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Abstract 

As the cyanide leachable free-milling resources are depleted, a large portion of gold 

is now produced from complex gold ores accompanied by reactive copper minerals. 

Those copper-bearing gold ores have become important resources for gold and 

copper and they are reserved in a great number of deposits over the world. To 

extract gold from these resources, the traditional cyanidation process suffers to be 

an economic and effective approach, mainly because the reactive copper minerals 

significantly increase the cyanide consumption and a large amount of cyanide have 

to be used to achieve an acceptable level of gold extraction. Although there are 

other alternative techniques specifically designed for gold extraction from copper-

gold ores such as the ammonia-cyanide, ammonia-thiosulfate leach system, these 

methods were not commonly applied in the industry due to the issues such as the 

complex chemistry and complicated process control.   

A novel glycine-based leach system was recently developed and patented at Curtin 

University, Western Australia. Glycine leaching process has been proved to be 

effective for copper and gold extraction. The synergistic glycine-cyanide system 

that can be used in traditional tank leach operations is particularly effective for 

treating copper-gold resources. To further improve this process and pave the way 

to scale-up the process from bench-scale to pilot-scale testing, the feasibilities of 

downstream metals recovery technologies were studied and evaluated. Sulfide 

precipitation and ion-exchange resins were used for gold and copper recovery from 

the cyanide-starved glycine solutions.  

From the sulfide precipitation study, it was found that sulfide precipitation can 

effectively recover 100% of Cu2+ from the cyanide-starved glycine solutions using 

NaHS. The precipitation behaviours were stable with no or a very small amount of 

Cu+ and Au being co-precipitated at most of the precipitation conditions tested. Pre-

oxidation of Cu+ to Cu2+ using peroxide confirmed the effects of oxidation state on 

copper precipitation and a high total Cu recovery of about 96.5% was achieved after 

pre-oxidation. No gold co-precipitation and no significant glycine oxidation was 

observed after peroxide pre-oxidation.  

The sulfide precipitate characteristics study revealed that additions of Ca2+ or 

increase of solution ionic strength can enhance the formation of coarse and settable 

particles. The lower supersaturation level has insignificant effects on the particle 
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size distributions (PSD). Relatively large particle size is generated at medium 

stirring speed with fast addition rate. No significant effects of ageing, heating, and 

seeding on the PSD, but these factors can affect the morphologies of the individual 

particles based on the SEM images. XRD results implied that a more mature and 

crystalline copper sulfide precipitates can be produced by ageing, heating, or 

seeding. 

The Cu adsorption by ion-exchange resins studies indicated that the Puromet 

MTS9300 resin is more efficient than the other types of chelating resins, due to its 

high selectivity towards Cu2+ over Cu+ and Au. Over 99% of Cu2+ recovery with 

almost zero Cu+ and Au recovery was achieved by using the MTS9300 resin. The 

copper results were fitted well to both the empirical Freundlich and Langmuir 

isotherm models, while the Langmuir model shows a better correlation coefficient. 

The adsorption kinetic data of Cu2+ is well fitted to the pseudo-second-order model. 

Alkaline glycine solutions in the presence of NaCl or HCl can be used for the resin 

elution. The multi-cycle tests demonstrated that the loading capacity, regeneration 

efficiency and desorption efficiency were not significantly changed after 

regeneration. From the SEM images, no significant changes of resin’s shape and 

surface morphology was observed, although more cracks and rifts were found after 

the multi-cycle tests. 

The adsorption behaviours of gold using gold-selective resin were studied. A novel 

molecularly imprinted resin (IXOS-AuC) with a better selectivity towards gold 

against copper was chosen for further investigations. It was found that the factors 

such as cyanide to total copper ([CN-]:[CuT]) and glycine to total copper ([Gly]: 

[CuT]) molar ratios have insignificant effects on the adsorption of gold and copper. 

Increasing the initial gold concentration decreased with the copper co-adsorption 

on the resin. The equilibrium and kinetics studies were carried out with the 

experimental adsorption data being fitted to the Freundlich model and pseudo-

second-order model. The copper can be selectively pre-eluted over gold from the 

loaded resin by 0.4M NaCN at pH 11.5, while gold can be effectively eluted by 

either acidic thiourea or alkaline thiocyanate. The multi-cycle adsorption/elution 

tests showed that the resin can be effectively regenerated in both acidic thiourea 

and alkaline thiocyanate system. The change of surface morphology of the resin 

was not significant after adsorption/regeneration according to the SEM analysis. 
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Chapter 1: Introduction and overview 

1. 1 General background

Gold, the most valuable metal in history, was first leached from its ores using Aqua 

Regia (a mixture of nitric and hydrochloric acids), where the mechanism is due to 

chlorine and nitrosyl chloride. In 1851, Karl Friedrich Plattner first used aqueous 

solutions of chlorine to leach and recover gold from its ores. This process was 

known as chlorination which was later introduced in gold mines in America and 

Australia (Adams, 2016).  

In the 1880s, cyanidation process was patented and employed in gold mining 

industry and it superseded other processes for gold extraction worldwide as it is 

relatively simple, efficient and economic (La Brooy et al., 1994). Cyanide is an 

effective lixiviant for gold dissolution owing to the strong bond between cyanide 

and gold, creating high stability of gold cyanide complexes. The oxidant of 

cyanidation is dissolved oxygen from the air, contributing to a great attractiveness 

of cyanidation process (Marsden & House, 2009). Annually, approximately one 

billion tons of gold sources are treated in the world using cyanidation process to 

extract gold, it is also the largest tonnage of any kind of ore that is treated 

chemically (Adams, 2016).  

Although cyanide can effectively leach gold from a wide range of ores, some kind 

of ores may not respond well to the conventional cyanidation process. In some cases, 

reactive minerals especially copper minerals can consume cyanide in side reactions, 

thus increasing the consumption of cyanide/or oxygen to extract gold (La Brooy et 

al., 1994). It is estimated that a large portion of gold extracted in the 21st century 

will be recovered from cyanide soluble copper minerals due to the declining 

resources of free milling cyanide extractable gold deposits (Dai et al., 2011). It is 

reported that a majority of the copper minerals are highly soluble by cyanide 

including copper oxides, carbonates, sulfides (except for chalcopyrite), and native 

copper. The dissolution of reactive copper in cyanide solutions can incur an extra 

consumption of cyanide by forming copper cyanide complexes with high stability 

such as Cu(CN)2
-, Cu(CN)3

2-, and Cu(CN)4
3-, with the sulfide sulfur component 

leading to the formation of thiocyanate (CNS-) and iron (in copper sulfides such as 

chalcopyrite leading to ferrocyanide (Fe(CN)6
4-), leading to high cyanide 
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consumption. It is reported that different kinds of copper minerals associated with 

gold can be dissolved by cyanide to different degree from 5% –10% for chalcopyrite 

to over 90% for most oxide minerals; around 30kg/t NaCN is required to leach 1% 

of reactive copper minerals which leads to conventional cyanidation to extract gold-

copper ores uneconomic (Muir, 2011). Also, the Weak Acid Dissociable (WAD) 

cyanide are required to be detoxified at a significant expense (Marsden & House, 

2009), all these factors can make the processes uneconomic. Besides, the presence 

of copper in the leachate can cause problems for the recovery processes such as co-

absorption with gold onto the activated carbon or ion-exchange, reduction of gold 

electrowinning cell efficiency and gold losses onto copper minerals by cementation 

(Dai et al., 2011).  

To selectively leach gold from gold-copper ores, an ammonia-cyanide leaching 

system which was first discovered and patented by Hunt has been intensively 

studied since 1901 (Adams et al., 2008; Costello et al., 1992; La Brooy et al., 1991). 

This technique was further studied and optimised with typical results of around 70% 

–80% gold and 3% copper recovery using 2.5 – 5 kg/t NaCN and 1.1 kg/t NH3 

(Muir, 2011). In the 1990s, it was developed further and two commercial plants 

operated to treat oxidized copper tailings for a few years in Western Australia and 

Mauritania (Costello et al., 1992; Ruane, 1991). However, this process is not 

suitable for treating sulfidic ores where higher reagents concentrations are required 

and poorer gold recovery is usually obtained. Also, ammonia is volatile and toxic 

which may generate environmental concerns.  

A thiosulfate-copper-ammonia leaching system which is more advantageous than 

that of cyanide in terms of lower toxicity and higher gold leaching rate was also 

considered as a feasible alternative process to treat gold-copper ores. However, as 

the difficulty in maintaining it stable under variable Eh/pH environments, the 

application becomes expensive and uneconomic in the gold industry (Breuer & 

Jeffrey, 2000).  

Recently, Gold Technology Group from Curtin University developed and patented 

a novel leaching method using an environmental-benign glycine as the alternative 

lixiviant to leaching copper and gold from its ores and flotation concentrates. 

Glycine, the simplest type of amino acid, has a number of advantages over cyanide. 

For example,  it is a colourless sweet-tasting crystalline solid without toxicity and 

volatility which is environmentally friendly; it is accessible and economically 
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effective that can be manufactured industrially or derived as a by-product from 

different micro-organisms (González-López et al., 2005); the gold and copper 

glycinate complexes have good stability (Ksp = 18) over a wide pH-Eh range that 

can be regenerated after leaching (Eksteen & Oraby, 2015). Glycine as the only 

lixiviant is effective in leaching copper including metallic copper, copper oxides 

(e.g. azurite, cuprite, malachite) and copper sulfide (e.g. chalcocite) (Eksteen, et al., 

2017; Tanda, et al., 2017). Gold can be also leached by the glycine as the only 

lixiviant, but the leaching rate is significantly slower than that of cyanide even at 

elevated temperatures of around 50℃ – 60 ℃, which is application may only be 

suitable for in-situ or heap leaching (Oraby & Eksteen, 2015b), unless other 

catalysts or oxidants are used, where the suitability depends upon the ore treated.  

A synergistic leaching system was also developed using glycine as the main 

lixiviant with a small portion of cyanide (i.e. cyanide is at “starvation” conditions 

and no free cyanide is present in the leachate at any time) at alkaline conditions is 

shown high efficiency and effectiveness in leaching gold from gold-copper ores and 

flotation concentrates at room temperature with a fast gold dissolution rate and a 

significant reduction of cyanide consumption (Oraby & Eksteen, 2015; Oraby et al., 

2017). The typical final leaching solutions from the synergistic leaching system 

contain gold cyanide and gold glycinate compounds with mostly cupric glycinate, 

a small amount of cuprous cyanide species and zero free cyanide, which in some 

extend simplifies the detox process. This technique has attracted many attentions 

from the industry, it is, therefore, important to explore different recovery methods 

for the glycine-cyanide synergistic leaching system and further improve the process.  

Carbon adsorption as the most commonly used gold recovery method in the gold 

industry, its application has been proved to be feasible and effective for gold 

recovery from both the glycine only and glycine-cyanide leaching system and its 

adsorption isotherms and kinetics were studied in detail (Tauetsile et al., 2018a, 

2018b, 2019a, 2019b). However, co-adsorption of copper may have an adverse 

effect on the gold adsorption capacity of the activated carbon, a copper 

removal/recovery process is required prior to the carbon adsorption.  

Studies conducted by Tanda(2017) and Eksteen et al. (2018) pointed out that copper 

can be precipitated effectively from the non-cyanide cupric glycinate leachate by 

adding NaHS powders. This implies that sulfide precipitation could be a feasible 
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method to recover the copper from the glycine-cyanide leachate containing cupric 

glycinate and cuprous cyanide.  

Tanda et al. (2017) successfully used solvent extraction technique to recover the 

copper from cupric glycinate in the glycine only leaching system. This provides 

another approach which is using ion-exchange resins to recover the metal ions from 

the glycine-cyanide leachate, as ion exchange is usually compared with solvent 

extraction (Kim et al., 2016; Li et al., 2013).  

1.2 Objective and significance of the study 

The leaching side of the novel glycine technology has been intensively studied, 

however the downstream of metals recovery from solutions has not been addressed. 

Therefore, this project aims to explore and investigate the downstream options of 

copper and gold recovery from starved-cyanide glycine solutions. Sulfide 

precipitation and ion exchange resins as two promising and well-known methods 

for copper and gold are deeply studied and evaluated in this research project. To be 

more specific, the study aims to: 

• Investigate the effectiveness of sulfide precipitation for the copper recovery

and gain insight into the precipitation chemistry;

• Study the precipitates characteristics and understand the factors that affect

the final size of the precipitates and its purity;

• Explore the feasible ion-exchange resins including chelating resins and

novel molecularly imprinted resin for copper and gold recovery and conduct

adsorption isotherm and kinetic studies;

• Propose effective eluting agents for the selected resins and verify their

reusability through multi-cycle adsorption/desorption tests.

This project is a linkage study for the synergetic glycine-cyanide leaching system 

which is highly significant for some mining companies which require innovative 

solutions to minimize the cyanide consumption and mitigate the production of 

Weak Acid Dissociable (WAD) cyanide which can impose threats to health and the 

environment. Successfully achieving the above aims could impose constructive and 

meaningful influences on the gold industry. Specifically, it would gain a deeper 

understanding and provide a theoretical basis for the application of sulfide 

precipitation and ion-exchange adsorption from the synergetic glycine-cyanide 

leaching system; expand more recovery methods and provide more clear ideas for 
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designing process flowsheets; eventually, improve the performance of the leaching 

system; pave the way to scale-up from bench-scale to pilot-scale testing and 

eventually accelerate the process to be commercialised.  

1.3 Scope of the study 

This project mainly included a range of fundamental studies related to the discipline 

of hydrometallurgy. The first part of the study focused on the copper recovery by 

sulfidation, the effects of various factors on the precipitation chemistry were 

investigated. The second part addressed how different chemical and operational 

conditions influence the size of the precipitates as well as the setting performance. 

Scan Electron Microscope (SEM) and X-ray Diffraction (XRD) analysis were 

conducted to understand how crystals evolved and transformed under different 

operational conditions. The third/fourth part of the study investigated the adsorption 

behaviours of copper/gold by using different types of ion-exchange resins and 

selected the most selective resins for further investigations. The adsorption 

isotherms and kinetics studies were covered for both the selected copper-selective 

and gold-selective resins. Elution and regenerated studies were included for both 

resins. The surface morphology of the resin before and after 

adsorption/regeneration were visualised by SEM.  

It should be noted that demonstrations of the recovery methods for copper and gold 

are limited to the hydrometallurgy performance obtained from the synthetic 

glycine-cyanide leachates. The recovery performance from the real leachates is out 

of the scope of this study.  

1.4 Thesis overview 

This thesis is written in compliance with the specific guidelines for the thesis by 

publication and copyright policies of Curtin University. The experimental design 

including materials and methods for the study were demonstrated and explained in 

the attached published papers. The thesis consists of 7 Chapters. The overview of 

each chapter is given below: 

Chapter 1: Introduction and overview 

Chapter 1 covers an introduction and overview of the study. It includes general 

background, objective and significance, scope and thesis overview. The chapter 
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points out the research gaps in scientific knowledge and gives the readers a general 

outline of the research.  

Chapter 2: Literature review 

Chapter 2 provides the literature review of the hydrometallurgical approaches for 

gold/copper extraction/recovery from copper-gold ores. It highlighted the copper-

gold deposits are essential resources for either copper or gold and mentioned the 

significance of the applications of copper and gold to human societies. Different 

current techniques for leaching gold from copper-gold resources were discussed. 

This was followed by a review of an innovative glycine-based leach system 

including glycine-only and synergetic glycine-cyanide system. The last section of 

chapter 2 introduced a variety of techniques for copper and gold recovery (i.e. 

solvent extraction, sulfide precipitation, zinc cementation, carbon adsorption, and 

ion-exchange resin adsorption).  

Chapter 3: Sulfide precipitation behaviour of copper and gold 

Chapter 3 (Published paper 1, Deng et al., 2019) demonstrates the sulfide 

precipitation behaviour of copper and gold from the alkaline glycine-cyanide 

solutions. Effects of reaction time, pH, temperature, [HS-]: [CuT], [Gly]:[CuT], 

[CN-]: [CuT] molar ratios on the CuT recovery were studied. Pre-oxidation of Cu+ 

to Cu2+ was also studied, and the precipitation behaviours of CuT at different levels 

of dissolved oxygen, [HS-]: [CuT] molar ratios and reaction time after precipitation 

were investigated. Glycine analysis was conducted to verify whether the glycine 

was oxidised during the pre-oxidation stage or not.  

Chapter 4: Sulfide precipitates characteristics 

Chapter 4 (Published paper 2, (Deng et al., 2020b)) elaborates the effects of 

different chemical and operational conditions on the precipitate particle 

characteristics particularly the particle size distributions (PSD). Factors affecting 

on settling characteristics, particle morphologies and particle structure were also 

studied.  

Chapter 5: Copper adsorption using ion-exchange chelating resins 

Chapter 5 (Published paper 3, (Deng et al., 2020a)) presents a copper recovery 

method from glycine-cyanide solutions by using chelating resins. The chapter 

covers how different factors (i.e. [Gly]:[Cu], [CN-]: [Cu] molar ratios and resin 

dosage) effect on the resin adsorption of copper and gold. In this chapter, the 
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adsorption isotherms and kinetics of the copper adsorbed onto the resin were 

studied and their experimental data were fitted to commonly used isotherm 

(Freundlich and Langmuir models) and kinetic (pseudo-first-order, pseudo-second-

order and intra-particle) models. Elution tests using alkaline glycine as the eluent 

were conducted and compared to the conventional acid elution method. 

Regeneration studies were carried out to confirm whether the resin can be 

effectively reused or not.  

Chapter 6: Gold adsorption and regeneration studies using a molecularly 

imprinted resin (IXOS-AuC)  

Chapter 6 (Published paper 4, Deng et al., 2020c) investigates the copper and gold 

adsorption behaviours of a type of molecularly imprinted resin (IXOS-AuC). The 

effects of different [Gly]:[Cu], [CN-]:[Cu] molar ratios and initial gold 

concentration on the adsorption of gold and copper on the resin were investigated. 

Adsorption isotherms and kinetics tests were carried out, with their experimental 

data being fitted with commonly used adsorption isotherm (Freundlich and 

Langmuir models) and kinetic (pseudo-first-order and pseudo-second-order) 

models. Two-stage elution tests were conducted, where cyanide was used at the first 

stage for copper elution and acidic thiourea or alkaline thiocyanate were used for 

the second stage for gold elution. Regeneration studies for both the acidic thiourea 

and alkaline thiocyanate elution system were carried out.  

Chapter 7 Conclusions and recommendations 

Chapter 7 gives the overall and enumerated conclusions based on the results 

obtained in this research study. Recommendations for future research studies are 

also outlined at the end of the chapter.  
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Chapter 2: Literature review 

2.1 Gold-copper resources 

2.1.1 Background 

Free-milling (easily extracted through cyanidation) gold ores are nearly exhausted, 

occupying only 18% of the global gold deposits (Adams, 2016). Nowadays, much 

of the gold is produced from the refractory gold ores, many of which are 

accompanied by reactive copper minerals. A portion of the gold (14%) is also 

produced as a by-product from the smelting of copper concentrates (Adams, 2016). 

While due to the stricter regulations of sulfur dioxide and other toxic emissions 

from the smelting of copper sulfides, the application of hydrometallurgy is a now 

preferential option for the mining industry (Lakshmanan et al., 2016). 

Porphyry deposits and iron-oxide-copper-gold (IOCG) deposits are the two main 

gold-copper resources in the world. The porphyry deposits are the major source of 

copper, accounting for nearly three-quarters of the world’s copper and it is an 

important resource of gold which contains about one-fifth of the gold production 

worldwide (Sillitoe & Meinert, 2010). It is estimated that, according to the 2014 

United State Geographical Survey (USGS), the discovered global copper deposits 

contain around 2.1 billion tons of copper (1.8 billion tons of those are porphyry 

copper deposits), while the undiscovered copper is about 3.5 billion tons. The 

survey also reported that about one-quarter of the unidentified gold resources were 

estimated to be contained in the porphyry copper deposits. Typical porphyry copper 

deposits contain about 0.5 to 1.5% of Cu, and 0.01 to 1.5g/t Au, although a few of 

them contain high grade of gold ranging from 0.9 to 1.5g/t with less than 0.1% of 

copper (Kesler, et al., 2002; Sillitoe & Meinert, 2010). 

Alongside with porphyry deposit, iron-oxide-copper-gold deposits are also 

important resources of copper and gold, which have become the third producer of 

copper and a significant producer of gold since the discovery of supergiant Olympic 

Dam deposit in Australia in 1975 (Zhu, 2016). These types of deposits associated 

with copper minerals such as chalcopyrite, chalcocite and bornite and the gold is 

usually present in native gold, electrum and gold-bismuth-antimony-tellurium alloy. 

The copper grades of the IOCG deposits are similar to those of porphyry copper 

deposits, which are generally low, usually under 1%, with the gold grade at a low 

value (mostly below 1g/t) (Shaofeng & Shuixing, 2016; Zhu, 2016). 
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 Fig. 2.1 shows the worldwide locations of major porphyry copper-gold and IOCG 

deposits which are modified based on several studies (Kesler et al., 2002; Pian & 

Santosh, 2019; Shaofeng & Shuixing, 2016; Sillitoe & Meinert, 2010; Zhu, 2016). 

 

Figure 2.1 Geographical distribution of porphyry copper-gold ore and IOCG deposits worldwide 

modified based on Kesler et al. (2002); Pian and Santosh (2019); Shaofeng and Shuixing (2016); 

Sillitoe and Meinert (2010); Zhu (2016). 

2.1.2 Significance of gold and copper  

Gold has been valued by human beings from ancient times to the present days due 

to its beauty, usefulness and rarity. The market price of gold has risen significantly 

in the past two decades from about 300 USD/oz in 2000 to its highest point 1800 

USD/oz in 2011, and the price fluctuated and ranged between 1,700 and 1,900 

USD/oz in 2020 (peaking at nearly 2,050 USD /oz in early August 2020). The rising 

gold price has driven many mining companies to exploit more gold mines which 

were deemed to be difficult or expensive to mine and process.  

Due to its lustrous colour and its resistance to tarnishing, gold was widely used as 

a currency before paper money was introduced. Gold is usually used as jewellery 

and other decorative ornaments due to its softness. It’s the excellent conductivity 

and general resistance to oxidation and corrosion of gold leads to about 10% of the 

new gold produced worldwide goes to the industry for the manufacture of 

corrosion-free electrical connectors in electronic devices (Adams, 2016). Some 

recent technologies revealed that the application of gold nanoparticles can be 

extended to many other fields such as medicine, photonics and chemistry (Herb, 

2013).  
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On the other hand, as the most common base metal, copper is one of the first metals 

that ever exploited and used by humans. Although the price of copper is much 

cheaper than gold, the consumption/demand of copper has increased significantly 

in the past two decades as large developing countries (e.g. China and India) entered 

the global market, seeking more mineral commodities for their infrastructure. The 

copper price has been rising consistently from about 0.6 USD per pound in 2000 to 

about 2.6 USD per pound in 2020.  

Copper is an essential contributor to the progress and development of the societies 

since the dawn of civilisation. Since copper is easily stretched, moulded and shaped 

and due to its good resistance to corrosion, heat conductivity and electricity 

conductivity, copper is always important to people for a variety of domestic, 

industrial and high-technology applications. Copper is commonly used in building 

construction, power generation, transmission and distribution, electrical equipment 

and electronic circuitry, industrial machinery, transportation equipment, etc. 

Copper wiring and plumbing are the essential components for heating and cooling 

system, and telecommunications links in homes and business. Copper’s outstanding 

conductivity improves the efficiency of electrical motors. Copper is used 

throughout the electric vehicles, charging stations and supporting infrastructure. It 

is foreseen that the consumption of copper will increase dramatically due to the 

energy challenges in terms of coal, oil and gas (Anonymous, 2016).  

2.2 Current leaching processes for gold-copper ores   

2.2.1 Cyanidation  

Cyanide is the most commonly used lixiviant in the gold industry, mainly because 

of its relatively low cost, and superior effectiveness and efficiency for gold 

dissolution. Despite its toxicity and the risk of health and environmental concerns, 

it has been used for gold leaching for over a hundred year. Oxygen supplied from 

the air is used as the oxidant in cyanidation which is another attractiveness of the 

process. Eq. 1 is the most common equation for the dissolution of gold in the 

presence of cyanide and oxygen, which is also known as Elsner’s Equation 

(Marsden & House, 2009).  

 4Au + 8NaCN + O2 + 2H2O → 4NaAu(CN)2 + 4NaOH                                    (1)                                            

However, cyanidation is not economic when gold is associated with the copper 

mineralisation such as azurite, malachite, chalcocite, chalcopyrite, enargite, 
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covellite, cuprite and bornite as these reactive copper minerals can cause side 

reaction which consumes an extra amount of free cyanide and oxygen required for 

gold leaching (Sceresini & Breuer, 2016). Research has shown every 1% of reactive 

copper minerals consume around 30kg/t NaCN, leading to conventional 

cyanidation for extracting gold-copper ores uneconomic (Muir, 2011). If copper 

sulfide is present such as covellite, the consumption of cyanide can reach 51 kg/t, 

because of the formation of cyanate and thiocyanate (Sceresini, 2005).  Statistical 

analysis has shown that gold recovery and copper consumption are linearly related 

to reactive copper content (i.e. metallic copper, copper oxides and secondary copper 

sulfides) (Jiang et al., 2001).  The cyanide soluble copper minerals can form a series 

of copper cyanide complexes (CuCN, Cu(CN)2
-, Cu(CN)3

2- and Cu(CN)4
3-), 

depending on the cyanide to copper ratios pH and temperature (Wang & Forssberg, 

1990). Their equilibria in cyanide solution are shown in Eq. 2 - 5 (Marsden & House, 

2009).  

Cu+ + CN- ↔ CuCN(s) (2)

CuCN + CN- ↔ Cu(CN)
2

-
(3)

Cu(CN)
2

-
+ CN- ↔ Cu(CN)

3

2-
(4)

Cu(CN)
3

2-
+ CN- ↔ Cu(CN)

4

3-
 (5)     

According to the Eh-pH diagram shown in Figure 2.2, Cu(CN)3
2- is the most 

common cuprous cyanide species present under the typical cyanide leaching 

conditions. Thus, it may consume more cyanide if copper was not removed from 

the leach circuit, since the natural degradation of Cu(CN)3
2- to Cu(CN)2

-, may 

deplete the free cyanide or weakly bond cyanide to form Cu(CN)3
2- and Cu(CN)4

3- 

(Marsden & House, 2009).  
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Figure 2.2 Eh-pH diagram of Cu-CN-H2O system (CuCN is ignored) (Sceresini, 2005). 

2.2.2 Ammonia-cyanide leaching  

The typical copper-gold deposits can be either the copper deposits with significant 

levels of gold or the gold deposits contain a small amount of copper mineralisation 

which is normally present at nuisance levels to the gold deposits. For those copper 

dominated deposits, gold can be economically recovered as a by-product (slime) 

from the smelting and refining process. However, when copper present at nuisance 

levels, it can impose many adverse effects on the cyanide leaching process and the 

downstream recovery process (Jiang et al., 2001). To selectively leach gold from 

the copper-gold ores, an alkaline ammonia-cyanide leaching system was developed. 

Additionally, selective mining, flotation and pre-leaching of copper can also be 

effective methods to reduce the soluble copper before the leaching process. 

The ammonia-cyanide leaching method which has been first developed and 

patented by Hunt (1901) for over a hundred year can leach the oxidised copper-gold 

ores selectively using ammonia to suppress the copper interference with up to 90% 

of Au recovery and less than 1 % of Cu recovery. This leaching process was revived 

by La Brooy et al. (1991), and it verified that the gold in oxidised ores can be 

selectively leached with a gold recovery between 80 and 90% at low reagent 

addition, while it was not effective to treat transition or sulfidic ores with poor gold 

recovery, even using higher reagent concentrations.  
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There are three important roles of ammonia in the ammoniacal cyanide leaching 

system. Firstly, a mixed copper-ammonia-cyanide complex (Cu(NH3)2(CN)2) 

formed by the complexation between copper (Ⅰ) ammonia and cyanide can leach 

gold. Secondly, copper (Ⅰ) ammine can be rapidly oxidised by oxygen to copper (Ⅱ), 

which provides extra oxidant for gold leaching, its effect is more apparent 

particularly in highly saline solutions where the dissolved oxygen (DO)  

concentration is very low. Thirdly, the ammonia promotes the precipitation of 

copper in the ammonia-cyanide solution by forming solid CuCN, Cu(OH)2 or 

Cu(NH3)2(CN)4. Eq. 6 shows the overall equation of gold leaching in the 

ammoniacal cyanide leaching system was a redox reaction which oxygen is not 

needed (Sceresini & Breuer, 2016). 

Cu(NH3)2(CN)2 + Au → Cu(NH3)2
+ + Au(CN)2

-                                                 (6)               

The optimum conditions are quite sensitive to the solution composition and reagent 

mixture. A study conducted by Muir et al. (1995) found that gold recovery can reach 

maximum value with the increasing concentration of NaCN and NH3 at a fixed ratio 

of NaCN:NH3, but this can also increase the copper recovery, which means a 

decrease in selectivity. Typically, about 1 – 2 kg/t NaCN and 1 – 2 kg/t NH3 at pH 

between 10.5 and 11.0 and Eh between 350 – 400 mV (nHe) with 50% w/w solid 

ratio are deemed to be optimum (Dai et al., 2011).  

During leaching, solid CuCN or Cu(OH)2 can be slowly formed from the oxidation 

and precipitation of Cu(CN)2
- species, which may lead to a significant gold loss as 

the AuCNCuCN precipitation, which was observed by Muir et al. (1989). 

Therefore, the Cu2+ concentration should be controlled at around 30 to 60 mg/L by 

controlling the ammonia concentration. Also, a solid-liquid separation stage is 

required to filter the precipitation of CuCN or Cu(OH)2 before the gold recovery 

using activated carbon. Moreover, ammonia can be adsorbed by activated carbon, 

which may result in a loss in reagent during the circuit (Dai et al., 2011). To control 

the optimum conditions and speciation, it is important to monitor and control Eh, 

pH, or total NH3 addition, Cu2+, total Cu and total CN- using electrodes and 

spectrophotometric, electrochemical or auto-titration methods (Dai et al., 2011). 

For example, constant incremental addition of ammonia is required to make up for 

the volatile loss; pre-oxidation of the reactive sulfide minerals is usually required 

to maintain the Cu2+ concentration.  
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In a word, the ammonia-cyanide system can selectively leach gold from the copper-

gold ores, but the application of this process remains uncommon mainly due to its 

complicated chemistry and complexity in process control.  

2.2.3 Non-cyanide leaching methods 

The environmental hazards posed by the toxicity of cyanide have driven many 

researchers to seek alternative non-cyanide lixiviant for gold leaching, while most 

of the studies focused on thiocyanate, thiourea and halide-leaching (Aylmore, 2005). 

A few of the studies have investigated the leaching performance of using these 

alternative lixiviants to treat copper-gold ores.  

2.2.3.1 Thiosulfate leaching 

According to the literature review conducted by Aylmore and Muir (2001), 

researchers started their interests in the treatment of carbonaceous and copper-gold 

ores using thiosulfate since the 1980s due to the cyanidation is not effective for 

treating these kinds of ores.  The early studies used a high concentration of 

thiosulfate (up to 40kg/t) to reach reasonable gold recovery, but it was found that it 

was essential to control the copper concentration as the Cu(Ⅱ) in the solutions lead 

to a degradation of thiosulfate, thus increasing the consumption of thiosulfate. Later, 

Langhans et al. (1992) identified the catalytic role of copper and established a 

comparable leaching method using dilute ammoniacal thiosulfate solutions.  

The equations of dissolution of metallic gold in ammoniacal thiosulfate solutions 

in the presence of Cu(Ⅱ) at Eh about 0V are represented in Eq. 7 and 8 (Aylmore, 

2016a). 

Au + 5S2O3
2- 

+ Cu(NH3)4
2+ → Au(S2O3)2

3- + 4NH3 + Cu(S2O3)3
5-                      (7)                      

4Cu(S2O3)3
5- + 16NH3 + O2 + 2H2O → 4Cu(NH3)4

2+ + 4OH- + 12S2O3
2-

           (8)                     

Many studies have investigated the leaching performance of thiosulfate for copper-

gold ores with the typical 50 – 85% of gold extraction and 20 – 50% copper 

extraction using 10 – 40 kg/t thiosulfate (Aylmore, 2016b).  Freitas et al. (2001) 

carried out studies on three different copper-gold ores from Brazil, and different 

leaching performances were identified for each ore using different leaching 

conditions. Also, they found a portion of copper was precipitated in some cases and 

the maximum gold recoveries obtained after 8h of leaching in a range between 70 

to 90%. Xia et al. (2003) recognised that lowing dissolved oxygen (DO) 
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concentration, increasing pulp densities, adding strong chelating agent (EDTA or 

NTA) in a ratio of 1:1 (EDTA:Cu), reducing copper sulfate addition or replacing 

copper sulfate with nickel sulfate can reduce the consumption of thiosulfate when 

treating a mild-refractory copper-gold ore, where the DO concentration and pulp 

density play the most significant role.  Dai et al. (2013) compared the metal 

extractions using cyanide and ammoniacal-thiosulfate for treating a suite of copper 

sulfide concentrates. The ammoniacal-thiosulfate leaching system showed a better 

selectivity for gold than that with cyanidation. Comparable gold recovery was 

achieved in the case of treating pyrite flotation concentrate and better gold recovery 

was obtained for the leaching of gravity gold concentrate, however, the reagent 

consumptions were about twice larger than those with cyanidation.  

The ammoniacal-thiosulfate system is generally effective for leaching copper-gold 

ores, but issues such as the complex chemistry, reagent degradation, unstable gold 

recovery (fluctuated from samples to samples) and high reagent consumption 

hinder its further application in the gold industry. 

2.2.3.2 Thiourea leaching 

Thiourea has been proven effective in gold leaching at acidic conditions; its reaction 

is rapid and the gold recovery of up to 99% can be achieved (Aylmore, 2016a; 

Hilson & Monhemius, 2006). In practice, thiourea has to be used under relatively 

restricted conditions at thiourea concentration of 10 g/L, ferric ion concentration of 

5 g/L, pH of 1 – 3 and at potentials from 0.42 to 0.45V (vs. SHE) (Aylmore, 2016a). 

Ferric is the most common oxidant, other oxidants which have been examined 

include hydrogen peroxide, manganese dioxide, mono-per-oxysulfate compounds 

and ozone (Sparrow & Woodcock, 1995). The leaching of gold using thiourea is 

sensitive to pH as decomposition of thiourea is intrinsically unstable and the 

decomposed substances have no effect on gold dissolution. Besides, the Eh should 

be maintained carefully between 0.42 and 0.45V (vs. SHE) to minimise the 

decomposition of thiourea (Tremblay et al., 1996). The overall reaction of gold in 

thiourea and ferric ion solutions is described in Eq .9. 

Au + 2NH2CSNH2 + Fe3+ → [Au(NH2CSNH2)2]+ + Fe2+                                  (9)              

The application of thiourea for copper-gold ore leaching is feasible. Although 

strong copper thiourea complex can be formed, which can increase the reagent 

consumption (Alodan & Smyrl, 1998), the dissolution of copper in acidic thiourea 
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is much less than that in cyanide solutions (Fang & Muhammed, 1992). A lab-based 

study undertaken by Lacoste-Bouchet et al. (1998) showed that after an acid wash 

pre-treatment, a copper-bearing gold ore containing 0.4% Cu and 5.6 g/t Au can be 

leached at a condition of 3.9 kg/t thiourea, pH 3 and Eh from 0.41 to 0.45V, the 89% 

of final gold extraction was obtained.  

Despite the effectiveness of thiourea as the alternative gold lixiviant, its commercial 

adoption is still limited. That is mainly because it is more expensive than cyanide; 

suffers from high reagents consumption; it is labelled as a potential carcinogen; the 

leaching conditions are sensitive and its gold recovery requires further 

investigations and development (Aylmore, 2016a).  

2.2.3.3 Halide leaching 

Halide leaching using chlorine, bromine or iodine as the lixiviant for gold leaching. 

This technique especially chlorination was applied in the gold industry before the 

introduction of cyanide in the late 19th century. The application of bromine/iodine 

was reported as early as 1846 (Aylmore, 2016a). This leaching method revived in 

the 1990s after several bromine/bromide systems were lodged and patented (Tran, 

1998). In recent decades, the increasing refractory nature of gold ores and the rising 

gold price became the incentive for the resurgence of the application of halide 

leaching.  

High-oxidation conditions are required for the halide leaching for gold. The 

general halogen-based reaction of gold with chloride or bromine is shown in Eq. 

10. 

2Au + 3X2 + 2X- → 2AuX4
-   , where X = Cl or Br (10)

The AuCl2
- is formed initially and is rapidly oxidised to AuCl4

-. For the iodine 

leaching system, iodine reacts with iodide to form I3
- ions to for Au(Ⅰ) iodide rather 

than. That is due to Eo for AuI2
- < AuI4

-. Au(Ⅲ) iodide complex is unstable which 

can be reduced to Au(Ⅰ) iodide by iodine (Tran, 1998). The iodine gold leaching 

reaction is described in Eq. 11. 

2Au + I3 + I- → 2AuI2
-  (11) 

The gold halide complex is not very stable compared to gold cyanide, its stability 

depends on the halide concentration, solution pH and potential and the presence of 

reductants (e.g. metals and sulfidic minerals) in the ores (Tran, 1998). In order to 
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prevent the precipitation of metallic gold from solution, it is necessary to add 

oxidant to maintain a high Eh of the solution. Halide leaching is more rapid than 

cyanidation. The rate of reaction is in the order of Cl > Br > I, whereas the stability 

is in the order of I > Br > Cl (Aylmore, 2016a). 

The typical leaching conditions for chlorine, bromine, iodine as the lixiviants 

were shown in Table 2.1.  

Table 2.1 Typical conditions for gold leaching using halides (Aylmore, 2016a). 

Reagent Ligand Oxidant Gold complex Typical leaching conditions pH 

Chlorine Cl- Cl2 AuCl4
- 5 – 10 g/L Cl2, 5 – 10 g/L NaCl <3 

Bromine Br- Br2 AuBr4
- 2 – 5 g/L Br2, 0 – 10 g/L NaNr 5 – 8 

Iodine I- I2 AuI2
- 1 g/L I2, 9 g/L NaI 5 – 9 

 

Research on the application of halide leaching for copper-gold ores is also limited 

since the gold halide complex can be reduced and precipitated by sulfidic minerals. 

Stace (1984) found that flotation collectors can be used as a coating which reduces 

the reactivity of metal sulfides (e.g. copper sulfides) in the chloride-chlorine system 

without reducing the reaction rate of gold dissolution. On the other hand, the iodine-

iodide leaching system does not oxidise metal sulfides such as chalcocite, thus 

avoiding extra reagent consumption during the leaching (Hiskey & Qi, 1991). 

However, high leaching cost is the main challenge for the iodine-iodide system 

which hinder and restrict its development. Also, the recovery system for gold and 

the regeneration of iodine from the solutions remain unsolved, thus deeper studies 

are required in the future (Liang & Li, 2019).  

2.3 Novel glycine leaching process  

2.3.1 Glycine leaching system 

A novel alkaline glycine-based leaching system which uses a glycine as a type of 

amino acids, as the main lixiviant for copper and gold leaching, was originally 

developed and patented by Curtin University. Glycine (NH2‐CH2‐COOH) as the 

alternative lixiviant for gold leaching has several advantages over cyanide.  It is the 

simplest possible amino acid, has a carboxylic group and amine group, which is 

non-toxic and is prevalent in food, pharmaceutical, medicine, agronomy and 

nutrition industries. It is colourless, odourless, sweet-tasting, biodegradable and 

non-volatile. Glycine is the cheapest of the amino acids which can be manufactured 

industrially (sold at a lower cost than sodium cyanide) from chloroacetic acid (itself 
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produced from trichloroethylene, i.e. the petrochemical industry) or derived as a 

by-product from different micro-organisms (González-López et al., 2005). The gold 

and copper glycine complexes in the solution have high stability over a wide pH-

Eh range, thus the glycine can be recovered and reused after leaching instead of 

losing in leach residue during solid/liquid separation.  

The original idea of using glycine as the lixiviant was derived from bioleaching 

which uses complexing chemicals such as amino acids secreted by bacteria for gold 

dissolution in the presence of oxidising agents such as peroxide and potassium 

permanganate. This innovative leaching method was intensively studied since 2014 

and over 30 research items including journal papers and conference papers have 

been published based on this leaching system.   

This alkaline glycine-only leaching system is effective to leach metallic copper, 

copper minerals and concentrates including copper oxides (e.g. azurite, cuprite, 

malachite and bornite) and copper sulfide (e.g. chalcocite and chalcopyrite) 

(Eksteen et al., 2017; Oraby & Eksteen, 2014;  Tanda et al., 2017; Tanda et al., 

2019; Tanda, et al., 2018a,2018b). Gold can be leached in the presence of peroxide 

at moderately elevated temperature (Eksteen & Oraby, 2015; Oraby & Eksteen, 

2015b) or a high pH level of 12.5 (Oraby et al., 2019), while the leaching rate is too 

low that may only be feasible for heap, vat and in-situ leaching as glycine can be a 

serious contender to cyanide due to its non-toxicity. Glycine mixed with a small 

amount of cyanide can significantly increase the gold dissolution rate, which is 

suitable for traditional agitated tank leaching (Oraby & Eksteen, 2015a; Oraby et 

al., 2017). Different recovery methods for the glycine leaching process were studied. 

It was found that the traditional carbon adsorption is still feasible for both the 

glycine only and glycine-cyanide leaching system (Tauetsile et al., 2018a, 2018b, 

2019a, 2019b). On the other hand, copper can be recovered by solvent extraction or 

sulfide precipitation from their glycinate complex (Tanda, 2017; Tanda, et al., 

2017). Additionally, its application has now been extended to recycle the base and 

precious metals from the electric and electronic wastes (Li et al., 2020; Oraby et al.,  

2019). A high-level cost/economic impact estimation indicated that by using the 

glycine-based leaching system, the margin of operation can be more than double 

through the potential saving of reagent cost, and the glycine-cyanide synergetic 

leach system has potential to enable those complex ore bodies particularly copper-

gold ores economically viable for exploitation (Eksteen et al., 2018). 
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2.3.1.1 Glycine leaching of copper  

Du et al. (2004) investigated the mechanism of copper dissolution in glycine 

solutions in the presence of peroxide, and it is suggested that copper is oxidised by 

peroxide and then the soluble copper glycinate complex was formed by the oxidised 

copper and the glycine in solutions. Aksu and Doyle (2001) reported that copper 

dissolution increased with the increasing glycine concentration in both acidic and 

alkaline conditions, while a decrease in copper dissolution was observed when the 

peroxide concentration was over 0.25 wt %, indicating that the glycine can be 

oxidised by peroxide. According to O'Connor et al. (2018), the Cu (Ⅱ) glycinate 

species in solutions can exist as Cu(H2NCH2COO)2, Cu(H3NCH2COO)2+ and 

Cu(H2NCH2COO)+, while the predominant Cu (Ⅰ) glycinate is Cu(H2NCH2COO)2-, 

depending on the solution pH. Their stability as indicated the stability constants is 

shown in Table 2.2. The copper glycinate complex is stable over a wide range of 

Eh-pH range from 2.6 to 12 and the neutral copper glycinate complex 

(Cu(H2NCH2COO)2) is the dominant species at alkaline conditions, as indicated in 

Fig. 2.3. On the other hand, the solubility of copper glycinate in alkaline conditions 

is dependent on temperature, concentration of the components and pH. It was 

reported that precipitation of cupric glycinate was observed several hours or days 

when NaOH or KOH is used for pH modification (Gylienė, 2001).  

Table 2.2 Stability of the copper glycinate complexes (Aksu & Doyle, 2001). 

