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Thiosulphate 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)/thiosulphate 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, thiosulphate leaching of gold in the absence of ammonia has
shown to be one of the most promising alternatives to cyanide, as evident from the
thiosulphate gold processing plant recently commissioned at Barrick Goldstrike for treating
pressure-oxidized double refractory ore. However, the published information on nonammoniacal thiosulphate systems is limited.
In this work, the dissolution of gold in non-ammoniacal thiosulphate solutions has been
studied using a rotating electrochemical quartz crystal microbalance (REQCM), rotating
gold disk, gold powder, and selected sulphidic gold ores. The electrochemical studies found
that gold oxidation is enhanced by increases in temperature, thiosulphate concentration, and
the addition of low levels of copper. Oxygen reduction was found to occur much more
readily on sulphide mineral surfaces 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 oxygen-thiosulphate 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, the
use of elevated temperature, high oxygen concentration, and copper addition, in
conjunction with the galvanic effect of sulphide minerals, dramatically improved the gold
leach rate to the same order of magnitude as a typical cyanidation rate. This was supported
by the results obtained from prolonged leaching tests using gold powder and sulphidic gold
ores. This study hence shows that the oxygen-thiosulphate system could be a promising
alternative to cyanidation for treating some sulphidic gold ores.
Keywords: Thiosulphate, gold oxidation, leaching, electrochemistry, kinetics.
Introduction
Concern about the environmental impact of the widely used cyanidation technology has generated a lot of interest in
searching for an alternative process for gold leaching over the past years. Thiosulphate has been considered by many
researchers as the most promising non-cyanide gold lixiviant due to its lower toxicity, better performance in treating
certain ores, ability to be regenerated in situ, and other benefits. Most of the research over the past three decades has
been focused on the copper(II)-catalysed ammoniacal thiosulphate system. This system has been proven to offer both
environmental and economic benefits, particularly for treating certain refractory, copper-gold, and carbonaceous ores,
where the recovery of gold by cyanidation is poor. However, the oxygenated ammoniacal copper(II)/thiosulphate
system has issues that have impeded its application on the commercial scale, as reported by many researchers (Ji et al.,
2003; Muir and Aylmore, 2004; Grosse et al., 2003), viz., complex chemistry, high reagent consumption, and the
potential hazard of ammonia to both humans and aquatic life. In order to avoid potential health and environmental risks
associated with the use of ammonia/ammonium solutions, other systems using different ligands to stabilize the
copper(II) and oxidants have been proposed. These include halogen oxide-calcium thiosulphate (Morteza, 2004),
copper-organic amines (Feng and van Deventer, 2011; Xia, 2014; Xia and Yen, 2011), iron-ethylenediaminetetraacetic
acid (EDTA) (Zhang et al., 2005), and iron-oxalate (Chandra and Jeffrey, 2005). Thiourea is added as a catalyst for the
iron systems. pH control is critical for the iron systems because at below pH 5 thiosulphate becomes unstable, while at
higher pH values the iron tends to precipitate (iron oxalate) or the oxidant becomes less effective (iron-EDTA). The
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ideal pH for these systems is slightly acidic or neutral pH (pH 6–7); however, under these conditions the pyritecatalysed oxidation of thiosulphate (further enhanced by thiourea) can be significant (Zhang and Jeffrey, 2008).
Another non-ammoniacal system is the oxygen-thiosulphate system. Recently, researchers at Barrick developed a
process based on the oxygen-thiosulphate system for treating a double refractory (pyritic and carbonaceous) ore at the
commercial scale (Choi et al., 2013). The process comprises pre-treatment (pressure oxidation of ore to release the gold
encapsulated in sulphides), leaching with calcium thiosulphate in a resin-in-leach (RIL) configuration, a reverse
osmosis (RO) circuit for recovery and concentration of the thiosulphate, resin elution, and electrowinning to recover the
gold. The success of the process development has led to the recent commissioning of the world’s first thiosulphate plant
by Barrick’s Goldstrike operation in the USA. However, despite this positive and encouraging development, there have
been only a few fundamental studies reported in the public domain, and these report contradictory results in regard to
the effect of copper. Copper added as ions, metal, or oxides has been shown to have a beneficial effect on the
dissolution rate of gold in alkaline oxygenated thiosulphate solutions (Zhang and Nicol, 2005). It was suggested that the
formation of an intermediate species, [(S2O3)3Cu.O2]5- or mixed complex (Au,Cu)(S2O3)23- may be assisting the
dissolution of gold. Calculated equilibrium constants reported by Senanayake (2005) predicted the formation of copper
complexes such as Cu(S2O3)0, Cu(S2O3)22-, and Cu(OH)3-, which could facilitate the leaching of gold, producing a more
stable Au(S2O3)23- and other gold intermediate species. Conversely, Ji et al. (2003) reported that the addition of copper
as cupric sulphate had no beneficial effect on gold extraction from an ore containing 50 g t-1 copper. Nonetheless, it can
be argued that the copper present in the ore could have catalysed the reaction. Another oxygen-thiosulphate system,
which uses thallium as additive, has been reported (Csicscovszki and Salminen, 2011; Bek and Shevtsova, 2012).
However, thallium is well known to be highly poisonous. In a study using a rotating disc electrode (RDE), Zhang et al.
(2013) found that oxygen is reduced more effectively on pyrite and chalcopyrite than on the gold surface. A potential
galvanic effect of sulphide minerals on the leaching of gold in the oxygen-thiosulphate system was hence proposed but
not investigated further.
There is thus an opportunity for detailed fundamental studies on the oxygen-thiosulphate system to better understand
(among other things) the solution chemistry, reaction mechanisms, gangue mineral interactions, thiosulphate
degradation, and gold stability. Such fundamental information is important, particularly if the oxygen-thiosulphate
system is to be used for treating a variety of ore types, such as oxide ores, sulphide ores, pressure oxidation residues,
and bio-oxidation residues. The present work forms part of a planned fundamental study (with a systematic approach) to
investigate the effects of temperature, thiosulphate concentration, addition of copper or other cations, and sulphide
minerals on the electrochemistry and leaching behaviour of gold in the oxygen-thiosulphate system, followed by gold
