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Abstract

In gold hydrometallurgical leaching, oxidation plays a decisive role in pretreating
refractory ores and cyanide-free leaching. For refractory sulfide ores, the liberation of
encapsulated gold from the sulfide matrix under strong oxidative conditions is essential
prior to leaching. Likewise, gold leaching by cyanide-free systems requires sufficient
oxidizing environments for driving gold dissolution. Accordingly, this study focuses on
the development of highly efficient advanced chemical oxidation processes, mainly
based on free radical chemistry and coordination chemistry, to enhance gold liberation
from refractory pyrite ore (Chapter III), and to achieve efficient and stable gold
leaching by eco-friendly thiourea (Chapter IV), thiosulfate (Chapters V and VI), and
iodide (Chapter VII).

In this thesis, Chapter I briefly introduced the justification and objectives of this
research. Chapter II comprehensively reviewed the previous research state of
pretreating refractory sulfide ores and gold leaching in cyanide-free systems, namely,
the antecedents. Chapter III develops a stepwise chemical oxidation process for
pretreating a refractory pyrite concentrate by employing persulfate-activated hydroxyl
radical (*OH), in which heat-activation at 55 °C initiated pyrite Step I oxidation
(14.20%), and the pyrite dissolved Fe ions activation sustained pyrite Step II oxidation
to 40.13%, thereby greatly increased Au and Ag liberation (Au 92.2% and Ag 88.6%
by thiosulfate leaching). Chapter IV demonstrates that free radicals, generated from the
Fenton reaction (Fe?’'/H20;), enable fast gold dissolution in acidic thiourea media,
achieving complete gold leaching from a roasted concentrate within only 30 min.
Moreover, using nitrilotriacetic acid (NTA) to complex Fe?"/Fe*" ions can regulate the
moderate superoxide radical anion (¢O;") as the reactive oxidizing species, which
effectively suppresses harmful thiourea degradation. Chapter V focuses on using
electrochemical methods to investigate the dissolution behavior of gold in the
thiosulfate system by employing copper(Il)-glycine complexes as the oxidant. The
results show that Cu(C2H4NO2);™ in strongly alkaline media promotes gold dissolution
more effectively than Cu(C2HsNO2),? under near-neutral conditions, as evidenced by
faster interfacial electron-transfer kinetics and reduced interface passivation. Chapter
VT uses pentetic acid (DTPA) to stabilize copper(Il) as the oxidant in thiosulfate gold
leaching. Ammonia (NH3), released in-situ from (NH4)2S203, can couple with
Cu(DTPA)* to form a more reactive [Cu(DTPA)(NH3)]*>~ complex, which achieved
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gold leaching from a roasted concentrate as high as 97.8%, while thiosulfate
consumption remained as low as 8.7 kg/t. Chapter VII presents a novel copper
(ITI)/potassium iodide system for gold leaching under near-neutral conditions (pH 5.5),
which achieves 94.1% from a gold ore within 60 min and 96.6% from e-waste within
20 min. In this system, copper(IIl) periodate acts as a catalyst to in-situ generate
triiodide (I37) from iodide (I"), which serves as the reactive oxidizing species driving

gold dissolution.

Keywords: Refractory sulfide gold ores, cyanide-free lixiviants, gold leaching,

oxidation, free radicals, copper complexes.
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Extended Abstract

Gold (Au) is an indispensable precious metal with extensive applications in
jewelry and electronics. Hydrometallurgical leaching remains the dominant route for
gold industrial extraction, yet two major challenges are increasingly constraining its
sustainable development: (i) currently exploited gold resources are becoming
progressively more refractory, especially when gold is encapsulated in sulfide minerals;
(i1) growing environmental pressure on cyanidation is driving the development of
cleaner cyanide-free gold leaching technologies. To address these challenges, this thesis
develops a series of advanced chemical oxidation processes based primarily on free-
radical chemistry and coordination chemistry, which enable the decomposition of
sulfide host minerals to liberate gold in refractory ores, while also providing
controllable oxidizing environments for cyanide-free gold leaching. The main findings

are summarized as follows:

A stepwise chemical oxidation process was developed for the pretreatment of a
refractory pyrite concentrate. In this design, pyrite oxidation is initiated by thermally
activated persulfate (55 °C), in which hydroxyl radicals (*OH) promote the rapid
oxidation of pyrite into soluble iron species. These dissolved iron species subsequently
act as in-situ activators of persulfate, sustaining further *OH generation and enabling
continuous pyrite oxidation at room temperature. Mineralogical and microstructural
characterization confirms that this oxidation treatment can significantly reduce pyrite
particle size, generate pores, and increase specific surface area, thereby exposing
previously encapsulated Au and Ag. As a result, downstream thiosulfate leaching was

markedly improved, achieving Au and Ag extractions of 92.2% and 88.6%, respectively.

A Fenton oxidation-assisted thiourea system was first established for cyanide-free
gold leaching, in which free radicals generated from the Fenton reaction (Fe?"/H202)
served as the reactive oxidizing species. This system enabled ultrafast leaching kinetics,
achieving 100% gold extraction from a roasted gold concentrate within 30 min. To
address the high thiourea consumption, nitrilotriacetic acid (NTA) was further
introduced as an additive, which provided two major benefits. First, its efficient
coordination with iron species suppressed side reactions between iron and thiourea.
Second, it reduced the reactivity of the Fe?"/Fe** redox couple toward H,O», thereby
regulating the generation of the mild superoxide radical anion (*O2") dominant. As a

result, thiourea consumption was markedly reduced from 45.6% to 11.84% while
\Y%
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maintaining high gold extraction (100% within 60 min).

In thiosulfate leaching, the dissolution behavior of gold in the presence of copper
(IT)-glycine complexes as oxidants was systematically investigated by electrochemical
methods. Electrochemical quartz crystal microbalance (EQCM) measurements
revealed that gold anodic dissolution is strongly dependent on the form of the copper
(I1)-glycine complex. Under strongly alkaline conditions (pH 10.5), the Cu(C2H4NO2)*~
complex exhibited better catalytic performance for gold anodic oxidation than the
Cu(C2HaNO»)? complex present under near-neutral conditions (pH 8). This superior
performance of Cu(C>HsNO>)’" is mainly associated with faster interfacial electron-
transfer kinetics and reduced interface passivation. Besides, gold dissolution mainly
proceeds through a ligand-exchange pathway from Au(CoHaNOz):™ to Au(S203)°,
which is beneficial for alleviating harmful surface passivation from sulfur-containing

products of thiosulfate decomposition.

To further stabilize the copper(Il) oxidant in thiosulfate leaching, pentetic acid
(DTPA) was used to construct a novel copper(Il)-DTPA oxidation system. The chelated
CuDTPA*" complex provides high stability to suppress thiosulfate consumption, while
ammonia (NH3) plays a crucial role in enhancing gold dissolution. Comparative
leaching experiments using (NH4)2S203 and NaxS203 indicate that NH3 promotes the
formation of a mixed [Cu(DTPA)(NH3)]*~ complex with higher redox reactivity than
CuDTPA*" alone. Under optimized conditions, gold leaching from a pretreated
concentrate reached 97.8%, with a low thiosulfate consumption of 8.7 kg/t. In particular,
this system shows great operational flexibility, because the benefits of (NH4)2S203 can
also be provided by low-cost Na>S>O3 together with a variety of ammonium salts, like
NH4OH, (NH4)2SO4, CH3COONH34, and NH4Cl.

An aqueous copper(Ill)/potassium iodide system was established that operates
efficiently over wide pH ranges from acidic to alkaline media and, notably, enables
rapid gold leaching under near-neutral conditions. At pH 5.5, the system achieved 94.1%
gold leaching in 60 min from a roasted concentrate and 96.6% in 20 min from waste
mobile phone printed circuit boards. Mechanistic investigation revealed pronounced
pH-dependent bifunctionality of copper(Ill) periodate: under alkaline conditions,
copper(Ill) acts as the reactive oxidant that directly drives gold dissolution, whereas at
lower pH it increasingly behaves as a catalyst that promotes the in-situ generation of

triiodide (I37), which is an effective oxidizing species in iodide leaching.

VI
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Overall, in this thesis, radical chemistry and coordination chemistry-based
oxidation processes have found promise in the pretreatment of refractory gold ores and
cyanide-free gold leaching. These findings could provide new mechanistic insights and
practical guidance for the advancement of greener, faster, and more sustainable gold

hydrometallurgical processes.

Keywords: Refractory sulfide ores, oxidation, gold leaching, thiosulfate, thiourea,

iodide, persulfate, Fenton reaction, copper(Il) complexes, copper(Ill) periodate.
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Chapter 1. Introduction
1.1 Justification

Gold has fascinating symbolic significance in jewelry, currency, financial assets,
and even culture throughout human history, while its uniquely physical properties
(electroconductivity, durability, malleability, and corrosion resistance) make it also
valuable in various modern industries such as electronics, medicine, and aerospace [1].
Although over 212k tons of gold exist above ground, it is estimated from the World
Gold Council that only about 64,000 tons of gold reserves remain to be mined [2].
What's more, the gold resource progressively shifts toward lower grades and greater
mineralogical complexity, that is, refractory gold ores becoming dominant, which
increases extraction difficulty in the existing hydrometallurgical process [3]. In parallel,
an equally important challenge is that growing environmental concerns are driving the
gold industry to move away from cyanidation, the most established gold extraction
method for a century, toward cleaner hydrometallurgical routes with lower toxicity [4].
Together, these trends highlight an urgent scientific and engineering need to redesign
gold-processing flowsheets that can maintain high efficiency for mineralogically
refractory ores while meeting increasingly stringent environmental requirements

through the use of more eco-friendly gold extraction systems.

For refractory gold ores, the biggest obstacle to extraction is that gold commonly
occurs as ultra-fine inclusions, is physically encapsulated, or becomes lattice-bound
within pyrite and related sulfides [5]. In such sulfide-hosted gold ores, conventional
crushing and grinding cannot effectively liberate the encapsulated or invisible gold
from the sulfide matrix and therefore fail to provide sufficient access for leaching
reagents to attack gold during cyanidation, resulting in very low extraction efficiency
(typically below 80% or less) [6]. For this reason, pretreatment, aiming to open the
sulfide matrix to improve gold liberation, is indispensable before leaching. Due to
sulfide minerals containing reduced sulfur, under sufficient oxidizing conditions, they
can be gradually broken down. So, oxidation can be an ideal pretreatment approach to
damage the sulfide matrix, expose the trapped gold, and make the ore much easier to
leach. While the established oxidation routes, e.g., roasting oxidation (high temperature)
[7], biooxidation (microorganism or bacteria) [8], and pressure oxidation (high
temperature and high pressure) [9], can be effective, they often involve unacceptable
drawbacks from the factory side, including equipment investment, gas handling, long

residence times, sensitivity to ore variability, and rigorous operational control.
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Consequently, this thesis is justified by the need for more controllable pretreatment
strategies to liberate gold from refractory sulfide gold ores, particularly focused on wet
chemical oxidation routes by only employing oxidizing agents under atmospheric

conditions, which are technically, economically, or environmentally attractive.

On the other end of the spectrum, cyanide-free gold leaching, for example, using
eco-friendly reagents like thiosulfate, thiourea, thiocyanate, or halide as a replacement
for toxic cyanide, can significantly lower environmental risks and have a broad base of
support [10]. However, compared with conventional cyanidation, gold leaching by
these greener alternatives is more difficult. Basically, gold leaching is based on the
complexing reaction between gold (I, III) and the leaching reagent, while an oxidizing
reaction is also required to convert the metallic gold to an ionized status simultaneously.
Thermodynamically, gold dissolution in cyanide solution is spontaneous only with
oxygen because cyanide greatly lowers the potential for gold oxidation by strongly
complexing gold(I) (logp = 38.3), so oxygen is good enough to meet the potential and
the role of oxidants [11]. However, those greener alternatives cannot complex with gold
as stably as cyanide, so gold dissolution can only occur at a higher potential, that is,
they need the leaching system to have stronger oxidizing ability. To achieve this, adding
oxidizing agents is a straightforward way to improve the solution potential and thus
oxidize gold, and theoretically, the stronger the oxidants, the faster the gold leaching
kinetics. But in practice, this does not happen because a stable and cost-efficient
oxidation system is hardly achieved, where the oxidizing ability of oxidants is always
poorly matched to the leaching reagent [12]. To be specific, the mild oxidants can not
offer quick gold dissolution, while inducing severe side reactions and non-selective
oxidation, for example, more side reactions and unavoidable oxidation of the leaching
reagent [13]. Thus, this thesis is justified by the need to design more efficient and
controlled oxidation processes that should provide a balance between gold leaching

efficiency and the system’s stability, especially minimizing non-productive reagent loss.

Overall, these two directions highlight wet-chemical oxidation as a central strategy
in both refractory ore pretreatment and cyanide-free gold leaching. For refractory
sulfide gold ores, oxidative decomposition of the sulfide host matrix using appropriate
oxidants is both technically feasible and highly desirable because of its potential
economic and environmental advantages. More importantly, in cyanide-free
hydrometallurgical systems, oxidation governs not only the kinetics of gold dissolution
but also the stability and consumption behavior of the lixiviant. Therefore, the oxidizing

environment of the system must be carefully regulated to achieve an effective balance
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between rapid gold dissolution and minimal reagent degradation. Achieving both
objectives requires the development of more efficient and better-controlled oxidation

processes.

1.2 Objective

1.2.1 General objective

To develop advanced chemical oxidation systems based on radical and
coordination chemistry for enhancing gold extraction from refractory sulfide ores and
enabling efficient cyanide-free leaching, while elucidating the underlying mechanisms

governing gold liberation and dissolution.
1.2.2 Specific objectives

(1) To develop a persulfate-based radical oxidation system for the pretreatment of
refractory sulfide gold ores, and to investigate the structural evolution of pyrite and its

effect on the liberation of encapsulated gold.

(2) To establish a Fenton-assisted thiourea system for cyanide-free gold leaching,
and to elucidate the role of reactive oxygen species in controlling gold dissolution

kinetics and thiourea stability.

(3) To elucidate the mechanistic role of Cu(Il)-glycine complexes in thiosulfate
leaching using electrochemical techniques, with emphasis on the influence of pH-

dependent speciation on gold dissolution and thiosulfate decomposition.

(4) To develop a Cu(Il)-DTPA-based oxidation system for thiosulfate leaching,
and to evaluate the role of complexation and ammonia in enhancing gold recovery and

reducing reagent consumption.

(5) To design a Cu(Ill)-based catalytic oxidation system in iodide leaching, and to
elucidate the reactive oxidative species and mechanisms governing gold dissolution

under varying pH conditions.
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Chapter II. Antecedents
2.1 Introduction

Gold (Au) has been used to make ornamental objects and jewelry for thousands of
years and has held a prominent place in the development and stabilization of the global
economy and world currency markets. Nowadays, its unique physical properties also
make it an important raw material in various high-tech industries such as electronics,
medicine, and aerospace [1-3]. This leads to high global gold demand; in 2023 alone,
gold consumption exceeded 4000 tons, resulting in extensive mining [4]. Over the past
decade, more than 38,000 tons of gold, worth over 3 trillion US dollars, have been
extracted. The excess mining made the extractable gold resource gradually shift toward
lower grades and higher mineralogical complexity, that is, refractory gold ores
becoming dominant, which makes efficient extraction by hydrometallurgy more
challenging. At the same time, the growing environmental concerns have put pressure
on the global gold industry to move away from toxic cyanidation, the most mature gold
extraction method, toward cleaner and more sustainable cyanide-free routes [5]. Two
trends define current gold-processing research and highlight an urgent scientific and
engineering need to redesign gold-processing flowsheets that can maintain high
efficiency for mineralogically refractory ores while meeting increasingly stringent
environmental requirements through the use of more eco-friendly gold extraction

systems.

For refractory gold ores, the biggest obstacle to extraction is that gold commonly
occurs as ultra-fine inclusions, is physically encapsulated, or becomes lattice-bound
within pyrite and related sulfides. In such sulfide-hosted gold ores, conventional
crushing and grinding cannot effectively liberate the encapsulated or invisible gold
from the sulfide matrix and therefore fail to provide sufficient access for leaching
reagents to attack gold during cyanidation, resulting in very low extraction efficiency
(typically below 80% or less) [6]. Based on this reason, pretreatment, aimed at opening
the sulfide matrix to improve gold liberation, is indispensable before leaching. Due to
sulfide minerals containing reduced sulfur, under sufficient oxidizing conditions, they
can be gradually broken down [7]. So, oxidation can be an ideal pretreatment approach
to damage the sulfide matrix, expose the trapped gold, and make the ore much easier to
leach [8]. On the other end of the spectrum, cyanide-free gold leaching, for example,
using eco-friendly reagents like thiosulfate, thiourea, thiocyanate, or halide as a

replacement for toxic cyanide, can significantly lower environmental risks and have a
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broad base of support. However, compared with conventional cyanidation, gold
leaching by these greener alternatives is more difficult. Basically, gold leaching is based
on the complexing reaction between gold(I or III) and the leaching reagent, while an
oxidizing reaction is also required to convert the metallic gold to an ionized status
simultaneously [9]. Thermodynamically, gold dissolution in cyanide solution is
spontaneous only with oxygen because cyanide greatly lowers the potential for gold
oxidation by strongly complexing gold(I), so oxygen is good enough to meet the
potential and the role of oxidants. However, those greener alternatives cannot
coordinate with gold as stably as cyanide, so gold dissolution can only occur at a higher
potential; that is, they need the leaching system to have a stronger oxidizing ability. To
achieve this, adding oxidizing agents is a straightforward way to improve the solution
potential and thus oxidize gold, and theoretically, the stronger the oxidants, the faster

gold leaching kinetics [10].

Overall, these two directions highlight that oxidation plays a critical role in both
refractory ore pretreatment and cyanide-free gold leaching. For refractory sulfide gold
ores, oxidative decomposition of the sulfide host matrix is technically feasible to
liberate the encapsulated gold. More importantly, in cyanide-free hydrometallurgical
systems, oxidation governs the kinetics of gold dissolution. Achieving both objectives
requires the development of more efficient and better-controlled oxidation processes.
In this review chapter, we critically compare the main oxidative routes (i.e., roasting
oxidation, bio-oxidation, pressure oxidation, and chemical oxidation) for the
pretreatment of refractory sulfide gold ores. We then synthesize progress in cyanide-
free gold leaching from an oxidation-centered perspective, emphasizing how oxidants
and coordination environments govern dissolution, stability, and reagent efficiency.
Finally, we emphasize the application potential of advanced chemical oxidation,
focusing on (1) radical-based oxidation (Fenton/persulfate chemistry) and (i1) transition
metal copper-based catalytic oxidation, as two useful oxidation processes more
effective and controllable in gold hydrometallurgy.

2.2 Research status on oxidative pretreatment of sulfide refractory gold
ore

2.2.1 Natural gold-bearing minerals

Gold occurs naturally as the metal and as various alloys, especially with silver, and
as intermetallic compounds (Table 2.1). Native gold and electrum are very common,;
the gold-tellurides (e.g., Calaverite, Kr ennerite, Sylvanite, Montbrayite, Petzite,

Nagyagite, and Kostovite) are uncommon, while the others (e.g., Aurostibnite and
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Maldonite) are very rare.

Table 2.1 Naturally occurring gold minerals and compounds [11]

Mineral Formula Au content Color
Native gold Au >75% Orange yellow
Electrum (Au, Ag) 45-75% Pale yellow to white
Calaverite AuTe; 39.2-42.8% White or creamy yellow
Krennerite (Au, Ag)Te> 39.7-43.9% Silver white

Grey, white, pale yellow

Sylvanite (Au, Ag)Tes 24.2-29.9% silver white
Montbrayite (Au,Sb)>Te; 38.6-44.3% Creamy white
Petzite AgiAuTe; 19.0-25.2% Lead-gray to black
Nagyagite  [Pb3(Pb,Sb)3S¢](Au,Te)s  7.4-10.2% Black grey
Kostovite CuAuTes ~25.2% Grayish white
Aurostibnite AuSb 43.5-50.9% White but tarnishes pink
Maldonite AwBi 64.5-65.1%  Silver white with pink tint

Gold occurs primarily in the form of native gold or as an alloy with Ag (electrum),
which represents the most common and economically important forms of gold in many
ores. Because Au and Ag form a continuous substitutional solid-solution series, there is
no sharp mineralogical boundary between native gold and electrum; instead,
compositions grade smoothly from Au-rich to Ag-rich alloys. Native gold is typically
high-fineness Au with minor Ag (less than 15 wt%), showing a metallic luster and a
characteristic deep yellow color that becomes lighter as Ag increases. Electrum refers
to the Ag-rich part of this Au-Ag series, commonly defined as higher than 20 wt% Ag,
and its appearance is correspondingly paler, ranging from yellowish to nearly white in
high-Ag compositions [12]. Some 70 to 75% of the gold in the deposit occurs as native
gold, but a further 20% occurs as tellurides. The remaining 5 to 10% is in the form of
invisible gold that has substituted into the crystal structures of various minerals or

occurs as minute particles.

Gold-bearing minerals that contain tellurium are called “gold tellurides”, which
were first identified in the Golden Mile deposits in May 1896 [13]. The simplest and
most common association of tellurium with gold is as the mineral calaverite AuTe:, but
other metal associations also occur. Silver associations give rise to the minerals petzite,
sylvanite, and krennerite. A gold-telluride association with antimony also occurs with
the mineral montbrayite, while kostovite has a copper-gold-tellurium association
[14]. Gold tellurides represent a major and, in some districts, economically dominant
form of gold occurrence. A classic example is the Golden Mile camp at Kalgoorlie

(Western Australia), which has been mined for more than a century and is widely
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regarded as a significant Au-(Ag) telluride system; its endowment is on the order of
~1450 t Au, with roughly ~20% of the gold hosted by telluride minerals [15]. Several
other well-known deposits also contain a substantial telluride-bound gold component,
including Cripple Creek (Colorado; ~875 t Au), Emperor (Fiji; ~360 t Au, with ~10—
50% of Au reported as tellurides), and Sacarimb (Romania) [16]. More recently, the
Sandaowanzi deposit (NE China, on the northeastern margin of the Great Xing’an
Range) has been reported to contain >25 t Au at an average grade of ~15 g/t [17].
Notably, this deposit has been described as an exceptional case in which precious-metal
tellurides constitute the principal gold-bearing ore phase, with >95% of the recovered

gold occurring in telluride.
2.2.2 Refractory sulfide gold ore

In mineral processing, gold ores are commonly classified as free-milling, mildly
refractory, moderately refractory and highly refractory (Table 2.2), where the free-
milling ore type has high gold recovery (>90%) by standard cyanidation, while the

refractory one has a recovery of lower than 90% [18].

Table 2.2 Classification of gold ore based on refractoriness

Gold Recovery Degree of Refractoriness
<50% Highly Refractory
50 - 80% Moderately Refractory
80 - 90% Mildly Refractory
>90% Free Milling

Gold ore refractoriness arises from several factors, including physical
encapsulation of native gold and electrum within host minerals, chemical binding of
gold as alloys with other metals (e.g., gold tellurides), the presence of submicroscopic
invisible gold within sulfide lattices, reactive gangue minerals that drive high cyanide
consumption, as well as preg-robbing carbonaceous matter that adsorbs dissolved gold
species [19]. As seen in Figure 2.1, free milling ores are typically gold liberation,
placers, quartz vein-lode ores, and oxidized ores, which generally show good
leachability when ground to 80% passing less than 75 pum [20]. With the evolving
landscape of gold mineral resource development and utilization, free milling ores are
continuously decreasing, while refractory ores are becoming important. Refractory ores
commonly include Fe/As-sulfide ores, Sb/Bi-bearing sulfide ores, telluride ores, and
carbonaceous sulfide ores, often showing poor leachability even after grinding.

Refractoriness typically results from gold being encapsulated in pyrite/pyrrhotite,
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present as solid solution or ultrafine inclusions in arsenopyrite and other As sulfides,
tied to Sb/Bi phases that impede cyanidation or host gold in complex inclusions/alloys,
bound in Au-Te minerals (e.g., calaverite, sylvanite, petzite), or preg-robbed by

carbonaceous matter.

Figure 2.1 Gold ore types based on mineralogical characteristics

Sulfide refractory gold ores are the most common type of refractory gold ore and
are typically dominated by pyrite or arsenopyrite hosts. As illustrated in Figure 2.2,
gold in sulfide ores can occur across a spectrum of textural associations, ranging from
readily liberated particles (Type 1) to progressively more refractory forms, including
gold along grain boundaries (Type 2), fully enclosed grains within pyrite/other sulfides
(Type 3), gold trapped at intergranular sulfide boundaries (Type 4), gold concentrated
in fractures/crystal defects within pyrite (Type 5), and colloidal particles or invisible-
gold present as solid solution/chemically bound Au in sulfide lattices (Type 6). In
sulfide refractory gold ores, gold deportment is commonly dominated by Types 3 to 6,
so grinding alone may not generate sufficient free gold surface area for efficient
cyanidation, because the sulfide host remains intact and/or gold occurs at submicron to
lattice-bound scales [21]. Microscopic gold inclusions in sulfide minerals cannot
typically be extracted by conventional cyanidation nor by many alternative lixiviants
(e.g., thiourea, thiosulfate, thiocyanate, halides, and so on). The gold ore must be
pretreated to oxidize sulfide minerals associated with gold and to remove other minerals
and chemical compounds that interfere with the cyanidation leaching process [22].
Consequently, oxidative pretreatment (e.g., roasting oxidation, pressure oxidation, bio-
oxidation, and chemical oxidation) is typically required to decompose sulfide minerals
(e.g., pyrite and arsenopyrite), create porosity, and convert locked or invisible gold into

a leachable form, thereby improving subsequent gold recovery.
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Figure 2.2 Schematic representation of gold associations with sulfide minerals [11]
2.2.3 Roasting oxidation

Roasting oxidation is the earliest pretreatment route for sulfide refractory gold ore.
When gold is only locked within pyrite (FeS»), upon roasting at high temperature (600
°C), the pyrite concentrate is converted into an iron-oxide-rich calcine (Fe>O3) with a
more open, porous texture and higher surface area, which promotes the exposure of
ultrafine gold for subsequent leaching (Eq. 2-1) [23]. In the meantime, sulfur is oxidized
mainly to SO,, which is typically captured to produce sulfuric acid rather than

atmospheric release [24].

4FeS> + 1102 — 2Fe203 + 8S0O» (2-1)

When arsenopyrite is dominant, it is first oxidized to magnetite (FesOa4), which is
further oxidized to hematite (Fe2Os), breaking down the encapsulation of gold (Egs. 2-
2 and 2-3). However, direct roasting can cause Fe;Os3 to undergo side reactions with
As20s5 at high temperature, forming a dense secondary encapsulation (FeAsO4) around
gold and thereby hindering subsequent gold leaching, as seen in Eq. (2-4) and Eq. (2-
5) [25]. Therefore, when the arsenic content is high, a two-stage roasting process is
adopted. The first stage is carried out under a mild temperature (400 to 500 °C) to
remove arsenic, and the second stage is performed under a strongly oxidizing
atmosphere (600 to 700 °C) for deep desulfurization [26]. Qin et al. [27] investigated a
refractory gold ore (<<50% gold cyanidation) with arsenopyrite by a “two-stage
roasting” process, the first stage was conducted at 500 °C for 45 min with an air flow
rate of 10 mL/min, followed by a second stage at 650 °C for 60 min with an air flow
rate of 100 mL/min. The results showed that two-stage roasting successfully removed
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arsenic (96.98%) and sulfur (97.19%), increasing the gold exposure to 84.11%.

Moreover, combining thiourea leaching enabled a total gold recovery of up to 98.06%.

12FeAsS +2902 — 6As03 +4Fe304 +12S02 (2-2)
4Fe304 + O2 — 6Fe203 (2-3)
4Fe203 + As203 + O2 — 2FeAsOq (2-4)
Fex03 + AsaOs — 2FeAsOq (2-5)

Roasting oxidation has undergone rapid innovation in both technologies and
equipment. Before the 1940s, rotary kilns and multi-hearth roasters were mainly used
to conduct roasting. After 1940, with industrial development, fluidized-bed roasters and
circulating fluidized-bed (CFB) roasters were introduced. After the 1980s, oxygen-
enriched fluidized-bed roasters emerged [28]. A summary of the first industrial
applications of various roasting technologies is provided in Table 2.3. Two-stage
roasting, CFB roasting, oxygen-enriched air roasting, and stabilization roasting are all
industrial processes all over the world. In recent years, pellet-coating roasting, flash
roasting, and microwave-assisted roasting have remained at the laboratory stage, with

no reported industrial applications [29].

Table 2.3 The industrial application of roasting technologies in history [28]

Name of Mine Country Year Roasting Technique Throughput

South . ‘
Goldfields Africa 1969 Single-stage roasting 250 t/d
Freepotr United ‘
1990 Two-st t 3200 t
McMoRan States 99 wo-stages roasting /d

Circulating fluidized bed

North Kalgoorlie Australia 1989 (CFB) roasting 575 t/d
United O -enriched ai
Sprott Mining WHeE gge  RYECHTERTICEC AL 3600 t/d
States roasting
United
Newmont e 1996 Stabilization roasting 2160 t/d
States
2.2.4 Biooxidation

Biooxidation achieves effective pretreatment of sulfide refractory gold ore by
employing specific groups of microorganisms, including bacteria, archaea, fungi,
eukaryotes, and so on. These microorganisms do not leach the gold itself; instead, they

facilitate the liberation of gold by decomposing the surrounding mineral structure into
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soluble or less refractory forms. The mechanism of bio-oxidation always involves
complicated biochemical or chemical reactions and generally works in two routes:

direct microbial oxidation and indirect bio-catalytic oxidation.

Direct microbial oxidation: fungi such as Phanerochaete chrysosporium adhere to
the surface of the sulfide minerals and initiate oxidation in the presence of dissolved
oxygen. Through enzymatic activity, the sulfur component in the sulfide matrix is
directly oxidized to sulfate ions (SO4>7), while iron is released as ferrous ions (FeSOs)
[30]. This reaction occurs without the accumulation of intermediate sulfur species, such
as elemental sulfur or thiosulfate, which is a distinctive feature of microbial catalysis

under these conditions [31].
2FeS> + 702 + 2H20 — 2FeSO4 + 2H2SO4 (2-6)

2FeAsS; + 1302 + 6H20 — 4FeSO4 + 4H3As04 (2-7)

Indirect bio-catalytic oxidation: ferrous iron (Fe*") is oxidized by microorganisms
to ferric iron (Fe*'), which acts as a powerful chemical oxidant to attack the
arsenopyrite or other sulfide-containing flotation concentrate, causing sulfide
dissolution and regeneration of Fe?" [32]. This cycle continues with the microbial
reoxidation of Fe** to Fe*', sustaining the oxidative environment. This indirect
mechanism significantly enhances the decomposition of sulfide matrices, and this bio-
catalytic regeneration of Fe®" is essential in maintaining the oxidative power of the
system over time. Microorganisms such as Acidithiobacillus ferrooxidans and At.
thiooxidans play distinct roles in this cycle: the former catalyzes iron oxidation, while

the latter contributes to sulfur oxidation, ultimately forming sulfuric acid [33].
4FeSO4+ Oz + 2H2SO4 — 2Fex(S04)3 + 2H20 (2-8)

2FeAsSy + 13Fex(S04)3 + 16H20O — 28FeSO4 + 2H3As04 + 13H2SO4 (2-9)

The world’s first gold plant using bio-oxidation pretreatment was commissioned
in 1986 at Fairview (South Africa), and the technology was subsequently adopted in the
United States, Australia, Ghana, China, and elsewhere. In practice, bio-oxidation of
sulfide refractory ore is usually operated under strongly acidic conditions (pH less than
1.5), enabling stable industrial application in China (e.g., 50 t/d at Liaoning Tianli Gold
Industry Co., Ltd., and 180 t/d at Shandong Humon Smelting Co., Ltd.) [34]. To reduce
acid consumption and broaden operating conditions, recent studies have shifted
attention toward near-neutral bio-oxidation. Guillermo et al. [35] reported that P

chrysosporium showed higher sulfide-oxidation efficiency at pH 5.8, increasing gold
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recovery by 2.4 %. However, studies also indicate that changes in the solution chemistry
and mineral matrix can hinder bio-oxidation; for instance, Li et al. [36] showed that
dissolution of common gangue minerals (feldspar > mica > quartz) can inhibit pyrite
bio-oxidation by releasing interfering ions, forming passivation products (e.g.,

FeSO4-H>0 and Fe(OH)SO4), and reshaping microbial communities.

Figure 2.3 General scheme of biooxidation for sulfides using P. chrysosporium [35]
2.2.5 Pressure oxidation

Pressure oxidation is a hydrometallurgical process to liberate encapsulated gold in
which gold-bearing sulfides are oxidatively decomposed in an acidic or alkaline
medium under elevated temperature, high pressure, and an oxygenated atmosphere [37].
The choice between acidic and alkaline is primarily governed by the abundance of
gangue minerals. When the gangue is dominated by alkaline-consuming components
such as quartz and silicates, an acidic condition is generally preferred; conversely, an
alkaline system is adopted when the ore contains gangue that is more problematic under

acidic conditions [38].

For acidic oxidation, H2SO4 is commonly used as the reaction medium, with
typical operating conditions of 180-225 °C, total pressure 2.0-3.5 MPa, oxygen partial
pressure 0.35-0.7 MPa, and a residence time of 0.5-2.0 h [39]. During pyrite oxidation,
iron is ultimately converted into stable iron oxides (Fe2O3), whereas arsenopyrite

undergoes a sequence of oxidation reactions in which arsenic is immobilized in the
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residue as environmentally benign ferric arsenate phases (FeAsQO4) [40]. However, iron
oxidation can also generate secondary precipitates; basic ferric sulfate (typically
favored at 160-200 °C and H2SOs higher than 20 g L") and potassium jarosite (typically
favored at 140-200 °C and H.SO4 higher than 20 g L) may form and re-encapsulate
liberated gold, reducing accessibility [41]. Therefore, acidic oxidation flowsheets often
include additional steps for phase transformation of basic ferric sulfate and
decomposition of jarosite to prevent secondary passivation and maximize gold

exposure [42].

Alkaline pressure oxidation is particularly suitable for refractory gold ores whose
gangue minerals are alkaline or weakly acidic [43]. Under alkaline conditions, sulfur
and iron in sulfide minerals such as pyrite and arsenopyrite are oxidatively decomposed
to form iron oxides and sulfates, while arsenic is converted into arsenate species (Eq.
(2-10) and Eq. (2-11)) [44]. Historically, alkaline pressure oxidation was first applied
in the alumina industry for extracting Al-Os from bauxite [45]; in 1988, Barrick Gold

commissioned the world’s first alkaline pressure oxidation plant.

