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Abstract

The application of ammonium thiosulfate for the treatment of copper—gold ores has been investigated. Copper minerals and
copper—gold samples were leached in an ammonium thiosulfate solution under varying experimental conditions, i.e. aeration,
temperature and reagent addition. The behaviour of thiosulfate, tetrathionate and sulfate in solution was studied using ion
chromatography. Experiments showed that both gold extraction and thiosulfate stability are affected by a combination of
aeration and cupric ions in solution. It is important to establish a balance between providing sufficient air and cupric ions for fast
gold dissolution, and at the same time minimize the amount of air in the presence of cupric ions to prevent excessive thiosulfate
degradation. Promising results, i.e. high gold extractions and low thiosulfate consumption, were obtained during a 24-h leach

without forced aeration.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The application of alternative lixiviants, such as
thiourea, chloride, bromide and ammonium thiosul-
fate, for gold recovery has been extensively
researched in the last few years. These lixiviants
would be particularly attractive if they improve the
gold recovery or result in a savings in reagent cost
(von Michaelis, 1987). Ideally, the lixiviant should be
cheap or recyclable, selective, nontoxic and compat-
ible with downstream recovery processes (Avraa-
mides, 1982). In practice, meeting all these criteria
is difficult.

" Corresponding author. Fax: +1-604-822-3619.

Thiosulfate has the ability to complex gold and
silver. Moreover, ammonium thiosulfate is relatively
nontoxic and has been used for many decades as a
fertilizer and, consequently, from an environmental
standpoint, has a definite advantage over cyanide
(Atluri, 1987). Comparing reagent unit costs, ammo-
nium thiosulfate is far cheaper than sodium cyanide
(US$0.13/kg vs. US$1.80/kg). Consequently, with
similar or even slightly higher lixiviant consumption,
the application of thiosulfate for gold recovery can be
economical and compete directly with cyanidation.

Copper—gold ores form a type of refractory gold
ore. Large quantities of this ore type are available for
processing. Cyanide treatment of ores with a high
cyanide soluble copper to gold ratio is unfavourable
due to high cyanide consumption resulting from the
formation of copper—cyanide complexes.
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Ammonium thiosulfate is particularly attractive as
an alternative to cyanide for the treatment of copper—
gold ores. The presence of copper is desirable in a
thiosulfate leach, whereas it is detrimental in a cya-
nide leach. Moreover, it might be possible to recover
both gold and copper provided enough lixiviant and
economical copper and gold recovery methods are
available.

2. Theoretical background

The chemistry of the ammoniacal thiosulfate sys-
tem for gold recovery involves many interrelated
chemical equilibria which are not yet fully under-
stood. This complexity can be attributed to the pres-
ence of three essential components, which define the
ammoniacal thiosulfate leaching environment: ammo-
nia, thiosulfate and copper. Thiosulfate stabilizes gold
in solution, while copper and ammonia accelerate the
leach reaction. Many reactions may occur between
these species, dissolved metal ions, atmospheric gases
and ore minerals. Another complication of the system
is that thiosulfate is prone to oxidative degradation;
thiosulfate is a metastable sulfur species which will
eventually decompose in aqueous solutions.

2.1. Aqueous chemistry of thiosulfate

Thiosulfates are compounds containing the S,03 ~
group, which is a structural analog of sulfate with one
oxygen atom replaced by a sulfur atom. The two
sulfur atoms are not equivalent (Fig. 1).

The unique chemistry of the thiosulfate ion,
S,03 ~ or SSO3 ~, is dominated by the sulfide-like
sulfur atom, which is responsible for the reducing
properties and complexing abilities of thiosulfates
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Fig. 1. Structure of the thiosulfate ion (Othmer, 1983).

(Othmer, 1983). Chemical properties of thiosulfate
include:

* Tendency to be oxidized (by O,, Cu?*, etc., see
Section 2.3.3).

* Tendency to hydrolyse at pH<5.5 to S° and
HSO3 ~ at mildly acid pH (Skoog and West, 1976)
and to more complex mixtures in strong acid
(Smith and Hitchen, 1976).

* Moderately good hydrolytic stability in basic
solution (Pryor, 1960).

* Ability to form complexes with a variety of metals,
e.g. gold, silver, copper (Cu’ and Cu®"), iron
(Fe’> ™), etc. (Burns et al., 1981). The stability of
these complexes depends on the solution condi-
tions.

* Formation of metal sulfides, e.g. with copper,
silver, mercury (Burns et al., 1981).

* Stability toward reduction to free sulfide; the E° of

$,03” + Hy0 +2¢ — HS™ +S03” +OH (1)

2.2. Overview of thiosulfate technology for gold
extraction

The use of thiosulfate for the recovery of precious
metals was first proposed in the 19th century and is
known as the “Patera Process.” It was applied in 1858
by Von Patera for silver recovery. The process utilizes
the solubility of silver chloride in a solution of sodium
thiosulfate. The ore was treated by a chloridizing roast
followed by a sodium thiosulfate leach. Sodium
sulfide was then used to precipitate silver sulfide
(Liddell, 1945).

Berezowsky and Gormely (1978) revived interest in
the thiosulfate leaching system for precious metals
recovery by developing an atmospheric ammoniacal
thiosulfate leach system to recover gold and silver
from ammoniacal oxidative pressure leach residues of
sulfidic copper concentrates. Extractions of 88—95%
for gold and 83-98% for silver were achieved after
2—4-h leaching with 0.4—0.8 M S,03 ~ at 40—60 °C.
The parameters affecting the gold solubilization were
thiosulfate, ammonia and cupric ion concentrations,
temperature and residence time. To minimize oxida-
tion of thiosulfate, initial testwork was performed
under a nitrogen atmosphere.
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In some experiments, a decrease in gold extraction
with time was observed. Berezowsky and Gormely
(1978) attributed this phenomenon to thiosulfate deg-
radation; thiosulfate decomposition in the presence of
copper causes the precipitation of copper sulfide,
which coats the gold particles and, thus, inhibits gold
leaching and recovery. Therefore, an optimal leach
time exists; the leach time should not be needlessly
prolonged. A direct thiosulfate leaching test was
performed on a chalcopyrite concentrate with 3—5 g/
L Cu®" addition and mild air sparging. A gold
extraction of 97% was obtained after 1 h. Analysis
of the leach liquors for thiosulfate indicated that 90—
95% of the thiosulfate was accounted for and could be
recycled (Berezowsky and Sefton, 1979).

Kerley (1981, 1983) patented a process for the
recovery of precious metals from refractory ores,
particularly those containing manganese and/or cop-
per, by lixiviation using an ammonium thiosulfate
leach solution. The patent claims to improve upon
the thiosulfate leaching of the patent of Berezowsky
and Gormely (1978) by providing better control of the
stability of the thiosulfate ion. The Kerley leach
solution contained 1.2—-1.35 M S,03 ", 1-4 g/L
Cu?", sufficient ammonia to maintain a pH of 7.5
or higher and a minimum of 0.05% sulfite ions to
control the stability of the solutions during leaching.

Kerley (1981) claims that sulfite ions inhibit the
decomposition of thiosulfate according to Eq. (2)
and, thus, prevent precipitation of metal sulfides.

4803 4287~ 4 6H' < 38,03 + 3H,0 (2)

This reaction is, however, unlikely to occur at pH
7.5, since the sulfide ion is not stable in this pH region
(see Fig. 2 and Section 2.3.3).

The process patented by Kerley was carried out in
a plant in Mexico, but the scale-up from laboratory to
plant-size failed. Perez and Galaviz (1987) describe
the modifications required to make plant operation
feasible. The most important process adjustment was
the pH value, which should be maintained at a
minimum level of pH 9.5, instead of 7.5 as suggested
by Kerley (1981).

