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Résume

Cette these de doctorat est divisée en des études sur I'or pur; la corrosion galvanique; et la
polarisation de I'or en présence d'oxydes de fer contenus dans un minerai d'or grillé. La
dissolution de I’or diminue en présence de magnétite et, augmente en présence d’hématite
et de maghémite. Des produits de corrosion et des couches adsorbées ralentissent la
dissolution d’or. Pour les études sur 1’or pur, une augmentation du pH de 10 a 11 a réduit
de 35 fois la densité de courant, alors qu'elle a augmentée de 32 fois en diminuant I'agitation
de 100 a 60 tr/min. Les études potentiostatiques, a trois potentiels anodigues, montrent que
I'augmentation de la concentration de cyanure, du pH, et du potentiel diminuent la densité
de courant. Des films d'oxydes d'or ont été identifiés par XPS. La mesure du bruit

électrochimique est un outil prometteur pour estimer la vitesse de corrosion in situ.

Pendant les tests de corrosion galvanique, utilisés en mode amperemeétre zéro-résistance,
les électrodes minérales testées ont eu un effet négatif sur la lixiviation de I’or selon I’ordre
décroissant : magnétite, magnétite-hématite avec des surfaces égales, et minerai d'or grillé.
Cependant, la maghémite et I'nématite ont eu un effet positif. La concentration d'ions
solubles et la vitesse de diffusion pourraient retarder ou favoriser la dissolution. L’argent a

été identifié par XPS sur la surface de 1’or, suggérant, une passivation partielle.

A partir des études de polarisation potentiodynamique, I'hématite, en tant que composé
systeme “combiné d'anode Au-hématite”, favorise le courant de corrosion anodique de
12%, alors que la magnétite abaisse le courant (de 11%). Les études de deux cellules
séparées ont éte réaliseées pour réveler I’influence des ions solubles dans la dissolution de
I’or. Le balayage du potentiel circuit ouvert jusqu’a vers des valeurs cathodiques en
présence d'oxygene atmosphérique et de cyanure montre des vitesses de corrosion, déduites
des pentes de Tafel, sont proches des a valeurs industrielles. La vitesse de lixiviation de
I'or diminue de 40% en présence de pulpe de magnétite, alors que celle-ci augmente,
respectivement de 25% et 10% pour I'nématite et la maghémite. MEB-EDX confirment
l'effet négatif de la magnétite par la présence d’une forte accumulation d’oxydes de fer sur
la surface de I'or. De faibles quantités d'or ont été identifiées sur les particules de magnétite
par XPS. La séparation magnétique des résidus de cyanuration a été suivie la caractérisation

électrochimique du concentré et des rejets.



Abstract

This Ph.D. thesis is divided into studies using pure gold; galvanic corrosion; and gold
polarization in presence of iron oxides of roasted gold ore. Gold dissolution decreases in
the presence of magnetite, and increases in the presence of hematite, and maghemite. The
corrosion products and adsorbed layers lead to a slowdown of gold dissolution. For pure
gold study, increasing pH from 10 to 11 results in a current density lower by 35 times,
while it increases by 32 times with decreasing agitation from 100 to 60 rpm. At three anodic
potentials, potentiostatic studies show that increasing cyanide concentration, pH, and
potential decrease the current density. Au oxides have been identified by XPS.
Electrochemical noise measurement is promising tool with its in-situ corrosion rate

estimation.

In galvanic corrosion studies, employing zero-resistance ammeter (ZRA) mode, the tested
mineral electrodes show a negative effect on gold leaching in decreasing order: magnetite,
magnetite-hematite with equal surfaces, and roasted gold ore. However, maghemite and
hematite show a positive effect. Concentration of soluble ions and diffusion rate could
retard or promote gold dissolution. Silver has been identified by XPS on gold surface

suggesting partial passivation.

In potentiodynamic polarization studies, hematite, as a part of the combined “Au-hematite
anode” system promotes anodic corrosion current by 12%, while magnetite shows negative
effect (11%). Two separate container tests have been considered to examine the influence
of soluble ions on gold dissolution. Scanning from open circuit potential to more cathodic
values in presence of atmospheric oxygen and cyanide shows corrosion rates obtained from
Tafel slopes close to industrial practice. Gold leach rate decreases by 40% with magnetite
slurry, whereas it increased by 25% and 10% for hematite and maghemite, respectively.
SEM-EDS findings have confirmed the negative effect of magnetite due to the high
accumulation of iron oxides on the gold surface. Low amounts of gold in magnetite
particles are identified by XPS. Magnetic separation of leach tailings has been followed by

electrochemical characterisation of the concentrate and the residues.
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Chapter 1

Introduction



1.1 State of the Technology

It is worth mentioning that due to the rapid depletion of free-milling types of gold ores, it
Is accepted worldwide that there is an increasing trend for the treatment of refractory gold
ores which often require oxidation, such as roasting, as a pre-treatment process prior to
cyanidation. As a result, in recent years, the treatment of oxidised gold ores by
electrochemical methods and conventional cyanidation is therefore becoming essential for
R&D, and for the mining industry. Up to now, almost all the electrochemical studies of
gold ores have been performed using sulphidic ones, and there is a paucity for the
electrochemical studies of oxidised gold ores. Usually, oxide gold ores do not present any
issue (easy to leach and low reagent consumption). Although many studies have been
carried out on the anodic behaviour of gold using cyclic voltammetry, potentiodynamic,
and ZRA (zero-resistance ammeter) mode galvanic corrosion tests, there is still a doubt on
gold passive phenomenon. These advancements in the processing of gold ores have shown
the importance and necessity of electrochemical characterisation studies for oxidised and

more complex gold ores.

1.2 Scientific Problem and Objectives of This Project

During cyanidation of gold, in some conditions, the dissolution rate of gold could slow
down which results in longer retention times and/or poor gold extractions. It is a big
problem for the mining industry. In this Ph.D. project, oxidised/roasted gold ore sample
from Barrick Gold Corporation (BGC) is used to examine the electrochemical dissolution
of roasted gold ore. At BGC cyanidation plant, ~ 90% of gold is leached from the roasted
gold ore whereas an 10% rest in the leach residue. Passivation could be responsible for this
unrecovered gold. It is worth noting that passivation of gold could be due to adsorbed
species, corrosion products (precipitates), and/or combinations of both mechanisms
(thereof, as our hypothesis). The influence of gold carrier iron oxide minerals such as
hematite (Fe203), magnetite (conducting mineral) (FesOs), and also maghemite (has the
same structure as magnetite, that is spinel ferrite and is also ferromagnetic; (y-Fe2.O3) on
gold leaching was examined in a systematic way as in freely corroding mode at open circuit

potential (OCP) or in the presence of imposed potentials. Based on these statements, the


http://en.wikipedia.org/wiki/Magnetite
http://en.wikipedia.org/wiki/Spinel
http://en.wikipedia.org/wiki/Ferrite_(magnet)
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main objective of this project is to provide a detailed knowledge of electrochemical
dissolution behaviour of roasted (oxidised) gold ores and to establish the optimal leaching
conditions for roasted gold ore, as far as possible. Concurrently, providing an appropriate
understanding of the passivation phenomenon of gold is one of the objectives. Hence, the

questions below reflect the objectives of my Ph.D. thesis:

(i) What are the main dissolution characteristics of pure gold and gold ores?

(if) How does the passive behaviour of gold change under passive conditions?

(iii) Is the passivation a surface product or an adsorbed layer or both?

(iv) What is the influence of iron oxide on gold dissolution? How do they affect galvanic
interactions and passivation phenomenon of gold?

(v) What causes the slowdown of gold dissolution rate?

(vi) What are the optimal dissolution conditions for roasted gold ore(s)?

1.3 Description of the Strategy Adapted to This Ph.D. Thesis

Based on the above questions, the scientific approach of this Ph.D. thesis is shown in Fig.
1.1.

Electrochemical
Dissolution and
Passivation of Gold

(i) Pure Gold (ii) Galvanic (iii) Polarisation
Study Corrosion Study
\ )

I

(iv) Implementation of
Electrochemical Findings
in Conventional
Cyanidation

Fig. 1.1 A representative illustrations of the strategy adapted.

3



a) Active and passive behaviours of gold, when it is under passive conditions, have been
examined as a function of leaching parameters. This would give more information about

the characteristics of passivation of gold’s surface.

b) As complimentary to the conventional electrochemical methods, more recent ones have
been considered to study the active and passive behaviour of gold in cyanide solutions. In
this case, Electrochemical Noise Measurement (ENM) with its in-situ corrosion rate
feature, and Scanning reference electrode technique (SRET), monitoring the real-time
changes of anodes and cathodes, have been used. It is also important to note that, to the

best of our knowledge, there is no previous work on gold leaching using these methods.

c) Electrochemical interactions between gold and its associated oxide minerals individually
(hematite, magnetite, and maghemite) are examined with imposed potentials using
combined anode electrodes polarization (CAP), as a new approach, as function of leaching
parameters in a systematic way. In this case, gold and iron oxide electrodes are electrically

connected to each other, as working electrode, and platinum is used as counter electrode.

d) Galvanic interactions and passivation phenomena without imposed potentials, as in
practice, either in the absence or in the presence of slurry of roasted gold ore at Zero
Resistance Ammeter (ZRA) mode are investigated.

e) Electrochemical dissolution of roasted gold ore electrode is examined as function of
leaching parameters to obtain the optimal conditions for roasted gold ores. To identify the
dominating effect in between galvanic interactions and passivation phenomenon on gold
dissolution, one and two separate containers tests are considered. These tests have been
performed for CAP and ZRA conditions. It is assumed that in two separate containers, the
passivation of gold surface could be eliminated whereas both galvanic interactions and

passivation phenomenon are potentially present in one container.

) Since hematite and magnetite are the major iron oxides in roasted gold ore sample, a new

electrode named “MagHem-ES”, which has equal surfaces of magnetite and hematite in



one electrode, is developed to examine the concurrent effects of these minerals on the

dissolution rate of gold.

g) The influence of maghemite on gold dissolution is examined. Maghemite is critical due
to its non-porosity, therefore the unrecovered gold is mainly associated and captured by
maghemite. Additionally, its effect on gold dissolution could be different and should be

evaluated when gold is in free contact with maghemite.

h) Generally, it has been accepted that the intersection of anodic and cathodic curves gives
the corrosion rate of the metal. However, our preliminary results have shown that the
intersection does not represent the actual leach rate of gold. Another approach close to the
conventional cyanidation results should be found. Then, a new approach is proposed such

as considering only cathodic Tafel slope by extrapolating to open circuit potential.

1) After the cyanidation of roasted gold ore, leach tailings are collected for further
characterisation. Then, leach tailings are subjected to magnetic separation tests to have
magnetic and non-magnetic parts containing gold. For a better understanding,
electrochemical behaviours of these parts are evaluated by performing anodic and cathodic
polarisation tests. Additionally, cathodic polarisation tests are considered both scanning
from OCP to more cathodic potentials, and from more cathodic potentials to OCP for better
under. Further, the influence of oxygen concentration is examined in polarisation tests.
Throughout this project, XPS, and SEM-EDS are considered to detect the surface species

on gold. Thus, a detailed anodic dissolution profile of roasted gold ore could be established.

1.4 Key Contributions of This Ph.D. Project

Until now, the treatment of oxidised, e.g. roasted gold ores, has received relatively less
attention than the sulphidic ones (Adams, 2016). Recently, it can be admitted that the
handling of oxidised gold ores is becoming more essential. Based on the open literature, it
can be concluded that there is a lack on the electrochemical dissolution studies of gold
dealing with the electrochemical methods. In this regard, a critical literature review on the

electrochemical dissolution and passivation of gold has been submitted to Hydrometallurgy
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Journal (Chapter 2). This review paper examines the evaluation of the electrochemical
methods used in gold dissolution studies from past to present, the treatment of complex
gold ores, the development of a better understanding for the concept of passivation, and
commonly used terms in gold dissolution studies were considered. Several new
contributions, as following, have been proposed in this project. Fig. 1.2 demonstrates the

strategy adapted in this Ph.D. thesis.

During cyanidation, gold dissolution may slowdown in some conditions, and passivation
of gold surface is considered one of the potential reasons for that. Prior to dealing with
complex and oxidised gold ores, it is critical to revisit the pure gold studies to have a better
understanding on the electrochemical behaviour of gold in cyanide solutions. In this
respect, the first part of this Ph.D. thesis focuses on the dissolution and passivation
characteristics of gold in pure systems. In pure gold study, dissolution behaviour of gold is
examined as function of leaching parameters using potentiodynamic polarisation method.
Further, three anodic potentials are imposed to investigate the passivation behaviour of
gold using potentiostatic polarisation method. The results have shown that when gold is
under passive conditions, increasing cyanide concentration and pH results in decreasing
the current density, which suggest the partial passivation of gold surface. Surface
characterisation at the offset of each test have identified the corrosion products on the
surface of gold that are responsible for this passive behaviour.

Following the pure gold study, the electrochemical behaviour of roasted gold ore in cyanide
solutions have been investigated. In this context, electrochemical interactions between gold
and iron oxides of roasted gold ore are examined in galvanic corrosion using Zero-
Resistance Ammeter (ZRA) mode. The results have shown that the galvanic current
decreases in presence of magnetite whereas it increases in presence of hematite and
maghemite, relatively. This suggest that hematite promotes the dissolution rate of gold, and

magnetite slows down the rate.

For a better understanding, in the following part, the influence of iron oxides of roasted

gold ore on the dissolution rate of gold is examined using potentiodynamic polarization



tests, and it was compared to that obtained in galvanic corrosion tests. The results have also
showed that magnetite has a retarding effect on the dissolution rate of gold, while hematite
and maghemite have positive effects. This highlights that galvanic corrosion and
potentiodynamic polarization methods gave similar results. The negative effect of
magnetite has also been confirmed by XPS and SEM-EDS studies.

Finally, electrochemical results have been compared to that obtained in conventional
cyanidation to understand the dissolution behaviour of gold from roasted ore in industrial
practice. It has been shown that considering only cathodic Tafel slope by extrapolating to
open circuit potential represents better the practice leach rates of gold. The results have
indicated that the dissolution rate of gold increases in the presence of hematite, and
maghemite, and the rate decreases in the presence of magnetite. Generally, it can be
deduced that the combination of the corrosion products and adsorbed layers could be
responsible for the slowdown in gold dissolution from roasted ore, to some extent, but it is

not a perfect type of passivation.
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Résumé

Avec I'épuisement rapide des minerais d’or libre, des minerais d'or sulfurés sont souvent
oxydés avant la cyanuration a cause de caractere réfractaire. Cela se traduit par
l'augmentation du traitement des minerais d'or oxydé. Ainsi, I'évaluation de la dissolution
électrochimique des minerais d'or plus complexes et oxydés deviennent de plus important
pour l'industrie miniére et de la R&D. Dans cette étude, les réalisations passees et les
développements récents en matiere des meéthodes électrochimiques utilisées dans la
dissolution d'or et les études de la passivation d'or pur, sulfurés, et les minerais oxydées

d'or sont présentés.

Aux potentiels proches du potentiel de circuit ouvert (PCO) comme dans la pratique, le
ralentissement la vitesse de la dissolution d'or pourrait étre a cause de la passivation, soit
par des couches adsorbées ou des produits de surface, ou des combinaisons de ceux-ci.
Différents termes utilisés dans les études de dissolution d'or tels que passivation, inhibition,
effet retardateur, et ralentissement ont été discutées. Les développements dans les
approches électrochimiques, tels que deux cellules séparés, ont été resumés. Des procédés
électrochimiques, ainsi que des techniques récentes, telles que la mesure du bruit
électrochimique avec sa détection in situ de la vitesse de corrosion, et la technique du

balayage de I'électrode de référence sont évalues.

Dans la plupart des études antérieures de polarisation, la réaction anodique a été étudiée en
absence d'oxygene, tandis que la réaction cathodique en absence de cyanure, de fagon
séparée, et la dissolution a été considérée comme étant l'intersection des deux courbes.
Cependant, certaines découvertes récentes indiquent que cela ne représente pas la vitesse
de dissolution de I'or réel dans la pratique. En outre, la direction de balayage dans des essais
de polarisation cathodique, soit PCO vers les potentiels cathodiques ou le potentiel

cathodique vers le PCO, est également signalé.
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Abstract

With the rapid depletion of free-milling types of gold ores, sulphidic gold ores are often
oxidised prior to cyanidation due to the refractoriness. This results in the increase in the
processing of oxidised gold ores. Thus, evaluation of the electrochemical dissolution of
more complex and oxidised gold ores become ever important for the mining industry and
for R&D. In this study, past achievements and recent developments in terms of
electrochemical methods used in gold dissolution and passivation studies of pure gold,

sulphidic, and oxidised gold ores are presented.

At potentials close to open circuit potential (OCP) as in practice, slowdown in the
dissolution rate of gold could be due to passivation by either adsorbed layers or surface
products, or combinations thereof. Different terms such as passivation, inhibition, retarding
effect, and slowdown used in gold dissolution studies have been discussed. The
developments in electrochemical approaches, such as two separate containers, have been
summarized. Conventional electrochemical as well as recent methods, such as
electrochemical noise measurement with its in-situ detection of corrosion rate, and

scanning reference electrode technique are evaluated.

In the majority of the previous polarization studies, anodic reaction was examined in
absence of oxygen whereas cathodic reaction in absence of cyanide, separately, and the
dissolution was considered as the intersection of both curves. However, some recent
findings report that this does not represent the actual gold dissolution rate as in practice.
Additionally, the direction of scanning in cathodic polarization tests, either OCP to

cathodic potentials or cathodic potential to OCP, is also reported.

Keywords: Gold, Electrochemical dissolution, Inhibition, Passivation, Oxidised and
Roasted Gold Ores
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2.1 Leaching and Types of Gold Ores

Gold, from ancient times to date, has been valued by humans due to its lustrous colour and
its resistance to tarnishing, and has always been considered as the metal of perfection
(Habashi, 2016). From the beginning, the processing of gold has been done using different
chemicals (aqua regia, halides, ferric chloride, thiourea, thiosulphate etc.), and techniques,
such as gold panning, amalgamation, chlorination, cyanidation, and refining of gold
(Aylmore, 2016). Among the others, cyanide, with its competency to form a strong
complex with gold, is the most preferable reagent for the leaching of gold from its ores.
Cyanide has a proven track record of more than 125 years of being used by far the most
suitable and effective reagent for recovering of gold (Anderson, 2016; Akcil, 2014). It is
also important to mention that due to the environmental issues, high gold prices, and
increase in the sharing of more complex gold ores, the application of alternative lixiviants
to cyanide has extensively been taken into consideration. Recently, Barrick Gold
Corporation has announced the commercialisation of a thiosulphate-leaching plant at their
Goldstrike operation (Choi, 2015). However, still ~ 85% of gold production worldwide is
done using sodium cyanide, and it is more than 90% in U.S. (Cardarelli, 2008; Franks,
2015).

In general, gold ores are classified into two groups as free-milling and refractory type of
gold ores by means of metallurgical definition. Free-milling gold ores, which are amenable
to direct cyanidation (gold extraction > 85-90%) without any need of chemical pre-
treatment, have been treated and consumed too much in the past (Zhou and Fleming, 2007).
On the other hand, refractory types of gold ores (gold extraction < ~ 85-90%) often require
some chemical and/or physical pre-treatment methods such as roasting (Dunne et al.,
2013), bio-oxidation (BiOx) (Ciftci and Akcil, 2010), pressure-oxidation (POX) (Baron et
al., 2016), ultra-fine grinding (UFG) (Celep et al., 2015) prior to cyanidation (Fig. 2.1), and
also alkaline sulphide leach process (Anderson et al., 2005; Celep et al., 2011).
Refractoriness is a term generally used to express the reason(s) for low or poor gold
extractions (La Brooy et al., 1994). In recent years, there has been an increasing trend on
the treatment of refractory gold ores due to the rapid depletion of free-milling types of gold
ores (Adams, 2016).
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Fig. 2.1 Gold processing routes of the top 20 global gold producers in 2011 (Adams, 2016).

2.2 Electrochemical Dissolution of Gold

The commercial application of the cyanidation process was first applied by MacArthur in
1887 and about 60 years after the discovery of the process, it has been understood that the
gold dissolution is an electrochemical corrosion process (Habashi, 2009). Cyanidation
occurs as a result of the two redox half reactions; the oxidation of gold (Eg. 2.1), to be a
single electron reaction, and the reduction of oxygen (Eq. 2.2) at alkaline pH. The
mechanism of the cathodic reaction, i.e. the reduction of oxygen, has long been
controversial (Marsden and House, 2006). In the potential range of the gold dissolution,
the direct reduction of oxygen to hydroxyl ions does not usually take place. The reduction
of oxygen has been found to follow a pathway of sequential two-electron transfer reactions
involving the formation of hydrogen peroxide (Eq. 2.3) as an intermediate product
(Lorosch, 2001; Evans an Lingane, 1963). The overall reaction will be described by the
Elsner’s (1846) equation (Eq. 2.4), which is stoichiometrically correct but does not
completely describe the cathodic reactions associated with the dissolution.

Au+ 2CN™ < Au(CN); + e~ Eqg. 2.1

02 + 2H20 + 4e” & 40H™ Eq 22
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0, + 2H,0 + 2e~ & 20H™ + H,0, Eq. 2.3

4Au + 8CN~ + 0, + H,0 & 44u(CN); + 40H- Eq. 2.4

Bodlander (1896) suggested the formation of hydrogen peroxide with an incomplete
reduction of oxygen to hydroxide for the dissolution reaction of gold (Eq. 2.5). Direct
reduction of hydrogen peroxide (Eg. 2.6) has been reported only a very limited extent
(Kameda, 1949; Zurilla and Yeager, 1969). More details about the role of hydrogen
peroxide in gold dissolution can be found in the literature, e.g. in the collection work of
Habashi (2009). Hydrogen peroxide decomposes to form oxygen (Eqg. 2.7), particularly in
slurries. Thus, from a stoichiometric view, the overall dissolution reaction for gold is
believed to be the Elsner’s equation. The decomposition of hydrogen peroxide to elemental
oxygen (Eqg. 2.7) possibly takes place at elevated temperatures, and in the presence of
incompatible chemical, since it is relatively unstable (Feldmann and Breuer, 2015). Oxygen
was found to dissolve gold and silver much faster, i.e. 6-9 and 12 times, respectively, than
that of hydrogen peroxide (Boonstra, 1943; Lund, 1951; Habashi, 1967).

24u 4+ 4CN™ + 0, + 2H,0 © 2Au(CN); + H,0, + 20H" Eq. 2.5
2Au + 4CN~ + H,0, o 2Au(CN); + 20H- Eq. 2.6
H,0, & H,0 + 0.50, Eq. 2.7

2.3 Passivation Phenomenon and Inhibition of Gold Dissolution

In general, there are two common definitions for passivation, like the first one says that
metals, which are passive, are covered by a chemisorbed film, e.g. of oxygen, hence this
layer displaces the H,O molecules and slows down the rate of anodic dissolution involving
hydration of metal ions. The second approach considers that the passive film is always a
diffusion-barrier layer of the reaction products, e.g. oxides, therefore corrosion rate
decreases (Uhlig, 1963). Such phenomenon was first observed by M. Faraday in 1835
(Shreir et al., 1994). Crundwell (2015) identifies passivation, in terms of corrosion of
metals, as the formation of a passive layer composed of metal oxides that lower the rate of

dissolution by several orders of magnitude. There are some important terms in corrosion-
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passivation studies such as the corrosion potential Ecorr, the corrosion current density icorr,
the critical potential for passivation Ecp, the critical current density for passivation icp, the
breakdown potential Ep, and the breakdown current density i, (the highest passive current
density just before or at E,) (Uhlig, 1963; Fontana and Greene, 1978).

In the case of gold, the passivation phenomenon has been known since 1907 and Beyers
(1936) quoted "Jacobson studied the anodic dissolution of gold in alkaline cyanide solution
and established that gold became passive under certain conditions in commercial cyanide
solutions. He assumed that the passivity is due to the formation of a film of comparatively
insoluble sodium aurocyanide on the anodic gold" (Filmer, 1982). The decrease in current
density indicates that the dissolution of gold has been partially blocked, suggesting the
partial passivation (Kiss, 1988). Filmer (1982) stated that “All the researchers in gold
leaching field have shown that oxidation initially follows normal Tafel behaviour, but
passivation occurs as the potential is shifted anodically. The anodic current achieved prior
to passivation is dependent on the cyanide concentration and on the concentration of the
impurities in solution”. For instance; this shift in the dissolution potential of gold towards
anodic potentials was reported to be up to 150 mV in the presence of pyrite slurry
(Lorenzen and van Deventer, 1992a). It was proposed that the adsorption of hydroxide ions
(Kirk et al., 1980) or some form of adsorbed AuCN (Nicol, 1980) on the surface of pure
gold are responsible for the passivation of gold. The polymeric nature of the AUCNags to
form ...-Au-CN-Au-CN-.... chain may be responsible for the retard to further dissolution
of gold (Sandenbergh and Miller, 2001). Tshilombo and Sandenbergh (2001) stated that if
passivation is due to the formation of a polymeric layer of AUCN that results from the lack
of enough cyanide, such that insoluble AuCN rather than the much more soluble Au(CN)2
is formed, indicates that peak current is dependent on the cyanide concentration. The nature
of anodic peak(s) and the possible reasons of passivation is still a controversial issue.
Moreover, two recent papers (Holmes and Crundwell, 2013; Crundwell, 2013) discussing
the passive phenomenon of gold have been published. Crundwell (2013) claimed that each
point on the surface is considered as both anodic site and cathodic site and concluded that
there is no separation of anodic and cathodic sites on mineral surface. Habashi and Bas

(2014) pointed out that certain experimental results demonstrated the existence of anodic

16



and cathodic zones during the dissolution of minerals. These studies show that examining

the anodic behaviour of gold still receives much attention.

Passivation is a commonly used term to explain a phenomenon in many fields, but its
meaning could potentially create a confusion according to the used area. The meaning of
passivation differs from one to other; for example, it could express different meanings by
hydrometallurgists and electrochemists. Sometimes, any reduction observed in gold
leaching has been easily attributed to passivation without a detailed explanation, which
could show the different/indecisive use of this term. In addition to passivation, there are
other terms used to express the reduction in gold dissolution (rate) such as inhibition
(Kasaini et al., 2008; Van Den Berg and Petersen, 2000; Alonso-Gomez and Lapidus, 2009;
Luna and Lapidus, 2000), retarding effect (Gupta and Mukherjee, 1990; Jeffrey et al.,
2008), and slowdown (Yannopoulos, 1991; Yang et al., 2010a). Inhibition is mainly
defined as a chemical substance which, when added in small concentrations to an

environment, minimises or prevents corrosion (Papavinasam, 2011; Riggs, 1973).

2.4 Electrochemical Methods Used in Gold Dissolution Studies

It has been known that gold cyanidation is an electrochemical reaction (Thompson, 1947),
so the process can readily be studied using electrochemical techniques. Hence,
electrochemical characterisation of gold could potentially provide significant information
such as corrosion/dissolution current and potential. With the aid of polarization curves, the
active and passive behaviours of gold specimen could also be obtained.

In complementary to the conventional electrochemical methods, such as cyclic
voltammetry (CV), linear polarization (LP), galvanostatic, potentiostatic, and
potentiodynamic polarization, and more recent electrochemical techniques such as
electrochemical noise measurement (ENM), and scanning reference electrode techniques
(SRET) have also been employed in gold dissolution studies (Table 2.1). The summary of
the electrochemical methods used in gold dissolution studies as function of parameters such

as cyanide solutions, pH, and agitation is given in Table 2.1.
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Table 2.1 A brief summary of the electrochemical methods used for gold cyanidation
(continue on the next page).

Reference CN concentration pH Agitation Method
(M) (rpm)
Mills, 1951 0.38 M KCN alkaline  400-1200  Anodic and cathodic
polarization
Kudryk and 7.67 x 10102 M 10.5-11 300 Potentiodynamic
Kellogg, 1954 KCN
Cathro, 1963; 0.008, 0.023, 0.038, 11.2,12, 600 Potentiodynamic,
Cathro and Koch, 0.077 M KCN 12.8 Potentiostatic,
1964a,b N2 bubbling Galvanostatic
Mrkusic and 0.076 M alkaline 400 Potentiodynamic
Paynter, 1970 KCN Potentiostatic
Kirk et al., 1978 0.05, 0.1, 0.2 KCN alkaline  with and Potentiodynamic
(+ 0.1 M KOH) without
N2 bubbling
Pan and Wan, 0.2,0.5,1 KCN 5,8.1, n.m. Potentiodynamic
1979 N2 bubbling 12.8
Kirk and Foulkes, 0.1-0.2KCN alkaline  with and Potentiodynamic,
1980 without Potentiostatic
Thurgood et al., 0.1 M KCN alkaline  with and Potentiodynamic,
1981 without Potentiostatic
Filmer, 1982 0.2 M NaCN 124 500 Potentiodynamic
Dorin and Woods, 0.02 M NaCN 10 45t Linear polarization
1991
van Deventer et 0.003 M KCN 10.3 100 Galvanic corrosion in
al., 1990 one and two cells
Lorenzen and van 0.003 M KCN 10.2 100 Galvanic corrosion
Deventer, 1992a
Guan and Han, 0.001, 0.002, 0.005, 10.5, 11, 450 Potentiodynamic
1994 0.01,0.02M NaCN  12,12.7
Mughogho and 0.003 M KCN 10-13 1000 Cyclic voltammetry
Crundwell, 1996
Guzman et al., 0.01,0.02M NaCN  10-12.8 400 Potentiodynamic
1999
Tshilombo, 2000; 0.005, 0.015, 0.025 11 225, 450, Potentiodynamic
Tshilombo and NaCN 900
Sandenbergh,
2001
Lin and Chen, 0.1, 0.2 NaCN 10.56 500 Cv
2001
Jeffrey and 0.02 NaCN 10 300 Potentiodynamic
Ritchie, 2001
Reyez-Cruz et. al., 0.5 NaCN 10 n.m. Cv
2002
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Wadsworth and 0.01 M NaCN 10.5 300 Potentiodynamic
Zhu, 2003 Potentiostatic, CV
Cerovic et al., 0.02 M CN- 11 n.m. Potentiodynamic
2005
May et al., 2005 0.006 M NaCN 11 magnetic Potentiodynamic
agitation
Aghamirian and 0.05, 0.025, 0.01, 105 n.m. Potentiodynamic
Yen, 2005 0.005 Galvanodyanmic,
M NaCN Galvanic corrosion
(ZRA)
Dai and Jeffrey, 5 mM NaCN alkaline 300 Linear sweep
2006 voltammetry
Tan et al., 2006 0.0037, 0.0075, 0.015 10.5, 300 Potentiodynamic
KCN 11.5
Qianetal., 2010  0.005,0.002,0.01,0.02, 11 400 Potentiodynamic
0.05, 0.1 M NaCN
Azizi et al., 2010 10 mM CN 11 500 Linear Polarization,
ZRA
Azizi et al., 2011, 30 mM NaCN 11 500 Packed-bed
2012a and 2012b electrochemical reactor,
ZRA
Dai and Breuer, 15 mM NaCN 10.6 300 Linear sweep
2013 voltammetry
Bas et al., 20153, 0.01-0.04 M NaCN 105 100-400 Potentiodynamic,

2015bh, 2015c,
2015d, 20164,
2016b

Potentiostatic,
ENM, LP, SRET,
ZRA,

CV( no agitation)

(not mentioned: n.m.)

2.4.1 Potentiodynamic polarization
Potentiodynamic polarization is one of the most preferred methods used to determine the

active/passive characteristics of a given metal-solution system, corrosion rate (current

density), and Tafel curves (Fig. 2.2). The polarization diagram for a passivable system with

the anodic and cathodic branches is shown in Fig. 2.3. For the anodic curve, potential scan

typically starts at Ecorr (the open circuit potential) and scanning in a positive direction, and

usually to a potential positive enough to oxidise the test solution. The scan rate is typically

0.1 to 5 mV/s and depends on the system. The most reliable data is generally acquired at

slow scan rates (Thompson and Syrett, 1992).
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Kudryk and Kellogg (1954) examined the anodic and cathodic dissolution of gold,
separately, and calculated the rate of gold dissolution as the intersection of anodic and
cathodic Tafel slopes. However, they did not observe any passivation, i.e. the dissolution
was controlled by the diffusion of cyanide ions, whereas Mills (1951), Cathro (1963), and
Cathro and Koch (1964a) observed passivation, i.e. sharp decrease in current density for
gold dissolution. Nicol (1980) compared the anodic dissolution profiles of gold (Fig. 2.4,
and Table 2.2).

10 i
8 gs
6 i o .
i Table 2.2 Gold anodic dissolution profiles at
4 Hi different conditions (Nicol, 1980).

HE —
=~ 2 “fi No Reference [CN] Condition
= \ M
o
< 1 Cathro and Koch, 0.077 pH 12
E s 1964a
> 2 Kirk et al., 1978 0.1 0.1 M OH"
D 6
S 3  Panand Wan, 1979 0.2 pH 12.8
T 4
§ 4 Cathro, 1963 0.04 pH 12

2
§ 5  Eisenmann, 1978 0.5 55 °C
80 6 Kudryk and Kellogg, 0.1 pH 11
1954
60 7 Mac Arthur, 1972 0.2 0.2 M OH',
61 °C
40
20

1.0 06 -02 02 06 1.0
Potential (V)

Fig. 2.4 Comparison of the gold anodic dissolution profiles (Nicol, 1980).

As seen in Fig. 2.4, there is a variation in the potential range for the peaks and peak current
densities. In general, three peaks leading to passivation were observed at -400, 300, and
600 mV/SHE. It should be noted that the main interest is on the first peak since gold

oxidation occurs at potentials lower than 0 mV. Kirk et al. (1978) employed
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potentiodynamic polarization tests to examine the anodic dissolution of gold in the
potential range from -0.9 V to 0.4 V/SCE (standard calomel electrode) with a scan rate of
1 mV/s, and observed 3 peaks leading to passivation, as in their following works, Kirk et
al. (1980), Kirk and Foulkes (1980), and Thurgood et al. (1981). Pan and Wan (1979)
performed only anodic polarization tests scanning from -1.0 V to 1.0 V/SCE at a high speed

of 50 mV/s scan rate, and observed four peaks that are responsible for passivation of gold.

The influence of additives such as lead, thallium, silver, clay and carbon, mercury, on the
potentiodyanmic polarization of gold was tested (Filmer, 1982; Tshilombo and
Sandenbergh, 2001; Qian et al., 2010). For instance, May et al. (2005) reported that if the
concentration of lead ions was equal to or greater than the sulphide ions, potential shifted
to more negative potential (a potential drop) with a scan rate of 1 mV/s. Bas et al. (2015a,
2015b) examined the influence of iron oxide minerals associated with roasted gold ore on
gold dissolution by using potentiodynamic polarization method as function of leaching
parameters. Then, Bas et al. (2015c) proposed a new approach, named “Combined Anode
Electrode Polarization”, where gold and iron oxide minerals were electrically connected to

each other either in one or two separate containers.

One of the most important issues in electrochemical polarization tests is the direction of
scanning in polarization tests. Most of the electrochemical experiments, in different fields,
consist of a complete polarization curve, starting from a cathodic potential (more negative)
to a more positive (anodic) potential (Figs. 2.2 and 2.3). However, in case of gold,
according to the mixed potential theory, gold anodic (in absence of oxygen) and cathodic
(in absence of cyanide) reactions/polarization curves have separately been studied/obtained
by many research groups (Kudryk and Kellogg, 1954; Cerovic et al., 2005). This approach,
e.g. anodic curve in the absence of oxygen is more theoretical since it does not correspond
to that in practice. Therefore, the direction of scanning especially in cathodic polarization
is an important issue. So, the presentation of potential range of scanning with direction is
highly recommended to be more precise. A comparison of scanning potential range for
anodic and cathodic curves from some selected papers is demonstrated in Table 2.3. As

seen in Table 2.3, the range of scanning potential varies in the open literature. It can be
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deduced that in the case of cathodic polarization, scanning was initiated from the potential
region of anodic curve. Similarly, anodic polarization was performed including the
potential region of cathodic curve at a scan rate of 1 mV/s (Guan and Han, 1994; Guzman
et al., 1999; Cerovic et al., 2005; Tan et al., 2006). May et al. (2005) considered the
complete polarization curve starting from cathodic potential (-200 mV vs. OCP) to anodic,
i.e. more positive potential in the same electrolyte at a scan rate of either 0.1 or 1 mV/s.
Bas et al. (2015b) compared the cathodic polarization of gold in the presence of cyanide
saturated with atmospheric oxygen scanning from open circuit potential (OCP) to more
cathodic potential and scanning from cathodic potential to OCP at a scan rate of 0.166
mV/s. They obtained a clear difference on the shape of cathodic curve based on the
direction of scanning and concluded that scanning from Ecorr to more cathodic potentials
provides more representative Tafel slopes and accurate results while scanning in the reverse

direction is not suitable for gold leaching estimation.

Table 2.3 Comparison of the polarization potential range from some selected papers.

Reference Cathodic polarization Anodic polarization
Guan and Han (1994) 0to-1VI/SCE -1to +0.6 V/SCE
Guzman et al. (1999) 0to -1 V/Ag,AgCl -0.8 to + 0.8 VV/Ag, AgCl
Cerovic et al. (2005) 0 to -0.8 V/Ag,AqCl -0.8 to 0 V/Ag,AqCl

Tan et al. (2006) +0.2 to -1 V/Ag,AqCl -0.8 to 0.8 V/Ag,AqCl
May et al. (2005) Complete polarization from -0.55 to 0.15 V/SHE

Bas et al. (2015b) OCP to -300 mV more cathodic -0.8 to 1.2 V/SHE

Linear Polarization (LP) (Linear Sweep Voltammetry, LSV) is also a common method used
to obtain anodic and cathodic polarization curves. In LP, a fixed potential range within only
the forward scan is applied unlike the cyclic voltammetry, no backward scan is done. This
technique is specially dedicated to RDE (Rotating Disk Electrode) or RRDE (Rotating Ring
Disk Electrode) investigations which allow user to carry out steady - state measurements.
This leads to the determination of redox potential and kinetic parameters such as corrosion
current and polarization resistance (Thompson and Payer, 1998). LP allows to obtain
polarization resistance by scanning through a potential range +25 mV with respect to
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corrosion potential (Ecorr) (Fig. 2.2). The slope of anodic or cathodic curves is denoted as
the resistance to polarization, Rp, and this value is used to calculate the lcorr utilising the
well-known Stern-Geary equation (Stern and Geary, 1957). Dai and Jeffrey (2006)
performed linear sweep voltammetry experiments to examine the influence of sulphide
minerals on the dissolution rate of Au (95%)-Ag (5%) alloy electrode using rotating
electrochemical quartz crystal microbalance (REQCM) with a scan rate of 1 mV/s. Azizi
et al. (2010) also performed linear polarization tests using Au (96%)-Ag (4%) alloy RDE
to test the influence of sulphidic mineral electrodes on gold dissolution either in one or two
electrochemical cells with a scan rate of 0.5 mV/s. Dai and Breuer (2013) examined the
dissolution rate of gold using pure gold and gold-silver alloy electrodes and compared to

that of electrochemical corrosion rates with a scan rate of 1 mV/s.

