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Abstract 

There are many non-idealities in gold processing which are becoming increasingly 

important as simple free-milling oxide ores are depleted. During cyanidation and 

adsorption onto activated carbon, these effects include competing metal-cyanide 

complexes, preg-robbing and the mineralogy of the ore. This thesis considers these 

areas from an experimental and modelling viewpoint. 

In this research it is shown that a variety of metal-cyanide species can be used to leach 

gold from certain refractory ores. A mechanism is proposed which involves the 

dissociation and precipitation of these metal-cyanide complexes, where the cyanide 

from the dissociation of the complex is used to leach gold from the ore. The stepwise 

dissociation of cyanide from copper-cyanide complexes can also be used to leach gold 

from a variety of oxide and sulphide ores. The copper cyanide's fourth ligand readily 

dissociates at low cyanide concentrations for use in gold leaching. 

The extent of preg-robbing onto mineral surfaces was also shown to be related to the 

metal-cyanide complexes in solution, with these complexes serving to inhibit preg

robbing. However, free cyanide was found to be much more important in preventing 

preg-robbing. This phenomenon occurs in cyanide-deficient solutions and the extent 

of preg-robbing is related to the cyanide consuming ability of the ore, rather than 

simply the ore's mineralogy. Activated carbon was found to compete strongly with 

the ore for aurocyanide in solution, although when no cyanide was present the kinetics 

of the two processes governed the distribution of gold between the ore and the carbon. 

Gold was found to reduce at the chalcopyrite surface and a mechanism for this 

reduction was proposed. For pyrite, a combination of reduction and physical 

adsorption was observed. 
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Abstract 

The effect of preg-robbing on the enhanced extraction of gold in the presence of 

activated carbon was closely examined for a number of different ore types. For the 

Telfer oxide ore, which was not found to be preg-robbing, enhanced gold extraction 

was observed at low cyanide concentrations, but not at high concentrations, as the 

gold was completely extracted by cyanide alone. The flotation feed and copper 

concentrate showed an enhancement in gold extraction due to the activated carbon 

adsorbing gold that would otherwise have been preg-robbed. However, this 

mechanism did not explain the behaviour of the pyrite concentrate. For this ore the 

enhanced extraction was due to a combination of equilibrium and preg-robbing 

effects. Diagnostic leaching was used to show that mineralogy was not an important 

factor in the enhanced gold extraction in the presence of activated carbon for the ores. 

Kinetic models were developed for the leaching of gold from the ore, adsorption onto 

activated carbon and preg-robbing at the ore surface. A variable order empirical 

model of the Mintek form was used to describe leaching, while adsorption was 

modelled using the film-transfer model. A model of this form was also used for preg

robbing using the Freundlich isotherm to describe the equilibrium between the 

solution and the surface of the ore. These models successfully accounted for the 

individual sub-processes and when combined into an overall batch model were used 

to show the effect of preg-robbing on gold extraction from ores of different 

mineralogy. The effect of preg-robbing was found to be closely related to the kinetics 

of the preg-robbing and adsorption processes. 

This batch model was extended to a continuous model that simulated three leaching 

and seven carbon-in-leach tanks. The effect of processing the oxide and sulphide ores 

studied was examined and the model shown to satisfactorily describe the extraction of 

gold from the Telfer oxide ore. A sensitivity analysis of the effect of process changes 

on this ore was then undertaken, where the correct operating response to preg-robbing 

ores and process changes were determined. 
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CHAPTERl 

Introduction 

1.1 OBJECTIVES OF THIS CHAPTER 

The processing of gold ores is well established and typically follows the route of 

crushing, grinding, leaching, adsorption of leached gold onto activated carbon, elution 

and electrowinning. The process of eluting the gold from the carbon allows its activity to 

be restored following regeneration, so that it can be reused. 

This chapter introduces the concepts of gold leaching by cyanidation, adsorption of gold 

species onto activated carbon and adsorption of gold species by the ore, or "preg

robbing." A general overview of the Carbon-In-Pulp (CIP) and Carbon-In-Leach (CIL) 

processes are presented, along with the mathematical modelling that has been used to 

simulate this operation. This discussion also highlights the motivation and aims of the 

present study. 
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1.2 THE RECOVERY OF GOLD BY CYANIDATION AND CIP/CIL 

PROCESSING 

Understanding of the chemistry of the gold cyanidation process has advanced 

considerably since the process was first patented in 1887 (MacArthur, 1887). The role of 

oxygen, film formation and passivation, rate controlling factors and kinetics have become 

more widely understood. In conjunction with this, the revolution of CIP processing 

approximately 30 years ago has resulted in the optimisation and improved processing of 

many gold ores. This section introduces the leaching of gold by cyanidation, adsorption 

of aurocyanide onto activated carbon and the ore, and the CIP processing of gold. 

1.2.1 Cyanidation chemistry 

The process of leaching gold from its host minerals by cyanidation is widely used in the 

minerals industry and in the major gold producing countries of Australia, Canada, South 

Africa and the USA. The reaction for the dissolution of gold by cyanide is given in 

Equation 1.1 (Kameda, 1949a). 

(1.1) 

This reaction, which is electrochemical in nature (Kudryk and Kellogg, 1954), shows that 

gold is oxidised in alkaline cyanide solutions to form the aurocyanide complex in the 

presence of oxygen. Aurocyanide, hydrogen peroxide and hydroxyl ions are also fanned. 

The hydrogen peroxide formed can act as an oxidising agent for the further dissolution of 

gold, but more commonly this decomposes and takes no further part in gold leaching. 

The diffusion of oxygen or cyanide controls the rate of gold dissolution, with the 

controlling factor depending on their relative concentrations. Most plants operate in the 

n1ixed control regitne, which lirnits the level of reagent consumption. At very high 

stirring speeds, the chemical reaction becomes controlling (Habashi, 1967). However, 
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most plants do not operate in this region as the increased kinetics do not compensate for 

the increased energy requirements of mixing. A more comprehensive review of the 

chemistry of gold cyanidation, including the factors that influence cyanidation, is 

presented in Chapter 2, Section 2.2. 

Gold cyanidation is complicated by a number of non-idealities, such as the consumption 

of cyanide through side reactions. The metal-cyanide complexes that are formed when 

cyanide reacts with ore constituents may further react with the ore or interact with each 

other. However, the interactions of these metal-cyanide complexes with an ore have not 

been investigated in depth and there is a need for understanding of the role these 

complexes play in gold extraction. The literature of the interaction of metal-cyanide 

species is reviewed in Chapter 2, Section 2.4. This is then extended in Chapter 4, where 

the effect of these species on gold leaching is discussed. 

1.2.2 Adsorption of aurocyanide onto activated carbon 

The adsorption of gold onto activated carbon is widely used in the minerals industry as a 

processing step to concentrate gold in solution. This allows the use of electrowinning to 

recover the gold, which could not be used efficiently following a typical leaching process 

as the concentration of gold in solution is likely to be less than 20 ppm. 

Activated carbon for gold recovery has been used for only the last 30 years, as prior to 

this an appropriate method for stripping the carbon of gold did not exist. Therefore, the 

carbon could not be recycled and the process was much more expensive than 

precipitation of gold by zinc. However, following the development of a suitable elution 

method, which basically involved reversing the conditions under which adsorption is 

favoured, the use of activated carbon became widespread. 
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It is accepted that under the conditions typically encountered in slurries the adsorption of 

aurocyanide occurs onto activated carbon as an ion-pair (Adams and Fleming, 1989). 

The accepted reaction is given in Equation 1.2. 

(1.2) 

The adsorption reaction is favoured by low pH, low cyanide concentrations and low 

temperature. There are a number of interferences that limit adsorption, such as the pulp, 

competition from metal-cyanide species and species which foul the carbon. The 

adsorption of aurocyanide ·onto activated carbon is considered further in Chapter 2, 

Section 2.6. 

1.2.3 Adsorption of aurocyanide at the ore surface 

The process of the adsorption of aurocyanide onto the ore is less well understood than the 

adsorption onto activated carbon or leaching from the ore. This process of robbing the 

gold fron1 the pregnant solution has come to be known as "preg-robbing" throughout the 

gold industry. Gold may adsorb onto the carbonaceous components of ores, which can 

act to either adsorb gold from solution or lock up gold within a refractory carbon matrix 

in the ore (Hausen and Bucknam, 1984). Gold may also adsorb onto the n1ineral 

constituents of the ore. Urban et a! (1973) first demonstrated the adsorption of the 

aurocyanide con1plex onto an ore, with heavier minerals found to be more strongly preg

robbing. The gold adsorption was found to be reversible and a function of the cyanide 

concentration, pH and temperature. 

Adams (1990a) showed that gold is reduced onto chalcopyrite and arsenopyrite. A 

variety of other minerals were also shown to be preg-robbing, such as quartz, pyrite and 

clay minerals. Along with these minerals, Quach et a! (1993) showed that pyrrhotite 

could also preg-rob gold. A reduction n1echanism was proposed which involved the 

oxidation of sulphide to sulphur. The current understanding of the process of preg-
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robbing is discussed in detail in Chapter 2, Section 2.5. This is then extended in Chapter 

5. 

1.2.4 CIP/CIL processing of ores 

The Carbon-In-Pulp/Carbon-In-Leach (CIP/CIL) processes have largely replaced the use 

the Merril-Crowe process, which involved the precipitation of gold on zinc dust. This 

process is, however, still used for some gold mines with high silver/gold ratios or high 

grade gold ores (Marsden and Fuerstenau, 1993). 

The first large-scale CIP plant was constructed and commissioned at the Homestake Gold 

Mine in South Dakota, USA (Laxen et a!, 1994). Following the success of this plant, 

many CIP plants were installed around the world and the process was further developed 

and improved. Mintek and the Anglo-American Research Laboratories (AARL) 

contributed greatly to the understanding of the CIP process in the late 1970's (Laxen et 

a!, 1994). 

In CIP the slurry from the leaching circuit flows down a series of mechanically agitated 

tanks by gravity. Carbon present in the tanks adsorbs the gold from solution. This 

carbon is periodically transferred in a direction countercurrent to the slurry flow, which 

allows the most active carbon to adsorb gold from the final tank where the gold 

concentration is lowest. Typically there are between four and 10 adsorption tanks, 

depending principally on their size, the carbon concentration and the aurocyanide 

concentration (Marsden and House, 1992). 

CIL is a variation of CIP where the leaching of gold occurs simultaneously with the 

adsorption of aurocyanide onto activated carbon. This process is often used for ores 

which contain preg-robbing components, as the activated carbon competes with the ore 

for the adsorption of Au(CN)2-. However, CIL has some disadvantages over CIP, such as 

the requirement for a larger carbon inventory, which results in higher gold losses due to 
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carbon attrition. The carbon is also loaded to a lower level than would be achieved in 

CIP, as the solution grades tend to be lower. Consequently carbon transfer, elution and 

regeneration must be increased (Marsden and House, 1992). 

Often a combination of CIP and CIL is used. A circuit more similar to CIP would be 

preferred for high grade/slow leaching ores and CIL for low grade/fast leaching or preg

robbing ores (Brooy et al, 1994). A schematic diagram of a CIP/CIL circuit is given in 

Figure 1.1. 

Oxygen ---+--... 

Gold-rich eluant for electrowinning 

Gold 

First stage 

Carbon Carbon 
regeneration 

Counter-current 
transfer of carbon 

Oxygen ----H• 
Pulp and 
carbon 

Final stage 

Reactivated 
carbon 

Screen 

Recovery of 
........___ ____ fine carbon 

Barren pulp 
to tailings 

Figure 1.1 Schematic diagram of a CIP/CIL circuit 
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1.2.4.1 Cyallide losses during CIPICIL processing 

During the CIP/CIL processing of gold, cyanide is destroyed by a number of routes. 

Cyanide can be lost by hydrolysis due to the formation of HCN, which may be ren1oved 

fron1 solution by stripping with oxygen (Guz1nan et a!, 1999; Nugent et a!, 1991 ). The 

proportion of free cyanide present as HCN varies with pH. At pH 10, 17% of the cyanide 

would be HCN (Muir et a!, 1988), which tneans that under typical plant operating 

conditions a significant atnount of HCN exists. The hydrolysis reaction is given in 

Equation 1.3. 

(1.3) 

The dissolved oxygen that is sparged through the CIP tanks, apart from stripping HCN 

from solution, can also cause the oxidation of cyanide to cyanate, which is shown in 

Equation 1.4-1.5 (Adams, 1990b ). These half-reactions accmnpany the corresponding 

reduction of oxygen to water. 

( 1.4) 

( 1.5) 

However~ in the absence of a catalyst such as activated carbon these reactions are very 

slow (Adams, 1990b). When carbon is present, it has been shown that the reaction is 

n1uch faster, and a function of the surface area of the carbon (Muir et a!, 1988). 

Activated carbon n1ay also adsorb the cyanide ion and cyanate to son1e extent, with 

loadings ofup to 7.8 g CN-/kg carbon repmied (Cho and Pitt, 1979). 

Cyanide n1ay also be destroyed with Cu(II) acting as the oxidising reagent. The reactions 

for cyanide oxidation by Cu(II) are given in Equa6ons 1.6-1.7 (Nguyen eta!, 1994). 

( 1.6) 
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(1.7) 

Therefore the presence of copper n1inerals is undesirable for several reasons. Along with 

the oxidation of cyanide to cyanate by Cu(II), Cu(l) consumes further cyanide due to the 

fonnation of various copper cyanide con1plexes. Copper 1ninerals also consume oxygen 

and copper-cyanide co1nplexes co1npete with aurocyanide for adsorption onto activated 

carbon. This is discussed further in Chapter 2, Section 2.4.1. 

1.2.5 Modelling of the CIP/CIL process 

It is desirable to 1nodel the CIP/CIL process to ensure that the design and operation of 

these plants are opti1nised. An effective 1nodel can also aid investigation into the effect 

of different variables on the process, such as 

• The nature of the pulp and n1ineralogy of the ore treated. 

• The effect of the carbon, including fouling of the carbon surface, the effect of the rate, 

or systen1 of carbon transfer, and con1petition fron1 species besides Au(CN)2- for 

adsorption. 

• The effect of changing conditions, such as pH, cyanide and oxygen concentrations, 

through the CIP circuit. 

• The competition between the ore and the activated carbon for the adsorption of 

leached gold. 

A CIP model requires a thorough understanding ofthe individual sub-processes occurring 

in the tanks that are to be n1odclled. Therefore an effective n1odel n1ust account for the 

leaching of gold fro1n the ore, adsorption of aurocyanide fron1 the pulp onto carbon and 
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adsorption of aurocyanide onto the ore. These models may be either empirical, or 

fundamentally describe the chemical and physical processes that occur. 

The models which have been developed for gold leaching are discussed in Chapter 2, 

Section 2.8.1, while the models for the adsorption of aurocyanide onto activated carbon 

are reviewed in Chapter 2, Section 2.8.3. Results for the mathematical modelling of 

preg-robbing have not been presented in the literature before, however the models that 

have been suggested are discussed in Chapter 2, Section 2.8.2. 

The extension of these individual models to the CIP/CIL process is complicated by the 

intermittent transfer of carbon, which means the process is never at steady state, but is 

rather a dynamic one. The carbon transferred is usually only a portion of the total carbon 

inventory of each tank. This further complicates the modelling, as this creates a 

distribution of gold loadings and therefore a distribution in the rates of loading in each 

tank. Apart from the difficulties presented by the carbon, the pH, cyanide and oxygen 

concentration and concentration of metal-ions vary between each of the tanks. This 

affects the leaching, preg-robbing and adsorption onto activated carbon. However, 

despite these difficulties, a number of effective CIP/CIL models have been developed. 

These are discussed in Chapter 2, Section 2.9. 

1.3 MOTIVATION FOR THE PRESENT STUDY 

Many of the phenomena concerning the recovery of gold from oxide and refractory ores 

still remain unclear, despite many years of research into gold extraction using cyanide as 

a lixi vi ant. Therefore it is vital that in beginning a body of work such as this thesis, gaps 

in the literature are identified for further clarification and understanding. The literature 

review, given in Chapter 2, will conclude that understanding of the role of metal-cyanide 

species in gold extraction and preg-robbing is inadequate, especially for refractory ores. 

As the treatment of these ores grows due to the exhaustion of free-milling oxide ores, 

understanding of these effects will become increasingly important in CIP/CIL processing. 

9 



Introduction 

For a plant, an effective model that accounts for these processes would be a valuable tool 

for process optimisation and evaluating the treatment of ores of different mineralogy. 

1.4 RESEARCH AIMS 

The aim of this research is to study the non-idealities that occur during the extraction of 

gold by cyanidation and CIP /CIL processing. It is well accepted that the effect of 

mineralogy on gold processing is significant and often dictates the processing route that is 

applied to an ore for gold extraction. The mineralogy of the ore also affects the 

interaction of the ore with cyanide, its preg-robbing characteristics and the role that 

activated carbon plays in extracting gold from the ore. 

The ultimate objectives of this study are therefore: 

• To investigate and understand the role of metal-cyanide species in extracting gold 

from refractory ores (Chapter 4). 

• To quantify the preg-robbing behaviour of a range of minerals, with emphasis on 

pyrite and chalcopyrite. The roles of cyanide, metal-cyanide complexes and activated 

carbon in preg-robbing are also investigated (Chapter 5). 

• To investigate the role of activated carbon in extracting additional gold from an ore 

and to understand whether this is a function of the ore's preg-robbing behaviour or an 

effect that depends upon the cyanide or metal-cyanide complexes in solution (Chapter 

6). 

• To model the individual processes of preg-robbing, leaching and adsorption onto 

activated carbon (Chapter 7). 
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• To develop a CIP/CIL model for the combined processes of leaching, preg-robbing 

and adsorption onto activated carbon and to quantify the importance of these 

processes for a typical gold plant (Chapter 8). 
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CHAPTER2 

Review of the Literature 

2.1 FOCUS OF THE LITERATURE REVIEW 

This chapter reviews the literature on the gold cyanidation process. In this thesis, it is 

essential to first review the literature on gold extraction, so that areas requiring further 

attention, or that have been neglected, can be identified. 

Gold cyanidation has been almost universally in use since it was first patented over 100 

years ago. There have been numerous advances over the last century, most notably the 

development and use of carbon-in-pulp processing in the 1970's. However, over the past 

decade the processing of gold has become more complex as simple free milling oxide 

ores are depleted. Processing improvements are therefore required so that more complex 

refractory ores become viable to mine and treat. Before this can occur, a number of 

technical difficulties posed by these ores must be overcome, such as high cyanide 

consun1ption and the inability to liberate gold by direct cyanidation. There is a vast array 

of literature in the field of gold extraction using cyanide, with a variety of diverse subject 

areas. Therefore in this review, only the papers specifically relevant to the field of study 

have been selected and analysed. 

