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1. Introduction 

Continuous demand for gold has resulted in the depletion of primary high grade 
ores. Therefore, extraction from lower grade ores and industrial process resi-
dues (e.g., flotation tailings) as secondary raw materials has attracted attention 
(Norgate and Jahanshahi, 2010). In hydrometallurgical processes, cyanide is 
the main reagent utilized to extract gold due to its technological feasibility; i.e., 
good selectivity and strong complexation with gold. However, environmental 
and health concerns necessitate the development of alternative methods (Ayl-
more, 2016; Hilson and Monhemius, 2006; Laitos, 2012). In particular, envi-
ronmental accidents, such as the collapse of the tailings dam in Baia Mare in 
Romania in 2000, in  Guyana in  1995, and several other disasters with spills to 
the rivers and environment (Elomaa, 2020; Hilson and Monhemius, 2006) have 
raised concerns over the use of cyanide. Several states in the U.S. and other 
countries have even prohibited the use of cyanide, for example, Montana (U.S.) 
in 1998, Wisconsin (U.S.) in 2001, the Czech Republic in 2002, Germany in 
2002, Costa Rica in 2002, and La Pampa province of Argentina in 2007 
(Miettinen et al., 2013) 

Therefore, some of the current main questions in the field are  as follows: 
“What are the alternative lixiviants that can give comparable leaching efficiency 
to cyanide from low grade materials?” and “Can we selectively recover trace 
amounts of gold from cyanide-free industrial process solutions?” This doctoral 
dissertation investigates gold leaching and recovery in alternative lixiviants, 
namely in chloride and glycine, in order to expand the general understanding of 
cyanide-free gold processing.   
 

1.1 Background  

The noble metal gold “aurum” has attracted humankind since ancient times, due 
to its bright yellow color, ductility, malleability, exceptionally good electrical 
conductivity, and resistance to corrosion. These unique properties have led to 
its use not only as jewelry and a means of investment, but also in electronics, 
dentistry, and other industrial appliances (Marsden and House, 2006; Renner 
and Johns, 1997; Syed, 2012). In 2019, the global demand for gold amounted to 
about 4300 tonnes. The sectors concerned in descending order were the jewelry 
industry, investment, store of value by central banks, and technology. Gold is 
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mainly supplied from traditional mining, followed by urban mining through re-
cycling from scraps and hedging. Globally, in 2019 a total of 3400 tonnes of gold 
was derived from traditional mining, with China being the largest producer at 
380 tonnes. China is followed by Australia, the Russian Federation, the United 
States, and Canada (World Gold Council, 2020). The biggest known gold depos-
its are in Australia with approx. 10000 tonnes, and the world-wide total amount 
is approx. 50000 tonnes (U.S. Geological Survey, 2020) 

Typically, gold concentration in ores is measured in grams per tonne and can 
differ considerably from one mine to another. According to the World Gold 
Council, gold grade in open cut mines is from around 1 to 4 g/t, while in under-
ground mines the grade can reach up to 8 to 10 g/t (Calvo et al., 2016). For fea-
sible processing, it is critical to understand the mineralogy of the raw material 
in order to select or develop economically and environmentally sustainable pro-
cesses.  

Adiansyah et al. (2015) stated that the global mining industry produced a total 
of nearly 14 billion tonnes of mine tailings in 2010. According to Edraki et al. 
(2014), these tailings are left in the dams as fine-grained particles (1–600 m) 
after extracting the metal of interest. With a decrease in the grades of primary 
ores, the increase in annual production of residues and the constant risk of tail-
ings dam failures, there is a strong drive for the reuse of mining residue, includ-
ing flotation tailings (Ahmadi et al., 2015; Hilson and Monhemius, 2006; 
Muravyov and Fomchenko, 2018). These tailings can contain base metals such 
as copper, zinc, nickel, and cobalt; however, precious metals, for example gold 
and silver, can also be found in several sources in minor amounts (Falagan et 
al., 2017; Hao et al., 2016). In addition, hazardous elements like arsenic, lead, 
and cadmium can be present (Andrews et al., 2013; Xie et al., 2005). Moreover, 
sulfidic-rich flotation tailings can be oxidized when exposed to water and oxy-
gen, and consequently may form acid mine drainage, resulting in heavy metals 
dissolution already in ponds / during storage time (Akcil and Koldas, 2006; 
Edraki et al., 2014; Fan et al., 2016). Thus, various hydrometallurgical (Al-
tinkaya et al., 2019; Binnemans et al., 2015; Kondrat’eva et al., 2012; Muravyov 
and Fomchenko, 2018b; Nam et al., 2008; Wang et al., 2014) and pyrometal-
lurgical (Dun et al., 1991; Zhou, et al., 2005) technologies have been investigated 
and developed for the reprocessing of industrial process residues including tail-
ings. With this motivation, the European Union has launched several projects 
including SOCRATES, NEW-MINE, and METGROW+ to recover critical and 
valuable metals from secondary raw materials and valorize them into a new ma-
terial.  

Hydrometallurgical processes may offer a route for gold recovery from low 
grade ores, concentrates, and industrial process residues (Lundström et al., 
2012). Cyanide leaching is the main process for extracting gold (Marsden and 
House, 2006). Despite all the interest and knowledge in cyanide-free gold pro-
cessing, there is only one plant (Barrick Gold Corporation, U.S.) operating gold 
leaching on industrial scale in a cyanide-free manner (Helm et al., 2009). This 
highlights the importance of research and innovations on this topic. In this the-
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sis, gold leaching and recovery in two alternative cyanide-free media are inves-
tigated: chloride and glycine. In fact, these two media represent different ends 
of gold processing history: One application of chloride leaching (chlorination) 
was already used for gold processing in the 19th century (Rose, 1898), whereas 
glycine is the latest lixiviant that has received attention in the open literature of 
cyanide-free gold processing. Chloride leaching operates in acidic media, having 
a dissolved oxidant (e.g., Cu2+ or Fe3+ chloride complex), whereas glycine leach-
ing is conducted in alkaline conditions with oxygen as an oxidant. The work of 
the current thesis aims to extract gold by cyanide-free processes, although other 
metals present in the raw materials are also investigated. 

1.2 Objectives and scope 

Chloride leaching has often been considered as one of the most promising alter-
natives for the treatment of gold ores, concentrates, and even secondary raw 
materials, as it provides fast and efficient dissolution and the capability for sim-
ultaneous oxidation of sulfides and gold  (Adams, 2016). Similarly, the recently 
introduced non-toxic glycine leaching has attracted a lot of interest, due to its 
efficiency in metal dissolution, low reagent cost, and recyclability (Eksteen and 
Oraby, 2015). The aim of this research is to study cyanide-free chloride and gly-
cine leaching of gold from low grade flotation tailings and gold ore that can be 
integrated with electrochemical metal recovery.    

 
The specific objectives of this thesis are as follows:   
 

i. to investigate the influence of biological pretreatment on gold 
chloride leaching (flotation tailings); 

ii. to identify optimal chloride and glycine leaching conditions for 
maximum gold extraction (flotation tailings and gold ore);  

iii. to investigate the efficiency of different oxidants (cupric and 
ferric) in chloride leaching (low grade ore and flotation tail-
ings);  

iv. to demonstrate the potential applicability of direct electro-
chemical gold recovery from chloride and glycine solutions by 
the novel electrodeposition-redox replacement (EDRR) 
method and comparing this with the state-of-the-art carbon 
adsorption recovery.  

 
The results from the experimental work that aimed to answer the objectives of 
this thesis are shown in Publications I-IV and in this compendium. The first 
objective is covered in Publication I, while the second objective is addressed in 
Publications II and IV and Altinkaya et al. (2019), the third objective is ad-
dressed in Publications I, II, III, and in new results (in this compendium) and 
Altinkaya et al. (2019). Finally, the last objective is addressed in Publications III 
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and IV as well as in new results (in this compendium). Figure 1 shows the struc-
ture of the thesis and the connections between the publications and the com-
pendium section.   
 

 

Figure 1.  Structure of the thesis and connections between publications I-IV, the conference pub-
lication (Altinkaya et al., 2019), and the compendium (new results). 

1.3 New scientific contributions and applications 

This research contributes to new scientific knowledge of cyanide-free leaching 
and recovery methods from gold low grade ore and flotation tailings, especially 
the following:  

 This study investigated, for the first time, biological pretreatment to in-
crease gold extraction as a pretreatment for chloride leaching from flo-
tation tailings. (Publication I) 

 There is no previous study on glycine leaching that extracted gold to such 
a high value (90%) in the absence of any added catalysts (Cu2+, CN-) in 
24 hours by reactor leaching. This study proved, for the first time, the 
applicability of glycine leaching (without catalyst) in an intensively agi-
tated reactor and in the presence of adequate oxygen, for the extraction 
of gold from low grade gold ore, as a promising alternative leaching 
method to agitated cyanidation. Recently, purely glycine-based leaching 
of gold from gold ore has also been investigated in a reactor set-up. How-
ever, due to the slow gold dissolution kinetics in reactor leaching, gold 
extraction in glycine media has not been successful, and therefore is 
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mainly considered applicable for heap and in-situ leaching. (Publication 
IV) 

 For the first time, gold recovery from cupric chloride and glycine solu-
tions was demonstrated using the electrodeposition-redox replacement 
(EDRR) method. This was done with the aim of providing a carbon-free 
method for gold recovery from cyanide-free chloride and glycine media, 
without additional chemicals. (Publications III and IV) 

 The application of carbon-in-leach (CIL) and carbon-in-pulp (CIP) pro-
cesses in glycine media for the recovery of gold and comparing the effi-
ciency with carbon-in-pregnant leach solution (PLS) was investigated 
for the first time in this thesis. (Publication IV and new results in this 
compendium) 

1.4 Thesis structure 

This thesis comprises four scientific peer-reviewed journal publications [I-IV] 
and the compendium section. The publications are found appended to the the-
sis. In addition, this thesis is supported by one peer-reviewed conference paper 
(Altinkaya et al., 2019).  

Chapter 2 of the compendium section describes the theoretical background of 
gold materials, emphasizing the flotation tailings and gold ore utilized in this 
study. In addition, Chapter 2 concludes the theory of chloride, glycine, cyanide 
leaching methods, biological pretreatment and gold recovery methods from so-
lution, i.e., carbon adsorption and EDRR. Chapter 3 presents the characteriza-
tion of the investigated flotation tailings and gold ore, the experimental proce-
dures, and analytical methods implemented in Publications I-IV and the con-
ference publication (Altinkaya et al., 2019). Chapter 4 presents the results and 
discussion as well as recommendations for future research. Finally, concluding 
remarks are presented in Chapter 5.  
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2. Theoretical background 

This chapter provides a concise but comprehensive account of gold resources 
and processing methods. In particular, the principles of gold extraction from 
flotation tailings and low grade ores are emphasized.  

2.1 Gold resources 

Due to the inert nature of gold at ambient temperature and pressure, only a cou-
ple of naturally occurring gold complexes exist. Native gold is the main gold 
mineral and usually contains up to 15% Ag. When the silver content is between 
25% and 55%, the mineral is called electrum. Gold can also exist as a compound 
with tellurium, selenium, bismuth, mercury, copper, iron, platinum, and rho-
dium (Boyle, 1979, Marsden and House, 2006; Renner and Johns, 1997). Ac-
cording to McQuiston and Shoemaker (1995) and Marsden and House (2006), 
gold-bearing materials are divided into two groups: (I) primary ores and (II) 
secondary materials, as presented in Table 1. Tailings in the secondary materials 
category represent materials that are either left over after mechanical separa-
tion (gravity separation and flotation) or a leaching residue (cyanidation).  

Table 1. Categorization of gold materials (Marsden and House, 2006). *Materials expected to have 
low Au content, **Materials expected to have high Au content  

Primary ores Secondary materials 

Placer Gravity concentrates** 
Free-milling ores Flotation concentrate** 

Oxidized ores Tailings* 
Silver-rich ores Refinery materials** 

Iron sulfides Recycled gold** 
Arsenic sulfides  
Copper sulfides  

Antimony sulfides  
Tellurides  

Carbonaceous ores  
 
From a metallurgical point of view, gold-bearing ores are classified into three 
groups: (I) free milling, (II) complex, and (III) refractory ores (La Brooy et al., 
1994). Figure 2 presents the classification of gold according to the processing 
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route. If more than 90% gold recovery can be achieved in direct cyanidation, it 
is classified as free-milling ore (d80 <75 μm). Paleoplacers and quartz vein gold 
ores are the main groups of free-milling ores and the gold is in a hard rock ma-
trix. In paleoplacer ores, gold is unliberated and crushing and grinding are nec-
essary to achieve adequate gold extraction. Quartz vein gold is formed hydro-
thermally and found in the fault plane of rock fractures. Additionally, placer ores 
are formed by the passage of gold particles from a primary gold deposit by 
weathering and contain liberated gold particles, which do not require a pretreat-
ment process, and gravity separation or agglomeration is applied to recover the 
gold (Fleming, 1992; Marsden and House, 2006; Lunt and Weeks, 2005; Ren-
ner and Johns, 1997). Adams (2016) stated that, based on data from 2011, only 
18% of the gold deposits worldwide were free-milling, meaning that they would 
easily dissolve via cyanidation/CIP/CIL (Deng at al., 2020).  

 

 

Figure 2. Schematic diagram of classification of gold bearing ores. Modified from La Brooy et al., 
1994. 

In complex gold ores, the recovery of gold is economically viable only with the 
use of additional chemicals, such as oxygen and cyanide (La Broody et al., 1994; 
Lunt and Weeks, 2005). During the cyanide leaching of gold, dissolution of 
other metals like copper, silver, antimony, and arsenic in the minerals of sulfide 
and sulfide-arsenides may take place and deplete the free cyanide and oxygen 
concentration in the solution, leading to a decrease in gold recovery. Preg-rob-
bing ores are a type of complex gold ores, in which the gold-cyanide complex is 
adsorbed during leaching by naturally occurring components in the material 
(e.g., carbon, silicates, sulfides, and clays) or reduced as metallic gold at the sur-
face of chalcopyrite or carbonaceous matter (Adams et al., 1996; Ahtiainen and 
Lundström, 2016; Bas et al., 2011; Rees and Van Deventer, 2000; Tremolada et 
al., 2010). The most typical preg-robbing minerals are carbonaceous, such as 
hydrocarbons, organic acids, and natural carbon (Adams et al., 1996; Ahtiainen 
and Lundström, 2016). Carbonaceous ores are divided into two groups: mildly 
(C < 1 wt.-% %) and highly carbonaceous ores (C > 1 wt.-%). In a mildly carbo-
naceous ore, the adsorption surface of the carbon can be passivated using kero-
sene before cyanidation or by applying the carbon-in-leach (CIL) process to de-
crease the adsorption effect. On the other hand, roasting is the main pretreat-
ment process for treating high carbonaceous ores prior to cyanide leaching. 
However, chlorination has also been used to modify the carbon surface to repel 
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adsorption (Fraser et al., 1991; Goodall et al., 2005; Miller et al., 2005; Tan et 
al., 2005; Yang et al., 2013). 

If the gold recovery is uneconomical or inadequate when subjected to direct 
cyanide leaching, the ore is defined as refractory. In such a case, the leaching 
lixiviant is unable to dissolve gold, since the metal is locked or invisible in the 
mineral matrix (Fraser, 1991; Marsden and House, 2006).  The main reasons 
for refractoriness are: (I) gold is physically locked in cyanide-insoluble gangue 
minerals (e.g., silicates, sulfides), (II) gold occurs bound with sulfides (e.g., py-
rite, arsenopyrite), gold bearing tellurides, stibnite, and bismuth minerals in a 
very fine lattice, and (III) the presence of carbonaceous matter, clay, or sulfide 
in the material causes gold losses during the cyanidation process by adsorption 
or precipitation. Based on the efficiency in cyanidation, the degree of refracto-
riness is categorized in descending order as follows: non-refractory (>90% re-
covery), mildly refractory (80-90% recovery), moderately refractory (50-80%), 
and highly refractory (<50%) (Fleming, 1992; La Brooy et al., 1994; Vaughan, 
2004). 

However, several pretreatment processes can be applied to achieve high gold 
recovery from refractory raw materials. For refractory sulfides, roasting 
(Lawrence and Bruynesteyn, 1983; Amankwah and Pickles, 2009), pressure ox-
idation (POX) (Aylmore and Jaffer, 2012; Thomas and Pearson, 2016; Tiihonen 
et al., 2013), biological oxidation (BIOX) (Kaksonen et al., 2014; Miller and 
Brown, 2005), and fine grinding (Celep et al., 2011) are typically used to destroy 
the sulfide matrix, and consequently liberate the gold for cyanide leaching. 

2.1.1 Flotation tailings  

As mentioned above, flotation tailings are one of the secondary raw material 
resources for gold. They are generated as a discharge from the flotation process 
as the uneconomic fraction of the ore. Flotation is a widely applied concentra-
tion process which separates minerals from each other based on surface prop-
erties (Wills and Finch, 2016). The process is used to separate gold-containing 
copper sulfide, base metal sulfide, copper-nickel sulfide, pyrite, arsenopyrite 
etc. minerals from non-valuable minerals like SiO2. Flotation can also be used 
for impurity removal (e.g., carbon) before hydrometallurgical treatment. The 
application of flotation on a practical scale in the gold mining industry started 
in the early 1930s after the introduction of water-soluble flotation collectors. 
This led to the use of various flotation techniques for sulfide minerals (Dunne, 
2005). It is believed to be the most cost-effective concentration method (Bula-
tovic, 2010). According to O´Connor and Dunne (1994), flotation as a pretreat-
ment is essential in the treatment of refractory gold ores. It is then followed by 
other processes, such as roasting, bio-oxidation, or pressure oxidation to liber-
ate the gold prior to cyanide leaching.  

