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Abstract: Alkaline sulfur-containing lixiviants, including thiosulfate, polysulfides, and alkaline sulfide solutions, stand out as a promising class
of alternatives to cyanide because of their low toxicity, high efficiency, and strong adaptability. In this paper, we summarized the research pro-
gress and remaining challenges in gold extraction using these noncyanide reagents. After a brief introduction to the preparation method, the
transformation process of various sulfur-containing species in alkaline solutions was discussed. Thereafter, some insights into the mechanism
of gold leaching in alkaline sulfur-containing solutions were presented from different aspects, including thermodynamics analysis, electro-
chemical dissolution, and leaching kinetics. Moreover, recent progress in in-situ generation of sulfur-containing anions from gold-bearing sulf-
ide minerals was outlined as well. Gold passivation caused by sulfur species was discussed in particular because it is considered the greatest
challenge facing sulfur-containing leaching systems. Alkaline sulfur-containing lixiviants are expected to serve as alternatives in industrial ap-

plications of gold extraction, particularly for refractory gold ores containing copper and carbonaceous matter.
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1. Introduction

For more than a century, cyanidation has dominated the
gold extraction industry because of its effectiveness, chem-
ical stability, low cost, and mature process technology [1-2].
However, cyanidation often offers a poor extraction effi-
ciency for refractory gold ores containing copper, arsenic,
stibnite, and carbonaceous matter [3—4]. In addition, the use
of cyanide involves substantial risk to the environment and
human health because of its high toxicity [5]. Against such a
background, extensive research has been devoted to the ex-
ploration of environmentally friendly and economically vi-
able techniques for gold extraction [6—7]. As a result, nu-
merous different types of noncyanide lixiviants have been
proposed as cyanide alternatives, including thiourea [8],
bromine [9], chloride [10], iodine—iodide [11], alkaline
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amino acids [12-13], polysulfides [14], and thiosulfate
[15-17]. In recent studies, thiosulfate and polysulfides,
which are sulfur-containing agents, have been found useful
for gold leaching under alkaline conditions.

Thiosulfate was identified in the 1900s as a lixiviant for
the extraction of precious metals in the presence of appro-
priate additives [18]. The ammoniacal thiosulfate leaching
process has been used for the extraction of gold and silver
from leached residues of sulfide copper concentrates [19]. In
oxygenated alkaline solutions, thiosulfate can form stable
complexes with gold(I) ions, as presented in Eq. (1):
4Au+ 85,037 +0; +2H,0 = 4[Au(S$203),1* "+ 40H™ (1)

Compared with the cyanidation process, thiosulfate
leaching not only reduces environmental hazards and re-
agent costs but also offers high selectivity and acceptable
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leaching characteristics [16,20-21]. Moreover, this cyanide-
free leaching technique offers substantial potential for the
processing of refractory gold ores containing copper or car-
bonaceous minerals [22-24]. Several mining companies
have put great effort into extracting gold from carbonaceous
gold ores using thiosulfate on a semicommercial or com-
mercial scale [25-26]. Barrick Gold Corporation has de-
veloped a process that combines an alkaline pressure oxida-
tion pretreatment with ammonia-free thiosulfate leaching;
this process is being successfully conducted at Goldstrike,
Nevada, USA [27-28]. Given the environmental hazards
posed by ammonia and the high consumption of thiosulfate,
researchers are devoting increasing effort to exploring am-
monia-free thiosulfate leaching. Although researchers have
extensively investigated the fundamentals of thiosulfate
leaching, progress toward its commercial application re-
mains slow because of several main obstacles, which in-
clude high thiosulfate consumption, gold passivation, and
immature subsequent processing of gold recovered from
leached solutions [29-30].

In addition, polysulfide has been introduced as another
alternative in the class of sulfur-containing lixiviants. Poly-
sulfide anions (S27, 2 < n < 5) can be obtained via the reac-
tion of elemental sulfur and sulfide ions in alkaline solu-
tions in which gold has been dissolved to form gold—sulfur
complexes [31-33]. The general reaction for gold dissolu-
tion in polysulfide solutions is described as:
Au+S2"=[AuS,] +e” )

Ammoniacal polysulfide solutions can dissolve gold at
elevated temperatures and pressures, and the dissolution rate
depends on the temperature and composition of sulfur spe-
cies in the leach solution [34]. The recovery of gold reached
90% at 50°C in a polysulfide/thiosulfate solution with cupric
ammonium as a catalyst, even though the gold concentrate
contained 5wt% arsenic [35]. Yang et al. [36] also reported
that 93% of gold was leached in a hot polysulfide solution
containing antimony. Recently, tetrasulfide and pentasulfide
have been found to play important roles in gold leaching us-
ing alkaline polysulfide solutions that offer good leaching
performance for gold-bearing antimony ores [14]. Accord-
ing to these previous studies, polysulfide leaching is applic-
able to certain gold ores containing arsenic and antimony.

Alkaline sulfide lixiviation is also used as a noncyanide
technique for gold extraction. The dissolution of elemental
sulfur in alkaline solutions creates a range of metastable sul-
fur-containing anions that can be used to dissolve gold. This
hydrometallurgical system operates essentially on the com-
bined function of sulfide (S*), polysulfides (S27), and
thiosulfate (SzOg_). It offers an alternative approach to the
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selective leaching of gold, silver, antimony, tin, arsenic, and
tellurium [37-38]. Some authors have reported that gold and
copper were effectively recovered from gold-bearing enar-
gite concentrates in parallel with the removal of arsenic and
antimony using this leaching technique [39—40]. This hydro-
metallurgical system has been used industrially for the pro-
duction of antimony in some countries.

Currently, the ammoniacal leaching and nonammoniac-
al thiosulfate leaching of gold are being extensively studied,
and several studies on the leaching of gold using polysulf-
ide solutions have also been published. However, no spe-
cialized review for sulfur-containing leaching agents has
been reported in which such agents are regarded as a whole.
In the present paper, we systematically summarize the re-
search progress and the challenges facing the use of sulfur-
containing lixiviants for gold leaching under alkaline condi-
tions. First, the preparation of alkaline sulfur-containing
solutions is introduced in brief, after which the transforma-
tion process of various sulfur species is described. Funda-
mental research on the mechanisms of gold leaching using
sulfur-containing lixiviants is then reviewed, including ther-
modynamics analysis, electrochemical dissolution, and
leaching kinetics. Furthermore, it is discussed that the in-situ
generation of sulfur-containing reagents from gold-bearing
sulfide minerals during gold leaching. Finally, research pro-
gress on gold passivation caused by sulfur species and the
identification of passivated species are summarized in detail.

2. Preparation and transformation of sulfur-
containing lixiviants

2.1. Preparation of alkaline sulfur-containing solutions

Sulfur is a common polyvalent element in nature, with a
wide range of accessible oxidation states from S* to S®
[41]. Depending on the leaching potential of the solutions,
the oxidation states of sulfur in different sulfur-containing
species can vary, as listed in Table 1. Zero-valent sulfur (S°)
is a central intermediate in the sulfur cycle and commonly
exists in the form of elemental sulfur (Sy).

In general, alkaline sulfur-containing systems are pre-
pared using a traditional liquid-phase method involving the
dissolution of elemental sulfur or sulfide in an alkaline solu-
tion [42]. Sodium hydroxide is the alkali agent most com-
monly used to prepare alkaline sulfur-containing solutions
[43—44]. Calcium hydroxide has been introduced as an al-
ternative to sodium hydroxide, resulting in the so-called
lime—sulfur synthetic solution (LSSS) [45-46]. Fig. 1
presents a schematic of the preparation of alkaline sulfur-
containing solutions.
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Table 1. Oxidation states of sulfur in several main sulfur
species
Name Sulfur specie  Charge  Oxidation state
Sulfide S -2 -2
Polysulfide S, -2 -1
Polysulfide S; -2 -2/3
Polysulfide S4 -2 -1/2
Polysulfide S5 -2 —-2/5
Sulfur Sg 0 0
Thiosulfate S,04 -2 +2
Pentathionate S50¢ -2 +2
Tetrathionate S4O0¢ -2 +5/2
Trithionate S;04 -2 +10/3
Sulfite SO, -2 +4
Sulfate SO, -2 +6

Alkali

s Na
® o
D S

Fig. 1. Schematic of the preparation of alkaline sulfur-con-
taining system.

As demonstrated in Fig. 1, sulfur undergoes a complex
series of disproportionation and oxidation reactions to gen-
erate large amounts of metastable sulfur species such as
sulfide (S*), polysulfides (S27), thiosulfate (szog—), and
even polythionates (Snogf, 2 < n < 6). The formation of the
predominant sulfur-containing anions, such as thiosulfate
and polysulfides, is illustrated in Egs. (3) and (4). Several
important species in the metastable sulfur-containing sys-
tem and their geometrical structures are demonstrated in
Fig. 2.

4S +60H = 28>+ $,03 ™+ 3H,0 (3)

(n-1S+87=82"(2<n<5) 4)

As presented in Table 1, a metastable polysulfide mo-
lecule with different chain lengths will be generated first,
followed by the formation of thiosulfate and polythionate
ions when sulfide begins to oxidize to sulfate. Hojjatie ef al.
[47] patented an efficient process for the continuous prepar-
ation of calcium thiosulfate from lime—sulfur through fur-
ther oxidation of calcium polysulfide. The calcium
thiosulfate produced by this process can be used in certain
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Fig. 2. Various sulfur-containing species prepared by the dis-
proportionation and oxidation of sulfur.

leaching processes for precious metals. Zhou et al. [48] pre-
pared a mixed solution containing sodium thiosulfate and
sodium polysulfide. The leaching efficiency of gold using
such a sulfur-containing solution is highly dependent on the
temperature and oxygen pressure. Zhao et al. [49] investig-
ated the effects of several key factors on the transformation
of sulfur during the preparation process. They found that
sulfur-to-lime mass ratio and reaction time strongly influ-
enced the pH of the LSSS. Wen et al. [14] prepared sodium
polysulfides by adding elemental sulfur and sodium sulfide
in sodium hydroxide solutions and used them to leach gold
from antimony ore. Nitrogen served as the shielding gas for
the preparation of polysulfides, avoiding their further oxida-
tion. In alkaline solutions, sulfide is easily oxidized to poly-
sulfide and thiosulfate, which can solubilize gold [50].