4FeS; + 16NaOH + 1502 — 2Fe>03 + 8NaxSO4 + 8H,0 (2-10)

2FeAsS + 10NaOH + 702 — Fe2O3 + 2NaxSO4 + 2NazAsO4 + SH2O (2-11)
Pressure oxidation is environmentally attractive because it produces no harmful
off-gases and immobilizes arsenic as stable arsenate phases; however, it must be
performed in high-temperature, high-pressure autoclaves that require strong resistance
to acidic or alkaline media, which increases capital investment, maintenance costs, and
the demand for precise process control [46]. Moreover, for highly carbonaceous ores,
pressure oxidation is often less competitive than roasting, so synergistic pretreatment
strategies are frequently adopted to improve overall performance and economics. For
example, Lee et al. [47] studied alkaline pressure oxidation followed by mechanical
activation for the carbon- and sulfur-bearing refractory Goldstrike ore (United States)
and found that hematite formed during alkaline pressure oxidation could cause
secondary encapsulation of liberated gold, limiting gold extraction to 59.5%; in contrast,
subsequent mechanical activation (ball-to-ore ratio 5:1, pulp density 50 wt%, 60 mins)
reduced the particle size P80 from 56.5 micrometers to 8.54 micrometers and increased
gold extraction to 72.1% by thiosulfate leaching (0.2 mol/L Na»S>04 with 50 mg/L Cu?*
for 24 h), although further recovery was still constrained because residual gold occurred
as ultrafine grains (less than 2 um) locked in sulfides. Similarly, Boduen et al. [48]
evaluated combined bio-oxidation and pressure oxidation for a high-sulfur refractory

gold concentrate from the Bestobe deposit (Kazakhstan) and observed that direct
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cyanidation recovered only 58% gold, bio-oxidation alone (6 days) improved gold
recovery to 87% with 78.7% sulfur oxidation; importantly, the combined bio-oxidation
and pressure oxidation route delivered about 98% sulfur oxidation and about 97% gold
recovery. In this hybrid route, bio-oxidation partially removes sulfur prior to pressure
oxidation, allowing operation at higher slurry density and potentially lowering cyanide

consumption and overall processing costs.
2.2.6 Chemical oxidation

Chemical oxidation refers to the use of chemical oxidants to oxidatively break
down the sulfide host phases that encapsulate gold, thereby increasing gold exposure
and improving subsequent gold leaching. Early process reviews of refractory-gold
treatment explicitly recognize “chemical pretreatments” as a distinct family alongside
roasting, pressure oxidation, and biological oxidation. Chemical oxidants used mainly
include nitric acid (HNO3), ozone (O3), alkali (NaOH), and persulfate (S20s%").

2.2.6.1 Nitric acid oxidation

Nitric acid (HNO3) has a strong oxidation potential relative to refractory sulphide
ores, and several processes have been reported in the literature for nitric or nitrous acid
leaching of complex sulphide ores. Nitric oxide gas produced is further oxidized. The
NO produced from this process is used to prepare nitric acid, and a little of the NO is
oxidized to NO; [49].

2FeS; + 10HNO3; — H2SO4 + Fex(S04)3 + 10NO +4H>0 (2-12)
2FeAsS + 8HNO3 + H2SO4 — Fea(SO4)3 +2H3As04 + 8NO + 2H2O (2-13)

2NO + 0; — 2NO» (2-14)

The Nitrox process, which treats the ore for 1 to 2 h in nitric acid in the presence
of air at atmospheric pressure to oxidize pyrite and arsenopyrite before cyanidation,
claims to increase gold recoveries from 30% to 90% [50]. Gao et al. [51] studied the
oxidation pretreatment of high-arsenic refractory gold concentrate by dilute HNO3
under mild conditions, including particle size (50-335 pm), reaction temperature (25-
85 °C), initial acid concentration (10-30 wt.%), and stirring speed (400-800 rpm). It is
obvious that the iron leaching rate increases with the rise of initial HNO3 concentration,
reaction time, and stirring speed, but decreases with the increase of particle size.
Oxidation kinetics indicate that the rate of reaction is diffusion-controlled. The

activation energies were determined to be 10.70 kJ/mol in the 10% HNO; and
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12.25 kJ/mol in the 25% HNOs.

2.2.6.2 Alkali oxidation

Alkali oxidation is a chemical pretreatment in which a strong alkali (most
commonly NaOH or CaO) is added to the ore slurry while an oxidizing gas (air or O2)
is introduced, so that sulfide-hosted gold can be oxidatively decomposed and the
encapsulation of gold is opened. This approach is particularly effective for refractory
ores containing arsenic, sulfur, and even antimony, because oxidation in a highly
alkaline medium can transform these phases into more stable and leachable products.
Representative reactions involved in the alkaline oxidative breakdown of major sulfide

minerals include the following [52]:
2FeS; + 4NaOH + 302 — 2Fe(OH): + 2NaxS203 (2-15)

FeAsS +30;+ 2NaOH — FeAsO3 + NaxSO4 + H20 (2-16)

In practice, the pretreatment efficiency is strongly governed by alkali
concentration, temperature, and particle size: increasing alkali dosage and temperature,
and reducing particle size, generally accelerate the oxidation of sulfides and sulfosalts
and thus enhance gold exposure. Snyder and co-workers [53] reported that gold
recovery increased systematically with higher pretreatment temperature and higher
NaOH concentration. Alp and co-workers [54] summarized alkaline pretreatment for a
refractory antimony-gold ore and showed that higher temperature and finer grinding all
improved gold and silver extraction; alkaline pretreatment decomposed antimony
sulfide minerals, achieving up to 98% antimony removal, while increasing gold
extraction from below 49% to 83% and silver extraction from below 18% to 90%. Mesa
Espitia and co-workers [55] also demonstrated that NaOH pretreatment of an
arsenopyrite-rich refractory ore could raise gold extraction to 81%, whereas direct
cyanidation and thiosulfate leaching without pretreatment yielded only 23% and 29%,
respectively. Alp et al. [56] further reported that potassium hydroxide effectively
disrupted gold encapsulation by antimony-bearing phases, and higher KOH
concentration and temperature, together with finer particle size, increased gold and

silver extraction to 87.6% and 94.5%, respectively, with 85.5% antimony removal.

From a mineralogical perspective, Bidari and co-workers [57] used scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy and electron
probe microanalysis to characterize pyrite in an Iranian Carlin-type refractory ore and

found that gold tended to occur near the edges of cubic pyrite grains rather than at their
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centers; after alkaline oxidative pretreatment, gold extraction increased markedly,
consistent with enhanced access to edge-hosted and micro-inclusion gold once the

sulfide matrix was oxidatively weakened.

2.2.6.3 Ozone oxidation

Ozone oxidation is a chemical pretreatment in which ozone (Os) is introduced into
an ore slurry (typically by bubbling) to create a highly oxidizing environment that
partially oxidizes sulfide minerals. Ozone is a strong oxidant in both acidic and alkaline
media, with redox potentials of 2.07 V and 1.24 V, respectively [58]. This strong
oxidizing ability allows it to oxidize pyrite-hosted gold and even arsenopyrite-hosted
gold under relatively mild temperature and pressure. In practice, ozone can be delivered
as ozone bubbles, ozone-saturated water, or even ozone ice, and its effectiveness is
strongly governed by gas-liquid mass transfer and solution chemistry. Increasing the
ozone fraction in the carrying gas always increases the driving force for ozone transfer
into the aqueous phase and generally accelerates sulfide oxidation, promoting gold
liberation [59]. A key advantage is that ozonation can often be performed at near-
ambient conditions with comparatively simple equipment; however, large-scale
deployment has historically been limited by the capital and operating costs of ozone

generation, although improved generators and contactor designs have renewed interest.

Figure 2.4 A schematic diagram for ozone oxidation of sulfide-hosted gold ore [59]

Published studies consistently show that ozonation can substantially enhance gold
recovery from refractory materials. For example, Nava-Alonso and co-workers
compared indirect ozonation (repeated washing with ozone-saturated water) and direct
ozonation (bubbling ozone into the slurry) for two refractory Mexican ores. The indirect
method increased gold recovery for one sample from 53% to 88% and silver recovery

from 26% to 78%, while direct ozonation reduced the time required to reach maximum
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recovery (for silver) from 40 h to 24 h, indicating that ozonation can both improve
recovery and shorten leaching time depending on mineralogy and contact mode [60].
In a South African study on a double refractory ore, Bazhko and Yahorava reported that
direct cyanidation recovered only ~10% Au (increasing to 23% when resin was added,
evidencing preg-robbing). After acidifying the slurry to pH 1-2 and applying ozonation,
sulphide oxidation and partial deactivation of the preg-robbing component markedly
improved subsequent cyanidation performance, boosting Au recovery from ~10% to

~70% under the optimized acidic ozonation conditions [61].

2.2.6.4 Persulfate oxidation

Persulfate oxidation is a chemical pretreatment method in which peroxydisulfate
(S208*), typically added as sodium persulfate, potassium persulfate, and ammonium
persulfate, is used to oxidize sulfide minerals that encapsulate gold. The key feature of
this method is that persulfate can be activated (for example, by heat, ultraviolet
irradiation, ultrasound, or catalytic metal ions) to generate highly reactive oxidizing
species, especially the sulfate radical (SO4™) and, through secondary reactions, the
hydroxyl radical (*OH), both of which can aggressively attack sulfide lattices. Sulfate
radicals are widely recognized for their strong oxidation capability and relatively longer
lifetime compared with hydroxyl radicals, which helps sustain oxidation in

heterogeneous slurry systems [62].

Figure 2.5 Schematic diagram of persulfate oxidation of refractory sulfide gold ore
[63]

Recent hydrometallurgical studies have directly demonstrated the value of

persulfate oxidation for refractory gold materials. Barbouchi and co-workers developed
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a persulfate-based radical pretreatment for a refractory gold concentrate and showed
that direct cyanidation recovered only 62.6% gold, whereas persulfate activation
substantially improved extraction; among the activation modes evaluated, ultraviolet
and ultrasound were the most effective, giving 86.4% (ultrasound) and 88.1%
(ultraviolet) gold extraction after pretreatment, and probe tests indicated that sulfate and
hydroxyl radicals were the dominant oxidizing species responsible for
pyrite/arsenopyrite oxidation [63]. In a related study, Gui et al. reported that ultrasound-
activated persulfate efficiently disrupted pyrite structure and achieved a maximum gold
leaching efficiency of 86.9% after 3 h of pretreatment, with oxidation efficiency notably

higher than conventional thermal activation [64].

From a mineral chemistry perspective, persulfate oxidation can also strongly
modify arsenopyrite surfaces. For instance, sodium persulfate treatment was found to
oxidize arsenopyrite more strongly than some other sulfides (in flotation-separation
contexts) by promoting the formation of hydrophilic oxide species on the arsenopyrite
surface, evidence consistent with its ability to oxidatively “open” sulfide-hosted gold
textures in pretreatment applications [65]. Key controlling factors for persulfate
oxidation in gold pretreatment include oxidant dosage, activation mode, slurry pH/ORP,
particle size, and management of secondary products that may passivate surfaces. For
example, pyrite oxidation tests comparing strong oxidants found S>0s*" to be
particularly effective, with an optimum pH window reported around pH 6 for persulfate
in that study and oxidation efficiency reaching 76.51% after 6 h, attributed to sulfate-

radical formation via Fe?" activation [66].

Overall, persulfate oxidation is attractive because it can provide high oxidative
power under comparatively mild conditions and can be intensified through physical
activation (e.g., ultraviolet or ultrasound). Its main challenges are oxidant utilization
efficiency in slurries, potential radical scavenging by dissolved species, and sulfate-

bearing effluents that may require downstream water management.
2.3 Research status of gold oxidizing leaching in cyanide-free systems
2.3.1 General mechanism of gold oxidizing leaching

Due to its noble nature, gold exhibits remarkable resistance to oxidation and
corrosion in moisture, air, and most acidic or alkaline environments, dissolving only in
aqua regia, a 1:3 mixture of nitric acid and hydrochloric acid [67]. The extraction of

gold from its minerals is achieved through hydrometallurgical processes and must rely
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on the principles of coordination, wherein gold is transformed into a soluble ionic
complex through interaction with suitable ligands. The ligands that can coordinate with
gold are very limited, just cyanide (CN"), thiosulfate (S203%"), thiourea (CS(NH2)2),
thiocyanate (SCN"), halides (CI, I', Br), hydrogen sulfide (HS"), glycine
(NH>CH>COOH), ammonia (NHs), and sulfites (SO3>") are reported can stable complex
with gold in works of literature (Table 2.4). Among them, cyanide has been the
dominant lixiviant in the gold mining industry for over a century; in contrast, cyanide-
free lixiviants such as thiosulfate, thiourea, thiocyanate, and halide systems remain

largely in the experimental or pilot-scale stage, while others are rarely reported.

Table 2.4 Stability constants for gold complexes [68]

Ligand Au(I) or Au(Ill) complex logf32 or P4
CN™ Au(CN)2~ 38.3
S,05%" Au(S203)> 28.7
CS(NH2)> Au(NH>CSNH>)» 233
cr AuClz: 9.1
AuCly 253
Br AuBr>” 12
AuBry 32.8
I Auly” 18.6
Auls 47.7
HS™ Au(HS)2~ 29.9
NH; Au(NH3)," 26.5
Glycine Au(NH>CH2COO)>™ 18
SCN- Au(SCN)zi 17.1
Au(SCN)4 43.9
SOs%~ Au(SOs).* 15.4

Before the coordination with ligands, gold dissolution proceeds through an initial
oxidation step driven by multiple oxidants, wherein gold is transformed from Au(0) to
Au(I) or Au(Ill). This process can release electrons into the surrounding environment
to maintain electrochemical neutrality and prevent the buildup of excess electrons,
known as electrode polarization. A corresponding electron-accepting process (i.e.,
reduction of an oxidant) must occur simultaneously [69]. This redox balance underpins
an electrochemical model that effectively describes the dissolution behavior of gold, as
illustrated in Figure 2.6a. According to this model, oxidation and coordination are
coupled to an anode, while the cathode primarily facilitates the electron-accepting
reduction of the oxidant [70].
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Figure 2.6 (a) Electrochemical model of gold dissolution. (b) Operating Eh-pH

regions for different gold lixiviants [71]

Building on this electrochemical framework, the Eh-pH diagram (Figure 2.6b)
highlights the central importance of the oxidant: gold can only be activated for
dissolution when the solution maintains an Eh high enough to oxidize Au(0) into
Au(I)/Au(Ill) within the relevant pH window. In conventional cyanidation, the
exceptionally stable Au(CN)>™ (logB 38.3) facilitates dissolution at a comparatively
lower oxidative driving force, so dissolved O: supplied by air/oxygen is commonly
sufficient to serve as the cathodic electron acceptor [72]. In contrast, many non-cyanide
lixiviant systems require a more demanding redox environment and are more sensitive
to Eh decay; for example, thiosulfate leaching typically relies on Cu(Il) (often with NH3)
to mediate gold oxidation, while thiourea leaching commonly needs relatively strong
oxidants (Fe(Ill)) yet also benefits from careful potential control to suppress parasitic
oxidation of the lixiviant. Accordingly, research on non-cyanide gold leaching is largely
centered on oxidant selection and oxidation-process control to achieve fast, stable, and

reagent-efficient dissolution [73].
2.3.2 Thiosulfate leaching with Cu(Il) as oxidant

Thiosulfate leaching is a non-cyanide route in which the active lixiviant is the
thiosulfate anion (S203%"). Once gold is oxidized to Au(l), it is rapidly stabilized in
solution as the highly soluble bis-thiosulfate complex Au(S203),*", which drives
continued dissolution by removing Au(I) from the metal surface and shifting the
equilibrium forward. As schematically shown in Figure 2.7a, the practical system relies
on the Cu(II)-NH3 complex to initiate and sustain gold oxidation. In anodic micro-
regions on the gold surface, cupric ammine Cu(NH3)4*" oxidizes Au(0) to Au(I); Au(l)

can be transiently stabilized by Au(NH3):" and is then rapidly converted via ligand
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exchange to the more stable Au(S203)>>". In cathodic regions, Cu(Il) is reduced to Cu(I)
(often present as thiosulfate complexes), and dissolved O in air re-oxidizes Cu(I) back
to Cu(Il), closing the redox-catalytic cycle. Overall, NH3 is essential because it keeps
Cu(II) soluble in alkaline media and accelerates effective Au(I) capture by thiosulfate
[74]. Nevertheless, a major drawback highlighted in Figure 2.7b is the parasitic
oxidation/decomposition of thiosulfate that leads to excessive reagent consumption:
S»032" can be oxidized by Cu(NH3)4>" to tetrathionate (S4Os>~) and other polythionates,
which may further transform along sulfur-oxyanion pathways toward SO3* and SO4>";
mechanistically, thiosulfate can enter the Cu(Il) coordination sphere at an axial site to
form a mixed-ligand intermediate (often described as Cu(NH3)4+S203, enabling inner-
sphere electron transfer where Cu(Il) is reduced while thiosulfate is oxidized and

thiosulfate may also self-decompose or be converted to S°, S?, and SOs*".

Au + 55,037 + Cu(NH3)4?" — Au(S203)2*" + 4NH; + Cu(S203)3° (2-17)

Figure 2.7 (a) Electrochemical model of gold dissolution by thiosulfate. (b) Oxidation
of thiosulfate. (c) Thiosulfate react with Cu(NH3)4>* [74]

A widely adopted approach to curb the excessive thiosulfate consumption in the
Cu(II)-NHs system is the use of additives (Table 2.5), such as triethanolamine (TEA),
EDTA, amino acids (L-histidine), humic acid (HA), carboxymethyl cellulose (CMC),
thiourea, thiocyanate, and so on. These additives mainly work via two complementary
routes: (1) tuning copper redox chemistry and (ii) modulating interfacial reactions to
mitigate passivation. Chelating agents (TEA, EDTA, amino acids) partially “bind and
shield” Cu(Il)/Cu(I), reducing the activity of free Cu(Il) that catalyzes thiosulfate
oxidation, while adjusting the mixed potential to a window that still supports Au
oxidation but suppresses thiosulfate decomposition [75-77]. In parallel,
macromolecular organics (CMC, HA) improve surface conditions by adsorption-
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induced charge regulation and enhanced dispersion/hydrophilicity, thereby limiting the
deposition of hydrophobic decomposition products and inhibiting the formation of
passivating layers on gold and ore surfaces [78, 79]. Sulfur-containing additives provide
an additional benefit: thiourea can facilitate rapid removal of Au(I) via cooperative
Au(I)-thiourea complexation, whereas SCN™ tends to suppress thiosulfate breakdown

and the generation of passivating species such as S° and CuzS [80, 81].

Table 2.5 Additives for thiosulfate leaching in Cu(I1)-NH3 system
Leaching  Thiosulfate

Additives Ore types efficiency consumption Ref.
32%
TEA Low sulfur gold concentrate 73.4% [75]
decreased
EDTA Sulphide gold ore ~100% 3.85 kg/t [76]
L-histidine Pyrite concentrate ~65% 4.5 kg/t [77]
CMC Sulphide gold ore ~100% / [78]
HA Refractory golfi concentrate 81.4% 13.2% 791
calcine
Thiocyanate Gold concentrate calcine 88.45% 79.37 kg/t  [80]
Thiourea Gold concentrate calcine 91.7% / [81]

A second strategy, closely aligned with the above, is to replace ammonia with
ammonia-free ligands that can deliver the same enabling functions (i.e., Cu(Il)
stabilization and redox mediation) while avoiding NHs-related environmental and
handling concerns. In the Cu-thiosulfate system, excessive thiosulfate loss is largely
triggered by free Cu(Il) that catalyzes S203%~ oxidation to tetrathionate/polythionates
and promotes passivating deposits (S°, Cu,S). Accordingly, NHj substitutes, typically
organic ligands bearing amine and carboxylate groups, are designed to strongly chelate
Cu(Il) and reshape its coordination sphere. As summarized in Table 2.6, ligands such
as ethylenediamine (en) [82], citrate (Cit) [83], EDDHA [84], malic acid (Mal) [85],
tartrate (Tart) [86], and glycine [87] form Cu(Il)-ligand chelates with high stability,
which reduces the availability of free Cu(Il) and thereby suppresses Cu(II)-driven
thiosulfate decomposition and reagent loss. At the same time, these chelating
environments often buffer the mixed potential (Eh) to a lower, more stable window,
decreasing the propensity for thiosulfate oxidation and limiting the formation of
passivating sulfur/copper sulfide species, while still maintaining sufficient oxidative
capacity for Au dissolution. In this sense, ammonia replacement functions as a “built-
in” chemical control lever, simultaneously managing copper speciation and redox

conditions, to improve thiosulfate utilization efficiency and leaching stability in NHs-
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free systems.

Table 2.6 Current investigations on alternative ligands for thiosulfate leaching

Leaching Thiosulfate

Ligand Ore types efficiency consumption Ref.
Ethanediamine Gold ore 80.3% 4.14 kg/t [82]
citrate Free milling ore ~84.5% ~7.5 kg/t [83]
EDDHA Rosted gold concentrate 82.84 % 10.54 kg/t [84]
Malic Acid Refractory gold concentrate 65.45% 15.2 kg/t [85]
Tartrate Carbonaceous gold 73.69% ~0 [86]
concentrate
Glycine Rosted gold concentrate 75.1% 13.6% [87]

The thiosulfate leaching of precious metal was initially proposed in the 1900s,
known as the Von Patera Process [88]. In the late 1970’s, the ammonia thiosulfate was
applied to recover the precious metals from the flotation concentrate of copper-bearing
sulfide by pressure leaching [89]. In the following years, more work has been done on
the atmospheric thiosulfate-ammonium-cupric ion system. The commercialization of a
thiosulfate gold leaching has become a reality in 2014 at the Barrick Goldstrike mine
in Nevada [90]. Nevertheless, despite its advantages in environmental and human-
health terms, thiosulfate has not replaced cyanidation at an industry-wide scale, largely
because persistent challenges, especially high reagent consumption and process-control

complexities, still limit broad deployment beyond selected ore types and operations.
2.3.3 Thiourea leaching with Fe(Ill) as oxidant

Thiourea (TU), (NH>)2CS, is a soft S-donor ligand with a resonance-stabilized
C=S group, and it binds Au(I) predominantly through sulfur to form the stable linear
complex Au(TU)," [91]. Acidic media are most widely used because thiourea is
comparatively more stable in strong acid but decomposes much more readily as acidity
decreases, which reduces the effective ligand concentration available for gold
complexation. Consistent with this rationale, Table 2.7 shows that acidic systems (near
pH 1.0) achieve strong gold leaching, especially from electronic wastes. In such acidic
conditions, the Fe(Ill) is widely considered an appropriate oxidant pair because it can
efficiently oxidize Au’ to Au(TU)," while being reduced to Fe(Il), and both iron species
generally remain highly soluble [92].

Au +2SC(NHa)2 + Fe*™ — Au(SC(NHz)2)." + Fe?* (2-17)
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Table 2.7 Optimal parameters for acidic thiourea leaching from e-wastes
Leaching Gold

[TU] [Fe*] Acidity Temperature . Ref.
time recovery

70 g/L 13 g/L 1.8 M H,SO4 Ambient 7h 100% [93]

24 o/L 6 o/L pH 1.0 25°C 2h 90%  [94]

38.06 g/L 0.5 g/L 0.05 M H»S04 45 °C 2h 90% [95]

20 g/L 6 o/L pH 1.4 Ambient 3.5h 8%  [96]

24 ¢/L 6 ¢/L pH 1.0 25°C 39h 50%  [97]

Controlling ferric iron concentration is critical in acidic thiourea leaching because
Fe(III) largely governs the solution redox potential (Eh), thereby dictating the extent of
thiourea oxidation and reagent loss. Under moderately oxidizing conditions, thiourea is
reversibly converted to formamidine disulfide (FDS) via the TU/FDS redox couple (E°
~ 0.42 V in acidic media, Eq. (2-18)), and FDS can participate in (and even catalyze)
the anodic dissolution of gold [98]. However, when the potential becomes overly
oxidizing, FDS is driven toward irreversible degradation pathways that generate more
oxidized sulfur species (e.g., elemental sulfur/colloids and ultimately sulfate) together
with nitrogen-containing byproducts (e.g., cyanamide and its hydrolysis products),
leading to accelerated thiourea consumption and deteriorated process economics [99].
Consequently, practical operation requires maintaining an appropriate oxidant level
(and Eh window) that sustains productive Au dissolution while suppressing over-
oxidation of thiourea; notably, the TU/FDS ratio has been reported to strongly affect
stability, with an excess of thiourea (TU/FDS 10:1) minimizing thiourea decomposition

while maintaining a high dissolution rate [100].

2SC(NHa), — (SC(NH)NH,), + 2H" + 2¢” (2-18)

Figure 2.8 Schematic illustration of thiourea (TU) leaching of Au and Ag [101]

Compared with acidic thiourea media, where protonated thiourea is more reactive

but corrosion and non-selective dissolution of base metals are serious, alkaline
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conditions can improve selectivity toward Au by suppressing the dissolution of many
associated metals, yet they introduce a fundamental stability problem: thiourea
becomes chemically unstable as pH increases (often cited as unstable above pH 4.3)
and is prone to decomposition, producing intermediate sulfur species and eventually
elemental sulfur that passivates the gold surface and arrests dissolution [102]. Because
Fe*" is not stable at high pH (rapid hydrolysis/precipitation), alkaline thiourea systems
typically rely on milder oxidizing environments, most commonly dissolved oxygen, so
that the solution potential is sufficient to sustain Au oxidation while minimizing over-

oxidation of thiourea; the cathodic half-reaction can be expressed as:

02+ 2H,0 + 4¢” — 4 OH (2-19)

Accordingly, alkaline thiourea leaching is usually “additive-driven”, where
stabilizers (and sometimes auxiliary oxidants) are introduced to simultaneously (i)
suppress thiourea’s irreversible degradation and sulfur passivation, and (i1) maintain a
redox window favorable for Au(Tu)," persistence and Au dissolution [103]. Sodium
sulfite (Na2S0O:s) is the most widely reported stabilizer [104]: electrochemical studies
show it markedly increases the anodic dissolution current of Au in alkaline thiourea,
lowers the polarization/dissolution potential, improves selectivity, and can reduce the
apparent activation energy, yet it may be consumed significantly because sulfite itself
is oxidizable in the relevant potential range [105, 106]. Mechanistically, sulfite also
helps stabilize Au(I)-thiourea chemistry at alkaline pH, where Au(Tu):" otherwise tends
to undergo irreversible decomposition/deprotonation and form a solid phase. Beyond
sulfite, sodium silicate (NaSiO3) and sodium selenite (Na>SeO3) have been evaluated
as alternative stabilizers; comparative work indicates Na>SiO3; can provide stronger
stabilization than Na,;SO; (e.g., substantially lowering thiourea decomposition and
producing higher Au dissolution currents at comparable potentials), making it a

promising “efficient stable reagent” for alkaline thiourea systems [107, 108].

Thiourea leaching of gold was first reported in 1941 and has since undergone
several waves of renewed academic interest, particularly after mechanistic and
electrochemical studies clarified the key role of controlled redox conditions and Au—
thiourea complex formation [109]. Nevertheless, unlike cyanidation, thiourea has never
been firmly established as a mainstream industrial technology; only a limited number
of industrial applications were reported during the period 1984 to 1992 [110], and most
subsequent efforts remained at laboratory or pilot scale [111]. This gap between

research and commercialization is largely attributed to intrinsic process drawbacks,
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especially thiourea’s oxidative instability and associated high reagent consumption
(often accompanied by sulfur-containing byproducts and surface passivation), together
with the need for tight potential control and downstream solution management. Looking
forward, thiourea is more likely to expand in niche scenarios rather than fully replace
cyanide: for example, in jurisdictions where cyanide use is restricted, in certain
selective flowsheets, and in circular-economy applications such as e-waste/urban
mining, where pilot-scale demonstrations have been reported. Its broader industrial
prospects will depend on whether advances in stabilizers/oxidants management and
closed-loop reagent/recovery strategies can simultaneously deliver acceptable

economics, robustness, and environmental compliance.
2.3.4 Thiocyanate leaching with Fe(Ill) as oxidant

Thiocyanate leaching, in which thiocyanate anions (SCN ) coordinate dissolved
gold, was first reported by White in 1905 [112] and later revisited for acidic, ferric-
based systems by Fleming and others [113]. Structurally, thiocyanate is an ambidentate
ligand (able to bind through N or S), and its bonding mode depends strongly on the
hardness of the metal center; soft metal ions tend to prefer sulfur coordination. In acidic
media, metallic gold is oxidized to Au(l) and stabilized by thiocyanate to the linear
dithiocyanatoaurate (I) species, Au(SCN)?, consistent with crystallographic
observations that gold (I) in thiocyanatoaurate environments is frequently two-
coordinate and sulfur-bonded. Under more strongly oxidizing conditions, higher-
coordination Au (III)-thiocyanate complexes (i.e., Au(SCN)s) can form, but
maintaining an appropriate redox potential is generally critical to favor fast dissolution

while limiting reagent loss [114].

In practice, thiocyanate leaching is usually operated in a highly acidic solution.
The Fe(Ill)/Fe(Il) couple is widely used to supply the oxidizing power, where Fe(IIl)
remains soluble at low pH and can be reduced to Fe(Il) while gold is oxidized and
complexed, as seen in Eq. (2-20) [115]. A representative case is an oxide gold ore
optimized by response surface methodology, where 96% gold extraction was achieved
at room temperature using a 500 mM thiocyanate solution together with 100 mM Fe(III)
at acidic pH 2 and high 50% pulp density, illustrating that thiocyanate can be a viable
cyanide-free lixiviant when the redox and ligand levels are properly controlled [116].
The most influential gold leaching parameters appear to be initial thiocyanate and
oxidant concentrations, especially the Fe(IITI)/SCN™ ratio. On the one hand, the process

of thiocyanate leaching is closely linked to redox balance: accumulation of Fe(Il)
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depresses the solution redox potential and can slow gold oxidation unless Fe(II) is re-
oxidized (for example, by aeration/oxygen or other regeneration strategies), so
controlling the Fe(III) to Fe(II) ratio is a key operational lever. On the other hand, Fe(III)
forms thiocyanate complexes (e.g., Fe(SCN)4~ and Fe(SCN), "), which can “tie up” both
oxidant and ligand, lowering the effective activities of free Fe(Il) and free thiocyanate

available for gold dissolution, and thereby shifting kinetics and reagent demand.

Au+2 SCN™ +Fe*" — Au(SCN)* + Fe?* (2-20)

Thiocyanate itself participates in several competing reactions that define both
performance and cost. A central drawback is that thiocyanate can be oxidized in Fe
(II)-containing acidic solutions through an autoreduction pathway (Fe*" is
spontaneously reduced while thiocyanate is oxidized), generating reactive
intermediates such as thiocyanogen ((SCN)2) and trithiocyanate ((SCN)3") that can
transiently act as oxidants/complexants but decompose rapidly by hydrolysis into more
stable products, which ultimately manifests as thiocyanate consumption. Thiocyanate
can also contribute to surface phenomena: depending on solution chemistry and
potential, passive layers (for example, Au(I) thiocyanate-type surface species) have
been reported that can retard dissolution, so maintaining suitable acidity, ligand level,
and redox potential is important to avoid passivation. Finally, thiocyanate is prone to
nonproductive complexation with impurity metals (notably copper), which can further
increase reagent consumption and complicate solution management in real ores and

concentrates.

Additives are therefore mainly introduced to (i) suppress thiocyanate oxidation,
(ii) keep Fe** available as an oxidant without excessively sequestering thiocyanate, and
(ii1) mitigate impurity-metal side reactions. Glycine has been reported to reduce
thiocyanate consumption by forming comparatively stable Fe(III)-glycine complexes,
which can lessen thiocyanate oxidation in acidic media while maintaining gold
extraction performance [117]. Mixed-ligand strategies can also be beneficial: adding
small amounts of thiourea to Fe(Ill)-thiocyanate solutions can create a synergistic
enhancement in gold dissolution rate and, notably, thiocyanate becomes “considerably
more stable towards oxidation” in the presence of thiourea in such mixed systems [118].
In parallel, iodide/iodine additions have been reported to improve dissolution in Fe(III)-
thiocyanate media by stabilizing reactive iodine-thiocyanate intermediates (i.e.,
[LSCN™ and I(SCN); ™ ) and counteracting rapid hydrolytic loss of thiocyanate-derived

oxidizing species, thereby boosting kinetics at comparable conditions [119].
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2.3.5 lodide leaching with iodine as oxidant

Iodide leaching is a cyanide-free process in which iodide (I") complexes the
dissolved gold ions, while iodine (I2) provides oxidizing power through the formation
of triiodide (I37). In aqueous solution, I> rapidly associates with I” to generate 137, as
seen in Eq. (2-21), and thermodynamic analysis indicates that I3~ is the predominant
oxidizing species in iodide-iodine systems [120]; thus, the leaching chemistry is often
described as a synergy where I~ acts as the complexant and I3~ acts as the oxidant [121].
A commonly accepted pathway is oxidation of Au’ to Au(I) followed by stabilization
as the soluble diiodoaurate(I) complex (i.e., Aul>”), with possible formation of
tetraiodoaurate(III) (i.e., Auls”) under stronger oxidizing conditions, as seen in Egs. (2-
22) and (2-23) [122].

INr+h—1 (2-21)
2Au+ 137+ 17 — 2Auly (2-22)
2Au+3l37 — 2Auly +1 (2-23)

Figure 2.9 Schematic diagram of gold iodide leaching [123]

From an application standpoint, iodine-iodide leaching can achieve high extraction
from suitable feeds but is sensitive to ore chemistry and solution management. For
instance, for an oxide gold ore, leaching with 20 g/L iodide and 4 g/L iodine reached
77% gold extraction in 6 h and 89% in 24 h, whereas a carbonaceous ore showed only
~20% extraction even at higher iodine, attributed to adsorption of gold-iodide
complexes by organic matter; the same work also notes that sulfide/ferrous minerals
consume iodine over time [ 124]. Batnasan et al. demonstrated an iodine-iodide leaching

process to recover valuable metals from waste printed circuit boards. The results
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indicated that more than 99% of gold was dissolved, while less than 1% of silver and
palladium were dissolved under the conditions: iodine/iodide mass ratio of 1/6, pulp
density of 10%, agitation speed of 500 rpm, 24 h, and 40 °C [125]. For refractory feeds
after oxidation pretreatment, iodide-iodine leaching has also been tested: a roasted
auriferous pyrite—arsenopyrite concentrate showed a reported maximum gold recovery
of ~60% at 2.6 g/l I» and 5.1 g/L I", and surface passivation by Aul has been discussed
under certain high-oxidant/pH windows. Beyond primary ores, iodide-iodine systems
have been actively explored for urban mining, such as integrating pretreatment (for
example, supercritical water oxidation) with iodine-iodide leaching to recover precious

metals from waste mobile-phone printed circuit boards [126].