2.4.2 Cyclic Voltammetry (CV)
CV is one of the most commonly used electro-analytical techniques, with its easy and fast

ability to characterise an electrochemical reaction system, but it is not usually preferred for
quantitative analysis. The determination of reversible or irreversible behaviour of a redox
couple, the number of electrons transferred in an oxidation or reduction, rate constant, and
reaction mechanism can be obtained by CV (Kelly et al., 2002). It is generally
recommended that CV consists of cycling the potential of an electrode, which is immersed
in an unstirred solution, and measuring the resulting current (Kissinger and Heineman,
1983). Reyes-Cruz et al. (2002) studied electrochemical deposition of gold and silver by
cyclic voltammetry with a scan rate of 25 mV/s with the potential range from -2.0 to 0
VISCE, and agitation speed was not mentioned. Bas et al. (2015d) performed CV in the
absence of agitation in 0.04 M NaCN electrolyte at pH 10.5 at a scan rate of 10 mV/s. There
are some studies in which CV was considered at high agitation rates. For instance,
Mughogho and Crundwell (1996) tested electrochemical behaviour of gold rotating disc
electrode at 1000 rpm in dilute cyanide solution (~ 0.003 M KCN) with at least five cycles
and found that the rate of anodic reaction was enhanced with increasing pH in the region
of the first peak, but not for the second and third peaks. Lin and Chen (2001) examined the
influence of cyanide concentration and pH on gold dissolution by comparing cyclic

voltammetry results scanning from -1.0 to 1.2 V/SCE with a scan rate of 10 mV/s at 500
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rpm agitation. They reported that the three anodic peaks were found to be cyanide related
whereas the cathodic peak was hydroxide related. These findings have revealed that three
peaks, as in potentiodynamic polarization, were observed by CV either in absence or
presence of agitation leading to the passivation of gold surface.

2.4.3 Potentiostatic and Galvanostatic Polarization Methods
Potentiostatic polarization is a method that applies a constant potential to the metal-solution

interface and measures its electrochemical behaviour as a function of time. On the other
hand, galvanostatic polarization is an alternative to potentiostatic polarization. In
galvanostatic polarization measurements, the current between working and counter
electrodes is controlled, and the potential between working and reference electrodes is
automatically recorded to the value required to maintain the current. Potentiostatic
experiments can be used to determine diffusion coefficients of dissolved materials in a
solution, to measure passivation or re-passivation potentials and rates and to evaluate
anodic and cathodic protection techniques (Thompson and Payer, 1998). Cathro and Koch
(1964a) observed three current maxima by potentiostatic polarization at -0.6, +0.1, and
+0.4 VISCE, where they proposed that the first and last are pH dependent, and that at +0.1
V/SCE is not. They also performed galvanostatic polarization tests, in the potential range
-0.8 to -0.6 V/SCE to obtain the Tafel slopes. Kirk et al. (1978), and Kirk and Foulkes
(1980) reported that the peaks found in potentiostatic polarization is the result of a single
over-all dissolution reaction with different rate-controlling steps. In the study of
Wadsworth and Zhu (2003), potentiostatic experiments at open circuit potential were
carried out as function of silver concentration, and found that the curves showed a similar
behaviour as function of silver concentration that is an initial increase in current density
followed by a decay and then a region of constant current. In complimentary to the previous
works, Bas et al. (2015a) investigated the behaviour of gold dissolution by potentiostatic
polarization applying the passive potentials obtained in potentiodynamic polarization tests.
They concluded that when gold is under passive conditions, increasing cyanide
concentration, and potential has led to a decrease in current density, suggesting the increase

in the thickness of passive film on gold.
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2.4.4 Galvanic Corrosion by Zero Resistance Ammeter
Zero resistance ammeter (ZRA) mode is used to measure the galvanic current flowing

between two electrodes, working electrode 1 and working electrode 2, which acts as if they
were coupled by a zero resistance wire and to monitor the potential of the galvanic
couple. A zero resistance ammeter (ZRA) does not apply a signal, but passively measures
both the current and voltage as a response (Gamry Potentiostat Manual, 2012). ZRA mode

is particularly useful in studying galvanic corrosion or electrochemical noise.

van Deventer and Lorenzen (1987) proposed a new approach in which gold and mineral
disc electrodes were in direct contact to each other and were placed either in the same or
in separate containers. This approach was also considered in their following studies, e.g.
van Deventer et al., (1990), and Lorenzen and van Deventer (1992a) for a better insight to
understand the dominating effect in between galvanic interactions and passivation
phenomenon. Aghamirian and Yen (2005) performed galvanic corrosion tests in one
container and found that pyrite and pyrrhotite showed positive effect on gold dissolution,
whereas Lorenzen and van Deventer (1992b) reported the negative effect of pyrite. Azizi
etal. (2011, 2012a, 2012b) investigated galvanic interactions in ZRA mode, between gold
and sulphidic gold ores/minerals using packed bed electrochemical reactor (PBER) using
a gold-silver alloy (96%-4%) electrode either in one or two electrochemical cells during 3
hours. They also examined multi effects of sulphide minerals on gold dissolution. Bas et
al. (2015d) examined the influence of galvanic interactions between gold and iron oxide
minerals (magnetite, hematite, maghemite) associated with roasted gold ore as function of
agitation rate. Also, Bas et al. (2016a) demonstrated the influence of slurry of roasted gold
ore on the galvanic corrosion between gold and iron oxide minerals by testing either in one

or two separate containers.

2.4.5 Electrochemical Noise Measurement (ENM)
The term "electrochemical noise measurement (ENM)" was employed to describe the

spontaneous fluctuations of potential and current as a function of time (Eden, 2011). Ghali
(2010) underlined that ENM can be used to monitor all forms of corrosion and reported

that it is sensitive to localized corrosion such as pitting and crevice corrosion and even
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metastable pitting. The instantaneous response to the change of surface conditions enables
this method to be a powerful online corrosion-monitoring tool (Cottis, 2001). In galvanic
corrosion experiments, the metals are dissimilar; whereas, in ENM the metals are the same
(Princeton Applied Research, 2014).

In general, the amplitude of ENM fluctuations can be correlated with the intensity of the
corrosion process, while the fluctuation shape can be due to the type of the corrosion
process (Aballe et al., 1999). The main advantage of this technique is the in-situ
measurement of corrosion rate, low cost of the equipment consisting mainly of a zero
resistance ammeter (ZRA) and digital voltmeter as well as the ease of data collection
(Cottis and Turgoose, 1999). The analysis of electrochemical noise data can be performed
in both time and frequency domains. In the time domain, the most interesting parameter of
the statistical analysis is the noise resistance (Rn), defined as the ratio of a standard
deviation of the potential noise to that of current noise which can be associated to the
polarization resistance (Rp). The ratio 1/R, is proportional to the corrosion rate. Noise data
are transformed into the frequency domain using Fast Fourier Transform (FFT) algorithm
and presented as power spectral density (PSD), calculated in a frequency domain (Loto,
2012). Although the majority of ENM studies have been carried out in corrosion studies,
there is a recent attempt using ENM in leaching studies. Bevilaqua et al. (2006) tested the
use of ENM in the bioleaching of bornite (CusFeSs) in the absence and presence of A.
ferrooxidans LR strain bacteria, since it is a non-destructive method. They correlated the
potential and current variations with the corrosion process, and found that bacterial activity
showed an accelerated corrosion process. Recently, Bas et al. (2015a, 2015b) compared the
corrosion rates of gold and roasted gold ore electrodes during 16 hours of ENM tests at
free corrosion mode. This method could potentially be an alternative in gold leaching
studies for the characterization of surface products that could lead to surface passivation.
As seen, there is a paucity of in-situ ENM of gold leaching studies. Additionally, ENM is

known as a promising tool with convenience for in-situ applications (Tan et al., 1996).
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2.4.6 Scanning Reference Electrode Technique (SRET)
SRET in-situ provides significant information on anodic and cathodic potentials of a

specimen as a function of time in the free corrosion mode (Zhang et al., 2006). It is also
possible to analyse the active and passive behaviours of gold with the 3D image facility.
Negative potential differences correspond to anodic reactions whereas positive potential
differences correspond to cathodic reactions on the surface of the specimen. The results are
reproducible up to 95% of accuracy (Zlatev et al., 2011). It is also possible to obtain the
most intense anodic potential characterizing the more intense localized corrosion of each
map and the most intense cathodic potential. So, the curve of the local quasi electromotive
force (QEMF) (potential difference between the most active cathode and the most active
anode on the surface of specimen) with time for each specimen e.g. gold, can be plotted. It
is proved that the results of QEMF give the same trend as that of electrochemical
polarization (Oltra et al., 2007).

Till now, SRET has not received much attention on gold cyanidation studies. Bas et al.
(2015b) performed SRET experiments for gold and roasted gold ore electrodes at free
corrosion mode. The SRET results were in line with the ENM findings showing the
corrosion behaviour of roasted gold ore (RGO) electrode if compared to that of pure gold
electrode. The reproducibility of the QEMF values for Au and RGO electrodes were found
to be £10% and 12%, respectively. A block diagram showing these components and the
general layout of a SVP100 SRET system can be seen in Bas et al. (2015b)’s study. These
results have indicated that SRET in-situ corrosion measurements without any imposed
potential, which is very close to practice, provide significant information on the corrosion
behaviour of gold and show the existence and polarization of anodic and cathodic sites
during the leaching of gold.

2.4.7 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) has been widely used to characterise

electrode processes, to determine the double-layer capacitance, and to aid in understanding
the kinetics of electrochemical systems. The principle of EIS is to measure the true

resistance usually at a fixed potential during a frequency scan to assess the mechanisms
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that regulate the electrochemical kinetics (Yang et al., 2010a). EIS measurements offer two
major advantages over the more convenient voltammetry methods. Firstly, information
regarding the kinetics of surface electrochemical reactions may be obtained in situ with a
minimum of surface modification, since the applied potential perturbation is usually small.
Secondly, EIS allows in-situ detection of the formation of surface layers on the electrode
as changes in electrode capacitance (Wet et al., 1997). The results of EIS studies may be
presented in a complex-plane plot, also known as a Nyquist plot, in which the imaginary
and real impedances are plotted as a function of frequency.

EIS has been considered to study the oxidation of gold in cyanide solutions (Rogozhnikov
and Bek, 1987). They reported that the adsorption of hydroxide ions is inhibited in the
presence of cyanide ions. Some researchers have considered EIS to examine the influence
of cyanide on pyrite flotation in presence of xanthate using a pyrite crystal as working
electrode (Wetetal., 1997; Guo et al., 2015). Up to now, the use of EIS in cyanide solutions
has received relatively less attention than that in thiourea, thiocyanate, and thiosulphate
solutions (Yang et al., 2010a, 2010b, 2010c; Choudhary et al., 2016).

2.5 Electrochemical Studies of Gold Cyanidation

It is worth noting that passivation of gold dissolution could be due to adsorbed species,
corrosion products (precipitates), and/or combinations thereof. In the following sections
(2.5.1, 2.5.2, and 2.5.3), a summary of corrosion rate estimation, passivation, inhibition,
and kinetics of gold dissolution have been given for pure gold samples (section 2.5.1),
sulphidic gold ores (section 2.5.2), and oxidised gold ores (section 2.5.3) by means of

electrochemical dissolution studies.

2.5.1 Pure Gold Studies
Generally, it has been accepted that 3 peaks are formed on the surface of gold by

potentiodynamic polarization and/or CV which lead to passivation (Kudryk and Kellogg,
1954; Cathro and Koch, 1964a, 1964b; Kirk et al., 1978; Bek et al., 2001; Guzman et al.,
1999). For the first peak region, Cathro and Koch (1964a) proposed the following reactions
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scheme (Eqgs. 2.8 and 2.9). Eq. 2.8 and Eq. 2.9 were considered as the rate-determining step
by Cathro and Koch (1964a) and MacArthur (1972), respectively.

Au+ CN™ © AuCNg 45 + e~ Eqg. 2.8
AuCNg 45 + CN™ & Au(CN); Eq. 2.9

Kirk et al. (1978, 1980) suggested the following reaction scheme Egs. (2.10-12), and Eq.
2.11 was assumed to be the rate-determining step. Further, the existence of AUCNags has

been proved by Sawaguchi et al. (1995) using scanning tunneling microscopy (STM).

Au+ CN™ © AuCNgy, Eq. 2.10
AuCNg4s © AuCNgys +e” Eg. 2.11
AuCNg4s + CN™ © Au(CN); Eq. 2.12

Guan and Han (1994) and Pan and Wan (1979) mentioned that the adsorption of hydroxyl
ions on the surface of gold was the contributing cause of passivation (Eq. 2.13) according
to the following equation:

Au+ OH™ © AuOHg 45 + €~ Eqg. 2.13

Nicol et al. (1987) reported that based on many experiments measuring current as function
of cyanide concentration at the active portion of the peak, the dissolution of gold occurs as
shown in Egs. 2.10-12. Therefore, it has been suggested that passivation is associated with
an adsorbed layer of AUCN. Puddephatt (1978) proposed that solid, polymeric AUCN forms
a passive film on the surface of the gold particle which consists of linear chains of —Au—
CN-Au-CN- where the cyanide ion functions as a bidentate ligand. Nicol (1980) also
suggested that the surface is covered by a film of AuCN (rather than an adsorbed layer),
which can be (AuCN)x. It has been suggested that during the dissolution process, such a
compound could form in two dimensions to block the gold surface (Jeffrey and Ritchie,
2001).
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It is generally accepted that the region of the firs peak is of great importance for researchers
since the potential does not exceed zero during the cyanidation of gold (Nicol et al., 1987).
The current density of the first peak (-0.3 V vs. SHE) shows large variations depending on
the range of CN concentrations, pH, and measurement techniques (Table 2.4). When the
first oxidation peak becomes passive, its current density sharply decreases down to ca. 0
mA/cm? then shows a flat region till the surface starts to become active again. In most of
the works, this flat region shows a potential range of around 650 mV. Generally, current
density of the first peak is lower than the other two successive peaks (Nicol, 1980; Bek et
al., 1997). Additionally, the current densities of the three peaks showed certain differences
as function of the experimental procedure, such as measurement techniques, agitation,

cyanide concentration, pH, type of electrodes (Jeffrey, 1997; Guan and Han, 1994).

Table 2.4 Comparison of the peak current densities.

Peak current density (mA/cm?)

Reference Peak 1 Peak 2  Peak 3 [CNIM
Cathro and Koch (1964a) 1.2 1.5 4 0.038
Kirk et al. (1978) 0.096 5 11 0.05
Pan and Wan (1979) ~2 ~1 ~7 0.2
Guan and Han (1994) ~2.4 ~2.5 ~1.8 0.01
Guzman et al. (1999) ~1.5 ~4.2 ~2 0.01

Nicol (1980) mentioned that the first peak may not be observed if the potential scan is
applied immediately after gold placing into the solution while it was observed if the
electrode allowed standing at open circuit around for 30 minutes at high rotation speeds.
Mughogho and Crundwell (1996) suggested that the gold dissolution reaction has different
mechanism in high cyanide concentration than that in low concentrations of cyanide. At
low cyanide concentrations (< 0.04 M), the first peak current density was found to be very

lower if compared to that of the other two peaks.

At about 0.3 V vs. SHE potential range which corresponds to the second peak region,
Cathro and Koch (1964a) proposed the conversion of Au'(OHCN)x to the Au(lll) basic
cyanide film, where X is any anion except OH" (Eq. 2.14). However, Kirk et al. (1978)
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proposed the same reaction sequence for the second peak region that is due to the formation
of gold(l) hydroxide (Eq. 2.13). Furthermore, Nicol et al. (1987) attributed the second peak
to the complexation reaction between free cyanide and the adsorbed intermediate AUCNads
species (Eq. 2.12). The second peak current density changes as function of cyanide
concentration, e.g. 7.37 mA/cm? was obtained in 0.1 M NaCN while it was only 0.22
mA/cm? in 0.005 M NaCN (Bas et al., 2015a). As a comparison, peak current densities
were observed around 4.94, 6.52, and 3.24 mA/cm? (in 0.2 M NaCN) for the consecutive
three peaks (Bas et al., 2015a), while Kirk et al (1978) observed ~ 0.3, 10, and 40 mA/cm?,

respectively, for the same cyanide concentration (0.2 M).

X~ = +[Au(I)OH.CN~ ]ads Eq. 2.14
— [Au(III)OH.CN.X " |ads + 2e~

The final peak at 0.6 to 0.7 V/SHE is thought to be due to the formation of a Au(l1l) oxide
(Au203) layer which passivates the gold surface. However, such passivation is unlikely to
be a problem in practice because of the highly positive potentials required for this to occur
(Finkelstein, 1972; Nicol, 1980). For the third peak region, no reaction scheme was
proposed by Kirk et al. (1978). MacArthur (1972) stated that it is quite difficult to explain
peak formations due to the complexity of reactions. It was generally agreed either direct
oxidation of an adsorbed intermediate, or oxidation to gold (111) (Eq. 2.15), could cause

passivation (Guan and Han, 1994).

Au+30H™ o Au(OH)3 + 3e” Eq. 2.15

In pure gold experiments, some additives were tested to alleviate the passive behaviour.
Bek et al. (1997) concluded that gold is passive in pure solutions at low overpotentials and
the presence of trace elements can accumulate at the gold surface and remove the
passivation, thus allowing the gold to dissolve. It was found that lead, thallium, bismuth,
and mercury could enhance the recovery of gold if used at desired concentrations, while
sulphide ions retard (Beyers, 1936; Fink and Putnam, 1950; Hedley and Tabachnick, 1968;
Lorenzen and van Deventer, 1992a; Weichselbaum et al., 1989; Jin et al. 1998; Deschénes
et al., 2000; Jeffrey and Ritchie, 2000a, b). Chimenos et al. (1997) noted a remarkable
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increase in gold dissolution rate in the presence of thallium () salt during cyanidation. The
positive role of lead, the formation of the adsorbed species, and formation of the oxide
layer leading to passivation have been detected on the gold surface via surface-enhanced
raman scattering (SERS) spectroscopy (Jeffrey et al., 2005).

2.5.2 Sulphidic Gold Ore Studies
Gold is often associated with conductive/semiconductive minerals such as pyrite,

pyrrhotite, arsenopyrite, chalcopyrite, galena, and also with oxide and gangue minerals
such as hematite and magnetite (Marsden and House, 2006). Many researchers have
suggested that the passivation of gold by the formation of films on the gold surface is a
laboratory curiosity. In practical aspects, gold dissolution may slow down, and in that case,
galvanic interactions and passivation by corrosion products are considered as important
electrochemical factors (Lorenzen and van Deventer, 1992a; Azizi et al., 2011).
Additionally, reversible electrode potential of the process, the exchange current density,
the relative areas, the distribution of gold and conductive minerals involved, and the
conductivity of the solution are the key factors affecting the galvanic interactions
(Tshilombo, 2000).

Early studies were mainly focused on the influence of dissolved minerals on the rate of
gold dissolution (Fink and Putnam, 1950; Mrkusic and Paynter, 1970). For a better insight,
van Deventer and Lorenzen (1987) proposed a new approach to understand and/or
differentiate the dominating effect on gold dissolution between galvanic interactions and
dissolved species (passivation phenomenon). In this manner, both the gold and metal or
mineral electrodes were in direct contact with each other, as the working electrode, either
in the same or in separate containers. If only the galvanic interaction was being
investigated, the electrodes were placed in separate containers whereas the electrodes were
placed in the same container if the combined effects of galvanic interaction and dissolved
species were being investigated. van Deventer et al. (1990), and Lorenzen and van
Deventer (1992b) considered this approach, and discussed mainly the conventional

leaching results and the shift to more anodic potentials in the dissolution potential.
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It is assumed that the gold dissolution rate may be influenced either in a positive or negative
way by galvanic interactions. In other words, galvanic interactions could promote the
dissolution rate of gold when the open circuit potential of gold is lesser than that of
sulphides, or it can adversely affect the anodic dissolution of gold when sulphide mineral
acquires anodic potential prompting on gold surface rather than the gold dissolution
(Aghamirian and Yen, 2005). Potentiodynamic polarization, and galvanic coupling tests
only in one container revealing the combined effects of galvanic interactions and
passivation phenomenon were studied by Aghamirian and Yen (2005). Paul (1984) and
Lorenzen and van Deventer (1992a) reported that the gold dissolution substantially
decreases within the presence of pyrite and pyrrhotite, whereas Aghamirian and Yen
(2005), and Dai and Jeffrey (2006) found positive effect on gold dissolution for these
minerals. Aghamirian (1997) studied the influence of sulphide ions on gold dissolution in
an oxygen enriched solution containing 47 ppm sulphide ions. Gold dissolution was found
to increase from 0.085 to 0.17 mg/cm?/h with increasing Oz concentration from 8 ppm to
32 ppm. However, the gold dissolution rate was still much lower than the standard rate,
indicating that the passivation of the gold surface in oxygen enriched solution could still
proceed (Aghamirian, 1997). Cruz et al. (2005) employed voltammetric studies before and
after leaching using different pyrite bearing concentrates, such as sphalerite, galena, and
acantithe (Ag.S) to understand the activity of each sulphide minerals on gold. Wierse et al.
(1978) reported that the elemental sulphur formed during gold dissolution could cover the
exposed gold surface and prevent the further oxidation. Dai and Jeffrey (2006) discussed,
individually, the anodic and cathodic behaviours between gold and sulphide minerals using
a Au-Ag (5%) alloy electrode by employing linear sweeps. Azizi et al. (2010) performed
the electrochemical dissolution of gold using Au/Ag (96%/4%) and mineral discs in the
presence of sulphide minerals where four types of industrial ores were used either in one
or two electrochemical cells. They examined the anodic and cathodic voltammograms,
galvanic corrosion, and tested the electrochemical pre-oxidation treatment of the mineral
electrodes. They reported that gold dissolution is controlled by positive galvanic
interactions rather than by passivation in one electrochemical cell, whereas it is controlled
mainly by positive galvanic effects in two electrochemical cells as a result of high galvanic

currents. Azizi et al. (2011, 2012a, 2012b) used a bed reactor to examine the influence of
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sulphide minerals on gold dissolution in one and two separate cells. They examined
passivation and galvanic interactions during gold leaching in presence of industrial
sulphide minerals and developed a Packed-Bed Electrochemical Reactor (PBER). PBER
was used to decouple and quantify the individual contributions of passivation phenomena
and galvanic interactions on gold and silver leaching rates. The highest gold extraction was
achieved within the pyrite layer while the lowest was within the silica layer. It was found
that the galvanic interactions due to pyrite, chalcopyrite and an industrial sulphidic ore
were so positive that they largely outweighed the negative impact of precious metals

passivation.

2.5.3 Oxidised Gold Ores Studies
In recent years, there has been an increasing trend for the treatment of refractory gold ores

which often requires oxidation, such as roasting, as a pre-treatment process prior to
cyanidation (Adams, 2016; Zhou and Fleming, 2007). Via oxidizing/roasting, pyrite (the
most common gold carrier sulphide phase) is resulted in having predominantly hematite,
magnetite (Eqgs. 2.16-18) and maghemite (Stephens et al., 1990). Paktunc et al. (2006)
reported that maghemite associated with gold is problematic for cyanidation as a result of
its non-porosity. It has been reported that iron oxides, which are often found to be
detrimental in cyanidation (Filmer, 1982; Lorenzen and van Deventer, 1992a, b), can
contain appreciable amounts of gold (30 ppb to 260 ppm) (Paktunc et al., 2006). In order
to understand the influence of iron oxide minerals on gold dissolution kinetics, different
approaches or pre-treatment methods have been considered in the literature to treat these
minerals, such as magnetic separation, and diagnostic leach procedures (Lorenzen and van
Deventer, 1993; Douglas and Semenyna, 2013). However, electrochemical studies of

oxidised gold ores have received less attention.

FeS, » FeS+ S Eq. 2.16
FeS +5/30, - 1/3Fe;0, + SO, Eq. 2.17
1/3Fe;04 +1/120, - 1/2Fe,04 Eq. 2.18
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Magnetite is known to be ~ 10° times better conductor than hematite and maghemite
(Barroso-Bogeat et al., 2014). Hence, the solubility of magnetite in cyanide solutions is

expected to be relatively higher as compared to hematite.

It is well known that oxygen is essential for the dissolution of gold. Then, if the associated
mineral with gold is electrically conductive, e.g., magnetite, oxygen reduction can take
place over the entire surface of the mineral electrode, leading to an increase in the
magnitude of the cathodic current (Filmer, 1982). As a result, the open circuit potential of
gold is shifted to more noble or less active potentials, suggesting the (partial) passivation
of the gold’s surface. In this case, the rate of gold leaching tends to slow down. Mrkusic
and Paynter (1970) reported that the anodic curve obtained in the presence of magnetite
shows that the current is lower at all potentials than that in the absence of magnetite, and
that the range of potentials, in which passive behaviour was observed was extended. These
results would be compatible with the hypothesis that gold surface becomes partially
covered by some form of film in the presence of magnetite. Thus, such a film would be
expected to be of some iron compound. In the presence of magnetite, it is not clear which
way the dissolution potential would move, if at all. They found that it can be expected that
the rate of gold dissolution could be controlled by the rate of anodic or cathodic reaction,
and not by diffusion. Hence, the role of agitation is expected to have relatively little effect.
Mrkusic and Paynter (1970) found that when cyanidation is performed in the presence of
magnetite, and the oxygen partial pressure is increased, it is possible that passive behaviour
could be encountered at high dissolution potentials. They, however, did not demonstrate
potentiostatic curves in presence of hematite since the hematite used was a very fine
powder that tended to adhere to the electrode. They noted that this tendency would

invalidate the results.

Alternately, in the case of hematite, which is a lesser conductor than magnetite, it can be
expected that the reduction of oxygen takes place mainly at the surface of gold, so the rate
would not be expected to decrease in these conditions (Filmer, 1982). As a result, the open
circuit potential of gold is shifted to more active potentials, suggesting the increase in leach

kinetics in the case of hematite, and maghemite as well. Filmer (1982) examined the
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passivation of gold using partially oxidised, and almost complete oxidised calcine. It was
found that the dissolution of gold in contact with magnetite, pyrite, and pyrrhotite could be
expected to passivate as a result of the enhanced magnitude of the cathodic current.
However, in the case of completely oxidised calcine representing hematite, gold dissolution
would not be expected to decrease. Paktunc et al. (2006) examined such a roasted gold ore
and concluded that calcines should dominantly be hematite containing more magnetite as

an intermediate product and that the presence of maghemite should be avoided.

Recently, Bas et al. (2015a, 2015b) investigated the electrochemical dissolution behaviour
of roasted gold ore. The influence of iron oxide minerals associated with roasted gold ore,
individually (hematite, magnetite, and maghemite), on gold dissolution was examined. Bas
et al. (2015c) studied Combined Anode Electrodes polarization (CAP), as a new approach,
where gold and iron oxide mineral electrodes were electrically connected to each other to
have one anode, with imposed potentials as function of leaching parameters where
platinum was used the counter electrode. Bas et al. (2015d, 2016a) performed galvanic
corrosion studies between gold and iron oxide minerals at Zero Resistance Ammeter (ZRA)
mode as function of agitation. Galvanic interactions and passivation phenomena without
imposed potentials either in the absence or in the presence of slurry at Zero Resistance
Ammeter (ZRA) mode were discussed. To identify the dominating effect in between
galvanic interactions and passivation phenomena on gold dissolution, CAP and ZRA tests
have been performed either in one or two separate containers in the absence or presence of
slurry of roasted gold ore. (Bas et al., 2015c, 2015d, 2016a). Since magnetite and hematite
are the major iron oxides in roasted gold ore sample, a new electrode named “MagHem-
ES” 1s developed to examine the concurrent effects of these minerals on the dissolution of
gold (Bas et al., 2015c). The dissolution rate of gold by Tafel curves, and Stern-Geary
methods have been compared to that in practical cyanidation. It was found that the
dissolution rate of gold by considering only cathodic Tafel slope could better represent the
practical cyanidation results (Bas et al., 2015b, 2015c, 2016b). Anodic curve was found to
be misleading for the gold leach rate estimation due to passivation. The presence of slurry
of roasted gold ore resulted in lower current densities (gold corrosion rates) (Bas et al.,

2015c). Hematite was found to promote gold dissolution whereas magnetite retarded,
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which has been confirmed by surface analysis (Bas et al., 2015d, 2016b). Bas et al. (2016hb)
found that the gold dissolution was retarded by 40% in the presence of magnetite slurry,
whereas increased by 25% and 10% in the presence of hematite, and maghemite,
respectively. They confirmed the negative influence of magnetite by SEM-EDS and XRD
results. Following the leaching tests, the residue collected and it was subjected to magnetic
separation tests (Bas et al., 2016b). Electrochemical characterization of magnetic part, non-
magnetic part, synthetic maghemite, and roasted gold ore samples were performed. It was
found that roasted gold ore, magnetic tailings, and synthetic maghemite electrodes
exhibited a cathodic peak, suggesting the reduction of ferric to ferrous cyanide, which
could be responsible for the slowdown of the gold leach kinetics, whereas magnetic
concentrate did not. Furthermore, when oxygen was bubbled, this peak disappeared in the
case of roasted gold ore and synthetic maghemite, though magnetic tailings still exhibited
the peak (Bas et al., 2016b).

2.6 Interpretation of Electrochemical Findings

2.6.1 Practical Implications

In recent years, the treatment of low-grade ores, the shift from surface mining to
underground mining, the increasing complexity of treatment, and the concern for
environmental constraints are the main developments in the cyanidation of gold. The
application of ultra-fine grinding technology to liberate gold finely disseminated in
sulphides for subsequent leaching, optimization of reagent addition (e.g., cyanide and
oxygen) are the subjects of research. In the late 1980s, online cyanide analyzers were
introduced however, progress was slow. Additional testing was made to make the analyzer
more reliable and effective and to have more accurate titration results. Online dissolved
oxygen (DO) sensors were integrated in the late 1980s simultaneously with oxygen

addition and various injection devices (Deschénes, 2016).

In practice, the rate of gold dissolution depends on several factors such as particle size,
degree of liberation, alkalinity of the solution, cyanide concentration, aeration, agitation

speed, gold and silver content, impurity content and surface coatings constituents. In this
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regard, a comparison of the dissolution rates of gold by different research groups is given
in Table 2.5.

It is seen that the gold dissolution rates from real ores are relatively lower than that of pure
gold samples which indicates the negative influence of sulphides, and oxides. The
dissolution of gold may be reduced/slowed down in some conditions, and in that case
passivation and galvanic interactions phenomena are considered as potentially significant
electrochemical factors (Lorenzen and van Deventer, 1992; Mrkusic and Paynter, 1970).

Table 2.5 Comparison of dissolution rates of gold from some selected papers.

Dissolution rate of Au Gold sample

Reference (mol m?s?)

Cathro and Koch (1964a) 5.52 x 10° Pure gold
Lorenzen and van Deventer (1992a) 6.27 x 10°® Pure gold
Aghamirian and Yen (2005) 8.50 x 10°® Pure gold

Dai and Jeffrey (2006) 5.6 x 10° Pure gold
Azizi et al. (2010) 6.6 x 10°® Sulphidic gold ore
Bas et al. (2015b) 5.3x 108 Oxidised gold ore

In general, when gold is electrically connected with a mineral/ore electrode, higher
dissolution rate of gold could be expected due to the increase in surface area and
electrochemical interactions (Aghamirian and Yen, 2005). Different surface areas of gold
(a general range between 0.25 and 3.8 cm?) and mineral (typically between 2.7 and 6.2 and
up to 900 cm?) electrodes have been considered (Lorenzen and van Deventer, 1992a;
Aghamirian and Yen, 2005; Azizi et al., 2011). To note that, it is difficult to mimic the
practical conditions in laboratory studies concerning the surface areas due to the low
quantity of gold in its ores, but the chosen ratio in surface areas of electrodes is considerably
suitable to see the main tendencies and influences of minerals on gold dissolution (Bas et
al., 2015b).

In cyanide solutions, the rate of gold dissolution is normally controlled by mass transport
with an activation energy of 8-20 kJ/mol (Habashi, 1967). The formation of precipitates on
gold surface is very important affecting the shape of the leaching kinetics plot. Kinetics of

gold reactions are very essential because most cyanidation plants operate at maximum
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throughput (Deschénes, 2016). Faster gold dissolution kinetics favours high ore
throughput, reduced cyanide consumption, and low impurity content (Kondos et al., 1995).
The presence of metals/minerals such as silver, iron, arsenic, calcicum, and magnesium,
which are associated with gold, are important phases that could influence the leach rate of
gold (Marsden and House, 2006). During cyanidation, not only the individual effects of
these metals are important, but also multi-effects of these minerals, i.e. interactions
between many phases, should be taken into consideration (Aghamirian and Yen, 2005;
Azizi et al., 2012b). Deschénes (2016) pointed out that the use of an online cyanide
analyzer, oxygen enrichment of the pulp, and the addition of lead nitrate have proved to be
very efficient in reducing cyanide consumption. It has been reported that some ions (silver,
lead) in the solution could act as removing the passivation of gold surface and promote
gold dissolution whereas some others (pyrite, copper) slow down the kinetics (Lorenzen
and van Deventer, 1992a; Deschénes et al., 2000). It has been reported that the consumption
of lead nitrate could be decreased up to 55 % with an increase in the oxygen concentration
(Deschénes and Wallingford, 1995). If the gold dissolution kinetics was reduced due to the
passivation, the introduction of an additional cathodic reaction, such as the reduction of
lead, could shift the dissolution potential to more positive values, suggesting the
passivation of gold rather than dissolution (Tshilombo and Sandenbergh, 2001). In cyanide
solutions, pH at high levels could show a negative influence on the concentration of free
lead ions and also it would decrease the magnitude of the anodic peak (Mussatti et al.,
1997). Lin and Chen (2001), and Guzman et al. (1999) reported that the passivation
reaction enhances at high alkalinity, hence a faster passivation reaction occurs at a high
pH. During cyanidation, increasing the oxygen concentration is beneficial where
dissolution is controlled by the dissolved oxygen concentration (Jara and Bustos, 1992).
Conventional cyanidation is usually performed at a pH higher than 10 and an O;
concentration greater than 6 ppm. If the concentration of DO drops below 4 ppm, the rate
of gold dissolution is greatly reduced. On the other hand, the rate of gold dissolution will
increase markedly as the concentration of DO rises above 10 ppm. An oxygen-enriched
operation is one that is conducted at 12-18 ppm O by sparging oxygen into the slurry. It is
important to underline that in cyanidation plants, oxygen is not only used to optimize plant

throughput but also to enhance gold extraction (Deschénes, 2016). Pure oxygen was first
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used to improve the cyanidation process by Air Products in South Africa in the 1980s
(Stephens, 1988). This practice was introduced in Canadian plants at about the same time
(McMullen and Thompson, 1989; Deschénes, 2016). In the leach solutions, dissolved
oxygen concentration tends to decrease and the diffusion of reactants through the Nernst
layer becomes much faster by increasing the temperature (Aghamirian, 1997). However,
in plants most of the time the increase of the temperature creates a problem such as the
increase in the decomposition and consumption of cyanide (Habashi, 1967). In hot
climates, the leaching of gold takes place outside while it is normally carried out inside in
colder climates to minimise the effect of the temperature. Accordingly, leach tanks are
mostly located in buildings to minimise the retarding effect of colder weather (Deschénes,
2016).

Tshilombo and Sandenbergh (2001) stated that the peak current is an indication of the rate
of reaction required to cause the passivation of gold surface. If passivation is due to the
lack of cyanide, such that insoluble AUCN forms, it is not surprising that the peak current
density is dependent on the cyanide concentration. Once gold becomes passive, it is a slow
process to make it again active especially at the more positive potentials since the passive
layer on the gold surface would presumably be thicker. To make the gold active, the formed
polymeric AUCN could be disrupted (Nicol, 1980), or the presence of some minerals/metals
could promote the dissolution of gold via galvanic interactions (Lorenzen and van
Deventer, 1992b; Chimenos et al., 1997). Generally, high dissolved oxygen levels are
considered to overcome the passivation of gold that typically occurs due to the release of
sulphide ions from pyrite concentrates. Sulphide ions released from sulphidic minerals may
react with oxygen and cyanide to form thiocyanate ion (Eqg. 2.19) (Osseo-Asare et al.,
1984). Gold-sulphur compounds such as AuzS, AuzSz, AuS:03 and AuS™ have been

reported as responsible for reduction in the gold dissolution (Osseo-Asare et al., 1984).