As discussed in the aims of this thesis in Chapter 1, this thesis is primarily concerned 

with the non-ideal behaviour of refractory and oxide ores during the processes of 
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leaching, preg-robbing and adsorption. Following a review of the cyanidation process, 

this literature survey focuses on the interactions of metal-cyanide complexes with gold 

ores. Non-ideal effects, such as adsorption of gold species onto the ore surface, or "preg

robbing," are discussed. Attention is paid to the role of activated carbon in gold 

recovery, with reference to its effect on preg-robbing and equilibrium processes in gold 

leaching. The literature has also been reviewed with regard to the kinetic models that 

have been developed for the individual processes of leaching, adsorption and preg

robbing. The extension of these models to a continuous process is required to model the 

CIP or CIL process, which is one of the primary aims of this thesis. The work that has 

been published on CIP/CIL modelling is therefore discussed. 

2.2 GOLD LEACHING 

Worldwide, the majority of gold is extracted from ores using cyanide as a lixiviant. Due 

to the perceived environmental hazards created by the use of this reagent, there has been 

an increasing impetus to replace this lixiviant with an alternative, less toxic reagent. 

However, the general understanding of the use of these alternative lixiviants is not as 

advanced as that of cyanidation. For this reason and due to the continuing dominance of 

cyanidation, the use of alternative lixiviants is not considered within this review. The 

following section outlines the chemistry of gold cyanidation, the effects of film formation 

and passivation and the important variables in gold leaching. 

2.2.1 Chemistry of gold cyanidation 

The oxidation of gold to Au(I) or Au(III) by oxygen is not possible due to the high 

standard reduction potential of gold. This may cause any dissolved gold to oxidise water, 

re-precipitating the gold (Jara and Bustos, 1992). Alternatively, oxide films may form on 

the surface of the gold (Nicol, 1980). However, in the presence of a complexing agent 
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such as cyanide, the reduction potential is reduced to -0.4V (vs SCE). Gold can therefore 

be oxidised in 1nildly oxidising conditions, such as oxygenated water. 

The requirement for oxygen in the dissolution of gold was first described by Elsner in 

1846 (Thompson, 194 7). The reaction is given in Equation 2.1. 

2Au + 4KCN + 0 + H20 ~ 2KAu(CN)2 + 2KOH (2.1) 

Bodlander proposed a n1echanis1n whereby the dissolution proceeded through two steps 

with the formation of hydrogen peroxide as an intermediate product (Habashi, 1967). 

These reactions reduce to the fonn proposed by Elsner. 

(2.2) 

H202 + 2Au + 4NaCN B 2Na[Au(CN)2] + 2NaOH (2.3) 

Kameda (1949a) showed that Bodlander's second reaction was not important and that 

gold dissolution was best described by Equation 2.2. The n1ajority of the hydrogen 

peroxide that is formed in Equation 2.3 diffuses away from the gold surface and is further 

reduced to hydroxide ions. 

Kudryk and Kellogg ( 1954) showed that the gold dissolution reaction was 

electrochemical in nature and proposed anodic and cathodic reactions for gold 

dissolution. Cathro and Koch (1964) extended their n1echanism and accounted for the 

observed slower than expected leaching rate of gold by including intem1ediate 

passivating species fonned by cyanide or hydroxide filtns. The anodk reaction that was 

proposed is given in Equation 2.4-2.5. 

(2.4) 

[AuCN]ads + CN- ~ Au(CN)2- (2.5) 
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Zheng et a/ (1995) confirmed that the passivation of the gold surface by cyanide could 

occur at high cyanide concentrations, resulting in a reduction of the extent of the anodic 

reaction. 

Passivation can also occur through the formation of hydroxide layers on the gold surface. 

Cathro and Koch (1964) proposed a reaction of the form given in Equation 2.6 for the 

formation of hydroxide layers on the gold surface. This reaction has been supported by 

the findings of other authors (Nicol, 1980; Kirk eta!, 1980). 

Au+ + OH- *-+ [ AuOH]acts (2.6) 

The cathodic reaction for gold leaching gives the equation for the reduction of oxygen. 

Equations 2.7-2.8 show this reduction (Wang and Forssberg, 1990). 

(2.7) 

(2.8) 

It has been found that the dissolution of gold is controlled by the diffusion of oxygen or 

cyanide to the gold surface (Habashi, 1967; Kudryk and Kellogg, 1954). The factor 

which is controlling depends on the molar ratio of cyanide to oxygen in solution. There 

has been some debate in the literature about the exact value of this change of control. 

Kan1eda (1949a) stated that crossover occurred at 1 OOppm CN-, while Kudryk and 

Kellogg (1954) stated that the n1olar ratio was 6.4, whicl1 corresponded to a eN

concentration of about 75ppm. Habashi ( 1967) stated the ratio was 6, by taking the 

averages of previously published diffusion coefficients. 

These studies to detem1ine the controlling factors in gold cyanidation were all perfom1ed 

with pure gold in cyanide solutions. Heath and Rumball (1998) developed an innovative 

n1ethod to optimise cyanide/oxygen ratios in CIP and CIL circuits. This involved placing 

a gold electrode into a leaching pulp and observing the potential shift at different speeds 
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of rotation. It was therefore possible to determine if the pulp was cyanide or oxygen 

deficient. In this study, it was found that the optimum molar ratio of cyanide/oxygen for 

pulps was 6.9. This is the point at which the optimum usage of the reagents occurs, as 

the leaching system would be under mixed diffusion control. Kondas et a/ (1995) also 

optimised the use of reagents for mildly refractory ores and showed the oxygen and 

cyanide conditions at which the leaching rate for each ore was optimised. From this 

research, once the cyanide consumption and the rate of gold dissolution were accounted 

for, it would be possible to obtain maximum economic benefit of the addition of reagents 

to maximise the gold extraction rate by performing a cost-benefit analysis. 

2.2.2 Film formation and passivation in the presence of ores 

The effects of film formation and passivation of the gold surface are important 

phenomena in the cyanidation of gold. In the above section the passivation of the gold 

surface due to cyanide and oxygen surface coverage was discussed. In these studies the 

effect of passivating film formation was observed by measuring polarisation curves for 

pure gold in clear solutions. 

In the presence of an ore the gold leaching rate may also be reduced due to passivating 

effects or film formation. The presence of sulphide minerals in the ore results in the 

liberation of sulphide ions into the leachate. These have been found to have a negative 

effect on gold leaching due to the formation of passivating films. Weichselbaum et a! 

(1989) found that concentrations of sulphide in solution of less than lmg/L have a serious 

detrimental effect in rotating gold disc experiments. This was attributed to the formation 

of an aurous sulphide layer on the gold surface. When finely ground pyrite, chalcopyrite 

and arsenopyrite were added to the solution these were also found to have a negative 

effect on gold leaching due to the liberation of sulphide ion. Liu and Yen (1995) showed 

that the magnitude of the effect of sulphide ions on gold dissolution was a function of the 

solubility of the sulphide minerals and the concentration of oxygen in solution. 
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Weichselbaum eta/ (1989) showed that the negative effects of sulphide could be largely 

overcome by the use of lead. This was believed to counteract the passivation of gold by 

adsorbed AuCN. However, despite a number of investigations, the exact mechanism of 

improved gold leaching in the presence of lead is not clear. Hedley and Tabachnick 

(1968) believed the improvement was due to the precipitation of insoluble lead sulphide 

compounds. The sulphur could then be oxidised, allowing the lead to be re-used. 

Kameda (1949b) suggested that the cementation of lead on gold might enhance the 

leaching of gold through the formation of galvanic cells. Weichselbaum et a/ (1989) 

confirmed that surface phenomena were important by showing that low concentrations of 

lead could negate the effects of high concentrations of sulphur. This surface effect was 

also supported by Nicol (1980) using cyclic voltammetry. However, the addition of lead 

to leaching circuits must be carefully controlled, as at high concentrations lead reduces 

the efficiency of gold leaching due to the formation of lead oxide films (W eichselbaum et 

a/, 1989; Kameda, 1949b ). 

Various authors have shown the beneficial effects of other heavy metals, such as 

mercury, bismuth and thallium, on the extent on gold leaching (Cathro and Koch, 1964; 

Mills and Willis, 1953; Deschenes and Wallingford, 1995). On operating plants though, 

the addition of lead salts to leaching circuits is preferred to overcome the negative effects 

of the sulphide ion. In many cases the addition of lead is only necessary if there is not 

already lead present in the ore (Weichselbaum eta/, 1989). 

During the leaching of ores, films of metal-cyanide complexes can also form, passivating 

the gold surface. The nature of the film formed is a function of the mineralogy of the ore 

that is being treated, with iron sulphides forming iron-cyanide films and copper minerals 

forming copper-cyanide films (Lorenzen and van Deventer, 1992a). The mineralogy of 

the ore may also result in the formation of oxide or sulphate films. These can be broken 

up by using acid washes or dilute cyanide washes (Lorenzen and van Deventer, 1992a). 

Alternatively, the formation of these films can be prevented entirely by the selective 

destruction of the minerals that are responsible for the film formation (Lorenzen and van 

Deventer, 1992a). 
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A decrease in the leaching rate may occur due to passivation of the gold surface by 

mechanisms other than film formation. Experiments by van Deventer et al (1990) have 

shown that a decrease in the dissolution rate of gold occurs when gold and galena 

electrodes are placed in separate vessels connected by a salt bridge. This was attributed 

to galvanic interactions, which is discussed below. 

2.2.3 Galvanic interactions 

Gold may be in contact with a variety of conducting minerals in an ore, such as pyrite, 

chalcopyrite, galena, pyrrhotite, arsenopyrite, haematite, sphalerite and other sulphides. 

When gold is in contact with such conducting minerals, galvanic interactions may arise 

due to their different electrochemical reactivities. This could result in the passivation of 

the gold surface due to an increase in the cathodic current (Lorenzen and van Deventer, 

1992b; Filmer, 1982). Paul (1984) showed that when gold was in contact with pyrite the 

peak current for the oxidation of gold was lower than that for the reduction of oxygen on 

pyrite. The oxygen was therefore reduced on the pyrite, effectively passivating the gold 

surface. This study was performed using rotating disks and electrodes in clear solutions. 

Lorenzen and van Deventer ( 1992b) showed that galvanic interactions were of interest 

not only in clear solutions, but also in the processing of ores. Chalcopyrite, pyrite and 

pyrrhotite were shown to cause the largest decrease in the rate of leaching when in 

contact with gold. For pyrite, the reduction of oxygen occurred over the mineral surface. 

As the magnitude of the reduction of oxygen on pyrite exceeded that of the oxidation of 

gold in the region cathodic to where the passivation of gold occurs, the gold leaching was 

greatly retarded. van Deventer et a! (1990) showed the passivation of gold in contact 

with pure copper and chalcopyrite, along with other conducting minerals. 
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2.2.4 Factors affecting gold dissolution 

Of the variables that affect cyanidation, the dissolution of gold is most strongly 

dependent' on the concentration of cyanide and oxygen, the pH, the rate of agitation and 

the presence of interfering components. These interferences may be a result of the ore 

mineralogy or the process water used to create the slurry. 

As the leaching of gold is controlled by the diffusion of reagents through a boundary 

layer surrounding the particle, temperature is not a very important consideration in gold 

leaching. However, the temperature does increase the kinetics of gold dissolution due to 

increased activities and diffusion rates. This improvement is limited to a temperature of 

85°C, above which the decrease in oxygen solubility causes a decrease in the extraction 

rate (Marsden and House, 1992). Generally, the increased rate of gold dissolution at high 

temperatures does not warrant the use of higher than ambient temperatures, as the 

improvement is too small to derive real benefit from the treatment of low grade ores. 

The pH however, is one of the most important considerations in gold leaching. Lime is 

most commonly used in gold mills to keep the pH above 9 for cyanidation. This is 

because excessive cyanide is lost to hydrolysis below this pH, as the pKa of HCN is 9.2 in 

pure water (La Brooy, 1994). Most plants operate above pH 9 and up to a pH of 11, 

depending on the ore mineralogy and nature of the process water (La Brooy eta/, 1994). 

This limits the loss of cyanide by hydrolysis and maximises the driving force for gold 

dissolution, as the potential difference between gold oxidation and oxygen reduction is 

maximised at pH 9-9.5 (Marsden and House, 1992). At pH's higher than 11, lime can 

decrease the kinetics of cyanidation due to the formation of passivating films on the gold 

surface (Kudryk and Kellogg, 1954 ). 

The particle characteristics play a role in both the kinetics and extent of gold leaching. 

The particle size, shape and porosity control the surface area available for reaction with 

the leaching reagents, but it is difficult to quantify the nature of the gold particles without 

the use of microprobe or SEM analysis. However, Guzman et a/ (1994) developed a 
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method for determining the size distribution of a gold particle system from the leaching 

curves for the ore. Wen et al ( 1996) developed a mathematical model based on mineral 

exposure which could predict the grain size of gold particles. This model is discussed 

further in Section 2.8.1.2. 

Another important factor in gold dissolution is the level of mixing. The degree of 

agitation used on a plant is a balance between the energy requirements of increased 

mixing and the desire to increase the rate of gold dissolution. The rate can be enhanced 

by increased agitation, as the degree of mixing controls the thickness of the 

hydrodynamic boundary layer. This, along with the concentration of the diffusing 

species, controls the diffusion of the reagents to the gold surface. On operating plants, 

agitation may be delivered by either mechanical stirring, or sparging air or oxygen 

through the slurry. 

The cheapest oxidant that is used for cyanidation is compressed air, though if the oxygen 

demand is higher pure oxygen can be used. In practice, a high level of cyanide is easier 

to maintain than a high dissolved oxygen concentration due to the low solubility of 

oxygen in water at atmospheric conditions (Marsden and House, 1992). Therefore, the 

majority of gold mills operate at oxygen levels where the dissolution depends on the 

dissolved oxygen concentration. However, in the presence of oxygen consuming 

minerals the reduced availability of oxygen can seriously reduce the rate of gold leaching 

(La Brooy et al, 1991 ). Saline water can also reduce the oxygen concentration in 

solution due to the lower solubility of oxygen. In Western Australia, salinity levels of 

200 OOOmg/L total dissolved solids are not uncommon (La Brooy, 1994). La Brooy 

(1994) showed the decrease in the rate of leaching in the presence of dissolved solids due 

to the reduced oxygen solubility. Saline water was also shown to reduce the free cyanide 

concentration in solution, as highly saline solutions reduce the pKa of cyanide. 

The effect of low oxygen solubility can be overcome to some extent by the use of a more 

efficient sparging system to give a more efficient oxygen uptake (Bodnaras et al, 1993). 

The effect of unwanted oxygen consumption can also be overcome by the use of 
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preaeration (La Brooy et al, (1991). The potential for the use of these treatments means 

that it is important to understand how much oxygen an ore will consume prior to actually 

leaching the ore. Jara and Bustos (1992) developed a testing procedure for quantifying 

the oxygen consumption of non-refractory ores. Kondos et al (1996) showed the 

application of a different method to detennine the oxygen requirement of sulphidic ores. 

The use of oxidants apart from oxygen has received some attention in the literature. 

Hydrogen peroxide is one such oxidant that has been found to give a much higher 

concentration of oxygen in solution. Nugent et al (1991) demonstrated the improvement 

in the kinetics of gold dissolution and the decreased cyanide consumption when hydrogen 

peroxide was used. Cyanide consumption was decreased as less stripping of HCN 

occurred from solution than when oxygen was used. However, Kameda (1949a) showed 

that while high concentrations of hydrogen peroxide increased the dissolution rate, if the 

concentration was too high the dissolution ceased entirely, due to the oxidation of 

cyanide by peroxide. Habashi (1967) also stated that high concentrations of hydrogen 

peroxide may decrease the dissolution rate due to passivation of the gold surface. 

Guzman eta! (1999) performed a comprehensive study on the use of hydrogen peroxide 

using potential measurements and voltammetry. It was shown that at low leaching 

temperatures gold leaching by hydrogen peroxide was controlled by chemical reaction. 

However above 45°C the reaction was found to be controlled by diffusion to the gold 

surface. 

The mineralogy of the ore also has a strong effect on gold leaching. The effect of 

mineralogy on gold processing is discussed below. 

2.3 MINERALOGY AND REFRACTORINESS 

This section examines the effects of mineralogy on the CIP and CIL processing of gold 

ores by cyanidation. Particular attention is paid to the minerals pyrite and chalcopyrite, 
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which were the refractory minerals studied in this thesis. The causes of refractoriness in 

gold ores are examined and reviewed. 

2.3.1 Mineralogy 

Gold dissolution is strongly influenced by the mineralogy of the ore. Therefore an 

examination of the mineralogy and occurrence of gold in the ore is often the first step in 

the development of a treatment program for extracting gold. 

Placer ores and free-milling ores require no pretreatment prior to cyanidation, apart from 

crushing and grinding (La Brooy et a!, 1994 ). Typically a large proportion of the gold in 

these ores can be recovered by gravity concentration. Oxide ores, such as the ones 

examined in this thesis, have been oxidised by exposure to the weather in a zone which 

contains a primary sulphide deposit (Marsden and House, 1992). While these ores are 

generally much simpler than sulphide ores, they may cause a number of difficulties in 

processing. The presence of clay minerals, such as talc, kaolinite and montmorillonite 

can increase slurry viscosities and therefore increase the energy requirement for mixing. 

These minerals may also blind activated carbon in the process of CIP or CIL. Carbonate 

minerals, which are commonly present in oxide ores, can present processing difficulties 

due to their effect on the control of pH (Marsden and House, 1992). 

Some sulphide ores are essentially free-milling and are treated in the same manner as 

placer ores (La Brooy et a/, 1994). However, the majority of sulphide ores are 

considered refractory and therefore require special treatment. Further discussion of 

refractoriness is given in Section 2.3.2. 

2.3.1.1 Pyrite 

Pyrite is the most common sulphide host mineral for gold. It is a stable mineral under 

most conditions of temperature and pressure, as well as in most chemical environments 
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(Filmer, 1982). Its high standard reduction potential results in unreactivity under the 

mildly oxidising conditions typical of cyanide leaching (Marsden and House, 1992). Due 

to this unreactivity, if gold is occluded within the pyrite, fine grinding or other 

pretreatments are required to liberate the gold. However, if the gold is accessible to 

cyanide solutions the consumption of cyanide and oxygen may not be high. 

This contradicts the findings of Paul (1984), who stated a number of reasons for the poor 

leaching characteristics when using cyanide to extract gold from pyrite. These included 

the presence of fine gold particles occluded within larger pyrite particles, which the 

leaching reagents could not attack. Other reasons for the poor leaching behaviour were 

found to be the high oxygen consumption due to the oxidation of iron sulphide minerals. 