powder and ore leaches using the apparent preferred conditions.
Experimental
Materials and reagents
The chemicals used in this test work were of analytical grade and include sodium thiosulphate pentahydrate, copper
sulphate pentahydrate, sodium hydroxide, potassium carbonate, potassium dicyanoaurate(I), and sodium cyanide.
Calcium thiosulphate solutions were prepared using concentrated calcium thiosulphate solution (20–30%) sourced from
Tessenderlo Kerley, USA. Concentrations of thiosulphate and polythionates were determined using high-performance
liquid chromatography (HPLC). The pH of the initial solutions was adjusted using 0.1 M sodium hydroxide. Milli-Q
water was used for the preparation of all aqueous solutions used in the fundamental studies described.
REQCM studies
Electrochemistry and short-term leach tests were conducted using a rotating electrochemical quartz crystal
microbalance (REQCM), which is described elsewhere (Jeffrey et al., 2000). A typical water-jacketed three-electrode
glass cell was used for the electrochemical studies. A coiled platinum wire was used as a counter-electrode (CE), placed
in a separate compartment in contact with the solution through a glass frit. The reference electrode was a Ag/AgCl
electrode. All reported potentials are converted to the standard hydrogen electrode (SHE) scale. The electrochemical
set-up included a PGP 201 potentiostat/galvanostat for experiments involving linear sweep voltammetry, in which a
scan rate of 2 mV s-1 was applied. Prior to each electrochemical gold oxidation experiment, the thiosulphate solutions
were deoxygenated by purging for 30 minutes with high-purity nitrogen gas.
When investigating the galvanic effect of different sulphide minerals on gold dissolution, a pure sulphide mineral
electrode and gold electrode were placed in the same solution and electrically connected externally. Prior to each
experiment, the gold electrode was freshly prepared by electroplating gold onto the rotating quartz electrode at 25 A m-2
from alkaline solutions containing 0.23 M potassium cyanide, 0.086 M potassium carbonate and 0.02 M potassium
dicyanoaurate(I) (Chandra and Jeffrey, 2003). The sulphide mineral electrode was polished using Struers silicon carbide
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paper grit 4000 followed by rinsing with deionized water. Unless otherwise specified, all experiments were carried out
at pH 10, 0.1 M thiosulphate, 50°C, and 2 mM copper with a leaching time of 1800s and a working electrode rotation
speed of 300 r/min.
RDE studies
Oxygen reduction on a pure gold (99.99%) RDE (3.85 mm dia.) and pure pyrite mineral RDE (5.86 mm dia.) was
performed in a 100 mL water-jacketed glass cell. The glass cell was a three-electrode system as described above. An
EG&G Instruments scanning potentiostat model 362 was used for linear sweep voltammetry experiments with a
scanning rate applied at 2 mV s-1. The electrolyte solutions were oxygen-saturated by purging with industrial oxygen for
30 minutes prior to each experiment.
Gold powder leaching
A 1000 mL water-jacketed glass vessel with ports on the glass lid was used, with the mechanical stirrer inserted in the
central port. The other ports were used for an oxygen probe and a sampling tube. A water bath with circulating water
was used to maintain the cell temperature during the leaching process. Industrial oxygen or air was added at a flow rate
of 10 mL min-1. A solution sample of 2 mL was taken from the reactor at predetermined intervals during the dissolution
of gold. The solutions were filtered and analysed for gold using atomic absorption spectroscopy (AAS). Unless
otherwise specified, the leaching experiments were carried out at 50°C, pH 10, with an agitation speed of 300 r/min
using 0.2 M thiosulphate and gold powder (particle size range from 3.0 μm to 5.5 μm). The effects of background
cation and pyrite additions were investigated separately. For comparison, the gold powder was also leached in 10 mM
sodium cyanide solution at room temperature with air added at flow rate of 10 mL min-1.
Ore leaching tests
The leaching tests were carried out using a bottle roller and 1000 mL high-density polyethelene bottles containing 250
mL leach solution at 35% pulp density. In all the leach tests, 0.3 M calcium thiosulphate was used and the pH was
maintained at 9–9.5 using hydrated lime. Industrial oxygen or air was added at a flow rate of 4 mL min-1 unless
otherwise stated. Test samples consisting of about 5 mL of the reaction slurry were withdrawn at predetermined
intervals, filtered, and analysed by AAS for gold and copper and by HPLC for thiosulphate and polythionates. After the
leaching period of 48 hours, the solid residue was filtered and dried. The residue was digested in hot aqua regia and
analysed for gold. Cyanide leaching of the ore was also performed for comparison.
Results and discussion
Electrochemistry: gold oxidation
The dissolution of gold in thiosulphate solutions with oxygen as the oxidant takes place via an electrochemical reaction
that consists of the simultaneous oxidation of gold and reduction of oxygen. Hence, the anodic and cathodic halfreactions were studied separately. Thiosulphate leaching of gold is well known to be accompanied by other side
reactions such as thiosulphate oxidation, therefore the conventional RDE electrochemical technique was not the most
suitable tool for studying the gold oxidation half-reaction. REQCM has the capability to differentiate the reactions
involving mass change (i.e. gold oxidation) from other reactions that do not involve mass change, and was therefore
considered better suited for this study. The mass changes were converted to a calculated current density (icalc) using
Faraday’s law.
Figure 1 shows the polarization curves and corresponding mass change during the anodic oxidation of gold in a
sodium thiosulphate solution in the absence of oxygen. As can be seen, within the potential region of 100–300 mV the
calculated current density based on mass change closely matches the measured current density, indicating that gold
oxidation is the sole oxidation reaction occurring. At potentials above 300 mV, the measured current density deviates
from the calculated current density due to oxidation reactions other than gold oxidation, likely thiosulphate oxidation in
this instance (Breuer and Jeffrey, 2002). It can also be seen that the gold oxidation is inhibited as the thiosulphate
oxidation becomes more prominent at more positive potentials. This is possibly due to the formation of a sulphur-like
passivating coating on the gold surface produced by the anodic oxidation of thiosulphate (Zhang and Nicol, 2003). It
was believed that thiosulphate disproportionates to form sulphate and sulphide, with the latter undergoing oxidation to
sulphur.
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Figure 1 – Linear sweep voltammogram using REQCM, showing oxidation of gold in 0.1 M sodium thiosulphate at 50°C in the absence of
oxygen