Zipperian and Raghavan (1988) identified the
parameters of importance in the dissolution of gold
and silver values from a rhyolite ore with a high
manganese content using ammoniacal thiosulfate sol-
utions containing copper. The effects of thiosulfate,
ammonia concentration, temperature and copper sul-
fate addition were researched. Optimum conditions
were established at 2 M S,03 , 4.1 M NH;, 6 g/L
Cu®", 50 °C and 2-h leaching in the absence of
oxygen. In the absence of cupric ions, only 14% gold

1.0

Eh 0.0

Fig. 2. Eh—pH diagram for the metastable system S—H,O at 25 °C. The activity of sulfur species is 0.4 M [AGY (S,03 ~)=— 518.8 kJ/mol].
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was solubilized. Initial rates of gold extraction were
enhanced by increasing cupric ion concentration, but
the ultimate extraction was not influenced by the
cupric ion concentration in the range investigated
(up to 6 g/l Cu). Further, it was concluded that
maintaining optimal pH and Eh conditions (pH 10
and 200 mV) is necessary to prevent precipitation of
copper as Cu,S. Half of the thiosulfate in the lixiviant
solution at pH 9.5—-10 was reported to be consumed
during the dissolution process.

Langhans et al. (1992) focused on maximizing
gold extraction while minimizing thiosulfate con-
sumption at low reagent concentrations and ambient
temperatures and pH between 9 and 11. The research
was conducted on low-grade oxidized gold ores with
application to heap, dump or in situ leaching techni-
ques. The range of the thiosulfate concentration tested
was 0.05—-0.2 M. After leaching for 48 h, 83% gold
extraction was achieved with 0.2 M S,03 ~ with 0.4
kg S,03 ~ consumed per ton of ore.

The effectiveness of low thiosulfate concentrations
was confirmed by Cao et al. (1992), who studied the
effects of the concentrations of thiosulfate, copper and
ammonia on the extraction of gold and silver from a
sulfide concentrate. Leaching was performed with a
0.2-M thiosulfate solution at 2-h retention time, which
yielded 95% gold extraction. The sparge air was
treated with ammonia in order to keep the ammonia
concentration constant. Cao et al. (1992) also re-
searched the influence of sulfate addition to the system,
in order to reduce the thiosulfate consumption, but
found no effect (see Section 2.3.3).

Newmont Gold evaluated the application of ammo-
nium thiosulfate on a demonstration heap leach of
327,000 metric tons of low-grade carbonaceous sulfi-
dic ore that was pretreated by biooxidation. The
average gold recovery for thiosulfate heap leach at a
particle size of minus 1.9 cm was found to be
approximately 55%. Ammonium thiosulfate con-
sumption was about 5 kg/ton for low sulfide carbona-
ceous ores (without biooxidation) and 12—15 kg/ton
for biooxidised ores. Typical leach solutions used
contained 0.1 M S,03 , 0.1 M NH; and 30 ppm
Cu®* (Wan, 1997).

The application of a thiosulfate salt lixiviant to
recover gold from an oxidative pressure leach slurry is
described in a patent granted to Marchbank et al.
(1996). A slurry of refractory sulfidic and refractory

carbonaceous ore is subjected to pressure oxidation in
an autoclave under neutral or alkaline conditions
followed by leaching with a thiosulfate salt in stirred
tank reactors. Typical leaching conditions are 0.025—
0.1 M (NH,4),S,03, 50—100 ppm Cu®>*, 40—55 °C
and a minimum sulfite concentration of 0.001 M,
while maintaining a pH between 7 and 8.7.

2.2.1. Summary of literature

Little research is available regarding the treatment
of copper—gold ores by ammonium thiosulfate. The
research reported by Berezowsky and Sefton (1979)
concerned the treatment of ammonia pressure oxida-
tion residues, which contained 0.54—2.58% copper.
Several studies were performed by Gong and Hu
(1990) and Cao et al. (1992) on a gold sulfide
concentrate containing 3.16% Cu.

All of these studies were performed at high thio-
sulfate concentrations (0.4—1 M), and high ammonia
concentrations (1-2 M). The catalytic effect of copper
on gold extraction was recognized by these research-
ers, but only Berezowsky and Sefton (1979) men-
tioned the detrimental effect of copper on thiosulfate
stability. None of the studies attempted to investigate
the behaviour of copper and thiosulfate during the
leach.

Kerley (1981, 1983) described a cupric addition of
1-4 g/ and Berezowsky and Gormely (1978) men-
tion an addition of 1-10 g/L. Cupric ion concentra-
tions of 50—100 ppm are mentioned in the patents
granted more recently (Marchbank et al., 1996; Wan
et al.,, 1994). Low cupric ion concentrations seem to
be favourable, since high cupric ion concentrations
accelerate thiosulfate degradation.

The pH of the recently developed ammonium
thiosulfate leaching processes is generally maintained
between 9 and 10. This pH range is dictated by the
ammonia/ammonium buffer point (9.25 at 25 °C),
since the presence of ammonia has to be ensured in
order to solubilize copper as the copper(Il)—ammonia
complex. The thiosulfate stability will decrease at
higher temperatures and lower pH values. Therefore,
a pH of 9-10 is generally preferred at ambient
temperature because thiosulfate appears to be less
prone to degradation in this region and the cop-
per(Il)—ammonia complex is stable.

When evaluating the optimum ammonia concen-
tration, two factors should be considered. Firstly, there
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has to be sufficient ammonia present in the leaching
system to solubilize the copper partially as an ammo-
nia complex. Secondly, the ammonia to thiosulfate
mole ratio should be kept in a certain range, pref-
erably around 1-2 (see Section 2.3.2).

In conclusion, ammonium thiosulfate leaching for
gold recovery preferably should be performed at:

* low thiosulfate concentrations, ranging from 0.1 to
0.2 M;

e an ammonia to thiosulfate ratio of 1-2;

* copper concentrations ranging from 50 to 100 ppm;

¢ an alkaline pH, preferably 9—-10;

* ambient temperature to 50 °C.

2.3. Chemistry of the ammonium thiosulfate system

This section reviews some fundamental aspects of
the ammonium thiosulfate system: thermodynamics,
copper catalysis and the degradation pathways of
thiosulfate.

2.3.1. Thermodynamic considerations
Thermodynamically, the ammonium thiosulfate
system is not stable. Both ammonia and thiosulfate
will be lost through volatilization or decomposition.
Therefore, true equilibrium diagrams cannot be con-
structed for this system. By omitting the more stable
species such as sulfate ions from the system, the
features of the metastable species can be examined

(see Fig. 2). The species considered are: NH, *, NH;,
S,03 7, S°% S,06~ (x>2), SO3 , HSO3 ~, H,S,
HS ™ and S* . The stability of the thiosulfate ion
will be discussed in Section 2.3.3.

Eh—pH diagrams reflecting the experimental con-
ditions used in this research were constructed with the
use of the computer program CSIRO Thermochemis-
try (Turnbull and Wadsley, 1986). Thermodynamic
data for the various copper and gold species expected
to be present in these solutions are presented in Table
1. The pH range was chosen between 6 and 14, below
pH 6 complex reactions involving the hydrolysis of
thiosulfate start to take place which were not pertinent
to this research. The diagrams were constructed using
molarities, since representative activity coefficients
are not readily available due to the complex nature
of the solutions in this system.

