oxygen reduction was tested in
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the absence of thiosulfate to avoid the potential interference from the oxidation of gold.
Procedures used to perform experiments for the reduction of oxygen were as follows:
(i)

A solution of 0.1 M sodium sulfate was placed in the electrochemical cell;

(ii)

The solution was oxygen-saturated by purging with industrial oxygen for
30 minutes prior to and during the test;

(iii)

Prior to each experiment, electrodes were wet polished using Struers silicon
carbide paper grit 4000 followed by rinsing with milli-Q water;

(iv)

Immediately after rinsing, the gold or mineral disc electrode was immersed
into the solution at a rotation rate of 300 rpm; and

(v)

The potential was scanned from +350 to -50 mV at a sweep rate of 2
mV s-1 using a scanning potentiostat described in Section 3.3.

3.6.2 Chemical dissolution of gold

(a) Open-circuit leaching studies of gold using REQCM

The same experimental set-up and procedure for plating gold was applied as in
Section 3.6.1. Procedures for the leaching tests were as follows:
(i)

Exactly 100 mL of 0.1 M sodium/calcium thiosulfate solution was placed
in the cell;

(ii)

The solution was bubbled with either air, oxygen or a mixture of oxygen
and nitrogen until the dissolved oxygen reached the desired value; and.

(iii) The plated electrode was rinsed with milli-Q water and introduced into the
solution at a rotation speed of 300 rpm.
A plot of mass change and mixed potential as a function of time was generated. The
initial gold dissolution rate (RAu) was estimated from the slope of mass change against
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time. In order to study the galvanic interaction between sulfide minerals and gold, the
mineral electrode was used with a REQCM gold electrode during leaching. The two
electrodes were externally connected. Some of the factors investigated in the chemical
dissolution of gold under open-circuit condition using REQCM are listed in Table 3.7.

Table 3.7 – Factors investigated in chemical dissolution of gold using REQCM

Variable

Cu(II)

pH

(mM)
Copper(II)

0-5

10

pH

2

8.7-12.5

DO (0.2-1 mM)

2

10

Copper(I) (0-10 mM)

nil

10

Sodium chloride (0-0.5 M)*

0

10

2

10

2

Pyrite surface area (27-180 mm )

Dissolved oxygen (DO), Temperature (T), * ionic strength maintained at 0.8 with
Na2SO4, solutions saturated with oxygen, 0.1 M Na2S2O3, 300 rpm at 50 °C.

(b) Open-circuit leaching studies of gold using rotating discs

As indicated in Table 3.3, REQCM offers the advantage of in-situ measurement of
leach rates; however, the leach period is typically short due to a limit on the amount of
gold plated on the quartz crystal surface. Large amounts of gold plated reduce sensitivity
of the measurement. Therefore, to investigate the oxygen-thiosulfate leach system for
longer times, dissolution of gold from a rotating disc and gold powder leaching was
performed. Open-circuit leaching of gold was undertaken using rotating discs of pure
gold (99.99%) and Au-Ag(2%) alloy of 17 mm and 15 mm in diameter, respectively, in
calcium thiosulfate solutions.
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Procedures used to perform open-circuit leaching experiments using rotating discs
were as follows:
(i)

A 100 mL solution of 0.1 M calcium thiosulfate was poured into the
electrochemical cell;

(ii)

The polished electrode of pure gold or Au-Ag(2%) alloy was immersed into
the solution at a rotation rate of 300 rpm;

(iii) Industrial oxygen was purged into the vessel at the rate of 10 mL min-1; and
(iv) Concentration of gold(I) and silver(I) in solution was measured at specified
time intervals using AAS and ICP-MS, respectively.
The effects of carbon or pyrite settled in the bottom of the cell and not in direct contact
with the disc was also investigated. Pyrite and carbon had average particle sizes of ~ 2
mm. When investigating the galvanic effect of carbon on gold dissolution, a carbon
electrode (2.11 mm diameter) and a pure gold rotating disc (17 mm diameter) were
placed in the same solution and electrically connected externally. Table 3.8 lists the
experimental conditions used for the rotating disc open-circuit leaching studies.

Table 3.8 – Experimental conditions used for the dissolution of gold
from rotating discs of pure gold or Au-Ag(2%) alloy

Metal

Variable

disc
Pure gold

Au-Ag(2%)

T
(°C)

Carbon (0 or 2%)

50

Pyrite (0 or 2%)

50

Carbon (0 or 2%)

50

Temperature

25-50

Pyrite and carbon in % (w / v), 0.1 M CaS2O3, 2 mM copper(II), 10 mL min-1
oxygen, 300 rpm at pH 10.

92

(c) Dissolution of gold powder

Pyrite and activated carbon were used as additives for the dissolution of gold
powder in calcium thiosulfate solutions. Carbon had an average particle size of ~ 2 mm.
Pyrite mineral sample was milled using a ball mill to 100% passing size of 100 μm.

A 1 L water-jacketed glass vessel as described in Section 3.4 was used for the gold
powder dissolution tests. Procedures for the gold powder dissolution tests were as
follows:
(i)

A 500 mL solution of sodium/calcium thiosulfate was placed in the vessel;

(ii)

Gold powder (0.03 g) was accurately weighed and added to the reactor;

(iii) Industrial oxygen or air was purged at a flow rate of 10 mL min-1 and the
stirring speed was kept at 300 rpm;
(iv)

A solution sample of 2 mL was taken from the reactor at predetermined
intervals during the leaching process, directly filtered using 0.45 μm nylon
membrane filter during sampling; and

(v)

The filtered aliquots of gold(I)-thiosulfate were converted to a stable
aurocyanide complex by adding 0.5 mL of 10 mM NaCN before analysing
for gold using AAS.

For comparison, the gold powder was also leached in 10 mM sodium cyanide solution
at ambient temperature with air purged at a flow rate of 10 mL min-1. The amount of
additives and some of the parameters investigated in the presence of carbon are shown
in Table 3.9.
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Table 3.9 – Factors investigated in the dissolution of gold powder

Variable

Cu(II)
(mM)

T
(°C)

pH

Pyrite (0-2.5%)

2

50

10

Carbon (0-0.4%)

2

50

10

0-10

50

10

pH

2

50

7-12.0

Temperaturea

2

25-50

10

Copper(II)

a

a

Gold powder had particles size range of +3.0-5.5 µm, pyrite and carbon in
% (w / v), a in the presence of carbon, 0.2 M CaS2O3, 300 rpm, 10 mL min-1 oxygen.

3.6.3 Ore and concentrate leaching

An oxide ore, copper-gold concentrate, pyrite flotation concentrate, calcine and
pressure oxidised residue were used for the leaching tests. The minerology and detailed
description of samples/feed materials is given in Chapter 6. Procedures for ore and
concentrate leaching experiments were as follows:
(i)

A sample of 135 g of the dry feed material was accurately weighed and
placed in a 1 L vessel/bottle described in Section 3.5.2;

(ii)

About 120 mL of distilled water was added followed by stirring of the
contents using a glass rod;

(iii)

The pH of the slurry was initially adjusted to around 6.5 by adding lime
before the addition of calcium thiosulfate. Very low pH values could cause
the degradation of thiosulfate (Fig. 2.3 in Chapter 2);

(iv)

Calculated amount of 1.86 M calcium thiosulfate and water was added to
the vessel to make up a thiosulfate concentration of 0.3 M and a total
volume of 200 mL;

94

(v)

The pH of the slurry was further adjusted to the required value by the
addition of lime;

(vi)

Calculated amounts of 1 M copper(II) stock solution of CuSO4.5H2O was
added to make an initial total copper concentration of 2 mM;

(vii) The contents were bottle rolled with oxygen or air bubbling at a flow rate
of 10 mL min-1 in an oven at a specified temperature;
(viii) The speed of the bottle roller was set at 60 rpm, the maximum speed at
which the roller model STRT9D could be operated;
(ix)

Samples of 5 mL of the slurry was withdrawn at predetermined time
intervals, filtered and immediately analysed for thiosulfate and
polythionate ions using HPLC;

(x)

Exactly 4 mL of the filtered sample solutions of gold(I)-thiosulfate were
converted to a stable aurocyanide complex by adding 0.5 mL of 10 mM
NaCN before analysing for gold(I) and total copper ions using AAS;

(xi)

The final solid residues obtained from selected leach tests were washed,
filtered and dried in an oven at 60 °C for 48 hours; and

(xii) After drying, the residues were sent for fire assay to an independent
laboratory, Bureau Veritas Minerals Pty Ltd.
Cyanide leaching of gold from ores/concentrates was also performed in 10 mM NaCN
with air bubbling at room temperature. Factors varied during the ore leach tests are
shown in Table 3.10.
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Table 3.10 – Factors investigated in the leaching of gold from ores

Variable

Oxidanta

T

Initial

(°C)

pH

Carbon (0-15 g)

50

10

oxygen

Oxidant

50

10

air or oxygen

Particle size range

50

10

oxygen

Temperature

25 or 50

10

oxygen

pH

50

7 or 10

oxygen

(-75, +75-120 or +120-150 µm)

Initial concentration of CaS2O3 was 0.3 M, a 10 mL min-1 flowrate. Carbon was
added as powder with a particle size range of -120 µm.

3.6.4

Adsorption studies

Common sulfide and gangue minerals found in gold ores were used, namely pyrite,
chalcopyrite, goethite, hematite, quartz and kaolinite. Goethite, hematite, quartz and
kaolinite had a particle size range of 80% passing 75 μm. The pyrite and chalcopyrite
samples were milled to 80% passing 75 μm using a ball mill. Carbon of average particle
size ~ 2 mm was used. The surface area of the minerals and carbon is indicated in Table
3.11.

Table 3.11 – Brunauer-Emmett-Teller (BET) surface area of minerals

Mineral

BET surface area / (m2 g-1)

Goethite

14.4

Kaolinite

16.2

Quartz

1.3

Pyrite

0.33

Chalcopyrite

0.31

Activated carbon

890
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A 100 mg L-1 gold stock solution as Na3Au(S2O3)2·2H2O, 1 M copper stock
solution of CuSO4·5H2O and 100 mg L-1 silver stock solution of AgNO3 were prepared
using milli-Q water. The procedure for the preparation of the stock solutions is outlined
in Appendix A5. The calcium thiosulfate stock solution had a concentration of 1.86 M.
The stock solutions were prepared about 20 to 30 minutes before the start of the
experiment. Unless otherwise specified, the synthetic solution consisted of 0.05 M
calcium thiosulfate and 10 mg L-1 Au(I) at pH 10. Solutions were prepared by adding
calculated amounts of 1.86 M calcium thiosulfate stock solution, gold, copper, silver
salts of interest or polythionate salts (Na2S3O6 / Na2S4O6) to give the desired target
concentrations. The reagent concentrations were based on leaching studies of this work
and literature data (Aylmore et al., 2014). The solutions were adjusted to pH 10 using
0.1 M NaOH.

Experiments were performed by bottle rolling 65 mL of the synthetic solutions
containing 5 g of the mineral or 1.5 g carbon at 25 oC, unless otherwise specified. The
bottle roller speed was 60 rpm. The pulp density was chosen based on literature data
(Feng and van Deventer, 2001) and conditions used in fundamental studies (Section
3.6.2). Bottles were tightly closed to exclude oxygen during the adsorption process in
order to minimise leaching of gold (if any). Before the addition of mineral or carbon, a
sample was taken and analysed for gold, copper, silver ions or polythionates (Na2S3O6
/ Na2S4O6). Subsequent samples of 2 mL were taken from the bottle at predetermined
time intervals and analysed for the metal ions using AAS or polythionate and thiosulfate
ions using HPLC. In order to determine the gold, copper and polythionate adsorption
isotherms, a fixed amount of mineral was added to the bottles containing increasing
concentrations of initial metal ions or polythionate in 0.05 M calcium thiosulfate
solutions.
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Adsorption was quantified in this work as the decrease in concentration of gold(I),
silver(I), copper ions or polythionate when the synthetic solution was equilibrated with
minerals in sealed, air-tight bottles (Eq. 3.2). In order to ensure that no adsorption of
gold(I)-thiosulfate by the bottle took place, a blank experiment was carried out in the
absence of minerals or carbon.

% Adsorption =

C0 −C𝑡
C0

×100

(3.2)

where, C0 and Ct are the concentrations of metal ion at the start and after t hours,
respectively.

3.7

Experimental measurements

3.7.1 pH measurement

The pH of the solution and slurry was measured manually using an ionode pH probe
model IJ44A connected to a TPS pH meter with pH, mV and temperature readouts. The
initial pH of the solutions was adjusted to the desired value using 0.1 M NaOH and that
of the ore slurry using hydrated lime.

3.7.2 Open-circuit potential

In this study, open-circuit potential refers to the potential exhibited by the gold
electrode when there was no applied potential. This is also referred to as the mixed
potential. The mixed potential was measured using a silver/silver-chloride (Ag/AgC1)
reference electrode and a gold electrode. Data was recorded as a function of time using
98

potentiometer Control.vi Software and a customised software written in Q-Basic for
RDE and REQCM, respectively. The potentials were reported with respect to the
standard hydrogen electrode (SHE).

3.7.3 Dissolved oxygen (DO)

The concentration of dissolved oxygen was measured using a TPS dissolved
oxygen sensor. Different concentrations of DO in solutions were achieved by bubbling
a mixture of oxygen and nitrogen in different ratios.

3.7.4 Solution or slurry potential (Eh)

A diode model IJ64 platinum electrode combined with a silver/silver-chloride
reference electrode was used to determine the solution or slurry potential. Solution Eh
was continuously monitored and recorded using a TPS meter model W-80 with pH, mV
and temperature readouts. The Eh of the slurry was measured manually at
predetermined time intervals. The Eh measurements were reported in units of mV to the
standard hydrogen electrode values.

3.8 Analysis and characterisation

High-performance liquid chromatography (HPLC) was applied for the analysis of
thiosulfate and polythionates concentration. Atomic adsorption spectrophotometry
(AAS), inductively coupled plasma optical emission spectrometry (ICP-OES) and
inductively coupled plasma mass spectrometry (ICP-MS) were used to analyse the
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concentration of metal ions in solution. Both X-ray diffraction (XRD) and Quantitative
XRD (QXRD) were used for the characterization of ores, minerals and residues.

3.8.1 High-performance liquid chromatography

(a)

Instrumentation

The instrument used was a Waters Alliance model 2695. The schematic diagram
showing the main components of the HPLC is presented in Fig. 3.6. It consists of seven
key components: (i) the mobile phase (eluent) which was 0.4 M NaClO4·H2O solution
and milli-Q water, where sodium perchlorate has a low UV absorbance, provides rapid
exchange of strongly adsorbing species, and does not have a tendency to degrade
polythionates, unlike strong alkaline solutions (Daenzer et al., 2016); (ii) a high pressure
pump (John Morries PD 5206) used to generate a specified flow rate of the mobile
phase; (iii) an auto sampler injector for introducing the sample into the following mobile
phase stream that carries the sample into the HPLC column; (iv) a Thermo Scientific
AG16 guard column (4 × 50 mm) and a Thermo Scientific AS16 analytical column (4
× 250 mm) containing the chromatograph packing material needed to affect the
separation; (v) a Waters 2998 photodiode array detector to measure the different
solution species; (vi) waste container for collecting the mobile phase as it exits from the
column; and (vii) a computer data station for recording the output and processing using
Empower software.
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Fig. 3.6 – Schematic diagram of HPLC. 1. NaClO4.H2O; 2. Milli-Q water; 3. Pump
4. Samples; 5. Auto-sampler; 6. Analytical column; 7. Detector; 8. Computer section;
9. Waste.

(b) Preparation of standards and calibration

Salts of the relevant ions in Table 3.1 were used for the preparation of standards.
Initial 5 mM solutions of Na2S2O3, Na2S3O6 and Na2S4O6 were prepared and diluted to
the appropriate concentration. A sample of 5 μL of each solution were injected into the
machine using an auto-sampler to obtain a calibration curve. The calibration curves for
the standards are shown in Fig. 3.7.
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Fig. 3.7 – Calibration curves for the thiosulfate and polythionates standards.

(c) Sample preparation and analysis

Samples from the leach liquor were filtered using a 0.45 μm nylon membrane filter
and diluted using milli-Q water to achieve the appropriate concentrations. The diluted
samples (2 μL) were quickly injected into the instrument using an auto sampler. A
typical chromatogram for the thiosulfate leach liquor solution is illustrated in Fig. 3.8.
Thiosulfate, trithionate and tetrathionate were detected within 8 minutes (Fig. 3.8). The
peak absorbance of thiosulfate and tetrathionate is at a wavelength of 214 nm.
Trithionate is weakly absorbed at 214 nm, but at 192 nm, a strong absorption is obtained
(Jeffrey and Brunt, 2007). Therefore, thiosulfate and tetrathionate were quantified at
214 nm while trithionate was quantified at 192 nm.
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Fig. 3.8 – Typical chromatogram for a thiosulfate leach liquor.

3.8.2

Atomic adsorption spectrophotometry (AAS)

An Agilent model 240FS AA was used for analysing the gold, silver and copper
ions in the solutions.

(a)

Preparation of standards and analysis of gold, silver and copper ions

The silver(I) standards were prepared by diluting the stock solution of Ag(I)
standard (Table 3.1) with milli-Q water to appropriate concentrations as indicated in
Table 3.12. Gold and copper standards for samples containing thiosulfate and cyanide
were prepared as follows:
(i)

Samples of 0.0393 g and 0.0146 g of CuSO4·5H2O and KAu(CN)2, respectively,
were accurately weighed and placed in separate 250 mL beakers;

(ii)

A solution of 50 mL of 10 mM NaCN was added with stirring;
103

(iii)

The pH of the solutions was adjusted to 11 with 0.2 M NaOH;

(iv)

The solutions from the beakers were transferred into 100 mL volumetric flasks
and topped to mark with 10 mM NaCN resulting in 100 mg L-1 gold and copper
stock solutions; and

(vi)

The stock solutions were further diluted to appropriate concentrations as shown
in Table 3.12.

The metal ion assay was determined following a standard procedure provided by
Agilent. To ensure reproducibility of results, AAS measurements were conducted in
triplicate and reported values are the average of the three. The relative standard
deviations were below 2.5%.

Table 3.12 – Standard solutions of gold, copper and silver ions

Element

Sample matrix

Standard

Concentration

Wavelength

-1

Gold

Thiosulfate, NaCN

KAu(CN)2

Copper Thiosulfate, NaCN CuSO4·5H2O in 10 mM NaCN
Silver
a The

3.8.3

Thiosulfate

Ag(I) standard

a

(mg L )

(nm)

1, 2, 5, 10, 20

242.8

1, 4, 6, 8

327.4

2, 5, 10, 20

338.3

wavelength used for the determination of metal ions.

X-ray diffraction (XRD) and Quantitative XRD (QXRD) analysis

A PANanalytical model, Empyrean, was used to qualitatively analyse the
mineralogical composition of the residues, minerals and gold ores/concentrates and the
data was quantitatively analysed using Topas 4.2 software. Results are presented in
Chapters 6 and 7, as well as Appendix A15. A standard procedure provided by
PANanalytical was followed during the analysis.
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3.8.4 Scanning electron microscopy (SEM) analysis

The SEM technique was employed for surface analysis of the gold disc electrode.
A SEM instrument, JOEL JSM-7001F, was used.

3.8.5 Inductively coupled plasma optical emission spectrometry (ICP-OES) and
inductively coupled plasma mass spectrometry (ICP-MS)

A Thermo Scientific model iCAP Q ICP-MS instrument was used for analysis of
the impurities in the concentrated calcium thiosulfate solution and silver ions in
solution. A multi-element standard stock solution of 10 mg L-1 (Table 3.1) was diluted
to appropriate concentrations of 1, 4, 8 and 10 mg L-1; and used for construction of the
calibration curve. The standard procedure provided by Thermo Scientific was followed
during the analysis of the samples. An ICP-OES Varian model VISTA-PRO was used
for elemental analysis of minerals and ores after acid digestion of the samples. This was
done by an independent laboratory at CSIRO’s analytical department. The ICP-MS
analyses were run in triplicate and the relative standard deviations were below 2%.

3.8.6 The Brunauer-Emmett-Teller (BET) analysis

A surface area and porosity analyser, Micromeritics Tristar II was used for surface
area analysis of minerals and carbon. The specific surface area (m2/g) of a powder is
determined by physical adsorption of a gas (N2) on the surface of the solid and by
calculating the amount of adsorbate gas corresponding to a monomolecular layer on the
surface (Lowell et al., 2004).
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Procedures for the determination of surface area were as follows:
i. A sample tube holder was placed in a balance and a powder sample of 1-2 g was
added and accurately weighed after closing with a stopper;
ii. The sample tube holder with a sample was then placed in a Micromeritics
VacPrep 061 machine to remove gases and vapours that may have become
physically adsorbed on the surface of the sample, during handling or storage.
This outgassing process was done sequentially at 25 °C for 1 hour, followed by
90 °C for 1 hour and finally at 110 °C for 15 hours;
iii. When the outgassing process was finished, the sample tube was removed,
stoppered and weighed; and
iv. The sample tube holder with the sample was placed in a surface area and
porosity analyser, Micromeritics Tristar II where nitrogen was admitted into the
evacuated space above the previously outgassed powder sample to give a
defined equilibrium pressure. This was followed by analysis of the sample using
Tristar II 3020 Version software. Reproducibility of the results were tested by
running the analysis in triplicate and reported values are the average of the three.
Errors were below 3%.
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CHAPTER 4

ELECTROCHEMICAL DISSOLUTION
OF GOLD FROM A ROTATING
ELECTROCHEMICAL QUARTZ
CRYSTAL MICROBALANCE AND
ROTATING DISC ELECTRODE

4.1 Introduction

As mentioned in Chapter 3, the dissolution of gold in thiosulfate solutions with
oxygen as the oxidant is an electrochemical reaction which consists of the simultaneous
oxidation of gold and reduction of oxygen. The anodic gold oxidation and the cathodic
oxygen reduction reactions were studied separately using REQCM and RDE,
respectively. The effects of copper(I)/(II), background ions, silver(I) and other
conditions on the anodic gold oxidation are discussed in this Chapter.

Although oxygen could be used as an oxidant for gold in the thiosulfate system, the
rate of the cathodic reduction of oxygen in the relevant potential region is too low for
practical purposes (Zhang and Nicol, 2003). Most additives reported in the literature
such as thiourea (Chandra and Jeffrey, 2004; Zhang et al., 2005; Zelinsky and
Novgorodtseva, 2013) and 3-mercaptopropionic acid (Baron, 2010) have a beneficial
effect on the anodic gold oxidation half-reaction. Lead(II) has been reported to facilitate
the reduction of oxygen on gold; however, its impact on the overall reaction is less
significant (Chandra and Jeffrey, 2003). In order to achieve gold leaching rates with a
similar order of magnitude to that achieved with cyanide, both the anodic gold oxidation
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and the cathodic half-reactions need to be improved. The use of additives such as sulfide
minerals and carbon as means of improving the cathodic and the anodic half-reactions
were investigated. The reduction curves of oxygen on gold, sulfide minerals and carbon
are compared in order to examine the impact on the overall gold oxidation reaction
using mixed potential theory and Ritchie diagrams.

4.2 Factors affecting gold oxidation from REQCM

4.2.1 Effect of potential

Fig. 4.1 shows the polarisation curves and corresponding mass change during the
anodic oxidation of gold in a thiosulfate solution in the absence of oxygen using
REQCM as a function of potential. As can be seen, within the potential region of 100
to 300 mV, the calculated current density based on mass change increases and closely
matches with the measured current density, indicating that the gold oxidation is the sole
oxidation reaction. At potentials above 300 mV, the measured current density deviates
from the calculated current density due to the oxidation reactions other than gold
oxidation, likely thiosulfate oxidation in this instance (Breuer and Jeffrey, 2002). It can
also be seen that the gold oxidation is hindered as the thiosulfate oxidation becomes
more prominent at more positive potentials. The inhibition of gold oxidation is possibly
due to the formation of a sulfur-like passivating coating on the gold surface produced
by the anodic oxidation of thiosulfate (Zhang and Nicol, 2003). This can be attributed
to thiosulfate disproportionation to form sulfate and sulfide according to Eq. 2.52 listed
in Table 2.7, with the latter undergoing oxidation to sulfur (Zhang and Nicol, 2003).
The effect of copper ions, background ions and other parameters are discussed in the
following Sections.
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Fig. 4.1 – Linear sweep voltammogram using REQCM showing oxidation of gold in
deoxygenated sodium thiosulfate solutions, in the absence of copper ions (0.1 M
Na2S2O3, scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C).

4.2.2 Effect of temperature

Fig. 4.2 shows the effect of temperature on the oxidation of gold represented as the
calculated current density and rate (RAu) from the measured mass change. As can be
seen, the rate of gold oxidation increases with increasing temperature (Fig. 4.2b). A
similar trend was observed by Zhang and Nicol (2003) on the anodic dissolution rate of
gold at a fixed potential of 250 V in the absence of copper using a RDE. However, the
rates obtained by Zhang and Nicol (2003) in the absence of copper are lower as indicated
in Fig. 4.2b. Using the leach rates at different temperatures at potential of 150 mV. The
Arrhenius plot in Fig. 4.3 was generated by plotting ln (rate) as a function of 1/T to
estimate the activation energy (Ea) where rate (RAu) = i/nF. From the linear fit, an
activation energy of 57.4 kJ mol-1 was calculated which indicates that the gold oxidation
in the potential region of interest (50-180 mV) is chemically controlled. The increase in
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temperature, however, could also increase the rate of thiosulfate degradation. At
temperatures higher than 60 °C thiosulfate becomes highly unstable (Ji et al., 2003a).
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(a)

(b)

Fig. 4.2 – Calculated current density (a) and corresponding gold oxidation rate (b) from measured
mass change showing the effect of temperature in deoxygenated sodium thiosulfate
solutions (0.1 M Na2S2O3, 2 mM copper(II), scan rate 2 mV s-1, 300 rpm at pH 10).
Square and circle symbol represent the rate in 1 M Na2S2O3 at 55 °C and 25 °C,
respectively in the absence of copper at 250 V using RDE (Zhang and Nicol, 2003).
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Fig. 4.3 – Arrhenius plot for data from Fig. 4.2 at 150 mV.