The metal-poor fraction of flotation typically ends up in the tailings dam. 
However, for several reasons, separation by flotation is not perfect, and there-
fore some gold may be left over in tailings (Bulatovic, 2010; Marsden and 
House, 2006; O’Connor and Dunne, 1994). Typical reasons for gold ending up 
in tailings are: 
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 Gold is associated at micron size (unliberated) with gold-bearing sul-
fide ores (e.g., pyrite, arsenopyrite, copper, etc.). 

 In treatment of gold-containing base metal ores (such as copper-zinc, 
lead-zinc, copper-nickel), gold is locked as fine particles in pyrite, 
which is considered as non-recoverable. Also, if the interest is mostly 
in recovering base metals, gold production is less significant, and gold 
recovery from the base metal fraction may be only between 30-75%.  

 Gold is covered with non-floatable material, such as iron oxides, cop-
per oxide, silicates. 

 Gold is present in compound particles of nonpyrophoric minerals (e.g., 
oxides, silicates).   

 During the grinding of native gold and its alloy, gold particles can be 
shaped differently, for instance with sharp edges, which favors detach-
ment from the air bubble, causing subsequent gold losses.  

In addition, previously flotation technologies were not as efficient as they are 
now with current available technologies (Falagan et al., 2017). Further, the op-
eration of new minerals processing plants may be challenging in the early stages. 
Therefore, old tailings or some fractions of tailings ponds may have a relatively 
high concentration of gold compared to current primary resources.  

In the mining operations of the Ural Mining and Metallurgical Company 
(UMMC), each year 15 tons of gold are stockpiled together with flotation tail-
ings, and in total more than 250 tons of gold are collected. The flotation tailings 
contain 0.3% of copper, 0.5% of zinc, and 0.8 g/t of gold (Muravyov and 
Fomchenko, 2018). This shows not only the significant value of this flotation 
tailings material, but also the possible negative impact on the environment as it 
may consist of sand, mud, pyrite, residual metal sulfides, and reagents (Antoni-
jevi  et al., 2008). 

Several studies (Janštová et al., 2020; Munive et al., 2019; Murthy, 1991) have 
been conducted on cyanide-free gold leaching of flotation tailings. Janštová et 
al. (2020) investigated the extraction of gold by thiourea leaching from flotation 
tailings (1-2.5 g/t) at the Hodruša-Hámre mines, Slovakia. They obtained 85% 
gold extraction in the presence of ferric ion as an oxidant.  Munive et al. (2019) 
also studied the extraction of gold from flotation tailings (0.05 g/t) by thiosul-
fate and/or glycine leaching at the Bolanos mine, Jalinos, Mexico. They 
achieved 100% extraction after 8h in thiosulfate media, while only 27% of gold 
was extracted in glycine media (20 g/L) at 30 °C after 48 hours. The presence 
of glycine in the leaching media reduced the thiosulfate consumption but did 
not affect the gold extraction. In the case reported by Murthy (1991), 95% gold 
extraction was achieved from low grade lead and zinc flotation tailings in thio-
sulfate media. Additionally, several studies have shown that bio-oxidation en-
hances gold extraction from flotation tailings in both cyanide (Muravyov and 
Fomchenko, 2018) and cyanide-free media (Murthy, 1990). Muravyov and 
Fomchenko (2018) investigated gold extraction from old flotation tailings (ap-
prox. 0.67 g/t) from processed copper-zinc sulfidic ores from the Urals (Gay de-
posit, Orenburg Oblast, Russia) by a combination of bio-oxidation and cyanide 
leaching. Gold extraction increased up to 92% in a two-step process. Murthy 
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(1990) studied the dissolution of gold from lead-zinc sulfide flotation tailings by 
a combination of biological treatment and thiourea leaching. In thiourea leach-
ing, bio-oxidation increased the gold extraction from 45% to 92%.  

In this thesis, flotation tailings of a much lower grade than mentioned in the 
literature are used as raw material in the investigation of the leaching of gold 
(and other metals) in cyanide-free media, i.e., in cupric and ferric chloride and 
in glycine leaching (Publications II, IV, and Altinkaya et al., 2019, new results). 
In addition, the effect of biological pretreatment is studied (Publication I). In 
addition, a comparison with the dominant cyanide technology is conducted 
(Publications I, IV, and Altinkaya et al., 2019, new results).  

2.2 Biological pretreatment 

The role of microorganisms in the generation of acid mine waters through de-
composition of sulfide minerals was identified in the late 1940s (Colmer and 
Hikle, 1947), which led to the incorporation of the fundamentals of biotechnol-
ogy into hydrometallurgy and the development of mineral biohydrometallurgy 
(Akcil and Deveci, 2010). Bio-oxidation is a dissolution process carried out or 
supported by bacteria, archaea, eukaryotes, and fungi (Erust et al., 2013; Mishra 
et al., 2005; Rawlings, 2002). According to Rawlings (2002), bio-oxidation re-
fers to a metal such as gold not being dissolved into solution, but rather the pro-
cess decomposes the sulfide minerals around the gold. Bio-oxidation has been 
utilized as a pretreatment process for liberating encapsulated gold from a sul-
fide mineral matrix such as pyrite and pyrrhotite. Then gold is recovered chem-
ically in the following process stages (e.g., cyanide leaching). In the gold bio-
oxidation process, microorganisms play a role in the decomposition of the sul-
fide matrix, but do not leach the gold itself (Brierley, 2008; Kaksonen et al., 
2014; Karthikeyan et al., 2015; Olson, 1994; Rawlings et al., 2003; van Aswegen 
et al., 2007).  

Akcil and Deveci (2010), Boscheker (1997), Crundwell (2003), Sand et al., 
(1995, 2001), Suzuki (2001), and Tributsch (2001) discussed in detail the direct 
and indirect dissolution mechanisms that occur in the oxidation of sulfide min-
erals with the aid of microorganisms. They mentioned that, in the direct mech-
anism, the microorganisms are attached to the surface of the sulfide mineral 
and oxidize the mineral directly to sulfate and metal cations by enzymatic action 
in the presence of oxygen. Microbiologically, the sulfur part of the mineral is 
converted to sulfate without noticeable intermediate products and the metal is 
released into solution. The following reactions present the direct oxidation of 
pyrite (Sand, 2001).  

 

                 (1) 
 
In contrast, in the indirect mechanism, the ferric ion (Fe3+) chemically oxidizes 
the sulfide minerals (Eqs. 2 and 3) and results in the generation of ferrous ion 
(Fe2+) and elemental sulfur (S0). These species are then microbiologically oxi-
dized to Fe3+ (Eq. 4) and sulfate (Eq. 5), without coming into contact with the 
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mineral surface. So, the role of microorganisms in this process is to regenerate 
Fe3+ from Fe2+ and to convert elemental sulfur into sulfuric acid by means of 
iron (e.g., Acidithiobacillus (At.) ferrooxidans) and sulfur-oxidizing (e.g., At. 
thiooxidans) microorganisms. According to Brierley (1982), biological oxida-
tion of Fe2+ and Fe3+ is significantly faster than with oxygen alone.   
 

                                       (2) 
 

                                        (3) 
 

                (4) 
 

                (5) 
 
The hypothesis of the direct mechanism remains unclear. For example, Sand 
(2001) proposed that the Fe3+ and/or protons (H+) produced are the only (chem-
ical) lixiviants that attack the valence bond of the sulfide minerals via oxidative 
and/or protons (H+) and destroy the matrix. Therefore, this suggestion rules out 
the direct mechanism in metal extraction and proposes that microorganisms 
carry out the regeneration of Fe3+ and Fe3+ and/or proton attack at the interface 
of the mineral/water and/or the mineral/microorganisms (Akcil and Deveci, 
2010). Tributsch (2001) made another proposal that the microbiological oxida-
tion of sulfides occurs not only through indirect dissolution at the mineral/wa-
ter interface, but also by contact leaching through the extracellular polymeric 
layer at the mineral/microorganism interface, and cooperative leaching, i.e., a 
combination of indirect and contact leaching (Deveci and Ball, 2010). Further-
more, Suzuki (2001) mentioned that in a real microbiological oxidation process, 
both direct and indirect as well as physico-chemical reactions may take place. 

Acidophilic microorganisms (e.g., bacteria and archaea) are predominantly 
utilized in the biological treatment of sulfide minerals. They are chemo-
lithotrophic and grow in the presence of oxygen and carbon dioxide in an acidic 
media (pH 1.5-2.5). Acidophilic iron- and sulfur-oxidizing microorganisms gain 
energy for growth and other functions from oxidizing Fe2+ to Fe3+ (Eq. 4) and/or 
elemental sulfur (S0) to sulfuric acid (Eq. 5) (Deveci et al., 2003; Karthikeyan et 
al., 2015; Mäkinen et al., 2020; Rawlings et al., 2003; Suzuki, 2001).  

The oxidation of sulfide minerals based on intermediates is categorized into 
two mechanisms, i.e., thiosulfate and polysulfide (Akcil et al., 2007; Akcil and 
Deveci, 2010; Bosecker, 1997; Reith et al., 2007; Sand et al., 2001). In the thio-
sulfate mechanism, Fe3+ reacts with metal sulfides and produces Fe2+ with thio-
sulfate as the main intermediate. Then, thiosulfate is degraded to sulfate with 
some amount of elemental sulfur as a side product. The oxidation of pyrite 
(Fe2S), molybdenite (MoS), and tungstite (WS) occurs via this mechanism. The 
oxidation of other metal sulfide minerals such as chalcopyrite (CuFe2S), galena 
(PbS), and sphalerite (ZnS) is carried out by Fe3+ and proton attack, resulting in 
polysulfides as the main intermediate product (Eq. 6). This is followed by the 
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chemical and/or microbiological oxidation of polysulfides mostly to elemental 
sulfur (Eq. 7) and some amount of sulfate products (Eq. 8).   

 (n 2)                   (6) 
 

          (for n=2)                                               (7) 
 

                                                              (8) 
 
Table 2 provides a list of acidophilic microorganisms commonly used in the bi-
ological treatment of sulfide minerals and their operating temperatures. Meso-
philic microorganisms are actively involved in the biological oxidation of sulfide 
minerals with a maximum working temperature of 40 °C. Moderate and ex-
treme thermophilic microorganisms are employed in a temperature range of 40 
to 85 °C to improve the oxidation of sulfide minerals, such as chalcopyrite. An 
increase in temperature when using extremely thermophilic microorganisms 
enhances the extraction of copper, since the elemental sulfur and other oxida-
tion products (e.g., polysulfides, and jarosite) that passivate the mineral surface 
are reduced (Bosecker, 1997; Kinnunen, 2004; Olson et al., 2003; Rawlings et 
al., 2003; Stott et al., 2000). Deveci et al. (2003) and Rawlings et al. (2003) 
stated that the presence of extreme thermophilic microorganisms, at a process 
temperature up to 85 °C, increases dissolution. The optimal pH level in the bio-
logical treatment of most of the sulfide minerals/ferrous iron is 1.5 to 2.3 
(Torma, 1977). Stott et al. (2000) and Rawling et al. (2003) stated that, at higher 
pH values, reaction products of ferric ion hydrolysis may occur such as jarosite 
(KFe3(SO4)2(OH)6) (Eq. 9), which passivate the mineral surface and inhibit the 
metal dissolution.  
 

                                         (9) 

Table 2. Working temperature of acidophilic microorganisms in biological treatment processes. 
Modified from Deveci et al., 2003; Holanda et al., 2016. (Publication I) 

Microorganism 

Type 

Culture Working  

Temperature 

(°C) 

Mesophilic Acidithiobacillus (At.) ferrooxidans  

Leptospirillum (L.) ferrooxidans 

At. thiooxidans 

Acidibacillus (Ab.) ferrooxidans* 

20—40 

Moderate Ther-

mophilic 

Sulfobacillus (Sb.) thermosulfidooxidans,  

Sb. acidophilus  

At. caldus 

40—45 

Extreme  

Thermophilic 

Sulfolobus-like archaea  

Sulfolobus. metallicus 

Acidianus. brierleyi 

55—85 
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Several studies (Akcil and Deveci, 2010; Bosecker, 1977; Deveci et al., 2003; 
Karthikeyan et al., 2015; Kinnunen, 2004; Mousavi et al., 2005) stated that im-
portant process parameters besides pH and temperature for optimizing the bi-
ological treatment of sulfide minerals are the growth media (nutrients), availa-
bility of oxygen and carbon dioxide, surface area, toxic effect of metal ions in 
solution, mineral type and composition, microbiological activity, adaptation 
ability, stirring rate, etc. Nutrient salts (nitrogen, phosphorus, and potassium) 
should be added to maintain biological activity. Depending on the type of mi-
croorganisms dissolved, an oxygen concentration of more than 1-2 mg/l and an 
adequate supply of carbon dioxide (0.5-5% v/v) are preferred. At low pulp den-
sities, such as 1% w/v, increasing the surface area by decreasing the particle size 
enhances the metal dissolution, while raising the pulp density by more than 20% 
w/v may negatively affect the dissolution process. The amount of some elements 
in the solution may have a toxic effect on the microorganisms, such as more than 
1% chloride ions in process water, which decreases the activity of mesophilic 
microorganisms. The mineral type and composition affect the need for an acidic 
pH, to provide an electron donor.  

The commercial biological treatment of refractory gold ores/concentrates is 
carried out in an aerated continuous stirred tank reactor, in a bioreactor, or in 
irrigated heaps (Brierley, 2008; Rawling et al., 2003). In the last 30 years, var-
ious large-scale commercial bio-oxidation processes have been developed, e.g., 
BIOX®, BacTech®, BACOX®, and BIONORD® (Brierley, 2008; Kaksonen et al., 
2014; Karthikeyan et al., 2015). The first industrial scale bio-oxidation plant as 
a pretreatment process for sulfidic gold flotation concentrates was established 
at Fairview Mine, South Africa, in 1986 (Bosecker, 1997; Brierley et al., 2010; 
Gahan et al., 2012; Rawlings et al., 2003; Olson et al., 2003; van Aswegen et al., 
2007). Thereafter, bio-oxidation processes have been commissioned in a num-
ber of countries (e.g., Australia, Brazil, Ghana, Peru, China, Uganda, USA, Ka-
zakhstan, Uzbekistan, and Russia) (Kaksonen et al., 2013). The Outotec BIOX® 
process, for the treatment of refractory gold concentrates, has been in commer-
cial operation for over 30 years with 13 successful BIOX® plants commissioned 
worldwide. Table 3 presents the commercial Outotec BIOX® plants for the pre-
treatment of refractory gold concentrates in tanks. A typical BIOX® plant in-
volves six bioreactors with the following process conditions: 15-20% slurry den-
sity, average temperature of 40 to 65°C, employing mesophilic or moderately 
thermophilic microorganisms, residence time of 4-6 days, pH 1.2-1.8, and par-
ticle size distribution (d80) of less than 75 m. In presence of poorly adapted 
microorganisms in solution, a high Fe2+/Fe3+ ratio, or a combination of both, 
the solution potential is typically 670 mV (vs. SHE). A higher solution potential 
(e.g., 950 to 980 mV (vs. SHE)) is obtained in presence of the highly active mi-
croorganisms with a low Fe2+/Fe3+ ratio (Brierley, 2010; Marsden and House, 
2006; Olson et al., 2003; van Aswegen et al., 2007). 

Bio-oxidation in heaps is generally considered for low grade ores. Typically, 
the process is run for 150-270 days with a particle size of 80% <12 to <25 mm 
(Kaksonen et al., 2014; Marsden and House, 2006). Heap bio-oxidation of re-
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fractory gold ore was commissioned for the first time in 1999 by Newmont Min-
ing Corporation at the Gold Quarry mine, Nevada, U.S. In addition, the Agnes 
gold mine in South Africa was started in 2003, based on the heap bio-oxidation 
of refractory gold concentrates using the GEOCAT® process (Ndlovu, 2008; Ol-
son et al., 2003). Furthermore, apart from bioleaching or bio-oxidation pro-
cesses, mining industries are drawn to the potential treatment of microbiologi-
cal processes in remediating acidic, metal-rich wastewaters (Karthikeyan, et al., 
2015; Rawlings, 2004).  

Table 3. List of commercial BIOX® operations for gold recovery (Outotec, 2020) 

Mine Country Capacity 

(ton/day) 

Operations 

began 

Current  

Status 

Fairview South  
Africa 

62 1986 Operating 

Saõ Bento Brazil 150 1990 Decomb 
Harbour Lights Australia 40 1991 Decoma 

Wiluna Australia 158 1993 C&Mb 

Ashanti Ghana 960 1994 C&Mb 
Coricancha Peru 60 1998 (2010) C&Mb 

Fosterville Australia 211 2005 Operating 
Suzdalc Kazakh-

stan 
520 2005/2010 Operating 

Bogoso Ghana 820 2007 C&Mb 
Jinfeng China 790 2007 Operating 

Kokpatasd Uzbeki-
stan 

2138 2009/2011 Operating 

Agnes South  
Africa 

20 2010 C&Mb 

Runruno Philip-
pines 

404 2016 Operating 

aDecommissioned, bCare and maintenance, cPlant capacity expanded from 196 
to 520 t/d in 2010, dPlant capacity expanded from 1069 to 2138 t/d in 2011. 