$2+1/20,+ H,0 + CN~ - CNS™ + 20H~ Eqg. 2.19

Electrochemical dissolution rates of gold have been reported in the literature using different

kinetic approaches, such as mixed-potential (Tafel curves), Evan’s diagrams, galvanic
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corrosion, cathodic curve only, Stern-Geary method, mass transport, and etc. (Nicol et al.,
1987; Choi et al., 1991; Dorin and Woods, 1991; Li et al., 1992; Lorenzen and van
Deventer, 1992a; Guan and Han, 1994; Sun et al., 1996; McCarthy et al., 1998; Crundwell
and Godorr, 1997; Jeffrey and Ritchie, 2001; Xue and Osseo-Asare, 2001; Wadsworth,
2000; Dai and Breuer, 2013; Bas et al., 2015b). In these works, gold foils and rotating gold
discs with constant surface areas have been used to determine the leach rates assuming that
the surface roughness does not change during the test-work (Senenayake, 2008). It is
worthy to note that due to the difficulty in Tafel extrapolation, two recommended rules as
follows should be carefully considered: i) the extrapolation should start at least 50-100 mV
away from Ecorr, and (ii) at least one of the branches of the polarization curve (cathodic or
anodic) should exhibit Tafel over at least one decade of current density (Kelly et al., 2002).
In mixed (dissolution) potential theory, it has been suggested that, each half reaction can
be examined independently; for example, gold dissolution is studied in the absence of
oxygen. In order to estimate the dissolution/corrosion rate of gold, the intersection point of
anodic and cathodic curves was considered (Kudryk and Kellogg, 1954; Cerovic et al.,
2005). However, Dai and Breuer (2013) have reported that the actual leaching point of pure
gold does not match to the intersection of Tafel curves, suggesting that the leaching of gold
takes place at higher rate than that of Tafel curves. They concluded that intersection point
could be misleading for the estimation of the corrosion rate of gold, since the influence of
cyanide is not included in the cathodic curve whereas the influence of oxygen is not
included in the anodic curve. Recently, Bas et al. (2015b, 2015c, 2016b) have considered
cathodic Tafel slope only by extrapolating from open circuit potential in presence of
atmospheric oxygen, since there may be passive behaviour in anodic curve, and that was
compared to the conventional cyanide leaching results. It was found that considering
cathodic Tafel slope only better represents the leach rate of gold as in practice (Bas et al.,
2016Db). The findings have indicated that cathodic slope provides significant information,
and has the major controlling effect on the electrochemical behaviour of tested specimen,
in this case gold (Bas et al., 2015c, 201b).
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2.6.2 The Mechanism of Dissolution Slowdown During Cyanidation
The dissolution rate of gold can be very low and this could be due to passivation by the

formation of a highly insoluble aurocyanide polymer on the surface or to an adsorbed
hydroxide as suggested by Kirk et al. (1980). Wadsworth and Zhou (2003) explains the
anodic oxidation model for gold in the following three steps: i) steady-state formation of a
passivate action of AUCN at the metal-film interface; ii) diffusion of gold ion through the
film, and iii) dissolution of AUCN at the film-solution interface. It is believed that the
surface of gold during cyanidation is blocked/covered by a film of AuCN at low
overpotentials which leads to poor gold extractions in cyanidation (Catro and Koch, 1964a;
Nicol et al., 1987; Zheng et al., 1995; Jeffrey, 1997). Hydroxides are also known to be
responsible for the passivation of gold which could be due to the following reactions (Egs.
2.20-24) (Senanayake, 2008).

24u + 2CN™ + 2H,0 + 0, - 2Au(CN)(OH) ;45 + H,0,  Eq.2.20

CN™ + H,0, - CNO™ + H,0 Eq. 2.21

24u + 3CN™ + H,0 + 0, » 2Au(CN)(OH) ;45 + CNO~  Eq.2.22
24u(CN)(OH) 745 + 0, = 2Au(OH) 745 + 2CNO™ Eq. 2.23
24u + 3CN™ + 20, + H,0 — 2AuOH 45 + 3CNO~ Eq. 2.24

As seen in Fig. 2.5, the current increases continuously as the potential shifts from -0.8 V to
-0.4 V vs SCE, above this potential the current, i.e. the rate of dissolution becomes plateau,
being limited by the rate of diffusion of cyanide to the electrode. Also, anodic curve covers
awide range of cyanide concentrations, which represent as in cyanidation plants, preferably
20 - 2000 ppm CN- (corresponding to 0.005 - 0.5 % KCN) (Fig. 2.5) (L6rosch, 2001).
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Fig. 2.5 Anodic (as function of cyanide Fig. 2.6 Polarization curves showing
concentration) and cathodic curves for gold  passivation of the anodic reaction from
dissolution (adapted from Kudryk and the work of Mills (1951), retrieved and
Kellogg, 1954). adapted from Cathro and Walkley (1961).

Mills (1951) however, obtained somewhat different results (Fig. 2.6). It is also in line with
the results of Kudryk and Kellogg (1954) up to -0.5 V vs SCE, but as the potential becomes
more positive the current suddenly decreases suggesting that the gold becomes passive.
Gilroy and Conway (1965) reported that in electrochemistry, the diffusion limitation will
tend to lead, under most conditions, only to a constant limiting current with increasing
potential whereas a true passivation under potential control is associated with a region of
decreasing current. Kolotyrkin (1958) has considered the initiation of passivation as being
associated with the appearance of a monolayer or less of an inhibiting species. Hackerman
(1959) reported that in case of steel electrodes in most cases, the inhibiting species were
found to be a “surface” or “adsorbed” oxide, e.g. MOH or MO generated from aqueous

solution.

Mrkusic and Paynter (1970) used pure gold discs and reported that the dissolution of gold
in cyanide solution was inhibited by the presence of iron sulphide minerals, and their
oxidation products by the formation of strongly adherent films of some yet unknown
species on the surface of the gold. MacArthur (1972) concluded that the oxidation of gold
proceeds through a surface intermediate, (probably [AuCN]ads) and that the oxidation of

gold in the region -0.6 to -0.2 V is limited by the dissolution of the surface intermediate.
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When the surface is completely covered, the rate of reaction is controlled by the rate of

chemical dissolution of the intermediate.

Table 2.6 Gold deportment results of carbon-in-leach tailings and the techniques used to
analyse forms of gold (Total assayed gold = 3.4 g/L) (Dimov and Hart, 2014).

Technique Au assayed Form of Gold

Assayed 1.1% Soluble gold

D-SIMS 24.7% Sub-microscopic gold in hematite
D-SIMS 17.4% Sub-microscopic gold in unoxidized pyrite
TOF-SIMS 46.5% Surface gold preg-robbed on c-matter
Assayed 4.4% Gold enclosed in rock

It can be stated that some of the previous studies suggested the passivation of gold, and that
was not frequently accompanied with thorough surface studies. It is believed that surface
characterization is very critical and necessary for a better understanding of the passivation
phenomenon of gold. The formation of AuCNags layer on the surface of gold has been
confirmed by employing electrochemical scanning tunnelling microscopy (STM)
(Sawaguchi et al., 1995; McCarley and Bard, 1992). Further, X-ray photoelectron
spectroscopy (XPS) and X-ray absorption near-edge structure spectroscopy (XANES)
techniques have been used to determine the chemical state of gold associated with
arsenopyrite and pyrite (Cabri et al., 2000; Simon et al., 1999). Deschénes et al. (2012)
examined leaching of gold in the presence of copper sulphide minerals. They reported that
XPS analysis of the djurleite (a copper sulphide mineral) showed that lead nitrate favored
the formation of Cu(OH)2 and the precipitation of lead oxide and hydroxide. The formation
of these compounds were found to reduce the passivation of gold. XPS was also used to
confirm the gold species adsorbed by activated carbon (Dimov et al., 2003). Other specific
techniques used in gold studies are dynamic-secondary ion mass spectroscopy (D-SIMS)
and time of flight-secondary ion mass spectroscopy (TOF-SIMS). D-SIMS is used to
analyse the sub-microscopic gold that is associated with iron oxides and pyrite, whereas
TOF-SIMS is a suitable technique used to analyse the deportment of gold associated with
carbonaceous matter (c-matter). Table 2.6 shows an example of the use of different
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techniques to characterize the gold in carbon-in-leach residue samples (Dimov and Hart,
2014). Recently, gold ores are becoming more complex, and passive layer on the surface
is often difficult to observe. Therefore, sensitive techniques/equipments with specific
features would likely be required for future studies to characterize the surface species on
gold.

It has been deduced that passivation is an anodic phenomenon and it is always accompanied
by a natural potential which is more positive than -0.6 V/SCE (Mills, 1951; Cathro, 1964a;
Lorenzen, 1992). Accordingly, the reduction potential of oxygen in alkaline cyanide
solutions is in the region of -0.3 to -0.4 V/SCE. Then, it could be asked if oxygen is the
most suitable oxidizing agent for the reduction. It would appear that a thermodynamically
weaker oxidant than oxygen should have advantages in being less likely to initiate
passivation and less likely to oxidise cyanide (Lorenzen, 1992). It can be concluded that
film formation and passivation are not merely a laboratory curiosity, but also can reduce
the efficiency in industrial practice. The formation of a film on the surface of the gold
owing to diffusion of species from other partially soluble minerals also decreased the
leaching rate. Finkelstein (1972) suggested that the efficiency of industrial cyanidation can
be reduced by passivation, but it is not known whether all ores and operations are affected,

nor whether the degree of passivation has major influence on operating efficiencies.

The effect of the addition agents in reducing corrosion is called inhibition (Scully, 1966).
Passivation, in electrochemical studies, is mainly related to the oxidation of metals and
resulting the formation of layers on the surface which is responsible for the reduction in
dissolution by several orders of magnitude, as illustrated in case of iron in stainless steel in
Fig. 2.7. The Fe3*/Fe?* reaction can promote inhibition through passivity. At low
concentration and at active potential values, the introduction of reduction as an additional
cathodic reaction increases the dissolution rate, but if the cathodic current density is
increased beyond the critical current density of the anode reaction then the metal becomes
passivated (Scully, 1966). This type of inhibition that induces passivity in presence of the
ferric/ferrous ion reduction is somewhat different from inhibition by chromates and nitrites,

since the latter lose oxygen as part of the reduction process (Scully, 1966). Accordingly,
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Choundhary et al. (2015), and Crundwell (2015) considered the electrochemical behaviour

of stainless steel to discuss passivation as a comparison to gold and copper dissolution.
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Fig. 2.7 Superposition of reduction curves for ferric ion and of the anodic polarization curve
of Type 410 stainless steel in M H2SO4. Curve (1) 0.01 M Fe3* at 55 cm/sec, (2) 0.066 M
Fe3* at 55 cm/sec, and (3) 0.066 M Fe3* at 100 cm/sec. In case (3) the limiting diffusion
current density for the ferric ion is greater than the critical current density for the steel and

the ferric ion therefore passivates the steel (adapted from Scully, 1966).

During electrochemical measurements, anodic polarization has been frequently carried out
in an electrolyte containing cyanide in absence of oxygen, whereas the cathodic
polarization has been considered in presence of oxygen and absence of cyanide. However,
to mimic the practical cyanidation process, it is strongly recommended to consider anodic
and cathodic polarization in presence of cyanide and atmospheric oxygen. Additionally,
the change in the exposed anodic and cathodic areas could not be controlled, however

SRET in-situ could monitor the potential variations of micro-sites.
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Chapter 3

Electrochemical Behaviour of Pure Gold in Cyanide Solutions
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Résumé

Les comportements actifs et passifs pour des électrodes d'or pur (Au) et de minerai d'or
grillé (RGO) ont été étudiées a 25 °C dans les milieux de cyanure agité de-aéré. Voltamétrie
cyclique et polarisation potentiodynamique avec une agitation a 100 tours par minute dans
une solution de NaCN 0,04 M montrent différentes positions des crétes et des densités de
courant. Les tests potentiodynamiques ont illustré que les densités de courant de créte
grandement accrues avec l'augmentation de la concentration de cyanure. L'augmentation
du pH de 10 a 11, a entrainé environ 35 fois plus faible densité de courant, alors qu'elle a
augmenté de ~ 32 fois en diminuant l'agitation 100-60 tours par minute. En présence
d'oxygene, Au et RGO électrodes ont présenté des caractéristiques différentes des positions
des pics et des vitesses de la corrosion. Les études potentiostatiques ont montré que le
potentiel a augmenté de 1 a 1,4 V a pH 11 et a entrainé une diminution de 80% tout en
augmentant le pH de 10 a 11 a 1 V a donné une diminution de 1,7 fois la densité de courant,
peut-étre due a une couche passive plus efficace. Apres la polarisation, les mesures de bruit
électrochimique (ENM) pendant les périodes de désintégration ont montre que Au a donné
lieu a des états plus passifs a hauts potentiels, montrant la corrosion par pigdres. Les
résultats ont montré que cette ENM technique pourrait étre un outil prometteur pour une
meilleure compréhension de la lixiviation de I'or. Des études de XPS ont prouve la présence

d'oxydes passifs.
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Abstract

Active and passive behaviours of pure gold (Au) and roasted gold ore (RGO) electrodes
were investigated at 25°C in de-aerated agitated cyanide media. Cyclic voltammetry and
potentiodynamic polarization with agitation at 100 rpm in 0.04 M NaCN solution showed
different peak positions and current densities. Potentiodynamic tests illustrated that peak
current densities greatly increased with increasing cyanide concentration. Increasing pH
from 10 to 11, resulted in ~ 35 times lower current density, while it was increased ~ 32
times by decreasing agitation from 100 to 60 rpm. In the presence of oxygen, Au and RGO
electrodes showed different characteristics of peak positions and corrosion rates.
Potentiostatic studies showed that increasing potential from 1 to 1.4 V at pH 11 resulted in
an 80% decrease while increasing pH from 10 to 11 at 1 V gave a 1.7-fold decrease in
current density, possibly due to more effective passive layer. Following polarisation,
Electrochemical Noise Measurements (ENM) during decay periods showed that Au has
resulted in more passive states at high potentials, showing pitting corrosion. ENM results
showed that this technique could be a promising tool for a better understanding of gold

leaching. XPS studies proved the presence of passive oxides.

Keywords: pure gold, roasted gold ore, cyanide, passivation, electrochemical noise, XPS

50



3.1 Introduction

Due to rapid depletion of free-milling gold ores, refractory gold ore processing has become
ever important (Marsden and House, 2006). In practice, refractoriness of the ore leads to
low gold extractions and high cyanide consumptions (Muir, 2011; Lorenzen and van
Deventer, 1992a). In gold ore processing, passivation of the gold surface and/or diffusion
control are the practically faced problems. During cyanidation process and in certain
conditions, gold surface is protected by a surface film, which causes poor gold extractions.
There are several electrochemical measurement techniques to evaluate the anodic

behaviour of gold.

Passivation phenomenon of gold surface can be considered as one of the challenges in
practical cyanidation, and so a better understanding of this phenomenon is quite important.
Two recently published papers (Holmes and Crundwell, 2013; Crundwell, 2013)
considered the passive phenomenon of metals including gold during dissolution. Holmes
and Crundwell (2013) used pyrite sample and mentioned that polysulphides do not cause
passivation. Crundwell (2013) claimed that each point on the surface is considered as both
anodic site and cathodic site and concluded that there is no separation of anodic and
cathodic sites on the surface of mineral. Habashi (1966) and Habashi and Bas (2014)
pointed out that certain experimental results demonstrated the existence of anodic and
cathodic zones during the dissolution of minerals. Moreover, Azizi et al. (2013) examined
the passive behaviour of gold ore and concluded that all minerals directly affected the
leaching of gold and pre-oxidation may be an effective option for gold dissolution. These
studies show that active and passive behaviours of gold still receive high attention and need

to be examined.

In the case of gold, to date, some electrochemical techniques were conducted to monitor
the anodic behaviour of gold. Cyclic voltammetry (CV) (Lin and Chen, 2001; Mughogho
and Crunwell, 1996) and potentiodynamic techniques (Guzman et al., 1999; Kirk et al.,
1980; Pan and Wan, 1979) were used by some research groups for observation of interfacial
reactions. Lin and Chen (2001) used relatively high cyanide concentration (0.2 M) as

compared to leaching practice when using cyclic voltammetry testing with rotating disk
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electrode at 500 rpm in oxygen-free electrolyte. Three oxidation and one reduction peaks
were observed. Mughogho and Crundwell (1996) employed cyclic voltammetry of rotating
disk gold electrode at 1000 rpm at 100 mV/s scan rate using dilute cyanide solution (0.003
M). Three oxidation peaks, one reduction and one small oxidation peak in the return sweep
were obtained with relatively lower current densities in this rarely used dilute solution in
practice. In the previous potentiodynamic studies, the effects of cyanide concentration and
pH were tested and found that in most cases gold had three oxidation peaks and certain
intermediate reactions were advanced (Guan and Han, 1994; Kirk et al., 1978). Mac Arthur
(1972) mentioned the complexity of the reaction and emphasised the difficulty to obtain a
precise result. It was suggested that gold oxides and cyanide films were responsible for the
passivation of gold surface (Kirk and Foulkes, 1980; Guan and Han, 1994).
Electrochemical Noise Measurements (ENM) (Eden, 2011) is referred as a random
fluctuation of current and/or potentials that have received widely attention to study the
electrochemical systems. The instantaneous response to change of surface conditions
enables this method to be an online-monitoring tool. Although ENM technique was being
considered for stainless steel (Klapper et al., 2013), copper (Safizadeh and Ghali, 2013),
zinc (Zhang et al., 2005), aluminium (Curioni et al., 2013) and other metals, there is a

paucity of in-situ ENM studies on gold.

In this study, cyclic voltammetry and the effect of cyanide concentration and pH on the
anodic behaviour of pure gold (Au) and roasted gold ore (RGO) electrodes were tested in
cyanide solutions using potentiodynamic and potentiostatic techniques in presence of
moderate agitation to simulate the practical conditions. In potentiostatic tests, as
complimentary to the previous studies, the influence of imposed two anodic potentials,
representing the passive region, in different electrolytes on the anodic behaviour of gold
and gold ore was examined. It is worth noting that, the majority of gold ore studies were
conducted using sulphidic gold ores (Aghamirian and Yen, 2005; Azizi et al. 2010, 2011,
2012). In this paper, oxidised gold ore which was predominantly consisted of iron oxides
were used. Electrochemical Noise Measurements (ENM) technique was also applied to

monitor the anodic behaviour of gold during decay periods after anodic polarization. This
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could give an insight for better understanding of the anodic behaviour of gold in cyanide

solutions. Surface film identification of gold was carried out in parallel by XPS.

3.2 Experimental Conditions

3.2.1 Ore Sample and Roasted Gold Ore Electrode Preparation

The gold ore sample was obtained from Barrick Gold Corp. This was the calcine after
roasting of refractory gold ore. The sample (which was already reduced in size 80% passing
-75 pm (dso)) was riffled as portions prior to use in experiments. Mineralogical analysis of
the sample indicates that the ore sample consists predominantly of hematite, magnetite and
maghemite. Presence of maghemite content renders the ore refractory in character due to

difficulties in cyanidation (Paktunc et al., 2006).

Roasted gold ore (RGO) with an exposed surface area of 4.9 cm? was used as compared to
1cm? of pure gold electrode (Au). The difference in surface areas of electrodes is somewhat
reflecting the practice. Gold ore was mixed with graphite powder (to increase conductivity)
3:1 and with around 0.5 g of silicone oil, for binding, till a paste was obtained. Then, it was
mechanically pressed at 20 tons to have uniform sample surface. After that, roasted gold
ore electrode was kept under nitrogen over a night. Then, connected with an insulated
copper wire, cast in acrylic resin and conductivity of the electrode was also checked.

3.2.2 Cyclic Voltammetry, Potentiodynamic, and Potentiostatic Tests Procedures
1 cm? of gold foil (99.9% purity from Sigma Aldrich) was used as a working electrode.

Platinum as a counter electrode and Ag/AgCI/KCI saturated as reference electrode were
used. Gold electrodes were first washed and polished with fine (MicroCut® 100 Grit Soft)
polishing paper and then rinsed in distilled water. Electrodes were then introduced to aqua-
regia for 10 seconds to clean the surface, washed with distilled water and ethanol and
finally rinsed with distilled water again, for reproducibility. NaCN (>98% purity) was
obtained from Thermo Fisher Scientific Company. Cyclic voltammetry of pure gold
electrode without agitation was carried out in 0.04 M NaCN solution at pH 10.5. Electrolyte
of 1 L solution was first bubbled with argon and magnetically agitated at 250 rpm for 50

minutes to eliminate the oxygen. Then, three typical electrodes system was placed into the
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solution with slight argon bubbling on the surface of the electrolyte. CV studies were
conducted in duplicates between -1 V to 1.2 V and the first two cycles were reported. The
scan rate was controlled at 10 mV/s. In potentiodynamic and potentiostatic tests, argon was
profoundly bubbled over the test period. Electrolyte medium (1L) was prepared using
distilled water and pH was adjusted by adding 1 M NaOH. Electrolyte was magnetically
agitated (moderate agitation) (4 cm long and 1 cm diameter) during the test (100 rpm). In
this study, EC-Lab software from (Biologic, France) was used to monitor and interpret the
obtained results. The preparation procedure for EN studies includes 3 steps. First step was
the application of potentiostatic cathodic potential at -0.8 V for reducing any oxidised
material for 30 min. Second step was the potentiodynamic test applied with a scanning rate
of 0.166 mV/s for the range from -0.8 V to the desired two anodic potentials of 1 or 1.4 V,
respectively. This was followed immediately by potentiostatic studies at three different
potentials to monitor the changes in current for 2 hours as the last step. All tests were
performed in duplicates and all potentials were reported with respect to the Standard
Hydrogen Electrode (SHE).

3.2.3 Electrochemical Noise (EN) Measurement Test Procedure
Prior to electrochemical noise measurement (ENM) tests, two working gold electrodes

were prepared separately following the three steps, mentioned at section 3.2.2.
Electrochemical noise measurements were conducted in employing a set-up using zero
resistance amperometer (ZRA) mode. In this mode, the electrochemical noise could be
measured between two nominally identical working electrodes as the galvanic coupling
kept at the same potential. The samples were immersed in the solution where the system
was allowed to stand at open circuit for 5 min. Then, the potential and current fluctuations
were simultaneously recorded during 16 hours at a scan rate of fs=10 Hz giving 1024 data
points per block. All potentials were measured via Ag, AgCI/KCI saturated reference
electrode (0.202 V), and reported with respect to Standard Hydrogen Electrode (SHE).

The ENM tests were carried out without agitation in the absence of oxygen (argon
bubbling). A Gamry® PC4/300 potentiostat was used to log current and potential variations
in time. The analyses were performed using a GAMRY® PC4 750/ESA400 software and
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analyser v. 2.35. The DC drift was removed before all analyses to eliminate the trend. At

least, two series of test were performed for each tested sample.

3.2.4 Procedure of Surface Characterization Test
Surface characterization studies were carried out using X-ray photoelectron spectroscopy

(XPS). XPS results were collected using an AXIS-ULTRA instrument by Kratos (UK).
The X-ray source is a monochromatic Al source operated at 300 watts. Analyser runs in
the constant pass energy mode. Survey scan is recorded with pass energy of 160 eV and a
step size of 1 eV. In order to have a precise knowledge of the binding energy scale just
before the analysis of the sample, a gold foil surface has been cleaned in situ by sputtering
with argon ion beam (10 pA and 2 keV) for about 20 minutes. The Af4fs; line was then
recorded at high resolution. As expected, the Au peak, fitted to having a binding energy
(BE) of exactly 83.95 eV. Thus the instrument is in good shape and ready for analysis of
gold surface (Adnot, 2013).

3.3 Results and Discussion

3.3.1 CV without Agitation and Potentiodynamic Tests

Peak determination of pure gold surface was carried out by CV. Fig. 3.1 demonstrates the
cyclic voltammetry results in 0.04 M NaCN, pH 10.5 electrolyte in the first two cycles. pH
and cyanide concentration were chosen based on industrial practice of gold leaching. Three
oxidation and one reduction peaks were observed. In Fig. 3.1, peaks A and B could
correspond mainly to AuOHags, while peak C is related to Au(OH)s, and more detailed
explanations are given in the following potentiodynamic results. Hydrogen evolution
reaction (Eq. 3.1) takes place as shown in region F, and this could also correspond to the
reduction reaction assisted with the dissolved atmospheric oxygen in the electrolyte. The
increased current above potential of 1.5 V indicates the oxygen evolution reaction (Eg. 3.2)
and also potentially the presence of the reaction of cyanide oxidation to cyanate (Eg. 3.3)
which is shown as peak D. It can be deduced that while oxidation peaks are cyanide related,
the reduction peak (peak E) is related to OH™ as has been previously suggested (Lin and
Chen, 2001).
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2H,0 + 2e~ - 20H™+ H, Eq. 3.1

20H™ - H,0 +1/20, + 2e” Eq. 3.2
CN~ +20H™ = CNO~ + H,0 + 2e"~ Eq. 3.3
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Fig. 3.1 Cyclic voltammetry of pure gold electrode (Au, 1 cm?) in the first two cycles (CV

I and Il) without agitation (dotted arrow indicates the return) in 0.04 M NaCN solution in
oxygen-free conditions at pH 10.5.

Fig. 3.2 shows the effect of cyanide concentration (0.005-0.2 M) on the anodic behaviour
of gold electrodes using potentiodynamic test. The potentiodynamic findings with
moderate agitation and scanning rate in cyanide solutions showed that an increase in
cyanide concentration leads to an increase in current density up to 0.1 M then showed a
slight decrease (0.2 M) although the relative magnitudes of the peak current densities were

somewhat different.
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Fig. 3.2 Effect of NaCN concentration on anodic potentiodynamic behaviour of gold
electrode (Au, 1 cm?) (NaCN: 0.005 - 0.2 M, pH 10.5, T: 25°C, scan rate: 0.166 mV/s and
argon bubbling).

Peak current density (e.g. second peak) was measured around 7.37 mA at 0.1 M while it
reached only 0.22 mA at 0.005 M. For instance, peak current densities were observed
around 4.94, 6.52 and 3.24 mA (at 0.2 M) for the consecutive three peaks, while Kirk et al.
(1978) observed almost 0.3, 10, 40 mA, respectively, at the same concentration of cyanide
(0.2 M). The first peak generally gave very low current density and sometimes was not
observed. These results confirmed the presence of three peaks and differences in peak
current densities could be linked to some experimental parameters, such as magnitude of

agitation and scan rate.

In the tested range, 3 peaks P1, P2 and P3 (Fig. 3.2) of passivation were identified,
corresponding very possibly to peaks A, B and C in non- agitated solutions for CV studies
(Fig. 3.1). The first peak was occurred at around -0.2 V, second peak was 0.15 V and third

peak at 0.45 V vs. SHE. The reaction in each of these peaks has been observed to be a one

57



electron transfer process (Kirk and Foulkes, 1980) following the reaction sequence (Egs.
3.4-6):

Au+ CN™ - AuCN 4y, Eq. 3.4
AuCN_ ;s & AuCNgys + €~ Eqg. 3.5
AuCNg4s + CN™ = Au(CN); Eq. 3.6

For the first peak region, the second step (Eg. 3.3) was suggested to be the rate-determining
step. When the gold surface was covered by AuCNags™ film, the rate of dissolution of gold
was controlled by the rate of chemical dissolution of this intermediate. However, Pan and
Wan (1979) mentioned that the adsorption of hydroxyl ions on the surface of gold was the

contributing cause of passivation (Eq. 3.7) according to the following equation:

Au+ OH™ » AuOHg45 + €~ Eq. 3.7

At concentrations tested in this study (0.005-0.2 M NaCN), lower current density was
observed for the first peak (P1) if compared to other two peaks (P2 and P3) for all
concentrations. Generally, first peak current density is smaller than the other two
successive peaks (Nicol, 1980; Bek et al., 1997). High cyanide concentration leads to
higher peak densities of Au* as it corresponds to the formation of first peak. Therefore, Au*
promotes passivation in this passive region. This approach could be ascribed for the second

and third peaks due to the accumulation of Au* and Au®" ions, respectively.

The current density of the first peak (-0.2 V vs. SHE) shows large variations depending on
the range of CN concentrations, pH tested and measurement techniques. Different
concentrations of cyanide were investigated by several research groups such (0.2-1 M
KCN) (Pan and Wan, 1979), (0.001-0.02 M KCN) (Guan and Han, 1994), (0.05-0.2 M
KCN) (Kirk et al. 1978), (0.2 M) (MacArthur, 1972), (0.008-0.077 M KCN) (Nicol, 1980).
Mughogho and Crundwell (1996) suggested that gold dissolution reaction has different
mechanism in high cyanide concentration than that in low concentration. At low cyanide

concentrations (< 0.04 M), first peak current density was found to be very small if
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compared to that of the other two peaks. Nicol (1980) concluded that the first peak was not
observed if the potential scan was applied immediately after gold placing into the solution
while it was observed if the electrode allowed standing at open circuit for 30 minutes at
high rotation speeds. Atabout 0.35V vs. SHE potential range which corresponds to second
peak region, Cathro and Koch (1964a) proposed the conversion of Au(l) to Au(lll) basic
cyanide film (Eqg. 3.8). However, Kirk et al. (1978) carried out many studies and suggested
the same reaction sequence (Eqgs. 3.4-6) for the second peak region and the second peak
could be attributed to the formation of gold (I) hydroxide (Eq. 3.7).

2CN~ + [Au(I)OHCN ~Jads — [Au(III)OHCN5 lads + 2e~  Eq. 3.8

For the third peak region, Kirk et al. (1978) suggested that the same reaction sequence as
for the first and second peaks, but the last step was determined to be the rate-determining
step. However, Mac Arthur (1972) stated that it is quite difficult to explain peaks
formations due to the complexity of reactions. It was generally agreed either direct
oxidation of an adsorbed intermediate, or oxidation to gold (1) (Eqg. 3.9), could cause

passivation (Senanayake, 2008).

Au+ 30H™ —» Au(OH)3 + 3e~ Eq. 3.9

Fig. 3.3 shows the comparison of potentiodynamic and cyclic voltammetry (CV) of pure
gold electrode in 0.04 M NaCN electrolyte, as example. Gold oxidation starts around -0.65
V/SHE and three oxidation peaks were observed at around -0.1, 0.5 and 0.7 VV with CV. A
reduction peak around 0.4 V and small anodic peak were seen at ~ 0.25V. Oxidation peak
current densities were found to be 0.2, 0.5 and 1.8 mA in 0.04 M NaCN solution,
respectively. Mughogho and Crundwell (1996) tested electrochemical behaviour of gold
rotating disc electrode (1000 rpm) in dilute cyanide solution (~ 0.003 M) and reported also
three anodic oxidation peaks with small current densities (0.05, 0.15, 0.2 mA), one
reduction peak and one small anodic peak in the turn sweep, as well. Potential and current
density shift between potentiodynamic and cyclic voltammetry are probably due to the
influence of agitation. It is worth mentioning that peak current densities in this study at

59



high cyanide concentration (0.04 M) without agitation were significantly increased (3 to 9
times) if compared to the work of Mughogho and Crundwell (1996) at lower cyanide
concentration (~ 0.003 M). Anodic current densities in 0.04 M NaCN electrolyte by
potentiodynamic test were found to be ~ 0.1, and 0.8 mA/cm?, respectively. Then, it is
important to note that, agitation plays an important role on the anodic dissolution of gold

(100 rpm in potentiodynamic as compared to static solution in CV).
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Fig. 3.3 Potentiodynamic and cyclic voltammetry test of pure gold electrode (Au, 1 cm?)
at 100 rpm agitation in 0.04 M NaCN solution in oxygen-free conditions at pH 10.5.

Since oxygen is essential for industrial cyanidation practice then, it is quite important to
examine the effect of oxygen on pure gold electrode polarization. Fig. 3.4 represents the
influence of oxygen in anodic polarization test of pure gold electrode (Au) at 0.04 M NaCN
electrolyte. In the absence of oxygen, with argon bubbling, two peaks leading to
passivations were obtained at -0.5 V (very slight), and 0.4 VV/SHE, respectively. On the
other hand, in the presence of oxygen, one passive peak was observed at around 0.65

V/SHE. Higher current densities were obtained in argon bubbling (in absence of oxygen),
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while 1.5 times lower current density with respect to the second peak was obtained in
presence of oxygen. These results indicate the significant role of oxygen in gold dissolution
processes. Additionally, polarization of roasted gold ore (RGO) electrode was also tested
for comparison (Fig. 3.4). It is clearly seen that dissolution started later for RGO in
presence of oxygen if compared to Au. This could be linked to the less soluble
characteristics of iron oxides (Marsden and House, 2006). Au electrode showed higher
current density at 0.7 V/SHE if compared to RGO. At the same potential, current density
of Au was then reduced due to the formation of surface products, probably Au(OH)s.
Current density of RGO was linearly increased to 0.6 mA/cm? till about ~ 0.75 V and slight
passive peak was observed. Then, current density continued to increase up to 1.2 mA/cm?.
The results were reproducible to within 5, 7, and 10% for Au electrode without oxygen,
with oxygen and for RGO with oxygen, respectively.
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Fig. 3.4 Influence of oxygen on anodic potentiodynamic behaviour of pure gold (Au, 1
cm?) and compared to roasted gold ore electrode (RGO, 4.9 cm?) in solution with
atmospheric oxygen, 100 rpm agitation in 0.04 M NaCN solution (pH 10.5), T: 25°C, scan
rate: 0.166 mV/s).
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3.3.2 Effect of pH on Anodic Behaviour of Gold
Fig. 3.5 demonstrates the effect of pH (10-12) on the anodic behaviour of gold foil electrode

in 0.04M NaCN solution at 100 rpm agitation. It was found that peak current densities
decreased with increasing pH. The second peak current density was greatly increased (~
40 times) at pH 10 if compared to other two pH values. Barsky et al. (1934) experimentally
proved that gold dissolution was decreased above pH 11 using gold discs (Fleming, 1999).
At higher pH values (> 10), first peak current density was found to be very small (~ 0.05
mA/cm?). It is worth noting that passivation increases at high pH values due to the
accumulation of hydroxyl ions on the surface (Habashi, 2009; Tshilombo, 2000). These
findings have revealed that peaks 1 (p1) and 2 (p2) were formed due to the formation of

gold (I) hydroxide while the third peak (ps) was formed by gold (111) hydroxide.
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Fig. 3.5 Effect of pH on the anodic potentiodynamic behaviour of gold electrode (Au 1
cm?) in 0.04 M NaCN solution at 100 rpm agitation (pH: 10-12), T: 25°C, scan rate: 0.166
mV/s) (** 60 rpm agitation).

Additionally, low level of agitation (60 rpm) was tested at pH 11, since agitation is a quite
important parameter for the electrochemical dissolution of gold. It was found that

decreasing agitation from 100 to 60 rpm has resulted in a great increase in the second peak
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current density which was very close for that of pH 10. The third peak at 60 rpm agitation
gave almost the same current density if compared to the 100 rpm agitation. These results
clearly show that agitation is of prime importance for the leaching of gold (Nicol, 1980;
Cathro and Koch, 1964a; Habashi, 2009). All these tests were performed at least in

triplicates and relative standard deviation (RSD) was found to be 8%.

Fig. 3.6 illustrates the effect of pH on the corrosion rates of RGO in duplicates (calculated
based on icorr (ASTM G 102-89, 2006). RGO electrode at pH 10 had the highest corrosion
rate (icorr) Of 0.24 mg.cm2.h (+0.02) while that at pH 10.5 and 11.5 showed 0.19 mg.cm"
2 h! (+0.01) and 0.109 mg.cm2.h't (£0.04), respectively. It is clearly seen that corrosion
rate at pH 10 was found to be ~ 2 times higher than that of pH 11.5. The decreasing trend
in corrosion rate of RGO at higher pH values could be linked to the hydroxylation reactions.
These findings suggest that pH 10-10.5 has more significant effect on the dissolution
process. In gold cyanidation practice, pH is often maintained around 10.5 depending on the

type of gold ore and the presence of minerals.
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Fig. 3.6 Corrosion (dissolution) rates (icor) 0f RGO (4.9 cm?) after 0.166 mV/s scan rate at
different pH values (10.5-11.5) in 0.04 M NaCN electrolyte at 100 rpm agitation in
duplicates (1. run and 2. run).
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3.3.3 Potentiostatic Tests at Different Anodic Potentials
After potentiodynamic tests, 2 different potentials (1 V and 1.4 V vs. SHE) were chosen in

the passive region to evaluate the behaviour of gold electrodes. It is important to monitor
current changes when the gold is under passive conditions and also it provides additional
data on the duration of passivity. These shown results were reproducible to within 6%. Fig.
3.7 illustrates the effect of potential (1 and 1.4 V) on current changes in passive region as
function of cyanide concentration (0.04 and 0.1 M) and pH (10-11).
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Fig. 3.7 Effect of potential (1 and 1.4 V) on current changes in different cyanide
concentrations (0.04 and 0.1 M) using potentiostatic test (pH 10-11, T: 25°C, scan rate:
0.166 mV/s, Argon bubbling) (a: pH 10 at 1 V 0.04M NaCN; b: pH 10 at 1.4 V 0.04M
NaCN; c; pH 11at 1V 0.04M NaCN; d: pH 11 at 1.4 V 0.04M NaCN; e:pH 11l at1 Vin
0.1M NaCN; f: pH 11 at 1.4 V in 0.1M NaCN).

It was found that at 0.04 M NaCN solution at pH 11, current density decreased (~ 80%)
with increasing potentials in the two tested cyanide concentrations, e.g. 35 pA at 1V, c.f.
6 MA at 1.4 V. It should be mentioned that decreasing pH level from 11 to 10 resulted in
1.7-fold increase in current density at 1 V in 0.04 M solution medium (Fig. 3.5). This could
be linked with stabilising of passivity at pH 11 that promotes generation of AUCN basic
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films on the surface (Nicol, 1980; Jeffrey and Ritchie, 2001). However, the effects of
cyanide concentration, pH, and potential on the evaluation of current density as function of

time indicated that it is not stable and efficient type of passivation.

It was found that at 1.4 V passive potential, increase in NaCN concentration from 0.04 M
to 0.1 M has led to a decrease in current density with also a similar trend for other potential.
This decrease could be attributed to the hypothesis that high NaCN concentration favours
passive state according to formation of basic cyanide films that leads to sharp decrease in
current (Kirk et al., 1978; Bek et al., 1997). In this situation, diffusion control could not be
an important contributing factor since moderate agitation was applied. Current density has
a decreasing trend with increasing potential from 1 V to 1.4 V. Such that, in the passive
region increase in potential from 1 to 1.4 V (0.1 M) resulted in 10% decrease in current
density. Furthermore, increase in NaCN concentration from 0.04 Mto 0.1 M at 1 V has led
to about a 62% decrease in current density in the passive region. Qian et al. (2010)
mentioned that peak current density drops with the increase in cyanide concentration. This
could be also due to the passivation, since at first the surface reaches a passive region, and

then passivation could become more stable by time and increases in anodic potential.

3.3.4 Electrochemical Noise Measurements (ENM)

Open Circuit Potentials

The corrosion potential and current noise recorded for three concentrations of NaCN (0.01,
0.04 and 0.1 M) during anodic polarisation were presented in Figs. 3.8a and b, respectively.
The potential evolution (Fig. 3.8a) changes significantly from concentration 0.01 to two
other concentrations of 0.04 and 0.1 M. The anodic potential values change around -0.4 V
for 0.1 M while it decreases around -0.55 to -0.6 V for two higher concentrations. The
current density variations in function of time show higher current densities for the two
higher concentrations indicating easier dissolution (Fig. 3.8b). The current density values
were varied from about 2x10“4 mA cm for two higher concentrations to about 1.7x10™
mA cm for lower concentration (0.01 M). It can be deduced that the gold dissolution is
realized more efficiently at these higher concentrations of CN"solutions of 0.04 and 0.1 M
than that of 0.01 M.
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Fig. 3.8 Potential (a) and current (b) noise recorded during 24 h immersion of gold electrode
in three concentrations of NaCN (0.01, 0.04 and 0.1 M) at pH 10.5.
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Fig. 3.9 Instantaneous measured 1/Rn for gold (Au 1 cm?) immersed in three concentrations
of NaCN (0.01, 0.04 and 0.1 M) and roasted gold ore (RGO 4.9 cm?) for comparison in
0.04 M NaCN at pH 10.5.