4.2.3 Effect of copper ions

Gold oxidation in deoxygenated 0.1 M Na2S2O3 at different concentrations of added
copper(II) (as CuSO4·5H2O stock solution) is shown in Fig. 4.4. It should be noted that
although the copper was added as copper(II), it reacts immediately with thiosulfate to
form copper(I) thiosulfate complex and tetrathionate. The results indicate that the
oxidation rate of gold is enhanced markedly by the addition of 2 mM copper(II). Further
increase in copper concentration above 2 mM had a detrimental effect, which is possibly
due to the formation of copper sulfide and/or copper oxide at the gold surface inhibiting
the oxidation of gold. The results are consistent with those of Zhang and Nicol (2005)
and Gudkov et al. (2010), obtained using a RDE. Zhang and Nicol (2005) suggested
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that the formation of mixed complex (Au,Cu)(S2O3)23-, may be assisting the dissolution
of gold. The effect of added copper(II) was also investigated in calcium thiosulfate
solutions and a similar trend was observed (Fig. 4.5).
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(a)

(b)

Fig. 4.4 – Calculated current density (a) and corresponding gold oxidation rate (b) from measured
mass change showing the effect of added copper(II) in deoxygenated sodium
thiosulfate solutions (0.1 M Na2S2O3, scan rate 2 mV s-1, 300 rpm at pH 10 and
50 °C).
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(a)

(b)

Fig. 4.5 – Calculated current density (a) and corresponding gold oxidation rate (b) from measured
mass change showing the effect of added copper(II) in deoxygenated calcium thiosulfate
solutions (0.1 M CaS2O3, scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C).
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4.2.4 Effect of thiosulfate concentration

The effect of thiosulfate concentration on the oxidation of gold was investigated in
the presence of copper(II) and the results are shown in Fig. 4.6. The increase in the rate
of oxidation of gold in the potential region of interest with the increase in thiosulfate
concentration is consistent with the chemically controlled nature of the reaction. A
similar trend was observed by Zhang and Nicol (2003) at a constant applied potential
of 0.25 V in deoxygenated alkaline sodium thiosulfate solutions in the absence of copper
ions (Zhang and Nicol, 2003). For comparison, the oxidation rates obtained by Zhang
and Nicol (2003) in 0.5 M and 1 M Na2S2O3 at 250 mV in the absence of copper are
also shown in Fig. 4.6 using a circle and square symbol, respectively. The rates reported
by Zhang and Nicol (2003) in the absence of copper(II) at 25 °C are lower, implying
that copper ions and high temperatures have a significant effect on gold oxidation in
non-ammoniacal thiosulfate solutions.
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(a)

(b)

Fig. 4.6 – Calculated current density (a) and corresponding gold oxidation rate (b) from measured
mass change showing the effect of thiosulfate concentration in deoxygenated solutions
(0.1 M Na2S2O3, 2 mM copper(II), scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C).
Square and circle symbol represent the rate at 250 mV in 1 M Na2S2O3 and 0.5 M Na2S2O3,
respectively in the absence of copper at 25 °C using RDE (Zhang and Nicol, 2003).
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4.2.5 Effect of cations

The effect of background cations, associated with the added thiosulfate salt, on gold
leach rate has been investigated previously (Chandra and Jeffrey, 2003; Chandra and
Jeffrey, 2004; Feng and van Deventer, 2010a; Nicol, 2013; Zhang et al., 2013). In
ammoniacal thiosulfate solutions, Feng and van Deventer (2010) found that the relative
beneficial effect of cations on gold leach rate is in the order Na+ < NH4+ < Ca2+.
Similarly, Chandra and Jeffrey (2004) showed that, in non-ammoniacal solutions, the
electrochemical oxidation of gold using potassium thiosulfate is faster than that using
sodium salt.

It was thus expected that Ca2+ ions would have a similar benefit in non-ammoniacal
thiosulfate solutions and the results of the current work indeed confirmed this prediction
as shown in Fig. 4.7b. The results agree with the RDE leach results obtained by Zhang
et al. (2013). Senanayake (2012) attributed this effect to the high Lewis acidity of Ca2+
facilitating gold dissolution by stabilising the gold as Au2(S2O3)2Ca intermediate
species at the interface prior to the formation of Au(S2O3)23- in solution. It is worth
noting that, however, in the presence of copper, the gold oxidation is similar in both
solutions in the potential region of interest (between 50 mV and 180 mV). These results
are consistent with the results of Nicol (2013) who observed that the oxidation current
densities measured for sodium thiosulfate, calcium thiosulfate and ammonium
thiosulfate systems were almost the same in the presence of copper. In the absence of
copper, the rates measured at 250 V were higher compared with the rates reported by
Chandra and Jeffrey (2003) in K2S2O3 and (NH4)2S2O3 at 30 °C as illustrated in Fig.
4.7b.
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(a)

(b)

Fig. 4.7 – Calculated current density (a) and corresponding gold oxidation rate (b) from measured
mass change showing the effect of electrolyte cation in deoxygenated thiosulfate solutions.
(Sodium versus calcium ions (0.1 M S2O32-), scan rate 2 mV s-1, 300 rpm at pH 10 and
50 °C). Square and circle symbol represents the rate at 250 mV in 0.2 M (NH4)2S2O3 and
0.2 M K2S2O3, respectively in the absence of copper at 30 °C using REQCM (Chandra and
Jeffrey, 2003).
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4.2.6 Effect of silver(I)

The beneficial effect of silver on gold dissolution in alloyed or colloidal form of
the metals has been reported by previous researchers (Webster, 1996; Oraby et al.,
2014). The higher dissolution of gold alloyed with silver in thiosulfate oxygen solutions
may be attributed to the formation of a mixed complex (Au,Ag)(S2O3)23− (Webster,
1986). Silver(I) added as silver nitrate was also reported to have a beneficial effect in
ammoniacal thiosulfate solutions (Zhang, 2008). The effect of silver(I) added as silver
nitrate was investigated in thiosulfate-oxygen system and the results are depicted in Fig.
4.8. The silver(I) concentration was varied from 0.25 to 1.0 mM. It is evident from the
diagram that the gold oxidation increases in the presence of 0.25 mM silver(I).
However, at higher concentrations above 0.25 mM the rate of gold oxidation decreased
quite significantly at potentials below 220 mV. The increase in the current densities
associated with high concentrations at higher potential are likely due to the reduction of
silver on gold forming a Au-Ag alloy which quickly dissolve in solution. Thus, there is
a possibility of silver cementation where silver(I) is acting as a redox mediator for gold
dissolution as proposed by Zhang et al. (2008) for ammoniacal copper(II) thiosulfate
solutions.
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(a)

(b)

Fig. 4.8 – Calculated current density (a) and corresponding gold oxidation rate (b) from measured
mass change showing the effect of silver(I) on gold oxidation in deoxygenated sodium
thiosulfate solutions (0.1 M Na2S2O3, scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C).
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4.2.7 Effect of thiourea

The results of the effect of thiourea on gold oxidation in thiosulfate solutions in
the absence and presence of copper at pH 10 from this study are portrayed in Fig. 4.9.
Previous studies showed that the addition of low concentrations of thiourea significantly
improves the gold oxidation in the absence of copper at pH < 7 (Baron, 2010; Chandra
and Jeffrey, 2003; Zhang et al., 2005). It has been suggested that thiourea adsorb sulfur
species that causes gold passivation (Zelinsky and Novgorodtseva, 2013a; Zhang et al.,
2005) and the beneficial effect of thiourea was attributed to its role as a co-ligand
(Senanayake, 2012).

As expected the addition of thiourea causes a substantial increase in the rate of
gold dissolution in the absence of copper at pH 10. However, in the presence of copper,
the beneficial effect of thiourea is significantly decreased (Fig. 4.9). This may be related
to two factors: (i) the presence of copper(II) which readily oxidises thiourea (Eq. 4.1)
and this reaction is very fast (Krzewska and Podsiadly, 1980); and (ii) copper(I) forms
a strong complex with thiourea (Frost et al., 1975) hence diminishing the amount of
thiourea (Tu) and copper ions available for gold oxidation.

Cu2+ + (n+1)Tu = [Cu(Tu)n]+ + ½(Tu)22+

where n is 1-4

(4.1)
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(a)

(b)

Fig. 4.9 – Calculated current density (a) and corresponding gold oxidation rate (b) from measured
mass change showing effect of thiourea on gold oxidation in deoxygenated sodium
solutions (0.1 M Na2S2O3, scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C).
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4.3 Gold oxidation from RDE and effect of carbon

4.3.1 Current density

The effect of carbon placed at the bottom of the cell, and not in direct contact with
the gold disc, on the RDE voltammetry of polished pure gold was investigated in deoxygenated thiosulfate solutions. The results are presented in Fig. 4.10a. It was found
that there was little variation in the current density measured with and without carbon.
This implies the additive in this situation has no direct effect on the gold oxidation
reaction.

The anodic oxidation of gold was also investigated at a fixed potential of 180 mV
over 18 hours before and after the addition of carbon. Fig. 4.10b shows the current
measured as a function of time at 180 mV in a 0.1 M calcium thiosulfate solution
containing copper ions at 50 ºC. The potential of 180 mV was selected based on the
open-circuit mixed potential of gold RDE in the absence of an additive. Initially, in the
absence of carbon the current density was very low, around 0.055 A m-2. On addition
of carbon after 4 hours, the current density gradually increased to around 0.62 A m-2
before it levelled off. From Fig. 4.10a, the current density at 180 mV is around 0.065 A
m-2 in the absence of carbon, which is also indicated using a square symbol on Fig.
4.10b for comparison. A second scan was conducted after 18 hours of leaching, which
showed that the gold oxidation reaction was accelerated in the presence of carbon (Fig.
4.10a). The gold surface has thus become more active (less passivated), resulting in the
high currents density measured.
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Fig. 4.10 – The effect of carbon on (a) RDE voltammetry, (b) gold oxidation at a fixed potential
(180 mV) with carbon added after 4 hours in deoxygenated calcium thiosulfate
solutions (0.1 M CaS2O3, 2 mM copper(II), carbon 2% (w / v), 300 rpm, scan rate 2
mV s-1, using a pure gold RDE at pH 10 and 50 °C). Also shown as a square symbol
is the current density measured in Fig. 4.10(a) at 180 mV without carbon.

4.3.2 SEM images

The SEM images for the gold electrode before and after oxidation at fixed potential
(180 mV) in the presence of carbon are shown in Fig. 4.11. Before the oxidation process,
the polished gold electrode was smooth (Fig. 4.11a). However, after the oxidation
process in the presence of carbon the gold electrode became pitted or etched, showing
gold oxidation had occurred (Fig. 4.11b).

Fig. 4.11 – SEM images for (a) polished gold, (b) gold after oxidation at fixed potential
(180 mV) in the presence of carbon.
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4.3.3 Gold leach rates

The gold leach rates based on the measured current and gold in solution are
presented in Table 4.1. The rates, based on the dissolved gold in solution with and
without carbon, were calculated after 4 hours and 10 hours, respectively. In the absence
of carbon, the leach rates are low and comparable to those reported in the literature
(Baron, 2013; Zhang and Nicol, 2005). Low gold leach rate in thiosulfate solution is
due to passivation of the gold surfaces by sulfur species such as polythionates, sulfur
and sulfides (Baron, 2013; Watling, 2007; Woods et al., 2006). However, in the
presence of carbon, the gold leach rate increased by an order of magnitude. The
significant increase in current density and gold in solution implies carbon has a
beneficial effect on the gold oxidation half reaction. It is postulated that carbon modifies
the solution chemistry such that the gold surface become more active (less passivated
by sulfur species), resulting in high anodic currents. Further research needs to be
conducted in order to understand the mechanism involved. As can be seen in Table 4.1,
the anodically improved gold leach rate of 6 × 10-6 mol m-2 s-1 based on measured
current as well as solution analysis is still an order of magnitude lower than the typical
gold cyanidation rate of 4.7 × 10-5 mol m-2 s-1 in air saturated sodium cyanide solution
(Jeffrey and Breuer, 2000).
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Table 4.1 – Rates for gold oxidation in the presence and absence of carbon
Set

Method

Carbon

TS

Cu(II)

T

pH

RAu
-6

Ref.
-2

-1

(% w/v)

(M)

(mM)

(°C)

RAu based on measured current (Fig. 4.10a)

nil

0.1

2

50

10

0.67

This work

II RAu based on measured current (Fig. 4.10b)

nil

0.1

2

50

10

0.57

This work

I

(10 mol m s )

2
II RAu based on gold in solution (Fig. 4.10b)

nil

6.22
0.1

2

50

10

2

0.53

This work

5.70

III RAu based on measured current

nil

0.2a

0.50

25

10.9

0.44

Zhang and Nicol (2005)

IV RAu based on average leaching current density

nil

0.1

10

A

8.0-8.5

0.42

Nicol (2013)

Rates measured at 180 mV unless specified, calcium thiosulfate used as a reagent unless specified,
a
sodium thiosulfate, thiosulfate (TS), ambient (A).

4.4 Oxygen reduction on RDEs

4.4.1 Reduction of oxygen on gold RDE and the effect of copper(I)

The reduction of oxygen on the gold surface was studied in oxygen saturated
sodium sulfate solutions in the absence of thiosulfate to avoid the potential interference
from the oxidation of gold. The voltammograms for the reduction of oxygen on gold in
the absence and presence of copper(I) are shown in Fig. 4.12. The results indicate that
the rate of oxygen reduction on the gold surface increases very slowly from 300 to 50
mV, a potential range which is critical for gold oxidation. The slow reduction of oxygen
on the gold surface may be attributed to high overpotential for the reduction of oxygen
(Zhang et al., 2005). The presence of copper significantly enhanced the oxygen
reduction on gold in the 300 to 50 mV potential region, but the rate of the reaction was
still relatively low. The role of copper(I) in enhancing the dissolution rate of gold is
possibly associated with the formation of copper(I)-thiosulfate-oxygen intermediate,
which is more reactive than dissolved oxygen in terms of cathodic reaction (Zhang and
Nicol, 2005). The results in Figure 4.12 are explained further using Ritchie diagram
(modified Evans diagrams) in Section 4.5.
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Fig. 4.12 – Linear sweep voltammogram showing reduction of oxygen on gold in the absence and
presence of 2 mM copper as copper(I)-thiosulfate in oxygen saturated sodium sulfate
solutions (0.1 M Na2SO4, 300 rpm, scan rate 2 mV s-1, 1 mM O2 at pH 10 and 50 °C;
10 mM thiosulfate).

4.4.2 Oxygen reduction on sulfide minerals and carbon

(a) Comparison of different RDEs

Fig. 4.13 shows the polarisation curves for the cathodic reduction of oxygen on the
surface of the gold, sulfide minerals and carbon rotating discs in oxygen saturated
sodium sulfate solutions. It is clear that the oxygen reduction on the surface of two
sulfide minerals (pyrite and chalcopyrite) and carbon is much more effective than that
on the surface of gold. The oxygen reduction on the sulfide minerals commences at
approximately 270 mV (Fig. 4.13a) and the reduction current density increases sharply
as the potential shifts to more negative potentials. Oxygen reduction was also found to
occur preferentially on other sulfide minerals such as chalcocite and pyrrhotite (Dai and
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Jeffrey, 2006). The rate of oxygen reduction on the carbon increases rapidly from 300
to 50 mV (Fig. 4.13b), within the potential range which is vital for gold dissolution.
Since pyrite, chalcopyrite and carbon are semi-conductors, it is expected that, during
gold leaching, these minerals or carbon may provide additional electron acceptance
capacity and increase the rate of gold dissolution via galvanic interaction when in
contact with gold. This is discussed further in Chapter 5.
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Fig. 4.13a – Linear sweep voltammogram showing cathodic reduction of oxygen on pure gold and
sulfide minerals in oxygen saturated sodium sulfate solutions (0.1 M Na2SO4, 1
mM O2, 300 rpm, scan rate 2 mV s-1 at pH 10 and 50 °C).

Fig. 4.13b – Linear sweep voltammogram showing cathodic reduction of oxygen on pure gold and
carbon in oxygen saturated sodium sulfate solutions (0.1 M Na2SO4, 1 mM O2, 300
rpm, scan rate 2 mV s-1 at pH 10 and 50 °C).
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(b) Comparison of pyrite RDE at different pH

Fig. 4.14a shows the curves for the cathodic reduction of oxygen on pyrite surface
in solutions of different pHs. The equilibrium potential for the oxygen reduction (Eq.
4.2) can be expressed according to the Nernst equation (Eq. 4.3).

O2 + 2H2O + 4e− = 4OH−

0

Ee = E −

[OH− ]4
(
)
4F pO2 [H2 O]2

RT

(4.2)

(4.3)

where, Ee is the equilibrium potential, E0 is the standard potential and p is the partial
pressure of oxygen. It is clear from Eq. 4.3 that equilibrium potential depends on the
pH. Thus, in neutral solutions or solutions of lower pH values, oxygen reduction should
occur at more positive potentials than it does in alkaline solutions. Nonetheless, results
in Fig. 4.14a shows that the polarisation curves obtained at pH 7.85 and 10 are almost
similar. A similar trend was reported for the reduction of oxygen on gold in buffer
solutions of potassium dihydrogen phosphate and sodium hydroxide at pH 6.4 and 10
(Zhang et al., 2005). They found that the polarisation curves obtained at pH 6.4 and 10
were not significantly different (Fig. 4.14b).
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Fig. 4.14a – Effect of pH on the reduction of oxygen on pure pyrite surface in oxygen
saturated sodium sulfate solutions (0.1 M Na2SO4, scan rate 2 mV s-1,
300 rpm at 50 °C).

Fig. 4.14b – Reduction of oxygen on pure gold in oxygen saturated buffer solutions of
potassium dihydrogen phosphate and sodium hydroxide at pH 6.4 (0.2 M
KH2PO4, + xNaOH, scan rate 1 mV s-1, 400 rpm at 25 °C). Polarisation curve
at pH 10 was not shown (Zhang et al., 2005).
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4.5 Mixed potential model and Ritchie diagrams

4.5.1 Effect of Cu(I) and pyrite

The Ritchie diagram explained in Chapter 2 is a useful tool for interpreting the
combined results of gold oxidation and oxygen reduction. The gold oxidation curve
(Fig. 4.4), and the oxygen reduction curves (Fig. 4.13) are combined in Fig. 4.15. The
intersection of the anodic and the cathodic polarisation curves corresponds to the
estimated mixed potential (Emix) and the corrosion current density (ic). The equivalent
gold dissolution rate (RAu) is calculated based on the relationship rate = ic/nF with n =
1 (Zhang et al., 2005).

Despite the beneficial effect of copper(I) on the oxygen reduction half-reaction
(curve 2 on Fig. 4.15) the overall gold dissolution rate of 3.5 × 10-6 mol m-2 s-1 is still
lower than the gold cyanidation rate of 4.8 × 10-5 mol m-2 s-1 (Table 4.2). The
enhancement of the reduction of oxygen reaction in the presence of an active surface
(pyrite) allows gold to be leached at a higher potential resulting in an increase in the
overall gold dissolution rate (intersection of curves 3 and 4 in Fig. 4.15). The predicted
mixed potentials and corresponding leach rates, calculated from the intersection of
curves is shown in Table 4.2. The gold dissolution rate in the presence of pyrite is
estimated at 2.4 × 10-5 mol m-2 s-1. This value is reasonably close to the measured rate
(0.65 × 10-5 mol m-2 s-1) in Chapter 5 and to the gold cyanidation rate of 4.8 × 10-5 mol
m-2 s-1 shown in Table 4.2.
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Fig. 4.15 – The Ritchie diagram showing the reduction of oxygen on different surfaces in sodium
sulfate solutions (polarisation curves 1-3) (0.1 M Na2SO4, scan rate 2 mV s-1, 300 rpm,
1 mM O2 at pH 10 and 50 °C; 2 mM copper as copper(I)-thiosulfate, 10 mM thiosulfate)
and oxidation of gold in deoxygenated sodium thiosulfate solution in the presence of 2
mM copper(II) (polarisation curve 4) (0.1 M Na2S2O3, 2 mM copper(II), 300 rpm, scan
rate 2 mV s-1, at pH 10 and 50 °C).

Table 4.2 – Predicted mixed potentials and corresponding gold dissolution rates estimated
from Fig. 4.15

Intersection of curves

Mixed potential

Current density

RAu

(mV)

(A m-2)

(10-6 mol m-2 s-1)

1 and 4

73

0.08

0.87

2 and 4

103

0.34

3.5

3 and 4

178

2.27

23.5

a
a Cyanidation

48.6
of pure gold: air saturated 50 mM NaCN at pH 10.8 and 23 °C.
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4.5.2 Effect of carbon not connected to the gold RDE

The mixed potential systems for pure gold is illustrated in Fig. 4.16 by combining
the gold oxidation polarisation curves (Fig. 4.10) and oxygen reduction on gold (Fig.
4.13). Fig. 4.16 shows that in the absence of carbon, the predicted mixed potential
(Emix(1)) is 170 mV, with a corresponding leach rate of 0.41 × 10-6 mol m-2 s-1. In the
presence of carbon, the mixed potential shifts to the lower potential (Emix(2)), with an
increase in the corresponding gold leach rate increase to 0.73 × 10-6 mol m-2 s-1. The
predicted mixed potential and gold dissolution rates are in reasonable agreement with
the measured rates as shown later in Chapter 5.

Fig. 4.16 – The mixed-potential system for pure gold with and without carbon. Gold oxidation
in deoxygenated calcium thiosulfate solutions (0.1 M CaS2O3, 2 mM copper(II), 300
rpm at pH 10 and 50 °C); oxygen reduction on gold and carbon in oxygen saturated
sodium sulfate solutions (0.1 M Na2SO4, 300 rpm, scan rate 2 mV s-1, 1 mM O2 at
pH 10 and 50 °C).
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4.5.3 Effect of carbon connected to the gold RDE

Fig. 4.17 predicts that, in the absence of carbon, the mixed potential (Emix) is 170
mV and, when the gold electrode is in electrical contact with carbon, an increase in the
overall gold leach rate will occur accompanied with a shift in the mixed potential (Emix)
to a more positive potential of 278 mV. The predicted mixed potentials and the
corresponding gold oxidation rates (Fig. 4.17) are compared with the measured values
later in Chapter 5.

Fig. 4.17 – The mixed-potential system for (a) pure gold, (b) pure gold and carbon. Gold
oxidation in deoxygenated calcium thiosulfate solutions (0.1 M CaS2O3, 2 mM
copper(II), scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C); oxygen reduction on
gold and carbon in oxygen saturated sodium sulfate solutions (0.1 M Na2SO4, 1 mM
O2, scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C).

4.6 Conclusions

Electrochemical studies have shown that, in the potential region of interest (50-180
mV), anodic gold oxidation in thiosulfate solutions is chemically controlled and the rate
increases with the increase in temperature and thiosulfate concentration. The oxidation
of gold is significantly enhanced by the presence of a low concentration of copper ions.
In the absence of copper ions, the gold oxidation reaction is faster in calcium thiosulfate
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solutions than that in sodium thiosulfate solutions; whilst, in the presence of copper
ions, the rate of the gold oxidation reaction is similar in both solutions in the potential
region of interest (50-180 mV) in the absence of activated carbon or pyrite. Addition of
low concentrations of thiourea in the absence of copper ions causes a significant
increase in the rate of gold oxidation; however, in the presence of copper ions, the rate
is considerably reduced.

Oxygen reduction on a gold surface, under the tested conditions, is very slow
compared to the rate observed in the presence of copper(I), but the increase in rate is
not to the extent that would allow effective gold leaching. Oxygen can be reduced much
more effectively on the surfaces of sulfide minerals and carbon offering an opportunity
for galvanic interaction between the gold and sulfide minerals/carbon during the
leaching. The pH had no significant effect on the reduction of oxygen on pyrite surfaces
in sodium sulfate solutions. Carbon had a beneficial effect on both the anodic gold
oxidation and the cathodic oxygen reduction half-reactions. The beneficial effects of
copper(I) and carbon or sulfide minerals can also be explained on the basis of the mixed
potential model, as described further in the next Chapter.
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CHAPTER 5

CHEMICAL DISSOLUTION OF GOLD
FROM ROTATING DISC AND GOLD
POWDER

5.1

Introduction

Initially, gold dissolution under open-circuit conditions was performed using
REQCM to take advantage of the in-situ measurement of leach rates as mentioned in
Chapter 3. The REQCM offers a number of advantages as shown in Table 3.3 (Chapter
3) including the determination of rates based on mass loss. However, the leach period
is typically short due to the limited amount of gold plated on the quartz crystal surface.
Therefore, to study the thiosulfate-oxygen system for longer leaching times, chemical
dissolution tests were performed under open-circuit conditions using a rotating gold
disc and various batch leaching conditions using gold powder in this Chapter. In the
case of a rotating gold disc, the determination of rates is based on the gold(I) assays of
solution.

This Chapter covers the following main topics:
(i)

Comparison of the effect of copper(II)/copper(I), background salts and
chloride concentration on the rate of gold dissolution;

(ii)

Comparison of the effect of dissolved oxygen, temperature and pH on the
rate of gold dissolution;

(iii)

Comparison of the galvanic effect of sulfide minerals and sulfide mineral
surface area on the rate of gold dissolution;
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(iv)

Comparison of gold dissolution with and without carbon (not in contact with
gold) using rotating discs of pure gold and Au-Ag(2%);

(v)

Comparison of gold dissolution with and without carbon electrode
electrically connected to a rotating gold disc;

(vi)

Comparison of the effect of change in the quantity of pyrite or carbon on the
extent of gold powder dissolution; and

(vii)

Kinetic models for chemical dissolution of gold with and without additives.

5.2 Factors affecting open-circuit gold leaching from REQCM

5.2.1 Leaching in oxygen saturated thiosulfate solution

Gold dissolution was firstly performed using REQCM in the pure sodium
thiosulfate solution in the absence of copper. Fig. 5.1 shows the mass change of gold as
a function of time during gold leaching. The corresponding mixed potential in an
oxygen saturated sodium thiosulfate solution at pH 10 in the absence of copper is also
shown. The initial gold dissolution rate at steady state estimated from the slope of the
kinetic plot in Fig. 5.1 (1.9 × 10-7 mol m-2 s-1) is two orders of magnitude lower than a
typical cyanidation rate of approximately 5 × 10-5 mol m-2 s-1 in air saturated cyanide
solution (Jeffrey and Breuer, 2000). The mixed potential of the thiosulfate system was
110 mV (Fig. 5.1).
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Fig. 5.1 – A plot of mass versus time for the leaching of gold and the corresponding mixed
potential in oxygen saturated sodium thiosulfate solutions (0.1 M Na2S2O3, 300 rpm at
pH 10 and 50 °C).

5.2.2 Effect of copper(II) or copper(I)

Fig. 5.2a illustrates the effect of copper(II) concentration on the gold leach rate and
corresponding mixed potentials in oxygen saturated sodium thiosulfate solutions. It can
be seen that the addition of 1 mM copper(II) increases the dissolution rate by an order
of magnitude from 1.9 × 10-7 to 2.8 × 10-6 mol m-2 s-1. Gold leach rates remain
unchanged when the copper(II) addition was increased from 1 to 3 mM. However,
further increase in copper(II) concentration resulted in a decrease in the gold leach rate.
This is consistent with the electrochemical study (Chapter 4) where the gold oxidation
was hindered at high copper concentrations. Thus, for subsequent experiments in this
study, 2 mM copper(II) was added to all solutions. It was also observed that the mixed
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potential of the gold electrode increased only slightly by about 10 mV with increasing
copper concentration from 1 to 5 mM.