2.2. Transformation of sulfur-containing species

2.2.1. Polysulfides

Polysulfides are known as metastable intermediates con-
taining chains of sulfur atoms, which tend to undergo oxida-
tion and degradation into other species. As early as 1914,
polysulfides were obtained by the addition of sulfur to a
solution containing sulfide ions [51]. The precise prepara-
tion and identification of polysulfide species are substantial
challenges because the number of sulfur atoms varies de-
pending on the different preparation conditions [52]. The
concentration of sodium sulfide and temperature clearly af-
fects the average polysulfide chain length. The degradation
of individual polysulfides to thiosulfate and sulfide was due
to a nucleophilic attack by OH™ ion [53]. Irrespective of
various factors, polysulfide species, including S7-, S5, S3°,
Si‘, Sg‘, and S%‘, were detected in alkaline media. Among
these anions, the disulfide and trisulfide ions were found to
be the predominant species. With increasing acidity of the
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solution, disulfide ions (S%‘) transformed first to trisulfide
(S%‘) and then to tetrasulfide (SZ‘) ions, which were further
converted to pentasulfide ions (Sg‘) [54]. As reported by
Hiskey and Atluri [32], the overall equilibrium for unstable
polysulfides in aqueous solution is represented as:
nS* =S¥+ (2n-2)e” (5)

Under alkaline conditions, thiosulfate can be trans-
formed from polysulfide anions with the further dissolution
of elemental sulfur [55]. Argyropoulos et al. [56] pointed
out that thiosulfate and elemental sulfur were the auto-oxid-
ation products of polysulfides. Kleinjan et al. [57] investig-
ated the transformation of polysulfide ions in aqueous solu-
tion, focusing on the oxidation kinetics. Their results
showed that the dissolution of sulfur in hydrogen sulfide
solutions produced polysulfide ions, which were further ox-
idized to elemental sulfur and thiosulfate. Compared with
crystalline inorganic sulfur or colloidal sulfur, the hydrolys-
is of newly generated elemental sulfur was relatively faster.
In addition, they found that the oxidation of polysulfide was
more rapid than that of sulfide and that more thiosulfate was
generated at pH values greater than 9.
2.2.2. Thiosulfate

Thiosulfate is a class of sulfur—oxygen compound con-
taining the SgO%‘ radical, in which the two sulfur atoms are
in different chemical environments. The sulfide-like sulfur
atom is the predominant contributor to its unique chemical
properties. Thiosulfate solutions are stable if they are pre-
pared and stored in oxygen-free water [58]. Without the
catalytic effect of copper ions, the degradation of thiosulfate
in alkaline solutions is extremely slow under normal pres-
sure and temperature. The potential-pH diagram for the
S—H,0 system indicates that thiosulfate only exists in a nar-
row, elongated region, whereas its metal complexes are
stable over a relatively wide potential/pH range [59]. As a
metastable sulfur species, thiosulfate tends to easily under-
go disproportionation reactions in aqueous solution. Several
studies on the disproportionation of thiosulfate were pub-
lished in the middle of the last century; these studies fo-
cused on reaction kinetics and identification of the reaction
products. For example, Pryor [60] proposed a kinetic model
for thiosulfate disproportionation in an alkaline solution at
250-280°C. The products were mainly sulfide and sulfate
but also contained small amounts of elemental sulfur, poly-
sulfide, and sulfite. Xu and Chang [61], using X-ray photo-
electron spectroscopy (XPS), found that sodium sulfite and
elemental sulfur were generated from the disproportionation
of sodium thiosulfate at elevated temperatures.

Depending on the various conditions, thiosulfate can be
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decomposed to generate several sulfur species such as sulf-
ide, sulfite, sulfate, polythionates, polysulfides, and element-
al sulfur. The transformation of thiosulfate to other sulfur
species is inevitable in gold leaching solutions. Substantial
research has been carried out to demonstrate the degrada-
tion or oxidation of thiosulfate during gold leaching. In al-
kaline solutions, thiosulfate reacts with oxygen to generate
intermediate species such as polythionates and sulfite, which
are subsequently oxidized to sulfate. The presence of cop-
per and ammonia accelerates the oxidation of thiosulfate,
with tetrathionate being generated as the initial product [62].
According to the literature [63—64], the following main re-
actions are involved in the degradation of thiosulfate (Egs.

(6)(11)):

28,03 +0.50, + HyO = 4,07 + 20H" ©)
S307” +0.50, + 2H,0 = 3503~ + 4H" (7
28035 + 0, = 2805~ (8)
$,035” +20, + H,0 =2S03" +2H* )
28,03 +20, =S;07 + SO;~ (10)
35,03 +20; + H,0 =2S307 + 20H™ (11)

Thiosulfate can be regenerated from intermediate sulfur
species such as sulfide, sulfite, and polythionates [64]. As
presented in Eq. (12), the rearrangement of tetrathionate res-
ults in the formation of trithionate and pentathionate in near-
neutral solutions [65]. With increasing alkalinity, penta-
thionate and trithionate further decompose to form
thiosulfate and sulfite. The two intermediates have exhib-
ited the ability to accelerate the degradation of tetrathionate
[66-67]. In addition to thiosulfate and sulfite, a small
amount of sulfide is also generated during the degradation
process. The reaction between sulfite and sulfide not only
regenerates thiosulfate but also promotes the re-dissolution
of metal sulfide precipitates; thus, sulfite functions as a sta-
bilizer for the thiosulfate leaching system (Eq. (17)) [22,68].
The overall reactions for the regeneration are presented as:

28407 =S307 +Ss0%" (12)
2S40% + 60H = 35,03 +2S03™ + 3H,0 (13)
4S,0% + 100H™ = 75,03 +2S03™ + 5H,0 (14)
S407” + 8,03 = S50¢ +S03” (15)
S407” +S03™ =S50 +8,03" (16)
450%™ +28%" +3H,0 = 35,03 + 60H" (17)
Ss07” +30H™ = 2.55,03” + 1.5H,0 (18)
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28507 + 60H™ = $,03™ +4S03™ + 3H,0 (19)

Ji et al. [69] developed a novel thiosulfate leaching pro-
cess for gold extraction without any additive, which effect-
ively reduced the thiosulfate consumption. In their work, the
additional sulfite reacted with tetrathionate to generate
thiosulfate and sulfate. Sulfite treatment is an effective solu-
tion for the reduction of tetrathionate; however, it is inef-
fective at reducing trithionate because the transformation of
tetrathionate to thiosulfate is much easier than that to trith-
ionate and because the latter requires a relatively higher
temperature. Pan et al. [70] used high-performance liquid
chromatography to analyze the stability and reactivity of
polythionates in alkaline solutions. They found that hexa-
thionate was decomposed to pentathionate, tetrathionate,
thiosulfate, and heptathionate. Unlike tetrathionate and pent-
athionate, a vast amount of sulfur was deposited as a major
final product of this process.

In summary, various sulfur-containing species are in
equilibrium with each other and the mutual transformation
process is driven by a series of redox reactions. The dispro-
portionation of elemental sulfur (Sg) results in the formation
of sulfide and polysulfide, some of which can be further ox-
idized to various oxysulfur species such as thiosulfate and
polythionates. In alkaline media, the ultimate oxidation
product of these sulfur species is sulfate. During the trans-
formation process, thiosulfate can be regenerated as a result
of degradation of pentathionate and trithionate or the reac-
tion between sulfite and sulfide (Egs. (18) and (19)). On the
basis of the previous discussion, the simplified route of
transformation of these sulfur-containing species is presen-
ted in Fig. 3.

) 50— (50— @P—> Gor)

Fig. 3. Illustration of the oxidation and degradation processes
of sulfur.

3. Dissolution of gold in sulfur-containing
leaching systems

3.1. Fundamental thermodynamics of gold leaching

The dissolution of elemental sulfur in alkaline solutions
results in the formation of a metastable sulfur-containing
system that contains various sulfur species, including sulf-
ide, polysulfide, and sulfur-oxygen species such as
thiosulfate and polythionates. Alkaline sulfur-containing lix-
iviation has been introduced as an alternative approach for
gold extraction because these sulfur species can form stable
complexes with gold(I) cations under alkaline conditions.
The stability constants and standard reduction potentials of
the main sulfur—gold complexes [71-73] are given in Table
2. The stability of the gold(I)-sulfide complex is relatively
greater than that of the complex formed with bisulfide or
thiosulfate. Zia et al. [71] calculated the interaction energy
between the gold surface with different sulfur species using
the density function theory (DFT) method. Their results
showed that the interaction energy of —302.29 kJ-mol™
between sulfide and the gold surface was greater than the in-
teraction energies between gold and the other sulfur species,
indicating that the adsorption of sulfide ions was more likely
to occur. The interaction energy between thiosulfate and
gold was —142.77 kJ-mol '; thus, it exhibited a lower tend-
ency than sulfide to bind to the gold surface.

As previously mentioned, the disproportionation of ele-
mental sulfur in alkaline solutions generates not only sulfide
but also polysulfide and thiosulfate. To investigate the com-
position of complex sulfur-containing systems, Pourbaix de-
veloped an electrochemical equilibrium diagram for sulfur in
aqueous solution [74]. According to the published literature
[72—-73], a metastable potential-pH diagram for alkaline sul-
fur-containing system has been established using the
StabCal thermochemistry package.

Fig. 4(a) describes the sulfide/polysulfide system con-
taining only sulfur, sulfide, bisulfide, and polysulfide. On
the basis of the calculation results, polysulfide is considered
as a potential oxidant for gold leaching because polysulfide
species have a relatively higher oxidation state than sulfide
and can be reduced to sulfide, with a concomitant decrease
in molecular weight. Fig. 4(b) clearly illustrates that poly-

Table 2. Stability constants and standard reduction potentials for main sulfur—gold complexes

Complex Reaction Standard potential / mV Stability constant (5) Ref. No.
Au(S:03)3" Au(S;03)3” +e” — Au+2(S,03)3” 150 1026 [72]
AuS~ AuS™ +e” — Au+ S~ —460 2x10% [73]
Au(HS), Au(HS); +e~ — Au+2HS" -90 1.3%10%° [73]
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Fig. 4. Potential-pH diagrams generated for the S—H,0 system at 60°C: (a) for the sulfide/polysulfide system; (b) for the sulfide sys-

tem with sulfur—oxygen species.

sulfide ions disappear at high pH regions when thiosulfate is
introduced as a species for the thermodynamic calculation.
Jeffrey and Anderson [72] pointed out that the mixed poten-
tial of the leaching system was —515 mV which was similar
to the potential for the reduction of S%‘ to $2~ (=507 mV).
Hence, they speculated that sulfide was the effective lixivi-
ant rather than thiosulfate and that the polysulfides acted as
oxidants during gold leaching. Anderson [73] reported sim-
ilar observations, where the gold leaching kinetics in al-
kaline sulfide solutions were investigated using an in-situ
electrochemical technique. Wen et al. [14] claimed that the
tetrasulfide (S57) and pentasulfide (S27) were the main act-
ive components for gold leaching in sodium pentasulfide
solutions. Anderson et al. [33] explored the effect of tem-
perature on the stability of the AuS™ complex in an alkaline
sulfide system. The potential-pH diagram shows that the
stability region of gold sulfide was relatively larger at high
temperatures. Therefore, as expected, an increase in temper-
ature is beneficial to gold leaching in alkaline sulfide solutions.

Thiosulfate is another sulfur-containing leaching agent
and can be generated from the oxidation of polysulfides. The
dissolution of gold in thiosulfate solutions is slow, but this
process is accelerated 18-20 times by the presence of cop-
per and ammonia [26]. The potential-pH diagrams for
S-H,0, Au-S-H,0, and Au-NH;-S systems have been re-
ported in several studies involving the thiosulfate leaching of
gold [59,75-76]. In these works, metastable sulfur species
such as sulfite, thiosulfate, polythionates, and polysulfides
were considered, along with a wide potential/pH range. The
results suggest that the thiosulfate ion exhibits a narrow
range of stability in the alkalescent pH region. The major
complex of gold is [Au(S,0;),]* at pH values less than 9 but
is [Au(NH;),]” when the pH value is greater than 9.
However, in general, the sole predominant gold-bearing

complex is [Au(S,0;),]’ in thiosulfate solutions [77-78].
The aforementioned contradictory results are attributable to
different free energy values for thiosulfate species genera-
tion being used in the thermodynamic calculations. Further-
more, the feasibility of using thiosulfate for gold leaching at
elevated temperatures and pressures in the absence of cop-
per and ammonia was confirmed using the potential-pH dia-
gram of the Au—S—H,0 system [79].