There was also a reduction in the concentration of cyanide due to the formation of iron

cyanide complexes. Finally, pyrite could liberate sulphide ions into the pulp, which are 

an effective poison in cyanidation (Fink and Putnam, 1950). Weichselbaum et al (1989) 

showed the effect of lead on the dissolution of gold from pyrite, which could overcome 

this sulphide poisoning to some extent. 

2.3.1.2 Chalcopyrite 

In a survey of 115 pnmary gold deposits it was found that besides the common 

association of gold with pyrite and arsenopyrite, chalcopyrite was associated with gold in 

over 20% of the cases surveyed (Muir et al, 1989). Chalcopyrite is one of the least 

soluble copper minerals in cyanide solution, with only 5.6% of the total copper dissolving 

in a lOOppm NaCN solution at room temperature (Hedley and Tabachnick, 1968). It is 

the least soluble sulphide mineral that is commonly encountered in gold extraction 

(Marsden and House, 1992). 

The most common method of treatment for an ore which contains an appreciable amount 

of chalcopyrite is flotation. Generally, direct cyanidation is not an option, as for each one 

per cent of soluble copper in an ore the cyanide consumption is increased by up to 23kg/t 
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{Tran eta!, 1997). For this reason, La Brooy (1992) stated that 0.5% soluble copper was 

the cutoff level for direct cyanidation in oxide ores, while the cutoff level is 1% for 

sulphide ores, due to their higher grade of gold. The effects of copper on gold 

cyanidation are further discussed in Section 2.4.1. 

Apart from the influence of chalcopyrite on cyanide consumption, this mineral also 

causes difficulties due to oxygen consumption and the liberation of sulphide ions into the 

pulp. The presence of chalcopyrite in an ore was found to give a large negative effect on 

gold dissolution due to the presence of sulphide, which was reversed by the addition of 

5mg/L lead (Weichselbaum eta/, 1989). 

2.3.2 Refractoriness 

In the past, gold processing tended to concentrate on simple, free-milling oxide ores. As 

these have become more scarce, attention has turned to refractory deposits of ore, which 

have previously been untreated. Generally these have been left due to technical 

difficulties arising during cyanidation, as a result of the minerals that make up the ore. 

This "refractory behaviour" has many definitions and causes, which are discussed below. 

2.3.2.1 Definition ofrefractoriness 

The tenn refractory is in common use in gold processing and is applied to two concepts 

about the extraction of gold from an ore. Firstly, a general definition for refractoriness is 

that the ore will not give an acceptable recovery of gold by cyanidation. The second 

concept refers to the gold that is not extracted from an ore following cyanidation. This 

may be considered to be the refractory component of the ore. La Brooy et al (1994) 

suggested a classification for ore refractoriness, based on the total extraction possible by 

cyanidation. This is given in Table 2.1. 
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Table 2.1 Classification of ore refractoriness 

Gold recovery Ore classification 

<50% Righi y refractory 

50-80% Moderately refractory 

80-90% Mildly refractory 

90-100% Non-refractory (free-milling) 

There have been many other definitions of refractoriness. Flatt eta/ (1991) suggested the 

use of the term "pseudo-refractory" to describe ores that require only minor flowsheet 

modifications to achieve an acceptable recovery of gold. These modifications could be 

the use of pre-aeration or CIL. The tenn "economically-refractory" has also been used to 

describe refractoriness (Williams, 1993). This refers to an ore which gives an acceptable 

gold recovery by cyanidation, but which consumes a level of cyanide which makes the 

ore uneconomical to treat. Williams (1993) also used the terms "inherently refractory" to 

describe ores of complex mineralogy and "environmentally refractory" where the 

processing of the ore was restricted due to the chemicals that were required or produced 

as a result of the process. 

2.3.2.2 Causes alld treatment of refractoriness 

Without differentiating between the above definitions, gold may be refractory for the 

following reasons: 

a) The gold may be locked up in the mineral matrix so that the leaching reagents are 

unable to reach it. This may be overcome by grinding to expose gold to the 

reagents, but in some cases the gold may be present as a solid solution within the 

mineral lattice, and not as discrete native gold particles. 
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b) The ore may consume the leaching reagents in side reactions, leaving little cyanide 

and oxygen available for the dissolution of gold. For cyanide, these may be minerals 

of copper, zinc, lead, arsenic or antimony (Nagy et a/, 1976). Minerals such as 

pyrrhotite are known to consume high levels of oxygen (Flatt et al, 1991 ). 

c) The gold may also be passivated during leaching by cyanide-insoluble coatings. 

These films may be sulphides, oxides, carbonates or cyanide complexes (Lorenzen 

and van Deventer, 1992a). The gold may also be passivated by galvanic interactions 

(Lorenzen and van Deventer, 1992b; Lorenzen, 1984). This electrochemical 

interaction may occur when the gold is in contact with a conducting mineral, which 

causes the leaching reaction to be inhibited by the shift of the cathodic current. 

d) Gold may be present as an alloy, such as tellurides or electrum. These gold 

compounds react very slowly with cyanide and oxygen without pretreatment (La 

Brooy et al, 1994). 

e) Carbonaceous material can cause refractoriness due to the adsorption of leached 

gold. The minerals themselves may also adsorb gold-cyanide. This robbing of gold 

from the pregnant solution is referred to throughout the gold industry as "preg

robbing." The concept ofpreg-robbing and the results of a review of the literature on 

this topic are discussed in Section 2.5 of this chapter. 

The dominant reason for refractoriness is the presence of sulphides in the ore. Therefore 

to treat the ore by cyanidation successfully, the sulphides must first be destroyed. This is 

generally achieved using a pretreatment such as flotation, followed by roasting or 

pressure oxidation. A number of chemical methods to oxidise the sulphide components 

of the ore may also be considered, such as nitric acid or sulphuric acid pretreatments, 

which may occur under pressure (La Brooy et al, 1994). Another process which is 

gaining increasing recognition and research is that of biological pretreatment of 

refractory sulphides (Natarajan, 1992; Dwivedy and Mathur, 1995; Ballester eta/, 1992; 

Taxiarchou et al, 1994; Iglesias and Carranza, 1994). This involves the bacterial attack 
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of the sulphide in aerated slurries at ambient temperatures and pressure in acidic solution, 

with the resulting oxidation of the refractory minerals. 

Apart from oxidation processes, the only other treatment available for refractory ores is 

fine or ultra-fine grinding. Finer grinding may in some cases expose the gold particles to 

the leaching reagents. However, grinding is the most energy intensive operation on a 

gold-mill and the economic benefit of fine grinding must be carefully weighed against the 

increased costs. 

In summary, the recovery of gold from an ore by cyanidation is very dependent on both 

the mineralogy and occurrence of gold within the ore. An examination of the non

idealities that occur from processing refractory ores is becoming increasingly important 

as the treatment of these ores becomes more common. 

2.4 THE EFFECT OF METAL-CYANIDE SPECIES ON GOLD EXTRACTION 

In the leaching of gold using cyanide, copper presents difficulties due to the lack of 

selectivity of cyanide for gold over copper. An ore with a copper content of around 1% is 

usually considered a maximum for economic gold recovery from a copper-gold sulphide 

ore by cyanidation (La Brooy, 1992). This is due to the large consumption of cyanide 

through side reactions with copper and copper minerals. Cyanide also forms complexes 

with a number of other elements, including iron, which forms Fe(CN)6 
4
-, nickel and zinc, 

forming Ni(CN)/- and Zn(CN)4
2

- and silver cyanide, which forms Ag(CN)2-. The result 

of the formation of these complexes is a decrease in the level of free cyanide present in 

the slurry to drive the leaching of gold. During gold leaching, cyanide is also consumed 

by hydrolysis, oxidation to cyanate or thiocyanate formation through reaction with 

sulphur species. This section reviews the existing literature, detailing the chemistry and 

existing knowledge of the effects of metal-cyanide complexes on gold extraction. 
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2.4.1 Effect of copper cyanide species 

Copper is generally considered the most problematic metal in gold leaching due to its 

rapid formation of copper cyanide complexes, and the fact that many gold ores contain a 

large amount of copper. Therefore a great deal of cyanide can be consumed. The other 

main difficulty caused by copper solubility in cyanide solutions is in gold recovery in CIP 

or CIL processes. Here the copper cyanide species Cu(CN)2• competes with aurocyanide 

for adsorptive sites on the activated carbon. To prevent this it is necessary to form 

copper cyanide with three or four ligands, as these complexes do not strongly adsorb onto 

activated carbon. The stability constants of these three copper cyanide species are 

similar, so all are present to some degree in cyanide solutions, but the formation of 

Cu(CN)3
2

- and Cu(CN)l- is favoured at higher cyanide concentrations and higher pH 

(Hefter and May, 1991 ). Unfortunately these conditions do not favour the adsorption of 

Au(CN)2- to activated carbon, so a compromise is usually made that maximises gold 

recovery, while minimising cyanide use, and therefore costs, in the CIP circuit. 

There has been a great deal of research in the area of copper-gold interactions and 

processing options in order to overcome the problem of copper interference in gold 

leaching (La Brooy et al, 1994; Nguyen eta/, 1997a; Deschenes and Prud'homme, 1997). 

Some options include pretreatments to remove the copper, most notably flotation, or 

selective leaching of gold, such as with ammonia-cyanide (Zheng et al, 1995; Vukcevic, 

1997; Hayes and Corrans, 1992; Vukcevic, 1996). Selective adsorption of gold, such as 

onto a gold-selective resin, or carbon under gold selective adsorption conditions are other 

ways to reduce processing costs due to copper interactions. In these cases the 

consumption of cyanide will still be high due to copper complexation and for this to be 

applied to refractory ores, cyanide must be recycled in some way, or an additional benefit 

gained from the copper cyanide con1plexes. 

Despite the large volume of research on copper-gold interactions, there has been little 

research on the interactions of metal-cyanide species with gold. It was first suggested by 

Hedley and Kentro ( 1945) that the dissolution of gold in cuprocyanide solutions may be 
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attributed to the presence of relatively small amounts of free cyanide resulting from the 

dissociation of copper cyanogen complexes. Copper cyanides have been shown to be 

responsible for gold leaching under conditions of zero free cyanide. It was suggested by 

Muir et a! (1989) that this proceeded by the dissociation of the Cu(CN)43
- to give 

Cu(CN)3 2- with the free cyanide liberated being used to leach gold (Muir et a!, 1989). 

Vukcevic ( 1996, 1997) suggested that the leaching of gold by copper-cyanide proceeds 

by a variation of Elsner's equation, where the free cyanide is replaced by the dissociation 

of copper cyanide complexes. Copper cyanide complexes could precipitate as CuCN in 

cyanide deficient solutions, and as the solution became oxygenated further cyanide could 

be gained from CuCN by the formation of CuO or Cu(OH)2, with the subsequent release 

of cyanide. This mechanism was partly confirmed by Tran eta! (1997), who showed that 

oxygen was necessary for the dissolution of gold to take place in the absence of free 

cyanide. More recently (Coderre and Dixon, 1999) the relationship between copper and 

gold was investigated in the heap leaching of copper-gold ores. Gold and copper cyanide 

salts were found to precipitate and the leaching of gold metal postulated to occur through 

the dissociation of copper-cyanide complexes. 

2.4.2 Effect of zinc cyanide species on gold leaching 

The role of zinc cyanides on gold was investigated by Hedley and Tabachnick (1968). 

This summary raises a number of interesting and often conflicting points. It was stated 

that Zn(CN)i- dissolves gold, precipitating zinc oxide in alkaline, oxygenated solutions, 

with similar efficiency to an equivalent amount of NaCN. The zinc oxide formed 

dissolves in alkaline solutions, giving zincate, Zno/-. The dissolution of gold was found 

to be dependent on the concentration of alkali, with efficient dissolution requiring 

sufficient alkali to be present to liberate cyanide from the zinc cyanide complex. It was 

also stated in other work that the zinc cyanide was deleterious to gold dissolution, but this 

related to cyanide being consumed by an excess of zinc metal, as used in zinc 

precipitation. Therefore the negative effect of zinc was due to insufficient free cyanide 
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being available for the dissolution of gold to occur. The experimental techniques used in 

these tests were unclear, however. 

The experimentation performed in that report (Hedley and Tabachnick, 1968) was made 

difficult by the fact that the zinc cyanide complex would, in some cases, report as free 

cyanide in a conventional cyanide titration. The level of free cyanide found when 

titrating zinc cyanide is actually a function of the pH, with higher pH's reporting higher 

free cyanide concentrations, as at a higher pH the zinc cyanide dissociates more readily. 

The most likely conclusion :from the work performed to date was that the dissolution of 

gold using zinc cyanide was related to the pH, and consequently the rate of dissociation 

of the zinc cyanide. So in alkaline solutions Zn(CN)l- dissociates, :freeing four mole of 

cyanide for every mole of Zn(CN)l-. 

2.4.3 Other metal-cyanide complexes 

The role of the metal-cyanide complexes such as Fe(CN)6
4
-, Ag(CN)2-, Ni(CN)/- and 

Zn(CN)/- and their effect on gold leaching have not been experimentally investigated 

before. However, studies have been undertaken into the chemical speciation of different 

metal-cyanide complexes (Hefter and May, 1991) and the stability diagrams of metal

cyanide-sulphide and oxide systems (Wang and Forssberg, 1990; Kyle, 1997; Osseo

Asare et al, 1984a). Zhang et al (1997) reviewed the thermodynamic calculations of 

other authors and showed that the metal-cyanide complexes would precipitate as the 

solution became progressively more cyanide deficient, with the formation of hydroxide 

species. The chemistry of iron cyanogen complexes has been dealt with by Hedley and 

Tabachnick (1968) though this was principally concerned with the reactions of formation 

of various iron cyanide species and the reaction of cyanide with iron-based minerals. 

One of the aims of this thesis is to examine the role of metal-cyanide complexes in gold 

leaching, as stated in Section 1.4. This has been investigated to some extent by other 

authors, as already shown, but a detailed analysis of the competing effects of different 
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metal cyanides interacting with an ore represents a gap within the literature, which this 

thesis hopes to address. It will be shown that copper-cyanide species can leach gold from 

various ore types, by a mechanism of dissociation and precipitation. It will also be shown 

that other metal cyanides, such as iron cyanide, nickel cyanide, silver cyanide and zinc 

cyanide will also dissociate and precipitate to enhance gold leaching from a copper

concentrate. 

2.5 PREG-ROBBING OF GOLD 

Preg-robbing is the phenomenon whereby the gold cyanide complex, Au(CN)2 -, is 

removed from solution by the constituents of the ore. The preg-robbing components 

may be the carbonaceous matter present in the ore, such as wood chips, organic carbon, 

or other impurities, such as elemental carbon. The aurocyanide complex may also be 

removed. from solution by the minerals themselves. This may occur by a physical 

adsorption process, or by the reduction of aurocyanide at the mineral surface. This 

section reviews the existing understanding of the preg-robbing process. 

2.5.1 Preg-robbing by carbonaceous matter 

The most studied of the preg-robbing ores are those in Carlin, Nevada. This 

carbonaceous ore has kerogen as the principal preg-ro bbing component. Hausen and 

Bucknam (1984) stated that carbonaceous matter causes two types of difficulties. Firstly, 

the carbon can lock up a proportion of the gold in the ore and inhibit leaching. The 

carbon therefore acts in a refractory manner. The ore can also contain "active" carbon 

that adsorbs gold from the pregnant solution. It therefore acts as an adsorbent similar to 

activated carbon. Flash chlorination is used to deactivate the carbonaceous properties of 

this ore (Brooy et a/, 1994 ). 
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This type of carbonaceous preg-robbing may be inhibited by the addition of diesel or 

kerosene to the leaching circuit of a plant. At the Stawell Gold Mine, Australia, kerosene 

was used to reduce preg-robbing to graphitic material in the ore (Beer, 1994). The 

kerosene was added at levels of 200ppm. This procedure is generally not recommended 

due to the inhibition of gold cyanide adsorption to activated carbon in the presence of 

organic impurities. At the Stawell Gold Mine, the kerosene addition had to be withheld 

every few weeks to restore the activated carbon activity (Beer, 1994 ). 

Osseo-Asare eta! (1984b) attempted to determine which carbon constituents were preg

robbing. They suggested that the adsorptive properties of the carbon were due to 

hydrocarbons, humic acid and other organic acids, or elemental carbon, which behaves 

similarly to activated carbon. This type of carbonaceous material in an ore was not found 

to be as effective as activated carbon as an adsorbent, as it does not have the same high 

surface area. 

This work was extended (Abotsi and Osseo-Asare, 1986) by characterising the carbon 

present in the ore using chemical methods. No humic acid was found in the ore, though 

carbon and hydrocarbon extracts were obtained. These were found to adsorb gold most 

effectively below pH 6. The silicate minerals in the ore were also found to adsorb gold to 

some extent. A number of surface active organics were then tested to determine their 

effect on gold adsorption by a carbonaceous ore and their effect on the surface chemistry 

(Abotsi and Osseo-Asare, 1987). Different, often highly detrimental effects were 

observed depending on the nature of the surfactant. 

Adams and Burger (1998) used optical microscopy and microprobe analysis to 

successfully identify carbonaceous materials in gold ores. No gold was observed on the 

minerals except pyrite during preg-robbing tests, which showed limited adsorption. The 

detection of gold on the minerals may have been inadequate due to the high detection 

limit of the experimental technique, which was 90g/t (Adams and Burger, 1998). In the 

system tested, the carbon was clearly more active than the minerals in preg-robbing gold. 
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Pyke et al (1999) also characterised the carbonaceous material of an ore and sulphide 

concentrate, using chemical methods. Various types of carbon additives were then tested 

to determine their preg-robbing capability. Native carbon was found to be the most 

important preg-robber. A number of reagents were tested to depress the carbonaceous 

material. A small improvement in gold recovery was observed using one of the reagents, 

though at higher levels of addition this would depress gold leaching. 

2.5.2 Preg-robbing by minerals 

Apart from carbonaceous material, the other source of preg-robbing is the minerals of the 

ore. The first study of adsorption of gold cyanide onto minerals was undertaken by 

Urban et al (1973) on the Witwatersrand reefs. They found that heavy minerals are the 

most strongly preg-robbing. The minerals which were found to be preg-robbing were 

pyrophyllite, khaki shale, pyrite, chalcopyrite and thucholite, which is a mixture of 

hydrocarbons, uraninite and sulphides. It was shown that adsorption was reversible and a 

function of the cyanide concentration, pH and temperature. However, in that paper only 

equilibrium conditions were investigated and the dependence of preg-robbing on cyanide 

was not well described. 

Clay minerals were also found to be able to adsorb gold, though to a lesser degree. 