Effect of temperature, copper, and thiosulphate concentration on gold oxidation
REQCM has been used to investigate the effect of temperature, copper, and thiosulphate concentration on the oxidation
of gold (calculated current density from the measured mass change of a REQCM electrode) in the potential region of
interest. The key findings (summarized below) are similar to those obtained by other researchers using different
techniques (Gudkov et al., 2010; Zhang and Nicol, 2003; Zhang and Nicol, 2005; Zhang et al., 2013).
• Effect of temperature. The rate of gold oxidation increases with increasing temperature. Using the leach rates at
different temperatures at a potential of 110 mV, an Arrhenius plot was generated by plotting ln(rate) vs. 1/T to
estimate the activation energy. From the linear fit, an activation energy of 46.9 kJ mol-1 was obtained, which
indicates that the gold oxidation in the potential region of interest is chemically controlled. The increase in
temperature, however, could also increase the rate of thiosulphate degradation – at temperatures higher than 60°C
thiosulphate becomes highly unstable (Rolia and Chakrabarti, 1982)
• Effect of copper. The rate of gold oxidation is enhanced markedly by the addition of 2 mM copper. Further
increases in copper concentration above 2 mM had a detrimental effect, possibly due to the formation of copper
sulphide and/or copper oxide at the gold surface, which inhibits the oxidation of gold. The effect of added
copper(II) was also investigated in calcium thiosulphate solutions and a similar trend was observed
• Effect of thiosulphate concentration. The oxidation of gold in the potential region of interest increases with
increasing thiosulphate concentration.
Effect of cations
The effect of background cations, associated with the added thiosulphate salt, on gold leach rate has been investigated
previously (Chandra and Jeffrey, 2004; Feng and van Deventer, 2010; Nicol, 2013; Zhang et al., 2013). In ammoniacal
thiosulphate solutions, Feng and van Deventer (2010) found that the relative 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 thiosulphate is faster than with the sodium salt. It was thus expected
that Ca2+ ions would have a similar benefit in non-ammoniacal thiosulphate solutions, and the results of the current
work indeed confirmed this hypothesis. It is clear in Figure 2 that in the absence of copper, gold oxidation in a calcium
thiosulphate solution is significantly faster (higher current density) than in a sodium thiosulphate solution. The results
are in agreement 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 stabilizing the gold as a Au2(S2O3)2Ca intermediate
species at the interface prior to the formation of Au(S2O3)23-. It is interesting, however, to note that in the presence of
copper, gold oxidation is similar in both solutions in the potential region of interest (between 50 mV and 180 mV).
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Figure 2 – Calculated gold oxidation rate from the measured mass change of a REQCM electrode showing the effect of electrolyte cation (0.1 M
thiosulphate) at 50°C in the absence of oxygen