2.3 Gold leaching methods  

Hydrometallurgical processes can be suitable for the treatment of complex and 
low grade primary raw materials, due to process flexibility, relatively low capital 
cost, and potential selectivity (Conard, 1992; Gupta and Mukherjee, 1990; Syed, 
2012). Hydrometallurgical methods have been dominant in the treatment of 
gold and silver ores since the development of cyanide leaching/zinc cementation 
in the late 19th century (Fleming, 1992; Habashi, 1987). Figure 3 illustrates a 
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general flowsheet of gold processing, which consists of leaching, solution puri-
fication, and recovery as hydrometallurgical unit processes (represented by a 
straight line). Leaching is a solid-liquid mass transfer process, where the con-
stituents of the ore are dissolved into a solution using varying reagents including 
water, acids, alkalis, and salts (Gupta and Mukherjee, 1990; Habashi, 1999). Ac-
cording to the geographical, geological, metallurgical, mineralogical, and envi-
ronmental situation of the mine, various gold leaching methods are performed 
to extract gold as follows: heap or dump leaching, in-situ leaching, vat leaching, 
reactor leaching, and intensive cyanidation (Marsden and House, 2006). 
 

 

Figure 3. A general flowsheet for gold processing.  

Even though chlorination was extensively used before the introduction of cya-
nidation, currently cyanide is the most predominantly used lixiviant in gold ex-
traction processes (Deschenes, 2016; Habashi, 2005; Marsden and House, 
2006). Due to the toxicity and environmental concerns about cyanide spills 
(Aylmore, 2016; Hilson and Monhemius, 2006; Laitos, 2012) as well as the in-
ability of cyanidation to leach refractory ores, many alternative leaching meth-
ods have been investigated and developed (Adams, 2016; Avraamides, 1982; 
Brent Hiskey and Atluri, 1988). These alternative methods are thiosulfate, thi-
ourea, ammonia, thiocyanate, halogens (chloride, bromide, and iodine), bisul-
fide, and glycine (Aylmore, 2016; Hilson and Monhemius, 2006; Marsden and 
House, 2006; Muir and Aylmore, 2004; Oraby and Eksteen, 2015a; Sena-
nayake, 2004). Nonetheless, currently there is no industrial scale application of 
alternative reagents with the exception of thiosulfate at Barrick Gold in the U.S. 
(Helm et al., 2009). To replace the use of cyanide in industrial gold production, 
alternative reagents should have the following merits: inexpensive, efficient in 
metal extraction, recyclable, nontoxic, safe to transport and handle, well-suited 
for downstream recovery procedures (Gos and Rubo, 2000; Hilson and 
Monhemius, 2006; Muir and Aylmore, 2004; Nicol et al., 1987). Aylmore (2016) 
presented typical working regions for gold lixiviants on a redox potential-pH 
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diagram. As seen in Figure 4, in comparison with cyanide, most of the alterna-
tive reagents are suggested to have a more narrow working window, such as am-
monium thiosulfate, also requiring better process control. Glycine is stable over 
a wide Eh-pH range in alkaline conditions such as cyanide media. However, 
acidic chloride media is dependent on the oxidant’s sensitivity to pH. For exam-
ple, when using ferric ion as an oxidant, pH is restricted to be around 1 or 1.5, 
while cupric ion solution pH has a wider range almost up to 3 (Ahtiainen and 
Lundström, 2019).   

 

Figure 4. Eh-pH diagram of gold reagents and their performing zone (Aylmore, 2016). 

The current study examines chloride and glycine as alternative lixiviants to cy-
anide for extracting gold in an agitated reactor leaching system as well as a bio-
logical pretreatment process. 

2.3.1 Cyanide leaching  

The dissolution mechanism of gold in cyanide solution in the presence of oxygen 
(O2) was investigated for the first time in 1846 by Elsner and patented in the late 
19th century by McArthur and the Forrest brothers. Since then, cyanidation has 
been the main industrial gold leaching process. The overall dissolution reaction 
proposed by Elsner is shown in Eq. (10) (Brent Hiskey and Atluri, 1988; Flem-
ing, 1992; Habashi, 1967; Marsden and House, 2006; Nicol et al., 1987). As 
shown in Eq. 10, gold is oxidized by oxygen and dissolved in the aurous (Au+) 
state, forming Au(CN)2- with the free cyanide ion (CN-) ion in aqueous alkaline 
solution. In addition, auric (Au3+) cyanide complex can occur as Au(CN)4-; how-
ever, this is less stable than the Au+ state, see Table 4.  
 

                              (10) 
 

According to the Eh-pH diagram presented by Brent Hiskey and Atluri (1988), 
in alkaline aqueous solution (pH >10) gold is oxidized to the stable Au(CN)2-

complex at a potential of about -0.52 V (vs. SHE) in the specified conditions. 
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Soluble gold has a large region. Furthermore, the high selectivity for gold and 
exceptionally high stability of gold as an auro-cyanide complex have brought 
remarkable success to cyanide over other lixiviants (Fleming, 1992; Marsden 
and House, 2006). 
 

Table 4. Stability constants for gold complexes at 25 °C (Aylmore, 2016).  

Ligand 
Au+ or Au3+ 

Complex 
Log 2 and 4 pH 

Cyanide Au(CN)2- 38.3 >9 
Thiosulfate Au(S2O3)23- 28.7 8-10 
Thiourea Au(NH2CSNH2)2+ 23.3 <3 

Thiocyanate 
Au(SCN)2- 17.1 

<3 
Au(SCN)4- 43.9 

Sulfite Au(SO3)23- 15.4 >4 
Glycine Au(NH2CH2COO)2- 18 >9 

Chloride 
AuCl2- 9.1 

<3 
AuCl4- 25.3 

Bromide 
AuBr2- 12.0 

5-8 
AuBr4- 32.8 

Iodine 
AuI2- 18.6 

5-9 
AuI4- 47.7 

Ammonium Au(NH3)2+ 13 >9 
 

Kudryk and Kellogg (1954) mentioned that the leaching of gold in cyanide solu-
tion is an electrochemical process in which cathodic and anodic regions are cre-
ated on the gold surface. In the cathodic reaction (Eq. 11), oxygen receives the 
electrons from the one part of the metal’s surface, while on the anodic side (Eq. 
12) metal releases electrons at the same time (Fleming, 1992).  According to this 
reaction, when the cyanide concentration is low, the leaching rate is a function 
of cyanide concentration. In contrast, at high cyanide concentrations, the rate is 
a function of oxygen concentration (Deschênes, 2005; Marsden and House, 
2006; Nicol et al., 1987). 

                                          
                  (11) 

 
                  (12) 

 
Gold leaching in cyanide media is mainly affected by the following factors: cya-
nide and oxygen concentration, temperature, pH, agitation, surface area of ex-
posed gold and the presence of other ions in solution (Deschênes, 2005; Ellis 
and Senanayake, 2004; Karimi et al., 2010; Marsden and House, 2006; Nicol et 
al., 1987). Sodium cyanide (NaCN), potassium cyanide (KCN), and calcium cy-
anide (Ca(CN)2) are the cyanide salts that are typically used in industry as a 
source of cyanide. In the presence of 8.2 mg/L dissolved oxygen, maximum gold 
extraction can be achieved in a 0.005% free CN- concentration or 0.01% NaCN 
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solution. In agitated reactor leaching, the NaCN concentration may vary be-
tween 0.05 to 0.5 g/L, while in the presence of cyanide-consuming minerals, the 
concentration of NaCN is kept between 2 and 10 g/L. Usually, leaching is oper-
ated at room temperature. The dissolved oxygen concentration is typically 
maintained between 5-10 mg/L with air sparging. The particle size distribution 
(d80) of the material is from 150 m to 45 m, and it can be even finer, i.e., up to 
5 m, in refractory or non-refractory sulfide ores to liberate the gold prior to 
cyanide leaching. Slurry density is kept between 35% to 50%. The pH of the so-
lution is adjusted with calcium hydroxide (Ca(OH)2) or sodium hydroxide 
(NaOH) to between 10 and 11. At lower pH values, hydrogen cyanide (HCN) is 
formed by the hydrolysis of cyanide ion in water (Eq. 13), which can easily vo-
latilize under ambient conditions and cause extreme cyanide losses, releasing a 
poisonous gas. Increasing agitation enhances the gold dissolution rate since the 
diffusion layer thickness is reduced by increasing the solution flow rates in a 
mass transport controlled system.  

                      (13) 

Alternatively, oxidized sulfide minerals containing Sb, Zn, Cu, Fe, and As in the 
material can cause an excessive amount of oxygen and cyanide consumption 
and passivation of the gold surface, which causes gold losses and low gold ex-
tractions (Dai and Jeffrey, 2006; Karimi et al., 2010). Lead and mercury salts 
may reduce the negative effect of sulfide minerals on gold dissolution, conse-
quently increasing the gold recovery and reducing cyanide consumption 
(Deschênes, 2005). For instance, the use of lead nitrate (Pb(NO3)2) in cyanide 
solution for the treatment of gold-containing sulfide minerals was investigated 
by Deschênes et al. (2000). They found that the addition of lead nitrate partially 
inhibits the formation of a sulfur layer on the gold surface by forming a hydrox-
ide layer on sulfide minerals such as chalcopyrite and pyrrhotite.  

In addition, some sulfide minerals such as chalcopyrite and pyrrhotite, if pre-
sent, may dissolve in cyanide solution according to Eq. (14), where M is a diva-
lent metal species (Marsden and House, 2006; Zhang et al., 1997). However, 
refractory pyrite and arsenopyrite are not dissolved by cyanide. According to 
Deschênes et al. (2002), of the sulfide minerals realgar has the most negative 
effect on gold leaching kinetics, followed by pyrrhotite, chalcopyrite, pyrite, and 
arsenopyrite.  

                   (14) 

2.3.2 Chloride leaching 

According to Nicol (1980) and Putman (1944), the dissolution of gold in chloride 
solution takes place in two stages. In the first stage, intermediate AuCl com-
plexes occur on the surface of the gold (Eq. 15). In the second stage, a secondary 
intermediate monovalent complex, AuCl2-, is formed (Eq. 16), which can be ox-
idized further in the presence of chlorine to the trivalent form AuCl4- (Eq. 17) or 
dispersed into solution as AuCl2- (Nikoloski and Stockton, 2000; Marsden and 
House, 2006). AuCl2- is the predominant species when the oxidation potential 
is less than 1.2 V vs Standard Hydrogen Electrode (SHE), while more than 1.2 V 
vs SHE oxidation potential is required to form AuCl4- (Nicol, 1980). On the other 
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hand, Diaz et al. (1993) observed that when the oxidation potential is 0.8 V vs 
Saturated Calomel Electrode (SCE), an AuCl2- complex occurs, and above this 
value AuCl4- forms. Seisko (2020) suggested that the AuCl2- complex does not 
oxidize to the AuCl4-  form, but the direct formation of AuCl4- may occur by the 
disproportionation reaction. According to Muir (2002), the stability of the 
AuCl4- complex is determined by pH and needs a high concentration of chlo-
rine/chloride, temperature, and surface area of the ore. The complex is only sta-
ble when the solution pH is less than 3 and the concentration of sodium chloride 
more than 100 g/L. Marsden and House (2006) presented an Eh-pH diagram 
for the gold-water-chloride system at 25 °C in which gold is soluble in the AuCl4- 
form at potentials above 0.9 V in acidic solution (pH<3). They also found that 
Au(I) chloride AuCl2- might occur at a higher potential, but this form is less sta-
ble than the Au(III) chloride complex, as presented in Table 4. In general, gold-
chloride complexes are unstable, and precipitation is possible in the case of con-
tact with reducing minerals (e.g., chalcopyrite, carbon) (Ahtiainen and 
Lundström, 2019). 

 
                   (15) 

 
                   (16) 

 
                  (17) 

 
Marsden and House (2016) stated that a strong oxidant is necessary for an ade-
quate gold dissolution rate since oxidation occurs at a high potential. They sug-
gested chlorine, chlorate ions, or ozone as suitable oxidants as well as nitric acid, 
which is used in the well-known aqua regia (1:3 HNO3: HCl) solution. Several 
studies (Abe and Hosaka, 2010; Lampinen et al., 2017; Lundström et al., 2016, 
2015, 2014, 2005; McDougall and Hancock, 1981; Miettinen et al., 2013; Seisko 
et al., 2019) proposed cupric ion (Cu2+) as an oxidant and investigated the ki-
netics and dissolution mechanism of gold. According to McDonald et al. (1987), 
the dissolution reactions of gold in cupric chloride media take place in acidic 
media at elevated temperatures, as shown in Eqs. (18) and (19).  

 
                         (18) 

 
                  (19) 

 
On the other hand, Liu and Nicol (2002), Lu and Dreisinger (2013), Putnam 
(1944), and Seisko et al. (2018) investigated gold dissolution reaction mecha-
nisms in chloride media with the addition of ferric ion (Fe3+) as an oxidant. The 
corresponding reactions can be described as in Eqs. (20) and (21). A feed of ox-
ygen, air, or oxygen enriched air is necessary mainly to support the regeneration 
of Cu2+ or Fe3+, see Eqs. (22) and (23). It should be noted that these reactions 
are simplifications, as in reality copper and iron species also prevail, mostly in 
complexed form (Liu and Nicol, 2002; Miki and Nicol, 2011).  
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                 (20) 

 
                                                                 (21) 

 
                                                                         (22)       

  
                                                                          (23) 

 
Typically, cupric and ferric chloride leaching is performed at high temperature. 
Abe and Hosaka (2010), Aylmore (2016), Lundström et al. (2016), and Miet-
tinen et al. (2013) recommended a temperature range of 80-98 °C. The sug-
gested pH of the cupric chloride solution is less than 3 to prevent precipitation 
of the copper as atacamite (Cu2(OH)3Cl). In ferric chloride leaching, to avoid 
iron precipitation as hydroxides (e.g., goethite, hematite), the solution pH 
should be below 1.9 or even lower than 1, especially at high temperatures (Abe 
and Hosaka, 2010; Lundström et al., 2016; Seisko, 2020; Yazici and Deveci, 
2015).  

Chloride as a ligand to complex with gold has a positive effect on gold dissolu-
tion. The gold dissolution rate is enhanced with increasing chloride concentra-
tion up to approx. 5 M (McDonald et al., 1987; Seisko et al., 2019, 2018; von 
Bonsdorff et al., 2007). Ahtiainen and Lundström (2019) showed that in the 
presence of an instant gold recovery process (i.e., carbon-in-chloride-leach), 
gold leaching is achievable at milder chloride concentrations down to as low as 
0.3 M of chlorides. Muir (2002) and Senanayake and Muir (2003) suggested 
that increasing the chloride concentration above 0.1 M raises the potential of 
the Cu2+/Cu+ pair, due to the increase in the stability constant of the cuprous-
chloride species over the cupric-chloride species. In contrast, an increase in 
chloride concentration decreases the potential of Fe3+/Fe2+, since Fe3+ forms 
more stable complexes with chloride than Fe2+ (Ahtiainen and Lundström, 
2019; Lundström et al., 2005; Yazici and Deveci, 2015).  

Several studies (Lampinen et al., 2017; McDonald et al., 1987; Seisko et al., 
2019, 2018; Von Bonsdorff et al., 2007) showed that an increase in ferric and 
cupric concentration up to approximately 0.5 M enhances the dissolution rate 
of gold, as well as the final gold extraction (Seisko, 2020). Lundström et al. 
(2016) suggested that the ferric and cupric ion concentration should be between 
9 and 45 g/L to be favorable for gold chloride leaching. 

The driving force for the dissolution of gold is affected by the oxidant (cupric 
and ferric) concentration, the Nernst equation (Eq. 24), and a high redox poten-
tial increasing the driving force for gold dissolution (Lundström et al., 2005).  
 

                  (24) 

 
in which E is the redox potential (V), E° is the standard electrode potential (V) 
at 25°C, R is the molar gas constant (8.314 J mol-1 K-1), T is the temperature (K), 
z the number of electrons in the reaction, F is the Faraday’s constant 96 485 
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C/mol, and aOx and aRed are the activities of the oxidized and reduced species, 
respectively. 

Aydogan et al. (2005), Dutrizac (1992), Lu and Dreisinger (2013), Lundström 
et al. (2005), and Santos et al. (2010) investigated the dissolution of sulfide min-
erals in chloride media with the help of Cu2+ and Fe3+; the general dissolution 
reactions are shown in Eqs. (25) and (26), respectively. It needs to be noted that 
different sulfide minerals have very different oxidation potentials: pyrite and 
arsenopyrite being notably more refractory, i.e., difficult to leach compared to 
pyrrhotite (Miettinen et al., 2013; Lundström et al., 2014). During the cu-
pric/ferric chloride leaching of sulfide minerals, divalent metals dissolve (in 
ionic or in chloride complex form), whereas the dominant sulfur phase is ele-
mental sulfur that remains in the leach residue.  
 