The effect of copper(I) added in the form of CuCl on the gold dissolution rates was
also investigated. The results for the effect of copper(I) concentration on the leach rate
are portrayed in Fig. 5.2b. It is evident that gold dissolution rate increases significantly
due to the addition of copper(I) chloride. The leach results in Fig. 5.2 and Table 5.1
show that gold dissolution rates are similar regardless of the form in which copper is
added.

Added copper as copper(II)-sulfate into the system quickly oxidises thiosulfate into
tetrathionate as illustrated by Eq. 5.1a. Resulting cuprous ion then complexes with
thiosulfate (Zhang and Nicol., 2005). Although the mixed potential with CuCl are
slightly lower, the rates are similar in the two cases due to the reaction between Cu(II)
and S2O32- producing Cu(I) (Eq. 5.1a). Thus, higher concentrations of copper(I) were
also found to have a detrimental effect on gold dissolution rate as in the case with
copper(II).

2Cu2+ + 2S2O32− = 2Cu+ + S4O62−

(5.1a)

Cu+ + 3S2O32− = Cu(S2O3)35-

(5.1b)
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Fig. 5.2a – Effect of added copper(II) concentration on the gold leach rate and the corresponding
mixed potential in oxygen saturated sodium thiosulfate solutions (0.1 M Na2S2O3,
300 rpm at pH 10 and 50 °C).

Fig. 5.2b – Effect of added copper(I) concentration on the gold leach rate and the corresponding
mixed potential in oxygen saturated sodium thiosulfate solutions (0.1 M Na2S2O3,
300 rpm at pH 10 and 50 °C).
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The observation that the gold dissolution rate increases due to the addition of
copper(I) suggests the possible involvement of copper(I) in the leaching reaction as
proposed by Zhang and Nicol (2005). They suggested that cuprous thiosulfate acts as a
carrier of oxygen which facilitates gold dissolution as in Eqs. 5.2 and 5.3.

Cu(S2O3)35− + O2 = [(S2O3)3Cu·O2]5−

(5.2)

4Au + 8S2O32− + [(S2O3)3Cu·O2]5− + 2H2O = 4Au(S2O3)23− + 4OH− +
Cu(S2O3)35−

(5.3)

Table 5.1 – Effect of copper(II)/(I) on the dissolution of gold

Cu(II)

RAu

Mixed potential Cu(I)

RAu

(mM)

(10-6 mol m-2 s-1)

(mV)

0

0.19

110

0

0.19

110

1

2.79

104

13-13

13-13

13-13

2

3.01

108

2

2.64

103

3

2.81

111

13-13

13-13

13-13

4

2.25

115

13-13

13-13

13-13

5

1.86

117

5

1.94

105

10

1.16

109

(mM) (10-6 mol m-2 s-1)

Mixed potential
(mV)

0.1 M Na2S2O3, 300 rpm at pH 10 and 50 °C.

Table 5.2 compares the thiosulfate degradation products formed in the oxygenated
leach solution due to the addition of copper(II) or copper(I). The addition of copper(II)
enhances the rate of thiosulfate oxidation in oxygenated non-ammoniacal alkaline
media compared to copper(I). Thus, high concentration of trithionate, tetrathionate and
pentathionate were formed on addition of copper(II) whilst tetrathionate and
pentathionate were the only species detected in the presence of copper(I). The
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accumulation of high concentration of polythionates over a long period could have a
detrimental effect on gold dissolution due to passivation of the gold surface (Baron,
2010). This is supported by the decrease in leach rate with increase in tetrathionate
(Table 5.2). However, in the absence of copper ions at 25 °C in oxygenated ammoniacal
thiosulfate, Zhang et al. (2004) reported that no decomposition of thiosulfate occurred
in the first 3600 s.

Table 5.2 – Effect of copper(II)/copper(I) on the formation polythionate species

(s)

S3O62(mM)

S4O62(mM)

S5O62(mM)

(10 mol m-2 s-1)

Cu(II)

900

0.25

1.05

0.06

2.5

Cu(II)

1800

0.30

1.19

0.05

1.3

Cu(I)

900

BDL

0.22

0.01

2.3

Cu(I)

1800

BDL

0.34

0.01

1.2

Cation

Time

RAu
-6

0.1 M Na2S2O3 oxygen saturated solutions, 2 mM copper(I)/(II), 300 rpm at initial pH 10
and 50 °C, BDL is below detection limit.

5.2.3 Effect of temperature

The effect of temperature on the gold dissolution rate and mixed potential in an
oxygen saturated sodium thiosulfate solution in the presence of copper is presented in
Table 5.3. The mixed potentials decreased with an increase in temperature. However,
the dissolution rates increased significantly with increasing temperature, which is
consistent with the gold dissolution being chemically controlled.
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Table 5.3 – Effect of temperature on the dissolution rate of gold

Temperature

RAu

Mixed potential

(°C)

(10-6 mol m-2 s-1)

(mV)

23

0.62

129

30

0.83

125

40

1.86

115

50

2.75

108

0.1 M Na2S2O3 oxygen saturated solutions, 2 mM copper(II), 300 rpm at pH 10.

5.2.4

Effect of pH

The effect of pH on gold leaching in an oxygen saturated sodium thiosulfate
solution in the presence of copper(II) is shown in Table 5.4. It can be seen that pH
variation from 8.7 to 11 does not have a significant impact on the gold leach rate.
However, the increase in pH to 12.5 strongly hinders the leaching of gold. At pH 12.5,
a brown precipitate was formed which was identified as Cu(OH)2 and CuO by XRD
(Appendix A7). This suggests a low stability of copper(II) at high pH values. The lower
rate of gold dissolution is caused by one or more of the following: (i) lower
concentration of soluble copper ions available to catalyse gold oxidation; (ii)
passivation of the gold surface by the precipitated Cu(II); and (iii) lower rate of oxygen
reduction at high pH which could also be responsible for the negative shift in the mixed
potential. A similar trend was reported by Zhang and Nicol (2005) for the mixed
potential of gold RDE at pH 7 and 12 in the presence of copper as shown in Table 5.4.
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Table 5.4 – Effect of pH on the dissolution rate and mixed potential of gold

pH

RAu

Ref.

(10-6 mol m-2 s-1)

Mixed potential
(mV)

8.7

2.42

110

[a]

10.0

2.75

108

[a]

11.0

2.45

104

[a]

12.5

0.74

62

[a]

7

100

[b]

12

80

[b]

[a] This work in 0.1 M Na2S2O3 oxygen saturated solutions, 2 mM copper(II), 300 rpm at
50 °C; [b] Zhang and Nicol (2005) in 0.2 M Na2S2O3 with oxygen bubbling at 25 °C.

5.2.5 Effect of cations

The effect of cations on the gold leach rate at different temperatures and dissolved
oxygen concentrations is shown in Table 5.5. It can be seen that, in the absence of
copper(II), the gold dissolution rates in calcium thiosulfate solutions are considerably
faster than those in sodium thiosulfate solutions at different temperatures (23-50 °C)
and dissolved oxygen levels (0.2-1.2 mM). However, at 50 °C and 1 mM O2, gold
dissolution rates in calcium thiosulfate and sodium thiosulfate solutions are almost the
same in the presence of copper(II). This is consistent with the mixed potential model
shown by the Ritchie diagram in Fig. 5.3. The gold mixed potentials are lower in
calcium thiosulfate solutions in the absence of copper (Table 5.5) which indicates the
beneficial effect of calcium ions on the anodic half-reaction shifting the mixed potential
to less positive values, thereby leading to higher dissolution currents or rates.
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Table 5.5 – Effect of background electrolyte cation on the dissolution rate and mixed
potential of gold under different conditions

Electrolyte Cu(II) Temperature
(mM)
(°C)
Na2S2O3
0
23

[O2]
RAu (10-6 mol m-2 s-1)
Em (mV)
(mM) Predicted Measured
Predicted Measured
1.2
0.03
134

CaS2O3
Na2S2O3
CaS2O3

0
0
0

23
50
50

1.2
0.2
0.2

0.15
0.01
0.36

85
113
59

Na2S2O3

0

50

1.0

0.73

0.19

122

110

CaS2O3

0

50

1.0

0.74

1.35

74

75

Na2S2O3

2

50

1.0

3.83

2.75

105

108

CaS2O3

2

50

1.0

4.04

2.84

102

121

Concentration of thiosulfate salt was 0.1 M, 300 rpm at pH 10.

Fig. 5.3 – The Ritchie diagram showing the oxidation of gold in thiosulfate solutions
(polarisation curve 1- 4) (0.1 M S2O32-, 2 mM copper(II), scan rate 2 mV s-1, 300 rpm,
pH 10 at 50 °C) and reduction of oxygen on gold without and with 2 mM copper as
copper(I)-thiosulfate in sodium sulfate solutions (polarisation curves 5 and 6) (0.1 M
Na2SO4, 1 mM O2, scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C; 10 mM thiosulfate).
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5.2.6

Effect of dissolved oxygen (DO)

Table 5.6 summarises the effect of DO concentration on the oxidation of gold in
calcium thiosulfate solutions in the absence or presence of copper(II). Not surprisingly,
the increase in DO concentration increases the rate of gold dissolution which is also
accompanied with an increase in the mixed potential suggesting cathodic diffusion
control of the process. In the presence of copper ions, the highest gold leach rate
obtained was 2.8 × 10-6 mol m-2 s-1 which is similar to the rate obtained in a sodium
thiosulfate solution under similar conditions (Fig. 5.2). This is consistent with the
minimal impact of cations on gold leach rate observed in the potential region of interest
(between 50 mV and 180 mV) in the presence of copper (Fig. 4.7). The beneficial effect
of copper ions and elevated dissolved oxygen level has been previously reported in
alkaline thiosulfate solutions (Zhang and Nicol, 2005; Zhang et al., 2013) and in
copper(II)-DETA thiosulfate leach system (Xia, 2014).

Table 5.6 – Effect of oxygen concentration on the initial dissolution rate and
mixed potential of gold with and without copper ions

Cu(II)

[O2]

(mM)

(mM)

0

RAu
-6

Mixed potential
-2 -1

(mV)

0.2

(10 mol m s )
0.36

0

0.5

0.53

62

0

1.0

1.35

75

2

0.2

1.01

88

2

0.5

1.75

100

2

1.0

2.84

121

59

0.1 M CaS2O3, 300 rpm at pH 10 and 50 °C.
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5.2.7 Effect of sodium chloride

The effect of NaCl on the initial gold dissolution rate in the absence of copper ions
was examined and the results are presented in Table 5.7. The increase in the
concentration of sodium chloride increased the rate of gold dissolution up to 0.4 M,
above which the increase in chloride concentration had no significant effect. Despite
the beneficial effect of chloride in the absence of copper, the gold leach rates are still
very low, two orders of magnitude lower than the typical cyanidation process in airsaturated solutions. The beneficial effect of chloride may be attributed to the formation
of an intermediate species AuCl2− with a low equilibrium constant (K = 1 × 109) which
is subsequently converted to Au(S2O3)23− (Aylmore, 2014). The formation of an
intermediate mixed complex species such as AuCl(S2O3)2- (Hogfeldt, 1982; Senanayake
and Zhang, 2012) is likely to be facilitating gold dissolution. The logarithmic plot of
RAu as a function of chloride concentration is shown on Fig. 5.4. A slope close to 0.5 at
chloride concentration (0.05-0.2 M) supports a reaction order of 0.5 and represents the
electrochemical reaction mechanism (Zhang, 2008). However, no beneficial effect of
NaCl on gold leaching was observed in thiosulfate solutions containing 2 mM copper(II)
(Table 5.7). A gold leach rate of 2.4 × 10-6 mol m-2 s-1 was obtained in the presence of
2 mM copper(II). The rate was similar to that reported earlier in thiosulfate solutions
containing copper ions only (Fig. 5.2).
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Table 5.7 – Effect of sodium chloride on the dissolution rate of gold

NaCl
(M)

RAu
-7

-2 -1

0

(10 mol m s )
2.21

0.05

2.84

0.1

4.01

0.2

5.14

0.4

5.98

0.5

6.00

0.2*

24.2

0.4*

24.0

0.1 M Na2S2O3 oxygen saturated solutions, in absence of copper(II), 300 rpm at pH 10
and 50 °C. Ionic strength maintained at 0.8 with Na2SO4. * in the presence of 2 mM
copper(II).

Fig. 5.4 – A log-log plot of gold leach rate versus chloride concentration in the absence of
copper(II).
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5.2.8 Effect of sulfide minerals

(a) Galvanic effect of pyrite

In order to study the galvanic interaction between sulfide minerals and gold during
leaching, a mineral electrode was used in combination with a REQCM to measure the
gold leach rate and the corresponding mixed potential. The two electrodes were not
connected together electrically until leaching had proceeded for 100 seconds. As shown
in Fig. 5.5 and Table 5.8, when the pyrite electrode was electrically connected to the
gold electrode after 100 seconds, the initial gold leach rate increased by almost 3 times.
At the same time, the mixed potential increased rapidly from 108 mV to 175 mV. As
illustrated in Fig. 4.13a (Chapter 4), this is in the potential region where oxygen
reduction can occur on pyrite surfaces. Therefore, the connected pyrite electrode serves
as an additional surface area on which oxygen is reduced more effectively and, hence,
the increase in the total cathodic current causes a positive shift in the mixed potential
and an increase in the gold leach rate.
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Fig. 5.5 – Gold leaching in oxygen saturated sodium thiosulfate solution with pyrite mineral
electrode (27 mm2) electrically connected after 100 s (REQCM gold electrode 19.6
mm2, 0.1 M Na2S2O3, 2 mM copper(II), 300 rpm at pH 10 and 50 °C).

Table 5.8 – Gold dissolution rate and mixed potential before and after addition of pyrite

RAu (10-6 mol m-2 s-1)

Emix (mV)

Pyrite

Not connected

Connected

Not connected

Property

2.16

6.49

108

mm2,

Connected
175
mm2,

Pyrite added after 100 s, gold surface area 19.6
pyrite surface area 27
0.1 M Na2S2O3, 2 mM copper(II), 300 rpm at pH 10 and 50 °C. Property refer to the measured
values for the rate and the mixed potential.

(b) Galvanic effect of chalcopyrite

The galvanic interaction between chalcopyrite and gold was examined in the
absence and presence of copper ions in oxygen saturated solutions. The results are
presented in Fig. 5.6 and Table 5.9. Initially, when chalcopyrite was electrically
connected to gold the average leach rate was 1.33 × 10-6 mol m-2 s-1 with a mixed
potential of around 187 mV. On addition of 2 mM copper(II), the leach rate increased
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significantly by more than 3.5 times to 5.11 × 10-6 mol m-2 s-1 while the corresponding
mixed potential shifted to a less positive value of around 130 mV. The increase in the
leach rate was accompanied by a decrease in the gold mixed potential which showed
that copper ions had a positive impact on the gold oxidation half-reaction. This is
explained further based on mixed potential theory in Section 5.2.9.

Fig. 5.6 – Gold leaching in oxygen saturated sodium thiosulfate solution when gold was electrically
connected to chalcopyrite mineral electrode (18 mm2) with copper(II) added after 1200 s
(REQCM gold electrode 19.6 mm2, 0.1 M Na2S2O3, 300 rpm at pH 10 and 50 °C).

Table 5.9 – Gold dissolution rate and mixed potential before and after addition of copper(II)
in the presence of electrically connected chalcopyrite mineral electrode

RAu (10-6 mol m-2 s-1)
Copper (mM)

nil

2

Property

1.13

5.11

Emix (mV)
nil

2

187

130

mm2,

Copper(II) added after 1200s, gold surface area 19.6
chalcopyrite surface area 18 mm2,
0.1 M Na2S2O3, 300 rpm at pH 10 and 50 °C. Property refer to the measured values for the rate
and the mixed potential.
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(c) Effect of surface area of sulfide minerals

The gold leach rate as a function of surface area ratio of pyrite : gold for different
pyrite electrodes is shown in Fig. 5.7. It is clear that the gold leach rate increases with
the ratio almost linearly up to a point above which further increases in mineral surface
area provides little additional enhancement in the gold leach rate. It is most interesting
to note that when the surface area ratio of pyrite : gold is sufficiently high, which is the
case for most sulfidic gold ores, the galvanically enhanced gold leach rate has the
potential to reach the level of 10-5 mol m-2 s-1, which is in the same order of magnitude
of a typical cyanidation rate.

Fig. 5.7 – Effect of pyrite surface area galvanically connected to gold on the dissolution rate
of gold in oxygen saturated sodium thiosulfate solution (0.1 M Na2S2O3, 2 mM
copper(II), 300 rpm at pH 10 and 50 °C).
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In addition to pyrite, other sulfide minerals such as chalcopyrite, chalcocite and
marcasite were found to have a similar effect (Fig. 5.8). The results thus show great
promise for the potential use of the copper-thiosulfate-oxygen system for treating
sulfidic gold ores. It should be pointed out, though, that the oxidation of thiosulfate by
oxygen is also catalysed by the sulfide mineral surfaces particularly at pH < 9 (Zhang
and Jeffrey, 2008), which could impact the solution chemistry, gold leaching and the
downstream gold recovery processes in the flowsheets for treating sulfidic ores.

Fig. 5.8 – Effect of mineral surface area galvanically connected to gold on the dissolution rate of
gold in oxygen saturated sodium thiosulfate solutions (0.1 M Na2S2O3, 2 mM copper(II),
300 rpm at pH 10 and 50 °C).
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(d)

Effect of dissolved oxygen (DO) in the presence of sulfide mineral

The initial rate of gold oxidation, RAu as a function of the dissolved oxygen
concentration in the presence of galvanically connected pyrite is shown in Table 5.10.
As can be seen, rate of gold oxidation increased with increasing oxygen concentration
meaning that, even in the presence of extra surface area for oxygen reduction, elevated
oxygen concentrations are still required to achieve high leach rates. Table 5.10 also
reveals that the mixed potential of the gold electrode increases with increase in oxygen
concentration.

Table 5.10 – Effect of oxygen concentration on the initial dissolution rate of gold when
pyrite electrode is connected to gold electrode

[O2]

RAu

Mixed potential

(mM)

(10-6 mol m-2 s-1)

(mV)

0.2

2.63

150

0.3

3.16

151

0.5

4.24

153

1.0

6.49

175

0.1 M Na2S2O3, surface area ratio of pyrite : Au was 1.37, 2 mM copper(II), 300 rpm at pH
10 and 50 °C.

Fig. 5.9 shows a log-log plot of gold dissolution rate (RAu) against the concentration of
oxygen for the data in Table 5.10. The reaction order was found to be 0.57 in the
presence of pyrite suggesting the direct involvement of oxygen in the reaction.
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Fig. 5.9 – A log-log plot of gold dissolution rate versus oxygen concentration when gold electrode
is connected to pyrite electrode in sodium thiosulfate solutions (0.1 M Na2S2O3, pyrite
(27 mm2), 2 mM copper(II), 300 rpm at pH 10 and 50 °C).

5.2.9 Mixed potential model for the beneficial role of sulfides and copper(II)

The Ritchie diagram illustrated in Fig. 5.10 shows the combination of the gold
oxidation polarisation curves (Fig. 4.7) and oxygen reduction on gold, pyrite and
chalcopyrite (Fig. 4.13a). The diagram predicts that, when a gold electrode is in
electrical contact with pyrite, an increase in the gold leach rate will occur accompanied
by a shift in the mixed potential from Emix(1) to more positive potentials (Emix(2)). Fig.
5.10 also predicts that the addition of copper(II) to sodium thiosulfate solution, where
gold RDE is electrically connected chalcopyrite electrode, an increase in the gold leach
rate will occur accompanied by a shift in the mixed potential from Emix(3) to less positive
values (Emix(4)), showing the beneficial effect of copper ions on the gold oxidation halfreaction. The predicted rates are compared with measured values (Table 5.9 and 5.10)
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and are shown in Table 5.11 and 5.12. The measured rates in the presence of pyrite or
chalcopyrite are lower compared to those predicted by the Ritchie diagram (Fig. 5.10).
Oxygen reduction on mineral surface in thiosulfate solutions might be less effective
compared to the reduction in sulfate solutions due to adsorption of thiosulfate
degradation products on the pyrite surface, as observed on the gold surfaces (Zhang et
al., 2005).

Fig. 5.10 – The Ritchie diagram showing the oxidation of gold in sodium thiosulfate solutions
(polarisation curve 1-2) (0.1 M Na2S2O3, 2 mM copper(II), scan rate 2 mV s-1, 300 rpm,
pH 10 at 50 °C) and reduction of oxygen on chalcopyrite (CuFeS2), pyrite
(FeS2) and gold (Au) in sodium sulfate solutions (polarisation curves 3-5) (0.1 M
Na2SO4, 1 mM O2, scan rate 2 mV s-1, 300 rpm at pH 10 and 50 °C; 10 mM
thiosulfate).
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Table 5.11 – Measured mixed potential and gold dissolution rates versus the predicted
potential and rates for gold (A); gold connected to pyrite (B)

Set

A

-6

-2

-1

RAu (10 mol m s )

Emix (mV)
Predicted

Measured

Predicted

Measured

103

108

3.5

2.1

B

178
175
23.5
6.5
2
2
Gold surface area 19.6 mm , pyrite surface area 27 mm , 0.1 M Na2S2O3, 300 rpm at pH
10 and 50 °C.

Table 5.12 – Measured mixed potential and gold dissolution rates versus the predicted
potential and rates before and after addition of copper(II) for gold
connected to chalcopyrite

Cu(II)

Emix (mV)

RAu (10-6 mol m-2 s-1)

(mM)

Predicted

Measured

Predicted

Measured

nil

225

187

6.7

1.3

2

175

130

19.7

5.1

Gold surface area 19.6 mm2, chalcopyrite surface area 18 mm2, 0.1 M Na2S2O3, 300 rpm at
pH 10 and 50 °C.

5.3 Factors affecting open-circuit gold and gold-silver leaching from rotating disc

Long term leaching studies of 24-48 hour duration were carried out using rotating
discs of pure gold and gold-silver alloy. The results for the effect of carbon and pyrite
on the dissolution of gold are discussed in this Section.

5.3.1 Pure gold

(a) Effect of unconnected carbon on solution potential (Eh)

The solution potential (Eh) measured using platinum electrode has been used to
explain many important aspects in hydrometallurgy as it represents important redox
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couples depending on the species in solution (Rand and Woods, 1984; Nicol et al.,
1987). Fig. 5.11 shows the Eh as a function of time in the presence of carbon (a); before
and after the addition of carbon (b). In both cases, the magnitude of Eh is initially high,
but decreases rapidly in the first few hours followed by a gradual increase before it
stabilises. In the presence of carbon, the Eh is stable throughout at around 170 mV.
However, in the absence of carbon, the Eh is around 158 mV. The Eh-pH diagram
represented in Chapter 2 (Fig. 2.4) shows that the measured value of Eh = 170 mV is
the stability region of Cu(S2O3)35-. The increase in Eh on addition of carbon may be
associated with the formation of an intermediate species that removes gold passivating
species or assists in the dissolution of gold. However, this possibility needs further
investigation using other techniques and should also include the studies on competitive
adsorption of relevant species on gold and carbon.

Fig. 5.11 – Solution potential as a function of time (a) in the presence of carbon, (b) before
and after addition of carbon in calcium thiosulfate solutions (0.1 M CaS2O3, 2%
(w / v) carbon, 2 mM copper(II), 300 rpm, 10 mL min-1 oxygen at pH 10 and 50 °C).
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(b) Effect of unconnected carbon on gold oxidation and mixed potential

The effect of carbon settled at the bottom of the cell and not in electrical or physical
contact with the rotating pure gold disc, on gold dissolution and the corresponding
mixed potential are shown in Fig. 5.12. As shown in Fig. 5.12a, the initial gold
dissolution rate in the absence or presence of carbon are almost the same, around 0.57
x 10-6 mol m-2 s-1. In the absence of carbon after 1 hour, gold dissolution remains
hindered due to passivation of the gold surface. However, in the presence of carbon
settled at the bottom, gold dissolution continues at a rate of 0.79 × 10-6 mol m-2 s-1, with
no sign of passivation (Fig. 5.12a). The gold leach rate is higher compared to the rate
of 0.32 × 10-6 mol m-2 s-1 in glycine-peroxide solutions (Oraby and Eksteen, 2015) as
shown in Table 5.13.

The corresponding mixed potentials for the gold RDE submerged in solutions with
or without carbon were measured for a period of 24 hours. The resulting measurements
are illustrated in Fig. 5.12b. The mixed potential of the system without carbon increased
rapidly to 180 mV in the first hour before decaying gradually to less positive potentials
and then rising slowly to around 180 mV at 24 hours. In contrast, the mixed potential
in the presence of carbon was almost constant throughout the dissolution period with an
average value of 135 mV. The higher positive values for the mixed potential in solutions
without carbon may be due to adsorption of thiosulfate degradation products on the
surface of the electrode. Addition of carbon appears to assist in the removal of
passivating species potentially by adsorption resulting in a less positive mixed potential
and increased gold oxidation. The measured mixed potentials and the corresponding
gold oxidation rates (Fig. 5.12) are comparable with the predicted values (Fig. 4.16) as
shown in Table 5.14.
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Fig. 5.12(a) – Gold dissolved as a function of time with and without carbon in calcium
thiosulfate solutions (0.1 M CaS2O3, 2% (w / v) carbon, 2 mM copper(II), 300 rpm,
10 mL min-1 oxygen at pH 10 and 50 ºC). Carbon settled at the bottom was not in
contact with gold.

Fig. 5.12(b) – Effect of carbon on the mixed potential of gold (0.1 M CaS2O3, 2 mM copper(II),
2% (w / v) carbon, 300 rpm, 10 mL min-1 oxygen at pH 10 and 50 ºC).
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Table 5.13 – A comparison of gold dissolution in thiosulfate solution in the presence of carbon
and glycine-peroxide solution
Set

Method / Lixiviant

Cu(II)

T

RAu

Ref.

(mM)

(°C)

(10 -6 mol m-2 s-1)

I Dissolution of gold in glycine-peroxide solution c

nil

60

0.32

[a]

II Dissolution of gold in CaS2O3 solution d

2

50

0.79

[b]

a. Oraby and Eksteen (2015); b. This work; c 0.5 M glycine, 1% hydrogen peroxide;
d
0.1 M CaS2O3 in the presence of carbon (2% w/v).

Table 5.14 – Predicted mixed potential and gold dissolution rates versus the measured
potential and rates with and without carbon

Carbon

RAu (10-6 mol m-2 s-1)

Emix (mV)

(% w/v)

Predicted

Measured

Predicted

Measured

nil

170

178

0.41

0.57

2

132

135

0.73

0.79

(c) Effect of unconnected pyrite on gold oxidation

The effect of pyrite, also settled at the bottom of the cell and not in contact with
the pure gold rotating disc, on the dissolution of gold was investigated and the results
are presented in Fig. 5.13. It is clear that unlike carbon, pyrite not in contact with gold
has no significant effect on gold dissolution. The comparison between the gold
dissolution in Figures 5.12a and 5.13 highlights the beneficial effect of carbon even
when it is not in contact with gold due to its ability to remove the gold passivating
species or to produce an intermediate which facilitates gold dissolution.
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Fig. 5.13 – Gold dissolved as a function of time from pure gold disc with and without
pyrite in calcium thiosulfate solutions (0.1 M CaS2O3, 2 mM copper(II), 2%
(w / v) pyrite, 300 rpm, 10 mL min-1 oxygen at pH 10 and 50 ºC). Pyrite was
settled at the bottom not in contact with gold.