Hausen and Bucknam (1984) examined the adsorption of aurocyanide onto illite, 

kaolinite and montmorillonite but found the adsorption was very low in comparison with 

the adsorption onto carbon constituents in the ore. It was detennined however, that the 

positively charged surfaces on the edges of clay particles may attract negatively charged 

colloidal gold. Van Olphen (1963) showed electron micrographs of spheres of gold 

attached to the positively charged edges of kaolinite crystals. 

Chryssoulis (1997) postulated that gold-cyanide could adsorb onto the negatively charged 

pyritic surface which had adsorbed calcium ions, in a double-layer adsorption. The zeta

potential of pyrite with and without calcium present was examined and found to agree 
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with this mechanism. It was found that the gold on pyrite was readily recoverable due to 

the reversible nature of the adsorption. The experimental conditions used in these tests 

were not described however. 

In contrast, Hausen and Bucknam ( 1984) showed that pyrite would adsorb little gold, 

unless the pyrite constituted more than 40% of the ore. Quach et al (1993) showed that 

pyrite was not preg-robbing unless there was a carbonaceous component in the pyrite. 

Quach et al (1993) studied the adsorption of gold onto pyrrhotite in oxygen-free solutions 

using nitrogen purging. Chalcopyrite was found to be strongly preg-robbing, and 

pyrrhotite, carbonaceous pyrite and alumina were also found to adsorb gold. A 

mechanism was proposed where aurocyanide was reduced at the pyrrhotite surface, with 

the sulphide ions of the pyrrhotite being oxidised to elemental sulphur. However, no iron 

was detected in solution in support of this mechanism, and it was believed that iron was 

precipitating as Fe(OH)2. 

More recently, Adams eta! (1996) undertook a comprehensive study on the preg-robbing 

behaviour of 1ninerals. It was shown by Mossbauer spectroscopy that gold cyanide is 

reduced at the surfaces of chalcopyrite and arsenopyrite, with the metallic gold 

accumulating at defect sites on the surfaces of the minerals. Quartz and a variety of 

copper and clay minerals were shown to adsorb gold to some extent. Preg-robbing was 

shown to be reversible, and it was suggested that the extent of preg-robbing was strongly 

related to the surface area of the mineral onto which adsorption occurred. 

Adams et a/ (1996) showed an apparent correlation between surface area and preg

robbing. In Chapter 5, it will be shown that preg-robbing is a function of the chemistry 

of the adsorption mechanism, the interactions of the metal-cyanide species and the 

cyanide consuming ability of the ore. Adams et a! (1996) showed by Moss bauer analysis 

that gold is reduced on the chalcopyrite surface. However, no Mossbauer results were 

given for pyrite. The mechanism of gold adsorption onto pyrite is unclear from the 

literature and will be addressed in Chapter 5, Section 5.8. 
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The role of synthetic sulphides was examined by Sarwar and Naeem (1994), who showed 

that gold effectively adsorbs onto synthetic copper sulphides from chloride solutions. 

Nguyen et a/ (1997b) showed that gold cements onto copper in cyanide and oxygen 

deficient solutions. In heap leaching this work may have important implications due to 

the low cyanide conditions typically used in this process. 

It is the purpose of the work in Chapter 5 to examine the preg-robbing behaviour of a 

variety of different minerals, concentrating on pyrite and chalcopyrite. These are the 

refractory minerals of the ores tested. Pyrite and chalcopyrite are commonly associated 

with gold ores in Australia. They are also believed to have quite different mechanisms of 

adsorption and therefore could be contrasted during a further understanding of preg

robbing. 

This study of preg-robbing differs from other studies as it shows how the interactions 

between · different species affect the kinetics and process of preg-robbing. The 

dependence of preg-robbing on the initial free cyanide concentration was examined, as it 

has not been studied before. The addition of free-cyanide to refractory sulphide ores 

results in the formation of a large number of metal-cyanide species, so that the 

interactions between these metal-cyanide complexes and the role they play in preg

robbing are also described. This follows on from the study in Chapter 4, which 

investigates the interactions of metal-cyanide complexes in the different ores, and shows 

how these complexes can extract additional gold from an ore. Finally the competitive 

processes of adsorption of gold at the ore surface and onto activated carbon are quantified 

and the role of cyanide in shifting the equilibrium towards adsorption onto activated 

carbon is described. 

Mechanisms of preg-robbing are also suggested for pyrite and chalcopyrite. These 

mechanisms are based upon an examination of the interactions and kinetics of the 

different metal-cyanide species that commonly form during gold extraction with cyanide. 

The role of cyanide complexes, other than Au(CNh -, in preg-robbing has not been 

discussed in the literature. 
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2.6 ADSORPTION ONTO ACTIVATED CARBON 

This section presents a brief review of the current understanding of the adsorption of 

aurocyanide onto activated carbon in the processing of gold ores. As discussed in the 

aims of this thesis in Chapter 1, further research into the chemistry, or details of the 

adsorption process are not the focus of this thesis. Rather, the current understanding of 

gold adsorption is used as a tool to increase knowledge about the mechanism of 

extraction of gold from oxide and sulphide ores. 

Gold adsorbs onto activated carbon as the ion-pair Mn+[Au(CN)2-]n under typical 

conditions encountered in CIP plants (Adams and Fleming, 1989). However, there are a 

number of factors which decrease the performance of the activated carbon by this 

mechanism. In the presence of pulps, the adsorption efficiency is reduced due to 

decreased mixing efficiency, physical blinding of the carbon by fine ore particles and 

reduced solution to carbon ratios (Marsden and House, 1992; Jones and Linge, 1989). 

Carbon adsorption efficiency is also reduced by the build up of organic and inorganic 

foulants. These inhibit the loading by adsorbing to the carbon surface, blocking pores or 

precipitating on the carbon surface. These organics may be flotation reagents, machine 

oil :from mining operations or solvents (Petersen and van Deventer, 1991 ). 

The concentration of cyanide in the adsorption tanks is an important factor in the loading 

rate of gold and equilibrium capacity of adsorption (Fleming and Nicol, 1984). The 

adsorption efficiency of gold is decreased by high cyanide levels (Davidson, 1986). This 

effect is attributable to the increased competition of cyanide for active adsorption sites on 

the carbon. At low cyanide levels performance of the CIP circuit is also decreased due to 

the loss of carbon selectivity and the resulting increased adsorption of copper-cyanide 

species, which was discussed in Section 2.4.1. In practice a cyanide concentration in the 

CIP circuit is chosen which optimises the gold extraction in the leaching circuit, while 

still allowing a high enough concentration in the CIP circuit for the carbon to be 

selective. The cyanide degrades slowly through the CIP circuit, which enhances gold 

adsorption and reduces the selectivity of the carbon. Another competing factor governing 
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the cyanide concentration used is that the tails from the CIP/CIL circuit should be low in 

cyanide to allow their discharge. 

Cyanide may be lost by a number of routes in the CIP circuit, as discussed in Chapter 1, 

Section 1.2.4.1. Carbon catalyses the oxidation of cyanide to cyanate, which is further 

catalysed by copper (Muir et al, 1988). Cyanide also adsorbs onto the carbon surface as 

NaCN (Adams, 1990b), or volatilises as HCN as the pH is lowered through the circuit. 

There are also a number of factors which increase the performance of adsorption of gold

cyanide onto activated carbon. As the pH is lowered, the adsorption is increased. High 

ionic strength in solution also favours the adsorption of gold due to the ready formation 

of the ion-pair species (Fleming and Nicol, 1984). The role of oxygen in the adsorption 

process has been examined, and found to have a beneficial influence (van der Merwe and 

van Deventer, 1988). Adams (1990a) showed that the effect of oxygen is most important 

in solutions of low ionic strength. He proposed that the carbon surface may be oxidised 

by oxygen at cathodic sites on the carbon, enhancing the adsorption of metal-cyanides by 

an ion-exchange mechanism. 

The most important result of this volume of research is knowledge of the mechanism of 

adsorption and the factors that increase or decrease the efficiency of adsorption. Under 

CIP/CIL conditions and those used throughout this thesis, it is well accepted that 

adsorption of gold onto carbon occurs as an ion-pair. 

This research is used within this thesis to help examine the effect of activated carbon on 

gold extraction. The role of activated carbon in extracting additional gold over that 

which could be achieved by cyanidation alone has not been researched before to the 

candidate's knowledge. In Chapter 6, this effect will be discussed in terms of equilibrium 

processes and the competing effects of leaching, preg-robbing and adsorption. This area 

of research represents a sizable gap in the literature, which this dissertation seeks to 

address. 
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2.7 DIAGNOSTIC LEACHING 

Diagnostic leaching is an analytical technique that was developed at the Anglo American 

Research Laboratories to examine the deportment of gold in an ore. This technique was 

developed in the mid 80's and has been further refined since then (Lorenzen, 1995). The 

recommended experimental conditions for diagnostic leaching are well treated by 

Lorenzen (1995). 

Diagnostic leaching has been used in a number of ways. It has been shown that 

diagnostic leaching could be used to determine the deportment of gold from different 

mineral samples (Lorenzen and Tumilty, 1992; Lorenzen and van Deventer, 1992c). The 

technique has also been applied to show the changes in gold deportment following 

different flotation reagent treatments. Other applications include the determination of the 

deportment of gold within a roaster calcine and the application of diagnostic leaching to 

examine the leachability of gold following calcining. Torres and Costa (1995) 

demonstrated the use of the technique for flowsheet development, while the effect of 

passivating films formed from refractory minerals was examined by Lorenzen and van 

Deventer ( 1992a). Understanding of the effect of film formation was further extended by 

Lorenzen and van Deventer (1993), where it was shown that an iron oxide film caused 

significant inhibition of gold leaching. Various other films were also postulated to exist 

and methods of treatment given. Annandale et a/ (1996) studied the neural net analysis 

of the liberation of gold using diagnostic leaching data. 

Besides diagnostic leaching, other methods have been developed to determine the nature 

of gold within an ore, such as its type and location. Henley (1989) described a technique 

which involved chemical and mineralogical analysis of the ore and separation of the ore 

particles into size fractions. Polished sections of the different size fractions were taken 

and SEM used to identify the nature of the gold present. Extended cyanidations were 

also used to determine the leachable gold. A technique based on cyanidation, optical 

microscopy and quantitative electron-probe analysis was used to determine the 

deportment and nature of gold within an ore by Chryssoulis and Cabri (1990). However, 
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these mineralogical techniques are experimentally laborious and expensive compared 

with diagnostic leaching. The experimental technique of Lorenzen (1995) was thus 

considered here. 

A great deal of scope exists for the technique of diagnostic leaching to be further refined 

and applied to areas where the technique has not been used before. Diagnostic leaching 

has not been applied to determine the effect of mineral destruction on extractable gold 

prior to the initial cyanidation, which would give important information regarding the 

nature of refractory ores. Activated carbon has not been combined with cyanidation to 

extract the maximum amount of gold in the cyanidation stage, which adds to the 

usefulness of the diagnostic leaching technique when an ore is preg-robbing. Diagnostic 

leaching may also be able to give a mechanistic understanding of the role of activated 

carbon in improving the extraction of gold from an ore, whether this is by overcoming 

preg-robbing or disturbing the gold equilibrium in solution. Scope also exists for the 

accuracy· of the technique of diagnostic leaching to be improved by XRD analysis and 

ICP analysis of the acid filtrates after oxidative mineral attacks, which has not been 

reported in the literature. 

2.8 BATCH MODELLING 

It is essential to be able to predict processing outcomes for the processes of leaching, 

preg-robbing and adsorption onto activated carbon. This section gives a critical review of 

the work that has been completed by authors on the modelling of these individual 

processes. Emphasis is placed on the scope for improvement of the models. 

2.8.1 Leaching modelling 

The process of gold cyanidation is used extensively worldwide for the recovery of gold 

from ores. Many authors have attempted to model the kinetics of this leaching process, 
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both from synthetic gold solutions and in slurries. A number of empirical, semi

empirical and fundamental leaching models have been proposed, which have generally 

met with success in their application to experimental data. 

Modelling the kinetics of gold leaching is complicated by the many factors that affect the 

kinetics, including the changing cyanide and oxygen concentrations in solution, the 

degree of agitation and the temperature. Other factors include interfering species, mass

transport considerations and the mineralogy of the system from which the gold is being 

extracted. Gold cyanidation is also a heterogeneous reaction and the surface area of the 

gold available for reaction decreases with time. Once these factors are accounted for, the 

modelling of gold extraction from ores becomes very complicated. 

2.8.1.1 Empirical models 

The relatively simple Mintek expression, proposed by Nicol et al (1984a) overcomes the 

difficulties in modelling gold leaching by encompassing all of the competing factors into 

a leaching constant in a second order rate equation. A constant of 0.7 h{1 (g/tr1 was 

found to be a reasonable estimate for the South African ores this model was tested on. 

The equation is given by 

(2.9) 

This states that the driving force for gold dissolution from an ore is g1ven by the 

difference between the gold in the ore and the gold that is not extractable. The gc.o term is 

added to account for the fact that a proportion of the gold is unteachable by conventional 

cyanidation. This gold can therefore be considered as refractory gold. Ling et al (1996) 

stated that this unteachable gold is a function of the particle size distribution of the ore, 

with a small dependence on pH. It was not found to be dependent on the cyanide and 
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oxygen concentrations used during leaching. Presumably the dependence on particle size 

holds when the leaching has reached equilibrium, which is when the maximum amount of 

gold has been extracted by cyanide. k and goo are normally determined by non linear least 

squares regression. 

McLaughlin and Agar ( 1991) developed a similar empirical equation to the Mintek 

equation, but a first order rate dependence was used. 

(2.10) 

A statistical method which minimised the error sum of squares estimate of gold 

extraction was used to fit the parameters. 

Ling et a! ( 1996) improved on these empirical models by explicitly accounting for 

cyanide and oxygen in the rate constant. A rate equation order of 1.5 was found to fit the 

leaching curves most appropriately. An equation that could be applied to the specific ore 

tested was 

dg = -0.0016 ± 0.0002[cN- J.81±o.1o (02 J"73±o.o9 (g- g cr) y-s 
dt 

(2.11) 

This model was found to satisfactorily describe the data over the cyanide and oxygen 

concentrations used in these experiments. 

Brittan (1975) proposed a variable activation energy model. This attempted to account 

for the rate-limiting effects by lumping them together as an Arrhenius activation energy 

barrier. This allowed the more reactive components of the gold within the ore to react 

first, followed by the progressively more difficult extraction of refractory material. The 
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exponential factor, which causes the rate constant to decrease as the reaction proceeds, 

was coupled together with a first order rate equation, as given in Equation 2.12. While 

Brittan's model is partly based on fundamental principles, it is considered as an empirical 

model for this discussion, mainly due to the weak dependence of gold leaching on 

temperature. This makes the validity of the Arrhenius activation energy factor 

questionable. 

(2.12) 

A good fit to experimental data was found with this three parameter model. Woollacott 

eta! (1990) showed that the fit obtained to different ore types by Brittan's model was not 

as good as the Mintek model, despite there being an additional adjustable parameter in 

Brittan's model. 

Most of these empirical equations treat the leaching reaction in terms of "mass of ore" 

rather than surface area of gold, as is required for a heterogeneous reaction. The reaction 

is therefore considered to behave as a pseudo-homogeneous one. 

2.8.1.2 Models based on fundamental principles 

Kudryk and Kellogg ( 1954) showed that the gold leaching reaction was electrochemical 

in nature by measuring the anodic and cathodic electrode reactions directly. Gold 

leaching was explained in terms of mixed potentials and the leaching reaction was shown 

to be controlled by either the diffusion of oxygen or cyanide to the gold surface. The 

factor that controlled the reaction depended on their relative concentrations. 

Kameda ( 1949a) used knowledge of the controlling factors in gold leaching to propose a 

rate equation based on Pick's law of diffusion. Kudryk and Kellogg (1954) also derived 
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a rate equation based on Pick's law of diffusion and showed the application of this 

equation to experimental data. One of the major results of this work was to show when 

gold leaching is under mixed cyanide and oxygen diffusion control. This was calculated 

from Equation 2.13. The calculated value of 8 was found to agree well with the 

experimentally determined result of 8.5. 

(2.13) 

Habashi (1967) extended this work in a comprehensive study of the dissolution of pure 

gold and silver in cyanide solutions. He proposed an equation based on the fact that the 

gold dissolution reaction was controlled by the diffusion of cyanide and oxygen through a 

boundary layer. By examining the stoichiometry of the reaction it was possible to 

develop a fundamental rate equation for the dissolution of gold based on Pick's law of 

diffusion. This had the advantage of those models proposed previously (Kameda, 1949a; 

Kudryk and Kellogg, 1954), by accounting for mixed diffusion control. The model is 

given in Equation 2.14. The application of the equation was shown for clear solutions 

using a rotating disc gold electrode. 

-dNAu _ 2DcN_D0 JCN-][02 ] 

SAdt o{DcN_[CN-] + 4D0 )02 ]} 

(2.14) 

When cyanide diffusion is controlling, Habashi's equation can be simplified to 

-dNA" =]__DeN- [eN-]= k [eN-] 
SAdt 2 g I 

(2.15) 

When oxygen diffusion is controlling, the reaction simplifies to 
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- dN Au = 2 D o2 [o ] = k ro ] 
SAdt 8 2 2 r 2 

(2.16) 

The application of Habashi's equation to slurries is complicated by the difficulty in 

measuring the surface area of gold available and the thickness of the Nemst boundary 

layer. 

Schubert et a! ( 1993) overcame these problems and applied Habashi' s leaching model to 

CIP modelling. This was done by the introduction of an occlusion factor, s, which 

reduced the rate of leaching to a slower rate. An average particle size of the gold grains 

in the ore was assumed, which allowed calculation of the gold surface area. However, 

the surface area did not decrease as the reaction proceeded and was treated as a constant. 

It was not clear how the thickness of the boundary layer was accounted for in this model. 

Two rate constants for slow and fast leaching regimes were used, as gold was found to be 

either fast leaching, or slow leaching. A competing metal, M, was used to model the 

metals which compete for cyanide and oxygen. M was also divided into a fast and slow 

leaching rate constant. This resulted in a model with a large number of adjustable 

parameters. 

The mathematics of the fundamental models developed by Schubert et al (1993) and 

other authors tend to be much more lengthy and complex than those treated in the above 

discussion. The equation these authors derived is thus not presented here. 

Wadsworth (1991) continued the work of Kudryk and Kellogg (1954) on the modelling 

of clear solutions using a rotating disk. A mixed potential model was proposed based on 

the transport of a complexing agent and oxidant to the metal surface to participate in 

coupled anodic and cathodic processes. Mixed diffusion plus charge transfer kinetics 

were used. The equation was shown to fit the rate data and potential current curves 

generated by Kudryk and Kellogg very well. Discrepancies in the data were accounted 

for by surface coverage of the gold surface by hydroxyl and cyanide ions, though this was 
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not explicitly accounted for in the model. It was concluded that gold oxidation was 

limited by the adsorption of the cyanide ion on the gold surface and oxygen reduction by 

a complex series of adsorption-reaction steps involving the oxygen molecule and its 

intermediates. 