Copper ion Cu glycianate complex Stability logK 

Cu2+ Cu(H2NCH2COO)2 15.6 

Cu+ Cu(H2NCH2COO)2- 10.1 

Cu2+ Cu(H2NCH2COO)+ 8.6 
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Figure 2.3 Eh-pH diagram of copper glycine system at 0.5M glycine, 0.05M Cu at 25 ℃ (H. Li et 

al., 2020) 

Oraby and Eksteen (2014) proposed a leaching process to selectively leach copper 

from a copper-gold gravity concentrate (3.75% Cu, 11.6% Fe, 11.4% S and 0.213% 

Au) using alkaline glycine solutions. This process was conducted in two stages 

using identical leaching conditions (0.3M glycine, 1% H2O2, pH 11 and ambient 

temperature). The results showed high effectiveness in selective leaching of 

reactive copper before gold, with 98% of total copper recovery (100% recovery of 

metallic copper and chalcocite and about 80% recovery of chalcopyrite). The 

schematic diagram of the process is shown in Fig. 2.4. This process is advantageous 

over the conventional acid-base leaching for copper, where the dissolution of 

gangue minerals particularly pyrite and the cyanide consumption can be 

significantly reduced. Also, as the process is conducted under alkaline conditions, 

the leach residues can be directly leached by cyanidation or the glycine-cyanide 

process. 
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Figure 2.4 Schematic diagram of the two-stage counter-current Cu leach process (Oraby and 

Eksteen, 2014)). 

The leaching behaviours of metallic copper and individual copper minerals 

including oxide ores (i.e. azurite, malachite, chrysocolla and cuprite) and sulfide 

ores (i.e. chalcocite and chalcopyrite) were detailly studied by Tanda (2017). 

Fundamental studies for the leaching kinetics for malachite (Tanda et al., 2018b), 

chalcocite (Tanda et al., 2018a) and chalcopyrite (Tanda et al., 2019) were 

performed. It was found that, for copper oxide minerals, chrysocolla was the most 

difficult mineral to dissolve in the glycine leach system, while a high copper 

extraction from azurite, cuprite and malachite can be achieved easily in 24h of 

leaching (Tanda et al., 2017). Copper sulfide minerals, on the other hand, are 

relatively difficult to leach compared with oxide minerals and require a high Gly:Cu 

molar ratio with prolonged leaching period. For chalcopyrite, a copper extraction 

of 71% was obtained at a Gly:Cu molar ratio of 8:1, pH of 11 and a leaching time 

of 800h (Tanda, 2017). Alternatively, pre-treatment such as ultrafine grinding and 

pre-oxidation of the sulfide minerals can be used to improve the copper extraction.  

Around 92% of copper extraction from chalcopyrite was achieved within 17h at 60 

after ultrafine grinding and alkaline pre-oxidation (Eksteen et al., 2017). For copper 

leaching in the glycine leach system, glycine concentration and solution pH are 

considered to be the important factors, while temperature, stirring speed, particle 

size and DO levels can also affect the rate and extent of copper extraction. 
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2.3.1.2 Glycine leaching of gold 

The interaction of amino acids with gold was first discussed by Kharaka et al. (1986) 

who look ed at the system from a geohydrological perspective, as follows: (1) they 

provide H+, thus control the pH of subsurface waters; (2) they behave as reducing 

agents, thus determine the Eh and the oxidation state of the solutions; (3) they can 

be de-carboxylated into carbon dioxide and hydrocarbon gases; and (4) they can 

form soluble complexes with metals and other inorganic species. Groudev et al. 

(1995)  utilised amino-acid generating bacteria and attributed the bioleaching of the 

gold to a mixture of amino acids present in the biomass,  in the presence of oxidants 

such as oxygen, peroxide or permanganate. It was postulated by Pakiari and 

Jamshidi (2007) using the density functional theory (DFT) that the interaction 

between gold and glycine is dominated by two principle bonding factors which are 

the anchoring N-Au and O-Au bonds and the nonconventional N-H-Au hydrogen 

bonds. The gold glycinate complex with the Au-NH3 anchoring bond is more stable 

with the sole pair of electrons being transferred to the antibonding orbitals of gold 

(Xiao-Hua & Bing, 2013). The stability constant of gold complexed with glycine at 

pH 9 is 18.0 which is higher than AuCl-
2 (9.1), AuBr-

2 (12.0), Au(SCN)-
2 (17.1) and 

Au(SO3)
-3

2 (Aylmore, 2005). 

Eksteen and Oraby (2015) performed a batch study on the dissolution of metallic 

gold in an alkaline amino acids-hydrogen peroxide solution. They found that gold 

can be dissolved by this lixiviant system under alkaline conditions at ambient 

temperature to moderately elevated temperature (23 – 60℃), where the gold 

dissolution rate increased with increasing temperate, pH and concentration of amino 

acids. Glycine, amongst a range of amino acids, showed the highest gold dissolution 

as a single amino acid compared to histidine and alanine. Also, it was reported that 

the presence of cupric ions can enhance the gold dissolution. Oraby and Eksteen 

(2015b) performed further investigations on this lixiviant system for gold/silver 

dissolution and found that the gold leaching rate was 0.322 μmol/m2 s in solutions 

containing 0.5M glycine, 1% H2O2 at pH 11, 60℃ and the reaction rate was found 

to be chemically controlled as it is sensitive to the change of temperature. Also, 

they found that the gold-glycinate complex can be effectively adsorbed by activated 

carbon with the adsorption rate up to 13.2g/kg in 4h. The gold dissolution rate was 

much slower than cyanide leaching, therefore, it was considered to apply this 

glycine-based lixiviant system for those leach modes such as in-situ, vat or heap 
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leaching approaches where their leach rates are determined by bulk or particle 

diffusion processes. Oraby et al. (2019) conducted a study using the alkaline glycine 

system to leach gold from a Western Australia paleochannel ores (free-milling ores). 

The study showed good amenability for the application of in-situ, vat and heap 

leaching, and above 85% of gold was leached from ores using an aerated solution 

containing 15 g/L glycine in the absence of peroxide at pH 12.5 and a temperature 

of 55℃ in 336 hours. They also suggested that the temperature of 55℃ is not 

difficult to achieve for in-situ or heap leaching, particularly in Australia where the 

solar thermal heating can be easily obtained in appropriate climates.  

2.3.2 Cyanide-starved glycine leaching system for gold-copper ores 

Another type of glycine-based leaching method developed by Oraby and Eksteen 

(2015a) use a synthetic cyanide-starved glycine solution at ambient temperature to 

enhance the dissolution rate of the pure gold. Cyanide-starved is referred to the 

cyanide present as cuprous cyanide running at starvation levels and is insufficient 

for the dissolution of any cyanide soluble copper minerals and that no free cyanide 

is present as either HCN or the CN- anion. It was observed that in the presence and 

absence of glycine, the gold dissolution rates increased significantly from 0.65 

μmol/m2 s to 11.1 μmol/m2 s in a solution containing 10mM copper cyanide species, 

which is about 6.5 times higher than the dissolution rate in the conventional 

cyanidation at the same pH conditions and temperature. Also, it was found that 

increasing the glycine concentration, initial Cu concentration, pH and [CN]:[Cu] 

molar ratio can increase the gold dissolution rate.  

Oraby et al. (2017) performed a study for three types of copper-gold sources 

including a Cu-Au-Ag gravity concentrate with complex copper mineralogy, a Cu-

Au oxide ore with nuisance Cu and a Cu-Au sulfide ore with recoverable Cu using 

the synergetic glycine-cyanide lixiviant. They found that a small amount of cyanide 

used in conjunction with glycine has a better gold recovery and faster gold 

dissolution rate than those obtained from cyanidation at room temperature and the 

same pH conditions. Their leaching performance in terms of gold and copper 

recoveries were compared with those in cyanidation as can be seen in Table 3.  

The mechanism and the role of the cyanide-starved glycine system to dissolve gold 

and copper from ores were expected as follows (Oraby & Eksteen, 2015a; Oraby et 

al., 2017): 
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• Glycine dissolves the copper minerals and complexes with copper ions to 

form either Cu(Ⅰ) or Cu(Ⅱ) glycinate. According to Eh-pH diagram (Fig. 3) 

and the stability of the copper glycinate (Table 2), the neutral 

Cu(H2NCH2COO)2 is the dominant species, as shown in Eq. 12. 

Cu
2+

 + 2NH2CH2COO
-
 → Cu(NH2CH2COO)2                                        (12)                                                                                                    

• Copper was initially dissolved by cyanide to form cuprous cyanide. 

• The cuprous cyanide species were then oxidized to cupric glycinate with 

time in the presence of glycine and oxidants (e.g. oxygen), thus reducing the 

levels of WAD cyanide and releasing more free cyanide to leach and 

complex with gold (as shown in Eq. 1). The oxidising reactions of cuprous 

cyanide are indicated in Eq. 13 and 14. 

       8CuCN + 8(NH2CH2COO
-) + O2 + 2H2O  

                                    → 4Cu(NH2CH2COO)2 + 4Cu(CN)
2

-
 + 4OH-     (13)                                                                                                                                                                  

 

4Cu(CN)2
-  + 8(NH2CH2COO

-) + O2 + 2H2O  

                                         → 4Cu(NH2CH2COO)2 + 8CN- + 4OH-             (14)                                                                                                                                                        

                                                                                                                             

• Glycine acts as an additional lixiviant for gold leaching, as described by Eq. 

15.                  

4Au + 8NH2CH2COOH + O2 + 4NaOH  

                                          → 4NaAu(NH2CH2COO)2 + 6H2O                     (15)    

                                                

The synergetic glycine-cyanide lixiviant system is advantageous over cyanide, it 

can be concluded as follows (Oraby et al., 2017): 

• Significantly lower cyanide consumption with normally one-tenth of the use 

in cyanidation. 

• The formation of cupric glycinate provides Cu2+ as the extra oxidants for 

the leaching. 

•  Gold dissolution rate is almost three times faster than the traditional 

cyanidation process. 

• The leachate contains dominate amount of cupric glycinate and a small 

amount of cuprous cyanide (mainly cuprous dicyanide) with zero free 

cyanide. 
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• The weak acid dissoluble (WAD) cyanide can be maintained at below the 

limits for disposal described by the International Cyanide Management 

Code, thus avoiding costly detoxification. 

• The soluble copper can be reduced from 50% to less than 10% compared to 

cyanidation.   

This process using glycine as main lixiviant mixing with a small amount of cyanide 

and the Cu2+ as the additional oxidants, significantly reduce the cyanide 

consumption and increase the gold leaching rate and recovery. Glycine also 

maximises the cyanide leaching efficiency by oxidising the Cu+ and releasing CN- 

from the cuprous cyanide, meanwhile, reduces the toxicity of the final leachate i.e. 

lower WAD cyanide concentration. In short, if the downstream processes can be 

successfully demonstrated, this process can be implemented for those metallurgical 

plants originally designed for cyanidation, while seeking innovative methods to 

reduce the consumption of cyanide and the environmental impacts of the use of 

cyanide.   

2.4 Options of gold and copper recovery (from alkaline solutions 

containing them)  

In hydrometallurgy plants, copper extracted from the copper-gold resources is 

usually recovered by solvent extraction, sulfide precipitation or ion-exchange resin 

adsorption; while gold is usually recovered by zinc cementation, carbon adsorption 

or resin adsorption (Sceresini & Breuer, 2016). Different techniques for recovering 

copper and gold were detailedly reviewed in this section. 

2.4.1 Solvent extraction  

Solvent extraction (SX) is a fundamental separation process which is commonly 

used in hydrometallurgical processes for metal extraction, separation and 

purification. SX refers to a two-phase distribution of a solute (e.g. molecular, ions), 

i.e. a distribution between two immiscible liquid phases in contact with each other, 

one that is generally an aqueous solution (polar) and the other usually an organic 

solvent (non-polar)  (Rydberg, 2004). The distribution of a solute is determined by 

its preference (solubility) in one or the other liquid. A transfer of a solute from one 

into the other liquid, generally from aqueous to organic, is driven by chemical 

potential, which means once the transfer is complete, the overall chemical system 

of the components that include the solutes and the solvents are at more stable 
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configuration i.e. lower free energy (Godfrey & Slater, 1994). The enriched solvent 

is called extract, while the depleted feed solution is called raffinate.  

From hydrometallurgical perspectives, SX is advantageous in being able to 

selectively separating very similar metals, where its application is prevalent in the 

separation and purification of rare earth elements, uranium/plutonium, 

zirconium/hafnium, niobium/tantalum, nickel/cobalt, etc. Its operation was 

confined to a rather small scale at its first introduction to hydrometallurgy in the 

1940s. After the development of selective chelating acidic reagents in the 1960s, 

SX was seen to be a commercially feasible process for hydrometallurgical plants 

and an alternative process such as cementation (Rydberg, 2004). It should be noted 

that SX requires solid/liquid separation which can be quite costly.  

In the traditional cyanidation for copper-gold ores, SX integrated with 

electrowinning can be used to recover both copper and cyanide as cuprous cyanide 

species. Copper and cyanide recovery processes involved SX have been 

investigated based on different solvent extraction reagents, e.g. LIX® 7820 (Davis 

et al., 1998; Xie & Dreisinger, 2009a) and LIX® 7950 (Dreisinger et al., 1995; Xie 

& Dreisinger, 2009b). Copper cyanide complexes loaded in the organic solvents are 

stripped from LIX® 7820 by a strong caustic solution, while a high-pH copper-

cyanide-rich spent electrolyte is used for copper stripping from LIX® 7950 

(Sceresini & Breuer, 2016). The copper cyanide extraction and stripping can be 

represented as Eq. 16 and 17. 

Cu(CN)3(aq)
2-  + 2R + 2H2O → Cu(CN)3(RH)2(org) + 2OH-                                  (16)                                     

Cu(CN)3(RH)2(org) + 2OH- → Cu(CN)3(aq)
2-  + 2R + 2H2O                                   (17)                                                                  

Further investigations conducted by Xie and Dreisinger (2009a, 2009b) found that 

the extraction efficiency of both LIX® 7820 and LIX® 7950 reduces significantly 

with increasing cyanide concentration, while a low cyanide concentration may lead 

to CuCN precipitation in the organic phase. Additionally, the presence of 

thiocyanate dramatically depresses the extraction of copper. Issues such as the 

potential contamination of the raffinate by the organics and the degradation of 

expensive organic solvents also hinder the applications of SX technology, thus the 

application of SX receives little attention from the gold-copper industry. 
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Recently, Tanda et al. (2017) presented a study on SX for Cu recovery from the 

alkaline glycinate leachates using Mextral 84H and Mextral 54-100 in kerosene as 

diluent. They found that Cu was effectively recovered from the alkaline glycinate 

media. An extraction efficiency over 99.9% was achieved with 5% Mextral 54-100 

at an aqueous-to-organic (A:O) ratio of 2:1 at room temperature. Under similar 

conditions, 95.87% of Cu recovery was obtained by 10% Mextral 84H. Cu can be 

stripped from the organic phases by acidic solutions, about 97% of Cu stripping 

efficiency was achieved at 120 g/L of sulfuric acid. According to the HPLC analysis 

for free glycine concentration, the extraction of copper into the organic phase 

happened via copper ions only, neither the complex nor any glycinate dissolved into 

the organic phase, which implies that most of the glycine can be recovered and 

recycled to the leach circuit. The loading and stripping for cupric ions can be 

described by the following reactions, as shown in Eq. 18 and 19: 

2RH(org) + Cu(H2NCH2COO)2(aq) → R2Cu(org) + 2H2NCH2COOH(aq)            (18)                       

R2Cu(org) + 2H(aq)
+  → 2RH(org) + Cu(aq)

2+                                                                                    (19) 

2.4.2 Sulfide precipitation  

Precipitation is a process that has been widely applied in the field of chemistry, 

medicine and metallurgy. Precipitation is similar to crystallization, both of these 

two processes first experience supersaturation, then nucleation and finally crystal 

growth. However, due to the consequence of the high supersaturation at which it 

occurs, precipitation has much faster kinetics compared with crystallization (Söhnel 

& Garside, 1992). In hydrometallurgy, precipitation processes can be effective by 

using either solid (FeS, CaS), aqueous (Na2S, NaHS, NH4S) or gaseous (H2S) 

sulfide sources to recover metals (e.g. Zn, Cu, Ni, Mg, Pd, Fe, Co, Cd, Mo and V) 

as saleable metal sulfide precipitates.  

Sulfide precipitation has several advantages over hydroxide precipitation, including 

lower solubility of metal sulfide precipitates, potential for selective metal removal, 

fast reaction rates, better settling properties and potential for re-use of sulfide 

precipitates by smelting (A. Lewis, 2010). Due to the low solubility of the metal 

sulfide precipitates, a lower effluent concentration (<0.01mg/L) can be achieved, 

compared with the concentration in a range of 0.5 – 2mg/L normally obtained from 

hydroxide precipitation (Veeken et al., 2003). Sulfide also gives a possibility of 

selective precipitation according to the different solubility of the different metal 
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sulfides. A sulfide selective electrode (pS-electrode) was used to control the sulfide 

addition i.e. pS (-log(S2-)) at different levels to achieve selective precipitation 

(Sampaio et al., 2009; Veeken et al., 2003). 

2.4.2.1 SART process 

In traditional cyanidation process, there are several processes have been developed 

based on sulfide precipitation for Cu and cyanide recovery. Among these, the 

sulfidisation-acidification-recycling-thickening (SART) process is the most 

common ones, with seven SART plants currently being operated over the world 

(Estay, 2018). SART process is a relatively advanced technology with regards to 

safety and equipment size. It includes thickening and recycling stages instead of 

only using filtration to separate the metal sulfide precipitates like the MNR process 

(Fleming 2005, Estay 2018).  

The principle of the SART process based on the protonation of cyanide at a low pH 

by adding acid, releasing cyanide from the copper cyanide complexes through 

reactions Eq. 20 to 23 (Dai et al 2011): 

Cu(CN)
4

3-
 ↔ Cu(CN)

3

2- 
+ CN-                                                                                                      (20) 

Cu(CN)
3

2-
 ↔ Cu(CN)

2

-
 + CN-                                                                                                       (21) 

Cu(CN)
2 

-
↔ CuCN + CN-                                                                                                        (22) 

CuCN(s) ↔ Cu+ + CN-                                                                                                                (23) 

After acidification, adding bisulfide (HS-) ion to the copper cyanide solutions leads 

to the copper precipitation as chalcocite as shown in Eq 24. (Estay, 2018).  

2Cu(CN)3
2- + HS

-
 + 5H+ → Cu2S + 6HCN(g)                                                       (24)                    

After precipitation, the slurry is transferred to the thickener to separate the 

chalcocite from the hydrocyanic acid solutions. Also, the SART process recycled a 

portion of the thickening underflow slurry as seed during precipitation for 

promotion of crystal growth. The hydrocyanic acid solution is then neutralised by 

lime to covert the hydrocyanic acid back to cyanide.   

During the reaction, toxic hydrogen cyanide (HCN) gas can be emitted where an 

effective gas extraction and scrubbing system is required, giving rise to higher 

capital and operational costs. Generally, the entire process is covered and 
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maintained under a slight negative pressure to avoid leakage of hydrogen cyanide 

gas. HCN and water are soluble in each other in all proportions and HCN has a 

strong water affinity, making it quite hard (high gas flows required with its 

associated blower costs and relatively large equipment) to effectively strip HCN 

from aqueous solutions for reabsorption into caustic solutions. Also, the use of 

sulfuric acid during acidification can lead to the formation of scale when lime is 

used for pH modification, which is due to the reaction between sulfate and calcium 

to form gypsum which should be removed periodically (Dai et al., 2011).  

2.4.2.2 Precipitate characteristics 

Products from the sulfide precipitation are generally difficult to control owing to 

the sparingly soluble nature i.e. extremely low solubility of the sulfide precipitates 

and very high supersaturation level which can reach to 1035 or higher (A. Lewis & 

van Hille, 2006). Extremely fine sulfide precipitates were usually formed during 

the traditional sulfide precipitation process where the precipitates were too fine to 

filter (< 0.45μm) (Simons & Breuer, 2011). Sceresini and Breuer (2016) point out 

that synthetic Cu2S tends to be finely divided and not easily filterable in the MNR 

process, even with recycling a portion of underflow precipitates as seed material. It 

is reported that the copper is difficult to crystallise via sulfidation as the formation 

of fine particles (ca. 100 nm) without proper control measures (Chung et al., 2015; 

Mokone et al., 2010). Several factors significantly affecting supersaturation and 

crystal growth during the precipitation reaction determine the precipitate 

characteristics such as particle size distribution (PSD), filtering or settling 

performance and crystal morphology and structure. 

Supersaturation 

The level of supersaturation is a critical factor for any precipitation that can govern 

the rates of nucleation and final particle size and (PSD). For sulfide precipitation, 

the level of supersaturation is usually very high as the extremely low solubility of 

the precipitated products, for example, the Ksp of CuS is 6.3 × 10-36 (Dean, 1990). 

Primary nucleation rates are usually very high at the high supersaturation, resulting 

in a large number of primary nuclei that limits the average size to which the crystal 

can grow (Mersmann, 1999; Patel & Anderson, 2013). A study performed by 

(Sampaio et al., 2010) illustrated that decreasing the levels of supersaturation (i.e. 

lower sulfide concentrations) was beneficial to form larger particle during the 

precipitation of Zn using Na2S. Similarly, Lewis and van Hille (2006) suggested 
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that controlling the supersaturation by a reduction of metal and sulfide 

concentrations and an increase of flowrate of H2S gas can reduce spontaneous 

homogeneous nucleation, and eventually mitigate the formation of fine precipitates. 

However, it was also reported that a lower initial concentration caused wider PSD 

and has no significant effects on the average particle size (Farahani et al., 2014). 

Besides, supersaturation can be affected by the intensity of mixing i.e. stirring speed, 

as supersaturation may exhibit spatial variations in the reactor and the level of 

variations may be affected by the mixing conditions (Söhnel & Garside, 1992). It 

was observed that an increase of stirring speed can lead to a decrease in mean 

particle size (Eksteen et al., 2008; Marcant & David, 1991). Whereas, contradictory 

results obtained by Farahani et al. (2014), Houcine et al. (1997) and Torbacke & 

Rasmuson (2001) show that larger particle size was achieved by increasing 

agitation speed. Several studies observed that the average particle size initially 

increased with higher energy dissipation rate, reached a maximum point at optimum 

stirring speed and then decreased with increasing mixing rate (Torbacke & 

Rasmuson, 2001, Marcant & David, 1991). In the case of the effect of agitation on 

precipitation, it is not purely the agitation speed or mixing energy but the power 

dissipation at the macro, meso and micro levels that have to be optimised (Söhnel 

& Garside, 1992).  

Factors affecting crystal growth 

Typically, the final particle size distributions of precipitates are significantly 

influenced by the stage of crystal growth which involves secondary nucleation and 

secondary change.  Secondary nucleation occurs in the presence of parent crystal 

i.e. seed crystal and interaction with the environment such as other crystals, 

crystallizer walls and impeller (Wong et al., 2013). For the precipitation of 

sparingly soluble solids (e.g. CuS), the extent of secondary nucleation may be 

insignificant at the extremely high level of supersaturation (Söhnel & Garside, 

1992), given the extreme insolubility of CuS. Introduction of seed crystals may be 

an effective approach for precipitation of sparingly soluble substances. Seeding is 

a technique usually applied as templates for secondary nucleation to avoid 

spontaneous homogeneous nucleation in metastable solutions and control the 

particle polymorphism and particle size distribution (Donnet et al., 2005; Linga, 

2017). It allows to crystal growth from seeds occur in the metastable zone, while 

spontaneous nucleation cannot occur. Seed materials are normally obtained from 
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the same materials as it to be precipitated, but other substances can also be 

introduced as seeds (Beckmann, 2013). In a typical SART process, a portion of the 

thickener underflow served as seeds are recycled into the precipitation tank for 

enhancing the crystal growth of the Cu2S precipitates (Estay, 2018).  

Secondary changes such as ageing and agglomeration can play critical roles in 

increasing the crystal size of particles. Ageing refers to contact of the solid 

precipitates with the mother liquor, involving recrystallization of non-equilibrium 

shapes of primary particles (i.e. needles and dendrites) to form more compact 

shapes of secondary particles. It can also involve the transformation of meta-stable 

polymorph to stable modifications, for example, an amorphous phase could 

transform into a crystalline phase during ageing (Söhnel & Garside, 1992). As 

illustrated by Söhnel and Garside (1992), a transformation of original SrSO4 

amorphous particle size (~0.02µm) to crystalline particles (~0.16µm) occurred at 5 

minutes of ageing and further growth of particle size to 4.5 µm was observed after 

3 minutes of ageing. Agglomeration is the predominant particle size enlargement 

mechanism for insoluble/low solubility precipitates that determines the final 

particle size distribution (Ilievski & White, 1994). Agglomerates are referred to the 

secondary particles (cluster of separate particles) held together by crystalline 

bridges but also sometimes physical forces. Minute amounts of additives present in 

the system can greatly influence the crystal growth, the particle size and the degree 

of agglomeration. It was reported that divalent cation such as Ca2+ can be used as 

cross-linking agents to facilitate the growth of CuS crystals during sulfidation, 

much denser and larger aggregations of particles were observed (Chung et al., 2015).  

2.4.2.3 Sulfide precipitation for glycine-based leach system 

The  Cu from the cupric glycinate produced in the glycine leaching system can also 

be recovered by sulfide precipitation at alkaline conditions. Tanda (2017) carried 

out a batch-scale sulfide precipitation study based on the glycine leach system. It 

was found that copper can be effectively precipitated as fast settling, coarse-grained, 

covellite (CuS) from the alkaline cyanide-free cupric glycinate leachates by adding 

NaHS powder. A Cu:S molar ratio of 1:1.2 and a reaction time of 10 minutes gave 

a copper recovery of about 99% from a synthetic cupric glycinate solution. The 

solution pH from 8 to 11 did not pose a significant effect on the Cu recovery and 

the precipitated product was indicated as 100% CuS according to the XRD results. 

Eksteen et al. (2017) performed a sulfide precipitation test from real cupric 
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glycinate leachates from chalcopyrite extraction, a copper recovery of 99.1% was 

obtained at a Cu:S molar ratio of 1:1. They also proposed a conceptual flowsheet 

for copper extraction by alkaline glycine solutions, where copper is recovered as 

CuS using NaHS addition, as shown in Figure 2.5. It is noted that in the flowsheet, 

lime is added for sulfur removal (as sulfate) and it is also used for the removal of 

any solubilised silicate, phosphate, aluminate or carbonate as the calcium 

precipitates, which acts as a polishing step for the barren aqueous glycinate 

solutions before recycling back to the leach circuit.  

 

Figure 2.5. A conceptual flowsheet for copper leaching and recovery by sulfide precipitation from 

the glycine leach system (Eksteen et al., 2017) 

For the cyanide-starved glycine leaching system, it is predicted that cupric glycinate 

can be recovered by sulfide precipitation at alkaline conditions, which mitigates the 

risks of toxic HCN emissions. In terms of the cuprous cyanide, it is possible to use 

oxidants such as hydrogen peroxide to pre-oxidise the cuprous ions to cupric ions 

to achieve a high level of copper recovery. Alternatively, the cuprous cyanide 

remaining in the solutions can be recycled back to the leach circuit.  

2.4.3 Zinc cementation  

Zinc cementation, or zinc precipitation, is a well-known component of the Merrill-

Crowe process for gold and silver recovery from the pregnant solutions since 1888 

(Walton, 2016). During the process, gold is precipitated/cemented by adding zinc 

powders or shavings, which is a classic electrochemical reaction involving 

oxidation and reduction. The Typical chemical reaction for zinc cementation of 

gold cyanide is described as Eq. 25. 

35



2Au(CN)2
-  + Zn → 2Au + Zn(CN)4

2-                                                                                      (25) 

Zinc cementation is typically applied to pregnant solutions from a solid-liquid 

separation stage after leaching, directly from heap leaching or the eluates from 

elution process. The application of zinc precipitation has been largely replaced by 

CIP/CIL following by electrowinning process as it required costly solid-liquid 

separation stage. However, the zinc cementation process is still favourable in some 

situations, for example, it is suitable when a high amount of organics are present; it 

is also useful when it follows a heap leach where the heap serves as a deep bed filter 

and solid-liquid separation is not required; it is preferential when the Ag:Au ratio 

in the leach solution is high as the presence of soluble Ag lowers the gold loading 

capacity; it is suitable for leachates containing a high level of mercury which its 

cyanide complex can be adsorbed onto the activated carbon and further contaminate 

the various processes after elution (Marsden & House, 2009).  

There are four main steps of the Merrill-Crowe process i.e. clarification, deaeration, 

zinc cementation and filtration, as indicated in Figure 2.6 (Walton, 2016). The 

pregnant solutions from a heap-leach or tank-leach operation after solid-liquid 

separation have to be clarified to about 1 ppm suspended solids for effective 

cementation. After clarification, the solution is pulped to the deaeration or Crowe 

tower, where the dissolved oxygen level can be reduced to below 1 ppm by applying 

vacuum to this tower. During the zinc cementation, a stream of barren solutions 

containing zinc powders or shavings enters the piping suction ahead of the pump 

from the zinc cone, with the precipitated gold and silver as well as excess zinc being 

collected by a precipitate filter. The precipitates may be retorted, dried or calcinated 

before refining, depending on the base-metal and mercury levels.  

 

Figure 2.6 Classic flowsheet of the Merrill-Crowe process (Walton, 2016) 
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Nowadays, the use of basic Merrill-Crowe process has been now expanded to the 

gold recovery from the carbon-stripping eluates and solutions from the intensive 

cyanidation of gravity concentrates, where the chemistry of these solutions is 

similar. For those eluates from carbon elution, deaeration is not necessary as their 

dissolved oxygen level is low. Also, the eluates subjected to zinc precipitation 

require a bleed to reduce the concentration of soluble zinc, which is different from 

those subjected to electrowinning that is generally recycled for reducing overall 

reagent consumption.  

The limitation of zinc cementation, however, may not be economically suitable for 

gold recovery from the copper-bearing gold ores that copper co-precipitation will 

occur when treating copper-gold ore, increasing the complexity of downstream 

processes and the amount of zinc used in the process. Copper co-precipitation with 

gold can result in high consumption of zinc and the copper must be separated from 

the gold slimes by sulfuric acid digestion before smelting (Sceresini & Breuer, 

2016). Given the cost of zinc (around 2,750 USD per tonne at the time of writing) 

versus copper (7,180 USD per tonne at the time of writing), cementation is not an 

economic alternative for copper recovery and gold recovery in the presence of 

significant copper will lead to excessive zinc consumption.    

2.4.4 Activated carbon adsorption 

2.4.4.1 Activated carbon  

Activated carbon has slightly disordered graphitic structure with a large internal 

surface area and a high degree of surface reactivity which is an ideal adsorbent.  It 

can be made from materials containing amorphous carbon such as wood, coal, peat 

and coconut shell, and is formed through a thermal process, where the volatile 

components are removed. Activated carbon is widely used in the removal of 

undesirable odour, colour, taste, organic and inorganic impurities from wastewater; 

air purification for food and chemical industries; colour removal from various 

syrups and pharmaceutical products; air filter in gas mask and respirators; filter in 

compressed air; teeth whitening, etc. (Bansal & Goyal, 2005). In the field of 

hydrometallurgy, activated carbon is well known for its use for precious metal 

recovery.   

The adsorption mechanism of gold on activated carbons is not yet clearly 

understood. There are several possible mechanisms have been proposed, the more 
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important being (1) the ion pair theory, (2) the reduction theory and (3) the 

aurocyanide anion adsorption theory. Amongst these theories, it seems that the ion 

pair theory is the most acceptable one in gold adsorption studies (Jia et al., 1998). 

This theory proposed that gold is adsorbed on the activated carbons as an ion pair 

Men+[Au(CN)2]n (Me is metal ions), which is based on the observation of the 

spectator cations such as Ca2+ and Na+, i.e. spectator cations were adsorbed only 

when they were present along with Au(CN)2
-, while not when with CN- (Davidson, 

1974). Further studies suggested that the Au(CN)2
- ions were not experienced 

chemical changes such as a reduction of Au(CN)2
- to AuCN or metallic Au using 

different analytical methods such as Fourier transform infrared spectroscopy (FTIR) 

and X-Ray photoelectron spectroscopy (XPS) (McDougall et al., 1980).  

2.4.4.2 CIL/CIP process 

The use of activated carbon has been recognised as the dominant recovery method 

in the gold industry. According to a detailed review conducted by Staunton (2016), 

the earliest application of activated carbon for gold recovery can be traced back to 

the early 1890s, where gold was recovered from the chlorination leachates. Soon 

after, it was reported that activated carbon was used for the recovery of gold from 

cyanide leach solutions in the late 19th century. The development of the carbon-in-

pulp (CIP) process had attracted many attentions from the gold industry, since its 

first development in the early 1950s by Zadra et al. (1952). However, activated 

carbon was not widely used in cyanidation for gold recovery until the 1980s. 

Nowadays, carbon-in-leach and carbon-in-pulp (CIL/CIP) process is the modern 

application of activated carbon as a substitution of the Merrill-Crowe process, 

where its application has now become the dominant gold recovery process. By 2000, 

hundreds of CIL/CIP plants had been built and operated (Staunton, 2016).  

The CIL/CIP process is advantageous over the Merrill-Crowe process (Bansal & 

Goyal, 2005; Marsh, 2006): 

• The adsorption of gold and silver is not significantly affected by the 

presence of other metals such as copper, nickel and antimony in solutions. 

• The activated carbon is added directly into the cyanide pulp, thus preventing 

the clarification, deaeration and filtration stages of the Merrill-Crowe 

process and making the CIL/CIP process more economical. 
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• The activated carbon can be effectively eluted, and the regenerated carbon 

can be recycled to the adsorption circuit. 

• Activated carbon can be applied for the solutions even at a very small 

concentration of gold (0.2 mg/L or even less) 

The CIP process is a well-established technology which is more common compared 

with the CIL process. The typical CIP process incorporated with Electrowinning is 

shown in Figure 2.7. The screened cyanide leach slurry is being pulped to the 

adsorption tanks, the purpose of the screening is to remove any oversize materials 

such as woodchips that may block the interstage screen (Bailey, 1987).  The slurry 

passes through several stages during the carbon adsorption, and the number of 

stages ranging from 4 to 10, with 5 or 6 most common, depending principally on 

the tank size, carbon concentration, and the amount of gold to be adsorbed. 

Interstage screens with apertures slightly smaller than that of the carbon, while large 

enough for a free flow of slurry between the stages are used to retain the carbon 

during the adsorption stage. The carbon and pulp move in a counter-current flow 

where the fresh and regenerated carbons are introduced at the last adsorption tank 

and transferred continuously to the upper adsorption stages, while the pulp moves 

in an opposite direction but at a much slower rate, that is due to the slurry flows by 

gravity from one stage to the next, while carbon is transferred by pumping. 

Therefore, the carbon in the first stage with the highest gold loading is then 

transferred to the elution circuit and the pulp in the last stage with depleted gold in 

solution is transfer to the tailing dam.  

 

Figure 2.7 A classical CIP process (Marsden & House, 2009) 
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During the elution process, a hot strong alkaline cyanide solution is used to strip the 

gold from the loaded carbon, the concentration of solutions depends on the method 

used for elution. The Zadra process and the Anglo American Research Laboratories 

(AARL) process are the most common ones (Figure 2.7 shows a Zadra process). 

Zadra process can be operated at either ambient pressure or high pressure (400 to 

500 kPa) using a solution containing about 1% to 2% of sodium hydroxide, and 0.1% 

of sodium cyanide. The pressure Zadra process can reach a temperature from135℃ 

to 140℃, which has a much faster elution time (8h to 14h) than the atmospheric 

Zadra process which normally operates at 95℃ with an elution time between 36h 

and 72h (Marsden & House, 2009). In the AARL process, carbon is acid washed 

by a dilute mineral acid and then preconditioned in 1% to 2% of sodium hydroxide 

and 3% of sodium cyanide solutions for 30 minutes. Thereafter, the carbon is eluted 

with 6 to 10 bed volume (BV) of deionised water at a flow rate of 2BV/h, a 

temperature from 110℃ to 120℃ and a pressure from 70 to 100 kpa. The elution 

time of the AARL process is normally in 8h to 14 h. The major difference between 

these two processes is that the AARL process requires an acid wash and a 

preconditioning stage, where the elution column with a butyl rubber-lined is 

required to withstand acid and alkaline media.  

Electrowinning is usually incorporated with elution for the treatment of high-grade 

gold eluates to produce gold loaded cathodes which require further refining. The 

reduction reaction occurs at the cathode is shown in Eq. 26 (Marsden & House, 

2009). 

Au(CN)2
-  + e- → Au + 2CN-                                                                                                  (26) 

In the case of the Zadra process, electrowinning cells are in series with the elution 

column. The eluents are circulated between the elution column and the 

electrowinning cell until the gold content of the eluted carbon is less than 100g/t so 

that the carbon can be sent to regeneration process and then to the adsorption circuit. 

As for the AARL process, electrowinning is carried out on a batch of eluate that 

produced by a single pass through the elution column. The eluate is then 

recirculated through the cell until the gold concentration in solutions is low enough 

to be returned to the adsorption circuit (Costello, 2016). 

A variety of organic and inorganic substances can be adsorbed on the carbon along 

with gold, resulting in a loss of activity of the carbon by blocking the active sites. 

40



Carbon regeneration, or carbon reactivity, is, therefore, an important component in 

a CIP process as the average carbon activity in a circuit which is highly related to 

the gold recovery and gold loading kinetics is a function of the efficiency of the 

carbon regeneration process (Staunton, 2016). Effective carbon regeneration can be 

done thermally in a kiln, by heating the carbon to about 750 – 850℃ (measured in 

carbon bed) at a non-oxidising environment for 15 to 30 minutes to vaporise and 

burn off the volatile and non-volatile adsorbates (Claflin et al., 2015). However, 

due to a lack of focus in this area, e.g. underinvestment in good equipment, poor 

operating practices, and poor maintenance, the average regenerated carbon often 

has a kinetic activity no better than 50% (usually 20 – 40%) of the fresh carbon 

(Staunton, 2016).  

The CIL process, on the other hand, is often an attractive option from a capital cost 

point of view as the carbon is added during the leaching, reducing the numbers of 

the agitated tanks in the gold processing plant. However, the CIL process is also 

problematic compared with the traditional CIP process, such as higher gold and 

carbon inventory (high carbon concentration), higher carbon loss due to carbon 

breakage and greater risk of carbon fouling and lower gold extraction owing to a 

reduction of residence time (Nicol et al., 1984).  

2.3.3.3 Copper co-adsorption on activated carbon  

The presence of copper in a cyanide leach solution can be problematic as copper 

can be readily adsorbed onto activated carbon and compete with gold under certain 

conditions, thus a higher carbon addition and a more complicated elution stage (Cu 

pre-elution stage) are required to maintain a high gold recovery (Sceresini & Breuer, 

2016). To achieve a low Cu co-adsorption onto the carbon, high pH and high free-

cyanide concentrations are required to stabilise the copper cyanide species in 

solution in the form of Cu(CN)3
2-, and Cu(CN)4

3- (Sceresini & Staunton, 1991). 

However, operating at pH > 10 is sometimes impractical when the process water is 

hypersaline, which means a high alkali consumption occurred owing to the 

buffering effect of magnesium precipitation (Staunton, 2016). If severe copper co-

adsorption occurs, copper must be eluted by cyanide at ambient temperature before 

the hot elution of the gold, otherwise, it will result in a significant copper deposition 

along with gold at the cathode during electrowinning and production of high-copper 

gold bullion.  
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2.3.3.4 Carbon adsorption and elution from a glycine-based leach system 

Detailed research conducted by Tauetsile (2019) investigated the feasibility of 

carbon adsorption to be used for the gold recovery from the glycine-based leach 

system. Fundamental studies based on the adsorption equilibrium isotherms and 

kinetics were undertaken on the glycine-only system (Tauetsile et al., 2018a, 2018b) 

and the synergetic glycine-cyanide system (Tauetsile et al., 2019a, 2019b). It was 

reported that activated carbon is an effective adsorbent for gold for both the glycine-

based leach system, while it is also sensitive to the changing operating conditions 

e.g. glycine concentration, solution pH, ionic strength and initial gold and copper 

in solutions, and Cu:CN molar ratio in case of the cyanide-starved glycine solutions.  

Tauetsile et al. (2018a, 2019a) conducted the adsorption isotherm studies of gold 

and copper onto the activated carbon from the alkaline glycine-based leach system 

using an empirical Freundlich model. It was reported that increasing the glycine 

concentration up to 10 g/L increased the gold loading capacity on the carbon, while 

reduced the copper co-adsorption due to an increasing force between copper and 

glycinate to keep copper in solution. The optimum solution pH was about 10, and 

the increasing pH lowered the gold adsorption capacity, mainly because of the 

formation of Cu(OH)2 precipitates at high pH conditions, thus fouling the carbon 

by blocking the active sites. When Cu concentration was less than 20 ppm, the gold 

loading capacity increased more than doubled compared with that with no Cu 

present. While the gold loading capacity slightly decreased with the increasing Cu 

concentration when [Cu] > 20 ppm, resulting from the competition for active sites 

of the carbon between gold and copper. It was found that the addition of Ca2+ ions 

increased the gold loading significantly. Also, the higher Ca2+ concentration (i.e. 

higher ionic strength) resulted in an enhancement in gold adsorption.  

As for the kinetic studies, the Fleming k, n adsorption model was used to analyse 

the adsorption data for the glycine-based leachates (Tauetsile et al., 2018b, 2019b). 

It was observed that over 99% of gold was adsorbed on the carbon in 24h for both 

glycine-based systems with more than 95% of gold recovery within 6h. For both 

systems, less than 50% of copper was co-adsorbed on the carbon with gold in 24h 

with the copper adsorption kinetics being significantly slower than that of gold. 

Process conditions such as solution pH, carbon additions and initial copper 

concentration can affect the rate of adsorption of gold but not the overall recovery, 

whereas those factors can affect both the adsorption rate and the recovery of copper. 
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In the case of cyanide-starved glycine system, the increase of CN:Cu molar ratio 

enhanced the initial adsorption rate of both gold and copper.  

Tauetsile (2019) also investigated the elution of gold glycinate from the activated 

carbon using an AARL technique. Carbon was pre-loaded in an alkaline glycine-

only system in the presence of Au with no Cu present. The loaded carbon was then 

washed by DI water and dried in an oven. The dry carbon was pre-treated by an 

acid wash using 3% HCl for 30 mins at 80℃ and then was soaked in a bed volume 

of solution containing 3% NaCN and 1% NaOH for 30 mins at 110℃ before being 

transferred into a stainless steel column with a bed volume of 20 cm3. An elution 

efficiency of 87.68% was achieved by using 20BV of DI water at 130℃ and a 

pressure of 50 psi.  

2.4.5 Ion-exchange resin adsorption 

2.4.5.1  Ion-exchange (IX)  

Ion exchange refers to a reaction that involves a reversible interchange of ions 

between a solid phase (normally ion-exchange resin) and a solution phase. Ion 

exchange a phenomenon of adsorption and the adsorption mechanism of ion 

exchange based on electrostatic can be either cation exchange or anion exchange 

(Harland, 1994). The basic cation exchange reaction may be represented by the 

following Eq. 27, where M-A+ represents the cation-exchanger carrying cation A+, 

and B+ is the cations in an aqueous solution phase. 

M-A
+
 + B+ ↔ M-B+ + A

+
                                                                                                     (27) 

In the same way, anion (B-) can be exchanged by an anion-receptive ion-exchanger 

(M+A-), the anion exchange reaction is described as Eq. 28.  