(d) Galvanic effect of connected carbon on gold oxidation

In order to study the galvanic interaction between pure gold and carbon, the carbon
electrode was electrically connected to the gold disc during leaching. The leaching
process was allowed for an hour and the leach rate was calculated based on the gold in
solution. As shown in Table 5.15, when the carbon rod was electrically connected to the
gold electrode, the initial gold leach rate increased dramatically to 2.2 × 10-6
mol m-2 s-1 compared to 0.57 × 10-6 mol m-2 s-1 in the absence of carbon, due to the
enhanced oxygen reduction on carbon via galvanic interaction. The leach rate of 2.2 ×
10-6 mol m-2 s-1 was also higher than 0.79 × 10-6 mol m-2 s-1 (Table 5.15), the rate when
carbon was not connected to gold. The corresponding mixed potential of the gold disc
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with and without connecting the carbon electrode during the dissolution process was
also recorded (Table 5.15). When the carbon electrode was electrically connected to the
gold electrode, the mixed potential increased rapidly from around 178 mV to 250 mV.
The carbon, when connected, acts as an inert conducting substance that serves as an
additional surface area on which oxygen is reduced more effectively than on the gold
surface. The additional surface area assists in electron transfer resulting in much
enhanced gold dissolution rate.

The predicted mixed potential and gold dissolution rates from Fig. 4.17 in Chapter
4 were compared with the measured values as shown in Table 5.15. In the absence of
carbon and when carbon is not connected to gold, the measured and the predicted values
are comparable. However, the measured values were lower than the predicted values
for the test with carbon connected to gold. This could indicate that the oxygen reduction
on carbon electrode is less effective in thiosulfate leach solutions compared to reduction
in sulfate solutions. This may be potentially due to adsorption of thiosulfate degradation
products on the surface of carbon.

Table 5.15 – Effect of carbon on measured and predicted mixed potential and
dissolution rates of gold

Set

Emix (mV)
Predicted
Measured

-6

-2 -1

RAu (10 mol m s )
Predicted
Measured

A

170

178

0.41

0.57

B

132

135

0.73

0.79

C

278

250

4.67

2.20

With gold only, no carbon (A); carbon not connected to gold (B); carbon connected to
gold (C). 0.1 M CaS2O3, 2 mM copper(II) at pH 10 and 50 ºC.
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5.3.2 Gold-silver alloy

(a) Effect of unconnected carbon and alloyed silver

The effects of carbon settled at the bottom of the reactor and alloyed silver on gold
dissolution from the gold-silver alloy under electrode open circuit condition are
depicted in Fig. 5.14a. For a Au-Ag(2%) alloy, in the presence of carbon, the gold leach
rate was calculated to be 1.9 × 10-6 mol m-2 s-1, which is ~ 2.5 times higher than the
initial rate in the absence of carbon. Comparing the results in Fig. 5.14a and Fig. 5.12a,
it is clear that the effect of carbon is more pronounced in the presence of silver, implying
silver also has a beneficial effect on gold leaching. The concentration of silver(I) in
solution for a Au-Ag(2%) alloy in the presence of carbon was also analysed and the
results are presented in Fig. 5.14a, b. Silver dissolution is faster than gold dissolution
from pure metals (Zhang et al., 2008). However, the rate of silver dissolution from the
gold-silver alloy was 1.2 × 10-6 mol m-2 s-1; 1.5 times lower than that of gold. This
implies the dissolution of the alloy is incongruent for gold and silver. A similar trend
was observed in ammonical thiosulfate solutions using a Au-Ag(4%) alloy (Oraby,
2009). The higher dissolution of gold alloyed with silver in thiosulfate oxygen solutions
has been attributed to the formation of a mixed complex (Au,Ag)(S2O3)23− (Webster,
1986). It is also possible that silver ions in solution produced by faster dissolution
catalyse gold dissolution according to equations 5.5 and 5.6 (Senanayake, 2004):

Au(s) + S2O32− + AgS2O3− = Au(S2O3)23− + Ag(s)

Au(s) + Ag(S2O3)23− = Au(S2O3)23− + Ag(s)

(5.5)

(5.6)
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The disruption of passivating species on gold surface by silver, similar to the disruption
of AuCN (Jeffrey and Ritchie, 2001) in the cyanidation process cannot be ruled out.

Fig. 5.14a – Gold dissolved as a function of time from a Au-Ag(2%) with and without carbon
in calcium thiosulfate solutions (0.1 M CaS2O3, 2% (w / v) carbon, 2 mM
copper(II), 300 rpm, 10 mL min-1 oxygen at pH 10 and 50 ºC). Also shown is silver
dissolved in the presence of carbon. The gold and silver dissolved (mmol m-2) was
calculated using relative surface area of gold and silver in the alloy. Carbon at the
bottom was not connected with alloy.

Fig. 5.14b – Effect of carbon on gold(I) and silver(I) in calcium thiosulfate solution
0.1 M CaS2O3, 2 mM copper(II), 2% (w / v) carbon, 300 rpm, 10 mL min-1
oxygen at pH 10 and 50 ºC).
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To further test the effect of carbon, leach experiments with pure gold and AuAg(2%) alloy were conducted without carbon for 24 hours and carbon was added after
24 hours. It is clear from the results in Fig. 5.15a that the gold dissolution rate in both
cases increased significantly after the addition of carbon and was accompanied by a
decrease in the gold mixed potential (Fig. 5.15b). The gold dissolution from the alloy
was also faster than that from pure gold.
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Fig. 5.15a – Gold dissolved as a function of time from an Au-Ag(2%) alloy and pure gold before
and addition of carbon in calcium thiosulfate solution (0.1 M CaS2O3, 2% (w / v)
carbon, 2 mM copper(II), 10 mL min-1 oxygen, 300 rpm, at pH 10 and 50 ºC). The
gold and silver dissolved (mmol m-2) was calculated using relative surface area of
gold and and silver in the alloy.

Fig. 5.15b – Effect of carbon on the mixed potential of Au-Ag(2%) alloy and pure gold (0.1 M
CaS2O3, 2 mM copper(II), 2% (w / v) carbon, 300 rpm, 10 mL min-1 oxygen at pH
10 and 50 ºC).
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(b) Effect of temperature in the presence of unconnected carbon

The effect of temperature in the range 25 to 50 °C gold dissolution was investigated
in 0.1 M CaS2O3 solutions in the presence of unconnected carbon over 24 hours using
a Au-Ag(2%) rotating disc. The results are presented in Fig. 5.16. The gold dissolution
increase considerably with the increase in temperature.

Fig. 5.16 – Effect of temperature on gold dissolved as function of time in calcium thiosulfate
solutions in the presence of carbon (0.1 M CaS2O3, 2 mM copper(II), 2% (w / v)
carbon, 300 rpm, 10 mL min-1 oxygen at pH 10).

The Arrhenius plot in Fig. 5.17 is based on the initial leach rates at different
temperatures (Fig. 5.16). The slope corresponds to Ea of 39.7 kJ mol-1. The cut-off
between a diffusion-controlled process and chemical-controlled process is 25 kJ mol-1
(Power and Ritchie, 1975). This indicates that, under the experimental conditions in the
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present study, temperature is an important parameter and the dissolution process is
chemically controlled.

Fig. 5.17 – Arrhenius plot for data from Figure 5.16 at 1 hour.

5.4 Gold powder leaching

The effectiveness of thiosulfate leaching of gold was also studied using gold
powder by comparing the results in sodium thiosulfate and calcium thiosulfate
solutions. The impact of pyrite, carbon and other parameters on the dissolution of gold
powder in the presence of carbon has been investigated in detail. These parameters
include temperature, copper ions, dissolved oxygen concentration and pH.
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5.4.1 Effect of cation in the absence of an additive

Fig. 5.18 compares the effect of Na2S2O3 and CaS2O3 on gold powder dissolution
over 24 hours. As can be seen, the slow dissolution of gold powder follows similar
trends in sodium thiosulfate and calcium thiosulfate solutions in the presence of
copper(II). This is in agreement with the REQCM studies in Section 5.2.5. It is also
evident that the gold dissolution rate is fast initially, then slows considerably after 2
hours with only approximately 2% of the gold being dissolved in 24 hours. The low
extent of gold dissolution is most likely due to passivation of the gold surface
(potentially by sulfide or sulfur containing species). This has been confirmed by a
number of previous researchers using electrochemical techniques and surface-enhanced
Raman spectrometry (Baron, 2010; Nicol et al., 2014; Woods et al., 2006) described in
Chapter 2.

Fig. 5.18 – Effect of electrolyte cation on the extent of gold powder dissolution in thiosulfate
solutions (2 mM copper(II), 10 mL min-1 oxygen, stirring speed 300 rpm, 60 mg L-1
gold powder at pH 10 and 50 ºC).
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5.4.2 Effect of pyrite

The effect of pyrite on dissolution of gold in oxygenated solutions is shown in Fig.
5.19. The pyrite was added as powder, creating an intimate physical and thus electrical
contact with the gold powder for potential galvanic interaction to occur on collusion as
suggested by Dixon and his research group who reported the Galvanox process for
sulfide leaching (Dixon et al., 2008). Also shown, for comparison, are the cyanidation
results obtained using aerated 10 mM NaCN solution. The initial rate of cyanidation is
significantly higher than that of thiosulfate leaching, with the rate decreasing with time
potentially due to the shrinking gold surface area and/or surface passivation by AuCN
(Jeffrey and Ritchie, 2001). Approximately 60% of gold was leached in 24 hours in the
cyanide solution. It can be seen that the presence of pyrite significantly enhances the
gold dissolution rate which is attributed to the galvanic effect. The beneficial effect
increases with increasing pyrite concentration. Remarkably, the 24-hour leach
efficiency of gold at 1.0% and 2.5% (w / v) pyrite (at 50 °C) exceeds the cyanidation
recovery (at ambient temperature), approaching complete gold dissolution with no sign
of passivation.

173

Fig. 5.19 – Effect of amount of pyrite on the extent of gold powder dissolution in calcium
thiosulfate solutions (0.2 M CaS2O3, 2 mM copper(II), pyrite in % (w / v), 10 mL
min-1 oxygen, stirring speed 300 rpm, 60 mg L-1 gold powder at pH 10 and 50 °C;
cyanidation: 10 mM NaCN, 10 mL min-1 oxygen at ambient temperature).

5.4.3 Effect of carbon

The effect of carbon on the dissolution of gold is shown in Fig. 5.20. The leaching
curves in the presence of carbon showed an initial “induction period” with a slow rate
in the first few hours and then an approximately linear relationship up to 24 hours. The
addition of carbon has a beneficial effect. In the presence of 0.3% carbon, the leaching
is significantly enhanced with more than 95% of the gold dissolved in 24 hours. In the
gold leaching tests, gold powder was in intimate contact with carbon and therefore, the
enhanced gold leach rate is due to a combination of impacts of carbon: (i) removal of
passivating species, thus enhancing gold oxidation; (ii) enhanced oxygen reduction
leading to galvanic effect; and (iii) formation of intermediate species which facilitates
gold leaching. Carbon is shown to be more effective than other additives such as
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thiourea and formamidine disulfide reported by previous researchers (Zhang et al.,
2005) as illustrated Table 5.16.

Fig. 5.20 – Effect of amount of carbon on the extent of gold powder dissolution in calcium
thiosulfate solutions (0.2 M CaS2O3, 2 mM copper(II), carbon in % (w / v),
10 mL min-1 oxygen, stirring speed 300 rpm, 60 mg L-1 gold powder at pH 10 and
50 °C).

Table 5.16 – Comparison of gold powder dissolution results with literature data

Set Particle size TS
(μm)
(M)

Additive Cu(II) pH
(mM) (mM)

T Time Au dissolved Ref.
(°C) (h)
(%)

I

NR

0.5

e

Tu

10

0

6-7.

A

72

84

[a]

II

NR

0.1

Fd

5

0

6-7.

A

72

40

[a]

III

3.0-5.5

0.2f

pyrite

2.5d

2

10

50

24

86

[b]

IV

3.0-5.5

0.2

Carbon 0.3d

2

10

50

24

95

f

d

[c]
e

[a] Zhang et al. (2005), [b] This work Fig. 5.19, [c] This work Fig. 5.20, in % (w / v), sodium
thiosulfate, f calcium thiosulfate, not reported (NR), ambient (A), thiourea (Tu), formamidine
disulfide (Fd).
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5.4.4 Effect of temperature in the presence of carbon

The effect of temperature on the extent of gold powder dissolution in the presence
of carbon is illustrated in Fig. 5.21. The increase in temperature from 25 to 50 ºC
increased the final gold dissolution efficiency by 35%, in agreement with the trend of
earlier results using the Au-Ag(2%) rotating disc presented in Section 5.3.2. Thus, the
use of relatively higher temperatures significantly increases the dissolution rate of gold.
However, elevated temperatures above 60 ºC could also promote faster degradation of
thiosulfate (Ji et al., 2003a). It should be noted that when compared to cyanidation
experiment at ambient temperature (Fig. 5.19), the performance is slightly better for
cyanide.

Fig. 5.21 – Effect of temperature on the extent of gold powder dissolution in calcium thiosulfate
solutions in the presence of carbon (0.2 M CaS2O3, 2 mM copper(II), 0.3% (w / v)
carbon, 10 mL min-1 oxygen, stirring speed 300 rpm, 60 mg L-1 gold powder at pH 10).
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5.4.5 Effect of copper ions in the presence of carbon

The effect of varying the copper(II) concentration from 0 to 10 mM on gold
dissolution in the presence of carbon was tested in a series of experiments (Fig. 5.22).
Addition of copper(II) has a beneficial effect in a carbon enhanced thiosulfate leaching
of gold system up to 2 mM; above which, it has little effect. Earlier studies by Zhang
and Nicol (2005) on gold powder leaching in sodium thiosulfate solutions have shown
that a high concentration of copper ions (> 0.5 mM) has a detrimental effect on gold
leaching. One possible reason for this is that at high copper concentrations, copper
precipitates as a hydroxide or sulfide, which passivates gold surfaces. However, in the
presence of carbon, there is no sign of passivation at copper(II) > 0.5 mM (Fig. 5.22).

Fig. 5.22 – Effect of copper on the extent of gold powder dissolution in calcium thiosulfate
solutions in the presence of carbon (0.2 M CaS2O3, 0.3% (w / v) carbon, 10 mL min-1
oxygen, stirring speed 300 rpm, 60 mg L-1 gold powder at pH 10 and 50 °C).
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5.4.6 Effect of using air in the presence of carbon

The effect of changing the gas from oxygen to air on the extent of gold powder
dissolution was investigated by comparing the results obtained by bubbling oxygen or
air through the solution at a rate of 10 mL min-1. Results are presented in Fig. 5.23. The
use of air instead of oxygen did not significantly affect the leaching efficiency of gold.
This implies that air can also be utilised as an oxidant and give similar results.

Fig. 5.23 – Effect of oxygen concentration on the extent of gold powder dissolution in calcium
thiosulfate solutions in the presence of carbon (0.2 M CaS2O3, 0.3% (w / v) carbon,
2 mM copper(II), 10 mL min-1 oxygen or air, stirring speed 300 rpm, 60 mg L-1 gold
powder at pH and 50 °C).
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5.4.7 Effect of initial pH in the presence of carbon

The effect of varying the initial pH on gold dissolution in the presence of carbon is
illustrated in Fig. 5.24. Increasing pH from 7 to 10 has no significant effect on the rate
of gold dissolution. Although the initial rate of gold dissolution is significantly higher
at pH 12, the rate decreased dramatically with time, potentially due to surface
passivation by AuOH (Oraby and Eskteen, 2015). In addition, at pH 12, a brown
precipitate was formed that stuck to the sides of the glass reactor. The precipitate was
identified as Cu(OH)2 and CuO by XRD (Appendix A.7). This is consistent with the
Eh-pH diagram in Fig. 2.4. Thus, the decrease in gold dissolution at pH 12 may also be
associated with the passivation of the gold surface by these precipitates and the
reduction of soluble copper in solution at higher pH.

Fig. 5.24 – Effect of pH on the extent of gold powder dissolution in calcium thiosulfate solutions
in presence of carbon (0.2 M CaS2O3, 0.3% (w / v) carbon, 2 mM copper(II), 10 mL
min-1 oxygen, stirring speed 300 rpm, 60 mg L-1 gold powder at pH 10 and 50 °C).
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5.5 Kinetic models

Zhang et al. (2008) showed the validity of a shrinking particle kinetic model for the
dissolution of gold powder in ammoniacal thiosulfate solutions in the presence and
absence of silver. The experimental results in Figs. 5.19 and 5.20 were therefore
evaluated using the shrinking particle and core models which are presented in Eq. 5.7
and 5.8, respectively (Levenspiel, 1999; Liddell, 2005):

1 − (1 − 𝑋 )1/3 = (

bkC
ρr

) 𝑡 = k ss 𝑡

1 − 3(1 − 𝑋 )2⁄3 + 2(1 − 𝑋) = (

6bDC
ρr2

(surface reaction)

(5.7)

) 𝑡 = k sc 𝑡

(5.8)

(film diffusion)

where,
•

X is the fraction of gold reacted after time t (s);

•

k is the intrinsic rate constant of the surface reaction (m s-1);

•

C is the concentration of the reagent (mol m-3);

•

b is the stoichiometric factor;

•

D is the diffusivity of the reactants through a porous product layer formed on
the surface (m2 s-1);

•

r is the particle radius assuming spherical particle (m);

•

ρ is the molar density of gold (mol m-3); and

•

kss and ksc is apparent rate constants for shrinking sphere and core models (s-1).

A plot of {1-(1-X)1/3} or {1-3(1-X)2/3 + 2(1-X)} against t is shown in Fig. 5.25 and Fig.
5.26 for gold dissolution in the presence of pyrite and carbon, respectively. A summary
of the two models showing the slope and regression coefficient (R2) is shown in Table
5.17. In the absence of pyrite or carbon; gold powder dissolution seems to obey a
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shrinking core model. However, at low amounts of pyrite, the dissolution of gold
follows a shrinking sphere model which seem to deviate at amounts of 1% and above
(Table 5.17). In the presence of carbon, the dissolution follows a shrinking sphere model
at different percentages of carbon. This indicates the surface reaction between gold and
the lixiviant is the rate controlling step in the presence of carbon.

Fig. 5.25 – Kinetic models for dissolution of gold powder in the presence of pyrite, shrinking
sphere (a), shrinking core (b). Data from Fig. 5.19. (0.2 M CaS2O3, 2 mM copper(II),
pyrite in % (w / v), 10 mL min-1 oxygen, stirring speed 300 rpm, 60 mg L-1 gold powder
at pH 10 and 50 °C).

Fig. 5.26 – Kinetic models for dissolution of gold powder in the presence of carbon. hrinking
sphere (a), shrinking core (b). Data from Fig. 5.20. (0.2 M CaS2O3, 2 mM copper(II),
carbon in % (w / v), 10 mL min-1 oxygen, stirring speed 300 rpm, 60 mg L-1 gold
powder at pH 10 and 50 °C).
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Table 5.17 – Summary of shrinking sphere and core models showing the slopes and regression
coefficients under different conditions

Additive
Carbon

Pyrite

%
(w/v)
0.0

Shrinking sphere

Shrinking core

Slope (10-6 s-1)
0.4

R2
0.92

Slope (10-6 s-1)
0.004

R2
0.99

0.15

1

0.99

0.05

0.95

0.23

3

0.99

not linear

0.3

5

1.0

not linear

0.3

0.7

0.98

0.02

0.5

1

0.99

not linear

1.0

not linear

not linear

2.5

not linear

not linear

0.98

5.6 Conclusions

The chemical leaching tests conducted using a REQCM showed that the gold
leaching rate in thiosulfate-oxygen system without any additives is extremely low, in
the order of 10-7 mol m-2 s-1, which is two orders of magnitude lower than a typical
cyanidation rate. In agreement with the electrochemical studies, the gold leach rate is
enhanced by the use of elevated temperature, high dissolved oxygen and low
concentration of copper(II) ions. A combination of these effects could improve the gold
leach rate in the oxygen-thiosulfate system by one order of magnitude. The leaching
study confirmed that galvanic interaction between the gold and sulfide minerals occurs
as predicted by the electrochemical study. The galvanic effect increased the gold leach
rate to the same order of magnitude as the rate of cyanidation.

Chemical dissolution under open-circuit conditions using a rotating gold disc reveal
that gold dissolution is accelerated by adding carbon (~ 2 mm) into oxygenated
thiosulfate solution containing copper ions at 50 °C. A gold-silver alloy dissolves faster
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than pure gold. Studies of the carbon enhanced thiosulfate system using a gold-silver
alloy disc have shown the overall reaction to be chemically controlled. Leaching studies
using pure gold disc confirmed the galvanic interaction between gold and carbon which
drastically increased gold dissolution. Gold dissolution is significantly enhanced in the
presence carbon even when it is not in physical contact with gold; however, pyrite had
no significant effect. The role of carbon in enhancing the dissolution rate of gold is
possibly associated with the galvanic effect, removal of gold-passivating species on
gold surface and or the formation of an interim species which facilitates gold
dissolution.

The subsequent leaching tests using synthetic gold powder confirmed the galvanic
interaction between gold and pyrite/carbon as evident from an increase in gold
dissolution rate by oxygen. In the presence of carbon, the use of air instead of oxygen
during gold powder leaching does not have a significant effect on the amount of gold
dissolved. It was also found that pH of the solution has little impact on the dissolution
of gold; however, a highly alkaline solution (pH 12) must be avoided because it has a
detrimental effect on the gold leaching kinetics. Gold powder dissolution in the presence
of carbon or low amounts of pyrite follows a shrinking sphere model, which also
supports the fact that the role of carbon is the removal of the surface blocking solid layer
that retards the surface reaction.
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CHAPTER 6

ORE LEACHING

6.1 Introduction

In order to confirm the beneficial effect of carbon and sulfide minerals described in
previous chapters, leaching tests were conducted using five different types of ores:
pyrite flotation concentrate, pressure oxidised residue, calcine, copper-gold concentrate
and oxide ore.

As reviewed in Chapter 2, sulfide minerals can be partially leached or have a pregrobbing effect on gold leaching in thiosulfate solutions. This leads to low gold
recoveries. On the other hand, galvanic interaction between gold and sulfide minerals
or carbon may also occur during ore leaching as shown in Chapter 5. Thus, the main
aims of this Chapter are to: (i) investigate the effects of carbon on gold leaching from
various feed materials; and (ii) evaluate the effects of mineralogy and various conditions
on gold leaching and thiosulfate degradation. Gold accountability for selected leach
tests is discussed. Leaching of gold in the absence and presence of carbon is explained
using well-established kinetic models.
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6.2 Characterisation of ores/concentrates

The main mineralogical constituents as determined by quantitative X-ray
diffraction (QXRD) and average chemical composition of the feed materials are shown
in Tables 6.1 and 6.2, respectively. For simplicity, the ores were given codes PY, POX,
CAL, Cu-Au and OX that will be referred to in the text (Table 6.1).

Table 6.1 – Average grade (a) and chemical composition (b) of the feed materials
(a)
-1

Feed

(g t )

Material

Au

Ag

PY

48

12.5

POX

23.8

53

CAL

73.5

18.6

Cu-Au

13

3.8

OX

12.2

80

(b)
Feed

(%)

Material

ST

Cu

Fe

Si

Al

Ca

Mg

K

Ti

Na

PY

32.3

0.25

31.4

4.54

1.13

6.37

0.55

0.4

0.58

0.58

POX

6.45

0.006

12.8

14.4

10.3

3.09

0.204

2.2

0.343 0.323

CAL

1.95

0.18

36.8

8.09

7.34

1.75

0.73

0.59

1.10

0.63

Cu-Au

17.1

1.6

16.9

16.67

4.68

5.27

0.25

2.1

0.29

0.1

OX

0.08

0.08

0.51

43.4

2.1

< 0.002

0.045

0.55

0.43

0.04

total sulfur (ST); pyrite flotation concentrate (PY); pressure oxidised residue (POX); calcine
concentrate (CAL); copper-gold concentrate (Cu-Au); oxide ore (OX).
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Table 6.2 – Main mineralogical constituents of the feed materials
Mineral

Chemical

Content (%)

formula

PY

Pyrite

FeS2

Chalcopyrite

POX

CAL

Cu-Au

OX

70.7

29.4

0.1

CuFeS2

0.1

0.4

Quartz

SiO2

6.9

Hematite

17.4

11.6

Fe2O3

2.2

54.2

Bassanite

CaSO4·½H2O

9.7

Anhydrite

CaSO4

0.1

Chalcanthite

CaSO4·5H2O

Clinochlore

(Mg5Al)(AlSi3)O10(OH)8

Dolomite

CaMg(CO3)2

Gypsum

CaSO4·2H2O

Goethite

FeO(OH)

Jarosite

KFe(III)3(OH)6(SO4)2

Rutile

TiO2

Talc

Mg3 Si4O10(OH)2

Kaolinite

Al2 Si2O5(OH)4

1.7

Muscovite

KAl2 (AlSi3 O10 )(F,OH)2

8.9

Clay minerals

a

Feldspar minerals

b

Mica minerals

c

Serpentine minerals

d

Amphibole minerals

e

Others

28.3

85.7

3.8
1.2

1.4

0.7
1.2

5.3

0.4

0
1.3
1.9

38.5
0.8

1.1

13.8

0.3

2.6

6.5

9.4

9.5

7.5

10.2

0.9

0.9

2.8

33.8

1.5
0.9

4.3

6

0.0

2.8

Total
100
100
100
100
100
a. Clay minerals - montmorillonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O), dickite
(Al2Si2O5(OH)4).
b. Feldspar minerals - albite (NaAlSi3O8), oligoclase ((Na,Ca)(Al,Si)4O8), anorthite
(CaAl2Si2O8).
c. Mica minerals - muscovite (KAl2(AlSi3O10)(F,OH)2), biotite
(K(Mg,Fe)3(AlSi3O10)(F,OH)2), phlogopite (KMg3(AlSi3O10)(F,OH)2).
d. Serpentine minerals - chrysotile (Mg3(Si2O5)(OH)4), antigorite (Mg,Fe(II))3Si2O5(OH)4.
e. Amphibole minerals - tremolite (Ca2Mg5Si8O22(OH)2), actinolite
(Ca2(Mg,Fe)5Si8O22(OH)2), cummingtonite (Fe2Mg5Si8O22(OH)2).
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A good understanding of the mineralogical contents of the ore is the key to
understand the leaching efficiency of gold from its host minerals. The presence of
certain minerals can alter the performance of leaching process. Some minerals like
pyrite and chalcopyrite have a preg-robbing effect in solutions of low thiosulfate
concentrations (Chapter 7) or are oxidised in thiosulfate solutions (Xia, 2008). The
dissolution of iron and copper or oxidation of these minerals consumes oxygen. Without
oxygen, the reaction of thiosulfate with gold cannot proceed. The ores and concentrates
used are further described below.