A major bottleneck for industrial implementation is not only the cost and
consumption of iodine, but also the treatment of pregnant solutions and reagent
recycling. Recent studies explicitly point out that iodination leaching is attractive yet
challenged by high reagent cost and difficult solution treatment, motivating paired
recovery-regeneration strategies [127]. For gold recovery from iodide liquors, strong-
base anion-exchange resins can load gold iodide complexes effectively, but triiodide
loads extremely strongly and can dissociate/deposit iodine on the resin, fouling the
surface and complicating operation [128]. Electrochemical routes are therefore
receiving attention because they can couple gold recovery with iodine regeneration
(reducing net iodine consumption), and electrodeposition-based schemes have been

proposed as a more “closed-loop” approach for iodide systems [129].
2.3.6 Chloride leaching with chlorine as oxidant

Chloride leaching with chlorine is a halide-based route in which chlorine provides
the oxidizing power and chloride stabilizes dissolved gold as chloro-complexes.
Chlorine is typically introduced by bubbling Cl, gas, in situ generation (for example,
from hypochlorite and hydrochloric acid), or electro-generation of aqueous chlorine in
brines, all of which supply reactive “active chlorine” species in solution [130]. In
chloride-rich media, gold dissolution is driven by oxidation of Au(0) to Au(I) or Au(III)
and complexation to soluble species, most commonly dichloroaurate (I), AuCl,™, and
tetrachloroaurate (III), AuCls [37]; for instance, Au (III) formation can be represented
by Eq. (2-24). The strong oxidizing nature of chlorine-based oxidants is reflected by
their high standard potentials (e.g., E%cricry = 1.359 V and E®nciocr) = 1.495 V), which
enables rapid oxidation of gold when sufficient chloride is present to stabilize the

product complexes [37].
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2Au + 3CL + 2CI- — 2AuCls (2-24)

Figure 2.10 Eh—pH diagram of the Au-CIl-H2O system [131]

Recent studies illustrate how chloride-Cl, systems can be engineered for different
complex feeds. For metallurgical residues, wet chlorination has been applied after
oxidative pretreatment to improve selectivity and oxidant utilization; Olteanu and co-
workers reported that the highest gold extraction (98%) from copper-gold slags was
obtained using chlorine in the presence of hydrochloric acid, where chlorine was
generated in situ by reacting hypochlorite with hydrochloric acid, and the required
solution potential for fast leaching (and avoiding gold reduction) was around 950 mV
vs. Ag/AgCl [130]. For refractory concentrates, Pak et al. proposed a flowsheet
combining pressure oxidation and chlorination leaching, achieving 96.54% gold
leaching at pH 4, redox potential above 1.0 V, 75 g/L sodium chloride, 40 °C, and 2 h
leaching time [37]. For urban mining, Ilyas et al. demonstrated electro-Cl, leaching of
printed circuit board waste in brine, reporting >99% gold leaching in 2.0 mol/L sodium
chloride at pH 1.0, 50 °C, and 75 min, highlighting the effectiveness of in situ chlorine

generation for impurity-rich secondary streams [132].

Despite strong kinetics, industrial implementation of Cl.-based chloride leaching
is mainly limited by chlorine handling/safety, corrosion demands (acidic, chloride-rich,
and oxidizing), and the need to capture and recycle unreacted chlorine to reduce
emissions and reagent costs [133]. In this context, closed-loop concepts such as
electrogenerated chlorine with “innocuous treatment” (electrochemical reduction of
unconsumed chlorine back to chloride for reuse) have been proposed to improve
process safety and sustainability, demonstrating that chlorine losses can be minimized

when leaching and recycling are integrated in a single system [134]. Finally, it is worth
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noting that chlorination has historical precedent, used extensively before cyanidation
and revisited for certain refractory feeds, yet modern development focuses on safer,
more controllable chlorine delivery (electro-generation or in situ formation) and
improved downstream solution management to make chloride leaching more

practically competitive [133].
2.3.7 Bromide leaching with bromine as oxidant

The main dissolved gold species of bromide leaching are typically aurous AuBr2~
and, under bromine (Br») as oxidant, auric AuBr4~, consistent with halide complexation
behavior of Au(I)/Au(Ill) and with measured Au(Ill) halide complex speciation in
actual systems (Eq. 2-25). Operationally, bromide systems are often reported to deliver
fast gold dissolution kinetics, but they require careful control of Br, demand and side
reactions. An electrochemical study summarized “typical” bromide leaching conditions
on the order of 2-5 g/L. bromine, 0-10 g/L sodium bromide, pH 5-6, and a redox
potential around ~612 mV versus saturated calomel electrode (SCE), illustrating that
effective leaching can be achieved under mildly acidic to near-neutral conditions, unlike
many chloride, thiourea and thiocyanate systems that rely on very low pH [135]. At the
same time, the broader review literature emphasizes that gold dissolution depends on
the bromine-bromide ratio and on the associated minerals in the ore because some
dissolved metal species, such as Fe(Il), can consume bromine, which directly affects

reagent consumption and achievable extraction [133].

2Au+ 3B + 2Br — 2AuBr4 (2-25)

Practical bromide leaching prefers to generate liquid bromine (Br2) in situ to avoid
handling toxic elemental Brz. Sousa and co-workers evaluated in situ produced bromine
for a Portuguese auriferous ore using NaBrz, NaOCl, and HCI (reagents that are easier
to handle than elemental bromine), and reported up to ~89% gold dissolution after
roasting pretreatment (and ~80% with combined oxidant additions) under elevated-
temperature, short-time leaching conditions [136]. This work also explicitly notes that
elemental bromine is hazardous and difficult to store/transport, which is a central reason
why modern bromide leaching research frequently focuses on bromine generation
inside the reactor rather than bulk bromine handling. More interestingly, bromine-based
chemistry has also been extended to complex secondary feeds by using “bromine
donors” that generate active bromine in situ. For example, studies using N-
bromosuccinimide-based systems report that released bromine/active bromine species

can rapidly oxidize metallic gold to form soluble AuBr4, enabling efficient gold
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extraction and supporting the feasibility of bromine-mediated leaching routes for

impurity-rich materials when oxidant delivery is engineered [137].

Finally, downstream gold recovery from bromide liquors has been investigated
using anion-exchange resins, where gold bromo-complexes can show high resin
loading capacity, suggesting potential process advantages if bromine recycle and
solution management are integrated effectively [138]. In summary, this bromide route
is kinetically strong yet engineering-limited. It can leach gold rapidly, but practical
adoption depends on controlling bromine hazards, favoring in situ bromide generation,
minimizing bromine consumption, and closing the loop on gold recovery and reagent
recycle [136].

2.4 Prospects for the application of advanced chemical oxidation in gold
hydrometallurgy

2.4.1 Free radical-based oxidation reaction

Free radical-based oxidation processes refer to highly reactive oxygen species
(ROS), most notably hydroxyl radicals (*OH) and sulfate radicals (¢SO4") generated
from the activation of oxidant precursors (e.g., ozone, hydrogen peroxide, persulfate,
peroxymonosulfate, etc.), which can drive a variety of electron transfer-based oxidation
reactions [139]. For example, in the classic Fenton reaction, Fe?" as an activator can
cleave the peroxide bond of H20: to produce *OH, which is a strong oxidizing species
with a standard redox potential of 1.9-2.7 V vs. normal hydrogen electrode [140].
Similarly, persulfate (S20s%") and peroxymonosulfate (HSOs ) can be activated by heat,
ultraviolet, ultrasound, electrochemistry, or catalysis to form sulfate radicals (¢SO4"),
with a standard redox potential of 2.6-3.1 V, which can further yield *OH and other
reactive oxygen species through secondary pathways, such as superoxide radicals
(*O2") and singlet oxygen ('02), with standard redox potential of 0.89~1.7 Vand 2.2
V, respectively [141].

Although free radical-based oxidation reactions were previously developed for
degrading organic pollutants, recent studies show a clear expansion into the area of
hydrometallurgical resource recovery. Specifically, free-radical chemistry is used to
accelerate oxidative leaching of valuable metals from ores or secondary resources. For
example, *SO4~ and *OH have been used in lithium battery recycling to selectively
recover Li by a clean hydrometallurgical leaching route [142]. Ultrasound-persulfate

coupling has been reported as an eco-friendly decopperization route for copper anode
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slime (a typical metallurgical residue), and *SO4 efficiently achieved leaching ~98%
copper into soluble sulfate [143]. More broadly, free-radical oxidation has also been
applied to phase activation to improve conventional acid leaching, e.g., * SO4 -driven
oxidation of Cuz0 surfaces has been used to boost the efficiency of copper extraction
by enhancing interfacial electron transfer and creating more leachable surface
chemistry [144]. Moreover, a particularly relevant signal for precious-metal
hydrometallurgy is that persulfate has been demonstrated for the selective recovery of
Pd and Au from spent catalysts, indicating that free-radical strategies can be designed
not only for base-metal but also for targeted noble-metal when coupled with an

appropriate reaction [145].

Figure 2.11 Dissolution mechanism of precious metals in the (a) peroxydisulfate/NaCl
and (b) peroxydisulfate/FeCl, solution [145]

Free radical-based oxidation reactions are also attractive in the research area of
gold hydrometallurgy, especially for both pretreating sulfide refractory gold ores and
building cyanide-free leaching systems. The exceptionally strong oxidative power of
free radicals (e.g., *SO4 and *OH) is sufficient not only to dissolve pyrite but also to
oxidize metallic gold. Besides, the generation of free radicals can be implemented as a
whole chemical activation route, relying on easy-to-handle oxidant precursors (e.g.,
H>0: and persulfate) without necessarily introducing extra high temperature and
pressure, which is advantageous for simple, scalable operation [146]. More importantly,
free radicals generally proceed more efficiently in acidic media, which aligns well with
the chemical oxidation of sulfide minerals and with many acidic cyanide-free leaching
systems (e.g., thiourea, thiocyanate, and chloride). Last but not least, free radical-based
oxidation processes are often viewed as relatively green and environmentally friendly

because the oxidant precursors ultimately yield benign end products (e.g., sulfate and
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water) and can avoid toxic gas, supporting safer and cleaner gold extraction flowsheets.
2.4.2 Transition metal complex-catalyzed oxidation reaction

Transition metal ions, with variable valence, are widely used in the field of
hydrometallurgy as oxidants to catalytically dissolve metals via redox electron-transfer
reaction [ 147]. Typically, the dissolution of valuable metals from minerals by transition
metal ions is a galvanic reaction. The high-valence species (e.g., Fe(Ill) and Cu(Il)) can
accept electrons from the mineral interface, which is an anodic oxidation reaction
converting the target metal into soluble ionic products. At the same time, the metal ions
are being reduced at the cathode (e.g., Fe(Il) to Fe(Il) and Cu(Il) to Cu(l)). Because
the reduced metal ions can be continuously regenerated to their higher-valence state by
dissolved oxygen, the redox couple (e.g., Fe(Il)/Fe(Il) and Cu(IT)/Cu(l)) can sustain a

catalytic oxidation process for metal leaching [148].

This catalytic oxidation mechanism is well documented in the hydrometallurgical
leaching of base-metal sulfides. In acidic sulfate media, Fe(Ill) serves as a
representative oxidizing agent and has been widely applied to the oxidative dissolution
of sulfide minerals such as chalcopyrite [149], sphalerite [150], and pyrite [151]. In
these systems, the sulfide phase is converted into soluble metal species or oxidized
sulfur-containing products. A similar catalytic role is observed for Cu(Il) in chloride
media, where cupric chloride has been extensively used for the leaching of copper
sulfides, including chalcopyrite [152] and djurleite [153], and has also been reported

for nickel-bearing sulfides such as millerite and Ni-Cu sulfide concentrates [154].

As mentioned previously (section 2.3), this catalytic oxidation strategy based on
transition metal ions has already been widely adopted in cyanide-free gold leaching, for
example, Cu(Il) in the thiosulfate leaching system, and Fe(IIl) in both thiourea and
thiocyanate systems. However, a major drawback is that these metal ions can strongly
coordinate with the sulfur-containing leaching reagents (e.g., thiosulfate, thiourea, or
thiocyanate) [155]. In addition, beyond oxidizing gold, these metal ions are usually
highly reactive to oxidize the leaching reagents (e.g., thiosulfate, thiourea, and
thiocyanate). Thus, these side reactions significantly increase reagent consumption and
make the system more difficult to control. Fortunately, coordination chemistry can tune
metal ions and largely mitigate these problems. Using suitable ligands to complex metal
ions can greatly lower the fraction of highly reactive free metal ions. For example, in
thiosulfate systems, Cu(II) can form Cu(NH3)4**, which reduces its direct interaction

with leaching reagents. Besides, the formed Cu(NH;3)4>*/Cu(S203);° have a relatively
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low redox potential (E°=0.22 V), thus the side-reaction of lixiviant oxidation can be

effectively suppressed.

In short, when transition metal ions serve as oxidants in cyanide-free gold leaching
systems, coordination chemistry acts as a critical structure-function lever for enhancing
the system’s stability. More generally, by tuning the coordination environment (e.g., the
ligand type, metal ion/ligand ratio, and solution pH), the redox potential of the metal
redox couple can be controlled within an appropriate window. This helps suppress both
non-productive lixiviant oxidation and undesired coordination side reactions, while

preserving sufficiently gold dissolution kinetics.

2.5 Conclusions

As gold resources trend toward lower grades and greater mineralogical complexity,
sulfide-hosted refractory ores are becoming more dominant, while environmental and
regulatory pressures are pushing the search for cyanide-free leaching routes. These two
directions are linked by one controlling factor: oxidation. Specifically, oxidation
determines (i) whether sulfide matrices can be sufficiently oxidized to liberate gold and
(i1) whether the oxidation systems can maintain stable gold leaching by eco-friendly

cyanide-free leaching lixiviants.

For refractory sulfide gold ores, gold is commonly locked as fine inclusions,
intergranular particles, or “invisible” lattice-bound gold phases in sulfides (e.g., pyrite
and arsenopyrite), so grinding alone cannot deliver adequate liberation. Consequently,
high gold recovery generally requires oxidative destruction of sulfide hosts to create
transport pathways and increase gold exposure. Conventional pretreatments are
effective but constrained by distinct bottlenecks, for example, emissions control
(roasting oxidation), slow kinetics (biooxidation), and large equipment investment
(pressure oxidation). which motivates interest in chemical oxidation options, which

provide a more efficient and better-controlled oxidation process.

For cyanide-free gold leaching, such as thiosulfate, thiourea, thiocyanate, iodide,
chloride, and bromide, gold dissolution requires anodic oxidation of Au(0), which is
coupled with the cathodic reduction of an oxidant as the electron acceptor, while the
ligands stabilize Au(I) or Au(Ill) species to drive the dissolution process forward.
However, oxidants govern not only the kinetics of gold dissolution but also the stability
of the lixiviant. Therefore, the oxidizing strength of the system must be carefully

regulated to achieve an effective balance between rapid gold oxidation and minimal
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reagent degradation (e.g., Cu(Il) and Fe(Ill) as oxidants in thiosulfate, thiourea,
thiocyanate systems). Besides, some oxidants are also expensive and toxic, such as Iy,
Cl, and Br, as oxidants in iodide, chloride, and bromide leaching systems. Therefore,
the industrial barrier is less about “finding a new gold lixiviant” and more about

achieving stable, controllable, and cost-effective oxidant management.

In this context, the application of advanced chemical oxidation can be viewed as
an enabling oxidation module for gold hydrometallurgy. On the one hand, free radical-
based oxidation (e.g., *OH and *SO4") offers strong, on-demand oxidizing power from
manageable precursors (e.g., H>O> and persulfate), which is sufficient not only to
liberate gold by disrupting refractory sulfide matrices but also to oxidize metallic gold
to soluble ions. On the other hand, catalytic oxidation based on transition metal complex
ions (e.g., Fe(Ill) and Cu(Il) complexes) is promising for suppressing both non-
productive oxidation and complexation of the lixiviant in cyanide-free leaching systems.
Together, these oxidation strategies can help move gold production toward greener,

more efficient, and lower-cost process routes.
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Chapter III. Stepwise oxidation of refractory pyrite using
persulfate for efficient leaching of gold and silver by an eco-

friendly copper(II)-glycine-thiosulfate system
3.1 Introduction

Gold (Au) and silver (Ag), as representative precious metals, are traditionally
known for their use in jewelry and currency [1]. With the development of science and
technology, they have been extensively employed as corrosion-resistant electrical
connectors and are increasingly applied in the assembly of nanomaterials (e.g.,
nanoclusters [2], nanosuspensions [3], nanocomposites [4], nanocermet films [5], and
nanocoatings [6]). Hydrometallurgical leaching of Au and Ag from ores is essential for
meeting the growing demand in these applications. As high-quality gold mines are
gradually depleted, refractory ores rich in sulfur, arsenic, and carbon have become the
primary resources for gold mining [7, 8]. Pyrite (FeS:), the most abundant sulfide ore,
commonly hosts Au and Ag in microscopic enclosures [9,10]. Although separating Au
and Ag from pyrite could significantly enhance its utilization value, hydrometallurgical
leaching faces significant challenges with refractory pyrite enclosures, as encapsulated
Au and Ag particles struggle to access reagent ions, whether in conventional

cyanidation or novel systems like thiourea, thiosulfate, or thiocyanate [11, 12].

Oxidation pretreatment is crucial for enhancing Au and Ag extraction from
refractory sulfide ores. Roasting oxidation, with over 70 years of use, is considered the
most mature technology for pretreating refractory sulfide ores in gold mining. However,
it causes significant tail gas air pollution (SO»), leading to environmental and public
health issues [13]. Additionally, the secondary encapsulation of gold by phase-
transformed silicates and iron oxides at high temperatures can significantly affect
subsequent leaching performance [14]. Pressure oxidation has become widely used for
pretreating refractory gold ores, especially pyrite and arsenopyrite. However,
challenges such as high pressure, elevated temperatures, excessive alkalinity, and
significant equipment costs persist [15]. Bio-oxidation effectively addresses sulfide ore
inhibition during gold leaching and is environmentally friendly, but its slower kinetics
and complex bacteria cultivation limit its industrial appeal [16]. Despite these
explorations, developing alternative oxidation methods for the efficient utilization of

refractory sulfide ores in gold mining remains a key research focus.
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The vast majority of literatures indicate that chemical oxidation is a milder, safer,
and efficient approach for pretreating refractory sulfide ores [17]. It typically offers
faster reaction kinetics than bio-oxidation, leading to shorter operation times and higher
throughput. Unlike pressure oxidation, chemical oxidation allows precise control over
temperature, pH, and reagent concentration without substantial equipment investment
and energy input [18]. Current efforts have focused on the selection of oxidizing
reagents to improve the oxidation efficiency of sulfide phases. Several oxidants have
been investigated, including hydrogen peroxide (H20.) [19], nitric acid (HNO3) [20],
ozone (O3) [21], sodium hydroxide (NaOH) [22], and ferric ions (Fe*") [23]. While the
experimental evaluation of these reagents has been conducted previously, they have not
achieved large-scale industrialization. Recently, persulfate-based advanced oxidation
processes (AOPs) have gained attention for the chemical oxidation of refractory gold
ore with pyrite enclosures [24]. As a novel and environmentally friendly oxidizing
agent, persulfate offers stronger oxidation potential due to the formation of powerful
free radicals (e.g., *SOs and *OH). As described in the mechanism, the proper
activation of persulfate, using methods such as photochemical, thermal, radiolytic, or
transition metals, is crucial to effectively release free radicals for sulfide oxidation,

making it a key area of research for improving gold extraction from refractory ore.

From the perspective of environmental protection, it is imperative to realize Au
and Ag production through clean technologies, especially to replace the commanding
position of cyanidation [25, 26]. Thiosulfate leaching has been widely verified as an
eco-friendly process, which is one of the potential alternatives for cyanidation [27]. In
this work, a stepwise oxidation process is proposed to enhance the extraction of
encapsulated Au and Ag from a refractory pyrite concentrate, beginning with heating-
activated persulfate (Step I) and continuing with pyrite self-dissolved Fe ions activating
persulfate (Step II). Furthermore, an eco-friendly copper-glycine-thiosulfate system
was adopted to assess the impact of oxidation pretreatment on gold leaching efficiency.
After each test, research efforts were directed toward understanding the pyrite oxidation
mechanism and the relationship between the evolution of pyrite's mineralogical
structure and Ag/Au leaching. This research attempts to broaden the understanding of
pyrite oxidation by persulfate and to provide theoretical guidance for the eco-friendly
extraction of Au and Ag from refractory ores, as well as the high-value utilization of

pyrite resources.
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3.2 Materials and methods
3.2.1 Materials and reagents

The Au/Ag-bearing pyrite sample used in this work was obtained from Chihuahua,
México, which is a flotation concentrate. The pyrite concentrate is of high purity
according to the X-ray diffraction (XRD) spectrum, showing the presence of only
quartz as a detectable contaminant (Figure 3.1 a). Scanning electron microscope (SEM)
images (Figure 3.1 b) show that Au and Ag are mainly encapsulated in pyrite in the
forms of invisible Au-Ag alloy, and Ag-Sb-S or Ag-Pb-S compounds (Figure 3.1c),

which is typically a refractory ore.

Figure 3.1 Characterization of the pyrite concentrate. (a) XRD pattern. (b) Internal
SEM images. (c) EDS spectrum

Chemical element analysis (Table 3.1) shows a high amount of Fe (41.15 wt%)
and S (48.00 wt%), along with a small amount of Zn, Pb, Cu, As, Sb, and Cd. The
grades of 13.11 g/t Au and 358.34 g/t Ag are of recovery value.
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Table 3.1 Chemical composition of pyrite concentrate sample wt %

Element S Fe Zn Pb Cu As Sb Cd  Insoluble Au(g/t) Ag(g/t)

Amount 48.00 41.15 1.80 120 0.14 0.65 0.05 0.01 6.60 13.11 358.34

Ammonium persulfate (PS, (NH4).S>0s) was used for oxidizing pyrite. An eco-friendly
system based on lixiviants of ammonium thiosulfate ((NH4).S-0;), glycine (C2HsNO»),
and cupric sulfate (CuSO4-5H20) was employed for Au/Ag leaching from oxidized
pyrite concentrate. All reagents were of analytical grade, and solutions were prepared

using ultrapure water.
3.2.2 Oxidative pretreatment procedures

The pyrite concentrate was oxidized through a two-step process using (NH4)2S203
(PS) as the oxidant. Experiments were carried out in a 125 mL Erlenmeyer flask with
magnetic stirring (500 rpm), containing 100 mL deionized water and 10 g pyrite
concentrate. The experimental conditions, detailed in Table 3.2, involved dissolving PS
into the pyrite-containing solution at concentrations of 0.1, 0.5, 1.0, and 1.5 mol/L, with
Step I conducted at 40°C to 85°C and Step II at room temperature using the same
solution. The pH remained unadjusted as the initial acidity sufficed for pyrite
dissolution. At fixed leaching times, liquor samples were taken for analysis of Fe by
atomic absorption spectrometry (AAS). The pyrite oxidation efficiency (%) was
calculated with the following Eq. (3-1).

Pyrite oxidation (%)= —=—x100% (3-1)

Fe

where Cr. is the total iron concentration in the solution after treatment due to pyrite
oxidation, V is the volume of the solution, m is the mass of refractory pyrite ore, and

oFre 1s the total iron content of the pyrite ore.

Table 3.2 Conditions of the stepwise oxidation process assisted by persulfate (PS)

Step I (with heating) Step II (without heating)
Temperature PS (mol/L) Temperature PS (mol/L)
40°C 0.1,0.5,1.0, 1.5
55°C 0.1,0.5,1.0, 1.5 Ambient
DU . 0.1,0.5, 1.0, 1.5
70°C 0.1,0.5,1.0, 1.5 (22 £3°C)
85°C 0.1,0.5,1.0, 1.5

After oxidation, the oxidized residues were collected for leaching tests of Au and

Ag. In the following text, fresh pyrite, oxidation residue from Step I, and oxidation
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residue from Step II are referred to as Raw pyrite, Pyrite-step I, and Pyrite-step 11,

respectively.
3.2.3 Gold and silver leaching procedures

An eco-friendly copper(Il)-glycine-thiosulfate system was used for Au and Ag
leaching from oxidized residues. Leaching tests were performed in a 100 mL glass
conical flask equipped with stirring (500 rpm) at room temperature and normal pressure.
The copper(I)-glycine-thiosulfate solution (80 mL) was prepared by mixing 3 mmol/L
CuSO04-5H20 with 0.1 mol/L glycine, adjusting the pH to alkaline with NaOH to form
a blue solution, and then adding (NH4)2S203 (0.4 mol/L). After preparation, 15 g of
oxidized pyrite samples were added to the solution, and the pH was immediately
adjusted to 9.0. After 24 hours of leaching, the slurry was filtered with a vacuum pump.
The resulting filter cake was washed with ultrapure water and oven-dried at 80°C. The
content of Au and Ag in leached residues was then determined, and the corresponding
leaching percentage (%) was calculated based on the Au and Ag grades in the oxidized

residues and the leached residue, as shown in Eq. (3-2).

mjXa-myxb

Au/Ag leaching percentage (%)= —— *100% (3-2)

my

where a is the content of Au or Ag in oxidized pyrite samples (g/t), b is the content
of Au or Ag in the leached residue (g/t), m: is the mass of the oxidized pyrite samples

(g), and m> is the mass of the leached residue (g).
3.2.4 Analytical and characterization techniques

The content of Fe and other metal ions in the solution was analyzed using atomic
absorption spectrometry (AAS, AA-200, Agilent, USA). Fe** was quantified through
redox titration by potassium dichromate [28], while Fe** was calculated as the
difference between the concentrations of Fe?* and total Fe. SO4>~ was determined by
gravimetric analysis using barium chloride [29], while SO3>~ and S>03>" were analyzed
by iodometric titration with starch as an indicator [30]. The mineral phases of pyrite
samples were identified by X-ray diffraction (XRD, D8 Advance, Bruker, Japan), and
the microstructure was examined using a scanning electron microscope (SEM, JSM-
6610LV, JEOL, Japan), equipped with an energy dispersive spectroscopy (EDS). The
particle size was determined by a Laser particle size analyzer (Mastersizer 2000,
Malvern Panalytical, England). Nitrogen adsorption/desorption technique (Autosorb-1,

Quantachrome, USA) was used to determine the specific surface and pore size
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distribution, calculated using the Brunauer-Emmett-Teller (BET) equation and Barrett-
Joyner-Halenda (BJH) method, respectively. The surface oxidation of pyrite was
determined by X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher, USA)
and Raman spectrum at 100~1200 cm™ (Raman, XploRA, HORIBA, France). The free
radicals generated by persulfate were determined by electron paramagnetic resonance
(EPR, EMXplus-6/1, Bruker, Germany). The solution potential (ORP) and pH during
pyrite oxidation were determined by a pH/ion concentration meter (Orion DUAL STAR,
Thermo Fisher, USA), equipped with an ORP electrode (vs. SHE) and a pH electrode,
respectively. Electrochemical experiments, such as linear sweep voltammetry (LSV),
open circuit potential (OCP), and potentiodynamic polarization (PDP), were conducted
on an electrochemical workstation (CHI660D, Shanghai Chenhua, China), using a
three-electrode system including a pyrite working electrode, a graphite counter

electrode, and an Ag/AgCl reference electrode.

3.3 Results and discussion

3.3.1 Performance of stepwise pyrite oxidation and its impact on Au/Ag leaching

3.3.1.1 Initial oxidation of pyrite with heating (Step 1)

The usage of persulfate (PS) has been widely considered an advanced oxidation
process. Heating is the most common activation method for PS, which requires
exposing PS to temperatures of more than 40 °C. Once the heating activation of PS
starts running, some strongly oxidizing free radicals, such as *SO4 and *OH, are easily
generated according to Egs. (3-3) and (3-4) [31-33]. In this part, batch-oxidation
experiments were conducted to investigate the pyrite oxidation rate at different
temperatures (40, 55, 70, and 85 °C) and persulfate concentrations (0.1, 0.5, 1.0, and
1.5 mol/L). As shown in Figure 3.2, persulfate concentrations show significant effects
on pyrite oxidation, which improved continuously with PS concentrations from 0.1
mol/L to 1.0 mol/L, but no significant change was observed at 1.5 mol/L. Besides,
temperatures are a key determinant for the reaction period (the plateau for pyrite
oxidation), which decreased from 24 h at 40 °C to 1.5 h at 85 °C (1.0 mol/L PS). This
observation could be due to the efficient decomposition of PS at high temperatures,
enhancing its oxidizing ability [34]. Notably, the maximum pyrite oxidation reached

14.2% at a moderate temperature of 55 °C in Step I, correlating with a 7 h reaction.

$,05> _Hetes0,~ (3-3)
*SO4 +H,0— H* + SO4> + «OH (3-4)
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Figure 3.2 Step I pyrite oxidation at (a) 40 °C, (b) 55 °C, (c) 70 °C, and (d) 85 °C with

persulfate concentrations ranging from 0.1 to 1.5 mol/L

The performance of oxidizing regents for sulfide ore oxidation is commonly
determined by redox potential (ORP) [35, 36]. As depicted in Figure 3.3a, there is a
close affinity between ORP and pyrite oxidation, with an increasing trend in pyrite
oxidation as ORP rises. When ORP had stalled at a PS concentration of 1.0 mol/L, the
oxidation of pyrite almost stopped growing. ORP also correlated with the pyrite
oxidation reaction period, with higher temperatures accelerating pyrite oxidation.
However, exhaust temperature (85 °C) has led to a very fast decomposition of persulfate,
which is why both ORP and pyrite oxidation have been reduced. Additionally, as the
reaction progresses, ORP gradually decreases to around 500 mV, where pyrite oxidation
reaches a plateau. The decrease in pH with increasing persulfate concentrations
suggests the generation of a highly acidic solution (Figure 3.3b), likely due to H*
production from pyrite oxidation and *OH formation (Egs. 3-3 and 3-4) [37].
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Figure 3.3 Variation of (a) ORP and (b) solution pH during step I pyrite oxidation at

various temperatures (40~85 °C)

The chemical oxidation of pyrite, a typical heterogeneous reaction between liquid
and solid, follows the shrinking core model and can be controlled by either chemical
reaction or diffusion, as described by Eqgs. (3-5) and (3-6) [38, 39]. The kinetics of pyrite
oxidation at different temperatures were analyzed using the oxidation data presented in
Figure 3.2. As shown in Figure 3.4, the R? values for the chemical reaction model at
40°C, 55°C, 70°C, and 85°C were 0.922, 0.960, 0.832, and 0.795, respectively, while
those for the diffusion model were 0.976, 0.971, 0.945, and 0.952. This indicates that
the diffusion model better fits the data, suggesting that the oxidation process (Step 1) is

primarily controlled by diffusion.
1- (1-x)"? =k t (3-5)
1-3(1-x)*° + 2(1-x) = kat (3-6)

where x is the oxidation efficiency of pyrite at any time (t), and k: and kq are rate

constants for the chemical reaction and diffusion control, respectively.
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Figure 3.4 Kinetics fitting based on shrinking core models for step I pyrite oxidation
at (a) 40 °C, (b) 55 °C, (c) 70 °C, and (d) 85 °C (1.0 mol/L persulfate)

Oxidation pretreatment is crucial in refractory pyrite processing, as it exposes Au
and Ag particles to the lixiviant and provides a path for facilitating the penetration of
reagent ions into the interior of the pyrite enclosure [40]. Furthermore, an eco-friendly
copper(I)-glycine-thiosulfate system was employed to assess the extraction
performance of Au and Ag. As shown in Egs. (3-7) and (3-8), a copper(Il)-glycine
complex (i.e., Cu(C2HsNO>).) forms under alkaline conditions, acting as the oxidant,
while thiosulfate serves as the gold lixiviant. During the redox process, the copper(Il)-
glycine complex oxidizes gold and silver (Au’/Ag°) to ions (Au*/Ag"), and thiosulfate
(S203%7) dissolves them into solution as stable complex ions (i.e., Ag(S203).>" and
Au(S203),°") [41, 42]. Figure 3.5 showed a distinct refractory feature of the original
pyrite concentrate due to low leaching efficiency for Au (25.4%) and Ag (22.9%) [43].
Obviously, a significant improvement in Au and Ag leaching was observed after
oxidation pretreatment. As stated above, the oxidation degree of pyrite increased at
higher PS concentration (1.0 mol/L), and the best oxidation (14.2%) was achieved at
55 °C. Figure 3.5 also shows that the gold leaching rate increases with the degree of
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pyrite oxidation, achieving leaching rates of 64.9% for Au and 56.2% for Ag under the
optimized pretreatment condition of 1.0 mol/L PS and 55 °C.