One of the most popular statistical parameters of ENM analyses in the time domain is the
noise resistance (Rn). The noise resistance is defined as the ratio of the standard deviation
of the potential noise to that of the current noise that can be associated to the polarization
resistance (Rp). The ratio 1/Rn (admittance) is referred to the corrosion rate (Loto, 2012).
The ENM data values of 1/Rn for each specimen were measured during immersion period.
The mean of measurements for two series of each experiment was presented in Fig. 3.9. It
can be observed that in general the corrosion rate increases in function of time for all
examined concentrations of sodium cyanide. However, the corrosion rate increases more
quickly with time for the higher concentrations (0.1 M and 0.04 M) than that of lower
concentration of NaCN (0.01 M). Furthermore, the rate of corrosion for two concentrations
of 0.1 and 0.04 M are very similar. Results of ENM analyses are consistent with the results
obtained by other researchers employing direct cyanide leaching tests (Tshilombo, 2000)
indicating that the rate of gold dissolution increases with increasing cyanide concentration
until a maximum. Passing the maximum, in contrary, it can be observed a slight retarding

effect on gold dissolution procedure leading to slight corrosion rate. According to Fig. 3.9,
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the corrosion rate decreases slightly for the sodium cyanide solution of 0.1 M as compared
to that of 0.04 M. This indicates also the presence of different phenomena such as limited
current diffusion control of cyanide ions even at free corrosion potentials, and there should
be certain increase in the formation of adsorbed or precipitated passive compounds as

function of the cyanide ion concentration on the electrode surface.

Since gold is always found as alloys in the nature, then roasted gold ore (RGO) was used
as an electrode, to compare the corrosion rate with pure gold (Au) electrode. In this case,
the middle concentration (0.04 M) between three different concentrations was chosen since
this one is often selected in practical cyanidation. The results demonstrated that the
corrosion rate of RGO increases rapidly till about 11.5 h. However, after this period, the
dissolution rate becomes almost flat around an average value of ~ 0.02 (mho/cm?) till 24
hours. This slowdown trend in the corrosion rate of RGO as function of time could be
linked to the release of detrimental ions from roasted gold ore and the diffusion control due
to the consumption of cyanide ions by these species. At the end of the test, RGO and Au
electrodes had very close corrosion rates at 0.04-0.1 M.

Potential Decay after Polarisation

The potential and current evolutions of gold specimens, polarized at anodic potentials
during 2 h, were recorded during 16 h decay. Fig. 3.10a and b illustrates the variations of
voltage and current density, respectively. According to this figure, more anodic potential
and higher current density can be found for the passivated specimen at 1 V indicating easier
dissolution. Furthermore, it can be observed that the potential of gold specimens polarized
potentiostatically at 1 V (Fig. 3.10a), is about -0.55 V such as the specimen without
previous polarization in Fig. 3.8a (0.04 M). It could be deduced that the passive film formed
during potentiostatic polarization at 1 V is not enough stable and resistant hence it dissolves
quickly after immersion in 0.04 M NaCN. Although, the layer of gold oxides (I and II)
that have been formed during potentiostatic conditions at 1.4 V, seems to be more efficient
and resistant to corrosion as compared to that of 1 V, the reduction of potential towards
more active potentials (-0.55 V) (Fig. 3.10a) was observed confirming the dissolution of

this passive film.
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Fig. 3.10 Recorded potential noise (a) and current noise (b) decay in time for two polarized
gold electrodes under potentiostaic conditions at 1 and 1.4 V during 16 h immersion in
NaCN solution (0.04 M).
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The potential and current noise for a sampling data point of 20 seconds of 1 h and 16 h
during decay was monitored and only that of 16 h was illustrated in Fig. 3.11a-c. This
figure presents the potential and current comparison for three potentiostatically polarized
gold specimens at 0.3 V as an active and passive potentials of 1 V and 1.4 V/SHE. Fig.
3.11a shows the potential and current noise for pure gold electrode (Au) that was previously
polarized at active potential 0.3 VV/SHE for 2 h. The amplitude of potential noise changed
about £60 pV in the two selected zones (1 and 16 h). On the other hand, polarized at two
passive potentials were considered for comparison to the active potential. Fig. 3.11b
illustrates the potential and current noise signature of the polarized gold electrode at 1 V.
It was observed that the amplitude of potential noise for this electrode changes between
+30 pV in the two selected zones (1h and 16h) while for the polarized specimen at 1.4, the
fluctuation change was between £15 pV (Fig. 3.11c). It can be deduced that ~ 2-4 times
larger fluctuations in potential were obtained with a specimen that was previously polarized
at active potential (0.3 V) if compared to the passive potentials. The larger fluctuations
could be attributed to easier dissolution of the specimen and its oxides. Moreover, similar
characteristics for the potential and current transients were obtained at 1 and 16h (Fig.
3.11b) for the polarized gold electrode at 1 V. In general, the amplitude of EN fluctuations
can be correlated to the intensity of the corrosion process, while the fluctuation shape can
be due to the type of the corrosion process (Aballe et al., 2001; Jiang et al., 2012). The
patterns of potential and current noise recorded for the gold specimen polarized at 0.3 V
(Fig. 3.11a) showed sharp fluctuations for both potential and current during all period of
immersion. The pattern presented in Fig. 3.11b shows the oscillations toward less negative
potential directions followed by no abrupt recovery that have similar form generally. This
form of oscillations could be attributed mainly to the stable pitting corrosion form (Lafront
et al., 2010a). The fluctuations that were obtained under polarization of the gold electrode
at 1.4 V could be attributed to the instability of the passive film, the film breakdown and
re-passivation processes associated with metastable pitting (Amira et al., 2007). It should
be noted that the amplitude of the current fluctuations reduced from £15 puV (measured
after 1 h) to about +5 pV after 16 h of immersion for this electrode (Fig. 3.11c). These
variations could be indicative of formation of a passive film (gold hydroxide formation)

due to Egs. 3.7 and 9 on the electrode surface.
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Fig. 3.11 Potential noise (...) and current noise (—) for two polarized gold electrodes under
potentiostaic conditions applying one active potential (a) 0.3 V and two passive potentials
(b) 1V and (c) 1.4 V immersed in NaCN solution (0.04 M) after 16h.
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3.3.5 Surface Characterization
Chemical characterization of gold surface was performed to provide an insight into the

surface reaction processes. XPS study was carried out after 30 minutes cathodic cleaning
at -0.8 V, followed by potentiodynamic test at 0.166 mV/s between -0.8 V and 1 V and
finally 2 h potentiostatic testat 1 VV in a 0.1 M NaCN solution at 25°C with argon bubbling
and magnetically stirred at 100 rpm. XPS studies showed the presence of Au* and Au®*
oxides on the surface of gold electrode (Fig. 3.12). It is believed that oxides promote the
passivation of gold surface (Kirk et al., 1980; Nicol, 1980). Due to rapid reactions during
leaching, detecting of oxides is highly sensitive. Although the presence of oxides could be
identified according to two very slight peaks, a standard conventional peak as observed in
sulphuric acid medium, indicative of stable passive film was not observed. This could be
mainly attributed to the examined cyanide concentration (0.1 M). This finding highlights
that passivation is more likely to be caused of corrosion products than real passivation.
XPS studies on gold surface confirm that there is a kind of partial passivation due to

corrosion products.
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Fig. 3.12 X-ray photoelectron Spectroscopy (XPS) surface analysis for gold electrode after
2 h potentiostatic in 0.1 M NaCN at 25°C, argon bubbling and magnetically stirring at 100

rpm.
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3.4 Conclusions

1. The leaching rate of gold increases with an increase in cyanide concentration until 0.1
M, and then slows down at 0.2 M. In addition, a shift in pH values from 12 to 10 increases
the rate of gold leaching. Differences in peak positions and current densities in cyclic
voltammetry (without agitation) and potentiodynamic polarization (at 100 rpm agitation)

are indicative of prime importance of agitation on the passivation of gold surface.

2. In the absence of oxygen, pure gold electrode showed two passive peaks while one
passive peak was observed in the presence of oxygen. On the other hand, roasted gold ore
electrode gave only a slight passive peak in the presence of oxygen if compared to that of

pure gold.

3. Potentiostatic studies showed that increase in cyanide concentration and potentials (1 V
to 1.4 V) in the passive region has led to a decrease in current density up to 80% while
increasing pH from 10 to 11 resulted in 1.7-fold decrease in current density at 1 V in 0.04
M NaCN solution. These findings have revealed that when gold was in the passive region,
increasing cyanide concentration, pH, and potentials adversely affect the gold, leading to

more passive behaviour.

4. According to electrochemical noise measurements (ENM) analysis, without previous
polarization, ~ 3 times higher corrosion rate was obtained for more concentrated NaCN
solutions (0.1 M and 0.04 M) than that of the lower one (0.01 M) at open circuit potential.
Pure gold electrode showed an increasing trend of corrosion rate while roasted gold ore
electrode was found to have a plateau after the initial 11.5 h till the end of test (24 h). This
was consistent with the obtained higher current density for pure gold electrode when

compared to roasted gold ore electrode during decay periods.

5. ENM gives in-situ current, potential and corrosion rate as function of time and stable
pitting type of localised corrosion form was observed during potential decay after
potentiostatic polarization. Instability of the passive film, the film breakdown and re-

passivation processes were associated with metastable pitting. Based on the findings in this
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study, it could be suggested that electrochemical noise measurement (ENM), as a more

recent electrochemical technique, can be suitably used for further gold leaching studies.

6. The formed gold oxide films (I and I11) during potentiostatic conditions (at 1.4 V) have
been determined by XPS studies and were found to be more efficient and resistant to
corrosion as compared to that of 1 V. These detected gold oxides are the main factors

contributing to the passivation of gold surface.
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Chapter 4

Galvanic Interactions Between Gold and Iron Oxide
Electrodes in Cyanide Solutions
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Résumé

Il'y a un manque d'études électrochimiques de minerais d'or oxydés puisque la majorité des
études antérieures ont été réalisées avec des minerais d'or sulfurés. Dans cette étude,
I'influence de I'agitation et des minéraux d'oxyde de fer, comme la magnétite, I'nématite et
la maghémite sur la lixiviation de l'or a été étudiée au moyen de phénomenes galvaniques
et de passivation. Les études de voltamétrie cyclique de minerai d’or grillé (RGO) dans un
électrolyte désaéré ont montré une oxydation et une réaction de réduction, tandis que trois
pics d'oxydation et un pic de réduction ont été observés avec une électrode en or. Les
résultats de couplage galvaniques par résistance zéro ampérometre (ZRA mode) ont
indiqué que la magnétite a montré un effet négatif sur la dissolution d'or tandis que la
maghémite et I’hématite ont montré un effet positif, relativement, en raison de vitesses de
corrosion galvanique plus élevés. En général, la dissolution d'or a été trouvée d’augmenter
pendant les premiéres 15 minutes. L'augmentation de la vitesse d'agitation 100-400 tours
par minute a donné lieu a de vitesses plus éleveés de corrosion galvanique pour les électrodes
de RGO, magnétite, maghémite, tandis que la vitesse de 250 tours par minute a été trouvée
optimale pour électrode I’hématite. Des produits passifs tels que I'argent et de I'oxyde de

fer ont été identifiés par les analyses de XPS et MEB-EDX, respectivement.
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Abstract

There is a lack of electrochemical studies of oxidised gold ores since the majority of
previous studies were conducted with sulphidic gold ores. In this study, the influence of
agitation and iron oxide minerals, i.e. magnetite, hematite, and maghemite on gold leaching
was investigated by means of galvanic and passivation phenomena. Cyclic voltammetry
studies of Roasted Gold Ore (RGO) in de-aerated electrolyte have shown one oxidation
and one reduction reaction while three oxidation peaks and one reduction peak were
observed with gold electrode. Galvanic coupling results by Zero Resistance Ammeter
(ZRA) mode indicated that magnetite showed a negative effect on gold dissolution while
maghemite and hematite showed a positive effect, relatively, as a result of higher galvanic
corrosion rates. Generally, gold dissolution was found to increase in the initial 15 minutes.
Increasing agitation speed from 100 to 400 rpm resulted in higher galvanic corrosion rates
for RGO, magnetite, and maghemite electrodes, while 250 rpm was found to be optimum
for hematite electrode. Passive products such as silver and iron-oxide were identified by
XPS and SEM-EDS analysis, respectively.

Keywords: Roasted gold ore, magnetite, hematite, maghemite, cyanide, passivation,
galvanic corrosion, XPS, SEM-EDS
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4.1 Introduction

Cyanide has a proven track record of more than 120 years of being used by far the most
suitable and effective reagent for recovering of gold (Akcil, 2014). In the present time, it
Is accepted worldwide that there is an increasing trend for the treatment of refractory gold
ores which often requires oxidation as a pre-treatment process due to the rapid depletion in
free-milling type of gold ores (Taylor, 2013; Zhou and Fleming, 2007). Pyrite, as the most
common sulphide phase of the gold ore is converted predominantly to hematite, magnetite
(Egs. 4.1-3) and also maghemite (Stephens et al. 1990; Adams, 2005) by
roasting/oxidizing. Iron oxides can contain appreciable amounts of gold (30 ppb to 260
ppm) (Adams, 2005). These types of iron oxides, as calcine products, are often found to be
detrimental in cyanidation (Filmer, 1982; Lorenzen van Deventer, 1992a). Maghemite,
with its non-porous property is problematic for gold dissolution (Marsden and House,
2006). Paktunc et al. (2006) examined such a roasted gold ore and indicated that gold is

found with maghemite minerals that are impervious in character.

FeS, > FeS+S Eq. 4.1
FeS +5/30, - 1/3 Fe;0, + SO, Eq. 4.2
1/3 Fe;0, + 1/120, - 1/2Fe,0, Eq. 4.3

It has been known that when gold is in contact with conductive minerals, galvanic
interactions can be important on gold dissolution (van Deventer et al., 1990). It was
experimentally demonstrated that the different types of dissolved minerals may have either
positive or negative effects on gold leaching (Jeffrey and Ritchie, 2001). Azizi et al.
(2012a) reported the positive galvanic effect of galena-pyrite on gold dissolution, while
negative effect was observed when galena was associated with minerals such as
chalcopyrite, sphalerite and chalcocite. Dissolution of gold from a gold electrode in
electrical contact with another electrode may be influenced by galvanic interactions, or

passivation phenomena or their combinations (van Deventer and Lorenzen, 1987).
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Actually, galvanic interactions and passivation phenomena between gold and sulfide
minerals were examined in detail by many different research groups as function of leaching
parameters such as cyanide concentration, pH, temperature, and added ions (van Deventer
and Lorenzen, 1987; van Deventer et al., 1990: Lorenzen and van Deventer 1992a, 1992b:
Aghamirian and Yen, 2005; Cruz et al., 2005; Dai and Jeffrey, 2006; Azizi et al., 2010;
Azizi et al., 2011, 2012a, 2012b; Azizi et al., 2013). Although the influence of agitation
speed has been studied in cyanide leaching (Ellis and Senanayake, 2004; Zhang et al.,
2014), there is a lack of agitation in gold and mineral electrodes electrochemical studies.
Generally, polarization and zero-resistance ammeter (ZRA) mode are being used for gold
corrosion/leaching studies (Cruz et al., 2005; Azizi et al., 2011). On the other hand, there

Is paucity on gold and oxide minerals galvanic interaction studies.

In this study, cyclic voltammetry (CV) tests were performed to identify the corrosion peaks
of different reactions on Au and Roasted Gold Ore (RGO) oxides. The influence of oxide
ore and minerals on the galvanic corrosion of gold at different agitation speeds were
examined by using zero resistance ammeter (ZRA) mode. Roasted gold ore (RGO),
magnetite (Mag), maghemite (Mgh), and hematite (Hem) disc electrodes were used.
Furthermore, a new disc electrode which consisted of equal quantities and surfaces of
magnetite and hematite in one electrode (MagHem-ES) was developed to see the influence
of the presence of these major two iron oxide minerals (in the ore) on gold dissolution,

concurrently.

4.2 Experimental
4.2.1 Ore Sample
The gold ore sample was obtained from Barrick Gold Corp. This was the calcine after
roasting of refractory gold ore. In roasted gold ore sample, gold is mainly associated with
iron oxides (Fig. 4.1) such as magnetite, hematite and maghemite. The sample (which was
already reduced in size 80% passing -75 pum (dso)) was riffled as portions prior to use in

experiments.
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Fig. 4.1 Fe-oxides identified by SEM analysis from the received roasted gold ore sample.

4.2.2 Material and Preparation of Electrodes
NaCN (>98% purity) was obtained from Thermo Fisher Scientific Company. Electrolyte

medium (1L) was prepared using distilled water at 0.1 M NaCN concentration and pH was
adjusted at 10.5 by adding 1 M NaOH. Electrolyte was magnetically agitated at different
speeds of 100, 250, and 400 rpm (stir bar dimensions: 4 cm long and 1 cm diameter) during
the test. 0.25 cm? of gold foil electrode (Au) (99.9% purity from Sigma Aldrich) was used
as working electrode. Au was first polished with fine (MicroCut® 100 Grit Soft) polishing
paper and then rinsed in distilled water. Then, it was introduced in aqua-regia for 10
seconds to clean the surface, washed with distilled water and ethanol and finally rinsed
with distilled water again. This pre-treatment assured the reproducibility of the electrode
surface area and state (Kirk and Foulkes, 1980).

Roasted gold ore (RGO), magnetite (Mag), maghemite (Mgh), hematite (Hem) and
magnetite-hematite (MagHem-ES) disc electrodes with an exposed surface area of 4.9 cm?
were prepared. Maghemite was prepared by heating magnetite in oven at 200 °C for 3 h,
just giving a light brown color to be maghemite (Legodi and de Waal, 2007) and this was
proved by XRD. Roasted gold ore, magnetite, maghemite, and hematite, separately, were

mixed with graphite powder (to increase conductivity) 3:1 and with around 0.4 g of silicone
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oil, for binding, till a paste was obtained. Next, it was mechanically pressed at 20 tons to
have uniform sample surface. After that, roasted gold ore electrode was kept under nitrogen
over a night. Finally, connected with an insulated copper wire, cast in acrylic resin and
conductivity of the electrode was also checked. Since the quantity of gold is less than other
minerals in gold ore (real practice), the difference in surface areas of electrodes compared

to Au has been therefore selected.

4.2.3 Electrochemical Test Procedure
Cyclic voltammetry (CV) without agitation was carried out in 0.04 M NaCN solution at 10

mV/s scan rate. Solution was first bubbled with argon and magnetically agitated at 250 rpm
for 50 min. to eliminate the oxygen. CV studies were conducted between -1 V to 1.6 V
values and steady-state cycle was considered. Pure gold (Au, 0.25 cm?) and mineral disc
electrodes (4.9 cm?) were used for galvanic corrosion tests. Au electrode was considered
as the main electrode and its potential was measured against a Ag,AgCI/KClsa; reference
electrode at 0.01 M NaCN solution. Different combinations, e.g. Au+RGO or Au+Mag,
electrically connected to each other in the same cell through a zero resistance ammeter
(ZRA) was considered (Aghamirian and Yen, 2005; Azizi et al., 2011). Experiments were
performed with saturated atmospheric oxygen.

4.3 Results

4.3.1 Peak Determination by Cyclic Voltammetry (CV)

Cyclic voltammetry (CV), one of the potentiodynamic technique has been used to study
the redox processes, for obtaining stability of reaction products, the presence of
intermediates, reaction, and electron transfer kinetics, and the reversibility of a reaction.
CV of different electrodes in de-aerated 0.04 M NaCN solution is shown in Figure 2. It is
seen that there were oxidation and reduction reactions taking place for Au, RGO and Hem
disc electrodes. Au disc electrode showed three oxidation peaks at around -0.1, 0.5 and 0.7
V, a reduction peak around 0.4 V and small anodic peak were seen at ~ 0.25V with Au
(Fig. 4.2a), while one oxidation peak (~ 0.5 V) and one reduction peak were observed for
RGO (Fig. 4.2b) and Hem (Fig. 4.2d). These obtained peaks with Au electrode could be

due to the formation of surface products that could passivate gold surface. In Fig. 4.2a,
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peaks A and B could correspond mainly to AuOHags, while peak C is related to Au(OH)a.
Hydrogen evolution reaction (Eq. 4.4) takes place as shown in region F. The increased
current above potential of 1.5 V indicates the oxygen evolution (Eq. 4.5) reaction which is
shown as peak D (Lin and Chen, 2001). One oxidation peak (~ 0.5 V) and one reduction
peak (~ 0.3 V) were observed for RGO and it can be deduced that the oxidation and
reduction reactions took place at close potentials. Current density of RGO has reached more
than 3 mA/cm? (Fig. 4.2b). The difference in current densities of duplicates (+ 5%) could
be due to the difference of the starting surface conditions of RGO. Contrary, no oxidation
peak was obtained with magnetite disc electrode (Mag) (Fig. 4.2¢) and this could be linked

to its relative stability or to its cathodic galvanic effect.
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Fig. 4.2 Cyclic voltammetry (CV) of different electrodes; (a) Au (pure gold), (b) RGO
(roasted gold ore), (c) Mag (magnetite), (d) Hem (hematite) disc electrodes in 0.04 M
NaCN solution at pH 10.5 with scan rate of 10 mV/s, argon bubbling onto the surface of
electrolyte at 25 °C.
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2H,0 + 2e~ —» 20H™ + H, Eq. 4.4

20H™ > H,0 +1/20, +2e™ Eq. 4.5

Oxidation peak current densities of Au electrode were found to be 0.2, 0.5 and 1.8 mA/cm?
in 0.04 M NaCN solution, respectively. Mughogho and Crundwell (1996) tested
electrochemical behaviour of gold rotating disk electrode (1000 rpm) in dilute cyanide
solution (~ 0.003 M) and reported also three anodic oxidation peaks with small current
densities (0.05, 0.15, 0.2 mA), one reduction peak and one small anodic peak in the turn
sweep, as well. Comparatively, in this study (0.04 M NaCN) without agitation, it is seen
that peak current densities in higher cyanide concentration were found to be significantly
higher (3 to 9 times). It can be concluded that Au electrode undergoes more passive
behaviour if compared to RGO due to the formation of surface products/peaks (Fig. 4.2).
Han and Guan (1995) tested the dissolution of gold from different gold alloys and noted
that gold corrosion rate of alloys (Ag, Pb, Pt) was higher than that of gold due to the
formation of passive film on the gold surface. Jeffrey and Ritchie (2001) reported that in
practice due to the presence of many minerals, the ore passivation takes place less than that
of gold. These results indicate that gold alone shows more passive behaviour than that of
gold ore in cyanidation practice.

4.3.2 Galvanic Dissolution of Gold

Electrochemical Interactions between Au and RGO
Open circuit potentials of each electrode were measured prior to any electrochemical tests.

It has been found that roasted gold ore (RGO) had the most positive potential (0.245 V),
followed by hematite (0.235 V), and finally magnetite (Mag) (0.210) in 0.01 M NaCN
solution after 2 h (at the end of test). These findings have indicated that corrosion potentials
of electrodes have less active potentials than gold electrode (-0.55 V) suggesting that these
mineral electrodes can act as cathode in a gold galvanic coupling. The passivation of gold
surface, film formation, and galvanic interactions are important phenomena in the leaching
of gold. In this case, roasted gold ore (RGO) disc electrode which has been prepared from

roasted gold ore sample was used to couple with gold in galvanic corrosion tests in zero-
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resistance ammeter (ZRA) mode. ZRA is the preferable tool for galvanic corrosion tests
(Aghamirian and Yen, 2005; Azizi et al., 2011).

Fig. 4.3 shows the cathodic polarization profiles of electrodes by scanning from Ecorr to -
300 mV at pH 10.5 at 100 rpm agitation. Oxygen reduction takes place in cathodic area
(Eq. 4.6) with a 605 mV standard potential at pH 10.5. The standard potential of other
possible reactions in cathodic section are given vs. standard hydrogen electrode in Egs. 4.
7 and 8 (Aghamirian and Yen, 2005; Ahmed, 1978). Magnetite, hematite, and gold ore at
high over-potentials are less active than gold. At low over-potentials, hematite was more
active than magnetite. This can suggest that magnetite and hematite are good

electrocatalysts for oxygen reduction.

0, + 2H,0 + 4e~ - 40H™ 605 mV vs SHE Eqg. 4.6
0, + 2H,0 + 2e~ - HO; + OH™ 55mV vs SHE Eq. 4.7
HO; + H,0 + 2e™ - 30H™ 1.14V vs SHE Eqg. 4.8
0,4
0,2
RGO
L
T
w
‘5; -0,2
S
T 04
°
o Au
-0,6
-0,8
-1
-3 -2,5 -2 -1,5 -1 -0,5 0

Current density (log I, mA cm2)

Fig. 4.3 Potentiodynamic cathodic polarization of gold (Au), and roasted gold ore (RGO)
with scan rate of 0.166 mV/s at pH 10.5, 100-rpm agitation, atmospheric oxygen, 25 °C.
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Fig. 4.4 illustrates the galvanic potential and current couples between gold (Au) and roasted
gold ore (RGO) disc electrodes as function of agitation speed. As seen, corrosion potential
decreased by 100 mV with increasing agitation speed from 100 to 400 rpm after 2 hours of
test (Fig. 4.4a). Concurrent recording of galvanic currents showed that increasing agitation
speed from 100 to 250 rpm resulted in giving close dissolution rates (145 pWA). These
obtained close corrosion rates could be linked to the insufficiency of agitation speed to
provide the mass transfer of dissolved O, and CN" ions to the surface of gold (Ellis and
Senanayake, 2004). The other reason for that could be due to the consumption of oxygen
and cyanide as a result of leaching of other minerals (silver, iron). However, dissolution
rate was increased by 7% at 400 rpm (145 to 155 pA). This finding could be linked to the
increased diffusion of oxygen by increasing agitation speed. Since oxygen reduction takes
place on both electrode surfaces, then increasing agitation speed could enhance the positive
galvanic interactions leading to dissolution of gold by increased oxygen-diffusion (Azizi
etal., 2010).
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Fig. 4.4 The influence of agitation speed on the galvanic potential (a) and current (b)
between gold (Au) and roasted gold ore (RGO) electrodes, pH 10.5, 25 °C, cyanide conc.

0.01 M, 25 °C, saturated atmospheric oxygen, Au electrode surface area 0.25 cm?, RGO

area 4.9 cm?.

XPS study was carried out after Au was connected to RGO galvanic corrosion test in ZRA
mode. A slight Ag peak was observed at 367.91 eV and presented in Fig. 4.5. In fact, low

Ag concentration is quite difficult to detect when Au is present, however the presence of
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Ag on the surface of gold was detected by XPS. The presence of Ag could be linked to the
indication of the decrease in galvanic current that was presented in Fig. 4.5. Similarly, Ag
coatings on Au surface was found by TOF-SIMS (time-of-flight secondary ion mass
spectroscopy) and interpreted as the responsible for gold passivation (Surface Science
Western, 2014). This finding highlights that passivation is more likely to be caused by the

release of species and formation of compounds.
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Fig. 4.5 XPS surface image showing the presence of Ag on the surface of Au electrode

after galvanic coupled with Au and RGO.

Since the presence of magnetite has an important effect on gold leaching in practice,
magnetite and roasted gold ore galvanic coupling was conducted. The galvanic current of
magnetite and roasted gold ore electrodes showed an increasing trend and stabilized at 160
MA (Fig. 4.6a). Roasted gold ore electrode leaching was promoted by RGO+Mag galvanic
combination. A strong galvanic cell was formed with RGO acting as anode and magnetite
as cathode. On the other hand, when roasted gold ore electrode (RGO) was coupled with
hematite (Hem), galvanic current was step-wise decreased by 10 A suggesting that
hematite showed negative effect on the leaching of roasted gold ore (Fig. 4.6b). The
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different effects of magnetite and hematite on roasted gold ore leaching could be linked to
the difference in solubility and conductivity of these minerals where magnetite is ~10°

times more conductive than hematite (Greenwood and Earnshaw, 1997).
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Fig. 4.6 Galvanic couple potential and ZRA vs. time at 100 rpm agitation, pH 10.5, 0.01 M
cyanide conc., saturated atmospheric oxygen, 25 °C, (a) RGO (roasted gold ore electrode
4.9 cm?) and Mag (magnetite disc electrode 4.9 cm?); (b) RGO (roasted gold ore electrode
4.9 cm?) and Hem (hematite disc electrode 4.9 cm?).

Relative surface areas between two electrodes during galvanic interactions is another
important parameter to be considered. Generally, corrosion rate of the anode would
increase with an increase in cathodic electrode’s surface area (Jones, 1992; Aghamirian
and Yen 2005). Davis et al. (1986) stated that increasing the cathodic area, however, may
also reduce the galvanic current if the cathodic curve intersects the anodic curve in an
active-passive region. But then, the difference between free corrosion potentials of the
cathode and anode (the emf of the cell) has an impact on the role of cathode to anode area
ratio on the galvanic current. Aghamirian and Yen (2005) mentioned the importance of
electrode surface alteration and adsorption of dissolved ions on the gold surface on galvanic

current and gold leaching rate.
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Galvanic Interaction between Gold and Magnetite

Magnetite, with its non-porous character, is less soluble in cyanide solutions (Habashi,
2009). Previously, it was observed that open circuit potential of magnetite is more active
than gold suggesting that magnetite acts as cathode in galvanic coupling. Fig. 4.7a
illustrates the galvanic potentials as function of agitation speed when gold electrode was
galvanically coupled with magnetite disc electrode (Mag). Corrosion potential showed a
110 mV and 90 mV increase with increasing agitation speed from 100 to 250 and 400 rpm,
respectively.
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Fig. 4.7 The influence of agitation speed on the galvanic potential (a) and current (b)
between gold (Au) and magnetite electrodes, pH 10.5, 25 °C, cyanide conc. 0.01 M, 25 °C,

saturated atmospheric oxygen, Au electrode surface area 0.25 cm?, Mag area 4.9 cm?.

On the other hand, at 100 rpm agitation speed, galvanic current first increased and showed
a certain decrease in the initial 15 min (Fig. 4.7b). Then, slowing slightly by 15 pA giving
~ 148 pA at the end. This decreasing trend of galvanic current can be attributed to the
release of soluble species (Azizi et al., 2010; Aghamirian and Yen, 2005) from magnetite
that accumulate on gold surface suggesting the formation of passivating layer such as
Fe(OH)s (Guo et al., 2005). Presence of iron hydroxide layer was suggested to diminish
the oxygen reduction process (Aghamirian and Yen, 2005). This means that the decrease
in cathodic current due to the oxidation of the most active species at the mineral surface

could lead to a decrease in dissolution rate of gold (Azizi et al., 2010). Similarly, as stated
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by Filmer (1982), gold in contact with magnetite could be expected to passivate due to the
enhanced magnitude of cathodic current. However, increasing agitation speed from 100 to
400 rpm (145 to 165 pA) resulted in 12% increase in dissolution rate (Fig. 4.7b). This
finding suggests that increasing agitation speed has led to a decrease in the of diffusion

layer thickness (Ellis and Senanayake, 2004).

Fig. 4.8a illustrates SEM (scanning electron microscopy) image and Fig. 4.8b illustrates
energy dispersive spectroscopy (EDS) of pure gold electrode after galvanic coupling test
with Mag disc electrode. Black zone (Fig. 4.8a) was found to be composed of iron-oxide
species (Fig. 4.8b) while the grey zone around the black zone was found to be Au-C
compound that potentially could be insoluble Au-cyanide (i.e., N atom is not detectable at
low concentrations by SEM-EDS). These findings have revealed that the species released

from MagHem-ES electrode passivate the surface of gold electrode (Au).
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Fig. 4.8 SEM (a) and EDS (b) images of Au electrode surface after galvanic coupling with
Mag disc electrode, pH 10.5 at 100-rpm, cyanide conc. 0.01 M, 25 °C, saturated

atmospheric oxygen, Au electrode surface area 0.25 cm?, Mag area 4.9 cm?.

Galvanic Interaction between Gold and Maghemite
De Faria et al. (1997) reported that magnetite (FezO4) is oxidised to give maghemite (y-

Fe203) and hematite (a-Fe203) by heating at 200 °C and 400 °C, respectively (Eq. 4.9).
Paktunc et al. (2006) examined the distribution of gold in an ore sample after roasting of a
refractory gold ore and found that gold is associated with magnetite, hematite, and as well
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as maghemite minerals which is impervious in character and are responsible for low gold

extractions. In this manner, the effect of maghemite on the leaching of gold was examined.

Fes0, 25y — Fe,05 25 o — Fe,0, Eq.4.9
Fig. 4.9a illustrates the galvanic potentials when gold and maghemite (Mgh) electrodes
were in galvanic coupling. It is seen that at 100 rpm agitation, corrosion potential sharply
increased from -80 to -180 mV in the initial 7 minutes, then stabilized almost at the initial
value (-80 mV). On the other hand, at the beginning of the test, at 100 rpm agitation speed
galvanic current suddenly increased by 5% (215 to 225 pA) that is indicative of the initial
sharp decrease in galvanic potential (Fig. 4.9a). Then, it decreased to 170 pA and was kept
almost at that value through the test (Fig. 4.9b). However, at 250 rpm agitation speed,
galvanic current gave almost the same value of 145 pA through the test-work. It was
observed that galvanic corrosion rate decreased by 15 % at higher agitation speed. This
decrease can be linked to the increased leaching of maghemite electrode at higher agitation
speed than 100 rpm. Due to the difficulty in distinguishing of magnetite and maghemite
minerals with XRD, a new maghemite preparation procedure was also considered to see
the effect of maghemite as function of time (5 hours) and temperature (250 °C) (D. Paktunc,
personal communication, October 10, 2014). However, very close potential and current

values were obtained if compared to the first prepared maghemite (at 200 °C for 3 hours).

Since iron oxides are the main phase in gold ore, a new electrode consisted of equal surface
areas of magnetite and hematite (MagHem-ES) was developed. Fig. 4.10a shows that
increasing agitation from 100 to 250 rpm has led to a decrease in corrosion potential by 85
mV. Concomitantly, at both agitation speeds, galvanic corrosion rate initially (in the first
10 min) increased and then stabilized. At the off-set of the test, a 7% increase in galvanic
corrosion rates was obtained with increasing agitation speed from 10 to 250 rpm. It can be
seen that at 100 rpm agitation, Au and MagHem-ES and Au and Magnetite couplings gave
very close corrosion rates suggesting that the influence of magnetite is dominating over
hematite where conductivity of magnetite is ~10° times higher than hematite (Greenwood
and Earnshaw, 1997).
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Fig. 4.9 The influence of agitation speed on the galvanic potential (a) and current (b)
between gold (Au) and maghemite (Mgh) electrodes, pH 10.5, 25 °C, cyanide conc. 0.01
M, 25 °C, saturated atmospheric oxygen, Au electrode surface area 0.25 cm?, Mgh area 4.9
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Fig. 4.10 The influence of agitation speed on the galvanic potential (a) and current (b)
between gold (Au) and MagHem-ES electrodes, pH 10.5, cyanide conc. 0.01 M, 25 °C,
saturated atmospheric oxygen, Au electrode surface area 0.25 cm?, MagHem-ES area 4.9
cm?.

Galvanic Interaction between Gold and Hematite
Lorenzen and van Deventer (1992a) mentioned that gold when in contact with conductive

minerals such as hematite, galvanic interactions play important role on gold leaching.
Corrosion potential decreased with increasing agitation speed from 100 to 250 rpm.
However, at 400 rpm agitation speed, generally higher but a wavy trend was observed (Fig.

4.11a). On the other hand, at 100 rpm agitation galvanic current initially increased, then
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became stable. It can be deduced that dissolution rate increased by 20% with increasing
agitation from 100 to 250 rpm, and then showed a slight decrease (by 2%) at 400 rpm (Fig.
4.11Db). This finding is an indication of the change on gold electrode surface. This could be
explained by the fact that increasing agitation speed resulted in an increase in the leaching
rate for diffusion controlled systems till it reaches to maximum level where the rate remains
constant. At this level, the diffusion contribution is minimized and the rate of extraction
was mainly controlled by chemical reactions. The release of soluble iron species could be
responsible for the reduction in gold leaching rate which has been proved by SEM analysis
(Fig. 4.8). van Deventer and Lorenzen (1987) observed an 8% decrease in dissolution rate

of gold when it is connected with hematite.
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Fig. 4.11 The influence of agitation speed on the galvanic potential (a) and current (b)
between gold (Au) and hematite (Hem) electrodes, pH 10.5, cyanide conc. 0.01 M, 25 °C,
saturated atmospheric oxygen, Au electrode surface area 0.25 cm?, Hem area 4.9 cm?.

Among all minerals, higher galvanic corrosion rates were obtained when hematite was
coupled with gold. Filmer (1982) mentioned the relative positive effect of hematite on gold
leaching if compared to magnetite. It can be deduced that hematite can promote gold
dissolution only in a certain case. Similarly, in potentiodynamic polarization tests when
hematite was electrically connected to gold, it was found to eliminate the passive peaks,
while magnetite with gold showed a certain passive behaviour (Bas et al., 2014). Then, it

is worth noting that the influence of minerals on gold dissolution can vary depending on
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the anodic and cathodic behaviours of gold and associated minerals. For instance, although
pyrite was known to reduce the gold extraction when galvanically coupled with gold
(Filmer, 1982; Lorenzen & van Deventer, 1992a), however Aghamirian and Yen (2005)
observed the contrary results. Generally, in case of all minerals coupled with gold, it is seen
that there is a certain different trend in the initial 15 minutes if compared to the rest of the
test. Galvanic corrosion tests were performed at least three times to ensure the
reproducibility of the results due to rapid reactions and surface changes. Galvanic potential
results were reproducible within £ 12 mV, while galvanic currents were obtained within
3 MA. The findings in this study have revealed that a more detailed study of galvanic

interactions between gold and oxide mineral electrodes is highly required.

4.4 Conclusions

1. Cyclic voltammetry studies of RGO in de-aerated electrolyte showed one oxidation and
one reduction reaction while three oxidation peaks and one reduction peak were observed

with Au electrode.

2. Corrosion potentials of hematite, magnetite, maghemite, and roasted gold ore indicated
that they can act as a cathode and could potentially or at least temporarily promote the

dissolution of gold in galvanic coupling.