Lapidus (1995) extended the mixed potential model of Wadsworth (1991) by examining 

the non-steady state cyanidation of a rotating disk. The effects of lead, calcium, sulphide 

and hydroxide ions were accounted for by examining the bulk solution equilibria, though 

these ions, especially sulphide, do not always reach equilibrium in gold leaching. A 

Langmuir isotherm was used to model the passivation by hydroxyl ions. Little 

verification of the model results with experimental data were performed. However, the 

model was used to show the effects of interferences on gold leaching. 

Apart from modelling synthetic solutions, some fundamentally based models for the 

leaching· of gold from ores have also been proposed. Crundwell and Godorr ( 1997) 

proposed a model based on the shrinking particle model, with an additional equation to 

account for surface passivation. The rate expression was developed from the mixed 

potential of the gold surface and found to be dependent on the rate of the electrochemical 

reaction. It was shown that the order ofthe reaction was 0.55 to 0.57, which supported 

the electrochemical mechanism. The observation that the gold leaching reaction was 

electrochemical was based on the fact that the overall leaching constant, ks, varied to the 

power of 0.5 of the cyanide concentration. This result is questionable as the dependence 

of 0.5 could be due to the values off, k2 or k_2, which were the other parameters used in 

the model. The factor f was defined as the fractional surface coverage of a passivating 

film on the gold surface. No results or information was given in the paper about the role 

of the factor f This article received some criticism (Lapidus, 1998) due to the large 

number of adjustable kinetic parameters and the lack of explanation of the significance of 

their changing numerical values. The shrinking particle model used also denied the 

importance of diffusion phenomena or mass transfer resistance in the kinetic expression. 
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Rubisov et al (1996) developed a fundamental model which took into account the size 

distribution of gold grains in the ore. A variable order kinetic expression was used to 

account for the size range, along with the population balance approach. This was fitted to 

the Habashi equation and Wadsworth's mixed potential model (Wadsworth, 1991). The 

equations were fitted to data of other authors. 

Wen et al (1996) proposed a model based on the gold exposed ratio, gold grain size and 

ore particle size and grain boundary fracturing factor. From this model it was possible to 

predict the recovery of gold from ores of different particle size. The grain size of gold 

could also be calculated. The results found for this model from a variety of different ores 

at different particle sizes agreed well with experimental observations. 

Despite the large number of models for the liberation of gold by cyanidation proposed, 

there exists the need for a gold leaching model that can be applied to a variety of oxide 

and sulphide ores. The large number of competing factors and variables important in 

gold leaching have been accounted for to some extent by other authors, though generally 

the fundamental models focus on a small number of factors. In this thesis, a model is 

developed in Chapter 7, which is based on a variable order Mintek expression. Apart 

from the exponent, the application of this model was different to those published 

previously, as instead of determining the Alloo term by least squares regression, it was set 

from experimental data. This approach to gold leaching modelling is evaluated further in 

Section 7.3. 

2.8.2 Preg-robbing modelling 

Preg-robbing modelling has received very little attention in the literature. Johns and 

Mathews ( 1990) described an experimental technique for the determination of the rate of 

gold adsorption from ashed woodchips. Van der Walt and van Deventer (1992) 

suggested the use of a film transfer model for the adsorption of the aurocyanide complex 

onto the ore, in a similar manner to the adsorption of gold onto activated carbon. 
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However, the film diffusion coefficient was not determined from experimental data, 

rather a value was estimated, which was then used to perform a sensitivity analysis on the 

effect of preg-robbing in a CIP circuit. Liebenberg and van Deventer (1998) also 

proposed the same preg-robbing model in a more comprehensive CIP model, though no 

results were given for the application of the model. A Freundlich isotherm was later 

suggested as being an appropriate equilibrium isotherm (Liebenberg eta!, 1998), though 

no evidence for its validity was given. 

From the experimental data for the adsorption of Au(CN)2- on minerals gained in the 

investigation of preg-robbing minerals in Chapter 5, sufficient scope exists for the 

application of a mathematical model to describe the preg-robbing process. In Chapter 7, 

a model is developed along the lines of those suggested by previous authors and its 

validity shown. The strong relationship between the equilibrium of adsorption and initial 

free cyanide concentration is quantified, which represents a significant advance in the 

modelling and understanding of preg-robbing. 

2.8.3 Adsorption modelling 

The kinetics of the adsorption of gold-cyanide onto activated carbon have been 

investigated extensively. It has been shown that the kinetics are limited by transfer of the 

aurocyanide complex through a film surrounding the particle, followed by intra-particle 

mass transfer. Many approaches for modelling the adsorption kinetics have been 

considered. These range from empirical models to models based on fundamental 

knowledge about the behaviour of the adsorption of gold-cyanide onto carbon. 

It is not the purpose of this thesis to develop a new or improved kinetic model for the 

adsorption of aurocyanide onto activated carbon, as those available in the literature are 

more than adequate to meet the aims of this thesis. Therefore, this section contains only a 

brief review of the literature available on the kinetic modelling of gold adsorption onto 

activated carbon, concentrating on the major achievements in this area. 
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2.8.3.1 Empirical models 

Of the empirical models, the simplest that has been suggested is a first order rate model, 

which is shown in Equation 2.17. This has been used to successfully describe gold 

adsorption (McDougall and Fleming, 1987). However, Liebenberg and van Deventer 

(1998) stated that empirical models only apply to the first few hours of adsorption. 

de =kc 
dt 

(2.17) 

The most commonly used empirical model for the adsorption of aurocyanide onto 

activated carbon is that suggested by Dixon et a! (1978). Williams and Glasser (1985) 

applied this model to the simulation of the carbon-in-column (CIC) and CIP process. 

This model has the form 

de= k(c{A- q}- Bq) 
dt 

(2.18) 

k is a kinetic parameter, while A and B are equilibrium parameters that can be estimated 

from the Langmuir isotherm. As q is small compared to A, this term is essentially 

constant. The model is therefore related to the film diffusion model, based on the 

Langmuir isotherm (Woollacott et a/, (1990). The film diffusion model is discussed 

below. 

2.8.3.2 Film transfer model 

The film transfer model is the simplest model that has a theoretical basis. Equilibrium is 

assumed to exist between the gold on the carbon and the gold in solution at the surface of 

the carbon. Nicol et a/ ( 1984b) proposed a film-transfer model using a linear isotherm. 
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This model was then extended (Nicol et a!, 1984a) so that it could be applied to 

multistage adsorption circuits. Leaching was also accounted for so that the model could 

simulate CIP/CIL circuits. Further extension of this model was performed by Fleming 

and Nicol (1984) to determine the important variables for the kinetics and equilibrium of 

adsorption in the CIP circuit. 

The mixing efficiency was shown to be the single most important factor in the kinetics of 

adsorption, though the carbon particle size and the presence of carbon poisoners were 

also important. The equilibrium loading was strongly affected by ionic strength, pH and 

temperature. W oollacott and Afewu ( 1995) used the film transfer model to examine the 

scale and mixing conditions on the film transfer coefficient in CIP tanks. The mixing 

power input was shown to correlate most strongly with the film transfer coefficient, 

which agreed with the work of Fleming and Nicol (1984). 

The form of the film transfer model is 

de= SAk(c-c) 
dt s 

(2.19) 

The equilibrium can be described by a linear isotherm, as shown in Equation 2.20. A 

non-linear isotherm such as the Freundlich isotherm can also be used, which is given in 

Equation 2.21, or the Langmuir isotherm, which is shown in Equation 2.22. 

q= Ac (2.20) 

q= Ac" (2.21) 
Ac 

(2.22) q=--
B+c 

The linear isotherm has been found to gtve an acceptable approximation of the 

equilibrium between the carbon surface and solution in the first stages of adsorption (Le 
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Roux et al, (1991), though possibly for only the first hour. It is not likely to provide good 

predictions over a range of conditions. 

Non-linear film transfer models allow the concentration of the adsorbate at the particle 

surface to be more accurately described. However, at high initial gold concentrations this 

model was found to be inadequate (Le Raux et al, (1991 ). Van der Walt and van 

Deventer (1992) applied a film transfer model to a two component system using a two

component Langmuir isotherm to investigate the effects of changes in process conditions. 

Leaching and preg-robbing were accounted for in relatively simple expressions, though 

these features were not used with experimentally determined data in the model. 

Woollocott et a/ ( 1990) stated that the use of the simple film-diffusion model to describe 

the operation of many CIP operations appears justified, as long as an appropriate 

equilibrium expression is used. 

2.8.3.3 Phenomenological models 

A number of complex models have been developed that account for the kinetic 

mechanisms of adsorption, which include the transfer of aurocyanide through a film 

surrounding the carbon, an adsorption reaction, diffusion of the aurocyanide along the 

surface of the carbon into the particle and diffusion in the pores of the carbon. Once 

again the mathematics of these more complicated models have not been presented. 

Peel and Benedek (1981) and Peel et al (1981) developed a phenomenological model 

based on the film diffusion of phenol and a-chlorophenol to the carbon, followed by 

diffusion from the macropores to the micropores. A quadratic driving force 

approximation to replace the complex surface diffusion model of intraparticle transport 

and linear driving force approximation were tested, and it was found that this 

approximation fitted the data well. 
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VanDeventer (1984a, 1986) extended Peel and Benedek's model to gold adsorption and 

showed the importance of the rate of film mass transfer on the kinetic model. Two intra

particle mass transfer mechanisms were proposed; diffusion of Au(CN)z- along the 

macropore walls by surface diffusion, followed by transfer from the macropores to the 

micropores. The Freundlich isotherm was used to describe the equilibrium. 

It was found that the adsorption reaction was not rate controlling and the assumption that 

the carbon could be partitioned into two regions with different rates of uptake was 

justified. The model described the observed slow approach to equilibrium in batch 

adsorption, which was a result of the slow diffusion :from the macropores to the 

micropores. A sensitivity analysis was performed using the equations developed for a 

countercurrent cascade of reactors. It was found that the periodicity of carbon transfers 

had an insignificant effect on the efficiency of a countercurrent adsorption cascade (van 

Deventer, 1987). 

Peel et al (1981) also demonstrated the dual-rate nature of adsorption into the pores of 

carbon. It was found that the surface diffusion coefficient within the macropores was 

comparable to the coefficient obtained using an approach that included the diffusion from 

the macropores to the micropores. This suggested that principally macropore adsorption 

occurred during a typical, brief kinetic experiment. 

V egter and Sandenbergh ( 1996) confirmed this in their analysis of the controlling factors 

in carbon adsorption. The effects of film diffusion, surface diffusion into the carbon 

particle and pore diffusion were accounted for. It was found that film transfer and 

surface diffusion were controlling the adsorption of aurocyanide onto the carbon. These 

mechanisms are likely to be rate-controlling in most instances in which Au(CN)2- is 

adsorbed onto activated carbon in plant situations, as the pore diffusivities were found to 

be very small. 

In this study, a relatively simple film-diffusion model using a Freundlich isotherm has 

been used to describe the adsorption of gold-cyanide onto activated carbon. This is 
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justified for a number of reasons. Firstly, the mechanisms or kinetics of adsorption 

processes have not been the focus of this thesis, rather the focus has been on the 

interactions of leaching, preg-robbing and adsorption. A simple adsorption equation can 

be used to investigate these interactions. Also, in the application of CIP/CIL modelling, 

the film diffusion model is believed to give quite an accurate indication of the kinetics of 

the adsorption processes (Woollacott eta!, 1990). Finally, the adsorption experiments 

have been performed simultaneously with leaching from an ore. Therefore the solution 

concentrations used in this study have tended to be low, which has been stated to be a 

condition for the successful application of the film-diffusion model with a non-linear 

isotherm (LeRoux et al, 1991; van Deventer and Ross, 1991). 

2.9 CIP/CIL MODELLING OF SLURRIES 

Once the processes of leaching, preg-robbing and adsorption are mathematically 

described in a batch situation, it is desirable to extend the batch gold extraction model to 

a continuous case. Such a model could be used to predict outcomes from processing an 

ore under different conditions, or for evaluating the effects of non-idealities in CIP/CIL 

circuits. A number of authors have developed CIP models for a variety of applications. 

The results and implications of their work are discussed below. 

Williams and Glasser (1985) used Dixon's empirical model to simulate the CIC and CIP 

process. Stange (1991) also used Dixon's model in a CIP model, which was coupled 

with plant costing. This allowed the overall financial return from the plant to be 

optimised. Nicol et a/ ( 1984a) used a simple model to predict the steady state behaviour 

of leaching and adsorption. An economic application of the model was also used to 

optimise the number of stages in a CIP process. 

Otu et al ( 1993) demonstrated the change in the kinetic parameters of a CIP model over 

repeated adsorption-elution cycles. The loss of adsorption capacity and decreased rate of 

adsorption were analysed in the presence of foulants. It was shown that the reduced 
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performance of the carbon was mainly due to a decrease in the intraparticle diffusivity of 

gold cyanide as the carbon was repeatedly exposed to the foulants. 

Stange eta! (1990a) used the population balance approach to describe how the slurry and 

carbon are contacted in a CIP circuit. This was used as the carbon in each stage of a 

CIP/CIL plant exhibits a distribution of ages and therefore a distribution of loading. In 

this simulator the Mintek model was used for leaching and a film-diffusion model was 

used to describe the adsorption. In a later paper Stange et al ( 1990b) showed that the 

optimum distribution of carbon in a CIL or CIP tank was not an even distribution, as 

suggested by Nicol et a! (1984a), due to the possibility of additional leaching from the 

ore occurring in the circuit. It was suggested that the carbon be distributed so that a 

higher concentration existed in the final CIP tank than in the first tank. 

Liebenberg and van Deventer (1998) extended the model of van Deventer {1986) by 

accounting for the fact that the equilibrium isotherm shifts down the circuit due to 

changing conditions. The effects of changing cyanide and oxygen concentrations, along 

with an increase in fouling and competing species were accounted for. An empirical 

equation was used to model the changing cyanide concentration in the cascade, which 

was related to the pre-exponential factor of the Freundlich isotherm. This model also 

included the leaching of gold, so that it could be applied to carbon-in-leach circuits. 

Finally, a multicomponent adsorption method was used, which accounted for competitive 

adsorption. The comprehensive model developed successfully accounted for the 

changing levels of competition, fouling and cyanide observed in CIP circuits, which were 

shown to be important effects in the adsorption process. 

As the above discussion shows, the continuous CIP/CIL models in the literature have had 

a wide variety of uses. However, the effect of preg-robbing in a CIP/CIL model has not 

been well investigated before. Also, the effect of processing refractory ores by CIP/CIL 

has not been investigated in a modelling sense. As increasingly more refractory ores are 

processed, the simulation of the non-idealities and interferences that occur from the 

processing of such ores will become increasingly more important. Therefore sufficient 
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scope exists for the development of such a model, which is presented and discussed in 

Chapter 8. 

2.10 SUMMARY AND SCOPE OF WORK 

The above discussion in Sections 2.2-2.9 has reviewed the literature concerning the 

extraction of gold from refractory and oxide ores. The chemistry of leaching, adsorption 

and preg-robbing and the modelling of these processes have received particular attention. 

A number of areas emphasised in the literature review influence the scope of this thesis. 

Specifically, these are: 

• The recovery of gold from an ore by cyanidation is very dependent on both the 

mineralogy and occurrence of gold within the ore. The mineralogy affects the 

formation of films, extent of passivation, galvanic interactions, oxygen consumption 

and the cyanide consumption. Different metal-cyanide complexes are created when 

leaching reagents are contacted with different minerals, which have the potential to 

interact with the ore. 

There exists the need for further understanding of these interactions. In Chapter 4, an 

examination of the role of metal-cyanide complexes in gold leaching is undertaken, 

showing the interactions between the various metal-cyanide complexes. The role of these 

metal-cyanide complexes in leaching gold from refractory gold ores is studied and 

represents a contribution to the understanding of gold extraction. 

• The process of preg-robbing of gold by minerals has not been well quantified in the 

literature. However, preg-robbing by carbonaceous components of the ore has 

received a great deal of attention and is well understood. From the literature it is 

understood that preg-robbing can occur at a variety of different mineral surfaces. It is 

known that preg-robbing onto chalcopyrite takes place by a reduction mechanism 
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(Adams et al, (1996). However, the mechanism of preg-robbing to other minerals 

and the factors that affect preg-robbing are not well understood. 

As the processing of refractory ores becomes more important, there is an urgent need to 

quantify and understand preg-robbing by these ores. The literature gives an inadequate 

overview of the kinetics of preg-robbing and the effect of free cyanide and other metal

cyanide complexes on preg-robbing. Adams and Burger ( 1998) suggested that 

examination of an ore's mineralogy was not enough to determine if an ore would be preg

robbing, though they did not explain the reasoning behind this statement. The factors that 

make a refractory ore preg-robbing, regardless of its mineralogy, are described in Chapter 

5. In that chapter, mechanisms of preg-robbing are suggested for pyrite and chalcopyrite. 

The competitive processes of adsorption of gold at the ore surface and onto activated 

carbon are quantified and the role of cyanide in shifting the equilibrium towards 

adsorption onto activated carbon described. 

• Under typical CIP conditions, the adsorption of gold onto activated carbon occurs as 

an ion-pair. There are many influences on both the rate of gold loading and the extent 

of the equilibrium of loading. These include the pH, cyanide concentration, the effect 

of interferences and the pulp. 

While the role of activated carbon in adsorbing leached gold from solution is well 

understood, the role of carbon in enhancing the extraction of gold from an ore is not well 

understood. Carbon may enhance leaching from ores by continually removing leached 

species from solution, disturbing the solid/liquid equilibrium and favouring further 

dissolution, as described by Le Chatelier. Alternatively, activated carbon may pull gold 

which has been preg-robbed from the surface off the ore onto activated carbon. An 

investigation into the effect of activated carbon on improving the gold extraction from 

ores may significantly improve our understanding of the competing effects in leaching, 

preg-robbing and adsorption. This area of research represents a sizable gap in the 

literature, which this thesis seeks to address. The role of activated carbon in enhancing 

the extraction of gold from ores is discussed in Chapter 6. 
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• Many models have been proposed for the leaching of gold, from simple empirical 

models to those which account for the factors which control the dissolution reaction. 

Fundamental models have been developed for leaching gold from rotating discs, 

which successfully describe the controlling phenomena in gold cyanidation. 

Generally, empirical models have met with the most success in the modelling of 

leaching from ores, however, a number of models based on fundamental principles 

have been proposed and applied to experimental data. 