3.2. Electrochemistry and Kinetics of gold leaching

3.2.1. Electrochemical dissolution of gold

The dissolution of gold is an essential electrochemical
process that involves a complex series of oxidation—reduc-
tion reactions. The results of electrochemical studies have
been used to explain the mechanism of gold leaching in al-
kaline sulfur-containing solutions. For example, Yu and
Zhang [80] studied the electrochemical process of gold
leaching in LSSS. The activation energy of gold oxidation
was determined to be 16.835 kJ-mol '. Using spectroelec-
trochemical techniques, Parker e al. [81] observed that the
reduction of sulfide species on the gold surface occurred at
—0.68 and —0.94 V. The peak at the higher potential was as-
signed to the conversions of zero-valent sulfur to polysulf-
ide ions and polysulfide ions to sulfide. In alkaline thiourea
solutions, the passivation of the gold electrode surface oc-
curred at potentials more positive than 0.42 V and the pres-
ence of Na,SiO; could promote the electrochemical dissolu-
tion of gold [82]. In addition, several authors have reported
the successful application of electrochemical leaching of
gold using leaching reagents generated at the anode [83—84].
Nadirov et al. [85] prepared a special sulfur—graphite elec-
trode that they subsequently used to generate sulfur-contain-
ing agents for gold extraction in alkaline solutions. The re-
covery of gold reached 93% with a leaching rate of 33 X
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10° mol-L "‘min"" when the cathodic current density was
fixed at 80 mA-cm 2.

In terms of thiosulfate leaching, the electrochemical dis-
solution of gold is divided into two processes: the anodic
oxidation of gold and the cathodic reduction of oxygen or
other additives. The reduction of Cu(Il) is the cathode half-
reaction coupled with the oxidation of gold to gold-
thiosulfate complexes in the leaching potential region. The
presence of ammonia alleviates the adverse effect of various
sulfur species on gold leaching due to the formation of a
gold—amine complex intermediate [86]. Zhang and Nicol
[87—88] reported that the anodic dissolution of gold was en-
hanced by copper ions, which was likely related to the form-
ation of a copper—thiosulfate—oxygen intermediate. They ob-
served that the anodic current efficiency during thiosulfate
leaching process was much lower in the absence of an oxid-
ant. Oraby et al. [89] investigated the electrochemical dis-
solution of gold and gold-silver alloys using alkaline
thiosulfate leaching. They claimed that both gold and silver
could be dissolved in thiosulfate solutions and that the
leaching rate of pure silver was approximately 6.89 times
greater than that of pure gold. For the dissolution of
gold-silver alloys, the leaching rate of gold greatly im-
proves with an increase in the proportion of silver. The
leaching of gold in ammoniacal thiosulfate solutions con-
forms to the electrochemical catalytic mechanism [30]. In
anodic areas, ammonia complexes with gold(I) ions first
form an intermediate product of [Au(NH;),]". The NH; in
the gold complex is then replaced by thiosulfate anion
(SzOg_), which results in the formation of a more stable
complex of [Au(S,0;),]*. In cathodic areas, copper(Il) is re-
duced to copper(I), and the reduction product of
[Cu(S,0;);]” is quickly oxidized to [Cu(NH;),]*" by dis-
solved oxygen in the solution. Notably, [Cu(NH;),]*" is used
as a catalyzer to improve the leaching rate of gold but also
accelerates the degradation of thiosulfate because of its
strong oxidizing ability [90-91].

3.2.2. Kinetics behavior of gold leaching

The kinetics of gold leaching using alkaline sulfur-con-
taining lixiviants has received extensive attention because
these materials are potential alternatives to cyanide. Jeffrey
and Anderson [72] speculated that the dissolution of gold in
alkaline sulfide solutions was chemically controlled rather
than diffusion controlled and was highly dependent on tem-
perature. The electrochemical quartz crystal microbalance
(EQCM) offers a sensitive approach to determine the mass
changes during gold leaching in parallel with electrochem-
ical behavior [92]. Joshi and Asselin [93] studied the leach-
ing of pure gold in 1 mol-L™" Na,S solution using the

EQCM technique. A substantial mass loss was observed at a
potential interval of —0.40 to —0.06 V with a leaching rate of
6.4 x 107° mgs'-cm™ Anderson [73] reported that the
leaching rate of gold in an alkaline polysulfide/sulfide sys-
tem was 1.9 x 10 mol'm ?-s™' with an activation energy of
41.6 kJ-mol™".

The leaching kinetics of gold in thiosulfate solutions
containing copper and ammonia follows a chemical control
model, and the passivation of the gold surface is the major
contributor to the decrease of the leaching rate [94-95]. An
EQCM study of gold leaching in ammoniacal thiosulfate
solutions showed that thiosulfate decomposition produced a
sulfur-rich layer, which passivated the gold electrode and
lowered the leaching rate of gold [96]. Porvali et al. [97]
found that the temperature strongly affected the extraction of
gold from pressure oxidized concentrate using thiosulfate—
copper—ammonia leaching. The optimum leaching effi-
ciency reached 89% after 6 h, with the leaching rate of gold
being 2.987 mg-cm*-h™'. Senanayake [77] found that the
overall dissolution of gold was consistent with the shrink-
ing-core model, which confirmed the formation of surface
adsorption layers. The average leaching rate of gold in an al-
kaline solution containing 1 mol-L™" thiosulfate and
0.1 mol-L™" sodium hydroxide was less than 10" mol-cm s ™'
in the potential range of 0.20 to 0.35 V, which was relat-
ively lower than that in aerated cyanide solutions (5 X
10 mol-cm*-s™") [88,98]. These results implied that gold
could be oxidized in alkaline thiosulfate solutions, although
the leaching rate was low. This conclusion is in agreement
with those of other authors, where the dissolution rate of
gold in 1 mol-L™" ammonia-thiosulfate solution containing
copper ions was 4 x 10 mol-cm ?-s™' [95]. An investiga-
tion of the kinetics of gold dissolution in non-ammoniacal
thiosulfate solutions was conducted using a rotating electro-
chemical quartz crystal microbalance [99]. The results
showed that gold oxidation was chemically controlled,
which could be enhanced by an increase in temperature or
the thiosulfate concentration. The leaching rate of gold was
two orders of magnitude lower than a typical cyanidation
rate. However, the use of several improvement measures, in-
cluding elevated temperature, increased the oxygen concen-
tration, in addition, copper addition and the galvanic effect
of sulfide minerals could increase the gold leaching rate to
the same order of magnitude as a typical cyanidation rate.

4. In-situ generation of sulfur-containing agents

Sulfide minerals are well known to be an important
source of sulfur, which is an indispensable element for pre-
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paring sulfur-containing lixiviants. Some metal sulfides al-
ways contain a considerable amount of gold, particularly
pyrite and arsenopyrite. For refractory gold ores, the gold is
locked in the sulfide matrix, which requires the structure of
the host minerals to be destroyed through various pretreat-
ment processes before leaching. Most of gold tends to accu-
mulate in the elemental sulfur generated during the partial
oxidation of sulfide minerals [72—73]. This finding provides
powerful support for using sulfur-containing species for gold
leaching. Therefore, a unique advantage of the sulfur-con-
taining leaching agents is that they can be generated in situ
from gold-bearing sulfide minerals during the leaching
process.

A comprehensive review of the mechanisms of pyrite
dissolution and oxidation in aqueous solution was published
by Chandra and Gerson [100]. Except for iron-bearing spe-
cies, the oxidation products consist of polysulfides, element-
al sulfur, thiosulfate, and polythionates as well as sulfite.
This finding is consistent with a report by Huai et al. [101],
who focused on the surface oxidation of pyrite coupled with
gold. In addition to pyrite, other sulfide minerals such as
pyrrhotite and arsenopyrite also can be oxidized to various
sulfur-containing anions in the leaching process. In oxygen-
ated alkaline solutions, the pyrrhotite oxidation can generate
several sulfur species, including polysulfide, elemental sul-
fur, and thiosulfate [102]. The oxidation of gold-bearing ar-
senopyrite in alkaline solutions is an electrochemical pro-
cess, where thiosulfate, monothioarsenate, arsenate, and
sulfate are formed in parallel with gold leaching [79].

As reported by Fang et al. [103], 90% of gold was ex-
tracted from an acid-leached residue that contained 17.4wt%
of elemental sulfur and 4.32wt% arsenic using thiosulfate
generated from the oxidation of elemental sulfur at 85°C un-
der oxygen at a pressure of 0.1-0.3 MPa. Choi et al. [68]
patented a process for the preparation of thiosulfate-based
lixiviants using elemental sulfur generated form the partial
oxidation of pyrite and pyrrhotite during acidic pressure ox-
idation pretreatment. Melashlvili ef al. [104-105] studied the
dissolution of gold with thiosulfate formed in situ during
pyrite oxidation in alkaline media. The sulfide sulfur in the
pyrite lattice was first oxidized to elemental sulfur and fur-
ther converted to thiosulfate and other sulfur oxyanions. At
8.3 <pH < 9.2, a rapid degradation of thiosulphate was ob-
served with polythionates, sulfite, and sulfate being pro-
duced in the potential range 22—-141 mV. A maximum re-
covery of gold as high as 96% was achieved at pH < 12.

Xu et al. [106] explored the feasibility of gold leaching
using generated thiosulfate from sulfur oxidation during
oxygen pressure pretreatment. The recovery of gold reached
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83.6% with humic acid as an additive, and thiosulfate con-
sumption was distinctly reduced. Furthermore, our group
proposed a similar idea that elemental sulfur generated from
gold-bearing sulfides during microwave pyrolysis could be
used to extract gold from itself [107]. Microwave pretreat-
ment in the absence of oxygen not only produced elemental
sulfur that was used to synthesize a leaching agent but also
liberated the gold encapsulated within sulfide minerals.
Nadirov et al. [85] developed a sulfur—graphite electrode
(SGE) equipped with a polyvinyl chloride (PVC) separator,
which was used as source of sulfur-containing agents for
gold leaching. Under optimized conditions, the recovery of
gold reached 93% when this electrochemical leaching tech-
nique was used. According to a review published by Sit-
ando et al. [64], thiosulfate can be generated in situ from
both the oxidation of sulfide minerals and degradation of
other sulfur-containing reagents during gold leaching. Cur-
rently, a challenging issue for the extensive commercial ap-
plication of thiosulfate leaching is how to effectively reduce
thiosulfate consumption, especially for the copper—ammo-
nia thiosulfate system. On the basis of the previous discus-
sion, the in-situ generation of sulfur-containing agents
through the full utilization of sulfur in gold-bearing sulfide
minerals is a potential approach to this problem.

5. Gold passivation caused by sulfur species
5.1. Effect of sulfur species on gold leaching

Gold is commonly associated with or encapsulated with-
in carrier minerals such as pyrite, arsenopyrite, pyrrhotite,
chalcopyrite, and gangue minerals [108—109]. A large num-
ber of studies have reported the effect of sulfide minerals on
the electrochemical behavior of gold dissolution and the
formation of passivation layers during cyanidation
[110-113]. For example, Jeffrey and Breuer [114] studied
the effect of sulfide ions on the electrochemistry of gold
leaching in alkaline cyanide solutions. They found the sol-
uble sulfide generated from sulfide minerals produced a pas-
sivating layer of sulfur. Sulfide minerals have inhibiting ef-
fects on gold leaching, and pre-oxidation is an effective ap-
proach to improve the recovery of gold from a sulfide-rich
industrial gold ore [115]. The passivation of gold caused by
the dissolved sulfur species was likely responsible for the
poor leaching performance. The dissolution of metal sulf-
ides in alkaline solutions generates some sulfur-containing
anions that passivate the gold surface and retard the leach-
ing process. Therefore, the passivation of gold is more likely
to occur in sulfur-containing leaching systems.