3. Increasing agitation speed (100 to 400 rpm) has led to an increase in galvanic corrosion
rate of gold when coupled with roasted gold ore, magnetite, and maghemite disc electrodes.
However, hematite showed a maximum increase in corrosion rate at 250 rpm as compared
to that of 400 rpm.

4. Generally, in case of all tested minerals coupled with gold, it is seen that there is a certain
different trend in the initial 15 minutes, then the corrosion rate decreased or became stable,
relatively. This suggests that each oxide mineral has different effect on gold dissolution

potentially due to the difference in conductivity and changes in the surface state.

5. In galvanic corrosion tests, the tested minerals showed a negative effect on gold leaching
in decreasing order: magnetite, magnetite-hematite (MagHem-ES), roasted gold ore.
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However, maghemite and hematite showed a positive effect, relatively. These results have
revealed that formation of corrosion products, passivation, concentration of soluble ions,
and diffusion control are responsible for the retarding or promoting effect on the leaching
of gold. This could be also linked to the difference in conductivities of these electrodes.

6. XPS studies indicated the presence of silver on gold surface that could lead to partial
passivation of the surface. Furthermore, Fe-oxides and Au-C compound (potentially

insoluble Au-CN basic film) were demonstrated by SEM analysis.
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Chapter 5

Electrochemical Behaviour of Roasted Gold Ore
During Cyanidation
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Résumé

Dans les tests de corrosion libre, une ¢électrode d’or pur (Au) a un comportement plus actif
que celui de I’électrode de minerai d'or grillé (RGO). Les mesures de bruit électrochimique
de I’¢lectrode d’Au ont généralement montré une tendance a la hausse de la vitesse de
corrosion, tandis que RGO a atteint un plateau apres 10 h jusqu'a 24 h. La technique de
balayage de I'électrode de référence au potentiel de circuit ouvert, a montré une force
électromotrice quasi plus élevé pour Au que RGO. Les conditions de lixiviation optimales
pour RGO se sont révélés étre une concentration de 0,04 M NaCN, le pH 10 a 10,5, avec
250 tr/min comme vitesse d'agitation. On a constaté que dans les solutions de cyanure
saturées avec l'oxygene atmosphérique, la pente cathodique de Tafel seulement (3,30 x 10
8 + 3,27% mol m2 s1) fournit de vitesses de corrosion représentatifs de I'or pour RGO
proche a celle de la cyanuration pratique (3,07 x 10 + 7,03% mol m s%). Compte tenu
des méthodes de la courbe anodique pour la pente de Tafel ou Stern-Geary ont été
trompeuse en raison de la présence de différents constituants. La réaction cathodique sur
quelques sites de la phase conductrice metallique est le controle de la vitesse de la réaction
un balayage potentiodynamique de la courbe de polarisation cathodique devrait aller
directement sans nettoyage cathodique du potentiel de corrosion versus pour les plus
cathodiques pour les deux électrodes Au et RGO. L’analyse de MEB a indiqué la présence

de Fe-oxyde, le contributeur principal de la passivation I'or.
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Abstract

In free corrosion tests, pure gold (Au) electrode gave more active behaviour than that of
roasted gold ore (RGO) electrode. Electrochemical noise measurements of Au electrode
generally showed an increasing trend in corrosion rate, while RGO plateaued after initial
10 h until 24 h. Scanning reference electrode technigue, at open circuit potential, showed
higher quasi electromotive force for Au than RGO electrode. Optimal leaching conditions
for RGO were found to be 0.04 M NaCN concentration, pH 10-10.5, and 250 rpm agitation
speed. It was found that in cyanide solutions saturated with atmospheric oxygen, cathodic
Tafel slope only (3.30 x 108 +3.27% mol m s) provides representative corrosion rates
of gold for RGO compared to practical cyanidation (3.07 x 10® £7.03% mol m2s?).
Considering the anodic curve for Tafel slope or Stern-Geary methods was found to be
misleading due to the presence of different constituents. The cathodic reaction on few sites
of metallic conductive phase is the rate controlling one. Potentiodynamic scanning of
cathodic polarisation curve should go directly without cathodic cleaning from corrosion
potential to more cathodic ones for both Au and RGO electrodes. SEM analysis indicated
the presence of Fe-oxide products could be the main contributor to the passivation of the

gold surface.

Keywords: Roasted gold ore, corrosion rate, passivation, cathodic Tafel, cyanidation
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5.1 Introduction

During cyanidation, leaching of gold is reduced or retarded in some conditions. Since
cyanidation is an electrochemical based process (Habashi, 2009), thus dissolution of gold
can be readily studied by electrochemical techniques. Recently, Crundwell (2013) claimed
that each point on the mineral surface is considered as both an anodic site and a cathodic
site and concluded that there is no separation of anodic and cathodic sites on a mineral's
surface. Habashi and Bas (2014) pointed out that certain experimental results demonstrated
the existence of anodic and cathodic zones during the dissolution of minerals. These

findings have revealed that electrochemical studies of gold still receive much attention.

Passivation of gold, diffusion control, and galvanic interactions are considered as important
factors affecting the leaching of gold (Filmer, 1982; Azizi et al., 2011). Passivation of gold
has been known since 1907 and gold becomes passive under certain conditions in
commercial cyanide solution and assumed that the passivity is due to the formation of
insoluble sodium aurocyanide film on the surface of gold (Cathro and Walkley, 1961).
Mrkusic and Paynter (1970) identified the passivation as the film formation of dissolved
species from calcine while Nicol (1980) reported that passivation of gold mainly depends
on the presence of impurities in the solution. It was suggested that gold oxides and cyanide
films are responsible for the passivation of the surface of gold (Kirk et al., 1978). The
different types of dissolved minerals found in the ore may have positive and/or negative
effect on the rate of gold dissolution (Jeffrey and Ritchie, 2001; Nicol, 1980). Although
many studies have been carried out, there is still a doubt on gold passive phenomenon.

In the present time, it is well known worldwide that there is an increasing trend on the
treatment of refractory ores (often requires oxidation prior to cyanidation) due to the rapid
depletion in free-milling gold ores (Adams, 2016). Till now, almost all previous
electrochemical studies of gold were conducted using only sulphidic gold ores (van
Deventer and Lorenzen, 1987; van Deventer et al., 1990; Lorenzen and van Deventer,
19923, 1992b; Aghamirian and Yen, 2005; Cruz et al., 2005; Dai and Jeffrey, 2006; Azizi
et al.,, 2010, 2011, 2012a, 2012b, 2013). On the other hand, there is a paucity on

electrochemical interaction studies between gold and its oxide minerals. At the same time,
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the influence of agitation was not systematically considered in previous studies. Therefore,
an increasing request of the gold mining industry for this issue is created. Furthermore, the
corrosion (dissolution) rate of gold was considered from the intersections of anodic and
cathodic Tafel slopes (Cerovic et al., 2005). However, Dai and Breuer (2013) showed that
using only Evans’ diagrams is misleading for gold dissolution estimation. These findings

indicate that calculation of corrosion rate of gold is still an important issue.

Based on the above statements, the main objective of this study is to provide a detailed
understanding of electrochemical behaviour and optimal leaching conditions (NaCN
concentration, pH, and agitation speed) for roasted (oxidised) gold ore, as far as possible,
by using conventional and more recent electrochemical techniques such as Electrochemical
Noise Measurement (ENM) and Scanning Reference Electrode Technique (SRET). ENM
is referred to as a random fluctuation of current and/or potentials that has received widely
attention to study the electrochemical systems (Eden, 2011) and is used for monitoring
active and passive behaviours, and type of corrosion of tested specimen (Lafront et al.,
2010b; Safizadeh and Ghali, 2013). Although the majority of ENM studies have been
carried out in corrosion studies, there is a recent attempt using ENM in leaching studies
(Bevilaqua et al., 2006). This method could potentially be an alternative in gold leaching
studies for the characterization of surface products that could lead to surface passivation.
SRET was considered to contribute to the electrochemical dissolution of gold since SRET
in-situ provides significant information on anodic and cathodic potentials of a specimen as
a function of time in free corrosion mode (Zhang et al., 2006). It is also possible to analyse
the active and passive behaviours of gold with the 3D image facility of SRET. Furthermore,
electromotive force of the corrosion cell is calculated by the evaluation of SRET data. This
study also investigates the corrosion rate of gold by cathodic Tafel slope, Stern-Geary
method, and compared to that obtained by conventional cyanidation. Concurrently,
providing an appropriate understanding on the passivation phenomenon of gold is also one

of the objectives.
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5.2 Experimental Conditions

5.2.1 Roasted Gold Ore Sample

The gold ore sample was obtained from Barrick Gold Corp. This was the calcine after
roasting of refractory gold ore. The sample (which was already reduced in size 80% passing

-75 um (dso)) was riffled as portions prior to use in experiments.

Qualitative mineralogical analysis of the sample indicates that the ore sample consists
predominantly of quartz, dolomite, calcite, gypsum, and iron oxides such as hematite,
magnetite, and maghemite and with almost non sulphur content. Gold is mostly associated
with iron oxides. Metal analysis of the ore sample by AAS for Au and Ag after hot aqua

regia digestion has shown that gold and silver contents are ~8 and ~ 5 g/t, respectively.

5.2.2 Material and Preparation of Electrodes
NaCN (=98% purity) was obtained from Thermo Fisher Scientific Company. Electrolyte

medium (1L) was prepared using distilled water and pH was adjusted at 10.5 by adding 1
M NaOH. Electrolyte was magnetically agitated (4 cm long and 1 cm diameter) during the
tests. Pure gold (Au), rotating disc (RDE), roasted gold ore (RGO) and its oxide electrodes
magnetite (Mag), and hematite (Hem) disc electrodes were used as working electrode while
platinum (Pt) as a counter electrode and Ag/AgCI/KClss as reference electrode.

1 cm? of gold foil (99.9% purity from Sigma Aldrich), as pure gold electrode (Au), was
first polished with fine (MicroCut® 100 Grit Soft) polishing paper and then rinsed in
distilled water. Then, it was introduced in aqua-regia for 10 seconds to clean the surface,
washed with distilled water and ethanol and finally rinsed with distilled water again, to
assure the reproducibility. Rotating ring disc electrode (RDE), where disc electrode was
connected to a rotator, with a surface area of 0.05 cm? gold was obtained from ALS Co.,

Ltd. (Japan) and was used in certain tests.

Roasted gold ore (RGO), magnetite (Mag), and hematite (Hem) disc electrodes with an
exposed surface area of 4.9 cm? were prepared. In each case, roasted gold ore, magnetite,
hematite was mixed with graphite powder (to increase the conductivity) 3:1 and with

around 0.4 g of silicone oil, for binding, till a paste was obtained. Graphite powder, which
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has a particle size of <45 um, and a 99% purity, was obtained from Sigma-Aldrich. The
mixture was manually homogenized during 30 minutes, in general. Then, it was
mechanically pressed at 20 tons to have uniform sample surface. After that, all disc
electrodes were kept under nitrogen atmosphere over a night. The electrical contact was
assured by an insulated copper wire, cast in acrylic resin. Although it is difficult to mimic
the practical conditions in laboratory studies (for surface areas), due to the low quantity of
gold in its ore, however, the chosen difference in surface areas of electrodes is considerably

suitable to see the main tendencies and influences of minerals on gold dissolution.

5.2.3 Electrochemical Test Procedures

Open Circuit Potential (OCP)

In open circuit potential (OCP) or free corrosion potential tests, NaCN concentration was
kept at 0.04 M and tests were carried out in 400 mL beakers. Dissolution potential of gold
may be influenced either in a positive or negative way due to the presence of soluble ions
in the solution. Therefore, to monitor the changes in open circuit (dissolution) potential of
gold and roasted gold ore electrodes as function of soluble species, the addition of slurry
into the solution was considered to mimic the real leaching conditions. When the tests were
conducted in presence of roasted gold ore the solid ratio was adjusted at 35% wt/vol. All
the tests were conducted for 24 h. In the case of RDE the electrode was monitored for the
first hour. After that, RDE was taken off from the solution and kept under N2 conditions
for the next 22 h to prevent its corrosion. During this period the solution was continually
magnetically agitated (100-rpm). After 22 h (23 h since the beginning of experiment), the
RDE was again placed into the solution without any change in the potential for 1 h to

complete 24 h in total.

Electrochemical Noise Measurement (ENM)

Prior to electrochemical noise measurement (ENM) tests, two working electrodes were
prepared separately following the three steps: cathodic cleaning for 50 min. and
potentiodynamic polarization (-0.8 to 1.2 V) and then potentiostatic measurement (at 1 V)
for 2 h. The Electrochemical noise measurements were performed in employing a set-up

using zero resistance ammeter (ZRA) mode in 0.04 M NaCN solution. In this mode, the
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electrochemical noise could be measured between two nominally identical working
electrodes as the galvanic coupling kept at the same potential. The samples were immersed
in the solution where the system was allowed to stand at open circuit for 5 min. Then, the
potential and current fluctuations were simultaneously recorded during 24 hours at a scan
rate of fs=10 Hz. This scan rate is generally preferred since it is quite enough to have a clear
trend in noise data. If a more precise of noise data is requested, then a higher scan rate
could be applied, however, the general trend will be same and this does not affect to the
noise resistance, in overall. All potentials were measured vs. Ag, AgCI/KCI saturated
reference electrode (0.199 V), and reported with respect to the Standard Hydrogen
Electrode (SHE).

The ENM tests were carried out without agitation and exposed to atmospheric oxygen. A
Gamry® PC4/ 300 potentiostat was used to log current and potential variations in time. The
analyses were performed using a GAMRY® PC4 750/ESA400 software and analyser v.
2.35. The DC drift was removed before all analyses to eliminate the trend. At least, three

series of tests were performed for each examined sample.

Scanning Reference Electrode Technique (SRET) Procedure

Au and roasted gold ore electrodes were mounted horizontally in the cell of SRET
apparatus (EG&G Instruments-Model SVP100) for free corrosion potential measurement
(Fig. 5.1). After ensuring that the surface of the specimen was parallel to the surface on the
Perspex tripod and leveled, the probe was lowered to a distance of 100 um above the
sample surface, and then the cyanide solution was added. The basic configuration is to
connect one input (+ve) to the vibrating probe and the other input (-ve) to a separate
reference probe (carbon electrode in this case) placed in the solution local to the surface to
be measured. After conditioning of the signal, a rectangular area (18.0 mm by 13.5 mm)
was scanned, overlapping slightly the acrylic resin. The vibrating probe amplitude was
adjusted at 45 pum, and the data collection was scanned at 32 points per scan line on X-axis
and for a total of 24 lines on Y-axis. For each data point, 500 potential measurements were
taken at a frequency of 81 Hz. Each SVP scan lasted approximately 19 min and 1 min of
rest was allocated between each scan, all the experiments were conducted over a period of

16 hours. The overall SRET data were used to reproduce a three-dimensional image
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mapping of the surface potential over the specimen. Referring to this 3-D image map, the
down cones () correspond to anodic potentials (inside pits) and the up cones (1) represent

the cathodic potentials (Zhang et al., 2006).

SCV 100 Control Personal Colour Output
Unit Computer _
Potentiostat
CE| RE| WE

Scan Table Level X, Y, Z Scanning mechanism

Adjustment - — -

I Vibrating head -:
— Scanning SRET prob%
) Specimen ® T
— |

Fig. 5.1 Schematic illustration of Scanning Reference Electrode Technique (SRET) set-up

(CE: counter electrode; RE: reference electrode; WE: working electrode).

Linear and Potentiodynamic Polarization

Corrosion current by cathodic Tafel polarization results were performed and compared to
that of obtained from linear polarization by using Stern-Geary method. First, electrodes
were allowed to stay at open circuit potential for 2 minutes before linear polarization tests
for corrosion rates with a range of 25 mV with respect to corrosion potential (Ecorr).
Actually, different stabilization times (up to 30 minutes) were also considered, however
the difference (only up to £5%) was found to be negligible. Then, cathodic polarization
tests by scanning from Ecorr to -300 mV were performed to calculate also the corrosion
current (icorr), considering cathodic Tafel slope only. Tests were performed generally in
0.04 M NaCN electrolyte at pH 10.5 at 100 rpm magnetic agitation (4 cm long and 1 cm
diameter) at room temperature, saturated with atmospheric oxygen and 0.166 mV/s scan
rate, considering polarization standards (ASTM Standard G 5-94, 2006). Each test was

carried out at least in triplicates to assure the reproducibility. To simulate the practical
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conditions, polarization tests with the same procedure was also carried out in the presence

of slurry (35 % solid ratio).

5.2.4 Conventional Cyanide Leaching
Leach solutions were prepared using deionised-distilled water at the prescribed

concentration of reagents (0.04 M NaCN). Leaching tests were conducted at 250 rpm
agitation speed for 24 h in 0.48 L solutions into which roasted gold ore disc electrode (4.9
cm?) was placed. During the experiments, pH was maintained at 10.5 by the addition of 1
M NaOH. Solution was sampled at predetermined intervals and analysed by atomic
absorption spectrophotometer (Atomic Absorption Spectroscopy, AAS - Perkin Elmer

AAnalyst 800) to determine the gold leaching rate.

5.3 Results and Discussion

5.3.1 Dissolution Behaviour of Gold at Open Circuit Potentials (OCP)

OCP Studies of Disc Electrodes as function of Slurry

Open circuit potential also known as free corrosion potential is critical in electrochemical
tests since open circuit potential (Ecorr) provides significant information about the corrosion
behaviour of each mineral or metal, also it is important for galvanic interactions.
Preliminary tests have confirmed that 100 rpm agitation could be suitably used for open
circuit potential tests at 25 °C. This is supported by the work of Sheveleva and Kakovskii
(1979), who have shown that the dissolution rate of gold is controlled by diffusion (mass
transfer) at agitation speeds below 100 rpm. However, in practice, the agitation speed is
variable and generally lower than 100 rpm. It has been found that roasted gold ore (RGO)
had the most positive potential (0.245 V), followed by hematite (0.235 V) and finally
magnetite (Mag) (0.210) in 0.04 M NaCN solution after 2 h (at the end of test). These
findings have indicated that corrosion potentials of electrodes have less active potentials
than pure gold electrode (-0.404 V) suggesting that these mineral electrodes can act as
cathode in a gold galvanic coupling. Additionally, effect of slurry on the corrosion

potentials of especially roasted gold ore (RGO) and pure gold (Au) disc electrodes, as well
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as rotating ring disc (RDE) and platinum (Pt) disc electrodes were tested for 24 h and the
first 1 hour and the last 1 h (23-24h) were reported in Table 5.1.

In the first hour of test work, RGO (roasted gold ore electrode) reached to 0.170 V
corrosion potential in the absence of slurry and 0.190 V in the presence of slurry. At the
end of 24 h, RGO electrode had the close corrosion potential in presence and/or absence of
slurry which suggests that oxidation products on the surface is more stable and resistant to
dissolution. Moreover, according to first 1 h and the last 1 h in presence and/or absence of
slurry, RGO electrode showed more tendencies to passive behaviour when compared to Au
and rotating disc electrodes (RDE). This could be linked to the presence of different

mineral phases and formation of surface products on the surface of RGO disc electrode.

Table 5.1 Corrosion potentials of different electrodes in absence and in presence of gold
ore slurry in 0.04 M NaCN solution, pH 10.5 at 25 °C.

Type Absence of slurry Presence of slurry (35%)
of E/V E/V
electrode oh 1h 23h 24h oh 1h 23h 24h
RGO 0.160 0.170 0.196 0.180 0.206 0.190 0.185 0.193
Au -0.328 -0.404 -0.436  -0.404 -0.241 -0.248 -0.275 -0.343

0273  -0289  -0286  -0.415
** - - - -
RDE 0436 -0475 0436 0475 | 0l 0ee osor 0410k

Pt 0.178 0.170 0.148 0.142 0.167 0.165 0.134 0.167

* The duplicate values of the same test of RDE for instance; **Rotating gold disc electrode
(RDE) was removed from the solution and was kept under nitrogen atmosphere for 22 h
just after the end of the initial 1 h to prevent surface corrosion.

In the absence of slurry, Au (pure gold electrode) reached to -0.404 V corrosion potential
in the first hour. The same value was recorded after 24 h. Contrary, after 24 h in the
presence of slurry, an inhibition in corrosion potential (-0.343 V) was found for Au
electrode due to the presence of dissolved ions. This is probably due to the effect of oxide
products that were formed and accumulated on the surface of gold electrode. At the end of
the experiment, it was also observed that the surface of gold electrode was covered with

surface products and that can be attributed to the potential shift in the less active region.
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In the absence of slurry (35%), in the first 1 h, corrosion potential of RDE was heading
with a 40 mV potential change to more active region (-0.436 to -0.475V) and the same
trend was also observed in the last hour (between 23 and 24 h). It is worth noting that RDE
was removed from the solution and was kept under nitrogen atmosphere for 22 h to prevent
corrosion (from the end of 1 h till the beginning of 23 h) and almost the same corrosion
potential was obtained. As it is seen, there is somewhat difference (~ 70 mV) in the
dissolution potentials of Au and RDE electrodes, where gold is present in both cases. This
difference could be arisen since the surfaces of Au and RDE electrodes were subjected to
different exposure times and preparation procedure which is mentioned in Section 5.2.3.
Additionally, this could also be attributed to the efficiency of the two different agitation
methods, and as a result the difference in quantity and the quality of surface products.
However, in the first hour in presence of slurry, corrosion potential has been shifted about
20 mV (from -0.27 to -0.29 V) and 145 mV shift in active region (from -0.27 to -0.415 V)
was observed for the last hour. This finding suggested that RDE undergoes more active

behaviour. This could be attributed to the increase in the dissolution of gold.

In the absence of slurry, platinum (Pt) electrode had 0.142 V corrosion potential after 24 h
while RGO electrode had 0.180V. This 35 mV difference suggested that more active
behaviour for Pt surface compared to RGO. This could be attributed to the value of oxide-
reduction reactions of cyanides on the noble platinum surface. Platinum electrode has also
demonstrated more active behaviour in the absence of slurry after 24 h having the corrosion
potential of 0.142 V compared to 0.170 V (in the first hour). In the presence of slurry, Pt
electrode had almost similar corrosion potentials in the first hour and in the last 1 h, about
0.167 V that is almost the same as the initially obtained potential in absence of slurry. That
means the slurry has no significant influence on the platinum surface. This result suggests
that platinum electrode can be suitably used as a counter electrode in gold and mineral disc

polarization studies.

Electrochemical Noise Measurements (ENM) of Au and RGO Electrodes
The corrosion potential and current noise were recorded for roasted gold ore disc electrode

(RGO) and pure gold disc electrode (Au) in 0.04M NaCN solution during free corrosion.
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The anodic potential value of RGO constantly increased from 0.24 to 0.252 V while
potential for Au showed a slight decrease and became stable at about -0.55 V. The current
density variations in function of time showed a slight increasing trend from 4 x 10 to
4.5x10° mA/cm? for RGO that suggested an increase in the dissolution of different
minerals from RGO. However, current density for gold electrode was found to show almost

the same trend through the test-work.

One of the important statistical parameters of ENM analyses in the time domain is the noise
resistance (Rn). The noise resistance is defined as the ratio of the standard deviation of the
potential noise to that of the current noise that can be associated to the polarization
resistance (Rp). The ratio 1/R, (admittance) is referred to the corrosion rate. The EN data
values of 1/R;, for each specimen were measured during immersion period of 16 h. The
mean of measurements for two series of mineral disc electrode and gold electrode were
demonstrated in Fig. 5.2. ENM in-situ provides a general trend in corrosion rates of
electrodes. In case of Au, it is subjected only to gold metal, whereas it is the dissolution
behaviour of roasted gold ore for RGO electrode. However, the curve of RGO could be
considered as the dissolution of gold, mainly. It is clearly seen that Au generally showed
an increasing trend in the corrosion rate of gold until the end of test (24 h), while RGO
showed a decreasing trend after initial 10 h. RGO and Au had the same corrosion rate of
1.29x10°2 (mho/cm?) at 8 h. Then, the corrosion rate of RGO was found to be flat till the
end of the test. This decrease in corrosion rate of RGO by the time could be linked to the
presence of detrimental minerals mainly to gold dissolution. At the end of the test, two
electrodes had very close corrosion rates. For active and passive regions of the surface,
electrochemical noise measurement (ENM), as a novel tool, could be suitably used for
corrosion tests of gold since ENM in-situ provides potential and current noise that gives
instantaneous corrosion rate (Eden, 2011). The main advantage of ENM is the in-situ
measuring corrosion rate as function of time. On the other hand, using high agitation speeds
in ENM could parasite the noise data and that may be considered as a negative point in
application for gold leaching studies. It is also important to mention that although ENM

technique was used for many different metals such as steel (Klapper et al., 2013), copper
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(Safizadeh and Ghali, 2013), zinc (Zhang et al., 2005), aluminium (Curioni et al., 2013)

etc., there is a paucity of in-situ ENM studies on gold leaching.
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Fig. 5.2 Instantaneous measured corrosion rate (1/Rn) for roasted gold ore and pure gold
electrodes immersed in NaCN (0.04 M) solution by ENM after potentiodynamic
polarization followed by potentiostatic test (2h) in absence of agitation, pH 10.5, 25 °C.

Scanning Reference Electrode Technique Analysis of Au and RGO Electrodes

It has been claimed that each point on the mineral surface (e.g. gold) is considered as both
an anodic site and a cathodic site and concluded that there is no separation of anodic and
cathodic sites on a mineral's surface (Crundwell, 2013). This argument depends on the
other closest constituents in an electrolyte. Habashi and Bas (2014) stated the existence of

anodic and cathodic zones during the dissolution of minerals with certain experimental

results.

The 3-D SRET images of potential differences measured over the surface of pure gold

electrode (Au) and roasted gold ore disc electrode (RGO) as a function of immersion time
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(1, 8 and 16 h) in 0.04 M NaCN solution are shown in Fig. 5.3. The active pits on the
surface of each specimen can be observed. The potential differences were distributed into
different zones corresponding to neutral, low and intense anodic and cathodic activities.
The most anodic (most active) potential is the lowest point in the down cones and the most
cathodic (less active) potential is the maximum point reached in the up cones. According
to real time surface evolution of specimens, it is evident that the location of the pits at the
surface changes with time. At the beginning of the test, the most active (anodic) potential
of Au electrode was ~ -87 uV with respect to saturated calomel electrode (SCE) (Fig. 5.3a)
and it was decreased to -20 uV/SCE (Fig. 5.3c) at the end of the experiment after 16 hours.
It can be deduced that due to the decrease in most active potentials, less active (most
cathodic) potentials on the surface of pure gold electrode were increased. This result
suggests that the surface of the gold became passive by the time due to the formation of
oxide and/or insoluble cyanide films (Kirk et al., 1978; Nicol, 1980). This was consistent
with the potentiodynamic polarization results where pure gold showed a certain passive
peak and the current density was sharply decreased to around zero. On the other hand, the
most active (anodic) potential of RGO was around -20 pV during 16h. Most cathodic
potentials for RGO were found to be higher (Fig. 5.3d) if compared to active (anodic)
potentials at the on-set of the test (after 1 hour) but cathodic potential values decreased by
15 pV (Fig. 5.3f) with increasing the immersion time (after 16 hours). By the time passed,
most active (anodic) and most cathodic (cathodic) potentials of RGO electrode showed a

similar trend (Fig. 5.3e and f).

The potential difference between the most active anode and the dominating reactions on
cathodic sites has the same trend as the electromotive force (EMF) of the most active
corrosion cell and the real EMF should be proportional to the potential difference measured
in-situ. Then, “quasi electromotive force” (QEMF) could be used to express the potential
difference between the more probable anodic or cathodic reactions based on
thermodynamic values on electrode surfaces in cyanide medium. Thus, initiation and
propagation of pitting corrosion for the tested specimens can be then identified (Zhang et
al., 2006). The QEMF of corrosion cell as a function of immersion time for each specimen
in 0.04M NaCN solution at pH 10.5 and 23°C was demonstrated in Fig. 5.4. The QEMF of
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Au suddenly decreased ~ 100 pV (from 150 to 45 V) in the corrosion cell at the beginning

of the immersion time and then became stable ~ 43 pV until the end of the test.
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Fig. 5.3 3-D SRET potential images at different immersion times in 0.04M NaCN solution
at pH 10.5 and 25°C for (a) Au at 1h, (b) Auat 8 h, (c) Au at 16 h; (d) RGO at 1h, (e) RGO
at 8 hand (f) RGO at 16 h.

On the other hand, QEMF of RGO initially decreased by 17 uV and then was kept at 38
V. Average QEMF values of Au and RGO were found to be 48.4 and 38 p pV,
respectively. It is seen that RGO had lower QEMF if compared to Au, suggesting that RGO
showed higher corrosion resistance whereas Au specimen was quickly attacked.
Considering the QEMF of the different samples (Fig. 5.4) and measuring the depth of the
pits of the two specimens, it can be deduced that the Au specimen had the deepest pits. It
can be observed that after 8h up to 16h, similar trend in QEMF was observed for both
electrodes (Au and RGO). Since the presence of one phase in Au electrode, it gives rise to

anodic and cathodic sites. RGO has many phases that could give rise to different
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electrochemical cell sites and even passive regions. However, almost same QEMF was
obtained for both electrodes at the end of the test. After a 16 hours of exposure time, almost
the same QEMF was observed for both of electrodes. SRET results showed that the QEMF
Is almost the same for anodic and cathodic reactions of pure gold and that of RGO. The
cathodic and anodic reactions on gold are the dominating ones than that of silver due to its
higher affinity and concentration in roasted gold ore. This result also confirms that the
corrosion rate for RGO electrode (in Fig. 5.2) corresponds mainly to the dissolution
behaviour of gold. The reproducibility of the QEMF values for Au and RGO electrodes
were found to be + 10% and 12%, respectively. These results have indicated that SRET in-
situ corrosion measurements without any imposed potential, which is very close to practice,
provide significant information on the corrosion behaviour of gold and show the existence
and polarisation of anodic and cathodic sites during the leaching of gold.
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Fig. 5.4 QEMF corrosion cell vs. immersion time in 0.04M NaCN solution at pH 10.5 and
25°C for pure gold (Au) and roasted gold ore (RGO) disc electrodes.
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5.3.2 Potentiodynamic Polarization of Au, RGO, and Oxide Mineral Electrodes

Cathodic Polarization

Fig. 5.5 shows the cathodic polarization profiles of electrodes by scanning from Ecorr to -
300 mV at pH 10.5 at 100 rpm agitation in 0.04 M NaCN electrolyte. In addition, cathodic
polarization of pure gold was performed by scanning using the reverse direction (from -
300 mV to Ecorr, which was shown as Au* in Fig. 5.5) for comparison. As it is seen, there
Is an obvious difference in pure gold cathodic polarization curves. Oxygen reduction takes
place in cathodic area (Eq. 5.1) with a 605 mV standard potential at pH 10.5. The standard
potential of other possible reactions in cathodic section are given vs. standard hydrogen
electrode in Egs. 5.2 and 3 (Aghamirian and Yen, 2005; Ahmed, 1978).

0, + 2H,0 + 4e~ - 40H™ 605 mV vs SHE Eqg. 5.1
0, + 2H,0 + 2e~ - HO; + OH™ 55mV vs SHE Eqg. 5.2
HO; + H,0 + 2e™ - 30H™ 1.14V vs SHE Eqg.5.3
0.4
0.2 - Mag
Hem
RGO
0 \
m)
T
¥ .0.2 -
2
S
€-04
E Au**
g Au
-0.6
-0.8
'1 T T T T T
-3 -2.5 -2 -1.5 -1 -0.5 0

Current density (log I, mA cm-?)
Fig. 5.5 Potentiodynamic cathodic polarization of different electrodes with scan rate of
0.166 mV/s in 0.04M NaCN electrolyte at 100 rpm agitation at atmospheric oxygen, pH
10.5, 25 °C (Au** indicates the cathodic polarization by scanning from -300 mV to Ecorr).
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The difference in conductivity and relative quantities of magnetite and hematite could
explain the behaviour of RGO. Also, the presence of soluble and/or insoluble ions, and as
a result different behaviours of these ions in the solution could influence the position of
RGO electrode. Magnetite, hematite and gold ore at high over-potentials are less active
than gold. At low over-potentials, hematite was more active than magnetite. This can

suggest that magnetite and hematite are good electrocatalysts for oxygen reduction.

Anodic Polarization

It is seen that gold oxidation starts ~ -0.4 V/SHE (Fig. 5.6). Gold showed three passive
peaks at around -0.1, 0.4, and 0.7 V with current densities of 0.2, 2.3, and 1.8 mA/cm?,
respectively. AuOHags, AUCNags, [Au(I1)OH(CN3)Jass, and Au(OH)s products are
believed to be responsible for the formation of these passive peaks (Kirk et al., 1978).
Furthermore, Bas et al. (2015) characterized gold surface by XPS after polarization tests

and found Au* and Au®*" corrosion products as responsible for the passivation of gold

surface.
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Fig. 5.6 Potentiodynamic anodic polarization of different electrodes with scan rate of 0.166
mV/s in 0.04M NaCN electrolyte at 100 rpm agitation, pH 10.5, 25 °C (Au: 1 cm?; other

electrodes 4.9 cm?).
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In case of RGO electrode, which was prepared using roasted gold ore sample, its current
density increased slightly up to 0.75 mA/cm? till the end of the test. The different anodic
behaviours of gold and roasted gold ore electrodes could be attributed to the mineralogical
composition of gold ore. Potentiodynamic polarization studies in presence of strong
agitation gives less information on peak identifications especially for non-pure metal
systems. Detection of intermediate species in the double layer needs the presence of a
certain quantity of the transient in close contact with the surface. Then, the presence of
different soluble and/or insoluble species at the interface has certain influence on detection
of different peaks and possess either positive or negative effect on the dissolution behaviour
of gold. Dissolution of magnetite, which is a known iron oxide phase, started at more
positive potentials if compared to gold. Magnetite (FesOa4) is one of the most common Fe®*
-containing oxide minerals. Magnetite oxidation (Eqg. 5.4) results in the generation of
maghemite (y-Fe2Oz), metastable spinel polymorph of hematite (White et al., 1994).
Hematite (Fe20s3), other most found iron oxide mineral, dissolution started earlier and it
had higher current density if compared to magnetite. Conductivity of magnetite (FesOa) is
~ 10°times higher than that of hematite (Fe2Os), due to electron exchange between the Fe?*

and Fe3* (Greenwood and Earnshaw, 1997).

[Fe?*Fe3*]0,(magnetite) + H,0 Eq.5.4
- 3y[Fe;t]0;(maghemite) + 2H' + 2e~

5.3.3 Effect of Leaching Parameters on Anodic Polarization of RGO Electrode

Influence of NaCN Concentration (0.01-0.04-0.1 M)

Various cyanide concentrations for a maximum gold leaching rate in practice have been
reported by many research groups and the range of 0.004-0.05 M NaCN was generally
accepted depending on the mineralogy, type of gold ore, and experimental conditions
(Fleming, 1999). The influence of NaCN concentration on the polarization of RGO disc
electrode at pH 10.5 at 100 rpm agitation is demonstrated in Fig. 5.7. It is seen that current
density resulted in an increasing trend with increasing cyanide concentration. Oxidation
started earlier at 0.04 M NaCN if compared to other ones. Polarization curves of 0.04 and
0.1 M intersected at 0.9 V having the same current density of 0.35mA/cm?, then, higher
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current density was obtained at 0.1 M at the end of polarization test. Generally, it can be
deduced that 0.04 M NaCN gave higher current density in the potential range of gold
dissolution (lower than 0.9 V/SHE). This behaviour in 0.04 and 0.1 M NaCN
concentrations could be linked to the presence of soluble species as function of time in the
solution. The lower current density obtained at lower cyanide concentration could be linked
to the insufficiency of cyanide ions that would react with gold to dissolve. Current density
of RGO was increased ~ 4 times with increasing NaCN concentration from 0.01 M to 0.1
M. These findings have revealed that oxidation of RGO commences earlier at higher
cyanide concentration and 0.04 M seems to be more significant on dissolution process. On
the other hand, it is generally believed that pure gold gives three peaks in cyanide solutions
suggesting the passivation of gold surface (Kirk et al., 1980). However, Bas et al. (2015)
has found that gold surface becomes relatively more passive and shows less than three
passive peaks for lower cyanide concentration (<0.04 M) in tested values. Bas et al. (2015)
has reported when gold is under passive conditions, increasing cyanide concentration,
increasing pH, and potential have led to more passive behaviour, by using potentiostatic

polarization.
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Fig. 5.7 Effect of NaCN concentration on the polarization of RGO with scan rate of 0.166
mV/s at pH 10.5 at 100 rpm agitation, 25 °C.
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Influence of pH (10-10.5-11.5)

Hedley and Tabachnik (1968) pointed out the aim of adjusting/monitoring pH in
cyanidation is to prevent the loss of cyanide by hydrolysis and by action of carbon dioxide
in the air, to neutralize acidic compounds such as ferrous, ferric salts and to improve gold
extraction when treating the ores containing tellurides (AuTe2) which decompose more
readily at higher alkalinities. Fig. 5.8 demonstrates the effect of pH on the polarization of
RGO electrode in 0.04 M NaCN electrolyte at 100 rpm agitation. Anodic polarization
profile was divided into two regions as A (till the potential of 0.9 V) and B (from the
potential of 0.9 V to 1.2 V/SHE), since different trends have been observed. In region A,
oxidation of roasted gold ore electrode started earlier at lower pH values (10-10.5) if
compared to higher pH value of 11.5. Current density increased faster at lower pH values.
The slow increasing rate of current density at high pH values (11.5) could be due to the
presence of more hydroxides that promote the formation of passivating surface products
(Habashi, 2009). However, in region B, a reverse trend was observed if compared to region
A. Passing the potential of 0.9 V, current density reached to higher value at pH 11.5 than
that of pH 10 and 10.5. This reverse trend in regions of A and B could be linked to the
presence of many different mineral phases in roasted gold ore and also difference in
quantity of oxygen and free cyanide in the solution. Since gold leaching takes place in the
region A (lower potential than 0.9 V), pH 10.5 seems to be more essential and effective
value for the leaching of gold from RGO electrode. Furthermore, corrosion rate at pH 10.5
was found to give ~ 1.7 times higher than that of pH 11.5. Mahmoodi et al. (2010) reported
that gold extraction was increased by ~ 2% with increasing pH from 9.5 to 10, and became
stable in the range of pH 10-11 and finally decreased by increasing the pH from 11 to 12.
Barsky et al. (1934) reported the decrease in gold dissolution above pH 11. Then, in this
current study, pH 10.5 was selected as the optimum value. However, the optimum pH value
for leaching should be selected depending on the type of gold ore, mineralogy and leaching
system (Marsden and House, 2006). These obtained results in this tested conditions
suggested that the range of pH 10-10.5 was found to be more preferable for gold leaching
processes. Similarly, in recent gold galvanic studies depending on the type of gold ore and
minerals, pH was maintained at 10.5 and 11 by Aghamirian and Yen (2005) and Azizi et
al. (2010), respectively.