Au+58,03% + Cu(C2HaNO2)2 — Au(S203)2°” +2C2HaNO2* + Cu(S205)5°~  (3-7)

Ag+58,03% + Cu(C2HaNO2)2 — Ag(S203)2°” +2C2HaNO2* + Cu(S205)5°~  (3-8)
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Figure 3.5 Leaching efficiency of (a) Au and (b) Ag from oxidized residues of Step .
(Condition: 3 mmol/L [Cu?*], 0.4 mol/L [S205%7], 0.1 mol/L glycine, pH=9)

3.3.1.2 Sustainable oxidation of pyrite at room temperature (Step 11)

Step I oxidation improved Au (64.9%) and Ag (56.2%) leaching efficiencies, but
it was still unsatisfactory for extraction. This is likely due to insufficient dissociation of
encapsulated Au and Ag at this level of pyrite oxidation. To enhance leaching
performance, a sustainable oxidation process (Step II) was developed. Iron (e.g., Fe’,
Fe?*, Fe**, and Fe-based materials) has been widely used as a moderate activator in the
PS oxidation process, achieving free radical (SO~ and *OH) generation similar to the
heating process [44]. As a result of Step I oxidation, pyrite produced a large amount of
Fe ions, creating an acidic solution. This acid and Fe-rich solution was expected to
further activate persulfate. After Step I oxidation, the reaction system was cooled to
room temperature, and a desired concentration of PS was added to the solution (Figure
3.6a). The pyrite oxidation rate of 14.2% achieved in Step [ (55 °C and 1.0 mol/L PS)

was used as a baseline for evaluating the pyrite oxidation rate in Step II.
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Figure 3.6 Step II pyrite oxidation. (a) Schematic diagram. (b) Pyrite oxidation
efficiency. (c) Variations of ORP. (d) Variations of pH. (e) Kinetics fitting (1.5 mol/L
persulfate)

As shown in Figure 3.6b, pyrite oxidation efficiency was substantially increased.
Compared to Step I, the slower oxidation kinetics in Step II are likely due to moderate
Fe ions causing a gradual conversion of persulfate into free radicals [45]. Particularly
noteworthy was the substantial enhancement in the pyrite oxidation rate to 40.13% at a
persulfate concentration of 1.5 mol/L, with a reaction time of 48 h. Like Step I oxidation,
the oxidation of pyrite in Step II exhibited a close correlation with ORP, but the value
of ORP was relatively low (Figure 3.6¢). This difference is probably due to the higher
reaction activity of heating than that of Fe ions for decomposing persulfate. Additionally,
the solution pH continually decreased to approximately 0, creating a distinctly acidic
system (Figure 3.6d). Figure 3.6¢ illustrates the kinetic fitting plots for Step II oxidation
based on chemical reaction and diffusion controls. A similar observation indicates that
Step II oxidation was also controlled by the diffusion model due to a better linear fitting
(R?=0.996).

The Au and Ag leaching results of the refractory pyrite concentrate after two

oxidation steps are shown in Figure 3.7. Remarkably, the final oxidized residue with
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the highest oxidation degree (43%, 1.5 mol/L PS) achieved excellent leaching
percentages of 92.2% for Au and 88.6% for Ag. It was concluded that the proposed
process is effective for improving gold leaching efficiency, and the higher the degree
of pyrite oxidation, the greater the Au/Ag exposure, leading to higher leaching

efficiency.

Figure 3.7 Leaching efficiency of (a) Au and (b) Ag from oxidized residues of Step II.
(Condition: 3 mmol/L [Cu?'], 0.4 mol/L [S205%7], 0.1 mol/L glycine, pH=9)

3.3.2 Mechanism of pyrite oxidation in the stepwise processes

3.3.2.1 Release of Fe and S

In mineralogy, pyrite is composed of a ferrous cation (Fe*") and a sulfide anion
(S2%") with a ratio of 1:2 [46]. Other metals, such as Zn, As, Cu, Pb, Au, and Ag, are
commonly found in pyrite mixtures. Reports indicate that the chemical oxidation of
pyrite not only significantly releases Fe and S, but also dissolves these metal ions [47].
As illustrated in Figures 3.8a and 3.8b, base metals such as Fe, Zn, As, and Cu were
dissolved during the two-step oxidation processes, while Au, Ag, and Pb remained
undissolved due to their nobility [48]. Undoubtedly, Fe was the main product due to its
ultrahigh concentration, with Step I predominantly yielding ferrous ions (Fe*") and Step
11 producing ferric ions (Fe**) as shown in Figure 3.8c. This result suggests that Fe**
was dominant at the start of Step II oxidation, likely serving as an activator for
persulfate. On the other hand, while pyrite oxidation in alkaline solutions often
produces thiosulfate (S203%") and sulfite ions (SO3%), this test exclusively detected
increasing sulfate ions (SO42") in the acidic solution from Step I to Step II (Figure 3.8d).
The source of SO4>~ could be the release of S from pyrite and a decomposition product

of persulfate. Therefore, Eqs. (3-9) to (3-12) explicitly expressed the generation of Fe
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and S ions from pyrite with persulfate as oxidizing species [49-51].

FeSa(pyrite) + 7S20s> + 8Ha — Fe?" + 165042 + 16H" (3-9)
FeS: (pyrite) + 14 +SO4+ 8H20 — Fe*" + 16S04> + 16H" (3-10)
FeS; (pyrite) + 14HO — Fe?" +2S04> + 2H' + 6H,0 (3-11)
$205% + Fe?" — ¢S04+ S04 + Fe** (3-12)

Figure 3.8 Products characterization of pyrite dissolution. Dissolved metal ions during
(a) Step I and (b) Step II. (c) Relative content of Fe?" and Fe** in solution. (d)

Dissolved S species in solution

3.3.2.2 Formation of free radicals

When using persulfate as an oxidant, the effective oxidizing substances present in
the system are free radicals [52]. Typically, when the system contains Fe ions as an
activator or under heating, persulfate can easily decompose into *SO4~ and then some
of them react with H>O to generate *HO [53]. To accurately detect the reactive radicals
produced in the stepwise oxidation process, electron spin resonance (EPR) tests were
performed at the actual oxidation conditions of Step I and Step II, using 5,5 dimethyl-
L-pyrroline-N-oxide (DMPO) as a spin-trapping reagent. Based on the hyperfine

splitting constants in previous studies, the characteristic peaks of a 1:1:1:1:1:1 sextet
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and a 1:2:2:1 quartet were supposed to be the DMPO-+SO4 and DMPO-*OH adducts,
respectively [54]. Therefore, Figure 3.9a confirmed that *OH was mainly produced in
these systems, while the generation of *SO4 was insufficient evidence. This also
provides strong evidence for our conjecture about the activation of persulfate by Fe ions,

since *OH can be generated in step Il even in the oxidation system without heating.

Figure 3.9 Characterization of reactive oxidizing species. (a) EPR spectra for the
DMPO-+OH and DMPO-+SO4>" adducts. (b) Effect of methanol as a scavenger for

*OH on the stepwise pyrite oxidation

To investigate the contribution of free radicals to pyrite oxidation, scavenging
experiments were further conducted. As is well known, methanol was widely used as a
scavenging reagent for *OH [55]. As shown in Figure 3.9b, without the addition of
methanol, the oxidation of pyrite was 14.2% in Step 1, and that in Step II was 40.13%,
which could be attributed to the presence of *OH as the actual oxidizing species.
Surprisingly, the oxidation rate of pyrite in both Step I and Step II oxidation was
significantly reduced when methanol was added to the actual reaction, which suggested
that pyrite oxidation during both steps was significantly inhibited by methanol. This

could be a result of *OH playing a remarkable role in oxidizing pyrite.

3.3.2.3 Electrochemical analysis

Electrochemical measurements are powerful tools for analyzing the oxidation
behavior of pyrite [56]. A pyrite block, from the same mine as the pyrite concentrate,
was cut into a 1x1 cm? piece for use as a working electrode (Figure 3.10a), and its
surface was carefully polished before each test. The Step I oxidation was tested at 55°C

using a persulfate solution as an electrolyte, while the Step II oxidation was tested at
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room temperature, employing the actual leach solution of Step I as an electrolyte (with
persulfate). Figure 3.10a shows the cyclic voltammetry (CV) curves under Step I and
Step II conditions (scan speed: 5 mV/s), with the results further divided into anodic and
cathodic reactions in Figure 3.10b. In the anodic reaction, the current density increases
from a voltage range of 0.6 V to 1.0 V, indicating significant pyrite oxidation without
passivation [57], while the cathodic reaction in Step II shows a reduction peak at 0.2V,

due to Fe** reducing to Fe?" in the Fe-rich leach liquor [58].

Figure 3.10 Electrochemical analysis of pyrite oxidation. (a, b) Cyclic voltammetry
(CV), (c) open circuit potential (OCP), and (d) potentiodynamic polarization (PDP)

curves for the pyrite electrode under stepwise oxidation

As depicted in Figure 3.10c, open circuit potential (OCP) increased from 0.605 V
to 0.643 V during Step I but remained stable in Step II, fluctuating between 0.494 V
and 0.493 V, indicating a stable reaction system [59]. Figure 3.10d shows
potentiodynamic polarization (PDP) curves with corrosion potential (Ecor) and
corrosion current density (jecorr), Which are calculated based on a Tafel extrapolation
method [60]. The lower Eco and jeorr during Step I indicated a higher oxidizing
capability [61]. In brief, the above results provided strong evidence that the higher
oxidative capability of Step I and pyrite self-dissolved Fe ions can activate persulfate
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to produce free radicals in Step II. Besides, the higher pyrite oxidation achieved in Step
IT is likely due to the moderate activation of persulfate by Fe ions, which improved the
utilization efficiency of persulfate.

3.3.3 Correlation between mineralogical structure of pyrite and Au/Ag leaching

3.3.3.1 Phase changes and surface transformations

The change of phase and chemical composition of the pyrite surface during two-
stage oxidation was analyzed by XRD and Raman. The XRD patterns showed that the
crystalline phase of pyrite residue after two-stage oxidation has no obvious changes,
mainly containing pyrite and impurities of quartz (Figure 3.11a). The new peaks at 23.1°,
25.6° and 27.77° (20) with increased intensity during the gradual oxidation represented
S°. Raman spectra (Figure 3.11b) also detected element S° in the pyrite residue after
two stages of oxidation. A slight peak of Fe.O3, or Fe(OH)3, was detected in the oxidized
pyrite samples, which inferred that elements sulfur (S°), Fe>Os, or Fe(OH); were the
main solid products of the oxidation process (Egs. 3-13 and 3-14) [62].

Figure 3.11 Structural evolution of pyrite during stepwise oxidation. (a) XRD

patterns, (b) Raman spectra, and high-resolution (c) Fe 2p and (d) S 2p XPS spectra
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FeS; — Fe*" + S0 +8% (3-13)
2Fe** + 3H,0 — Fe(OH); + 3H (3-14)

XPS was employed to compare chemical information on the surface of pyrite
before and after oxidation. As depicted in Figure 3.11c, the peaks of 707.6 eV and
708.1 eV (Fe 2ps12) correspond to high-spin Fe?" cations bonded to S? anion in bulk
pyrite (FeSz), while the peak at 711.8 eV is assigned to some oxidized Fe** species [63].
For the sulfur species (Figure 3.11d), the peak at 162.6 eV was assigned to bulk S»*~ of
pyrite, while the peaks at 164.8, 165.4, and 169.2eV suggested the presence of S»>, So,
and SO4>7, respectively [64]. Before oxidation, the chemical state of iron and sulfur was
mainly Fe*" and S** of pyrite, with only small peaks of Fe** and SO4>~ species. As
oxidation continues, the intensity of the Fe*" peak at 707.6 eV and 708.1 eV decreased,
and the Fe’" peak increased (the peak possibly represents hematite and goethite).
Similarly, the intensity of the S~ peak at 162.6 eV decreased, and So and SO4>~
increased. This result verified the partial oxidation of the pyrite surface, which was

caused by the dissolution of iron and sulfur species.

3.3.3.2 Microstructure variations

SEM image of raw pyrite showed a large size, a smooth surface, and a dense bulk
structure (Figures 3.12a and 3.12 b). It is obvious that the size of pyrite residues was
reduced after oxidation, and abundant pores were produced on the pyrite surface (Figure
3.12c and 3.12 d). The oxidation residue of Pyrite-step II has an irregular appearance
with a higher roughness on the surface (Figure 3.12e and 3.12f). As shown in Figure
3.12g, the particle size decreased progressively in the sequence from Raw pyrite, Pyrite-
step I, and Pyrite-step II, which indicated that the oxidation process caused the
shrinking of particles due to surface dissolution. For the two-stage oxidation residues,
the particle size (D80) was approximately 46.25 um for Pyrite-step [ and 11.17 pm for
Pyrite-step 11, respectively. As shown in Figures 3.12h to 3.121, the specific surface area
(BET) of the final pyrite residual (Pyrite-step II) was 1.87 m?/g, which is about 4 times
larger than Raw pyrite (0.46 m?/g). Meanwhile, the pore volume of Pyrite-step I1 (0.003
m?/g) also increased by 4 times compared with Raw pyrite (0.012 m?/g).
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Figure 3.12 Microstructure of raw pyrite and oxidized residues (Pyrite-step I and
Pyrite-step II). (a~f) SEM images. (g) Particle size distribution. (h) N>

adsorption/desorption isotherm curves. (i) Pore size distribution

All the evidence shows that the stepwise pretreatment process successfully
oxidized the pyrite enclosure, resulting in abundant pore generation, reduced particle
size, and increased specific surface area. Furthermore, a schematic diagram (Figure
3.13) illustrates how these microstructural changes during pyrite oxidation enhance
Au/Ag extraction. On one hand, as pyrite particle size decreases, most Au and Ag
particles become exposed, making them reachable by the thiosulfate lixiviant [65]. On
the other hand, the porous structure and larger specific surface area increase the
lixiviant’s contact with interior Au and Ag particles, enhancing their extraction potential
[66]. For these reasons, pretreatment of refractory pyrite by the stepwise oxidation
process using persulfate can be effective in improving the leaching performance of Au
and Ag.
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Figure 3.13 Schematic diagram of the contribution of the stepwise oxidation

pretreatment for Au/Ag leaching by thiosulfate

3.3.4 Discussion of application prospects

Roasting oxidation pretreatment of refractory gold ore has been widely used for
many years in gold mining. However, the increasing complexity of refractory ores has
diminished the effectiveness of traditional roasting methods, necessitating
supplementary techniques to achieve acceptable Au and Ag recovery (e.g., reduction
roasting [67], suspension roasting [68], fluidized roasting [69], microwave-assisted
roasting [70], Na»SOs/CaCls-assisted roasting [71, 72], etc.), which complicate
operations and raise costs. Thus, it has yet to replace the role of roasting oxidation in
industrial production, especially in ores becoming more complex and refractory.

Compared with current oxidation methods (Table 3.3), the proposed stepwise
oxidation processes using persulfate can be seen as simple, only adding persulfate as
an oxidant, and the activation process is performed at mild and sustainable conditions.
The cost may be more economical when refractory ores contain a high amount of
sulfide enclosure. Besides, this pretreatment process stands an absolute advantage in
improving Au and Ag extraction from an exceedingly refractory ore, i.e., a pyrite
concentrate, demonstrating high pretreatment effectiveness. Importantly, from the
perspective of environmental protection, the whole process of “persulfate oxidation-
thiosulfate leaching” is imperative to realize gold production by eco-friendly
technologies, which has a bright prospect in industrial applications for refractory ores
treatment, especially the extraction of Au and Ag from sulfide-containing ores.
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Table 3.3 Summary of refractory ores pretreatment and Au/Ag leaching

leaching systems

Refractory ores Pretreatment methods (leaching efficiency) Ref.
Carbonaceous gold Reducu.on roasting Cyanidation
ore oxidation (83.25% Au) [67]
(Ar /1100 °C) '
Carbonaceous gold Suspensﬁ1on .roastlng Cyanidation
ore oxidation (34.83% Au) [68]
(02 and N; /650 °C) 0270
Polymetallic sulfide ~ Fluidized roasting oxidation Chlorination [69]
concentrate (610~620 °C) (93.6% Au; 70.4% Ag)
Microwave-assisted roasting ~ HCI-NaClO; solution
Sulfide gold ore oxidation (92.5% Au) [70]
Na»S04-assisted roasting Alkaline Na;S solution
Sulfide gold ore oxidation (95% Au) [71]
CaClz-assisted two Thiourea
Sulfide gold ore stages roasting oxidation (85.37% Au) [72]
. Roasting oxidation at 500 Cyanidation
Pyrite concentrate °C/6h (86% Au: 73% Ag) [73]
Refractory pyrite- Pressure oxidation Trichloroisocynauric [74]
bearing gold ore (200 °C /2800 Kpa) acid (88.64% Au)
Low-grade As-bearing . L Lvjin
<ulfide ore Bio-oxidation (60 days) 3% Au [75]

Lime-Sulfur-Synthetic-

Fine-disseminated Chemical oxidation by CaO Solution (LSSS) 176]

gold ore and Na,CO3 (86.55% Au)
As/Sb-bearing sulfide Chemical oxidation by Chlorination [77]
gold ore MnO, and HCI (97.2 % Au)
: Stepwise chemical oxidation Copper(Il)-glycine- This
Pyrite concentrate b thiosulfate system
y persulfate work

(92.2% Au; 88.6% Ag)

3.4 Conclusions

Overall, the proposed stepwise oxidation processes for refractory pyrite
pretreatment involved the generation of persulfate-based free radicals (mainly of *OH)
via a beginning heating-activation (55 °C) and a subsequent pyrite self-dissolved Fe
ions activation. Experiments revealed that both oxidation steps were subject to diffusion
control and had a close relationship with solution potential (ORP). Although heating
activation (Step 1) was beneficial for free radicals (*OH) generation, the moderated Fe
ions activation (Step II) achieved higher pyrite oxidation. Importantly, the
mineralogical structure of pyrite was significantly changed after oxidation, including
an oxidized surface, reduced particle size, increased specific surface area, developed

porous channels, and exposure of the enclosed Au and Ag particles. As a result, the
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leaching efficiency of Au and Ag significantly improved as high as 92.2% and 88.6%
by an eco-friendly copper(Il)-glycine-thiosulfate system, respectively. This work
provides a promising “persulfate oxidation-thiosulfate leaching” process for precious

metals (Au/Ag) extraction from refractory pyrite resources.
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Chapter IV. A highly efficient clean hydrometallurgy process
for gold leaching in a Fenton oxidation-assisted thiourea

system
4.1 Introduction

Cyanidation has been used for centuries as an economical and mature
hydrometallurgy process for the extraction of gold from various gold-containing raw
materials, such as gold ores, concentrates, as well as electronic wastes [1, 2]. However,
the conventional cyanidation remains beset by the greatest chemical toxicity, which can
result in substantial environmental impacts and public health risks if released into the
environment [3]. Besides chemical toxicity, cyanidation tailings not only release
hazardous substances into the surrounding soil and water, but also necessitate land for
constructing tailing dams, incurring high maintenance costs [4]. Hence, various global
environmental groups have been calling for a ban on cyanidation to eliminate its
harmful effects. In response to advancements in environmental protection laws and
sustainable technologies, clean hydrometallurgy processes (CHPs), noted for their
efficiency, safety, and environmental friendliness, have been gradually evaluated to

ensure the sustainable development of gold extraction mining [5, 7].

Currently, the development of CHPs in gold leaching primarily revolves around
“oxidant-ligand” systems, which require an oxidant (oxidation catalysts) to oxidize
noble gold and a ligand to complex with the oxidative gold ion (Au* or Au*"). These
systems are typically implemented using either aqueous or organic solvents,
respectively. The aqueous systems are most widely studied in gold leaching over the
past several decades, employing a wide variety of nonhazardous ligands as alternative
lixiviants, such as thiosulfate (S2032"), thiourea (CS(NHa)2), halogenation (C1-, Br",
and [7), thiocyanate (SCN"), and glycine (NH2CH>COQO") [8]. The solution chemistry
of these aqueous systems is very complicated, and using a series of oxidation catalysts
(e.g., Cu*', Fe’*, Hy0,, I, HCIO, KMNO4, NaxO, etc.) is crucial for successful
dissolution of gold [9]. Topically, oxidants are capable for reducing the activation
energy of the reaction between gold and lixiviant, facilitating the breakage of Au-Au
bonds to form water-soluble Au-complex ions, such as Au(S203)2*~, Au(CS(NH2)2)2",
Au(SCN)>", Aulo™, AuBr2 -, AuCly ™, Au(NH2CH2COO), ", and so on [10]. CHPs based

on aqueous solvent have attracted extensive attention for gold leaching from low-grade
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gold ore, refractory gold ore, gold concentrate calcine, and gold bearing wasters in
laboratory scale, exhibiting higher leaching efficiency than the conventional
cyanidation process. Besides, these aqueous systems can better meet the fundamental
requirements for gold leaching in mining without necessitating changes to the existing
cyanidation equipment, while also avoiding the generation of large amounts of harmful
waste residue or wastewater [11]. Despite these efforts to develop environmentally
friendly aqueous systems for gold leaching, research on benign production scale has
yet to make significant progress because of large reagent consumption and relatively
low kinetics [12]. Hence, alternative systems have been pursued, particularly the use of
organic solvents as replacements, aiming to achieve more sustainable and selective

leaching of gold.

Research has demonstrated that the use of “organic aqua regia” composed of
thionyl chloride (SOClL2) as solvent and organic reagents (i.e., pyridine, N, N-
dimethylformamide, and imidazole) can selectively dissolve gold from mixtures of
coexisting precious metals like Pt/Au/Pd and Au/Pd mixtures [13]. Like this, Yue and
co-workers reported a gold dissolution strategy based on the combination of N-
bromosuccinimide (NBS) as oxidant and pyridine (Py) as ligand, and the final product
was (Py)AuBr;, a water-soluble salt [14]. Using acetone as a solvent, Serpe et al.
exploited iodine (I2) to mildly oxidize Au® to Au®" complexes in the presence of sulfur-
donor ligands such as dithioxamides and tetraalkylthiuram disulfides [15]. Similarly,
Repo and co-workers developed the use of pyridine thiols (ligand) and H>O; (oxidant)
in ethanol solvent to dissolve gold [16]. Further, this group achieved the dissolution of
gold quantitatively in ethanol using 2-mercaptobenzimidazole as a ligand in the
presence of the oxidant iodine [17]. Besides, systems employing halogen-halide polar
organic solvents [18], dihalogen-sulphur-containing ligand adducts [19], sulphur-
containing triiodide ligands [20], and aromatic thiol ligands [21] have been proposed
as promising means for dissolving gold, mainly using various tri-halide derivatives as
oxidants [22]. In a recent publication, Bian et al. developed a photocatalytic method for
the efficient dissolution of chemically inert gold and other precious metals in
acetonitrile and dichloromethane as solvents. Utilizing sunlight as energy, the reactive
oxygen species (ROS) generated from the TiO> photocatalyst acted as the oxidant,
facilitating the rapid dissolution of gold within tens of minutes [23, 25]. Broadly
speaking, the organic solvent-based CHPs offer the advantages of fast reaction kinetics
and higher selectivity than aqueous systems. However, while these processes hold
potential for small-scale recycling of secondary resources like gold-bearing waste
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circuit boards and waste catalysts, their application in large-scale mining operations is
inevitably hindered by high costs. Besides, these processes are associated with severe
environmental concerns due to the generation of large quantities of wastewaters and the
use of volatile organic solvents. Therefore, a clean hydrometallurgy process that
simultaneously avoids toxic reagents and enables gold extraction into a safe solvent has

remained out of reach and is urgently needed.

Inspired by the above, this work focused on the efficient, benign, and scalable
leaching of gold from a roasted gold concentrate via a clean hydrometallurgy process,
based on the Fenton oxidation-assisted thiourea system. The process variables (H>O»,
Fe?", and TU concentrations and pH) and the operation parameters (stirring speed and
pulp density) were systematically optimized. Besides, more insights were provided by
incorporating nitrilotriacetic acid (NTA) as an additive to reduce the thiourea
consumption. Importantly, the gold leaching mechanisms, with an emphasis on the
contribution of ROS on gold dissolution, were investigated by electron paramagnetic
resonance (EPR), chemical scavenging experiments, linear sweep voltammetry (LSV),
and frontier orbital theory using the energy level of the highest occupied molecular
orbital (Enomo). This study is expected to develop a clean hydrometallurgy system for

replacing the cyanidation process in gold mining.
4.2 Materials and methods

4.2.1 Materials and reagents

The gold ore used in this study is a multi-stage pretreated concentrate prepared by
roasting and subsequent sulfuric acid leaching for copper removal, which is provided
by Jinyuan Mining Co., Ltd (Henan province, China). As seen in Table 4.1, the
semiquantitative chemical analysis of the gold ore predominantly consists of Si, Fe, Al,
and Ca. The gold grade of the roasted gold concentrate was determined as 43.9 g/t by
fire assay. X-ray diffraction (XRD) pattern shows several gangue minerals of quartz
(S102), hematite (Fe203), lead sulfate (PbSOy4), and calcium sulfate (CaSO4) (Figure
4.1a). The particle size distribution is shown in Figure 4.1b, which shows that over 80
wt% of ore particles are smaller than 187.34 um. It is known from the results of mineral
liberation analysis (MLA) that the gold particle is exposed, as displayed in Figure 4.1c.
Since near 100% of gold was leached by cyanidation in the factory (66 h), this gold ore
was chosen as a representative sample to standardly evaluate the leaching efficiency in
the following experiments. Besides, the waste printed circuit boards (WPCBs) used in

this study were from spent mobile phone motherboards.
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Table 4.1 Chemical composition of the gold ore sample. wt%
Elements  Fe Si0, ALO; S Ca C K Pb As  Au(g/t)
Content 27.27 29.67 6.89 533 293 148 1.23 0.765 0.287 439

Figure 4.1 Characterization of gold ore sample. (a) XRD spectrogram, (b) Particle
size distribution, and (c¢) Mineral Liberation Analysis (MLA) mapping

The analytical grade reagents, such as hydrogen peroxide (H202, 30% w/v), ferrous
sulfate (FeSO4-7H20), thiourea (TU, CS(NH:):), and Nitrilotriacetic acid (NTA),
utilized in this study were supplied by Sigma-Aldrich. Unless specified otherwise, Fe*"
and TU refer to FeSO4-7H>0O and thiourea, respectively. Additionally, all the leaching

solutions were prepared using deionized water.
4.2.2 Gold leaching procedures

Gold ore leaching was performed in a 250 mL glass conical flask using a
mechanical stirrer under the conditions of ambient temperature and atmospheric
pressure. The leaching solution was first prepared by mixing Fe?*, TU, and NTA (if
needed) into deionized water, with a certain amount of the gold ore sample.
Subsequently, the pH of the leaching solution was adjusted to a certain value via H2SO4
(20%). Finally, H2O: is added to the above leaching solution to start the Fenton reaction.
At fixed leaching times (t = 5, 10, 20, 30, 40, 50, 60 min), multiple filtered aqueous
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samples were diluted to analyze the Au leaching efficiency ().

cv
T ¥100% (4-1)

where 1 (%) is the leaching efficiency of gold; C (mg/L) is the content of dissolved

gold ions in the lixiviants; V (mL) is the volume of lixiviants; m (g) is the mass of

feeding ore, and B (g/t) is the gold grade.

The research focus of gold ore leaching is primarily divided into two aspects. On
the one hand, the optimization of the Fenton oxidation-assisted thiourea leaching
process (noted as Fenton/TU system) was conducted. Correspondingly, the effects of
Fenton reagents (H,O»/Fe**), TU concentrations, and initial solution pH were first
examined at the stirring speed of 400 rpm and the pulp density of 25% (solids by
weight). On the other hand, NTA was chosen to modify the Fenton oxidation process
(noted as Fenton/TU/NTA system), and the effect of NTA concentration (10~200 mM)),
initial pH (1.5~5.5), stirring speed, and pulp density were further investigated under the

above optimum conditions.
4.2.3 Analytical and characterization techniques

The amount of dissolved Au in filtrates was determined by atomic adsorption
spectroscopy (AAS, 280Z AA, Agilent, USA). The concentration of TU in solution was
analyzed by a mercuric nitrate (Hg(NO3).) titration with diphenyl carbamide as an
indicator. Ultraviolet-visible spectroscopy (UV-vis, GENESYS, Thermo Fisher
Scientific, USA) was used to measure the absorbance of the Fe** complex in solution.
Furthermore, the concentration of Fe** was quantified with UV-vis spectrophotometry
at 510 nm using 1,1-o-phenanthroline as the chromogenic agent. The Fe** concentration
was calculated as the difference in concentrations between Fe** and total iron (total iron
was measured through AAS). The software of HSC Chemistry 6.0 and Medusa-Hydra
for Windows were used to construct the Ex-pH diagram and the distribution diagram of
Fe** speciation. A scanning electron microscope (SEM, pw-100-017, Phenom, Holland),
equipped with an energy dispersive spectroscopy (EDS), was utilized to characterize
the surface chemical component of WPCB sheets. Reactive oxygen species (ROS) were
detected via an electron paramagnetic resonance (EPR, EMX PLUS, Bruck, GER); spin
traps including DMPO and TEMP were utilized to detect *OH, *O*, and 'O,
respectively. Density functional theory (DFT) calculations were employed to provide a
more detailed analysis of the highest occupied molecular orbital (HOMO) and the

corresponding energy levels (Enomo) of Fe** complexes. All calculations were achieved
78

Mechanisms of Advanced Chemical Oxidation in Refractory Gold Ore Pretreatment and Cyanide-
Free Leaching



M.C. Lei Hou

by using the GAUSSIAN 09 program, based on the B3LYP functional in combination
with the def2SVP basis set. Linear sweep voltammetry (LSV) measurements were
conducted on an electrochemical workstation (CHI400E, Shanghai Chenhua, China) to
analyze the stability of the Fe** complex, utilizing both Pt and Au electrodes. The
solution potential (ORP) of the lixiviants was determined by a pH/ion concentration
meter (Orion DUAL STAR, Thermo Fisher Scientific, USA) equipped with an ORP
electrode (vs. SHE).

4.3 Results and discussion

4.3.1 Feasibility analysis of Au dissolution in Fenton/TU system

Thiourea (CS(NH2)2) can solubilize gold via forming a stable Au* complex species
(Eq. 4-2), with a redox couple of Au[CS(NH2):]»"/Au® (E°=~0.38V) [26, 27]. The Eh-
pH diagram indicates the stability of the Au(TU)," complex across a broad pH range,
but thiourea instability leads to breakdown into other compounds under alkaline
conditions, necessitating gold leaching in acidic conditions (Figure 4.2a). Besides, gold
dissolution rate in acidic thiourea solution is very slow, and the oxidation catalysts
(oxidants) are necessary for fast dissolution kinetics [28]. Due to the limited versatility
of acidic conditions, extensive research has focused solely on the use of Fe** to drive
the oxidation of gold, effectively shortening the gold leaching reaction by several hours.
This is attributed to the high redox potential (E°= ~0.77 V) and the relative stability
under acidic conditions of Fe** [29]. Compared with the Fe** oxidant, the acidic Fenton
oxidation technology seems to be a more efficient oxidation catalyst. Benefiting from
the weaker O-O bands in its structure, hydrogen peroxide (H>02) can react with Fe** to
yield various reactive oxygen species (ROS) in acid solution, such as hydroxyl radicals
(*OH), superoxide radicals (*O>"), hydroperoxyl radicals (*HO>), and singlet oxygen
(!02) [30]. This process is widely known as the Fenton reaction, and Fe** and H>O; are
called Fenton reagents. Obviously, the redox potential (E°) of these ROS is higher than
that of Fe** in acidic solution (Table 4.2). So, the Fenton oxidation is capable of
enhancing gold dissolution in TU solution [31] (Figure 4.2b). Here, waste printed
circuit boards (WPCB) sheets were selected to assess the performance of Au dissolution
in the proposed Fenton/TU system. As depicted in Figure 4.2c, the surface of the fresh
WPCB sheet shows a color of golden yellow, primarily comprising approximately 31.4
wt% Au. Surprisingly, upon immersion of the WPCB sheet into the Fenton/TU solution,
rapid dissolution of surface Au occurred within just 2 min (Figure 4.2d), which

indicates that the Fenton reaction greatly improves the gold dissolution in TU solution.
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Au’ + 2CS(NH2)2 — Au[CS(NH2)2]o" + e (4-2)

Table 4.2 Redox potential (E®) of oxidative species in Fenton oxidation [32, 33]
Oxidant H20 *OH Oy 0, *HO» Fe
Eo (eV) 1.76 V 27V 0.89~1.7V 22V 0.79 V 0.77V

Figure 4.2 (a) Eh-pH diagram for Au-TU-water system (0.0001M Au, 0.2 M TU, 25
°C, 1 atm). (b) The proposed gold dissolution process in the Fenton/TU system. EDS
spectra of a WPCB sheet (c) before reaction and (d) after reaction (2 min) in the

Fenton/TU system
4.3.2 Gold leaching from a roasted concentrate in Fenton/thiourea system

In this section, a roasted gold concentrate was chosen to further investigate the
role of Fenton oxidation for Au leaching in the aqueous TU system. All leaching
experiments were performed at 25 % pulp density (solids by weight) and stirring speed
of 400 rpm to show the effects of H202 (5~200 mM), Fe** ions (10~200 mM), TU (5~30
g/L), and the initial pH (1.0~3.0). Shown in Figures 4.3a and 4.3b, the efficiency of Au
leaching significantly enhanced with the addition of Fenton reagents, reaching its
maximum efficiency (100% leaching within 30 min) at 100 mM H>O; and 50 mM Fe*".
The beneficial impact of Fenton reagents could be ascribed to the activation of H>O» by
Fe?" ions, along with the generation of ROS as an oxidizing agent to oxidize the element
Au® to Au® ions [34]. As a typical ligand for oxidized Au*, the dosage of TU exerted a
significant role on gold extraction [35]. As displayed in Figure 4.3c, Au leaching
percentage increased from 27.4% to 100% with the increment of TU concentrations

from 5 g/L to 20 g/L. However, further increasing TU concentration to 30 g/L resulted
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in a slight decrease in gold extraction efficiency. This negative effect could be attributed
to the oxidative decomposition of excess thiourea, which hampers gold dissolution by
forming a passive layer on the gold surface [36, 37]. Additionally, the stability of TU
and AuTU?*" complexes is highly sensitive to solution pH [38]. Figure 4.3d presents a
100% leaching of Au under highly acidic conditions (pH=1.0, 1.5, and 2.0), but Au
leaching begins to decrease when the pH exceeds 2.0. The decrease in Au leaching may
be attributed not only to the decomposition of TU and AuTU?** complex but also to the
unavoidable precipitation of iron ions in the form of ferric oxyhydroxides, which
reduced the utilization efficiency of H>O» in generating ROS [39]. Hence, the process
variables of gold leaching in the Fenton/TU system can be optimized by 100 mM H»>0O»,
50 mM Fe?", 20 g/L TU, and initial pH 1.5.