Much attention has been devoted to the passivation ef-
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fect of sulfur species on gold leaching and the interface be-
havior of sulfur species on the gold surface. Zia et al. [71]
investigated the passivation of gold by sulfur species in cy-
anide and thiosulfate solutions. They calculated the interac-
tion energy between various sulfur species and gold sur-
faces using DFT. Their results showed that the formation of
the passivation film was mainly attributable to the interac-
tion of sulfide, polysulfides, tetrathionate, and sulfite spe-
cies with the gold surface. Several early studies suggested
that the deposition of sulfur on the gold electrode resulted
from the oxidation of sulfide-containing ions [116-118].
Wierse et al. [119] revealed the formation mechanism of
sulfur layers adsorbed onto gold electrodes using electro-
chemical techniques. They reported that sulfide ions were
discharged to form a sulfur adsorption layer in polysulfide
solutions as a result of sulfur bond cleavage and adsorption
of single sulfur atoms. Zelinsky [120] used the rotating-disk
electrode technique to gain insight into thiosulfate oxidation
during gold dissolution and observed that the passivating
layer hindered the transmission of current at the
electrode—solution interface, resulting in a decrease of cur-
rent at potentials close to 0.8 V.

5.2. Identification of the passivating species

Identifying sulfur species that hinder the dissolution of
gold by forming a passive layer is a challenging task. With
the development of surface characterization techniques, the
mechanism of passivation and the effect of various sulfur
species on gold dissolution behavior have been gradually
elucidated. The aforementioned studies related to the char-
acterization of gold-passivating species are summarized in
Table 3.

Electrochemical studies have shown that an isolating
layer that consists of copper sulfide, elemental sulfur, and
colloid sulfur hindered the dissolution of gold in thiosulfate
solutions containing copper ions [121-123]. Zhang and
Nicol [88] observed the current efficiency for gold leaching
was very low in alkaline thiosulfate solutions, implying that
a sulfur-like surface film was formed from thiosulfate oxida-
tion and inhibited the dissolution of gold. Some researchers
have speculated that the passivation of gold in a thiosulfate
leaching system is mainly attributable to the formation of
elemental sulfur derived from the oxidation of sulfur spe-
cies [124-125]. In addition to elemental sulfur and gold—sul-
fur compounds, some oxygen-containing sulfur species were
generated on the gold surface during the leaching process.
For example, Baron et al. [126] reported that the decompos-
ition of thiosulfate produced several intermediates such as
tetrathionate, trithionate, elemental sulfur, and sulfide. The

adsorption of polythionates and elemental sulfur were the
main contributors to gold passivation, and tetrathionate fur-
ther degraded into trithionate and thiosulfate at a longer ex-
posure time. Zelinsky and Novgorodtseva [96] also pointed
out the degradation products of thiosulfate, such as tetra-
thionate, sulfate, and elemental sulfur, are likely responsible
for the passivation of gold.

Some researchers [127—128] focused on characterizing
the surface products and the interaction of gold and sulfur-
containing ligands. In the surface-enhanced Raman spectro-
scopy (SERS) spectra, peaks attributed to sulfur—sulfur and
sulfur—oxygen bonds were assigned to tetrathionate and a
gold(I) thiosulfate complex, respectively. Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) and XPS analysis results confirmed that ammonia
and copper were adsorbed onto the gold surface, with cop-
per sulfide being formed. They concluded that the adsorbed
species were cyclo-octasulfur (cyclo-Sy), tetrathionate-like
species, and gold or copper sulfides. Using electrochemical
and SERS techniques, Jeffrey et al. [124] investigated the
composition of passivating species that hindered the
dissolution of gold in thiosulfate solutions. The results
showed that the oxidation of thiosulfate resulted in the form-
ation of sulfur, polysulfides, and adsorbed polythionate on
the gold surface. This conclusion is consistent with the re-
port by Nicol et al. [129]. In addition, they found that the
formation of ammonia copper(I) polysulfide was conducive
to the anodic dissolution of gold because the ability of poly-
sulfide to inhibit gold dissolution was weaker than that of
elemental sulfur alone and that of elemental sulfur with
polythionate. Parker et al. [81] explored the mechanism of
interaction between sulfide species and the gold surface us-
ing SERS. They observed the appearance of an Au-S
stretching band in the spectrum corresponding to a low
leaching potential; however, more sulfur was adsorbed to
form polymeric sulfur as the leaching potential was in-
creased. The appearance of peaks assigned to sulfur—sulfur
bonds at 471, 210, and 157 cm™' confirmed the formation of
cyclo-Sg. Nie ef al. [130] claimed that the passivation film
formed in thiosulfate solutions consisted of elemental sulfur,
polysulfide, and trithionate. The addition of ammonia was
found to promote the dissolution of gold by removing the
sulfur layer.

Recently, Smith et al. [131] presented a quantitative
analysis of the constituents of a passive layer during gold
leaching in oxygenated thiosulfate solutions using shell-isol-
ated gold nanoparticles (SHINs). The inhibition of gold dis-
solution was attributed to the generation of various sulfur al-
lotropes such as elemental sulfur, cyclo-Ss, and polymeric
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sulfur chains. Whereas elemental sulfur and cyclo-Sg origin-
ated from the decomposition of tetrathionate, polymeric and
monoatomic sulfur were the main degradation products of
trithionate [132]. Huergo et al. [133] synthesized gold nano-
structures by reducing gold(IlI) with sodium sulfide solu-
tions. Their results suggested that the passivation layer
mainly consisted of monomeric sulfur, polysulfides, and
some elemental sulfur; however, neither Au,S nor other ox-
idized gold species was present in the reduction products in
detectable amounts. Lustemberg et al. [134] also speculated
that the sulfur coating was a mixture of monomeric and
polymeric chemisorbed sulfur rather than Au—S compounds.
Nevertheless, Woods et al. [135] observed the absorption of
a gold sulfide monolayer with an S/Au molar ratio of 1:3 in
the leaching potential region. X-ray absorption spectro-
scopy (XAS) and XPS characterizations of nanoscale Au—S
products obtained through the reaction of aqueous gold(IIl)
and sulfide ions indicated that the gold sulfide precipitate
decomposed to polysulfide species [136]. For sulfide-con-
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taining solutions, similar behavior of the S/Au(Ill) interface
was reported by Rodriguez et al. [137]. This contradictory
observation could be due to more sulfur being deposited to
form sulfur—sulfur linkages instead of sulfur—gold bonds at
higher potentials.

On the basis of the aforementioned works, we con-
cluded that gold passivation is more likely to occur in such
an alkaline sulfur-enriched leaching system. As a result, the
issue of how to inhibit the passivation of gold is a pressing
problem for the applications of sulfur-containing leaching
agents. Although the mechanism of gold passivation by sul-
fur species still remains controversial, the adsorption of dif-
ferent sulfur-containing compounds is generally considered
to passivate the gold surface and hinder the access of the lix-
iviants required for gold leaching. Furthermore, little is un-
derstood about the effects of sulfur species and their interac-
tion with gold. Therefore, the formation mechanisms of the
passivating layers and effective solutions require further
study and development.

Table 3. Summary of possible gold passivating species in different studies

Characterization technique Gold passivating species Ref. No.
Electrochemical Sulfur and CuS, [121]
Electrochemical Colloid sulfur [122]
Electrochemical Sulfur and sulfides [118,123]
Electrochemical Sulfur and sulfur—oxygen species [125]
Electrochemical Sulfur-like surface film [88]
Electrochemical Tetrathionate, sulfate, and elemental sulfur [96]

SERS Sulfur, polysulfides, polythionate, and copper sulfide compounds [124]
SERS Sulfur, sulfide-like species, trithionate, and tetrathionate [129]
SERS Elemental sulfur, gold sulfide, polythionates [135]
SERS Cyclo-Sg, polymeric and monoatomic sulfur [81,132]

SERS, XPS, and Scanning tunneling microscopy Polysulfides, monomeric sulfur, and some elemental sulfur [134]
SERS using shell-isolated gold nanoparticles Cyclo-Ss, elemental sulfur, polymeric sulfur chains [131]
Electrochemical and SERS Sulfide, elemental sulfur, tetrathionate, and trithionate [126]

SERS, ATR-FTIR, and XPS Cyclo-Ss, tetrathionate-like species, gold and copper sulfides [127-128]
Electrochemical and Raman spectroscopy Elemental sulfur, polysulfide, and trithionate [130]

6. Summary and conclusions

Over the past several decades, researchers have devoted
great attention to fundamentals and applications of gold
leaching using thiosulfate, polysulfide, and alkaline sulfide
lixiviation; the related materials essentially belong to a class
of alkaline sulfur-containing lixiviants. This paper summar-
izes the research progress and challenges facing the use of
sulfur-containing agents for gold leaching.

The dissolution of elemental sulfur in alkaline solutions
forms a metastable sulfur-containing system that can be ap-
plied to extract gold from the raw material. Elemental sulfur
undergoes disproportionation and oxidation to generate vari-

ous sulfur-containing anions such as sulfide, polysulfide,
and thiosulfate, which can form stable complexes with auric
ions. Notably, the alkaline sulfur-containing solution is a
thermodynamically metastable system. A transformation
process occurs among the various sulfur species, in which
the sulfur is in different oxidation states depending on the
potential of leaching solution. As sulfide begins to oxidize
toward sulfate, it will first generate polysulfides with differ-
ent chain lengths and then oxysulfide species such as
thiosulfate and polythionates. The alkaline degradation of
thiosulfate produces tetrathionate, pentathionate, trithionate,
and sulfite, with sulfate being the ultimate oxidation product.
Moreover, thiosulfate can be regenerated from the decom-
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position of polythionates or the reaction between sulfide and
sulfite.

For the sulfide/polysulfide system, the dominant ligand
of gold(I) ions is sulfide, whereas polysulfide serves as the
oxidant rather than the lixiviant because of its high oxida-
tion state. At a relatively high potential, thiosulfate also can
form stable complexes with gold(I) ions. Electrochemical
and kinetics studies on gold leaching using sulfur-contain-
ing agents mainly focus on thiosulfate leaching systems. The
mechanism of electrochemical catalytic oxidation plays an
essential role in the dissolution of gold. The rate of gold
leaching is chemically controlled rather than diffusion con-
trolled and is thus highly dependent on temperature.

A unique advantage of sulfur-containing leaching agents
is that they can be generated in situ from gold-bearing sulf-
ide minerals, which offers a potential solution to the press-
ing problem of high thiosulfate consumption while simul-
taneously enabling the comprehensive utilization of sulfur
resources. The passivation of gold by sulfur species is re-
garded as the greatest challenge facing alkaline sulfur-con-
taining leaching systems. Sulfur-containing anions undergo
oxidation or decomposition to produce a passivation layer,
which mainly consists of various sulfur allotropes, sulfides,
and polythionates. Elucidating the mechanism of passiva-
tion requires further fundamental research on the contribu-
tion of different sulfur species and their interaction with the
gold surface. Such noncyanide leaching lixiviants offer sub-
stantial advantages over the processing of refractory gold
ores containing copper and carbonaceous matter. Given the
increasing research interests in gold leaching using sulfur-
containing leaching agents, we expect the industrial applica-
tion of these noncyanide leaching reagents will be realized
in the near future.

Acknowledgement

This work was financially supported by the National
Natural Science Foundation of China (No. 51574018).

References

[1]  P.L. Breuer, X. Dai, and M.I. Jeffrey, Leaching of gold
and copper minerals in cyanide deficient copper solutions,
Hydrometallurgy, 78(2005), No. 3-4, p. 156.

[21  G. Ofori-Sarpong and K. Osseo-Asare, Preg-robbing of
gold from cyanide and non-cyanide complexes: Effect of
fungi pretreatment of carbonaceous matter, /nt. J. Miner.
Process., 119(2013), p. 27.

[3] S.R. La Brooy, H.G. Linge, and G.S. Walker, Review of
gold extraction from ores, Miner. Eng., 7(1994), No. 10,

[4]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

p. 1213.