M+A
-
 + B- ↔ M+B- + A

-
                                                                                                               (28)  

The ion-exchange technology is widely used in a variety of industries, including 

food and beverage, industrial water treatment, pharmaceuticals, chemicals, and 

hydrometallurgy. In hydrometallurgy, the primary applications are for gold and 

uranium recovery, while it is also employed in the recovery of rhenium, nickel, 

cobalt, copper and other valuable metals (van Deventer, 2011).                                        

2.4.5.2 Type of IX resin  

An ion-exchange resin is an insoluble cross-linked porous polymer substance 

consisting of ionogenic groups (or functional group) with mobile ions, which is the 
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most commonly used medium for ion exchange. According to (Horie et al., 2010), 

typical ion-exchange resins are fabricated based on crosslinked polystyrene i.e. 

copolymerisation of styrene and different levels of cross-linking agent 

(divinylbenzene). Activation of the copolymer is carried out by introducing the 

active ion-exchanging sites (functional groups) by polymerisation which is a 

process of reacting the monomers together in a chemical reaction to form polymer 

chains or three-dimensional networks.  

Ion-exchange resin is described as being cationic or anionic, weak or strong and 

acidic or basic (Harland, 1994). The first classification refers to the charge on the 

counter-ion concern i.e. the cationic or anionic nature of the fix ions on the 

functional groups. The term strong base or strong acid has nothing at all related to 

the physical strength of the resin but is associated with their electrolyte chemistry 

sense meaning that they are highly ionised like the strong bases or acids with 

complete deionisation of OH- or H+.  Strong base resins contain quaternary 

ammonium groups (e.g. –CH2N(CH3)3
+Cl-), while strong acid resins contain 

sulfonic acid groups (e.g. –SO3
-H+ or –SO3

-Na+). Weak acid resin typified by 

carboxylic acid functional groups (e.g. –COO-H+) which in their acid forms are only 

weakly ionised i.e. pKa is from 4 to 6. Weak base resins containing primary, 

secondary or tertiary ammonium groups (e.g. –CH2NH(CH3)2
+Cl-) behave similarly 

to the weal acid resins that the degree of ionisation is pH-independent. Typically, 

weak acid resins are used for treating the solutions at less than pH 6, while weak 

base resins exhibit a minimum exchange capacity above a pH of 7. The strong base 

and strong acid resins can be used over the entire pH range.  

The development of ion-exchange resin is on-going with different functional groups 

being polymerised on to the copolymers to enhance specific ion selectivity. A type 

of specific ion-exchange resins called chelating resins incorporated with a certain 

class of chemical reagents (e.g. iminodiacetate, amino-phosphonate, thiol, benzyl-

triethylammonium and phenol) that form strong complexes with either cations or 

anions by chelation, usually exhibit a high affinity for specific ions (Oshita & 

Motomizu, 2008). The type of chelate structure to be expected in a resin is similar 

to that of the ethylenediaminetetraacetic acid (EDTA) complex. It should be noted 

that this type of resin does not necessarily mean an affinity to a specific ion, but 

commonly with relative affinities to several chemically similar ions compared with 

the conventional ion-exchange resins. For example, the amino-phosphonic 
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functionalised chelating resins have high selectivity towards divalent alkaline earth 

cations over monovalent ions (Harland, 1994).  

A more recent ion-exchange resin developed based on a ‘lock and key’ chemistry 

called molecularly imprinted polymer (MIP) may exhibit an even higher selectivity 

towards specific ions, which has potential to be applied for metal recovery in 

hydrometallurgy, although this field is still small and not well recognised (Cheong 

et al., 2013). Molecular imprinted is a concept of preparing substrate-selective 

recognition sites in a matrix with a molecular template in a casting procedure. 

Molecular imprinted described as a  way of making an artificial lock for a molecular 

key, the molecular imprinting procedure can be simplified as Fig. 2.8. During the 

synthesis, the molecular template (key) is first allowed to be polymerised with 

several types of functional monomers to form a polymer matrix. The molecular 

template is then washed from the matrix, leaving behind a complementary cavity 

(lock) which has a high selectivity to the original template molecule (Yan & 

Ramström, 2004).  

 

Figure 2.8 A simplified procedure of molecular imprinting (Yan & Ramström, 2004). 

2.4.5.3 IX Resin for gold recovery 

In the past decades, the significant development of gold-selective ion exchange 

resins which can selectively adsorb gold over base metal, have enabled the process 

such as resin-in-pulp (RIP) or resin-in-leach (RIL) as alternatives to CIP/CIL 

process for recovering gold from pregnant leach solution (Kotze et al., 2016). 

Although the significant advantages of using ion-exchange resin are well 

recognised, CIP/CIL process is still the preferred route for gold recovery in the 

Western World excluding Russia. Specifically, the advantages of using ion-

exchange resins over activated carbon include (Fleming, 1998): 

• Faster adsorption kinetics and higher gold loading capacity 

• More suitable for gold recovery from carbonaceous ores 

• Less likely to be poisoned by organics species  
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• The ability to be eluted at ambient temperature  

• Do not require expensive thermal regeneration process 

• Selectivity against Ca, Mg and silica  

• Capability to minimise attrition and breakage  

• Resistivity against blinding by fine clay particles 

The major disadvantages to applying this technology would be the higher unit cost 

of resins, more complex elution processes, smaller particles size and lower densities 

than carbon that may lead to engineering challenges (Ben et al., 2017).  

The RIP/RIL process is similar to the CIP/CIL process, while the elution circuit for 

the RIP/RIL process varies depending on one the type of the resins and mineralogy. 

There are several types of commercially available gold-selective resins and their 

elution methods have been well demonstrated. Most of them are demonstrated at a 

laboratory scale, while some of them have been successfully applied in RIP/RIL 

processes in commercial plants, for example, the Minix/Dowex® XZ-91419 resin 

was used at Penjom Gold Mine in Malaysia (G, Lewis, 2000) and Barbrook Gold 

Mine in South Africa (Anonymous, 2003); AM2B is the conventional strong-base 

resin which was widely used in the former Union of Soviet Socialist Republics 

(Lakshmanan et al., 2016).  

Minix/Dowex® XZ-91419 resin 

The Minix resin originally developed by Mintek is now commercialised by Dow 

Chemicals under a name Dowex® XZ-91419. The Minix resin is a type of strong-

base resin, functionalised by tributylamine where its selective towards gold was 

based on lowering the functional group content. The Minix resin is particularly 

selective towards gold against cobalt and iron with a high gold adsorption capacity 

(~36300 g/t) (Fleming & Hancock, 1979; van Deventer, 2011).  

Due to a strong affinity of the Minix resin for metal cyanide, gold is commonly 

eluted by acidic thiourea, while the base metals such as nickel, zinc and copper were 

removed by an acid wash. The elution can be improved by increasing the thiourea 

concentration, the acid concentration and the temperature. An elution recovery of 

99.6% was achieved by using an eluent with 0.5M sulfuric acid and 1M thiourea at 

60℃ (Conradie et al., 1995). However, HCN gas will be emitted during the acidic 

thiourea elution of the loaded resin, an effective gas extraction and scrubbing 

system is required regarding health and safety.  
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The Minix resin was successfully implemented in a RIL circuit which was 

converted from a CIL circuit, due to the preg-robbing nature of the ore containing 

0.2% – 1.5% organic carbon. G. Lewis (2000) demonstrated that the Minix resin 

had been proved to have a good selectivity over base metals compared with the 

conventional strong-base resin such as AM2B. It was further reported that resin 

regeneration was simple and effective with an insignificant resin loss at below 5g/t 

in this plant and a residual gold at below 50 g/t (G. Lewis, 2000). Similarly, the 

Barbrook Gold Mine used Minix in a RIL circuit for gold recovery from a pre-

robbing ore, but very little information is available about this plant (Anonymous, 

2003).  

Medium-base resin  

The main advantage of using the medium-base resin is the elimination the risk of 

toxic HCN gas formation as they can be eluted at alkaline conditions. 

Representative examples of medium-base resins are S992 (Purolite) and Aurix® 100 

(Congis).  

A) S992 resin 

The S992 resin contains a mixture of quaternary, tertiary, secondary, and primary 

amine groups. It can be used at pH values between 9 and 11, but a reduction of gold 

loading capacity occurs above pH 10.5 (van Deventer, 2011). It was reported that 

the S992 resin exhibited high selectivity towards gold against copper from a 

synthetic cyanide solution containing Au, Cu, Ni and Zn, that no copper adsorption 

was detected (Van et al., 2012).  They also investigated the elution characteristics 

of S992 resin, and it was found that the resin can be effectively eluted under alkaline 

conditions, using a solution containing 20g/L NaCN and 10g/L NaOH at a flowrate 

of 2BV/h  and 60℃. Complete elution of Au and other metals such as Fe, Ni and 

Zn was achieved within 8 BV, and the barren resin contained only 32g/t of gold. 

No pilot-scale or commercial-scale test work based on the S992 resin was recorded.  

B) Aurix® 100 

The Aurix® 100 resin developed by Congis has a guanidine functional group (A. 

Gray et al., 2005). S. Gray et al., (1999) performed a study using 200 g/L of Aurix® 

100 resin to recover gold from intensive cyanidation leachate containing 4000 ppm 

gold and 11000 ppm copper at a very high pH of 13.1. The results showed that 

above 95% of gold was adsorbed with only about 1% of copper being co-adsorbed, 
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indicating a high selectivity of Aurix® 100 resin towards gold over copper at high 

pH. A. Gray et al. (2005) carried out a bench-scale test to investigate adsorption 

behaviour of Aurix® 100 using a synthetic solution containing 2 ppm Au, 300 ppm 

Ag and 100 ppm Cu and 1% of cyanide at pH values from 9.6 to 12. They found 

that the gold and silver recoveries were typically high at 100% and above 90% over 

the pH range tested, respectively. Whereas copper recovery was about 90% at pH 

11, then the recovery dropped to zero at pH 12, implying that a cold alkaline 

solution may be able to elute the copper from the resin. Typical eluent for Aurix® 

100 contains 40 g/L NaOH, 70 g/L sodium benzoate and 100 – 200 mg/l free 

cyanide. The addition of sodium benzoate is not necessary as it only affects the rate 

of elution but not the overall efficiency (A. Gray et al., 2005). The elution process 

is operated with electrowinning at a temperature of 60℃ with single-pass efficiency 

from 66.5 – 91.7% and an overall gold recovery of 94.5 – 99.8% (Kotze et al., 2016). 

Pilot-scale tests were once conducted based on the Aurix® 100 resin (A. Gray et al., 

2005; Fisher et al., 2000), but no commercial-scale application was recorded. 

IXOS-AuC resin 

A recent developed IXOS-AuC resin is a type of molecularly imprinted polymer 

(MIP) and a branch of nanotechnology which is specifically targeting aurocyanide. 

According to Ritz et.al. (2018), unlike the regular ion-exchange resin, the 

adsorption of gold cyanide onto the IXOS-AuC resin is based on a complementary 

charge and a physical imprint for aurocyanide, allowing the co-adsorption of other 

metals to be minimised. Also, the synthesis of the IXOS-AuC resin is different from 

that of the typical ion-exchange resins which are merely functionalised to allow 

metal ions to exchange with a donor ion. This kind of resin is synthesised using a 

combination of polystyrene and other monomers bound together by a functionalised 

ligand that imprints the shape of the Au(CN)2
-  molecule during the polymerisation 

stage (Ritz et al., 2018). The physical imprint for aurocyanide which mitigates the 

formation of strong bonds between other metal cyanide complexes allows the target 

aurocyanide to be adsorbed preferentially and to displace the less boned metal 

cyanide during the adsorption. Ritz et al. (2018) stated that the IXOS-AuC resin can 

be eluted by thiocyanate or acidic thiourea, however, the elution conditions were 

not described. The application of this type of resin is still at a very early stage, 

further investigations are required.  
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2.4.5.4 IX resin for copper recovery 

Sceresini and Breuer (2016) reviewed several processes using IX resins for copper 

and cyanide recovery. All of the processes used conventional strong-base resins 

such as Purolite A500, Vitrokele 912, Ameberite IRA900 and Dowex MSA1. It was 

noted by the authors that those resins performed in similar manners as they are all 

quaternary amine functionalised. These strong-base resins are usually characterised 

as low selectivity and tend to recover all the metal cyanide complexes in solution. 

Additionally, the anion metal cyanide complexes are strongly bonded with the 

strong-base resin, thus intensive elution conditions (e.g. acidic thiourea) are usually 

required.  

For the glycine-based leach system, all copper is present as cupric glycinate in a 

glycine-only system, while most of the copper is present as cupric glycinate in a 

cyanide-starved glycine system. Thus, it will be not feasible to recover Cu using the 

anion strong-base/medium-base resin, since the cupric glycinate is a neutral species. 

The neutral cupric glycinate is expected to undergo an equilibrium reaction as 

shown in Eq 29. It is predicted that the copper dissociated from the cupric glycinate 

can be recovered by the cation ion-exchangers.  

Cu(NH2CH2COO)2 ↔ Cu
2+

+ 2(NH2CH2COO)
-
                                                 (29)                          

Several types of chelating resins which exhibit an affinity to copper ion are 

reviewed in the following section.  

A) Puromet MTS9300 

Puromet MTS9300 is a weak base/acid cation resin possessing an iminodiacetic 

functional group with Na+ as the mobile ion. It is generally used for base metal 

removals such as Cu, Co, Ni and Zn and wastewater treatment. Riley et al., (2018) 

reported that the MTS9300 resin showed high selectivity towards Cu2+ and Fe3+ at 

low H+ concentration i.e. high pH conditions, indicating that it may be suitable for 

the alkaline glycine-based system. Similar chelating resins (e.g. Chelax 100, 

Amberlite IRC – 718) with the same functional groups (H+ form) also showed high 

selectivity on the adsorption of divalent transition metal ions, particularly copper 

and nickel (Lehto et al., 1994; Leinonen & Lehto, 2000). The anion iminodiacetate 

can act as a tridentate ligand to complex with metal ions, particularly divalent metal 

ions, and form stronger metal complexes than the bidentate ligand glycine 

(Krishnamurthy, 2009; Schwarzenbach, 1952), implying the dominant Cu2+ from 
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the cupric glycinate in the cyanide-starved glycine solutions can be adsorbed by this 

type of chelating resin. 

B) Puromet MTS9600 

The Puromet MTS9600 resin is a weak base resin with the bis-picolylamine 

functional group, which has three nitrogen donor atoms and two of them are in the 

aromatic pyridyl groups (tertiary amine). Similar commercially available bis-

picolylamine functionalised resins include Dowex M4195 and Lewatit MonoPlus 

TP-220. The application of this type of resin can be considered for removal, 

separation and purification of metal ions from water, solid waste and wastewater 

(Diniz et al., 2005; Wołowicz & Hubicki, 2010). Some research studies indicated 

that the bis-picolylamine functionalised resin showed a very high Cu affinity (99% 

recovery) compared to other metals such as Al, Fe, Pb, Sn, Ni, Zn, Au and Ag in an 

acidic environment (Neto et al. 2016; Riley et al. 2018; Wołowicz & Hubicki, 2012). 

It should be noted that due to the cationic nature of ammonium functional groups, 

this type of resin can also adsorb anion species (Wołowicz & Hubicki, 2012), thus 

this type of resin may be able to load the anion cuprous cyanide, gold cyanide and 

gold glycinate from the cyanide-starved glycine system.  

C) Puromet MTS9850 

The Puromet MTS9850 is polyamine functionalised weak base resin with the 

deprotonated form of amines and is used for heavy metal removal and purification 

from wastewater. Kononova et al. (2014) investigated the adsorption behaviours of 

Cu and Zn from acidic chloride solutions and they found that MTS9850 resin 

showed the greatest affinity to Cu2+ compared with a strong-based resin Purolit 

A500. However, it was observed that the MTS9850 exhibited poor selectivity 

towards divalent transition elements e.g. Cu, Ni, Co and Zn (Riley et al., 2018). 

Again, similar to the MTS9600 resin, it is expected that a co-adsorption Cu2+ with 

other anion species from the cyanide-starved glycine solutions may occur due to 

the anionic nature of the MTS9850 resin.  

Such types of resins are normally stripping in a concentrated acidic solution, usually 

between 1 to 2M using either HCl or HNO3 (Kononova et al., 2014; Malla et al., 

2002; J. Wang et al., 2012; Wołowicz & Hubicki, 2012). It is noted that for the 

alkaline glycine-based system, particularly the cyanide-starved glycine system, the 

eluted resin by acid should be regenerated in a high concentration alkali solution, 

otherwise, it may cause health and safety risks as toxic HCN gases can be evolved. 
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Therefore, it is better to explore an effective alkaline-based eluent for Cu elution 

for the alkaline cyanide-starved glycine system.  

2.5 Summary  

This chapter of the thesis summarised that copper-gold ores deposits are important 

resources for both gold and copper. There is a huge reserve of copper-gold resources 

in the form of porphyry deposits and iron-oxide-copper-gold deposits distributed 

over the world. The significance of gold and copper regarding their value and 

applications in different fields were highlighted. The chemistry and operations of 

the current leaching technologies such as cyanidation, ammonia-cyanide leaching, 

and non-cyanide leaching for gold extraction from copper-gold ores were reviewed. 

A review of glycine-based leach system including the glycine-only and the 

synergetic glycine-cyanide system was given. Different recovery techniques i.e. 

solvent extraction, sulfide precipitation, zinc cementation, carbon adsorption and 

ion-exchange adsorption for gold and copper were discussed. Among these 

approaches, sulfide precipitation and ion-exchange resin adsorption were 

particularly emphasised as both techniques are innovative options for metals 

recovery from glycine solutions. The application of sulfide precipitation and ion-

exchange resins are the main focuses of this study.  
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A B S T R A C T

Recently, a novel leach process for treating gold-copper ores and concentrates by glycine in the presence of
starved cyanide in solutions were investigated where the Cu species are present as cuprous cyanide and cupric
glycinate. Often Cu-levels in these gold ores are insufficient to economically justify solvent extraction with
electrowinning, and sulfide precipitation is often preferred. This research reports the precipitation behaviour of
Cu and Au from glycine-cyanide solutions by adding NaHS. Contrary to conventional cyanide-only systems,
where all the copper is present as cuprous cyanide and alkaline precipitation of copper by sulfide addition is not
feasible, the synergistic lixiviant system leads to a cupric-dominant system where copper can be precipitated. As
the leach solution mainly contains glycine(Gly), cyanide(CN−) and copper in alkaline environment, the effect of
glycine concentration [Gly], [HS−]: [CuT] and [CN−]: [CuT] molar concentration ratios, pH, temperature and
reaction time on the Cu and Au precipitation have been studied, where [CuT]= [Cu+]+ [Cu2+]. The results
show that CuS precipitation (covelite) increased slightly with moderately elevated temperature, but decreased
significantly with increasing [CN−]:[CuT] molar ratio. CuS precipitation was found to be insensitive to [HS−]:
[CuT] molar ratio, glycine concentrations, pH and reaction time. Pre-oxidation of cuprous Cu+ to cupric Cu2+

was carried out using H2O2 to confirm the effect of oxidation state on copper precipitation. The kinetics of pre-
oxidation was fast and above 95% of Cu+ were oxidized to Cu2+ in 5min. The optimal [H2O2]:[Cu+] molar
ratio was found to be 5:1 and 4:1 at [CN−]:[CuT] molar ratio of 2:1 and 1:1 respectively, implying significant
reagent consumption to complete the reaction. With pre-oxidation and oxygen removal by nitrogen gas strip-
ping, a Cu recovery as high as 96.5% was achieved with the addition of 1.4 mol of sulfide per mole CuT for 5min
at [Cu]:[CN−]:[Gly] molar ratio of 1:2:3 and pH 10.5. No Au co-precipitation was observed after precipitation
for most of tested conditions. This study showed that a high level of Cu and Au separation can be obtained by
sulphide precipitation with H2O2 pre-oxidation from CN-starved glycine solutions and allowing Au to be sub-
sequently removed by activated carbon.

1. Introduction

Due to the decrease in high grade and free milling gold resources, a
great proportion of gold deposits in the 21st century are now processing
complex gold ores that contain soluble copper minerals. One of the
options to recover the dissolved copper from the leachate is to pre-
cipitate the copper using sulfide such as sodium sulfide (Na2S), sodium
hydrosulphide (NaHS), or hydrogen sulfide (H2S). Sulfide precipitation
plays an important part in hydrometallurgical processes with the sev-
eral merits over hydroxide precipitation, including lower solubility of
precipitate, higher selectivity for metal removal, faster reaction rates,
better settling properties and the copper can be easily recovered by
smelting [12].

In the process of extracting gold from gold-copper ores by tradi-
tional cyanidation, copper can also be recovered as a by-product, and
cyanide can be recycled by processes such as Metallgesellschaft Natural
Resources (MNR) [19] or the Sulfurisation-Acidification-Recycle-
Thickening (SART) process [1,10,11]. SART process is a relatively ad-
vanced technology compared with the MNR process in terms of safety
and equipment size that includes thickening and recycling stages in-
stead of only using filtration to separate the solid precipitates [10,11].
These two processes are based on the protonation of cyanide by adding
acid to achieve low pH, releasing cyanide in copper cyanide complexes
through reactions Eq. (1)–(4) [5]:

↔ +− − −Cu CN Cu CN CN( ) ( )4
3

3
2 (1)
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↔ +− − −Cu CN Cu CN CN( ) ( )3
2

2 (2)

↔ +− −Cu CN CuCN CN( )2 (3)

↔ ++ −CuCN Cu CNs( ) (4)

After acidification, adding bisulfide (HS−) ion to the copper cyanide
solutions leads to the copper precipitation as chalcocite as shown in Eq.
(5) [10]. A recent study have cast doubt upon the existence of free
“S2−.” in aqueous solutions based off the recent analytical and instru-
mental chemistry using a new Raman spectra [14]. This does not par-
ticularly influence our analysis, although previous sulfide precipitation
papers may have used the free sulfide anion. For the SART system, the
following reaction can therefore be proposed (historically this would
have been written as free sulfide (S2−)) and

+ + → +− − +Cu CN HS H Cu S HCN2 ( ) 5 6 g3
2

2 ( ) (5)

During the reaction, toxic hydrogen cyanide (HCN) gas is generated
where an effective gas extraction and scrubbing system is required,
giving rise to higher capital and operational costs. HCN and water are
soluble in each other in all proportions and HCN has a strong water
affinity, making it quite hard (high gas flows required with its asso-
ciated blower costs and relatively large equipment) to effectively strip
HCN from aqueous solutions for reabsorption into caustic solutions.
Also, the use of sulfuric acid during acidification can lead to the for-
mation of scale when lime is used for pH modification [5]. That is due
to the reaction between sulfate and calcium to form gypsum which
should be removed periodically.

Recently, a new process using glycine as an alternative lixiviant in
alkaline medium for gold and copper extraction has been invented and
published [7,9,15,17,16,22,24,25]. Glycine has many advantages for its
non-toxicity, ease of handling, non-volatility, cost-efficacy, and high
stability over a wide range of pH-Eh and non-reactivity towards most
ubiquitous gangue minerals. It was found that gold foils can be dis-
solved in alkaline glycine condition at a moderately elevated tem-
perature in the presence of oxidants such as hydrogen peroxide and
activated carbon can be an effective adsorbent for gold removal from
the alkaline glycine solutions. [7,17,26,27]. Tanda et al. [23] has
shown how copper can be removed from is alkaline glycinate leachates
using solvent extraction, and Tauetsile et al. [28,29] has studied the
adsorption of gold and copper from glycinate-cyanide solutions.

In a cyanide-starved glycine system with cyanide (11mM) and
glycine (13mM), the gold dissolution rate was about 6.5 higher than
that in the conventional cyanidation with the same amount of cyanide
(11mM) [16]. At the end of the leaching, the amount of cyanide is too
small and is not measurable by traditional titration with silver nitrate.
Thus all of the cyanide complex with Cu to form cuprous cyanide (with
higher forms of complexation when more cyanide is present). Also, it
was indicated that a glycine-cyanide synergistic (GCS) leaching process
has a better gold, silver and copper recovery and faster dissolution rates
compared to traditional cyanidation; in the presence of glycine, the
cyanide consumption can be reduced by at least 75% [18] with com-
mensurate savings in cyanide detoxification, whereas glycine can pre-
dominantly be recycled. It was reported that 99.5% gold extraction and
95.5% copper extraction were obtained when treating gold-copper
gravity concentrate at ambient temperature in a solution with 800 ppm
NaCN and 5 g/L glycine [18]. The authors have shown that in the GCS
system, the copper minerals were complexed with cyanide and form
different cuprous cyanide species (CuCN, Cu(CN)2−, Cu(CN)32− and Cu
(CN)43−), depending on the cyanide to copper ratio in solution. The
CuCN, and Cu(CN)2− can be oxidized to cupric glycinate in the pre-
sence of glycine and oxidants, thus reducing the levels of WAD cyanide
and releasing more free cyanide to leach and complex with gold. Ad-
ditionally, most of the copper present are in form of cupric glycinate at
the end of the leaching, although a low level of copper cyanide species
may remain; the reactions are indicated in Eqs. (6) and (7).

+ + + →

+ +

−

− −

CuCN O H O Cu NH CH COO

Cu CN OH

8 8( 2 4 ( )

4 ( )2 4

NH CH2 2 COO) 2 2 2 2 2

(6)

+ + →

+ +

− −

− −

Cu CN O H O Cu NH CH COO

CN OH

4 ( ) 8( 2 4 ( )

8 4
2 NH CH2 2COO) 2 2 2 2 2

(7)

A study carried out by Eksteen et al. [8,9] pointed out that copper
can be effectively precipitated as fast settling, coarse grained, covelite
from cyanide-free cupric glycinate leachates by adding NaHS powder.
Their results showed that 99.1% of copper can be precipitated at a
bisulde (HS−) to total copper (CuT) molar ratio of 1:1 in a cyanide-free
system, where total the molar concentration total copper equates to the
sum of the cupric and cuprous molar concentrations, i.e.,
[CuT]= [Cu+]+ [Cu2+]. The study was conducted on a leachate de-
rived from chalcopyrite using glycine as the only lixiviant at pH of 11.
The XRD pattern data indicated that the copper sulphide precipitate is
pure covellite (CuS).

However, alkaline cyanide systems behave quite different to their
alkaline glycinate counterparts. A study carried out by Simons [20]
illustrated that zero copper recovery was obtained by adding Na2S from
a solution containing 2000mg/L copper with a [CN−]:[CuT] ratio of
3:1 and [HS−]:[CuT] ratio of 0.5:1 at pH 10. Tauetsile et al. [26,27]
illustrated that the dicyanocuprate [Cu(CN)2−] complex has a higher
affinity to adsorb onto activated carbon than the cupric glycinate
equivalent (both having two moles of ligand coordinated with the
copper). It is, therefore, proposed to oxidize the cuprous ions to cupric
ions by the use of an oxidant such as hydrogen peroxide (H2O2) before
precipitation·H2O2 is particularly favorable as it does not introduce any
additional pollutant. According to Chen et al. [3], copper cyanide
species (Cu(CN)32− and Cu(CN)2−) can be destroyed progressively by
H2O2 as own in Eqs. (8)–(10). During the reactions, cyanide was oxi-
dized to cyanate and consequently Cu+ was released and then oxidized
to Cu2+ by H2O2 through a Fenton-like reaction. In the presence of
glycine, Cu2+ will be complexed with glycine to form cupric glycinate
instead of Cu(OH)2 in alkaline conditions, as shown in Eq. (11).

+ → + +− − −Cu CN H O Cu CN CNO H O( ) ( )3
2

2 2 2 2 (8)

+ → + +− + −Cu CN H O Cu CNO H O( ) 2 2( ) 22 2 2 2 (9)

Cu+ + H2O2→ Cu2++ %OH+OH− (10)

+ →+ −Cu NH CH COO Cu NH CH COO2 ( )2
2 2 2 2 2 (11)

In terms of gold, it is expected that the precipitation will not occur,
although some literature focused on SART process demonstrates that a
small amount of gold ranging from about 1.5% to 30% was precipitated
at different acidic pH values from 2.5 to 6 [20,13,6]. As for an alkaline
glycine system, a gold loss of 16% and 24% was also reported after
precipitation by adding NaHS from a leachate containing 784mg/L
[CuT] and 0.241mg/L gold at [HS−]:[CuT] molar ratio of 1:1 and 1.1:1
[21]. It is suggested by Simons [20] that the gold loss might be at-
tributed to the adsorption of copper precipitates instead of precipitation
of gold as a sulfide due to the slight recovery of gold. Nevertheless, the
behaviour of gold from cyanide-starved solutions by sulfide precipita-
tion remains unknown.

The main aim of this study is to evaluate the behavior of copper and
gold during sulfide precipitation in a synthetic glycine-cyanide solu-
tions. The effects of pre-oxidation of Cu+ to Cu2+ using hydrogen
peroxide as an oxidant were also evaluated. For the precipitation tests
without pre-oxidation, parameters which may affect the precipitation
process were investigated, including [HS−]:[CuT] molar ratio, [Gly]:
[CuT] molar ratio, [CN−]:[CuT] molar ratio, reaction time, pH and
temperature. Regarding the pre-oxidation tests, the kinetics of the
oxidation with different [H2O2]:[Cu+] molar ratio at different [CN−]:
[CuT] molar ratios were investigated. The effects of different para-
meters, including dissolved oxygen, [HS−]:[CuT] molar ratio, reaction
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time and gold concentration on the copper precipitation with pre-oxi-
dation were also studied. Free glycine analysis before and after oxida-
tion and precipitation by titration was also performed to establish if the
oxidation led to any measureable glycine destruction.

2. Experimental design

2.1. Synthetic solutions

All tests in this study were conducted using synthetic solutions, and
analytical grade reagents and deionized water were used throughout
the tests. A stock cyanide-starved glycine solution containing gold and
copper was first prepared. Gold powders (99.998%, spherical, −200
mesh, Alfar Aesar – Thermo Fisher Scientific) were dissolved in deio-
nized water contained glycine (> 99%, Sigma-Aldrich) and CuCN
(95%, Ajax, Finechem). The pH of the solutions were buffered at pH 10
using sodium hydroxide (NaOH), and then the pH was adjusted to 10.5
using Ca(OH)2 (Chem-Supply Pty Ltd) with a pH meter (Model AQUA-
PH Meter). The solution was agitated with a magnetic stirrer and Teflon
magnetic stirrer bars at 350 rpm. The solution was filtered with a
Supor® 0.45 µm membrane disc filter (Pall Corporation) prior to the
tests. A standard solution of glycine in the presence of starved cyanide
containing 300mg/L CuT, 1mg/L Au at [CuT]:[CN−]:[Gly] molar ratio
of 1:1:3 was obtained by diluting the stock solution accordingly.

2.2. Pre-oxidation

Pre-oxidation tests were performed in a 500ml beaker agitated with
a magnetic stirrer at 350 rpm. Various concentrations of hydrogen
peroxide (30% w/v, Rowe Scientific) were added based on the Cu+

concentration which was determined by the differences between
[Cu2+] and [CuT] using a UV–Vis and an atomic adsorption spectro-
meter (AAS, Agilent 55B AAS model), respectively. Samples were taken
by a 10ml syringe up to 4 h and the DO level was measured by a Syland
M6000 DO meter.

2.3. Precipitation

Small-scale batch precipitation tests were conducted in a 200ml
beaker equipped with magnetic stirring facilities. A fresh high con-
centration of NaHS (0.5 g/ml) solution was used to avoid the effect of
solution volume changes. The NaHS solution was added in relation to
the moles of total copper in the leach solution. The precipitates were
filtered by a vacuum filter and a Supor® 0.45 µm membrane disc filter
paper (Pall Corporation). The solution samples before and after pre-
cipitation were analyzed for copper and gold by AAS tests to calculate
the recovery of copper and gold. A UV–Vis spectrum was used to
measure the concentration of Cu2+. The concentration of Cu+ in so-
lutions was calculated by the differences between the total copper and
the cupric ions. Zeta potential (Eh) was measured before and after
precipitation using an Ionode platinum electrode with a Ag/AgCl re-
ference. Free glycine concentration was measured by an acid-based ti-
tration method.

3. Results and discussions

3.1. Precipitation without pre-oxidation

3.1.1. Effects of [HS−]:[CuT] molar ratio
For a typical SART process, stoichiometric sulfide dosage values

varied between 95 and 120% were used to achieve copper recovery
higher than 85% [10]. The effects of different [HS−]:[CuT] molar ratio
ranging from 1:1 to 3:1 on the metals precipitation from a solution
containing 300mg/L CuT, 1mg/L Au, in the presence of glycine and
cyanide [CuT]:[CN−]:[Gly]= 1:1:3) were investigated and the results
are shown in Table 1. It is clear from Table 1 that the copper removals

peaked at 69.1% with [HS−]:[CuT] molar ratio of 1.3:1, and a decrease
of copper removal was observed with the increasing [HS−]:[CuT] molar
ratio. It is illustrated that the excess amount of sulfide tend to re-dis-
solve the copper precipitates by forming soluble copper polysulphide
species in solutions [12,30], thus lowering the copper removal. No
Cu2+ was present after the precipitation at [HS−]:[CuT] molar ratio
ranging from 1.1:1 to 3:1. The remaining copper in solutions was cu-
prous cyanide which cannot be further precipitated with the increasing
[HS−]:[CuT] molar ratio. A [HS−]:[CuT] molar ratio of 1:1 could not
precipitate all the cupric ions that around 30mg/L of Cu2+ remained in
the filtrate.

The pH values after bisulfide precipitation were shown in Table 1, it
can be seen that the pH bottomed at a [HS−]:[CuT] ratio of 1.3:1 and
then increased slightly with the increasing sulfide additions. It is pro-
posed that bisulfide in solutions was first consumed by the cupric ions
to produce covellite (CuS) and hydrogen ions (H+) that decreased the
pH, as shown in Eq. (12) [4].

+ → ++ − +Cu HS CuS Hs
2

( ) (12)

The remaining HS− in aqueous solutions underwent hydrolysis
(equilibria shown in Eq. (13) [2], producing hydrogen sulfide (H2S) and
hydroxide (OH−) that increased the solution pH.

+ ↔ +− −HS H O H S OH2 2 (13)

The change of pH indicated that a complete precipitation of Cu2+

was achieved at a [HS−]:[CuT] molar ratio of 1.3:1 and the excess
sulfide addition influenced the equilibrium (Eq. (13)) that produced
more OH− and increased the solution pH.

Redox potential (Eh), usually used as an indicator for sulphide do-
sage, was also measured after the precipitation. As can be seen in Fig. 1,
the results show that a more reducing Eh were observed with the in-
creasing [HS−]:[CuT] molar ratio. This indicates that an Eh range from
−200 to −300mV (relative to a Ag/AgCl electrode) is optimum for the
precipitation. It can also be seen from Table 1, no gold precipitation
was observed, despite the presence of excess bisulphide. This implies
that it is possible to achieve a high level of gold and copper separation if
most of the copper can be precipitated.

3.1.2. Effects of reaction time
The effects of reaction time were also evaluated and the results are

shown in Fig. 2. It is obvious that the reaction rate of the precipitation
was fast, as 69.1% copper removal was achieved in 5min, followed by a
minor increase up to 72.8% at 30min. The copper precipitation de-
creased slightly at 60min, which might be owing to the re-dissolution
of the copper sulfide precipitates in the presence of glycine. Similar
experimental data were also obtained from the Telfer SART plant where
a re-dissolution of copper sulfide precipitates (i.e.Cu2S) was observed
due to the prolonged residence time during the thickening process [20].
Moreover, it is noted that a small portion of gold (2.2%) were co-pre-
cipitated at 60min, which agrees with the previous studies that report a
small portion of gold loss occur during SART process [20,13,6]. It was

Table 1
Metals removal and Cu2+ concentration after precipitation as different [HS−]:
[CuT]. Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN−]:[Gly]
molar ratio= 1:1:3, pH=10.5 and 5min reaction time.

[HS−]:[CuT] [Cu2+] after
precipitation

pH after
precipitation

CuT removal Au Removal

mg/l % %
1:1 30 10.41 62.8 0.0
1:1.1 0 10.23 68.1 0.0
1.3:1 0 10.20 69.1 0.0
1.6:1 0 10.31 68.0 0.0
2:1 0 10.34 66.1 0.0
3:1 0 10.35 68.3 0.0
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also observed that the particle settling was being faster and larger
particles were retained on the filter paper with time. This may be as-
cribed to the effects of aging that involves recrystallization of non-
equilibrium shapes of primary particles to more compact shapes [31].

3.1.3. Effects of [Gly]:[CuT] molar ratio
An increase of [Gly]:[CuT] molar ratio up to (2.2:1) is favorable to

higher gold and copper extractions during the GCS leaching process,
further increase of the glycine concentration in the system have no
evident effects on gold and copper extractions [18]. To evaluate the
effects of glycine concentration on the metals precipitation, tests were
performed at different [Gly]:[CuT] molar ratio ranged from 3:1 to 8:1.
As can be observed from Table 2, there is no obvious variation in terms
of metals removal (no gold precipitation). In addition, with the in-
creasing [Gly]:[CuT] molar ratio, there are no noticeable changes in

Cu2+ concentration in solutions after 4 h mixing. A reasonable ex-
planation is that the transformation from cuprous cyanide to cupric
glycinate is a slow redox reaction where sufficient oxidants are

Fig. 1. Copper removal and Eh as a function of [HS−]:[CuT]. Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN−]:[Gly] molar ratio= 1:1:3, pH=10.5
and 5 mins reaction time.

Fig. 2. Copper and gold removal as a function of reaction time. Experimental conditions: 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:[Gly] molar ratio= 1:1:3,
pH=10.5 and [HS−]:[CuT]= 1.3:1.

Table 2
Metals removal and initial Cu2+ concentration at different [Gly]: [CuT] molar
ratio. Experimental conditions: 300mg/L CuT, 1mg/L Au, [CN−]:[CuT]=1:1,
pH=10.5, [HS−]:[CuT]=1.3:1 and 5min reaction time.

[Gly]:[CuT] Initial [Cu2+] CuT removal Au removal

mg/L % %
3:1 200 68.8 0.0
4:1 202 69.4 0.0
6:1 202 69.4 0.0
8:1 203 69.9 0.0
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required. Also, this phenomenon demonstrates that the dissolutions of
copper sulfide precipitates were insignificant in the presence of excess
amount of free glycine.

3.1.4. Effects of [CN−]:[CuT] molar ratio
Precipitation tests at four levels of [CN−]:[CuT] molar ratio and

fixed glycine concentration ([Gly]:[CuT] molar ratio of 3:1) were car-
ried out to investigate the effects of cyanide concentration on the
copper and gold removal. Solid CuCN was dissolved in glycine solutions
and then CuSO4·5H2O powders were added accordingly to achieve the
required total copper concentration (i.e. 300mg/L) and low [CN−]:
[CuT] molar ratio (0.1:1 and 0.5:1). In order to obtain high [CN−]:
[CuT] molar ratio, CuCN and sodium cyanide (NaCN) was were added
stoichiometrically to achieve the target cyanide concentration (i.e.
[CN−]:[CuT] molar ratio of 2:1). It can be observed from Fig. 3, the
effect of [CN−]:[CuT] molar ratio is significant on copper precipitation
that copper removal decreased dramatically as the [CN−]:[CuT] molar
ratio increased, 92.7% of copper removal was achieved at [CN−]:[CuT]
ratio of 0.1:1, while only 40.8% of copper removal was obtained at
[CN−]:[CuT] molar ratio of 2:1. The concentrations of Cu2+ at different
[CN−]:[CuT] molar ratio are also indicated in Fig. 3, it appears that the
initial Cu2+ concentration in solutions were determined by the [CN−]:
[CuT] molar ratio, indicating the [Cu2+] to [CuT] ratio determines the
copper removal. Again it confirmed that the remaining copper in form
of cuprous cyanide cannot precipitate by using sulfide in alkaline
conditions. During the precipitation, no gold precipitation was ob-
served even at low [CN−]:[CuT] molar ratio.

3.1.5. Effects of pH
Previous studies revealed that a pH range from 10.5 to 11 is optimal

for gold extraction in a glycine-cyanide synergistic system [18]. The
effects of pH were investigated in the range from 8 to 12; results are
shown in Table 3. It can be seen that increasing the pH from 8 to 12 has
marginal effects on the copper removal which ranges between 65.3%
and 69%. Again, no gold precipitation was observed at different pH
conditions. This phenomenon implies that no pH adjustment may be
required at the end of the leaching where pH usually declines. More-
over, it is interesting to notice that the pH increased at pH 8 and 9 while
pH decreased at pH 10.5 and 12 after precipitation. A more likely ex-
planation is the different extent of hydrolysis of HS− (shown in Eq.
(13)) at different pH that more OH− was generated at lower pH (i.e. pH
8 and 9), while the equilibrium may move backward in the presence of
higher concentration of OH− at higher pH values. This phenomenon
can be beneficial if filtrates with low pH are recycled during the process

as fewer pH modifiers will be required to reach the optimal pH for
leaching.

3.1.6. Effects of temperature
To evaluate the effects of temperature on the performance of pre-

cipitation, three levels of temperature (25, 35 and 55 °C) were selected
in a solution containing 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:[Gly]
molar ratio of 1:1:3. A hot plate equipped with a temperature probe was
used to heat the solutions to the target temperature before and during
the precipitation tests. As can be seen from Table 4, it can be observed
that elevated temperature appears to increase the copper removal by
around 10% from 25 to 55 °C. The changes in concentrations of Cu2+

after heating were marginal, indicating a portion of Cu+ precipitated
with the increasing temperature. This observation contradicts to some
works for SART process, showing elevated temperature has an insig-
nificant effect on copper recovery [13]. Also, it can be seen that gold
remained stable in the solutions even at higher levels of temperature.

3.2. Pre-oxidation of Cu+ to Cu2+

It was obvious that the NaHS and glycine concentrations, pH and

Fig. 3. Metal removal and Cu2+ concentration at different levels of [CN−]:[CuT] molar ratio. Other conditions: 300mg/L CuT, 1mg/L Au, [Gly]:[CuT]=3:1,
pH=10.5, [HS−]:[CuT]=1.3:1 and 5min reaction time.

Table 3
Metals removal and pH before and after precipitation. Experimental conditions:
300mg/L CuT, 1 mg/L Au, [CuT]:[CN−]:[Gly] molar ratio= 1:1:3, [HS−]:
[CuT]= 1.3:1, 5min reaction time.

pH before precipitation pH After precipitation Cu removal Au removal

% %
8.10 9.50 65.3 0.0
9.04 9.58 69.0 0.0
10.55 10.38 67.6 0.0
12.00 11.79 68.8 0.0

Table 4
Metal removal and Cu2+ after heating for 4 h at different temperature.
Experimental conditions 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:
[Gly]= 1:1:3, pH=10.5, [HS−]:[CuT]=1.3:1 and 5min reaction time.

Temperature CuT removal Au removal Cu2+ after heating for 4 h

°C % % mg/L
25 65.8 0.0 204
35 69.2 0.0 205
55 75.9 0.0 208
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time have minor effects on the copper and gold removal. It appears that
the precipitation of copper is dominated by the [Cu2+]/[Cu+]ratio in
solutions. Therefore, it is essential to oxidize the Cu+ to Cu2+ before
the precipitation to achieve maximum copper removal.

In order to evaluate the effects of pre-oxidation on precipitation
using H2O2 as the oxidant, a [CN−]:[CuT] molar ratio of 2:1 was se-
lected for the pre-oxidation tests. The other conditions were as follows:
300mg/L CuT (100mg/L Cu2+), 1 mg/L Au, [Gly]: [CuT] molar ratio of
3:1, pH 10.5 and room temperature. The amount of H2O2 was added
stoichiometrically according to the amount of Cu+ present in solutions.