Electrochemistry: oxygen reduction
Reduction of oxygen on gold
The reduction of oxygen on the gold surface was studied in oxygen-saturated sulphate solutions but in the absence of
thiosulphate to avoid the potential interference from the oxidation of gold and/or thiosulphate. The voltammograms
resulting from this test work are shown in Figure 3. The results indicate that oxygen reduction on the gold surface is
very slow at potentials above 50 mV, which is consistent with the observed slow leaching of gold in the oxygenthiosulphate system. The slow reduction of oxygen on the gold surface may be attributed to the high overpotential for
the reduction of oxygen (Zhang et al., 2005). The presence of copper significantly enhanced oxygen reduction on gold
in the 50–300 mV potential region, but the rate of the reaction was still relatively low.

Figure 3 – Linear sweep voltammograms using RDE showing the reduction of oxygen on gold in the absence and presence of 2 mM copper (as
Cu(S2O3)23-) in 0.1 M sodium sulphate at 50°C under oxygen-saturated conditions
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Reduction of oxygen on sulphide minerals
Figure 4 shows that oxygen reduction on the surface of two sulphide minerals (pyrite and chalcopyrite) is much more
effective than on the surface of gold. Oxygen reduction on the sulphide minerals commences at approximately 270 mV,
with the reduction current density increasing sharply as the potential shifts to more negative potentials. Oxygen
reduction has also been found to occur preferentially on other sulphide minerals such as chalcocite and pyrrhotite (Dai
and Jeffrey, 2006). As most of the sulphide minerals are semi-conductive, it is expected that a galvanic interaction
between gold and sulphide minerals could occur during the leaching of gold sulphide ores.