Figure 4.3 Effect of (a) H202, (b) Fe*", (c) TU concentrations, and (d) initial pH on Au
leaching in the Fenton/TU system

Although the above results demonstrate the capability of the Fenton/TU system

for rapid gold leaching, a key scientific issue regarding the stability of thiourea should

be carefully considered. In the conventional Fe**/TU system, previous studies have

highlighted two major issues associated with increasing TU consumption. On the one
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hand, TU (CS(NHz)2) has the property of reduction, which can be oxidized to
formamidine disulfide (CS[(NH)(NH2)]2) with a redox couple of [CS(NH)(NH2)]o/TU
(E’=0.42 V vs. SHE), as shown in Eq. (4-2) and Figure 4.4a. According to Eq. (4-3),
formamidine disulfide can be protonated under acidic conditions, forming
[CS(NH»)2]2*". Thermodynamically, [CS(NH2)2]»*" is a redundant oxidant that can
degrade TU [40]. In addition, the highly dissolved Fe** ions can successively complex
with TU to form some Fe**-TU complexes, e.g., Fe[CS(NH2)2]**, Fe[CS(NH2)2]2*", and
[FeSO4-CS(NH2)2]" (Egs. 4-4 to 4-6). Thus, TU is largely consumed by these side

reactions [41].

Figure 4.4 Solution characterization of the Fenton/TU system. (a) Eh-pH diagram for
TU-H0 system. (b) Variation of ORP and TU consumption during gold leaching. (c)
UV-vis spectrum of the Fe**-TU complex. (d) Fe*" distribution

2CS(NH2)> — [CS(NH)(NH2)]> + 2H" +2¢ (4-2)

[CS(NH)(NH>)]> + 2H" — [CS(NH2)2]** (4-3)

Fe** + CS(NHa), — Fe[CS(NH2)2]* (4-4)

Fe** + 2CS(NH2), — Fe[CS(NH2).2]2*" (4-5)
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Fe** + SO4% + CS(NH2)2 — [FeSO4-CS(NH2).]* (4-6)

Apparently, solution potential (ORP) not only plays a key role in gold
oxidation but also closely correlates with TU stability. Here, the consumption of TU
and the variation of solution potential during the optimized leaching process (50 mM
Fe?*, 100 mM H»0», 20 g/L TU, and pH=1.5) were measured and recorded as portrayed
in Figure 4.4b. Solution potential (ORP) exhibits a gradual decline from ~550 mV to
~455 mV during the entire 60 min leaching process, which is likely attributed to the
continuous consumption of H>O» and the concurrent variation in the concentration of
the transient ROS [42]. Obviously, the high level of solution potential (=500 mV) in
the beginning 15 min causes irreversible decomposition of TU to a large degree, where
the solution potential is immensely higher than the redox couple of
CS((NH)(NH2))>/TU. UV-vis and speciation diagrams were adopted to study the effect
of Fe ions on TU consumption. UV-vis spectra (Figure 4.4c) observed an absorbance at
approximately 300 nm of the red-orange color lixiviant, which is due to the formation
of Fe**-TU complex [43]. Besides, Fe*" speciation diagrams (Figure 4.4d) explicitly
indicated that the main species of Fe**-TU complexes exist in the substance of
Fe(TU),*", which is consistent with S Orgiil’s results [43]. Thus, the above two reasons
caused the large consumption of TU (45.6% at 30 min), which should be carefully

resolved to achieve industrial application.

4.3.3 Nitrilotriacetic acid-modified Fenton oxidation for reducing thiourea

consumption

Further, nitrilotriacetic acid (NTA), an easily biodegradable chelating agent, was
chosen as an additive in the Fenton/TU system, forming a modified Fenton/TUNTA
system [44]. A lot of work reported that NTA was an obvious choice for modifying
homogeneous Fenton or Fenton-like systems, because it has sufficient coordination
sites (-NH™ and -COQO") for Fe*" ions and exhibited negligible scavenging effect on
ROS. When NTA is added, the solution (with the components of Fe**, NTA, TU, and
H,0») gives a characteristic red color. UV-vis spectra show that the Fe>"-NTA complex
(absorbance at ~260 nm) is produced as the main Fe*" species, rather than the Fe**-TU
complex (absorbance at ~300 nm) (Figure 4.5a). In addition, the Fe*" speciation
diagrams (Figure 4.5b) show that the main Fe’" complexes in the solution are
Fe(NTA),®>". Therefore, the introduction of NTA can completely avoid the TU

consumption caused by the coordination of Fe*" ions and TU [45].
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Figure 4.5 Solution characterization of the Fenton/TU/NTA system. (a) Uv-vis

spectrum. (b) Fe** distribution

As shown in Figure 4.6a, the addition of NTA into the Fenton/TU system
significantly lowered the level of solution potential (ORP). When the addition of NTA
was increased to 100 mM, the efficiency of Au leaching remained at the highest level
(100%, 30 min), while the consumption of TU gradually reduced to 30.12% (Figure
4.6b and Figure 4.6(c)). Figure 4.6d shows that pH also significantly influences the
solution potential, mainly reflected in a substantial decrease with increasing pH. When
the pH is below 3.5, ORP tends to be relatively high compared to higher solution pH
values, resulting in faster gold leaching (100%, 60 min). Whereas, as the solution pH
continues to rise, ORP significantly decreases, indicating unequivocally that the
solution potential is unable to meet the requirements for gold oxidation (Figure 4.6e).
Consequently, the leaching efficiency of gold becomes worse (Figure 4.6f). TU
consumption in the Fenton/TU/NTA system was lowest at a solution pH of 3.5, about
~11.84%, which is obviously reduced compared to the Fenton/TU system (~45.6%).
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Figure 4.6 Effects of (a~c) NTA concentrations and (d~f) solution pH on ORP, Au

leaching efficiency, and TU consumption

4.3.4 Mechanistic role of reactive oxygen species (ROS) in gold dissolution

Electron paramagnetic resonance (EPR) spectra were conducted to identify the
reactive oxygen species (ROS), which are important for investigating the role of
generated ROS for gold leaching and proposing the reaction mechanism [46]. As
depicted in Figure 4.7a, the characteristic peaks of DMPO-+OH adducts, showing a

1:2:2:1 signal, were observed in the EPR spectrum in the traditional Fenton system in
the absence of TU (only Fe?'/H>0,) [47]. Conversely, the EPR spectrum showed that
the peaks significantly decreased in intensity with the addition of TU and finally
disappeared at a TU concentration of 20 g/L. The reason is that TU was reported to be
a specific scavenger of *OH, which qualitatively inhibits the activity of *OH, as seen in
Eq. (4-8) to (4-10) [48, 49]. The quenching of *OH may be beneficial to gold dissolution
in this system, due to the presence of *OH (the strongest radical), which can irreversibly
oxidize organics, such as TU and NTA. Additionally, Figure 4.7b illustrates an obvious
characteristic peak of the DMPO-+O;, adduct (1:1:1:1:1 quadruple peak), which is
attributed to *O>" in both Fenton//TU and Fenton//TU/NTA systems [50]. Furthermore,
singlet oxygen (10,) was also detected in the system as seen in the TEMPO-'0, adduct
in Figure 4.7c [51]. The above EPR results showed a high selectivity of ROS in the
Fenton-TU system, where moderate *O," and 'O, were the main ROS group produced,
instead of *OH. Besides, the introduction of NTA into the Fenton/TU system decreased
the intensity of DMPO-+O; adduct, which could be a contributing factor for the
reduction of ORP in the Fenton/TU/NTA system.
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Fe*' + Ho0, — Fe’™ + OH + «OH (4-8)
SC(NH2), +*OH — SC(NH,),” +H' + ¢~ (4-9)
SC(NH,),"” + H" — SC(NH2): (4-10)

Chemical scavenging experiments were carried out in an attempt to explore the
contribution of ROS (i.e., *O2~, '0,, and *OH) to gold leaching, as illustrated in Figure
4.7d (Fenton/TU system) and Figure 4.7¢ (Fenton/TU/NTA system). Specifically, the
addition of tertiary butanol (TBA), a qualitative indicator of *OH, had a negligible effect
on gold leaching, which argues strongly against the involvement of *OH [52].
Surprisingly, the efficiency of gold leaching was significantly inhibited by p-
benzoquinone (PBQ), which could have resulted from *O>" playing a remarkable role
for gold leaching [53]. As well, gold leaching also visibly decreased when !0, was
inhibited by L-histamine (L-His), indicating some contribution of 'Oz [54]. According
to these results, it can be found that O, as an oxidant species primarily participated in

the gold leaching process.

Figure 4.7 Characterization of reactive oxygen species (ROS). (a~c) EPR spectra for
the DMPO-+OH, DMPO-+0,", and TEMPO-'0; adducts. (d~e) Effect of various

scavengers on Au leaching efficiency. (f) Proposed ROS generation routes

The aforementioned experiments confirm that O,  was the primary ROS
responsible for gold dissolution. However, elucidating the pathways through which it
is generated remains a pertinent inquiry. According to previous studies on chelating-
modified Fenton oxidation (e.g., Picolinic Acid [55], phenolic moiety [56], EDTA [57],
nitrilotriacetate [58]), *O> is easily generated by two rapid equilibrium reactions
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between Fe*" complex and H,O» (Figure 4.7f). In the initial stage, the Fe*'-Ligand
complex was continuously reacted with residual H2O to form a Ligand-Fe’"-OOH
intermediate (Eq. 4-11). Afterwards, the high-spin Ligand-Fe*"-OOH intermediate was
rapidly reduced to Fe?*-Ligand complex due to the weak Fe-O bond, along with the
generation of *O? (Eq. 4-12). H20; can also utilize its oxidation ability to greatly
accelerate the cycle of Fe?*-Ligand to Fe**-Ligand, continuously producing the reactive
species of *O%". Consequently, the *O?” can maintain a high concentration as the main
ROS. Substantially, the formation of 'O, can inevitably occur via a chain reaction
between *O?” and H>O, thereby inducing the co-existence of *O*~ and 'O for efficiently

oxidizing/dissolving gold (Eq. 4-13).

Fe**-Ligand + H,O; «> Ligand-Fe**-OOH+ H* (4-11)
Ligand-Fe**-OOH — Fe**-Ligand + +O,” + H" (4-12)
2:0°"+2H20 — H>02 + '02 + OH” (4-13)

Figure 4.8 Reactivity of Fe complexes towards gold oxidation. HOMO and Enowmo of
(a) Fe’*-TU and (a) Fe**-NTA complexes. Linear sweep voltammograms (LSV)
recorded on (¢) Au electrode and (d) Pt electrode
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In terms of the generation pathway of *O,", the reductive step of Ligand-Fe**-
OOH complex to Fe?*-Ligand and O, is faster than the formation of Ligand-Fe**-
OOH. Therefore, the first-stage reaction between the Fe** complex and H>O: is the rate-
determining step (Eq. 4-11), which is very relevant to the reactivity of the Fe** complex.
Herein, density functional calculation (DFT) and electrochemical characterization
(LSV) were used to reveal the reactivity of Fe** complexes, i.e., Fe(NTA)>  and
Fe(TU)*" [59]. Here, the highest occupied molecular orbital (HOMO) indicates the
ability of Fe** complexes to donate electrons to an appropriate acceptor (oxidant, H>O5),
which is closely interrelated with the reactivity of Fe** complexes. As shown in Figures
4.8a and 4.8b, HOMO is localized at the lone pair orbital of N and S atoms of Fe(TU),**
complex. In contrast, for Fe(NTA),> complex, it is centered not only on O and N atoms,
but also on the m orbital of C-C bonds, showing a higher chemical stability. DFT
calculations suggest the Fe**-TU complex shows a higher Enomo (-0.258294 V) than
the Fe**-NTA complex (-0.289166 eV). At a larger Enomo, the removal of electrons
from the HOMO orbit of Fe(TU),** complex to HO, is easier. Thus, Fe(TU)*"
complexes have higher reactivity with H,O> to form the Ligand-Fe**-OOH intermediate.

Figure 4.8c and 4.8d showcase the results of LSV using a Pt and an Au working
electrode, respectively. If only TU is present, the continuously elevated current density
is a result of the oxidative decomposition of the metastable TU in both ideal Pt and Au
surfaces. Besides, the observed A peak at ~0.3 V on the Au electrode is doubtlessly
attributed to gold oxidation (Au’ to Au®), because it disappeared when using a Pt
electrode. In the Fenton/TU system, the A2 and A3 peaks are clearly evident, whereas
they are not observable in the Fenton/TU/NTA system. This different observation not
only highlights the higher reactivity with H>Oz, but also could be assigned to the faster
decomposition of TU-Fe**-OOH complex [60]. These deductions seem to explain the
higher *O*  concentration (Figure 4.7b) and its greater *O*  contribution for gold
leaching (Figure 4.7d) in the Fenton/TU system. However, the Fenton/TU/NTA system
appears to be more promising, because NTA regulates the generation of *O?” into a
moderate and sustainable level, which lowers TU oxidation while producing the same

gold leaching.
4.3.5 Process implications and mechanistic discussion

Given the industrial availability, the effects of pulp density and stirring rate were
studied in detail to obtain the best operating conditions. Typically, the gold leaching

process is a fluid-solid heterogeneous reaction that depends on the viscosity of the
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leaching mixture, the mass transfer rate/ion diffusion of reactants, and the contact and
collision between gold and lixiviants [61, 62]. As seen in Figures 4.9a and 4.9b, Au
leaching efficiency is insensitive to the variation of pulp density and stirring rate. The
100% leaching of gold can be obtained at the conditions of 125% pulp density (solids
by weight). Increasing the pulp density to 200% still achieves ~86.4 % leaching of gold.
Likewise, the 100% leaching of gold can be obtained at the conditions of 300 rpm under
125% pulp density. Even if the ore pulp is not stirred, 77.1% gold leaching can still be
obtained. Importantly, TU consumption was reduced to 2.9 kg/t (125% pulp density and

300 rpm), which is close to the lowest level reported before (as seen in Table 4.3).

Figure 4.9 Effect of (a) pulp density and (b) stirring rate on Au leaching and TU
consumption

Table 4.3 Parameters and performance of current TU systems for gold leaching

Au leaching/
Systems Leaching conditions tieac mg, Ref.
TU consumption
Fe3*/TU 10 g/L TU, 5 g/L Fe**, pH<<3.0,4 h 83%; 44.25 kg/t [63]
40 mM H,0,, 40 g/L TU, pH=1, 60 °C, 6 h,
H>0,/TU . 92.6%; / 64
2 Pulp density 20 g/L ° [64]
2.5 I/L Cu?" mol/L NH3, 0.08 mol/L
Cu"/NH3/TU Hmo YL LU mo » U8 mo 86.6%; 182 kg/t  [65]

TU, L/S=3, 350 rpm, 12 h
40 mM Fe’*, 80 mM TU, pH=2, 40 °C, 6 h,
37 mM Oxalate, L/S=4
40 mM Fe’*, 80 mM TU, pH=2, 40 °C, 6 h,
citrate 37 mM, L/S=4:1
Fe¥*/TU/oxalate/ 1.35 g/L Fe’', 2 g/L TU, 2 g/L oxalate,

Fe¥*/TU/Oxalate 88.6%; 8.46 kg/t [45]

Fe**/TU/Citrate 89.5%; 8.24 kg/t [45]

87.7%; 3.7 kg/t [66]

jarosite 6 g/L jarosite
50 mM Fe?*, 100 mM H»0,, 20 g/L TU, Thi
is
Fenton/TU/NTA 100 mM NTA, pH=3.5, 22 °C, 30 min, 100%; 2.9 kg/t ork
w

Pulp density 125 %
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4.4 Conclusions

In this work, a clean hydrometallurgy process for gold leaching, based on Fenton
oxidation assisted by a thiourea system, was proposed. The optimum parameters for the
gold leaching process were determined to be 100 mM H,0, 50 mM Fe?*, 20 g/L
thiourea, and pH=1.5. Under these conditions, gold leaching achieved an ultra-high
efficiency, rapidly leaching 100% gold from a roasted gold concentrate within 30 min.
Moreover, the addition of NTA into the Fenton/thiourea system lowered the solution
potential and eliminated side reactions between Fe** ions and thiourea, reducing the
consumption of thiourea from 45.6% to 11.84%. Importantly, EPR analysis revealed
that the moderate *O>" was the principal ROS generated from the Fenton reaction, as
the strong *OH was fast quenched by thiourea. The chemical scavenging experiments
show that O™ is the main oxidative species for gold leaching, mainly generated by the
reaction between Fe** complex and H>O,. Based on DFT calculations and LSV analysis,
the addition of NTA reduced the reactivity between the Fe** complex and H,O», thus
regulating the generation of *O; . As a result, the consumption of thiourea is reduced
while producing the same gold extraction (100%, 60 min). Apart from the above results,
this system also has the capability for gold leaching under large pulp density and low
stirring rate, which can be considered as a clean and efficient gold leaching process for

replacing cyanidation in gold mining.
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Chapter V. An electrochemical study of the gold dissolution

behavior in a novel copper(II)-glycine oxidation system
5.1 Introduction

Thiosulfate leaching of gold is an alternative process to cyanidation with renowned
advantages of non-toxicity, efficiency, strong ore adaptability, and without requiring
consumable chemicals or energy input [1-3]. Copper is engaged in most thiosulfate
systems as a catalyst, wherein success depends on the efficient redox cycling of copper
between the +I and +II states. Numerous studies have reported that Cu(NH3)4>" as
copper(Il) species, is necessary for catalytic gold oxidation reaction, which could speed
up the gold leaching rate by 18-20 times, as shown in Eq. (5-1) [4, 5]. During this
catalytic process, the Cu(S,0s3)3> complex, in the reduced state of copper (II) ions,
undergoes a reaction with dissolved oxygen to regenerate Cu(NH3)s*" complex, as
described by Eq. (5-2). However, the redox potential of Cu(NH3)4*"/Cu(S203)3>
(E’=0.22 V) is much higher than S40¢*/S:05*" (E°=0.08 V), thus the thiosulfate
oxidation is also aggravated, causing huge reagent consumption, as seen in Eq. (5-3)
[6]. A series of side-products from thiosulfate decomposition, such as tetrathionate
(S40¢%), trithionate (S30¢6>), sulfate (SO4%"), cyclo-S8, and copper/gold sulfide, can
easily passivate the reaction surface of gold [7]. As a result, the gold dissolution kinetics
were hugely hindered as the reaction time progressed. Moreover, the use of ammonia
will bring potential environmental and toxic impacts with the emission of ammonia-
nitrogen wastewater, enabling unattainable commercial applications until recently [8]
[9]. Thus, the well-designed ammonia-free thiosulfate systems for gold extraction have

offered opportunities to overcome these hindrances.

Au+ 58,037 + Cu(NH3)4*" — Au(S203)2> + 4NH3 + Cu(S203)5°~ (5-1)
2Cu(S203)5% + 1605 + 2H20 — 4Cu(NH3)42+ 40H" + 12S,05> (5-2)
2Cu(NH3)42" + 85,032 — 2Cu(S203):° + 8NH; + S406%~ (5-3)

Lately, the discovery of new organic ligands for copper (II) ions, such as
ethylenediamine (En) [10], citrate (Cit®") [11], ethylenediaminetetraacetic acid (EDTA)
[12], oxalate [13], humic acid [14], and amino acids [15] has contributed to the
expansion of novel ammonia-alternative thiosulfate leaching. These organic ligands
containing carboxylate or amine functional groups strongly complexed with copper(Il)

not only reduce the redox potential of Cu(NH3)4** but also eliminate the side-effect of
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ammonia by weakening the reactivity between free cupric ions and thiosulfate [16]. In
the meantime, the redox cycling of copper species between the +I and +II states within
these innovative organic ligand systems is intensified, resulting in a significant
enhancement of gold extraction kinetics when compared to the conventional thiosulfate
system containing ammonia [17]. The discovery that supported non-toxic amino acids
(e.g., L-valine, glycine, DL-a-alanine, and L-histidine) can be excellent organic ligands
for copper (II) with a reduced Cu(Il)/Cu(I) redox potential, due to this reason, that
contributed to promoting gold leaching efficiency and allowing thiosulfate

consumption to be lowered [18].

Glycine (Gly) is one of the simplest and cheapest amino acids, which has some
attractive chemical and physical properties as a ligand for transition metal ions [19,20].
Specifically, Gly as a ligand can enhance the stability of Cu(Il) ions in aqueous
solutions with a larger stability constant of 18.9 [21]. A fundamental thermodynamic
calculation, as proposed by Wang et al., has provided evidence to suggest that Gly is a
promising ligand for Cu (II) ions in the thiosulfate leaching of gold [22]. Moreover, Gly
is an environmentally safe and biodegradable reagent, yet it is enzymatically
destructible and is easily metabolized in most living organisms [23]. However, Gly has
not yet been further used in leaching operations in thiosulfate systems for gold
extraction, because the in-depth dissolution mechanism of gold and the role of the Cu

(IT)-glycine complex are not clear. All of these urgently require systematic research.

Electrochemical quartz crystal microbalance (EQCM), being a powerful in situ
technique, was previously used to study gold dissolution in cyanide, chloride, and
thiosulfate solutions containing copper and ammonia, which can directly record the
mass change (sensitivity: 0.1~1 ng cm2) of gold dissolution at the electrode/electrolyte
interface. Inspired by the above, a novel Gly-thiosulfate system for gold leaching was
carried out, and the EQCM technique was mainly employed for the study of gold
dissolution in this novel and eco-friendly system. Moreover, a series of corrosion
electrochemical measurements (OCP, PDP, and EIS) and spectrum technologies (LA-
ICP-MS and XPS) were used to investigate the in-depth gold dissolution mechanism
and passivation behaviors. Based on the new knowledge, the effect of different forms of
Cu(Il)-glycine complexes (i.e., Cu(C2H4NO,) and Cu(C,H4NO,);) on gold
dissolution behavior in this novel Gly-thiosulfate system was in-depth discussed on the

electrochemical model.
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5.2 Materials and methods

5.2.1 Materials and reagents

Gold foils (99.999% Au, thickness 0.1 mm) with an area of 1 cm? were purchased
from Zhongnuo New Materials Technology Co., Ltd (China). Analytical grade cupric
sulfate pentahydrate (CuSO4-5H>0), sodium thiosulfate (NaS»03), ammonia
(NH3-H20), and glycine (Gly) were supplied by Shanghai Aladdin Biochemical
Technology Co., Ltd (China). Deionized water was taken from a MilliQ purification
system.

The gold concentrate sample (with particle sizes of 95% less than 0.074 mm) was
obtained from the Sanmenxia province of China. A high-temperature calcination
process (600 °C for 2 h) was first carried out to prepare the gold concentrate calcine
(Au grade is 42.44 g/t). The raw gold concentrate was to liberate the encapsulated gold
in the gold-bearing sulfide minerals by removing the detrimental elements (e.g., S and
C) under calcination, and the remaining elements are mainly Fe, Si, Cu, and Al, as seen
in Table 5.1. XRD of the gold concentrate calcine is shown in Figure 5.1, where the
main mineral phases were Fe;O3 and SiO», and high-temperature products of
CuosAlx5Ss.

Table 5.1 Chemical composition of the gold concentrate calcine. wt%

Elements Au(g/t) Fe Si Cu Al S Pb Ca Zn K As

Content 4244 2557 1277 534 267 434 180 1.63 141 1.02 0.68

Figure 5.1 XRD pattern of the gold concentrate calcine
5.2.2 Gold leaching experiments

The leaching experiments of a gold concentrate calcine were performed in a 100
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mL glass conical flask equipped with a digital mechanical stirrer (400 rpm). For the
Gly-thiosulfate system, the lixiviant (50 mL) was accurately prepared by mixing 0.01
M CuSO4-5H20, 0.1 M Na>S,03, and 1.0 M Gly, with a solid-to-liquid (S/L) ratio of
1:7. Two comparative experiments were conducted under identical conditions, with one
involving the substitution of glycine with ammonia (1.0 M NH3-H20) in the lixiviant,
and the other conducted without the addition of either Gly or ammonia. For each test,
the initial pH of two Gly-thiosulfate lixiviants (pH 8 and pH 10.5) was adjusted by the
addition of a saturated NaOH solution. The pH of the other two comparative lixiviants
was controlled at 10.0. Several samples (2 mL) were taken at fixed leaching times (t=3,
6, 9 h) from the leaching slurry and filtered with a 0.22 pm pore size filter. The ore
residues were fed back to the lixiviants, while the solution samples were diluted and
analyzed using AAS. The concentration of thiosulfate in the obtained solution samples
was measured by iodine titration. All experimental data were replicated three times to

ensure accuracy and reliability.
5.2.3 Electrochemical experiments

The electrochemical dissolution of gold in the glycine-thiosulfate system was
performed on CHI400E EQCM measurements (CH Instruments) at room temperature
(~25 °C). The potential of the gold working electrode was controlled by a 3-electrode
cell with a Pt counter electrode and an Ag/AgCl (0.197 V vs. SHE) reference electrode.
The customized gold working electrode of the quartz oscillator is custom-made by
coating with titanium plating followed by a gold layer (about 200 mg Au), which can
be used as an active surface for testing using a 5 mL copper(Il)-glycine-thiosulfate
solution as electrolyte. The shift of the quartz resonance frequency (Af) was converted

into the mass change (Am) by the Sauerbrey equation:
Af=-2f> Am / [A sqrt (up)] (5-4)

where fo is the resonant frequency of the crystal’s fundamental mode (7.995 MHz),
A is the area of the gold disk coated onto the crystal (0.196 cm?), p is the crystal's
density (2.684 g cm ™), and p is the shear modulus of quartz (2.947 x 10! g cm™' s72).

The value of the calibration constant used in this work is 1.34 ng Hz .

There are two thiosulfate solutions with different pH in the presence of
Cu(C2HaNO»)? and Cu(C2H4NO:)3") used in the studies, respectively. In detail, the
anode dissolution phenomenon was tested by combining linear sweep voltammetry
(LSV) and EQCM (LSV-EQCM). Moreover, Chronoamperometry (CA) coupled with
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EQCM (CA-EQCM) was carried out to systematically test the electrochemical

dissolution rate (EDR, pg cm 2 min!) calculated by the following formula:

EDR=2M (5-5)
St
Where Am (pg cm2) is the mass loss of the gold electrode before and after the
reaction, s is the area of the gold coating on the electrode surface (0.196 cm?), and t

(min) is the reaction time.

The corrosive electrochemical technologies, including open circuit potential
(OCP), potentiodynamic polarization (PDP), and electrochemical impedance
spectroscopy (EIS), were tested using a Versa STAT4 Prastat electrochemical
workstation. Gold foils with an area of 1.0 cm? on one side and the edges covered with
wax, fixed on a platinum electrode clip, were used as the working electrode. Before
tests, the active surface of gold foils was sequentially polished using sandpaper (800,
2000, and 10000 grit) and aluminum oxide polishing powder (0.3 and 0.5 um). The
reference electrode and counter electrode are consistent with the EQCM tests, and the
electrolyte is a 50 mL copper (I1)-Gly-thiosulfate solution. All experimental data were

averaged over three tests.
5.2.4 Analytical and characterization techniques

The software of HSC Chemistry 6.0 for Windows was used to construct the Eh-
pH diagrams. Atomic adsorption spectroscopy (AAS, 280Z AA, Agilent, USA) was
used to determine the gold concentration in the filtrate after leaching of the gold
concentrate calcine. UV-vis spectroscopy (UV-Vis, GENESYS, Thermo Fisher
Scientific, UK) was used to measure the absorbance of the copper (II)-glycine complex.
A scanning electron microscope (SEM, pw-100-017, Phenom, Holland) was used to
characterize the morphology of gold foils after leaching. An acceleration voltage of 10
kV and back-scattered electron imaging were used in this experiment. Laser ablation
inductively coupled plasma mass spectrometer (LA-ICP-MS) and X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250XI, Thermo Fisher Scientific, UK) were
used to identify the passive species of a gold foil after leaching. The XPS is equipped
with a monochromatic Al-Ka X-ray source (1486.6 eV). LA-ICP-MS is equipped with
a GeoLas Plus laser ablation system (LA, 193 nm ArF, Coherent, USA) and an
inductively coupled plasma mass spectrometer (ICP-MS, 7700X, Agilent, USA).
Density functional theory (DFT) calculations were used to better analyze the ligand

exchange process during the dissolution of gold. In this part, the structures and energies
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were calculated at the B3LYP level with the LANL2DZ basis set (Becke’s three-
parameter nonlocal-exchange functional with the nonlocal correlation of Lee et al.
method) based on the GAUSSIAN 09 program [24]. To investigate the species
distribution of Gly at different pH conditions, the pKa values from the literature (Michal
et al., 2014) were used to construct the dissociation profiles, and the fractions of species

distribution were subsequently plotted against pH levels.

5.3 Results and discussion

5.3.1 Speciation of Cu (Il) - glycine complexes in thiosulfate media

It is vital to identify the forms of Cu(Il) in the Gly-thiosulfate solution. According
to dissociation profiles (Figure 5.2a), Gly is in the cation form (H,Gly") at very acidic
pH conditions (pH<2.33), and there are no active sites on the Gly molecule (NH3"
instead of NH> while COO™ remains neutral, as COOH) to coordinate with Cu(II) ions.
At near neutral pH conditions (2.33 < pH < 9.57), the concentration of cation species
decreased with pH increase, and Gly was presented in zwitterion forms mostly. In the
zwitterion form of Gly (HGly), salt bridge bonding between the protonated amine of
glycine with another COO™ site restricts the active sites for coordination with Cu(Il)
ions. As the pH increased to values greater than 7, anionic species (Gly, the
deprotonated form of COOH to be a carboxylate COO") began to form, and when it
exceeded 9.57, the predominance of these anionic species was observed. This facilitates
the donation of electrons from the Gly molecules to the Cu(Il) ions and the formation
of Cu(Il)-glycine complexes [25]. The thermodynamic data (Figure 5.2b) show two
different forms of copper(I1)-Gly complexes (i.e., Cu(C2H4NO>).” and Cu(C2HaNO»)3 ),
as Egs. (5-6) and (5-7) [26]. Typically, the neutral Cu(C2HsNO2)’ species is
predominant in solutions with relatively low pH values ranging from 4.00 to 9.14, while
the anionic Cu(C2H4NO3)3™ species becomes more prevalent in solutions with higher

pH values ranging from 9.14 to 12.80.

Cu?" + 2CHsNO;™ — Cu(C2H4NO»),° (5-6)
Cu®" + 3C2HsNO;™ — Cu(C2HsNO2)3~ (5-7)

UV-Vis spectroscopy (Figure 5.2¢) found that Cu(C2H4NO,)." existed in pH=8
media with an absorbance of 631 nm, while an absorbance of 661 nm represents
Cu(C2H4NO»)3™ when the pH is increased to 10.5 [27, 28]. The stable structures of
Cu(C2H4NO»)2? and Cu(C2HsNO»)s~ are seen in Figure 5.2d and 5.2e, which are formed
by the coordination of Cu(II) ions and oxygen atoms of -COOH in Gly molecules [29].
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Figure 5.2 Formation of copper(Il) species in Gly-thiosulfate solution. (a)
Dissociation profiles of glycine. (b) Eh-pH diagram for Cu (II)-Gly-thiosulfate-water
system (0.01 M Cu?*, 1.0 M Gly, 0.1 M S205%"). (c) UV-Vis spectrophotometry and
(d, e) structure model for Cu(C2H4NO,),? and Cu(C2HsNO2);~ complexes

5.3.2 Leaching of a gold concentrate calcine

The effect of Cu(Il) species on the leaching of a gold concentrate calcine in
thiosulfate solution, as well as the decomposition of thiosulfate, was investigated. It is
noteworthy that the leaching percentage of gold in Cu(Il)-Gly systems, specifically
Cu(C,H4NO,);~ and Cu(C,H4NO,)?) as catalysts, are greater than the traditional
Cu(Il)-ammonia system (i.e., Cu(NH3)4>" as catalyst) and the system where only Cu(1I)
ions are present (Figure 5.3a). The gold leaching percentage of Cu(C2H4NO2)3™ system
at pH 10.5 reached 75.1% only 9 h of reaction, which was significantly higher than the
Cu(C,H4NO,),° system at pH 8 (62.6 %). In addition, the inclusion of Cu (II) complexes
in the leaching solution inevitably promotes the consumption of thiosulfate, whereas
the extent of thiosulfate consumption in the Cu(II)-Gly system is notably lower in
comparison to the Cu(Il)-ammonia system (Figure 5.3b). Under alkaline leaching
conditions in the presence of Cu(Il)-Gly complexes, the Cu(C2H4NO7);™ system

exhibits a relatively low thiosulfate consumption rate, only 13.6%. Likely, this partially
102

Mechanisms of Advanced Chemical Oxidation in Refractory Gold Ore Pretreatment and Cyanide-
Free Leaching



M.C. Lei Hou

consumed thiosulfate is primarily utilized for gold leaching rather than being

predominantly decomposed by Cu(C2HaNO»)3 .

Figure 5.3 Leaching of a gold concentrate calcine catalyzed by different copper (II)
species (Cu(C2H4NO,)s ™, Cu(C2HaNO»),, Cu(NH3)4** and Cu?* ions): (a) gold
leaching percentage and (b) thiosulfate consumption. Shrinkage core models for

various control regimes: (c) Cu(C2HsNO2);~ system and (d) Cu(C2H4NOz)," system

To determine the kinetic parameters and rate-controlling step of the gold leaching
process, the well-known shrinking core model was utilized. In general, gold leaching
can be described as a solid-liquid non-homogeneous reaction, and the leaching rates are
controlled by one of the following several steps (Table 5.2) [30]: (1) Outer diffusion
control. Movement of the leaching agent from the lixiviant to the solid product layer on
the surface of the ore. (2) Surface chemical reaction control. The chemical reaction of
the leaching agent ions with unreacted gold at the reaction interface. (3) Inner
production layer diffusion. Diffusion of reaction products through the solid product
layer from the reaction interface to the boundary layer. Where x is the reacted fraction
of gold in concentrate calcine, k-, k., and k4 are the apparent rate constants (h!), and ¢

is the reaction time. As shown in Figures 5.3c and 5.3d, larger regression coefficients
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(R?) were obtained from the type of chemical surface reaction control, which indicated
that the leaching process of both Cu(C2HsNOz);~ and Cu(C2HsNO,),® systems was
controlled by the chemical reaction between the gold-thiosulfate interface [31]. Besides,
the apparent rate constant (k~=0.041) of the Cu(C2H4NO7)3™ system was higher than
that of Cu(C2HaNO2).° (k=0.031), which was defined as the more rapid gold leaching

kinetic using Cu(C2H4NO»);™ as oxidant species.