3.2.1. Pre-oxidation at different [H2O2]:[Cu+] molar ratio
Pre-oxidation at four levels of [H2O2]:[Cu+] molar ratio were in-

vestigated. As it can be observed from Fig. 4, the level of oxidation was
enhanced by the increasing [H2O2]:[Cu+] molar ratio; 97.49% of Cu+

was oxidized to Cu2+ in 5min. Also, it appears that the levels of oxi-
dation decreased slightly over time at higher [H2O2]:[Cu+] molar ratio
(i.e. 5:1 and 4:1), but increased gradually at lower level of [H2O2]:
[Cu+] molar ratio (i.e. 1:1 and 3:1). Based on the above observations,
5 mins of pre-oxidation with a [H2O2]:[Cu+] molar ratio of 5:1 was
chosen as optimal conditions for oxidizing Cu+ to Cu2+ when the
[CN−]:[CuT] molar ratio is 2:1.

3.2.2. Effects of [CN]−:[CuT] molar ratio on H2O2 dosage
The formation of cuprous cyanide species (i.e. CuCN, Cu(CN)2−, Cu

(CN)32− and Cu(CN)43−) in solutions are dependent on the [CN−]:
[CuT] molar ratio that can affect the dosage of H2O2 for the oxidation
from Cu+ to Cu2+. As can be seen Fig. 5, a H2O2:Cu+ molar ratio of 4:1
was adequate when [CN−]:[CuT] molar ratio is 1:1, where around 96%
of Cu+ were oxidized to Cu2+ in 5min. Further increase in [H2O2]:
[Cu+] molar ratio to 5:1 only enhanced the oxidation Cu+ to Cu2+ by
about 2%. This observation reveals that the optimal [H2O2]:[Cu+]
molar ratio is determined by the [CN−]:[CuT] molar ratio that lower
[CN−]:[CuT] molar ratio may require lower [H2O2]:[Cu+] molar ratio
to reach complete oxidation of Cu+ to Cu2+.

3.3. Precipitation after pre-oxidation

3.3.1. Effects of dissolved oxygen
As reported by Chen et al. [3] that the decomposition of H2O2 to O2

occurred after the oxidation of Cu+ to Cu2+ using a [H2O2]:[Cu+] ratio
of 12:1 and the DO concentration reached the peak after 15min at
45 ppm and then dramatically decreased to 12.5 ppm in 10min. The
concentrations of dissolved oxygen (DO) were measured during the pre-

oxidation and Fig. 6 shows the relationships between the DO con-
centration and the reaction time. It is clear that at any [H2O2]:[Cu+]
molar ratio, the DO concentration reached the peak at 5min, followed
by a significant decline, the DO concentration kept constant after
60min. It appears that the H2O2 decomposition occurred in 5min of
reaction, implying the rate oxidation of Cu+ to Cu2+ completed in
5min.

Precipitation tests were undertaken to investigate the effects of
different initial DO concentrations at 22, 4.5 and 0 ppm. Solutions with
4.5 and 0 ppm DO were obtained by injecting nitrogen gas for 15min
and 30mins, respectively, after 5min of pre-oxidation. The results are
shown in Fig. 7, it can be seen that the copper removals levelled off at
about 94% from 0 to 4.5 ppm, and then decreased to 86.9% at 22 ppm
DO. After the precipitation, almost most of the copper left in the solu-
tion was in the form of Cu2+ and the concentration of Cu2+ increased
by the increasing DO concentration. A reasonable explanation is that a
small portion of HS− in solutions were oxidized by the high level of DO
or by any H2O2 left in solutions thus negatively affecting on the Cu
removal. It is, therefore, recommended to inject nitrogen gas to remove
most of dissolved oxygen before starting the precipitation.

It should be noted no gold precipitation was detected at all levels of
DO concentration and no cyanide can be detected by titration after the
precipitation which suggests that the copper cyanide species may be
oxidized to cyanate as indicated in Eqs. (8) and (9).

3.3.2. Effects of [HS−]:[CuT] molar ratio
It was observed that around 10% of copper as Cu2+ remained un-

reacted after precipitation by adding NaHS with a [HS−]:[CuT] molar
ratio of 1.3:1, implying the dosage of NaHS might not be sufficient as
HS− can be oxidized by any H2O2 left in the system. The effects of four
levels of [HS−]:[CuT] molar ratio on precipitation were evaluated in a
pre-oxidized solution at a zero DO level. Table 5 shows that the copper
removals were enhanced by the increasing [HS−]:[CuT] molar ratio up
to 1.4:1 at 96.5%. However, a subsequent reduction in copper removal
was observed at a [HS−]:[CuT] molar ratio of 1.6:1. Again, this ob-
servation can be explained by the formation of soluble copper poly-
sulfide species as the re-dissolution of copper precipitates. Also, in such
conditions, no gold precipitation was observed. Based on the results, a
[HS−]:[CuT] molar ratio of 1.4:1 was selected to evaluate the other
effects on copper and gold removal.

3.3.3. Effects of contact time during precipitation
The effects of extended precipitation time after the pre-oxidation

were investigated at conditions of 0 ppm DO and [HS−]:[CuT] molar

Fig. 4. Cu+ oxidisation to Cu2+ as a function of time at different [H2O2]:[Cu+] molar ratio. Experimental conditions: 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:
[Gly]= 1:2:3, pH=10.5 and room temperature.
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ratio of 1.4:1. As has been shown in Fig. 8, the copper removal declines
gradually with the time from 96.5% at 5min to 89.8% at 60min, in-
dicating the precipitation completed at 5min. Similar to the results of
precipitation without pre-oxidation, gold precipitation was observed at
60min, but with larger amount of precipitation. This implied that the
co-precipitation of gold may occur at an extended reaction time
through adsorption onto the CuS particles. In order to achieve a max-
imum gold/copper separation and prevent any gold precipitation, a
short reaction time (i.e. 5 min) was considered as the optimal reaction
time.

3.3.4. Effects of pre-oxidation on gold precipitation
Precipitation tests were conducted to evaluate the effects of pre-

oxidation and precipitation on metals recovery at higher gold con-
centration. The conditions of pre-oxidation and precipitation were as
follows: 5 min of pre-oxidation using [H2O2]:[Cu+] molar ratio of 5:1
and 5min of precipitation at 0 ppm DO and [HS−]:[CuT] molar ratio of
1.4:1. As indicated in Table 6, no gold precipitation was monitored at

any gold concentration level with or without pre-oxidation. And it is
obvious that effects of initial gold concentration is negligible on the
copper removal and it is clear that the copper removal increased sig-
nificantly from 40.8% without pre-oxidisation to 96.1% with pre-oxi-
dation.

Followed copper precipitation, gold can be recovered by the con-
ventional active carbon adsorption. Studies done by Tauetsile et al.
[28,29] revealed that in the glycine-cyanide system, activated carbon
could adsorb gold effectively at a wide range of pH from 9 to 12 and
carbon has a higher selectivity of gold over copper in the presence of
low concentration of free cyanide. The gold adsorption on carbon can
be a feasible option to recover gold after the pre-oxidation and pre-
cipitation processes as cyanide oxidised by H2O2 and any copper left in
solution is present in the cupric form Cu2+ which has less affinity to
activated carbon.

3.3.5. Free glycine analysis by titration
An acid-based glycine titration method developed using a Metrohm

Fig. 5. Cu+ oxidisation to Cu2+ as a function of time at different [H2O2]:[Cu+] molar ratio. Experimental conditions: 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:
[Gly]= 1:1:3, pH=10.5 and room temperature.

Fig. 6. DO concentration as a function of time at different [H2O2]:[Cu+] molar ratio. Experimental conditions: 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:
[Gly]= 1:2:3, and pH=10.5.
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716 DMS Titrino was undertaken to investigate the effects of pre-oxi-
dation on the free glycine concentration. Solutions from the tests for
evaluating the effects of [HS−]:[CuT] molar ratio after pre-oxidation
and precipitation were selected for free glycine titration, the conditions
can be seen in Table 5. The results of experimental and theoretical free

glycine concentration (assuming no glycine oxidation) are shown in
Table 7. The free glycine concentration of the original solution was
0.965 g/L as around 0.1 g/L Cu2+ were complexed with glycine. The
free glycine concentration reduced to 0.657 g/L after the pre-oxidation.
This reduction is mainly because the cuprous cyanide was oxidized and
Cu2+ were released and then complexed with glycine in solutions, re-
sulting in a decline of free glycine concentration (but not in glycine

Fig. 7. Cu removal and Cu2+ concentration after precipitation as a function of DO concentration. Experimental conditions: 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:
[Gly]= 1:2:3, and pH=10.5, [HS−]:[CuT]=1.3:1, 5 min reaction time.

Table 5
Cu and Au removal at different [HS−]:[CuT] molar ratio. Experimental condi-
tions: 300mg/L CuT, 1mg/L Au, [CuT]:[CN−]:[Gly]= 1:2:3, and pH=10.5,
0 ppm Do, 5 min reaction time.

[HS−]:[CuT] CuT removal Au removal [Cu2+] after precipitation

% % mg/L
1:1 71.2 0 86
1.3:1 91.1 0 27
1.4:1 96.5 0 12
1.6:1 91.4 0 26

Fig. 8. Cu and Au removal as a function of time after the H2O2 pre-oxidation for 5min, at 0 ppm DO, [CuT]:[CN−]:[Gly]= 1:2:3, [HS−]:[CuT] molar ratio of 1.4:1,
5 min of precipitation.

Table 6
Gold and copper removal at different concentrations of gold with or without
pre-oxidation.

Initial [Au] CuT removal Au removal
mg/L % %

4 (With pre-oxidation) 96.1 0.0
1 (With pre-oxidation) 96.4 0.0
4 (Without pre-oxidation) 40.8 0.0
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destruction) to form the cupric glycinate complex. It can be observed
that the free glycine concentration increased after precipitation as the
cupric glycinate were precipitated by bisulfide, thus glycine was re-
leased. However, it can also be seen that there are around 0.1–0.05 g/L
differences between the experimental and theoretical results, which
might be attributed to analytical errors or a small portion of glycine
oxidation. Therefore, it can be concluded that the effect of H2O2 on free
glycine concentration is insignificant.

4. Conclusion

The behaviour of copper precipitation derived from bisulfide (HS−)
addition to glycine-starved cyanide solutions has been studied at dif-
ferent conditions and the effects of pre-oxidation using H2O2 as the
oxidant has also been evaluated. From the results that have been
shown, the following can be concluded:

• The effects of [HS−]:[CuT], [Gly]:[CuT], pH and time are insignif-
icant on the copper precipitation

• A noticeable improvement in copper removal was observed when
temperature was raised to 55 °C.

• Copper removal is dominantly controlled by [CN−]:[CuT] molar
ratio (which impacts the [Cu+]:[Cu2+] molar ratio) in solutions and
higher copper removal as CuS precipitate can be achieved in the
presence of higher amount of Cu2+.

• All gold tend to remain in solutions, but a small portion of gold
precipitated at 60min of contacting time which may be ascribed to
surface adsorption of gold onto CuS.

• When the [CN−]:[CuT] molar ratio was 1:1 and 2:1, the optimal
[H2O2]:[Cu+] molar ratios for pre-oxidation of Cu2+ to Cu+ were
4:1 and 5:1, respectively.

• Copper redissolution can be decreased slightly by decreasing the DO
concentration by nitrogen gas injection.

• There are no observable effects of pre-oxidation on the behavior of
gold and the results confirmed that gold remained in solutions at
different initial gold concentrations.

• Copper removal increased significantly after pre-oxidation, con-
firming that cupric glycinate participates in the precipitation reac-
tion.

• The total glycine remained constant, within experimental error,
during pre-oxidation.

• A high level of copper precipitation can be achieved after pre-oxi-
dation and sulphide precipitation at the conditions of low con-
centration of DO, 5min of reaction time and [HS−]:[CuT] molar
ratio of 1.4:1 where the copper removal reached to∼96.5% without
any gold precipitation.
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A B S T R A C T

A synergistic leaching system using glycine containing starvation levels of cyanide as lixiviants has been shown
to be an effective approach to leach gold-copper ores, allowing the consumption of cyanide to be reduced
significantly while glycine is recycled. Sulfide precipitation to remove the bulk of the copper was studied. The
previous study on the precipitation behaviour of Cu and Au from the alkaline glycine-cyanide solution shows
that the cupric (Cu2+) glycinate can be easily precipitated, while the gold and cuprous (Cu+) cyanide species
remain stable in the solution. Due to the sparingly soluble nature of metal sulfides, colloidal and poorly settling
particles are usually formed without control methods, which create challenges for solid-liquid separation pro-
cesses such as thickening and filtration. This study investigated the effects of chemical and operational condi-
tions on particle characteristics particularly particle size distributions (PSD). Settling characteristics, particle
morphologies and particle structure were also studied. In the presence of divalent cations such as Ca2+ and
Mg2+, particularly Ca2+, large and fast settling particle agglomerates were generated. Increasing ionic strength
of the solution was also noted to enlarge the particles. The high supersaturation level has insignificant effects on
the PSD as long as Ca2+ is present. A relatively large particle size is generated at a medium stirring speed with
fast addition rate. There are no significant effects of aging, heating, and seeding on the PSD, but these factors
profoundly influenced the morphologies of the individual particles according to the SEM results. SEM and XRD
analysis illustrate that a more mature and crystalline copper sulfide precipitates were produced after aging,
heating, or seeding.

1. Introduction

A synergistic glycine-cyanide leaching system has been studied and
reported by numerous authors Oraby & Eksteen (2015) and Oraby et al.
(2017) indicating that it is a possible alternative leaching process to
conventional cyanidation for processing gold-copper ores, which are
normally excessive cyanide consuming ores. In the presence of glycine,
the cyanide consumption can be significantly reduced, e.g. by at least
75% (and often>90%) compared to conventional cyanidation whilst
allowing glycine recycle. In this leaching system, the pregnant leach
solutions contain Au and Cu which mostly presents as cupric glycinate
and a small portion of cuprous cyanide species. In a synthetic glycine-
cyanide solution, the Cu2+/Cu+ ratios are controlled by the [CuT]:
[Gly]:[CN−] ratio in the system by adding CuCN, glycine and NaCN
accordingly (Deng et al., 2019; Tauetsile et al., 2019a,b). The carbon
adsorption tests specific to the glycine-cyanide system in the presence

of gold and copper carried out by Tauetsile et al. (2019a,b) elaborate
that gold can effectively adsorb onto activated carbon. However, it was
also illustrated that the competing adsorption of copper onto activated
carbon cannot be avoided and the cuprous cyanide species in solutions
have higher affinity onto the activated carbon than their cupric glyci-
nate counterparts.

In order to explore the feasibility of other downstream processes for
the novel glycine-cyanide leaching system, a conventional sulfide pre-
cipitation for the recovery of Cu was studied (Deng et al., 2019). The
authors found that the cupric glycinate in the system can be easily
precipitated in 5min by adding concentrated NaHS solutions. The
copper recovery was found to be dominated by the Cu2+/Cu+ ratio, as
the cuprous cyanide species cannot be precipitated under alkaline
conditions. Pre-oxidation tests of Cu+ to Cu2+ using hydrogen peroxide
was conducted; with basically all cupric glycinate in solutions, a high
copper removal (~96.5%) was achieved with a [HS−]:[CuT] ratio of
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1.4:1. The authors showed that a high level of gold and copper se-
paration can be achieved by H2O2 oxidation followed by sulfide pre-
cipitation where no gold precipitation was observed. By this means,
copper can be effectively removed under alkaline conditions without
intensive pH modification before traditional carbon adsorption for gold
recovery, minimizing the competitive effects of copper onto the acti-
vated carbon.

A recent pilot plant campaign (Seaman et al., 2019) was conducted
to demonstrate the metallurgical performance of the alkaline glycine
leaching system under starved cyanide conditions in a continuous,
closed-circuit operation, as applied to low-grade copper-gold flotation
(rougher) concentrates. A flowsheet including copper recovery by sul-
fide precipitation and gold recovery by carbon adsorption is illustrated
in Fig. 1 (Seaman et al., 2019). The results demonstrated that almost all
Cu2+ was successfully removed as covellite with no Cu+ and Au pre-
cipitation.

However, metal sulfide precipitation reactions are usually difficult
to control due to the sparingly soluble nature of sulfide precipitates
(very low solubilities) and high supersaturation levels (up to 1035 and
higher) (Lewis & van Hille, 2006; Mokone et al., 2010), which lead to
very fine and highly dispersed particles usually being generated. This
can result in significant technical difficulties regarding solid-liquid se-
paration and the downstream recovery processes. Therefore, the PSD
should be optimized to an acceptable level for solid-liquid separation
processes.

Similar difficulty was noted by the authors that extremely fine
precipitates (highly dispersed particles) were generated after adding
NaHS solutions at the preliminary stage of a previous study focusing on
sulfide precipitation chemistry, where the pH of the synthetic solutions
was only adjusted by NaOH (Deng et al., 2019). It was observed that the
particles were very fine and a large portion of fines cannot be filtered by
the 0.45 µm membrane filter paper. It was found that if the pH of the
synthetic solutions were adjusted by NaOH and Ca(OH)2, large and
filterable precipitates were generated. This phenomenon implied that
the addition of Ca2+ or other cations can be a critical factor for the
formation of large precipitates (Deng et al., 2019).

There are many studies which addressed the issues of the formation
of fines through controlling the chemical conditions such as sulfide and
initial metal concentrations (Al‐Tarazi et al., 2005; Farahani et al.,
2014; Lewis & van Hille, 2006; Sampaio et al., 2010) and operational
conditions such as stirring speed (Eksteen et al., 2008; Farahani et al.,

2014; Houcine et al., 1997; Marcant & David, 1991; Torbacke &
Rasmuson, 2001), aging time (Eksteen et al., 2008; Söhnel & Garside,
1992), temperature (Roy & Srivastava, 2007) and adding seed materials
(Agrawal et al., 2018; Donnet et al., 2005). However, few of them have
investigated the copper sulfide precipitation under alkaline conditions
since Cu(OH)2 precipitation will be the dominant species in the pre-
cursor aqueous system. None of the studies have investigated the sulfide
precipitate characteristics from an alkaline glycine-cyanide solution in
the presence of Cu and Au which is mainly a mixture of cupric glyci-
nate, cuprous dicyanide, gold cyanide and free glycine.

To minimise the production of very fine precipitates, a more de-
tailed investigation on the effects of different processing conditions on
the copper sulfide precipitates characteristics from the glycine-cyanide
solutions was conducted. The main objective of the current study is to
investigate the effects of different chemical conditions (i.e. addition of
cations, dosage of cations, sulfide concentrations, copper concentra-
tions and ionic strength) and operational conditions (i.e. stirring speed,
sulfide addition rate, aging time, temperature, and addition of seeds) on
particle characteristics. The settling performance of the precipitates
were also investigated as the supplementary evidence for the PSD re-
sults. The morphologies of individual particles which may be influenced
by aging, heating, or seeding was visualised by Scanning Electron
Microscope (SEM). The phase and crystal structure of the precipitated
product was identified by means of X-ray Powder Diffraction (XRD).
Fig. 2 shows a typical precipitation process with the potential impact
factors on each step based on the literatures (Agrawal et al., 2018;
Al‐Tarazi et al., 2005; Donnet et al., 2005; Eksteen et al., 2008;
Farahani et al., 2014; Houcine et al., 1997; Lewis & van Hille, 2006;
Marcant & David, 1991; Sampaio et al., 2010; Söhnel & Garside, 1992;
Torbacke & Rasmuson, 2001).

2. Experimental design

2.1. NaHS solutions

A 50 g of NaHS solid (Sigma-Aldrich) was dissolved in 100ml de-
ionised water to make a very concentrated NaHS stock solutions. The
sulfide concentration of the stock solution was 5M which was de-
termined by the concentration of Na and S measured by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES). This ICP-
OES confirmation is important due to the hygroscopic nature of the

Fig. 1. Block diagram flowsheet of glycine leaching process utilising cyanide at starvation levels with copper removal by sulfide precipitation and carbon adsorption
(Seaman et al., 2019).
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crystals. Lower sulfide concentrations (i.e. 0.25M and 0.05M) were
prepared by diluting the 5M NaHS solution accordingly in de-ionised
water.

2.2. Synthetic solutions

All the tests in this study were conducted using synthetic solutions.
Analytical grade reagents and deionized water were used throughout
the tests. A stock cyanide-starved glycine solution containing gold and
copper was first prepared. Gold powder (99.998%, spherical, −200
mesh, Alfa Aesar – Thermo Fisher Scientific) were dissolved in deio-
nized water contained glycine (> 99%, Sigma-Aldrich) and CuCN
(95%, Ajax, Finechem) for 24 h. The concentration of Au was measured
by ICP-OES. The pH of the solutions was adjusted using sodium hy-
droxide (NaOH, Chem-Supply Pty Ltd) and measured by a pH meter
Model AQUA-PH Meter. The solution was agitated with a magnetic
stirrer and Teflon magnetic stirrer bars at 200 rpm. The solution was
filtered with a Supor® 0.45 µm membrane disc filter (Pall Corporation)
prior to the tests. A standard cyanide-starved glycine solution con-
taining 300mg/L total copper (CuT), 1 mg/L Au at [CuT]:[CN−]:[Gly]
molar ratio of 1:1:3 was obtained by diluting the stock solution ac-
cordingly. It should be noted that the [CuT], [CN−] and [Gly] refer to
the total copper, cyanide and glycine concentrations present and not
their “free” species in solution.

2.3. Precipitation procedure

Batch precipitation tests were conducted in a 1L glass reactor
equipped with four equally spaced baffles and a RW 20 digital overhead
stirrer with a metallic blade impeller. The NaHS solution was added
into 500ml synthetic solutions at a [HS−]: [Cu] molar ratio of 1.3:1
and mixed by the overhead stirrer (the stirring speed for each test was
specified in each caption of the figure). After 5min of reaction, the
stirrer was turned off and the yielded precipitates were transferred to an
imoff settling cone to record the settling behaviour for 20min. The
supernatant was then decanted, and the precipitates were washed by DI
water several times. The precipitates with DI water were stored in a
50ml sampling tube and ready for PSD analysis. Due to dry samples
were required for XRD and SEM analysis, duplicate tests were con-
ducted and the precipitates were collected by the filtration with a
Supor® 0.45 µm membrane disc filter (Pall Corporation) and washed by

DI water several times before drying in an oven at 70 °C for 24 h.

2.4. Analytical methods

The particle size analysis was conducted using laser diffraction
sizing technology with a Malvern Mastersizer 2000. The particle mor-
phology study was undertaken using a scanning electron microscopy, a
Zeiss Neon 40Esb Cross-Beam FESEM model. The phase and crystal
structure of the precipitates were analysed by a D8-Advance Bruker X-
ray spectrometer with DIFFRAC.SUIT for qualitative analysis and
TOPAS for quantitative analysis with the assistance of the staff in
Microscopy and Microanalysis Facility, Curtin University.

3. Results and discussions

3.1. Effects of chemical conditions

3.1.1. Effects of cation addition
It was noted by observation from the previous study focusing on

solution chemistry that if the pH of the synthetic solutions was first
buffered to 10 by NaOH and then adjusted to 10.5 by Ca(OH)2, much
larger particles were generated and the precipitates can be easily fil-
tered (Deng et al., 2019).

Based on the previous experience, the presence of Ca2+ seems to be
the main contributor for the formation of large precipitates. Two kind
of divalent cations Ca2+ and Mg2+ and one kind of trivalent cation
Al3+ were selected to investigate their effects on the PSDs and settling
performance. The Ca2+, Mg2+ and Al3+ used in this study were added
as CaCl2, MgCl2 and AlCl3 solutions respectively. To compare the ca-
tions effects, similar molar concentration of these cations (0.5 mM)
were added to the synthetic solutions. A plot using a base 10 loga-
rithmic scale (i.e. particle size in log) showed the volume-based PSDs
(Fig. 3A) and a base 2 semi-log (i.e. time in log) plot demonstrated the
settling performances of the yielded precipitates (Fig. 3B). It was ob-
served that the addition of Al3+ has no effects on the formation of large
particles and highly dispersed particles were still generated. For those
fine and colloidal precipitates, their PSDs were not shown as a complete
solid-liquid separation was not achieved. The size of the precipitates
increases due to the effect of aging, thus an accurate PSD analysis
cannot be obtained. As shown in Fig. 3A, the addition of Ca2+ has
better results, where its yielded mean particle size (44.3 µm) is about 2

Fig. 2. Process of precipitation and the possible impact factors on each step.
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times larger than that with Mg2+ addition (21.7 µm). The settling be-
haviour of the precipitated particles are shown in Fig. 3B. It is clear that
the addition of Ca2+ and Mg2+ significantly enhanced the settling
performance, and the addition of Ca2+ shows a faster settling rate. The
differences obtained from the results for the tested cations can be ex-
plained by the available free cations in the aqueous alkaline environ-
ment. The total concentrations of cations were presented however these
concentrations are not represent the free cations available in the
system. All these cations will form metal hydroxide precipitates at pH
10.5 (the tested pH condition), but their solubilities are different, where
the solubility (Ksp) of Ca(OH)2= 5.5 ×10−6, Mg(OH)2= 5.6×10−12

and Al(OH)3= 1.3×10−33 (Dean, 1990). According to their solubilities,
Ca(OH)2 appears to dissociate the most free cations (Ca2+), while Al
(OH)3 dissociates the least free cations (Al3+), resulting in very limited
effects of adding Al3+ into the alkaline glycine-cyanide solutions. It was
found that of the effect of cation ions on the copper precipitation from e
glycine-cyanide system is followed the order: Ca2+>Mg2+>Al3+.

During the precipitation reaction, it was observed that visible par-
ticles were generated at around 1min after adding Ca2+ and about one
and a half minutes after adding Mg2+. The agglomeration of particles
then became obvious during the setting processes. Park et al. (2008)
revealed that divalent cations such as Ca2+ and Mg2+ have the ability
to bind to the crystal surface and enhance the mechanical properties via
chemical cross-linking. Chung et al. (2015) used Ca2+ as a cross-linking
agent for bridging the fine copper sulfide precipitation, enhancing the

crystal growth and agglomeration of precipitation. Therefore, the hy-
pothesis is that the lower solubility of the metal hydroxide precipitation
leads to lower concentration of free cations in the solutions, thus af-
fecting the cross-linking effects of the divalent cations on the surface of
crystals. Based on the PSD results and settling performance, calcium ion
was selected for further investigation as Ca(OH)2 is also commonly used
as a pH modifier.

3.1.2. Effects of Ca2+ dosage
The effects of Ca2+ dosage on the PSDs and the settling perfor-

mances were investigated. From Fig. 4A, with the increasing dosage of
Ca2+, the mean particle size increased from 37.1 µm at 0.25mM to
62.1 µm at 1.25mM. The results support the hypothesis drawn from the
above section that higher concentration of free cations has positive
effects on enlarging the final particle size by cross-linking effects as
higher dosage of Ca2+ means higher concentration of free Ca2+

available in the solutions. It can also be observed that higher Ca2+

concentration appears to result in a wider PSD. This can be explained by
the formation of highly incompact and loose agglomerates, where a
sponge-like morphology in Fig. 5. As shown in Fig. 4B, despite the
differences in the mean particle size, similar settling characteristics
were observed at different dosage of Ca2+.

3.1.3. Effects of supersaturation
The supersaturation level or supersaturation ratio (S) is calculated

Fig. 3. Effects of different divalent cations on (A) PSDs and (B) settling per-
formance. Experimental conditions: [CuT]=300mg/L, [CuT]:[CN−]:
[Gly]= 1:1:3, pH=10.5, room temperature, [HS−]= 5M, [HS−]:
[Cu]=1.3:1, reaction time= 5min, stirring speed= 200 rpm.

Fig. 4. Effects of different Ca2+ dosage on (A) PSD and (B) settling perfor-
mance. Experimental conditions: [CuT]= 300mg/L, [CuT]:[CN−]:
[Gly]= 1:1:3, pH=10.5, room temperature, [HS−]= 5M, [HS−]:
[CuT]= 1.3:1, reaction time=5min, stirring speed=200 rpm.
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by Eq. (1) (Eksteen et al., 2008; Söhnel and Garside, 1992):

⎜ ⎟= ⎛
⎝

⎞
⎠

+ −
+
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M X

K
[ ][ ]Z Z
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Z Z1 2
1

1 2

(1)

where the solubility of the compound = ∙+ −
+ −M X M X, K [ ] [ ]Z Z eq
Z

eq
Z

sp , ,1 2
1 2 .

From Eq. (1), the supersaturation level is influenced by the metal
and sulfide concentrations. At high supersaturation, primary nucleation
rates are usually very high, resulting in a large number of nuclei which
further limits crystal growth (Söhnel & Garside, 1992). Many re-
searchers have reported that larger copper sulfide particles were ob-
tained at lower supersaturation level i.e. lower sulfide or metal con-
centration (Lewis & van Hille, 2006; Sampaio et al., 2009). The effects
of sulfide concentrations and total copper concentrations on the PSD
and settling performance were studied and the results were summarized
in Fig. 6. As it can be seen in Fig. 6A, the width of the PSD for all the
tests are quite similar. The mean particle size slightly increased from
44.3 µm at [HS−] of 5M to 52.8 µm at [HS−] of 0.05M. At higher Cu
concentration of 1000mg/L, the mean particle size decreased slightly
to 39.4 µm. It should be noted that without the presence of Ca2+, col-
loidal particles were generated at all the tested sulfide and Cu con-
centrations, implying the effects of supersaturation were not significant.

The settling characteristics (in Fig. 6B) were also compared; no
evident variation of settling performance was observed. The insignif-
icant effects of supersaturation on PSD and settling can be attributed to
the sparingly soluble nature of CuS (Ksp= 6.3 ×10−36) (Dean, 1990),
the calculated values of initial supersaturation (S) of the lowest levels
sulfide and Cu concentrations in this study is 8.7×1015 which is very
high as S > 1 ×103 is considered as high supersaturation level (Söhnel
& Garside, 1992). To achieve a significant lower level of the super-
saturation, a huge dilution factor of the NaHS solution would be re-
quired, which is unrealistic from a processing perspective. These results
are consistent with previous studies which were indicated the size of
copper sulfide precipitates barely changed with the concentration of
copper (Al‐Tarazi et al., 2005; Farahani et al., 2014).

3.1.4. Effects of ionic strength
The ionic strength of the solutions can vary during the process cir-

cuit due to the water quality and the addition of chemicals such as
NaOH, NaHS, and NaCN. It is important to consider the effect of ionic
strength on the size of the precipitates and its effect was barely studied
in the literatures. According to DLVO theory (named after Derjaguin,
Landau, Verwey and Overbeek), when the ionic strength of the solution
increases to a certain level that van der Waals attraction is greater than
the electrostatic repulsion, the stability of colloidal particles suspension

decreases, leading to particle coagulation (Lekkerkerker, 2011). Also,
based on the salt effect or ionic effect (Moreno & Peinado, 2012), the
increase of ionic strength through introducing ions other than those
involved in the precipitation equilibrium increases the solubility of the
precipitates (i.e. Ksp), thus lowing the supersaturation which has po-
tential effect on the particle size enlargement. In this study, the ionic
strength of the solutions was adjusted by adding solid NaCl. The effects
of different levels of ionic strength on the PSD and settling rate were
studied in the absence of Ca2+. Provided in Fig. 7A, the mean particle
size increases significantly with the increasing ionic strength from
18.4 µm at 0.1 M to 56.9 µm at 1M. The PSD become wider as the ionic
strength increases, which is probably due to the agglomerated particles
are bonded by van der Waal attraction which can be easily broken
down.

The PSD result for the test at an ionic strength of 0.01M is not
shown as non-settleable fines were formed, which is mainly because the
ionic strength was not high enough to allow the attraction force to be
greater than the repulsion force. Settleable particles were generated at
the ionic strength of 0.1M, the settling performance of the tests is
shown in Fig. 7B. It can be seen that the precipitates produced at 0.1M
ionic medium have relatively poorer settling rate, but its settling rate is
acceptable where the settlement completed at around 5min. At ionic
strengths of 0.2 M and 1M, their settling characteristics are quite si-
milar, and their settlement completed at about 3min.

Fig. 5. SEM images of the precipitates produced at Ca2+ dosage of 0.5 mM.

Fig. 6. Effects of different sulfide concentration on (A) PSD and (B) settling
rates. Experimental conditions: [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, room
temperature, Ca2+ dosage=0.5mM, [HS]:[CuT]= 1.3:1, reaction
time= 5min, stirring speed= 200 rpm.
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3.2. Effects of operational conditions

3.2.1. Effects of stirring speed
The PSD of the precipitates can be significantly influenced by the

stirring intensity which has been investigated intensively in the litera-
ture (Eksteen et al., 2008; Farahani et al., 2014; Houcine et al., 1997;
Marcant & David, 1991; Torbacke & Rasmuson, 2001). Söhnel and
Garside (1992) who investigated the basic principles of precipitation,
stated that a fast stirring rate can lead to smaller particle size and
narrower PSD. Three levels of stirring rates were investigated in this
study, and the results are shown in Fig. 8. It can be seen from Fig. 8A
that the volume-based mean particle size increased slightly from
44.3 µm to 52.0 µm with an increase the stirring speed from 200 rpm to
350 rpm, further increasing the stirring speed at 700 rpm decreased the
mean particle size to 32.2 µm. Similar results were obtained by
(Marcant & David, 1991; Torbacke & Rasmuson, 2001). The possible
explanation for this phenomenon is that increasing the stirring speed at
a certain level minimises the spatial variation and local supersaturation,
and increasing the mean particle size. Nevertheless, at a higher level of
stirring intensities, the bonds between the agglomerated particles can
be broken down, resulting in a decrease in particle size, indicating a
medium stirring speed is preferable. Fig. 8B showed that a relatively
poor settling characteristics were obtained at 700 rpm with the settle-
ment finishing in 5min. Good settling performance was observed at

both 200 and 350 rpm with the settlement completed in about 3min.
The stirring speed of 350 rpm was selected for the rest of the tests as it
produced the largest mean particle size. However, from the industrial
point of view, a slower stirring speed of 200 rpm can be preferable
considering the energy consumption.

3.2.2. Effects of sulfide addition rate
Semi-batch precipitation tests were performed by adding a diluted

NaHS solution (0.25M) with a pre-calibrated pump at slow (2ml/min)
and fast addition rate (20ml/min). The purpose of this test is to identify
the effects of slow and fast development of supersaturation on the PSD.
The results of PSD are shown in Fig. 9. The PSDs are shown in Fig. 9A,
the smallest mean particle size (19.3 µm) were obtained from slow
sulfide addition, while the largest mean particle size (47.2 µm) obtained
from the batch precipitation test where NaHS solution was added all at
the beginning of the precipitation tests. Also, it can be seen from the
settling rate shown in Fig. 9B, similar settling performance was ob-
served for the fast sulfide addition test and the batch precipitation test.
A slower settling characteristic was observed at the sulfide addition rate
of 2ml/min, but its setting rate is still acceptable with the settlement
completed in 5min. It appears that fast addition of sulfide i.e. fast de-
velopment of supersaturation contributes to a larger particle size and
better settling characteristics.

Fig. 7. Effects of different level of ionic strength on (A) PSD and (B) settling
performance. Experimental conditions: [CuT]= 300mg/L, [CuT]:[CN−]:
[Gly]= 1:1:3, [HS−]= 5M, pH=10.5, room temperature, [HS]:
[CuT]=1.3:1, Sulfide concentrations= 5M, reaction time= 5min, stirring
speed=200 rpm.

Fig. 8. Effects of stirring speed on the PSD. Experimental conditions:
[CuT]= 300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, room temperature,
[HS−]= 5M, [HS−]:[CuT]=1.3:1, Ca2+ dosage= 0.5mM, reaction
time= 5min.
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3.2.3. Effects of aging time
If the precipitates were allowed to contact with the mother liquid

and stand for a certain time without stirring, the size and the mor-
phology of the precipitates may change, in a process that is referred to
as aging. It was found that meta-stable polymorph would transform into
a more stable form or an amorphous phase can transform into a crys-
talline phase during aging (Söhnel & Garside, 1992). The effects of
aging time on the PSD and particle morphology were studied. As pre-
sented in Fig. 10, prolonging the aging time up to 2 h increased the
mean particle size from 44.3 µm to 56.1 µm. While the mean particle
size at aging time of 24 h is 55.0 µm which is basically the same size at
2 h aging, implying the no further particle agglomeration after 2 h of
aging. Although there are slightly differences in PSDs, the settling
performance was quite similar with all the cases being settled in 3min
(similar to Fig. 4B).

SEM images for the aged precipitates are illustrated in Fig. 11. A
significant morphology evolvement was observed. A high magnification
micrograph (Fig. 11A) illustrates that most of the individual particles
(30 nm to 50 nm) show granular morphology with a small amount of
hexagonal-shaped particles when the precipitates did not undergo
aging. The two-hour aged individual particles shown in Fig. 11B con-
sists of mostly hexagonal crystals and a small amount of granular
shaped particles (70–150 nm). In Fig. 11C, the twenty-four-hour aged
individual particles show well-developed hexagonal morphology and
large individual particle size ranging from 160 nm to 220 nm.

From the above observation, the initial crystals structure seems to
be polymorph with small individual crystals. With aging, the size of
individual crystals continued to grow, meanwhile, the polymorphous
phase slowly transforms into a more mature and crystalline phase. It
should be noted that the change in the precipitate morphology has no
effect on the final PSDs, mainly because the PSD analysis is a macro-
scopic technique which is measuring the size of the particle agglom-
erates.

3.2.4. Effects of temperature
The particle size and morphology of the copper sulfide precipitates

can be influenced by the temperature due to crystal growth which is
favoured at lower temperature while nucleation becomes predominant
at higher temperature (Roy & Srivastava, 2007). They observed rod-
shaped CuS precipitates at 105 °C, while hexagonal-shaped nano-
particles were observed at 140 °C. The effects of reaction temperature
on the PSD and precipitates morphology were studied. As shown in
Fig. 12, the PSDs remained unchanged at higher temperature with the
mean particle size slightly decreased from 52.0 µm to 47.2 µm. The
slight reduction in the particle size may be attributed to the higher rate
of nucleation that gives rise to the increasing number of primary nuclei,
which limits the crystal growth.

The SEM images of the morphology of the precipitates after heating
are presented in Fig. 13. At 55 °C, hexagonal-shaped individual particles
can be observed which are quite similar to the precipitates after aging
for 2 h (Fig. 11B). The observation implies that heating can also facil-
itate the crystal transformation process from polymorphous phase to
crystalline phase.

3.2.5. Effects of seeding
The main purpose of adding seed material is to provide surface for

the secondary growth of the precipitated particles (Agrawal et al.,
2018). Additionally, the use of seed crystals can help control of nu-
cleation step by preventing spontaneous nucleation that limits the
number of primary nuclei (Donnet et al., 2005; Linga, 2017). In a ty-
pical SART (sulfidisation, acidification, recycle and thickening) process,
a portion of the thickener underflow served as seeds are recycled into
the precipitation tank for increasing the particle size of the Cu2S pre-
cipitates (Estay, 2018). However, it should be noted that the effect of
seeding on the PSDs and morphology of the copper sulfide precipitates
was barely studied.

Predetermined concentrations (1 g/L and 5 g/L) of pure covellite
(Sigma-Aldrich, 99.99%) were used as seed sources. The results of the

Fig. 9. Effects of sulfide addition rate on the PSD. Experimental conditions:
[CuT]=300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, room temperature,
[HS−]= 0.25M, [HS]:[CuT]= 1.3:1, Ca2+ dosage= 0.5mM, reaction
time= 5min, stirring speed= 350 rpm.

Fig. 10. Effects of aging time on the PSD. Experimental conditions:
[CuT]= 300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, [HS−]= 5M, pH=10.5,
room temperature, Ca2+ dosage= 0.5mM, [HS]:[CuT]=1.3:1, reaction
time= 5min, stirring speed= 350 rpm.
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PSDs of the seed material and the PSDs after seeding are presented in
Fig. 14. Adding seed and increasing the dosage of seed materials have
no effect on the PSDs with a mean particle size of about 39 µm, which
implies the PSD of the original seed particles may overshadow any
observable growth.

Fig. 15 illustrates SEM images of pure covellite and the seeded
precipitations. A stratiform morphology can be seen in Fig. 15A. As for
the seeded precipitation (1 g/L seed loading), the surface of the ag-
glomerates shows a flower-like morphology (Fig. 15B), which is very
distinctive compared to the morphology obtained at the same condi-
tions but without adding seed (Fig. 11A). It may because the pre-
cipitated particles grew on the surface of the seed materials. It can be
concluded that adding seed materials has little effect on the enlarge-
ment of the precipitations, but it can significantly change the mor-
phology of the precipitates.

3.3. XRD analysis

The XRD analysis of the precipitates obtained from different con-
ditions was conducted to understand the change of crystal structure and
phase purity with different morphologies. The XRD analysis of the pure
covellite was also undertaken for comparison. The experimental con-
ditions of the tests are summarised in Table 1.

All the XRD patterns ranged from 20° to 100° are presented in
Fig. 16. It can be noted that the precipitates generated at the conditions
of 0.5 mM Ca2+ (test a) and 1M ionic strength (test b) have very similar

Fig. 11. SEM images of the precipitates produced from different aging time (A) no aging, (B) 2 h aging and (C) 24 h aging. Other experimental conditions:
[CuT]=300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, room temperature, [HS−]= 5M, [HS]:[CuT]= 1.3:1, Ca2+ dosage= 0.5mM, reaction time=5min,
stirring speed= 350 rpm.

Fig. 12. Effects of reaction temperature on the PSD. Experimental conditions:
[CuT]=300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, [HS−]= 5M, pH=10.5,
room temperature, Ca2+ dosage= 0.5mM, [HS]:[CuT]=1.3:1, reaction
time= 5min, no aging, stirring speed=350 rpm.

Fig. 13. SEM images of the precipitates produced at 55 °C. Other experimental
conditions: [CuT]= 300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, Ca2+

dosage=0.5mM, [HS−]= 5M, [HS]:[CuT]= 1.3:1, reaction time=5min,
stirring speed= 350 rpm.

Fig. 14. Effects of using CuS as seed material on the PSD. Experimental con-
ditions: [CuT]= 300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, room tem-
perature, Ca2+ concentrations= 0.5mM, [HS]:[CuT]=1.3:1, reaction
time= 5min, stirring speed= 350 rpm.
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diffraction patterns, where the detected peaks are relatively broad and
not intensive, implying small size of crystals and polymorphous crystal
structure (Bruce et al., 2013). Qualitative XRD analysis shows their
diffraction patterns match with the PDF card no. 00-003-1090, indexed
by DIFFRAC.SUIT as copper sulfide. To further estimate the percentage
of the mixed phases of copper sulfide, quantitative XRD analysis was
conducted using Rietveld refinement technique with TOPAS software,
the results are shown in Table 2. The results indicate that mixed phases
of CuS (covellite) and Cu1.81S (digenite) were found, consisting of
around 55% to 60% of covellite and 40% to 45% of digenite. The
morphology of the produced precipitates without aging, heating and
seeding (Fig. 11A) also confirms polymorphous structure with granular
and hexagonal-shaped crystals.

The other diffraction patterns produced from 24 h aging, 55 °C and
1 g/L seed loading (test c, d, e) are found to match with the diffraction
patterns of the pure covellite and the PDF card no. 00-006-0464, in-
dexed as hexagonal phase as covellite (space group P63/mmc) with
lattice parameters a= 3.792 Å and c= 16.344 Å. The quantitative XRD
analysis indicates a highly crystalline hexagonal structure that the
copper sulfide precipitates produced from those tests are presents as
100% of covellite. Also, the SEM images (Fig. 11C and Fig. 13B) showed
a hexagonal crystal structure which are in line with the XRD results that
indicate hexagonal crystal structures were formed during the aging and
heating tests. It is observed that the morphologies of the seed material
and the precipitates from 1 g/L seed loading are not hexagonal phases
(Fig. 15), but the XRD analysis indicates they are highly crystalline
hexagonal phase. The variations in the peak intensities may be attrib-
uted to the procedure of sample preparation where preferred orienta-
tion can happen (Bruce et al., 2013).

Based on the XRD results and the SEM images, it seems that a sig-
nificant morphology evolvement and a crystal phase transformation
from polymorph to crystalline copper sulfide precipitates can occur
during aging, heating or seeding.