6.2.1 Pyrite flotation concentrate (PY)

The refractory flotation concentrate was obtained from the KCGM Mine, Western
Australia. The concentrate contained mainly pyrite, with chalcopyrite as a minor
component. The other gangue minerals included quartz, rutile, feldspar and mica (Table
6.2). The pyrite concentrate was milled and sieved into different sizes: -75; +75-120;
+120-175 µm.

6.2.2 Pressure oxidised residue (POX)

The pressure oxidised residue was obtained from the Porgera Mine in Papua New
Guinea. The residue cake had 27.3% moisture content and was used without further
processing. Goethite, silica and clay were the main gangue minerals present (Table 6.2).
Pressure oxidation is a method for treating refractory gold ores using autoclaves for the
oxidation of sulfide minerals rendering the residue non-refractory (Hillier et al., 2008).
The sulfide minerals such as pyrite or arsenopyrite are converted to sulfate, sulfur and
oxide minerals (hematite, goethite and scorodite (FeAsO4·H2O). Sulfuric acid is also
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generated during the process which needs to be neutralised before the leaching process
(Hillier et al., 2008). Some of the reactions for the oxidation of pyrite and arsenopyrite
are shown in Appendix A8.

6.2.3 Calcine concentrate (CAL)

The calcine concentrate constituted mainly of oxides such as hematite and quartz
with traces of mica and feldspar minerals (Table 6.2). The original sample had 100%
particle size passing 75 μm.

6.2.4 Copper-gold concentrate (Cu-Au)

This concentrate was obtained from the Telfer Mine in Western Australia. It had a
moisture content of 12.5% and was used without further processing. The concentrate
contained pyrite and chalcopyrite as the main sulfide minerals, while quartz was the
main oxide present together with mica minerals (Table 6.2).

6.2.5 Oxide ore (OX)

The gold-quartz ore was obtained from the Golden Grove Mine, Western Australia.
The ore was crushed and milled using a ball mill to 100% passing 75 μm. The main
gangue components were quartz and muscovite as indicated in Table 6.2.
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6.3 Gold leaching from different feed materials

Leaching experiments were carried out using a bottle roller and 1 L high-density
polyethylene bottles. The procedure is described in detail in Chapter 3. In all the leach
tests, 200 mL of calcium thiosulfate solution (0.3 M) and 135 g of dry ore were used
resulting in a solid/liquid ratio of 2.7:4. Tests were conducted to compare the leaching
behaviour of gold from different types of material and the effect of carbon, oxygen, air,
particle size, temperature and pH. A limited set of experiments was carried out with
copper-gold concentrate (Cu-Au) because of inadequate material.

6.3.1 Cyanidation of gold

Firstly, a cyanidation test of the feed materials was conducted using a solid /liquid
ratio of 2.7:5 (35% pulp density) and other conditions shown in Table 6.3 to establish a
baseline. Results are also shown in Table 6.3. For the copper-gold concentrate, a good
leaching efficiency could be achieved only by using aggressive leach conditions such
as the addition of excess cyanide and the use of oxygen at high flowrates. High cyanide
requirement (241 kg t-1) was the major issue with this concentrate as noted in Table 6.3.
The high cyanide consumption was due to (i) the reaction of copper with cyanide to
form copper cyanide complex species; and (ii) the reaction of iron with cyanide to form
iron cyanide complex species and thiocyanate. The reactions of copper and iron
minerals with cyanide are shown in Table 6.4.

Gold leaching from a pyrite concentrate using standard cyanidation achieved a
gold leaching efficiency of only 62% in 24 hours. Higher leaching efficiency could be
obtained by fine grinding of the concentrate which would add extra costs to the process.
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For the calcine, oxide ore and pressure oxidised residue, the standard cyanidation
achieved 67%, 65% and 62%, respectively. However, some improvements on the
leaching process could be made by the addition of lead nitrate (Dai and Breuer, 2013)
and/or by oxygen enrichment (Zhang et al., 2013).

Table 6.3 – Gold leaching from different feed materials in sodium
cyanide solutions

Feed material

NaCN added

Air/O2

GLE

-1

(%)

PY

(kg t )
10.8

air

62

POX

0.9

air

62

CAL

2.8

air

67

Cu-Au

241

*O2

98

Cu-Au

13.8

air

38

OX

3.5

air

65

Slurry adjusted to pH > 10 using lime, *flow rate 20 mL min-1 otherwise
4 mL min-1 at ambient temperature, gold leaching efficiency (GLE)
after 24 hours, NaCN added to maintain a free cyanide concentration
of 10 mM during leaching.

Table. 6.4 – Reactions of copper and iron minerals with cyanide
Reaction

Eq.

Ref.

2CuCO3 + 7NaCN + 2NaOH = 2Na2Cu(CN)3 + 2Na2CO3 + NaCNO + H2O

6.1

[a]

2CuS + 8NaCN + 0.5O2 + H2O = 2Na2Cu(CN)3 + 2NaOH + 2NaSCN

6.2

[b]

6.3

[c]

6.4

[a]

6.5

[a,b]

6.6

[d]

6.7

[d]

-

Cu2S + 5CN + O2 + H2O =

2Cu(CN)2-

-

+ S + OCN + 2OH

-

Cu2S + 6NaCN = 2Na2Cu(CN)3 + Na2S
Cu2O + 6NaCN = 2Na2Cu(CN)3 + 2NaOH
-

2FeS + O2 + 14CN + 2H2O =

2Fe(CN)64-

-

+ 2CNS + 4OH

Fe7S8 + CN- = 7FeS + CNS-

-

a. Lombardi (2008); b. Parga et al. (2011); c. Vukcevic (1996); d. Marsden and House (2006).
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6.3.2 Thiosulfate leaching of gold

(a) General comparison of results

Thiosulfate leaching tests were conducted using the best conditions obtained in
fundamental studies in the absence of an additive. These are 2 mM copper(II) at pH 10
and 50 ºC in the presence of oxygen. Presented in Fig. 6.1 is the gold leaching efficiency
as a function of time for the different ores. The corresponding concentrations of
thiosulfate, polythionates generated, total copper in solution, average Eh and final pH
of the slurry are shown in Table 6.5 and Appendix A9.

Fig. 6.1 – Effect of mineralogy on gold leaching in calcium thiosulfate solutions from (a) sulfides,
(b) oxides ores/concentrates; variation of residual concentration of (c) thiosulfate, (d)
total copper (0.3 M CaS2O3, 2 mM copper(II), roller speed 60 rpm, 10 mL min-1 oxygen
at initial pH 10 and 50 ºC, solid/liquid ratio of 2.7:4. Also shown with closed symbols
are the 24-hour cyanidation results from Table 6.3).
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Table 6.5 – Variation of residual concentration of thiosulfate, polythionates, total copper and
slurry Eh and pH after different leaching durations
Feed

S2O32- / M

S3O62- / mM

S4O62- / mM

Material

24 h

48 h

24 h

48 h

24 h

48 h

Cu-Au

0.18

0.11

26.1

47.9

4.7

PY

0.21

0.09

24.0

45.1

CAL

0.23

0.18

12.7

POX

0.24

0.20

OX

0.29

0.28

Total copper / mM

final Average Eh

1h

24 h

48 h

pH

(mV)

13.7

20.3

33.2

18.9

9.7
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3.4

10.2

3.6

1.2

0.5

9.5

124

32.0

4.0

7.97

0.5

1.5

0.72

9.8

122

1.7

5.2

1.4

3.2

1.2

1.0

0.7

10.4
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4.98

9.71

1.74

4.46

3.3

3.3

3.3

10.3

162

-1

Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min oxygen at an initial pH 10 and 50 ºC
solid/liquid ratio of 2.7:4.

(b) Gold leaching from sulfides

The gold leaching efficiency after 48 hours was significantly high for sulfide ore,
copper-gold concentrate, indicating a positive impact of sulfide minerals through
galvanic effect in the thiosulfate-oxygen leaching system. These results are consistent
with the findings of the investigations using REQCM and gold powder leaching. Zhang
et al. (2013) also obtained higher gold leaching efficiencies from sulfide ores, compared
to oxide ores, in thiosulfate-oxygen solutions.

From Fig. 6.1, it can be seen that a reasonably high gold leaching efficiency of
73% was achieved in 24 hours using the copper-gold concentrate. Subsequently, the
leach rate slowed down with only 7% additional gold extraction in another 24 hours.
This could be related to one or more of the following: (i) a decrease in the free
thiosulfate concentration as the initial 0.3 M thiosulfate depleted to 0.18 M and 0.11
after 24 and 48 hours, respectively, due to the oxidation of thiosulfate to polythionates
(Fig. 6.1c, Table 6.5) and the complexation with copper(I); (ii) the high concentration
of copper in the solution (Fig. 6.1d, Table 6.5) passivating the gold surface via the
formation of Cu2S and/or Cu2O precipitates (Bagdasaryan et al., 1983); and (iii) lower
stability of gold thiosulfate at lower concentrations of thiosulfate (Muir and Aylmore,
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2004). The loss of precious metals via precipitation from ammonia-copper(II)thiosulfate leach solutions has been previously investigated by the researchers at
CSIRO. It was found that tetrathionate, a thiosulfate degradation product, is a precursor
for the precipitation of gold and silver as a mixed metal sulfide, particularly in the
presence of copper. In cyanide solutions, a high leaching efficiency of 98% could be
achieved only by adding excess cyanide and using oxygen at high flow rates (Table
6.3).

The gold leaching efficiency of the pyrite sample was 40% in 24 hours and 51%
in 48 hours with little passivation (Fig. 6.1a). This is still lower than the gold leaching
efficiency of 62% with cyanide (Table 6.3). However, high gold extraction would be
expected if the leaching were allowed to continue for a longer period.

The total concentration of copper after 1 hour, 24 hours and 48 hours was
significantly lower with the leaching of pyrite sample than in the case of copper-gold
sample. This may have created less gold passivation, allowing steady/continuous gold
leaching. It can also be seen from Table 6.5 that the thiosulfate degradation in the tests
was high for the two sulfide concentrates, with the formation of high concentrations of
polythionates (e.g. trithionate and tetrathionate). The heavy loss of thiosulfate can be
explained by the catalytic effect of pyrite on thiosulfate oxidation for pyrite sample
(Feng and van Deventer, 2002, 2005; Zhang and Jeffrey, 2008).

193

(c) Gold leaching from oxides

Leaching of gold from a pressure oxidised residue exhibited faster leach rates in
the first five hours compared to other feed materials; however, the leach rate slowed
down due to passivation. A 24-hour standard cyanidation for pressure oxidised residue
achieved a gold leaching efficiency of 62% (Table 6.3) and the thiosulfate gold leaching
efficiency was 43% after 24 hours and 52% after 48 hours. The gold leaching from the
calcine showed very low leach rates with a gold leaching efficiency of around 32% at
48 hours (Fig. 6.1b) compared to 58% of the oxide ore. The decrease in thiosulfate
concentration is low for the three oxide samples (pressure oxidised residue, calcine and
oxide ore) compared to that of pyrite. A thiosulfate concentration of 0.18, 0.2 and 0.28
M was available after 48 hours for calcine, pressure oxidised residue and oxide ore
respectively. Despite a decrease in the leach rate after 24 hours, a higher gold leaching
efficiency would be expected if the leaching were to continue for a longer period for
oxide ore and calcine considering the trend of continuing leach (Fig. 6.1b).

(d) Residual copper and Eh-pH

The total copper in solution increased during the leaching of copper-gold
concentrate, pyrite concentrate and oxide ore from 2 mM to 20.3, 3.6 and 3.3 mM,
respectively in the first hour, indicating that copper was also leached into solution (Fig.
6.1d, Table 6.5). In contrast, there was a rapid decrease in copper concentration in the
first hour for calcine concentrate and pressure oxidised residue. This might be due to
the precipitation of copper ions from the solution or the adsorption of copper ions on

194

the gangue minerals. The adsorption of copper ions on gangue minerals was tested
further in Chapter 7.

The pH and Eh of the slurry were not adjusted during the leaching process. The
recorded final pH values did not deviate much from the initial pH of 10 for all the feed
materials (Table 6.5). For the pressure oxidised residue and oxide ore, the final pH was
10.4 and 10.3, respectively. Relatively alkaline pH is expected in oxide slurries due to
the presence of oxides, hydroxides and carbonates (Choi and Ghahremainezhad, 2015).
High average Eh values recorded with copper-gold concentrate are associated with high
copper concentrations in solution. The average Eh values in the range 122-195 mV
correspond to the stability region of Cu(S2O3)35- in the Eh-pH diagram presented in Fig.
2.4.

6.3.3 Effect of carbon on gold leaching

(a) General comparison of results

The effect of carbon dosage on gold leaching from different feed materials is
shown in Table 6.6 and Fig. 6.2. The variation of the concentration of residual copper
and polythionate during leaching is summarised in Table 6.7 and Appendix A9. It is
clear that carbon has a beneficial effect on gold leaching from all four samples (Fig.
6.2) as the gold leaching efficiency is enhanced by 20-40%.
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Table 6.6 – Effect of carbon on gold leaching from different feed materials in calcium
thiosulfate solutions
Gold leaching efficiency (%)

Feed

Carbon

Material

(g)

1h

3h

5h

24 h

48 h

PY

0

5.7

8.5

10.4

36.7

50.9

9

6.0

9.7

12.4

54.1

51.1

13.5

8.3

12.3

18.6

67.3

54.0

15

8.5

14.2

19.8

77.2

69.4

0

2.2

3.6

5.2

21.1

32.4

9

2.3

3.7

6.3

27.1

57.3

13.5

6.0

9.4

11.8

39.4

71.6

15

7.1

10.9

15.2

52.4

72.6

0

15.7

23.6

27.6

43.2

51.6

6.75

22.7

32.6

40.1

61.6

78.3

9

20.9

33.3

35.4

59.9

72.0

13.5

18.8

28.8

32.7

52.8

62.1

0

9.8

12.1

13.7

43.1

58.8

6.75

14.2

24.2

33.5

62.1

73.1

9

12.3

21.7

29.1

60.8

69.7

CAL

POX

OX

0.3 M CaS2O3, 2 mM copper(II), 10 mL
speed 60 rpm, solid/liquid ratio of 2.7:4.

min-1

oxygen at initial pH 10 and 50 ºC, roller
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Fig. 6.2 – Effect of carbon on gold leaching from different feed materials in calcium thiosulfate
solutions (a) PY, (b) CAL, (c) POX, (d) OX (0.3 M CaS2O3, 2 mM copper(II), 10 mL
min-1 oxygen, roller speed 60 rpm, solid/liquid ratio of 2.7:4, at initial pH 10 and 50
ºC). Also shown with closed square symbols are the 24-hour cyanidation results from
Table 6.3.
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Table 6.7 – Variation of concentration of thiosulfate, polythionates, total copper and
slurry Eh with the carbon content and time
Feed

S2O32- / M
24 h
48 h

S3O62- / mM
24 h
48 h

S4O62- / mM
24 h
48 h

Total copper / mM
1h
24 h
48 h

Material

Carbon
(g)

PY

0

0.21

0.09

24.0

45.1

3.4

10.2

3.6

1.2

0.5

124

9

0.18

0.08

32.5

59.6

10.4

12.8

3.6

1.2

0.3

137

13.5

0.10

0.04

50.9

78.0

10.8

18.9

3.5

0.9

0.09

181

15

0.08

0.01

68.0

107.7

11.1

21.5

3.5

1.0

0.05

180

0

0.23

0.18

12.7

32.0

4.0

8.0

0.5

1.5

0.7

122

9

0.21

0.13

12.6

23.2

0.18

1.6

0.1

0.8

0.4

133

13.5

0.14

0.06

46.6

60.4

4.6

12.3

1.2

1.0

0.4

179

15

0.11

0.05

58.8

86.0

6.5

17.5

1.7

1.2

0.1
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0

0.24

0.20

1.7

5.2

1.4

3.2

1.2

1.0

0.7
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6.75

0.21

0.15

12.6

17.2

2.9

8.3

1.2

0.9

0.6

169

9

0.21

0.12

35.5

48.4

6.6

10.3

1.2

1.0

0.5

104

13.5

0.18

0.10

44.5

64.3

4.8

12.1

1.2

0.6

0.1

106

0

0.29

0.28

5.0

9.7

1.7

4.5

3.3

3.3

3.3

162

6.75

0.24

0.15

22.2

35.1

3.69

13.5

2.5

2.9

2.6

176

9

0.20

0.12

25.6

46.5

6.5

16.7

2.1

1.8

1.7

194

CAL

POX

OX

Average Eh
(mV)

Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, carbon (-120 µm), 10 mL min-1 oxygen at initial
pH 10 and 50 ºC, solid/liquid ratio of 2.7:4.

(b) Pyrite concentrate

The gold leaching efficiency of the pyrite concentrate increases with an increase
in the amount of carbon up to 13.5 g (Fig. 6.2a). A further increase in the carbon dosage
beyond 13.5 g resulted in a decrease in gold leaching efficiency. A high carbon dosage
is likely to adsorb gold(I)-thiosulfate from solution (preg-robbing effect) which is
facilitated at low thiosulfate concentrations as described later in Chapter 7. The gold
leaching efficiency was significantly higher around 77% in the presence of 13.5 g
carbon after 24 hours which higher than the gold leaching efficiency with cyanide
(Table 6.3). This can be attributed to the combination of the galvanic interactions
between carbon and gold and/ or pyrite and gold. During the next 24 hours, the amount
of gold leached decreased significantly and was accompanied by an excessive
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degradation of thiosulfate and decrease in total copper concentration to less than 0.1
mM (Table 6.7, Appendix A9). The decline in gold extraction may be attributed to the
depletion of both free thiosulfate and copper in solution and the re-precipitation of gold
or adsorption of gold onto the pyrite mineral as described in Chapter 7.

(c) Calcine

In the absence of carbon, only 21% and 32% of gold was dissolved in 24 hours and
48 hours, respectively (Fig. 6.2b). A decrease in the leach rate after 24 hours indicates
that gold particle surface is passivated possibly by polythionates and other sulfur species
as described in Chapter 2 (Table 2.10). The addition of carbon significantly increases
gold leaching. Gold leaching efficiency was more than 71% at 48 hours in the presence
of 13.5 g or 15 g of carbon. The leach rate at 24 and 48 hours was almost the same with
less gold passivation in the presence of carbon. In comparison to pyrite concentrate, the
residual concentration of free thiosulfate and copper in solution in the case of calcine
concentrate were still high after 24 hours (Table 6.7, Appendix A9), allowing gold
leaching to continue with no sign of slowing down. It should be noted that, in the
presence of carbon, the concentration of copper in solution decreased in the first five
hours and then increased followed by another rapid decrease after 24 hours (Table 6.7,
Appendix A9). A rapid decrease in total copper concentration in the first five hours and
after 24 hours indicates the precipitation of copper from solution or adsorption of copper
onto the gangue minerals.
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(d) Pressure oxidised residue

The gold leaching efficiency of the pressure oxidised residue was more than 78%
in 48 hours in the presence of 6.75 g carbon. However, a further increase in the amount
of carbon results in a decrease in % of gold extracted (Fig. 6.2c). Adding more carbon
increased the viscosity of the slurry, which is likely to reduce mass transfer of the
reagents causing a decrease in leaching efficiency. Thiosulfate degradation increases
with the increase in the amount of carbon added (Table 6.7, Appendix A9). In the
presence of 13.5 g carbon, the concentration of free thiosulfate was around 0.1 M after
48 hours compared to 0.2 M in the absence of carbon.

(e) Oxide ore

The addition of 6.75 g of carbon was found to have a beneficial effect on gold
leaching from the oxide ore (Fig. 6.2d). However, a further increase in the amount of
carbon to 9 g decreased the gold leaching efficiency. The final gold leaching efficiency
was 73% and 70% in the presence of 6.75 g and 9 g of carbon, respectively. Thus, small
amounts of carbon can be used with the oxide ore, compared to the pyrite concentrate
and calcine. The concentration of copper increases in the first hour (Table 6.7, Appendix
A9), accompanied by a high initial gold leach rate. After an hour, the concentration of
copper remains relatively constant over 48 hours both with and without carbon,
available for catalysing the oxidation of gold.
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6.3.4 Effect of carbon on thiosulfate degradation, residual copper and Eh

In general, the concentration of thiosulfate decreases with the increase in the
amount of carbon for all the different types of feed materials as illustrated in Table 6.7
and Appendix A9. Thiosulfate consumption became excessive when the amount of
carbon was increased to 13.5 g in all cases as indicated in Table 6.7. It is possible that
carbon catalyses the oxidation of thiosulfate via adsorption of thiosulfate ions and
facilitates the electron transfer between oxygen and thiosulfate. Catalytic effect of
carbon on cyanide oxidation has been reported (Senanayake, 2008). There was only a
slight decrease in the concentration of total copper implying that the carbon has a low
affinity for copper ions. This is explained further in Chapter 7.

The Eh for the slurries of pyrite concentrate, calcine and oxide ore increases
significantly with the increase in the amount of carbon. The results are in agreement
with the fundamental studies described in Chapter 5, where the addition of carbon
increased the solution potential Eh. However, this was not the case with pressure
oxidised residue where an increase in carbon content resulted in a decrease in the slurry
Eh and increased the viscosity of the solution. The Eh depends highly on the carbon
content and not the available residual copper ions in solution (Table 6.7). For example,
in the absence of carbon the average concentration of copper ions was 3.3 mM in the
case of oxide ore and corresponding average Eh was 162 mV. However, in the presence
of 9 g of carbon, the average concentration of copper ions in solution was 1.9 mM with
a corresponding average Eh of 194 mV. Nevertheless, the average Eh of 104-194 mV
in Table 6.7 corresponds to the stability region of Cu(S2O3)35- in Fig. 2.4.
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6.3.5 Effect of particle size in the presence of carbon

(a) Gold leaching efficiency

Fig. 6.3 depicts the effect of particle size on gold leaching from the pyrite
concentrate in the presence of carbon. The leaching efficiency was 77% at 24 hours for
fine particles of -75 µm compared to 68% and 52% for particles of size range +75-120
µm and +120-175 µm, respectively. This is attributed to: (i) gold being more likely
exposed in the fines; and (ii) the smaller the particle size, the greater the surface area
for galvanic interaction between gold particles and pyrite or carbon. However, the gold
loss from the solution after 24 hours was much greater in the case of fine particle size
range (-75 µm), compared to the coarse particle size range of +120-175 µm. This is due
to the adsorption of gold(I)-thiosulfate on pyrite mineral surface which increases with
the increase in mineral surface area. Pyrite can adsorb gold(I)-thiosulfate from solution
at low thiosulfate concentrations and the adsorption of gold ions increases with time in
the presence of tetrathionate as shown later in Chapter 7. A high concentration of
tetrathionate formed (Table 6.8), at particle of size range of -75 µm, could have
decreased the free thiosulfate and increased the preg-robbing of gold(I)-thiosulfate.
Despite the loss of gold ions at particle size range -75 µm, the final gold leaching
efficiency is still higher at 69%, compared to 56% for size range +120-175 µm.
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Fig. 6.3 – Effect of particle size of pyrite concentrate on (a) gold leaching efficiency, (b) residual
concentration of thiosulfate, (c) total copper in the presence of carbon (0.3 M CaS2O3,
13.5 g carbon, 2 mM copper(II), solid/liquid ratio of 2.7:4, carbon/liquid ratio of
1:14.8, roller speed 60 rpm, 10 mL min-1 oxygen at initial pH 10 and 50 ºC).

(b) Thiosulfate degradation and residual copper

The changes in concentration of thiosulfate, polythionates generated and the total
copper in solution at different particle size range and time are shown in Fig. 6.3b, c and
Table 6.8. Thiosulfate consumption decreases with an increase in particle size. Fine
grinding greatly increases the surface area of pyrite minerals which strongly catalyse
thiosulfate oxidation (Feng and van Deventer, 2002, 2005; Zhang and Jeffrey, 2008).
The total copper in solution is also greatly influenced by the particle size. As shown in
Fig. 6.3 and Table 6.8, the concentration of total copper in solution is higher for the
coarse size range of +120-175 µm compared to that for the fines of size range -75 µm.
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The decrease in copper concentration with the decrease in particle size may also be due
to the adsorption of copper ions on pyrite due to an increase in the surface area of pyrite.
There is an increase in copper concentration in the first hour of leaching of the pyrite
concentrate of different particle size range followed by a rapid decrease which may be
attributed to the precipitation of copper from the solution and/or the adsorption of
copper on the pyrite and gangue minerals. Pyrite has high affinity for adsorption of
copper ions as described later in Chapter 7.

Table 6.8 – Effect of particle size of pyrite concentrate on residual concentration of thiosulfate,
polythionates, total copper and slurry Eh after different time intervals
Particle size range

2-

S2O3 / M

2-

S3O6 / mM

2-

S4O6 / mM

Total copper / mM

Average Eh

(µm)

24 h

48 h

24 h

48 h

24 h

48 h

1h

24 h

48 h

(mV)

─- 75

0.10

0.04

50.9

78

9.1

18.9

3.5

0.9

0.09

181

─+75-120

0.11

0.05

44.2

65.8

6.7

14.6

6.5

2.3

0.1

198

─+120-150

0.13

0.83

31.6

52.5

5.6

12.5

6.6

3.1

0.9

199

Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 13.5 g carbon (-120 µm), 10 mL
solid/liquid ratio of 2.7:4, carbon/liquid ratio of 1:14.8 at initial pH 10 and 50 ºC.

min-1

oxygen,

6.3.6 Effect of oxidant in the presence of carbon

(a) Gold leaching efficiency

Fig. 6.4 shows the effect of changing the purging gas from air to oxygen, which
increases the dissolved oxygen concentration. The gold leaching efficiencies of four
different feed materials in the presence of carbon are compared. The use of pure oxygen
instead of air improved gold leaching in all cases. The effect of using pure oxygen is
more pronounced for pyrite and calcine than for pressure oxidised residue and oxide
ore. Iron in pyrite and calcine concentrate is also leached into the solution (Xia, 2008)
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and these oxidation processes consume oxygen. The beneficial effect of using a high
concentration of oxygen in leaching of gold from various ores has also been reported
(Choi and Ghahremainezhad, 2014; Ji et al., 2003a; Zhang, 2004; Zhang et al., 2013).
However, in the first three hours, the use of oxygen instead of air had no significant
effect on gold leaching kinetics in the presence of carbon for all feed materials. This is
consistent with the results from the gold powder leaching in the presence of carbon in
which the use of air instead of oxygen did not significantly affect the leaching efficiency
of gold (Fig. 5.23). Despite the low leach kinetics in the presence of air, the gold
leaching efficiency continued to increase after 24 hours and higher gold extraction
would be expected if the leaching was allowed to continue for more than 48 hours,
particularly with pyrite concentrate, calcine and pressure oxidised residue.
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Fig. 6.4 – Effect of change of air to oxygen on gold leaching from different feed materials in
calcium thiosulfate solutions in the presence of carbon (a) PY, (b) CAL, (c) POX,
(d) OX (0.3 M CaS2O3, 2 mM copper(II), 10 mL min-1 oxygen/air, solid/liquid ratio of
2.7:4, roller speed 300 rpm at initial pH 10 and 50 ºC. The amount of carbon used was
based on the best result for each feed material (Fig. 6.2). The particle size of pyrite: -75
µm).