116



1.6
1.4 -
1.2 -

0.8
0.6

0.4

Current density (mA cm2)

0.2

0 0.2 0.4 0.6 0.8 1 1.2
Potential (V/ISHE)

Fig. 5.8 Effect of pH on the anodic polarization of RGO electrode at 0.166 mV/s scan rate
in 0.04 M NaCN electrolyte at the agitation of 100 rpm, 25 °C.

In previous study (Bas et al., 2015), authors have found peak current densities of pure gold
decreased with increasing pH values (10 to 12) at 100 rpm agitation in 0.04 M NaCN
solution. The second peak current density was greatly increased (~ 40 times) at pH 10 if
compared to other two pH values. At higher pH values (> 10), first peak current density
was found to be very small (~ 0.05 mA/cm?). Additionally, low level of agitation (60 rpm)
was tested at pH 11, since agitation is a significant parameter for the electrochemical
dissolution of gold. It was found that decreasing agitation from 100 to 60 rpm has resulted
in a great increase in the second peak current density which was very close for that of pH
10. The third peak at 60 rpm agitation gave almost the same current density if compared to

the 100 rpm agitation.

Influence of Agitation (100-250-400 rpm) on Au and RGO Electrodes
Three passive peaks at -0.1, 0.3, and 0.7 V/SHE were observed as responsible for the

passivation of pure gold surface (Fig. 5.9). Current density of second peak was found to be
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higher (~5 times) than that of the two other peaks. It was found that current density
decreased by increasing agitation from 100 rpm to 400 rpm. In the case of pure gold and
clean cyanide solution systems, effect of agitation on the anodic behaviour of gold was
examined by some research groups (Kirk and Foulkes, 1980). Principally agitation does
not promote the peak formation since the presence of intermediates at the interface
becomes more limited. Second peak, known as a less anodic gold dissolution peak, could
be passivated due to the oxygen adsorption (Dorin and Woods, 1991), gold oxide formation
(Guan and Han, 1994), and by the formation of gold (I) hydroxide according to Au + OH"
—AuOHags + € (Kirk et al. 1978), or by the conversion of Au(l) to Au (I11) was 2CN"™ +
[Au(l)OHCNJads — [Au(IIT)OH(CN3)Jads + 2€™ (Cathro and Koch, 1964). Moreover, the
adsorption of cyanide ions was found to initiate the passivation of second peak (Poskus and
Agafonovas, 1995).
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Fig. 5.9 Effect of agitation (1: 100 rpm; 2: 250 rpm; and 3: 400 rpm) on the anodic
polarization curve of pure gold (Au) electrode with scan rate of 0.166 mV/s in 0.04 M
NaCN solution, pH 10.5, 25 °C.
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On the other hand, till now, examining the influence of agitation for electrochemical studies
of gold ore systems (i.e. roasted gold ore) in cyanide solution was not much considered.
Fig. 5.10 demonstrates the effect of magnetic agitation on the polarization of RGO in 0.04
M NaCN electrolyte at pH 10.5. It is seen that increasing agitation from 100 to 250 rpm,
resulted in ~ 3 times (from 0.4 to 1.2 mA/cm?) higher current density at the end of
polarization. However, increasing of agitation from 250 to 400 rpm showed around 15%
lower current density. The decrease in current density above 250 rpm agitation speed could
be explained by the increase in the mineral leaching from roasted gold ore electrode. As a
result, higher agitation speeds could favour the release of more soluble and/or insoluble
corrosion products that retards the further anodic behaviour of RGO. Also, it could lead to
less time for the presence of certain reaction intermediates at the interface. Azizi et al.
(2010) examined the influence of rotation speed for a gold and sulphide mineral electrode
galvanic corrosion and found that the leaching was progressively decreased at rotation
speeds above 400 rpm. It is also important to note that till now, the influence of
agitation/rotation speed on mineral electrode leaching has received less attention and needs

further detail examinations.

Kakovskii and Kholmanskikh (1960) found that dissolution of gold increases up to a certain
agitation speed (150 rpm) then decreases or becomes flat. Cathro and Walkley (1961)
examined the effect of agitation on the corrosion rate of gold electrode and reported that
increasing agitation has led to the decreasing gold corrosion rate. Similarly, Aghamirian
and Yen (2005) reported that high electrode rotation speed reduced the maximum current
density as a result of loss of hydrogen peroxide ions. These findings in these tested
conditions have revealed that ~ 250 rpm agitation seems to be more effective for mineral
electrode dissolution. Duplicate results are reproducible with a 6 % shift at different
agitation levels on the anodic polarization of RGO. Then, it is important to underline that
agitation provides important information about diffusion, mechanism and the rate of

reaction.
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Fig. 5.10 Effect of agitation (100, 250 and 400 rpm) on the anodic polarization curve of
RGO with scan rate of 0.166 mV/s in 0.04 M NaCN solution, pH 10.5, 25 °C.

5.3.4 Corrosion Rate of Au, RGO, and Combined Disc Electrodes
In linear polarization tests, potential and current values are plotted and the slope of this

curve, denoted as the polarization resistance, Rp, and this value is used to calculate
the corrosion current (icorr) utilising the well-known Stern-Geary equation (ASTM G102-
89, 2006). Similarly, cathodic Tafel polarization can also be used to calculate corrosion
current since anodic Tafel is not suitable due to the presence of passive behaviour in anodic

polarization.

In this study, the effect of agitation speed (100, 250, 400 rpm) on the dissolution current
(referring to dissolution rate) of pure gold (Au, 1cm?) and roasted gold ore (RGO, 4.9 cm?)
electrodes alone and also combined together was examined by only cathodic Tafel
polarization and the data obtained was presented in Table 5.2. It is seen that the dissolution
current of Au electrode increased by ~ 2 times with increasing agitation speed from 100 to
250 rpm (7.69 to 14.28 pA). Then, it was decreased by 1.9 times to 7.21 pA at 400 rpm.
On the other hand, the dissolution current of roasted gold ore (RGO) increased by 2.6 times

(from 1.19 to 3.13 pA) with an increase in agitation speed from 100 to 250 rpm, and then
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showed a slight increase having of 3.69 pA at 400 rpm agitation (Fig. 5.11). In addition,
corrosion current of electrodes was calculated manually and very close values were
obtained to that calculated by using EC-Lab software. It can be deduced that increasing
agitation speed gave an increase in the rate of dissolution for diffusion controlled systems
till a maximum level where the rate remains constant. At this level, the contribution of
diffusion is minimized and the rate of dissolution was controlled by chemical reactions in
bulk phase or at interface. Furthermore, ~ 4 times lower corrosion current (for different
metals) was observed for RGO electrode after 2 and/or 3 times using polishing, if compared
to fresh RGO one (not shown). Due to the presence of many different mineral phases in
RGO electrode, it has high sensitivity to dissolution. This result suggests the importance
of polishing/preparation procedure and recommends also the use of new electrodes (fresh
exposed surfaces) and that could be suggested in practice. It is important to note that results

were reproducible.

On the other hand, corrosion currents of electrodes were calculated from linear polarization
by utilising the Stern-Geary method. Corrosion current of pure gold electrode was found
to give close values by Stern-Geary method (6 +4.13%, 14 +3.64%, and 7.3 £0.6%, at 100,
250 and 400 rpm, respectively). However, certain difference was observed for roasted gold
ore (RGO) electrode (4.9 +4.88%, 6.1 +3.08%, and 4.7 £4.14% at 100, 250 and 400 rpm,
respectively). Since the results obtained in the range of 100-400 rpm agitation speed is
significant, then the wide range of agitation speed (0, 50, 600 rpm) was considered for
RGO electrode by utilizing both methods. Corrosion currents of 0.162, 0.196, 0.045 YA by
Stern-Geary and 0.077, 0.154, 0.071 pA by cathodic Tafel polarization were calculated at
0, 50, 600 rpm, respectively. It can be deduced that when the specimen is not pure, i.e.
complex systems, a certain difference is appeared between Stern-Geary and cathodic Tafel
slope methods when compared. Furthermore, to test the reproducibility and reliability of
cathodic polarization, manual calculation of cathodic Tafel constant (Bc) was used in the
calculation of corrosion current by Stern-Geary method and very close values were

obtained for pure gold electrode (7.69, 8.1 wA) and roasted gold ore electrode (1.19, 1.52
HA).
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Fig. 5.11 Effect of agitation (100, 250 and 400 rpm) on the cathodic polarization curve of
RGO with scan rate of 0.166 mV/s in 0.04 M NaCN solution, pH 10.5, 25 °C.

Table 5.2 Dissolution rate (calculated from cathodic Tafel polarization slope) of electrodes
(pure gold (Au) electrode with a surface of 1 cm?, roasted gold ore (RGO) electrode with
a surface area of 4.9 cm?) (*! is calculated by extrapolating Tafel slope to OCP for
comparison).

Electrode Dissolution current (LA)
configuration
100 rpm 250 rpm 400 rpm

Au 7.69 +£1.64% 14.28 +4.56% 7.21 £3.52%

(1 cm?) 8.1 +4.9%*! 14.48+3.7%*!  8.73+4.16%*!
RGO 1.19 +2.63% 3.13+3.27% 3.69 £3.94%

(4.9 sz) 1.52+3.30%** 3.42+4.88%*! 3.89+5.10%*!
Au connected to 1542 +3.84%  18.61 +£3.68% 15.2 +4.6%

RGO

Since cathodic Tafel and Stern-Geary methods gave different results, then it should be
questioned which method is more suitable and reliable for the calculation of dissolution
rate of gold from RGO. Since cathodic Tafel slope had a good region and provided

reproducible results, then it could be proposed that this curve could correspond to gold
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mainly. Therefore, to support this idea, the corrosion rate of gold by cyanide leaching at
250 rpm agitation speed was compared to that obtained by cathodic Tafel slope. However,
gold content from RGO in the solution in the absence of gold ore slurry after polarization
was analysed and found to be lower than the detection limit. Therefore, conventional
cyanidation tests of slurry in the absence and in the presence of RGO disc electrode were
performed, and the difference in the measured values by AAS was considered as the
leaching rate of Au from RGO disc electrode. It is important to note that gold had very
close corrosion rates of 3.30 x 108 +3.27% mol m? s and 3.07 x 10 +7.03% mol m? s~
! obtained by cathodic Tafel slope and that obtained in conventional cyanidation,
respectively. It can be noticed that corrosion current of Au (14.28 pA/cm?) and RGO (0.64
HA/cm?) (Table 5.2) shows ~ 30 times only in spite of the higher difference in gold content
of the two specimens. This could be potentially linked to the electrolyte composition at the

interface, passivation phenomena and electrochemical interactions.

Additionally, the intersection of cathodic and anodic curves was also considered for
comparison, and the results were found to be deceptive and incomparable. These findings
have confirmed that considering only cathodic Tafel slope scanning from Ecorr to more
cathodic potentials in presence of cyanide ions and atmospheric oxygen provides
representative results as in practical cyanidation, especially in presence of a good cathodic
Tafel slope.

Kudryk and Kellogg (1954), one of the pioneer works in gold electrochemistry, have
reported that the actual leaching rate (current) and potential of gold should correspond
closely to the intersection point of the anodic (in absence of oxygen) and cathodic (in
absence of cyanide) potential curves, separately. In this regard, Cerovic et al. (2005)
considered the dissolution rate of gold from the intersection of cathodic and anodic curves.
However, Dai and Breuer (2013) stated that considering only Evans’ diagrams did not
reflect the leaching rate of gold since the mentioned conception of the electrolyte did not
represent the practical conditions. These results and the findings in this work have created
a new question to be examined why considering both (anodic and cathodic) Tafel curves,

and Stern-Geary method did not give reliable results and not suitable for the estimation of
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dissolution rate of gold. The first reason could be linked to the presence of passive
behaviour in anodic Tafel slope. Similarly, Stern-Geary method also considers both anodic
and cathodic curves. Also, it can be speculated that soluble species (i.e silver, iron) could
be dominating in the construction of linear polarization curves of Stern-Geary method.
These findings have revealed that considering Tafel slopes and Evans diagrams for both
(anodic and cathodic) curves for dissolution rate of gold or roasted gold ore electrodes are
misleading and not comparable to that in practical cyanidation results. This conclusion is
consistent with the recent findings of Dai and Breuer (2013) which says that leaching of
gold starts earlier than the predicted one by Evans’ diagrams. It can be deduced that the
consideration of the cathodic Tafel slope only is recommended since the corrosion rate
especially in roasted gold ore is potentially controlled by the available active surface sites
of gold. Then, extrapolation of the cathodic Tafel slope to OCP is the recommended

technique.

It is believed that gold dissolution may be affected either in a positive or negative way
when it is connected/associated with other minerals/metals (van Deventer and Lorenzen,
1987). When RGO (4.9 cm? surface area) was electrically connected to Au (1 cm? surface
area), corrosion current of metals was increased by 15% (from 13.91 to 16.081 pA) at 250
rpm agitation if compared to 100 rpm and decreased by 22% to 13.10 at 400 rpm. This
result is consistent with the findings for RGO electrode alone. This suggests that gold
electrode promoted the gold dissolution possibly from both when electrically connected to
mineral disc electrode due to the galvanic interaction. In general, two electrically connected
electrodes indicated higher corrosion current due to the increase in surface area and
electrochemical interactions. Additionally, in these tests, the effect of slurry on electrically
connected electrodes was also tested. Although corrosion currents of gold and other metals
were increased ~ 3 times when RGO was connected to Au, ~30% decrease in corrosion
current (10.3 pA) was obtained when they were connected in presence of slurry. Then, it
would be critical to use the leaching residue as a new feed material on the dissolution of
Au electrically connected to RGO. After the polarization test, solid/liquid separation was
done and the residue as solid was collected on the filter paper and then was put into the

oven at least 6 h at 105°C. After drying process in oven, it was prepared to use as a new
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feed sample, slurry. This finding can be linked to the removal of soluble detrimental ions
(e.g. iron species) in the first stage. However, if the tailings of the first slurry was used
again as a new feed sample, corrosion current of RGO connected to Au electrode was
increased by 1.6 times (16.2 pA). This increase could be explained by the removal of
detrimental ions in the first stage and carrying the tailings to the subsequent cyanide
leaching and dissolved ions have significant effect on the leaching kinetics.

A brownish-red colour (Fig. 5.12a) was observed on the surface of Au electrode after the
test. This was analysed by scanning electron microscopy (SEM) indicating the presence of
iron-oxide species (Fig. 5.12b) released from RGO electrode that passivates Au surface.
These findings have revealed that released species from mineral electrodes are responsible
for the passivation of gold as a retarding effect on gold leaching.

Fig. 5.12 (a) Surface image of Au electrode after combined with RGO electrode test

showing the brownish-red colour; (b) SEM image of Au electrode surface.

5.4 Conclusions
The conclusions of this study are summarized as below:

1. In open circuit potential (OCP) tests, the roasted gold ore (RGO) electrode showed a less
active behaviour than the gold (Au) electrode. In electrochemical noise measurement
(ENM) tests, the corrosion rate of RGO electrode was found to show a plateau after initial
10 h till the end of the test (24 h) while Au electrode showed an increasing trend of
corrosion rate. The difference in corrosion potentials of Au and RGO electrodes in OCP
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and ENM studies is highly dependent on agitation, oxygen, and different experimental

conditions.

2. Employing SRET in-situ results at open circuit potential, as close to practice, Au
electrode showed higher quasi electromotive force (QEMF) (150 vs. 50 uV/SCE) than that
of roasted gold ore (RGO) electrode.

3. Potentiodynamic polarization tests showed that:

3.1. Optimum conditions for the leaching of RGO electrode were found to be 0.04 M NaCN
concentration, pH 10-10.5, and 250 rpm agitation. The dissolution rate of RGO electrode,
pure gold, and also electrically connected electrodes increased up to maximum at 250 rpm
then showed a certain decrease. It can be deduced that dissolved ions should have a
significant and different synergetic effects on gold leaching that could impact on

conductivity, and cyanide concentration of the solution.

3.2. In the presence of slurry, a lower corrosion rate (current density) was obtained for the
electrically connected electrodes very possibly due to the presence of surface products that
was observed by SEM analysis, leading to the passivation of gold surface. However, a 3
times higher corrosion rate was obtained when the polarization was repeated on the same
electrode. The corrosion current of different metals for RGO and Au combination was
increased by ~ 2 times, while it was decreased by ~ 30% in the presence of slurry. However,

it was increased 1.6-fold if the tailing was used again as a new feed.

3.3. Cathodic (Tafel slope) potentiodynamic polarization curve of gold and roasted gold
ore electrodes in presence of atmospheric oxygen and cyanide ions represents the practical
leaching kinetics. The reliability of this approach was confirmed by the results obtained

via conventional cyanidation.

3.4. Anodic and cathodic Tafel slopes (considering intersection point) and Stern-Geary
methods in presence of cyanide and atmospheric oxygen could be misleading to estimate
the leaching rate of gold and roasted gold ore potentially due to the passive behaviour in

anodic curve.
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3.5. Cathodic polarization scanning from Ecorr to more cathodic potentials provides more
representative Tafel slopes and accurate results whilst scanning in the reverse direction is

not suitable for gold leaching estimation.
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Chapter 6

Electrochemical Interactions Between Gold and
Iron Oxide Minerals
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Résumé

Cette eétude examine les interactions électrochimiques entre l'or et les minéraux de type
oxyde étant associé a une (OC) ou deux cellules séparés (TC) en présence ou en lI'absence
de pulpe. La magnétite a montré des effets négatifs sur la lixiviation de I'or, tandis que la
maghémite et I'nématite ont démontré des effets positifs, relativement. La présence de
pulpe généralement entraine a des densités de courant inférieures. Toutefois, la vitesse de
la dissolution d'or a triplé (30 & 90 pA cm) lorsque les résidus de pulpe ont été réutilisé
comme un nouveau flux dans deux cellules séparés (TC). Ce qui suggeére que les ions
négatifs ont possiblement été éliminés lors de la premiére étape. En outre, la densité de
courant de I'or a été augmentée de 10 fois par un prétraitement magnétique de minerai d'or
grillé. On a constaté que dans les solutions de cyanure saturées avec de l'oxygene
atmosphérique, la pente cathodique de Tafel seulement (8,60 x 107 + 4,56% mol m2 s1)
prévoit & proximité des vitesses de corrosion d'or a celle cyanuration pratique (10,57 x 10°
"+ 1,33% mol m?2s1), suggérant que la polarisation cathodique est le contrdle de la vitesse
d'un. En outre, une nouvelle électrode est composée de quantités égales de magnétite et
d’hématite dans une électrode a été développé pour étudier I'influence de ces deux oxydes
majeurs de fer sur la lixiviation de I'or, en méme temps. 0,04 M NaCN a 100 tr/min
d’agitation a été optimale. L’analyse par MEB a révélé la présence de Fe-oxyde et Au-C
des produits composites qui pourraient étre responsables de la passivation partielle de la

surface d'or.
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Abstract
This study investigates the electrochemical interactions between gold and its associated

oxide minerals either in one (OC) or two separate containers (TC) in presence or absence
of slurry. Magnetite showed negative effect on gold leaching, while maghemite and
hematite demonstrated positive effect, relatively. The presence of slurry generally resulted
in lower current densities. However, when the tailings of slurry was used again as a new
feed in two separate containers (TC), the dissolution rate of gold was increased by 3 times
(30 to 90 pA cm2), suggesting the removal of detrimental ions in the first stage. Moreover,
the current density of gold was enhanced by 10 times by magnetic pre-treatment of roasted
gold ore. It was found that in cyanide solutions saturated with atmospheric oxygen,
cathodic Tafel slope only (8.60 x 107 + 4.56% mol m s™) provides close corrosion rates
of gold to that in practical cyanidation (10.57 x 107 + 1.33% mol m2s?), suggesting that
cathodic polarization is the rate controlling one. Furthermore, a new electrode consisted of
equal guantities of magnetite and hematite in one electrode was developed to examine the
influence of these two major iron oxides on gold leaching, concurrently. 0.04 M NaCN at
100 rpm agitation was found to be optimal. SEM analysis indicated the presence of Fe-
oxide and Au-C compound products that could be responsible for partial passivation of

gold surface.

Keywords: Gold, Roasted Gold Ore, Magnetite, Hematite, Combined Anode Polarization,
Passivation
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6.1 Introduction

It has been known that cyanidation is an electrochemical corrosion process (Thompson,
1947), thus the anodic dissolution of gold can be readily studied by electrochemical
techniques. In previous electrochemical studies, the dissolution rate of gold has been
considered as the intersections of cathodic and anodic Tafel curves (Kudryk and Kellogg,
1954; Cerovic et al., 2005). However, Dai and Breuer (2013) have recently indicated that
considering Evan’s diagrams could be misleading due to inherent flaws such as oxidation
half reaction does not include the influence of oxygen. Additionally, Crundwell (2013)
claimed that each point on the mineral surface is considered as both an anodic site and a
cathodic site and concluded that there is no separation of anodic and cathodic sites on a
mineral's surface. According to these findings, electrochemical studies of gold are still

subjects of interest.

During cyanidation, the anodic dissolution of gold may be reduced/retarded in some
conditions, and in that case passivation and galvanic interactions phenomena are
considered as potential significant electrochemical factors (Lorenzen and van Deventer,
1992a; Mrkusic and Paynter, 1970). Passivation phenomenon of gold has been known since
1907 and assumed that the passivity is due to the formation of a surface film on the surface
of gold (Cathro and Walkley, 1961). Passivation of gold has been linked to dissolved
species, presence of impurities, gold oxide and hydroxide films, and insoluble sodium
aurocyanide film (Kirk et al., 1978; Nicol, 1980; Mrkusic and Paynter, 1970).

It is assumed that gold dissolution may be influenced when gold is in contact with
conductive minerals (Lorenzen and van Deventer, 1992a). Aghamirian and Yen (2005)
employed potentiodynamic polarization tests in one container and found that pyrite and
pyrrhotite showed positive effect on the leaching of gold which is not in agreement with
the previous findings (Paul, 1984; Lorenzen and van Deventer, 1992a). However, Filmer
(1982) mentioned that gold becomes passive if it is in contact with a conductive mineral,
and this was linked to the formation of a passive film on the surface of gold due to the
enhanced cathodic current. VVan Deventer et al. (1990), and Lorenzen and van Deventer

(1992a) examined the polarization of electrically connected gold and sulphide mineral
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electrodes either in one or two separate containers where platinum was used as a counter
electrode. In case of hematite and gold connection, identical curves were obtained in one
and two containers, indicating that only galvanic interactions played a significant role in
retarding the dissolution rate of gold. Azizi et al. (2010) found that gold dissolution rate in
one container was lower than in two separate containers and this difference was explained
by the partial passivation of gold surface by a resistive film of Au,S and/or metal
hydroxides releasing from mineral electrode. Then, it can be deduced that the influence of
each mineral could show different effects and generalizing the influence of each mineral
may not be correct in all cases and that depends on the anodic and cathodic behaviour of

gold and its associated minerals.

Till now, almost all previous electrochemical studies of gold were conducted using only
sulphidic gold ores (van Deventer and Lorenzen, 1987; van Deventer et al. 1990; Lorenzen
and van Deventer, 1992a; Aghamirian and Yen, 2005; Cruz et al., 2005; Dai and Jeffrey,
2006; Azizi et al., 2010, 2011, 2012a, 2012b, 2013), and the influence of slurry was not
systematically considered. On the other hand, there is a lack of electrochemical studies
between gold and oxide minerals. Additionally, since there is an increasing trend on the
treatment of refractory gold ores which often requires oxidation such as roasting prior to
cyanidation (Zhou and Fleming, 2007), an increasing request of the gold mining industry
for this issue is therefore created. Hence, the objectives of this paper are: (i) to examine the
influence of oxide minerals on gold leaching. In this manner, Combined Anode Electrode
Polarization “CAP” approach was developed to have a local galvanic cell; (i) to
examine/understand the dominating effect in between galvanic interactions and passivation
phenomena on gold leaching either in one container (OC) or two separate containers (TC)
in the absence or in the presence of slurry; (iii) to study the effect of two major oxide
minerals, concurrently, as function of cyanide concentration and agitation speed. Thus, a
new electrode consisted of equal surfaces of magnetite and hematite in one electrode,

named as “MagHem-ES”, was developed.

132



6.2 Experimental Conditions

6.2.1 Material and Preparation of Electrodes

Roasted gold ore sample (80% passing -75 pm (dgo)) was received from Barrick Gold
Corporation. Mineralogical analysis of the sample indicates that the ore sample consists
predominantly of quartz, dolomite, calcite, gypsium, and iron oxides such as hematite,
magnetite, maghemite, and with almost non sulphur content. Gold is mainly associated
with iron oxides. Metal analysis by atomic absorption spectroscopy (AAS, Perkin Elmer
AAnalyst 800) has shown that gold and silver contents are ~ 8 and ~ 5 g/t, respectively
(Bas et al., 2015a).

Sodium cyanide (NaCN) with a >98% purity was obtained from Thermo Fisher Scientific
Company. Electrolyte medium was prepared using distilled water and pH was adjusted to
10.5 by adding 1 M NaOH. Electrolyte was agitated with a magnetic bar (4 cm long and 1
cm diameter) during tests. Pure gold (Au) disc electrode was used as a working electrode
while platinum (Pt) as a counter electrode and Ag/AgCI,KClss as a reference electrode.
0.25 cm? of gold foil (99.9% purity from Sigma Aldrich), as pure gold electrode (Au), was
first polished with a fine (MicroCut® 100 Grit Soft) polishing paper and then rinsed in
distilled water. Then, it was introduced in aqua-regia for 10 seconds to clean the surface,
washed with distilled water and ethanol and finally rinsed with distilled water again, to

assure the reproducibility (Kirk et al., 1978).

Roasted gold ore (RGO), magnetite (Mag), hematite (Hem), maghemite (Mgh), and
magnetite-hematite (MagHem-ES) disc electrodes with an exposed surface area of 4.9 cm?
were used, as mineral electrodes. Maghemite was prepared by heating magnetite in oven
at 200 °C for 3 h as giving a light brown colour to be maghemite (Legodi and Waal, 2007)
and this was proved by XRD (Bas et al., 2015b). MagHem-ES consisted of equal surfaces
of hematite and magnetite in one electrode. In each case, roasted gold ore, magnetite,
hematite was mixed with graphite powder (to increase the conductivity) 3:1 and with few
drops of silicone oil, for binding, till a paste was obtained. Graphite powder, which has a
particle size of <45 um, and a 99% purity, was obtained from Sigma-Aldrich. The mixture
was manually homogenized during 30 minutes, in general. Then, it was mechanically

pressed at 20 tons to have uniform sample surface. After that, disc electrodes were kept
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under nitrogen atmosphere over a night. Then, these electrodes connected with an insulated

copper wire, cast in acrylic resin.

6.2.2 Electrochemical Procedures
First, electrodes were allowed to stay at open circuit potential (OCP) for 2 minutes before

linear polarization tests with a range of £25 mV with respect to corrosion potential (Ecorr).
Actually, different stabilization times (up to 30 minutes) were also considered, however
the reproducilibty was £4%. Then, cathodic polarization tests were performed by scanning
from Ecorr to -300 mV and corrosion current (icor) Was estimated by considering the
cathodic Tafel slope only extrapolating from OCP. Anodic polarization tests were
performed by scanning from Ecorr to +1000 mV. Tests were performed generally in 0.01 M
NaCN electrolyte at pH 10.5 at 100 rpm magnetic agitation at room temperature, saturated
with atmospheric oxygen, unless otherwise reported. Scan rate of 0.166 mV/s was selected
based on the polarization standards (ASTM Standard G 5-94, 2006). Corrosion rates of
gold by Tafel was compared to cyanide leaching results. In case of cyanide leaching tests,
leach solution was prepared using deionised-distilled water at the prescribed concentration
of reagent and leached during 3 h. During the experiments, pH was maintained at 10.5 by
the addition of 1 M NaOH. Solution was sampled at predetermined intervals and analysed
by atomic absorption spectrophotometer (Atomic Absorption Spectroscopy, AAS - Perkin
Elmer AAnalyst 800) to determine the gold leaching rate. Electrochemical tests were
performed at least in triplicates to assure the reproducibility. In case of slurry tests, to
simulate the practical conditions, 35% solid ratio as a slurry of roasted gold ore was

considered.

Combined anode electrode polarization “CAP” approach tests, where gold and mineral disc
electrodes were electrically connected to each other as anode to establish a local galvanic
cell, were performed either in one container (OC) (Fig. 6.1) or two separate containers
(TC). Platinum as a counter electrode and Ag/AgCI,KClsa: as a reference electrode (0.199
V/SHE) were used and all potentials here were reported vs. standard hydrogen electrode
(SHE). In case of two separate containers (TC) tests, mineral electrode (having as its open

circuit potential) was placed into one of the containers and it was electrically connected
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with Au electrode in the other container (that contains platinum as counter electrode) to
have a “Au anode connected to non-polarized mineral electrode”. The potential of mineral
electrode was measured with a separate reference electrode (SHE) in case of two separate
container tests. In certain experiments for comparison, another platinum electrode was also
put in the cell of mineral electrode and that was electrically connected to other platinum
electrode in the cell of Au to have a “polarized Au-mineral electrode”. Surface
characterization tests were carried out on scanning electron microscopy (SEM) (JEOL 840-
A) coupled with Energy-dispersive X-ray spectroscopy (EDS).

Combined Anode Electrode Polarization (CAP)

¥ |

Fig. 6.1 Schematic illustration of one container (OC) electrochemical set-up for combined
anode electrode polarization (CAP) tests (1: Au as working electrode; 2: mineral electrode;
3: counter electrode; 4: reference electrode; 5: pH meter; 6: slurry; 7: NaCN electrolyte; 8:

magnetic bar (4 x 1 cm?)).
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6.3 Results and Discussion

6.3.1 Potentiodynamic Cathodic Polarization of Gold and Roasted Gold Ore

Figs. 6.2a and b shows the influence of oxygen and cyanide on cathodic polarization
profiles of pure gold and roasted gold ore electrodes, respectively, by scanning from Ecorr
to -300 mV at pH 10.5 at 100 rpm agitation in 0.01 M NaCN electrolyte. In the presence
of cyanide and atmospheric oxygen, the dissolution potential of pure gold was found to be
at ~ -550 mV (Fig. 6.2a). To examine the influence atmospheric oxygen on cathodic
polarization of gold, bubbling N> prior and during the tests was considered. Almost same
trends were observed by bubbling N2 either during and/or prior to tests if compared to that
in presence of cyanide and atmospheric oxygen. However, in the absence of cyanide, a
very different cathodic Tafel (behaviour) slope with a single wave was obtained and the
corrosion potential of gold was shifted to ~ 105 mV, suggesting the formation of hydroxide,
whereas Dai and Breuer (2013) observed two waves on pure gold cathodic polarization
curve, suggesting the formation of hydrogen peroxide (first wave) and hydroxide (second
wave). On the other hand, in case of roasted gold ore, dissolution potential was found to be
~ 50 mV in the presence of cyanide and oxygen. Although the dissolution potential was
shifted to more positive potential (~ 280 mV) in presence of N2 bubbling, almost same
cathodic Tafel slopes were observed in both cases. However, in the absence of cyanide, a
different cathodic Tafel slope was obtained with a dissolution potential of ~ 190 mV. It is
worth noting that the difference in conductivity and relative quantities of magnetite and
hematite could explain the cathodic behaviour of RGO. Additionally, the presence of
soluble and/or insoluble ions, and as a result different behaviours of the ions in the solution
could also influence the position of RGO electrode. Then, it can be deduced that the
influence of cyanide on cathodic reaction is highly significant and provides better

assumption for corrosion rate.
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Fig. 6.2 The influence of oxygen and cyanide on cathodic potentiodynamic polarization of
pure gold (0.25 cm?) (a) and roasted gold ore (b) electrodes (4.9 cm?) at 0.166 mV/s scan
rate in 0.01 M NaCN electrolyte at pH 10.5 at 100 rpm agitation, 25 °C.
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In order to estimate the corrosion rate of gold, cathodic Tafel slope only by extrapolating
from open circuit potential was considered since there may be passive behaviour in anodic
curve, and that was compared to the cyanide leaching result. Then, corrosion rates of pure
gold of 8.60 x 107 + 4.56% mol m? stand 10.57 x 107 + 1.33% mol m s were found to
be for cathodic Tafel slope only and cyanide leaching, respectively. Similarly, authors have
found more representative corrosion rates of gold from roasted gold ore considering only
cathodic Tafel curve by extrapolating from open circuit potential (3.30 x 10 +3.27% mol
m2s1) if compared to that of cyanide leaching (3.07 x 108 +7.03% mol m?2s™) (Bas et al.,
2015a). Since Tafel curves are generally accepted for an estimation of the corrosion rates
of a tested specimen, then the difference in corrosion rates of gold (~ 25%), which is
compatible with the findings of Dai and Breuer (2013), could be considered reasonable.
Also, it should be noted that the leaching of gold could be retarded by a AUCN film (Jeffrey
and Ritchie, 2001). However, the intersection point of anodic and cathodic curves was
considered as the corrosion rate of gold (Kudryk and Kellogg, 1954; Cerovic et al., 2015).
Recently, Dai and Breuer (2013) have reported that the actual leaching point of pure gold
does not match to the intersection of Tafel curves, suggesting that the leaching of gold takes
place at higher rate to that of Tafel curves. They concluded that intersection point could be
misleading for the estimation of the corrosion rate of gold, since the influence of cyanide
is not included in the cathodic curve whereas the influence of oxygen is not included in the
anodic curve. These findings have revealed that cathodic slope provides significant
information, and has the major controlling effect on the electrochemical behaviour of tested

specimen, in this case gold.

6.3.2 Combined Anode Electrode Polarization (CAP) System

Gold-Roasted Gold Ore Electrodes Combined Anode Polarization
In these series of experiments, mineral electrode (e.g. roasted gold ore, hematite,

maghemite, and magnetite) is electrically connected to gold electrode to obtain a “Au anode
connected to non-polarized mineral electrode”. Roasted gold ore electrode when
electrically connected to Au electrode, galvanic dissolution started earlier in one container

if compared to that of two separate containers (Fig. 6.3a). In one container (OC) in absence
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of slurry, an increasing trend in the galvanic dissolution rate of electrodes was observed
with having a slight passive peak at around 0.65 VV/SHE. This increase could be explained
by the increase in the formation of soluble gold-cyanide complex. In the case of two
separate containers, dissolution started later and current densities were found to be greatly
lower if compared to that of one container. On the other hand, in the presence of slurry
when Au and RGO electrodes were placed into one container, anodic dissolution of gold
was influenced in a negative way as a result of two passive peaks at around 0.2 and 0.72
V/SHE with having of lower current densities if compared to that of in absence of slurry.
This decrease could be explained by the increase in the amount of soluble species released
from slurry. However, in two separate containers in the presence of slurry, the galvanic
dissolution of gold showed a very clear passive region with a potential range of 700 mV
(from 0.1 to 0.8 V/SHE) and a 1.5 times lower passive current (0.06 to 0.04 mA/cm?) if
compared to that of in one container.
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Fig. 6.3 Effect of roasted gold ore (RGO) on gold dissolution either in one or two containers
(@) in the absence of slurry, (b) in the presence of slurry (35%), in 0.01 M NaCN solution,

atmospheric oxygen, pH 10.5, at 100 rpm magnetic agitation at 0.166 mV/s scan rate, 25.
°C

Gold-Hematite Electrodes Combined Anode Polarization
Monitored galvanic currents between gold and hematite either in the presence or absence

of slurry as function of time are shown in Figs. 6.4a and b. The dissolution rate of gold was

greatly enhanced (from 0.1 to 1.28 mA/cm?) as a result of higher galvanic current density
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with no indication of passive peaks when the electrodes were placed in one container in the
absence of slurry to that of two separate containers (Fig. 6.4a). That could be attributed to
the positive galvanic interactions between hematite and gold and also to the release of ferric
ions (powerful oxidant) that may have a positive role in the oxidation of gold. This finding
is in agreement with the findings by Filmer (1982) suggesting the positive effect of
hematite while Lorenzen and van Deventer (1992b) found that hematite did not show a
significant role in gold leaching either in one or two containers. In comparison to magnetite,
a 25% increase in current density was obtained with hematite (from 80 to 100 pA/cm?) in
two separate containers in the absence of slurry. On the other hand, in presence of slurry in
OC, a similar increasing trend in galvanic current was observed for hematite (Fig. 6.4b).
However, in two separate containers (Fig. 6.4b), a similar passive behaviour was observed
if compared to that of magnetite (Fig. 6.6b). It can be concluded that hematite showed a
promoting effect on the leaching behaviour of gold which is in agreement with the findings
of Paktunc et al. (2006) who carried out mineralogical and gold distribution studies of such
a gold ore, and demonstrated that the efficient extraction of gold, calcine should be
dominantly hematite. The reproducibility of the peak current densities was found to be +
5%.
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Fig. 6.4 Effect of hematite (Hem) on gold dissolution either in one or two containers (a) in
the absence of slurry, (b) in the presence of slurry (35%) in 0.01 M NaCN solution,
atmospheric oxygen, pH 10.5, 100 rpm magnetic agitation at 0.166 mV/s scan rate, 25 °C.
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Gold-Maghemite Combined Anode Electrode Polarization
Magnetite oxidation (Eq. 6.1) could produce maghemite (y-Fe2O3), metastable spinel

polymorph of hematite (White et al. 1994). However, maghemite, with its non-porous
property, is problematic for gold dissolution (Marsden and House, 2006).

[Fe?*Fe3t]0,(magnetite) + H,0 Eqg. 6.1
- 3y[Fe;T]10;(maghemite) + 2H' + 2e~

Fig. 6.5 demonstrates the influence of slurry on gold dissolution either in one or two
separate containers. As it is seen, the general trend in one container in the absence of slurry
(Fig. 6.5a) was found to be very similar with two peaks with higher current densities (up
to 3 times) if compared to that of magnetite coupling (Fig. 6.6a). On the other hand, in one
container in the presence of slurry, the dissolution rate of gold was obviously enhanced till
0.8 V/SHE, and showed a decrease as a result of the formation of a passive peak. However,
in two separate containers in the presence of slurry, the dissolution of gold commenced

earlier than in one container. Generally, an increasing trend in current density was observed
in TC in the presence of slurry.
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Fig. 6.5 Effect of maghemite (Mgh) on gold dissolution either in one or two containers (a)
in the absence of slurry, (b) in the presence of slurry (35%) in 0.01 M NaCN solution,
atmospheric oxygen, pH 10.5, 100 rpm magnetic agitation at 0.166 mV/s scan rate, 25 °C.