                            (25) 
 

                                                      (26) 
 

Currently there are no commercially running gold chloride leaching processes 
for ores or concentrates (Hilson and Monhemius, 2006). However, a number of 
processes have been established for gold chloride leaching, e.g., Dundee Sus-
tainable Technologies (Lalancette et al., 2015), Intec (Moyes and Houllis, 2010), 
the N-Chlo process (Abe et al., 2008; Yoshimura and Abe, 2017), Neomet gold 
process (Harris and White, 2011), PlatsolTM (Ferron et al., 2003; Fleming, 
2002), Kell (Liddell, 2019), and Outotec’s Gold Chloride process (Lundström et 
al., 2016; Miettinen et al., 2014). Table 5 summarizes the process conditions in 
the gold chloride technologies that are in the development stage. 
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Table 5. Leaching  
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2.3.3 Glycine leaching 

Glycine or aminoacetic acid (NH2CH2COOH) is the simplest amino acid 
(Lehninger, 1995). It is a colorless, odorless, and sweet-tasting crystalline solid, 
non-flammable, and non-volatile. It also has a high melting point (262 °C) and 
decomposition temperature (292 °C). It is highly soluble (25 g/100 ml at 25 °C) 
in water, acids, and alkalis (Tanda, 2017). According to Aksu and Doyle (2001), 
in aqueous solution with pKA values at 2.35 and 9.78, glycine has three different 
ionic forms. The cationic glycinium ion +H3NCH2COOH occurs when the solu-
tion is acidic, zwitterion +H3NCH2COO-  is predominant in neutral solutions, 
and the mainly anionic glycinate H2NCH2COO- is formed at pH values above 
9.78. Glycine has the ability to attract metal ions such as gold, silver, copper, 
zinc, nickel, cobalt, lead, palladium, cadmium, vanadium, and titanium (Ek-
steen and Oraby, 2015; Oraby et al., 2019b; Oraby et al., 2017; Oraby and Ek-
steen, 2015a; Tanda et al., 2019). The dissolution of some metals such as iron, 
manganese, chromium, magnesium, aluminum, silicates, and carbonates is 
negligible in glycine solution (Eksteen et al., 2016; Oraby et al., 2019a). Glycine 
has various industrial applications, such as an agent in metal complexing and 
finishing. It is also utilized as an additive in animal feed and nutrition in food 
supplements and protein drinks (Tanda, 2017).   

Aylmore (2016) presented the overall gold dissolution reaction (Eq. 27) in al-
kaline glycine solution in the presence of oxygen. In this reaction, oxygen oxi-
dizes the gold and aurous gold (Au(I)) forms a stable complex as gold-glycinate 
Au(NH2NCH2COO)2- through the nitrogen atom of the amino group (-NH2) 
bonds (Aylmore, 2016). Au(NH2NCH2COO)2- complex has a stability constant 
(log 2) of 18, which is higher than that of other gold-ligand complexes such as 
Au(SO3)23-, Au(SCN)2-, AuBr2-, and AuCl2- (see Table 4).  
 

                (27) 

Several studies investigated the gold solubility in different amino acids such as 
DL- alanine, glycine, and histidine (Brown et al., 1982; Jingrong et al., 1996) 
and their role in the dissolution of gold as additives in different leaching media 
(Feng and Van Deventer, 2011; Wu et al., 2019). Glycine as a main lixiviant in 
copper and/or precious metals leaching has been investigated and patented by 
Eksteen and Oraby (2015a, 2015b, 2014), Oraby et al. (2019a), Oraby and Ek-
steen (2014), Tanda et al. (2018), and Eksteen et al. (2017b). They observed that 
a single amino acid, glycine, provides the highest gold dissolution among the 
amino acids (e.g., histidine and alanine) and suggested the use of glycine due to 
its low cost and bulk availability. 

Oraby and Eksteen (2015a) and Eksteen and Oraby (2015a) investigated the 
dissolution of gold from gold and a mixture of silver-gold foils using hydrogen 
peroxide (H2O2) as an oxidant, Eq. (28). They observed that gold dissolution 
was enhanced by an increase in glycine (0.025 – 1 M), pH (5.8 – 12.8), temper-
ature (23 – 75°C), or hydrogen peroxide concentration (0 – 2%). In addition, 
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Eksteen and Oraby (2015a) found that the dissolution of gold increases consid-
erably when cupric ions are added into the system (catalytic effect), while pyrite 
has a negative effect on gold extraction.  

 
            (28) 

The effect of temperature on the leaching rate can be expressed in the form of 
the Arrhenius equation (Eq. 29) (Marsden and House, 2006). As shown in Eq. 
(29), reaction rate k is enhanced exponentially with temperature. In chemically 
controlled reactions, the activation energy is typically more than 40 kj/mol. Ac-
cording to Oraby and Eksteen (2015a), gold glycine leaching is chemically con-
trolled, having an activation energy of 50 kJ/mol. 
 

                                                                                                                              (29) 

where A is the experimental constant, Ea the activation energy (J mol-1), R the 
universal gas constant (8.314 J mol-1 K-1), and T the temperature (K). 

 Generally, an increase in glycine concentration improves the dissolution of 
gold since the glycine is the main ligand to complex with gold. However, in a 
chemically controlled reaction, if glycine is in solution in an excessive amount, 
the addition of glycine may not affect the dissolution, as the reaction turns into 
a zero-order reaction (Broeksma, 2018; Choo et al., 2006). 

Eksteen and Oraby (2015a) and Eksteen et al. (2017b) reported that the gly-
cine leaching of gold in an agitated reactor does not appear to be feasible in the 
absence of catalysts (e.g., Cu2+, CN- ions). Further, it is suggested to be more 
suitable for heap leaching due to its slow leaching kinetics. Oraby and Eksteen 
(2015b) and Oraby et al. (2017) studied the application of glycine-cyanide in the 
presence of copper for processing copper-gold ores. The results suggested that 
the addition of glycine improved gold leaching kinetics in copper (I)-cyanide 
solutions, in which the free-cyanide concentration was very low. Oraby et al. 
(2019b) observed very low gold extraction (0.3%) from PCBs after 24h of leach-
ing in glycine media, whereas combining glycine and cyanide-starved glycine 
media yielded gold extraction of up to 92.1%. As an alternative, Oraby et al. 
(2019a) investigated the extraction of gold from free-milling paleochannel oxide 
ores in aerated alkaline glycine solution (bottle roll with hole for air feed, 15 g/L 
glycine, pH = 12.5, T = 23 – 65 C°). They observed 85% gold extraction after 336 
h. Due to the slow leaching kinetics, it was concluded that glycine is suitable for 
heap and in-situ leaching of oxide ores. However, in this thesis it was shown that 
90% of gold could be extracted from gold ore in the absence of any catalysts 
(Cu2+, CN-) with intensive agitation and oxygen purging after 24 h (Publication 
IV).  

There are two commercial processes for glycine: GlyLeach™ and GlyCat™, 
owned by Mining & Process Solutions Innovation, which are operating on pilot 
scale.  The GlyLeachTM process is applied to a heap leach system to extract gold, 
copper, nickel, cobalt, and zinc from oxide, mixed oxide and supergene ores, 
and primary sulfide ores (Newton, 2020).  In GlyCatTM, a synergistic lixiviant 
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leaching process is used in an agitated reactor to extract gold using glycine in 
the presence of low concentrations of cyanide (Seaman et al., 2019). 

2.4 Gold recovery methods 

Gold recovery methods from pregnant leach solution (PLS) can be categorized 
into two groups: (I) solution purification and/or concentration and (II) recovery 
(Figure 2). Solution purification such as carbon adsorption (i.e., carbon-in-pulp 
(CIP), carbon-in-leach (CIL), and carbon-in-column (CIC)), ion exchange and 
solvent extraction methods are applied to the PLS after the leaching process to 
produce a pure and higher grade gold solution. In these processes, gold is ad-
sorbed from PLS onto the extractant, after which elution is employed to desorb 
gold from the extractant into a solution for gold recovery. A concentrated (ele-
mental/pure) solid form of gold is produced in the recovery processes by the 
reduction mechanism. The reductive power can be provided by chemical addi-
tion, i.e., cementation by zinc (known as the Merrill Crowe process) or alumi-
num, or by an external power source (known as electrowinning). Subsequently, 
the final product is refined to increase the grade or sold (Gupta and Mukherjee, 
1990; Marsden and House, 2006; Nicol, 1987). Recently, an innovative combi-
nation of cementation and electrical reduction has also been introduced, namely 
electrodeposition – redox replacement (EDRR). In this thesis two gold recovery 
methods to recover gold from PLS were investigated: (I) carbon adsorption 
(Publication IV) and (II) electrochemical deposition-redox replacement 
(EDRR) (Publications III, IV). The following sections summarize the main prin-
ciples of these technologies.   

2.4.1 Carbon adsorption 

The first finding of the ability of carbon to adsorb precious metals from aqueous 
solution was made in 1847. In 1880, Davis patented the use of wood charcoal 
for gold recovery from chlorine leach solution, which was followed by the appli-
cation of the process at a plant at the Mount Morgan mine, Australia, in the early 
1980s (Staunton, 2005; Renner and Johns, 1997). The use of charcoal for gold 
recovery from cyanide solution was patented by Johnson in 1894, and after-
wards Youanmi gold mine in Australia replaced the zinc cementation process 
with charcoal in 1917. However, the latter was dropped since the technology of 
zinc cementation was more advanced. With the development of the Zadra (1952) 
elution process and carbon regeneration, the use of modern carbon-in-pulp 
(CIP) technology has been predominant in the gold industry since the 1970s 
(Fleming, 1992; Marsden and House, 2006; McDougall and Hancock, 1981; 
Staunton, 2005).  

Activated carbon is an organic material which is made of carbonaceous raw 
material such as coal, peach pips, coconut shells, wood, anthracite, etc.  It has a 
highly advanced porous form and large surface area (600 to 1500 m2/g). Prior 
to use, the raw material is activated in two steps. In the first process, raw mate-
rial is carbonized at a temperature of 300 to 500 °C, then activated with an ox-
idizing agent (e.g., steam, carbon dioxide, air (oxygen) or a mixture of them) at 
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high temperature (700 to 1100 °C) (Bae et al., 2014; Nicol et al., 1987, Tadda et 
al., 2016).  

The carbon adsorption process can be carried out in three different ways, de-
pending on the leaching process and physical and chemical characterization of 
the material (Gönen et al., 2007).  These methods are as follows: (I) carbon-in-
pulp (CIP), (II) carbon-in-leach (CIL), and (III) carbon-in-column (CIC). As 
mentioned above, the CIP process has been used predominantly to recover gold 
from cyanide slurries since the 1970s. In this system, the leaching slurry 
(solid+liquid) is mixed with activated carbon after completion of the leaching 
process: thus dissolved gold is adsorbed from the liquid phase. The process is 
carried out in an agitated tank cascade system in which carbon moves counter-
currently to the leaching slurry in the direction of the last stage (elution process) 
(Fleming, 1992; Habashi, 1987; Marsden and House, 2006; Stange, 1999).  

In the CIL process, leaching and recovery are performed together in the same 
tank. The process is applied usually for ores with carbonaceous or sulfide min-
erals that cause “preg-robbing”. The leaching time for ore in this process is typ-
ically between 5 and 10 hours. The major advantages of the CIL process com-
pared to CIP is lower capital cost, applicability for the treatment of low grade 
material, and less gold losses, especially for ores containing carbonaceous ma-
terial. The disadvantage lies in gold losses due to carbon attrition and difficulties 
in carbon inventory (Goodall et al., 2005; Wadnerkar et al., 2015).  

CIC is used to recover gold from filtered PLS cyanide solution obtained from 
heap and vat leaching, tailings reclaim, etc. Similar to the CIP method, the car-
bon can flow countercurrently toward the first column, while the leach solution 
flows in the opposite direction (Gönen et al., 2007; Gupta and Mukherjee, 1990; 
Marsden and Hose, 2006).  

Although activated carbon has been extensively applied in the industry for re-
covery of gold, the adsorption mechanism onto activated carbon has not yet 
been fully established. Several adsorption mechanisms have been suggested for 
aurocyanide onto activated carbon (Jia et al., 1998; Marsden and House, 2006; 
Nicol et al., 1987; Renner and Johns, 1997). Davidson (1974) stated that gold is 
adsorbed as an ion pair  and in the presence of spectator cations 
(e.g., Ca2+, Mg2+, K+, Na+), the adsorption capacity of gold onto activated carbon 
is positively affected. This suggested mechanism was also recognized widely in 
other gold adsorption studies, such as those by McDougall et al. (1980), McDou-
gall and Hancock (1981), and Stange (1991). Marsden and House (2006) pre-
sented the mechanism shown in Eq. (30). Furthermore, McDougall et al. (1987) 
proposed that the adsorption of the ion pair  is followed by the 
subsequent partial reduction of Au(CN)2- to Au(CN)x.  

 
                                                                  (30) 

 
where the ion pair  is the adsorbed gold form. Another adsorp-
tion theory is the electrochemical theory, in which carbon in contact with water 
reduces O2 to a hydroxyl group of H2O2, as shown in Eq. (31). During the process, 
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the carbon loses electrons and becomes positively charged, which attracts neg-
atively charged metal anions, such as Au(CN)2- (Gupta and Mukherjee 1990; 
Yang et al., 2013). Habashi (1987) proposed that the gold cyanide complex is 
physically adsorbed on the activated carbon through a similar mechanism.  

 
                 (31) 

 
The factors affecting the adsorption of gold onto activated carbon are the carbon 
type, particle size, mixing efficiency, pulp density, temperature, gold concentra-
tion in the solution, cyanide concentration, pH, ionic strength, presence of other 
metals, and dissolved oxygen. The loading capacity of activated carbon de-
creases with increasing temperature, free cyanide concentration, pH, anion con-
centration (CN->S2->SCN->S2O32->OH->Cl->NO3-), presence of other metals 
and ionic strength, while the adsorption rate is enhanced by a rise in tempera-
ture, mixing intensity, and gold concentration in the solution (Fleming and 
Nicol, 1984; Marsden and House, 2006; McDougall and Hancock, 1981; Nicol 
et al., 1987). 

The mechanism of gold recovery in chloride media differs from that in cyanide 
solutions. In chloride media, gold does not adsorb but is reduced by carbon as 
metallic gold (Eqs. 32, 33) The overall reaction is presented in Eq. (34) 
(Habashi, 1987). 

 
                                         (32)

  
                                          (33) 

 
                (34) 

 
According to Marsden and House (2006), the affinity of activated carbon to gold 
complexes are in descending order as follows: Au(Cl)4-, Au(CN)2-, Au(SCN)2-, 
Au(CS(NH2)2)2+, and Au(S2O3)23. Even though activated carbon has a high af-
finity to gold-chloride complexes, due to challenges in the stripping process, 
gold is lost to tailings, i.e., precipitated metallic gold might abrade from the ac-
tivated carbon surface, leading to disadvantages in the use of carbon in chloride 
media (Aylmore, 2016; Hilson and Monhemius, 2006;). Aylmore (2016) stated 
that one challenge in the use of an alternative reagent to cyanide is to find an 
economically appropriate option for recovering gold from solution. Nowadays, 
the use of carbon in columns is suggested for some development-stage gold 
chloride processes (Lundström et al., 2015), such as the N-Chlo process and 
Intec. 

In the recently introduced glycine media, gold is recovered from solution by 
activated carbon. Studies (Oraby and Eksteen, 2015a; Tauetsile et al., 2018a, 
2018b) showed that gold glycinate can be recovered extremely well from preg-
nant glycine leach solution by carbon adsorption. Tauetsile et al. (2018a) inves-
tigated the adsorption behavior of gold and copper glycinate onto activated car-
bon in synthetic solution and they found that the adsorption capacity increased 
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with rising free glycine, copper and calcium chloride concentrations, but de-
creased with increasing pH and initial gold concentration. Moreover, in com-
parison with cyanide, free glycine species did not appear to have a negative ef-
fect on adsorption, since they did not seem to adsorb and compete for adsorp-
tion sites on the carbon.  

Another study by Tauetsile et al. (2018b) was carried out on the kinetics for 
the competitive adsorption of gold and copper onto activated carbon from syn-
thetic glycine solutions. They observed that the initial gold adsorption rate was 
affected significantly by the carbon concentration while other process parame-
ters (e.g., pH, glycine and gold concentration, ionic strength) had a slight effect. 
Additionally, gold glycinate adsorbed onto activated carbon selectively over cop-
per glycinate complex. However, the recovery of gold from pregnant leach gly-
cine leach solution is still at an early phase and the theory behind the adsorption 
behavior of gold glycinate on activated carbon is still unclear.   

2.4.2 Electrodeposition-redox replacement 

Electrochemical recovery of gold after carbon elution has been used for gold re-
covery from cyanide solutions since 1950 by electrowinning (EW), i.e., by the 
use of a constant current for gold recovery from pure solutions (Costello, 2005). 
However, recently for chloride solutions, development towards the direct elec-
trochemical recovery of gold from the pregnant leach solution has been con-
ducted by Lundström and Yliniemi (2017), Korolev et al. (2019), Yliniemi et al. 
(2018a), and in Publication III. The method is based on tailored electrochemical 
recovery, namely Electrodeposition-Redox Replacement (EDRR). Previously, 
redox replacement has been applied to design functional materials: different 
catalysts (Benson et al., 2017), nanoparticle growth (Yliniemi et al., 2013), and 
the formation of thin films (Al Amri et al., 2016). Another method, namely the 
Surface-Limited Redox Replacement (SLRR) method was introduced by 
Brankovic et al. (2001) to form thin films by employing underpotential deposi-
tion of Cu (less noble metal, also called sacrificial metal). This is followed by 
redox replacement of that layer by a more noble metal of interest such as Ag, Pt, 
or Pd from another solution.  