(b) Thiosulfate degradation, residual copper and Eh

The effect of change of gas from air to oxygen on thiosulfate degradation,
polythionates generated, total copper in solution, and slurry Eh is shown in Table 6.9
and Appendix A10. When air was used instead of oxygen, the oxidation of thiosulfate
was less for all the four different types of feed materials. Concentration of free
thiosulfate after 48 hours was 0.23 M and 0.25 M in the presence of air for leaching of
gold from the calcine and pressure oxidised residue, respectively, compared to 0.05 M

206

and 0.15 M in the presence of pure oxygen. The corresponding amounts of polythionates
generated were also high in the presence of pure oxygen (Table 6.9).

However, when air was used, the concentration of copper decreased quite
significantly due to precipitation or adsorption. The copper ions were depleted after 48
hours during leaching of gold from the calcine and pressure oxidised residue (Table 6.9,
Appendix A10). The excessive decrease in soluble copper in the presence of air could
be one of the reasons for the low leach rate, despite the availability of more than 0.2 M
free thiosulfate during the entire leaching period of gold from the calcine, pressure
oxidised residue and oxide ore.

The impact of dissolved oxygen concentration on Eh was determined at pH 10 and
reported in Table 6.9. The Eh of the slurry increases with the use of oxygen instead of
air as shown in Table 6.9. In general, the dissolved oxygen is reduced on a gold surface
according to Eqs. 4.2 and 4.3 in Chapter 4. According to Heduit and Thevenot (1989),
the relationship between the platinum electrode potential at equilibrium (Eh) in mV and
the dissolved oxvgen at constant pH and temperature, can be expressed as:

Eh = a + b log [O2]

(6.8)

where a and b are constants and[O2] is dissolved oxygen concentration in mg L-1. From
Eq. 6.8, it is clear that the Eh of the slurry increases with oxygen concentration. As the
dissolved oxygen concentration is proportional to the partial pressure of oxygen gas
above the slurry (Henry’s law), the use of pure oxygen instead of air is likely to increase
the dissolved oxygen concentration by a factor of 100/21 ~ 4.76 (Ruoff and Lillo, 1990).
This is expected to enhance leaching of gold as observed in Fig. 6.4.
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Table 6.9 – Effect of change of air to oxygen on residual concentration of thiosulfate,
polythionates, total copper and slurry Eh after different time intervals
Feed

Oxidant

Material
PY

CAL

POX

OX

2-

S2O3 / M

2-

S3O6 / mM

2-

S4O6 / mM

Total copper / mM

Average Eh

24 h

48 h

24 h

48 h

24 h

48 h

1h

24 h

48 h

mV

Oxygen

0.10

0.04

50.9

78.0

9.1

18.9

3.5

0.9

0.09

181

air

0.13

0.11

36.2

62.6

7.6

14.9

3.6

0.4

0.01

169

Oxygen

0.11

0.05

58.8

86

6.5

17.5

1.7

1.2

0.1

186

air

0.25

0.23

28.4

52.7

2.2

5.8

0.7

0.2

0.03

175

Oxygen

0.21

0.15

12.6

17.2

2.9

8.3

1.2

0.9

0.6

169

air

0.23

0.19

7.3

12

1.5

3.2

0.5

0.2

0.04

108

Oxygen

0.24

0.15

22.2

35.1

3.7

13.5

2.5

2.9

2.6

176

air

0.27

0.25

7.5

19.7

1.6

8.2

2.0

2.2

1.7

170

Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM at initial pH 10 and 50 ºC, solid/liquid ratio of
2.7:4. the particle size of pyrite: -75 µm, The amount of carbon used was based on the best result for
each feed material (Fig. 6.2), PY: 13.5 g, CAL: 15 g, POX: 6.75 g, OX: 6.75 g carbon.

6.3.7 Effect of temperature in the presence of carbon

(a) Gold leaching efficiency

The effect of temperature on gold leaching efficiency in the presence of carbon is
shown in Fig. 6.5. The beneficial effect of using elevated temperature in nonammoniacal leaching of gold from ores has been reported by other researchers (Ji et al.,
2003a; Xia, 2008; Zhang, 2004; Zhang et al., 2013). The increase in temperature from
25 to 50 ºC resulted in a significant increase in gold leaching efficiency for all the four
different types of materials. A high gold leaching efficiency would be expected if the
process were to continue for a longer period since more than 0.14 M free thiosulfate
was still available in both cases. However, for the other two feed materials, pressure
oxidised residue and oxide ore, the gold surface is highly passivated at 25 ºC after 24
hours of leaching. At 25 ºC, gold leaching efficiency at 48 hours was 38% and 34% for
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the leaching of gold from the pyrite concentrate and calcine, respectively, with little or
no sign of passivation.

Fig. 6.5 – Effect of temperature on gold leaching from different feed materials in calcium
thiosulfate solutions in the presence of carbon (a) PY, (b) CAL, (c) POX, (d) OX
(0.3 M CaS2O3, 2 mM copper(II), 10 mL min-1 oxygen, solid/liquid ratio of 2.7:4, roller
speed 60 rpm, at initial pH 10. The particle size of pyrite: -75 µm. The amount of carbon
used was based on the best result for each feed material (Fig. 6.2).

(b) Thiosulfate degradation, residual copper and Eh

Despite the high gold leaching efficiency, the corresponding thiosulfate
degradation and polythionates generated are also high (Table 6.10, Appendix A11).
The effect of temperature on copper ions in solution and slurry Eh is shown in Table
6.10 and Appendix A11. Increasing temperature results in increasing copper dissolution
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in the first hour of gold leaching from the pyrite concentrate. This was accompanied by
an increase in the gold leaching efficiency (Fig. 6.5). However, for all the feed materials,
the final concentration of copper ions was higher at 25 ºC than at 50 ºC. The average
Eh of the solution was also found to decrease with an increase in temperature.

Table 6.10 – Effect of temperature on residual concentration of thiosulfate, polythionates,
total copper and slurry Eh after different time intervals
2-

Material

(°C)

24 h

48 h

24 h

48 h

24 h

48 h

1h

24 h

48 h

(mV)

50

0.10

0.04

50.9

78.0

9.1

18.9

3.5

0.9

0.09

181

25

0.20

0.15

29.2

44.3

1.1

6.1

1.2

1.1

0.14
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50

0.11

0.05

58.8

86.0

6.5

17.5

1.7

1.2

0.1

186

25

0.21

0.14

9.7

28.2

0.9

4.75

1.7

0.9

0.5

225

50

0.21

0.15

12.6

17.2

2.9

8.3

1.2

0.9

0.6

169

25

0.24

0.23

5.4

12.9

0.4

0.7

0.9

0.8

0.6

189

50

0.24

0.15

22.2

35.1

3.7

13.5

2.5

2.9

2.6

176

25

0.26

0.23

8.2

22.5

1.8

9.4

2.7

3.5

3.6
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CAL

POX

OX

S3O6 / mM

2-

T

PY

S2O3 / M

2-

Feed

S4O6 / mM

Total copper / mM

Average Eh

Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1 oxygen at initial pH 10.). The particle
size of pyrite: -75 µm. The amount of carbon used was based on the best result for each feed material
(Fig. 6.2), PY: 13.5 g, CAL: 15 g, POX: 6.75 g, OX: 6.75 g.

6.3.8 Effect of pH in the presence of carbon

(a) Gold leaching efficiency

The impact of initial pH on gold leaching from three different feed materials in the
presence of carbon is shown in Fig. 6.6. A decrease in pH from 10 to 7 had a detrimental
effect on gold leaching from the pyrite concentrate as shown in Fig. 6.6a. One possible
reason for this behaviour is that the catalytic effect of pyrite on thiosulfate oxidation is
enhanced in solutions of low pH values (Zhang and Jeffrey, 2008). The initial pH had
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no significant effect on gold leaching from pressure oxidised residue or oxide ore as
indicated in Fig. 6.6.

Fig. 6.6 – Effect of pH on gold leaching from different feed materials in calcium thiosulfate
solutions in the presence of carbon (a) PY, (b) CAL, (c) POX (0.3 M CaS2O3, 2 mM
copper(II), solid/liquid ratio of 2.7:4, roller speed 300 rpm, 10 mL min-1 oxygen at 50 ºC.
The particle size of pyrite: -75 µm).

(b) Thiosulfate degradation, residual copper and Eh

The effect of pH on residual concentration of thiosulfate, polythionates formed,
total copper in solution and slurry Eh at different times is shown in Table 6.11 and
Appendix A12. The change of pH from 10 to 7 was accompanied by excessive
211

consumption of thiosulfate (Table 6.11, Appendix A12). The slight increase in
thiosulfate degradation at pH 10 may be attributed to the disproportionation of
thiosulfate to sulfate and hydrosulfide as noted by Eq. 2.49 in Table 2.6 (Choi et al.,
2013). The initial pH value had little impact on copper in solution in the case of pressure
oxidised residue and oxide ore. However, in the case of pyrite concentrate, the
concentration of copper in solution decreased quite significantly at pH 7 with only 0.01
mM left after 48 hours compared to 0.09 mM at pH 10. It is likely that the degradation
products formed during pyrite-catalysed thiosulfate facilitates the precipitation or
adsorption of copper ions on pyrite surfaces. The tetrathionate concentration was found
to be slightly lower at pH 10 (Table 6.11) due to the degradation of the species to
trithionate and thiosulfate in alkaline solutions at an elevated temperature of 50 ºC. The
average Eh of the slurry increases with the decrease in pH value, except for the pressureoxidised residue where the Eh was almost the same at pH 10 and 7.

Table 6.11 – Effect of pH on residual concentration of thiosulfate, polythionates, total copper
and slurry Eh after different time intervals
Feed

pH

Material
PY

CAL

POX

S2O32- / M

S3O62- / mM

S4O62- / mM Total copper / mM

Average Eh

24 h

48 h

24 h

48 h

24 h

48 h

1h

24 h

48 h

(mV)

10

0.10

0.04

50.9

78

9.1

18.9

3.5

0.9

0.09

181

7

0.07

0.02

67.5 102.2

9.8

21.0

3.4

0.3

0.02

196

10

0.14

0.06

46.6

60.4

4.6

12.3

1.2

1.0

0.4

179

7

0.15

0.08

34.8

48.5

1.5

5.3

0.8

0.7

0.6
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10

0.21

0.15

12.6

17.2

2.9

8.3

1.2

0.9

0.6

169

0.17 0.10
11.2 21.4
4.3
10.9
1.4 1.0
0.5
169
7
Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1 oxygen at 50 °C. Carbon amount
used was13.5 g for PY and CAL; 6.75 g for POX. The particle size of pyrite: -75 µm. solid/liquid
ratio of 2.7:4.
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6.4 Lime consumption

Lime consumption is one of the key parameters that determines whether the
leaching process is economical. The amount of lime added depends on the initial pH of
the slurry. Highly acidic ores will require large amounts of lime to adjust the pH to the
required level. The amount of lime per ton of ore required to raise the pH to 10, is given
in Fig. 6.7 and the calculations are shown in Appendix A13. As shown in Fig. 6.7,
calcine has the highest lime consumption of 105 kg/ton while oxide ore requires only
3.6 kg/ton. During pre-treatment of ores (calcination and pressure oxidation), metal
oxides and acid are produced (Aylmore and Jaffer, 2012; Hillier et al., 2008). If the acid
produced is not neutralised the slurry remains acidic. This is likely the reason why
slurries of calcine and pressure oxidised residue requires large amounts lime to raise the
pH to 10. With lime costing US$ 0.142 per kg (Corathers, 2016), the lime consumption
translates to an operating cost of US$ 14.91 and US$ 0.51 per ton of ore treated at 40%
pulp density for calcine and oxide ore, respectively. This means that an additional US$
14.40 per ton will be required to treat calcine as compared to oxide ore.
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Fig. 6.7 – Effect of initial pH of the feed material on lime consumption (solid/liquid ratio of
2.7:4, pH adjustment done at room temperature).
.

6.5 Gold accountability

The leach residue or tails for selected tests were analyzed for gold using fire assay.
The gold leaching efficiency based on mass balance (mGLE) was calculated using the
following formula:

m
2GLE(%)

=

leached Au
leached Au + Au in tails

× 100

(6.9)

where, leached Au and Au in tails is in g t-1. The gold leaching efficiency based on mass
balance and gold in solution (sGLE) for selected leach tests are compared in Table 6.12.
The error is in the range of 0-7.7%. The low error percentages indicate that the method
used and data reported are reliable.
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Table 6.12 – A comparison of gold leaching efficiency based on mass balance (mGLE) and on
gold in solution (sGLE)

Feed material
POX

CAL

Carbon
(g)

s

GLE
(%)

Error
(%)

78.8

78.2

0.7

6.50

72.6

72.1

0.6

14.8

10.50

58.5

62.1

6.1

6.75b

16.1

7.70

67.7

67.7

0.0

9

42.1

30.0

58.4

57.3

1.9

13.5

52.6

18.6

73.9

71.6

3.1

15

53.3

16.5

76.4

72.6

4.9

b

33.3

40.5

45.1

45.4

0.6

0

29.6

26.6

52.7

49.4

7.7

9

24.5

22.5

52.2

51.1

2.1

13.5

33.3

16.7

66.6

69.4

4.2

32.3

18.7

63.3

67.3

6.3

23.5

24.4

49.1

49.0

0.2

0

7.9

5.05

61.1

58.8

3.7

6.75

9.9

3.88

71.7

73.1

1.9

-1

(g t )

(g t )

6.75

18.7

5.03

9.0

17.2

13.5

15

a

13.5
OX

m

GLE
(%)

15
PY

Leached Au Au in tails

b

-1

Tailings analysed after 48 hours unless specified. a 24 hour sample, b air bubbling instead of oxygen,
m GLE gold leaching efficiency based on mass balance, s GLE gold leaching efficiency based on
gold in solution. Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, carbon (-120 µm), 10 mL min-1
oxygen/air, solid/liquid ratio of 2.7:4, at initial pH 10 and 50 ºC.

6.6 Kinetic models for gold leaching

6.6.1 Limitations of kinetic models in gold leaching from ores

The shrinking sphere and shrinking core models presented in Eqs. 5.7 and 5.8 can
be applied on the gold leaching data. However, a number of side reactions can occur
during the thiosulfate leaching process that can change the concentration of reagents.
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The following are likely to change the concentration of reagents:
(i)

oxidation/degradation of thiosulfate;

(ii)

metals ions such as copper(I)/(II), silver(I), lead(II), iron(II) and zinc(II)
are leached into solution which affects the concentration of thiosulfate
(Table 2.3);

(iii)

the presence of polythionates, sulfur and sulfate formed during
thiosulfate degradation (Table 2.6); and

(iv)

possible adsorption of thiosulfate and copper(I)/(II) onto minerals and
carbon.

As a result of the above factors, the application of the leaching kinetic models was
limited to the first five hours when the change in reagent concentration was minimal.

Despite the limitations, previous studies reveal that the leaching results of gold
from a wide range of ores and concentrates in ammoniacal copper(II)-thiosulfate
solutions follow a shrinking sphere kinetic model over a wide range of conditions
(Senanayake, 2007). Cases in which gold dissolution follow a shrinking core model in
both ammoniacal and non-ammoniacal thiosulfate solutions have also been reported
(Zhang et al., 2004; Senanayake, 2005a).

6.6.2 Effect of carbon

The variations of X, {1-(1-X)1/3} or {1-3(1-X)2/3 + 2(1-X)} as a function of t for
the experimental leaching data with and without carbon are shown in Fig. 6.8. The
fraction of gold reacted X is based on the leach results without carbon and the best
results in the presence of carbon for four different samples, at the bottle roller speed of
60 rpm. Gold leaching data with and without carbon follows a shrinking core model for
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all the samples. This indicates the diffusion of a reagent through the porous solid formed
on the surface to the reaction surface or diffusion of the products from the reaction
surface through the porous solid into the solution is the rate controlling step. It is also
likely that a high percentage of silica in oxide ore and pressure oxidised residue results
in the formation of insoluble silica around the gold particles which affects the diffusion
of the lixiviant or products with time. The diffusion coefficients of thiosulfate for the
system with and without carbon was calculated using the shrinking core model
(Appendix A14) and the results are presented in Table 6.13. The calculated diffusion
coefficients of oxygen through porous solid was in the order of 10-11 to 10-17 m2 s-1 and
that of thiosulfate was in the order 10-13 to 10-18 m2 s-1. The values of diffusion
coefficients in Table 6.13 were calculated using the 80% passing particle size. As shown
in Table 6.13 and Appendix A14 the use of a smaller particle size change the value of
diffusion coefficient. Moreover, Liddell (2005) discussed the limitation of application
of shrinking core model when the extent of reaction is low. Therefore, the validity of
diffusion coefficients in Table 6.13 is questionable. Nevertheless, the values of
diffusion coefficients in Table 6.13, based on the shrinking core model, are few orders
of magnitude lower compared to those in Table 6.14 representing diffusivity through
water from previous publications. This difference supports the view that the diffusion
through a product layer is controlling the rate of gold leaching.
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Table 6.13a – Diffusion coefficients of thiosulfate and oxygen for system without and with
carbon for particle size 100 µm

Feed material
PY

D (10

Species

-12

2 -1

m s )

without carbon

with carbon

O2

3.5

12

2S2O3

0.06
0.9

0.2
7

0.02
27
0.5
10

0.1
57
1
37

0.2

0.6

CAL

O2

POX

S2O32O2

OX

S2O32O2
2-

S2O3

1nitial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM at initial pH 10 and 50 ºC, solid/liquid ratio
of 2.7:4. The amount carbon used was based on the best result for each feed material (Fig.
6.2), PY: 13.5 g, CAL: 15 g, POX: 6.75 g, OX: 6.75 g carbon.

Table 6.13b – Diffusion coefficients of thiosulfate and oxygen for system without and with
carbon for particle size 1 µm

Feed material

D (10

Species

2 -1

m s )

without carbon

with carbon

0.4

1.2
0.02
0.7
0.001
5.7
0.1
3.7
0.06

PY

O2

CAL

S2O3
O2

POX

S2O32O2

OX

S2O32O2

0.006
0.09
0.002
2.7
0.05
1

S2O32-

0.02

2-

-15

1nitial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM at initial pH 10 and 50 ºC, solid/liquid ratio
of 2.7:4. The amount carbon used was based on the best result for each feed material (Fig.
6.2), PY: 13.5 g, CAL: 15 g, POX: 6.75 g, OX: 6.75 g carbon.
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Table 6.14 – A comparison of diffusivity of oxygen and thiosulfate through water.

Process

Species D (10-10 m2 s-1) Ref.

Anodic oxidation of thiosulfate

S2O3

2-

6.6

[a]

Ammoniacal copper thiosulfate leaching of nickel

S2O32-

7.2

[b]

Dissolution of silver in copper(II)-ammoniacal thiosulfate

S2O32S2O32-

3.3

[c]

0.007

[c]

O2

13

[d]

Dissolution of Au-Ag(5%) in copper(II)-ammoniacal thiosulfate
Dissolution of gold-silver alloy in oxygenated cyanide

Dissolution of gold in oxygenated cyanide
O2
22
[e]
a. Sabzi (2005), b. Senaputra et al. (2008), c. Zhang et al. (2008), d. Sun et al. (1996), e. Kudryk and
Kellogg (1954).
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Fig. 6.8 – Kinetic models for gold leaching from different feed materials in calcium thiosulfate
solutions in the absence and presence of carbon. Sphere and core represents 1-(1-X)1/3 or
1-3(1-X)2/3 + 2(1-X) respectively. Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM at
initial pH 10 and 50 ºC, solid/liquid ratio of 2.7:4.
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6.7 Conclusions

The results have shown promise of using thiosulfate-oxygen system for leaching
gold from sulfide ores even in the absence of an additive due to galvanic interaction
between gold and sulfide minerals. Generally, oxides have shown low gold leaching
efficiency in the absence of an additive. The addition of carbon had a beneficial effect
on gold leaching from all the ores and concentrates tested. Fast leach kinetics were
observed with pyrite concentrate due to the combined effect of the galvanic interaction
between sulfide minerals and/or carbon with gold. Thiosulfate degradation was found
to increase with an increase in the amount of carbon used. An elevated temperature and
the use of oxygen instead of air were found beneficial to gold leaching in all the types
of feed material studied. The pH of the slurry had no significant effect on leaching gold
from calcine and pressure oxidised residue, while low pH values had a detrimental effect
on leaching gold from a pyritic concentrate with increased thiosulfate degradation.

Gold leaching efficiency based on gold in solution and mass balance were
comparable. The leaching of gold from all the ores and concentrates follows a shrinking
core model with or without carbon.
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CHAPTER 7 ADSORPTION OF GOLD(I), COPPER(I),
AND SULFUR SPECIES ON MINERALS
AND ACTIVATED CARBON

7.1 Introduction

The ore and concentrate leaching studies in Chapter 6 have shown that, in some
cases, the concentration of gold(I) in solution after a certain time decreased or remained
constant during the leaching process. The decrease in the concentration of gold(I) may
be due to: (i) adsorption by certain gangue minerals and/or activated carbon; and (ii) reprecipitation of gold(I) in a different form of solid (Muir and Aylmore, 2004).

As reviewed in Chapter 2, the preg-robbing behaviour of different gold ores and
common gangue minerals in ammoniacal thiosulfate solutions has been extensively
studied (Aylmore et al., 2014; Feng and van Deventer, 2001); however, little
information is available for non-ammoniacal thiosulfate solutions. Although there have
been some studies on the effect of polythionate ions on the stability of gold in the
presence of pyrite in calcium thiosulfate solutions (Daenzer et al., 2016), no information
is available on the effects of silver(I), copper ions, and other common gangue minerals
on the loss of gold in non-ammoniacal thiosulfate leach solutions. In thiosulfate-oxygen
system low concentrations of copper ions are required to significantly increase the rate
of gold leaching (Zhang et al., 2013; Zhang and Nicol, 2005). The beneficial effect of
silver in gold leaching has been reported (Oraby et al., 2014; Webster, 1986; Zhang et
al., 2008). In addition, it has been shown in Section 5.3.2 that silver in alloyed form has
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a beneficial effect on gold dissolution in the absence and presence of activated carbon
in calcium thiosulfate solutions. The role of copper and silver ions related to the
adsorption of gold(I) from ammoniacal thiosulfate solutions has also been reported
(Aylmore et al., 2014).

In this Chapter, the preg-robbing behaviour of six common minerals and carbon
in calcium thiosulfate solutions are discussed. The effect of free thiosulfate
concentration (i.e. thiosulfate added as CaS2O3), temperature, silver(I), copper(II) and
polythionate ions on the adsorption of gold(I)-thiosulfate are also examined. Special
emphasis will be given to the adsorption on pyrite and carbon.

7.2 Mineralogical composition and surface area of the common gangue
minerals

The XRD and QXRD techniques were used to determine the mineralogical
composition of the common gangue minerals. The results of the analysis are shown in
Table 7.1 and Appendix A15. Table 7.1 shows that quartz, goethite, kaolinite and pyrite
samples are almost pure. The hematite sample contained goethite and minor amounts
of quartz, gibbsite and kaolinite while chalcopyrite contained fluorapatite and trace
amounts of talc and quartz.
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Table 7.1– Quantitative XRD analysis of minerals
Component in % (w/w)

Mineral
Goethite

Hematite

CaCO3a

0.3

FeO(OH)b

99.1

3.9

Fe2O3c

0.6

92.1

Kaolinite

Quartz

Chalcopyrite

1.5

1.4

0.3

Al(OH)3d

1.1

Al2Si2O5(OH)4e

1.7

98.5

SiO2f

1.1

1.5

99.7

FeS2g

a

Pyrite

99.5

CuFeS2h

90.2

Ca5(PO4)3Fi

7.2

Mg3Si4O10(OH)2j

1.2

calcium carbonate, b goethite, c hematite, d aluminium hydroxide, e kaolinite, f quartz, g pyrite,
apatite, j talc.

h chalcopyrite, i

7.3 Blank test

In order to investigate whether the loss of gold was partly due to adsorption on the
minerals and not due to the adsorption on the surface of the bottles, a blank test was run
for 24 hours without the addition of a mineral or carbon at pH 10 and 25 °C. The test
was carried out by bottle rolling 10 mg L-1 Au(I) added as Na3Au(S2O3)2·2H2O in the
absence of a background thiosulfate salt in a sealed bottle. It was found that gold
concentration remains unchanged with time in the absence of other solid additives,
indicating that the adsorption on the bottle surface was negligible.
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7.4 Adsorption of gold(I)

7.4.1 Effect of thiosulfate

(a) In the absence of calcium thiosulfate

The adsorption of gold(I) on different minerals from solutions free of other
thiosulfate salts as a function of time is shown in Fig. 7.1. For all the minerals, the
adsorption process was very fast and equilibrium reached within half an hour. It is also
clear from Fig. 7.1a that oxide minerals show less preg-robbing effect in thiosulfate
deficient solutions i.e. solution of zero free thiosulfate concentration. Quartz adsorbed
only 1.7% of gold while goethite, kaolinite and hematite adsorbed around 18%.
However, at zero free thiosulfate concentration, sulfide minerals and carbon are highly
preg-robbing with 100% gold adsorbed within half an hour (Fig. 7.1b). Moreover, the
gold(I)-thiosulfate adsorbed at zero free thiosulfate concentration may be reduced to
metallic gold on the surface of the sulfide minerals according to Eq. 7.1 in the presence
of iron(II) (Xia and Yen, 2005):

Au(S2O3)23− + Fe2+ + 3OH− = Au + 2S2O32− + Fe(OH)3

(7.1)
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(a) Oxide minerals

(b) Sulfide minerals and carbon

Fig. 7.1 – Change in residual concentration of gold(I) (solid lines) and % gold adsorbed
(dashed lines) on (a) oxide minerals, (b) sulfide minerals and carbon from solutions
without free thiosulfate (10 mg L-1 Au(I) as Na3Au(S2O3)2·2H2O, 0 M free thiosulfate,
7.7% (w / v) minerals, 2.3% (w / v) carbon, roller speed 60 rpm, in sealed bottles at pH
10 and 25 ºC).

226

(b) In the presence of calcium thiosulfate

The effect of thiosulfate concentration on the adsorption of gold on oxide minerals
after bottle rolling for 4 hours is shown in Fig. 7.2. A thiosulfate concentration of 0.05
M was found to be sufficient to eliminate adsorption of gold on oxide minerals (Fig.
7.2a). Free thiosulfate helps to stabilise Au(S2O3)23− in solution or compete with gold(I)thiosulfate for adsorption sites, as discussed further in later sections.