The Eh—pH diagram for the gold—thiosulfate—
ammonia—water system appears in Fig. 3. The gold
activity is 2.5 x 10 ~ > (5 ppm), the thiosulfate activity
is 0.2 and the ammonia/ammonium activity is 0.4. It
can be seen that the gold(I)—thiosulfate complex is
stable in the whole pH range shown.

Comparing Fig. 3 with the Eh—pH diagrams given
in the literature (see Fig. 4), it can be observed that
the gold(I)-ammonia complex has no region of
stability in Fig. 3, while Fig. 4 shows a region of
stability for this complex. A closer examination of the
literature revealed that a different value was used for
the free energy of formation of the thiosulfate species.

Table 1

Thermodynamic data of relevant species

Formula AGY (kJ/mol) Formula AGY (kJ/mol) Formula AGY (kJ/mol)
H,0 —237.18 S,0%~ —5188 HSO; ~ —527.81
OH "~ —157.29 S,03~ — 532200 Au 0
NH; —26.6 S,0% ™ —600.4 Au” 176
NH, " —79.37 S,02~ —791 Au’? 440
s~ 86.31 S,08 —966 AuO3 ~ —519
S3- 79.5 S,03~ —1110.4 HAuO3 ~ —142
S3- 73.6 S;0%~ —958 H,AuO; ~ —218
S3- 69 S0~ —1022.2 Au(OH); (aq) — 2835
SZ- 65.7 Ss0% - —956 Au(OH); (s) —317
SO3 - —486.6 HS~ 12.05 Au(NH;), * —41.1°
SO% - —744.63 H,S (aq) —27.87 Au(S,03)3 ~ —1048°

All data without footnotes are from Bard et al. (1985).
? From the CRC Handbook of Chemistry and Physics (Weast, 1975).

® From Duby (1977).

¢ From Atluri (1987) and Wang (1992).
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Fig. 3. Eh—pH diagram of the gold—thiosulfate—ammonia—water system at 25 °C. The activities of the species are 2.5 X 10 ™3 M Au (5 ppm),

0.2 M S,03~ and 0.4 M NH3/NH, " [AGY(S,03 ~)=—518.8 kJ/mol].

In Fig. 3, a value of — 518.8 kJ/mol was used for the
thiosulfate species (Bard et al., 1985). The Handbook
of Chemistry and Physics (Weast, 1975) lists a value
of —532.2 kJ/mol for thiosulfate, resulting in the

[~~~e_ Au(NH,),**(a)
10 e

B AuS,0), () | TTTeeal —

Au(NH3)2*(a)
Eh 0.0 f~__
Au T

1.0

0 2 4 6 8 10 12 14

pH

Fig. 4. Eh—pH diagram for the gold—ammonia—thiosulfate—water
system at 25 °C. Activity of species: 0.1 M thiosulfate, 0.1 M
ammonia, 5 X 10 ~* M gold (Li et al., 1995).

Eh—pH diagram presented in Fig. 5, which resembles
Fig. 4.

The gold(I)-ammonia complex now appears next
to the gold(I)—thiosulfate complex. The large effect of
this relatively small change in free energy is explained
when the following equation is considered:

Au(S;03)3” 4 2NH; = Au(NH3); 425,02 (3)

The free energy change for this reaction, calculated
using the AGY{ value of —518.8 kJ/mol for thiosul-
fate, is +22.5 kJ, which indicates that this reaction is
not favoured. When the free energy change is recal-
culated using the AGY value of — 532.2 kJ/mol for
thiosulfate, the value —4.3 kJ is obtained, which
indicates that the formation of the gold(I)—ammonia
complex is now slightly favoured. It can be concluded
that a small change in the free energy of the thio-
sulfate species has a great impact on the thermody-
namic equilibria of the gold—thiosulfate—ammonia—
water system. As Li et al. (1996) remarked, it is
generally accepted that the gold(I)—thiosulfate species
is the more stable species at pH 10 and this was
confirmed by rest potential measurements (see Fig.
6). The above discussion shows that there is a need
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Fig. 5. Eh—pH diagram of the gold—thiosulfate—ammonia—water system at 25 °C. The activities of the species are 2.5 X 10 > M Au (5 ppm),
0.2 M S,03 ™ and 0.4 M NH3/NH; ™ [AGX(S,03 ~)=— 532.2 kl/mol].

for more thermodynamic data for the Au/NH3/S,0; conditions when thiosulfate is no longer present in
system. solution. The copper(I)-ammonia complex appears
Fig. 7 shows the copper—ammonia—water sys- as a stable species in the area of interest. The areas
tem. This Eh—pH diagram represents the leaching of the copper(I)—ammonia and copper(Il)-ammonia
-0.10
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Fig. 6. Effect of thiosulfate concentration on the rest potential of gold (Li et al., 1996).



8 E. Molleman, D. Dreisinger / Hydrometallurgy 66 (2002) 1-21

>
I
Cu(NH,) (@)

Eh 0.0

CuO

10 12 14
pH

Fig. 7. Eh—pH diagram of the copper—ammonia—water system at 25 °C. The activities of the species are 0.015 M Cu (0.95 g/L) and 0.4 M

NH;.

decrease in width with higher copper concentrations
and lower ammonia concentrations. At very low
ammonia concentrations, the stability region of the
copper(Il)-ammonia complex completely disap-
pears.

2.3.2. Copper catalysis

The rate of gold leaching in an ammoniacal thio-
sulfate solution is enhanced greatly by a catalytic
copper reaction (Berezowsky and Sefton, 1979; Zip-
perian and Raghavan, 1988; Tozawa et al., 1981).
However, conflicting opinions exist on the exact role
of the copper in the leach chemistry.

Agreement does exist concerning the dissolution
reaction of gold in thiosulfate solutions in the pres-
ence of oxygen (Eq. (4)).

1
2Au + 48,02 + 702+ H0 o 2Au(S,03)”

+20H" (4)

The above reaction can be modified to incorporate
the influence of the catalytic action of the cupric ion

during gold dissolution (Marchbank et al., 1996; Li et
al., 1995):

Au+5S,0%" +Cu(NH;)>" = Au(S,0,)3™ +Cu(S,0;)3” +4NH,

=

Copper oxidation by oxygen or another appropriate oxidant

(5)

Copper minerals in some ores can act as a source of
cupric ion or copper sulfate may be added to the leach
solutions. The appropriate copper half-cell reaction is:

Cu(NH;);" 438,03 + e~ — Cu(S,03); + 4NH;
E*=0225V (6)

Li et al. (1996) state that oxygen in the absence of a
catalyst may be an oxidant for gold leaching, but with
much slower kinetics. It was found that in the absence
of copper, the gold leaching rate in ammonium
thiosulfate becomes negligible.

At low copper levels, an increase in the copper
concentration results in a dramatic rise in the gold
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dissolution rate. However, too high copper concen-
trations significantly inhibit gold leaching. Li et al.
(1996) explained this by a deficiency of lixiviant for
complexing gold because the copper combines with
most of the ammonia and thiosulfate in solution.
Furthermore, thiosulfate degradation is accelerated
by high copper concentrations (see Section 2.3.3).
Either way, loss of reactants results in slower leaching
kinetics.

It is evident from Eq. (6) that to enable the
regeneration of the cupric ion, it is necessary to keep
the concentration ratio of ammonia to thiosulfate in a
certain range. Increasing the concentration of only one
of the ligands will have a limited positive effect on the
gold leaching process. However, this may have a
negative effect, as a too high ammonia concentration
might stabilize copper as the copper(Il)-ammonia
complex. A too high thiosulfate concentration might
result in the stabilization of copper as the copper(I)—
thiosulfate complex, thus, limiting the catalytic action
on gold extraction (Eq. (6)).