4. Conclusion

The research study investigated the effects of different chemical and
operational conditions on the copper sulfide precipitate characteristics

from an alkaline glycine-cyanide solutions. An acceptable level of set-
tling performance was achieved for most of the conducted tests with a
mean particle size of the copper sulfide precipitate ranging from about

Fig. 15. SEM images of the seed material (A) and the precipitates produced with 1 g/L seed (B). Other experimental conditions: [CuT]= 300mg/L, [CuT]:[CN−]:
[Gly]= 1:1:3, pH=10.5, Ca2+ dosage= 0.5mM, [HS−]= 5M, [HS]:[CuT]= 1.3:1, reaction time=5min, stirring speed=350 rpm.

Table 1
Experimental conditions for tests a, b, c, d, e. Other experimental conditions: [CuT]=300mg/L, [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, [HS−]= 5M, [HS]:
[CuT]=1.3:1, reaction time= 5min, stirring speed= 350 rpm.

Test No. Ca2+ dosage Ionic strength Aging time temperature Seeding

a 0.5mM no control no aging room temperature no seeding
b 0 1M no aging room temperature no seeding
c 0.5mM no control 24 h room temperature no seeding
d 0.5mM no control no aging 55℃ no seeding
e 0.5mM no control no aging room temperature 1 g/L seed loading

Fig. 16. XRD spectra of CuS from (a) 0.5 mM Ca2+, (b) 1M ionic strength, (c)
24 h aging, (d) 55 °C, (e) 1 g/L Seed dosage, (f) pure covellite.

Table 2
Quantitative XRD analysis data of the copper sulfide precipitates from (a)
0.5 mM Ca2+, (b) 1M ionic strength, (c) 24 h aging, (d) 55 °C, (e) 1 g/L Seed
dosage.

Test No. Phases Name % of phases Crystal structure Space group

a CuS Covellite 55.3 Hexagonal P63/mmc
Cu1.81S Digenite 44.7 Cubic Fm-3m(225)

b CuS Covellite 60.19 Hexagonal P63/mmc
Cu1.81S Digenite 39.81 Cubic Fm-3m(225)

c CuS Covellite 100 Hexagonal P63/mmc
d CuS Covellite 100 Hexagonal P63/mmc
e CuS Covellite 100 Hexagonal P63/mmc
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18–62 µm. Divalent cations, particularly Ca2+, significantly affect the
formation of large and settleable precipitates probably due to the cross-
linking effect. The increasing dosage of Ca2+ slightly increased in the
mean particle size but has insignificant effect on settling performances.
It will be advantageous for a process plant where lime is usually used as
pH modifier, implying no extra Ca2+ addition is required. A high initial
supersaturation level has little effect on the size of the precipitates,
which is beneficial for a process plant when treating high copper con-
centration solutions. Large and settleable precipitates can be produced
by increasing the solution ionic strength

A medium stirring speed (200–350 rpm) with a fast sulfide addition
rate were preferable in generating larger particles. While aging, heating
or seeding has insignificant impacts on the PSD, however, either of
these factors can result in a morphology and crystal phase change. A
transformation from polymorph to crystalline crystal structure was
observed according to the SEM and XRD results. To produce a more
mature and crystalline copper sulfide precipitates, adding seed may be
a better option than aging and heating, considering the simplicity of the
process and energy consumption.
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A B S T R A C T

A method is presented to remove and recover copper from copper-gold glycinate solutions using an iminodia-
cetic functionalized resin with subsequent regeneration. The adsorption/desorption approach was evaluated for
a glycine leaching process which was shown to be effective for the dissolution of gold and copper from different
gold-copper ores and concentrates. In this process, glycine is the lixiviant in the presence of very low cyanide
concentration as a synergistic reagent. The copper species in glycine-cyanide process are mainly present as
cupric glycinate and a low concentration of cuprous dicyanide and no free cyanide. While cupric glycinate does
not load well onto activated carbon, cuprous dicyanide is problematic due to its high carbon affinity and co-
loading with gold onto activated carbon, thereby requiring the removal of most of the copper prior to the gold
recovery. In this study, the use of ion-exchange resins as one of the possible downstream recovery processes for
gold and copper from glycine-cyanide solutions was tested. The isotherms and kinetics of gold and copper
(cupric copper (Cu2+)) adsorb onto the chelating resin (Puromet MTS9300) from their alkaline glycinate and
cyanide complexes were studied. Results show that the [CNT

−]: [CuT] molar ratio has significant effects on the
adsorption of CuT, due to the change in Cu2+/Cu+ ratio in the solutions, where [CN−

T ] is the total cyanide in the
system (free cyanide being zero). The results show that the chelating resin is selectively adsorbed cupric (Cu2+)
over cuprous (Cu+) ions. The adsorption results were fitted to both the Freundlich and Langmuir isotherm
models, while the Langmuir model shows a better correlation. The adsorption kinetic data of Cu2+ is well fitted
to the pseudo-second-order model. Alkaline glycine solutions in the presence of NaCl was selected as the main
eluent for the resin elution study. The multi-cycle adsorption/desorption tests showed that the resin adsorption
and regeneration efficiencies are not significantly changed after five cycles of adsorption/desorption.
Microscopic visual analysis by using scanning electron microscopy (SEM) showed that there is no significant
change in shape and size of the resins, although more cracks were observed after the 5 cycles of adsorption/
desorption.

1. Introduction

An innovative leaching method using either glycine on its own
[8,9,25,28,36,38–39], or a synergetic mixture lixiviant of glycine and
cyanide at starvation levels to extract gold and copper has been pre-
sented in a number of research papers [10,26,27]. A two-stage process
for the recovery of copper and gold and other metals from waste printed
circuit boards have been introduced by Oraby et al. [29] which utilises
a two-stage process using initially glycine only followed by a glycine
leach with starved cyanide. According to Oraby et al. [27], this sy-
nergetic mixture of glycine and small amount of cyanide can be bene-
ficial by (1) reducing the consumption of cyanide by at least 75%, al-
though cyanide reductions> 90% is most frequently observed; (2)

forming cupric glycinate which provides extra oxidant (Cu2+) to the
leaching system; (3) accelerating the gold dissolution rate by almost
three time faster than that in the traditional cyanidation process; (4)
yielding zero free cyanide with most of the copper species as cupric
glycinate in the final leachates; (5) maintaining weak acid dissoluble
(WAD) cyanide at low levels. It should be noted that cyanide which is
present as cuprous cyanide runs at starvation levels, which means the
cyanide is insufficient for the dissolution of any further cyanide soluble
copper minerals [42–43]and that no free cyanide is present as either
HCN or the cyanide anion.

To recover copper and gold (together or individually) from the
glycine only or cyanide-starved glycine solutions, fundamental studies
focused on carbon adsorption[25,40–43] and sulfide precipitation [6]
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have been carried out, as well as copper removal by solvent extraction
[37]. It was shown that activated carbon can adsorb gold effectively
with around 99% of gold recovery in 6 h. However, copper co-adsorp-
tion on carbon cannot be avoided with significant copper being co-
adsorbed, unless removed beforehand by precipitation, cementation,
solvent extraction or ion exchange. The competing nature between the
glycine and cyanide to form complexes with the copper and gold creates
a dynamic complex system that competes with complex-forming nature
of active groups in ion exchange resins and solvent extractants. Recent
work conducted by the authors [6] proposed using sulfide precipitation
to remove copper prior to the carbon adsorption process and the results
indicate that Cu2+ complexed with glycine can be precipitated effec-
tively by NaHS precipitation without any gold being precipitated. While
the remaining Cu+ complexed with cyanide in solutions can be oxi-
dized to Cu2+ by hydrogen peroxide so that all copper can be pre-
cipitated. The oxidation of cuprous cyanide to cupric glycinate can be
optional. That is because copper cyanide species can be recovered
during the carbon adsorption process and recycled during leaching,
diminishing the loss of cyanide in the circuit.

Using ion-exchange resins to remove copper from the cyanide-
starved glycine solutions in the presence of gold before the carbon
adsorption step may be another feasible option. Ion-exchange resins are
commonly for resin-in-pulp (RIP), resin-in-leach (RIL) and resin-in-
column (RIC) systems in hydrometallurgical and environmental appli-
cations [14,21,32–33]. Due to the insoluble, spherical and large parti-
culate nature of ion exchange resin beads, it is easy to separate them
from solution, pulps and slurries (where the ore/concentrate particle
sizes are typically an order of magnitude smaller than the resin size
simplifying separation through inter-stage screening) and recycle them
for use for significantly longer durations than activated carbon.

The adsorption mechanism of conventional cationic or anionic ex-
change is via electrostatic interaction. These resins are characterized as
low selectivity towards most ions which usually used in purification. To
selectively remove heavy metal ions, chelating resins are often re-
quired. Chelating resins are developed and designed for selective ad-
sorption of transitional metal ions from solutions [22]. The adsorption
of chelating resins is achieved based on the complexation of metal ions
through covalent bonding between the ligands of the resin and metals
in solutions [3]. The effectiveness of adsorption of metal ions from
solutions to adsorbents usually depends on the functional group on the
surface of the adsorbents [31]. The most frequently used functional
group in these resins include nitrogen form (e.g. N presents in amines,
iminos, azo groups, amides, nitriles), sulphur forms (e.g. S presents in
thiocarbamates, thioethers, and thiols), and oxygen forms (e.g. O pre-
sents in hydroxyl, phenolic, carboxylic) [11].

The adsorption behaviour using chelating resins to recover copper/
gold in the recently developed glycine-cyanide leaching system has not
been reported to date. Therefore, a fundamental study on gold and

copper adsorption onto resin is necessary as an alternative metals re-
covery option from glycine-cyanide leaching system. In this study, the
adsorption behaviour of three commercially available chelating ion-
exchange resins (Puromet MTS9300, MTS9600, MTS9850) was studied
and evaluated. These resins were selected on the basis of their prop-
erties (the grafted functional groups) and availability. The Puromet
MTS9300 resin contains iminodiacetic acid (IDA) functional groups in a
polystyrene-divinylbenzene (DVB) matrix. It was selected as previous
studies revealed that a similar chelating resin (Chelax 100) developed
by a different supplier with the same functional IDA groups has high
selectivity on the adsorption of divalent transition metal ions, particu-
larly copper and nickel [15,16]. IDA provides a tridentate ligand to
form stronger metal complexes than the bidentate ligand glycine, im-
plying the dominant Cu species (cupric glycinate) in the cyanide-
starved glycine solutions can be effectively adsorbed by the selected
chelating resins. The Puromet MTS9600 resin with the bis-picolylamine
functional group has three nitrogen donor atoms and two of them are in
the aromatic pyridyl groups (tertiary amine). Some research studies
indicated that the bis-picolylamine functionalised resin (DowexTM
M4195) showed a very high Cu affinity (99% recovery) compared to
other metals such as Al, Fe, Pb, Sn, Ni, Zn, Au and Ag in an acidic
environment [23,30,47]. The Puromet MTS9850 chelating resin with
polyamine functional groups is expected to selectively remove Cu2+

[12].
It should be noted that very few of studies have investigated the

copper adsorption onto ion-exchange resins at alkaline condition as the
Cu(OH)2 precipitation can be the dominant species in the precursor
aqueous system, while the Cu2+ coordinated with glycine in the gly-
cine-cyanide solutions is stable over a wide pH-Eh range [8,9]. In this
study, the main objective is to evaluate and compare the potential of
different types of chelating resins to selectively remove copper from
alkaline cyanide-starved glycine solutions in the presence of gold.
Copper and gold adsorption on different chelating resins were studied
and the adsorption isotherms and kinetics of the most appropriate resin
were investigated. The adsorption mechanism i.e. the rate-controlling
step was also discussed. The surface morphology of the raw and treated
resins was also visualised using the scanning electron microscope (SEM)
technique. Multiple locked cycle tests on actual leachates (to evaluate
the robustness of capacity and kinetics response in the presence of
foulants after multiple adsorption elution cycles) is outside of the scope
of the current paper but is being covered in further research by the
authors.

2. Experimental design

2.1. Adsorbents

The Puromet MTS9300, MTS9600 and MTS9850 chelating resins

Table 1
Physical and chemical characteristics of different types of chelating resins.

Properties Type of resin

Puromet MTS9300 Puromet MTS9600 Puromet MTS9850

Structure Macroporous Macroporous Macroporous
Matrix Polystyrene-DVB Polystyrene-DVB Polyacrylic-DVB
Functional group

Iminodiacetic Bis-picolylamine
Polyamine

Ionic Form Na+ form FB*/SO4− form FB form
Moisture 52% −60% (Na+ form) 50% − 60% (SO4− form) 52% − 57% (Cl− form)
Particle size range 425–1000 µm 425–1000 µm 300–1200 µm

*FB: Free-base, the deprotonated form of an amine.
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used in this study were purchased from Purolite®. As per the guidelines
of the manufacturer, their physical and chemical properties were in-
dicated in Table 1. Prior to the adsorption, a certain mass of resins was
pre-conditioned, if required, by 0.1M HCl solution and washed by
deionised water and then mixed with 1M NaOH solution for 24 h. The
pre-conditioned resins were then rinsed by deionised water before its
use during the adsorption tests.

2.2. Cyanide-starved glycine solutions

All tests in this study were conducted using synthetic cyanide-
starved glycine solutions, where analytical grade reagents and deio-
nized water were being used throughout the tests. A stock cyanide-
starved glycine solution containing gold and copper was first prepared.
Gold powders (99.998%, spherical, −200 mesh, Alfa Aesar – Thermo
Fisher Scientific) were dissolved in deionized water contained glycine
(> 99%, Sigma-Aldrich) and CuCN (95%, Ajax, Finechem). The initial
pH of all the tests was 10.5, which is at the optimal pH range for the
glycine-cyanide leaching system [26]. The solutions were adjusted
using sodium hydroxide (NaOH) with a pH meter (Model AQUA-PH
Meter). The solution was agitated with a magnetic stirrer and Teflon
magnetic stirrer bars at 350 rpm. The solution was filtered by a Supor®
0.45 µm membrane disc filter (Pall Corporation) prior to the tests. Ty-
pically, in the synthetic alkaline glycine-cyanide solutions, copper
species mainly present as cupric glycinate (Cu(NH2CH2COO)2), and
cuprous diacyano-complex (Cu(CN)2−), triacyano- and tetracyano-
complexes (Cu(CN)32− and Cu(CN)43−)) may exist depending on the
[CuT]:[CN−

T ]:[GlyT] molar ratios. The overall complexation reactions
for copper and gold species in a synthetic glycine-cyanide solution are
presented in Eqs. (1) to (3):

8CuCN+8NH2CH2COOH+O2+4OH−→4Cu(NH2CH2COO)2+4Cu
(CN)2-+ 6H2O (1)

4Au+8CN−+O2+2H2O→4Au(CN)2−+4OH− (2)

4Au+8NH2CH2COOH+O2+4OH−→4Au
(NH2CH2COO)2−+6H2O (3)

Unless specified, the standard solutions containing 300mg/L CuT
and 2mg/L Au at [CuT]:[CNT]:[GlyT] molar ratio of 1:1:3 were used for
most of the adsorption/desorption tests, where the subscript “T” refers
to the total copper, cyanide and glycine concentrations present and not
their “free” species in solution. From this point on we will use [CN−] to
represent total cyanide, [CN−

T ], and [Gly] to represent total glycine
concentration, [GlyT]. However, [CuT] will be retained to distinguish it
from the concentrations of Cu2+ and Cu+.

2.3. Adsorption behaviour of different types of resins

Batch adsorption tests were undertaken using a bottle-on-rolls
method at room temperature. Certain mass (4.125 g, wet weight) of
different types of resins were added in 250ml synthetic cyanide-starved
glycine solutions. The resins and solution mixture were rolled in 2.5 L
Winchester bottles for 24 h at 300 rpm and room temperature with 5ml
of kinetic samples taken up at 0.5, 1, 2, 4, 6, 24 h. Each solution sample
was filtered by a Supor® 0.45 µm membrane disc filter (Pall
Corporation) to remove any fine resins and prevent further adsorption.
Only one type of resin was chosen for further investigation based on its
selectivity of copper over gold. The metal recovery was calculated by
Eq. (4):

= ×Metal Recovery % C C
C

100%0 t

0 (4)

where Co is the initial metal concentration and Ct is the metal con-
centration at time t. The effects of different [CN−]: [CuT] and [Gly]:
[CuT] molar ratios were studied. The effects of resin to metal mass ratio

on the metal recoveries and metal adsorption capacities was also in-
vestigated in this study.

2.4. Adsorption isotherms and kinetics studies

The equilibrium adsorption isotherms were obtained by contacting
five different masses of resins with 250ml synthetic cyanide-starved
glycine solutions for 24 h. The amount of metal adsorbed onto the resin
(Qe, mg/g) at equilibrium was calculated by Eq (5):

=Q (C C )V
We

o e
(5)

where Ce is the metal concentration at equilibrium (mg/L), V is solution
volume (L) and W and the mass of dry resin (g). The experimental data
at different [CN−]:[CuT] molar ratios were fitted to Freundlich and
Langmuir isotherm models.

The kinetic samples were taken at different time intervals for ana-
lysing the metal ions concentration (mg/L), and the amount of metal
adsorbed on to the resin at time t (Qt) is calculated. The kinetic process
at different [CN−]:[CuT] molar ratios were described by the pseudo-
first-order, pseudo-second-order and intra-particle model using linear
regression.

2.5. Desorption and resin reuse

Batch desorption tests were carried out for the selected resin using
different concentrations of alkaline glycine solutions with salt and hy-
drochloride acid as eluants. A 5ml of eluted resins were previously
loaded by contacting a 250ml Cu-Au-glycine-cyanide solution con-
taining 1500mg/L of CuT at a [CuT]:[CN−]:[Gly] molar ratio of 1:1:3
for 24 h. The purpose of using a high concentration of CuT is to allow
the loaded resin to reach its equilibrium state. The fully loaded resins
were then transferred to a 250ml beaker and agitated with a 100ml of
eluent by a magnetic stirrer at 250 rpm at room temperature or mildly
elevated temperature (55 °C) for 2 h. The best eluent was selected for
reuse according to their desorption efficiency (D%) which was calcu-
lated by Eq. (6) [5].

=D% Mass of metal ions desorbed to HCl solution, mg
Mass of metal ions adsorbed onto the resin, mg (6)

After determining the optimum eluent, 5 cycles of adsorption/des-
orption tests were carried out for estimating the change of adsorption
capacity and regeneration efficiency (RE%), with the same Cu-Au-gly-
cine-cyanide solution used for adsorption. The regeneration efficiency
of the adsorbent was calculated as shown in Eq. (7) [35].

= ×RE% Q
Q

100r

o (7)

where Qo and Qr (mg/g) is the adsorption capacities before and after
regeneration.

2.6. Analytical methods

The total concentration of copper and gold before and after ad-
sorption and desorption were analysed by an atomic adsorption spec-
trometer (AAS, Agilent 55B AAS model). The concentration of Cu2+

was determined by a UV–Vis Spectrophotometer (Agilent Cary 60
UV–Vis). The concentration of Cu+ was calculated by the differences
between [CuT] and [Cu2+].

After adsorption and desorption, the resins were screened, washed
by deionised water and dried in an oven at 70 °C. The dried resin
samples were sprinkled on the carbon tapes and stuck on an aluminium
stub with Pt coated (3 nm). Then the surface morphologies of the dry
original, loaded, stripped and regenerated resins were visualised by
SEM with a ZEISS Neon 40EsB cross-beam Field Emission Scanning
Electron Microscope (FESEM) model.
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3. Results and discussions

3.1. Adsorption behaviour of different types of chelating resins

The adsorption performance of CuT, Cu2+ and Au from the cyanide-
starved glycine solutions onto different types of chelating resins was
investigated. The experimental conditions are shown in the caption of
Fig. 1. As it can be observed from Fig. 1a, the Puromet MTS9850 resins
show the highest total Cu recovery (94.0%) after 24 h, followed by
MTS9300 at 70.5% and MTS9600 at 65.8%. Fig. 1b demonstrates that
the Cu2+ recovery of MTS9300 and MTS9850 resins increase re-
markably in the first 2 h and then increase gradually to 99.1% and

93.4% respectively after 24 h. While the MTS9600 resins show rela-
tively poorer Cu2+ affinity with only 41.7% of Cu2+ being adsorbed
after 24 h. As for gold adsorption, it is apparent from Fig. 1c that high
Au adsorption (99.0%) was observed when using MTS9600 chelating
resins, while very low Au co-adsorption (0.81%) was obtained using
MTS9300 chelating resins. The Au adsorption peaked at 70.7% in 6 h
and declined slightly at 66.2% in 24 h when using MTS9850 resins. The
CuT, Cu2+, Cu+ and Au concentrations during the adsorption period (0,
1, 6, 24 h) using different types of resins are presented in Table 2. It can
be seen that the concentrations of Cu+ stay constant between 88 and
90mg/L when MTS9300 chelating resins were used as an adsorbent,
while both MTS9600 and MTS9850 resins show relatively high Cu+

affinity that low Cu+ concentration can be seen after 24 h adsorption.
The MTS9600 resin adsorbs almost all the gold in solutions with around
58% of total copper recovery which is similar to the adsorption beha-
viour of the traditional activated carbon in the same glycine-cyanide
system [42–43]. The MTS9850 resin shows high Cu recovery (94%)
with about 66% Au recovery which indicates a complete of Cu and Au
adsorption onto resins is possible if the resin dosage increases. How-
ever, both MTS9600 and MTS9850 resins showed the adsorption of
both Cu and Au, showing poor selectivity.

The different adsorption behaviour of resins can be attributed to the
difference in their functional groups and cation-anion characteristics.
The MTS9300 resins have iminodiacetic functional group which is
classified as weak acid cation resins. While both MTS9600 and
MTS9850 are weak base anion resins with amine functional groups.
Anion exchangers are normally used in the cyanidation for the ad-
sorption of anionic Au(CN)2− [14]. That is because the gold species are
presented as very stable Au(CN)2−, where the concentration of free
Au3+ ions will be zero or very low in the solutions, thus, the cation
exchangers, MTS9300 resins, with negatively charged functional
groups, can barely adsorb the Au(CN)2− and Cu(CN)2− from the gly-
cine-cyanide solutions due to the Donnan co-ions exclusion effect [34].
According to Oraby and Eksteen [24], cupric ions can be dissociated
from the neutral cupric glycinate from a simultaneous equilibrium re-
action (Eq. (8)), the iminodiacetic functionalised MTS9300 resins can,
therefore, adsorb the dissociated Cu2+, where its complexation reaction
was through a cation exchange accompanied by chelation [47]. The
proposed overall adsorption equation is shown in Eq. (9). That is
probably the reason why the MTS9300 resins can selectively adsorb
Cu2+ over Cu+ and Au. On the other hand, as anion exchangers, the
other two types of resins may adsorb the anionic species by electrostatic
bonds and complex the cations (Cu2+) by chelation with the nitrogen
donor atoms through coordinate bonds.

The MTS9300 resins show very high selectivity toward Cu2+ and a

Fig. 1. Recovery of (a) CuT, (b) Cu2+ and (c) Au onto different types of che-
lating resins. Experimental conditions: [CuT]=300mg/L, [CuT]:[CN−]:
[Gly]= 1:1:3, pH=10.5, resin dosage= 7.5 g/L, room temperature.

Table 2
Concentrations of CuT, Cu2+, Cu+ and Au during adsorption using different
types of resins.

Resin type Time CuT Cu2+ Cu+ Au

h mg/L mg/L mg/L mg/L

Puromet MTS9300 0 308 220 88 2.16
1 149 61 88 2.15
6 99 9 90 2.15
24 91 2 89 2.15

Puromet MTS9600 0 308 218 90 2.18
1 266 193 73 0.63
6 175 150 25 0.21
24 128 127 1 0.02

Puromet MTS9850 0 300 228 72 2.01
1 115 54 61 0.97
6 33 25 8 0.59
24 18 15 3 0.68
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significant low adsorption of Cu+ and Au, therefore, it was chosen as
the best resin for further investigation of its adsorption behaviour in
terms of adsorption isotherms and kinetics.

Cu(NH2CH2COO)2 ↔Cu2++ 2(NH2CH2COO−) (8)

3.2. Effects of [CN−]: [CuT] molar ratio

A previous study by the authors [6] focused on the sulfide pre-
cipitation from the same leach system showed that the change in
[CN−]: [CuT] molar ratio at a constant glycine concentration sig-
nificantly affect the [Cu2+]:[Cu+] molar ratio which has a significant
influence on the copper precipitation. It was observed that while Cu2+

ions precipitated quantitatively, the Cu+ complexed with cyanide re-
mained in the solution. A similar separation phenomenon was observed
when using the Puromet MTS9300 resin. As it can be seen in Fig. 2a, the
total copper recovery increases from 43.3% to 96.1% as the [CN−]:
[CuT] molar ratio decreases from 2 to 0.1. That is mainly because at
constant glycine concentration, lower [CN−]: [CuT] molar ratio results
in higher [Cu2+]/[Cu+] ratio where more copper glycinate and low

cuprous cyanide were presents. Fig. 2b shows the Cu2+ recovery
reached above 99% after 24 h at any [CN−]: [CuT] molar ratio. As it can
be observed from the data shown in Table 3, the Cu+ concentration
remains constant during the adsorption at any [CN−]: [CuT] molar
ratio, further confirming the remaining cuprous cyanide in solutions

was not adsorbed by the MTS9300 chelating resin. Both Fig. 2c and
Table 3 indicate that the adsorption of gold was insignificant and only
less than 1% of gold was adsorbed at any [CN−]: [CuT] molar ratio. The
pH of solutions during the adsorption was measured during the sam-
pling times, as shown in Fig. 2d. The pH change of the solution was not
very significant and the pH slightly decreases from around pH 10.5 to
10.2 during the whole 24 h adsorption. Based on the above observa-
tions, the tested MTS9300 chelating resin appears to selectively adsorb
Cu2+ , over Cu+ cyanide and Au.

3.3. Effects of [Gly]: [CuT] molar ratio

A study focused on the same system using activated carbon as the
adsorbent illustrated that increasing the free glycine concentration has
a significant negative impact on the rate of copper adsorption and
copper recovery [42]). The free glycine concentration can affect the
ratio between Cu+ and Cu2+ during leaching in a cyanide-starved

Fig. 2. The Effects of [CN−]: [CuT] molar ratio on (a) total Cu adsorption, (b) Cu2+ adsorption, (c) Au adsorption, (d) solution pH. Experimental conditions:
[CuT]=300mg/L, [CuT]:[Gly]= 1:3, pH=10.5, resin dosage= 7.5 g/L, room temperature.

(9)

Z. Deng, et al. Separation and Purification Technology 236 (2020) 116280

94



glycine system [27]. Different masses of glycine were added accord-
ingly in the synthetic system to investigate the effects of [Gly]:[CuT]
molar ratios at a fixed [CuT]:[CN−] molar ratio of 1:1 and the results
are presented in Fig. 3. It is observed in Fig. 3a that there is no obvious
effect on the adsorption regarding the recoveries and the rate of ad-
sorption for Cu2+ at any [Gly]:[CuT] molar ratios. Whereas, at the
lowest [Gly]:[CuT] molar ratio of 1.5:1, it is clear that the recovery of
total copper is slightly lower due to higher Cu+ in the system. When
insufficient glycine was added in the solutions, less copper was com-
plexed with glycine to form cupric glycinate i.e. Cu(NH2CH2COO)2,
resulting in relatively lower Cu2+ but higher Cu+ in the glycine-cya-
nide system. The increasing [Gly]:[CuT] molar ratios from 3:1 to 10:1

have insignificant effects on Cu2+/Cu+ ratio in the synthetic glycine-
cyanide system. This is not a surprising result as only 2mol of glycine is
required to complex one mole of cupric ions as shown in Eq (7). Al-
though the glycine additions were more than the stoichiometric re-
quirement, further conversion/oxidation of Cu+ to Cu2+ requires suf-
ficient oxidants such as peroxide or oxygen.

3.4. Resin dosage and Cu2+ concentration

Typically, the required resin dosage is determined by the metal
concentrations. The adsorption behaviours of two levels of CuT con-
centrations (300 and 1000mg/L) at [CuT]:[CN−]:[Gly] molar ratio of
1:1:3, where the initial [Cu2+] were 220mg/L and 760mg/L, respec-
tively, were investigated. Resin dosage at a range between 0.5 and
10.8 g of dry resin per litre was used for 220mg/L of Cu2+; the resin
dosage increased proportionally for the adsorption of 767mg/L Cu2+,
ranging from 1.65 to 35.64 g of dry resin per litre. From the previous
sections, it can be concluded that the MTS9300 resins only adsorb
Cu2+, from this point forward, the adsorption of CuT, and Au will not be
discussed. The Cu2+ recovery and the resin adsorption capacity (Qe) at
different Cu2+ concentrations as a function of resin:Cu2+ mass ratio are
shown in Fig. 4. From the graph, the initial adsorption of Cu2+ in-
creased rapidly with increasing the resin dosage as more active sites
were available for adsorption with higher resin concentrations. The
maximum Cu2+ recoveries (around 1mg/L Cu2+ in the barren solu-
tions) were obtained at 7.5 g/L and 24.75 g/L resins for 220mg/L and
760mg/L Cu2+, respectively (at a resin:Cu2+ mass ratio of 33). Also, it
can be seen from the graph that the Cu adsorption capacity of resin
remained similar, indicating that when Cu2+ concentration increases,
increasing the resin dosage proportionally can achieve a similar ad-
sorption performance.

3.5. Equilibrium adsorption isotherms

Freundlich and Langmuir models are commonly used to describe the
adsorption process at the equilibrium state [4,20,21,44,46,48]. Linear
regression method was used to determine the best-fit model. The model
parameters regressed for the models may be suitable for engineering
purposes that may be used to predict the amount of metal ions adsorbed
on the resins at equilibrium (Qe).

The Freundlich isotherm model and its linear form can be mathe-
matically expressed by Eqs. (10) and (11) [4,44]:

=Q K Ce f e
1/n (10)

= +logQ logK 1
n

logCe f e (11)

Fig. 3. Effects of [Gly]:[CuT] molar ratio on (a) total copper and (b) Cu2+ re-
covery. Experimental conditions: [CuT]= 300mg/L, [CuT]:[CN−]=1:1,
pH=10.5, room temperature.

Fig. 4. The Cu2+ recovery and the Cu adsorption capacity (Qe) at different
Cu2+ concentrations as the function of resin:Cu2+ mass ratio. Experimental
conditions: [CuT]:[CN−]:[Gly]= 1:1:3, pH=10.5, room temperature.

Table 3
Concentration of CuT, Cu2+, Cu+ and Au during adsorption at different [CN−]:
[CuT] ratios.

[CN]:[Cu] ratio Time CuT Cu2+ Cu+ Au

h mg/L mg/L mg/L mg/L

0.1:1 0 300 294 6 2.07
1 96 90 6 2.04
6 23 16 7 2.04
24 11 3 8 2.04

1:1 0 302 223 79 2.17
1 133 59 74 2.15
6 84 9 75 2.15
24 81 2 79 2.15

2:1 0 298 120 178 2.19
1 196 17 179 2.17
6 180 4 176 2.16
24 179 1 178 2.16
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where Kf is the Freundlich equilibrium adsorption capacity and n is the
Freundlich equation constant representing the deviation from linearity
of adsorption.

The Langmuir isotherm model and its linear form are presented as
shown in Eqs. (12) and (13) [20,46]:

= +C
Q

C
Q

1
K Q

e

e

e

m L m (12)

= +1
Q

1
Q

1
K Q

1
Ce m L m e (13)

where Qm represents the maximum adsorption capacity (mg/g), KL
represents the energy constant relevant to the heat adsorption (L/mg).
An important characteristic of Langmuir isotherm parameter ‘RL’, can
be used to predict the affinity of the adsorbate and adsorbent. The
adsorption is irreversible if RL= 0, favourable if 0 < RL less than 1;
linear if RL= 1, or unfavourable if RL > 1. RL can be calculated by Eq.
(14) [20]:

=
+

R 1
1 K CL

L o (14)

The experimental data fitted with both isotherms at different
[CN−]:[CuT] ratios, (i.e. different initial [Cu2+]:[Cu+] at constant
[CuT]) were presented in Fig. 5. The calculated Freundlich and Lang-
muir isotherm parameters are shown in Table 4.

As can be seen from Table 4, the values of correlation coefficient
(R2) of the Freundlich model (0.95–0.96) are lower than those of the
Langmuir model (> 0.99), which means that Langmuir model re-
presents a better fitting of the experimental data. Fig. 5 showed that
both Freundlich and Langmuir models can be used to predict the Qe

according to the value of Ce, while the Langmuir model provides a
prediction of the maximum capacity of the resin at different Cu2+

concentrations. Based on the Langmuir model, the maximum uptake
capacities (Qm) at different [CN−]: [CuT] molar ratios are ranged from
88.50 to 101.01mg/g (1.39 – 1.59mmol/g) which have a good
agreement of the Cu2+ uptake capacities obtained from previous

studies [17,18]where similar resins containing iminodiacetic functional
groups were used. The maximum adsorption capacity (Qm) decreased
with higher [CN−]: [CuT] molar ratio (lower Cu2+ concentration). That
is probably because the resins did not reach the equilibrium state. At
low resin dosage and low initial [Cu2+] ,a necessary driving force to
overcome the resistance of the mass transfer of metal ions from the
aqueous phase to the solid phase is not enough [18], thus lowering the
Qm values. The values of RL are between 0 and 1, indicating favourable
adsorption for the initial concentrations and temperature studied [46].

3.6. Adsorption kinetics

3.6.1. Pseudo-first-order and pseudo-second-order models
Two reaction-based kinetics models i.e. pseudo-first-order and

pseudo-second-order equations were usually used in many adsorption
kinetics studies to explain the solid/liquid adsorption with regard to the
order of rate constant [2,13,19].

The non-linear and linear form of pseudo-first-order and pseudo-
second-order-kinetic models are expressed as shown in Eqs. (15) to (18)
[13,19]:

Fig. 5. Experimental adsorption isotherm fitted with Freundlich and Langmuir
isotherm at different [CN−]: [CuT] molar ratios. Experimental conditions:
[CuT]=300mg/L, pH=10.5, resin dosage= 0.5 – 7.5 g/L, room temperature.

Table 4
Freundlich and Langmuir parameters for Cu2+ adsorption at different [CN−]: [CuT] molar ratio.

Freundlich Langmuir

[CN−]: [CuT] Initial [Cu2+] Kf , (mg/g)/(mg/L)1/n n R2 KL,(L/mg) RL Qm, (mg/g) R2

0.1:1 268 28.13 4.07 0.95 0.15 0.02 101.01 0.99
1:1 223 24.55 3.61 0.95 0.16 0.03 96.15 0.99
2:1 113 17.93 2.71 0.96 0.22 0.04 88.50 0.99

Table 5
Statistical parameters for pseudo-first-order and pseudo-second-order model at
different [CN−]: [CuT] molar ratio.

Kinetic model Parameters [CN−]:[Cu] molar ratio

0.1:1 1:1 2:1

Pseudo-first-order K1 (h−1) 0.144 0.142 0.124
Qe, Cal (mg/g) 10.26 6.48 2.12
R2 0.864 0.844 0.836

Pseudo-Second-order K2 (g/mg/h) 0.059 0.102 0.412
Qe, Cal 39.68 30.12 14.90
Qe, Exp 39.60 30.03 14.95
R2 0.999 0.999 0.999

Fig. 6. Adsorption kinetics data fitted with pseudo-first-order and pseudo-
second-order models at different [CN−]: [CuT] molar ratios. Experimental
conditions: [CuT]=300mg/L, pH=10.5, resin dosage= 7.5 g/L, room tem-
perature.
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The Pseudo-first-order kinetic model:

= ( )Q Q 1 et e
K t1 (15)

=log(Q Q ) logQ K
2.303

te t e
1

(16)

The Pseudo-second-order kinetic model:

=
+

Q Q K t
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2
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where Qt is the amount of adsorbate on the surface of the adsorbent at
the time, t (mg/g); K1 is the equilibrium constant of the pseudo-first-
order adsorption (min−1), K2 is the pseudo-second-order rate constant
(g/mg/h).

According to the values of R2 presented in Table 5 and as its visual
observation of the model fitting shown in Fig. 6, the pseudo-second-
order model shows better applicability (R2 > 0.99) than the pseudo-
first-order model (R2 in a range from 0.75 to 0.86) at different [CN−]:
[CuT] molar ratios. The calculated Qe was also in line with the ex-
perimental Qe in the case of the pseudo-second-order model. The cal-
culated pseudo-second-order rate constant K2 increased with the in-
creasing of [CN−]: [CuT] molar ratio (decreasing initial [Cu2+] in
solutions). That can be explained by a lower competition for the ad-
sorption of active sites at lower Cu2+ concentration, thus increasing the
adsorption rate. Based on the high correlation coefficient and the
agreement of the calculated Qe with the experimental data, the ad-
sorption process can be described by the pseudo-second-order kinetic
model, which also suggests that the adsorption may be controlled
dominantly by chemical processes that especially involved ion-ex-
change [18,35].

3.6.2. Intra-particle diffusion models
Proposed by Weber and Morris [45], the intra-particle diffusion

model is commonly applied for characterizing the diffusion mechanism,
the empirical equation in its linear form is presented by Eq. (19):

= +Q K t Ct p
1
2 (19)

where Kp (mg/g/h0.5) represents the constant rate of the intra-particle
diffusion model, C (mg/g) is a constant. Regarding intercept C, it is
proportional to the extent of the boundary layer thickness, a larger
value of C means greater boundary layer effect. If the value of C cor-
responds to a negative value, it indicates the thickness of the boundary
layer retards the intra-particle diffusion, while a positive value of the
intercept C indicates the adsorption is rapid [7].

A plot of Qt against t1/2 was employed, as presented in Fig. 7. It was

proposed that if the plot gives a straight line, it suggests the rate-con-
trolling step is intra-particle diffusion; if the plot shows a multi-line-
arity, it implies the adsorption was affected by two or more steps [2];
Poots et al. 1976; [50]. From Fig. 7, it is clear that the curves exhibit
multi-linear plots, indicating intra-particle diffusion is not the only rate-
limiting step. Similar trends were observed from carbon adsorption of
lead from wastewater by Acharya et al. [1] and resin adsorption of Zn
from polluted water by Zhang et al. [49]. Both of Acharya and Zhang’s
studies believed the initial stage was a film diffusion stage, whereas, in
the later stage was due to the intra-particle diffusion effects.

3.7. Desorption and regeneration

3.7.1. Eluent selection
Batch desorption tests for stripping Cu from the fully loaded resins

(~100mg/g Cu) using hydrochloric acid or alkaline glycine solutions as
eluents were conducted. Alkaline glycine solutions in the presence of
NaCl were proposed to be used as the main eluent in this study. The
effects of different concentrations of glycine, sodium hydroxide, and
sodium chloride on the resin desorption efficiency were studied.

Also, acidic solutions as the widely used eluent to desorb the heavy
metal ions from the resins [44], the desorption tests using HCl as an
eluent at different concentrations were carried out. The results are
summarised in Fig. 8.

The main observations are presented as follows:

• Alkaline glycine solutions in the presence of salt can effectively strip
Cu from the tested resin, the highest stripping efficiency (84.3%)
was achieved using 3M glycine, 3M NaOH, and 3M NaCl.
• Desorption efficiency increases with increasing glycine concentra-
tion.
• The presence of NaCl enhances desorption efficiency.
• The desorption performance using glycine as the eluent is not sen-
sible at alkaline conditions, according to Test 5 at pH 12 (84.3%)
and Test 7 at pH 10 (83.0%).
• At alkaline conditions, higher desorption efficiency can be achieved
with increasing the concentration of NaCl.
• Heating the solutions to 55 °C did not increase the desorption effi-
ciency.
• Hydrochloric acid is feasible to strip Cu from the tested resin, the
highest desorption efficiency of Cu (93.9%) was achieved when
using 4M HCl and its desorption efficiency decreases with de-
creasing the concentration of acid.

Although HCl can effectively strip the Cu from the resins, the resins
have to be regenerated by high concentrations of NaOH before reuse,
otherwise it may cause serious health and safety risks if the resins (H+

form) contact with glycine-cyanide solutions, toxic hydrogen cyanide
(HCN) gases can be evolved. Also, HCl cannot be regenerated and re-
cycled. The merits of using alkaline glycine solutions over acid as the
eluents are as follow: (1) the stripped resins can be directly reused for
the adsorption without neutralisation; (2) the glycine can be re-
generated and (3) the Cu can be recovered as a saleable product (CuS)
by sulfide precipitation [6]. Based on the above observations, 3M
glycine with 3M NaCl and 2M NaOH (pH 10) was selected as the op-
timum condition for the resin ruse experiments.

3.7.2. Adsorption/desorption study.
The multi-cycle adsorption/desorption tests on the fully loaded re-

sins were conducted to estimate the change of adsorption capacity and
the regeneration efficiency after reuse. The results of the adsorption/
desorption tests using 3M glycine, 2M NaOH and 3M NaCl as eluent
are shown in Table 6. It can be clearly seen that the Cu adsorption
capacity decreases to 15mg/g after the first cycle. After the first cycle,
the Cu adsorption remains stable at about 85% of its original adsorption
capacity at around 85mg/g. Except for the first cycle, the regeneration

Fig. 7. Intra-particle diffusion model for the adsorption of Cu2+ on resin at
different [CN−]: [CuT] molar ratios.
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efficiencies are close to 100%. The change of Cu adsorption capacity
and regeneration efficiency may due to the small portion of Cu left on
the resin was strongly chelated with the iminodiacetic functional group
which cannot be stripped easily.

The desorption efficiencies of the eluents are quite stable during the
5 cycles of regeneration, ranging from about 81% to 84%. Also, the
accumulation of the calculated residual Cu on the resins (assuming a
constant weight of the resins) is not evident, where the accumulation
increases only ~2mg/g Cu after the fifth cycle. The decrease of ad-
sorption capacity, desorption efficiency and the accumulation of Cu
over 5 adsorption/desorption cycles can be attributed to the degrada-
tion of the resins chemically as the loss of functional groups but also
physically that a small number of resins can be broken down during
agitation and then flushed away during washing.

3.8. SEM analysis

Each type of ion-exchange resin has its service life, it is inevitable to
see the degradation of resins both chemically and physically. If the resin
has reached the end of its service life, then the resin needs to be re-
placed. SEM analysis was conducted to investigate the level of damage
during the adsorption/desorption process. Low magnification (15 times

magnification) SEM images of the Purolite MTS9300 chelating resins
before and after adsorption, and the resin after desorption and re-
generation are shown in Fig. 9. It is clearly seen from Fig. 9a and b that,
no significant change of resin shape, and damage (e.g. crack and rift)
after the first adsorption. Similar results were obtained by Meenakshi
and Viswanathan [20].

The SEM images for the resins after desorption at alkaline condition
(3M glycine, 2M NaOH and 3M NaCl) and after 5 cycles of adsorption/
desorption are shown in Fig. 9c and 9d. Some crakes can be easily
observed, and it appears that the number of damaged resins increases
after 5 cycles of adsorption/desorption (i.e. more cracks can be seen).
These damages can result in a decrease in adsorption capacity and an
increase in the accumulation of residual Cu. The damages may be
mainly caused by agitation during the adsorption/desorption process
and attrition between the resins. Although, it can be noticed that the
change in resin shape and size is not significant, a further study on the
physical robustness of the resins with extended cycles of adsorption/
desorption is required.