Figure 4 – Linear sweep voltammograms using RDE showing the reduction of oxygen on gold and sulphide minerals in 0.1 M sodium sulphate at
50°C and under oxygen-saturated conditions

REQCM open-circuit leaching of gold
Initially gold leaching experiments were performed using REQCM to take advantage of the in-situ measurement of
leach rates and fast experimental turnover of this technique. Figure 5 shows the kinetic plot (mass change as a function
of time) of gold leaching and the corresponding mixed potential in an oxygen-saturated sodium thiosulphate solution at
pH 10 in the absence of copper. The gold dissolution rate at steady state was estimated from the slope of the kinetic plot
to be 1.9  10-7 mol m-2 s-1, a rate which is two orders of magnitude lower than a typical cyanidation rate (approximately
5  10-5 mol m-2 s-1 in air-saturated cyanide solutions). The mixed potential was 110 mV.
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Figure 5 – Kinetic plot showing mass versus time for the leaching of gold and the corresponding mixed potential. Experimental conditions: 0.1 M
sodium thiosulphate oxygen-saturated solution, 50°C, and 300 r/min

Effect of copper concentration on leaching of gold
Figure 6 illustrates the effect of copper on the gold leach rate and corresponding mixed potentials in an oxygensaturated sodium thiosulphate solution. It can be seen that the addition of 1 mM copper increases the dissolution rate by
one order of magnitude from 1.9  10-7 to 2.75  10-6 mol m-2 s-1. Similar gold leach rates were obtained when the
copper addition was increased from 1 mM to 3 mM. However, further increases in copper concentration resulted in a
decrease in the gold leach rate. This is consistent with the electrochemical study, where gold oxidation was hindered at
high copper concentrations. Thus, for subsequent experiments in this study, 2 mM copper was added to all solutions. It
was also observed that the potential of the gold electrode increased slightly with increasing copper concentration.
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Figure 6 – Effect of copper concentration on the gold leach rate and the corresponding mixed potential in oxygen-saturated 0.1 M sodium
thiosulphate solution at 50°C
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Effect of temperature
The effect of temperature on the gold dissolution rate and mixed potential in an oxygen-saturated sodium thiosulphate
solution in the presence of copper is presented in Table I. The dissolution rates increase significantly with increasing
temperature, which is consistent with the gold dissolution being chemically controlled. The mixed potentials decreased
with an increase in temperature, which is due to the temperature-enhanced gold oxidation.
Table I . Effect of temperature on the gold dissolution rate in oxygen-saturated 0.1 M sodium thiosulphate
solution at 50°C

Effect of pH on the dissolution of gold
The effect of pH on gold leaching in the presence of copper in an oxygen-saturated sodium thiosulphate solution in the
presence of copper is shown in Table II. It can be seen that pH variation from 8.7 to 11 does not have a significant
impact on the gold leach rate; however increasing the 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 X-ray diffraction (XRD). This suggests a
low stability of copper at high pH values. The reduced gold leach rate is thus likely due to one or more of the following:
(1) significantly reduced soluble copper available to catalyse gold oxidation; (2) passivation of the gold surface by the
formed precipitates; (3) reduced 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) at pH 7 and 12 using a RDE.
Table II . Effect of pH on gold dissolution rate in oxygen-saturated 0.1 M sodium thiosulphate solution at 50°C