To note that since it is difficult to distinguish magnetite and maghemite minerals by XRD,

another maghemite preparation procedure was also considered to see the effect of
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maghemite as function of time (5 hours) and temperature (250 °C) (Paktunc, 2014).
However, very close potential and current values were obtained if compared to the first
prepared maghemite (at 200 °C for 3 hours) (Bas et al., 2015b).

Gold-Magnetite Combined Anode Polarization

Since the corrosion potential of gold (-0.6 V/SHE) is more active than magnetite (0.210
V/SHE), then a galvanic cell between these two electrodes can be formed when they are
electrically connected. The results in Figs. 6.6a and b show the influence of slurry when
gold and magnetite electrodes are electrically connected to each other either in one
container (OC) or two separate containers (TC). In one container (OC) in the absence of
slurry, the initial increase in current density suggests an increase in the formation of soluble
gold-cyanide complex, Au(CN)2". As function of time, two passive peaks were observed at
0.45 and 0.75 V/SHE (Fig. 6.6a). These passive peaks in one container could be related to
the formation of Fe(OH)s passive film as reported earlier by Guo et al. (2005). Mrkusic and
Paynter (1970) reported that in presence of magnetite, it is not clear which way the
dissolution potential would move. During cyanidation in the presence of magnetite, and
when the oxygen partial pressure is increased, it is possible that passive behaviour will be
encountered at high dissolution potentials. At 0.75 V/SHE, a passive peak was observed in
both cases (OC, and TC), and a 3 times (0.1 to 0.3 mA/cm?) higher current density was
observed in one container if compared to that of two separate containers. The
reproducibility of the peak current densities was found to be + 3%. However, if these
electrodes were placed into two separate containers (TC), the anodic behaviour started later
and only one passive peak was obtained at 0.75 V/SHE with a sharp decrease in current
density (from 0.3 to 0.075 mA/cm?) if compared to that of one container (OC). This
decrease indicated the negative galvanic interactions between gold and magnetite showing
an inhibiting effect on the dissolution of gold. On the other hand, in the presence of slurry,
the dissolution rate of gold in OC showed a 4 times decrease (from 0.95 mA/cm?to 0.24
mA/cm?). However, in the presence of slurry in TC, the current density showed a certain
passive behaviour with a potential range of ~ 1000 mV (-0.17 to +0.83 mV/SHE). This
obvious negative effect on gold dissolution rate could be ascribed to the increase in soluble

species into the solution releasing from either mineral electrode or from slurry. Then, it can
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be deduced that there is a negative galvanic interaction between gold and magnetite, and

the presence of corrosion products are directly affecting the anodic dissolution of gold.
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Fig. 6.6 Effect of magnetite (Mag) on gold dissolution either in one or two containers (a)
in the absence of slurry, (b) in the presence of slurry (35%), in 0.01 M NaCN solution,
atmospheric oxygen, pH 10.5, 100 rpm magnetic agitation, 0.166 mV/s scan rate, 25 °C.

6.3.3 Interpretation of Electrochemical Findings
In some conditions, the leaching of gold could be reduced which is problematic for gold

mining industry. From the electrochemical point of view, this could potentially be due to

galvanic interactions and/or passivation phenomena.

Due to the presence of certain passive regions (~ 1 V of potential range) in two separate
containers, then it is important to examine this behaviour. In two separate containers, when
gold electrode was electrically connected to RGO electrode, it was found that dissolution
started at around -0.3 VV/SHE, and the active behaviour continued up to at 0.15 V (Fig. 6.7).
At potential of 0.155 V/SHE, the dissolution of gold was found to be retarded until 0.872
V/SHE by the formation of a barrier on gold surface due to corrosion products, having of
37 pA/cm? passive current density as illustrated in region B. Then, the anodic behaviour of
gold dropped into the trans-passive region (shown as C in Fig. 6.7) and region D possibly
indicates the oxygen evolution region.
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Fig. 6.7 Anodic profile of RGO/Au combined anode polarization in two containers in the
presence of slurry in 0.01 M NaCN solution, atmospheric oxygen, pH 10.5, at 100 rpm

magnetic agitation at 0.166 mV/s scan rate, 25 °C.

In electrochemical tests, the terms concerning active and passive behaviours could provide
significant information on the anodic dissolution behaviour of gold. In this manner, Table
1 shows the terms Ecp, icp, Esp, and isp that are corresponding to the critical passive potential,
the critical passive current density, the starting potential of the trans-passive region and the
starting current density of the trans-passive region, respectively. The critical current density
for passivation icp, corresponds to the onset of low corrosion rates since gold passivation is
not a perfect conventional one. The starting current density of the trans-passive region isp,
corresponds arbitrarily to the highest corrosion rate before the sudden important increase
in corrosion rate. The highest critical passive current was found to be for Au and RGO
coupling (44 pA/cm?), while magnetite coupling gave the lowest one (35 pA/cm?). On the
other hand, hematite coupling resulted in the highest starting current density of the trans-
passive region (33 pA/cm?), while magnetite coupling gave the lowest one (3.16 pA/cm?).
Critical passive potential of hematite coupling was found to be the most active potential of
-270 mV/SHE, followed by magnetite coupling at -218 mV/SHE, and the noble potential
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was found to be -150 mV/SHE for RGO coupling. In the passive region, the magnitude of
potential was found to be higher for hematite coupling. Then, it can be deduced that
hematite showed more promoting effect on the leaching of gold if compared to that of
magnetite and roasted gold ore electrodes. This means that passivation is not at least a

major controlling factor in certain cases, e.g. in case of hematite.

Table 6.1 Important electrochemical terms on gold polarization with disc electrodes.

Electrode Ecp icp Esp Isp
Configuration (mV/SHE) (LA/cm?) (mV/SHE) (MA/cm?)
Au/RGO -150 39.2 1183 5.01
Au/Mag -218 35 1152 3.16
Au/Hem -270 39.8 1279 33

Based on the electrochemical findings in combined anode polarization tests, one of the
remaining question is “How does the slurry of roasted gold ore affect on the anodic
dissolution of gold”?. Therefore, two different approaches were applied. The first one is
the re-use of the tailings of first slurry test as a new feed slurry in the new test. Hence, the
tailings of the slurry of first test was collected on a filtered paper and dried in an oven at
105 °C for 6 hours. Then, it was used again as a new feed sample for RGO and Au
electrodes combined polarization in two separate containers. It was found that the
dissolution rate of gold was increased by 3 times (30 to 90 pA/cm?) with this pre-treatment
step (Fig. 6.8). This increase could be ascribed to the removal of detrimental ions in the
first leaching test and resulted in higher dissolution rate with the consideration of tailings
of the first test as a new slurry in the second test. Similarly, Lorenzen and van Deventer
(1992b) have mentioned that the dissolution current of gold prior to passivation depends
on impurities in the solution, which could change the tendency of gold to go to passive

state.
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Fig. 6.8 The influence of the treatment of tailings of first slurry test as a new feed slurry on
the dissolution behaviour of gold for RGO/Au combined anode polarization in two separate
containers in 0.01 M NaCN solution, atmospheric oxygen, pH 10.5, at 100 rpm magnetic
agitation at 0.166 mV/s scan rate, 25 °C.

Secondly, to examine the influence of slurry on gold leaching, a systematic approach was
considered. In this manner, slurry was added separately only into one of the containers,
respectively, e.g. slurry was added only into the container of gold electrode and the other
container, where the mineral electrode was placed, was left without slurry. It was found
that when slurry was added only into the container of Au electrode (as illustrated 2-TC-
RGO/Au(slurry) in Fig. 6.9), dissolution started earlier and a 2 times higher (30 to 60
HA/cm?) anodic behaviour of gold was recorded if compared to that of the slurry in two
separate containers (as illustrated 1-TC-slurry-RGO/Au in Fig. 6.9). This increase is an
indication of the increase in the amount of gold and other soluble species that released from
slurry. As function of time, when the potential reached to 500 mV/SHE, dissolution was
retarded (during 800 mV/SHE) in passive region due to the increase in the presence of
detrimental ions in the solution that passivates gold surface. However, when the slurry was
placed only in the container of RGO electrode (no slurry in the container of Au electrode),

~ a 2 times higher corrosion rate was recorded if compared to that of the other two different
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conditions, and two passive peaks were observed. In these series of tests in two separate
containers, where only the container of Au electrode had the counter electrode (Pt), the
potential of mineral electrode was found to have its corrosion potential (not shown) which
suggests no polarization effect. Hence, the influence of counter electrode (Pt) was
considered, and in this manner, another Pt electrode was placed in the cell of RGO electrode
and these (counter) electrodes were electrically connected to each other, whereas slurry
was added only in the cell of Au electrode (as illustrated 4-TC-Au (slurry + Pt) /RGO (Pt)
in Fig. 6.9). In this case, dissolution was started earlier, and resulted in higher current
density (80 pA/cm?) if compared to other three conditions (as illustrated in Fig. 6.9), but
however a passive behaviour was also observed till 0.3 V/SHE. Then, this partial
passivation of gold surface was found to show active behaviour suggesting the change in
surface conditions, and removal of corrosion products from the surface. These findings
have revealed that the presence of soluble species in the solution is of prime importance in
the retarding or promoting the leaching of gold, and the presence of platinum as a cathode
(providing the polarisation of the connected mineral electrode) influences the anodic
dissolution of gold.
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Fig. 6.9 The influence of slurry in two separated containers (TC) for RGO and Au electrode
combined polarization in 0.01 M NaCN solution, atmospheric oxygen, pH 10.5, at 100 rpm
magnetic agitation at 0.166 mV/s scan rate, 25 °C.
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Still, it should be questioned why magnetite showed a retarding effect on the anodic
dissolution of gold electrode whereas hematite promoted, relatively. In this case, the
removal of iron minerals from roasted gold ore by using a magnet, as a magnetic pre-
treatment, was aimed. It is clearly seen that the anodic behaviour of gold gave higher
current density (up to 10 times) suggesting increased corrosion rate with a magnetic pre-
treatment than the one without magnetic pre-treatment (Fig. 6.10). Additionally, the
dissolution of gold commenced earlier when magnetic pre-treatment was applied. The
sample, which was removed from roasted gold ore by magnet, was subjected to XRD and
XPS analyses to characterize the species. The obtained XRD and XPS results (not shown),

however, were not conclusive enough potentially due to low quantity of minerals.
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Fig. 6.10 The influence of magnetic pre-treatment on RGO and Au electrode combined
polarization in one container in 0.01 M NaCN solution, atmospheric oxygen, pH 10.5, at

100 rpm magnetic agitation at 0.166 mV/s scan rate, 25 °C.
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According to these interesting results, a new electrode (MagHem-ES) consisted of equal
surfaces of magnetite and hematite in one electrode was generated since it has more
resemblance like in practical cyanidation where magnetite and hematite are found together
with gold, and was tested as function of cyanide concentration and agitation speed. The
effect of NaCN concentration on anodic polarization of Au electrically connected to
MagHem-ES electrode is shown in Fig. 6.11. One passive peak at ~ 0.65 V was observed
in all tested cyanide concentrations. Peak current density showed a 6-fold increase (0.15 to
0.9 mA/cm?) with increasing cyanide concentration from 0.01 to 0.04 M while a 1.25-fold
increase was observed with increasing cyanide concentration from 0.04 to 0.1 M. This

passive peak could be related to the formation of gold hydroxide and/or ferric hydroxide.
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Fig. 6.11 Effect of NaCN concentration on anodic polarization of Au connected to
MagHem-ES electrode at 0.166 mV/s scan rate at 100 rpm agitation, pH 10.5, 25 °C.

Fig. 6.12a illustrates Scanning Electron Microscopy (SEM) image of pure gold electrode
surface after the polarization test electrically connected to MagHem-ES electrode.
According to Energy-dispersive X-ray Spectroscopy (EDS) results, black zone (Fig. 6.12b)

was found to be iron-oxide species while grey zone around the black zone (Fig. 6.12¢) was
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insoluble Au-C compound that potentially could be insoluble AuCN film (Nicol, 1980)
(i.e., N atom is not detectable at low concentrations by SEM-EDS). This finding is in
accordance with the findings of authors previous results (Bas et al., 2015b) in which similar
corrosion products were found on gold surface with galvanic corrosion tests. At the end of
polarization test, a 5-fold higher current density was obtained at 0.1 M to that of 0.01 M
NaCN suggesting more dissolution behaviour at high cyanide concentration. For
comparison, Bas et al. (2015a) did not obtain any passive peak but lower current densities
were observed for roasted gold ore electrode alone polarization. Then, it can be deduced
that magnetite and hematite have significant and dominating effects on gold leaching and
this should be examined case by case. Generally, increasing cyanide concentration resulted
in increasing peak densities. These findings have indicated that the release of species from
MagHem-ES electrode retard the further dissolution of gold. Duplicate curves with a lower

than 6% differences were recorded.

Au-C compound
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Fig. 6.12 (a) Scanning electron microscopy (SEM), (b) Energy-dispersive X-ray
spectroscopy (EDS) of black zone; and (c) EDS of grey zone around black one; on Au
electrode after polarization test connected to MagHem-ES at 0.166 mV/s scan rate in 0.4

M NaCN solution, atmospheric oxygen, pH 10.5, at 100 rpm magnetic agitation, 25 °C.

The influence of agitation speed on anodic polarization of Au connected to MagHem-ES
electrode is demonstrated in Fig. 6.13. It is seen that two passive peaks, one is very slight
at 0.1 V and the other one with a higher current density at 0.65 V were observed with 50,
250, and 400 rpm. However, only one passive peak was observed at 100 rpm agitation at
the same potential (0.65 V). Increasing agitation speed from 50 to 100 rpm resulted in a
40% increase in peak current density suggesting the higher dissolution behaviour at 100

rpm agitation while a 20% decrease was obtained by increasing the agitation speed from
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100 to 250 and/or to 400 rpm. For instance, diffusion is controlling the rate of dissolution
at 50 rpm agitation, giving more passive products that could be the reason of the two peaks.
It can be deduced that rate of dissolution was diffusion controlled at lower agitation speed,
while it was accelerated mainly by the magnitude of agitation at higher speeds. In these
laboratory tests, the optimal agitation speed was found to be 100 rpm for MagHem-ES
connected to Au electrode dissolution (Fig. 6.13), whereas ~ 50 rpm rotation speed is
generally used for industrial tank leaching processes (Xianhai Mining, 2015). Authors have
recently reported 250 rpm agitation as optimal speed with no indication of passive peak for
roasted gold ore polarization (Bas et al., 2015a). It has generally been accepted that the
leaching rate of gold increases with increasing agitation speed (Jeffrey and Ritchie, 2001).
Different optimal agitation/rotation speeds for gold leaching were reported in the literature,
e.g. Azizi et al. (2010) demonstrated the maximum gold leaching rate for mineral electrode
at 400 rpm electrode rotation speed and observed a progressive decrease above that value,
while Kakovski and Kholmanskikh (1960) reported the optimal agitation speed as 150 rpm.
The difference in optimal agitation speed is very possibly due to the efficiency and different
types of agitation. It can be said also that the presence of different soluble and/or insoluble
ions in the solution could have a significant influence on the optimal agitation speed for
maximum dissolution behaviour. Then, 100 rpm optimal agitation speed in this current
study could be linked to the increased leaching of mineral electrode above 100 rpm
agitation, suggesting that the release of species from mineral electrode could partially cover
the gold surface (as in Fig. 6.12a) and retard further oxidation of gold.
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Fig. 6.13 Effect of agitation on anodic polarization of Au connected to MagHem-ES
electrode in 0.01 M NaCN solution at 0.166 mV/s scan rate, 25 °C.

The different effects of magnetite and hematite on gold leaching could be ascribed to: (1)
the difference in conductivity of these minerals where magnetite is ~10° more conductive
if compared to hematite (Greenwood and Earnshaw, 1997); (2) that probably magnetite
was cathodically protected in these conditions as a result of the enhanced magnitude of the
cathodic current (Filmer, 1982); (3) that in case of hematite, the reduction of oxygen could
be proceeded mainly on the surface of gold; (4) the different role of ferrous iron (Fe?*) and
ferric iron (Fe*) ions are suggesting different mechanisms. However, the release of ferric
ion, known as a powerful oxidant, into the electrolyte could enhance the dissolution of

gold.

6.4 Conclusions

1. Considering the cathodic Tafel slope only by extrapolating to open circuit potential for
the estimation of gold leaching rate was successful and corrosion rates for both gold and
RGO electrodes were more representative when compared to that of cyanide leaching.
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2. The combined anode electrode polarization results showed that:

2.1 When Au electrode was electrically connected with MagHem-ES electrode (consisted
of equal quantities of magnetite and hematite in one electrode), a 100 rpm agitation was
found to be optimal for a better gold anodic behaviour. The presence of surface products
(Fe-oxide, and AuCN) confirmed by SEM are responsible for the passivation of gold

surface.

2.2 Hematite, as a part of the combined “Au-hematite anode” system, was found to promote
the anodic dissolution behaviour of gold (12% increase in corrosion current (icorr)) While
magnetite showed negative effect (11% decrease). Two separate containers in the absence
of slurry generally showed lower anodic behaviour of gold if compared to that of one

container.

2.3 In one container, anodic behaviour of gold was increased as a result of higher current
density (up to 10 times) by a magnetic pre-treatment of roasted gold ore electrode before
electrically connected to Au electrode, suggesting the removal of some detrimental iron

minerals which could lead to a further retard in gold dissolution.

2.4 The presence of slurry resulted in decreasing current densities that indicates lower
corrosion rates. However, when the tailings of a slurry was used again as a new feed, the
dissolution rate of gold resulted in a 3-fold increase in current density suggesting higher
corrosion rate. The release of soluble species into the solution could be the primary factor

for inhibiting or passivating the surface of gold.

2.5 In two separate containers (where only one counter electrode was in the cell of Au
electrode), the anodic behaviour of gold showed a certain passive behaviour when slurry
was in the cell of Au electrode, whereas this passive behaviour was greatly decreased when
slurry was not in the cell of Au electrode. When another Pt electrode was placed in the
other container (where mineral electrode was placed) and electrically connected Au
electrode in presence of slurry, resulted in decreasing passive behaviour and gave higher

current densities.
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Chapter 7

Influence of Iron Oxide Slurries on the Dissolution of
Gold Electrode
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Résumé
Cette étude examine les interactions électrochimiques entre I'or et le minerai d'or grillé

(RGO), avec ses oxydes minéraux associés servant comme pulpe, dans un électrolyte saturé
par I'oxygéne atmosphérique. La cyanuration conventionnelle a donné a une diminution de
~ 40% de la vitesse de lixiviation de l'or avec de pulpe magnétite, alors que des
augmentations de 25% et 10% ont été observees pour hématite et maghémite,
respectivement. Ces vitesses de lixiviation de I'or ont été obtenues en appliquant les pentes
cathodiques de Tafel seulement. MEB-EDX, dans le cas de la pulpe magnétite, présentait
une forte accumulation d'oxydes de fer sur la surface de I'or, ce qui est une indication du
ralentissement de la vitesse de lixiviation de I'or. Dans le cas de la pulpe de minerai d'or
grillé, des quantités plus faibles d'oxydes de fer ont été détectées avec I'association du
revétement de calcium-magnésium. Les résultats de XPS présentaient également une petite
quantité d'or dans la pulpe de particules de magnétite apres lixiviation, par exemple, ce qui
suggere l'adsorption de I'or par la magnétite, ce qui justifie également le ralentissement de
la vitesse de lixiviation de l'or. Les tests de séparation magnétique des résidus de
cyanuration contenant 20% Au entrent un 4% (masse-pull) échantillon de concentré
magnétique avec 72% non lixivié Au. Minerai d'or grillé, les rejets de la séparation
magnétiques et les électrodes de maghémite synthétique présentent un pic cathodique, ce
qui indique la réduction de ferriques en ions ferreux, ce qui pourrait étre responsable du
ralentissement de la cinétique de lixiviation, tandis que le concentré magnétique n'a pas.
En outre, lorsque I'oxygene a été barbotée, ce pic a disparu dans le cas du minerai d'or grillé
et maghémite synthétique, bien que les rejets de la séparation magnétiques présentaient

encore le pic.
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Abstract

This study investigates the electrochemical interactions between gold and roasted gold ore
(RGO), with its associated oxide minerals serving as slurry, in an electrolyte saturated with
atmospheric oxygen. Conventional cyanidation yielded a decrease of ~ 40% in the gold
leach rate with magnetite slurry, while increases of 25% and 10% were observed for
hematite and maghemite, respectively. These gold leach rates were obtained by applying
cathodic Tafel slopes only. SEM-EDS, in the case of magnetite slurry, exhibited a high
accumulation of iron oxides on the gold surface, which is an indication of slowdown in the
gold leach rate. In the case of roasted gold ore slurry, lower amounts of iron oxides were
detected with the association of calcium-magnesium coating. XPS results also exhibited a
small amount of gold in the slurry of magnetite particles after leaching, i.e., suggesting the
adsorption of gold by magnetite, which also justifies the slowdown in the gold leach rate.
Magnetic separation tests of cyanidation tailings containing 20% Au resulted in a 4%
(mass-pull) magnetic concentrate sample with 72% non-leached Au. Roasted gold ore,
magnetic tailings, and synthetic maghemite electrodes exhibited a cathodic peak,
suggesting the reduction of ferric to ferrous ions, which could be responsible for the
slowdown of leach Kkinetics, whereas magnetic concentrate did not. Furthermore, when
oxygen was bubbled, this peak disappeared in the case of roasted gold ore and synthetic

maghemite, though magnetic tailings still exhibited the peak.

Keywords: Gold, Roasted Gold Ore, Iron oxides, Leaching, Passivation, Electrochemical
Dissolution
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7.1 Introduction

Due to the rapid depletion of free-milling types of gold ores, it is accepted worldwide that
there is an increasing trend in the treatment of refractory gold ores, which often requires
oxidation, such as roasting, as a pre-treatment process prior to cyanidation (Adams, 2016;
Zhou and Fleming, 2007). Via oxidizing/roasting, pyrite (the most common gold carrier
sulphide phase) is made to consist of predominantly hematite, magnetite (Eqs. 7.1-3) and
maghemite (Stephens et al., 1990). Paktunc et al. (2006) reported that maghemite
associated with gold is problematic for cyanidation as a result of its non-porosity. It has
been reported that iron oxides, which are often found to be detrimental in cyanidation
(Filmer, 1982; Lorenzen and van Deventer, 1992a), can contain appreciable amounts of
gold (30 ppb to 260 ppm) (Paktunc et al., 2006).

FeS, > FeS+S Eq. 7.1
FeS +5/30, - 1/3 Fe;0, + SO, Eq. 7.2
1/3 Fe;0, + 1/120, - 1/2Fe, 0, Eq. 7.3

Dissolution of gold may be reduced/slowed down in some conditions, and if so, passivation
and galvanic interaction phenomena are considered as potentially significant
electrochemical factors (Lorenzen and van Deventer, 1992a; Mrkusic and Paynter, 1970).
The passivation phenomenon of gold has been known as the formation of a surface film on
gold since 1907 (Cathro and Walkley, 1961). Passivation is a commonly used term to
explain a phenomenon in many fields, but its meaning could potentially create confusion
according to the area of use. In general, two main approaches are considered for the
passivation phenomenon: one is defined “as the formation of an adsorbed layer on the
tested specimen, e.g. like in stainless steel,” and the second is defined as ““a passive film as
a diffusion layer of reaction products, e.g., oxides, therefore corrosion rate decreases”
(Uhlig, 1963). In a similar manner, Crundwell (2015) identifies passivation, in terms of the
corrosion of metals, as the formation of a passive layer composed of metal oxides that
lower the rate of dissolution by several orders of magnitude. Hence, the passivation

phenomenon should be carefully considered.
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The presence of metals/minerals such as silver, iron, arsenic, calcium, and magnesium,
which are associated with gold, are important phases that could influence the gold leach
rate (Marsden and House, 2006). It has been reported that some ions (silver, lead) in the
solution could act to remove the passivation of the gold surface and promote gold
dissolution, whereas others (pyrite, copper) slow the kinetics (Lorenzen and van Deventer,
1992b; Deschénes et al., 2000). During cyanidation, not only the individual effects of these
metals are important; multi-effects of these minerals, i.e., interactions between many
phases, should also be considered (Aghamirian and Yen, 2005; Azizi et al., 2012b). To
understand the influence of these minerals on gold dissolution Kinetics, different
approaches or pre-treatment methods have been considered in the literature to treat these
minerals, such as magnetic separation, and diagnostic leach procedures (Lorenzen and van
Deventer, 1993; Douglas and Semenyna, 2013). However, in these previous works,
conventional cyanidation tests of sulphidic gold ores have mostly been considered. Hence,
it is worth mentioning that there is paucity for the electrochemical characterization studies

of oxide gold samples after pre-/treatment methods.

In particular, the general goal of this paper is to provide an alternative explanation for the
slowdown of the gold leach rate for oxide/oxidised gold ores during cyanidation. Thus far,
electrochemical studies of oxide gold ores have received relatively less attention than
sulphidic ones because almost all previous electrochemical studies were performed using
only sulphidic gold ores (van Deventer and Lorenzen, 1987; van Deventer et al., 1990;
Lorenzen and van Deventer, 1992a; Deschénes et al., 2000; Aghamirian and Yen, 2005;
Cruz et al., 2005; Dai and Jeffrey, 2006; Azizi et al., 2010, 2011, 2012a, 2012b, 2013). As
a result, the treatment of oxidised gold ores by electrochemical techniques and
conventional cyanidation has become very essential in recent years. Hence, the objectives
of this paper are: (i) to examine the influence of iron oxide minerals on the gold leach rate;
(i1) to compare/implement the electrochemical findings in conventional cyanidation results;
(ili) to obtain a gold-bearing iron oxide magnetic concentrate and characterize its
electrochemical dissolution behaviour; and (iv) to provide an alternative explanation for

the slowdown in the gold leach rate supported by surface characterization studies.
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7.2 Experimental Conditions

7.2.1 Ore Sample and Iron Oxide Minerals

A roasted gold ore sample (80% passing -75 pm (dso)) was received from Barrick Gold
Corporation. Mineralogical analyses of the sample using X-ray diffraction (XRD, Siemens
D-5000) and scanning electron microscopy (SEM, JEOL 840-A) indicate that the ore
sample consists predominantly of quartz, dolomite, calcite, gypsum, and iron oxides, such
as hematite, magnetite, and maghemite, with almost no sulphur content. Microscopic
analysis showed that the gold is mainly associated with iron oxides. Metal analysis has

shown that the gold and silver contents are ~ 8 and ~ 5 g/t, respectively (Bas et al., 2015a).

Sodium cyanide (NaCN) with a purity of more than 98% was obtained from Thermo Fisher
Scientific Company. An electrolyte medium (250 mL) was prepared using distilled water,
and the pH was adjusted to 10.5 by adding 1 M NaOH. The electrolyte was agitated with a
magnetic bar (4 cm long and 1 cm in diameter) during tests. A pure gold (Au) disc electrode
was used as a working electrode, with platinum (Pt) as a counter electrode and
Ag/AgCI,KCls: as a reference electrode. The gold foil with a surface area of 0.25 cm?
(99.9% purity from Sigma Aldrich), as the pure gold electrode (Au), was first polished with
a fine (MicroCut® 100 Grit Soft) polishing paper and then rinsed in distilled water. Then,
it was introduced in aqua-regia for 10 seconds to clean the surface, washed with distilled
water and ethanol, and finally rinsed with distilled water again to assure the reproducibility
(Kirk et al., 1978). The detailed electrode preparation procedure can be found in the
author’s previous works (Bas et al., 2015a, 2015b).

In these tests, the pure Au electrode was immersed in 0.01 M NaCN electrolyte, and the
influence of ore (RGO, 10% solid ratio) and iron oxide minerals, such as magnetite (Mag),
hematite (Hem), and maghemite (Mgh) at a 0.5% solid ratio, as a slurry, on gold leaching
was tested. Maghemite was prepared by heating magnetite in an oven at 200 °C for 3 h,
giving it the light brown colour of maghemite (Legodi and Waal, 2007), and this was
proved by XRD (Bas et al., 2015c). Due to the difficulty in distinguishing magnetite and

maghemite minerals by XRD, another maghemite preparation procedure (heating
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magnetite at 250 °C for 5 h) was also considered (Paktunc, 2014), and nevertheless, very

close results were obtained (Bas et al., 2015b).

7.2.2 Electrochemical and Leaching Test Procedures
First, electrodes were allowed to stay at open circuit potential (OCP) for 2 minutes before

linear polarization tests with a range of £25 mV with respect to corrosion potential (Ecorr).
Actually, different stabilization times (up to 30 minutes) were also considered, and the
results were found to be highly reproducible (Bas et al., 2015c). Then, cathodic polarization
tests were performed by scanning from Ecorr to -300 mV, and the corrosion current (icorr)
was estimated by considering the cathodic Tafel slope, only extrapolating to OCP. Tests
were generally performed in the 0.01 M NaCN electrolyte at a pH of 10.5 with 100-rpm
magnetic agitation (4 cm long and 1 cm in diameter) at room temperature, saturated with
atmospheric oxygen, unless otherwise reported (Bas et al., 2015b). A scan rate of 0.166
mV/s was selected based on the polarization standards (ASTM Standard G 5-94, 2006).
Electrochemical tests were performed in at least triplicate to ensure the reproducibility.
Corrosion rates of gold by Tafel were compared to cyanide leaching results. In the case of
cyanide leaching tests, the leach solution was prepared using deionised-distilled water at
the prescribed concentration of reagent and leached for 4 h. In certain experiments, a
systematic approach was considered to examine the influence of soluble ions on the gold
dissolution rate. In this case, a slurry of RGO (10% solid ratio) was leached over 24 h to
have as many soluble ions in the solution as possible and then filtered to obtain only the
leached solution, which is considered a stock solution for use in certain experiments and is
named “pure Au in the release solution of the RGO slurry” in this manuscript. Note that
the initial gold concentration within the released solution of the RGO slurry was subtracted
to consider the actual leach rate of gold in these particular experiments in which pure Au

was immersed in this released solution of the RGO slurry.

In the case of conventional cyanidation, tests were carried out in a glass reactor over a
period of 24 h. The concentration of NaCN in solution was monitored by silver nitrate
titration (0.02 mol/L AgNOs3) using p-dimethylamino-benzal-rhodanine (0.02% w/w in

acetone) as the indicator. It is important to note that the titration method used herein is a

163



simple and fast one, although it may overestimate the free cyanide level (Breuer et al.,
2011). Sodium cyanide was added to maintain the concentration of titratable NaCN at the
predetermined level over the leaching period. Pulp (25% wi/w) was stirred with an over-
head stirrer at 400 rpm. During all experiments, the pH was maintained at 10.5 by the
addition of 1 M NaOH. The solution (10 mL) was sampled at predetermined intervals and
analysed by a Microwave Plasma-Atomic Emission Spectrometer (4100 MP-AES by
Agilent Technologies) to determine the leach rate of gold and iron. In the termination of
leaching tests after 24 h, residues were collected by filtration and then dried in an oven at
105°C for 6 h. Dried residues were then digested in hot aqua-regia (Balaram et al., 2013).
MP-AES is a recent methodology that is especially suitable for the detection of gold, even

at low concentrations (Shareder et al., 2011).

7.2.3 Magnetic Separation Tests
The tailings of cyanide leaching of roasted gold ore slurry were considered as the feed to

magnetic separation. These tests were performed using a Carpco Model MWL-3465
laboratory high-intensity wet magnetic separator with a 40% solid ratio. This magnetic
separator was designed specifically for use in research on wet magnetic separation of
magnetic minerals, and it was conceived as a laboratory tool. Magnetic separation tests
were performed using high range mode at ~3 amperes (A) with 0.1 amp (A) graduations.
The magnet has a gap of 2.5 inches between the pole pieces. The maximum magnetic flux
produced in the gap in air is 3800 gausses. The separated magnetic concentrate and
magnetic tails were put into the oven at 85°C for 6 hours. Then, electrodes were prepared
from these samples for potentiodynamic cathodic (from OCP to cathodic or cathodic to

OCP) and anodic polarization tests.

7.3 Results and Discussion

7.3.1 The Influence of Cyanidation on the Open Circuit Potential (OCP) of Au

The change in the open circuit potential (OCP) of gold could give an idea about the active
behaviour of gold dissolution. Note that the OCP also corresponds to the
corrosion/dissolution or leaching potential. Then, the influence of time on gold corrosion

potential behaviour in different conditions is shown as prior to leaching and at the end of
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leaching (after 4 h) in Table 7.1. It was found that the dissolution potential of the pure gold
electrode trended towards a less negative potential, from -0.365 V/SHE to -0.333 V/SHE,
at the end of 4 h of leaching. Likewise, when the pure gold electrode was placed in the
slurry of roasted gold ore (RGO), the dissolution potential of gold showed close potential
with a 10-mV shift to a less negative potential (-0.320 V). During the 4 h of leaching, the
highest shifts/changes (~ - 80 mV) in the OCP were obtained for hematite and maghemite,
while magnetite had the lowest change (~ -18 mV). As seen from Table 7.1, the OCP of
pure Au in a slurry of hematite and maghemite shifted to more active potentials by ~ -50
mV and ~ -20 mV, while it shifted to a more noble (less negative) potential by +15 mV in
the case of magnetite. This could suggest/explain the positive effect of hematite and the

negative effect of magnetite, as illustrated in the examples in Table 7.2.

Table 7.1 Open Circuit Potential (OCP) (V/SHE) of electrodes for 2 minutes prior and after
4 h of leaching.

Corrosion potential (V/SHE)
Prior to leaching  End of leaching (after 4 h)

Electrode type

Pure Au -0.365 + 3.012% -0.333 + 5.402%
Pure Au in a slurry of RGO -0.365 + 1.913% -0.320 + 5.004%
Pure Au in a slurry of magnetite (0.5%) -0.300 £ 7.852% -0.318 + 6.521%
Pure Au in a slurry of hematite (0.5%) -0.305 * 3.566% -0.386 + 4.283%
Pure Au in a slurry of maghemite (0.5%)  -0.270 + 3.727% -0.355 + 5.125%
Pure Au in a slurry of a mixture of -0.285 + 8.674% -0.310 + 4.352%

Magnetite + hematite (0.5%)

The shift/change in the dissolution potential of gold during leaching has been reported in
the literature. For instance, Lorenzen and van Deventer (1992a) found that the dissolution
potential of gold shifted to less negative/active values with a concurrent decrease in
dissolution current when gold is immersed in a slurry of sulphide minerals, and this was
linked to the retarding effect on the gold dissolution rate. Bas et al. (2015a) reported that
the corrosion potential of pure gold and RGO electrodes in the presence of a slurry of
roasted gold ore (35%) resulted in less negative potentials if compared to that in the absence
of slurry. Aghamirian and Yen (2005) concluded that gold galvanic corrosion could not be

estimated using only the potential difference between gold and sulphide minerals.
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Although the corrosion potential alone is not sufficient to estimate the dissolution rate of
gold, it could still provide significant information regarding the possible active and passive

behaviours of the tested specimen.

7.3.2 Corrosion Rate of Au by Cathodic Polarization and Conventional Leaching
In this study, the leach (corrosion) rate of gold was estimated by extrapolation of the

cathodic Tafel slope to open circuit potential (Fig. 7.1). It is worth noting that, due to the
difficulty in the Tafel extrapolation, two recommended rules as follows are carefully
considered as far as possible in this study: i) the extrapolation should start at least 50-100
mV away from Ecorr, and (ii) at least one of the branches of the polarization curve (cathodic
or anodic) should exhibit Tafel over at least one decade of current density (Kelly et al.,
2002). However, in this study, it should be underlined that the complete decade is partially
observed (~ 55%) for the pure gold and much less in the presence of slurries. It is important
to note that, although the slopes are similar, the level of the open circuit potential plays a

significant role in the determination of the leach rate of gold.

Table 7.2 Corrosion rates of Au in different conditions (Pure Au electrode: 0.25 cm?).

Considering only the cathodic Conventional cyanidation
polarization approach
Electrode type Corrosion Corrosion rate Leach rate Dissolved Dissolved
current  (x 10°mol m?s?) (x10%molm?s?!) Au(mg) Fe(mg)
(LA/cm?)
Pure Au 100 5.17 £ 2.45% 4.61 £ 5.56% 0.33 --
Pure Au in a slurry of - - 7.25%1.34% 0.51 0.12
RGO (10%)
Pure Au in aslurry of 66 3.34 £ 2.09% 2.63 + 3.96% 0.186 0.30
magnetite (0.5%)
Pure Au in a slurry of 200 10.38+4.60%  5.76 +11.93% 0.40 0.07
hematite (0.5%)
Pure Au in a slurry of 120 6.26 £ 9.73% 5.05+£5.42% 0.36 0.062
maghemite (0.5%)
Pure Au in aslurry of 84 4.33 £ 4.50% 413+ 1.26% 0.29 0.140
a mixture of
magnetite + hematite
(0.5%)

Note: The slurry of RGO alone test (10%) resulted in 0.092 mg of dissolved Au in the electrolyte.
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Fig. 7.1 Corrosion rate of Au in 0.01 M NaCN, with a pH of 10.5 and 100-rpm agitation at
25 °C; cathodic polarization curves in different conditions.

As seen from Fig. 7.1, a higher corrosion current, i.e., corrosion rate, was obtained in the
case of hematite, whereas the rate was decreased within the magnetite slurry. These
findings are in accordance with those obtained in conventional cyanidation results (Table
7.2). A comparison of these two methods for leach rates, corrosion current and dissolved
metal are given in Table 7.2. As seen, the leach rate of gold from the pure Au electrode
was found to be 4.61 x 10° + 5.56% mol m? s after 4 h of leaching by conventional
cyanidation, whereas it was calculated to be 5.17 x 10® + 2.45% mol m2 s when
considering the cathodic Tafel slope. This moderate difference in the two methods is
reasonable since the electrochemical method is considered to be just an estimation. In the
case of the pure Au electrode immersed in a slurry of roasted gold ore (RGO), a higher
gold leach rate, i.e., 7.25 x 10° + 1.34% mol m? s?, was obtained by conventional
cyanidation. However, for the pure Au electrode in a slurry of RGO, extrapolation of

cathodic Tafel according to these two assumptions was not suitable due to the presence of
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a diffusion control region and the presence of different phases. As seen from Table 7.2 and
Fig. 7.2, there is a difference in the dissolved gold (mg) between the sum of “pure Au alone
+ the slurry of RGO alone (0.33 mg + 0.092 mg)” and “pure Au in a slurry of RGO (0.51
mQ).” This difference could have arisen due to the presence of ferric iron in the electrolyte,
which could accelerate the gold dissolution, and also inhomogeneous characteristics of
roasted gold ore, which may contribute to the gold dissolution. Additionally, it can be
explained by the potential partial passive behaviour of gold in pure systems, which is
clearly demonstrated in the literature (Jeffrey and Ricthie, 2001; Bas et al., 2015d).