X. Dai, A. Simons, and P. Breuer, A review of copper cy-
anide recovery technologies for the cyanidation of copper
containing gold ores, Miner. Eng., 25(2012), No. 1, p. 1.
C.A. Johnson, The fate of cyanide in leach wastes at gold
mines: An environmental perspective, Appl. Geochem.,
57(2015), p. 194.

G. Senanayake, Gold leaching in non-cyanide lixiviant
systems: Critical issues on fundamentals and applications,
Miner. Eng., 17(2004), No. 6, p. 785.

V. Smolyaninov, G. Shekhvatova, and M. Vainshtein,
Gold leaching by organic base polythionates: New non-
toxic and secure technology, SpringerPlus, 3(2014), No.
L,p. 1.

J. Li and J.D. Miller, A review of gold leaching in acid
thiourea solutions, Miner. Process. Extr. Metall. Rev.,
27(2006), No. 3, p. 177.

R. Sousa, A. Futuro, A. Fiuza, M.C. Vila, and M.L. Dinis,
Bromine leaching as an alternative method for gold dissol-
ution, Miner. Eng., 118(2018), p. 16.

R. Ahtiainen and M. Lundstrom, Cyanide-free gold leach-
ing in exceptionally mild chloride solutions, J. Cleaner
Prod., 234(2019), p. 9.

S.S. Konyratbekova, A. Baikonurova, and A. Akcil, Non-
cyanide leaching processes in gold hydrometallurgy and
iodine-iodide applications: A review, Miner. Process. Ex-
tr. Metall. Rev., 36(2015), No. 3, p. 198.

C.G. Perea and O.J. Restrepo, Use of amino acids for gold
dissolution, Hydrometallurgy, 177(2018), p. 79.

E.A. Oraby, J.J. Eksteen, A. Karrech, and M. Attar, Gold
extraction from paleochannel ores using an aerated al-
kaline glycine lixiviant for consideration in heap and in-
situ leaching applications, Miner. Eng., 138(2019), p. 112.
Q.J. Wen, Y.F. Wu, X. Wang, Z.Y. Zhuang, and Y. Yu,
Researches on preparation and properties of sodium poly-
sulphide as gold leaching agent, Hydrometallurgy,
171(2017), p. 77.

V.H. Ha, J.C. Lee, J. Jeong, H.T. Hai, and M.K. Jha,
Thiosulfate leaching of gold from waste mobile phones, J.
Hazard. Mater., 178(2010), No. 1-3, p. 1115.

M. Lampinen, A. Laari, and I. Turunen, Ammoniacal
thiosulfate leaching of pressure oxidized sulfide gold con-
centrate with low reagent consumption, Hydrometallurgy,
151(2015), p. 1.

Q. Wang, X.Z. Hu, F.T. Zi, P. Yang, Y.L. Chen, and S.L.
Chen, Environmentally friendly extraction of gold from
refractory concentrate using a copper—ethylenediamine—
thiosulfate solution, J. Cleaner Prod., 214(2019), p. 860.
H.A. White, The solubility of gold in thiosulfates and
thiocyanates, S. Afr. J. Sci., 1(1905), No. 1, p. 211.
R.M.G.S. Berezowsky and V.B. Sefton, Recovery of gold
and silver from oxidation leach residues by applied to am-
moniacal thiosulfate leaching, [in] The 108th AIME Annu-
al Meeting, New Orleans, 1979, p. 17.

M.L Jeffrey, P.L. Breuer, and C.K. Chu, The importance
of controlling oxygen addition during the thiosulfate
leaching of gold ores, Int. J. Miner. Process., 72(2003),


https://doi.org/10.1016/j.hydromet.2005.02.004
https://doi.org/10.1016/j.minpro.2012.12.007
https://doi.org/10.1016/j.minpro.2012.12.007
https://doi.org/10.1016/0892-6875(94)90114-7
https://doi.org/10.1016/j.mineng.2011.10.002
https://doi.org/10.1016/j.apgeochem.2014.05.023
https://doi.org/10.1016/j.mineng.2004.01.008
https://doi.org/10.1186/2193-1801-3-1
https://doi.org/10.1080/08827500500339315
https://doi.org/10.1016/j.mineng.2017.12.019
https://doi.org/10.1016/j.jclepro.2019.06.197
https://doi.org/10.1016/j.jclepro.2019.06.197
https://doi.org/10.1080/08827508.2014.942813
https://doi.org/10.1080/08827508.2014.942813
https://doi.org/10.1080/08827508.2014.942813
https://doi.org/10.1016/j.hydromet.2018.03.002
https://doi.org/10.1016/j.mineng.2019.04.023
https://doi.org/10.1016/j.hydromet.2017.04.008
https://doi.org/10.1016/j.jhazmat.2010.01.099
https://doi.org/10.1016/j.jhazmat.2010.01.099
https://doi.org/10.1016/j.hydromet.2014.10.014
https://doi.org/10.1016/j.jclepro.2019.01.007
https://doi.org/10.1016/S0301-7516(03)00108-X
https://doi.org/10.1016/j.hydromet.2005.02.004
https://doi.org/10.1016/j.minpro.2012.12.007
https://doi.org/10.1016/j.minpro.2012.12.007
https://doi.org/10.1016/0892-6875(94)90114-7
https://doi.org/10.1016/j.mineng.2011.10.002
https://doi.org/10.1016/j.apgeochem.2014.05.023
https://doi.org/10.1016/j.mineng.2004.01.008
https://doi.org/10.1186/2193-1801-3-1
https://doi.org/10.1080/08827500500339315
https://doi.org/10.1016/j.mineng.2017.12.019
https://doi.org/10.1016/j.jclepro.2019.06.197
https://doi.org/10.1016/j.jclepro.2019.06.197
https://doi.org/10.1080/08827508.2014.942813
https://doi.org/10.1080/08827508.2014.942813
https://doi.org/10.1080/08827508.2014.942813
https://doi.org/10.1016/j.hydromet.2018.03.002
https://doi.org/10.1016/j.mineng.2019.04.023
https://doi.org/10.1016/j.hydromet.2017.04.008
https://doi.org/10.1016/j.jhazmat.2010.01.099
https://doi.org/10.1016/j.jhazmat.2010.01.099
https://doi.org/10.1016/j.hydromet.2014.10.014
https://doi.org/10.1016/j.jclepro.2019.01.007
https://doi.org/10.1016/S0301-7516(03)00108-X

428

[24]

[25]

(28]

(29]

(30]

(34]

No. 1-4, p. 323.

G. Hilson and A.J. Monhemius, Alternatives to cyanide in
the gold mining industry: What prospects for the future?,
J. Cleaner Prod., 14(2006), No. 12-13, p. 1158.

E. Molleman and D. Dreisinger, The treatment of
copper—gold ores by ammonium thiosulfate leaching, Hy-
drometallurgy, 66(2002), No. 1-3, p. 1.

B. Xu, Y.B. Yang, Q. Li, T. Jiang, S.Q. Liu, and G.H. Li,
The development of an environmentally friendly leaching
process of a high C, As and Sb bearing sulfide gold con-
centrate, Miner. Eng., 89(2016), p. 138.

J. Wang, W. Wang, K.W. Dong, Y. Fu, and F. Xie, Re-
search on leaching of carbonaceous gold ore with
copper—ammonia—thiosulfate  solutions,
137(2019), p. 232.

C.A. Fleming, J. McMullen, K.G. Thomas, and J.A.
Wells, Recent advances in the development of an alternat-
ive to the cyanidation process: Thiosulfate leaching and
resin in pulp, Min. Metall. Explor., 20(2003), No. 1, p. 1.
D.M. Muir and M.G. Aylmore, Thiosulfate as an alternat-
ive lixiviant to cyanide for gold ores, Dev. Miner.
Process., 15(2005), p. 541.

M. Helm, J. Vaughan, W.P. Staunton, and J. Avraamides,
An investigation of the carbonaceous component of preg-
robbing gold ores, [in] World Gold Conference, 2009, p.
139.

Y. Choi, J.Y. Baron, Q. Wang, J. Langhans, and P. Kon-
dos, Thiosulfate processing-from lab curiosity to commer-
cial application, [in] Proceedings of the World Gold, Bris-
bane, 2013, p. 45.

D.M. Muir and M.G. Aylmore, Thiosulphate as an altern-
ative to cyanide for gold processing—Issues and impedi-
ments, Miner. Process. Extr. Metall., 113(2004), No. 1, p.
2.

B. Xu, W.H. Kong, Q. Li, Y.B. Yang, T. Jiang, and X.L.
Liu, A review of thiosulfate leaching of gold: Focus on
thiosulfate consumption and gold recovery from pregnant
solution, Metals, 7(2017), No. 6, p. 222.

B.C. Weissberg, Solubility of gold in hydrothermal al-
kaline sulphide solutions, Econ. Geol., 65(1970), No. 5, p.
551.

J.B. Hiskey and V.P. Atluri, Dissolution chemistry of gold
and silver in different lixiviants, Miner. Process. Extr.
Metall. Rev., 4(1988), No. 1-2, p. 95.

C. Anderson, E. Dahlgren, H.H. Huang, P.J. Miranda, D.
Stacey, M. Jeffrey, and I. Chandra, Fundamentals and ap-
plications of alkaline sulfide leaching and recovery of
gold, [in] CIM Gold Symposium, Calgary, 2005, p. 145.
G.J. Sparrow and J.T. Woodcock, Cyanide and other lix-
iviant leaching systems for gold with some practical ap-
plications, Miner. Process. Extr. Metall. Rev., 14(1995),
No. 3-4, p. 193.

G.C. Zhu, Z.H. Feng, and J.Y. Chen, Leaching of gold
from sulphide concentrates with thiosulphate/polysulph-
ide produced by disproportionation of elemental sulphur in
ammoniacal media, [in] Hydrometallurgy 94, Dordrecht,
1994, p. 541.

Miner. Eng.,

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

Int. J. Miner. Metall. Mater., Vol. 27, No. 4, Apr. 2020

T.Z. Yang, X.G. Chen, W.D. Bin, Q.B. Chen, and Y.Y.
Lu, Gold leaching in sodium polysulfide solution, J. Cent.
South Inst. Min. Metall., 23(1992), No. 6, p. 687.

C.G. Anderson and L.G. Twidwell, Antimony, arsenic,
gold, mercury and tin separation, recovery, and fixation by
alkaline sulfide hydrometallurgy, [in] Proceedings of Hy-
drometallurgy 2008, Sixth International Symposium,
Littleton, 2008, p. 348.

C.G. Anderson, The application and economics of indus-
trial alkaline leaching of copper enargite concentrates, [in]
Proceedings of Copper Cobalt Africa, SAIMM, 2015, p.
12.

C.G. Anderson and L.G. Twidwell, Hydrometallurgical
processing of gold-bearing copper enargite concentrates,
Can. Metall. Q.,47(2008), No. 3, p. 337.

F.A. Parada Torres, The Alkaline Sodium Sulphide Leach-
ing of Enargite [Dissertation], University of British
Columbia, Vancouver, 2011, p. 87.

N. Lau and M.D. Pluth, Reactive sulfur species (RSS):
Persulfides, polysulfides, potential, and problems, Curr.
Opin. Chem. Biol., 49(2019), p. 1.

E. Rosén and R. Tegman, A preparative and X-ray powder
diffraction study of the polysulfides Na,S,, Na,S,, and
Na,Ss, Acta Chem. Scand., 25(1971), p. 3329.

C.G. Anderson and S.M. Nordwick, Pretreatment using al-
kaline sulfide leaching and nitrogen species catalyzed
pressure oxidation on a refractory gold concentrate, [in]
EPD Congress, Warrendale, 1996, p. 323.

C.G. Anderson, Alkaline sulfide recovery of gold utiliz-
ing nitrogen species catalyzed pressure leaching, Hydro-
metallurgy, 1(2003), p. 75.