Effect of cations
The effect of cations on the gold leach rate at different temperatures and dissolved oxygen concentrations (and in the
absence of copper) is shown in Table III. It can be seen that in the absence of copper, the gold dissolution rates in
calcium thiosulphate solutions are considerably faster than in sodium thiosulphate solutions at the same temperatures
and oxygen levels. This is consistent with the electrochemical results shown in Figure 2.
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Table III. Effect of background electrolyte cation (0.1 M thiosulphate) on the gold dissolution rate in the absence
of copper

Effect of dissolved oxygen (DO) concentration
Table IV summarizes the results from experiments performed in calcium thiosulphate solutions at different DO
concentrations in the absence and presence of copper. Not surprisingly, the increase in DO concentration increases the
rate of gold dissolution, which is accompanied with an increase in the mixed potential. In the presence of copper, 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 thiosulphate
solution under similar conditions (Figure 6). 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 (Figure 2).
Table IV. Effect of initial oxygen concentration on gold dissolution in calcium thiosulphate solutions at 50°C

Effect of sulphide minerals
In order to study the galvanic interaction between sulphide minerals and gold, a mineral RDE electrode was used with a
REQCM gold electrode during leaching. REQCM was used to measure the gold leach rate and the corresponding mixed
potential. The two electrodes were not connected electrically until leaching had proceeded for 100 seconds. As shown
in Figure 7, when the pyrite electrode was electrically connected to the gold electrode, the gold leach rate increased
almost threefold. At the same time, the mixed potential increased rapidly from 108 mV to 175 mV. As shown in Figure
4, this is in the potential region where oxygen reduction can occur on pyrite surfaces. Therefore, it is believed that the
connected pyrite electrode provides extra surface area for oxygen reduction to occur 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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pyrite added after

Figure 7 – Gold leaching in 0.1 M sodium thiosulphate, 2 mM copper, oxygen-saturated solution at 50°C with pyrite mineral RDE electrically
connected after 100 seconds

The gold leach rate as a function of the pyrite:gold surface area ratio for pyrite electrodes with different surface areas
is shown in Figure 8. It is clear that the gold leach rate increases with the ratio up to a point above which further
increases in mineral surface area provide little additional enhancement in the gold leach rate. It is most interesting to
note that when the pyrite:gold surface area ratio is sufficiently high, which is the case for most sulphidic 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 as a typical cyanidation reaction. In addition to pyrite, other sulphide minerals such as chalcopyrite,
chalcocite, and marcasite were found to have a similar effect (also shown in Figure 8). The results thus show great
promise for the potential use of the oxygen-thiosulphate system for treating sulphidic gold ores. It should be pointed
out, though, that the oxidation of thiosulphate by oxygen is also catalysed by the sulphide mineral surfaces, particularly
at pH < 9 (Zhang and Jeffrey, 2008), which could impact the solution chemistry, gold leaching, and the downstream
gold recovery processes if treating sulphidic ores.
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Figure 8 – Effect of mineral surface area galvanically connected to gold on gold dissolution in 0.1 M sodium thiosulphate, 2 mM copper, oxygensaturated solution at 50°C
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Dissolution of gold powder
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 plating reduce the sensitivity of
measurement). Therefore to investigate the oxygen-thiosulphate system for longer leaching times, gold powder leaching
was performed. Figure 9 shows the effect of cations on gold powder dissolution over 24 hours. The results are presented
as the reaction-controlled shrinking sphere model; thus the effect of shrinking surface area on the gold dissolution rate
is eliminated. It is firstly noted that the dissolution of gold powder is very similar in sodium thiosulphate and calcium
thiosulphate solutions in the presence of copper. This is in agreement with the REQCM studies. It is also evident that
the dissolution of gold powder does not follow a shrinking sphere model, since the gold dissolution rate decreases with
time. This decrease is potentially due to surface passivation by sulphide or sulphur-containing species. Nicol et al.
(2014) used electrochemical techniques and surface-enhanced Raman spectrometry to investigate the composition and
behaviour of the passive layer formed on gold nano-rod array electrode surfaces during thiosulphate leaching in the
presence of Cu(II). They found that the passive layer consisted mainly of elemental sulphur and sulphur-like species,
with tri- and tetrathionates as minority components. The gold leach recovery in Figure 9 was approximately 2% in 24
hours.