Jiang et al. (1993) proposed a model for gold
dissolution in ammoniacal thiosulfate solutions on
the basis of electrochemical investigations. According
to this study, ammonia preferentially complexes gold,
and the Au(NH3) *, which forms at the anodic surface
then reacts with S,03 ~ and is converted to the more
stable Au(S,05)3 ~. The Cu(NH3); © gains an elec-
tron at the cathodic surface and is reduced to
Cu(NH3), ", which is then oxidized by oxygen into
Cu(NH;); " after entering the bulk solution. In this
model, a prominent role is ascribed to oxygen in the
system, and the effect of the ratio of ammonia to
thiosulfate does not seem to play a role on the
regeneration of the cupric ion. This is in contradiction
to the observations of Li et al. (1996). The two models
display the complexity of the ammonia thiosulfate
leaching system and the need for more fundamental
research.

2.3.3. Thiosulfate degradation reactions
The variables affecting the stability of thiosulfate
solutions are (Skoog and West, 1976):

* pH,

¢ the presence of microorganisms and redox cata-
lysts,

¢ the thiosulfate concentration of the solution,

¢ the presence of oxygen and
* exposure to sunlight.

Experiments indicate that in the absence of strong
oxidants or catalysts, the stability of thiosulfate sol-
utions is at a maximum in the pH range between 9 and
10 (Skoog and West, 1976). Bacterial activity appears
to be at a minimum at this pH, which explains the
maximum stability in this pH region since bacterial
activity is reported to be the most prominent cause of
instability. Thiosulfate decomposition is catalyzed by
copper(Il) and iron(III) ions, as well as by the reaction
products of the decomposition. Skoog and West
(1976) report that the decomposition rate is greater
in more dilute solutions.

In the case of oxidative decomposition of thiosul-
fate, sulfur may exist in many different oxy-sulfur
species in the +2 or higher oxidation states. These
include SsOZ = (+2), S,03 ~ (+2), S408~ (+5/2),
S,037 7 (+3), 8502~ (+10/3), SO~ (+4), S,02 ~
(+5),SOF ~ (+6), S,07 ~ (+7),SO2~ (+8). Ther-
modynamically, sulfate is the most stable sulfur spe-
cies under the preferred leaching conditions (alkaline
pH, oxidative potential). This is visible in Fig. 8—the
oxidation state diagram for sulfur at several pH
values. By drawing a line between HS ~ and SOZ ~
at pH 10, it is visible that most sulfur species are
unstable (all species lic above the line). The nearest
species to the line are S% and S,07 ~, which indicates
the relative stability for these species in the pH 10
range.

Smith and Hitchen (1976) described the oxidation
of thiosulfate to tetrathionate in the presence of cupric
ion:
or in basic solution:

25,07 +2Cu* —S,0% +2Cut  (fast) (7)

2Cu* +10,+2H" - 2Cu* +H,0  (measurable) (8)

25,03 +2H" +10, 5,02 +H,0 9)
1

28,07 +H,0 + 702~ S40;” +20H™ (10)

Tetrathionate may then decompose according to a
variety of pathways, leading to the following stoichi-
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Standard Free Energy of Sulfur, (Volt - Equivalents)

g2 —-—pH=0
HS- -a-pH=5
H,S(a) —-4—pH=10

-3st(a) / ! —>pH=14

Oxidation State of Sulfur

Fig. 8. Oxidation state diagrams for sulfur at several pH values (Peters).

ometry for the overall oxidation of thiosulfate via the
tetrathionate pathway:

$,03” +20H™ + 20, — 2S0;™ + H,0 (11)

Byerley et al. (1973) cited the following reactions
to describe the disproptionation of S;0Z ~ to higher
and lower polythionates:

S40% +8,03” — S50% + S0 (12)
SO~ + 8,03 — S;0% + 8,03 (13)
$505 +30H" 35,03 +3H,0 (14)

28,05 +30H™ - 35,03 +S;0¢ +3H,0 (15)

These reactions will take place at pH>7 (Smith
and Hitchen, 1976). The trithionate (S;02 ~) species

only decomposes under harsh conditions (pH>13 and
boiling) to form thiosulfate and sulfite. Marsden and
House (1992) used Eq. (15) to explain why S,03 ~ is
relatively stable under basic conditions.

Pryor (1960) showed that S,03 ~ is relatively
stable in basic solution, i.e. in the absence of catalysts.
The disproportionation of thiosulfate in water or
aqueous buffers at 250-280 °C follows Eq. (16)
and is irreversible.

$,0}” + OH™ — SO~ + HS™ (16)

This base hydrolysis was found to be very slow in
basic solution, even at 250 °C, and sulfite was found
not to be an intermediate in the reaction.

According to several authors the addition of sulfite
ions (SO3 ~) to an ammoniacal thiosulfate solution
has a beneficial effect on the stability of thiosulfate
(Kerley, 1981, 1983; Perez and Galaviz, 1987; Zip-
perian and Raghavan, 1988; Gong and Hu, 1990). The
sulfite ions react with sulfide to regenerate thiosulfate
and consequently prevent the precipitation of precious
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metal values with the sulfide ions. Different reactions
are proposed to explain this effect:

e Zipperian and Raghavan (1988):
380%™ + 28 4 3H,0528,02” + 60H™ + §°
(17)
* Gong and Hu (1990):
480%™ +28*" +3H,0¢238,03 + 60H™  (18)
¢ Kerley (1981, 1983) and Perez and Galaviz (1987):
4803 +28*” + 6H' <> 38,05 +3H,0  (19)

It is questionable that the reactions described in
Egs. (17)—(19) take place under typical thiosulfate
leaching conditions (around pH 9-10, Eh 150-250
mVgyg). Little free sulfide ions and hydrogen sulfide
ions will exist at these pH and Eh values (Fig. 2). Eq.
(19) describes the formation of thiosulfate under
acidic conditions. This is unlikely since thiosulfate
tends to hydrolyze under acidic conditions (Skoog and
West, 1976).

There are a few reactions in which sulfite can
participate. An advantage of sulfite addition can be
the oxidation of sulfite to sulfate (Eq. (20)). When this
reaction is kinetically favored over the oxidation of
thiosulfate to sulfate, sulfite can improve the stability
of thiosulfate in solution. However, lowering of the
oxygen input would achieve the above also.

1
SO~ + 702 SOz~ (20)

A further beneficial effect of sulfite addition is
described by Wasserlauf and Dutrizac (1982). Sulfite
ions accelerate the decomposition of S,02 ,x>4, in
alkaline to mildly acidic solutions. The products are
trithionate, thiosulfate and protons. The reaction with
tetrathionate is given in Eq. (13). Also, elemental
sulfur may react with sulfite under alkaline conditions,
to form thiosulfate (Eq. (21)) (Wasserlauf and Dutri-
zac, 1982):

1
SO3™ + —Se— $,0%” (21)

Several authors described the substitution of sulfate
for sulfite, in order to stabilize thiosulfate (Cao et al.,
1992; Gong and Hu, 1990). Since sulfate is quite

stable toward reduction (Burns et al., 1981), no effect
of sulfate with respect to thiosulfate degradation
would be anticipated.

2.3.4. Summary of the ammonium thiosulfate system
chemistry

From the above overview on the chemistry of the
ammonium thiosulfate system, it is apparent that the
chemistry is very complex and poorly understood.
More data are required to accurately describe the Au/
Cu/NH5/S,05 system. Similar observations can be
made regarding the exact role of copper in the leach
chemistry. It is generally accepted that the cupric ion
catalyses the dissolution of gold in an ammonium
thiosulfate solution. However, at the same time, it has
to be remembered that copper catalyses the degrada-
tion of thiosulfate in solution. The exact degradation
pathways of thiosulfate are very complex, many
reactions are possible between existing and generated
species in solution. The reactions quoted by the
literature do not reflect this complexity, and even tend
to simplify the reactions taking place.