4. Conclusion

Leaching gold-copper ores by cyanide-starved solutions is an in-
novative process at which the leach solutions contain gold, cupric
glycinate and cuprous cyanide. A fundamental study on the adsorption
behaviours of Cu2+ over gold and Cu+ cyanide species on Puromet
MTS9300 chelating resin from synthetic glycinate-cyanide solutions
and the desorption and regeneration study using alkaline glycine so-
lutions with salt as the eluents was conducted. The results can be
summarized as follows:

• The Puromet MTS9300 resin shows high selectivity of Cu2+ over Au
and Cu+.
• The adsorption of copper was found to be dominated by the [CN−]:
[CuT] molar ratio (i.e. the Cu+/Cu2+ ratio) that over 99% Cu2+

were adsorbed at any ratio.
• The effect of [Gly]:[CuT] molar ratio was not significant where the
additions of glycine exceeded the stoichiometric requirement; in-
sufficient glycine additions led to higher Cu+ in the system, low-
ering the total Cu recovery by resin.
• None or a very small amount of gold was adsorbed in all cases.
• Similar adsorption performance was obtained at higher Cu2+

Fig. 8. Desorption efficiency with different
eluent agent at different concentration (1 –
1M glycine, 1M NaOH; 2 – 2M glycine, 2 M
NaOH; 3 – 3M glycine, 3 M NaOH; 4 – 2M
glycine, 2M NaOH, 2M NaCl; 5 – 3M gly-
cine, 3M NaOH, 3M NaCl; 6 – 3M glycine,
2M NaOH, 2M NaCl; 7 – 3M glycine, 2 M
NaOH, 3M NaCl; 8 – 3M glycine, 2 M
NaOH, 2M NaCl, 55 °C; 9 – 3M glycine, 2 M
NaOH, 3M NaCl, 55 °C; 10 – 3M HCl; 11 –
2M HCl; 12 – 1M HCl).

Table 6
Adsorption/desorption process parameters for five cycles. Adsorption condi-
tions: 1500mg/L CuT, [CuT]:[CN−]:[Gly]= 1:1:3, pH=10, room tempera-
ture.

Adsorption/
Desorption

Cycle Cu adsorption capacity,
mg/g

Regeneration efficiecy,
%

Adsorption 1 99.77 –
2 84.30 83.55
3 85.41 101.97
4 85.29 99.86
5 84.20 99.36

Cycle Desorption efficiency,
%

Residual Cu, mg/g

Desorption 1 83.13 16.83
2 84.49 15.70
3 83.87 16.32
4 82.92 17.37
5 81.10 19.21
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concentration by increasing the resin dosage proportionally.
• Both the Freundlich and Langmuir models fit the experimental data,
while the Langmuir model represents a better goodness-of-fit.
• The adsorption kinetics of Cu2+ followed the pseudo-second-order
model.
• The Intra-particle model demonstrated that intra-particle diffusion
was not the only rate-controlling step, the initial stage might be
controlled by film diffusion while the later stage was limited by
intra-particle diffusion.
• The Cu loaded on the MTS9300 resin can be effectively stripped by
either glycine solutions at alkaline conditions in the presence of salt
or in acidic solutions using HCl.
• The use of alkaline glycine solution with salt as eluent was re-
commended as the stripped resin can be reused directly without
neutralisation, and the glycine and Cu can be regenerated and re-
covered by sulfide precipitation, respectively.
• The regeneration study demonstrates that the Cu adsorption capa-
city and regeneration efficiency remain constant after the first cycle
of adsorption/desorption.
• The desorption efficiencies were stable over the 5 cycles of ad-
sorption/desorption process with insignificant accumulations of re-
sidual Cu on the resins.
• No significant change in resin shape and damage after adsorption
was visualised by SEM analysis.
• The degradation of Puromet MTS9300 resin was not significant
chemically and it can be effectively regenerated and reused.
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A B S T R A C T

The synergistic leaching system using glycine as the main lixiviant with low levels of cyanide as a catalyst has
been shown to be an effective approach to leach gold‑copper ores and concentrates, allowing the consumption of
cyanide to be remarkably reduced. The recovery of gold from the synthetic cyanide-starved glycine leachate in
the presence of copper has been investigated using. It was found that the adsorbed copper was mostly cuprous
cyanide. The effects of [CN−]:[CuT] and [Gly]: [CuT] molar ratios were not significant on the adsorption of gold
and copper using IXOS-AuC resin. The gold recovery increased, while the copper recovery decreased with the
increasing initial gold concentration. The equilibrium and kinetics studies were undertaken, and the experi-
mental adsorption equilibrium and rate data showed an excellent fit using the Freundlich isotherm and pseudo-
second-order models respectively. Elution tests showed that the loaded copper can be selectively pre-eluted over
gold by 0.4 M NaCN at pH 11.5. Gold can be effectively eluted by either acidic thiourea or alkaline thiocyanate.
The multi-cycle adsorption/elution tests showed that the resin can be effectively regenerated by both acidic
thiourea and alkaline thiocyanate, with an insignificant decrease in adsorption and elution efficiency over 3
adsorption/elution cycles. From SEM analysis, the change of surface morphology of the resin was not significant
after adsorption and the adsorption/elution cycles.

1. Introduction

According to the data from 2011, free-milling (easily extracted
through cyanidation/CIP(CIL) gold ores are nearly exhausted, occu-
pying only 18% of the global gold deposits (Adams, 2016). Nowadays,
most of the gold is produced from the refractory gold ores, many of
which were accompanied by reactive copper minerals. Extracting gold
from gold-copper ores is usually problematic and uneconomic due to
the extra cyanide consumption by the reactive copper minerals, where a
high [CN−]: [Cu] molar ratio of 4:1 is required to maintain an accep-
table gold leaching rate (Sceresini and Breuer, 2016). An innovative
leaching method for gold-copper ores was developed and patented
using a synergistic lixiviant mixture of glycine and cyanide which has
attracted interest from both industry and academia (Eksteen et al.,
2018). The leaching method shows high effectiveness in leaching gold
from gold-copper ores and concentrates with a reduction of cyanide
consumption by at least 75% (Oraby and Eksteen, 2015; Oraby et al.,
2017), although cyanide reductions of more than 90% are often seen,
depending on ore mineralogy. While cyanide free (i.e. glycine-only)
dissolution is possible and can be considered for heap and in situ

leaching (Oraby et al., 2019), the kinetics remain too slow for agitated
tank leaching for an alkaline glycine-oxygen leach system without
catalysts (Eksteen and Oraby, 2015). The final leachate derived from
Cu-Au ores with cyanide-starved glycine solutions normally contains
mostly cupric glycinate, small amount of cuprous cyanide and zero free
cyanide. The term “cyanide-starved” refers to the cyanide present as
cuprous cyanide runs at starvation levels and it is insufficient for the
dissolution of any cyanide soluble copper minerals and that no free
cyanide is present as either HCN or the CN− anion. Carbon adsorption
has proved to be effective in recovering gold in the presence of Cu from
a cyanide-starved glycine synthetic solution (Tauetsile et al., 2019a,
2019b) and glycine only leaching system (Tauetsile et al., 2018a,
2018b). Copper, on the other hand, can be recovered by sulfide pre-
cipitation prior to the carbon adsorption to mitigate the competitive
copper adsorption on the activated carbon (Deng et al., 2019, 2020b),
or by solvent extraction (Tanda et al., 2017). Deng et al. (2020a) also
investigated the adsorption/desorption behaviour of gold and copper
using cation chelating resin, where the resin shows a high affinity to
Cu2+ from the synthetic cyanide-starved glycine leachates, leaving
anion gold cyanide and copper cyanide species in the solutions, and the
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resin can be effectively eluted and regenerated by using alkaline glycine
solutions.

Although the application of activated carbon remains dominant in
the Western World (compared to Russia), the use of resins has its ad-
vantages over carbon. For examples, it does not require an energy-in-
tensive thermal regeneration process, which is expensive; it is suitable
to treat pre-robbing ores as it is less prone to be poisoned by organics
such as diesel and kerosene used to deactivate carbonaceous gold ores
and concentrates; and it has a better selectivity towards gold over base
metals (Van et al., 2012; Pilśniak-Rabiega and Trochimczuk, 2014). In
the past decades, many gold-selective resins have been developed and
are commercially available in the markets. Some of these resins have
been successfully implemented in the resin-in-pulp (RIP) and resin-in-
leach (RIL) plants, including Penjom Gold Mine in Malaysia, Golden
Jubilee Mine and Barbrook Gold Mine in South Africa (Kotze et al.,
2005; Pilśniak-Rabiega and Trochimczuk, 2014; van Deventer, 2011).
Given that the advantages of resins and their availability and successful
commercial implementation of RIL/RIP process in the gold mining in-
dustry, resin has great potential to be implemented in the glycine-cy-
anide leaching system.

A new type of resin (IXOS-AuC, marketed by 6th Wave Innovation
Corp.) using a molecular recognition technology is developed based on
a “lock and key” chemistry. This type of resin is a type of molecularly
imprinted polymer (MIP) and a branch of nanotechnology which is
specifically targeting aurocyanide. MIPs generate cavities in a polymer
matrix using the target molecule or a proxy molecule to create a
polymer with an imprint and affinity (charge complex) for a target
molecule. According to Ritz et al. (2018), the IXOS-AuC resin is dif-
ferent from the regular ion-exchange resins, where its adsorption of
gold cyanide is through a complementary charge and a physical imprint
for aurocyanide, allowing the co-adsorption of other metals to be
minimised. Unlike the typical ion-exchange resins which are merely
functionalised to allow metal ions to exchange with a donor ion, this
kind of resin is synthesised using a combination of polystyrene and
other monomers bound together by a functionalised ligand (proprie-
tary) that imprints the shape of the Au(CN)2− molecule during the
polymerisation stage (Ritz et al., 2018). Fig. 1 demonstrated the MIP
process for IXOS-AuC generation, where a void with the same size and
shape as the aurocyanide left in the final polymer matrix. The physical
imprint for aurocyanide which mitigates the formation of strong bonds
between other metal cyanide complexes allows the target aurocyanide
to be adsorbed preferentially and to displace the less boned metal

cyanide during the adsorption.
The current study aims to study a selective method of gold recovery

from the cyanide-starved glycine leaching system containing gold and
copper. The effects of [CN−]:[CuT], [Gly]: [CuT] ratios and initial Au
concentration on the adsorption of the IXOS-AuC resin were studied,
where [CuT] is the molar concentration of total copper, i.e. cuprous and
cupric copper. Equilibrium isotherms and kinetics studies were under-
taken. Elution and regeneration studies were also carried out to ensure
the resin can be effectively reused.

2. Experimental design

2.1. Adsorbents

The adsorption behaviours of the IXOS-AuC resin were studied. In
this research, the mass of the resin was presented as dry weight. Their
moisture contents of the resins were calculated by subtracting the resin
after drying in an oven at 70 °C for 24 h. The resins were pre-condi-
tioned before the adsorption tests, by contacting 1 M NaOH solution for
2 h and then washing by deionised water before its use. The char-
acteristic properties of the IXOS-AuC resin provided by the manu-
facturer are shown in Table 1.

2.2. Synthetic cyanide-starved glycine solution

Analytical grade reagents and deionised water were used for all the
tests in this study. The synthetic cyanide-starved glycine solutions were
used throughout the adsorption tests. A stock cyanide-starved glycine
solution containing gold and copper was first prepared. Gold powders
(99.998%, spherical, −200 mesh, Alfa Aesar – Thermo Fisher
Scientific) were dissolved in deionised water contained glycine
(> 99%, Sigma-Aldrich) and CuCN (95%, Ajax, Finechem) and NaOH
(CuCN was first dissolved in glycine) for 24 h. Unless specified, the
initial pH of all the tests was 10.5, which is a suitable pH for the cya-
nide-starved glycine leaching system (Oraby and Eksteen, 2015), al-
though pH's from 9 to 12.5 can be employed in leaching. The solutions
pH were adjusted using sodium hydroxide (NaOH) (Chem-Supply Pty
Ltd) with a pH meter (Model AQUA-PH Meter). The solution was agi-
tated with a magnetic stirrer and Teflon magnetic stirrer bars at
350 rpm. The solution was filtered by a Supor® 0.45 μm membrane disc
filter (Pall Corporation) and stored in a 1 L container with lids. Different
gold concentrations were achieved by diluting the stock solution ac-
cordingly in a cyanide-starved glycine solutions containing the same
amount of Cu and at the same [CuT]:[CNT]:[GlyT] molar ratio. Unless
specified, the standard solutions contain about 1000 mg/L CuT and
about 6 mg/L of Au at [CuT]:[CNT]:[GlyT] molar ratio of 1:1:3. The

Fig. 1. The generation process of IXOS-AuC resin. (Ritz et al., 2018).

Table 1
Chemical and physcial characteristics of the IXOS-AuC resin

Resin name IXOS-AuC

Matrix polystyrene-co-divinyl benzene
Functional

group
Bis (N-(4-vinylbenzyl)-N-decyl-N N-dimethylammonium)

Moisture 55%
Wet density 0.36 g/mL
Particle size

range
850–1400 μm
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subscript “T” refers to the total copper, cyanide and glycine con-
centrations present and not their “free” species in solution. From this
point on we will use [CN−] to represent total cyanide, [CN−

T ], and
[Gly] to represent total glycine concentration, [GlyT]. However, [CuT]
will be retained to distinguish it from the concentrations of Cu2+ and
Cu+. Typically, in the synthetic alkaline cyanide-starved glycine solu-
tions, copper species mainly present as cupric glycinate (Cu
(NH2CH2COO)2), and cuprous diacyano-complex (Cu(CN)2−), tria-
cyano- (Cu(CN)32− and tetracyano- complexes Cu(CN)43−) may exist
depending on the [CuT]:[CN−

T ]:[GlyT] molar ratios, where the subscript
“T” refers to the total amount of copper, cyanide, and glycine present,
respectively. Gold species are presented as gold cyanide (Au(CN)2-) and
gold glycinate (Au(Gly)2-).

2.3. Adsorption behaviours of IXOS-AuC resin

The adsorption behaviours of the IXOS-AuC resin were studied
through batch tests. An exact dry mass of resin beads (1.5 g) was stirred
with 250 mL of the standard solutions in 500 mL flasks. The flasks were
completely sealed and shaken in a 400 × 400 mm square orbital in-
cubator shaker for 24 h at 250 rpm and room temperature with 5 mL of
kinetic samples taken up at 0.5, 1, 2, 4, 6, 24 h. Each solution sample
was filtered by 0.22 μm syringe filters to remove any fine resins and
avoid further adsorption. The most selective resin was chosen for fur-
ther investigation based on their gold and copper recovery. The metal
recovery was calculated by Eq. (1):

= − ×Metal Recovery% C C
C

100%0 t

0 (1)

Where C0 is the initial metal concentration and Ct is the metal
concentration at time t. The effects of different [CN−]: [CuT] and [Gly]:
[CuT] molar ratios and initial gold concentrations on the resin were
studied.

2.4. Equilibrium tests

The equilibrium adsorption tests were performed at different gold
concentrations. The equilibrium isotherms were obtained by contacting
five different dosages of resins (0.1, 1, 3, 6, 12 g/L) with 250 mL syn-
thetic cyanide-starved glycine solutions in a 400 × 400 mm square
orbital incubator shaker at room temperature for 24 h. The amount of
metal adsorbed onto the resin (Qe, mg/g) at equilibrium was calculated
by Eq. (2):

= −Q (C C )V
We

o e
(2)

Where Ce is the metal concentration at equilibrium (mg/L), V is
solution volume (L) and W is the mass of dry resin (g). The experi-
mental data at different [CN−]:[CuT] molar ratios were fitted to
Freundlich and Langmuir isotherm models and compared using linear
regression of the linearized forms of the isotherms.

2.5. Adsorption kinetics

Kinetic studies were carried out at different gold concentrations. A
fixed dosage of resin (6 g/L) and 250 mL of synthetic solutions were
mixed in a 400 × 400 mm square orbital incubator shaker at room
temperature for 24 h with 5 mL of the kinetic samples taken at different
time intervals for analysing the metal ions concentration (mg/L), and
the amount of metals adsorbed on the resin at time t (Qt) is calculated.
The kinetic process at different conditions was described by the pseudo-
first-order, pseudo-second-order using linear regression.

2.6. Elution and regeneration tests

Two-stage batch elution tests were conducted in 250 mL flasks,

stirring by a shaker box. Certain mass of resin (1.5 g) was pre-loaded in
a 250 mL cyanide-starved glycine solution containing 1000 mg/L CuT,
12 mg/L Au with a [Cu]:[CN-]:[Gly] molar ratio of 1:1:3 at room
temperature for 24 h. The resins were then collected using a 200 μm
screen and washed gently by DI water.

The 1st stage elution tests aim to pre-elute the copper. The tests
were conducted using 100 mL (40BV) sodium cyanide at alkaline
condition (pH = 11.5) and room temperature for 6 h. The effects of
different concentrations of NaCN were studied. The elution efficiency (E
%) was calculated by Eq. (3) (Chen et al., 2007)

=E%
Mass of metal ions desorbed in the solutions,mg
Mass of metal ions adsorbed onto the resin,mg (3)

After the 1st stage of elution, the resin was collected by a 200 μm
screen and gently washed by ~200 mL DI water. For the 2nd stage of
elution, two types of eluents were selected (i.e. alkaline sodium thio-
cyanate and acidic thiourea). The resins were agitated with 100 mL
(40BV) of different concentrations of the eluents at 55 °C for 6 h. The
optimum concentrations were selected for the regeneration tests.

The reusability of the resin was investigated by repeating the above
adsorption/elution cycle for 3 times, based on the change of loading
capacity and regeneration efficiency (RE%). The regeneration efficiency
of the adsorbent was calculated as shown in Eq. (4) (Song et al., 2016).

= ×RE% Q
Q

100r

o (4)

where Qo and Qr (mg/g) are the adsorption capacities before and after
regeneration.

2.7. Analytical methods

The total concentration of copper and gold before and after ad-
sorption and desorption were analysed by an atomic absorption spec-
trometer (AAS, Agilent 55B AAS model). The concentration of Cu2+

was determined by a UV–Vis Spectrophotometer (Agilent Cary 60
UV–Vis). The concentration of Cu+ was calculated by subtracting the
measured [Cu2+] from the measured [CuT]. After adsorption and des-
orption, the resins were screened, washed thoroughly by deionised
water and dried in an oven at 70 °C. The dried resin samples were
sprinkled on the carbon tapes and stuck on an aluminium stub with Pt
coated (3 nm). Then the surface morphologies of the dry original,
loaded, stripped and regenerated resins were visualised by SEM with a
MIRA3 XMU model.

3. Results and discussions

3.1. Adsorption behaviours of IXOS-AuC resin

Batch tests were carried out to investigate the adsorption beha-
viours of the IXOS-AuC resin. Fig. 2 summarised the results of Au, CuT,
Cu2+ and Cu+ recoveries and Table 2 shows the metal concentrations
and solution pH during the adsorption at different time intervals. As can
be seen from Fig. 2, the gold recovery of the IXOS was 97.2% at resin
dosage of 6 g/L. About 7.4% of total copper was adsorbed by the IXOS-
AuC resin with only 1.6% of Cu2+ and 24.2% of Cu+ being adsorbed.
The solution pH was barely changed with insignificant pH reduction
from 10.50 to 10.37 after 24 h adsorption.

The IXOS-AuC resin shows a good recovery of gold with a fairly low
affinity to Cu2+ and relatively low affinity to Cu+. This can be attrib-
uted that the resin provides complementary positive charge on its
functional group which tends to complex with the anionic ions i.e. gold
cyanide, gold glycinate and cuprous cyanide in the cyanide-starved
glycine solutions. The co-adsorption of Cu2+ was very low as neutral
cupric glycinate and the dissociated Cu2+ from the cupric glycinate do
not interact with the cationic functional group. The adsorption of cu-
prous cyanide is not very significant, this can be attributed to the

Z. Deng, et al. Hydrometallurgy 196 (2020) 105425

105



physical imprint does not fit the cuprous cyanide species.

3.2. Effect of [CN−]:[CuT]

Based on the above adsorption behaviours of IXOS-AuC, it appears
that this type of resin only adsorbs the gold and cuprous cyanide species
from the synthetic cyanide-starved glycine leachate.

In a cyanide-starved glycine system, the Cu2+/Cu+ ratio can be
significantly affected by the [CN−]:[CuT] molar ratio at fixed glycine
concentration. When the [CN−]:[CuT] molar ratio increases, the con-
centration of Cu+ will increase due to more Cu tends to complex with
cyanide in the presence of Cu2+ and dissolved oxygen in solutions.
Fig. 3 shows the speciation diagram of cupric glycinate and cuprous
cyanide at different [CN−]:[CuT] molar ratios.

In this test, the initial Cu+ concentrations were 129, 305 and
598 mg/L at the [CN−]:[CuT] molar ratios of 0.5:1, 1:1, 2:1, respec-
tively. The effects of different levels of [CN−]:[CuT] molar ratios at a
fixed level of glycine concentration were investigated and the results
are summarised in Fig. 3. From the results shown in Fig. 4a, similar gold
recovery was obtained at different [CN−]:[CuT] molar ratios, where the
final gold recovery is ranged from 97 to 98%. This implies that the gold
adsorption is not significantly influenced by [Cu+] concentration. The
recoveries of the total Cu are shown in Fig. 4b, it can be seen that the
final CuT recovery increases slightly from 7.3% at 0.5:1 to 10.0% at 2:1.
This phenomenon implies that the increasing concentration of Cu+ has
insignificant effects on the Cu recovery.

3.3. Effect of [Gly]:[CuT]

In order to verify whether the free anion glycinate in the cyanide-

Fig. 2. Au, CuT, Cu2+ and Cu+ recoveries as a function of time. Experimental
conditions: [Au] =6 mg/L, [CuT] = 1000 mg/L, [CuT]:[CN−]:[Gly] = 1:1:3,
pH = 10.5, resin dosage = 6 g/L, room temperature.

Table 2
Concentrations of CuT, Cu2+, Cu+ and Au during the adsorption period.

Time, h pH CuT, mg/L Cu2+, mg/L Cu+, mg/L Au, mg/L

0 10.50 1040 776 264 6.33
0.25 10.47 1000 740 260 2.81
0.50 10.45 970 739 231 2.45
1 10.43 980 738 242 1.71
2 10.44 970 740 230 1.12
4 10.42 945 743 202 0.70
6 10.39 948 757 191 0.55
24 10.37 963 763 200 0.16

Fig. 3. Speciation diagram of cupric glycinate and cuprous cyanide at different
[CN−]:[CuT] molar ratios.

Fig. 4. Metal recoveries as a function of time at different [CN−]:[CuT] molar
ratios. Experimental conditions: [Au] = 6 mg/L, [CuT] = 1000 mg/L, [Gly]:
[CuT] = 3:1, pH = 10.5, resin dosage = 6 g/L, room temperature.
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starved glycine solutions can be adsorbed by the IXOS-AuC resin. The
effects of different levels of [Gly]:[CuT] molar ratios were investigated.
Fig. 5 shows the kinetic graphs of gold and copper recoveries at dif-
ferent [Gly]:[CuT] molar ratios. From Fig. 5a, the final gold recovery
decreased from 98.5% at [Gly]:[CuT] of 6:1 to 94.8% at [Gly]:[CuT] of
2:1; whereas the final copper adsorption decreased from 10.3% to 6.5%
with increasing the [Gly]:[CuT] molar ratio (Fig. 4b). At a high [Gly]:
[CuT] molar ratio of 6:1, a higher gold recovery and a lower copper co-
adsorption were obtained, implying the excess amount of free anion
glycinate has no competitive effect. It appears that the increasing [Gly]
improves the adsorption of gold and depresses the co-adsorption of
copper due to more Cu complexed with glycine to form cupric glyci-
nate.

3.4. Effect of initial gold concentration

The effects of initial gold concentration in the synthetic solutions on
the gold and copper adsorption behaviours in terms of recovery and the
amount of metal adsorbed on the resin at time, t (Qt) were summarised
in Fig. 6a. As can be seen, the gold recovery decreased slightly from 97.
2% to 95.2% with the increasing initial gold concentration in solutions.
While the gold loading capacity increased from 1.1 mg/g at 6 mg/L of
initial [Au] to 3.5 mg/g at 20 mg/L of initial [Au]. From Fig. 6b, the

copper adsorption fluctuated during the whole period at different gold
concentrations. An obvious drop of copper adsorption can be observed
at Au concentration of 20 mg/L. The final total copper recovery de-
creased significantly from 9.0% to 1.9% with the final copper adsorp-
tion capacity decreased from 16.9 mg/g at 6 mg/L Au to 4.1 mg/g at
20 mg/L Au. These results indicate that the IXOS-AuC resin has pro-
mising selectivity towards gold which adsorbed more gold and less
copper at higher initial gold concentration. That is probably the resin
adsorbed the gold preferentially, leaving less space for Cu co-adsorp-
tion.

3.5. Equilibrium isotherm study

The adsorption equilibrium tests of gold from the cyanide-starved
glycine solutions in the presence of copper at different initial gold
concentrations were conducted. The experimental data of gold ad-
sorption were fitted with two common adsorption isotherm models,
Langmuir model and Freundlich model, by a linear regression method.

The Freundlich isotherm model and its linear form can be mathe-
matically expressed by Eqs. (5) and (6) (Cegłowski and Schroeder,
2015; Wang et al., 2012).

=Q K C n
e f e

1/ (5)

Fig. 5. Au and CuT recoveries as a function of time at different [Gly]:[CuT]
molar ratios. Experimental conditions: [Au] = 6 mg/L, [CuT] = 1000 mg/L,
[CN−]:[CuT] = 1:1, pH = 10.5, resin dosage = 6 g/L, room temperature.

Fig. 6. Au and CuT recoveries and adsorption capacities as a function of time at
different initial gold concentrations. Experimental conditions:
[CuT] = 1000 mg/L, [CuT]:[CN−]:[Gly] = 1:1:3, pH = 10.5, resin do-
sage = 6 g/L, room temperature. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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= +log Q log K 1
n

log Ce f e (6)

Where Kf is the Freundlich equilibrium adsorption capacity and n is
the Freundlich equation constant representing the deviation from lin-
earity of adsorption.

The Langmuir isotherm model and its linear form are presented as
shown in Eqs. (7) and (8) (Meenakshi, S., & Viswanathan, N., 2007;
Wołowicz & Hubicki, 2011):
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Q
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K Q
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Where Qm represents the maximum adsorption capacity (mg/g), KL

represents the energy constant relevant to the heat adsorption (L/mg).
Fig. 6 shows the experimental data fitted with both Langmuir and

Freundlich isotherm models at different gold concentrations. Table 3
shows the calculated Langmuir and Freundlich isotherms parameters.
As can be seen, the regression correlation coefficients (R2) of the
Langmuir model (0.980–0.985) were relatively lower compared with
the ones obtained by the Freundlich model (0.997–0.999). From the
results shown in Fig. 7, it is clear that the Freundlich model presents a
better fitting to the experimental data which means it provides a better
prediction of its gold adsorption (Qe). This does not prove that the
adsorption mechanism of the Freundlich model is the dominant me-
chanism, only that the Freundlich isotherm is a useful model and suf-
ficiently accurate fit of the data. Based on the Freundlich model, the
gold adsorption capacity of IXOS-AuC resin is about 15 mg/g. The

adsorption capacity increased with increasing the gold concentration,
which is probably related to increasing the driving force at a higher
gold concentration to overcome the resistance of the mass transfer of
metal ions from the aqueous phase to the solid phase.

3.6. Kinetics study

The adsorption kinetics of gold from the cyanide-starved glycine
solutions have been studied at different initial gold concentrations. The
experimental data were fitted with two common reaction-based kinetic
models i.e. pseudo-first-order and pseudo-second-order model.

The non-linear and linear form of pseudo-first-order and pseudo-
second-order-kinetic models are expressed as shown in Eqs. (9)–(12)
(Hu et al., 2011; Maliyekkal et al., 2008)

The Pseudo-first-order kinetic model:

= − −Q Q (1 e )t e
K t1 (9)

− = −log(Q Q ) log Q K
2.303

te t e
1

(10)

The Pseudo-second-order kinetic model:

=
+

Q
Q K t

1 Q K tt
e
2

2

e 2 (11)

= +t
Q

1
K Q

t
Qt 2 e

2
e (12)

where Qt is the amount of adsorbate on the surface of the adsorbent at
the time, t (mg/g); K1 is the equilibrium constant of the pseudo-first-
order adsorption (min−1), K2 is the pseudo-second-order rate constant
(g/mg/h).

As can be seen in Table 4 and by visual observation of the model
fitting shown in Fig. 8, the pseudo-second-order model shows better
applicability (R2 > 0.999) than the pseudo-first-order model (R2 in a
range from 0.59 to 0.95) at different initial gold concentrations. The
calculated Qe was also consistent with the experimental Qe in the case
of the pseudo-second-order model. The calculated pseudo-second-order
rate constant K2 decreased with the increasing initial gold concentra-
tion, which is probably due to lower competition for the adsorption of
active sites at lower Au concentration, thus increasing the absorption
rate. The adsorption process can be described by the pseudo-second-
order kinetic model according to the high correlation coefficient. Also,
this suggests that the adsorption may be dominantly controlled by
chemical processes especially involved in ion-exchange (Liu et al.,
2011; Song et al., 2016)

3.7. Elution and resin reuse

3.7.1. Pre-elution of Cu
Typically, high solutions concentration are applied as an eluent for

achieving a rapid and efficient elution (Oliveira et al., 2008). Different
concentrations of sodium cyanide (0–0.8 M) were applied for the 1st

Table 3
Freundlich and Langmuir parameters for Au adsorption at different initial gold
concentrations.

Equilibrium
model

Freundlich Langmuir

Initial [Au], mg/L Kf, (mg/g)/
(mg/L)1/n

n R2 KL, (L/
mg)

Qm, (mg/
g)

R2

6 2.71 1.53 0.9970 1.42 4.79 0.9836
12 2.81 1.40 0.9997 0.50 9.57 0.9855
20 2.51 1.57 0.9989 0.38 10.44 0.9812

Fig. 7. Experimental adsorption isotherms fitted with Freundlich and Langmuir
isotherms at different gold concentrations. Experimental conditions:
[CuT] = 1000 mg/L, pH = 10.5, room temperature. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 4
Statistical parameters for pseudo-first-order and pseudo-second-order model at
different initial gold concentrations.

Kinetic model Parameters Initial [Au], mg/L

6 12 20

Pseudo-first-order K1 (h−1) 0.1222 0.216 0.285
Qe, Cal (mg/g) 0.22 0.61 1.47
R2 0.5938 0.8500 0.9519

Pseudo-Second-order K2 (g/mg/h) 5.965 2.025 0.891
Qe, Cal 1.08 2.22 4.00
Qe, Exp 1.09 2.21 3.96
R2 0.9999 0.9998 0.9998
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stage of elution of Cu from the resin at alkaline conditions (pH = 11.5)
and room temperature. The results were summarised in Table 5. As can
be seen, no gold and very little copper was eluted at pH 11 without any
cyanide. And about 80% of the Cu elution efficiency was achieved at
0.4 M and 0.8 M of NaCN, indicating a concentration of 0.4 M NaCN is
sufficient. No gold was detected in the solutions after the pre-elution,
indicating a good separation between gold and copper. That is probably
because CN− has less affinity to replace the gold cyanide and gold
glycinate, while the cuprous cyanide was not well loaded on the resin
due to physical repulsion of the imprinted void. Thus, 0.4 M of NaCN
was used for the following tests.

3.7.2. Elution of Au
According to Ritz et al. (2018){Ritz, 2018 #201}, gold can be eluted

by thiourea or thiocyanate at 60 °C from the IXOS-AuC resin. However,
the concentration of the eluents and the pH conditions were not men-
tioned. In this study, both acidic thiourea and alkaline thiocyanate
elution systems were tested. The effects of different concentrations of
thiourea (CS(NH2)2) and thiocyanate (SCN−) were studied. All the re-
sins were pre-eluted by 0.4 M NaCN solutions and thoroughly washed
by DI water before the 2nd stage of elution where the Cu elution effi-
ciency was ~80%. Table 6 showed that no gold was eluted without
thiourea or thiocyanate at acidic or alkaline conditions. The Au elution
efficiency increased slightly and then levelled off at about 99% with
increasing concentration of thiourea. The residual gold on the resin was
round 15–50 g/t. The accumulated Cu elution efficiencies were also
similar, ranging from 97 to 98% with the residual copper left on the
resin being at about 40–110 g/t.

For the thiocyanate elution system, the elution efficiency of Au in-
creased with the thiocyanate concentration up to 2.5 M with a residual
gold on the resin at about 70 g/t; no significant improvement in gold
elution was achieved at 5 M thiocyanate. The highest copper elution
efficiency (99.2%) was achieved at 2.5 M thiocyanate where the re-
sidual copper is about 100 g/t.

3.7.3. Resin reuse
Further adsorption/elution tests were carried out to investigate the

reusability of IXAC-AuC resin. After the adsorption from the alkaline
cyanide-starved glycine solutions in the presence of 12 mg/L Au and
1000 mg/L CuT, the resin was pre-eluted by 0.4 M NaCN solutions
followed by water wash and then eluted by 2.5 M thiocyanate
(pH = 11.5) and 0.5 M thiourea/0.5 M H2SO4 at 60 °C, respectively.
Then, the resin was washed by deionised water and reused for sub-
sequent adsorption/elution cycle.

Table 7 shows the results after three cycles of adsorption/elution
using 0.5 M thiourea/0.5 M H2SO4 as eluents. It can be observed that
the gold adsorption capacity slightly increased from 1840 to 2100 g/t,
with high regeneration efficiency, while the copper adsorption capacity
decreased from 10,360 to 5250 g/t after three adsorption/elution cy-
cles. The Cu adsorption capacity remained the same after the second
cycle. During the 1st elution cycles, the copper elution efficiency
slightly drops from 80.7% to 75.5%; no gold was eluted after the three
cycles. The gold and copper elution efficiency remain stable at about
97% - 98% using 0.5 M thiourea/0.5 M H2SO4 as the eluents. About
40 g/t of both gold and copper remained on the resin. The results in-
dicate that the resin can be effectively regenerated by acidic thiourea.

Table 8 shows the results of the multi-cycle tests using alkaline
thiocyanate in the 2nd stage elution. It can be seen that the gold ad-
sorption capacity increased after the first cycle and it keeps constant at
about 2200 g/t at the second and the third adsorption cycle. The copper
adsorption capacity decreased after the three adsorption cycles from
about 12,000 g/t to 9600 g/t. Compared to the first group using
thiourea as eluent, the reduction in copper adsorption capacity is less
significant. For the 1st stage of elution, the copper elution was slightly
less efficient than the first group, where the copper elution efficiency
decreased from about 77% to 70%. The gold elution efficiency was
stable at 97–98% and the accumulated copper efficiency remains con-
stant at about 99%. After the three adsorption/elution cycles, the final
residual gold and copper was about 167 and 198 g/t, respectively. The
decrease in adsorption capacity and the increase in the residual metal
on the resin can be resulted from the degradation of resins coatings due
to the loss of functional groups, but also physically that a small number
of resins were broken down and screened out during the washing
process.

It appears that gold elution is more effective by using acidic
thiourea where the gold elution efficiency is relatively stable after the

Fig. 8. Experimental data fitted with pseudo-first-order and pseudo-second-
order at different gold concentrations. Experimental conditions:
[CuT] = 1000 mg/L, pH = 10.5, resin dosage = 6 g/L, room temperature. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 5
Elution efficiency of Au and Cu at different NaCN concentrations. Experimental
conditions: NaOH = 1.5 g/L, pH: ~11.5, room temperature, Resin loadings:
~20,000 g/t Cu, ~2000 g/t Au.

Eluent concentration Elution efficiency

[NaCN], M Au, % Cu, %

0 0.00 1.79
0.2 0.00 69.27
0.4 0.00 80.98
0.8 0.00 80.49

Table 6
Elution efficiency of Au and Cu at different NaCN concentrations. Experimental
conditions: pH = 11.5, 60 °C; Resin loadings: ~4000 g/t Cu, ~2000 g/t Au.

Eluent concentration Elution efficiency

[CS(NH2)2], M H2SO4, M Au, % ⁎Cua, %

0 0.5 0.00 89.20
0.2 0.5 97.47 98.56
0.5 0.5 99.22 99.02
1 0.5 99.05 99.25
[SCN−], M NaOH, g/L Au, % ⁎Cua,%
0 1.5 0.00 81.04
1 1.5 87.44 97.25
2.5 1.5 96.44 99.28
5 1.5 96.97 98.99

⁎ Cua E% —— accumulated Cu elution efficiency from the 1st and 2nd stage
of elution.
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adsorption/elution cycle with less residual gold and copper left on the
resin. However, it should be noted that the evolvement of toxic HCN
gases can occur by contacting the resin which is loaded with gold and
copper cyanide species at acidic condition, thus additional gas extrac-
tion and scrubbing system is needed to minimize the health and safety
issues. Also, high resin losses may happen as the results of the osmotic
shock generated by repeated elution in acidic environment and ad-
sorption in alkaline conditions. Alkaline thiocyanate can also be an
alternative eluent for the elution process, although it is less effective.
Thiocyanate may also be adsorbed by the resin during the elution, thus
a further investigation is needed to verify whether the thiocyanate can
impose adverse effects on the leaching circuit.

3.8. SEM analysis

The purpose of SEM analysis is to investigate whether there is a
significant degradation (i.e. breakage, cracks and rift) in the resin after
adsorption and the multiple adsorption/elution tests. Low magnifica-
tion SEM images of the IXOS-AuC resin before and after adsorption and
the resin after the multiple cycle tests using thiourea and thiocyanate
were shown in Fig. 9. It can be clearly seen from Fig. 8a, b and d that no
evident change of resin shape and damage was observed after the ad-
sorption and the adsorption/elution cycle using thiocyanate as the
eluent. A small breakage of resin is noticed in the centre of Fig. 8c,
which is obtained after the adsorption/elution cycle using acidic
thiourea as the eluent. That is probably due to the osmotic shock
generated by repeated the elution in acidic environment and adsorption
in alkaline conditions. In general, the damages were negligible and

insignificant, but a further study on the physical robustness of the resin
with extended adsorption/elution cycles is required.

4. Conclusions

The adsorption behaviours of four different types of gold-selective
resins including a novel molecularly imprinted resin (IXOS-AuC) and
three standard ion-exchange resins from the synthetic cyanide-starved
glycine leachates containing gold and copper were investigated. Elution
and multiple adsorption/elution tests on the selected resin were also
conducted. The following conclusions are drawn from the conducted
research:

• The IXOS-AuC resin shows the best selectivity towards gold over
copper with only about 7.4% of CuT being adsorbed on the resin,
where the adsorbed copper was mostly cuprous cyanide species.

• The effects of [CN−]:[CuT] and [Gly]: [CuT] molar ratios were in-
significant on the adsorption of gold and copper using the IXOS-AuC
resin.

• From the adsorption equilibrium tests, the Freundlich isotherm
model showed a better correlation than in the case of the Langmuir
model with the experimental data.

• Kinetics study showed the Pseudo-second-order fits very well the
experimental data.

• Copper on the IXOS-AuC resin can be pre-eluted by 0.4 M NaCN
solutions at pH 11.5, where no gold was eluted.

• Gold on the IXOS-AuC resin can be effectively stripped by either
acidic thiourea (0.5 M Thiourea/0.5 M H2SO4) or alkaline thiocya-
nate (2.5 M Thiocyanate/1.5 g/L NaOH).

• The adsorption/elution tests showed that the IXOS-AuC resin can be
effectively regenerated and reused using both acidic thiourea and
alkaline thiocyanate.

• SEM images showed that the change of surface morphology of the
resin was not significant after adsorption and the adsorption/elution
cycle, although resin breakage occurred when using acidic thiourea
as the eluent.

• The resin can be applied for RIL/RIP process.
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Chapter 7: Conclusions and Recommendations 

This study can be divided into three main sections i.e. a literature review providing 

the context for the further research, a sulfide precipitation study (precipitation 

chemistry and precipitate characteristics) and ion-exchange resins adsorption study 

(for Cu and Au). The sulfide precipitation study first gained insight into the 

chemistry of sulfide precipitation in cyanide-starved glycine solutions by 

investigating the effects of different process conditions on copper recovery. The 

main finding is that the total copper recovery is determined by the [Cu+]:[Cu2+] 

ratios or [CN]:[CuT] ratio, where all the Cu2+ was precipitated by adding NaHS 

while Cu+ complexed with cyanide was not precipitated from the alkaline glycine-

cyanide solutions. Sulfide precipitation particularly the size of precipitates was 

found be difficult to control, and this was addressed by an investigation of how 

different process conditions affecting the sulfide precipitate characteristics. The 

study suggested that coarse and easy settable and filterable size of precipitates can 

be generated by either adding divalent cations, particularly Ca2+, or increasing the 

ionic strength of the solutions. It was also found that ageing, heating and seeding 

appear to mature the copper sulfide precipitates to form a more crystalline CuS 

product. 

The second part of this study investigated the Cu adsorption behaviours using 

different types of commercially available resins from the synergetic glycine-

cyanide system. A type of chelating resin, Puromet MTS9300, was chosen based 

on its superior selectivity towards Cu2+ over other species in the cyanide-starved 

glycine solutions. The separation phenomenon of using this resin is similar to that 

of using sulfide precipitation, where the Cu2+ recovery is also determined by the 

Cu2+/Cu+ ratio. It is indicated that resin adsorption can be an alternative method to 

sulfide precipitation for Cu removal, depending on the economic. Elution of copper 

can be achieved by using either HCl or alkaline glycine solutions with NaCl present, 

and the resin can be effectively regenerated using the alkaline glycine as the eluent. 

A gold adsorption study using different types of commercial gold-selective resin 

were also undertaken. The results indicated that a recent developed molecularly 

imprinted polymer, IXOS-AuC resin, exhibited a good selectivity towards gold 

against Cu with no Cu2+ adsorption and a smaller amount of Cu+ being adsorbed 

compared with those commercial resins tested. The Cu can be pre-eluted by a 

cyanide solution and then the gold can be eluted by either acidic thiourea or alkaline 
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thiocyanate. Regeneration study suggested that both elution systems can potentially 

regenerate the IXOS-AuC resin.  

7.1 Enumerated Conclusions 

7.1.1 Sulfide precipitation  

7.1.1.1 Sulfide precipitation chemistry 

A summary of the copper sulfide precipitation behaviours by addition of NaHS to 

the cyanide-starved glycine solutions at different conditions are presented as 

follows: 

• Process conditions such as [HS-]:[CuT], [Gly]:[CuT], pH and reaction time

have insignificant effects on the copper recovery.

• Total copper recovery was improved slightly from 65.8% to 75.9% by

heating the solutions to 55°C.

• The [Cu+]:[Cu2+] molar ratio determined by [CN-]:[CuT] molar ratio

controls the copper recovery and higher total copper recovery was obtained

in the presence of a higher amount of Cu2+.

• The reaction is rapid and can be finished in 5 minutes of reaction

• Insignificant gold co-precipitation was observed with a small portion of

gold precipitated (2.2%) at 60 min of reaction time, which may be ascribed

to surface adsorption of gold onto CuS.

• Pre-oxidation of Cu+ to Cu2+ was studied, and it was found that the

optimum addition of peroxide varied depending on optimal [H2O2]:[Cu+]

molar ratios. When the [CN-]:[CuT] molar ratios were 1:1 and 2:1, the

optimum [H2O2]:[Cu+] molar ratios were 4:1 and 5:1, respectively.

• Total copper removal increased significantly after pre-oxidation from about

70% to over 96%.

• Lower the DO level can increase the copper recovery, which may be due to

a copper sulfide redissolution in the presence of oxygen/peroxide and

glycine.

• No obvious effects of pre-oxidation on gold precipitation that gold

remained in solutions at different initial gold concentrations.

• Through a glycine titration method, it is concluded that the total glycine

concentration was not significantly impacted by pre-oxidation, and more

glycine was released from the cupric glycinate complex after precipitation.
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7.1.1.2 Copper sulfide precipitate characteristics 

Different factors affecting the copper sulfide precipitate characteristics were 

investigated from alkaline glycine-cyanide solutions. Conclusions are drawn in the 

following: 

• Divalent cations, particularly Ca2+, tend to enhance the formation of large

and settleable precipitates, owing to a cross-linking effect.