Because iron oxides (hematite, maghemite, and magnetite) are the main gold phases in
roasted gold ore, their influences as a slurry on gold dissolution are demonstrated in Table
7.2. In the presence of a slurry of magnetite, the rate of gold dissolution was markedly
reduced by ~ 40% compared to the pure Au electrode alone, which could mainly be linked
to the dissolved species that precipitate on the surface of gold; alternately, the undesired
precipitation of Fe(ll) could be responsible for this retarding effect. This result is also
supported by SEM images showing the high accumulation of iron oxide coatings on the
surface of the gold electrode (Figs. 7.3b, ¢, and d), which could be responsible for the
partial passivation of the gold’s surface. Additionally, as the dissolution potential shifts to
less negative values (from -0.333 to -0.318 V) (Table 7.1), very possibly due to control by
limited anodic sites, the dissolution current density decreases (from 100 to 66 pA/cm?)
(Table 7.2) accordingly, thus indicating the slowdown in the gold dissolution rate in the
presence of a magnetite slurry. Note that this negative effect of magnetite on gold
dissolution has been extensively examined to ensure reproducibility. Similar negative
effects on the gold dissolution rate in cyanide solutions, e.g., 40% in presence of magnetite
and 84% in the presence of copper, were previously reported in the literature (Lorenzen
and van Deventer, 1992b). Alternately, hematite and maghemite minerals showed positive
effects on the gold dissolution rate (~ 25% and 10%), relatively. This positive behaviour
could be explained by the release of ferric ion from hematite as a powerful oxidant that can
promote gold dissolution. These findings are also consistent with the author’s previous
results by potentiodynamic polarization (Bas et al., 2015b) and galvanic corrosion tests,

showing the positive effect for hematite and maghemite in current density and galvanic
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current when the mineral electrodes were electrically connected to the gold electrode (Bas
et al., 2015c). It is important to note that, in the case of a “pure Au electrode immersed in
a slurry of hematite,” the corrosion rate by the electrochemical method (10.38 x 10° +
4.60% mol m s™) was found to be too high compared to that obtained by MP-AES (Table
7.2). This could be due to the very low conductive property of hematite and the blocking
action of slurry on the surface of the gold electrode. Different behaviours for the same
minerals/metals have been reported in the literature, for instance. Filmer (1982), Paul
(1984), and Lorenzen and van Deventer (1992a) reported the negative effect of pyrite and
pyrrhotite on gold dissolution, while Aghamirian and Yen (2005) reported an increase in

galvanic current when these minerals are in galvanic contact with gold.

Estimation of gold corrosion rate by electrochemical tests is a subject of discussion in the
literature. The pioneering work in gold electrochemistry by Kudryk and Kellogg (1954),
and Cerovic et al. (2005) considered the intersection of cathodic and anodic curves for the
calculation of the gold leach rate. However, recent studies by Dai and Breuer (2013), and
Bas et al. (2015a, 2015b) reported that considering intersection seems to be misleading
since it is unrepresentative of practical conditions, and there is a potential passive behaviour
in the anodic curve. Bas et al. (2015a, 2015b) considered only cathodic Tafel slope
extrapolation to the open circuit potential, as a new approach, which was found to be
representative of the conventional cyanidation.

In roasted gold ore, gold is mainly associated with iron oxide minerals. Then, the leach rate
of iron compared to gold could provide significant information about the active and passive
behaviours of gold dissolution. Generally, it is important to examine the influence of
soluble and insoluble products on gold dissolution; then, in our study, the influence of
soluble iron is examined (Table 7.2 and Fig. 7.2). Note that, in the case of pure Au in the
released solution of an RGO slurry test (mentioned before in section 7.2.2), labelled as 3
in Fig. 7.2, the gold concentration coming from the released solution is subtracted to
calculate the actual initial gold dissolution. A higher gold leach rate was obtained when
pure Au was immersed in a slurry of RGO (with a lower iron dissolution, 0.12 mg, as

shown in Table 7.2) if compared to that of pure Au in the released solution with an RGO
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slurry where the iron dissolution was analysed and found to be higher (0.19 mg, not shown).
The increase at the interface in the amount of leached soluble iron ions in the solution is an
indication for the slowdown in gold leach rate, suggesting the important role of soluble
ions on dissolution kinetics, as though referring to the partial passivation of gold.

Due to the presence of many different mineral phases (complexity) in roasted gold ore,
sample solutions were then again analysed after one and two days by MP-AES to monitor
if there is an undesired precipitation of gold, but almost the same results were obtained.
Because MP-AES is a type of new and recommended tool for gold analysis, and the
reproducibility and reliability of metal analyses by MP-AES were also confirmed with a
0.9999 of R? for the calibration of Au.

0.6
m1-Pure Au
m 2-Pure Au in slurry of RGO
= 3-Pure Au in released solution of RGO slurry
4-slurry of RGO
04
E
T
o
f=]
=
1]
E
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Qo2
0.0

1 2 3 4

Fig. 7.2 The influence of soluble species on the dissolution kinetics of gold (mg) after 4 h
in 0.01 M NaCN, with a pH of 10.5, under 100-rpm agitation, at 25 °C by MP-AES.
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7.3.3 SEM-EDS, and XPS studies
When the pure gold electrode was immersed in a slurry of RGO, some spots of iron oxide

species as coatings were observed on the gold surface (Fig. 7.3a). A very small number of
spots composed of calcium and magnesium coating, together with iron oxide species, was
also detected on the gold’s surface. XRD results demonstrated the removal or solubilisation
of calcite to some extent from slurry of RGO (not shown) which confirms the presence of

calcium and magnesium coatings.

Alternately, high accumulations of iron oxide species (as large crystals) were observed by
SEM-EDS studies in the case of magnetite slurry (Figs. 7.3b, c, d, and €), whereas very
small amounts of iron oxides, just as small spots, were observed for hematite and
maghemite slurry tests on the gold’s surface. The observed iron oxide coatings at high
amounts in the magnetite test are an indication of the decrease in leach rate, as seen in
Table 7.2 (Fig. 7.3e). After these tests, the slurry of each iron oxide mineral was collected
by filtration for metal analysis. It is important to underline that XPS detected a very small
amount of metallic gold in the collected slurry of magnetite (Fig. 7.4), while no gold was
detected for hematite, and maghemite. This finding suggests that the dissolved gold from
the pure gold electrode in the solution could partially be robbed/adsorbed by magnetite
particles, which is a possible mechanism that could slightly influence gold dissolution
(Alorro et al., 2010; Parga et al., 2011).
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Fig. 7.3 SEM images of coatings on the pure Au electrode after 4 h of leaching; (a) pure
Au in a slurry of RGO (x 5000); (b), (c), and (d) pure Au in a slurry of Magnetite (x 100),
(x 500); (x 10000), respectively; (e) EDS profile (after the magnetite test) showing Fe-Ox.
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Fig. 7.4 XPS profile of magnetite particles (survey spectrum and Au 4f/2 spectrum).

7.3.4 Cyanidation of RGO and Gold Recovery from Magnetic Concentrate
The addition of suitable lead nitrate concentration is a common and effective practice for

increasing the overall gold extraction and reducing the consumption of cyanide. In
cyanidation, the use of lead nitrate has been considered in different cases, such as during
or combined with the pre-aeration prior to cyanidation. This has been applied mostly for
sulphide-bearing gold ores (Deschénes et al., 2000). In this study, to compliment the
previous works, the influence of lead nitrate on roasted gold ore has been examined. The
addition of lead nitrate showed a slight increase in overall gold extraction and reduced the
cyanide consumption by 25% over 24 h of leaching (Table 7.3). The reproducibility of the
tests is evaluated at + 1.5%. These results are in line with the previous works using
sulphidic gold ores. For instance, Deschénes and Wallingford (1995) obtained a similar
trend in gold recovery and in cyanide consumption. This result indicates that lead-assisted

cyanide leaching could also be effective for roasted gold ores to some extent.

Table 7.3 Influence of lead nitrate on the cyanidation of roasted gold ore, pH: 10.5, NaCN:
0.01 M, 24 h.

Pb(NO3) Au Extraction NaCN Consumption
(9/t) (%) (kg/t)
0 80.93 0.98
100 82.51 0.73
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Previous studies have shown that the iron oxide phase that captures the majority of the gold
in tailings is maghemite (Fe2.6704), which is highly magnetic (Paktunc et al., 2006; Douglas
and Semenyna, 2013). Hence, a magnetic concentrate could provide significant
information for a better understanding of the unrecovered gold. Magnetic separation results
have shown that the magnetic concentrate corresponds to 4.29% of the feed material and
that 95.71% corresponds to the magnetic tails. Gold distribution results after conventional
cyanidation by fire-assay analysis (+0.24%) have shown that 72.014% of gold (4.25 x 10*
g Au) is in the magnetic concentrate and that 27.986% of gold (1.65 x 10* g Au) is in the
magnetic tails (Fig. 7.5). Amponsah et al. (2010) performed magnetic separation tests using
a similar gold ore sample and reported that gold in the magnetic concentrate corresponds
to 79.67%, with 20.33% in the non-magnetic part and a 6.47% mass pull to the magnetic

concentrate.

Roasted Gold Ore (100 % Au)

CN Leaching

Leached/Recovered Au - ‘L
8025 +— Leach Residue (20% of Au)

v

Magnetic Separation

~72% Au ~ 28% Au
Mgné.’ric Concentrate Magn‘éric Tails
(14.4 % Au is concentrated) (5.6 % Au is in tails)

v L J

Potentiodynamic Cathodic and Anodic Polarization Tests

Fig. 7.5 Processing route for maghemite-rich magnetic concentrates.
The efficiency of magnetic separation is essential for the better recovery of gold. For

instance, Douglas and Semenyna (2013) obtained an approximately 30-45% magnetic
recovery efficiency of the iron oxides present in the leach tailings, resulting in a magnetic
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concentrate containing 20-30% of the residual gold. They reported that 35% of those
magnetic iron oxides were found to associate with gangue minerals (silicates, quartz, etc.).
To provide a higher-grade concentrate, they used a cleaner circuit, but the resulting
magnetic cleaner tailings represented a 40-50 per cent loss of gold content.

Characterization tests have been performed to identify the efficiency of magnetic
separation test. XPS results have shown that the iron in atomic percentage in the magnetic
concentrate is 2.3 times higher (from 3.75% to 1.60%, + 5%) than that in magnetic tails,
which is in line with the magnetic separation results (Fig. 7.6). In the magnetic concentrate,
the Fe-to-As ratio was found to be 3 times greater than that in magnetic tails. In the
magnetic tails part, the Ca and Mg percentages were found to be 2 and 1.2 times greater
than those of the magnetic concentrate. SEM-EDS results (Fig. 7.7) have also shown that
iron oxides (light-white phases) are dominant in the magnetic concentrate, whereas gangue

minerals (Ca, Si) are dominant in the magnetic tails, which is in line with the XPS results.

12

-
(=]
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Fe As Fel/As Ca
® Magnetic Concentrate  m Magnetic Tails

Fig. 7.6 Atomic (%) of elements (£ 5%) in the magnetic concentrate and magnetic tails by
XPS.
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Fig. 7.7 SEM images of the magnetic concentrate (a) and magnetic tails (b). (The light-
white phase is Fe-Ox, and the grey phase is Ca and Si).

Moreover, the efficiency of magnetic separation was also tested by XRD analysis. As seen
in Fig. 7.8, the magnetic concentrate was mainly found to be composed of magnetic iron
oxides, while the magnetic tails part was mainly composed of gangue minerals, such as

quartz, calcite, dolomite, and gypsum.
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Fig. 7.8 XRD profiles of the magnetic concentrate and magnetic tails (Mgh: Maghemite;
Hem: Hematite; Qtz: Quartz; Cal: Calcite; Dol: Dolomite; Gp: Gypsum).
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Due to the non-porous property of maghemite, it is not easy to recover the total gold
remaining in the tailings. Fosu (2016) used the magnetic concentrate of cyanide leach
tailings (which was already roasted) and performed roasting tests as a second stage to
recover gold. However, he concluded that gold is still encapsulated by maghemite and not
amenable to cyanidation. Then, following the second-stage roasting, he proposed a second-
stage magnetic separation for future studies. He noted that a detailed economic evolution
is highly required for gold recovery from the magnetic concentrate. Amponsah et al. (2010)
studied the efficiency of magnetic separation of the gold-bearing concentrate at different
solid ratios and using different magnets. Note that previous studies using roasted gold ore
mainly focused on the efficiency of magnetic separation and that further electrochemical

characterization studies were not considered in detail.

7.3.5 Electrochemical Characterization of the Magnetic Concentrate and Tailings
It is important to examine the electrochemical corrosion characteristics of the magnetic

concentrate and magnetic tails since the remaining gold is associated with those materials.
In this regard, potentiodynamic cathodic and anodic polarization tests of the magnetic
concentrate and magnetic tails were performed at least three times (to ensure their
reproducibility), and these findings were compared to those of synthetic maghemite

(prepared at our laboratory), roasted gold ore (RGO), and pure gold electrodes.

Potentiodynamic Cathodic Polarization of Different Electrodes
Cathodic polarization tests were performed in two different directions: polarization from

the open circuit potential (OCP) to the cathodic potential (Fig. 7.9a) and polarization from
the cathodic potential to the OCP (Fig. 7.9b). As seen in Fig. 7.9a, one reduction peak at ~
-0.3 V/SHE was observed for roasted gold ore, synthetic maghemite, and magnetic tailings
electrodes when polarization was performed from the OCP to the cathodic potential.
However, no peak was observed for the magnetic concentrate electrode in the same
direction of polarization. This peak can be explained by the reduction of Fe(lll) in the
oxides to the Fe(ll) cyanide complex, which is a possible reaction that could take place
according to the Eh-pH diagrams (Osseo-Asare et al., 1984). Alternately, no peak was

observed for all the electrodes when polarization was performed from the cathodic potential
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to the OCP. Hence, it should be noted that, when polarization is conducted from the OCP
to the cathodic potential, it means that the exposed surface of the electrode initially had
corrosion behaviour and was then polarized, whereas corrosion behaviour is reached after

a certain period when polarized from the cathodic potential to the OCP.

It was found that the OCP of the magnetic concentrate electrode shifted to a more
negative/active potential (by 350 mV/SHE) when polarized from the cathodic potential to
the OCP. This behaviour can be explained by the positive effect of hematite found in the
magnetic concentrate, which is in line with the findings in the beginning (Tables 7.1 and
2).

It is important to characterize the peak formed with synthetic maghemite, magnetic
concentrate, and roasted gold ore electrodes (Fig. 7.9a). Oxygen was bubbled to examine
the characteristics of this peak. As seen in Fig. 7.10a, the peak that was formed in the
presence of atmospheric oxygen for the synthetic maghemite electrode disappeared when
oxygen was bubbled into the electrolyte, resulting in a higher corrosion rate. Similarly, this
peak also disappeared in the case of the RGO electrode when oxygen was bubbled (Fig.
7.10b), but it resulted in lower current density, which could be linked to the presence of
many different phases in the RGO electrode. Alternately, in the case of magnetic tailings
where gangue minerals are dominating, this peak was still there even when oxygen was
bubbled, suggesting that the peak is very stable in this case. As seen, this peak forms at
almost the same potential range in all three conditions, as shown in Fig. 7.10, and therefore
this peak is very probably related to the reduction of ferric ions to ferrous ions according
to the E-pH diagrams. Generally, it can be deduced that the presence of sufficient oxygen
in the electrolyte mostly helps to decrease the negative influence of ferrous ions on gold

dissolution.
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Fig. 7.9 Potentiodynamic cathodic polarization of roasted gold ore (RGO), magnetic
concentrate (Mag Conc), magnetic tailings (Mag Tails), synthetic maghemite (Synth Mgh),
and pure gold (Au) electrodes with a scan rate of 0.166 mV/s in 0.01 M NaCN electrolyte
saturated with atmospheric oxygen at 100-rpm agitation, a pH of 10.5, and 25 °C (Au: 0.25
cm?; other electrodes: 4.9 cm?); (a) polarization from the open circuit potential to the
cathodic potential; (b) polarization from the cathodic potential to the open circuit potential.
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Fig. 7.10 The influence of oxygen concentration (atmospheric and bubbled (dotted line))
on the potentiodynamic cathodic polarization of synthetic maghemite (Synth Mgh) (a),
roasted gold ore (RGO) (b), and magnetic tails (c) electrodes from the open circuit potential
to the cathode potential with a scan rate of 0.166 mV/s in 0.01 M NaCN electrolyte at 100-
rpm agitation, a pH of 10.5, and 25°C.

Potentiodynamic Anodic Polarization of Different Electrodes
Anodic dissolution profiles of different electrodes are shown in Fig. 7.11. Anodic

polarization currents were found to be in the order of RGO > Mag Concentrate > Magnetic
tails > Synthetic maghemite. Between these electrodes, RGO had the highest current
density since it has many different phases, such as iron, gold, and silver, followed by the
magnetic concentrate electrode since it is rich in hematite and gold. Alternately, the pure
gold electrode showed passive behaviour, which is well reported in the literature.
Therefore, for the estimation of the corrosion rate of gold, Bas et al. (2015a, 2015b) showed
and suggested that considering the anodic curve only or considering the intersection of the
anodic and cathodic curves does not represent the actual leach rates due to this passive

behaviour. Similarly, Dai and Breuer (2013) also noted that considering the intersection of
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the anodic and cathodic curves results in lower gold corrosion rates when compared to the

real industrial application.
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Fig. 7.11 Potentiodynamic anodic polarization of roasted gold ore (RGO), magnetic
concentrate (MagConc), Magnetic tails (Mag Tails), synthetic maghemite, and pure gold
(Au) electrodes with a scan rate of 0.166 mV/s in 0.01 M NaCN electrolyte saturated with
atmospheric oxygen at 100-rpm agitation, a pH of 10.5, and 25 °C (Au: 0.25 cm?; other

electrodes: 4.9 cm?).

7.3.6 Influence of Iron Oxides on Gold Dissolution
Magnetite is an ~ 10° times better conductor than hematite and maghemite (Table 7.4)

(Barroso-Bogeat et al., 2014). Hence, the solubility of magnetite in cyanide solutions is
expected to be relatively higher compared to hematite, which is in accordance with the
findings in this study (Table 7.2). It is well known that oxygen is essential for the
dissolution of gold. Then, if the associated mineral with gold is electrically conductive,

e.g., magnetite, oxygen reduction can take place over the entire surface of the mineral
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electrode, leading to an increase in the magnitude of the cathodic current (Filmer, 1982).
As a result, the open circuit potential of gold is shifted to more noble or less active
potentials, suggesting the (partial) passivation of the gold’s surface. In this case, the rate of
gold leaching slows down (Table 7.2). Accordingly, the release of iron oxide species
resulted in coatings on the surface of the gold (SEM-EDS results in Fig. 7.3), refering to

the partial passivation, which confirms this slowdown in gold leaching.

Table 7.4 Conductivities of iron oxide minerals (Barroso-Bogeat et al., 2014).

Mineral Conductivity (S.m™)
Magnetite (FesO4) 2.25 x 10*
Maghemite (Fe2.6704) 2.85x 107
Hematite (Fe203) 4,76 x 10

Alternately, in the case of hematite, which is a lesser conductor, it can be expected that the
reduction of oxygen takes place mainly at the surface of gold, so the rate would not be
expected to decrease in these conditions (Filmer, 1982). As a result, the open circuit
potential of gold is shifted to more active potentials, suggesting the increase in leach

Kinetics in the case of hematite, and maghemite as well.

It should be underlined that in practice, some part of the gold in roasted gold ore is
encapsulated, especially by the maghemite, which is known to be massive and non-porous.
During cyanidation, the free-milling part of gold, which is easy to dissolve, could be
influenced by the electrochemical properties of maghemite particles. Paktunc et al. (2006)
examined such a roasted gold ore and concluded that calcines should dominantly be
hematite containing more magnetite as an intermediate product and that the presence of
maghemite should be avoided. However, in our lab-scale experimental conditions, iron
oxide minerals, i.e., hematite, maghemite, and magnetite, were used as slurry and were
mainly in free contact with gold as an electrode, so our experimental conditions could be
considered partially representative of the practical conditions mentioned above. It is worth
noting that an important part of iron oxide slurries, especially for magnetite, is attached to

the magnet, while the rest is found around the gold electrode. However, during the 4 hours
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of magnetic agitation, some part of the slurry leaves the magnet and rises to the electrode.
This could show that a major influence of slurry presence comes from solved species of
magnetite, as well as that of hematite and maghemite slurries. However, the use of
electrical agitation could be recommended for future studies. The results in this study have
revealed that maghemite, which encapsulates gold in roasted gold ore, normally has a
positive effect on gold dissolution when it is in free contact with gold in cyanide solution.
It can also be deduced that physical and/or chemical pre-treatment methods are essential to
minimize the encapsulation of gold by maghemite.

7.4 Conclusions

1. The leach rate of gold decreased by 40% with magnetite, whereas it increased by 25%
and 10% for hematite and maghemite, respectively. The same trends were also obtained
within open circuit potential results. Accordingly, the open circuit potential was shifted to
less negative potentials (~ +15 mV) for magnetite, while it was shifted to more active

potentials (~ -50 and -20 mV) in the case of hematite and maghemite, respectively.

2. The extrapolation of the cathodic Tafel slope only to the open circuit potential (OCP)
method for the calculation of the leach rate yields representative results if compared to that
of conventional cyanidation for pure gold electrodes. However, in the case of pure Au in
the presence of ore and slurry, a difference between these two methods arises due to the

presence of many different species/ions in the electrolyte.

3. SEM-EDS findings have confirmed the negative effect of magnetite due to the high
accumulation of iron oxides on the gold’s surface. Calcium and magnesium spots, together
with iron oxides, were observed on the gold’s surface in the case of the roasted gold ore
slurry test. XPS detected low amounts of gold in magnetite particles, suggesting a decrease

in gold dissolution in the case of magnetite.

4. 72% of Au from CN leach tailings (from 20% of the initial Au in tailings) was

recovered/concentrated by magnetic separation with a four per cent overall mass pull to
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magnetic concentrate. Magnetic separation can be considered an efficient method to

identify and recover the gold remaining in tailings.

5. Furthermore, a reduction peak was observed for roasted gold ore, magnetic tails, and
synthetic maghemite electrode polarization from the OCP to the cathodic potential, while
no peak was found for the magnetic concentrate. In addition, the OCP of the magnetic
concentrate was shifted to more active potentials (by 350 mV) when polarized from the
cathodic potential to the OCP. Anodic polarization tests indicated that the magnetic
concentrate showed the highest corrosion behaviour (anodic current) compared to that of
magnetic tails. This peak is possibly due to the reduction of ferric to ferrous cyanide
complex, which slows down the reaction rate. Furthermore, it was found that, when oxygen
was bubbled, the peak disappeared for synthetic maghemite and roasted gold ore

electrodes, whereas magnetic tails still had the peak.

6. It is important to underline that the influence of maghemite slurry on gold dissolution
when it is in free contact with the gold’s surface is opposite of that observed in practice,

where gold is locked inside non-porous maghemite.
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Chapter 8

Conclusions and Recommendations
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8.1 Evaluation of Dissolution and Passivation Phenomena

This Ph.D. thesis mainly investigates the reason of slowdown in the dissolution rate of
roasted gold ore by electrochemical methods since gold dissolution is an electrochemical
corrosion process. Several new contributions of the electrochemical methods and
approaches close to extractive metallurgy practice have been proposed by this work, and

concluded as follows:

Electrochemical behaviour of pure gold studies have shown that the difference in peak
positions and current densities by cyclic voltammetry (without agitation) and
potentiodynamic polarization (at 100 rpm agitation) methods, to evaluate the prime
importance of agitation on the passivation of gold surface. One of the important
contributions of this chapter is that when gold is under passive conditions, increase in
cyanide concentration, pH, and potentials adversely affect the gold dissolution, leading to
more passive behaviour. The other interesting contribution is the application of
Electrochemical Noise Measurement (ENM) in gold studies, since no work was found in
the literature for gold using ENM. With its in-situ corrosion rate feature, ENM results have
revealed that pure gold electrode showed an increasing trend of corrosion rate while roasted
gold ore (RGO) electrode was found to have a plateau after the initial 10 h till the off-set
of leaching period (24 h). The formed gold oxide films (I and 111) have been determined by
XPS studies. These detected gold oxides are the main factors contributing to the passivation
of gold surface. These findings have revealed that ENM could be a promising tool for a
better understanding to study the anodic dissolution of gold leaching (Chapter 3). Further,
as given in Appendix A, the passive behaviour of gold was tested in sulphuric acid medium
as compared to that obtained in cyanide solutions. In sulphuric acid medium, gold (I and
I11) oxide films with much more evident peak densities have been detected by XPS if

compared to that in cyanide solutions.

Galvanic interaction studies between gold and iron oxide electrodes by Zero Resistance
Ammeter (ZRA) mode have shown that increasing agitation speed (100 to 400 rpm) has
led to an increase in galvanic corrosion rate of gold when gold is coupled with roasted gold

ore, magnetite, and maghemite disc electrodes. However, hematite showed a maximum
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increase in galvanic current, suggesting the increase in gold dissolution, at 250 rpm as
compared to that of 400 rpm. In the case of gold and roasted gold ore galvanic coupling
tests, XPS studies indicated the presence of silver on gold surface that could lead to partial
passivation of the surface. In the case of magnetite and gold electrode tests, SEM analysis
demonstrated Fe-oxides and Au-C compound (potentially insoluble Au-CN basic film) on
the surface of gold electrode. In galvanic corrosion tests, the tested minerals showed a
negative effect on gold leaching in decreasing order: magnetite, magnetite-hematite
(MagHem-ES), roasted gold ore. However, maghemite and hematite showed a positive
effect, relatively. These results have revealed that formation of corrosion products,
passivation, concentration of soluble ions, and diffusion control are responsible for the
retarding or promoting effect on gold leaching. This could also be linked to the difference
in conductivities of these electrodes (Chapter 4). Further, presented as abstract in Appendix
B, another article has also been extracted as complimentary to this publication. In this
complimentary work, it was noted that in case of RGO electrode, it is not a perfect
passivation, although somewhat a decreasing trend was observed on gold dissolution. The
findings have revealed that passivation is not only a laboratory phenomenon, but also it

could be responsible for the slowdown of gold dissolution in industrial practice.

Electrochemical behaviour of roasted gold ore (RGO) during cyanidation have shown
that the optimal leaching conditions for RGO were found to be 0.04 M NaCN
concentration, pH 10-10.5, and 250 rpm agitation speed (Chapter 5). Open circuit potential
tests, without imposed potential as in practice, showed that pure gold (Au) electrode gave
more active behaviour than that of roasted gold ore (RGO) electrode, which is in line with
the electrochemical noise measurement findings as observed in Chapter 3. Cathodic
polarisation curve should go directly without cathodic cleaning from corrosion potential to
more cathodic ones for both RGO and Au electrodes. SEM analysis indicated the presence
of Fe-oxide products could be the main contributor to the passivation of the gold surface.
It can be deduced that dissolved ions should have significant and different synergetic
effects on gold leaching that could affect conductivity, and cyanide concentration of the
solution. Employing Scanning Reference Electrode Technique (SRET) in-situ at open

circuit potential, as close to practice, Au electrode was found to have higher quasi
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electromotive force (QEMF) (150 vs. 50 uV/SCE) than that of roasted gold ore (RGO)
electrode (50 uV/SCE). A new approach has been considered to estimate the corrosion rate
of RGO. Considering the anodic curve for Tafel slope or Stern-Geary methods was found
to be misleading due to the presence of different constituents. It was found that in cyanide
solutions saturated with atmospheric oxygen, cathodic Tafel slope only (3.30 x 108
+3.27% mol m? s1) provides representative corrosion rates of gold for RGO to that in

practical cyanidation (3.07 x 108 +7.03% mol m?s™).

Electrochemical interactions between gold and iron oxide minerals have been
examined either in one (OC) or two separate containers (TC) in presence or absence of
slurry of roasted gold ore using “’Combined anode electrodes’’ approach. Magnetite
showed negative effect on gold leaching, while maghemite and hematite demonstrated
positive effect, relatively. In two separate containers (where only one counter electrode was
in the cell of Au electrode), the anodic behaviour of gold showed a certain passive
behaviour when slurry was in the cell of Au electrode, whereas this passive behaviour was
greatly decreased when slurry was not in the cell of Au electrode. When another Pt
electrode was placed in the other container (where mineral electrode was placed) and
electrically connected Au electrode in presence of slurry, resulted in decreasing passive
behaviour and gave higher current densities. The release of soluble species into the
solution, giving lower current densities, could be the primary factor for inhibiting or
passivating the surface of gold. However, when the tailings of slurry was used again as a
new feed in two separate containers (TC), the dissolution rate of gold was increased by 3
times (30 to 90 pA cm), suggesting the removal of detrimental ions in the first stage. It
was found that in cyanide solutions saturated with atmospheric oxygen, cathodic Tafel
slope only (8.60 x 107 + 4.56% mol m s) provides close corrosion rates of gold to that
in practical cyanidation (10.57 x 107 + 1.33% mol m™ s), suggesting that cathodic
polarization is the rate controlling one. Furthermore, a new electrode consisted of equal
quantities of magnetite and hematite in one electrode was developed to examine the
influence of these two major iron oxides on gold leaching. SEM analysis indicated the
presence of Fe-oxide and Au-C compound products could be responsible for partial

passivation of gold surface (Chapter 6).
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The influence of iron oxide slurries on the dissolution of gold electrodes has been
investigated. Corrosion rate estimation by cathodic Tafel approach has been compared
to that obtained in conventional cyanidation as in practice. Conventional cyanidation
yielded a decrease of ~ 40% in the gold leach rate with magnetite slurry, while increases
of 25% and 10% were observed for hematite and maghemite, respectively. These gold
leach rates were obtained by applying cathodic Tafel slopes only extrapolating to open
circuit potential, as shown in Chapters 5 and 6. SEM-EDS, in the case of magnetite slurry,
exhibited a high accumulation of iron oxides on the gold surface, which is an indication of
slowdown in the gold leach rate. In the case of roasted gold ore slurry, lower amounts of
iron oxides were detected with the association of calcium-magnesium coating. The second
main contribution is that XPS exhibited a small amount of gold in the slurry of magnetite
particles after leaching, i.e., suggesting the adsorption of gold by magnetite, which also
justifies the slowdown in the gold leach rate. Other contribution is that magnetic separation
tests of cyanidation tailings containing 20% Au resulted in a 4% (mass-pull) magnetic
concentrate sample with 72% non-leached Au. Roasted gold ore, magnetic tailings, and
synthetic maghemite electrodes exhibited a cathodic peak, suggesting the reduction of
ferric to ferrous ions, which could be responsible for the slowdown of leach kinetics,
whereas magnetic concentrate did not. Furthermore, when oxygen was bubbled, this peak
disappeared in the case of roasted gold ore and synthetic maghemite, though magnetic
tailings still exhibited the peak. It is important to underline that the influence of maghemite
slurry on gold dissolution when it is in free contact with the gold’s surface is opposite to

that observed in practice, where gold is locked inside non-porous maghemite (Chapter 7).

A review paper, presented in Chapter 2, has been considered for this project. The key
contributions of this review paper are: (1) the evaluation of the electrochemical methods
used in gold dissolution studies from past to present; (2) the discussion of the concept of
passivation in gold dissolution; (3) the importance of direction in cathodic scanning; and
(4) the implication of electrochemical findings in practical cyanidation. The advice of the

Editors of Hydrometallurgy Journal have been considered in the preparation of this review

paper.
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8.2 Recommendations for Future Studies

Based on the findings in this research project, the following perspectives and issues could
be considered in future studies:

1. A more detailed magnetic separation of roasted gold ore cyanidation tailings could be
considered since maghemite locks up the important portion of the unrecovered gold. It is
believed that more detailed electrochemical characterization of magnetic and non-magnetic

parts of these tailings would be critical for future studies.

2. Since roasted gold ore, magnetic tailings, and synthetic maghemite electrodes exhibited
a cathodic peak and disappeared at high oxygen concentration, then it would be critical to

examine the influence of a powerful oxidant, such as hydrogen peroxide.

3. Ultrafine grinding of the magnetic and non-magnetic parts could be a good option to

increase the gold leach rate.

4. A new electrode consisted of gold-silver alloy (since gold is often found with silver in
nature) electrodes in one anode could be considered.

5. Since hematite promote the leach rate of gold, then it would be critical to have more
hematite than having magnetite in roasted gold ore. In this case, roasting procedure could

be performed in different conditions which leads to dominantly hematite in the calcine.

6. Electrochemical Impedance Spectroscopy (EIS) study is recommended to examine the
influence of iron oxide minerals (magnetite, hematite, and maghemite) as slurry (1% solid
ratio; 0.5 g / 200 mL electrode) on the dissolution of a gold electrode during oxidation in
cyanide solutions at open circuit potential (OCP). Further, potentiostatic tests at passive
potential, e.g. -0.3 V/SHE could also be considered based on the preliminary findings. To
note that, EIS characterization of gold in cyanide solutions has received relatively less

attention than that in other chemical reagents.
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Résumé

Le phénomeéne de passivation d'or (Au) en médium d’acide sulfurique est encore pas bien
compris ; par conséquent, le comportement anodique de 1’or pur par rapport au platine (Pt)
en solution de H2SO4 a été examiné par différentes techniques électrochimiques pour un
apercu approprié. Les études de voltammétrie cyclique ont montré deux pics d'oxydation
et un pic de film de réduction pour Au, tandis qu'une réaction de dégagement d’oxygene
pour Pt. L’augmentation de la concentration de H2SO4 (0,5 a 1 mol / L) a doublé le pic de
la densiteé de courant de I’or. L’augmentation de 1'agitation a favorisé une zone passive sur
I’Au, alors qu'il était négligeable sur Pt par des études potentiodynamiques. Les études
potentiostatique (2 h) aux trois potentiels anodiques passifs dans 1 mol / L de H2SO4 ont
montré que l'admittance d'Au a été plus faible a 1,4 V. Les mesures de bruit
électrochimique pendant les périodes de désintégration (16 h) aprés la polarisation ont

montré que le film mince passif formée lors de la polarisation potentiostatique a été dissout.
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Abstract

Passive phenomenon of gold (Au) in sulphuric acid medium is still not well understood;
hence anodic behaviour of pure Au as compared to platinum (Pt) in H2SO4 solutions was
examined by different electrochemical techniques for an appropriate insight. Cyclic
voltammetry studies showed two oxidation peaks and one film reduction peak for Au, while
one oxygen evolution reaction for Pt. Increasing H2SO4 concentration (0.5 to 1 mol/L)
caused 2 fold increases in peak current density of Au. Increase in agitation promoted
passive zone on Au, while it was negligible on Pt by potentiodynamic studies.
Potentiostatic studies (2 h) at three anodic passive potentials in 1 mol/L H2SO4 showed that
the admittance of Au was found to be the lowest at 1.4 V. Electrochemical Noise
Measurements during the decay periods (16 h) after polarization showed that the formed

thin passive film during potentiostatic polarization has been dissolved.

Keywords: gold, passivation, sulphuric acid, electrochemical noise
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Appendix B Electrochemical Study of Gold Cyanidation in the Presence of Roasted
Gold Ore and Its Associated Oxide Minerals
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Résumé

Le traitement de I'oxyde, par exemple les minerais d'or oxydés a recu relativement moins
d'attention que ceux sulfurés, réecemment, le traitement des minerais d'or d'oxyde devient
indispensable. Dans cette étude, I'influence du minerai d'or grillé (RGO) du minerai en
suspension (a 35% ratio solide) lors de la dissolution électrochimique de I'or a été examinée
a l'aide d'or pur et de minéraux d'oxyde de fer (hématite, maghémite et magnétite) comme
électrodes a disque par zéro-résistance mode amperemeétre, soit dans un ou deux cellues
séparés. La présence du minerai en suspension a diminué les courants galvaniques, c’est-
a-dire, les vitesses de corrosion en raison de la libération et I'augmentation de la quantité
d'especes solubles et / ou insolubles qui pourraient retarder davantage le comportement
anodique de l'or. Les courants galvaniques plus élevés ont été observés dans deux cellules
séparés que dans un cellule indiquant l'importance primordiale des interactions
galvaniques. Les résultats de MEB-EDX ont observe des revétements de fer hydro / oxyde
sur la surface d'or en cas de test de magnétite. Toutefois, en cas de 1’électrode de RGO, la
passivation n’est pas une parfaite, bien que la tendance légeérement décroissante a été
observée lors de la dissolution de I'or. Ces résultats ont révélé que la passivation est non
seulement un phénoméne de laboratoire, mais aussi il pourrait étre responsable du

ralentissement de la dissolution de I'or dans la pratique industrielle.
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Abstract

Treatment of oxide, e.g. roasted gold ores has received relatively less attention than
sulphidic ones and recently, handling of oxide gold ores is becoming essential. In this
study, the influence of roasted gold ore (RGO) slurry (at 35% solid ratio) on the
electrochemical dissolution of gold has been examined using pure gold and iron oxide
minerals (hematite, maghemite, and magnetite) as disc electrodes by zero-resistance
ammeter mode either in one or two separate containers. The presence of slurry decreased
galvanic currents, i.e. corrosion rates due to the release and increase in the amount of
soluble and/or insoluble species that could retard further the anodic behaviour of gold.
Higher galvanic currents were observed in two separate containers than that in one
container indicating the primary importance of galvanic interactions. SEM-EDS results
observed iron hydro/oxide coatings on gold surface in case of magnetite test. However, in
case of RGO electrode it is not a perfect passivation, although somewhat decreasing trend
was observed on gold dissolution. These findings have revealed that passivation is not only
a laboratory phenomenon, but also it could be responsible for the slowdown of gold

dissolution in industrial practice.

Keywords: Roasted gold ore, gold, cyanide, magnetite, maghemite, hematite
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