Table 5.2 Time expression for the shrinking core model at various controlling steps

No. Controlling step Equation
1 Outer diffusion x =k,t
2 Surface chemical reaction 1-(1—x)Y3 =kt

3 Inner production layer diffusion 1 —3(1 —x)%/3 +2(1 —x) = kgt

5.3.3. Mechanistic insights into electrochemical gold dissolution

5.3.3.1. Anodic oxidation and dissolution behavior of gold

The gold-thiosulfate interface, including anodic oxidation of gold and cathodic
reduction of Cu(II) processes, was first investigated with the help of CV tests (scanning
speed: 1.0 mV s™). Figures 5.4a and 5.4b show the CV recorded from two thiosulfate
solutions containing Cu(C2H4NO>)," and Cu(C2HsNO»);~ complexes, respectively. The
Cu(II) reduction process is a multi-step reaction in the cathodic portion, including Cu
(IT)/Cu (I) (Cs peak), Cu (I)/Cu (0) (C2 peak), and Cu (II)/Cu (0) (C; peak) [32]. The Cu
(II)-glycine complex is the receptor of the electron from the anodic portion (gold-
thiosulfate interface), which drives the oxidation of Au(0) to Au(I). In the anode process,
the current peak of A represents the oxidation of Cu(0) for Cu(I), which is further
stripped from the electrode surface for recycling [33]. A peak represents multiple
mixed reactions containing gold oxidation, along with a regenerative cycle of Cu(Il),
and slight S203>~ oxidation (Eq. 5-8) [34]. At higher potentials (A3 and A4 peaks), the
current density increased due to the violent decomposition of S;0;*" to S4O¢>", which

further decomposed into elemental sulfur [35].

28,052 58406 +2¢-  E=0.08 V (vs. SHE) (5-8)
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Figure 5.4 Anodic oxidation behavior of gold in Gly-thiosulfate system. (a, b) CV
curves and (¢, d) LSV-EQCM curves of gold dissolution catalyzed by Cu(C,H 4N02)2O
and Cu(C2HsNO2);~ complexes

To further investigate the anodic dissolution behavior of gold, LSV-EQCM
measurements with a scanning speed of 1.0 mV s were conducted near the current
peak of A, (Figures 5.4c and 5.4d). In the Cu(C2H4NO>)," system, an obvious mass loss
of 0.71 pg cm™ is observed from 0.0 V to 0.5 V, where gold dissolution occurs [36, 37].
The mass loss reaches 4.30 pg cm? in the Cu(C2HsNO»)s~ system, which is significantly
higher than the Cu(C2HsNO,),? system. Moreover, these LSV-EQCM curves did not
show mass increase, indicating that voltammetry near the current peak of A> does not

result in S>03% oxidation.

Here, the dissolution process of gold is described in Figure 5.5a, which was further
understood by DFT and thermodynamic calculations. As previously reported, gold
dissolution in thiosulfate solution in the presence of Cu(Il) species can be considered
an electrochemical process, which involves the oxidation of the element gold to gold
ions at the anode, i.e., Au(0) to Au(l), as seen in Eq. (5-9). Thoroughly, Cu(Il) ions serve

as both oxidant and catalyst, enhancing the oxidation of gold by facilitating electron
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transfer reactions via the reduction of Cu(Il) ions at the cathode, i.e., Cu(Il)—Cu(l).
The oxidized gold species, in the form of Au(l), requires coordination with a ligand to
be released from the unreacted gold core and enter the solution. Here, the total energy(E)
of Au(C2H4NO»), is significantly lower than Au(S;03),*" from DFT calculations
(Figures 5.5b and 5.5¢), which indicates that Gly may preferentially adsorb on the gold
surface and first undergo a coordination reaction with Au (I) to form an Au(CoH4NO»)>™

complex as the product layer, as shown in Eq. (5-10) [22].

However, thermodynamic calculations confirmed the dominant Au (I) species is
Au(S203)*" rather than Au(C2HsNO2),  in the Eh-pH diagram of the Au-glycine-
thiosulphate-water solution (Figure 5.5d). In addition, since the stability constant of
Au(S203)2°" (logB=24) is significantly larger than that of Au(C2HsNO2),™ (logp=18),
the complex of Au(C2H4NO2),™ can be followed a fast ligand exchange process with
S203%" in the gold-thiosulfate interface, thus bringing Au" into solution as Au(S203),>",
as seen in Eq. (5-11). Based on the empirical findings suggesting that the rate of gold
leaching is predominantly influenced by surface chemistry reactions, the primary
controlling reactions of gold dissolution can be ascribed to the oxidation of gold and

the subsequent ligand exchange process.

Au — Au' +e” (5-9)
Au’ 4+ 2(CoHaNO2)™ — Au(C2H4NO»)2™ (5-10)
Au(C2HaNO2), + 28,05 — Au(S203)2> + 2C,H4NO,~ (5-11)

Figure 5.5 The dissolution products of gold in the Gly-thiosulfate system. (a) The
proposed ligand exchange process. The optimized geometries and calculated energy
of (b) Au(C2H4NO»),™ and (c) Au (S2053)2>". (d) Eh-pH diagram for the Au-Gly-
thiosulfate-water system
5.3.3.2. Dissolution rate of gold

A series of CA-EQCM experiments, including the effect of the applied potential,
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Gly concentration, and solution pH, is used to study the dissolution rate of gold in Gly-

thiosulfate solution.

Figure 5.6 The mass loss curves of gold dissolution in Gly-thiosulfate systems: Effect
of (a, b) the applied potential, (c,d) Gly concentration, and (e,f) solution pH catalyzed
by Cu(C2H4NO»),° and Cu(C,H4NO,)s™ respectively

Aim to optimize the applied oxidation potential for the dissolution of the gold
electrode in the subsequent EQCM tests, a thiosulfate solution in the presence of
Cu(C2H4NO»)® complex was tested in the applied potential range of 0.0 to 0.5V for

120 s. Similarly, a solution containing Cu(C2HsNO2)3~ complex was conducted by
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increasing the applied potential from -0.1 V to 0.4 V. Figures 5.6a and 5.6b show a
significant mass loss of gold electrode, indicating that both Cu(C2H4NO2);~ and
Cu(C2H4NO,),? successfully oxidized Au (0) to Au (I) which dissolved into solution
through a multi-step process (Au(C2HsNO2),™ — Au(S:203)2°"). In this case, the
maximum mass loss of gold electrode in the Cu(C2HsNO>),? system is -0.61 pg cm™ at
0.3 V, while in the Cu(C2H4NO,);™ system, it reaches up to -2.36 pg cm? at 0.4 V.

To investigate the maximum electrochemical dissolution rate (EDR) of gold in
Gly-thiosulfate solution, the effect of Gly concentration (0.05, 0.25, 0.5, 1.0, 2.0 M)
was studied at the fixed applied potential (Figures 5.6c and 5.6d). For each experimental
run, the mass loss curves were tested at 0.3 V in Cu(C2HsNO,),’ and 0.4 V in
Cu(C2H4NO2)3™ systems for 60 min, respectively. Obviously, more Gly is beneficial for
increasing the gold dissolution rate in the Cu(C2HsNO,)’ system, while the
corresponding EDR is only 0.585 pg cm™ min™' when the Gly content goes up to 2.0 M.
The gold dissolution in the Cu(C2H4NO2)3™ system initially increased when the Gly
content increased from 0.05 to 0.5 M, and then slightly decreased at higher Gly contents
(0.5~2.0 M). The mass loss of the gold electrode at 0.5 M Gly reached 51.20 pg cm™,

with a higher EDR value of 4.354 pg cm™ min’.

When the applied potential and Gly concentration are kept constant, the
dissolution rate of gold is mainly affected by the solution pH. Figures 5.6e and 5.6f
show the mass loss curves tested at 2.0 M Gly solution for 60 min with a pH range of
5~8 (Cu(C2H4NO»),° system) and tested at 0.5 M Gly solution with a pH range of
9.5~12.5, respectively (Cu(C2HsNOz);~ system). The -catalytic performance of
Cu(C2H4NO2);™ complex in an alkaline system is stronger than in a near-neutral system
with Cu(C2H4NO,),? complex. In the range of pH value from 9.5 to 11.5, the mass loss
of the gold exhibits a significant enhancement with a maximum EDR of 5.032 ug cm™
min™!, while further increasing the solution pH to 12.5, a slight decrease of EDR is
observed. Therefore, it can be concluded that the system under strongly alkaline
conditions, where Cu(C>H4NO»)3™ is the predominant Cu (II) species, exhibits superior

catalytic performance for the gold dissolution rate.

5.3.3.3. Dissolution mechanism of gold

The corrosion electrochemical experiments (e.g., OCP, PDP, and EIS) are
beneficial for understanding the dissolution mechanism of gold [38]. Especially, the
combination of OCP and PDP is commonly utilized to assess the corrosion

ability/tendency of metal. Figures 5.7a and 5.7b show the quasi-steady OCP curves of
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a gold foil as a working electrode immersed in thiosulfate solution, including
Cu(C2H4NO,),? and Cu(C2H4NO,);~ complexes with optimized solution pH and Gly
concentration from EQCM tests, respectively. As displayed in Figure 5.7a, with the
increasing elapsed time (0.5 h), OCP of the Cu(C2H4NO»),’ system decreased, ranging
from 0.138 to 0.115 V. In comparison, the OCP remains stable at -0.020 V in the
Cu(C2HsNO»);~ system, indicating the lowest electrochemical nobility. As time
progressed, the OCP of both systems increased gradually (Figure 5.7b). From a
corrosion science perspective, the gold foil in Cu(C2H4NO»)3™ system exhibits the most

negative OCP, indicating that the gold surface is more prone to oxidation [39].

Figure 5.7 Electrochemical analysis of gold dissolution in Gly-thiosulfate systems. (a,
b) OCP and (c, d) PDP curves for gold electrode tests with Cu(C2H4NO»), and
Cu(C2H4NO2);™ complexes

Table 5.3 summarizes the corrosion potential (Ecorr) and corrosion current density
(Jeorr), which are determined by fitting the PDP curves via a Tafel plot extrapolation
method (Figures 5.7c and 5.7d; scanning speed: 0.1 mV s ). Typically, the leaching
process of gold suggests that jcorr corresponds to the gold leaching current, and Ecor 1S
the mixed potential of the lixiviant [40]. Interestingly, the Ecorr of both systems was
nearly consistent with the OCP values at the beginning state, suggesting good solution
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stability [41]. The observed positive shift of Ecor after Sh tests reveals the dominant
effect of the cathodic Cu(Il) reduction (Cu(Il) = Cu(l)) in facilitating the anodic
oxidation of gold (Au(0)—Au(I)). The higher jeorr of Cu(C2H4NO2)3™ system could be
ascribed to the effective reduction of cupric ions in the cathodic portion, accompanied
by the acceleration of elemental gold oxidation in the anode. It was widely hypothesized
that the gold surfaces may have been passivated to prevent further dissolution when
using Cu(Il)-ammonia as catalysts/oxidant species [42]. Alongside this, an obvious
passivation behavior with the current density decreases first and then tends to increase
drastically at the anode curves, indicating the passivation layer breakdown and the onset
of localized corrosion [43]. This phenomenon originated from the capability to receive
electrons of Cu(C2H4NO,);~ complex, which is stronger than that of Cu(C2H4NO,),°
complex. In addition, the jcorr increased compared with the initial value in the
Cu(C2H4NO»)s~ system but decreased in the Cu(C2H4NO,)," system, indicating that

passivation behavior has very little impact on the gold dissolution.

Table 5.3 Fitting results of Ecorr and jeorr from PDP curves

Cu(II) species Cu(C2H2NO»),° Cu(C2H4NO2)3~

Conditions Fresh After 5h Fresh After 5h
Ecorr (V) 0.113 0.131 -0.062 -0.0223
jeorr (MA cm™) 0.053 0.033 0.034 0.076

Electrochemical impedance spectroscopy (EIS), with a frequency range of 0.01-
100 kHz, was adopted to reveal the electrochemical reaction kinetics of gold leaching
during a 5 h reaction (Figures 5.8a and 5.8b). The fitting results are depicted in Figures
5.8c and 5.8d. In this case, Re represents the resistance of the solution, Rf represents
the resistance of the formation of passivated substances on the gold surface, and Rct
represents the resistance of the electron transfer at the reaction interface during the
oxidation of Au (0) to Au (I), where electrons are received by Cu(Il)-Gly complex [44].
The small Re values imply a higher ionic conductivity in the Gly-thiosulfate system.
The Rct value of the Cu(C2H4NO»)," system is significantly higher, exceeding that of
the Cu(CoH4NO»)3™ system by more than 10 times. Because the fitting results of the
shrinking core model show that the leaching process is controlled by chemical surface
reactions (section 5.3.2), it plays a significant role in improving the kinetics of gold
leaching [45]. It shows that Cu(C2H4NO>),° as a receptor makes it difficult to transfer

the electrons generated by gold oxidation. Thus, the gold dissolution rate is much
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slower than the Cu(C2H4NO»)s™ system, as confirmed by the previous leaching and
EQCM studies. Moreover, the gold surface will be passivated during long-time leaching,
which is consistent with the PDP tests. In detail, the R¢ value of the Cu(C2H4NO2)3~
system is significantly smaller than that of the Cu(C2H4NO,),° system, indicating that
the passivation inhibition observed when using Cu(C2H4NOz)3™ as catalysts for gold

leaching is less pronounced.

Figure 5.8 EIS results for gold electrode tests in Gly-thiosulfate systems: (a, b) EIS
curves; (c,d) Values of Re, Rf, and Rct

It was inevitable that the gold dissolution kinetics would be hindered by the
passivation behavior, and the passivation layer is mainly composed of sulfur-containing
products such as CuS, Cu,S, or elemental S [46, 47]. Here, the surface species of a gold
foil after 5 h leaching in a Gly-thiosulfate system were identified by LA-ICP-MS, which
provides accurate elemental analysis of the laser-ablated layers (less than 10 pm thick
on a gold surface) [48]. As can be seen in Figure 5.9, the gold surface exhibits only
minimal signals of S and Cu, suggesting a negligible formation of passivation layers

resulting from thiosulfate decomposition.
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Figure 5.9 Optical microscope images and LA-ICP-MS spectra of a gold foil after 5 h
leaching. (a, b) Cu(C2H4NO»),° system (0.1 M S>05%7, 0.01 M Cu?*, 2.0 M Gly and
pH 8) and (c, d) Cu(C2HsNOz);™ system (0.1 M S,03%", 0.01 M Cu?", 0.5 M Gly and
pH 11.5)

We further performed XPS tests to confirm the detailed chemical composition of
the passivation layer (Figure 5.10). There are two prominent peaks located at
approximately 164.0 eV and 168.0 eV in S 2p spectra, which are attributed to S**, S, Sp,
and SO3%", SO4* species [49]. In the Cu 2p spectra, the 2p3/2 peak is observed at
approximately 932.5 eV, and the 2pl1/2 peak appears at 952.5 eV, suggesting the
presence of CuS or CuzS compounds [50]. However, no clear S or Cu signals were
detected by XPS survey spectrums, indicating that the passivation species originating
from thiosulfate is minimal [51]. Interestingly, it can be seen obvious signals of C, O,
and N elements in XPS survey spectra. Several fitting peaks in the Cls spectra suggest
the existence of C-C (284.8 eV), C-O/C-N (286.3 eV), and C=0 (287.9 eV).
Deconvolution of O 1s spectra indicated that multi-peaks are associated with C-O
(533.1eV),and O-H (531.4 eV) in the -COOH generated group. Only one predominant
peak in the N 1s region (399.8 eV) was assigned to metal-N bonding (Au-N) [52, 53].
As the central carbon atom of Gly has a -NH» group and a -COOH group bonded to it,
it can be concluded that the passivation species mainly originates from Gly. Numerous
studies have shown that Gly as an individual lixiviant can coordinate with gold, forming
an Au(C,H4NOz)>™ complex [54]. As mentioned earlier, a possible ligand exchange
reaction of Au(C2H4NOz):™ to Au (S203)2* can occur at the gold-solution interface (as
seen in Figure 5.5a). Thus, it is believed that the formation of passivation species is

mainly generated by the coordination between Gly and Au(l) ions, specifically the
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formed Au(C2H4NO3)2", not stripped from the gold surface immediately, rather than

thiosulfate decomposition.

Figure 5.10 XPS spectra of a gold foil after 5 h leaching in Cu(C2H4NO>),” and
Cu(C2H4NO»);™ systems: (a) Survey spectra; (b~f) High-resolution spectra of S 2p,
Cu?2p,C1s,0 Is,and N 1s

More in-depth analysis was conducted to elucidate the mechanism of gold
dissolution in the novel Gly-thiosulfate system. It is logical to believe that the gold
dissolution can be driven by Cu(Il)-Gly complexes, i.e., Cu(C2H4sNO:)" and
Cu(C2HsNOz2);~, which are sensitive to the pH of the solution. According to two
electrochemical routes proposed in Figure 5.11, both Cu(Il)-Gly complexes acquired
electrons on the gold surface, which are directly reduced to Cu(S203)3°~ on the cathodic
portion. In the anodic portion, Au’ is oxidized to Au* which is converted to Au(S203)>>
through a multi-step ligand exchange process (Au(C2HaNO2), —Au(S203)2*") (see in
Figure 5.5(c)). Eventually, the dissolved oxygen in the solution acts as an oxidant to
convert Cu(S203)3> to Cu(Il)-Gly complexes. To sum up, the strong alkaline system
containing Cu(C,H4NO»);~ exhibits lower potential (OCP and corrosion potential),
larger corrosion current density, and slighter passive behavior, which facilitates the
redox cycling of copper ions between the +I and +II states and electron transfer during

gold oxidation, resulting in an enhanced catalytic performance for gold dissolution.
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Figure 5.11 Electrochemical models of gold dissolution in the Cu(II)-glycine-

thiosulfate system

Besides, the enhanced gold dissolution rate possibly benefits from the slight
passive behavior of thiosulfate decomposition. As described previously, the thiosulfate
can easily be consumed by Cu(NH3)4** via a complexation with S203? (Cu(NH3)4S,05°
is produced) [55]. In this study, we found that the UV-Vis absorbance of Cu(C2HsNO»),°
and Cu(C2H4NO»);™ is almost unchanged after EQCM experiments, showing a solution
with good stability (Figure 5.11), which hardly coordinates with S203%". In other words,
Cu(Il)-glycine complexes are much less reactive toward thiosulfate, thereby
significantly alleviating the thiosulfate composition. In addition, the OCP and Ecorr
values of the leaching system use Cu(C2H4NO2);™ as an oxidant are lower than the
standard redox potential of S406’/S203>" (0.08 V), thus the excess oxidation of
thiosulfate is limited [56].

5.4 Conclusions

In this work, an electrochemical investigation into gold leaching in a novel and
eco-friendly Gly-thiosulfate system was conducted. The gold dissolution behavior from
EQCM studies was primarily affected by the forms of Cu(II)-Gly complexes acting as
catalysts/oxidant species. Specifically, Cu(CoH4sNO»)3~ complex in a strong alkaline
system exhibits superior catalytic capability for gold dissolution compared to
Cu(C2H4NO»)2? complex in a near-natural pH solution. A rapid dissolution rate of 5.032
ng cm? min' was obtained in the Cu(C2HsNO2);~ system under specific conditions,
including an applied potential of 0.4 V, a Gly concentration of 0.5 M, and a solution pH

of 11.5. Such excellent performance of the Cu(C:HsNOz);~ system was further
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understood via corrosion electrochemistry (OCP, PDP, and EIS) and spectrum
technologies (LA-ICP-MS and XPS). The results demonstrate that the Cu(C2H4NO2)3™
system exhibits lower corrosion potential, slightly passivated behavior, and rapid
electron transfer compared with the Cu(C2HsNO»),? system. In addition, it is worth
noting that the passivation species observed on the gold surface is primarily attributed
to the coordination between glycine and Au (I) ions rather than sulfur-containing
products resulting from thiosulfate decomposition, which has a minimal negative

influence on gold dissolution.
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Chapter VI. Pentetic acid/ammonia cooperatively stabilizes
Cu(II) as an efficient oxidant for green thiosulfate leaching of

gold
6.1 Introduction

Worldwide, cyanidation is the most proven hydrometallurgical technique for gold
extraction in both mining and waste resource recycling industries [1]. Despite the
advantages of a well-established leaching system, straightforward operating parameters,
and cost-effective reagents, there is growing public concern over the use of cyanide,
one of the most toxic chemicals [2]. Advances in green hydrometallurgy have identified
that thiosulfate is the most promising alternative to cyanide, with the remarkable
advantage of non-toxicity [3, 4]. In principle, the gold dissolution process in cyanide
and thiosulfate systems is similar, both converting elemental gold particles into
oxidized Au(I) ions in solution: Au(CN):~ (logk=38.3) for cyanide and Au(S203)2*"
(logk=26.5) for thiosulfate, respectively [5]. The key difference is that thiosulfate
leaching requires an oxidant to accelerate the gold dissolution rate and improve the
redox potential for Au(S20s),* stabilization, while cyanidation only relies on oxygen
due to the ultra-high complex stability [6]. Therefore, the development of efficient
oxidation systems is a critical scientific problem and a research hotspot in gold leaching
using thiosulfate [7].

Designing oxidation systems for thiosulfate leaching of gold is emerging as a focal
point of research in the areas of hydrometallurgy, electrochemistry, and solution
chemistry [8]. In terms of oxidant selection, transition metals (iron [9], nickel [10],
cobalt [11], and copper [12]) with oxidation states have been claimed as particularly
suitable for catalyzing gold dissolution. Among them, the Cu(Il) oxidation system is
most widely studied with some advantages [13, 14]: (1) Cu(Il) is relatively stable across
a wide range of pH conditions and does not precipitate in alkaline thiosulfate solutions.
(i1) Cu(Il) is the most common oxidation state (+II) of copper and exhibits excellent
catalytic oxidation performance. (iii) Cu(Il) is inexpensive and readily available; for
example, it can be easily introduced into the aqueous solution by dissolving commercial
CuSO4-5H20. Adding Cu(ll) ions as oxidants to the thiosulfate system obviously
accelerates gold dissolution, yielding at least ten times higher leaching than pure
thiosulfate. However, some side reactions are inevitable, making the leaching process
less attractive for industrialization. (i) Cu(Il) ions is easy coordinate with S,0s>",
forming the Cu(S203),>; (ii) The oxidizing properties of Cu(Il) is relative high, which
can degrade S>03> into some by-products, such as tetrathionate (S4O¢>"), trithionate
(S306%), sulfate (SO427), cyclo-Ss, and copper sulfide. (iii) Gold dissolution is
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passivated by the buildup of sulfur-containing coatings on the gold surface. (iv) Cu(II)
ions are easily reduced, resulting in insufficient oxidant during the long leaching period.

Numerous research activities reported that ammonia (NH3) can act as a stabilizer
for Cu(II) ions by forming the Cu(NH3)4>* complex [15]. This strategy not only prevents
the coordination between Cu(Il) and S,03%", but also maintains a high concentration of
Cu(II) oxidant throughout the long leaching period [16]. The role of Cu(NH3)4*" in the
oxidation of metallic gold to aurous Au(S203)>" ions is shown in the reaction (Eq. 6-
1). Nevertheless, the application of the copper-ammonia-thiosulfate system is not
commercially achieved because of the following limitations [17, 18]: (i) Cu(NH3)4>*
has strong oxidation capability, which can inevitably oxidize S>O3*" ions. (ii) The
volatilization of NH3 causes Cu(NH3)4** to dissociate into free copper ions during the

long-time leaching period, which can react with thiosulfate ions. (iii) The amount of

NH3 used in the leaching operation is very high ( > 1.0 mol/L), making it uneconomic

and causing health problems for the public.
Au+ 55,037 + Cu(NH3)4?" = Au(S203)2> + 4NH;3 + Cu(S203)3°~ (6-1)

To address these issues, enormous non-toxic or less-toxic organic ligands have
been introduced into the thiosulfate leaching as more efficient stabilizers for Cu(Il)
oxidant. Examples of such organic ligands include ethylenediamine (En) [19], citrate
(Cit>") [20], ethylenediaminetetraacetic acid (EDTA) [21], ethydiaminedhephen acetic
(EDDHA) [22], carboxymethyl cellulose (CMC) [23], amino acids [24], and so on. This
innovation effectively reduced the demand for NH3, adding to the burgeoning green
thiosulfate leaching based on low-NHj3; or NHs-free systems. For instance, Feng and
van Deventer reported that EDTA as an additive reduces the redox equilibrium potential
of the catalytic Cu(II)/Cu(I) complex, hence reducing the mixed solution potential and
the thiosulfate consumption [25]. Our early work introduces the ethydiaminedhephen
acetic (EDDHA) into the leaching system, making the leaching system stale with almost
no passivation [22]. Concededly, the advantage of low thiosulfate consumption of these
novel organic ligand-based systems is promising for the development of green
thiosulfate leaching. However, the leaching kinetics are largely inhibited by the
ultrahigh stability of the Cu(II) complex, which lacks sufficient oxidation capability for
oxidizing metallic gold to gold ions [26]. Therefore, to achieve satisfactory gold
leaching within a relatively short time, the deficit of oxidation capability of these
organic ligand-based systems must be deeply considered, in addition to pursuing low

thiosulfate consumption.
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Pentetic acid, also known as diethylenetriaminepentaacetic acid (DTPA), a non-
toxic, eco-friendly, and inexpensive organic ligand, can effectively chelate with Cu(II)
ions, using abundant carboxylic acid (-COOH) and amine (-NH>) as coordination sites
[27]. This work first proposed using DTPA as a stabilizer for Cu(Il) oxidant, aiming to
form a stable and efficient thiosulfate system for the green leaching of gold. Specifically,
three thiosulfate systems were designed to explore the cooperative contribution of NH3
in improving gold leaching performance, with an emphasis on the improvement of
oxidation capability of the Cu(Il)-DTPA complex: (i) (NH4)>S203 system, (ii) NaS»03
with (NH4)2SO4 system, and (iii) Na2S>O3 with NH4OH system. Besides, more effects
were concerned about the role of DTPA in maintaining system stability, reducing
thiosulfate consumption, and mitigating passivation issues by controlling the amount
of DTPA added. Furthermore, other operation parameters, including the adding dosages
of Cu(Il) and thiosulfate, liquid-solid ratio (L/S), as well as stirring speed (rpm), were
comprehensively optimized. It provides some valuable guidance for the facile design

of green thiosulfate leaching systems for industrialized gold extraction.
6.2 Materials and methods

6.2.1 Materials and reagents

A multi-stage pretreated concentrate provided by Jinyuan Mining Co., Ltd. (Henan
Province, China) was used as the raw material in this work. Although it was obtained
from the same company as the gold ore used in Chapter IV, it belonged to a different
batch and was therefore re-characterized before use. This material was a flotation
concentrate that had undergone two-stage roasting to expose gold, followed by sulfuric
acid leaching for copper removal. It contains 44.2 g/t Au (determined by fire assay) and
a high content of iron and silicon oxide, and a small amount of other metallic oxides
(Table 6.1). Figure 6.1(a) presents a fine particle size of the sample, with 68.65% below
38 um. As shown in Figure 6.1b, the X-ray diffraction (XRD) pattern established that
quartz (SiO2), hematite (Fe203), and gypsum (S4.00Ca4.00024.00) are abundant mineral
phases. SEM-EDS found small gold particles in the porous channels of hematite, in the
form of a half-exposed phase (Figure 6.1(c)). Cyanidation can achieve a gold leaching
percentage as high as near 95% from this sample in the plant. Therefore, the exposed
gold phase and the satisfactory gold leaching by cyanide make it a suitable standard for

evaluating gold leaching efficiency in this research.
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Table 6.1 Chemical composition of the pretreated gold concentrate (a: g/t)

Element FeO SiO2 ADLO3 S CaO0O KO PbO NaO Ay?

Content/% 36.53 31.54 6.15 533 281 2.18 1.59 1.16 442

Figure 6.1 Characterization of the pretreated gold concentrate. (a) Particle size
distribution. (b) XRD spectrogram. (¢) Scanning Electron Microscope (SEM) images
and Energy Dispersive Spectroscopy (EDS) images of gold particles in hematite

Analytical grade reagents, including (NH4)2S203, Na>S>03:5H>0, pentetic acid
(diethylenetriaminepentaacetic acid), CuSO4:5H20 (Cu(Il)), (NH4)2SO4, and NH3-H20
utilized in the following experiments were purchased from Sigma-Aldrich. Unless
otherwise specified, NTS represents (NH4)2S203, TS represents NaxS>03, DTPA
represents pentetic acid, and Cu(Il) represents CuSOs. All solutions were prepared
using DI water with a resistivity of 18.25 MQ cm.

6.2.2 Analysis and preparation of Cu(Il)-DTPA complex solution

Pentetic acid (DTPA) is a topically aminopolycarboxylic acid consisting of a
diethylenetriamine backbone with five carboxymethyl groups (-COOH). Figure 6.2a
shows the acid dissociation curves of carboxymethyl groups in DTPA based on the pKa
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values presented in Table 6.2 [28]. Under alkaline conditions, the penta-anion DTPA®"
predominates as an octadentate ligand, utilizing both nitrogen and -COO™ groups as
coordination sites. Early characterization work presented the potential complexes
between Cu(Il) and DTPA are CuDTPA?~, CuHDTPA?", CuH,DTPA ", CuH;DTPA, and
Cu,DTPA™ [29]. Based on the proposed stability constants of these complexes, the
species distribution of Cu(Il) in neutral and alkaline conditions is mainly in the form of
CuDTPA®™ (Figure 6.2b), which can be verified by the UV-vis spectroscopy of Cu-
DTPA complex at different pH (Figure 6.2c). Besides, UV-vis spectroscopy also
confirmed the stable 1:1 structure of the complex (Figure 6.2d). Figure 6.2¢ presents
the well-known structure model of the CuDTPA?®" complex, which binds in a
hexadentate manner utilizing the three amine centers and three of the five carboxylates,
forming the highly stable chelate [30, 31].

Figure 6.2 Coordination behavior analysis between Cu(Il) and DTPA. (a) Acid
dissociation curves of DTPA. (b) Species distribution of Cu(Il) at different pH. Uv-vis
spectroscopy under (d) pH varies from 1.5 to 11.5 and (c) the mole ratios of Cu(Il) to

DTPA from 1:0.5 to 1:6. (e) Coordination structure of Cu(Il)-DTPA complex

Table 6.2 Acid dissociation constants and Cu(II) stability constants for DTPA

Reaction pKa Reaction log Keq
H* + DTPA> = HDTPA* 10.48 Cu?* + DTPA®> = CuDTPA?" 21.42
2H" + DTPA> = H,DTPA*  8.60 Cu** + H" + DTPAS = CuHDTPA* 26.22

3H" + DTPA> = HsDTPA>  4.28 Cu?* + 2H" + DTPAS = CuH,DTPA~ 29.18
4H" + DTPA*> = H4DTPA" 2.60 Cu?* + 3H" + DTPAS = CuH;DTPA 31.74
5H" + DTPA> = HsDTPA 2.00 2Cu?*" + DTPA®> = Cu,DTPA~ 28.21

Supported by these fundamental characteristics, the CuDTPA’" solution is
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prepared as follows. First, a certain amount of DTPA is added to deionized water. Next,
NaOH is gradually added to the solution to facilitate the dissolution of DTPA, forming
the dissociated DTPA®™ anion. The solution is stirred for 10 min after each addition of
NaOH. Once the DTPA is completely dissolved, the pH of the solution is adjusted to
10.5. Finally, a specific concentration of copper sulfate is added to the solution to form
a blue Cu(II)-DTPA solution (mainly containing the CuDTPA®~ complex). This solution
is very stable at room temperature and was used as a stock liquor for the following gold

ore leaching tests.
6.2.3 Gold leaching procedures

Leaching tests were conducted in a 250 mL glass conical flask using mechanical
agitation at ambient temperature and atmospheric pressure. Initially, the leaching
reagent, either (NH4)2S203 or Na»S,03 (with NH4OH or (NH4)2SO4), was added to the
200 mL Cu(II)-DTPA solution (pre-prepared as described in section 2.2). Subsequently,
a predetermined amount of gold ore was added to the solution to form a pulp, based on
a specified liquid-to-solid ratio (L/S). After adjusting the pH to a desired level with
saturated NaOH solution, the leaching reaction commenced. Over a total leaching time
of 12 h, filtered aqueous samples were taken at fixed intervals (t=1, 3, 6,9, and 12 h),

diluted, and analyzed to determine Au leaching efficiency (n).

cVv
i 100% (6-2)

Where 1 (%) is the leaching percentage of gold; C (mg/L) is the concentration of
gold ions in filtrate; V (mL) is the volume of leaching solution; m (g) is the weight of
gold ore, and P (g/t) is the grade of the gold ore.

6.2.4 Analytical and characterization techniques

The leached gold in filtrates was determined by atomic adsorption spectroscopy
(AAS, 280Z AA, Agilent, USA). The mineral phases of pyrite samples were identified
by X-ray diffraction (XRD, D8 Advance, Bruker, Japan). The concentration of
thiosulfate (NTS and TS) in filtrates was analyzed by a modified iodimetry titration
with starch as an indicator [32]. The formation of the Cu(Il) complex was measured by
ultraviolet-visible spectroscopy (UV-vis, GENESYS, Thermo Fisher Scientific, USA).
Medusa-Hydra software was used to construct the distribution diagram of Cu(Il)
species. XRD and Fourier transform infrared spectroscopy (FTIR, PerkinElmer 1725x,
USA) were employed to characterize the effects of NH3 on the structural features of the

Cu(II)-DTPA complex. A scanning electron microscope (SEM, pw-100-017, Phenom,

125

Mechanisms of Advanced Chemical Oxidation in Refractory Gold Ore Pretreatment and Cyanide-
Free Leaching



M.C. Lei Hou

Holland), equipped with an energy dispersive spectroscopy (EDS), was utilized to
characterize the phase of the gold particle in gold ore and the surface states of gold
sheets after leaching. To provide information on the frontier molecular orbital (FMO)
and the corresponding energy levels (Enomo and Erumo) for Cu(Il) complexes, density
functional theory (DFT) calculations were performed on GAUSSIAN 09 software
based on the B3LYP functional and def2SVP basis set. Cyclic voltammetry (CV) curves
were conducted on an electrochemical workstation (CHI400E, Shanghai Chenhua,
China) to analyze the redox properties of Cu(Il) complexes and the gold leaching
mechanism, utilizing a Pt electrode and an Au electrode, respectively. The solution
potential (ORP) of lixiviants was determined by a pH/ion concentration meter (YHBJ-
262, Shanghai INESA Scientific, China) equipped with an ORP electrode (vs. SHE).