• Increasing the dosage of Ca2+ can slightly increase in the mean particle size,

but it does not affect settling performances. This will be an advantage for

process plants where usually use lime as a pH modifier, thus no extra Ca2+

addition is required.

• Lowering the initial supersaturation level by reducing the solution

concentrations has an insignificant effect on enlarging the size of the

precipitates. This may be beneficial for process plants that no dilution of

concentrated leachates is needed.

• Increasing the solution ionic strength can significantly enhance the

formation of coarse and settleable precipitates even without Ca2+ addition.

• The optimum range of stirring speed of this study is 200 – 350 rpm

• A fast addition rate appears to be preferable in forming coarser particles.

• Ageing, heating or seeding have insignificant impacts on the PSD, but either

of these measures can result in a morphology and crystal phase change.

• Based on the SEM and XRD results, a transformation from polymorph to

crystalline crystal structure was observed after ageing, heating or seeding,

implying the production of more mature and crystalline CuS.

7.1.2 Ion-exchange resin adsorption 

7.1.2.1 Cu adsorption behaviours on resins 

The adsorption behaviours using different types of chelating resins from synthetic 

glycinate-cyanide solutions containing Au and Cu were studied. A summary of the 

results are shown as follows: 

• Compared with other chelating resin tested, Puromet MTS9300 resin

exhibits high selectivity of Cu2+ against the Au and Cu+ cyanide species,

due to the cation affinity of the resin.

• Similar to the sulfide precipitation, the adsorption of copper is controlled by

the Cu+/Cu2+ ratio determined by the [CN-]: [CuT] molar ratio.
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• Over 99% of Cu2+ was recovered at any [CN-]: [CuT] molar ratio. 

• The [Gly]:[CuT] molar ratio does not significantly influence the adsorption 

behaviours of the resin if the additions of glycine exceeded the 

stoichiometric requirement; insufficient glycine additions i.e  [Gly]:[CuT] = 

1.5:1, can result in higher Cu+ in the system, thus lowering the total Cu 

recovery. 

• None or a very small amount of gold (< 1%) was co-adsorbed at all 

conditions tested. 

• Similar adsorption performance was observed at different initial Cu2+ 

concentrations by maintaining the same resin:Cu2+ mass rato.  

• The experimental data fit both the Freundlich and Langmuir models, while 

the Langmuir model represents a better fitting with a higher correlation 

coefficient. 

• The adsorption kinetics of Cu2+ followed the pseudo-second-order model. 

• Based on the curve fitted with the Intra-particle model, intra-particle 

diffusion was not the only rate-controlling step. 

• The effective elution of  Cu from the Puromet MTS9300 resin can be 

achieved by using either alkaline glycine solutions with salt (3M glycine, 

3M NaCl and 2 – 3 M NaOH) or 2 – 3M HCl.  

• Alkaline glycine solution with salt as eluent was recommended and was 

used in regeneration study, as the barren resin can be reused directly without 

neutralisation.  

• The Cu adsorption capacity and regeneration efficiency dropped and then 

remain constant after the first cycle. 

• The desorption efficiency remained constant during the multi-cycle tests 

with insignificant accumulations of residual Cu on the resin.   

• No obvious change in resin shape and damage on resin surface was 

visualised by the SEM images after adsorption/regeneration. 

7.1.2.2 Gold adsorption behaviours on resins 

The adsorption behaviours of a novel molecularly imprinted polymer (IXOS-AuC) 

from the synthetic cyanide-starved glycine leachates containing gold and copper 

were investigated. The following conclusions are drawn: 
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• Four types of resins were compared (not presented in the published paper, 

(See Appendix C4.1) and they show good recovery of gold with low copper 

co-adsorption, insignificant Cu2+ co-adsorption was observed for most of 

the tested resins, excluding S992 resin  

• The IXOS-AuC resin was selected for further investigations since it exhibits 

the best selectivity towards gold over copper with only about 7.4% of CuT 

being adsorbed. 

• Factors such as [CN-]:[CuT] and [Gly]: [CuT] molar ratios have insignificant 

influences on the adsorption of gold and copper. 

• Higher initial gold concentration tends to decrease the copper co-adsorption 

on the resin. 

• From an adsorption equilibrium test, experimental data fit the Freundlich 

isotherm model better than the Langmuir model with a higher regression 

coefficient.  

• The Kinetics study showed the experimental data fit well with the Pseudo-

second-order model. 

• Copper can be pre-eluted by 0.4M NaCN solutions at pH 11.5 from the 

IXOS-AuC resin, while gold was not eluted at such conditions.  

• Gold can be effectively stripped by either using acidic thiourea (0.5M 

Thiourea/0.5M H2SO4) or alkaline thiocyanate (2.5M Thiocyanate/1.5g/L 

NaOH) from the resin. 

• The multi-cycle tests revealed that the IXOS-AuC resin can be effectively 

regenerated and reused in both acidic thiourea and alkaline thiocyanate 

elution system. 

• The change of surface morphology of the resin was generally not significant 

after adsorption/regeneration. 

7.2 Recommendation and Potential Opportunities for Future 

Study 

The following recommendations were proposed for a continuous study based on 

the identified research gap: 

• Sulfide precipitation tests in a cyanide-starved glycine solution 

containing Au and Cu with other metals with Ag, Zn, Ni, Co, Pd, etc. 

How do the other metals behave as well as gold and copper?   
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• Ion-exchange resin adsorption study in a cyanide-starved glycine

solution containing Au and Cu with other metals. To what extent do the

other metals affect the adsorption of gold? And what types of resin can

purify the solutions?

• Sulfide precipitation test for a glycine-only system containing copper

and gold. How does the gold glycinate behave, will it be co-precipitated

with copper or remain in solutions?

• Ion-exchange resin adsorption study for a glycine-only system

containing copper and gold. Do the previously selected resins still

perform well with good selectivity towards the desired metals? Will

other types of resins give better results? What kinds of eluent would be

suitable?

• Lock-cycle tests incorporated with leaching, sulfide precipitation and

resin adsorption to recover copper and gold from a real copper-gold ore

in either cyanide-starved glycine system or glycine-only systems. Can

these recovery methods work well in the presence of other impurities?

What are the optimum operational conditions?

• Construct conceptual flowsheet integrated with leaching and recovery

based on the glycine-cyanide and synergetic glycine cyanide system and

conduct a high-level cost evaluation and environmental impact

estimation. Which leach system and what types of recovery techniques

would be more economic and environmental friendly?

• Pilot the process in a mini-scale pilot plant with a continuous process

using the optimum conditions obtained from the bench-scale lock-cycle

tests and the cost and environmental impact estimations.

• A full techno-economic analysis is still required to evaluate the

profitability of the metal recovery circuit (which would include

leaching).

• It is foreseen that this technology may have applications in the following

areas:

o Recovery of copper and gold from leachates from copper-gold

ores and tailings.

o Recovery of copper and gold from flotation and gravity

concentrates
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o Recovery of copper and gold from copper anode slimes during

copper refining

o Recovery of copper and gold from electronic and electrical waste

o Recovery and copper and gold from acid mine drainage solutions

from old copper-gold mine sites effluents after pH adjustment

It is therefore clear that the technology and outcomes derived in this thesis 

should be of use across a broad range of streams from diverse gold-copper 

operations.  
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Appendix B Example calculation for synthetic solution 

preparation  

Stock Au Cyanide-starved glycine solution 

Prepare a 1L Au stock solution by dissolving gold powders (99.998%) in a solution 

containing CuCN and glycine at [Cu]:[CN]:[Gly] molar ratio =1:1:3 and pH = 10.5 

for 24h (300 mg/L Cu).  

Mass of Au powders: 0.2 g 

Mass of CuCN: 

Molar mass of CuCN = 89.56 g/mol 

Molar mass of Cu = 63.55 g/mol 

To obtain a 300 mg/L (0.3 g/L) Cu in solution, the required mass of solid CuCN 

(purity = 95%): 

mCuCN = 
0.3×89.56

 63.55×0.95
 = 0.445 g 

Mass of glycine: 

Molar mass of Glycine = 75.07 g/mol 

To achieve a [Cu]:[CN]:[Gly] molar ratio of 1:1:3, the required mass of glycine 

(purity =99%): 

mGly = 
0.3×75.07×3

63.55*0.99
 = 1.063 g

Adjust pH to 10.5 using NaOH 

After 24h of reaction, filter the solution by a Supor® 0.45 µm membrane disc filter 

paper. The Au concentration is determined by AAS.  

Cyanide-starved glycine solution ([Cu]:[CN]:[Gly] =1:1:3) 

To prepare the a synthetic cyanide-starved glycine solution containing 300 mg/L 

Cu and 2 mg/L Au at [Cu]:[CN]:[Gly] molar ratio =1:1:3 and pH = 10.5: 

Prepare a 1L cyanide-starved glycine solution by diluting the Au stock solution in 

a solution with the same Cu concentration at the same [Cu]:[CN]:[Gly] molar ratio 

and pH conditions, targeting 300 mg/L Cu and 2 mg/L Au in solutions. 
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[Au] of the Au stock solution = 134 mg/L 

To obtain a target [Au] of 2 mg/L, according to C1V1=C2V2, the required volume 

of Au stock solution :  

VAu stock = 
2×1

134
 = 0.0149 L 

Dilute the Au stock solution in a 1L volumetric flask with CuCN and glycine using 

0.9851L of DI Water. 

To obtain 300 mg/L Cu and a [Cu]:[CN]:[Gly] molar ratio of 1:1:3, the required 

mass of CuCN and glycine: 

mCuCN =  0.445 × 0.9851 = 0.438 g 

mGly = 1.063 ×0.9851 = 1.047 g  

Adjust pH to 10.5 using NaOH and/or Ca(OH)2, and then filter the solution by a 

Supor® 0.45 µm membrane disc filter paper.  

Cyanide-starved glycine solution ([Cu]:[CN]:[Gly] =1:2:3) 

To prepare the a synthetic cyanide-starved glycine solution containing 300 mg/L 

Cu and 2 mg/L Au at [Cu]:[CN]:[Gly] molar ratio =1:2:3 and pH = 10.5: 

In this case, cyanide is sourced from the same mole of CuCN and NaCN. The 

required mass of CuCN and glycine are the same as the above section, 0.438g and 

1.047g, respectively. The extra CN- was sourced from NaCN addition. 

Molar mass of NaCN = 49.01 g/L 

The required mass of NaCN (purity = 95 %): 

mNaCN = 
0.3×49.01

 63.55×0.95
 = 0.244 g 

Cyanide-starved glycine solution ([Cu]:[CN]:[Gly] =1:0.5:3) 

To prepare the a synthetic cyanide-starved glycine solution containing 300 mg/L 

Cu and 2 mg/L Au at [Cu]:[CN]:[Gly] molar ratio =1:0.5:3 and pH = 10.5: 

In this case, Cu is sourced from the same mole of CuCN and CuSO4. The required 

mass of CuCN is 50% of the above section, which is 0.438/2 = 0.219 g.  

Molar mass of CuSO4 H2O = 249.72 g/mol 
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The required mass of CuSO4 H2O (putity = 98%): 

mCuSO4
 = 

0.15×249.72

 63.55×0.98
 = 0.382 g

The required mass of glycine is the same, which is 1.047 g. 
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Appendix C Tabulation of experimental data 

Appendix C1 - Sulfide precipitation behaviour study 

C1.1 Effects of [HS-]:[CuT] 

Experimental condition: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] molar ratio = 1:1:3 , room 

temeperature pH =10.5 and 5 min reaction time 

S:Cu pH Eh 
CuT, 

ppm 

Au,pp

m 

Cu2+, 

ppm 

CuT 

Removal, % 

Au 

Removal, % 

Origina

l 

10.5

2 
115 303.6 1.209 200 

1:1 
10.4

1 
-36 120.3 1.323 30 62.75 -2.86

1.1:1 
10.2

1 

-

193 
103.2 1.265 0 68.05 1.65 

1.3:1 
10.2

5 

-

250 
99.75 1.352 0 69.12 -5.12

1.6:1 
10.3

4 

-

287 
102.15 1.358 0 68.04 -6.71

2:1 
10.3

1 

-

440 
109.35 1.371 0 66.14 -6.60

3:1 
10.3

1 

-

453 
104.55 1.355 0 68.32 -3.11

C1.2 Effects of reaction time 

Experimental condition: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] molar ratio = 1:1:3, room 

temeperature pH = 10.5 and [HS-]:[CuT] = 1.3:1 

Time, 

min 

CuT, 

ppm 
Au, ppm Cu2+, ppm pH Eh 

CuT 

Removal, % 

Au 

Removal, % 

0 303.6 1.209 200 10.53 116 0 

5 99.75 1.352 0 10.25 -250 69.12 -5.12

10 98.35 1.338 0 10.31 -193 69.23 -5.14

20 96.05 1.335 0 10.28 -159 69.63 -6.00

30 87.95 1.299 4 10.18 -103 72.77 -1.00

60 95.05 1.258 27 9.38 88 70.57 2.19 

C1.3 Effects of [Gly]:[CuT] molar ratio 

Experimental condition: 300mg/L CuT, 1 mg/L Au, [CN-]:[CuT] =1:1, pH =10.5, 

[HS-]:[CuT]=1.3:1, room temeperature and 5 min reaction time. 

Before precipitation After precipitation 

Cu:Gly 
CuT, 

ppm 
Au,ppm pH Eh 

CuT, 

ppm 
Au,ppm pH Eh 

CuT 

Removal, % 

Au 

Removal, % 

1:3 302.8 1.213 10.56 102 99.75 1.352 10.25 
-

250 
68.80 -4.77

1:4 270.5 1.257 10.53 49 97.8 1.421 10.57 
-

398 
69.41 -6.26

1:6 296.9 0.952 10.57 -10 97.95 1.274 10.45 
-

305 
69.36 -25.79

1:8 298.1 1.095 10.51 40 96.25 1.444 10.25 
-

306 
69.89 -23.96
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C1.4 Effects of [CN-]:[CuT] molar ratio 

Experimental condition: 300mg/L CuT, 1 mg/L Au, [Gly]:[CuT] = 3:1, pH = 10.5, [HS-]:[CuT]= 

1.3:1, room temeperature and 5 min reaction time 

Before precipitation After precipitation 

Cu:C

N 

CuT, 

ppm 

Au, 

ppm 
pH Eh 

CuT, 

ppm 

Au, 

ppm 
pH Eh 

CuT 

Removal, % 

Au 

Removal, % 

1:0.1 275.1 1.276 10.55 43 20.15 1.511 10.18 91 92.68 -18.42

1:0.5 263.3 1.38 10.49 89 57.35 1.502 10.34 -140 78.22 -8.84

1:1 302.8 1.213 10.56 98 99.75 1.357 10.26 -263 67.12 -11.87

1:2 298.8 1.238 10.47 93 176.9 1.28 10.16 -329 40.80 -3.39

C.1.5 Effects of pH

Experimental condition: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] molar ratio =1:1:3, 

[HS-]:[CuT]= 1.3:1, room temeperature and5 min reaction time,  

Before precipitation After precipitation 

pH 
CuT, 

ppm 

Au, 

ppm 
Eh CuT, ppm Au, ppm pH Eh 

CuT 

Removal, % 

Au 

Removal, % 

8.10 244.4 1.156 200 110.75 1.287 9.5 -24 65.30 -11.33

9.04 275.3 1.056 107 99.1 1.348 9.58 
-

236 
68.95 -27.65

10.55 282.8 0.967 59 103.35 1.002 10.38 
-

247 
67.62 -3.62

12.00 272.8 0.987 104 99.55 1.102 11.79 
-

341 
68.81 -11.65

C.1.6 Effects of Temperature

Experimental condition: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] molar ratio =1:1:3, pH = 10.5, 

[HS-]:[CuT]= 1.3:1 and 5 min reaction time 

Temperature 
CuT, 

ppm 
Cu2+ Au, ppm pH Eh 

CuT 

Removal, % 

original 303.6 226 1.209 10.81 106 

25 103.7 2 1.362 10.29 -334 65.84 

35 93.6 0 1.352 10.22 -256 69.17 

55 73.1 0 1.395 10.12 -293 75.92 
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C1.7 Pre-oxidation of Cu+ to Cu2+ at different [H2O2]:[Cu+] molar ratio 

1. [H2O2]:[Cu+] = 5:1

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:2:3, pH = 10.5, and room

temperature.

Time, min Cu2+, ppm DO, ppm % oxidation from Cu+ to Cu2+ 

0 101 2.5 0.00 

5 295 21.6 97.49 

15 291 15.6 95.48 

30 286 11.5 92.96 

60 285 5.6 92.46 

120 283 4.3 91.46 

240 281 4.1 90.45 

2. [H2O2]:[Cu+] = 4:1

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:2:3, pH = 10.5, and room

temperature.

Time, min Cu2+, ppm DO, ppm % oxidation from Cu+ to Cu2+ 

0 101 2.5 0.00 

5 219 20.5 59.30 

15 218 10.8 58.79 

30 215 8.5 57.29 

60 214 4.8 56.78 

120 215 4.3 57.29 

240 216 3.8 57.79 

3. [H2O2]:[Cu+] = 3:1

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:2:3, pH = 10.5, and room

temperature.

Time, min Cu2+, ppm DO, ppm % oxidation from Cu+ to Cu2+ 

0 110 2.4 0.00 

5 191 18.5 42.63 

15 197 9.1 45.79 

30 197 5.4 45.79 

60 198 3.5 46.32 

120 197 3.6 45.79 

240 203 3.2 48.95 

4. [H2O2]:[Cu+] = 1:1

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:2:3, pH = 10.5, and room

temperature.

Time, min Cu2+, ppm DO, ppm % oxidation from Cu+ to Cu2+ 

0 110 3 0.00% 

5 117 11.5 3.68 

15 121 7.7 5.79 

30 126 5 8.42 

60 126 3.9 8.42 

120 133 3.3 12.11 

240 139 3.5 15.26 
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C1.8 Effects of [CN]-:[CuT] molar ratio on H2O2 dosage 

1. [H2O2]:[Cu+] = 5:1

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:1:3, pH = 10.5, and room

temperature.

Time, min Cu2+, ppm DO, ppm % oxidation from Cu+ to Cu2+ 

0 204 2.5 0.00 

5 324 20.5 99.55 

15 324 16.2 99.55 

30 324 12.3 99.55 

60 323 4.5 99.11 

120 322 4.2 98.66 

240 319 3.9 97.32 

2. [H2O2]:[Cu+] = 4:1

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:1:3, pH = 10.5, and room

temperature.

Time, min Cu2+, ppm DO, ppm % oxidation from Cu+ to Cu2+ 

0 204 2.5 0.00 

5 321 20.6 98.21 

15 322 15.6 98.66 

30 323 11.5 99.11 

60 320 5.6 97.77 

120 321 4.5 98.21 

240 318 4.1 96.88 

3. [H2O2]:[Cu+] = 3:1

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:1:3, pH = 10.5, and room

temperature.

Time, min Cu2+, ppm DO, ppm % oxidation from Cu+ to Cu2+ 

0 204 2.4 0.00 

5 277 17.8 78.57 

15 278 10.2 79.02 

30 279 5.3 79.46 

60 278 3.5 79.02 

120 276 3.1 78.13 

240 274 3.2 77.23 

C.1.9 Effects of dissolved oxygen (after pre-oxidation)

Experimental conditions: 300mg/L CuT, 1 mg/L Au, 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] 

=1:2:3, and pH = 10.5, [HS-]:[CuT] =1.3:1, 5 min reaction time.  

Before After 

Do, ppm CuT, ppm CuT, ppm Cu removal, % 

21.6 303 41.9 86.17 

4.3 303 28 90.76 

0 303 26.9 91.12 
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C1.10 Effects of [HS-]:[CuT] molar ratio (after pre-oxidation) 

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:2:3, and pH = 10.5, 0 

ppm Do, 5 min reaction time. 

[HS]:[CuT] 
CuT, 

ppm 

Au, 

ppm 

Cu2+,

ppm 
pH Eh 

DO, 

ppm 

Au 

Removal, % 

CuT 

Removal, % 

Orignial 300.2 1.213 298 10.56 110 0 

1:1 86 1.202 81 10.31 -33 0.3 0.91 71.2 

1:1.3 28.4 1.273 37 10.49 -2 1.3 -4.95 91.10 

1:1.4 11.25 1.421 5 10.36 -68 1.1 -17.15 96.48 

1:1.6 26.15 1.328 0 10.13 -355 0 -9.48 91.81 

C1. 11 Effects of contact time during precipitation (after pre-oxidation) 

Experimental conditions: 300mg/L CuT, 1 mg/L Au, [CuT]:[CN-]:[Gly] =1:2:3, and pH = 10.5, 0 

ppm Do, [HS-]:[CuT] =1.4:1 and 5 min reaction time. 

Time, min 
CuT, 

ppm 

Au, 

ppm 

Cu2+,

ppm 
pH Eh 

DO, 

ppm 

Au 

Removal, % 

CuT 

Removal, % 

0 300.5 1.352 296 10.61 78 0 

5 11.25 1.421 5 10.36 -68 1.1 -5.10 96.48 

10 14.7 1.44 0 10.45 -73 0.5 -6.51 95.39 

20 20.35 1.42 15 10.52 -12 0.5 -5.03 93.62 

30 23.05 1.417 40 10.54 -16 0.5 -4.81 92.78 

60 32.65 1.073 29 10.56 40 2.3 22.67 89.77 

C1. 12 Effects of pre-oxidation on gold precipitation 

Experimental conditions: 300mg/L CuT, [CuT]:[CN-]:[Gly] =1:2:3, and pH = 10.5, 0 ppm Do, 

[HS-]:[CuT] =1.4:1 and 5 min reaction time. 

Conditions 

Before 

precipitation 
After precipitation 

CuT, 

ppm 

Au, 

ppm 

CuT, 

ppm 

Au, 

ppm 

CuT 

Removal, % 

Au 

Removal, 

% 

4 mg/L Au (with pre-

oxidation) 
301.5 4.375 9.52 4.456 96.07 -1.85

1 mg/L Au (with pre-

oxidation) 
300.5 1.215 6.16 1.278 96.40 -5.19

4 mg/L Au (without pre-

oxidation) 
301.5 4.375 178.49 4.561 40.80 -4.25

Appendix C2 - Sulfide precipitate characteristics study 

C2.1 Effects of cation addition  

Experimental condition: [CuT] = 300mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, room temperature, 

[HS-] = 5M, [HS-]:[Cu] = 1.3:1, reaction time = 5min, stirring speed =200 rpm. 
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Cation concentration 0.5mM Ca²⁺ 0.5mM Mg²⁺ 

Specific Surface Area, m2/g: 0.0751 0.326 

Surface Weighted Mean D[3,2], µm 29.596 6.812 

Vol. Weighted Mean D[4,3], µm 44.34 24.734 

d10, µm 16.312 10.244 

d50, µm 39.226 21.934 

d80, µm 63.712 34.787 

 

PSD data at 0.5mM Ca2+ 

Size 

(µm) 

Vol 

Unde

r % 

Size (µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Unde

r % 

Size (µm) 
Vol 

Under % 

1.096 0 11.482 1.22 120.226 5.9 1258.925 0 

1.259 0 13.183 1.35 138.038 4.46 1445.44 0 

1.445 0 15.136 1.48 158.489 3 1659.587 0 

1.66 0.01 17.378 1.63 181.97 1.77 1905.461 0 

1.905 0.06 19.953 1.83 208.93 0.76 2187.762 0 

2.188 0.08 22.909 2.13 239.883 0.16 2511.886 0 

2.512 0.09 26.303 2.6 275.423 0 2884.032 0 

2.884 0.12 30.2 3.25 316.228 0 3311.311 0 

3.311 0.15 34.674 4.11 363.078 0 3801.894 0 

3.802 0.2 39.811 5.13 416.869 0 4365.158 0 

4.365 0.26 45.709 6.22 478.63 0 5011.872 0 

5.012 0.35 52.481 7.28 549.541 0 5754.399 0 

5.754 0.45 60.256 8.11 630.957 0 6606.934 0 

6.607 0.6 69.183 8.6 724.436 0 7585.776 0 

7.586 0.74 79.433 8.62 831.764 0 8709.636 0 

8.71 0.9 91.201 8.13 954.993 0 10000 0 

10 1.06 104.713 7.19 1096.478 0   

 

PSD data at 0.5mM Mg2+ 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 

1.096 0 11.482 1.37 120.226 1.76 1258.925 0 

1.259 0 13.183 1.78 138.038 0.92 1445.44 0 

1.445 0 15.136 2.36 158.489 0.3 1659.587 0 

1.66 0 17.378 3.07 181.97 0.05 1905.461 0 

1.905 0 19.953 3.98 208.93 0 2187.762 0 

2.188 0 22.909 5.01 239.883 0 2511.886 0 

2.512 0 26.303 6.1 275.423 0 2884.032 0 

2.884 0.05 30.2 7.16 316.228 0 3311.311 0 

3.311 0.09 34.674 8.07 363.078 0 3801.894 0 

3.802 0.15 39.811 8.68 416.869 0 4365.158 0 

4.365 0.21 45.709 8.91 478.63 0 5011.872 0 

5.012 0.3 52.481 8.66 549.541 0 5754.399 0 

5.754 0.4 60.256 7.97 630.957 0 6606.934 0 

6.607 0.52 69.183 6.91 724.436 0 7585.776 0 
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7.586 0.65 79.433 5.6 831.764 0 8709.636 0 

8.71 0.83 91.201 4.2 954.993 0 10000 0 

10 1.05 104.713 2.89 1096.478 0 

Experimental data of settling tests (Effects of cation addition) 

h h/h0 

time, 

min 

0.5mM 

Ca²⁺ 

0.5mM 

Mg²⁺ 

0.5mM 

Al³⁺ 

0.5mM 

Ca²⁺ 

0.5mM 

Mg²⁺ 

0.5mM 

Al³⁺ 

0 500 500 500 1 1 1 

0.15 490 500 500 0.98 1 1 

0.5 475 500 500 0.95 1 1 

1 455 500 500 0.91 1 1 

2 245 300 500 0.49 0.6 1 

3 25 100 500 0.05 0.2 1 

5 20 40 500 0.04 0.08 1 

8 18 30 500 0.036 0.06 1 

10 16 25 500 0.032 0.05 1 

20 15 25 500 0.03 0.05 1 

C2. 2 Effects of Ca2+ dosage 

Experimental conditions: [CuT] = 300mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, room temperature, 

[HS-] = 5M, [HS-]:[CuT] = 1.3:1, reaction time =5min, stirring speed =200 rpm. 

Ca2+ concentration, mM 0.25 0.5 1.25 

Specific Surface Area, m2/g: 0.0876 0.0751 0.0589 

Surface Weighted Mean D[3,2], µm 25.378 29.596 37.699 

Vol. Weighted Mean D[4,3], µm 37.11 44.34 62.109 

d10, µm 14.338 16.312 19.561 

d50, µm 33.124 39.226 54.992 

d80, µm 52.922 63.712 90.909 

PSD data at 0.25mM Ca2+ 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 
Size (µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 1.63 120.226 0.42 1258.925 0 

1.259 0 13.183 2.27 138.038 0.08 1445.44 0 

1.445 0 15.136 3.13 158.489 0 1659.587 0 

1.66 0 17.378 4.17 181.97 0 1905.461 0 

1.905 0 19.953 5.35 208.93 0 2187.762 0 

2.188 0 22.909 6.58 239.883 0 2511.886 0 

2.512 0 26.303 7.74 275.423 0 2884.032 0 

2.884 0.07 30.2 8.67 316.228 0 3311.311 0 

3.311 0.12 34.674 9.25 363.078 0 3801.894 0 

3.802 0.17 39.811 9.36 416.869 0 4365.158 0 

4.365 0.23 45.709 8.98 478.63 0 5011.872 0 
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5.012 0.29 52.481 8.1 549.541 0 5754.399 0 

5.754 0.37 60.256 6.86 630.957 0 6606.934 0 

6.607 0.47 69.183 5.39 724.436 0 7585.776 0 

7.586 0.61 79.433 3.87 831.764 0 8709.636 0 

8.71 0.83 91.201 2.47 954.993 0 10000 0 

10 1.15 104.713 1.37 1096.478 0 

PSD data at 0.125mM Ca2+ 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 1.18 120.226 5.78 1258.925 0 

1.259 0 13.183 1.42 138.038 4.89 1445.44 0 

1.445 0 15.136 1.72 158.489 3.89 1659.587 0 

1.66 0 17.378 2.03 181.97 2.9 1905.461 0 

1.905 0 19.953 2.39 208.93 1.98 2187.762 0 

2.188 0 22.909 2.81 239.883 1.21 2511.886 0 

2.512 0.06 26.303 3.28 275.423 0.64 2884.032 0 

2.884 0.09 30.2 3.81 316.228 0.24 3311.311 0 

3.311 0.12 34.674 4.4 363.078 0.01 3801.894 0 

3.802 0.15 39.811 5.03 416.869 0 4365.158 0 

4.365 0.2 45.709 5.67 478.63 0 5011.872 0 

5.012 0.27 52.481 6.27 549.541 0 5754.399 0 

5.754 0.35 60.256 6.76 630.957 0 6606.934 0 

6.607 0.46 69.183 7.07 724.436 0 7585.776 0 

7.586 0.59 79.433 7.16 831.764 0 8709.636 0 

8.71 0.76 91.201 6.96 954.993 0 10000 0 

10 0.95 104.713 6.5 1096.478 0 

Experimental data of settling tests (Effects of Ca2+ dosage) 

h h/h0 

time, 

min 

0.5mM 

Ca²⁺ 

0.25mM 

Ca²⁺ 

5mM 

Ca²⁺ 

0.5mM 

Ca²⁺ 

0.25mM 

Ca²⁺ 

1.25mM 

Ca²⁺ 

0 500 500 500 1 1 1 

0.15 490 500 485 0.98 1 0.97 

0.5 475 495 480 0.95 0.99 0.96 

1 455 490 400 0.91 0.98 0.8 

2 245 300 200 0.49 0.6 0.4 

3 25 30 24 0.05 0.06 0.048 

5 20 25 20 0.04 0.05 0.04 

8 18 20 15 0.036 0.04 0.03 

10 16 20 15 0.032 0.04 0.03 

20 15 20 15 0.03 0.04 0.03 
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C2.3 Effects of supersaturation 

Experimental conditions: [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, room temperature, Ca2+ dosage 

=0.5mM, [HS]:[CuT] = 1.3:1, reaction time =5min, stirring speed =200 rpm. 

Concentrations 
[HS¯]=5M, 

[CuT] = 300mg/L 

[HS¯]= 5M, 

[CuT]=1000mg/

L 

[HS¯]=0.05M, 

[CuT]=300mg/L 

Specific Surface Area, m2/g: 0.0751 0.0763 0.0671 

Surface Weighted Mean 

D[3,2], µm 
29.596 29.108 33.137 

Vol. Weighted Mean D[4,3], 

µm 
44.34 47.393 52.793 

d10, µm 16.312 15.095 17.569 

d50, µm 39.226 41.806 46.006 

d80, µm 63.712 69.343 76.863 

 
PSD data at [HS¯]=5M, [CuT] = 300mg/L (Same as as the PSD data at 0.5mM Ca2+) 

 

PSD data at [HS¯]= 5M, [CuT]=1000mg/L 

Size 

(µm) 

Vol 

Under % 
Size (µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 
Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 1.44 120.226 2.49 1258.925 0 

1.259 0 13.183 1.79 138.038 1.45 1445.44 0 

1.445 0 15.136 2.22 158.489 0.67 1659.587 0 

1.66 0 17.378 2.77 181.97 0.16 1905.461 0 

1.905 0 19.953 3.45 208.93 0 2187.762 0 

2.188 0 22.909 4.28 239.883 0 2511.886 0 

2.512 0 26.303 5.21 275.423 0 2884.032 0 

2.884 0.05 30.2 6.2 316.228 0 3311.311 0 

3.311 0.09 34.674 7.15 363.078 0 3801.894 0 

3.802 0.13 39.811 7.94 416.869 0 4365.158 0 

4.365 0.21 45.709 8.45 478.63 0 5011.872 0 

5.012 0.3 52.481 8.58 549.541 0 5754.399 0 

5.754 0.42 60.256 8.27 630.957 0 6606.934 0 

6.607 0.57 69.183 7.53 724.436 0 7585.776 0 

7.586 0.73 79.433 6.45 831.764 0 8709.636 0 

8.71 0.93 91.201 5.13 954.993 0 10000 0 

10 1.17 104.713 3.77 1096.478 0   

 

PSD data at [HS¯]=0.05M, [CuT]=300mg/L 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size (µm) 
Vol 

Under % 

1.096 0 11.482 1.1 120.226 3.41 1258.925 0 

1.259 0 13.183 1.41 138.038 2.25 1445.44 0 

1.445 0 15.136 1.83 158.489 1.3 1659.587 0 

1.66 0 17.378 2.36 181.97 0.62 1905.461 0 

1.905 0 19.953 3.02 208.93 0.16 2187.762 0 
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2.188 0 22.909 3.83 239.883 0 2511.886 0 

2.512 0 26.303 4.75 275.423 0 2884.032 0 

2.884 0 30.2 5.74 316.228 0 3311.311 0 

3.311 0.04 34.674 6.71 363.078 0 3801.894 0 

3.802 0.08 39.811 7.56 416.869 0 4365.158 0 

4.365 0.13 45.709 8.2 478.63 0 5011.872 0 

5.012 0.19 52.481 8.52 549.541 0 5754.399 0 

5.754 0.27 60.256 8.43 630.957 0 6606.934 0 

6.607 0.38 69.183 7.95 724.436 0 7585.776 0 

7.586 0.5 79.433 7.1 831.764 0 8709.636 0 

8.71 0.65 91.201 5.96 954.993 0 10000 0 

10 0.85 104.713 4.7 1096.478 0     

 

Experimental data of settling tests (Effects of supersaturation) 
 h h/h0 

time

, 

min 

[HS¯]=5

M, [CuT] 

= 300 

mg/L 

[HS¯]=0.05

M, 

[CuT]=300 

mg/L 

[HS¯]= 5M, 

[CuT]=100

0 mg/L 

[HS¯]=5M, 

[CuT] = 

300 mg/L 

[HS¯]=0.05

M, 

[CuT]=300 

mg/L 

[HS¯]= 5M, 

[CuT]=100

0 mg/L 

0 500 500 500 1 1 1 

0.15 495 495 490 0.99 0.99 0.98 

0.5 475 460 465 0.95 0.92 0.93 

1 455 450 445 0.91 0.9 0.89 

2 245 250 225 0.49 0.5 0.45 

3 25 24 25 0.05 0.048 0.05 

5 20 30 22.5 0.04 0.06 0.045 

8 18 18 16 0.036 0.036 0.032 

10 16 17 16 0.032 0.033 0.032 

20 16 17 16 0.032 0.033 0.032 

 

C2.4 Effects of ionic strength 

Experimental conditions: [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, room temperature, Ca2+ dosage 

=0.5mM, [HS]:[CuT] = 1.3:1, reaction time =5min, stirring speed =200 rpm. 

Ionic strength, M 0.1M 0.2M 1M 

Specific Surface Area, m2/g: 0.22 0.108 0.0653 

Surface Weighted Mean D[3,2], 

µm 10.121 20.54 34.015 

Vol. Weighted Mean D[4,3], µm 18.44 36.719 56.867 

d10, µm 5.776 10.232 17.627 

d50, µm 15.397 31.837 51.783 

d80, µm 27.014 55.064 83.147 
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PSD data at 0.1M of ionic strength 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 

1.096 0 11.482 6.58 120.226 0 1258.925 0 

1.259 0.18 13.183 7.27 138.038 0 1445.44 0 

1.445 0.21 15.136 7.74 158.489 0 1659.587 0 

1.66 0.25 17.378 7.93 181.97 0 1905.461 0 

1.905 0.31 19.953 7.8 208.93 0 2187.762 0 

2.188 0.36 22.909 7.38 239.883 0 2511.886 0 

2.512 0.44 26.303 6.68 275.423 0 2884.032 0 

2.884 0.55 30.2 5.79 316.228 0 3311.311 0 

3.311 0.7 34.674 4.79 363.078 0 3801.894 0 

3.802 0.94 39.811 3.75 416.869 0 4365.158 0 

4.365 1.27 45.709 2.77 478.63 0 5011.872 0 

5.012 1.73 52.481 1.91 549.541 0 5754.399 0 

5.754 2.33 60.256 1.2 630.957 0 6606.934 0 

6.607 3.06 69.183 0.65 724.436 0 7585.776 0 

7.586 3.9 79.433 0.3 831.764 0 8709.636 0 

8.71 4.81 91.201 0.03 954.993 0 10000 0 

10 5.73 104.713 0 1096.478 0   
 

 

PSD data at 0.2M of ionic strength 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 2.48 120.226 1.03 1258.925 0 

1.259 0 13.183 2.97 138.038 0.3 1445.44 0 

1.445 0.01 15.136 3.55 158.489 0.04 1659.587 0 

1.66 0.07 17.378 4.2 181.97 0 1905.461 0 

1.905 0.09 19.953 4.95 208.93 0 2187.762 0 

2.188 0.11 22.909 5.72 239.883 0 2511.886 0 

2.512 0.15 26.303 6.48 275.423 0 2884.032 0 

2.884 0.2 30.2 7.16 316.228 0 3311.311 0 

3.311 0.28 34.674 7.64 363.078 0 3801.894 0 

3.802 0.38 39.811 7.85 416.869 0 4365.158 0 

4.365 0.51 45.709 7.75 478.63 0 5011.872 0 

5.012 0.68 52.481 7.27 549.541 0 5754.399 0 

5.754 0.88 60.256 6.48 630.957 0 6606.934 0 

6.607 1.12 69.183 5.41 724.436 0 7585.776 0 

7.586 1.38 79.433 4.21 831.764 0 8709.636 0 

8.71 1.7 91.201 2.99 954.993 0 10000 0 

10 2.06 104.713 1.9 1096.478 0   
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PSD data at 1M of ionic strength 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size (µm) 
Vol 

Under % 

1.096 0 11.482 1.15 120.226 4.36 1258.925 0 

1.259 0 13.183 1.32 138.038 2.83 1445.44 0 

1.445 0 15.136 1.52 158.489 1.57 1659.587 0 

1.66 0 17.378 1.78 181.97 0.51 1905.461 0 

1.905 0 19.953 2.15 208.93 0 2187.762 0 

2.188 0 22.909 2.7 239.883 0 2511.886 0 

2.512 0 26.303 3.42 275.423 0 2884.032 0 

2.884 0.05 30.2 4.36 316.228 0 3311.311 0 

3.311 0.09 34.674 5.46 363.078 0 3801.894 0 

3.802 0.12 39.811 6.63 416.869 0 4365.158 0 

4.365 0.18 45.709 7.74 478.63 0 5011.872 0 

5.012 0.26 52.481 8.6 549.541 0 5754.399 0 

5.754 0.37 60.256 9.08 630.957 0 6606.934 0 

6.607 0.5 69.183 9.03 724.436 0 7585.776 0 

7.586 0.66 79.433 8.45 831.764 0 8709.636 0 

8.71 0.82 91.201 7.37 954.993 0 10000 0 

10 0.98 104.713 5.94 1096.478 0   

 

 
Experimental data of settling tests (Effects of ionic strength) 

 h h/h0 

time, 

min 
1M 0.2M 0.1M 0.01M 1M 0.2M 0.1M 0.01M 

0 500 500 500 500 1 1 1 1 

0.15 490 500 500 500 1 1 1 1 

0.5 460 480 500 500 0.96 1 1 1 

1 400 430 500 500 0.86 1 1 1 

2 90 100 400 500 0.2 0.8 0.8 1 

3 25 30 240 500 0.06 0.48 0.48 1 

5 18 25 30 500 0.05 0.06 0.06 1 

8 14 20 25 500 0.04 0.05 0.05 1 

10 14 16 20 500 0.032 0.04 0.04 1 

20 14 16 20 500 0.032 0.04 0.04 1 
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C2. 5 Effects of stirring speed 

Experimental conditions: [CuT] = 300mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, room temperature, 

[HS-] = 5M, [HS-]:[CuT] = 1.3:1, Ca2+ dosage = 0.5mM, reaction time =5min. 

Stirring speed, rpm 200 350 700 

Specific Surface Area, m2/g: 0.0751 0.0645 0.0962 

Surface Weighted Mean D[3,2], µm 29.596 34.443 23.103 

Vol. Weighted Mean D[4,3], µm 44.34 52 32.206 

d10, µm 16.312 19.404 14.051 

d50, µm 39.226 47.24 29.458 

d80, µm 63.712 74.331 44.917 

PSD data at 200 rpm of stirring speed (Same as the PSD data at 0.5mM Ca2+) 

PSD data at 350 rpm of stirring speed 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 

1.096 0 11.482 0.89 120.226 3.05 1258.925 0 

1.259 0 13.183 1.07 138.038 1.73 1445.44 0 

1.445 0 15.136 1.36 158.489 0.6 1659.587 0 

1.66 0 17.378 1.78 181.97 0.09 1905.461 0 

1.905 0 19.953 2.41 208.93 0 2187.762 0 

2.188 0 22.909 3.24 239.883 0 2511.886 0 

2.512 0 26.303 4.33 275.423 0 2884.032 0 

2.884 0 30.2 5.57 316.228 0 3311.311 0 

3.311 0 34.674 6.89 363.078 0 3801.894 0 

3.802 0.06 39.811 8.1 416.869 0 4365.158 0 

4.365 0.14 45.709 9.06 478.63 0 5011.872 0 

5.012 0.22 52.481 9.58 549.541 0 5754.399 0 

5.754 0.3 60.256 9.54 630.957 0 6606.934 0 

6.607 0.41 69.183 8.92 724.436 0 7585.776 0 

7.586 0.52 79.433 7.8 831.764 0 8709.636 0 

8.71 0.64 91.201 6.29 954.993 0 10000 0 

10 0.75 104.713 4.66 1096.478 0 

PSD data at 700 rpm of stirring speed 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 

1.096 0 11.482 1.63 120.226 0 1258.925 0 

1.259 0 13.183 2.5 138.038 0 1445.44 0 

1.445 0 15.136 3.69 158.489 0 1659.587 0 

1.66 0 17.378 5.11 181.97 0 1905.461 0 

1.905 0 19.953 6.69 208.93 0 2187.762 0 

2.188 0 22.909 8.2 239.883 0 2511.886 0 

2.512 0.08 26.303 9.47 275.423 0 2884.032 0 
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2.884 0.13 30.2 10.26 316.228 0 3311.311 0 

3.311 0.2 34.674 10.44 363.078 0 3801.894 0 

3.802 0.26 39.811 9.92 416.869 0 4365.158 0 

4.365 0.31 45.709 8.79 478.63 0 5011.872 0 

5.012 0.35 52.481 7.19 549.541 0 5754.399 0 

5.754 0.38 60.256 5.36 630.957 0 6606.934 0 

6.607 0.42 69.183 3.56 724.436 0 7585.776 0 

7.586 0.49 79.433 1.99 831.764 0 8709.636 0 

8.71 0.68 91.201 0.79 954.993 0 10000 0 

10 1.03 104.713 0.08 1096.478 0 

Experimental data of settling tests (Effects of supersaturation) 

h h/h0 

time, min 200 rpm 350 rpm 700 rpm 200 rpm 350 rpm 700 rpm 

0 500 500 500 1 1 1 

0.15 500 490 500 1 0.98 1 

0.5 495 485 500 0.99 0.97 1 

1 480 475 495 0.96 0.95 0.99 

2 350 300 485 0.7 0.6 0.97 

3 30 30 340 0.06 0.06 0.68 

5 20 25 30 0.04 0.05 0.06 

8 18 20 22 0.036 0.04 0.044 

10 16 20 20 0.032 0.04 0.04 

20 15 20 15 0.03 0.04 0.03 

C2.6 Effects of sulfide addition rate 

Experimental conditions: [CuT] = 300mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, room temperature, 

[HS-] = 0.25M, [HS]:[CuT] = 1.3:1, Ca2+ dosage = 0.5mM, reaction time =5min, stirring speed =350 

rpm. 