The basic principle of the electrodeposition-redox replacement (EDRR) 
method is similar to SLRR or electrochemical atomic layer deposition (e-ALD), 
which was investigated by Gregory and Stickney (1991) and Vaidyanathan et al. 
(2006). It involves depositing a less noble metal on the electrode, followed by a 
spontaneous redox replacement reaction, i.e., the cementation of a more noble 
metal (gold) (Halli et al., 2018). The SLRR and e-ALD methods aim at defect-
free monolayers and smooth monolayers with the underpotential deposition of 
sacrificial metals. In contrast to underpotential deposition, electrodeposition 
may result in a porous structure of deposits on the surface of the electrode, thus 
redox replacement forms thicker layer deposit in the EDRR method (Halli et al., 
2020; Hannula et al., 2019; Yliniemi et al., 2018a). Also, in this thesis, a layer of 
pure gold deposit is recovered instead of functional or nanostructured layers 
(Publication III).  
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Typically, the EDRR method involves two steps, which are repeated sequentially 
for a fixed number of cycles (n). After inserting the inert working electrode into 
a solution that contains ions of both copper (sacrificial metal) and gold, the pro-
cess begins. During the first step, i.e., electrodeposition (ED), under constant 
cathodic potential (Edep) copper is deposited on the surface of the working elec-
trode for a defined time (tdep). In the following step, i.e., redox-replacement 
(RR), the cell is left in open circuit conditions (OCP) for a pre-determined time 
(tcut) or until the cut-off potential (Ecut) is reached. The redox replacement 
among the deposited copper and gold ions present in the solution takes place 
due to the variance in their standard electrode potential (Gokcen et al., 2010; 
Halli et al., 2020, 2018; Mkwizu et al, 2010; Yliniemi et al., 2013). A substantial 
quantity of gold will be recovered on the working electrode after repeating this 
process for a determined amount of cycles (Korolev et al., 2019). 

The controlled process parameters in the EDRR method are the deposition 
time (tdep) and potential (Edep) of copper deposition, the duration of redox re-
placement (tcut), and the number of EDRR cycles (n). Prior to EDRR, cyclic volt-
ammetry (CV) measurements are typically performed in order to find appropri-
ate EDRR parameters, such as Edep and Ecut, and optimized in combination with 
tdep (Wang et al., 2019; Yliniemi et al., 2018a). In cupric chloride solution, more 
copper is deposited by increasing Edep. This typically causes a longer redox re-
placement time for gold to cement on copper, or alternatively results in a deposit 
with higher copper content. If there is insufficient time for full replacement, the 
gold recovery efficiency suffers and will result in copper remaining on the sur-
face of the cathode. Moreover, the surface content may be rough (bumpy) due 
to a frame defect or impurities on the electrode. The process parameters affect-
ing the total metal recovery from solution, product quality, energy consumption, 
the morphology and composition of deposited particles, and deposition kinetics 
have been studied in detail in different hydrometallurgical solutions, by Halli et 
al. (2020, 2018, 20017), Hannula et al. (2019), and Wang et al. (2019). In this 
thesis a detailed study was conducted for gold recovery from cupric chloride so-
lutions (Publication III).  

Eqs. (35) and (36) presents the cathodic reactions in the ED step for chloride 
(Publication III) and glycine solutions (Publication IV), respectively. Simulta-
neously, oxygen and chlorine gases are produced at the anode (see Eqs. 37, 38) 
(Publication III).  

 
                 (35) 

CH CH                                                (36) 

                    (37) 

                                           (38) 

Regarding the RR step, Eqs. (39) and (40) are suggested for chloride (Publica-
tion III) and glycine solutions (Publication IV), respectively. Halli et al. (2018) 
stated that the reactions taking place during the RR step are similar to those in 
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traditional cementation processes (i.e., Merrill Crowe), which is the reason why 
they considered the EDRR method as electrochemically supported cementation. 

 
                                         (39) 

CH           (40) 

So far, the EDRR method has been used to recover silver from a synthetic zinc 
sulfate bath (Halli et al., 2017; Wang et al., 2019) and a copper sulfate bath 
(Hannula et al., 2019), platinum from nickel sulfate solutions (Halli et al., 2018; 
Yliniemi et al., 2018b), and tellurium from chloride leachates (Halli et al., 
2020). For the first time, gold recovery was reported in Publication III from cy-
anide-free chloride solutions with only minor gold concentration using the 
novel EDRR method. In addition, gold recovery by EDRR from a real process 
solution and the effect of impurities were presented by Korolev et al. (2019) and 
Yliniemi et al. (2018a), respectively. Recently, Korolev et al. (2020) presented 
the mechanism of selective gold extraction from multi-metal chloride solutions 
by EDRR, where the effects of the physicochemical properties of the solvent on 
the efficiency of the EDRR method were studied in aqueous chloride solution 
and in a deep eutectic mixture of choline chloride with ethylene glycol media in 
a 1:2 molar ratio (1:2 ChCl:EG). They found that divalent copper oxidizes the 
elemental copper deposit, which leads to the improvement of dissolved cuprous 
around the electrode, and therefore these cuprous species reduce the dissolved 
gold species into elemental form. 

In comparison with conventional gold recovery methods, EDRR is suggested 
to have the following advantages:  

 In the electrowinning process, the recommended gold concentration 
in the solution is more than 10 g/tonne (Marsden and House, 2006), 
while gold can be recovered with the EDRR method directly from a real 
process solution containing gold on ppm scale (Publication III). 

 Electrowinning operates with pure solutions after carbon adsorption, 
elution, etc. On the other hand, EDRR can be applied to recover only 
one metal (gold) from a mixed solution which has a high copper (30 
g/L) concentration and other impurities such as Fe, Zn, Co, or Ni at 
various levels: ppm and g/L (Korolev et al., 2019: Yliniemi et al., 
2018a). 

 EDRR can be utilized right after the leaching process, thus avoiding 
the use of activated carbon and its treatment: adsorption, elution, and 
regeneration processes. However, gold needs to be stripped from the 
cathode material for final metal recovery using high pressure water 
sprays (Marsden and House, 2006) or dissolving the loaded cathode 
in an acid media (e.g., hydrochloric acid) (Nicol et al., 1987).   

 Due to the spontaneous nature of redox replacement, EDRR might be 
more effective than electrowinning when the noble metal is present in 
solution at very low concentrations (Halli et al., 2018).  
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 In the RR step, there is no externally applied potential or current. This 
might be an added advantage for EDRR in terms of energy consump-
tion and energy efficiency. 

 A higher quality product can be achieved using EDRR over elec-
trowinning (Halli et al., 2018).  
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3. Experimental methods 

This chapter provides detailed information on how the experimental work was 
carried out to achieve the thesis objectives. It also provides information on the 
materials and reagents utilized, experimental setup and methods, analytical  
and characterization equipment and procedures,  and how the results were cal-
culated.  

3.1 Flotation tailings and gold ore  

The flotation tailings (Publications I, II) contained 0.21 ppm gold as the main 
element of interest, whereas the other focus metals were iron (3.56%), copper 
(0.09%), cobalt (0.04%), nickel (0.03%), and zinc (0.04%). In the tailings raw 
material, 83% of the sample was composed of quartz, dolomite, and hornblende, 
with phlogopite, chlorite, and magnetite as gangue minerals in the sample. The 
main ore minerals were pyrrhotite and pyrite, with accessory chalcopyrite, pent-
landite, and sphalerite (Table 6). Gold occurred as native gold, and the grain 
size was between 1 and 3 m. Gold was encountered mainly at the cleavage sur-
faces and at the rims of the gangue and sulfide particles. Figure 5 illustrates the 
particle size distribution of the flotation tailings for as-received (d80: 150 m) 
and ground material (d80: 26 m). The as-received material was ground for 120 
min in a laboratory ball mill at 65 wt.% slurry density and 600 rpm.  

Table 6. Chemical and mineral composition of the flotation tailings (Publication II).  

Element Content (%) Mineral Content (%) 
Au 0.21 (ppm) Pyrrhotite 2.85 
Fe 3.56 Pyrite 1.83 
Cu 0.09 Chalcopyrite 0.25 
Co 0.04 Pentlandite 0.08 
Ni 0.03 Sphalerite 0.07 
Zn 0.04 Quartz 35.02 
  Dolomite 25.33 
  Hornblende 22.54 
  Chlorite 6.11 
  Phlogopite 5.04 
  Magnetite 0.90 
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The gold ore of epithermal origin (Publication IV) contained 5.4 ppm of Au as 
fine-grained particles including an average of 5% Ag. Gold was found in tellu-
rides, such as calaverite (AuTe2), sylvanite (AuAgTe4), and kostovite (CuAuTe4). 
Native gold was generally associated with pyrite and calaverite with other tellu-
rides, such as melanite (NiTe2) and tellurobismuthite (Bi2Te3). The native gold 
grains were of small size (<20 μm), both as inclusions and veinlets in pyrite. 
Silver, iron, copper, and aluminum were the other notable elements in the gold 
ore. As shown in Table 7, mineralogically the ore sample was mainly composed 
of quartz (approx. 60%). The rest of the sample s comprised mostly Al silicates, 
micas, and feldspars. The main ore minerals were sulfides such as pyrite, pyr-
rhotite, and chalcopyrite, and tellurides such as tellurobismuthite, altaite, hes-
site, and frohbergite. This material structure is very typical for these kinds of ore 
deposits (White and Hedenquist, 1995). The particle size (d80) of the gold ore 
was 86 μm, as presented in Figure 5. 

Table 7. Chemical and mineral composition of the gold ore (Publication IV). 

Element Content (%) Mineral Content (%) 
Au 5.4 (ppm) Pyrite  0.48 
Ag 2 (ppm) Pyrrhotite  0.14 
Fe 0.8 Chalcopyrite  0.06 
Cu 0.02 Galena  0.006 
Al 8.4 Sphalerite  0.004 
Te 0.007 Quartz  58.98 
Bi 0.006 Al silicates  20.25 
Sb <0.002 Biotite  10.11 
Pb <0.002 Microcline  2.12 
As <0.002 Others 7.85 
S 0.3   
C <0.05   

 
 

 

Figure 5. Particle size distribution of the flotation tailings (as-received and ground) and gold ore 
(original feed) investigated.  
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3.2 Leaching experiments 

3.2.1 Bioleaching  

Experiments related to the bioleaching of flotation tailings were carried out at 
VTT Technical Research Center of Finland, Espoo, and are described in Publi-
cation I. A mixed acidophilic culture was supplemented from a sulfide ore mine 
and used in this study for the bioleaching experiments. The species in this cul-
ture were Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans/al-
bertensis, Acidithiobacillus caldus, Leptospirillum ferrooxidans, Sulfobacillus 
thermosulfidooxidans (Halinen et al., 2009). First, adaptation experiments 
were performed in shake flasks in an orbital shaker (Stuart SI-500; 34 °C, 
150 rpm) for 22 days to adapt the culture to the raw material. 250 mL Erlen-
meyer shake flasks were used with a total volume of 100 mL and each experi-
ment was performed in duplicate. Ten milliliters of acidophilic culture was in-
jected into 90 mL of 0K cultivation medium (Table 8), which was a modified 9K 
medium without ferrous iron (Silverman and Lundgren, 1959). The as-received 
raw material was added into the flasks according to a 10-100 g/L solid/liquid 
ratio (also referred to as solid concentration (%) in Publication I and Altinkaya 
et al. (2019), S:L ratio in Publication II).  

The adaptation experiments were carried out in a rotary shaker at a rotating 
speed of 150 rpm, T = 32°C, and pH = 1.5, which was adjusted with sulfuric acid 
(H2SO4, 95%, Sigma-Aldrich, technical grade). Oxygen and carbon dioxide were 
provided from air. Every second day, the pH and redox (mV vs. Ag/AgCl in 3 M 
KCl) of the slurry were measured. Sub-samples were taken at fixed times and 
filtered with a 0.45 m pore size WhatmanTM filter (GE Healthcare Life Sci-
ences), after which the metal concentration in the solution was analyzed. Addi-
tionally, chemical control leaching experiments were carried out in the same 
set-up as the adaptation but without the addition of the mixed acidophilic cul-
ture. The media consisted of only 0K medium, H2SO4 for pH adjustment, and 
the raw material.   

Table 8. Mineral salts and elements in 0K medium (modified 9K medium without ferrous iron, Sil-
verman and Lundgren, 1959). (Publication II) 

Chemical Formula Amounts  

(g/L) 

(NH4)2SO4 3 

KCl 0.1 

K2HPO4 0.5 

MgSO4·7H2O 0.5 

Ca(NO3)2·4H2O 0.14 

 
Bioleaching experiments were run for 11 and 15 days in a 5 L titanium reactor 
leaching set-up with four different solid/liquid ratios (50, 75, 100, and 125 g/L). 
The adapted microorganism culture was added into the reactor (o.5 L) as the 
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inoculum together with 4.5 L of 0K medium (Table 8). The conditions investi-
gated in the bioleaching experiments are given in Table 9. During all of the bi-
oleaching experiments the temperature (32 °C), oxygen feed (3 L/min), and stir-
ring rate (300 rpm) were kept constant, while the pH was adjusted to 1.8 with 
H2SO4 only at the beginning of the experiments. The redox (mV vs Ag/AgCl in 
3M KCl) was monitored using a Consort C3040 electrochemical analyzer, and 
the dissolved Fe (mg/L) in the solution was measured. The trademarks of the 
pH and redox electrodes were Van London Phoenix PH7V110-10B-300 and Van 
London Phoenix RP75130-10B-300, respectively, which were different from the 
one used in the reactor leaching set-up described in section 3.2.2. 

Table 9. Parameters studied in bioleaching experiments  

Test ID Solid/liquid ratio  
(g/L) 

Leaching time 
(days) 

B1 50 15 
B2 75 11 
B3 100 15 
B4 125 11 

3.2.2 Reactor leaching set-up 

All of the gold leaching experiments were carried out on batch scale in a reactor 
equipped with a reflux condenser (1) to minimize evaporation and baffles to pro-
mote mixing. The slurry was mixed using a GLS type agitator with an IKA® EU-
ROSTAR POWER control-visc stirrer (2). An Ag/AgCl vs. Pt electrode (3) (Fluke 
73III multimeter) was used to measure the redox potential. Figures 6a and b 
illustrate the schematic and laboratory experimental set-up of the reactor leach-
ing experiments, respectively. The slurry was heated using a heating plate (4) 
underneath the reactor.  The temperature was automatically controlled by a 
temperature probe (5) (Omron E5CN) in the reactor, and also independently 
with a thermometer. The pH of the slurry was measured with a Mettler Toledo 
SevenGo pro electrode (6) and adjusted with a chemical to the targeted value 
through an automatic volumetric device (7) (TB84 pH/ORP/ pION, ABB). Ox-
ygen was purged continuously into the slurry from the bottom of the reactor 
through a titanium pipe and adjusted with a rotameter (8). During the leaching 
experiments, several samples were taken at fixed periods from the leaching 
slurry and filtered with a 0.45 m pore size WhatmanTM filter (GE Healthcare 
Life Sciences). At the end of the leaching, filtration was performed for solid-liq-
uid separation and the filtered solid residue was dried at 60° C. After the drying 
process, the sample was homogenized, and chemical analyses were performed.  
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Figure 6. (a) Schematic and (b) photograph of the reactor leaching set-up.   

3.2.3 Chloride leaching experiments 

Chloride leaching experiments were run in a 2 L titanium reactor (Figure 6b). 
The conditions investigated in all of the chloride leaching experiments were cho-
sen based on the development-stage Outotec Gold Chloride process (Haavan-
lammi et. al., 2010; Leppinen et. al., 2010; Lundström et. al., 2016, 2015, 2014; 
Miettinen et al., 2014, 2013). The constant parameters in the chloride leaching 
experiments were as follows: initial solution volume = 1 L, 250 g/L solid/liquid 
ratio, T = 95 °C, oxygen feed = 1.2 L/min, and rotational speed = 950 rpm. 37% 
hydrochloric acid (HCl, J.T. Baker, technical grade) or 20 g/L sodium hydroxide 
(NaOH, SigmaAldrich, analytical grade) was used to increase the pH to the tar-
get value. 

The conditions investigated in the chloride leaching experiments with flota-
tion tailings and gold ore are presented in Table 10. The cupric and ferric chlo-
ride leaching experiments on flotation tailings (Publication II and Altinkaya et 
al., 2019) were carried out with ground material (d80 = 26 μm) for 24 h at pH = 
1.8 and 1, respectively. In the cupric chloride leaching experiments, the effect of 
the sodium chloride (NaCl, MERCK, analytical grade) concentration (150, 200, 
250 g/L) (E1-E3) as well as the cupric ion concentration (10, 30, and 50 g/L) 
was examined in 250 g/L NaCl solution (E3-E5). Cupric ion was added from 
copper(II) chloride dihydrate (CuCl2.2H2O, VMR Chemicals, technical grade). 
Ferric chloride leaching experiments (E6-E8) with concentrations of 10, 30, and 
50 g/L ferric ion have been published elsewhere, in Altinkaya et al. (2019). The 
ferric ion was added from ferric(III) chloride hexahydrate (FeCl3·6H2O, VMR 
Chemicals, technical grade). The experiments E9 (Publication II) and E10 (Pub-
lication I) were investigated with the ground and as-received material without 
added oxidant, respectively. In these experiments, the oxidant (Cu(II) or 
Fe(III)) originated from the raw material and was regenerated by oxygen. The 
experiments were carried out in 250 g/L NaCl solution for 72 h at pH = 1. 