B.Y. Yang, X.Z. Lan, J. Zhang, and A.Y. Han, Lime—sul-
phur—synthetic—solution (LSSS)—A new nontoxic re-
agent for extraction of gold, Precious Met., 18(1997), No.
2,p.58.

Z.H. Fang and B.L. Han, Leaching gold using oxidation
products of elemental sulfur in Ca(OH), solution under
oxygen pressure, Chin. J. Process Eng., 2(2002), No. 3, p.
230.

M.M. Hojjatie, C.L.F. Lockhart, A. Dimitriadis, J. Van
Cauwenbergh, and R. Van Dael, Continuous Process for
Preparation of Calcium Thiosulfate Liquid Solution, U.S.
Patent Appl. 8454929, 2013.

J. Zhou, X.Z. Lan, and Q.L. Zhang, Preparation of sodi-
um thiosulfate and sodium polysulfide mixture for gold
leaching, Nonferrous Met. (Extr. Metall.), 4(2008), p. 26.
L.C. Zhao, C.B. Sun, S.Y. Li, and D.Z. Gong, Effects of
lime sulphur synthetic solution on leaching characteristic
of gold concentrates, Chin. J. Nonferrous Met., 25(2015),
No. 3, p. 786.

H. Wu, Y.L. Feng, H.R. Li, S.D. Liao, and H.J. Wang, Ba-
sic theory and optimization of gold containing antimony
concentrate leaching by alkaline sulfide, Physicochem.
Probl. Miner. Process., 55(2019), No. 1, p. 248.

A. Rule and J.S. Thomas, XXIII.—The polysulphides of
the alkali metals. Part I. The polysulphides of sodium, J.
Chem. Soc. Trans., 105(1914), p. 177.


https://doi.org/10.1016/j.jclepro.2004.09.005
https://doi.org/10.1016/S0304-386X(02)00080-4
https://doi.org/10.1016/S0304-386X(02)00080-4
https://doi.org/10.1016/j.mineng.2016.01.011
https://doi.org/10.1016/j.mineng.2019.04.013
https://doi.org/10.1179/037195504225004661
https://doi.org/10.3390/met7060222
https://doi.org/10.2113/gsecongeo.65.5.551
https://doi.org/10.1080/08827508808952634
https://doi.org/10.1080/08827508808952634
https://doi.org/10.1080/08827509508914125
https://doi.org/10.1179/cmq.2008.47.3.337
https://doi.org/10.3891/acta.chem.scand.25-3329
https://doi.org/10.1039/CT9140500177
https://doi.org/10.1039/CT9140500177
https://doi.org/10.1016/j.jclepro.2004.09.005
https://doi.org/10.1016/S0304-386X(02)00080-4
https://doi.org/10.1016/S0304-386X(02)00080-4
https://doi.org/10.1016/j.mineng.2016.01.011
https://doi.org/10.1016/j.mineng.2019.04.013
https://doi.org/10.1179/037195504225004661
https://doi.org/10.3390/met7060222
https://doi.org/10.2113/gsecongeo.65.5.551
https://doi.org/10.1080/08827508808952634
https://doi.org/10.1080/08827508808952634
https://doi.org/10.1080/08827509508914125
https://doi.org/10.1179/cmq.2008.47.3.337
https://doi.org/10.3891/acta.chem.scand.25-3329
https://doi.org/10.1039/CT9140500177
https://doi.org/10.1039/CT9140500177

C.B. Sun et al., A review of gold extraction using noncyanide lixiviants: Fundamentals, advancements, and ... 429

[52]

[59]

[60]

[61]

[65]

A. Kamyshny, A. Golfman, J. Gun, D. Rizkov, and O.
Lev, Equilibrium distribution of polysulfide ions in
aqueous solutions at 25°C: A new approach for the study
of polysulfides’ equilibria, Technol.,
38(2004), No. 24, p. 6633.

I. Filpponen, A. Guerra, A. Hai, L.A. Lucia, and D.S.
Argyropoulos, Spectral monitoring of the formation and
degradation of polysulfide ions in alkaline conditions, /nd.
Eng. Chem. Res., 45(2006), No. 22, p. 7388.

W.F. Giggenbach, Equilibria involving polysulfide ions in
aqueous sulfide solutions up to 240°C, Inorg. Chem.,
13(1974), No. 7, p. 1724.

S. Licht and J. Davis, Disproportionation of aqueous sul-
fur and sulfide: Kinetics of polysulfide decomposition, J.
Phys. Chem. B, 101(1997), No. 14, p. 2540.

D.S. Argyropoulos, Y.H. Hou, R. Ganesaratnam, D.N.
Harpp, and K. Koda, Quantitative 1H NMR analysis of al-
kaline polysulfide solutions, Holzforschung, 59(2005),
No. 2, p. 124.

W.E. Kleinjan, A. de Keizer, and A.J.H. Janssen, Kinetics
of the chemical oxidation of polysulfide anions in aqueous
solution, Water Res., 39(2005), No. 17, p. 4093.

S.W. Dhawale, Thiosufate: An interesting sulfur oxoan-
ion that is useful in both medicine and industry-but is im-
plicated in corrosion, J. Chem. Educ., 70(1993), No. 1, p.
12.

M.G. Aylmore and D.M. Muir, Thiosulfate leaching of
gold—A review, Miner. Eng., 14(2001), No. 2, p. 135.
W.A. Pryor, The kinetics of disproportionation of sodium
thiosulfate to sodium sulfide and sulfate, J. 4m. Chem.
Soc., 82(1960), No. 18, p. 4794.

X.B. Xu and S.G. Chang, Study of the disproportionation
of sodium thiosulfate by x-ray photoelectron spectroscopy,
[in] Modern High Temperature Science, Humana Press,
1984, p. 165.

P.L. Breuer and M.I. Jeffery, The reduction of copper(Il)
and the oxidation of thiosulfate and oxysulfur anions in
gold leaching solutions, Hydrometallurgy, 70(2003), No.
1-3, p. 163.

G. Senanayake, The role of ligands and oxidants in
thiosulfate leaching of gold, Gold Bull., 38(2005), No. 4,
p. 170.

O. Sitando, G. Senanayake, X. Dai, A.N. Nikoloski, and P.
Breuer, A review of factors affecting gold leaching in non-
ammoniacal thiosulfate solutions including degradation
and, in-situ generation of thiosulfate, Hydrometallurgy,
178(2018), p. 151.

H.G. Zhang and M.I. Jeffrey, A kinetic study of rearrange-
ment and degradation reactions of tetrathionate and trith-
ionate in near-neutral solutions, /norg. Chem., 49(2010),
No. 22, p. 10273.

D. Varga and A.K. Horvath, Kinetics and mechanism of
the decomposition of tetrathionate ion in alkaline medium,
Inorg. Chem., 46(2007), No. 18, p. 7654.

H.G. Zhang and D.B. Dreisinger, The kinetics for the de-
composition of tetrathionate in alkaline solutions, Hydro-
metallurgy, 66(2002), No. 1-3, p. 59.

Environ.  Sci.

[68]

[69]

[70]

[71]

[72]

(73]

[74]

(73]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

[83]

Y. Choi, P. Kondos, M.G. Aylmore, J. Mcmullen, and G.
Van Weert, Thiosulfate Generation in Situ in Precious
Metal Recovery, U.S. Patent, Appl. 7572317, 2009.

J. Ji, C.A. Fleming, P.G. West-Sells, and R.P. Hackl, A
novel thiosulphate system for leaching gold without the
use of copper and ammonia, [in] Hydrometallurgy 2003:
Sth International Symposium Honoring Professor lan M.
Ritchie, Vancouver, 2003, p. 227.

C.W. Pan, Y. Liu, A.K. Horvath, Z. Wang, Y. Hu, C. Ji,
Y .M. Zhao, and Q.Y. Gao, Kinetics and mechanism of the
alkaline decomposition of hexathionate ion, J. Phys.
Chem. 4, 117(2013), No. 14, p. 2924.

Y. Zia, S. Mohammadnejad, and M. Abdollahy, Gold pas-
sivation by sulfur species: A molecular picture, Miner.
Eng., 134(2019), p. 215.

M.L Jeffrey and C.G. Anderson, A fundamental study of
the alkaline sulfide leaching of gold, Eur. J. Miner. Pro-
cess. Environ. Prot., 3(2003), No. 3, p. 336.

C.G. Anderson, Alkaline sulfide gold leaching kinetics,
Miner. Eng., 92(2016), p. 248.

M. Pourbaix, Atlas of Electrochemical Equilibria in
Aqueous Solutions, National Association of Corrosion En-
gineers, Houston, 1974.

M.G. Aylmore and D.M. Muir, Thermodynamic analysis
of gold leaching by ammoniacal thiosulfate using Eh/pH
and speciation diagrams, Min. Metall. Explor., 18(2001),
No. 4, p. 221.

A. Birich, S. Stopic, and B. Friedrich, Kinetic investiga-
tion and dissolution behavior of cyanide alternative gold
leaching reagents, Sci. Rep., 9(2019), art. No. 7191.

G. Senanayake, Analysis of reaction kinetics, speciation
and mechanism of gold leaching and thiosulfate oxidation
by ammoniacal copper(Il) solutions, Hydrometallurgy,
75(2004), No. 1-4, p. 55.

S.C. Zhang, Oxidation of Refractory Gold Concentrates
and Simultaneous Dissolution of Gold in Aerated Alkaline
Solutions [Dissertation], Murdoch University, Perth, 2004,
p. 228.

Y.B. Yang, W. Gao, B. Xu, Q. Li, and T. Jiang, Study on
oxygen pressure thiosulfate leaching of gold without the
catalysis of copper and ammonia, Hydrometallurgy,
187(2019), p. 71.

N.W. Yu and J. Zhang, The electrochemical study of
leaching gold by LSSS method, Gold, 19(1998), No. 2, p.
34.

G.K. Parker, K.M. Watling, G.A. Hope, and R. Woods, A
SERS spectroelectrochemical investigation of the interac-
tion of sulfide species with gold surfaces, Colloids Surf.,
A, 318(2008), No. 1-3, p. 151.

H. Zhou, Y.S. Song, W.J. Li, and K. Song, Electrochemic-
al behavior of gold and its associated minerals in alkaline
thiourea solutions, Int. J. Miner. Metall. Mater., 25(2018),
No. 7, p. 737.