3. Materials

To study the application of ammonium thiosulfate
for the treatment of copper—gold ores an experimental
program consisting of three different sets of experi-
ments was performed. First, the leaching behaviour of
sulfide (chalcocite, covellite, chalcopyrite and enar-
gite) and oxide (cuprite and malachite) copper miner-
als in the ammonium thiosulfate system was studied.
It has been reported that copper plays a catalytic role
during a thiosulfate leach. However, no information is
available regarding the leaching of copper minerals in
an ammonium thiosulfate solution.

Samples of naturally occurring copper minerals
were obtained. The copper and iron content, and main
mineral phases present, determined by XRD, are
summarized in Table 2.

To observe the behaviour of gold in combination
with the copper minerals, soluble gold (from a nitric
acid reference standard solution) was added to the
leach solutions in a second set of experiments. The
experimental program was completed by subjecting
several copper—gold samples of different copper and
gold grades to the ammonium thiosulfate system. The
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Table 2
Composition of copper mineral samples for testwork
Mineral sample Cu (%) Fe (%) Mineral phases
Covellite 63.1 (66.4) 2.5(0) Covellite,
(CuS) Chalcocite
Chalcocite 53.9 (79.8) 8.43 (0) Chalcocite,
(Cu,S) Bornite
(CU5FCS4)
Chalcopyrite 28.5 (34.6) 27.7 (30.4) Chalcopyrite
(CuFeS;)
Enargite 23.2 (48.4) 7.0 (0) Enargite,
(Cu3AsSy) Chalcopyrite
Cuprite (Cu,0) 38.9 (88.8) 13.9(0) Cuprite,
Goethite
(FeOOH)
Malachite 47.7 (57.5) 0.6 (0) Malachite
(Cuy(CO3)(OH),)

Values in brackets represent the percentage of Cu or Fe in a 100%
pure mineral.

following copper—gold concentrates and ores were
obtained for the leaching studies:

¢ Overall Lobo Composite from Teck
¢ Guanaco Composite from Amax Gold
* MI10 Pyrite Concentrate from Newcrest Mining

Gold and copper content and the copper mineral
phases present in the samples are listed in Table 3.

The Overall Lobo Composite and Guanaco Com-
posite are whole ores, whereas the M10 Pyrite Con-
centrate is a flotation product. Mineralogical
examination of the Overall Lobo Composite revealed
that the ore was characterized by highly altered rock
fragments and lesser granular vein quartz with minor

finely disseminated sulfides and iron oxides/oxyhydr-
oxides. Copper mineralization was dominated by
chalcopyrite (CuFeS,, 76%), with minor covellite
(CuS, 24%), trace chalcocite (Cu,S,<1%) and rare
bornite (<0.2%). Trace gold/electrum was identified
as small grains (<15 pm), and was found associated
with silicates and iron oxides/oxyhydroxides (Lake-
field Research, 1997).

The Guanaco Composite was comprised of rather
strongly oxidized ore with minor remnant pyrite
(FeS,), enargite (CuzAsS,) and sphalerite (ZnS). The
oxidation suite includes goethite (FeOOH), with lesser
amounts of psilomelane (BaMn2+Mn4+8016(OH)4),
cuprite (Cu,O) and copper oxysalts minerals (mala-
chite (Cu,(CO3)(OH),), azurite (Cu3(COj3)2(OH),)
and olivenite (Cu,(AsO4)(OH)) (Honea, 1998). No
information is available about the gold occurrence or
association in this composite.

The M40 Pyrite Feed was characterized by 78%
pyrite (FeS;) and 10% quartz (SiO,). Some minor
chalcopyrite (CuFeS,, 1.6%) and calcite (CaCO3, 1%)
was present and the remainder was comprised of
mainly clay minerals. The M10 Pyrite Concentrate
was found to be similar with 76% pyrite and 7%
quartz as the main minerals present. Minor chalcopyr-
ite (1.6%) and calcite (2.5%) and some dolomite
(CaMg(CO3),, 5.0%) were identified (Oretest,
1997). Details regarding gold association are not
available for these concentrates.

For comparative purposes, the cyanide consump-
tion and copper and gold extraction of the copper—
gold materials were determined by a 24-h cyanide
leach at a constant 1 g/L cyanide level. The results are
summarized in Table 4.

Table 3

Composition of copper—gold concentrate and ore samples

Copper—gold samples Au Cu Cu mineral

(ppm) (ppm) phases

Overall Lobo 2.11 1120 Chalcopyrite,
Composite Covellite,
(Lakefield Research Chalcocite
Limited, 1997)

Guanaco 2.06 3320 Enargite,
Composite Cuprite,
(Honea, 1998) Malachite

M10 Pyrite 455 16,600 Chalcopyrite
Concentrate

(Molleman, 1998)

Table 4

Results of 24-h cyanide leach of the copper—gold samples

Copper—gold Gold Copper Cyanide

samples extraction extraction consumption

(%) (%) (kg/t ore)

Overall Lobo 81.4 414 438
Composite

Guanaco 84.3 70.4 6.77
Composite

M10 Pyrite 47.5 28.3 9.91
Concentrate

M10 Pyrite 81.2 50.3 n.a.
Concentrate®

? Data obtained from Newcrest Mining.
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Cyanide leaching of all copper—gold samples
resulted in high cyanide consumption and, conse-
quently, a high reagent cost must be anticipated when
treating these samples with cyanide. It can be seen
that a substantial amount of the copper in all samples
is cyanide soluble.

Two test numbers are listed for the M10 Pyrite
Concentrate. The first was obtained during the leach
described, the second was provided by Newcrest
Mining, a 24-h cyanidation at an initial cyanide
concentration of 1.25 g/L cyanide, maintained at
0.75 g/L cyanide. The first number for gold extraction
is believed to be low because of the following
reaction:

Cu(CN);™ — Cu(CN); +CN~ (22)

During the test, the free cyanide concentration was
determined by titration. Because of the above reac-
tion, the presence of free cyanide was observed, while
in reality it was complexed with copper and conse-
quently unavailable for leaching.

4. Experimental

A schematic diagram of the experimental set-up
used for the batch leaching tests is given in Fig. 9. The
experiments were carried out in a 1500-ml cylindrical
glass vessel with a removable high-density polyethy-
lene lid. The vessel was vertically baffled with a baftle
width of 1/10 the tank diameter. The baffles were
made of acrylic. The solutions were stirred by a
stainless steel Rushton impeller (35 mm diameter, 1/
3 of the vessel diameter, six blades) on a stainless steel
shaft connected to a variable speed DC motor. All
experiments were performed at an impeller speed of
1700 RPM. It was experimentally determined that this
was the minimum impeller speed required for com-
plete particle suspension.

Unless otherwise stated, experiments were per-
formed at 35 °C. The glass vessel was placed in a
water bath heated by an immersion heater con-
nected to a PID controller. A thermocouple was
placed in the reactor to provide temperature control.
Air was added to the solutions via a stainless steel
sparger placed directly under the Rushton impeller.
A gas flowmeter controlled the flow of air into the

Thermocouple——¥]

pHl probe Sparger

Heater —

— Redox probe

—— Baffles

| | /o |

Rushton Turbine Magnetic Stirrer
Fig. 9. Schematic diagram of the batch leaching experimental set-
up.

reactor. A gel-filled combination pH probe with a
silver/silver chloride reference electrode was used to
monitor the pH of the solutions. The redox poten-
tial was measured using a platinum combination
redox electrode with a silver/silver chloride refer-
ence electrode.