The adsorption of gold on chalcopyrite, pyrite and carbon is significantly
decreased in the presence of free thiosulfate (Fig. 7.2b). It was observed that an increase
in free thiosulfate from 0.05 to 0.2 M calcium thiosulfate almost eliminated the
adsorption of gold on sulfide minerals and carbon (Fig. 7.2b). Only 10, 21 and 39% of
gold was adsorbed in the presence of chalcopyrite, pyrite and carbon, respectively, in
0.05 M calcium thiosulfate compared to 100% adsorption in solutions free of
thiosulfate. Since the sulfide minerals and carbon were found to be more preg-robbing
than oxide ores in solutions free of thiosulfate, these minerals and carbon might possess
active sites for adsorption or reduction of gold(I)-thiosulfate (Rees and van Deventer,
2000). Gold(I)-thiosulfate complex ion may be adsorbed and reduced on defected
sulfide surface according to Eq. 7.2 (Xia and Yen, 2005):

Au(S2O3)23− + defected sulfide surface + e- = Au + 2S2O32−

(7.2)
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(a) Oxide minerals

(b) Sulfide minerals and carbon

Fig. 7.2 – Effect of calcium thiosulfate concentration on residual concentration of gold(I) (solid
lines) and % gold adsorbed (dashed lines) on (a) oxide minerals, (b) sulfide minerals
and carbon (10 mg L-1 Au(I) as Na3Au(S2O3)2·2H2O, 7.7% (w / v) minerals, 2.3% (w / v)
carbon, 4 hours contact time, roller speed 60 rpm, in sealed bottles at pH 10 and 25 ºC).
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7.4.2 Effect of temperature on gold(I) adsorption on carbon

The temperature of the solution is critical for the removal of metal ions from
solution with most of the adsorption processes being exothermic in nature (Omri and
Benzima, 2012). The gold adsorbed on carbon decreases from 39% to 30% on
increasing the slurry temperature from 25 to 50 ºC (Fig. 7.3) in the presence of 0.05 M
calcium thiosulfate. The decrease in the adsorption of gold(I)-thiosulfate at high
temperature is a result of the exothermic nature of the adsorption which is favoured at
low temperatures.

Fig. 7.3 – Effect of slurry temperature on residual concentration of gold(I) (solid lines) and
% gold adsorbed on carbon (dashed lines) (10 mg L-1 Au(I) as Na3Au(S2O3)2.2H2O, 2.3%
(w / v) carbon, 0.05 M CaS2O3, roller speed 60 rpm, 4 hours contact time, in sealed bottles
at pH 10 and 25 ºC).
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7.5 Adsorption of copper(I) ions

In thiosulfate solutions, copper(II) is readily reduced by thiosulfate to copper(I)
according to the Eq. 5.1a. Therefore, in the presence of 0.05 M calcium thiosulfate,
copper is adsorbed on the mineral surface as copper(I). The plots for the adsorption of
copper on oxide minerals as a function of time are shown in Fig. 7.4a. Among oxide
minerals, iron oxides such as goethite and hematite have preference for the adsorption
of copper. A similar trend was reported for goethite and kaolinite in ammoniacal
thiosulfate solutions (Aylmore et al., 2014). Pyrite, which is also an iron containing
sulfide mineral, was found to strongly adsorb copper ions (Fig. 7.4b). More than 60%
copper was removed from solution in the presence of pyrite. Thus, the presence of pyrite
would significantly reduce the amount copper available for the gold leaching process.
Carbon also does not readily adsorb copper with less than 10% of copper being adsorbed
in 24 hours (Fig. 7.4b).
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(a) Oxide minerals

(b) Sulfide minerals and carbon

Fig. 7.4 – Change in residual concentration of total copper (solid lines) and % copper adsorbed
(dashed lines) on (a) oxide minerals, (b) pyrite and carbon as a function of time
(100 mg L-1) copper(II), 0.05 M CaS2O3, 7.7% (w / v) minerals, 2.3% (w / v) carbon,
roller speed 60 rpm, in sealed bottles at pH 10 and 25 ºC).
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7.6 Adsorption of silver(I)

Fig. 7.5a shows the adsorption of silver(I) on oxide minerals as a function of time
in copper-free 0.05 M calcium thiosulfate solutions. The equilibrium for the adsorption
of silver(I) was reached after approximately four hours for all the minerals. The pregrobbing behaviour of oxide ores is almost similar with 10-15% of silver adsorbed after
24 hours (Fig. 7.5a). However, adsorption of silver(I)-thiosulfate complexes in Fig. 7.5a
was significantly greater than that of gold(I)-thiosulfate in Fig. 7.2 in the presence of
0.05 M calcium thiosulfate. This can be attributed to the large size of Au(S2O3)23− which
makes it difficult to coordinate with oxides containing hydroxyl groups (Aylmore et al.,
2014).

The results for the adsorption tests of sliver(I) on the pyrite, chalcopyrite and carbon
samples are presented in Fig. 7.5b. The pyrite sample was found to be a stronger
absorbent of silver(I) compared to chalcopyrite and carbon. Almost 100% silver(I) was
adsorbed on pyrite in four hours compared to 64 and 27% on chalcopyrite and carbon,
respectively.

232

(a) Oxide minerals

(b) Sulfide minerals and carbon

Fig. 7.5 – Change in residual concentration of silver(I) (solid lines) and % silver adsorbed (dashed
lines) on (a) oxide minerals, (b) sulfide minerals and carbon (100 mg L-1 silver(I), 0.05
M CaS2O3, 7.7% (w / v) minerals, 2.3% (w / v) carbon, roller speed 60 rpm, in
sealed bottles at pH 10 and 25 °C).
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7.7 Adsorption of thiosulfate

The adsorption of thiosulfate on pyrite and carbon in the absence of metal ions is
shown in Fig. 7.6. For pyrite, the concentration of thiosulfate decreased significantly
with more than 78% adsorbed after 24 hours, and this attributed to catalysed degradation
of thiosulfate adsorbed on the surface of pyrite (Zhang and Jeffrey, 2008). By
comparison, the adsorption of thiosulfate on carbon increased slowly with time, with
only 14% adsorbed in 24 hours. The amount of thiosulfate adsorbed increases with an
increase in the amount of carbon (Fig. 7.7) which is consistent with ore leaching studies
(Chapter 6) in which thiosulfate degradation increased with an increase in the amount
of carbon added. The effect of pyrite and carbon on the adsorption of thiosulfate is
explained later.

Fig. 7.6 – Change in residual concentration of thiosulfate in solution (solid lines) and % thiosulfate
adsorbed (dashed lines) on carbon and pyrite as a function of time (Initial [CaS2O3] =
0.05 M, 7.7% (w / v) pyrite, 2.3% (w / v) carbon, in sealed bottles at pH 10 and 25 ºC).
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Fig. 7.7 – Effect of amount of carbon on the residual concentration of thiosulfate (solid line)
and % thiosulfate adsorbed (dashed line) on carbon (Initial [CaS2O3] = 0.05 M,
2.3% (w / v) carbon, contact time 4 hours, roller speed 60 rpm, in sealed bottles at
pH 10 and 25 ºC).

7.8 Equilibrium adsorption isotherms

7.8.1 Gold(I) ions

Fig. 7.8 shows the adsorption isotherms for gold on carbon, pyrite and
chalcopyrite in 0.05 M calcium thiosulfate solutions in the absence of copper ions. The
gold adsorbed by the minerals is shown as mg gold per kg of dry mineral which is the
adsorption capacity of the mineral (q), calculated using Eq. 7.3 (Omri and Benzina,
2012):

q=

V(C0 −Ce )
m

(7.3)
235

where,
•

Co and Ce are the initial and equilibrium concentration of ions in (mg L-1)
respectively;

• V is the volume of solution (L); and
• m is the mass of the dry mineral (kg).
The adsorption isotherms of metal ions or polythionates are reported as the variation of
ions adsorbed as a function of equilibrium concentration of ions in solution (Aylmore
et al., 2014; Jeffrey and Brunt, 2007). With an initial concentration of 10 mg L-1 Au(I),
carbon loads around 150 mg gold per kg which is higher compared to 40 and 12 mg per
kg for pyrite and chalcopyrite, respectively. However, the adsorption of gold per unit
surface area is very small for carbon (Table 7.2). The adsorption of gold on carbon,
pyrite and chalcopyrite as a function of time is shown in Appendix A16.

Fig. 7.8 – Equilibrium adsorption of Au(I) on solids as a function of Au(I) in solution (0.05
M CaS2O3, 4 hours contact time, roller speed 60 rpm, in sealed bottles at pH 10 and
25 °C, 7.7% (w / v) minerals, 2.3% (w / v) carbon, Au(I) concentration of 2.5, 5, 10
and 12.5 mg L-1).
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Table 7.2 – A comparison of gold adsorption per unit mas and unit surface
area of carbon, pyrite and chalcopyrite

Adsorbent

Surface area

Adsorption

(m2 g-1)

(mg kg-1)

(mg m-2)

Carbon

890

153

0.00017

Pyrite

0.33

40

0.121

0.31

12

0.039

Chalcopyrite
-1

initial [Au(I)] = 10 mg L , 0.05 M CaS2O3 at pH 10 and 25 ºC. Surface area from
Table 3.11

Adsorption equilibrium data for carbon and pyrite (Fig. 7.8) were fitted to the
Langmuir and Freundlich isotherms. The Langmuir isotherm is based on the monolayer
adsorption of gold(I)-thiosulfate ions on the surface of the mineral and is expressed in
linear form according to Eq. 7.4 (Langmuir, 1918):

Ce
qe

=

1
Q0 KL

+

Ce
Q0

(7.4)

where,
•

Ce is the equilibrium concentration (mg L-1);

•

qe is the amount adsorbed at equilibrium (mg kg-1);

•

Qo is the monolayer adsorption capacity (mg kg-1); and

•

KL is constant related to the heat of adsorption (L mg-1).

A plot of Ce/qe as a function of Ce should give a straight line. The Freundlich isotherm
is based on the assumption that cations and anions are adsorbed on the same surface
simultaneously and is also expressed in a linear form according to Eq. 7.5 (Freundlich,
1906).
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1

log q e = log K F + ( ) log Ce
n

(7.5)

where, KF (mg/kg (L/mg)1/n) and 1/n represent the relative adsorption capacity of the
adsorbent and the intensity of adsorption, respectively.

The isotherm models for carbon and pyrite are presented in Fig. 7.9 and 7.10,
respectively. The constants calculated from Fig. 7.9 and 7.10 as well as the correlation
coefficients are presented in Table 7.3. It can be observed that the experimental data for
the adsorption of gold(I)-thiosulfate on carbon adequately fit both the Langmuir and
Freundlich isotherm models. The adsorption of gold on pyrite obeys the Freundlich
isotherm model. Adsorption is favourable in the range 0.1 < 1/n < 1 (Raji and
Anirudhan, 1998); thus, the adsorption of gold is more favourable on carbon than on
pyrite.

Fig 7.9 – Isotherm models for gold adsorption on carbon from calcium thiosulfate solutions,
(a) Langmuir model, (b) Freundlich model (0.05 M CaS2O3, roller speed 60 rpm, pH 10 at
25 °C, 2.3% (w / v) carbon).
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Fig 7.10 – Isotherm models for gold adsorption on pyrite from calcium thiosulfate solutions,
(a) Langmuir model, (b) Freundlich model (0.05 M CaS2O3, roller speed 60 rpm, pH 10
at 25 °C, 7.7% (w / v) pyrite).

Table 7.3 – Fitting parameters of Langmuir and Freundlich isotherms for
the adsorption of gold on carbon and pyrite

Adsorbent

Isotherm model

Constants (at 25 °C)

Value

Carbon

Langmuir

Qo

435

KL

0.1

R2

0.99

KF

43.7

1/n

0.7

R2

0.99

KF

1.5

1/n

1.6

Freundlich

Pyrite

Freundlich

2

R

0.99

The Langmuir equilibrium constant (KL) can be used to calculate the standard Gibbs
free energy change (ΔG°) for dilute solution of charged adsorbate (Liu, 2009). The
Langmuir equilibrium constant in L mol-1 can be converted to dimensionless constant
by multiplying it with 55.5 mol water per litre (Liu, 2009), and ΔG° is calculated
according to Eq. 7.6, where, T is the temperature in Kelvin and R is the real gas constant
with a value of 8.314 J mol-1 K-1.
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ΔG° = -RT ln(55.5KL)

(7.6)

The standard Gibbs free energy for the adsorption of gold(I) on activated carbon
was calculated at 25 °C as -34.45 kJ mol-1 using KL in Table 7.3. The negative value of
ΔG° confirm the feasibility of the adsorption process.

7.8.2 Copper(I) ions

Fig. 7.11 depicts the adsorption isotherm of copper added as copper(II)-sulfate in
0.05 M calcium thiosulfate solutions. The isotherms indicate that pyrite and goethite
have a higher loading capacity for copper compared to the capacity of carbon. The
adsorption of copper per unit area of pyrite is higher compared to that on goethite and
carbon (Table 7.4). The adsorption of copper on pyrite, goethite and carbon as a function
of time is shown in Appendix A17.
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Fig. 7. 11 – Equilibrium adsorption of copper(I) on solids as a function of copper ions in solution
(0.05 M CaS2O3, 4 hours contact time, roller speed 60 rpm, 7.7% (w / v) minerals, 2.3%
(w / v) carbon in sealed bottles at pH 10 and 25 °C).

Table 7.4 – A comparison of copper adsorption per unit mass and unit surface
area of carbon, goethite and pyrite

Adsorbent

Surface area

Adsorption

(m2 g-1)

(mg kg-1)

(mg m-2)

Carbon

890

104

0.00012

Goethite

14.4

377

0.039

Pyrite

0.33

775

2.35

initial [Cu(II)] = 100 mg
3.11

L-1,

0.05 M CaS2O3 at pH 10 and 25 ºC. Surface area from Table

7.8.3 Polythionate ions

The adsorption isotherms for trithionate and tetrathionate from a thiosulfate
synthetic solution onto pyrite and carbon were also investigated. In the presence of
pyrite, there was no significant adsorption of trithionate. The tetrathionate concentration
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was found to increase with time as a result of catalysed degradation of thiosulfate
adsorbed on the surface of pyrite (Feng and van Deventer, 2005; Xu and Schoonen,
1995; Zhang and Jeffrey, 2008). The equilibrium concentration of polythionate ions
after five hours is shown in Table 7.5 with their corresponding isotherms shown in Fig.
7.12. As can be seen in Fig. 7.12, the amount of trithionate adsorbed on carbon was low
compared to that of tetrathionate ions. A similar trend was reported for carbon in
ammoniacal thiosulfate solutions (Aylmore et al., 2014). In a leach solution containing
5 mM of polythionate ions, 4 g kg-1 and 30 g kg-1 of trithionate and tetrathionate,
respectively, would be adsorbed by carbon, indicating high affinity for tetrathionate.
The removal of tetrathionate from the leach solution during the leaching process is
beneficial as this will help reduce passivation of the gold surface (Table 2.10). The role
of carbon in the removal of tetrathionate is explained further in Section 7.5.3.

Table 7.5 – The equilibrium concentration of sodium trithionate and
sodium tetrathionate in solution after contact with carbon

Initial concentration

After 5 hours
2-

2-

of polythionates / mM

S3O6 / mM

S4O6 / mM

5.0

4.6

3.3

7.0

6.5

4.3

10.0

9.0

5.2

Initial pH 10 at 25 ºC, 5 hours contact time. 2.3% (w / v) carbon
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Fig. 7.12 – Equilibrium adsorption of polythionate on carbon as a function on polythionate ion in
solution (50 mM free CaS2O3, 5 hours contact time, roller speed 60 rpm, in sealed bottles
at initial pH 10 and 25 ºC, 2.3% (w / v) carbon, no regulation of pH during the adsorption
process).

7.9 Effect of background ions on the adsorption of gold(I)

7.9.1 Effect of copper(I) ions

The effect of copper ions added as CuSO4·5H2O on the adsorption of gold(I)thiosulfate on minerals and carbon is shown in Fig. 7.13. It is clear that an increase in
copper(II) ions which are readily reduced to copper(I) ions in thiosulfate solutions is
accompanied by an increase in the loss of gold to the oxide minerals. The detrimental
effect of copper(II) on the adsorption of gold(I) from ammoniacal thiosulfate solutions
in the presence of kaolinite and goethite have been reported (Aylmore et al., 2014), but
it is lower in Fig. 7.13b. Lower gold losses are possible by maintaining the concentration
of copper ions below 1.5 mM. However, very low concentration of copper ions, less
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than 1 mM may not be sufficient to achieve the catalytic effect of copper on the gold
dissolution process. The increase in Cu(II) addition also enhance the concentration of
SO42- and S4O62- ions in solution, but decrease the S2O32- concentration due to oxidation
and complex formation with Cu(I). Further work is necessary to rationalise the results
in Fig. 7.13a, b.

Fig. 7.13 – Effect of added copper(II) on the adsorption of gold on (a) hematite, (b) kaolinite,
(c) pyrite, (d) carbon from calcium thiosulfate solutions (10 mg L-1 Au(I) as
Na3Au(S2O3)2·2H2O, 0.05 M CaS2O3, roller speed 60 rpm, in sealed bottles, 4 hours
contact time, 2.3% (w / v) carbon, 7.7% (w / v) minerals at pH 10 and 25 ºC).

Contrary to the results for oxide minerals, the addition of copper(II) to thiosulfate
solution decreased the adsorption of gold(I) ions on pyrite and carbon. As shown in Fig.
7.13(c, d), the addition of 4 mM copper(II) significantly decreased gold adsorbed on
pyrite from 40 mg kg-1 to 7.5 mg kg-1 and adsorption on carbon from 48 mg kg-1 to 39
mg kg-1. The significant decrease in the adsorption of gold on pyrite could be attributed
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to (i) the formation of copper(I)-thiosulfate species (Table 2.3 and 2.4) that would
compete with Au(S2O3)23− to adsorb on the mineral surface and minimise the adsorption
of gold; and (ii) copper(I) maintains potentials near the mineral surfaces sufficiently
high to prevent reduction of Au(I) to Au(0) (Aylmore et al., 2014). As demonstrated
previously, pyrite has a high affinity for copper(I) (Fig.7.4). It is also important to note
that in alkaline solutions, at high concentration, copper precipitation as Cu2S and or
CuO is possible (Fig. 2.4) which can passivate the surface of gold.

7.9.2 Effect of silver(I) ions

The effect of silver(I) ions on the adsorption of gold(I)-thiosulfate on pyrite and
chalcopyrite from copper free thiosulfate solution has been studied. The results are
presented in Fig. 7.14. The adsorption of gold(I) on pyrite decreases with the increase
in silver(I) concentration. With the addition of 0.46 mM silver(I), gold adsorbed on
pyrite decreased significantly from 27 mg kg-1 to 3 mg kg-1 whilst the adsorption of gold
on chalcopyrite increased from around 8 mg kg-1 to 16 mg kg-1. The addition of silver(I)
ions in thiosulfate solutions results in the formation of silver(I)-thiosulfate species
(Table 2.3) which would compete with gold(I) for adsorption sites on the pyrite mineral.
However, in the case of chalcopyrite, the presence of high concentration of silver(I) and
copper(I) induces the precipitation of gold and the process is accelerated when there is
no sufficient oxidant (Zhang et al., 2013). In an oxygen deficient thiosulfate system,
gold precipitates mainly as gold sulfide (Gudkov et al., 2010; Zhang et al., 2013). This
is illustrated according to Eq. 7.7 (Gudkov et al., 2010). However, further research is
needed to understand the mechanism involved.

2Au(S2O3)23- + S2- = Au2S + 4S2O32-; ∆Go298K = -63.3 kJ mol-1

(7.7)
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Fig. 7.14 – Effect of silver(I) on the adsorption of gold on pyrite (a) and chalcopyrite (b) (10 mg
L-1 Au(I) as Na3Au(S2O3)2.·2H2O, 0.05 M CaS2O3, roller speed 60 rpm, in sealed
bottles, 7.7% (w / v) minerals, without copper at pH 10 and 25 ºC).

7.9.3 Effect of polythionate ions

(a) Gold adsorption on carbon in the presence of trithionate

The adsorption of gold(I) on carbon from 0.05 M calcium thiosulfate solutions
without and with 10 mM sodium trithionate was investigated. The results are presented
in Fig. 7.15. Initially, the rate of gold adsorption was high in the first four hours after
which there was little change in the amount of gold adsorbed. It is interesting to note
that the addition of trithionate had a negligible effect on gold adsorbed on carbon
(comparing Fig. 7.16a and b. For example, with an initial concentration of 10 mg L-1,
gold adsorbed on carbon was 153 mg kg-1 and 147 mg kg-1 in the absence and presence
of 10 mM trithionate, respectively. The change in sulfur species as a function of time in
the presence of trithionate is shown Fig. 7.16. The adsorption of trithionate from
solution was low and the results are consistent with Fig. 7.12. The formation of
tetrathionate (Fig. 7.16c) and decrease in thiosulfate and trithionate (Fig. 7.16a, b) in
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solution may be due to the degradation of trithionate and thiosulfate according to Eq.
7.8.

S2O32- + S3O62- = SO32- + S4O62- (K = 7.9 × 108 at 25 °C)

(7.8)

However, further work based on analysis of SO32- in solution is necessary to confirm
occurrence of this reaction.
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(a) Without trithionate

(b) With 10 mM sodium trithionate

Fig. 7.15 – Effect of trithionate on the adsorption of gold on carbon. (a) without trithionate, (b)
with 10 mM sodium trithionate (50 mM initial CaS2O3, 10 mg L-1 Au(I) added as
Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles, 2.3% (w / v) carbon,
without copper at initial pH 10 and 25 ºC).
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Fig. 7.16 – Variation of concentration of sulfur species in the presence of 10 mM sodium trithionate
and carbon. (a) thiosulfate, (b) trithionate, (c) tetrathionate (50 mM intial CaS2O3, 10
mg L-1 Au(I) as Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles, 2.3%
(w / v) carbon, without copper at initial pH 10 and 25 ºC, trithionate (T3)).
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(b) Gold adsorption on carbon in the presence of tetrathionate

Fig. 7.17 illustrates gold adsorption in the absence and presence of tetrathionate
on carbon from copper free thiosulfate solutions. The adsorption of gold from solution,
unlike in the presence of trithionate (Fig. 7.15b), was found to increase continuously
with time. However, it is interesting to note that the presence of tetrathionate
significantly decrease gold adsorbed (comparing Fig. 7.17a and b) indicating the
competition between Au(I) and S4O62- for the adsorption sites on carbon. The gold
adsorbed on carbon was reduced significantly from 153 mg kg-1 to 78 mg kg-1 after a
contact time of 24 hours without reaching equilibrium. This could be attributed to the
increase in thiosulfate concentration as a result of tetrathionate degradation (Fig 7.18a,
b); thus, more thiosulfate is available to stabilise Au(S2O3)23- in the slurries or compete
with gold(I)-thiosulfate for adsorption on carbon. The rapid decrease in tetrathionate
and increase in thiosulfate (Fig 7.18a and Fig. 7.18b) in the presence of carbon also
indicates that carbon is possibly catalysing the degradation of adsorbed tetrathionate to
thiosulfate (Eq. 7.9):

2S4O62− + 3OH− = 2.5S2O32− + S3O62− + 1.5H2O

(K = 1.1 × 1010)

(7.9)
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(a) Without tetrathionate

(b) With 10 mM sodium tetrathionate

Fig. 7.17 – Effect of tetrathionate on the adsorption of gold on carbon. (a) without tetrathionate,
(b) with 10 mM tetrathionate (50 mM initial CaS2O3, 10 mg L-1 Au(I) added as
Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles, 2.3% (w / v) carbon,
without copper at initial pH 10 and 25 ºC).
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Fig. 7.18 – Variation of concentration of sulfur species in the presence of 10 mM sodium
tetrathionate and carbon. (a) thiosulfate, (b) tetrathionate, (c) trithionate (50 mM
CaS2O3, 10 mg L-1 Au(I) as Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles,
2.3% (w / v) carbon, without copper at initial pH 10 and 25 ºC, tetrathionate (T4)).
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(c) Gold adsorption on pyrite in the presence of trithionate

The adsorption of gold on the pyrite mineral in the absence and presence of
trithionate is illustrated in Fig 7.19. Gold adsorption on pyrite is also not influenced
much by the presence of sodium trithionate (comparing Fig. 7.19a and b). The change
in thiosulfate, trithionate and tetrathionate species as a function of time in the presence
of trithionate is shown Fig. 7.20. The increase in trithionate and formation of
tetrathionate in solution may be attributed to the catalytic activity of pyrite on thiosulfate
degradation (Zhang and Jeffrey, 2008). Thus, the degradation of thiosulfate can be
represented by Eqs. 7.8 and 7.10 as suggested by Zhang and Jeffrey (2008):

3S2O32- + 6OH- = 2S3O62- + 3H2O + 8e-

(7.10a)

2O2 + 4H2O + 8e- = 8OH-

(7.10b)

3S2O32- + 2O2 + H2O = 2S3O62- + 2OH- (K = 8.6 × 1077)

(7.10)
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(a) Without trithionate

(b) With 10 mM trithionate

Fig. 7.19 – Effect of trithonate on the adsorption of gold on pyrite. (a) without trithionate, (b) with
10 mM trithionate (50 mM initial CaS2O3, 10 mg L-1 Au(I) added as
Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles, 7.7% (w / v) pyrite, without
copper at initial pH 10 and 25 ºC).
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Fig. 7.20 – Variation of concentration of sulfur species in the presence of 10 mM sodium trithionate
and pyrite. (a) thiosulfate, (b) trithionate, (c) tetrathionate (50 mM CaS2O3, 10 mg L-1
Au(I) as Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles, 7.7% (w / v) pyrite,
without copper at initial pH 10 and 25 ºC, thiosulfate (TS)).
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(d) Gold adsorption on pyrite in the presence of tetrathionate

It was observed that preg-robbing on pyrite mineral increases significantly with
time in the presence of tetrathionate (Fig. 7.21), with more than 96% of the initial gold
adsorbed after 24 hours. Thus, in the presence of pyrite, the concentration of
tetrathionate should be kept low during the leaching process to prevent excessive loss
of gold. The change in concentration of sulfur species in the presence of tetrathionate is
shown in Fig. 7.22. The concentration of thiosulfate decreases with time due to the
catalytic degradation of thiosulfate on the surface of pyrite as indicated earlier in Eq.
7.8. Tetrathionate formed from the degradation of thiosulfate also decompose (Eq.
7.11), forming thiosulfate and trithionate which is quite stable in alkaline solutions
(Zhang and Dreisinger, 2002):

2S4O62− + 3OH− = 2.5S2O32− + S3O62− + 1.5H2O

(K = 1.1 × 1010)

(7.11)
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(a) Without tetrathionate

(b) With 10 mM tetrathionate

Fig. 7.21 – Effect of tetrathionate on the adsorption of gold on pyrite. (a) without tetrathionate,
(b) with 10 mM tetrathionate (50 mM initial CaS2O3, 10 mg L-1 Au(I) added as
Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles, 7.7% (w / v) pyrite, without
copper at initial pH 10 and 25 ºC).
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Fig. 7.22 – Variation of concentration of sulfur species in the presence of 10 mM sodium trithionate
and pyrite. (a) thiosulfate, (b) tetrathionate, (c) trithionate (50 mM CaS2O3, 10 mg L-1
Au(I) as Na3Au(S2O3)2·2H2O, roller speed 60 rpm, in sealed bottles, 7.7% (w / v) pyrite,
without copper at initial pH 10 and 25 ºC, thiosulfate (TS)).
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7.10

Conclusions

The preg-robbing behaviour of minerals i.e. the adsorption of gold(I) ions from the
pregnant liquor, depends mainly on the concentration of thiosulfate. In the absence of
free thiosulfate, pyrite, chalcopyrite and carbon are highly preg-robbing with 100% gold
being adsorbed within half an hour. The preg-robbing ability of the oxide minerals to
adsorb gold(I) in the absence of free thiosulfate was less compared to that of sulfide
minerals and was in the descending order: goethite > hematite > kaolinite > quartz.
Adsorption of gold(I) onto the minerals was reduced significantly in the presence of
free thiosulfate added as CaS2O3. With an initial thiosulfate concentration of 0.1 M,
gold adsorbed by oxide minerals was completely eliminated, while that of sulfide
minerals and carbon was insignificant at 0.2 M free thiosulfate concentration, in sealed
containers. Gold adsorption on carbon was also found to decrease with the increase in
the temperature of the slurry.