• The modelling of experimentally gained preg-robbing data has not been performed 

before, although a film diffusion model has been suggested as being an appropriate 

form of the model when used in conjunction with a non-linear equilibrium isotherm. 

• The modelling of the adsorption of aurocyanide onto activated carbon is well 

understood in both clear solutions and slurries. The adsorption is controlled by 

diffusion through a film surrounding the carbon particle followed by intra-particle 

diffusion. A number of models have been developed and applied that successfully 

account for these controlling mechanisms. 

• In the literature it is accepted that a film diffusion model, ustng a non-linear 

equilibrium relationship between the solution and the carbon surface, is a reasonable 

simplification that can be made when modelling the process of gold adsorption onto 

activated carbon in slurries. 

There is a need in the literature for quantification of the competing processes of leaching, 

preg-robbing and adsorption. Chapter 7 gives the development of a batch model to 

examine this interaction. This concept involved the development of a leaching and preg

robbing model, and the application of a film transfer model for the adsorption of gold 

onto activated carbon. 

• The simulation of the CIP process using mathematical models has been performed by 

a number of authors. These models have been used for predicting steady state plant 
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behaviour, determining the most economic CIP configuration, examining the changes 

in kinetic parameters with changing plant conditions and for determining the 

optimum carbon distribution in a plant. Multicomponent models have also been 

developed, which account for more than one species and interferences in CIP 

processing. 

The batch model developed in Chapter 7 was extended so that it could be applied to a 

continuous process such as CIP or CIL. This allowed the simulation of the effects of 

changing mineralogy and processing conditions. By allowing the competing processes of 

leaching, adsorption and preg-robbing to be quantified in a continuous process for ores of 

different mineralogy, the work discussed in Chapter 8 represents a substantial 

contribution. 
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Research Methods and Analytical Techniques 

3.1 OBJECTIVES OF THIS CHAPTER 

In order to achieve the aims of this thesis, as outlined in Chapter 1, a variety of different 

research methods were used. This chapter aims to give detailed descriptions of the 

experimental tests, conditions and analytical techniques that were used in the 

investigation of the non-idealities in the extraction of gold. 

This thesis is concerned primarily with the extraction of gold from ores. The ores used 

for experimentation are described, along with the methods of characterising the ores and 

preparing them for experimentation. These ores underwent a variety of laboratory batch 

tests, including experiments performed on the leaching, adsorption and preg-robbing 

processes. The apparatus and experimental conditions used for these tests are described 

here. Diagnostic leaching was also used in the laboratory, and the specific procedure 

used is detailed and justified. 

Apart from laboratory batch tests, a number of experiments and plant surveys were 

performed at the Telfer Gold Mine. Plant surveys involved detennining a number of 

operating parameters at different locations around the plant. Details of the plant surveys 

and batch experiments perfonned at the mine site are described in this chapter. 
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The range of experimentation performed in the laboratory and on the plant required a 

large array of different analytical methods to obtain results that would allow the aims of 

this thesis to be met. The techniques for solution, solid and carbon analysis are 

described, along with the other techniques used for characterising the changes to the ores 

following experimentation, such as XRD, BET and SEM. A description of the 

construction and application of mineral electrodes for the electrochemical study of 

interactions between individual minerals and gold is also given. 

Finally, it is explained in this chapter why certain techniques were used for gathering the 

information necessary in the subsequent research chapters. The experimental conditions 

and analytical techniques used are also justified. 

3.2 ORES USED IN TESTS 

Two oxide and three sulphide ores were studied. These ores were chosen for their 

mineralogical makeup. It was desired that each ore be mineralogically unique, while still 

being related in some way to the other ores. The gold ores all shared pyrite and 

chalcopyrite as common minerals though in very different proportions. These two 

minerals were the principal focus of the study of refractory minerals during gold 

processing. This choice of ores was important, as it allowed an investigation into the role 

of mineralogy in non-ideal behaviour in leaching and CIP processing, while isolating 

certain mineralogical factors. 

3.2.1 Gold ores 

The ores were sourced from the Telfer Gold Mine, Australia and New Celebration Gold 

Mine, Australia. These mines are owned and operated by Newcrest Mining Limited. 

Telfer is located on the south western edge of the Great Sandy Desert, approximately 

59 



Research Methods and Analytical Techniqyes 

400km east of Port Hedland. New Celebration is a small operation located east of 

Kalgoorlie. 

The oxide ores were both sourced from open pit mining from the respective mines. 

These run-of-mine ores had undergone crushing in the crushing circuit. Following 

crushing, the ore was stored in ore bins, then fed by a belt to the ball mill. Ore was 

sampled from this belt over a period of one month in order to obtain a sample of ore 

representative of that processed in the plant. Approximately 300kg of each oxide ore was 

obtained. 

The three sulphide ores were obtained from an underground mining operation at the 

Telfer Gold Mine. This sulphide is treated by flotation to obtain two concentrates, one of 

which is predominantly pyrite, the other consisting of chalcopyrite and pyrite. The feed 

to the flotation circuit was used as one of the sulphide ores, which contained pyrite and 

chalcopyrite as the refractory components. This ore was sourced from the ball mill 

following grinding. A two-stage flotation process on the mine was used to produce a 

pyrite concentrate and copper concentrate. Both of these ores were also the subject of 

investigation for this study. 

3.2.2 Gold free ores 

The study of mineralogical influences on gold processing, most importantly preg

robbing, is dealt with in Chapter 5. To investigate the effect of cyanide on preg-robbing, 

it was necessary to obtain gold-free mineral samples of two of the major minerals 

studied, pyrite and chalcopyrite. Gold-free pyrite and chalcopyrite were obtained from 

Geological Specimen Supplies, NSW, Australia. Samples of pure pyrite from Brazil, and 

chalcopyrite from the Diane Copper Mine, Queensland, Australia were available as rocks. 

The chalcopyrite was not completely pure, having pyrite as a major phase and sphalerite 

as a minor phase. However, the relative proportions of the chalcopyrite and pyrite were 
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quite close to those of the copper concentrate, which made the investigation of this 

mineralogical sample a worthwhile comparison with the copper concentrate. 

3.2.3 Ore preparation 

Prior to use the ores underwent processing in order to obtain representative samples of 

each ore for experimentation. Details of this processing are given in Appendix A, 

including the processes of crushing, milling and splitting of the ores to obtain 

representative samples. The oxide and gold-free mineral samples all had a particle size 

distribution of 80% passing 75J.!m. The flotation ores all had a particle size of 80% 

passing 75J..tm, except for the pyrite concentrate, which had a particle size distribution of 

90% passing 75J.tm. These particle sizes were identical to those used at the Telfer Gold 

Mine. 

The splitting process was of the utmost importance. Representative samples were 

required for experimentation in order for the results of the experiments to be comparable. 

However, obtaining representative samples of the oxide ore was difficult due to the 

nature of the gold distribution of the oxide ores. Gold is an unreactive metal under 

normal conditions and tends to occur in these ores as native gold at a variety of different 

particle sizes. As the sampling was conducted prior to gravity concentration of the ore 

there existed the possibility of obtaining fractions of ore with higher gold content than 

other fractions, due to the inclusion of large gold grains. If experimentation was 

performed on samples of ore with different grades of gold, it would be difficult to 

compare the results. The rigorous sampling technique detailed in Appendix A was used 

to overcome this difficulty. 

This sampling technique was also used for the sulphide ores. These ores had a much 

more unifonn distribution of gold, with the gold present as sub-micron particles in the 

sulphide matrix of the ore. Therefore these ores had the same grade of gold prior to 

experimentation. 
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3.3 LABORATORY BATCH TESTS 

A standard set of apparatus and conditions were used for laboratory batch tests, whether 

these were cyanidations, preg-robbing tests or experiments with activated carbon. The 

procedures and methods used in laboratory experiments are described here. Specific 

details of the experiments, such as the initial free cyanide concentration or the 

concentration of gold added to a slurry are given in the results chapters of this thesis, i.e. 

Chapters 4 to 6. 

3.3.1 Apparatus and experimental 

The standard experimental procedure was to place 400g of ore in a 1L baffled reactor. 

1L of distilled water was then added and the pH adjusted to 10.5 by the addition of 

potassium hydroxide. Stirring was conducted at 200rpm with a flat-bladed overhead 

impeller. A stirring speed of 200rpm and solids content of 28.5 mass% were chosen to 

ensure that all the solids were in suspension. This solid/liquid ratio also gave a 

concentration of species in solution, such as gold and copper, that facilitated analysis by 

ICP. A mass of ore of 400g was chosen as it was statistically the minimum that had been 

found to give an acceptable reproducibility of results for the oxide ores, due to the non

uniform distribution of gold within these ores. 

The configuration of the reactor and impeller used are given In Figure 3.1. The 

temperature was controlled at 20°C by use of an electrically heated waterbath. The 

reactor vessel lid was perforated in order to allow aeration, pH control, Eh monitoring and 

sample removal. 
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Impeller 
Port for sample removal, 
pH and Eh measurement 

Port for impeller 

Baffle 

Waterbath 

Figure 3.1 Experimental apparatus 

Where cyanide was used this was added as potassium cyanide powder after the pH had 

been adjusted. The level of cyanide was allowed to degrade after the commencement of 

the majority of experiments, unless othetwise noted in the body of the text. This was to 

allow observation of the interactions between different metal-cyanide complexes as the 

cyanide level changed, which was outlined in the aims of this thesis in Chapter 1. 

Where activated carbon was used for experimentation, this was presoaked in distilled 

water to remove adsorbed gases from the pores. Further details of the procedures for the 

use of activated carbon are given in Section 3.6.2. 
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Nitrogen purging was used in a number of experiments in Chapter 5 to prevent gold 

leaching by the removal of oxygen. When used, this was sparged into the slurry for 30 

minutes prior to the addition of any reagents. Nitrogen sparging was continued for the 

duration of the experiment. 

3.3.2 Sample taking 

Samples were periodically removed from the slurry to examine the kinetics of the 

leaching, preg-robbing and adsorption processes. A syringe was used to remove 1 Oml of 

slurry from the batch reactor. This was then centrifuged to separate the ore from the 

solution. The remaining solution was filtered using a 25mm diameter, 0.2J.!m syringe 

filter to remove any fine suspended particles from the solution. 

A lml aliquot of the filtered solution was taken with an automatic pipette. This was used 

to determine the free cyanide concentration in the solution. Silver nitrate was used as the 

titrant, while Rhodanine was used as the indicator. Rhodanine was found to give a 

distinct colour change at the endpoint of the reaction, in contrast to potassium iodide, 

which was much more difficult to determine the endpoint with accuracy. 

For some of the experiments performed, the level of copper in solution was high, so the 

titration was not an accurate indicator of the actual level of free cyanide. This was due to 

the dissociation of copper(!) cyanide complexes during the titration. Copper cyanide 

complexes with three or four ligands dissociate, and a significant amount of the cyanide 

bound in these complexes is titrated, giving higher results for free cyanide. 

This problem may be overcome by the use of an ion-chromatographic method to 

determine the concentration of free cyanide in solution and the concentration of metal

cyanide complexes (Fagan et al, 1997; Fagan and Haddad, 1997). However, this was not 

used here, as it was only attempted to understand the trend of the cyanide consumption 

for the different ores and not the absolute value of free cyanide in solution. Therefore 
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whenever free cyanide concentrations are reported throughout this thesis, the figure given 

is only indicative of the actual free cyanide concentration, which would be lower than 

reported when copper cyanide complexes were present in solution. 

The clear solution remaining was then prepared for ICP analysis for a variety of species 

in solution. A discussion of the analytical method used is given in Section 3.6.1. 

3.3.3 pH and Eh measurement 

The pH was controlled at 10.5 for all experiments, by the addition of a concentrated 

potassium hydroxide solution. A Radiometer PHM 210 Standard pH Meter was used for 

the pH measurements. The pH meter was calibrated prior to each experiment with fresh 

pH buffers, of pH 7 and 10. The pH of the slurry was taken through the sampling port of 

the reactor, shown in Figure 3 .1. 

Eh measurements were performed ustng a platinum electrode and calomel reference 

electrode. The offset of the Eh measurements was determined by using a quinhydrone 

redox buffer solution at pH 7. This has a potential of 47m V (vs SCE) at a temperature of 

20°C. Potential measurements with reference to the standard calomel electrode were 

converted to the potential with reference to the standard hydrogen electrode by adding 

248m V at 20°C. 

3.4 DIAGNOSTIC LEACHING 

Diagnostic leaching was performed on the sulphide and oxide ores to evaluate the 

deportment of gold within the minerals constituting the ore. This section contains a 

discussion of the diagnostic leaching technique used and the experimental conditions of 

the tests. A discussion of the results obtained from diagnostic leaching is given in 

Chapter 6, Section 6.6. 
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3.4.1 Diagnostic leaching procedure 

Diagnostic leaching is an analytical tool developed at the Anglo American Research 

Laboratories to determine the deportment of gold within an ore. The technique uses 

oxidative attacks to selectively destroy the matrix of the mineral sample. The diagnostic 

leaching procedure begins by performing an intensive cyanidation on the sample to 

determine the amount of gold that can be liberated by cyanide. This is followed by a 

selective oxidative attack to destroy the least stable minerals of the sample. After the 

oxidative attack an intensive cyanidation stage is used to determine the gold liberated by 

the destruction of the minerals. The level of gold found gives an indication of the gold 

associated with that mineral or group of minerals. Successively stronger oxidative 

attacks are used, followed by cyanidation, to determine the minerals with which the gold 

is deported and the quantity of gold associated with each mineral. Lorenzen ( 1 99 5) 

reported that there was an overlap of approximately 10% between the oxidative attacks. 

The sequence used for the destruction of the ore is dependent upon the initial mineralogy 

of the sample. In this thesis HCl, H2S04 and HN03 treatments were used for the 

breakdown of minerals. The minerals likely to be destroyed from these tests that are 

relevant to the mineralogy of the ores studied, are given in Table 3.1. 

Table 3.1 Dissolution stages in diagnostic leaching (after Lorenzen 

and Tumilty ( 1992)) 

Pre-Treatment Stage Minerals Likely to be Destroyed 

NaCN Gold 

HCl Calcite, Dolemite, Haen1atite 

H2S04 Labile Copper Sulphides, Labile Pyrite 

HN03 Chalcopyrite, Pyrite 
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A technique based on the procedure developed by Lorenzen (1995) was used for the 

diagnostic leaching tests. The general procedure is detailed in Figure 3.2. 

eyanidation, 48hr, 30% solids, 2g/1 CN-, pH 10.5 

Rei Leaching, 6 hr, 30% solids, 1: I mixture (18%) 

eyanidation, 48hr, 30% solids, 2g/l eN-, pH 10.5 

H2S04 leaching, 6hr, 30% solids, 1: I mixture (50%) 

eyanidation, 48hr, 30% solids, 2g/l eN-, pH 10.5 

HN03 leaching, 6hr, 30% solids, 1:1 mixture (35%) 

eyanidation, 48hr, 30%> solids, 2g/l eN-, pH 10.5 

Figure 3.2 General sequential diagnostic leaching procedure 

3.4.2 Cyanidation procedure 

For the cyanidations 400g of solids was added to a 1L baffled reactor. IL of distilled 

water was added to the ore and the pH adjusted to 10 by the addition of 1OM KOH. The 

experiment commenced when 2g/L of eN-, in the form of KCN powder, was added to the 

slurry. Stirring was conducted at 200rpm by a flat-bladed impeller on a mixing bench. 

Further details of this experimental setup are given in Section 3.3.1. 

During cyanidations, samples of the solution were taken periodically by the method 

detailed in Section 3.3.2. Analysis of the pH, Eh and cyanide concentration was also 

performed for each solution sample. At the completion of the experiment the slurry was 
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filtered and the solids thoroughly washed with five litres of water. Dilute cyanide washes 

of the filter cake were not carried out, contrary to the recommendation of Lorenzen and 

Tumilty (1992). This was because it was desired that an indication of the level of 

reprecipitation of gold on the ore be gained, by means of the subsequent kinetic 

cyanidation in the diagnostic leaching procedure. This allowed the effect of mineralogy 

on preg-robbing, and the competing effect of activated carbon with preg-robbing, to be 

studied using kinetic tests. For this reason the ore was also not subjected to oxalic acid 

washes to remove the buildup of oxide films. 

Cyanidations were conducted for 48 hours, which was sufficient time for the flotation 

feed and pyrite concentrate to reach equilibrium. This was also used as the standard test 

time for the copper concentrate, though this period was not long for enough equilibrium 

to be reached for this ore. The definition of the leachable gold for the copper concentrate 

was complicated by the very high cyanide consumption this ore showed, and the many 

different ·interactions occurring between the different metal-cyanide species. These 

interactions continued for an extended period. A discussion of the results obtained for 

the diagnostic leaching of the copper concentrate is presented in Chapter 6, Section 6.6. 

This procedure of cyanide leaching was used for determination of the initial recoverable 

gold and after each oxidative leaching stage. Standard tests for the oxidative leaching 

experiments were conducted for each ore, as detailed in the next section. 

3.4.3 Oxidative acid leaching 

The sequence of oxidative attacks used in the diagnostic leaching procedure were based 

on the results of the quantitative XRD analysis. From this, it was determined that the 

most appropriate lixiviant sequence was hydrochloric acid to destroy carbonate minerals 

and haematite, followed by sulphuric acid to destroy labile sulphides and nitric acid to 

destroy the remaining pyrite and chalcopyrite. 
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The HCI pretreatment was conducted on the dried ore remaining from the initial 

cyanidation. A 1:1 mixture of 36% by weight HCl and distilled water was added to the 

ore in a 2L pyrex beaker. Stirring was conducted at 200rpm by a teflon and glass flat

bladed impeller. The reaction was continued for six hours, after which time XRD 

analysis showed that none of the calcite, dolomite or haematite remained in the ore. It 

was found that heating was not required for the complete destruction of these minerals, so 

the leach was conducted at room temperature. 

For the sulphuric acid pretreatment IL of 50% by weight H2S04 was added to the sample 

of ore. The experiment was conducted in a 2L pyrex beaker at a stirring speed of 

200rpm. The temperature was kept at 80°C for the six hour duration of the experiment. 

The Eh was always above 400mV (vs SCE), and the pH below 1 at this high acid 

concentration. Lorenzen (1995) recommended the Eh be kept above 500mV (vs SCE) 

and the pH below 2 for the sulphuric acid leach. However, in a previous paper (Lorenzen 

and van Deventer, 1993) it was suggested that pyrite was leached above 400m V (vs 

SCE), beyond which there was found to be no significant increase in gold extraction. It is 

shown in the discussion of the diagnostic leaching results that leaching of the labile 

sulphides occurred under the experimental conditions used. 