The effect of biological pretreatment on gold extraction in chloride leaching 
was investigated with the residues from the bioleaching tests (B1 and B2) in a 2 
L titanium reactor. Two experiments (BC1 and BC2) were carried out for 72 h at 
pH = 1 with the as-received and ground materials.  Another experiment (BC3) 
was run in the presence of 30 g/L cupric ion for 24 h at pH = 1.8 with the ground 

(4) 

(5) 

(6) 

(7) 

(8) 
(1) 

(2) 

(3) 

(b) (a) 
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material. Alternatively, the effect of particle size (as-received, ground) on the 
dissolution of gold in direct chloride (E9, E10) and biologically pretreated chlo-
ride media (BC1, BC2) was studied in the 250 g/L NaCl solution without any 
additional oxidant for 72 h at pH = 1. (Publication I)  

The chloride leaching experiments, E11 and E12, with the gold ore were carried 
out with an addition of 30 g/L cupric or ferric ion in 250 g/L NaCl solution at 
pH = 1.8 and 1, respectively. (New results) 
 



           Experimental methods 
 
 

39 

       jj 

Table 10. Process  
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3.2.4 Glycine leaching experiments 

Leaching experiments in glycine (C2H5NO2, SigmaAldrich, analytical grade) me-
dia were performed in a 1 L glass reactor for 24 h.  The slurry was mixed at an 
impeller speed of 900 rpm and 1 L/min oxygen was fed into the slurry. Table 11 
shows the conditions investigated in glycine leaching. (Publication IV) 

For gold ore, the initial experiments (T1-T7) were carried out with a 100 g/L  
solid/liquid ratio to study the effect of glycine concentration (0.5 –  2 M), pH 
(10 – 12), and temperature (22 – 60°C) on the dissolved gold concentration 
(mg/L)  in the solution. 12 M sodium hydroxide (NaOH, SigmaAldrich, analyti-
cal grade) was used to adjust the pH. The investigated process parameters were 
chosen based on the studies by Eksteen et al. (2017b), Eksteen and Oraby 
(2015a), Oraby and Eksteen (2015a, 2015b, 2014), and Tanda et al. (2017).  

The optimal parameters for gold extraction in glycine media were investigated 
by analyzing the results statistically using MODDE 12.0 software. Experimental 
series with three factors (glycine concentration, temperature, and pH) and three 
center points were designed in the face-centered central composite design 
(CCF), which is a mode of response surface methodology (Table 11). P-values 
were used to determine the significance of the factors and their interaction. At 
the chosen confidence level (95%), statistically non-significant coefficients are 
determined when the P-values are more than =0.05, and a non-significant P-
value always indicates an insignificant effect (Celep et al., 2018; Hoenig and 
Heisey, 2001; Seltman, 2018). The adequacy of the fit was also evaluated by R2, 
Q2, model validity, and the reproducibility of the model. In order to prove the 
sufficiency of the chosen optimal parameters, one verification experiment (VE) 
was run with the chosen optimal conditions.   

Table 11. Process parameters investigated in glycine leaching experiments of gold ore  

Test ID Glycine concentration (M) Temperature (°C) pH Solid/liquid ratio (g/L) 

Initial glycine leaching tests 

T1 0.5 60 12 100 

T2 1.25 60 12 100 

T3 2 60 12 100 

T4 2 20 12 100 

T5 2 40 12 100 

T6 2 60 10 100 

T7 2 60 11 100 

Experimental series (N1-N17) 

Low (-1) 0.5 20 10  

Medium (0) 1.25 40 11  

High (+1) 2 60 12  

Additional experiments on the effect of solid concentration 

VE 1.25 60 12 100 

T8 1.25 60 12 200 

T9 1.25 60 12 300 
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The effect of particle size on the extraction of gold from flotation tailings in gly-
cine media was investigated with two different experiments, T10 and T11. These 
experiments were performed under the same conditions as the verification ex-
periment (VE) with a higher solid/liquid ratio (250 g/L). As-received material 
was used in experiment T10, whereas experiment T11 was run with the ground 
flotation tailings. (New results) 

3.2.5 Cyanide leaching conditions  

In this study, cyanide leaching was investigated as a reference experiment to 
compare the gold extraction efficiency of cyanide-free methods. For both mate-
rials, leaching experiments were carried out for 24 h in an agitated reactor at 
room temperature with 0.5 L/min of air purging in a solution of pH = 11, which 
was adjusted with NaOH. For the flotation tailings, reference leaching experi-
ments CN-1 (Publication I) and CN-2 (Altinkaya et al., 2019) were carried out 
with ground and as-received materials, respectively. In these experiments, the 
sodium cyanide concentration (2 g/L) and solid/liquid ratio (250 g/L) were kept 
constant. At the same time, a cyanide leaching test on gold ore (CN-3) was per-
formed in 0.75 g/L NaCN solution with a 500 g/L solid/liquid ratio (Publication 
IV). During the leaching experiments, the cyanide concentration was kept con-
stant with manual silver nitrate titration and solution samples were taken at 
fixed times.  

3.3 Recovery experiments 

3.3.1 Material and process conditions in EDRR  

An investigation was made into the feasibility of carbon-free recovery of gold 
from cyanide-free cupric chloride (Publication III) and glycine solution (Publi-
cation IV) by the EDRR method. Electrochemical measurements were con-
ducted using a 24-bit potentiostat (IviumStat CompactStat, Ivium Technology, 
Netherlands). The tests were carried out in a 50 cm3 three-electrode cell at room 
temperature with a reference electrode (RE), working electrode (WE), and 
counter electrode (CE). In cupric chloride solution, the WE and CE electrodes 
were made of 99.5% pure platinum with a surface area of 0.5 cm2 and 10 cm2 
(Kultakeskus Oy, Finland), while a saturated calomel electrode was used as the 
reference electrode (SCE, SI Analytics, France). For glycine solution, a glassy 
carbon with 2 cm2 exposed area (Alfa Aesar, United States) was used as the WE, 
10 cm2 platinum was employed as the CE, and a saturated mercury-mercurous 
sulfate electrode (Hg/Hg2SO4, Mettler Toledo, Switzerland) was used as the RE.  

Table 12 shows the solution composition and experimental parameters stud-
ied in EDRR in cupric chloride (R1 and R2) and glycine solution (R3 and R4). 
Experiments R1 and R2 were run with a synthetic solution that contained 120 
g/L NaCl at pH 2. The recovery experiments in glycine media were carried out 
with one synthetic and one real PLS from the glycine verification experiment 
(VE). To improve the access of copper to the electrode surface (Reyes Cruz et 
al., 2002), the copper concentration in PLS from the glycine VE was doped with 
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approx. 500 mg/L (see, Table 12). Synthetic solutions in both media were made 
using deionized water and Gold Atomic Absorption Standard AA22H-1 (1000 

g/ml Au, AccuStandard) solution as the gold source. NaCl ( 99.0%, Merck) 
and CuCl2.2H2O (98% pure, Acros Organics) were the other chemicals used in 
the synthetic chloride solution, while copper(II) sulfate pentahydrate 
(CuSO4·5H2O, SigmaAldrich, analytical grade) was the copper source in glycine 
media.  

Table 12.  Solution composition and process parameters investigated in EDRR experiments in 
chloride and glycine media  

Test 
ID 

[Au], 
mg/L 

[Cu], 
mg/L 

Au:Cu 
 

tdep, 

s 
Eset, 

mV  
tcut, 
s 

Ecut, 
mV 
vs. 

SCE 

Number 
of cycles 

Ref 

R1 
8 2700 1:340 

5 -320*  550 250 
III 

R2 10 -320*  550 250 

R3 0.5 505 

1:1000 

5 
-

1100** 
55 - 1247 

IV 
R4 0.46 594 5 

-
1100** 
 

55 - 1440 

* Hg/Hg2SO4 **SCE 

 
Additionally, one electrodeposition (ED) test was carried out in cupric chloride 
media without the redox replacement (RR) step at an Eset potential of -300 mV 
vs. SCE for 100 s to observe the quantity of Cu and Au co-deposition on the elec-
trode in ED, which is a similar procedure to electrowinning. A 10 EDRR cycle 
was run at Eset = -300 mV vs. SCE, tdep = 100 s, and Ecut = 0 mV vs. SCE. After 
that, chemical analysis was applied to the loaded solution.  

3.3.2 Carbon adsorption process conditions 

Three different carbon adsorption methods were investigated for the recovery 
of gold from pregnant glycine leach solution. Carbon-in-pregnant leach solution 
(PLS) and carbon-in-leach (CIL-1 and CIL-2) processes were investigated in 
Publication IV, while carbon-in-pulp (CIP-1 and CIP-2) was studied as New Re-
sults.  Tests were carried out in a 1 L glass reactor, using 15 g/L pretreated acti-
vated carbon (RO 3515, Norit, technical grade) in a similar experimental set-up 
to the leaching experiments, except for a lower rotational speed (approx. 500 
rpm). Prior to the tests, activated carbon was soaked in distilled water for 24 h 
and screened using a 600 m sieve. The carbon-in-PLS test was applied to the 
loaded solution from the VE that contained 0.46 mg/L of Au, while the CIP-1 
and CIP-2 tests were run with a higher gold concentration in the final solution 
(0.90 mg/L and 1.30 mg/L, respectively).  
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The carbon-in-PLS test was run for 24 h at room temperature with the addition 
of activated carbon in the filtered PLS from the VE. In the CIL-1 and CIL-2 tests, 
activated carbon was added into the slurry at the beginning of the leaching ex-
periment, which was carried out in the same conditions as the VE for 24 and 36 
hours, respectively (Publication IV). In the CIP-1 and CIP-2 tests, activated car-
bon was added into the slurry directly after the leaching experiments (T9 and 
T10) and these tests were run for eight hours without oxygen purging and addi-
tion of temperature. After the CIP and CIL recovery tests, the activated carbon 
was separated from the wet cake utilizing a 300 m sieve. The wet residue and 
activated carbon were dried at 60°C and subjected to chemical analyses. 

3.4 Analytical methods 

X-ray fluorescence (Malvern Panalytical Axios, Netherlands) and inductively 
coupled plasma optical emission spectrometry (ICP-OES; Thermo Scientific 
iCAP 6000, US) were employed to define the chemical and mineralogical com-
position of the raw material after total dissolution.  The gold concentration in 
the raw materials was determined by the fire assay method from duplicate sam-
ples. The main phases were determined by employing X-ray diffraction (Bruker 
D8 ECO, US), an optical microscope (Zeiss Axioplan 2, Germany), and a scan-
ning electron microscope (SEM; JEOL 700F, Japan) after preparation of a pol-
ished section. The automated rare particle search program of the JEOL 7000F 
field emission scanning electron microscope was used to identify the gold par-
ticles.  HSC Chemistry® 10 software was used to evaluate the mineral composi-
tion based on its chemical composition. The concentration of Au in solution and 
solid samples was analyzed by inductively coupled plasma mass spectrometry 
(ICP-MS; Thermo Scientific iCAP Q, US) and the fire assay method, respec-
tively. The concentration of other metals (e.g., Fe, Cu, Ni, Co, and Zn) in solution 
and solid samples was determined by ICP-OES. After the carbon adsorption 
tests, the carbon was burned to ash and dissolved in a concentrated aqua regia 
solution (HCl:HNO3 = 3:1), and the gold was analyzed by ICP-MS. The particle 
size distribution of the investigated materials was determined by the laser dif-
fraction method (Malvern Mastersizer 200, UK).  

After the EDRR tests in glycine media, a SEM-EDS (energy-dispersive X-ray 
spectroscope (ThermoFisher Scientific Ultradry EDR Detector, US) was em-
ployed to examine the morphology and composition of the products (Publica-
tion IV). In chloride media, the potentiostatic dissolution of the gold was carried 
out at 1.1 V vs. SCE in 175 g/L NaCl solution to determine the mass of recovered 
Cu and Au deposits on the WE. Alternatively, WE samples were dissolved in 
concentrated aqua regia and gold and copper were analyzed by ICP-MS and 
ICP-OES, respectively. (Publication III) 
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3.5 Calculation of extractions and current efficiency 

The total metal extraction (EM, %) from the raw material into solution was cal-
culated based on the metal content in the residue, as shown in Eq. (41). (Publi-
cations I, II, IV) 

 
                            (41) 

 
where EM(res), metal extraction calculated based on the leach residue, %;  

         [M](0,s), metal content in the raw material, %; 
         [M](res), metal content in the residue, %; 

         m(0,s), mass of raw material, g; 
         mres, mass of residue, g. 
 

In the leaching experiments with gold ore, the metal concentration in the solu-
tion was also considered for calculating the extraction of metal as a function of 
time, as presented in Eq. (42). (Publication IV) 

 
                 (42) 

 
where EM(L),   metal extraction calculated based on the solution, %; 
             [M]aq, metal concentration in solution, g/L; 
             Vaq, solution volume, L. 

 
The current efficiency ( , %) and specific energy consumption (w, kWh/kg) in 
the EDRR experiments were calculated according to Moats (2018) with Eqs. 
(43), (44), and Eq. (45), respectively. (Publication III) 

                   (43) 

where Ireal , current measured in the experiment, A; 

             Itheor, theoretical current determined from Faraday’s law:  

 ,                  (44) 

where z, number of electrons involved in the reaction 
            F, Faraday constant = 96485 A s/mol; 
            m, mass of the recovered metal, g; 
            M, molar mass of the metals, g/mol;  
            n, number of EDRR cycles.  
 

                 (45)  

where Ecell, cell voltage between working and counter electrodes, V; mAu, mass 
of the recovered gold, g. 
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4. Results and discussion 

The aim of this research was to study the performance of cyanide-free chloride 
and glycine leaching of gold from low grade flotation tailings and gold ore, which 
can be integrated with electrochemical metal recovery. The main findings are 
discussed in this chapter while a more detailed account can be found in the ap-
pended Publications (I-IV) and Altinkaya et al., 2019.  
 

4.1 Flotation tailings 

4.1.1 Leaching of gold from flotation tailings in cupric chloride media 

Figure 7a shows the effect of sodium chloride concentration (150, 200, and 250 
g/L) on the extraction of gold into solution at 30 g/L cupric ion concentration 
(E1, E2, E3). It was observed that with the lowest concentration of NaCl (150 
g/L) (E1), gold concentration in the PLS did not exceed the detection limit 
(<0.01 mg/L). Nevertheless, when the NaCl concentration was increased up to 
250 g/L (total [Cl-] = 5.2 M), the dissolution of gold improved to 44% (E3). As 
expected, increasing the NaCl concentration enhances the extraction of gold as 
the main lixiviant (i.e., Cl-) complexes with gold and keeps the gold stable in the 
solution, as reported by Ahtiainen and Lundström (2019), Miettinen et al. 
(2013), Lundström et al. (2016), McDonald et al. (1987), Seisko et al. (2019), 
Seisko (2020), von Bonsdorff et al. (2007), and Yazici and Deveci (2005). The 
redox potential in all the investigated NaCl concentrations was above 600 mV 
(vs. Ag/AgCl). Based on these results, 250 g/L NaCl was chosen as a constant 
parameter for the subsequent chloride leaching experiments.  

The effect of cupric ion concentration (E3, E4, E5) on the extraction of gold is 
presented in Figure 7b. Increasing the concentration of cupric ion to 50 g/L en-
hanced the dissolution of gold up to 58% (E5), whereas with a 10 g/L the gold 
in the final solution was under the detection limit (E4). Lampinen et al. (2017) 
and von Bonsdorff et al. (2005) found that the gold dissolution rate increased 
with a rise in cupric ion concentration up to 0.5 M (31.7 g/L) and 0.6 M (38.1 
g/L) with the pure gold electrode studied. Seisko et al. (2019) also observed that 
an increase in cupric concentration up to 0.75 M (47.7 g/L) increased the disso-
lution rate. Seisko (2020) reported enhanced overall gold extraction from a 
gold-containing tailing when increasing the cupric ion concentration in the so-
lution. In this study, the highest final solution redox potential was measured in 
the presence of the highest initial cupric concentration: 50 g/L (638 mV vs. 
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Ag/AgCl), followed by 30 g/L (601 mV vs. Ag/AgCl), and 10 g/L (580 mV vs. 
Ag/AgCl). The results of this thesis illustrated that the cupric ion concentration 
has a significant effect on the extraction of gold, which correlates well with other 
studies by Ahtiainen and Lundström (2019), McDonald et al. (1987), Seisko et 
al. (2019), and Lampinen et al. (2017), as well as studies on redox potential (Abe 
and Hosaka, 2010; Lundström et al., 2016, 2009; Seisko, 2020). (Publication 
II) 

 

    

Figure 7. The effect of (a) NaCl concentration at 30 g/L cupric ion concentration and (b) cupric 
ion concentration at 250 g/L NaCl concentration on gold extraction from flotation tailings and ob-
served redox potential (mV vs. Ag/AgCl) of the final solutions (on the right axis). Solution had T = 
95°C, pH = 1. 8, and leaching time = 24 h. Adapted from Publication II.  