B.K. Kenzhaliyev, Z.D. Dosymbaeva, R.R. Iskhakova,
and E.N. Suleimenov, Investigation into the use of electro-
chemical extraction to draw gold from refractory ores, Am.
J. Appl. Sci., 12(2015), No. 11, p. 857.


https://doi.org/10.1021/es049514e
https://doi.org/10.1021/ie060651p
https://doi.org/10.1021/ie060651p
https://doi.org/10.1021/ic50137a038
https://doi.org/10.1021/jp962661h
https://doi.org/10.1021/jp962661h
https://doi.org/10.1515/HF.2005.019
https://doi.org/10.1016/j.watres.2005.08.006
https://doi.org/10.1021/ed070p12
https://doi.org/10.1016/S0892-6875(00)00172-2
https://doi.org/10.1021/ja01503a010
https://doi.org/10.1021/ja01503a010
https://doi.org/10.1016/S0304-386X(03)00078-1
https://doi.org/10.1007/BF03215257
https://doi.org/10.1016/j.hydromet.2018.02.016
https://doi.org/10.1021/ic9023025
https://doi.org/10.1021/ic700992u
https://doi.org/10.1016/S0304-386X(02)00078-6
https://doi.org/10.1016/S0304-386X(02)00078-6
https://doi.org/10.1021/jp400339u
https://doi.org/10.1021/jp400339u
https://doi.org/10.1016/j.mineng.2019.02.009
https://doi.org/10.1016/j.mineng.2019.02.009
https://doi.org/10.1016/j.mineng.2016.01.009
https://doi.org/10.1016/j.hydromet.2004.06.004
https://doi.org/10.1016/j.hydromet.2019.05.006
https://doi.org/10.1007/s12613-018-1621-8
https://doi.org/10.3844/ajassp.2015.857.864
https://doi.org/10.3844/ajassp.2015.857.864
https://doi.org/10.1021/es049514e
https://doi.org/10.1021/ie060651p
https://doi.org/10.1021/ie060651p
https://doi.org/10.1021/ic50137a038
https://doi.org/10.1021/jp962661h
https://doi.org/10.1021/jp962661h
https://doi.org/10.1515/HF.2005.019
https://doi.org/10.1016/j.watres.2005.08.006
https://doi.org/10.1021/ed070p12
https://doi.org/10.1016/S0892-6875(00)00172-2
https://doi.org/10.1021/ja01503a010
https://doi.org/10.1021/ja01503a010
https://doi.org/10.1016/S0304-386X(03)00078-1
https://doi.org/10.1007/BF03215257
https://doi.org/10.1016/j.hydromet.2018.02.016
https://doi.org/10.1021/ic9023025
https://doi.org/10.1021/ic700992u
https://doi.org/10.1016/S0304-386X(02)00078-6
https://doi.org/10.1016/S0304-386X(02)00078-6
https://doi.org/10.1021/jp400339u
https://doi.org/10.1021/jp400339u
https://doi.org/10.1016/j.mineng.2019.02.009
https://doi.org/10.1016/j.mineng.2019.02.009
https://doi.org/10.1016/j.mineng.2016.01.009
https://doi.org/10.1016/j.hydromet.2004.06.004
https://doi.org/10.1016/j.hydromet.2019.05.006
https://doi.org/10.1007/s12613-018-1621-8
https://doi.org/10.3844/ajassp.2015.857.864
https://doi.org/10.3844/ajassp.2015.857.864

430

(84]

[88]

[92]

[99]

E. Martens, H. Prommer, X.W. Dai, M.Z. Wu, J. Sun, P.
Breuer, and A. Fourie, Feasibility of electrokinetic in situ
leaching of gold, Hydrometallurgy, 175(2018), p. 70.

R.K. Nadirov, L.I. Syzdykova, and A.K. Zhussupova,
Electrochemical recovery of gold from concentrate by us-
ing sulfur—graphite electrode as the leaching agent source,
J. Chem. Technol. Metall., 53(2018), No. 3, p. 556.

P.L. Breuer and M.I. Jeffrey, An electrochemical study of
gold leaching in thiosulfate solutions containing copper
and ammonia, Hydrometallurgy, 65(2002), No. 2-3, p.
145.

S.C. Zhang and M.J. Nicol, An electrochemical study of
the dissolution of gold in thiosulfate solutions. Part II. Ef-
fect of Copper, J. Appl. Electrochem., 35(2005), No. 3, p.
339.

S.C. Zhang and M.J. Nicol, An electrochemical study of
the dissolution of gold in thiosulfate solutions Part I: Al-
kaline solutions, J. Appl. Electrochem., 33(2003), No. 9,
p. 767.

E.A. Oraby, R.E. Browner, and H.R. Nikraz, Effect of sil-
ver in thiosulfate leaching of gold-silver alloys in the
presence of copper and ammonia relative to pure gold and
silver, Miner. Process. Extr. Metall. Rev., 35(2014), No. 2,
p. 136.

G. Senanayake, Gold leaching by thiosulphate solutions:
A critical review on copper(I)-thiosulphate—oxygen inter-
actions, Miner. Eng., 18(2005), No. 10, p. 995.

X.M. Zhang and G. Senanayake, A review of ammoniacal
thiosulfate leaching of gold: An update useful for further
research in non-cyanide gold lixiviants, Miner. Process.
Extr. Metall. Rev., 37(2016), No. 6, p. 385.

M.L Jeffrey, J. Zheng, and I.M. Ritchie, The development
of a rotating electrochemical quartz crystal microbalance
for the study of leaching and deposition of metals, Meas.
Sci. Technol., 11(2000), No. 5, p. 560.

S. Joshi and E. Asselin, Kinetics of gold leaching in al-
kaline sulfide solutions, [in] Proceedings of the 50th An-
nual Conference of Metallurgists of CIM, Montreal, 2011,
p. 341.

P.L. Breuer and M.I. Jeffrey, Thiosulfate leaching kinet-
ics of gold in the presence of copper and ammonia, Miner.
Eng., 13(2000), No. 10-11, p. 1071.

M.L Jeffrey, Kinetic aspects of gold and silver leaching in
ammonia—thiosulfate solutions, Hydrometallurgy,
60(2001), No. 1, p. 7.

A.G. Zelinsky and O.N. Novgorodtseva, EQCM study of
the dissolution of gold in thiosulfate solutions, Hydrome-
tallurgy, 138(2013), p. 79.

A. Porvali, L. Rintala, J. Aromaa, T. Kaartinen, O. Forsen,
and M. Lundstrom, Thiosulfate—copper—ammonia leach-
ing of pure gold and pressure oxidized concentrate, Physi-
cochem. Probl. Miner. Process., 53(2017), No. 2, p. 1079.

E.S.A. Oraby and M.I. Jeffrey, An electrochemical study
of the dissolution of pure gold and gold-silver alloys in
thiosulfate leach solutions, ECS Trans., 28(2010), No. 6,
p. 237.

O. Sitando, X. Dai, G. Senanayake, and A.N. Nikoloski,

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Int. J. Miner. Metall. Mater., Vol. 27, No. 4, Apr. 2020

Gold dissolution in non-ammoniacal thiosulphate solu-
tions: Comparison of fundamentals and leaching studies,
[in] World Gold Conference 2015, Johannesburg, 2015,
p- 1.

A.P. Chandra and A.R. Gerson, The mechanisms of pyrite
oxidation and leaching: A fundamental perspective, Surf.
Sci. Rep., 65(2010), No. 9, p. 293.

Y.Y. Huai, C. Plackowski, and Y.J. Peng, The surface
properties of pyrite coupled with gold in the presence of
oxygen, Miner. Eng., 111(2017), p. 131.

H.P. Wang, A review on process-related characteristics of
pyrrhotite, Miner. Process. Extr. Metall. Rev., 29(2008),
No. 1, p. 1.

Z H. Fang, Z.J. Li, W. Shi, and B.L. Han, Gold leaching
of a residue containing elemental sulfur with lime added
under pressurized oxygen, Chin. J. Process Eng., 2(2002),
No. 1, p. 17.

M. Melashvili, C. Fleming, 1. Dymov, D. Matthews, and
D. Dreisinger, Dissolution of gold during pyrite oxidation
reaction, Miner. Eng., 87(2016), p. 2.

M. Melashvili, C. Fleming, I. Dymov, D. Matthews, and
D. Dreisinger, Equation for thiosulphate yield during pyr-
ite oxidation, Miner. Eng., 74(2015), p. 105.

B. Xu, K. Li, Q. Zhong, Q. Li, Y.B. Yang, and T. Jiang,
Study on the oxygen pressure alkaline leaching of gold
with generated thiosulfate from sulfur oxidation, Hydro-
metallurgy, 177(2018), p. 178.

X.L. Zhang, C.B. Sun, Y. Xing, J. Kou, and M. Su,
Thermal decomposition behavior of pyrite in a mi-
crowave field and feasibility of gold leaching with gener-
ated elemental sulfur from the decomposition of gold-
bearing sulfides, Hydrometallurgy, 180(2018), p. 210.

M. Benzaazoua, P. Marion, F. Robaut, and A. Pinto, Gold-
bearing arsenopyrite and pyrite in refractory ores: Analyt-
ical refinements and new understanding of gold miner-
alogy, Mineral. Mag., 71(2007), No. 2, p. 123.

S.H. Zhang, Y.J. Zheng, P. Cao, C.H. Li, S.Z. Lai, and
X.J. Wang, Process mineralogy characteristics of acid
leaching residue produced in low-temperature roasting-
acid leaching pretreatment process of refractory gold con-
centrates, Int. J. Miner. Metall. Mater., 25(2018), No. 10,
p. 1132.

X. Dai and M.L. Jeffrey, The effect of sulfide minerals on
the leaching of gold in aerated cyanide solutions, Hydro-
metallurgy, 82(2006), No. 3-4, p. 118.

B. Xu, Y.B. Yang, Q. Li, T. Jiang, X. Zhang, and G .H. Li,
Effect of common associated sulfide minerals on
thiosulfate leaching of gold and the role of humic acid ad-
ditive, Hydrometallurgy, 171(2017), p. 44.

A.D. Bas, E. Ghali, and Y. Choi, A review on electro-
chemical dissolution and passivation of gold during cyan-
idation in presence of sulphides and oxides, Hydrometal-
lurgy, 172(2017), p. 30.

R. Kim and A. Ghahreman, The effect of ore mineralogy
on the electrochemical gold dissolution behavior in vari-
ous cyanide and oxygen concentrations; Effect of sulfidic
ores containing heavy metals, Hydrometallurgy,


https://doi.org/10.1016/j.hydromet.2017.10.020
https://doi.org/10.1016/S0304-386X(02)00086-5
https://doi.org/10.1007/s10800-004-7469-9
https://doi.org/10.1023/A:1025502303122
https://doi.org/10.1080/08827508.2012.725684
https://doi.org/10.1016/j.mineng.2005.01.006
https://doi.org/10.1080/08827508.2016.1218872
https://doi.org/10.1080/08827508.2016.1218872
https://doi.org/10.1088/0957-0233/11/5/317
https://doi.org/10.1088/0957-0233/11/5/317
https://doi.org/10.1016/S0892-6875(00)00091-1
https://doi.org/10.1016/S0892-6875(00)00091-1
https://doi.org/10.1016/S0304-386X(00)00151-1
https://doi.org/10.1016/j.hydromet.2013.06.012
https://doi.org/10.1016/j.hydromet.2013.06.012
https://doi.org/10.1016/j.surfrep.2010.08.003
https://doi.org/10.1016/j.surfrep.2010.08.003
https://doi.org/10.1016/j.mineng.2017.06.013
https://doi.org/10.1016/j.mineng.2015.07.017
https://doi.org/10.1016/j.mineng.2015.02.004
https://doi.org/10.1016/j.hydromet.2018.03.006
https://doi.org/10.1016/j.hydromet.2018.03.006
https://doi.org/10.1016/j.hydromet.2018.07.012
https://doi.org/10.1180/minmag.2007.071.2.123
https://doi.org/10.1007/s12613-018-1664-x
https://doi.org/10.1016/j.hydromet.2006.03.005
https://doi.org/10.1016/j.hydromet.2006.03.005
https://doi.org/10.1016/j.hydromet.2017.04.006
https://doi.org/10.1016/j.hydromet.2017.06.021
https://doi.org/10.1016/j.hydromet.2017.06.021
https://doi.org/10.1016/j.hydromet.2018.12.022
https://doi.org/10.1016/j.hydromet.2017.10.020
https://doi.org/10.1016/S0304-386X(02)00086-5
https://doi.org/10.1007/s10800-004-7469-9
https://doi.org/10.1023/A:1025502303122
https://doi.org/10.1080/08827508.2012.725684
https://doi.org/10.1016/j.mineng.2005.01.006
https://doi.org/10.1080/08827508.2016.1218872
https://doi.org/10.1080/08827508.2016.1218872
https://doi.org/10.1088/0957-0233/11/5/317
https://doi.org/10.1088/0957-0233/11/5/317
https://doi.org/10.1016/S0892-6875(00)00091-1
https://doi.org/10.1016/S0892-6875(00)00091-1
https://doi.org/10.1016/S0304-386X(00)00151-1
https://doi.org/10.1016/j.hydromet.2013.06.012
https://doi.org/10.1016/j.hydromet.2013.06.012
https://doi.org/10.1016/j.surfrep.2010.08.003
https://doi.org/10.1016/j.surfrep.2010.08.003
https://doi.org/10.1016/j.mineng.2017.06.013
https://doi.org/10.1016/j.mineng.2015.07.017
https://doi.org/10.1016/j.mineng.2015.02.004
https://doi.org/10.1016/j.hydromet.2018.03.006
https://doi.org/10.1016/j.hydromet.2018.03.006
https://doi.org/10.1016/j.hydromet.2018.07.012
https://doi.org/10.1180/minmag.2007.071.2.123
https://doi.org/10.1007/s12613-018-1664-x
https://doi.org/10.1016/j.hydromet.2006.03.005
https://doi.org/10.1016/j.hydromet.2006.03.005
https://doi.org/10.1016/j.hydromet.2017.04.006
https://doi.org/10.1016/j.hydromet.2017.06.021
https://doi.org/10.1016/j.hydromet.2017.06.021
https://doi.org/10.1016/j.hydromet.2018.12.022

C.B. Sun et al., A review of gold extraction using noncyanide lixiviants: Fundamentals, advancements, and ...