For the nitric acid treatment the remaining ore was added to a 5L pyrex beaker. 500ml of 

distilled water was added and the resulting slurry stirred at 200rpm. 70o/o by weight nitric 

acid was slowly added to the slurry, as the breakdown of the sulphide minerals by nitric 

acid is a very vigorous, exothermic reaction. The reaction was continued for 6 hours at 

which stage brown N02 fumes had ceased to evolve. At least 500ml of nitric acid was 

added to the slurry, though up to 700ml was required for the breakdown of the sulphide 

minerals in the copper concentrate. No heating was required for this reaction as a great 

deal of heat was generated from the breakdown of the sulphide minerals. 

After each oxidative leach, a sample was taken from the slurry for multielement ICP 

analysis. This enabled the calculation of the extent of the sulphide mineral destruction 

from analysis of the level of Cu, Fe and S in solution. This simple technique for 
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quantifying the extent of mineral destruction has not been reported in the literature 

before. Some authors (Exelby, 1996; Teague, 1998) have used the technique of 

diagnostic leaching with quantitative XRD analysis to quantify this destruction however. 

Here, a sample of the ore was also taken for XRD analysis. This was to confirm the 

destruction of mineral phases following oxidative attacks. Quantitative XRD was not 

used as neither the technical expertise, nor the expensive mineralogical database required, 

were available. 

After a sample was taken, the slurry was filtered and washed thoroughly with water. The 

filter cake was then dried at 40°C for 24 hours and weighed to determine the mass loss 

before proceeding to the next stage in the diagnostic leaching technique. 

3.5 PLANT SAMPLING AND PLANT BATCH TESTS 

A number of different types of experiments were performed to characterise the leaching, 

preg-robbing and adsorption of an operating, continuous-flow plant. As discussed in the 

aims of this thesis in Chapter 1, it was desired that these effects be modelled. Initially 

modelling of batch experiments were performed to calibrate the model, but the collection 

of data from an operating plant was necessary to allow this model to be extended to a 

continuous process. The collection of plant data for this modelling is discussed below, 

along with the experimental conditions used for the batch tests perfonned on the plant. 

3.5.1 Plant surveys 

Surveys of the plant were taken three times a day, which allowed a "snapshot" of the 

performance of the plant at a particular time to be gained. A sample of the slurry was 

taken from each of the leaching tanks, CIL tanks and the feed and exit of the thickening 

tanks. More detail and discussion of the plant layout are given in Section 6.3 in Chapter 

6. From each tank the following information was gained: 
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• pH 

• free CN- concentration 

• mass fraction solids 

• solution concentration of Au, Cu and S 

• solid assay of Au, Cu, cyanide soluble copper and S 

• carbon concentration in the CIL tanks, and the concentration of Au, Cu and S on the 

carbon 

A sample of the slurry from each tank was taken, and the density determined by use of a 

Marcy Scale, which assumed a value of the density of the ore of 2700kg/m3
. The sample 

was then taken to the onsite metallurgical laboratory, where it was filtered using a 

pressure filter. The filtrate was collected, and a small sample taken to determine the free 

cyanide concentration by silver nitrate titration. The pH of the clear solution was then 

measured. Following this, the solution was packaged and sent for solution analysis. The 

filter cake from the pressure filter was washed with water and dried in an oven at 80°C 

for 24 hours, prior to being pulverised and sent for solids analysis. 

Carbon concentrations in the CIL tanks were determined by passing a 5L sample of the 

slurry containing activated carbon through a 71 OJ...Lm screen. The volume of the collected 

carbon was then determined using a 1 L measuring cylinder, which allowed calculation of 

the concentration of carbon in the CIL tanks. This method was developed by the staff of 

the Telfer Gold Mine, and has been used with success there. 

Each day samples of the ore from the oxide and sulphide treatment circuits were also 

taken and a particle size distribution of the sample determined. This was performed on a 

known volume of the slurry, which was wet screened to remove the -38J...Lm fraction. The 

remaining solids were dried in an oven at 80°C for 24 hours. Sieves were then used to 

determine the particle size distribution of the ore. 

From the above information a profile of the plant at a particular time was gained, which 

showed the change of variables, such as gold concentration in solution, across the plant. 
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Changes in a variable across different tanks within the plant at a particular time are 

referred to as "plant profiles" throughout this thesis. 

A limited plant profile was also undertaken for a two week period. The parameters 

analysed were identical to that for the full plant profiles, though only a limited number of 

the leaching and CIL tanks were investigated. 

3.5.2 Plant batch tests 

A number of leaching, adsorption and preg-robbing batch tests were perfonned on site at 

the Telfer Gold Mine. Tests were conducted in a 2.5L baffled vessel of identical 

configuration to that given in Figure 3.1. It was necessary to use a larger volume reactor 

for the plant tests, as the analytical facility that performed solution analysis required a 

larger volume of solution than that used at the University of Melbourne. Use of the 

larger reactor volume allowed minimisation of the error associated with the changing 

volume of slurry due to the removal of the kinetic samples. 

Stirring was conducted at 200rpm on an overhead stirrer with a flat-bladed impeller. The 

samples of slurry used were taken from the leaching or CIL tanks and carried to the 

Metallurgical Laboratory. The large volume of sample taken was then thoroughly stirred 

so that all the solids were in suspension before a set volume was poured into each batch 

reactor. 50ml samples of the slurry were taken periodically and filtered using 540 grade 

filter paper into a Buchner funnel. A 1 ml aliquot of the sample was taken and used to 

determine the concentration of cyanide in solution, which was titrated against silver 

nitrate using Rhodanine as an indicator. The remaining sample was then sealed in plastic 

vials prior to being sent for solution analysis. 

The pH was kept constant at 1 0.5, by the periodic addition of potassium hydroxide. pH 

monitoring was performed with a portable Hanna Instruments 8424 pH Meter, which was 

calibrated with fresh pH 7 and 10 buffer solutions. 
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3.6 ANALYTICAL TECHNIQUES 

A variety of analytical techniques were used for the analysis of results. The techniques 

used are well established in both industry and academia, with the exception of the method 

for ICP analysis and measurement of the rest potentials of the minerals. Details of the 

techniques used are given below. 

3.6.1 Solution analysis 

The results of this thesis depend to a very large extent on the accuracy of the solution 

analysis. Therefore it is essential that the details of the solution analytical procedures are 

given. The solution analysis method in cyanide solutions required the development and 

optimisation of a number of operating parameters for accurate results to be gained. 

3.6.1.1 ICP analysis 

Solution analysis was conducted on a Perkin Elmer Optima 3000 ICP-OES. It was 

therefore possible to analyse for a number of different elements in solution. In this study 

the concentrations of the elements Au, Ag, Ni, Zn, Fe, Cu and S in solution were 

analysed. A number of difficulties in the development of an appropriate method for 

solution analysis were encountered and overcome. The development of this technique 

was facilitated by the technical expertise ofEwelina Gerasimow. 

Conventionally in gold solution analysis, di-iso-butyl-ketone (DIBK) is used to extract 

gold from the solution phase. This concentrates the gold in solution and removes any 

potential interferences. If the concentration of other elements besides gold is desired to 

be known, the sample is divided in two, with part of the sample undergoing solvent 

extraction for gold analysis. The remainder of the solution is used for ICP analysis of the 

remaining elements, such as iron and copper. This is the most appropriate method for 
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gold and silver determination, however, it requires a large volume of solution (> 20ml) 

and a special laboratory set-up to perform the solvent extraction. Therefore solvent 

extraction was not used, as only 5ml of solution was available and the laboratory was not 

set up appropriately for performing large numbers of DIBK extractions. 

Generally, ICP analysis is conducted on dilute acid matrices, such as 10% hydrochloric 

acid or 5% nitric acid. Acidification of the cyanide solutions would have resulted in 

precipitation of silver species from solution and was considered unacceptable for this 

reason. There were also safety and materials handling considerations, as acidification of 

cyanide solutions is accompanied by the release of HCN to the atmosphere. Therefore 

analysis was conducted in alkaline cyanide solutions, determining all of the required 

elements from the one solution. 

The cyanide matrix used was relatively unstable for ICP analysis compared to acidic 

matrices. For example, it was determined that the concentration of gold that was read by 

the ICP was dependent upon the cyanide concentration, which often varied between 

samples. To overcome the differences in cyanide concentration, total dissolved solids, 

viscosity and concentration of the samples, an internal standard was added to all 

solutions. This eliminated the effects of the interaction of the matrix with the signals 

from the analytes by "matrix matching" the standards to the samples. The use of an 

inten1al standard also has the advantage of improving noise and drift charactistics during 

long sample runs, as well as correcting errors in the ele1nent concentration measurements 

due to the effect of various matrix components. 

An internal standard is an element that is not present in the sample, but which is added to 

the sample and the standards at the same concentration. An assumption is made that the 

machine and the matrix affect the intensities of the analytes and internal standard in the 

same way. Therefore calculation of the ratio of the analyte intensity to the internal 

standard intensity allows the application of a correcting factor to the concentration of the 

species in the solution. 
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Prior to analysis each sample was diluted by a factor of I 0 to reduce the total dissolved 

solids concentration to a level that was acceptable for use on the ICP. Potassium cyanide 

was then added, along with the internal standard, so that a concentration of approximately 

300ppm of free cyanide was in solution. This prevented the precipitation of any elements 

before analysis. 

3.6.1.2 ICP parameters 

An optimisation process was used to determine the ICP parameters which enhanced the 

resolution and sensitivity of the gold analysis, while still giving an acceptable level of 

accuracy for the other species in solution. The plasma conditions used were identical for 

each element, and are given in Table 3 .2. The view height refers to the height of the 

detector in the plasma. 

Table 3.2 Plasma parameters for ICP analysis 

Plasma flowrate (Argon, L/min) 

Auxiliary flowrate (Argon, L/min) 

Nebuliser flowrate (Argon, L/min) 

Power (W) 

View height (Detector, mm) 

15 

0.5 

0.8 

1300 

15 

The conditions used for the solution samples are given in Table 3.3. The sample flowrate 

and read delay were chosen to allow time for the sample to reach the plasma and stabilise 

there. Three replicates of each analysis were performed, and an average taken of the 

results. Water was found to be a suitable wash solution, removing any traces of elements 

from the tubing and ICP spray chamber. 
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Table 3.3 Sample conditions 

Sample flowrate (ml/min) 1.60 

Sample flush time (sec) 30 

Sample flushrate (mVmin) 2.5 

Read delay (sec) 20 

Wash time (sec) 30 

Wash flowrate (mVmin) 4 

Sample read time (sec) 5 

Replicate analysis 3 

Elements that were analysed for are given in Table 3.4. Each element is capable of 

emitting light at a number of different wavelengths. The wavelengths in Table 3.4 were 

chosen as being the most sensitive1 for the conditions used without saturating the 

spectrometer. 

For gold and copper more than one wavelength was used. For copper, this was done as 

there was a wide variation in the concentrations of copper in solution, which was mostly 

dependent upon the ore and concentration of cyanide initially present in the experiment. 

The 324.754nm line was most commonly utilised, though if this became saturated the 

327.385nm line was also available. 

For gold, the peak present at 242.794nm was the most commonly used line, as it was the 

most sensitive. This line was capable of analysing the concentration of gold in solution 

down to concentrations below 0.1 ppm with accuracy. The other two gold lines were used 

principally as checks on the 242. 794nm line. This was because iron causes a large 

interference in the analysis of gold by ICP if the concentration of iron is high enough. 

Therefore any discrepancy between the three gold peaks, beyond that attributable to the 

sensitivity of the individual lines, could be recognised and accounted for. 

1 In this context sensitive refers to having the highest number of counts in the spectrometer. 
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Table 3.4 Elements analysed for by ICP and the wavelengths used 

Element Wavelength (om) 

Mg 280.265 

s 180.671 

Ca 317.929 

Fe 259.942 

Ni 231.604 

Cu 324.754 

Cu 327.385 

Zn 213.853 

Ag 328.065 

Cd 214.442 

Au 242.794 

Au 267.594 

Au 208.208 

3.6.1.3 Standard preparation 

Standards were prepared by the dissolution of a known amount of the analyte in cyanide 

solution. A combined stock solution of 1 g/L of Au, Ag, Ni, Zn, Fe, Cu and S was made. 

Au(CN)2-, Ag(CN)2-, CuCN, Fe(CN)6 
4

- were added as potassium cyanide salts. Zinc and 

nickel were added as sulphates. Potassium sulphate was added so that the desired level of 

sulphur in solution was reached. The molar requirement of potassium cyanide was added 

so that Ni(CN)l-, Zn(CN)42
- and Cu(CN)l- could be formed in solution. An excess of 

300ppm cyanide was then added, to stabilise the species in solution. A 1 Oppm and 

lOOppm solution were then created from the stock solution. Potassium cyanide was 

added to these standards so that the free cyanide concentration was 300ppm. 
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A calcium and magnesium standard was created separately by first making a 1 giL stock 

solution. Calcium sulphate and magnesium sulphate were used for this stock solution. A 

free cyanide concentration of 300ppm was used. The stock solution was then diluted to 

1 OOppm for use as an ICP standard. A blank of 300ppm free CN" was used as the 

calibration blank. 

The internal standard was made by making a stock solution of 1 OOppm cadmium. 

Cadmium sulphide was used as the source of cadmium. This was dissolved in cyanide 

solution, so that an excess of 300ppm CN- was available in solution. To each sample and 

standard 1 0% of this cadmium standard was added. This ensured that the analysis of the 

samples was accurate with reference to the standards. 

3.6.1.4 Calibration 

Calibration was performed by creation of a linear line passing through zero for each 

element. The blank was first analysed and the concentration of metal species present in 

the blank were subtracted from each sample. 

3.6.1.5 Analysis ofplallt samples 

As a result of the plant surveys and plant batch experimental data detailed in Section 3.5, 

a large number of solution samples were obtained. These samples were analysed using 

ICP by the W A Chemistry Centre in Perth. The main focus of the plant work was on 

gold, copper and sulphur species in solution. Other elements, such as Ag, Fe, Ni and Zn 

were not analysed for in these tests, except for selected samples where the ICP methods 

detailed in Section 3 .6.1.1-3 .6.1.4, were used. This was largely due to the high cost of 

multi-elen1ent analysis by commercial laboratories. 
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The samples were divided in two at the W A Chemistry Centre. Half of the sample was 

subjected to a DIBK extraction, to concentrate and remove interferences from the sample 

for gold analysis. The sample was then analysed by ICP. The remaining half of the 

sample underwent copper and sulphur analysis by ICP. 

3.6.2 Carbon preparation and analysis 

Norit extruded activated carbon was used for all experiments where activated carbon was 

used. This was sourced from the Telfer Gold Mine, Western Australia. Care was taken 

in the preparation of activated carbon, as the carbon that is sold to the gold mine contains 

a great deal of fine carbon particles that are trapped within the pores of the carbon and 

attached to the carbon surface. It was necessary to remove these prior to its use in 

experimentation, as these particles are capable of adsorbing gold, and are extremely 

difficult, jf not impossible, to recover from the slurry. 

Carbon was analysed for gold and a variety of other elements according to the method 

widely used in industry and research institutions. This involves ashing and digestion, 

followed by analysis on the ICP for metal concentrations. Details of the preparation and 

analytical procedures are given below. 

3.6.2.1 Carbon preparation 

The activated carbon was prepared by washing the carbon in distilled water several times 

to remove any loose fines. The carbon was then stirred in a solution of 1% hydrochloric 

acid for 24 hours at a stirring speed of 200rpm using a flat-bladed impeller. Following 

the acid treatment, carbon fines were removed from the carbon by washing the carbon in 

distilled water. 
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The carbon was then stirred in distilled water at a stirring speed of 200rpm. 1M KOH 

was added periodically until the pH had stabilised at 1 0.5. The process of pH 

stabilisation took approximately 6 days. The carbon was then washed in distilled water 

to remove any fines created by the attrition of carbon during the stirring period. 

During experimentation, any carbon attrition due to the breakdown of carbon particles in 

the slurry was likely to be small. Very few carbon fines were observed in solution during 

experimentation. However, any carbon fines that were created may have adsorbed gold. 

Therefore the results for the assay of gold on carbon tend to be lower, rather than higher 

than the actual loading, though the effect is believed to be small. In this thesis, all 

elemental concentrations on carbon are reported in terms of recovered carbon. 

Prior to use, the activated carbon was screened to remove any particles smaller than 

lmm. The carbon was then dried in an oven at 80°C for 48 hours to remove any 

moisture. The carbon was then weighed. Where carbon was used in experiments this is 

therefore reported on a dry mass basis. 

3.6.2.2 Activated carbon recovery 

Activated carbon was recovered from slurry samples by passing the entire slurry through 

a 710~-tm screen. The carbon was then collected along with some ore particles from the 

screen. The ore particles were removed by panning using a gold pan. This technique 

makes use of the density difference between the activated carbon and the ore particles. 

Following separation from the ore particles, the carbon was washed thoroughly with 

water. The carbon was then analysed for various metal species, as discussed in the next 

section. 

80 



Research Methods and Analytical Techniq_ues 

3.6.2.3 Activated carbon analysis 

Activated carbon was analysed for Au, Ag, Cu, Ni, Zn and Fe in a matrix of 10% HCl. 

Before ICP analysis could be conducted, it was necessary to use wet chemical methods to 

extract the solid carbon particles into solution. 

The carbon was first oxidised in an oven at 750°C for a period of eight hours in a ceramic 

crucible. This was sufficient time for all of the activated carbon to be ashed. The ashed 

carbon was allowed to cool overnight. 

Aqua regia was made by adding one part concentrated nitric acid to three parts of 

hydrochloric acid. 40ml of aqua regia was used to transfer the ash to a glass beaker. This 

beaker was then covered with a watchglass and gently boiled. Once the volume of 

solution in the beaker had reached approximately 1 Oml, a further 40ml of aqua regia was 

added to -dissolve any remaining ash. When a volume of approximately lOml remained, 

the solution was allowed to cool to room temperature. The solution was then filtered into 

a 1 OOml volumetric flask and the volume made up to 1 OOml by the addition of 10% HC1. 

This solution was then analysed by ICP-OES for Au, Ag, Cu, Ni, Zn and Fe. The n1atrix 

used was 10% HCI and commercially available standards based in a 10% HCI matrix 

were used for calibration. This analysis is quite standard and thus not described here. 

3.6.2.4 Analysis of plant activated carbons 

Analysis of activated carbons obtained from the Telfer Gold Mine was conducted on site. 