The effect of biological pretreatment on the extraction of gold in chloride media 
was investigated with the as-received flotation tailings. Prior to the bioleaching 
experiments in the reactor, the material was adapted with a mixed acidophilic 
culture in shake flasks. Correspondingly, chemical control experiments were 
also carried out in shake flasks for comparison. In the adaptation experiments, 
the 50 g/L solid/liquid ratio provided the maximum dissolved Fe (1310 mg/L) 
and other metals (such as Ni, Co, and Zn) and a fast decline in the solution pH. 
In consequence, the highest redox potential (+690 mV vs. Ag/Ag/Cl) was meas-
ured in this experiment after 22 days of adaptation. In comparison with the con-
trol experiments, the presence of microorganisms resulted in higher metal ex-
traction as well as four times lower acid consumption. This can be explained by 
the phenomenon of biogenic production of sulfuric acid in the presence of mi-
croorganisms (Eq. 5, section 2.2) For this reason, the 50 g/L solid/liquid ratio 
was chosen as a starting solid/liquid ratio in the subsequent reactor bioleaching 
experiments. (Publication I) 

In all of the bioleaching experiments (B1, B2, B3, B4), the extraction of gold 
was insignificant (<10%), which can be attributed to the fact that the gold was 
free-milling in the material investigated. Furthermore, the acidophilic culture 
studied is efficient specifically for the dissolution of metals from sulfide miner-
als (Deveci et al., 2003; Kinnunen, 2004; Suzuki, 2001). In most of the bioleach-
ing experiments, Ni, Co, Zn, and Fe were dissolved since these metals were in 
sulfide mineral form in the material studied. The final residue from the B4 ex-
periment was analyzed using SEM, which showed the deposition of a few gold 
particles on the surface of a carbonaceous material. According to Ofori-Sarpong 
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et al. (2011), microorganisms use the gas phase CO2 for their carbon require-
ments and leave a substantial amount of carbonaceous residues, which may 
have been the case in this study. However, copper remained in the residue, pre-
sent in chalcopyrite. One reason may be that bioleaching produces jarosite and 
elemental S, which can form on the surface of chalcopyrite (Bhatti et al., 2012). 
Another reason can be attributed to the refractoriness of chalcopyrite mineral. 
Therefore, chalcopyrite may not be dissolved by the microorganisms within the 
time studied. It is known from previous studies that chalcopyrite dissolution can 
take more than 150 days (Arpalahti and Lundström, 2018).  

Figure 8a illustrates the effect of biological pretreatment on gold extraction in 
chloride leaching (250 g/L NaCl concentration, pH = 1-1.8, 24-72 h) in the pres-
ence ([Cu2+] = 30 g/L) or absence of any oxidant. It was observed that in direct 
chloride leaching with as-received material in the absence of an oxidant, 40% of 
gold was extracted after 72 h (E10). Through the use of the biological pretreat-
ment method, the dissolution of gold could be raised to 63% within the same 
leaching period (BC1). In the BC1 experiment, 3050 mg/L Fe and 183 mg/L Cu 
originated from the material, while in direct chloride leaching these values were 
5840 mg/L and 172 mg/L, respectively. The redox potential of the final solution 
in the direct chloride leaching experiment was approx. 50 mV vs. Ag/AgCl 
higher than biological pretreatment, which can be attributed to the higher dis-
solved Fe. Although the redox potential of the biologically pretreated chloride 
leaching was only 545 mV vs. Ag/AgCl, it resulted in exceptionally high gold 
extraction. Similarly, Ahtiainen and Lundström (2019) observed significant 
gold extraction (ca. 72%) at low redox potential (<520 mV vs. Ag/AgCl).  

On the other hand, in the presence of 30 g/L cupric ion in direct chloride 
leaching (E3), the extraction of gold into the solution was 44% after 24 h, having 
a redox potential of 601 mV vs. Ag/AgCl in the final solution. With biologically 
treated ground material, 50% gold extraction was achieved in cupric chloride 
media (BC2) and the redox potential of the final solution was maintained (ap-
prox. 600 mV vs. Ag/AgCl) as in E3 (Publication I). These findings suggest that 
higher gold extraction in chloride leaching with or without the addition of cupric 
ion could be achieved by using the biological pretreatment process. However, 
the the mechanism for increased gold extraction after biological treatment re-
mains unclear since the gold was not locked within the sulfide minerals in the 
current study. An in-depth study focusing on the mechanisms of the dissolution 
of gold from refractory materials by biological pretreatment would provide 
more insights on this.  

Figure 8b presents the effect of particle size on the extraction of gold in chlo-
ride leaching in the absence of an oxidant. In chloride leaching with biologically 
treated material, the extraction of gold from the as-received (BC1, d80: 150 m) 
and ground (BC2, d80: 26 m) materials was quite similar (63% and 61%, re-
spectively) as well as the redox potentials (ca. 550 mV vs. Ag/AgCl). In the direct 
chloride leaching experiments (E9 and E10), the effect of particle size on the 
dissolution of gold was also very minor (46% and 40%, respectively) and the 
redox potential of the final solutions was similar (ca. 590 mV vs. Ag/AgCl). 
These findings may indicate that gold in the feed material was liberated enough 
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for subsequent chloride leaching and that the particle size did not affect the ex-
traction of gold. (Publication I)  

 

  

Figure 8. Effect of (a) biological pretreatment and (b) particle size on gold extraction in chloride 
media at 250 g/L NaCN concentration and observed redox potential (mV vs. Ag/AgCl) of the final 
solutions (on the right axis) (a; without or with oxidant addition at pH = 1-1.8, 24-72 h, b; absence 
of oxidants at pH = 1, 72 h). Adapted from Publications I-II. 

4.1.2 Leaching of gold from flotation tailings in ferric chloride media 

Figure 9 presents the effect of ferric ion concentration on the dissolution of gold, 
which was studied in experiments E6-E8. The extraction of gold was enhanced 
from 35% to 67% by increasing the ferric concentration from 10 g/L (E6) to 30 
g/L (0.54 M) (E7). Similarly, Lundström et al. (2016) recommended the optimal 
dissolved ferric ions in chloride solution to be between 5 to 45 g/L. Nevertheless, 
the dissolution of gold decreased (by ca. 20%) when the oxidant concentration 
was raised to 50 g/L (0.89 M) (E8) and the total chloride concentration from 
4.3 M to 6 M. Seisko et al. (2018) observed the positive effect of ferric concen-
tration up to 0.5 M on the gold dissolution rate and redox potential. They also 
observed a decreased gold dissolution rate when the ferric concentration in-
creased from 0.75 M to 1 M and chloride concentration from 4 to 5 M. Seisko et 
al. (2017) suggested that the reason for the decreased gold dissolution may be 
attributed to the passivation of the gold surface at a higher oxidant concentra-
tion. However, this still remains unclear and requires futher investigation. The 
redox potential in the final solution increased slightly (ca. 10 mV vs. Ag/AgCl) 
when the ferric ion concentration was increased from 10 g/t to 30 g/L and total 
chloride concentration from 4.6 M to 5.3 M. However, a further increase in the 
concentration of ferric to 50 g/L and total chloride to 6.1 M caused a decrease 
in the redox potential of ca. 15 mV vs. Ag/AgCl (Altinkaya et al., 2019). 
Lundström et al. (2016), Muir (2002), Yazici and Deveci (2015), and Seisko 
(2020) stated that ferric ion makes more stable complexes with chloride than 
ferrous ion and an increase in chloride concentration leads to a decrease in the 
redox potential of the ferric/ferrous pair. In experiment E9, 46% of gold was 
extracted without added oxidant, having inherently dissolving iron and copper 
as oxidant, originating from the raw material. Similar behavior has also been 
exploited for gold leaching by Ahtiainen and Lundström (2019). However, an 
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extended retention time was essential to obtain high gold extraction. (Publica-
tion II) 

 

 

Figure 9. Extraction of gold at different concentrations of ferric ion in chloride leaching and redox 
potential of the final solutions (pH = 1, T = 95 °C, NaCl concentration = 250 g/L). Adapted from 
Altinkaya, et al., 2019. 

4.1.3 Comparison of gold extraction for various leaching media 

The extraction of gold from flotation tailings was also investigated by glycine 
leaching. Conventional cyanide leaching was used as the baseline. Glycine leach-
ing with the as-received material resulted in only 15% extraction (T10). How-
ever, after grinding the material from 150 m to 26 m (d80), the extraction of 
gold was enhanced to 60% in experiment T11 (New Results). In cyanide leach-
ing, 88% gold extraction was achieved with the as-received material in experi-
ment CN-1 (New results). In contrast, ca. 10% lower dissolution of gold was ob-
served with ground material (CN-2) (Altinkaya et al., 2019). The reason for the 
lower gold extraction with ground material in cyanide may be due to the libera-
tion of chalcopyrite, which may have strong preg-robbing properties by adsorb-
ing gold in cyanide-deficient media (Adams et al., 1996; Rees and Van Deventer, 
2000). However, the same was not evident with glycine, which may be at-
tributed to the cupric glycinate complex (Cu(H2NCH2COO)2) formed during the 
dissolution of chalcopyrite in glycine media. This may have enhanced the disso-
lution of gold since the complex has a catalytic effect (Eksteen et al., 2017a; Ek-
steen and Oraby, 2015a; Oraby et al., 2017).  

Figure 10 presents the comparison of gold extraction from ground flotation 
tailings in direct cyanide leaching, cupric and ferric chloride media, chloride 
media after biological pretreatment, and glycine media. Maximum extraction of 
gold (88%) from flotation tailings was achieved in cyanide media with the as-
received material. Among the cyanide-free leaching methods, the highest disso-
lution of gold was achieved in ferric chloride media (67%), followed by chloride 
(63%) with biological pretreatment, glycine (60%), and cupric chloride solution 
(58%) with the ground material. These findings showed that even though cya-
nide-free chloride and glycine media could not deliver superior gold leaching 
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behavior, considering the error margins in such a low grade material, these al-
ternative reagents can be utilized for efficient gold dissolution from low grade 
industrial process residues. 

 

 

Figure 10. Comparison of gold extraction from flotation tailings in different leaching media when 
the solid/liquid ratio was 250 g/L, 24-72 h leaching. Cyanide (CN-1), cupric chloride (E3), ferric 
chloride (E7), bio+chloride (BC1), and glycine (T11) leaching. Labels present the redox potential 
(mV vas. Ag/AgCl) of the final solutions.  

4.2 Gold ore  

4.2.1 Leaching of gold from ore in glycine media 

Figure 11a presents the effect of varying the glycine concentration from 0.5–2 
M on the dissolution of gold in experiments T1–T3. An increase in glycine con-
centration from 0.5 to 2 M increased the dissolved gold concentration into the 
solution from 0.42 mg/L to 0.55 mg/L, respectively. At all concentrations, at the 
beginning of the experiments (0–4 h), leaching was linear. Then, in experiments 
T1 and T3 with a glycine concentration of 0.5 M and 2 M, respectively, the dis-
solution rate declined, and the maximum achievable extraction was not ob-
tained even after 24 h. However, in the experiment with 1.25 M glycine concen-
tration, the dissolution rate was close to zero after six hours and maximum 
achievable extraction was reached (T2). (Publication IV) 

In the current thesis, raising the temperature showed a significant effect on 
gold dissolution in experiments T4, T5, and T3, see Figure 11b. When room tem-
perature (23 °C) was used, only 0.03 mg/L had dissolved into the solution after 
24 hours (T4). However, when the temperature was increased to 40 °C, the dis-
solution increased to 0.3 mg/L concentration (T5). Increasing the temperature 
to 60 °C resulted in even higher dissolution of 0.55 mg/L (T3). The positive ef-
fect caused by increased temperature can be explained via the Arrhenius equa-
tion (Eq. 29), as supported by previously published articles (Eksteen and Oraby, 
2015a; Oraby et al., 2019a; Oraby and Eksteen, 2015b). (Publication IV) 

The effect of pH on gold dissolution was studied in experiments T6, T7, and 
T3 at pH levels ranging from 10–12, see Figure 11c. It can be seen that the impact 
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of pH on gold dissolution was significant when the pH was varied from 10 to 12. 
However, the gold concentration in the final solution was quite low (0.04 mg/L) 
even after 24 hours of leaching when the solution pH was kept at 10 (T6). In 
contrast, at pH 11, the amount of dissolved gold in the solution increased signif-
icantly to 0.4 mg/L (T7). An increase in solution pH to 12 provided the highest 
gold concentration (0.55 mg/L) in the studied experiments (T3). A similar phe-
nomenon was observed by Eksteen and Oraby (2015a) and Oraby et al. (2019a), 
who concluded that, at high pH, gold glycinate and hydroxide ions (OH-) are 
more stable, which enhances gold dissolution. (Publication IV) 

 

  

 

Figure 11. Effect of process parameters on dissolution of gold for a) glycine concentration b) 
temperature, and c) pH, when T = 60 °C, glycine concentration = 2 M, pH = 12 (Publication IV). 

A model for gold extraction was built using CCF experimental design taking into 
account the glycine concentration (0.5–2 M), temperature (20–60°C), and pH 
(10–12) as process factors (Publication IV). Table 13 presents the effect of gly-
cine concentration, temperature, and pH and their interaction on the extraction 
of Au with coefficients of the regression model. The glycine concentration was 
excluded from the model since the linear, quadratic, and interaction effects of 
the concentration range (0.5 to 2 M) were non-significant at a 95% confidence 
level (i.e., P-value above 0.05, highlighted in bold). Besides, the goodness of the 
prediction of the model was found to be -0.2, which is an indicator for existing 
non-significant terms in the model, such as glycine concentration. Oraby and 
Eksteen (2015a) observed an increase in gold dissolution when increasing the 
glycine concentration up to 1 M. In this thesis, the studied range of glycine con-
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centration was expanded from 0.5 M to 2 M. In a similar study on copper leach-
ing, Tanda et al. (2018) also observed that increasing the glycine concentration 
above 0.5 M did not have any significant impact on the dissolution of the metal. 
Broeksma (2018) stated that in the presence of pure oxygen, the rate of dissolu-
tion is limited by the chemical reaction and when glycine is present in significant 
excess, the rate of dissolution becomes constant since the reaction turns into a 
zero-order-reaction (Choo et al., 2006). In this thesis, on the contrary, the effect 
of temperature and pH on gold extraction was found to be substantial at a 95% 
confidence level (P-value<0.05). (Publication IV) 

Table 13. Coefficients of the model and effect on Au extraction (Publication IV). 

Factor P Coefficients 
Standard 

Error 
Effect 

Constant 2.47·10-6 51.112 3.702  

Glycine  

Concentration 
0.229 3.6 2.736 7.200 

Temperature 0.013 9 2.736 18 

pH 0.002 13 2.736 26 

Gly*Gly 0.095 -10.197 5.286 -20.394 

T*T 0.020 15.803 5.286 31.606 

pH*pH 0.072 -11.197 5.286 -22.394 

Gly*T 0.585 -1.75 3.059 -3.5 

Gly*pH 0.875 0.499 3.059 0.999 

T*pH 0.014 10 3.059 20 

 
The model was refitted with two factors: temperature and pH. Table 14 shows 
the observed and predicted Au extraction values. The observed values were 
found based on the final solid analysis, while the predicted gold extraction val-
ues (Y, %) were calculated using the unscaled coefficients of the regression 
model, as presented in Eq. (46). According to the validation metrics of regres-
sion analysis such as the coefficient of the multiple determinations (R2, 0.80), 
goodness of prediction (Q2, 0.53), model validity (0.38), and reproducibility 
(0.97), the model has good predictive ability. In addition, a good correlation be-
tween the measured and predicted values was observed. (Publication IV) 
 

                                                                          (46) 
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Table 14. Designed experimental parameters with observed and predicted Au extraction values 

Test ID Glycine 

conc.  

(M) 

Temperature 

(°C) 

pH Au extraction (%) 

observed predicted 

N1 0.5 20 10 22 35 

N2 2 20 10 39 35 

N3 0.5 60 10 32 33 

N4 2 60 10 26 33 

N5 0.5 20 12 41 41 

N6 2 20 12 44 41 

N7 0.5 60 12 75 79 

N8 2 60 12 87 79 

N9 0.5 40 11 35 49 

N10 2 40 11 45 49 

N11 1.25 20 11 58 52 

N12 1.25 60 11 74 70 

N13 1.25 40 10 38 21 

N14 1.25 40 12 40 47 

N15 1.25 40 11 55 49 

N16 1.25 40 11 53 49 

N17 1.25 40 11 49 49 

 
The predicted effect of temperature and pH on the extraction of gold (%) is il-
lustrated as a response 2D contour plot in Figure 12. It can be interpreted that 
in the conditions investigated, high gold extraction can be accomplished when 
the temperature and pH of the solution are kept above 55 °C and 11.5, respec-
tively. With these observations, a glycine concentration of 1.25 M, temperature 
of 60 °C, and pH = 12 can be suggested as optimal leach conditions for adequate 
gold extraction in glycine media. Furthermore, based on the solids analyses, 
90% of gold was extracted in the verification experiment (VE). This showed the 
high replicability of the experiments by observing an almost equal result (89%) 
in the initial experiment T2. (Publication IV) 
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Figure 12. Predicted effect of temperature and pH on gold extraction (%) (Publication IV). 

Figure 13 illustrates the effect of the solid/liquid ratio on the dissolution of gold, 
which was investigated in the VE (Publication IV), T8, and T9 (New results). For 
all the concentrations investigated, at the beginning of the experiments (0–4 h) 
the leaching rate increased linearly, after which the rate slowed down until a 
maximum achievable extraction was attained in 12 hours. As expected, the con-
centration of gold was almost doubled, from 0.44 to 0.92 mg/L, when the 
solid/liquid ratio increased from 100 g/L to 200 g/L, and was tripled to 1.3 
mg/L by increasing the ratio up to 300 g/L. The extraction of gold into the so-
lution after 24 hours was similar when the solid/liquid ratio increased from 100 
to 300 g/L (90% and 87%, respectively). These findings showed that the slurry 
was well-mixed, the mixing technology used was sufficient, and that mass 
transport was not affected by changes in solids concentration (Marsden and 
House, 2006). Similarly, Oraby et al. (2019a) found that increasing the solids 
content up to 40% had no effect on gold extraction, whereas increasing the sol-
ids content to 50% decreased the gold dissolution. This is due to the minimized 
lixiviant per mass of ore; the pulp density also affects the diffusion of the reac-
tants and products. However, their study was performed in a bottle roller with 
low rotational speed (100 rpm), which decreases mass transport. (New results) 
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Figure 13. Dissolved gold concentration in glycine leaching with different solid concentrations, 
when solution contained 1.25 M glycine, pH = 12, and T = 60 °C. Labels present the final gold 
extraction values in the experiments.  