4.1. Experimental procedure

4.1.1. Leaching test

The testwork involved the leaching of the copper
minerals in 1 L of deionized water. Depending on the
copper content of the different minerals (Table 2),
sufficient mineral feed was added to the solution such
that upon 100% copper dissolution, the copper con-
centration would be either 5 or 1 g/L copper. A narrow
particle size range of 53—63 pm was used. The 5 g/L
value was initially chosen as a representative amount
for an industrial application. This amount was later
adjusted to 1 g/L to enable the observation of the
leaching of copper with both thiosulfate and ammonia.

The initial slurry of copper mineral feed was heated
to the desired temperature. Once the desired temper-
ature was attained, aeration of the slurry was initiated
(0.23 L/min), and the ammonium thiosulfate was
added. The pH of the slurry was adjusted to 10 for
all experiments with concentrated sodium hydroxide.
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Table 5
Overview of experiments with copper minerals and gold addition

Copper Baseline No aeration

mineral

Temperature 20 °C

0.4 M NH; 0.05 M SO3~ 0.05 M SO3 ~

Covellite
Chalcocite
Chalcopyrite
Enargite
Cuprite
Malachite

X X X X X X

This marked time zero. The pH was allowed to drift in
all experiments. The experimental procedure for the
series of experiments with gold addition is similar to
that described above with the exception that 5 ppm of
gold from the standard reference was added to the
deionized water. The experiments involving the con-
centrates were performed at a pulp density of 30% by
weight.

Slurry samples were withdrawn at 30, 60, 120,
180, 240 and 360 min, centrifuged and prepared for
copper, gold, thiosulfate, tetrathionate and sulfate
analysis. Unless otherwise stated, the experiments
lasted 6 h, after which the solution was filtered. The
residues and the wash water were collected. The
amount of residue remaining after the experiments
involving the copper minerals was not deemed suffi-
cient for copper analysis. For the experiments involv-
ing the copper—gold samples, the wash water samples
were analysed for gold content and the residues were
analysed for copper and gold. The following param-
eters were evaluated in the different test series: aera-
tion, leach temperature, reagent addition (copper as
cupric, sulfate, sulfite and ammonia).

4.1.2. Experimental design

Test conditions for the experiments with the copper
minerals tests incorporated: aeration of the system, 0.2
M ammonium thiosulfate, pH 10 (uncontrolled), a

copper mineral addition, which would achieve 5 or 1
g/L copper upon 100% dissolution and 35 °C. The
experiments lasted 6 h. Two experiments were per-
formed without aeration.

The experiments with copper minerals and gold
addition were performed under the same conditions
as the copper mineral experiments. However, sev-
eral other parameters were evaluated in this test
series; aeration, leach temperature, ammonia con-
centration, sulfite concentration and sulfate concen-
tration (Table 5).

Baseline experiments of the copper—gold samples
included: aeration of the system, 0.2 M ammonium
thiosulfate, pH 10 (uncontrolled), 30% pulp density
and 1 g/L copper addition (as cupric (CuSO4.5H,0))
and 6 h. The parameters studied in this series are (see
Table 6): aeration of the system, leaching time,
ammonia thiosulfate concentration, copper addition
and ammonium thiosulfate grade.

4.1.3. Analysis

All solution samples were analysed for thiosulfate,
tetrathionate and sulfate by high performance liquid
chromatography (HPLC) methods directly following
the experiment. A Dionex Series 4500i Chromato-
graph was used for the analysis. The lonPac AS4A-
SC analytical column and IonPac AG4A-SC guard
column combined with a conductivity detector and

Table 6

Overview of experiments with copper—gold samples

Copper—gold samples Baseline No aeration No aeration No cupric No aeration, Extra ThiogoldTM
(24 h) no cupric ATS? Grade

Overall Lobo Composite X X X

Guanaco Composite X X X X

M40 Pyrite Feed X X X X

M10 Pyrite Concentrate X X X X X

% Ammonium thiosulfate.
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anion micro membrane suppressor were used for
sulfate analyses. An OmniPac PAX-100 analytical
and OmniPac PAX-100 guard column with a UV
detector was used for thiosulfate and tetrathionate
determination (Molleman, 1998).

Atomic absorption spectrophotometry (AAS) was
used to determine the copper and gold content of the
solution samples. The copper content of the residues
was determined by acid digestion and AAS analysis
of the resulting solution. Gold content of the residues
was determined by fire assay, cupellation and AAS.

5. Results
5.1. Copper minerals

The recorded pH and Eh data for the experiments
with chalcocite at 1 g/L copper addition are presented
in the left graph of Fig. 10. The corresponding sulfur
species in solution and copper extraction and gold
solubilization are shown in the right graph. Gold
solubilization is represented, not extraction, since solu-
ble gold was added. The negative time on this plot
reflects the heating of the solution to 35 °C, in the
absence of reagents. The large increase of pH and sharp
decrease of the Eh result from the reagent addition.

The solution pH is influenced by several reactions,
which occur simultaneously.

* The oxidation of thiosulfate to tetrathionate (Eq.
(23)), coupled with the reduction of oxygen to
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hydroxide (Eq. (24)), resulting in the production of
hydroxide ions:

28,037 — S40F +2e” (23)

1

502 + H,0 +2e~ — 20H™ (24)
¢ Concurrently, hydroxide will be consumed by the

hydrolysis of tetrathionate in a basic solution:

5 3
28,07 +30H™ — 5320? + 8508 + 5 H0

(25)

¢ Hydroxide is also consumed because ammonia is

removed from the system due to evaporative losses

and complexation reactions. The equilibrium depicted
in Eq. (26) changes accordingly:

NH; + H,ONH; + OH™ (26)

The reactions depicted in Egs. (23) and (24) are
dominant while thiosulfate is present. When the
thiosulfate is gone, the hydroxide consuming reac-
tions become more prominent and consequently, the
pH decreases. The pH rise and fall in Fig. 10 are
consistent with this sequence of reactions. The pH
increases as long as thiosulfate is present, followed by
a pH decrease around the same time that thiosulfate
was no longer detected in solution.

A closer look at Fig. 10 reveals that the Eh remains
constant for a long time and then suddenly increases
around 230 min. This time coincides with the instant
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Fig. 10. Leaching results for chalcocite, 5 ppm gold, 1 g/L copper, 0.20 M (NH,4),S,03, aeration, 35 °C.
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that the pH starts to drop and thiosulfate is no longer
present. Further, the colour of the leach solution
changed: after about 180 min the solution colour
changes from colourless to light blue indicating that
the copper(Il)—ammonia complex has formed. More-
over, the copper extraction curve shows a steady
increase after thiosulfate has disappeared, which can
only be explained by copper complexing with ammo-
nia, since there is no thiosulfate present in solution. It
can be remarked that the copper extraction is low.
Fig. 7, showing the Eh—pH diagram of the cop-
per—ammonia system at 25 °C, can be used to
interpret these results. However, one has to remember
that the EMF value was measured in an air-agitated
system and represents a mixed potential of all redox
couples sensed by the platinum electrode. Therefore,
direct comparison with the theoretical EMF value
must be made with caution. It can be seen from Fig.
10 that the copper concentration is about 0.006 M.
Therefore, the stability regions of the copper(I)—
ammonia and copper(Il)-ammonia complexes are
slightly larger than represented in Fig. 7. The pH
and Eh values measured indicate that it is likely that
the copper(l)-ammonia complex forms under these
conditions. The copper(I)-ammonia complex oxi-
dizes rapidly, in the presence of sufficient oxygen,
to form the copper(Il)—ammonia complex, explaining
the colour change of the solution and the Eh increases.
For most of the experiments, the pH and Eh trends
described above are applicable, except for the leach-
ing of enargite (Fig. 11). However, this figure also
confirms the reactions suggested above. No decrease
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in pH is observed, which indicates that thiosulfate was
present throughout the entire experiment, which was
confirmed by solution analysis. Consequently, no
change in Eh value should occur, which is confirmed
by the Eh curve in Fig. 11.