Figure 9 – Effect of electrolyte cation on gold powder dissolution (presented as reaction-controlled shrinking sphere model where X is the
conversion rate of gold). Experimental conditions: 2 mM copper, 0.2 M thiosulphate, 10 mL min-1 oxygen, 60 mg L-1 gold powder, pyrite powder 100 μm

The effect of pyrite on the dissolution of gold powder was also investigated, and the results are shown in Figure 10 in
terms of the shrinking sphere model. The pyrite was added as powder, creating an intimate physical and electrical
contact with the gold powder for potential galvanic interaction to occur. Also shown for comparison are the cyanidation
results obtained using 10 mM NaCN solution with air bubbling. The initial rate of cyanidation is significantly higher
than the thiosulphate leach rates; the rate, however, decreases with time and deviates from the shrinking sphere model,
possibly due to surface passivation by AuCN (Jeffrey and Ritchie, 2001). Approximately 60% of the gold was leached
in 24 hours in the cyanide solution. For the thiosulphate leaches, it is firstly noted that in the presence of pyrite, the
dissolution of gold powder closely follows the shrinking sphere model (constant leach rates). The presence of pyrite
significantly enhances the gold dissolution rate due to the galvanic effect, with the effect increasing with increasing
pyrite concentration. The 24-hour gold leach recoveries are summarized in Table V. Remarkably, the 24-hour leach
recoveries with 1.0% and 2.5% (wt/v) pyrite exceed the cyanidation recovery, approaching complete gold dissolution.
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Figure 10 – Effect of pyrite on gold powder dissolution (presented as reaction-controlled shrinking sphere model where X is the conversion rate of
gold). Experimental conditions: 2 mM copper, 0.2 M calcium thiosulfate, 10 mL min-1 oxygen, 60 mg L-1 gold powder, pyrite powder -100 μm

Table V. Effect of pyrite on the 24-hour gold recovery

Ore leaching
To further investigate the effectiveness of galvanic interaction in practice, leaching tests with gold containing sulphidic
(pyrite) ores were conducted. Two pyrite flotation concentrates were used for the tests. Table VI shows the average
grade (g t-1) and mineralogical composition determined by quantitative X-ray diffraction (QXRD).
Table VI. Mineralogical composition of pyritic ores used for gold leaching

The 24-hour cyanidation results for the two pyrite concentrates are shown in Table VII. For sample A, a good gold
extraction could be achieved only with aggressive leach conditions: very high cyanide additions in conjunction with
high flow rates of oxygen. The high cyanide consumption is due to the reaction with copper minerals to form copper
12
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cyanides as well as the reaction with iron sulphides to form thiocyanate and iron cyanides; high cyanide consumption is
a major issue for cyanidation of this concentrate. A low cyanidation extraction of 62% was obtained for sample B,
largely due to the encapsulation of a significant amount of gold in pyrite.
Table VII. Gold extraction from pyritic ores using sodium cyanide solutions at room temperature
Ore

NaCN added

Air/O2

kg/t
A

241

% Au dissolved
24 (h)