4.2.2 Leaching of gold from ore in chloride media 

Figure 14 illustrates the gold extraction in cupric and ferric chloride leaching 
(experiments E11 and E12, respectively). Based on the solution analysis, gold 
dissolution in both experiments was at the same level (ca. 90%) after 24 h. How-
ever, in ferric chloride leaching, within the first hour, gold extraction reached 
76%, whereas only 33% of the gold had dissolved in cupric chloride in that time. 
These findings suggest that the dissolution rate in ferric media at the beginning 
of the experiment was significantly faster than in cupric chloride leaching. Max-
imum achievable extraction was reached after 12 hours in ferric chloride, while 
after 24 hours in cupric leaching, maximum extraction had still not been 
reached.  

 

 
 

Figure 14. Extraction of gold in cupric and ferric chloride leaching when solution contained 30 g/L 
[Cu2+] or [Fe3+] ion, 250 g/L NaCl, pH = 1.8 or 1, 250 g/L solid/liquid ratio, 950 rpm of rational 
speed. Redox potential (mV vs. Ag/AgCl) presented on the right axis. 
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The redox potentials in ferric solutions differed between 625-651 mV vs. 
Ag/AgCl, whereas in cupric solutions they differed between 589-627 mV vs. 
Ag/AgCl (New results). Similarly, Seisko et al. (2017) observed a higher redox 
potential and dissolution rate in ferric solution. However, they did not investi-
gate total gold extraction in ferric chloride media. 

4.2.3 Comparison of gold extraction in different leaching media 

Figure 15a presents the time-dependence of gold extraction from ore in glycine, 
cyanide (Publication IV), cupric, and ferric chloride media (New results). In gly-
cine, cyanide, and cupric chloride media, similar leaching behavior was seen at 
the beginning of the experiments (0–4 h), where the extraction rate was almost 
linear. In contrast, in ferric chloride leaching, the dissolution of gold increased 
significantly in the first hour. Thereafter, the dissolution of gold in glycine and 
ferric chloride media slowed down until the maximum achievable dissolution 
was attained within 12h. On the contrary, the gold dissolution rate in cyanide 
and cupric chloride media declined after six hours of leaching and the maximum 
achievable extraction of gold was still not achieved after 24 h. Based on the sol-
ids analysis, the highest total gold extraction was observed in ferric chloride 
(93%), followed by cupric chloride (91%), glycine (90%), and cyanide (80%) 
(Figure 15b). The lower extraction in cyanide can be attributed to the slow dis-
solution kinetics of gold tellurides in the studied ore in cyanide solution com-
pared to native gold (Zhang et al., 2010). Based on the gold extraction efficiency 
in cyanidation, the investigated ore can be classified according to La Brooy et al. 
(1994) as mildly refractory, since the dissolution of gold in conventional cyanide 
leaching is 80-90%. (Publication IV) 

 

    

Figure 15. Comparison of gold extraction from the gold ore in glycine (VE), cupric chloride (E11), 
ferric chloride (E12), and cyanide media (CN-3) a) as a function of time, b) total extraction. Labels 
represent the redox potential (mV vas. Ag/AgCl) of the final solutions.  

4.3 Recovery of gold from solution 

4.3.1 EDRR in cupric chloride solution 

Two recovery tests (R1, R2) were carried out using the EDRR method to recover 
gold from cupric chloride solution. The deposition potential Eset = -320 mV vs. 
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SCE was applied for 5 s (R1) and 10 s (R2) with Ecut potential of 550 mV vs. SCE 
(Publication III). In the R1 test, after 250 EDRR cycles, 8.4% of gold was recov-
ered from the solution. When the duration time was increased to 10 s in the R2 
test, the recovery of gold increased to 9.3% (Table 15). Gold was recovered se-
lectively in both tests. The ratio between Au:Cu in the solution was increased 
from 1:340 up to 1.1:1 in test R2, and 3.3:1 in test R1. In both tests, around 40% 
of the current efficiency was obtained, while the energy consumption during 
tests R1 and R2 was 114.3 kWh/kg Au and 292.9 kWh/kg Au, respectively. The 
results of this study are comparable with the literature. For example, Brandon 
et al. (1987) investigated the recovery of gold from cyanide solution by the elec-
trowinning process when the Au concentration in the solution was 5 ppm. They 
reported an energy consumption of 112 kWh/kg with just 0.33% current effi-
ciency. Kasper et al. (2018) obtained a low energy consumption (5-15 kWh/kg) 
in gold recovery from thiosulfate solution by the electrowinning process with 1-
6% current efficiency. However, their feed solution had a much higher Au con-
centration (100 ppm) compared to this study. It can be noted that the objective 
of this work was not to optimize energy consumption but rather to recover Au 
by depositing it on the cathode surface.  

Table 15. Calculated recovery of metals from the solution in the studied tests (Publication III). 

Test ID Metal  
recovery 

Au:Cu 

Cu Au 

R1 0.01% 8.4% 3.3:1 
R2 0.02% 9.3% 1.1:1 

 
One ED test was run to compare the composition of the deposit in the absence 
of a redox replacement step, i.e., by employing a deposition potential Eset = -300 
mV vs. SCE for 100 s of deposition time, which is similar to a typical elec-
trowinning process. Table 16 presents the mass of recovered metal at the WE 
surface during ED and EDRR. The composition of the deposit after EDRR 
clearly illustrates that the co-deposition of copper and gold occurs during the 
ED step and the amount of recovered gold in the presence of RR is about 5 times 
higher than using the ED step alone. This finding indicates the strength of the 
EDRR method when compared to electrowinning, particularly since the RR step 
is carried out without utilizing external potential and current. (Publication III) 

Table 16. Mass of metals recovered at the WE surface (Publication III). 

Test ID Cu mass 
( g/cm2) 

Au mass 
( g/cm2) 

Au content  
(%) 

ED  38.0 3.2 7.8 
EDRR 18.2 10.8 37.2 
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Publication III proves the feasibility of the EDRR method for the Au:Cu process 
in chloride solution. Korolev et al. (2019) studied the applicability of EDRR to 
recover gold from an industrial cupric chloride process solution that contained 
only 1.2 mg/L Au and a majority of Cu (30 g/L) and other impurities (Fe, Zn, 
Co, Ni, etc.).  They managed to recover 26.4 wt.% of gold from PLS after 2500 
cycles, while obtaining an energy consumption of approx. 2.3 kWh/g Au and 
0.01% current efficiency.  

4.3.2 EDRR in glycine solution 

Figure 16 illustrates a standard potential-current-time profile of 10 EDRR cycles 
in a synthetic glycine solution where the copper deposition (namely electrodep-
osition) was set at -1100 mV vs. Hg/Hg2SO4 for 5 s (tdep) and 55 s of the redox 
replacement step the next cycle follows. As can be seen in Table 17, Au recovery 
was high at 88% from the synthetic solution (R3) after 1247 EDRR cycles (ca. 
20 hours). This is a very promising result when considering that no optimization 
of EDRR parameters was carried out prior to the recovery test. However, Au 
recovery from the real PLS remained at low at 35% after 1440 cycles (24 hours) 
in the R4 test. Even though more EDRR cycles were applied in the treatment of 
the real solution, the amount of recovered gold was lower than from the syn-
thetic solution, showing that the presence of other dissolved metal ions and 
their valences also have an impact on EDRR.  
 

 

Figure 16. Time-current-potential profile during EDRR cycles in synthetic glycine solution (Publi-
cation IV).  

Korolev et al. (2020) stated that during the EDRR process in chloride solution, 
the formation of copper(I) species can reduce the gold ions around the elec-
trode, resulting in increased gold recovery. In glycine media, if the glycine 
amount is in excess over the copper in solution, copper(II) glycinate can reduce 
to copper(I) glycinate with a standard reduction potential of −167 mV vs. SHE. 
(O’Connor et al., 2018). In this study, the redox potential of the real PLS was ca. 
+150 mV vs. SHE, while in the synthetic solution it was around -250 mV vs. 
SHE, which is more conducive to the formation of copper(I) species. As a result, 
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the homogeneous reduction of Au by copper(I) species may lead to a higher re-
covery of gold from the synthetic solution.  Additionally, the presence of other 
dissolved impurities, such as iron, can also influence the EDRR process. A pre-
vious study (Yliniemi et al., 2018a) showed that Fe3+ ions have a competitive 
reaction during both the electrodeposition and redox replacement steps, which 
could reduce Au recovery. Moreover, it can decrease the current efficiency of 
both the copper electrodeposition step (Das and Krishna, 1996) and gold depo-
sition step (Brandon et al., 1987). Additionally, elemental Au recovered on the 
working electrode was confirmed with EDS and SEM micrographs after EDRR 
measurements, which can be found in Publication IV.  This study showed that 
EDRR is applicable in principle to recover gold from glycine solution; however, 
it requires further investigation together with the optimization of EDRR process 
conditions.  

Table 17. Composition of solutions and Au and Cu recovery before/after EDRR (Adapted from 

Publication IV). 

Test ID 

Cu  

(mg/L) 

Au  

(mg/L) Au recovery 

(%) 

Cu recovery 

(%) before 

EDRR 
after 

EDRR 

before 

EDRR 

after 

EDRR 

R3 505 573 0.5 0.06 88 3.5 

R4 594 496 0.46 0.30 35 1.8 

4.3.3 Carbon adsorption in glycine solution 

Figure 17 illustrates the uptaken gold from pregnant glycine leach solution onto 
activated carbon. In the carbon-in-PLS test, the final solution from the verifica-
tion experiment was used with a gold concentration of 0.46 mg/L. All of the gold 
(100%) was uptaken within four hours and the gold concentration in the solu-
tion was insignificant (<0.01 mg/L).  Moreover, 90% of the gold was recovered 
from the ore onto activated carbon, (i.e., holistic leaching and recovery steps). 
A study by Tauetsile et al. (2018b) also observed high gold uptake (>98% within 
six hours) from synthetic glycine solution. In the CIL-1 test, 96% of the gold was 
uptaken from solution onto activated carbon; however, holistic gold recovery 
remained at 62% after 24 h of retention time. A similar level of gold uptake 
(95%) was achieved in the CIL-2 test, while holistic gold recovery was enhanced 
to 72% by extending the process time to 36 h.  The lower leaching efficiency in 
the CIL tests can be attributed to the lower mixing speed (ca. 500 rpm) in com-
parison with the experiments without activated carbon. This finding suggests 
that the leaching kinetics was controlled by diffusion. A high agitation rate en-
hances the solution flow past the solid particles and decreases the diffusion 
layer, resulting in an increase in the gold dissolution rate (Marsden and House, 
2006). However, further studies are required to confirm the diffusion limiting 
kinetics and define an optimal mixing speed in the CIL method. Further, Ahti-
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ainen and Lundström (2019) observed that redox potential decreases by ap-
proximately 50-70 mV vs. Ag/AgCl when adding activated carbon into the solu-
tion. This can slow down the dissolution of gold from the gold ore since the ox-
idative power of the leaching system is reduced. (Publication IV) 

In the CIP-1 test, 98% of gold was uptaken onto activated carbon from the 
loaded solution in six hours and afterwards the gold concentration in the solu-
tion stayed at the same level (0.02 mg/L). In the CIP-2 test, 96% gold uptake 
was observed, with a 0.05 mg/L gold concentration in the final solution. Almost 
equal holistic gold recovery was obtained in both tests, i.e., 86% in CIP-1, 85% 
in CIP-2 (New results). Additionally, ca. 50% of the copper was uptaken from 
solution by the end of the carbon-in-PLS, CIP-1, and CIP-2 tests. These findings 
indicate that gold can be effectively uptaken onto activated carbon from loaded 
glycine solution, which is in line with other studies (Oraby and Eksteen, 2015a; 
Tauetsile et al., 2018a,b). 

 
 

 

Figure 17. Gold uptake from pregnant leach solution in carbon adsorption experiments. Adapted 
from Publication IV.  

4.3.4 Comparison of carbon adsorption vs. EDRR in glycine media 

Maximum gold recovery (100%) from the PLS of the glycine verification exper-
iment was achieved via the carbon adsorption process (Carbon-in-PLS) within 
4 hours, whereas only 35% of gold was recovered with the EDRR method after 
1440 cycles (24 hours). As can be seen in Figure 17, the activated carbon ad-
sorbed gold glycinate complexes extremely well, which brings a significant con-
tribution to the carbon adsorption method compared to EDRR in terms of gold 
recovery percentages. However, the novel EDRR method provided selective gold 
recovery compared to carbon adsorption (see Table 17). In the carbon adsorp-
tion tests, not only gold was adsorbed on the activated carbon, but also 50% of 
copper was adsorbed. Moreover, EDRR recovers gold directly on the electrode, 
which is then ready for further treatment steps such as mechanical cathode 
stripping, smelting, and refining (Marsden and House, 2006; Stange, 1999). 
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This may reduce the necessity for resources and cost related to overall gold re-
covery. When the carbon adsorption process is used, gold still requires elution 
from carbon, then once more recovery to an electrode is needed prior to subse-
quent processes (Nicol et al., 1987). The current study did not aim to optimize 
gold recovery by the EDRR method, rather to investigate the applicability of the 
method as an alternative to the conventional carbon adsorption process. Keep-
ing this in mind, 88% recovery of gold from synthetic solution is arguably very 
promising. Recovery by the EDRR method remains to be developed further in 
glycine systems – and will be improved by optimization of the parameters in our 
future studies. 
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5. Conclusions 

Cyanide-free chloride and glycine leaching to extract gold from low grade flota-
tion tailings and gold ore of epithermal origin was investigated in the current 
thesis. The impact on gold extraction of combining biological treatment and 
chloride leaching was also examined. Additionally, two methods of gold recov-
ery from leach solution were studied, namely carbon adsorption and electrodep-
osition-redox replacement. Based on the results obtained, the following conclu-
sions can be made: 

 Biological pretreatment increased the gold extraction in chloride 
leaching from flotation tailings, with or without the addition of oxi-
dant. Biological pretreatment promoted the dissolution of gold up to 
63% at 250 g/L NaCN concentration, pH = 1 after 72 hours (without 
oxidant). Particle size did not significantly improve the extraction of 
gold with only an improvement of ca. 2% in the chloride leaching of 
flotation tailings.  

 In the cupric chloride leaching of flotation tailings, an increase in cu-
pric and sodium chloride concentration enhanced gold dissolution. 
The highest gold dissolution (58%) was achieved in the presence of 50 
g/L Cu2+ ion and 250 g/L NaCl at pH = 1.8.  

 For flotation tailings, among cyanide-free media, ferric chloride leach-
ing yielded the highest dissolution of gold (67%), followed by glycine 
leaching (60%). For ferric chloride leaching, process conditions were 
30 g/L Fe3+ ion oxidant, 250 g/L NaCl concentration, pH = 1. For gly-
cine leaching, the optimal conditions were particle size (d80) = 26 m, 
1.25 M glycine concentration, pH =12, and T = 60 °C.  

 Unlike in chloride leaching, particle size had a significant impact on 
the dissolution of gold in glycine media. This may be attributed to the 
concentration of catalytic copper ions in glycine solution, which in-
creased significantly by grinding. While in cupric chloride media, the 
concentration of copper ions in the solution was already high enough 
without grinding. So, the amount of copper leached from the material 
does not affect the gold dissolution to the same extent as in glycine 
media.  

 Optimal conditions in the glycine leaching of gold ore are 1.25 M gly-
cine concentration, pH = 12, and T = 60 °C. These conditions resulted 
in 90% gold extraction. 

 For gold ore, the highest gold extraction was achieved in ferric chloride 
media (93%), followed by cupric chloride (91%), glycine (90%), and 
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cyanide (80%). The process conditions for ferric chloride leaching 
were 30 g/L Fe3+ ion, 250 g/L NaCl, and pH = 1.  

 EDRR is applicable for gold recovery from chloride and glycine leach-
ing solutions. For example, gold recovery in glycine media reached a 
high level of 88% from synthetic solution after 1247 cycles (ca. 20 
hours), which is a very promising result. However, the conventional 
carbon adsorption process provided nearly 100% gold uptake from 
pregnant glycine solution within four hours. 
 

 
Recommendations for future research  

 
 The effect of biological pretreatment on gold leaching in chloride media 

should also be investigated with other raw materials where gold is in sul-
fide minerals.  

 An in-depth study focusing on dissolution mechanisms and leaching ki-
netics of gold in glycine media should be carried out. In this research, 
efforts were limited to method development from leaching to the recov-
ery of gold from solution.  

 With regard to the leaching of gold in glycine media, the level of free 
glycine concentration should be investigated to determine its effect on 
recovery (i.e., carbon adsorption).  

 Intensive studies on the adsorption mechanism of gold glycinate com-
plex onto activated carbon and the effect of impurities need to be per-
formed.  

 Recovery by EDRR in glycine media requires parameter optimization. 
Parameters should include Eset, tset, Ecut, number of cycles, temperature, 
and pH.  

 A systematic study should be conducted of each impurity and its effect 
on energy consumption and recovery in EDRR from chloride solutions.  
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