Adsorption isotherm studies have shown that the preferential adsorption of gold(I)
ions on minerals was in the descending order: carbon > pyrite > chalcopyrite and the
adsorption of copper(I) ions was in the sequence: pyrite > goethite > carbon. Adsorption
of gold(I)-thiosulfate on carbon obeys both Langmuir and Freundlich isotherm models,
while that of gold(I)-thiosulfate on pyrite follows only the Freundlich isotherm model.
Copper(I) adsorption on carbon and pyrite decreases the gold adsorption by these
adsorbents, whilst the presence of copper(I) increases the adsorption of gold by hematite
and kaolinite. Silver(I) has a similar effect as copper(I) in the presence of pyrite,
hematite and kaolinite.
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Carbon catalyses the degradation of tetrathionate to form trithionate and thiosulfate
which stabilise gold in solution and compete with gold(I)-thiosulfate for adsorption
sites. Tetrathionate leads to significant loss of gold in the presence of pyrite. Trithionate
is relatively stable in aqueous alkaline solutions and had no significant effect on the
adsorption of gold by pyrite and carbon.
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CHAPTER 8

SUMMARY AND FUTURE WORK

8.1 Summary

The most important finding from this work is that both the anodic oxidation of gold
and cathodic reduction of oxygen can be improved significantly by using carbon as an
additive. Electrochemical and leaching studies have shown that carbon has two main
impacts on gold dissolution: (i) removal of the surface passivating species, thus
enhancing the oxidation of gold; and (ii) enhancing the oxygen reduction reaction via
galvanic interaction. The reduction of oxygen was also found to be effective on pyrite
and other sulfide minerals such as chalcopyrite, offering an opportunity for galvanic
interaction between the sulfide mineral and gold. This was supported by gold powder
dissolution and ore leaching studies in which the extent of gold dissolution was
enhanced significantly in the presence of sulfide minerals.

The gold leach rate is enhanced by high dissolved oxygen concentration, low
concentration of copper at 50 °C. A combination of these effects could improve the gold
leach rate in the thiosulfate-oxygen system by an order of magnitude. In the presence
of sulfide minerals, the galvanic effect further increased the gold leach rate to the same
order of magnitude as the cyanidation rate. The addition of small amounts of thiourea
is beneficial to the gold dissolution in thiosulfate solutions at pH 10; however, in the
presence of copper, the rate is considerably reduced. Copper(I) possibly forms a
complex with thiourea, diminishing the amount of free thiourea, and copper(II) readily
oxidises theourea. Similarly, chloride ions had a beneficial effect on gold dissolution in
the absence of copper. However, the rates are still relatively low for practical
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applications. Chloride ions are likely to form intermediate species such as AuCl2− and
AgCl(S2O3)2− which are converted to Au(S2O3)23−.

Chemical dissolution under an open-circuit condition using pure gold and goldsilver alloy rotating discs reveal: (i) gold dissolution is significantly enhanced in the
presence of carbon which is not in physical contact with gold; and (ii) pyrite had no
significant effect under similar conditions. The presence of silver in alloyed form had a
significant positive effect on the dissolution of gold, thereby indicating the involvement
of silver ions in the reaction. Silver ions are likely to form a mixed silver-goldthiosulfate complex, catalyse the gold dissolution reaction, or disrupt the gold
passivating species.

The extent of gold powder dissolution in 0.2 M thiosulfate solutions in the presence
of different additives at 50 ºC is in the order activated carbon > pyrite >>> no additive.
In the presence of pyrite, the best conditions are 2 mM copper(II), 2.5% (w/v) pyrite,
oxygen at pH 10.. However, in the presence of activated carbon, the best conditions are
2-10 mM copper(II), 0.3% (w/v) carbon, air/oxygen at pH 7-10. Gold powder
dissolution in the presence of activated carbon or low amounts of pyrite follows a
shrinking sphere model.

The results have shown promise of using thiosulfate-oxygen system for leaching
gold from sulfide ores even in the absence of activated carbon due to the galvanic
interaction between gold and sulfide minerals. Generally, oxides have shown low gold
leaching efficiency in the absence of carbon. The addition of activated carbon had a
beneficial effect on gold leaching from all the ores and concentrates tested. Higher gold
leach rates and leaching efficiencies were observed with pyrite concentrate due to the
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combined effect of galvanic interaction between sulfide minerals and gold as well as
that of activated carbon and gold. Thiosulfate degradation was found to increase with
an increase in the amount of carbon used; hence, the need to regulate the amount of the
activated carbon added. Low pH values had a detrimental effect on the leaching of gold
from a pyritic concentrate. Under the studied conditions, gold leaching from all the ores
and concentrates follows a shrinking core model with and without carbon.

The preg-robbing ability for the oxide minerals is lower than that of sulfide
minerals or activated carbon. The presence of free or background thiosulfate helps
stabilise gold in solution and/or compete with gold(I)-thiosulfate for adsorption sites
thereby reducing the adsorption of gold(I) on minerals and carbon. Increasing the slurry
temperature from 25 to 50 °C also decreases the adsorption of gold on carbon.
Adsorption isotherm at 25 °C studies have shown that the preferential adsorption of
gold(I)-thiosulfate was in the order of activated carbon > pyrite > chalcopyrite while the
adsorption of copper(I) was in the sequence of pyrite > goethite > activated carbon in
tight closed containers. The adsorption of gold(I)-thiosulfate on carbon follows both the
Langmuir and Freundlich isotherm models, while that of gold(I)-thiosulfate on pyrite
follows the Freundlich isotherm model. The thiosulfate complexes of copper(I) ions
compete with those of gold(I) for the adsorption on pyrite and activated carbon,
reducing the adsorption of gold(I) on minerals. However, the presence of copper(I) or
silver(I) ions increased the adsorption of gold(I) on oxide minerals: hematite and
kaolinite.

The adsorption of gold(I)-thiosulfate on carbon is decreased in the presence of
tetrathionate. Activated carbon enhances the degradation of tetrathionate to trithionate
and thiosulfate. In the presence of tetrathionate, gold adsorption by pyrite is increased
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significantly. Trithionate had no significant effect on the adsorption of gold(I)thiosulfate on pyrite and carbon.

8.2 Future work

Based on the findings and conclusions of this work, it is recommended that several
research directions be explored.

(i)

Explore further the opportunity of using carbon in thiosulfate-oxygen
leaching systems for treating various ore types, particularly sulfidic ores,
aiming to establish a robust system with gold leaching efficiency/recovery
comparable to cyanidation via optimisation of leach conditions.

(ii)

Investigate further the leach conditions, particularly DO, rotation speed and
carbon addition to develop a strategy for minimising the thiosulfate
degradation and polythionates formation while maximising the gold leach
rate and minimising gold loss to adsorption/precipitation.

(iii)

Regulate the concentration of free thiosulfate and copper ions in solution
during the leaching process.

(iv)

Extend leaching studies beyond 48 hours to longer period particularly in the
absence of carbon.

(v)

Scale-up experiments using large reactors in order to evaluate further the
effectiveness of activated carbon in thiosulfate leaching of gold from ores.

(vi)

Study the mechanism for gold dissolution in detail with activated carbon,
identifying all the species involved and characterisation of the carbon surface
before and after the leaching process.
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(vii)

Examine the re-dissolution/recovery of the adsorbed gold on the various
minerals.

(viii)

Study the adsorption isotherms at higher temperatures to evaluate the
thermodynamic parameters of the adsorption process.

(ix)

Conduct a comparative study of thiosulfate-oxygen leaching in the absence
or presence of ammonia.
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Appendices

Appendix A1 Ligands complexing with oxidant metal ions

Table A1.1 – Structure of complexing ligands used in non-ammoniacal thiosulfate
leaching of gold

(a) Cyclohexanediaminetetraacetic acid (CDTA)

(b) Ethylenediamine (EDA)

(c) Ethylenediaminetetraacetic acid (EDTA)

(d) Diethylenetriamine (DETA)

(e) Oxalate as sodium salt

(f) Glycine

(g) Acetyl acetone

(h) Citric acid

(i) Triethylenetriamine (TETA)

Structures from http://www.chemicalbook.com/
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Appendix A2 Organic additives

Table A2.1 – Organic additives used in non-ammoniacal thiosulfate leaching of
gold by previous researchers

(a) Methyl ammonium chloride

(b) 3-mercaptopropionic (3-mpa)

(c) Cetyltrimethyl ammonium chloride
(CTAC) 1

(d) Urea

(e) Formamidine disulfide

(f) Thiourea

(g) 2-Thiouracil

(h) Sodium ethyl xanthate

(i) Dithyl ammonium chloride 2

(j) Trithyl ammonium chloride 2

(k) Cetyltrimethyl ammonium bromide
(CTAB)3

(l) Dithiooxamine

(m) Meso-2,3-dimercaptosuccinic acid
(DMSA)

(n) L-cysteine

Structures from http://www.chemicalbook.com/unless stated
1 http://www.chemimpex.com/cetyltrimethylammonium-chloride
2 http://www.sigmaaldrich.com/
3 http://www.generon.co.uk/amine-oxides-1830/cetyltrimethylammonium-bromide
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Appendix A3 Minerals and chemical formulas

Table A3.1 – List of minerals and chemical formulas

Mineral

Chemical formula

Pyrite

FeS2

Chalcopyrite

CuFeS2

Arsenopyrite

AsFeS

Pyrrhotite

Fe(1-x)S

Arsenic trisulfide

As2S3

Zinc sulfide

ZnS

Lead sulfide

PbS

Limonite
Manganite

FeO(OH)·nH2O

Quartz

SiO2

Hematite

Fe2O3

Aluminium oxide

Al2O3

Magnesium oxide

MgO

Potassium oxide

K2O

Calcium oxide

CaO

Iron(II) oxide

FeO

Illite

(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]

Microcline

KAISi3O8

Kaolinite

Al2Si2O5(OH)4

Tungsten carbide

WC

MnO(OH)

Main mineralogical constituents from Table 2.11.
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Appendix A4 Ore leaching bottle roll set-up

Fig. A4.1 – Photograph of the bottle roll, plastics bottles and an oxygen/air flow meter used
in the ore leaching studies.

Appendix A5 Stock solutions for adsorption tests

A5.1 The gold stock solution was prepared as follows:

(i)

A sample of 0.0476 g of Na3Au(S2O3)2·2H2O containing 56% gold was
accurately weighed and placed in 250 mL beaker;

(ii) About 50 mL of milli-Q was added with stirring; and
(ii) The solutions were transferred from the beaker into 100 mL volumetric flask and
topped to mark with milli-Q resulting in 100 mg L-1 gold stock solution.
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A5.2 The copper stock solution was prepared as follows:

(i)

A sample of 124.843 g of CuSO4·5H2O was accurately weighed and placed in
500 mL beaker;

(ii) About 300 mL of milli-Q was added with stirring; and
(iii) The solutions were transferred from the beaker into 500 mL volumetric flask and
topped to mark with milli-Q resulting in 1 M copper stock solution.

A5.3 The silver stock solution was prepared as follows:

(i)

A sample of 0.010 g of AgNO3 was accurately weighed and placed in 250 mL
beaker;

(ii) About 50 mL of milli-Q was added with stirring; and
(ii) The solutions were transferred from the beaker into 100 mL volumetric flask and
topped to mark with milli-Q resulting in 100 mg L-1 silver stock solution.

Appendix A6 Equilibrium constants

Table A6.1– Equilibrium constants for electrolyte cations

Ion

Reaction

Na+

Na+ + S2O32- = NaS2O3-

K (25 °C) Lewis acidity of cation

Eq.

4.8

0.89

A6.1

NH4 + S2O3 = NH4S2O3

8.5

0.98

A6.2

K

K+ + S2O32- = KS2O3-

10

0.85

A6.3

Ca2+

Ca2+ + S2O32- = CaS2O30

79.4

3.54

A6.4

+

NH4
+

+

2-

-

Senanayake (2012)
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Appendix A7 XRD Pattern of precipitate

Fig. A7.1 – XRD pattern of precipitate formed during leaching of gold using REQCM
(0.1 M Na2S2O3, 2 mM copper(II), 10 mL min-1 O2, 300 rpm, pH 12.5 at 50 °C).

Fig. A7.2 – XRD pattern of precipitate formed during leaching of gold using gold powder
(0.2 M CaS2O3, 2 mM copper(II), 10 mL min-1 O2, 300 rpm, pH 12 at 50 °C).
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Appendix A8 Oxidation of pyrite and arsenopyrite

Table A8.1 – Reactions for oxidation of pyrite and arsenopyrite

Reaction

Eq.

2FeS2 + 7O2 + 2H2O = 2FeSO4 + 2H2SO4

8.1a

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

8.1b

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

8.1

4FeS2 + 15O2 + 8H2O = 2Fe2O3 + 8H2SO4

8.2

4FeAsS + 11O2 + 2H2O = 4HAsO2 + 4FeSO4

8.3

Fleming (2009)

Appendix A9 Effect of carbon on residual concentration of thiosulfate and total
copper in solution

Fig. A9.1 – Effect of carbon on residual concentration of thiosulfate for different feed materials.
(a) PY, (b) CA, (c) POX, (d) OX (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM,
10 mL min-1 oxygen, solid liquid ratio of 2.7:4 at initial pH 10 and 50 ºC, the particle
size of pyrite: -75 µm).
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Fig. A9.2 – Effect of carbon on residual concentration of total copper in solution for different
feed materials. (a) PY, (b) CAL, (c) POX, (d) OX (Initial [CaS2O3] = 0.3 M, initial
[Cu(II)] = 2 mM, 10 mL min-1 oxygen, solid liquid ratio of 2.7:4 at initial pH 10 and
50 ºC, the particle size of pyrite: -75 µm).
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Appendix A 10 Effect of oxidant on residual concentration of thiosulfate and total
copper in solution

Fig. A10.1 – Effect of change of air to oxygen on (a) residual concentration of thiosulfate and (b)
total copper in solution for PY (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM,
solid/ liquid ratio of 2.7:4 at pH 10 and 50 ºC, 13.5 g carbon, the particle size of
pyrite: -75 µm).

Fig. A10.2 – Effect of change of air to oxygen on (a) residual concentration of thiosulfate and (b)
total copper in solution for CAL (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM at
pH, solid/liquid ratio of 2.7:4, 15 g carbon at pH 1010 and 50 ºC.
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Fig. A10.3 – Effect of change of air to oxygen on (a) residual concentration of thiosulfate and (b)
total copper in solution for POX (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM,
solid liquid ratio of 2.7:4, 6.75 g carbon at pH 10 and 50 ºC,

Fig. A10.4 – Effect of change of air to oxygen on (a) residual concentration of thiosulfate and (b)
total copper in solution for OX (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM,
solid liquid ratio of 2.7:4, 6.75 g carbon at pH 10 and 50 ºC.
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Appendix A 11 Effect of temperature on residual concentration of thiosulfate and
total copper in solution

Fig. A11.1 – Effect of temperature on (a) residual concentration of thiosulfate and (b) total copper
in solution for PY (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1
oxygen, solid/liquid ratio of 2.7:4, 13.5 g carbon at initial pH 10, the particle size of
pyrite: -75 µm).

Fig. A11.2 – Effect of temperature on (a) residual concentration of thiosulfate and (b) total copper
in solution for CAL (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1
oxygen, solid/liquid ratio of 2.7:4, 15 g carbon at initial pH 10).
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Fig. A11.3 – Effect of temperature on (a) residual concentration of thiosulfate and (b) total copper
in solution (b) for POX (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL
min-1 oxygen, solid/liquid ratio of 2.7:4, 6.75 g carbon at initial pH 10).

Fig. A11.4 – Effect of temperature (a) on residual concentration of thiosulfate and (b) total copper
in solution for OX (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1
oxygen, solid/liquid ratio of 2.7:4, 6.75 g carbon at initial pH 10).
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Appendix A 12 Effect of pH on residual concentration of thiosulfate and
total copper in solution

Fig. A12.1 – Effect of pH on (a) residual concentration of thiosulfate and (b) total copper in
solution for PY (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1
oxygen, solid liquid ratio of 2.7:4 at 50 °C, 13.5 g carbon, the particle size of pyrite: 75 µm).

Fig. A12.2 – Effect of pH on (a) residual concentration of thiosulfate and (b) total copper in
solution for CAL (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1
oxygen, solid liquid ratio of 2.7:4 at 50 °C, 13.5 g carbon).
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Fig. A12.3 – Effect of pH on (a) residual concentration of thiosulfate and (b) total copper in
solution for POX (Initial [CaS2O3] = 0.3 M, initial [Cu(II)] = 2 mM, 10 mL min-1
oxygen, solid liquid ratio of 2.7:4 at 50 °C, 6.75 g carbon).

Appendix A13 Calculation of the consumption of lime

The calculations for example in case of calcine (CAL) were done as follows:
(i) The amount dry feed used was 135 g (0.135 kg) at 40% pulp density;
(ii) The total amount of lime required to raise the slurry pH to 10 was 14.18 g which is
equivalent to 105 g per kg ore (i.e. 1/0.135 × 14.18); and
(iii) 105.1 g per kg ore is equivalent to 105.1 kg per ton ore
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Appendix A14 Calculations for the diffusion coefficients based on shrinking core
model

Table A14.1 – Diffusion coefficients of thiosulfate and oxygen for system without carbon and
particle size 1 µm.
Shrinking core model
6
ρ

=
ρ 2

D=

A(fluid) + bB(solid) = products
b is the stoichiometric factor (Eq. 1.1); b = 4 for oxygen and 0.5 for thiosulfate
C is the concentration of the reactant (mM or mol m-3)
r is the initial particle radius (1 × 10 -6 m / 2)
ksc is the apparent rate constant abtained from the slope (Fig. 6.8) (s -1)

6

-1

molar mass of gold = 197 g mol
density of gold = 1.93 × 107 g m-3
ρ is the molar density of gold (mol m-3) = density of gold / molar mass of gold
(1.93 × 107/197) = 9.8 × 104 mol m-3
D is the diffusion coefficient of thiosulfate or oxygen (m2 s-1)
Feed material:

PY

Parameter
ρ

Value
9.8E+04
2.5E-13

Unit
mol m-3
m2

2.2E-07
300
0.65

s
mol m-3
mol m-3

6.0E-18
3.5E-16

m2 s-1
m2 s-1

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

a

POX
Value
9.8E+04
2.5E-13
1.7E-06
300
0.65
4.7E-17
2.7E-15

-1

Feed material:

CAL

Parameter
ρ

Value
9.8E+04
2.5E-13

Unit
mol m-3
m2

5.6E-08
300
0.65

s
mol m-3
mol m-3

1.5E-18
8.7E-17

m2 s-1
m2 s-1

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Unit
-3

mol m
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

-1

OX
Value
9.8E+04
2.5E-13
6.4E-07
300
0.65
1.7E-17
1.0E-15

Unit
mol m-3
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

concentration of thiosulfate, b concentration of oxygen
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Table A14.2 – Diffusion coefficients of thiosulfate and oxygen for system with carbon and
particle size 1 µm.
Shrinking core model
6
ρ

=
ρ 2

D=

A(fluid) + bB(solid) = products
b is the stoichiometric factor (Eq. 1.1); b = 4 for oxygen and 0.5 for thiosulfate
C is the concentration of the reactant (mM or mol m-3)
r is the initial particle radius (1 × 10 -6 m / 2)
ksc is the apparent rate constant abtained from the slope (Fig. 6.8) (s -1)

6

-1

molar mass of gold = 197 g mol
density of gold = 1.93 × 107 g m-3
ρ is the molar density of gold (mol m-3) = density of gold / molar mass of gold
(1.93 × 107/197) = 9.8 × 104 mol m-3
D is the diffusion coefficient of thiosulfate or oxygen (m2 s-1)
Feed material:

PY

Parameter
ρ

Value
9.8E+04
2.5E-13

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

a

Unit
mol m-3
m2
-1

7.5E-07
300
0.65

s
mol m-3
mol m-3

2.0E-17
1.2E-15

m2 s-1
m2 s-1

POX
Value
9.8E+04
2.5E-13
3.6E-06
300
0.65
9.8E-17
5.7E-15

Feed material:

CAL

Parameter
ρ

Value
9.8E+04
2.5E-13

Unit
mol m-3
m2

4.4E-07
300
0.65

s
mol m-3
mol m-3

1.2E-17
7.0E-16

m2 s-1
m2 s-1

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Unit
mol m-3
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

-1

OX
Value
9.8E+04
2.5E-13
2.3E-06
300
0.65
6.4E-17
3.7E-15

Unit
mol m-3
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

concentration of thiosulfate, b concentration of oxygen
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Table A14.3 – Diffusion coefficients of thiosulfate and oxygen for system without carbon and
particle size 100 µm.
Shrinking core model
6
ρ

=
ρ 2

D=

A(fluid) + bB(solid) = products
b is the stoichiometric factor (Eq. 1.1); b = 4 for oxygen and 0.5 for thiosulfate
C is the concentration of the reactant (mM or mol m-3)
r is the initial particle radius (100 × 10 -6 m / 2)
ksc is the apparent rate constant abtained from the slope (Fig. 6.8) (s -1)

6

-1

molar mass of gold = 197 g mol
density of gold = 1.93 × 107 g m-3
ρ is the molar density of gold (mol m-3) = density of gold / molar mass of gold
(1.93 × 107/197) = 9.8 × 104 mol m-3
D is the diffusion coefficient of thiosulfate or oxygen (m2 s-1)
Feed material:

PY

Parameter
ρ

Value
9.8E+04
2.5E-09

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

a

Unit
mol m-3
m2
-1

2.22E-07
300
0.65

s
mol m-3
mol m-3

6.0E-14
3.5E-12

m2 s-1
m2 s-1

POX
Value
9.8E+04
2.5E-09
1.7E-06
300
0.65
4.7E-13
2.7E-11

Feed material:

CAL

Parameter
ρ

Value
9.8E+04
2.5E-09

Unit
mol m-3
m2

5.6E-08
300
0.65

s
mol m-3
mol m-3

1.5E-14
8.7E-13

m2 s-1
m2 s-1

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Unit
mol m-3
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

-1

OX
Value
9.8E+04
2.5E-09
6.4E-07
300
0.65
1.7E-13
1.0E-11

Unit
mol m-3
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

concentration of thiosulfate, b concentration of oxygen
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Table A14.4 – Diffusion coefficients of thiosulfate and oxygen for system with carbon and
particle size 100 µm.
Shrinking core model
6
ρ

=
ρ 2

D=

A(fluid) + bB(solid) = products
b is the stoichiometric factor (Eq. 1.1); b = 4 for oxygen and 0.5 for thiosulfate
C is the concentration of the reactant (mM or mol m-3)
r is the initial particle radius (100 × 10 -6 m / 2)
ksc is the apparent rate constant abtained from the slope (Fig. 6.8) (s -1)

6

-1

molar mass of gold = 197 g mol
density of gold = 1.93 × 107 g m-3
ρ is the molar density of gold (mol m-3) = density of gold / molar mass of gold
(1.93 × 107/197) = 9.8 × 104 mol m-3
D is the diffusion coefficient of thiosulfate or oxygen (m2 s-1)
Feed material:

PY

Parameter
ρ

Value
9.8E+04
2.5E-09

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

a

Unit
mol m-3
m2
-1

7.5E-07
300
0.65

s
mol m-3
mol m-3

2.0E-13
1.2E-11

m2 s-1
m2 s-1

POX
Value
9.8E+04
2.5E-09
3.6E-06
300
0.65
9.8E-13
5.7E-11

Feed material:

CAL

Parameter
ρ

Value
9.8E+04
2.5E-09

Unit
mol m-3
m2

4.4E-07
300
0.65

s
mol m-3
mol m-3

1.2E-13
7.0E-12

m2 s-1
m2 s-1

r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

Feed material:
Unit
mol m-3
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

Parameter
ρ
r2
ksc
a

C
C
D (S2O32-)
D (O2)
b

-1

OX
Value
9.8E+04
2.5E-09
2.3E-06
300
0.65
6.4E-13
3.7E-11

Unit
mol m-3
m2
-1

s
-3
mol m
mol m-3
m2 s-1
m2 s-1

concentration of thiosulfate, b concentration of oxygen
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Appendix A15 XRD Patterns of minerals

Fig. A15. 1 – XRD pattern for pyrite.

Fig. A15.2 – XRD pattern for chalcopyrite with minor phases of apatite and talc.

306

Fig. A15.3 – XRD pattern for hematite with minor phases of goethite and quartz.

Fig. A15. 4 – XRD pattern for goethite with traces of calcite.
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Fig. A15. 5 – XRD pattern for kaolinite with traces of quartz.

Fig. A15. 6 – XRD pattern for quartz with trace of calcite.
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Appendix A16 Adsorption of gold(I) ions on sulfide minerals and carbon

Fig. A16.1 – Change in residual concentration of gold(I) (solid lines) and % gold adsorbed
(dashed lines) on chalcopyrite, pyrite and carbon as a function of time (10 mg L-1
Au(I), 0.05 M CaS2O3, 7.7% (w / v) minerals, 2.3% (w / v) carbon, roller speed
60 rpm, in sealed bottles at pH 10 and 25 ºC).

Appendix A17 Adsorption of copper(I) ions on carbon, pyrite and goethite

Fig. A17.1 – Change in residual concentration of total copper (solid lines) and % copper adsorbed
(dashed lines) on carbon, pyrite and goethite as a function of time (100 mg L-1
copper(II), 0.05 M CaS2O3, 7.7% (w / v) minerals, 2.3% (w / v) carbon, roller speed
60 rpm, in sealed bottles at pH 10 and 25 ºC).
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