At the moment that thiosulfate is no longer present
in solution, the following reaction is driven to the left
and gold precipitates, unless it is complexed by some-
thing else in solution:

1 _
2Au+48,05” + 50, + H,0 2Au(S,03);
+20H™ (27)

Thermodynamically, ammonia should be able to
complex the gold. However, Meng and Han (1993)
have shown that the formation of the gold ammonia
complex under atmospheric conditions is slow. Gold
extraction drops once thiosulfate disappears. The dis-
cussion in Section 2.3.1 already indicated that it is
likely that Fig. 3 represents the actual solution con-
ditions more accurately than Fig. 4. However, Fig. 10
indicates that some gold stays solubilized, although it
appears that there is no free thiosulfate present in
solution. Several explanations can be given for this
phenomenon:

* Ammonia complexes gold to a certain extent. The
literature reports 10—20% gold extraction in the
presence of ammonia and cupric ions (Kerley,
1983; Cao et al., 1992).

* Gold precipitates as colloidal gold and is, therefore,
detected in solution.
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Fig. 11. Leaching results for enargite, 5 ppm gold, 1 g/L copper, 0.20 M (NH,),S,03, aeration, 35 °C.
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¢ There is still a small amount of thiosulfate left in
solution not detected by ion chromatographic
analysis, providing enough background for gold
to remain in solution to a certain extent.

Some results of the experiments involving the
copper minerals are presented in Table 7. All extrac-
tion calculations are based on solution volume, sol-
ution analytical data and head assays of the copper
minerals. Table 8 reports the results of the leaching of
chalcocite under various conditions.

It can be observed that the leaching of chalcopyrite,
enargite and covellite results in low copper extrac-
tions. Significant thiosulfate concentrations were
detected in solution after 360 min with corresponding
high gold solubilizations (see as example Fig. 11).

Leaching of chalcocite, cuprite and malachite gave
higher copper extractions, but insignificant thiosulfate
concentrations were detected in solution, which cor-
relates to the lower gold solubilizations detected (see
as example Fig. 10). The higher copper concentrations
achieved during the leaching of those three minerals
increased the presence of cupric ion in solution, which
enhances the degradation of thiosulfate.

No beneficial effect of lower temperature, sulfite
and sulfate addition on thiosulfate stability was
observed (see Table 8). Lower copper extractions with
1 g/L copper addition were observed compared to the
copper extractions achieved with 5 g/ copper addi-
tion. Extra addition of ammonia did improve copper
extraction but indications are that the thiosulfate
stability decreased (Table 8).

Table 7

Copper extractions and thiosulfate concentrations of copper
minerals at different times (5 ppm soluble gold addition, 0.20 M
(NH4),S,05, aeration

Mineral Feed Percent copper
addition extracted at concentration (g/L)
(g/L Cu) time (min) at time (min)

30 120 360 30 120 360

Thiosulfate

Covellite 1 88 143 151 212 189 293
Chalcocite 5 295 263 183 33 3.8 0.1
Chalcocite 1 19.7 357 46.4 23.7 80 0
Chalcopyrite 1 3.78 99 145 222 21.1 127
Enargite 1 319 57 92 222 208 158
Cuprite 5 809 322 244 195 27 0.1
Malachite 1 87.0 86.1 835 0.2 28 0

Table 8
Copper extractions and thiosulfate concentrations of chalcocite at
different times

Mineral Feed Percent copper
addition extracted at concentration
(g/L Cu) time (min) (g/L) at time (min)

30 120 360 30 120 360

Thiosulfate

Chalcocite, 5 295 263 183 33 3.8 0.1
aeration

Chalcocite, 1 19.7 357 464 237 80 0
aeration

Chalcocite, 5 32 57 12,6 21.2 19.1 19.8
no aeration

Chalcocite, 5 18.2 36.5 393 199 86 0
20 °C

Chalcocite, 5 14.6 349 474 202 77 0
0.05 M SO3 ~

Chalcocite, 5 19.7 357 446 214 122 O
0.05 M SO3

Chalcocite, 5 39.6 384 51.0 159 19 0
0.4 M NH;

It can be concluded that for the gold—thiosulfate—
ammonia—water system Fig. 3 (using the free energy
value of — 518.8 kJ/mol for thiosulfate) gives a more
accurate representation of the actual leaching condi-
tions compared to Fig. 5 (using the free energy value
of —532.2 kJ/mol for thiosulfate).

5.2. Copper—gold samples

The leaching of the Overall Lobo Composite
results in moderate gold extractions (Table 9). The
absence of both aeration and cupric ion addition has a
positive effect on the thiosulfate stability and results in
the case of no cupric ion addition (with aeration), in a
gold extraction of 74%. Copper in this composite
seems to be unreactive towards ammonium thiosulfate
leaching, which confirms the testwork described in
Section 5.1 since chalcopyrite, covellite and chalco-
cite are the copper mineral phases in the sample.

From Table 9, when comparing the aerated, dea-
erated and no-cupric addition testwork results, indi-
cations are that most of the copper(Il) sulfate initially
added to the leach solution precipitates. Compared to
the cyanidation results (81.4% Au, 41.4% Cu after
24 h) similar gold extractions are achieved in the
experiment with aeration and no cupric ion addition.
Copper extractions with the ammonium thiosulfate
leach are very low compared to the cyanidation.



18 E. Molleman, D. Dreisinger / Hydrometallurgy 66 (2002) 1-21

Table 9
Gold and copper extraction (%) of Overall Lobo Composite at
different times

Experimental ~ Percent gold extracted at Percent copper

conditions time (min) extracted at
30 120 360 Tota* fime (min)
30 120 360
Aeration 420 41.6 412 62.1 369 204 11.6
Aeration, 162 159 155 4438 350 138 113
duplicate
No aeration bd. bd. 358 na. 48.0 48.6 48.7
Aeration, 346 679 660 735 93 11.7 126
no cupric
Aeration, bd. 342 665 743 79 104 126
no cupric,
duplicate

b.d.=below detection limit, n.a. =not available.
? Total represents total gold extraction, including wash water.

A 24-h experiment was performed with no forced
aeration. The thiosulfate consumption was around
15.7 kg/ton ore, which results in a reagent cost of
US$2.04/ton ore ((NH4),S,05 at US$0.13/kg). The
concentrate contains 2.11 g/ton gold, which yields
US$20.3/ton (at US$300/0z gold). Thus, the reagent
cost constitutes about 10% of the total metal value.
Cyanidation would result in a reagent cost of US$7.88
(cyanide consumption of 4.38 kg/ton ore). Thiosulfate
leaching compares favourably to cyanidation for this
experiment.