Sulfide addition rate, ml/min Batch test 2 20 

Specific Surface Area, m2/g: 0.0645 0.155 0.0902 

Surface Weighted Mean D[3,2], µm 34.443 14.351 24.633 

Vol. Weighted Mean D[4,3], µm 52 19.3 36.292 

d10, µm 19.404 8.599 13.8 

d50, µm 47.24 17.394 32.442 

d80, µm 74.331 26.792 51.865 

PSD data for batch test 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 
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1.096 0 11.482 0.89 120.226 3.05 1258.925 0 

1.259 0 13.183 1.07 138.038 1.73 1445.44 0 

1.445 0 15.136 1.36 158.489 0.6 1659.587 0 

1.66 0 17.378 1.78 181.97 0.09 1905.461 0 

1.905 0 19.953 2.41 208.93 0 2187.762 0 

2.188 0 22.909 3.24 239.883 0 2511.886 0 

2.512 0 26.303 4.33 275.423 0 2884.032 0 

2.884 0 30.2 5.57 316.228 0 3311.311 0 

3.311 0 34.674 6.89 363.078 0 3801.894 0 

3.802 0.06 39.811 8.1 416.869 0 4365.158 0 

4.365 0.14 45.709 9.06 478.63 0 5011.872 0 

5.012 0.22 52.481 9.58 549.541 0 5754.399 0 

5.754 0.3 60.256 9.54 630.957 0 6606.934 0 

6.607 0.41 69.183 8.92 724.436 0 7585.776 0 

7.586 0.52 79.433 7.8 831.764 0 8709.636 0 

8.71 0.64 91.201 6.29 954.993 0 10000 0 

10 0.75 104.713 4.66 1096.478 0     

 

PSD data at 2ml/min adding rate 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 
Size (µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

1.096 0 11.482 6.71 120.226 0 1258.925 0 

1.259 0 13.183 8.16 138.038 0 1445.44 0 

1.445 0.01 15.136 9.38 158.489 0 1659.587 0 

1.66 0.1 17.378 10.12 181.97 0 1905.461 0 

1.905 0.13 19.953 10.3 208.93 0 2187.762 0 

2.188 0.15 22.909 9.86 239.883 0 2511.886 0 

2.512 0.16 26.303 8.83 275.423 0 2884.032 0 

2.884 0.15 30.2 7.37 316.228 0 3311.311 0 

3.311 0.15 34.674 5.68 363.078 0 3801.894 0 

3.802 0.17 39.811 3.97 416.869 0 4365.158 0 

4.365 0.26 45.709 2.44 478.63 0 5011.872 0 

5.012 0.48 52.481 1.22 549.541 0 5754.399 0 

5.754 0.88 60.256 0.39 630.957 0 6606.934 0 

6.607 1.55 69.183 0.01 724.436 0 7585.776 0 

7.586 2.49 79.433 0 831.764 0 8709.636 0 

8.71 3.73 91.201 0 954.993 0 10000 0 

10 5.15 104.713 0 1096.478 0   

 

PSD data at 20ml/min adding rate 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 1.75 120.226 0.33 1258.925 0 

1.259 0 13.183 2.4 138.038 0.04 1445.44 0 
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1.445 0 15.136 3.26 158.489 0 1659.587 0 

1.66 0 17.378 4.29 181.97 0 1905.461 0 

1.905 0 19.953 5.46 208.93 0 2187.762 0 

2.188 0 22.909 6.68 239.883 0 2511.886 0 

2.512 0 26.303 7.81 275.423 0 2884.032 0 

2.884 0.07 30.2 8.72 316.228 0 3311.311 0 

3.311 0.13 34.674 9.25 363.078 0 3801.894 0 

3.802 0.18 39.811 9.32 416.869 0 4365.158 0 

4.365 0.26 45.709 8.87 478.63 0 5011.872 0 

5.012 0.33 52.481 7.95 549.541 0 5754.399 0 

5.754 0.43 60.256 6.67 630.957 0 6606.934 0 

6.607 0.55 69.183 5.16 724.436 0 7585.776 0 

7.586 0.71 79.433 3.67 831.764 0 8709.636 0 

8.71 0.95 91.201 2.28 954.993 0 10000 0 

10 1.26 104.713 1.22 1096.478 0   
Experimental data of settling tests (Effects of sulfide addition) 

 h h/h0 

time, min Batch test 2 mil/min 20 ml/min Batch test 2 mil/min 20 ml/min 

0 500 500 500 1 1 1 

0.15 485 500 490 0.97 1 0.98 

0.5 470 500 470 0.94 1 0.94 

1 450 500 460 0.9 1 0.92 

2 300 480 320 0.6 0.96 0.64 

3 30 350 45 0.06 0.7 0.09 

5 20 35 30 0.04 0.07 0.06 

8 18 30 20 0.036 0.06 0.04 

10 15 20 20 0.03 0.04 0.04 

20 15 20 15 0.03 0.04 0.03 

 

C2. 7 Effects of aging time 

Experimental conditions: [CuT] = 300mg/L, [CuT]:[CN-]:[Gly]=1:1:3, [HS-] = 5M , pH = 10.5, room 

temperature, Ca2+ dosage = 0.5mM, [HS]:[CuT] = 1.3:1, reaction time =5min, stirring speed =350 

rpm. 

Aging time, h 0 2 24 

Specific Surface Area, m2/g: 0.0751 0.067 0.0645 

Surface Weighted Mean D[3,2], µm 29.596 33.167 34.453 

Vol. Weighted Mean D[4,3], µm 44.34 56.089 55.048 

d10, µm 16.312 16.984 18.35 

d50, µm 39.226 49.809 47.63 

d80, µm 63.712 82.659 80.069 

 

PSD data without aging (Same as the PSD data at 0.5mM Ca2+) 

 

PSD data at 2h of aging 
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Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under % 

1.096 0 11.482 1.2 120.226 4.19 1258.925 0 

1.259 0 13.183 1.43 138.038 2.85 1445.44 0 

1.445 0 15.136 1.73 158.489 1.68 1659.587 0 

1.66 0 17.378 2.09 181.97 0.78 1905.461 0 

1.905 0 19.953 2.56 208.93 0.17 2187.762 0 

2.188 0 22.909 3.16 239.883 0 2511.886 0 

2.512 0 26.303 3.91 275.423 0 2884.032 0 

2.884 0.05 30.2 4.79 316.228 0 3311.311 0 

3.311 0.09 34.674 5.77 363.078 0 3801.894 0 

3.802 0.12 39.811 6.74 416.869 0 4365.158 0 

4.365 0.17 45.709 7.61 478.63 0 5011.872 0 

5.012 0.25 52.481 8.25 549.541 0 5754.399 0 

5.754 0.35 60.256 8.54 630.957 0 6606.934 0 

6.607 0.48 69.183 8.39 724.436 0 7585.776 0 

7.586 0.63 79.433 7.82 831.764 0 8709.636 0 

8.71 0.8 91.201 6.83 954.993 0 10000 0 

10 0.99 104.713 5.58 1096.478 0 

PSD data at 24h of aging 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 0.99 120.226 3.75 1258.925 0 

1.259 0 13.183 1.29 138.038 2.59 1445.44 0 

1.445 0 15.136 1.71 158.489 1.59 1659.587 0 

1.66 0 17.378 2.21 181.97 0.85 1905.461 0 

1.905 0 19.953 2.88 208.93 0.33 2187.762 0 

2.188 0 22.909 3.66 239.883 0.06 2511.886 0 

2.512 0 26.303 4.57 275.423 0 2884.032 0 

2.884 0 30.2 5.53 316.228 0 3311.311 0 

3.311 0.04 34.674 6.51 363.078 0 3801.894 0 

3.802 0.08 39.811 7.38 416.869 0 4365.158 0 

4.365 0.12 45.709 8.04 478.63 0 5011.872 0 

5.012 0.17 52.481 8.41 549.541 0 5754.399 0 

5.754 0.23 60.256 8.41 630.957 0 6606.934 0 

6.607 0.33 69.183 8.01 724.436 0 7585.776 0 

7.586 0.44 79.433 7.26 831.764 0 8709.636 0 

8.71 0.58 91.201 6.22 954.993 0 10000 0 

10 0.76 104.713 5 1096.478 0 
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C2. 8 4 Effects of temperature 

Experimental conditions: [CuT] = 300mg/L, [CuT]:[CN-]:[Gly]=1:1:3, [HS-] = 5M, pH = 10.5, 

room temperature, Ca2+ dosage = 0.5mM, [HS]:[CuT] = 1.3:1, reaction time =5min, no aging, 

stirring speed =350 rpm. 

Temperature, ℃ Room temperature 55 

Specific Surface Area, m2/g: 0.0751 0.067 

Surface Weighted Mean D[3,2], µm 29.596 33.167 

Vol. Weighted Mean D[4,3], µm 44.34 56.089 

d10, µm 16.312 16.984 

d50, µm 39.226 49.809 

d80, µm 63.712 82.659 

PSD data at room temperature (Same as the PSD data obtained from the batch test) 

PSD data at 55 ℃ 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 0.94 120.226 2.14 1258.925 0 

1.259 0 13.183 1.27 138.038 1.14 1445.44 0 

1.445 0 15.136 1.74 158.489 0.38 1659.587 0 

1.66 0 17.378 2.4 181.97 0.05 1905.461 0 

1.905 0 19.953 3.27 208.93 0 2187.762 0 

2.188 0 22.909 4.34 239.883 0 2511.886 0 

2.512 0 26.303 5.56 275.423 0 2884.032 0 

2.884 0 30.2 6.82 316.228 0 3311.311 0 

3.311 0.05 34.674 7.96 363.078 0 3801.894 0 

3.802 0.11 39.811 8.86 416.869 0 4365.158 0 

4.365 0.16 45.709 9.35 478.63 0 5011.872 0 

5.012 0.23 52.481 9.33 549.541 0 5754.399 0 

5.754 0.31 60.256 8.8 630.957 0 6606.934 0 

6.607 0.39 69.183 7.78 724.436 0 7585.776 0 

7.586 0.47 79.433 6.44 831.764 0 8709.636 0 

8.71 0.59 91.201 4.93 954.993 0 10000 0 

10 0.74 104.713 3.45 1096.478 0 

C2.9 Effects of seeding 

Experimental conditions: [CuT] = 300mg/L, [CuT]:[CN-]:[Gly]=1:1:3, [HS-] = 5M , pH = 10.5, room 

temperature, Ca2+ dosage = 0.5mM, [HS]:[CuT] = 1.3:1, reaction time =5min, stirring speed =350 

rpm. 

Seed addition, g/L 
Original seed 

material 
1 5 

Specific Surface Area, m2/g: 0.0786 0.0752 0.0767 

Surface Weighted Mean D[3,2], µm 28.255 29.553 28.965 

Vol. Weighted Mean D[4,3], µm 47.681 43.409 43.118 
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d10, µm 15.053 16.83 16.03 

d50, µm 39.964 38.867 38.603 

d80, µm 70.1 61.732 61.833 

PSD data for the seed material 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 1.46 120.226 2.69 1258.925 0 

1.259 0 13.183 1.96 138.038 1.79 1445.44 0 

1.445 0 15.136 2.59 158.489 1.05 1659.587 0 

1.66 0 17.378 3.3 181.97 0.55 1905.461 0 

1.905 0 19.953 4.12 208.93 0.2 2187.762 0 

2.188 0.06 22.909 4.97 239.883 0 2511.886 0 

2.512 0.08 26.303 5.82 275.423 0 2884.032 0 

2.884 0.1 30.2 6.58 316.228 0 3311.311 0 

3.311 0.13 34.674 7.22 363.078 0 3801.894 0 

3.802 0.16 39.811 7.65 416.869 0 4365.158 0 

4.365 0.2 45.709 7.84 478.63 0 5011.872 0 

5.012 0.25 52.481 7.75 549.541 0 5754.399 0 

5.754 0.32 60.256 7.35 630.957 0 6606.934 0 

6.607 0.42 69.183 6.68 724.436 0 7585.776 0 

7.586 0.56 79.433 5.81 831.764 0 8709.636 0 

8.71 0.77 91.201 4.79 954.993 0 10000 0 

10 1.06 104.713 3.72 1096.478 0 

PSD data at 1g/L seed addition 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 
Vol 

Under % 

1.096 0 11.482 1.07 120.226 1.43 1258.925 0 

1.259 0 13.183 1.48 138.038 0.58 1445.44 0 

1.445 0 15.136 2.09 158.489 0.08 1659.587 0 

1.66 0 17.378 2.88 181.97 0 1905.461 0 

1.905 0 19.953 3.91 208.93 0 2187.762 0 

2.188 0 22.909 5.09 239.883 0 2511.886 0 

2.512 0 26.303 6.37 275.423 0 2884.032 0 

2.884 0 30.2 7.59 316.228 0 3311.311 0 

3.311 0.07 34.674 8.63 363.078 0 3801.894 0 

3.802 0.13 39.811 9.3 416.869 0 4365.158 0 

4.365 0.19 45.709 9.51 478.63 0 5011.872 0 

5.012 0.25 52.481 9.18 549.541 0 5754.399 0 

5.754 0.31 60.256 8.33 630.957 0 6606.934 0 

6.607 0.4 69.183 7.07 724.436 0 7585.776 0 

7.586 0.49 79.433 5.57 831.764 0 8709.636 0 

8.71 0.6 91.201 4.02 954.993 0 10000 0 

10 0.79 

104.71

3 2.59 1096.478 0 
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PSD data at 5g/L seed addition 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size 

(µm) 

Vol 

Under 

% 

Size (µm) 

Vol 

Under 

% 

1.096 0 11.482 1.26 120.226 1.48 1258.925 0 

1.259 0 13.183 1.7 138.038 0.49 1445.44 0 

1.445 0 15.136 2.28 158.489 0.09 1659.587 0 

1.66 0 17.378 3.04 181.97 0 1905.461 0 

1.905 0 19.953 3.99 208.93 0 2187.762 0 

2.188 0 22.909 5.09 239.883 0 2511.886 0 

2.512 0 26.303 6.26 275.423 0 2884.032 0 

2.884 0 30.2 7.4 316.228 0 3311.311 0 

3.311 0.06 34.674 8.39 363.078 0 3801.894 0 

3.802 0.12 39.811 9.04 416.869 0 4365.158 0 

4.365 0.17 45.709 9.28 478.63 0 5011.872 0 

5.012 0.24 52.481 9.01 549.541 0 5754.399 0 

5.754 0.33 60.256 8.24 630.957 0 6606.934 0 

6.607 0.44 69.183 7.05 724.436 0 7585.776 0 

7.586 0.56 79.433 5.61 831.764 0 8709.636 0 

8.71 0.73 91.201 4.07 954.993 0 10000 0 

10 0.95 104.713 2.63 1096.478 0   

 

Appendix C3 - Cu adsorption behaviours using resin  

C3.1 Adsorption behaviour of different types of chelating resins 

Experimental conditions: [CuT] = 300 mg/L, [Au]=2 mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, 

resin dosage = 7.5 g/L, room temperature. 

Resin 

type 

Time, 

h 

CuT, 

mg/L 

Cu2+, 

mg/L 

Au, 

mg/L 

CuT 

recovery, 

% 

Cu2+ 

recovery, 

% 

Au 

recovery, 

% 

Puromet 

MTS930

0 

0 308.0 223 2.169 0.00 0.00 0.00 

0.5 186.0 91 2.164 39.61 59.19 0.23 

1 149.0 59 2.152 51.62 73.54 0.78 

2 125.0 32 2.142 59.42 85.65 1.24 

4 108.0 19 2.158 64.94 91.48 0.51 

6 99.5 9 2.156 67.69 95.96 0.60 

24 91.0 2 2.162 70.45 99.10 0.32 

Puromet 

MTS960

0 

0 294.1 218 2.177 0.00 0.00 0.00 

0.5 228.0 182 0.858 22.48 16.51 60.59 

1 226.7 168 0.629 22.92 22.94 71.11 

2 187.9 150 0.407 36.11 31.19 81.30 

4 137.9 132 0.258 53.11 39.45 88.15 

6 122.8 122 0.214 58.25 44.04 90.17 

24 100.5 109 0.02 65.83 50.00 99.08 

0 300.3 228 2.007 0.00 0.00 0.00 
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Puromet 

MTS985

0 

0.5 119.3 137 1.355 60.26 39.91 32.49 

1 115.3 104 0.966 61.60 54.39 51.87 

2 56.8 55 0.72 81.07 75.88 64.13 

4 34.9 30 0.606 88.38 86.84 69.81 

6 33.8 25 0.588 88.75 89.04 70.70 

24 18.0 15 0.678 94.00 93.42 66.22 

C3. 2 Effects of [CN-]: [CuT] molar ratio 

Experimental conditions: [CuT] = 300 mg/L, [Au]=2 mg/L, [CuT]:[Gly]=1:3, pH = 10.5, resin 

dosage = 7.5 g/L, room temperature. 

[CN]:[CuT] 
Time, 

h 

CuT, 

mg/L 

Cu2+, 

mg/L 

Au, 

mg/L 

CuT 

recovery, % 

Cu2+ 

recovery, % 

Au 

recovery, % 

0.1:1 

0 300.0 294 2.07 0.00 0.00 0.00 

0.5 136.0 136 2.05 55.57 54.67 0.97 

1 96.3 94 2.04 69.18 69.31 1.45 

2 60.1 57 2.03 81.17 81.78 1.93 

4 33.2 26 2.05 89.82 91.86 0.97 

6 23.0 16 2.04 93.10 95.10 1.45 

24 11.7 3 2.04 96.57 99.10 1.45 

1:1 

0 308.0 223 2.17 0.00 0.00 0.00 

0.5 186.0 91 2.16 40.82 73.51 0.46 

1 153.0 59 2.15 52.31 85.30 0.92 

2 125.0 32 2.14 61.85 93.23 1.38 

4 108.0 19 2.15 67.74 96.68 0.92 

6 99.5 9 2.15 70.93 96.76 0.92 

24 91.0 2 2.15 74.00 99.21 0.92 

2:1 

0 287.0 111 2.19 0.00 0.00 0.00 

0.5 200.0 30 2.19 31.71 60.01 0.00 

1 196.0 17 2.17 34.44 74.60 0.91 

2 182.0 8 2.18 40.39 86.51 0.46 

4 171.0 4 2.16 45.18 92.16 1.37 

6 170.0 4 2.16 46.69 96.37 1.37 

24 169.0 1 2.16 48.18 99.21 1.37 
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C3. 3 Effects of [Gly]: [CuT] molar ratio 

Experimental conditions: [CuT] = 300 mg/L, [Au]=2 mg/L, [CuT]:[CN-]=1:1, pH = 10.5, resin 

dosage = 7.5g/L, room temperature. 

[Gly]:[Cu

T] 

Time, 

h 

CuT, 

mg/L 

Cu2+, 

mg/L 

Au, 

mg/L 

CuT 

recovery, 

% 

Cu2+ 

recovery, 

% 

Au 

recovery, 

% 

1.5:1 

0 301.5 186 2.18 0.00 0.00 0.00 

0.5 177.1 62 2.16 41.26 66.67 0.46 

1 153.0 36 2.15 49.26 80.65 0.92 

2 128.3 21 2.14 57.47 88.71 1.38 

4 111.3 8 2.15 63.10 95.70 0.92 

6 107.5 5 2.15 64.35 97.31 0.92 

24 96.4 2 2.16 68.04 98.92 0.46 

3:1 

0 308.0 223 2.07 0.00 0.00 0.00 

0.5 186.0 91 2.05 40.82 61.56 0.74 

1 153.0 59 2.04 52.31 75.59 1.11 

2 125.0 32 2.03 61.85 87.03 1.48 

4 108.0 19 2.05 67.74 92.47 0.74 

6 99.5 9 2.04 70.93 96.51 1.11 

24 91.0 2 2.04 74.00 99.24 1.11 

6:1 

0 308.0 232 2.10 0.00 0.00 0.00 

0.5 178.0 98 2.08 43.36 58.60 1.16 

1 158.0 69 2.08 50.75 71.45 1.16 

2 127.0 38 2.03 61.24 84.60 3.16 

4 110.0 19 1.99 67.14 92.47 5.16 

6 97.5 12 2.05 71.51 95.34 2.36 

24 87.5 4 2.08 75.00 98.48 1.16 

10:1 

0 308.0 244 2.08 0.00 0.00 0.00 

0.5 190.0 108 2.03 39.55 54.38 2.24 

1 170.0 75 2.01 47.01 68.97 3.45 

2 130.0 44 2.04 60.32 82.17 1.84 

4 112.0 24 1.99 66.55 90.48 4.25 

6 97.5 15 2.02 71.51 94.18 3.04 

24 89.5 6 2.03 74.43 97.72 2.24 
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C3.4 Resin dosage and Cu2+ concentration 

Experimental conditions: [CuT]:[CN-]:[Gly]=1:1:3, [Au]=2 mg/L, pH = 10.5, room temperature. 

Cu2+ concentration 

mg/L 

Resin dosage, 

g/L 

Resin:C

u 

Cu2+, 

mg/L 

Cu2+ 

recovery, % 

Qe, 

mg/g 

220 

0.50 2.25 173 21.72 96.97 

1.49 6.75 91 58.82 87.54 

2.97 13.50 26 88.24 65.66 

4.50 20.45 7 96.83 47.56 

7.50 33.75 3 98.64 29.36 

10.80 49.09 0 100.00 20.46 

760 

1.65 2.25 589 22.50 99.09 

4.95 6.75 270 64.47 94.65 

9.90 13.50 31 95.92 70.40 

15.00 20.45 8 98.95 47.93 

24.75 33.75 1 99.87 29.32 

36.00 49.09 0 100.00 21.32 

C3.5 Equilibrium adsorption isotherms at different [CN¯]:[CuT] molar ratios 

Experimental conditions: [CuT] = 300 mg/L, [Au]=2 mg/L, pH = 10.5, resin dosage = 0.5 – 7.5 

g/L, room temperature. 

Freundlich 

parameters 
Langmuir parameters 

[CN¯]:

[CuT] 
Resin, g 

Resin, 

g/L 

Cu2+, 

mg/L 

Qe, 

mg/

L 

Log

Q 

Log

C 

Qe 

(F) 
1/Q 1/C Qe (L) 

0.1:1 

0.00 0.00 268.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.12 0.50 219.00 98.99 2.00 2.34 0.01 0.00 105.77 97.78 

0.37 1.49 126.00 95.62 1.98 2.10 0.01 0.01 92.34 95.53 

0.74 2.97 43.00 75.76 1.88 1.63 0.01 0.02 70.89 86.47 

1.13 4.50 11.00 57.11 1.76 1.04 0.02 0.09 50.71 60.94 

1.86 7.50 4.00 35.56 1.55 0.60 0.03 0.25 39.54 35.97 

1:1 

0.00 0.00 220.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.12 0.50 173.00 94.95 1.98 2.24 0.01 0.01 99.82 92.57 

0.37 1.49 91.00 86.87 1.94 1.96 0.01 0.01 85.24 89.56 

0.74 2.97 26.00 65.32 1.82 1.41 0.02 0.04 62.65 76.45 

1.13 4.50 7.00 47.33 1.68 0.85 0.02 0.14 45.38 49.12 

1.86 7.50 3.00 29.23 1.47 0.48 0.03 0.33 36.84 29.73 

2:1 

0.00 0.00 113.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.12 0.50 71.00 84.85 1.93 1.85 0.01 0.01 80.19 82.91 

0.37 1.49 24.00 59.93 1.78 1.38 0.02 0.04 61.43 73.78 

0.74 2.97 3.00 37.04 1.57 0.48 0.03 0.33 36.84 34.09 

1.13 4.50 2.00 24.67 1.39 0.30 0.04 0.50 33.35 26.08 

1.86 7.50 1.00 15.08 1.18 0.00 0.07 1.00 28.13 15.29 
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C3.6 Pseudo-first-order and pseudo-second-order models 

Experimental conditions: [CuT] = 300 mg/L, [Au]=2 mg/L, pH = 10.5, resin dosage = 7.5 g/L, room 

temperature. 
    Psuedo-first-order Psuedo-second-order 

[CN¯]:[CuT] Time, h Cu2+, mg/L Qt, mg/g log Qe - Qt Qt, mg/g (1st) t/Qt Qt, mg/g (2nd) 

0.1:1 

0 294 0.00 1.60 0.00 0.00 0.00 

0.5 136 21.28 1.26 2.73 0.02 20.99 

1 90 27.47 1.08 5.27 0.04 27.33 

2 57 31.92 0.89 9.83 0.06 32.21 

4 26 36.09 0.54 17.19 0.11 35.36 

6 16 37.44 0.33 22.71 0.16 36.55 

24 3 39.19 -0.39 37.97 0.61 38.49 

1:1 

0 223 0.00 1.17 0.00 0.00 0.00 

0.5 91 17.78 0.61 0.89 0.05 11.15 

1 59 22.09 0.36 1.73 0.08 12.72 

2 32 25.72 0.21 3.25 0.15 13.69 

4 19 27.47 -0.09 5.79 0.28 14.23 

6 9 28.82 -0.27 7.77 0.42 14.42 

24 2 29.76 -0.87 14.05 1.62 14.71 

2:1 

0 111 0.00 1.48 0.00 0.00 0.00 

0.5 30 10.91 1.09 2.05 0.03 17.94 

1 17 12.66 0.90 3.96 0.05 22.39 

2 12 13.33 0.63 7.39 0.08 25.55 

4 6 14.14 0.41 12.95 0.15 27.50 

6 4 14.41 0.08 17.13 0.21 28.21 

24 1 14.81 -0.57 28.79 0.81 29.36 

 

C3.7 Intra-particle diffusion models 

Experimental conditions: [CuT] = 300 mg/L, [Au]=2 mg/L, pH = 10.5, resin dosage = 0.5 – 7.5 

g/L, room temperature. 

[CN]:[CuT] Time, h t1/2, h1/2 Cu2+, mg/L Qt, mg/g 

0.1:1 

0 0.00 294 0.00 

0.5 0.71 136 9.58 

1 1.00 94 12.12 

2 1.41 57 14.36 

4 2.00 26 16.24 

6 2.45 16 16.85 

24 4.90 3 17.64 

1:1 

0 0.00 223 0.00 

0.5 0.71 91 8.11 

1 1.00 59 10.08 

2 1.41 32 11.69 

4 2.00 19 12.46 

6 2.45 9 13.02 
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24 4.90 2 13.41 

2:1 

0 0.00 111 0.00 

0.5 0.71 30 4.95 

1 1.00 17 5.74 

2 1.41 8 6.27 

4 2.00 4 6.50 

6 2.45 4 6.51 

24 4.90 1 6.67 

C3.8 Eluent selection 

No. Conditions Desorption efficiency, % 

1 1M Gly, 1M NaOH 61.07 

2 2M Gly, 2M NaOH 71.74 

3 3M Gly, 3M NaOH 75.93 

4 2M Gly, 2M NaCl, 2M NaOH 78.18 

5 3M Gly, 3M NaCl, 3M NaOH 84.35 

6 3M Gly, 2M NaCl, 2M NaOH 82.65 

7 3M Gly, 3M NaCl, 2M NaOH 83.01 

8 2M Gly, 3M NaCl, 2M NaOH, 55°C 73.86 

9 3M Gly, 3M NaCl, 2M NaOH, 55°C 80.89 

10 3M HCl 93.85 

11 2M HCl 92.27 

12 1M HCl 85.79 

C3.9 Adsorption/desorption study 

Adsorption conditions: 1500 mg/L CuT, [CuT]:[CN-]:[Gly] =1:1:3, pH =10, room temperature. 

Cycle 1 2 3 4 5 

Cu2+ at 0h, mg/L 1127 1180 1204 1236 1180 

Cu+ at 0h, mg/L 373 320 296 264 320 

Cu2+ at 24h, mg/L 386 473 505 525 488 

Cu+ at 24h, mg/L 397 385 353 333 370 

Cu on resin, mg 185.25 155.75 157.00 156.00 153.23 

Adsorption Capacity, mg/g 99.77 84.30 85.41 85.29 84.20 

Cu2+ recovery, % 65.75 59.92 58.06 57.52 58.64 
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Desorption condition: 100 ml solution containing 3M Gly, NaCl, 2M NaOH, room temperature 

Cycle 1 2 3 4 5 

dry weight 1.86 1.85 1.84 1.83 1.82 

Cu2+ on resin, mg 185.25 187.00 186.00 186.00 185.00 

Q, mg/g 99.77 101.22 101.18 101.69 101.65 

Cu2+ at 2h, mg/L 1540.00 1580.00 1560.00 1542.33 1500.33 

Desorption, % 83.13 84.49 83.87 82.92 81.10 

Cu left on resin, mg 31.25 29.00 30.00 31.77 34.97 

Cu left on the resin, mg/g 16.83 15.70 16.32 17.37 19.21 

Appendix C4 - Au adsorption behaviours using resins 

C4. 1 Resin screening (not presented in the published paper 4) 

Experimental conditions: [Au] =6 mg/L, [CuT] = 1000 mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH =10.5, 

resin dosage = 6 g/L, room temperature. 

Resin 

type 

Time

, h 

CuT, 

mg/L 

Cu2+, 

mg/L 

Au, 

mg/L 

CuT 

recovery, % 

Cu2+ 

recovery, % 

Au 

recovery, 

% 

Aurix 

100 

0 1000 782 5.61 0.00 0.00 0.00 

0.25 919 737 1.97 8.10 5.75 64.88 

0.5 904 739 1.38 9.60 5.50 75.40 

1 843 732 0.87 15.70 6.39 84.49 

2 814 730 0.55 15.70 6.65 90.20 

4 781 733 0.37 18.60 6.27 93.40 

6 804 745 0.301 21.90 4.73 94.63 

24 794 754 0.17 19.60 3.58 96.97 

Minix 

0 1040 753 5.68 0.00 0.00 0.00 

0.25 920 753 1.78 11.54 0.00 68.66 

0.5 876 753 1.22 15.77 0.00 78.52 

1 868 752 0.76 16.54 0.13 86.62 

2 861 752 0.52 17.21 0.13 90.85 

4 908 756 0.34 12.69 -0.40 94.01 

6 843 756 0.3 18.94 -0.40 94.72 

24 864 754 0.18 16.92 -0.13 96.83 

S992 

0 1070 742 5.71 0.00 0.00 0.00 

0.25 958 699 2.91 7.88 7.17 48.77 

0.5 949 686 2.53 8.75 8.90 55.46 

1 881 669 1.66 15.29 11.16 70.77 

2 806 645 1.04 22.50 14.34 81.69 

4 772 622 0.653 25.77 17.40 88.50 

6 747 619 0.507 28.17 17.80 91.07 

24 673 563 0.235 35.29 25.23 95.86 

IXOS-

AuC 

0 1040 776 6.33 0.00 0.00 0.00 

0.25 1000 740 2.81 3.85 4.64 50.53 

0.5 970 739.00 2.45 6.73 4.77 56.87 

1 980 738.00 1.71 5.77 4.90 69.89 
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2 970 740.00 1.12 6.73 4.64 80.28 

4 945 743.00 0.701 9.13 4.25 87.66 

6 948 757.00 0.551 8.85 2.45 90.30 

24 18 763.00 0.261 7.40 1.68 95.40 
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Figure C4.1 Au, CuT, Cu2+ and Cu+ recoveries as a function of time for different types of resins. 

C4.2 Effect of [CN-]:[CuT] 

Experimental conditions: [Au] =6 mg/L, [CuT] = 1000 mg/L, [Gly]: [CuT] =3:1, pH =10.5, resin 

dosage = 6 g/L, room temperature. 

[CN]:[CuT] 
Time, 

h 

CuT, 

mg/L 

Cu2+, 

mg/L 

Au, 

mg/L 

CuT 

recovery, % 

Cu2+ 

recovery, % 

Au 

recovery, % 

0.5:1 

0 1060 949 6.38 0.00 0.00 0.00 

0.5 1000 946 1.28 5.66 0.32 80.34 

1 1040 952 0.695 1.89 -0.32 89.54 

2 1020 947 0.413 3.77 0.21 93.92 

4 997 950 0.265 5.94 -0.11 96.18 
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6 984 952 0.204 7.17 -0.32 97.12 

24 983 937 0.11 7.26 1.26 98.48 

1:1 

0 1070 770 6.33 0.00 0.00 0.00 

0.5 978 760 1.73 8.60 1.15 73.22 

1 960 750 1.17 10.28 2.30 82.26 

2 978 743 0.662 8.60 3.10 90.17 

4 969 768 0.452 9.44 0.23 93.43 

6 963 765 0.366 10.00 0.57 94.80 

24 974 764 0.2 8.97 0.69 97.22 

2:1 

0 1050 482 6.47 0.00 0.00 0.00 

0.5 1010 484 1.28 3.81 -0.41 80.61 

1 975 481 0.884 7.14 0.21 86.88 

2 980 483 0.579 6.67 -0.21 91.59 

4 975 484 0.392 7.14 -0.41 94.43 

6 977 486 0.293 6.95 -0.83 95.92 

24 945 475 0.178 10.00 1.45 97.58 

C4.3 Effect of [Gly]:[CuT] 

Experimental conditions: [Au] =6 mg/L, [CuT] = 1000 mg/L, [Gly]: [CuT] =3:1, pH =10.5, resin 

dosage = 6 g/L, room temperature. 

[Gly]:[CuT] 
Time

, h 

CuT, 

mg/L 

Cu2+, 

mg/L 

Au, 

mg/L 

CuT 

recovery, % 

Cu2+ 

recovery, % 

Au 

recovery, % 

2:1 

0 1070 770 6.33 0.00 0.00 0.00 

0.5 1030 742 2.37 3.74 0.00 63.31 

1 1010 749 1.7 5.61 3.22 74.22 

2 948 750 1.11 11.40 2.41 83.52 

4 961 757 0.758 10.19 2.30 88.98 

6 960 765 0.54 10.28 1.49 92.32 

24 960 766 0.375 10.28 0.57 94.79 

3:1 

0 1070 770 6.33 0.00 0.00 0.00 

0.5 978 756 1.73 8.60 1.61 73.22 

1 960 745 1.17 10.28 2.87 82.26 

2 978 752 0.662 8.60 2.07 90.17 

4 969 758 0.452 9.44 1.38 93.43 

6 963 763 0.366 10.00 0.80 94.80 

24 974 764 0.2 8.97 0.69 97.22 

6:1 

0 1050 770 6.33 0.00 0.00 0.00 

0.5 990 742 1.22 5.71 3.22 81.11 

1 998 755 0.624 4.95 1.72 90.54 

2 989 752 0.379 5.81 2.07 94.37 
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4 959 762 0.254 8.67 0.92 96.31 

6 985 761 0.196 6.19 1.03 97.21 

24 981 763 0.106 6.57 0.80 98.53 

C4.4 Effect of initial gold concentration 

Experimental conditions: [CuT] = 1000 mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH =10.5, resin dosage = 6 

g/L, room temperature. 

Initial 

[Au]， mg/L 

Tim

e, h 

CuT, 

mg/L 

Cu2+, 

mg/L 

Au, 

mg/L 

CuT 

recovery, 

% 

Cu2+ 

recovery, 

% 

Au 

recovery, 

% 

6 

0 1070 776 6.33 0.00 0.00 0.00 

0.5 978 740 1.73 8.60 4.64 73.22 

1 960 745 1.17 10.28 3.99 82.26 

2 978 745 0.662 8.60 3.99 90.17 

4 969 757 0.452 9.44 2.45 93.43 

6 963 769 0.366 10.00 0.90 94.80 

24 974 770 0.2 8.97 0.77 97.22 

12 

0 1080 765 11.5 0.00 0.00 0.00 

0.5 1010 752 4.59 6.48 1.70 60.89 

1 1000 740 2.9 7.41 3.27 75.79 

2 1000 746 1.84 7.41 2.48 84.96 

4 1010 752 1.24 6.48 1.70 90.08 

6 1010 762 0.85 6.48 0.39 93.35 

24 1010 762 0.575 6.48 0.39 95.60 

20 

0 1060 772 20.5 0.00 0.00 0.00 

0.5 1050 765 8.81 0.94 0.91 57.88 

1 1010 760 6.13 4.72 1.55 71.29 

2 985 754 3.97 7.08 2.33 81.80 

4 987 763 2.61 6.89 1.17 88.29 

6 1020 768 1.81 3.77 0.52 92.05 

24 1040 766 1.11 1.89 0.78 95.24 

C4.5 Equilibrium isotherm study 

Experimental conditions: [CuT] = 1000 mg/L, [CuT]:[CN-]:[Gly]=1:1:3, pH = 10.5, room 

temperature. 

Freundlich parameters 
Langmuir 

parameters 

Initial 

[Au] 

Resin

, g 

Resin

, g/L 

Au, 

mg/L 

Qe, 

mg/L 
LogQ LogC Qe (F) 1/Q 1/C 

Qe 

(L) 

6 

0.00 0 6.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.01 0 5.08 7.35 0.87 0.71 7.86 0.14 0.20 4.21 

0.11 1 1.37 3.62 0.56 0.14 3.33 0.28 0.73 3.17 

0.31 3 0.55 1.88 0.27 -0.26 1.83 0.53 1.82 2.10 
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0.60 6 0.23 1.01 0.01 -0.64 1.03 0.99 4.37 1.18 

1.20 12 0.08 0.50 -0.30 -1.10 0.52 1.99 
12.5

0 
0.49 

12 

0.00 0 11.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.01 0 9.43 14.16 1.15 0.97 14.06 0.07 0.11 7.88 

0.11 1 2.98 6.04 0.78 0.47 6.16 0.17 0.34 5.71 

0.32 3 1.06 3.01 0.48 0.03 2.93 0.33 0.94 3.30 

0.60 6 0.51 1.69 0.23 -0.30 1.72 0.59 1.98 1.92 

1.20 12 0.21 0.91 -0.04 -0.69 0.91 1.10 4.85 0.89 

20 

0.00 0 18.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.01 0 15.80 15.03 1.18 1.20 14.61 0.07 0.06 8.95 

0.11 1 6.45 7.82 0.89 0.81 8.24 0.13 0.16 7.41 

0.31 3 2.26 4.31 0.63 0.35 4.22 0.23 0.44 4.82 

0.60 6 0.98 2.48 0.39 -0.01 2.47 0.40 1.02 2.83 

1.20 12 0.38 1.34 0.13 -0.43 1.34 0.75 2.67 1.30 

C4.6 Kinetics study 

Experimental conditions: [CuT] = 1000 mg/L, pH = 10.5, [CuT]:[CN-]:[Gly]=1:1:3, resin dosage = 

6 g/L, room temperature. 

Psuedo-first-order 
Psuedo-second-

order 

Initial [Au]， 

mg/L 

Time, 

h 

Au, 

mg/L 

Qt, 

mg/g 

log Qe - 

Qt 

Qt, mg/g 

(1st) 
t/Qt 

Qt, mg/g 

(2nd) 

6 

0 6.33 0.00 0.00 0.00 0.00 0.00 

0.5 1.73 0.81 -0.54 0.06 0.62 73.22 

1 1.17 0.91 -0.73 0.13 1.10 82.26 

2 0.662 1.00 -1.01 0.24 2.01 90.17 

4 0.452 1.03 -1.21 0.42 3.87 93.43 

6 0.366 1.05 -1.33 0.57 5.73 94.80 

24 0.2 1.08 -1.76 1.04 
22.2

9 
97.22 

12 

0 11.5 0.00 0.00 0.00 0.00 0.00 

0.5 4.59 1.39 -0.09 0.23 0.36 60.89 

1 2.9 1.74 -0.32 0.43 0.58 75.79 

2 1.84 1.95 -0.58 0.77 1.03 84.96 

4 1.24 2.07 -0.86 1.28 1.93 90.08 

6 0.85 2.15 -1.22 1.60 2.79 93.35 

24 0.575 2.20 -2.30 2.20 
10.8

8 
95.60 

20 

0 20.5 0.00 0.00 0.00 0.00 0.00 

0.5 8.81 2.39 0.20 0.53 0.21 57.88 

1 6.13 2.93 0.01 0.98 0.34 71.29 
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2 3.97 3.37 -0.23 1.72 0.59 81.80 

4 2.61 3.65 -0.51 2.69 1.10 88.29 

6 1.81 3.82 -0.84 3.24 1.57 92.05 

24 1.11 3.96 -2.69 3.96 6.06 95.24 

C4.7 Pre-elution of Cu 

Experimental conditions: NaOH = 1.5g/L, pH : ~11.5, room temperature, Resin loadings: 14,790 

g/t Cu, 2160 g/t Au, resin mass = 1.38g, 100 ml of eluent. 

NaCN, M Au, mg/L Cu, mg/L Au Elution, % Cu Elution, % 

0 0 3.57 0 1.79 

0.2 0 138 0 69.27 

0.4 0 166 0 80.98 

0.8 0 165 0 80.49 

C4.8 Elution of Au 

Experimental conditions: pH = 11.5, 60°C; Resin loadings: ~3900 g/t Cu, 2,160 g/t Au, resin mass 

= 1.38g, 100 ml of eluent 

[CS(NH2)2], M H2SO4, M Au, mg/L Cu, mg/L Au Elution, % Cua Elution, % 

0 0.5 0 16.86 0 89.2 

0.2 0.5 29.14 36.048 97.47 98.56 

0.5 0.5 29.67 36.991 99.22 99.02 

1 0.5 29.61 37.4625 99.05 99.25 

[SCN-], M NaOH, g/L Au, mg/L Cu, mg/L Au Elution, % Cua Elution, % 

0 1.5 0.00 0.13 0 81.04 

1 1.5 26.14 33.36 87.44 97.25 

2.5 1.5 28.84 37.52 96.44 99.28 

5 1.5 28.99 36.93 96.97 98.99 

C4.9 Resin reuse 

Adsorption conditions: 12 ppm [Au], 1000 mg/L [CuT],[CuT]:[CN-]:[Gly] =1:1:3, pH =10.5, resin 

dosage = 6 g/L, room temperature. Elution conditions: 1st stage elution with 0.4M NaCN at pH 11.5 

and room temperature; 2nd stage elution with 0.5M Thiourea/0.5M H2SO4, or 2.5M Thiocyanate at 

pH 11.5  at 55℃. 

Eluent: 0.5M Thiourea/0.5M H2SO4 

Adsorption cycle 
Au adsorption 

capacity, mg/g 
RE, % 

Cu adsorption 

capacity, mg/g 
RE, % 

1 1.84 10.36 

2 1.82 98.91 5.47 52.80 

3 2.10 115.38 5.25 95.98 

Cu pre-elution cycle Au E% Residual Au, g/t Cu E% Residual Cu, g/t 
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1 0.00 1.84 80.70 1998.69 

2 0.00 1.82 80.00 1697.99 

3 0.00 2.10 75.53 1584.16 

Au elution cycle Au E% Residual Au, g/t Cu *E% Residual Cu, g/t 

1 98.61 25.44 94.55 109.02 

2 97.72 41.51 95.56 75.47 

3 97.86 43.41 97.12 45.70 

Eluent: 2.5M Thiocyanate/1.5g/L NaOH 

Adsorption cycle 
Au adsorption 

capacity, mg/g 
RE, % 

Cu adsorption 

capacity, mg/g 
RE, % 

1 1.76 12.14 

2 2.23 127.02 12.61 103.89 

3 2.22 99.29 9.61 76.23 

Cu pre-elution cycle Au E% Residual Au, g/t Cu E% Residual Cu, g/t 

1 0.00 1.84 77.71 2705.52 

2 0.00 1.82 74.30 3240.92 

3 0.00 2.10 69.96 2888.34 

Au elution cycle Au E% Residual Au, g/t Cu *E% Residual Cu, g/t 

1 96.71 25.44 96.15 104.06 

2 97.96 41.51 93.98 195.24 

3 98.19 43.41 93.15 197.83 
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