6.3 Results and discussion
6.3.1 Comparative thiosulfate leaching using DTPA chelated Cu(Il) as oxidant

6.3.1.1 Ammonium thiosulfate (NTS) leaching

Figure 6.3a first compared the effect of thiosulfate salts on the gold leaching
performance of the pretreated gold concentrate, under the same Cu(II)-DTPA oxidation
system. Obviously, the types of thiosulfate salts have a significant impact on the
extraction behavior of gold. The main manifestation is that gold leaching in the sodium
thiosulfate (TS) system is very slow. Although the concentration of Na>S;0s is
increased to 300 mM, only ~32.2% of gold can be leached after 60 h. In comparison,
96.1% of gold can be rapidly leached from this gold ore within 12 h when a smaller
amount of (NH4)2S>03; (NTS) is employed as the leaching reagent, demonstrating faster
leaching kinetics and higher leaching efficiency. As is well-known, thiosulfate leaching
of gold is closely correlated with solution potential (ORP), which also impacts
thiosulfate consumption [33]. As depicted in Figure 6.3b, the solution potential (ORP)
of the NTS system is significantly higher than that of the TS system, likely explaining
the improved gold leaching.

Figure 6.3c and 6.3d illustrate the influence of the initial pH on gold leaching
efficiency, solution potential (ORP), and thiosulfate consumption. At a fixed pH value
of 8.5, the solution potential (ORP) remains relatively low, approximately 208 mV,
which correlates with the poorest gold leaching efficiency (33.9%) and the lowest
thiosulfate degradation (6.8%) observed. The solution potential (ORP) is highly

sensitive to variations in pH values [34], exhibiting an upward trend as the pH elevates.

126

Mechanisms of Advanced Chemical Oxidation in Refractory Gold Ore Pretreatment and Cyanide-
Free Leaching



M.C. Lei Hou

At pH 10.5, the gold leaching efficiency and thiosulfate consumption surprisingly
increase to 96.1% and 16.9%, respectively. This increase may well be associated with
the elevated level of solution potential (ORP), indicating a high oxidation capacity of

the leaching system.

Figure 6.3 (a, b) Effects of thiosulfate (NTS and TS) concentrates and (c, d) pH on

gold leaching, solution potential (ORP), and thiosulfate consumption

6.3.1.2 Sodium thiosulfate (TS) leaching with addition of (NH4)2S0Oq

Here, sodium thiosulfate (TS) leaching of the gold ore with the addition of
(NH4)2SO4 was given as a control system, also using CuDTPA®~ complex as oxidant.
As shown in Figure 6.4a, in the range from 25 mM to 100 mM of (NH4)2SO4 addition,
the gold leaching efficiency was significantly increased from 42.3% to 97.3%. This
improvement is attributed to solution potential (ORP), which is improved by the higher
concentration of (NH4)2SO4 (Figure 6.4b). Interestingly, the gold leaching efficiency
and ORP decrease with the gradual decrease of pH from 10.5 to 8.5 (Figure 6.4c and
6.4d), which is similar to the efficiency of (NH4)2S203; (NTS) leaching. Compared with
the chemical structure of (NH4)2SO4, (NH4)2S203 can also provide an equivalent
amount of NH4" into the solution, forming the same chemical solution system. Clearly,

the similar leaching results of the gold ore using the NTS system (Figure 6.3) and the
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TS system with (NH4),SO4 (Figure 6.4) demonstrated the critical role of NH4" ions.

Figure 6.4 Effect of (a, b) (NH4)2SO4 concentrations and (c, d) pH on gold leaching,

solution potential (ORP), and thiosulfate consumption

6.3.1.3 Sodium thiosulfate (TS) leaching with addition of NH:OH

To understand the function mechanism of NH4" ions, attention must be paid to
their solution perspectives. It is not difficult to find that NH3 is the conjugate base of
the acid NH4" ions, indicating that NH4" is easily formed when NH3 accepts a proton
(H") from the acid, as shown in equilibrium Egs. (6-3) and (6-4) (pka=9.24) [35].

Therefore, NH4" would gradually translate into NH3 as the pH of the solution increases.

NH3(aq) + H™ <> NH4" (6-3)

NH;" + OH™ > NH3(q) + H20 (6-4)
To verify the effect of this equilibrium on gold leaching, a control TS system with
the addition of NH4OH was studied at pH 10.5. Noticeably, the gold leaching efficiency
gradually increased with the addition of NH4OH (Figure 6.5a). When the concentrations
of NH4+OH reached 200 mM, the gold leaching efficiency reached 94.3%, which is the
same as the above-mentioned two systems (Figures 6.3 and 6.4). Besides, the

contribution of NH4OH for gold leaching can be easily observed by regulating the pH
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of the slurry. The variation in pH over the range of 8.5 to 10.5 results in a significant
increase in gold leaching efficiency, from 33.9% to 94.3% (Figure 6.5c). The lowest
gold leaching rate occurs at pH 8.5, which may be attributed to the decreased stability
and concentration of NH3 (NH4" dominating). For comparison, when the pH rises above
9.5, the stability regions of NH3 gradually extend (NH4"/NH3 co-exist), and almost all
NH3 exists at pH 10.5 (NH; dominant). From Figure 6.5b and Figure 6.5d, as the
concentration of NH3 increases, so does the solution potential (ORP), resulting in higher
gold leaching efficiency and thiosulfate consumption. This provides strong evidence

that NH3 increases the oxidizing properties of the Cu(II)-DTPA-S,03% leaching system.

Figure 6.5 Effect of (a, b) NH4OH concentrations and (c, d) pH on gold leaching,

solution potential (ORP), and thiosulfate consumption
6.3.2 Mechanistic role of ammonia for enhancing gold leaching

As previously stated, the increase in solution potential (ORP) in the Cu(II)-DTPA
oxidation system is due to the cooperative role of NH3, which is crucial for gold
leaching. Using Cu(Il) as oxidant, the solution potential (ORP) is determined by the
potential of the redox couple of Cu(I) complex/Cu(Il) complex, i.e., E®cuycuan, which

can be calculated by Eq. (6-5) [36]. To a wide recognition, the most stable reduction
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product of the Cu(I) complex in the thiosulfate leaching system is Cu(S203)3°~ (Eq. 6-
6) [22]. Therefore, the potential of E’cuarycua) is dependent on the stability of the Cu(II)
complex [37]. Figure 6.6a gives a possible ion composition of the leaching solution,
which consists of CuSO4, DTPA, and (NH4)2S203. Cupric sulfate (CuSOs) is used to
provide catalytic Cu(Il) ions, which are stabilized by DTPA®>" to form the stable
CuDTPA* complex. Sulfate ions (SO427), dissociated from CuSOs, remain stable and
standalone. Importantly, one molecule of (NH4)2S203 dissociates to produce two
NH4"/NH3 and one S>03%". Theoretically, NH; and S,032" both are ligands for Cu(II)
ions, preferentially forming Cu(NH3)4> and Cu(S203)2>” complexes (Egs. 6-7 and 6-8),
respectively. Thus, the stability of CuDTPA®" complex in the presence of NH3 and

S»05% ions should be carefully considered.

Figure 6.6 Solution chemistry of the leaching system. (a) lon composition, (b) Cu(II)
species distribution diagrams, (c~d) Uv-vis spectroscopy. (e) Effect of NH3 on the
structure of Cu(Il)-DTPA complex

Elcuarycuy= E’c®ca” + 0.05911og[ Beuay/Beuan] (6-5)
Cu* 435,037 = Cu(S205)5°" (6-6)
Cu®" + 4NH3 = Cu(NH3)4*" (6-7)
Cu® +28,05% = Cu(S203)2> (6-8)

Figure 6.6b calculated the Cu(Il) species distribution across a pH range of 1.0 to
14.0 in the presence of DTPA, S;0s%", and NH3/NH4" ions. The results show
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conclusively that CuDTPA®" is dominant under alkaline conditions. Further evidence
for the formation of the CuDTPA* complex was obtained through UV/Vis
spectrophotometry (Figure 6.6¢), presenting distinct peak locations at ~655 nm, which
is different from Cu(NH;)4>". Besides, the addition of sodium thiosulfate (TS) does not
affect the peak of CuUDTPA®". Interestingly, in the presence of NH3, the absorption peak
of the CuDTPA®~ complex varies (Figure 6.6d), exhibiting a decrease in intensity and
a slight redshift in its location [38]. A similar phenomenon has been reported by Zhao
et al, explaining the formation of a mixed-ligand Cu(ll) complex, i.e.,
[Cu(TEA)(NH;);]**, as an oxidant for thiosulfate leaching [39]. In detail, the
coordination sites located on the terminal axis of six-coordinated Cu(Il) complexes are
inherently unstable and prone to substitution. NH3 acts as a nucleophile, enabling it to
efficiently perturb the structure of the complexes with multiple coordination sites [40].
This ability allows NH3 to form mixed-ligand complexes, such as [Cu(Ida)(NHz3)],
[Cu(mad)(NH3)], [Cu(NTA)(NH3)]", [Cu(gly)(NH3)]", and so on. Based on this
inference, it is likely that a [Cu(DTPA)(NH3)]*~ complex, incorporating mixed ligands
of DTPA and NH3, is probably formed (Figure 6.6¢).

Figure 6.7 Characterization of the structure of Cu-NH3, Cu-DTPA, and Cu-DTPA-
NH3 complexes. (a) XRD patterns. (b) FTIR spectroscopy

To demonstrate the effect of NH3 on the formation of the Cu(Il) complex, Cu(II)-
NH;, Cu(Il)-DTPA, and Cu(II)-DTPA-NH;3; complexes were crystallized by adding
ethyl alcohol to the corresponding solution, and the solid products obtained through
freeze drying were then analyzed using X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR). As seen in Figure 6.7a, the XRD patterns of Cu(Il)-DTPA
and Cu(IT)-DTPA-NHj3 samples are almost identical but differ from that of the Cu-NHj3

sample, indicating that tetraamminecopper(Il) sulfate (i.e., Cu(NH3)4*") does not exist
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independently. Apart from the signal of sodium sulfate, the broad peak located at
10~15° potentially suggests that the amorphous structure of both [Cu(DTPA)]*~ and
[Cu(DTPA)(NH3)]*". Figure 6.7b shows similar FTIR spectra for Cu(II)-DTPA and
Cu(I)-DTPA-NH3 samples in the range of 1200 cm™ to 4000 cm™, proving the
structural similarity of the corresponding complexes. A slight difference is observed in
the carboxylate-metal bond area, with a peak at 1623 cm™ in Cu(I)-DTPA and 1597
cm’! in Cu(I)-DTPA-NHj3. A correlation between the bond character and the absorption
band has also been reported in various kinds of literature, with higher frequencies being
associated with more covalent carboxylate-metal bonds [41, 42]. Compared with
Cu(II)-NH3 and Cu(IT)-DTPA-NH3 samples, some N-H bond vibrations appeared at the
same location, raised at 1113 cm™!, 1241 cm™!, and 1271 cm™!, which are reported
characteristic vibrations of NH3 in cupric ammine compound [43]. However, these bond
peaks barely existed in Cu-DTPA. These results indicate that the NH3 molecule is
probably incorporated into the structure of [Cu(DTPA)]*", forming [Cu(DTPA)(NH3)]*".

It is hypothesized that the structure modification of [Cu(DTPA)]*~ by NHj
changed its chemical reactivity, which is closely related to the oxidation capability of
Cu(Il) complex. To prove this, cyclic voltammetry (CV) curves and DFT simulation
were used to characterize [Cu(DTPA)]*” and [Cu(DTPA)(NH3)]*". As depicted in
Figure 6.8a, two pairs of redox peaks (A1/C1 and A2/Cz) are distinctly detected in Cu(II)
solution containing DTPA alone, which are attributed to the stepwise oxidation-
reduction of [Cu(DTPA)]*" complex involving Cu(Il), Cu(I), and Cu(0) species.
Comparatively, when DTPA and NH3 are co-present in the Cu(Il) solution, only one
pair of redox peaks appeared (A1/C1), as shown in Figure 6.8b. This shift indicates that
redox reaction easily occurred from multi-steps to a single-step process, demonstrating
the improved redox property of [Cu(DTPA)(NH3)]*~ complex [44,45].

Besides, the frontier molecular orbital analysis (FMOs) indicates that the chemical
reactivity of molecules is dependent on the energy gap (AE) between Enomo and Erumo
(Figure 6.8c and 6.8d) [46,47]. The energy gap (AE) of the oxidation system of Cu(II)-
DTPA-NH3 (4.298 eV) is smaller than that of Cu(Il)-DTPA (5.315 eV). This result
predicts a more stable coordination of the chelated [Cu(DTPA)]*~ complex. When NH3
is integrated into the structure of [Cu(DTPA)]*", complex formation destabilizes the
overall system, and the final structure gains some reactive behavior, accepting electrons
and reaching a relatively stable excited state [48]. Based on these evaluations, the
oxidation system of Cu(II)-DTPA in the presence of NHs exhibits higher chemical

reactivity. This is likely the dominant factor contributing to the elevated solution
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potential (ORP) of the oxidation system, resulting in superior oxidation activity and

enhanced catalytic performance for gold leaching.

Figure 6.8 Reactivity analysis of different Cu(Il) complexes with gold oxidation.
Cyclic voltammetry (CV) curves of (a) Cu(II)-DTPA system and (b) Cu(II)-DTPA-
NH3; system recorded on a Pt electrode. The frontier molecular orbital (FMO) and
energy values of (c) Cu(II)-DTPA and (d) Cu(Il)-DTPA-NH3 complexes

It is widely considered that gold thiosulfate leaching is an electrochemical process,
involving gold oxidation/dissolution in anodic area and Cu(Il) reduction/regeneration
in cathodic area. Figure 6.9 proposed an electrochemical mechanism model of gold
thiosulfate leaching using the proposed novel system (a Cu[(DTPA)(NH3)]*~ complex
as oxidant), along with a Cyclic voltammetry (CV) curve recorded on a gold electrode.
As seen in the CV curve, the anodic reaction only contains a broad peak at a potential
range of -0.15 V to 0.0 V, indicating an oxidative dissolution process of gold (Au” to
Au(S203)2*), as shown in Egs. (6-9) and (6-10) [49]. An obvious cathodic peak arising
at a potential of ~0.2 V, clears a reduction reaction of the Cu(Il) complex to Cu(S203)3>
(as Cu(I) species) in the cathodic area, as shown in Egs. (6-11) and (6-12) [50]. In
summary, Au®, oxidized by Cu[(DTPA)(NH3)]*", is combined with S,03>" to form
Au(S203)2°", and the generated Cu(S;03);° is oxidized by O, to get
Cu[(DTPA)(NH3)]*™ and forms a redox cycle (Eq. 6-13) [51].
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Figure 6.9 Mechanism model of gold leaching by ammonium thiosulfate in the
Cu(II)-DTPA oxidation system. Cyclic voltammetry (CV) curve recorded on an Au
electrode under conditions of 100 mM (NH4)>S203, 6 mM Cu(II), 30 mM DTPA, and

pH=10.5
Anodic area:
Au=Au"+e (6-9)
Au’ + 35,057 = Au(S205)> + 2e (6-10)
Cathodic area:
Cu**+e=Cu’ (6-11)
Cu[(DTPA)(NH3)]*~ + 3S203% + e = Cu(S203)3> + NH; + DTPA™" (6-12)

Total reaction:
Au + 55,05%" + Cu[(DTPA)(NH3)]> =Au(S203),* + Cu(S203);° + NH3 + DTPA® (6-13)

6.3.3 Effect of DTPA on thiosulfate stability and surface passivation

More recent efforts have focused on reducing thiosulfate consumption to lower the
production costs. The effect of DTPA concentrations (0, 6, 18, 30 mM) on gold leaching
and thiosulfate consumption in the above-mentioned three leaching systems is

displayed in Figure 6.10.
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Figure 6.10 Effect of DTPA concentrations on gold leaching from the pretreated gold
concentrate and corresponding thiosulfate consumption. (a, b) (NH4)2S203 (NTS)
system, (c, d) NaS>03 (TS) system with (NH4)2SO4, and (e, f) NaS203 (TS) system
with NH4OH

In the absence of DTPA (0 mM), the oxidant present in the solution is likely in the
form of Cu(NH3)42" complex. In this condition (200 mM NH3/NH4"), the Cu(NH3)4**
complex is unstable and will quickly reduce or precipitate, resulting in a lack of the
Cu(Il) oxidant. Besides, the abundant free Cu(Il) ions could rapidly decompose
thiosulfate ions. Therefore, the gold leaching in this condition is very low (less than
30%), and the consumption of thiosulfate is very large (higher than 50%). Obviously,
the gold leaching increases with the increase of DTPA concentrations. When the DTPA
is above 6 mM, DTPA preferentially coordinates with Cu(II) to form a stable CuDTPA>~
complex, and NH3 also participates in the coordination to increase its oxidation
reactivity. Increasing the concentration of DTPA to 30 mM, the consumption of
thiosulfate was reduced to ~10%, a near five-fold decrease compared with 6 mM DTPA.

To explain the beneficial role of DTPA, the solution variation of lixiviant
containing 6 mM DTPA and 30 mM DTPA was comparably studied. As can be seen
from Figures 6.11a and 6.11b, the color of the lixiviant containing 6 mM DTPA turns
from blue to white after 12 h of leaching, while no significant changes occur in the
contrasted 30 mM DTPA condition. The solution sample was further analyzed by Uv-
vis spectrophotometry (Figure 6.11c). Obviously, both systems exhibit a similar
intensity of the absorption peak of the Cu(II)-DTPA complex at the beginning. After 12
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h of leaching, the intensity of the absorption peak of CuDTPA®~ complex decreases
significantly under the 6 mM DTPA condition compared to the 30 mM DTPA condition.
The difference in solution color and absorption peak of Cu(Il)-DTPA complex indicates
that the excess addition of DTPA (30 mM) is good to stabilize the Cu(Il) oxidation
system, which can also be demonstrated by the less decay of solution potential (ORP),
as shown in Figure 6.11d. Besides, the variation of pH during the leaching process was
recorded (Figure 6.11¢). The decision of pH is due to free Cu(Il) ions consuming OH"™
and S$>03% oxidation to produce H (Egs. 6-14 to 6-19) [52, 53]. The results provide

strong evidence for the beneficial role of DTPA in stabilizing the leaching system.

Figure 6.11 Compare the leaching systems containing 6 mM DTPA and 30 mM
DTPA. The changes in (a, b) solution color, (c) Uv-vis spectroscopy, (d) solution
potential (ORP) and (e) pH during gold ore leaching. (f, g) SEM-EDS images of gold
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sheets after leaching. (100 mM (NH4)2S203, 6 mM Cu(Il), pH=10.5)

Cu* + H,0 = 2H* + CuO (6-14)
Cu?* +20H" = Cu(OH), (6-15)
Cu? +40H" = Cu(OH)s> (6-16)
Cu?" + $,03* + H0 = CuS + SO42 + 20H" (6-17)
S,05% + H,0 + 1/20; = S406* + S* + 6H' (6-18)
48406% + 60H = 58,05% +2S8306> + 3H,0 (6-19)

Furthermore, pure gold sheets leached with lixiviant containing 6 mM DTPA and
30 mM DTPA were analyzed using SEM-EDS. As seen in Figure 6.11f and Figure 6.11g,
numerous holes appeared on the surfaces of gold sheets, indicating gold dissolution.
Differently, many dark spots only appeared on the surface of the gold sheet leached
with the lixiviant containing 6 mM DTPA. EDS analysis indicated the components of
the dark spots were Cu, O, and S, suggesting the formation of porous layers of copper
oxides and copper sulfides, which constitute a passivation layer [54]. At 6 mM DTPA,
a relatively high concentration of NH3 (200 mM) compared with 6 mM DTPA reduced
the stability of the CuDTPA®™ complex, potentially leading to the release of free Cu(II)
ions. The copper oxide species is produced by the precipitation of Cu(Il) ions (Egs. 6-
14 and 6-15), while the copper sulfide species is generated as a consequence of the side
reactions between Cu(Il) ions and thiosulfate ions (Eq. 6-17). The results make a point
that excess DTPA has a role in eliminating passivation, which is fatal to gold dissolution.

Concisely, once the passivation layer forms on the surface of the exposed gold
particles, it disrupts the diffusion of leaching agents to the gold surface and the diffusion
of the oxidized Au(I) products into the solution, thereby slowing the gold dissolution
rate. Based on this reason, many works reported that the traditional thiosulfate leaching
of gold is a diffusion-controlled process (i.e., Cu(NH3)4>" as oxidant). According to the
shrinking core model (SCM), a heterogeneous reaction process may be controlled by
surface chemical reaction (Eq. 6-20), diffusion of the reagent through the product layer
(Eq. 6-21), or both the interface transfer and diffusion across the product layer (Eq. 6-
22) [55, 56].

1- (1-x)'3 = kgt (6-20)
1-3(1-x)%3 + 2(1-x) = kst (6-21)
1/3In(1-x)-[1-(1-x)3] = ket (6-22)

where x is the dissolution efficiency of pyrite at any time (t), and kr and kd are rate

constants for the chemical reaction and diffusion control, respectively.
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Figure 6.12 Leaching kinetics analysis. (a) Effect of temperatures (25 °C, 40 °C, and
55°C) on gold leaching from the pretreated gold concentrate. The fitting results of
gold leaching rates based on the shrinking core (SCM) model: (b) chemical reaction
control (Eq. 6-20), (c¢) diffusion control (Eq. 6-21), and (d) mix control (Eq. 6-22).
(100 mM (NH4)2S203, 6 mM Cu(Il), 30 mM DTPA, pH=10.5, L/S=4)

To make a deeper understanding of the interaction mechanism, the kinetic fitting
of gold ore leaching at various temperatures was analyzed. The increase in temperature
accelerated the rate of gold leaching from 12 h at 25 °C k to 6 h at 55 °C, without a
significant increase in the consumption of thiosulfate (Figure 6.12a). The fitting curves
of these kinetic models (SCM) are shown in Figures 6.12b to 6.12d, and the linear
fitting parameters are listed together. Obviously, R? of the chemical reaction (Figure
6.12b) at the temperatures of 25 °C, 40 °C, and 55 °C were 0.9917, 0.9950, and 0.8996,
respectively, which is larger than the other two models. Based on these results,
experimental data showed that the leaching process was mainly controlled by the
chemical reaction model. It could indicate that the interface transfer of leaching agents
is not a major factor, and the dissolution of oxidized gold was not affected by the

passivation layer [57, 58].
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6.3.4 Optimizing the gold leaching process from the pretreated gold concentrate

The operation parameters of gold leaching from the pretreated gold concentrate in
an ammonium thiosulfate (NTS) system using CuDTPA®~ complex as an oxidant were
further optimized. As shown in Figure 6.13a, the gold leaching percentage decreased
with the decrease in (NH4)2S203 concentration. Under a low input of (NH4)>S>03, the
concentrations of S»03>" and NH3/NH4" are both deficient. In other words, the
complexation and oxidation capability of the leaching solution were also reduced, thus
resulting in poor gold leaching. For Cu(Il), adding (Figure 6.13b), in the range from 4
mM to 5 mM, the gold leaching performance stays the same. Considering the
consumption of thiosulfate, 4 mM Cu(Il) is enough. Liquid-to-solid ratio (L/S) and
stirring speed are important operation parameters for the viscosity of pulp, the mass
transfer rate/ion diffusion of reactants, and the contact and collision between gold and
lixiviants [59]. Noticeably, maintaining the L/S ratio at 4 and reducing the stirring speed

to 300 rpm can sustain high levels of gold extraction (Figures 6.13c and 6.13d).

Figure 6.13 Optimization of gold leaching parameters. Effects of (a) (NH4)2S203
(NTS), (b) Cu(Il), (c) liquid-to-solid ratio (L/S), and (d) stirring speed (rpm) on gold
leaching from the pretreated gold concentrate and corresponding thiosulfate
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consumption

Based on the above experiments, an optimal leaching process was optimized: 100
mM (NH4)2S:203, 4 mM Cu(Il), 30 mM DTPA, pH 10.5, an L/S ratio of 4, and a stirring
speed of 300 rpm. Under this condition, 97.8% of gold can be leached from the

pretreated gold concentrate, with low consumption of thiosulfate of 8.8 kg/t-ore.

The above experiments optimized the best conditions for ammonium thiosulfate
(NTS) leaching, where NH3 was self-generated by (NH4)2S203 through an NH4" to NH3
pathway. Under the same operation parameters, gold leaching performance from the
same gold ore was further investigated by using sodium thiosulfate (TS), and NH3 was
supplied by the addition of equivalent ammonium salts. As depicted in Figure 6.14a,
gold leaching percentages using NH4OH, (NH4)2SO4, CH3COONH4, and NH4Cl as
additives were 92.4 %, 94.9 %, 96.4 %, and 94.0 %, with the same thiosulfate
consumption of 11.7 kg/t-ore, 9.3 kg/t-ore, 12.8 k/t-ore, and 12.6 kg/t-ore, respectively.

Figure 6.14 Effect of ammonium salts as additives on sodium thiosulfate (TS) gold
leaching. Gold leaching efficiency of the pretreated gold concentrate and
corresponding thiosulfate consumption. (100 mM NaxS>03, 4 mM CuSOs4, 30 mM
DTPA, pH 10.5, L/S 4, 300 rpm).

6.4. Conclusions

In the key indicators of thiosulfate leaching, a stable Cu(Il) oxidation system is
important for both efficient gold extraction and low thiosulfate consumption. This work

demonstrates that pentetic acid (DTPA) can effectively stabilize Cu(II) oxidant based
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on the stable-chelated CuDTPA®~ complex. On the one hand, comparative leaching
using a (NH4)2S>03 system, a Na>S>03 with (NH4)2SO4 system, and a NaxS>03 with
NH4OH system demonstrated the important role of NH3 in improving the oxidation
performance of the CuDTPA®~ oxidant. The mechanism of NH3 was studied using Uv-
vis spectroscopy, XRD, and FT-IR spectroscopy, cyclic voltammetry (CV), and DFT
calculations, revealing that NH3; contributes to the formation of a mixed
[Cu(DTPA)(NH3)]*~ complex with enhanced chemical reactivity. On the other hand,
DTPA presents a significant effect on the stability of the leaching system. An excess
addition of DTPA can improve gold leaching efficiency, reduce thiosulfate consumption,
and mitigate passivation issues. Furthermore, the operating parameters for (NH4)2S,03
leaching of the pretreated gold concentrate were optimized. Under the condition of 100
mM (NH4)2S,03, 4 mM Cu(Il), 30 mM DTPA, pH 10.5, L/S ratio of 4, and a stirring
speed of 300 rpm, 97.7% gold can be leached with a thiosulfate consumption of only
8.8 kg/t. Importantly, the practical operation process can be facilely designed using
other leaching chemicals such as Na,S>0O3 with the addition of a low amount of NH4OH
or various ammonium salts like (NH4)>SO4, CH3COONH4, and NH4Cl. This study
provides valuable insights for advancing the commercial viability of environmentally

friendly gold leaching processes.
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Chapter VII. Dissolution mechanism of gold in a high-valent
Cu(III)-assisted iodide system: Towards eco-friendly and fast

gold oxidative leaching from ore and e-waste
7.1 Introduction

Gold (Au), one of the most ancient treasures on earth, has held an unparalleled
place in human civilization for millennia, and is gradually expanding its role as a critical
material to modern industries [1]. Given limited raw resources and rising demand, both
extraction from primary ores and recycling from secondary urban e-waste streams are
viable options for securing gold supply [2, 3]. Historically, the method of gold
extraction has been dominated by direct cyanidation, yet the requisite lixiviant, cyanide

(CN"), is acutely toxic with serious environmental concerns [4].

Driven by clean production initiatives, fostering the utilisation of green lixiviants,
such as thiourea (CS(NH.).), thiocyanate (SCN"), thiosulfate (S203%"), and halides (C1",
Br, and I'), offers a blueprint for advancing eco-friendly gold hydrometallurgical
extraction and separation. Among these lixiviants, systems based on CS(NH»)., CI", Br,
and SCN™ have been widely applied under highly acidic conditions (pH<<2), achieving
high gold recovery and fast leaching kinetics [5]. While typically less toxic than CN™,
these lixiviants also pose significant challenges, such as high corrosivity toward
metallurgical equipment and poor selectivity, which are often regarded as industrially
undesirable [6]. Researchers have long recognized that S>03% is a better lixiviant due
to its ability to operate effectively under alkaline conditions (pH 8-11). However, in
many cases, the instability of Cu(NH3)4>*, an essential oxidant, leads to irreversible side
reactions resulting in high reagent consumption [7]. Evidence indicates that iodide (I")
enables efficient gold leaching from primary ore (e.g., carbonaceous ores, sulphide ore,
and polymetallic ores) and even from secondary electronic waste under near-neutral pH
[8, 9]. Thanks to this, iodide provides a promising leaching system for gold extraction
that is simple, safe, and well-aligned with the 12 principles of sustainable

hydrometallurgy [10].

Iodide leaching typically employs an I/I> redox couple, where dissolved I» reacts
with I to form triiodide (I37), the key oxidant for Au dissolution, as Egs. (7-1)-(7-3)
[11]. However, directly using solid I» is impractical for metallurgical leaching: (1) it has
poor solubility and requires a high amount of iodide to assist it in dissolving; (ii) it can
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easily volatilize at ambient temperature, complicating process control and leading to
serious side effects; and (ii1) it is expensive; a kilogram of iodine has been traded at a

price above 60 euros/kg, placing it among the most expensive basic chemicals.

b+ — I3 (7-1)
2Au+1 +137 — 2Auly” (7-2)
2Au+15 — 2Auly + I (7-3)

Taking these factors into account, many efforts have focused on using alternatives
to direct solid I> dosing. One promising strategy is using iodide-oxidizing bacteria, such
as A. baumannii, R. tolerans, and R. mucosus, to in situ convert I" to liquid I, which
enables gold extraction from sulphide ores and e-waste [12-14]. However, these
biocatalysts typically require an extra electron acceptor (e.g., H202), and always suffer
from long cultivation periods and limited process controllability [15]. In recent years,
chemical catalytic oxidation based on persulfate (S20s*") has been regarded as a huge
leap [16]. According to Eqs. (7-4) and (7-5), free radicals (SO4™) generated from S>0g?
can directly activate I to I>1), which further convert into I3~ spontaneously (Eq. (7-1)).
This finding definitely provides intriguing scientific insights, yet generating SO4"
radical is nontrivial and always requires external energy input (e.g., light, heat,
ultrasound, etc.) [17, 18].

$:05°" — 2 S04~ (7-4)
2S04 + 21" — Iog) + 2804> (7-5)
Cu(Il) + 1" — I' + Cu(Il) (7-6)
I' — Iy (7-7)

Interestingly, early studies reported that high-valent Cu(Ill), in the form of a
periodate complex, is capable of catalytically oxidizing I" to I2q), as Eqs (7-6) and (7-7)
[19, 21]. This reaction has no need for any external energy input and can proceed over
a wide pH range, which has been applied to the recovery of critical metals such as
americium [22] and mercury [23]. Inspired by this, this exploratory study aligns with
the principles of clean gold production by, for the first time, employing Cu(IlIl) to assist
iodide gold leaching. First of all, the thermodynamic feasibility of the proposed high-
valent Cu(IIl) oxidation system for driving iodide gold leaching was evaluated using
Eh-pH diagrams. Secondly, key operational parameters, including Cu(III)/KI
concentrations, pH, liquid-to-solid ratio, and agitation speed, were systematically
optimized using gold ore and e-waste. We further conducted a comprehensive solution
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chemistry analysis to identify the dominant oxidants and clarify their roles in the
oxidative dissolution of gold. Finally, leachate reuse and adsorption recovery of leached
gold using commercial activated carbon are further assessed, aiming to provide

practical guidance for environmentally friendly iodide gold extraction.

7.2 Materials and methods

7.2.1 Materials and reagents

One of the Au-bearing materials used in this chapter was a multi-stage pretreated
gold concentrate, hereafter referred to as ore. Although it was obtained from the same
company as the samples used in Chapters IV and VI, namely Jinyuan Mining Co., Ltd.
(Henan Province, China), it was collected at a different time and was therefore re-
characterized before use. The other was an e-waste sample consisting of waste mobile
phone printed circuit boards (PCBs, hereafter referred to as e-waste). Before leaching,
the e-waste was shredded, ground to a particle size below 100 pm, and washed with
HNO:;, followed by rinsing and drying. X-ray fluorescence (XRF, PANalytical B.V.,,
Netherlands) was used to determine their chemical composition. As shown in Table 7.1,
the ore mainly contains Fe (57.17 wt%) and Si (24.21 wt%), while Si (70.59 wt%) and
Br (14.56 wt%) are the predominant elements in e-waste. The Au grade was 44.5 g/t for
the gold ore sample (fire assay) and 70.6 g/t for the e-waste (ICP-OES after aqua regia
digestion) [24, 25].

Table 7.1 Elemental composition of the gold ore and e-waste (wt%; Au in g/t)

Element Fe Si Al S K Ca Ti Br Ba Pb Au?

goldore 57.17 2421 521 3.17 2.07 2.57 0.50 / /297 445
e-waste  0.89 70.59 3.26 0.45 0.08 525 095 1456 327 / 706

X-ray diffraction (XRD, Rigaku, Japan) analysis confirmed that the gold ore
contained Fe>O3 (hematite), SiO» (quartz), and CaSO4 (gypsum), with the brick-red
color and high Fe content indicating hematite as the main phase (Figure 7.1a). XRD
pattern of the e-waste shows a broad halo in the 10°-35° region, suggesting a significant
amorphous contribution. Together with the high Si content from chemical analysis, this
feature is consistent with the presence of Si-rich amorphous phases, potentially

including amorphous silica (Figure 7.1b) [26].

A scanning electron microscope (SEM, pw-100-017, Phenom, Holland), equipped
with an energy dispersive spectroscopy (EDS), was used to detect the liberation of gold

in samples. As shown in Figure 7.1c, gold was found to exist as independent and small
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particles within the porous hematite, though the presence of larger visible gold particles
cannot be ruled out in this gold ore sample. In general cases, the higher the degree of
liberation of the gold particles in the materials, the more effective the leaching rate will
be. For the e-waste sample, Au is expected to be readily leached because it is mainly

present as a surface-plated layer on PCBs contact features (Figure 7.1d).