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

184(2019), p. 75.

M.L Jeffrey and P.L. Breuer, The cyanide leaching of gold
in solutions containing sulfide, Miner. Eng., 13(2000), No.
10-11, p. 1097.

A. Azizi, C.F. Petre, C. Olsen, and F. Larachi, Electro-
chemical behavior of gold cyanidation in the presence of a
sulfide-rich industrial ore versus its major constitutive
sulfide minerals, Hydrometallurgy, 101(2010), No. 3-4, p.
108.

A. Briceno and S. Chander, Oxidation of hydrosulphide
ions on gold Part I: A cyclic voltammetry study, J. Appl.
Electrochem., 20(1990), No. 3, p. 506.

R. Woods, D.C. Constable, and I.C. Hamilton, A rotating
ring disc electrode study of the oxidation of sulfur(-II)
species on gold and sulfide minerals, /nt. J. Miner. Pro-
cess., 27(1989), No. 3-4, p. 309.

I.C. Hamilton and R. Woods, An investigation of the de-
position and reactions of sulphur on gold electrodes, J. Ap-
pl. Electrochem., 13(1983), No. 6, p. 783.

D.G. Wierse, M.M. Lohrengel, and J.W. Schultze, Elec-
trochemical properties of sulfur adsorbed on gold elec-
trodes, J. Electroanal. Chem. Interfacial Electrochem.,
92(1978), No. 2, p. 121.

A.G. Zelinsky, RDE study of thiosulfate oxidation on
gold, J. Electroanal. Chem., 735(2014), p. 111.

K.A. Bagdasaryan, M.L. Episkoposyan, K.A. Ter-
Arakelyan, and G.G. Babayan, The kinetics of the dissolu-
tion of gold and silver in sodium thiosulfate solutions,
Sov. J. Non-ferrous Met., 376(1983), p. 64.

K.A. Ter-Arakelyan, K.A. Bagdasaryan, A.G. Oganyan,
R.T. Mkrtchyan, G.G. Babayan, On technological expedi-
ency of sodium thiosulphate usage for gold extraction
from raw material, Izv. V.U.Z. Tsvetn. Metall., (1984), p.
72.

J.Y. Chen, T. Deng, G.C. Zhu, and J. Zhao, Leaching and
recovery of gold in thiosulfate based system—A research
summary at ICM, Trans. Indian Inst. Met., 49(1996), No.
6, p. 841.

M.L Jeffrey, K. Watling, G.A. Hope, and R. Woods, Iden-
tification of surface species that inhibit and passivate
thiosulfate leaching of gold, Miner. Eng., 21(2008), No. 6,
p. 443.

AM. Pedraza, 1. Villegas, P.L. Freund, and B. Chornik,
Electro-oxidation of thiosulphate ion on gold: Study by
means of cyclic voltammetry and Auger electron spectro-
scopy, J. Electroanal. Chem. Interfacial Electrochem.,
250(1988), No. 2, p. 443.

J.Y. Baron, J. Mirza, E.A. Nicol, S.R. Smith, J.J. Leitch,
Y. Choi, and J. Lipkowski, SERS and electrochemical
studies of the gold—electrolyte interface under thiosulfate
based leaching conditions, Electrochim. Acta, 111(2013),

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

431

p. 390.

K.M. Watling, G.A. Hope, M.L. Jeffrey, and R. Woods,
Surface products on gold leached in ammoniacal
copper(1l) thiosulfate solution, ECS Trans., 2(2006), No.
3,p. 121.

K.M. Watling, Spectroelectrochemical Studies of Surface
Species in the Gold/Thiosulfate System [Dissertation],
Griffith University, Queensland, 2007, p. 242.

E.A. Nicol, J.Y. Baron, J. Mirza, J.J. Leitch, Y. Choi, and
J. Lipkowski, Surface enhanced Raman spectroscopy stud-
ies of the passive layer formation in gold leaching from
thiosulfate solutions in the presence of cupric ion, J. Solid
State Electrochem., 18(2014), No. 5, p. 1469.

Y.H. Nie, Q. Yu, X.Z. Hu, F.T. Zi, and H. Yu, The effect
of ammonia on the anodic process of gold in copper-free
thiosulfate solution, J. Electrochem. Soc., 163(2016), No.
5, p. 123.

S.R. Smith, J.J. Leitch, C.Q. Zhou, J. Mirza, S.B. Li, X.D.
Tian, Y.F. Huang, Z.Q. Tian, J.Y. Baron, Y. Choi, and J.
Lipkowski, Quantitative SHINERS analysis of temporal
changes in the passive layer at a gold electrode surface in
a thiosulfate solution, Anal. Chem., 87(2015), No. 7, p.
3791.

J. Mirza, S.R. Smith, J.Y. Baron, Y. Choi, and J. Lip-
kowski, A SERS characterization of the stability of poly-
thionates at the gold—electrolyte interface, Surf. Sci.,
631(2015), p. 196.

M.A. Huergo, L. Giovanetti, M.S. Moreno, C.M. Maier,
F.G. Requejo, R.C. Salvarezza, and C. Vericat, New in-
sight into the chemical nature of the plasmonic nanostruc-
tures synthesized by the reduction of Au(Ill) with sulfide
species, Langmuir, 33(2017), No. 27, p. 6785.

P.G. Lustemberg, C. Vericat, G.A. Benitez, M.E. Vela, N.
Tognalli, A. Fainstein, M.L. Martiarena, and R.C. Sal-
varezza, Spontaneously formed sulfur adlayers on gold in
electrolyte solutions: Adsorbed sulfur or gold sulfide?, J.
Phys. Chem. C, 112(2008), No. 30, p. 11394.

R. Woods, G.A. Hope, K.M. Watling, and M.I. Jeffrey, A
spectroelectrochemical study of surface species formed in
the gold/thiosulfate system, J. Electrochem. Soc.,
153(2006), No. 7, p. 105.

Y. Mikhlin, M. Likhatski, Y. Tomashevich, A. Ro-
manchenko, S. Erenburg, and S. Trubina, XAS and XPS
examination of the Au—S nanostructures produced via the
reduction of aqueous gold(Ill) by sulfide ions, J. Electron.
Spectrosc. Relat. Phenom., 177(2010), No. 1, p. 24.

J.A. Rodriguez, J. Dvorak, T. Jirsak, G. Liu, J. Hrbek, Y.
Aray, and C. Gonzalez, Coverage effects and the nature of
the metal—sulfur bond in S/Au (111): High-resolution pho-
toemission and density-functional studies, J. Am. Chem.
Soc., 125(2003), No. 1, p. 276.


https://doi.org/10.1016/S0892-6875(00)00093-5
https://doi.org/10.1016/j.hydromet.2009.12.004
https://doi.org/10.1007/BF01076064
https://doi.org/10.1007/BF01076064
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1016/S0022-0728(78)80173-9
https://doi.org/10.1016/j.jelechem.2014.10.018
https://doi.org/10.1016/j.mineng.2008.01.006
https://doi.org/10.1016/0022-0728(88)85183-0
https://doi.org/10.1016/j.electacta.2013.07.195
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1149/2.0441605jes
https://doi.org/10.1021/ac504433t
https://doi.org/10.1016/j.susc.2014.05.019
https://doi.org/10.1021/acs.langmuir.7b01168
https://doi.org/10.1021/jp8029055
https://doi.org/10.1021/jp8029055
https://doi.org/10.1149/1.2195889
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1021/ja021007e
https://doi.org/10.1021/ja021007e
https://doi.org/10.1016/S0892-6875(00)00093-5
https://doi.org/10.1016/j.hydromet.2009.12.004
https://doi.org/10.1007/BF01076064
https://doi.org/10.1007/BF01076064
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1016/S0022-0728(78)80173-9
https://doi.org/10.1016/j.jelechem.2014.10.018
https://doi.org/10.1016/j.mineng.2008.01.006
https://doi.org/10.1016/0022-0728(88)85183-0
https://doi.org/10.1016/j.electacta.2013.07.195
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1149/2.0441605jes
https://doi.org/10.1021/ac504433t
https://doi.org/10.1016/j.susc.2014.05.019
https://doi.org/10.1021/acs.langmuir.7b01168
https://doi.org/10.1021/jp8029055
https://doi.org/10.1021/jp8029055
https://doi.org/10.1149/1.2195889
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1021/ja021007e
https://doi.org/10.1021/ja021007e
https://doi.org/10.1016/S0892-6875(00)00093-5
https://doi.org/10.1016/j.hydromet.2009.12.004
https://doi.org/10.1007/BF01076064
https://doi.org/10.1007/BF01076064
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1016/S0022-0728(78)80173-9
https://doi.org/10.1016/j.jelechem.2014.10.018
https://doi.org/10.1016/j.mineng.2008.01.006
https://doi.org/10.1016/0022-0728(88)85183-0
https://doi.org/10.1016/j.electacta.2013.07.195
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1149/2.0441605jes
https://doi.org/10.1021/ac504433t
https://doi.org/10.1016/j.susc.2014.05.019
https://doi.org/10.1021/acs.langmuir.7b01168
https://doi.org/10.1021/jp8029055
https://doi.org/10.1021/jp8029055
https://doi.org/10.1149/1.2195889
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1021/ja021007e
https://doi.org/10.1021/ja021007e
https://doi.org/10.1016/S0892-6875(00)00093-5
https://doi.org/10.1016/j.hydromet.2009.12.004
https://doi.org/10.1007/BF01076064
https://doi.org/10.1007/BF01076064
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1016/0301-7516(89)90071-9
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1007/BF00615828
https://doi.org/10.1016/S0022-0728(78)80173-9
https://doi.org/10.1016/j.jelechem.2014.10.018
https://doi.org/10.1016/j.mineng.2008.01.006
https://doi.org/10.1016/0022-0728(88)85183-0
https://doi.org/10.1016/j.electacta.2013.07.195
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1007/s10008-013-2320-z
https://doi.org/10.1149/2.0441605jes
https://doi.org/10.1021/ac504433t
https://doi.org/10.1016/j.susc.2014.05.019
https://doi.org/10.1021/acs.langmuir.7b01168
https://doi.org/10.1021/jp8029055
https://doi.org/10.1021/jp8029055
https://doi.org/10.1149/1.2195889
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1016/j.elspec.2009.12.007
https://doi.org/10.1021/ja021007e
https://doi.org/10.1021/ja021007e