*O2

10.8
air
B
-1
*Flow rate 20 mL min otherwise 4 mL min-

98.5
62.0

The results from preliminary thiosulphate leaching investigations of the pyritic ores are summarized in Table VIII,
with the gold leaching kinetic data shown in Figure 11. It can be seen that for sample A, a fairly good gold extraction of
73.2% was achieved in 24 hours. The leach rate slowed subsequently after this, with only 7% additional gold extracted
during the next 24 hours. This could be related to one or more of the following: (1) a decrease in the free thiosulphate
concentration (the initial 0.3 M thiosulphate was almost depleted by the oxidation of thiosulphate to form polythionates
(0.19 M) and the complexation with copper (0.09 M)); (2) the high concentration of copper in the solution passivating
the gold surface via the formation of Cu2S and/or Cu2O precipitates (see Figure 6) and; (3) a gold thiosulphate
instability issue. The loss of precious metals via precipitation from ammonia-copper-thiosulphate leach solutions has
been previously investigated at CSIRO. It was found that tetrathionate, a thiosulphate degradation product, is a
precursor for the precipitation of gold and silver, particularly in the presence of copper, as a mixed metal sulphide. As
shown in Table VIII, both copper and tetrathionate are present at high concentrations. The instability of gold would
have been exacerbated by the reduced free thiosulphate concentration.
For sample B, the gold extraction was 30.3% in 24 hours (about half of the cyanidation recovery) and 52.3% in 48
hours, with no signs of slowing. Compared to the leaching of sample A, the solution copper concentration was
significantly lower in the leaching of sample B. This may have left more free thiosulphate and created less gold
passivation/instability issues (if any), allowing steady/continuous gold leaching. A higher gold extraction would be
expected if leaching were allowed to continue for a longer period. It can also be seen in Table VIII that the thiosulphate
consumption in the tests was high, with the formation of high concentrations of polythionates (e.g. trithionate and
tetrathionate). Thiosulphate consumption and polythionate formation will have a large impact on the process economics
as well as the downstream gold recovery from the pregnant leach solutions. Further investigation of leach conditions
(particularly DO concentration) is needed to develop a strategy for controlling the leach conditions that minimizes the
thiosulphate consumption and polythionate formation while maximizing the gold leach rate and recovery.
When compared to cyanidation, thiosulphate leaching rates of both sample A and sample B were slower, but in the
same order of magnitude with fairly good gold extractions in reasonable time frames. As these were only preliminary
evaluations, better gold extractions are expected using optimized conditions and/or longer leach periods. The results
hence indicate some potential for using the oxygen-thiosulphate system for treating pyrite ores, particularly high-copper
ores (such as sample A) where the high cyanide consumption renders cyanidation uneconomic. There are also
opportunities for treating carbonaceous preg-robbing ores where the gold extraction by cyanidation is low.
Table VIII. Gold extraction from pyritic ores in 0.3 M CaS2O3, 2 mM copper, oxygen at 4 mL min-1, 50°C
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Figure 11 – Effect of different ore types on gold dissolution: 0.3 M CaS2O3, 2 mM copper, 50°C, 4 mL min-1 oxygen

Conclusions
Electrochemical studies have shown that in the potential region of interest, gold oxidation in thiosulphate solutions is
chemically controlled and increases with temperature and thiosulphate concentration. The oxidation of gold is
significantly enhanced by low concentrations of copper. However, this effect diminishes at copper concentrations
higher than 3 mM, possibly due to as a result of the formation of a coating consisting of Cu2S and/or Cu2O precipitates
on the gold surface. In the absence of copper, the gold oxidation reaction is faster in calcium thiosulphate solutions than
in sodium thiosulphate solutions; while in the presence of copper, the rate of gold oxidation reaction is similar in both
solutions in the potential region of interest. Oxygen reduction on the gold surface under the tested conditions is very
slow compared to the rate observed in the presence of copper, but the increase in rate induced by copper is not large
enough to allow effective gold leaching. Oxygen can be reduced much more effectively on sulphide minerals, such as
pyrite, offering an opportunity for galvanic interaction between the gold and sulphide minerals during the leaching of
sulphidic ores.
The leaching tests conducted using a REQCM showed that the gold leaching rate in the oxygen-thiosulphate system
without any additives is extremely slow, in the order of 10-7 mol m-2 s-1, which is two orders of magnitude slower 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 copper additions. A combination of these conditions could
improve the gold leach rate in the oxygen-thiosulphate system by one order of magnitude. In the presence of sulphide
minerals, the leaching study confirmed that galvanic interaction between the gold and sulphide minerals occurs as
predicted by the electrochemical study; the galvanic effect further increased the gold leach rate to the same order of
magnitude as the cyanidation rate. This was confirmed by the subsequent leaching tests using synthetic gold powder
and sulphidic gold ores. The results hence indicate the potential of the oxygen-thiosulphate system for leaching
sulphidic ores, although further work is required to optimize the leach conditions to maintain effective leaching and
gold stability in solution, as well as to minimize the reagent consumptions.
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