Table 10 lists the results of the leaching of the
Guanaco Composite. Initial gold extractions are higher
in an aerated system, while final extractions are higher
in a nonaerated system. In the presence of thiosulfate
(nonaerated system) higher copper extractions are

Table 10
Gold and copper extraction (%) of Guanaco Composite at different
times

Experimental ~ Percent gold extracted at Percent copper

conditions time (min) extracted at
30 120 360 Total® ‘ime (min)
30 120 360
Aeration 336 330 bd 0.0 47.0 349 325
No aeration bd. bd.  39.6 44.0 9.0 287 592
Aeration, 51.6 506 24.6 30.7 304 315 247
no cupric

achieved. The copper extractions achieved are higher
compared to the copper extractions of the Overall Lobo
Composite, confirming the testwork described in Sec-
tion 5.1: cuprite and malachite are the copper mineral
phases present in the sample. Compared to the cyani-
dation results (84.3% Au, 70.4% Cu at 24-h cyanida-
tion) the gold extractions are low. For this composite,
the experiment with no forced aeration should be
extended to a 24-h leach, enabling a more accurate
comparison with the cyanidation test results.

Table 11 summarizes the copper and gold extrac-
tions achieved with the M10 Pyrite Concentrate. The
combination of aeration and cupric addition results in
high gold extraction (80%) early in the experiment
(around 120 min), but is followed by gold precipita-
tion due to the degradation of thiosulfate. Similar gold
extractions were obtained in a 24-h leach without
aeration and a leach with a total addition of 0.72 M
thiosulfate.

Low copper extractions were expected since chal-
copyrite is the main copper mineral. The slightly higher
copper concentrations compared to the Overall Lobo
Composite can be explained by the higher chalcopyrite
concentrations in the M10 sample (16,600 vs. 1120
ppm). Total copper extraction is not significantly influ-
enced by any of the variables tested: cupric addition,
aeration, leaching time, reagent concentration.

A 24-h leach was performed. The gold extractions
achieved during the 24-h leach compare very well to
the cyanidation test results (81.4% Au, 50.3% Cu at
24 h). It should be noted that the resulting copper

Table 11
Gold and copper extraction (%) of M10 Pyrite Concentrate at
different times

Experimental  Percent gold extracted at Percent copper

conditions time (min) extracted at
30 120 360  Tota* fime (min)

30 120 360

Aeration 392 87.1 59 72 212 205 274

No aeration ~ 14.1 29.7 50.0 556 20.1 20.8 21.0
No aeration, 132 29.8 76.1°> 833 203 21.6 21.7°

24 h

Aeration, 39.8 493 399 58 119 129 236
no cupric

0.72 M 49.1 743 76.1 84.4 23.6 255 292
(NH4)S:05

b.d. =below detection limit.
? Total represents total gold extraction, including wash water.

# Total represents total gold extraction, including wash water.
° At time 1440 min (24 h).
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Fig. 12. M10 Pyrite Concentrate, 0.72 M (NH,4),S,03, 1 g/L cupric
addition, aeration, 35 °C.

extractions are very low. The thiosulfate consumption
for the 24-h experiment was around 40 kg/ton ore,
which results in a reagent cost of US$5.2/ton ore. The
concentrate contains 45.5 g/ton gold, which yields
US$436/ton (at US$300/0z gold). Thus, the reagent
cost constitutes about 1.2% of the total metal value.

5.3. Sulfur balance

A closer examination of the curves representing the
sulfur species of the experiments discussed above,
reveals that not all the sulfur that was added to the
solution (0.2 M ammonium thiosulfate) is accounted
for by the sulfur species detected by the ion chromato-
graph. A good example is given in Fig. 12, the leaching
of the M10 Pyrite Concentrate with a total addition of
0.72 M ammonium thiosulfate. After 360 min, a
negligible amount of thiosulfate and tetrathionate is
detected and about 5 g/L sulfate. Since the experiment
indicates that thiosulfate degrades, it was expected that
a large amount of tetrathionate and sulfate would be
present. If all the thiosulfate converts to sulfate, 138 g/
L of sulfate should be present. However, the ion
chromatography analyses did not detect high concen-
trations of either sulfate or tetrathionate.

The sulfur balances for all experiments were calcu-
lated, which clearly indicated that the sulfur accounting
for most experiments was not correct. To investigate

Absorbance (AU)

&
—O 0 1 1
s Nr'ﬁ Pl@ N\O
E o(‘l O{'ﬁ OT”
2w %) %)
360 minutes
240
™ 180
J\ /\ 120 minutes
_//\ 60 minutes
J/\ 30 minutes

0 0.5 1 1.5 2

2.5 3 3.5 4 4.5 5

Time (min)

Fig. 13. Ton chromatograms showing thiosulfate, trithionate and tetrationate peaks at different times during the leaching of 1g/L chalcocite with

5 ppm gold addition.
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where the sulfur reported to, several leach solutions
were analyzed for sulfate using barium chloride (Jef-
frey et al., 1989). The experiments indicated that the
sulfate levels were not significantly different from the
ion chromatograph analyses. Several copper mineral
residues were analysed for sulfur species (S, S° and
S?7) to determine whether the sulfur reported to the
residues. The analyses showed that the sulfur levels did
not increase significantly in the residues.

Several solutions were also analyzed for total
sulfur and these results indicated that the sulfur was
still present in solution. The ion chromatograph
detected along with the thiosulfate, tetrathionate and
sulfate species, two other sulfur species: sulfite
(SO3 ™) and trithionate (S;0% ). The sulfite peak
appears just before the sulfate peak on the ion chro-
matogram and the trithionate appears between the
thiosulfate and tetrathionate peak (Fig. 13).

At first glance, it seems unlikely that these ions are
present at high concentrations, since their peak area is
very small (Fig. 13). However, a study by Steudel and
Holdt (1986) indicated that the response factor of
trithionate is about 18 times lower than that of tetrathi-
onate. This means that when trithionate and tetrathio-
nate have the same area, the trithionate concentration is
18 times larger. Using this knowledge, the sulfur
balance was recalculated for several experiments. This
recalculation essentially closed the sulfur mass balance.

This indicates that the decomposition of tetrathio-
nate to higher and lower polythionates, as presented in
Eq. (15) takes place (Section 2.3.3):

Further work on thiosulfate and tetrathionate deg-
radation is required to support the above.

6. Conclusions

The experiments indicate that aeration is a key
control parameter during the leaching of a copper—
gold ore in an ammonium thiosulfate solution. High
initial gold extractions but low final gold concentra-
tions were achieved in a forced aerated system.
Extended retention times and surface aeration of the
leach slurry resulted in increased gold extractions.

The gold extractions depend on the presence of
thiosulfate in solution. Ammonia is known as a
complexing agent for gold, but does not appear to
play a role under the experimental conditions inves-

tigated. Forced aeration of the leach solution results in
the generation of cupric ions, which catalyze thiosul-
fate degradation with subsequent decreasing gold
extractions. Thiosulfate degradation is reduced in the
absence of forced aeration, even in the continuing
presence of high copper concentrations. Therefore, it
can be concluded that a balance has to be found
between providing enough oxidant for fast gold dis-
solution, and minimizing the amount of oxidant in the
presence of cupric ions to prevent excessive thiosul-
fate degradation. The alternative is slow gold disso-
lution and low thiosulfate consumption in a surface
aerated system with extended residence time.

Leach temperatures of 20 °C instead of 35 °C did
not result in a measurable effect on thiosulfate degra-
dation, copper extraction and gold solubilization.
Furthermore, the addition of sulfite and sulfate was
not observed to affect thiosulfate stability in this
study, as suggested in the literature.

The copper—gold samples tested did not show
appreciable coextraction of copper during an ammo-
nium thiosulfate leach. Compared to the cyanidation
test results, the ammonium thiosulfate treatment of the
Overall Lobo Composite and M10 Pyrite Concentrate
showed that similar gold extractions were achieved at
lower reagent cost.
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