Figure 7.1 Characterization of gold-bearing feedstocks. (a, b) XRD patterns and (c, d)
SEM-EDS spectra of the gold ore (top) and e-waste (bottom)

Analytical grade of copper sulfate pentahydrate (CuSO4*5H>0), potassium
persulfate (K2S,0g), potassium periodate (KIO4), and potassium hydroxide (KOH)
were used for the preparation of Cu(IIl) periodate, which were all supplied by Sigma
Aldrich, China. Potassium iodide (KI, Sinopharm, China) was used as a gold lixiviant.
Starch (Sinopharm, China) was used as a probe for detecting iodide derivatives (I3~ and
I2) in solution. Nitric acid (HNOs;, Sinopharm, China) was used for e-waste pre-
treatment. Granular activated carbon (20-40 mesh, Zhengzhou Yihang Water
Purification Materials Co., Ltd.) was ground to less than 75 pum ahead of gold

adsorption experiments. All solutions were prepared using deionized (DI) water.
7.2.2 Preparation of Cu(IIl) periodate solution

The stock solution of the Cu(Ill) periodate complex was prepared by oxidizing

Cu(Il) in an alkaline medium in the presence of KIOs. Firstly, 8.00 g of KOH was
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dissolved in 80 mL of DI water, after which 2.87 g of KIO4 was added to the solution
with continuous stirring to ensure complete dissolution (Solution A). Subsequently,
1.56 g of CuSO4*5H20 was dissolved in 20 mL of DI water (Solution B). Solution B
was then added dropwise to Solution A while stirring, resulting in a dark-green Solution
C. Solution C was then heated to 90°C with stirring, and 1.00 g of K2S>Og was added
in small portions step by step; then, it was gently boiled for additional 20 min to ensure
a complete decomposition of S,0s>", eventually yielding a dark brown solution (insert
of Figure 7.2). This solution was cooled down and stored in a sealed glass bottle at room

temperature.

Figure 7.2 UV-vis absorption spectrum of the as-prepared Cu(III) solution

The ultraviolet and visible spectrophotometer (UV-vis, GENESYSS, Thermo Fisher
Scientific, USA) was used to confirm the successful synthesis of Cu(Ill) periodate. As
seen in Figure 7.2, the obtained solution shows a broad absorption band at 416 nm,

consistent with previous reports of the high-valent Cu(III) periodate complex [27] [28].
7.2.3 Gold extraction procedures

7.2.3.1 Gold leaching procedure

Magnetic stirring was used for leaching gold from both ore and e-waste, which
were carried out in a 150 mL beaker, at room temperature under ambient atmosphere.
The powder of gold-bearing materials was first added to 100 mL of DI water, forming
a pulp by stirring. Then Cu(Ill) solution was dropped into it, and the pH was
immediately adjusted to the preset value using 10% H2SOs4. Finally, solid KI was added
to the pulp to start the leaching reaction. The leaching durations were 60 min for gold
ore and 20 min for e-waste, respectively. At each time interval, 1 mL leachate was taken
and diluted with DI water to analyse Au leaching efficiency (1), %) by atomic absorption
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spectroscopy (AAS, 280Z AA, Agilent, USA), as shown in Eq. (7-8). To minimize
experimental error, all tests were performed in triplicate and reported as the mean value.

Ve,

Where V' (mL) and C; (mg/L) are the leachate volume and Au concentration therein,
respectively; m (g) and S (g/t) are the mass and Au grade of ore and e-waste, respectively.

7.2.3.2 Multi-cycle leaching procedure

Using Section 7.3.2’s optima, this work conducted five consecutive gold-leaching
cycles for ore (3% Cu(Ill), 40 mM KI, pH 5.5, L/S 2, 200 rpm, 60 min) and e-waste (1%
Cu(III), 20 mM KI, pH 5.5, L/S 8, 300 rpm, 20 min). After each leach, the slurry was
filtered to obtain the filtrate, which was allowed to be reused to leach fresh Au-bearing
feeds without any reagent supplementation. To offset leachate loss during filtration, the
mass of fresh solids was adjusted in later cycles to keep L/S constant. The leached solid
residues from each cycle were thoroughly washed and dried for gold content analysis

(fire assay):

mof —m
g Mo My 100% (7-9)
mof
Where £ (g/t) and v (g/t) are the Au grades of the feed (gold ore or e-waste) and

its leached residue, and mo (g) and m: (g) are their respective masses.

7.2.3.3 Gold recovery procedure

The coconut shell activated carbon was used in this study for leached gold
adsorption. Before the adsorption test, it was washed with 2 M HCI followed by hot
distilled water and dried at 70 °C for 24 h. After completion of the cycled gold leaching
process, activated carbon, with a dose of 1 g/L, was directly added to the filtered
solution for gold adsorption recovery. During the adsorption test (120 min), 1 mL of
solution was taken at distinct times to analyze the gold concentration by AAS. The
recovery rate of gold adsorption onto the activated carbon (Y, %) was calculated using
Eq. (7-10).

Co — C;

Y =
Co

X 100% (7-10)

Where Cy is the initial Au concentration and C; is the Au concentration at time t in

the leaching solution, both expressed in mg/L.
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7.2.4 Solution characterization and thermodynamic/DFT analysis

Ultraviolet-visible spectroscopy (UV-vis, GENESYS, Thermo Fisher Scientific,
USA) was used to measure the formation of oxidative species in solution (e.g., Cu(III)
periodate, I3, and ). X-ray photoelectron spectroscopy (XPS, PHI5S000, ULVAC
PHI, Japan) was carried out to characterize the chemical state of gold in the leachate.
Electrochemical measurements were conducted to characterize the anodic dissolution
behavior of gold in solution, using a CHI400E electrochemical workstation equipped
with a Quartz Crystal Microbalance (QCM). A gold-coated quartz crystal electrode, a
platinum electrode, and a saturated calomel electrode (SCE) were employed as the
working, counter, and reference electrodes, respectively. The Cu(III)/KI leaching
solution was used as the electrolyte, and all potentials were reported versus the standard
hydrogen electrode (SHE).

HSC Chemistry software was used to construct Eh-pH diagrams for Au-H>O, Au-
I-H>O, and I-H,O systems. Density functional theory (DFT) calculations were
performed using the Materials Studio program and were carried out at the GGA/BLYP
level with effective core potentials (ECPs) for core treatment and a double numerical
plus polarization (DNP) basis set. Geometry optimizations used convergence criteria of
5x 1073 A (displacement), 2 x 10~ Hartree A~ (force), 2 x 107> Hartree (energy), and
1 x 10 Hartree (SCF), with a 4 A orbital cutoff.

7.3 Results and discussion

7.3.1 Thermodynamic feasibility assessment of the Cu(IIl1)/KI system

In the field of extractive metallurgy, Eh-pH diagrams are very useful to predict
thermodynamically stable species and feasible reaction pathways [29]. Firstly, an Eh-
pH diagram for the Au-H:O system (Figure 7.3a) was constructed, and the diagram
indicates that metallic gold is insoluble in aqueous media without any complexing
agents. Theoretically, Au(OH), can form under sufficient alkalinity and potentials,
while it is only an intermediate product that cannot stably exist [30]. With I as a ligand,
the Eh-pH diagram for the Au-I-H>O system (Figure 7.3b) indicates that metallic gold
can be dissolved as Aul,™ and Auls™ ions (Egs. 7-11 and 7-12) [31]. Both Au(I) and
Au(Ill) complexes are stable enough over a wide pH range from acidic to alkaline
conditions (pH < 11.48). Besides, the addition of I" distinctly lowered the potential for
the formation of these soluble gold species, which provided a possibility for gold
leaching, as the higher the potential, the harder the dissolution of gold. Nonetheless,
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lines @ and @ show that the formation of Aul,™ (E° = 0.40 V) and Auls~ (E° = 0.65
V) still requires a minimum potential, which means a suitable oxidizing atmosphere is
still needed [32].

Au+2l > Auly +e (7-11)
Au+4T° — Auly + 3¢ (7-12)

Figure 7.3 Eh-pH diagrams of (a) Au-H>O system and (b) Au-I-H>O system

Herein, the +III oxidation state of copper itself exhibits a higher potential
(E%cuqumnycuqny = 2.4 V) than that required for the formation of both Aul>™ and Auls™ ions
[28]. Besides, according to Eqgs. (7-6) and (7-7), Cu(Ill) periodate is capable of
oxidizing I" to I2(1). Accordingly, once soluble Iz is formed, the more powerful species
of I3™ can also be formed simultaneously (Eq. 7-1). Therefore, the Cu(III)/KI system
may contain multi-oxidants, such as high-valent Cu(III) periodate, I>(1), and I3, that are

thermodynamically capable of oxidizing and dissolving gold.
7.3.2 Optimization of gold leaching parameters for ore and e-waste

7.3.2.1 Effect of Cu(Ill) dosage and KI concentration

Figure 7.4a and Figure 7.4b show how Cu(Ill) periodate affects Au leaching. In
the absence of Cu(Ill) periodate, negligible Au dissolution was observed, which is
expected because Au cannot dissolve in iodide solution without an oxidant [33, 34].
Adding Cu(Ill) periodate markedly increased leaching, which corroborates the
thermodynamic analysis that Cu(IIl) periodate is powerful enough. A maximum gold
leaching percentage of 95.3% was achieved for gold ore when the concentration of
Cu(III) was increased to 3 vol%. For e-waste, gold leaching sharply increased up to a
maximum of 97.9% at 1 vol% Cu(Ill). Continuing to increase the concentration of
Cu(IIl), there was no serious variation in leaching percentage. Having said that, the
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improved leaching rate is likely attributable to homogeneous redox reactions between

high-valent Cu(Ill) and I" that generate additional oxidants (e.g., I2q) and I37).

Figure 7.4 Effects of (a, b) Cu(Ill) dosage and (c, d) KI concentration on Au leaching
efficiency. Other conditions: pH 7.0, liquid-to-solid ratio 4:1, and agitation speed 400
rpm for gold ore; pH 7.0, liquid-to-solid ratio 10:1, and agitation speed 400 rpm for e-

waste.

Figure 7.4c and Figure 7.4d show the effect of KI on gold leaching from ore and
e-waste, respectively. Similarly, when the system was pure Cu(Ill), gold dissolution
was negligible. Once KI was added, the efficiency of gold leaching increased, yielding
a maximum percentage of 94.9% and 96.5% with a KI molarity of 40 mM for gold ore
and 20 mM for e-waste, respectively. Generally speaking, KI mainly supplies I for
complexing with oxidized Au ions, but given the very low content of gold in the ore
and e-waste, the consumption of I" to produce Au-iodide species is insignificant [35].
So, maintaining a higher I" level than stoichiometric is mainly used to avoid their
dissociation [36]. Moreover, the vast majority of I could be used to maintain the system

in a highly oxidized environment, if iodide derivatives >y and I3~ actually exist.
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7.3.2.2 Effect of pH

Variations in pH always affect the activities of protons and hydroxide ions, which
in turn affect the speciation and thermodynamic stability of species [37]. Here, gold
leaching tests under a wide pH range from 1.5 to 12.5 were investigated. As presented
in Figure 7.5, gold leaching was achieved at wide pHs (4.0-10.0), showing both fast
leaching kinetics and high leaching percentage. As pH fell to a highly acidic condition
(pH 1.5), gold leaching did not proceed, likely because periodate detaches from Cu(III)
and is protonated, making Cu(IIl) reduction very quick [22]. Gradually rising pH to
alkaline (pH 10), gold leaching can be achieved, but the curves are likely characterized
by parabolic to linear, indicating that leaching kinetics slowed down. The main reason
for this change is possibly due to the instability of I3~ and I>) under highly alkaline
environments, where these oxidizing species can quickly disproportionate to 10:™ [38].
Likewise, as pH reached an ultra-high alkaline condition (pH 12.5), gold leaching
efficiency also declined precipitously, possibly due to the Au-iodide species
precipitating as solid products (e.g., AuO; and Au(OH)3). Thus, pH 5.5 was selected,

achieving 96.3% and 98.0% Au leaching from ore and e-waste, respectively.

Figure 7.5 Effect of pH on Au leaching efficiency. Other conditions: 3 vol% Cu(III),
40 mM KI, liquid-to-solid ratio 4:1 and agitation speed 400 rpm for gold ore; 1 vol%
Cu(III), 20 mM KI, liquid-to-solid ratio 10:1 and agitation speed 400 rpm for e-waste.

7.3.2.3 Effect of liquid-solid ratio and agitation speed

In the heterogeneous ore leaching process, the liquid-solid ratio (L/S) and agitation
speed (rpm) should be controlled at a minimum level to increase the processing capacity,
decrease the reagent consumption, and save energy [39]. As shown in Figure 7.6a,
decreasing L/S from 4 to 2 did not significantly affect Au leaching from the ore. In the
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case of e-waste, satisfactory leaching can be achieved when L/S was set to 8 (Figure
7.6b). Further reducing L/S decreased leaching efficiency for both ore and e-waste. That
is because lower L/S could increase pulp viscosity as well, thereby hindering reagent
diffusion to gold surfaces and slowing dissolution kinetics. As seen in Figure 7.6¢ and
Figure 7.6d, agitation is necessary due to only a very poor Au leaching occurring
without stirring; while 94.1% and 96.6% leaching efficiency can be obtained when
agitation speeds are higher than 200 rpm for ore and 300 rpm for e-waste, respectively.
By contrast, e-waste requires a higher L/S and agitation speed, likely due to its

relatively low apparent density, which increases diffusional resistance.

Figure 7.6 Effect of (a, b) liquid-solid ratio (L/S) and (c, d) agitation speed (rpm) on
Au leaching efficiency. Other conditions: 3 vol% Cu(IlI), 40 mM KI and pH 5.5 for
gold ore; 1 vol% Cu(IIl), 20 mM KI and pH 5.5 for e-waste.

In summary, the optimal gold leaching conditions are 3 vol% Cu(III), 40 mM KI,
pH 5.5, L/S 2, 200 rpm for gold ore and 1 vol% Cu(Ill), 20 mM KI, pH 5.5, L/S §, 300

rpm for e-waste, achieving gold leaching efficiencies of 94.1% and 96.6%, respectively.
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7.3.3 Mechanistic insights into Cu(Ill)/KI-mediated gold dissolution

7.3.3.1 Speciation of Cu(Ill) under different pH

As a weak acid, periodate does not exist as IO in actual solution; instead, four
types of protonated forms (e.g., HsIOs, HalOs~, H3106*", and H2106°") may generally
arise with respect to pH variation. Here, the speciation of periodate was plotted to
provide insight into the forms of Cu(III) periodate (Figure 7.7a). There are Hs1O¢ and
H4lO¢ at pH below 8.36, H3106* and H2106* at pH above 8.36 [40]. H310¢* is widely
considered the ligand for Cu(Ill) at strong alkalinity, forming diperiodatocuprate(III)
(DPC), [Cu(H3lO¢)2]” (Eq. (7-13)), supported by the characteristic electronic
absorption for the pH 13.6 sample in the UV-vis spectrum (Figure 7.7b). Upon
decreasing pH, the bidentate H31O¢* ligand is partially displaced by water to yield the
diaquomonoperiodatocuprate(I1l) (MPC), [Cu(H3106)(H20)2]” (Eq. (7-14)), reflected
by the corresponding spectral shift at pH 10 [41]. Further pH decrease to acid leaves
the UV-vis peak position unchanged, consistent with an MPC, while the intensity

decreases due to reduction. The structures of DPC and MPC are shown in Figure 7.7(c).

[Cu(H2106)2]” + 2H20 — [Cu(H3106)2] + 20H™ (7-13)
[Cu(H3106)2]” + 2H20 — [Cu(H3106)(H20)2]" + H3106> (7-14)

Figure 7.7 Speciation of Cu(IIl) under different pH. (a) Distribution of periodate
species over pH 0-14. (b) UV-vis spectra of Cu(III) periodate at different pHs. (c)
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Structure evolution of Cu(Ill) periodate with decreasing pH

7.3.3.2 Identification of reactive oxidants

As a typical oxidative leaching process, understanding the leaching mechanism
requires linking Au dissolution to active species of oxidants. The Cu(IIl)/KI system
looks simple, but the redox chemistry between Cu(Ill) and I would render the process
complicated [19]. As concluded earlier, this system revealed a pronounced effect of pH
on gold leaching (Figure 7.5), with clear differences from acidic to alkaline conditions.
Accordingly, we hypothesized that the dissolution behaviour of gold in the Cu(III)/KI
solutions is pH-dependent, which was tested by observing the difference between pH
5.5 (weakly acidic) and pH 10.0 (highly alkaline). As shown in Figure 7.8a, the solution
at pH 10 is accompanied by a colour fade during 120 min reaction; in contrast, there’s
almost no change at pH 5.5 (Figure 7.8b). Interestingly, precipitates appeared in both
solutions after a standing period. After filtration and drying, green Cu(I1Os)> were
collected (Figures 7.8c and 7.8d) [42], which ought to be the reduction product of
Cu(III). Here, 103 likely produced from a side reaction between protonated periodate

(H310¢) and I', with its occurrence increasing as pH decreases (Eq. (7-15)).

3H3106 + 1+ 3H" — 4105~ + 6H,0 (15)

Figure 7.8 Characterization of the Cu(II1)/KI solution at pH 5.5 and 10. (a, b) color
change; (c, d) reduction products of Cu(Ill); (e, f) UV-vis spectra; (g) Eh-pH diagram
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of the I-H20 system; (h) proposed formation pathway of oxidative species

Further on, the detection of reactive oxidants was carried out on the UV-vis
spectrum. At pH 5.5, the characteristic Cu(Ill)-periodate absorption diminished after
reaction, accompanied by the appearance of new absorption features (around 290 and
350 nm), consistent with the formation of I3~ (Figure 7.8¢) [43]. When starch was added
as an indicator, the solution turned dark blue, and an additional absorption band
appeared at around 560 nm (Figure 7.8f), supporting the presence of I>qy capable of
forming a starch-iodine complex [44]. In contrast, at pH 10.0, the spectrum remained
dominated by the Cu(IlI)-periodate feature with or without starch (416 nm), indicating
that iodine-based oxidants (i.e., I3~ and I»()) are not persistent under strongly alkaline
conditions. This observation is consistent with the Eh-pH diagram analysis of the I-H-O

system (Figure 7.8g) [45].

Based on the above analysis, the reactive oxidant in the Cu(III)/KI system becomes
clear, as illustrated in Figure 7.8h. When KI is added to the Cu(III) solution, a redox
reaction occurs in which high-valent Cu (III) is reduced to Cu(II) by gaining electrons,
while I" is simultaneously oxidized to I»1) by losing electrons (Eqgs. 7-16 and 7-17).
Although Iy can theoretically form and convert to I3, under highly alkaline conditions,
Iy would likely react with OH™ to form I” or IO;™ by disproportionation (Eq. 7-18).
However, as pH decreases, I>) and I3~ remain stable and co-exist, as described by Eqgs.
(7-19) and (7-20).

Cu**+2I° — Cu* + 1 (7-16)
[Cu(H3106)(H20)2]" + 31" — I+ Cu(I03)2 + 7OH™ (7-17)
3+ 60H — 5I" + 105 + 3H20 (7-18)
5L+ 105 + 6H" — 3L, + 3H,0 (7-19)
105"+ 81 + 6H" — 313" + 3H,0 (7-20)

7.3.3.3 Chemical reaction pathway of Au oxidative dissolution

EQCM was widely used to observe Au oxidation by in situ recording the mass
change of the Au-coated quartz electrode during anodic polarization [46]. Here, anodic
oxidation curves of gold electrodes were measured by a Linear sweep voltammetry
(LSV) method (Figures 7.9a and 7.9b), while Figures 7.9c and 7.9d depict the
corresponding mass changes. It pointed out that two distinct mass-loss regions were
observed, concurrent with sharp increases in current density, which are attributed to the
oxidation of metallic Au(0) to Au(I) and Au(IIl), respectively [47] [48]. However, the
mass decrease occurred at a lower potential in a given Cu(III)/KI system of pH 5.5
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compared to pH 10. The reason behind this denotes that the gold oxidation process is
more favourable at the lower pH (5.5), where the active oxidant was proved to be iodide

derivatives (i.e., I3~ and I»q)) instead of Cu(IlI).

Figure 7.9 Characterization of gold oxidation behavior in the Cu(III)/KI system at pH
5.5 and 10. (a-d) anodic current density and EQCM mass response as a function of
potential; (e-h) initial and optimized adsorption configurations of Cu(Ill) and I37/I2()
on gold surface; (i) Au 4f XPS spectra of the leachate; (j) proposed Au oxidation
pathways

DFT calculations have been previously applied to investigate Au oxidation [49].
Figure 7.9¢ shows the adsorption structures of Cu(IIl) on the Au surface model (25 Au
atoms), and Figure 7.9g shows the co-adsorption structure of I3~ and I»q), respectively.
To quantify the extent of surface relaxation induced by different oxidants, the average
relaxation descriptor Rd for the surface Au atoms was calculated using Eq. (7-21),
which has been proposed as a useful metric for comparing oxidant-Au interfacial
reactivity [50]. As shown in Figures 7.9f and 7.9h, geometry optimization leads to
appreciable relaxation of the surface Au atoms, as reflected by the changes in their
Cartesian coordinates. Notably, the I37/I>) system exhibits a larger Rq value than the
Cu(IlT) system, indicating a stronger perturbation of the Au surface. This trend is
consistent with the experimental observation that I37/I2) play a more dominant role in
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promoting Au oxidation under the corresponding conditions. The smaller size of I3™/I>)
may allow a closer approach to surface sites and stronger interfacial coupling, thereby
facilitating charge transfer and accelerating Au oxidation, whereas the bulky Cu(III)
(i.e., diaquomonoperiodatocuprate(Ill)) may experience steric hindrance when

approaching the Au surface [51].

1 E3 E3 E3
Rq =~ Xiy O -2y + (i - yiy +(zi - zi)’ (7-21)
Where (xi, yi, zi) and (xi*, yi*, zi*) are the Cartesian coordinates of the i-th Au
atom (i=1, 2,..., n) in the adsorption structure before and after geometry optimization,

respectively, and n=25.

In most iodide leaching processes, Au(I) and Au(III) are both possible forms; thus,
the speciation of gold in leachate was further identified using XPS. The Au4f 7/2 peak
appeared at 84.48 eV, consistent with Au(I) complex, i.e., Aulo™ (Figure 7.91) [52].
Under typical leaching conditions, it is difficult to obtain the ultra-high potential
required for the formation of Au(IIl) complex (i.e., Auls ") without specific temperature,
pressure, and acidity [53]. Besides, if the potential is not high enough, Auls~ will easily
undergo a disproportionation reaction to form colloidal Auls), which exists only as an
intermediate in aqueous solution and will quickly react with I to form Aul,™ (Egs. 7-

22 and 7-23). So, Au is predominantly present as Aul>™ in the leachate.

Aulsy” — Aul) + Au+ 137 (7-22)
Aulg + 17— Auly™ (7-23)

As pointed out above, a possible mechanism model for gold leaching in the
Cu(IIT)/KI system was enunciated in Figure 7.9j. At acid and near-neutral conditions,
high-valent Cu(Ill) can function as a catalyst for the in situ generation of I derivatives,
1.e., I3~ and I»q), which co-exist as the powerful oxidant for gold dissolution (Route 1).
At alkaline conditions, Cu(IlI) itself is the active oxidant for gold dissolution (Route 2).
In general, both oxidation pathways can achieve gold leaching from gold ore or e-waste
samples, producing Aul>™ as the final product. Since I3~ and I are relatively more
proficient oxidants here, it was established that a weakly acidic pH was ideally required

for effective gold leaching.
7.3.4 Process limitations and industrial implications

Although this is only an exploratory study, this work also made some efforts to
reuse the leaching solution and recover the leached Aul>™ ions. As shown in Figure

7.10a, five repetitions of gold leaching from ore and e-waste were started under
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optimized conditions (section 7.3.2). In each cycle, the filtered leachate was directly
used to leach fresh ore or e-waste without any supplementary reagents. Notably, the
Cu(IIT)/KI system maintained gold leaching efficiencies higher than 90% over three
consecutive cycles. Such repeated use of the solution without additional reagents
demonstrates good sustainability. As shown in Figure 7.10b, commercial activated
carbon achieved very high efficiencies of gold recovery of 98.5% and 99.3% from triply
cycled ore and e-waste leachates, respectively, demonstrating that conventional gold
adsorbent is well-suited for use in our system. Finally, in actual operation, the
recommended workflow is to apply the leaching solution to three leaching runs, then

conduct one gold recovery operation.

Figure 7.10 Multi-cycle leaching and activated carbon recovery of gold ions. (a)
Multi-cycle leaching under: 3 vol% Cu(Ill), 40 mM KI, pH 5.5, liquid-solid ratio 2:1,
agitation speed 200 rpm, and 60 min for gold ore and 1 vol% Cu(Ill), 20 mM KI, pH

5.5, liquid-solid ratio 8:1, agitation speed 300 rpm, and 20 min for e-waste. (b)

Activated carbon recovery of gold ions from three-times cycled ore and e-waste

leaching solution.

We observed that leaching efficiency decreased after the third cycle, primarily due
to the insufficient supply of oxidative species, namely the precipitation of Cu(III) into
insoluble Cu(Il) irreversibly, and the loss of I37/I>) through unavoidable adsorption
onto ore and e-waste. From a sustainable hydrometallurgy perspective, this is
suboptimal. Our next phase of work will focus on closed-loop regeneration of Cu(III)

and the I37/Ix) couple to ensure better life-cycle sustainability.

7.4 Conclusions

In summary, our results indicate that high-valent Cu(Ill) periodate alleviates the
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main drawback of iodide gold leaching, namely the high reliance on added iodine. The
following observations and conclusions are made: (i) Under the optimized conditions,
the Cu(III)/KI system achieved 94.1% Au leaching from ore (3 vol% Cu(III), 40 mM
KI, pH 5.5, L/S 2, 200 rpm, 60 min) and 96.6% from e-waste (1 vol% Cu(IIl), 20 mM
KI, pH 5.5, L/S 8, 300 rpm, 20 min). (ii) The function mechanism of Cu(III) periodate
is highly pH-dependent, serving as the active oxidant in alkaline media, whereas at
lower pH it acts catalytically to generate more efficient Is". (iii) This eco-friendly
system can sustainably reuse leachate and enables the recovery of leached Aul,™ using
commercial activated carbon, thereby offering a promising alternative and paving the

way for green gold extraction.
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Chapter VIII General conclusions, integrative discussion,

and perspectives
8.1 General conclusions

This thesis focused on the development of advanced chemical oxidation systems
for gold hydrometallurgy, with particular emphasis on refractory gold ore pretreatment
and cyanide-free gold leaching. The central idea of this work is that oxidation plays two
different but closely connected roles in gold extraction. First, oxidation can be used as
a pretreatment strategy to decompose sulfide minerals and expose encapsulated
precious metals. Second, oxidation can be used as a redox-control strategy to drive the

dissolution of metallic gold in cyanide-free leaching systems.

Radical-based oxidation was first used to overcome mineralogical refractoriness
and then to accelerate gold dissolution. In the stepwise persulfate pretreatment system,
persulfate was activated by heating and subsequently by Fe ions released from pyrite
dissolution, generating reactive oxidizing species that decomposed the pyrite’s
refractory matrix. This process reduced particle size and formed pores and channels in
pyrite, improving the exposure of encapsulated Au and Ag. This led to significantly
increased leaching efficiencies for Au and Ag in the subsequent leaching. In the Fenton-
thiourea system, radicals also promoted rapid gold leaching. However, excessive
oxidation caused serious thiourea decomposition. By introducing NTA to regulate the
Fe-based redox environment, thiourea consumption was greatly reduced while high
gold extraction was maintained. These results show that radical oxidation is effective,

but its intensity must be controlled to avoid unnecessary lixiviant degradation.

Copper-based oxidation systems were then developed to provide more tunable
redox control for cyanide-free leaching. In the copper(Il)-glycine-thiosulfate system,
pH-dependent Cu-glycine speciation strongly affected gold dissolution, with the
Cu(C2H4NOz)3 -dominated alkaline system showing lower passivation behavior and
faster gold dissolution kinetics. In the copper(Il)-DTPA-thiosulfate system, DTPA
stabilized Cu(Il) and suppressed thiosulfate decomposition, while ammonia improved
the redox activity of the Cu-DTPA complex, enabling high gold leaching with low
thiosulfate consumption. Finally, the Cu(III)/KI system extended this strategy to high-
valent copper chemistry. Depending on pH, Cu(Ill) either directly oxidized gold or
catalyzed the formation of active Io/I3” species, achieving efficient gold leaching from

acidic to alkaline media.
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Overall, this thesis establishes a controlled-oxidation framework for gold
hydrometallurgy: radical oxidation is suitable for mineral liberation and rapid leaching,
while copper complex oxidation provides adjustable redox activity, improved lixiviant

stability, and efficient cyanide-free gold dissolution.

8.2 Integrative discussion

Although the experimental chapters investigate different leaching systems, they
are connected by the same scientific principle: gold extraction requires controlled
oxidation processes. During pyrite oxidation and gold dissolution, electrons are
released from the solid phase. Therefore, an oxidant must accept these electrons to
allow the reaction to continue. In this thesis, radicals and copper complexes were
designed as oxidants (i.e., electron acceptors). Their functions were investigated in
different chemical systems, including oxidation pretreatment of refractory sulfide ore
by persulfate, Fenton-thiourea leaching, copper(Il)-glycine-thiosulfate leaching,
copper(Il)-DTPA-thiosulfate leaching, and copper(Ill)-iodide leaching (Figure 8.1).

Figure 8.1 Oxidation-centered framework of this thesis

The first important connection among the chapters is the role of gold accessibility.

Chapter III directly addresses the mineralogical refractoriness problem. In this chapter,
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oxidation is used to open pyrite’s refractory matrix and expose encapsulated Au and Ag.
Without this pretreatment, the gold and silver are physically blocked from the lixiviant,
so even an effective leaching system cannot work well. Therefore, Chapter III
establishes the first block of the thesis: oxidation as a liberation strategy for refractory
sulfide ores. In contrast, Chapters IV-VII mainly study the leaching chemistry of
already accessible gold. The samples investigated in these chapters include roasted
concentrates, multi-stage pretreated concentrates (prepared by roasting and subsequent
sulfuric acid leaching for copper removal), gold electrodes, and e-waste. These chapters
do not directly solve the initial encapsulation problem of raw refractory ore. Instead,
they answer a different question: once gold is accessible, how can a cyanide-free
leaching system dissolve it efficiently and stably? Therefore, Chapters IV-VII form the
second block of the thesis: oxidation as a redox-control strategy for cyanide-free gold

dissolution.

The second important connection is the evolution from radical oxidation to
coordination-controlled oxidation. In Chapters III and IV, radical chemistry is the main
oxidation pathway. Persulfate and H>O> contain unstable O-O bonds, which can be
activated by heating, Fe ions, or the Fenton reaction to produce strong reactive oxygen
species. These radicals can oxidize pyrite or gold rapidly. However, Chapter IV also
shows that uncontrolled radical oxidation may damage the lixiviant, especially thiourea.
This result leads to an important general principle: oxidants must be strong enough to
oxidize gold, but not so strong that they cause severe side reactions. Chapters V and VI
further develop this idea using coordination chemistry. In thiosulfate leaching, Cu(II)
is needed as an oxidant, but free or poorly controlled Cu(Il) can also accelerate
thiosulfate decomposition. Therefore, ligand coordination becomes a key strategy to
regulate Cu(Il). Glycine controls the pH-dependent Cu(Il) speciation and affects
passivation and electron transfer during gold dissolution. DTPA strongly stabilizes
Cu(Il), while NH3 improves the redox reactivity of the Cu-DTPA complex. These
results show that the performance of a Cu-based oxidant is not determined only by
copper concentration, but also by its coordination environment, ligand type, pH, and
even redox reactivity. Chapter VII extends this coordination-based oxidation concept
to high-valent copper chemistry. In the iodide leaching system, the oxidant Cu(III) can
play different roles depending on the solution chemistry: it can be a direct oxidant, a
redox mediator, or a catalyst for generating another active oxidizing species. This
finding further supports the central conclusion that oxidant function must be understood
within the whole solution environment, rather than as an isolated reagent.
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Taken together, the chapters show that successful cyanide-free gold extraction
depends on four linked factors: gold accessibility, oxidizing strength, ligand stability,
and pH-controlled speciation. Gold accessibility determines whether the lixiviant can
reach the metal surface. Oxidizing strength determines whether Au(0) can be converted
to Au(l) or Au(Ill). Ligand stability determines whether the dissolved gold can remain
in solution without excessive reagent loss. pH controls radical generation, oxidant
speciation, and the stability of lixiviants. Therefore, the main scientific contribution of
this thesis is not only the development of several leaching systems, but also the
establishment of an oxidation-centered framework for understanding gold pretreatment

and cyanide-free leaching.
8.3 Perspectives and future work

Although the results of this thesis are promising, further work is still needed to

move these systems from laboratory study toward industrial application.

First, the integration of pretreatment and leaching should be further studied.
Chapter III demonstrates that persulfate oxidation can effectively expose Au and Ag
from refractory pyrite, while Chapters [V-VII provide different cyanide-free leaching
routes for accessible gold. In the future, these two blocks should be connected into
complete flowsheets. For example, radical oxidation pretreatment could be followed by
optimized thiosulfate, thiourea, or iodide leaching, depending on ore mineralogy,

reagent cost, and environmental requirements.

Second, the recycling and regeneration of leaching solutions should be
investigated. Industrial applications require stable reagent circulation, low oxidant
consumption, and low wastewater generation. Therefore, future research should focus
on how to regenerate oxidants, maintain suitable redox potential, reuse lixiviants, and

control the accumulation of decomposition products in recycled solutions.

Third, efficient gold recovery from cyanide-free leachates remains a key challenge.
Conventional activated carbon works very well in cyanide systems, but it is often less
effective for recovering gold from thiosulfate or other cyanide-free solutions. Therefore,
new gold recovery materials and methods, such as ion-exchange resins, functional
adsorbents, electrochemical recovery, or selective precipitation, should be developed

and coupled with the leaching systems studied in this thesis.

Fourth, the scalability and environmental performance of these oxidation systems

should be evaluated. Future studies should include tests with larger pulp densities,
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continuous or semi-continuous operation, different real ore types, impurity effects,
reagent cost analysis, and environmental assessment. These studies are necessary to

identify which system is most suitable for practical gold production.

In summary, this thesis confirms that advanced chemical oxidation is a powerful
strategy for gold hydrometallurgy. By controlling radical generation, metal
complexation, pH, and redox potential, it is possible to improve refractory ore
pretreatment and develop efficient cyanide-free leaching systems. Future work should
focus on process integration, solution recycling, gold recovery from leachate, and scale-
up evaluation, which are essential steps for moving these systems from laboratory

research toward industrial application.
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