The on-site analytical facility was well structured for the analysis of large nutnbers of 

samples typically generated on a gold mine. The analysis was conducted by the 

industrially standard n1ethod of ashing, followed by digestion with aqua regia, dilution 

and Atomic Absorption Spectroscopy (AAS). 
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3.6.3 Ore analysis 

Analysis of ore samples was conducted at commercial laboratories and on-site at the 

Telfer Gold Mine. This section details the solids analytical procedures and the methods 

used to characterise the ore mineralogically and chemically. 

3.6.3.1 Ore characterisation 

Following determination of particle size distributions, detailed in Appendix A, the typical 

chemical and mineralogical analyses of the ore samples used were determined. Chemical 

analysis was performed by Genalysis Laboratory Services, W A, by digestion of the ore 

samples followed by ICP analysis. The results of this analysis are given in Table 3.5. 

This table also includes the concentration of sulphide present in the ore, as determined by 

the phase determination method. This involved leaching SO/- using sodium carbonate 

and analysing the resulting solution by ICP. The sulphide concentration in the ore was 

then gained by subtraction. Organic carbon was also determined. This was done by 

leaching carbonate from the sample with dilute nitric acid. The carbon in the residue was 

then analysed by the Leco combustion volumetric method. 

Quantitative X-Ray-Diffraction analysis was performed by Genalysis Laboratory 

Services. The results are given in Table 3.6. Further discussion of the technique ofXRD 

is given in Section 3 .6.4. 
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Table 3.5 Chemical analysis of ores and mineral samples used for experimentation 

Element New Celebration Telfer Flotation Pyrite Copper Gold-free 
Oxide Oxide Feed Concentrate Concentrate _f~yrite 

c (%) 0.7 0.0 1.8 0.6 1.5 0.0 
Organic C (%) 0.04 0.00 0.04 0.01 0.18 0.03 
Na (ppm) 3.7 (%) 820 2.7 (%) 5600 2200 140 
Mg (%) 2.5 0.2 1.5 0.5 1.0 0.1 
AI(%) 6.8 5.8 4.0 0.9 0.5 0.3 
Si (%) 29.5 37.0 29.5 7.2 3.0 0.5 
s (%) 0.3 300 ppm 4.0 40.0 29.0 51.5 
Sulphide S (%) 0.27 0.0 3.3 37.5 25.1 48.2 
K (%) 1.5 1.5 0.5 0.2 0.1 0.2 
Ca (ppm) 1.6 520 ppm 3.6 1.3 2.3 740 
Sc (ppm) 14.0 12.0 14.0 2.0 12.0 0.0 
Cr (ppm) 410 98.0 64.0 58.0 32.0 12.0 
Fe(%) 4.4 2.9 4.8 36.0 25.0 49.0 
Co (ppm) 32.0 15.0 410 3500 1500 35.0 
Ni (ppm) 210 16.0 64.0 600 250 29.0 
Cu (ppm) 54.0 160 6600 9000 23.5 (%) 440 
Zn (ppm) 76.0 14.0 24.0 3.0 440 420 
As (ppm) 4.0 340 370 2600 1400 135 
Ag (ppm) 0.4 0.4 2.2 6.0 72.0 7.0 
Cd (ppm) 0.0 0.0 0.0 0.0 1.2 1.4 
Sb (ppm) 0.6 0.4 0.2 0.6 1.3 1.6 
Au (ppm) 1.0 1.7 6.6 23.5 225 0.0 
Hg (ppm) 0.0 0.0 0.0 0.0 0.0 0.1 
Pb (ppm) 18.0 26.0 70.0 106 1180 225 

Gold-free 
Chalcopyrite 

0.1 
0.03 
140.0 
0.1 
0.2 
0.4 

39.2 
37.6 
0.1 

130.0 
0.0 
0.0 
34.0 

1250.0 
47.0 

21.0 (%) 
4.7 (%) 
100.0 
205.0 
300.0 
29.0 
0.2 
11.0 
75.0 
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Table 3.6 

Mineral 

Albite 
Arsenopyrite 
Calcite 
Chalcopyrite 
Dolomite 
Gypsum 
Hematite 
Kaolinite 
Microcline 
Muscovite 
Notronite 
Phlogopite 
Pyrite 
Quartz 
Sanidine 
Sphalerite 
Talc 
Total 

Mineralogical analysis of ore and mineral samples as determined by quantitative XRD analysis 

New Celebration Telfer Flotation Pyrite Copper Gold-free Gold-free 
Oxide Oxide Feed Concentrate Concentrate Pyrite Chalcopyrite 
31.3 3.1 23.5 6.2 5.6 0.0 0.0 
0.0 0.0 0.1 0.1 0.8 0.0 0.0 
0.9 0.0 1.1 0.4 0.0 0.0 0.0 
0.0 0.0 0.7 0.7 46.7 0.0 65.0 
4.1 0.0 13.8 3.4 16.5 0.0 0.0 
0.0 0.0 0.0 0.8 0.0 0.0 0.0 
2.2 2.1 0.0 0.0 0.0 0.0 0.0 
2.4 12.2 0.0 0.0 0.0 0.0 0.0 
5.4 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 13.8 6.6 0.0 0.0 0.0 0.0 
14.7 0.0 <0.5 0.0 0.0 0.0 0.0 
3.5 0.0 0.0 0.0 0.0 0.0 0.0 
0.5 0.0 5.4 79.2 24.3 100.0 31.2 
23.9 64.7 48.1 9.0 5.9 0.0 0.0 
0.0 3.8 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 3.5 
10.9 0.0 0.0 0.0 0.0 0.0 0.0 
99.8 99.7 99.9 99.8 99.8 100 99.7 
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3. 6.3.2 Analysis of gold in ore solids 

The solid samples were analysed for gold by fire assay. This was carried out by 

Genalysis Laboratory Services, WA, for samples generated in the laboratory. Plant 

samples were analysed by fire assay on site at the Telfer Gold Mine. 

Approximately 30g of dried pulverised sample is used in this technique to generate an 

impure gold prill. This is then digested in aqua regia and analysed for gold by AAS. 

3.6.4 X-Ray diffraction 

XRD analysis was used as part of the diagnostic leaching technique, as discussed in 

Section 3 .4. The XRD analysis was used to confirm the destruction of mineral phases 

following oxidative attack. 

XRD analysis was performed on a Philips PW 1800 X-Ray Diffractometer. This 

analytical technique is used to determine the mineral phases of a sample by making use 

of the distinct x-ray diffraction patterns associated with each mineral. Diffractogram 

patterns were collected using copper Ka radiation, a graphite monochromator and a 

proportional detector. 

The conditions used for XRD analysis are detailed in Table 3.7. 
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Table 3.7 Conditions for XRD use 

Start angle so 
Finish angle 70° 

Step size 0.020° 

Count time 0.5 sec 

Sample spinner speed 0 sec/rev 

Quantitative analysis of the gold-free mineral samples was performed by Rietveld 

analysis. These mineral samples contained three phases or less, which made the 

quantitative analysis relatively simple. Philip's Quasar version l.Oa software was used 

for this analysis. This uses an iterative process to minimise the difference between the 

observed and calculated XRD patterns. The difference between the calculated and 

refined patterns is decreased by progressively adjusting parameters such as unit cell 

dimension, peak width, atomic displacement, preferred orientation and the scale factor. 

3.6.5 BET surface area analysis 

BET surface area analysis was used to examine the changes to the ore mineralogy 

following the oxidative attacks used in the diagnostic leaching procedure, as described in 

Section 3.4. The specific surface area analysis characterised the extent of the breakdown 

of the porous matrix of the mineral samples, following an oxidative attack. 

3.6.5.1 Method of BET analysis 

A Micromeritics ASAP 2000 was used for specific surface area analysis. lg mineral 

samples were degassed overnight at 30°C to prevent oxidation of the sample. I 0 

adsorption points were used in the analysis and five surface area points. Analysis for the 
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pore volume of the samples was also completed. The results of the BET analysis are 

contained in Appendix D. 

3.6.6 SEM analysis 

SEM analysis was used to observe the structural changes to the matrix of the ore samples, 

following the acidic attacks on the ore used during the technique of diagnostic leaching. 

Evidence of the extent of matrix degradation was gained from the SEM following 

diagnostic leaching, along with changes in the morphology of the sample, such as 

cracking and pitting. 

Polished sections of mineral samples were used to examine the changes to the structure of 

the particles. Mineral samples were also glued to a slide using double sided adhesive. 

This allowed detailed observation of the topography of the samples. 

Apart from analysis of the surface and structure of the particles, SEM is a powerful 

technique when used in combination with quantitative analysis. Quantitative analysis of 

the samples was performed by EDAX to identity particles observed under the electron 

beam. It was also used to identify the elemental composition of particles fanned during 

the intense cyanide leaching of the copper concentrate, which is discussed in Chapter 4, 

Section 4.3. 

The SEM used was an Oxford Instruments ISIS quantitative EDS system. The secondary 

electron detector and back-scattered methods for in1aging electrons were used. SEM 

samples were analysed at the University of Melbourne's G.K. Williams Co-operative 

Research Centre for Extractive Metallurgy by Roger Curtain. 
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3.7 MEASUREMENT OF MINERAL REST POTENTIAL 

The measurement of mineral rest potentials in gold extraction can give valuable 

information about the way the surface of the mineral behaves in the presence of chemical 

species, such as cyanide, in the leaching and preg-robbing processes. This experimental 

technique has not been applied to these processes before. The construction of the mineral 

electrodes and the measuring techniques used are discussed below. 

3. 7.1 Construction of mineral electrodes 

The mineral electrodes were made from solid samples of the gold-free mineral samples 

detailed in Section 3.6.3.1. An electrode was also constructed with a pure gold surface. 

The construction commenced by taking an open-ended glass tube of internal diameter of 

25mm and height of 120mm for use as the casing for the mineral electrode. A large 

sample of the mineral was then taken and ground on a belt-grinder until a round slug with 

two flat ends was created. A hole 2mm in diameter was drilled in this sample using a 

pedestal drill. A copper wire was then attached within the hole by a purely physical 

connection. The connection created was tested by measuring the resistance across the 

mineral slug, and the resistance across the slug and wire. It was found that an excellent 

electrical connection was gained. The mineral slug was then set at the bottom of the 

glass tube using an epoxy resin. The connection between the wire and mineral was 

covered with an insulating layer of plasticene to prevent any resin fouling the connection. 

A banana plug was then soldered to the end of the copper wire. A schematic diagram of 

the apparatus is given in Figure 3.3. 
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Figure 3.3 Schematic diagram of mineral electrode 

It was necessary to obtain a uniform, polished surface at the base of the electrode before 

electrochemical measurements could be undertaken. Polishing was performed with P360 

grade sandpaper to achieve a uniform measuring surface. Before every reading the 

surface was repolished to remove any oxide films, liquid films or precipitates. 

3. 7.2 Measurement test procedure 

The procedure for measuring the rest potentials of minerals in solutions or slurries was a 

relatively simple one. To take a reading the electrode was plugged into a Radiometer 

PHM 210 Standard pH Meter, in combination with a calomel electrode, which was used 

as the reference electrode. The electrodes were placed in the solution or slurry and 

allowed to stabilise. Stabilisation took up to five minutes to achieve in some cases. It 

was determined that the reproducibility of readings using the mineral and gold electrodes 

was within IOmV. 
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CHAPTER4 

The Role of Metal-Cyanide Species in Gold Leaching 

4.1 OBJECTIVES OF THIS CHAPTER 

The cyanidation of copper-gold ores is a difficult problem owing to the ready formation 

of copper cyanide complexes during gold leaching. Moreover, the speciation of other 

metal cyanides in leach slurries and the interaction between them have not been 

researched extensively, as was discussed in Section 2.4. This issue is of fundamental 

importance to gold mills as easily processed oxide ores have become depleted. 

The effect of metal-cyanide complexes, other than copper, has not been reported in the 

literature before with regard to gold leaching. There has also been some debate regarding 

the role of copper-cyanide complexes in gold leaching. The objective of this chapter is to 

examine the effect of metal-cyanide complexes on leaching gold from the oxide and 

sulphide ores, focusing on the copper concentrate, which was the most refractory ore 

studied. 

4.2 BACKGROUND INFORMATION 

The implications of gold leaching by dissociation of metal cyanide co1nplexes are of great 

interest for the processing of certain refractory ores or copper-gold ores. In many cases 
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these ores are considered refractory due to excessive cyanide consumption. If this 

consumption is mainly due to the formation of copper-cyanide and other metal cyanide 

species, which can leach gold, then the ore may possibly be treated in a slight variation 

of the CIP process. The "free" cyanide level could be kept much lower than the 

conventionally accepted level in order to take advantage of the leaching action taking 

place by different metal cyanide species. It would only be necessary to add an excess of 

cyanide to the beginning of the carbon adsorption circuit in order to limit adsorption of 

divalent copper-cyanide species at the carbon surface. In well oxygenated solutions, all 

the cyanide that is not lost to hydrolysis, oxidation or reaction with sulphur could be used 

indirectly for gold leaching, as long as a suitable recycling method for the unadsorbed 

metal-cyanide species was available. 

The use of lower cyanide levels in leaching tanks is not where the greatest benefits from 

leaching with metal-cyanide complexes can be gained however. In heap leaching, much 

greater cyanide efficiency could be gained by passing the cyanide through the heap, and 

then recycling this solution through the heap in order to increase the gold content by 

action of copper-cyanide dissociation and gold leaching. Similarly, barren CIP solution 

tailings could be recycled through the circuit or passed through a heap leach to make use 

of the cyanide that is locked up with the copper and other metal species in order to leach 

gold. 

In Section 4.3, the cyanide leaching of the copper concentrate is characterised at a variety 

of cyanide concentrations. Due to the very high cyanide consumption that this ore 

displayed, the role of metal-cyanide complexes in gold leaching could be observed and 

studied. The role of a variety of different metal-cyanide species in leaching gold are dealt 

with in Section 4.3.1-4.3.5. The role of copper-cyanide in gold leaching is then examined 

for all the ores investigated within this thesis. 
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4.3 CYANIDE LEACHING OF THE COPPER CONCENTRATE 

Chalcopyrite is one of the least soluble copper minerals, with only 5.6% of the total 

copper dissolving in a lOOppm NaCN solution at room temperature (Marsden and House, 

1992). As the chalcopyrite concentration of the copper concentrate used was 46.7% by 

weight, clearly a great deal of copper would be in solution under conventional cyanide 

conditions. For the copper concentrate, the solubility of the copper present as 

chalcopyrite was investigated by contacting the ore with cyanide at various levels. The 

level of copper and sulphur in solution at a time of 24 hours is shown in Table 4.1. 

Table 4.1 

Initial cyanide 

concentration (ppm) 

0 

200 

500 

1000 

2000 

10000 

40000 

Dissolution of copper and sulphur after 24 hours of 

leaching from the copper concentrate 

Copper Sulphur 

concentration (ppm) concentration (ppm) 

0.14 980 

69 271 

58 290 

104 775 

1000 1924 

5590 3311 

20490 10057 

As expected the level of copper in solution increases with increasing cyanide 

concentration, so chalcopyrite dissolution is strongly dependent upon cyanide 

concentration. At higher cyanide concentrations there is an ahnost linear relationship 

between the initial free cyanide concentration and level of copper in solution after 24 

hours. There is a small discrepancy at lower cyanide concentrations, but these results are 

not a good indication of the total amount of copper in solution. This was due to the 
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precipitation of copper species occurring as the experiment progressed. Kinetic curves of 

the behaviour of the copper in solution, after leaching the ore with cyanide, show that the 

kinetics of copper dissolution are extremely fast. The copper is complexed by cyanide 

almost immediately, and then the copper in solution decreases with time, as precipitation 

of copper species occurs. The kinetic curves for the gold, copper, iron and silver 

dissolution are shown in Figures 4.1-4.3 for the experiment conducted with an initial free 

cyanide concentration of 1 OOOOppm. 
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Figure 4.1 shows an interesting trend for the gold extraction, with the extraction 

following an almost linear trend for the first 30 hours. The cyanide is consumed very 

rapidly initially, and examination of Figure 4.2 shows that this is attributable to the very 

high levels of copper in solution. This figure shows that the copper enters the solution 

very rapidly, with the dissolution of copper in relative terms being much faster than the 
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dissolution of gold. Iron also leaches rapidly as the labile pyrite and chalcopyrite 

dissolve. 

Copper, iron and silver (Figure 4.2 and 4.3) all show a maximum at a leaching time of 30 

minutes, which corresponds to the first kinetic sample taken. After this period the 

concentrations of copper, iron and silver start to decrease, indicating precipitation of the 

metal is occurring in some form. Both copper and silver follow an almost linear trend, 

while the iron precipitates very rapidly. Examination of the stability constants (Wang 

and Forssberg, 1990) in Table 4.2 shows that aurocyanide is one of the most stable metal

cyano complexes. lron(II) and iron(III) both also form strong complexes, with the 

iron(II) complex slightly weaker than the gold cyanide. As the redox potential in solution 

was always under 300m V (vs SHE) for the experimental results reported in this chapter, 

the iron(II) complex would be expected to be present in solution (Pourbaix, 1963). 

Copper forms a range of cyanide complexes, from the insoluble CuCN to the soluble di-, 

tri- and tetra-cyano complexes. Due to the stability of these species being similar, these 

complexes are all present to some extent in solution, with the predominant complex 

determined by the free cyanide concentration and strongly dependent on pH (Hefter and 

May, 1991 ). Nickel forms a strong cyanide complex in the +2 oxidation state, while zinc 

forms only a weak cyanide complex. 

Table 4.2 Stability constants for metal cyanide species 

Species Stability (log p) Species Stability (log p) 

Au(CN)2- 39.3 Fe(CN)6'+- 35.4 

Ag (CN)2- 20.48 Fe(CN)63
- 43.6 

Cu(CN)2- 16.26 Ni(CN)/- 30.22 

Cu(CN)J2
- 21.66 Zn(CN)/- 19.62 

Cu(CN)/- 23.1 
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The copper concentrate was also leached at an initial free cyanide concentration of 

2000ppm. Leaching was continued for 48 hours. In this experiment, in addition to Au, 

Ag, Fe and Cu, the concentration of Ni and Zn in solution were also determined to 

elucidate what role, if any, these species play in gold cyanidation. The results are given 

in Figure 4.4-4.5. In Figure 4.4, it can be seen that the leaching of gold follows an almost 

linear trend, with all of the cyanide consumed immediately. Figure 4.5 shows that the 

majority of this cyanide was used to form copper-cyanide complexes. Iron, nickel and 

zinc complexes were also observed in solution. Unlike Figure 4.3, no silver was detected 

in solution, most probably as there was not sufficient cyanide to form this weak complex, 

or any silver-cyanide that was formed was rapidly precipitated. 
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From the results in Figures 4.1-4.5, it would appear that the copper, iron, nickel, zinc and 

silver cyanide complexes are precipitating, dissociating in solution, and taking part in the 

gold leaching reaction in some way. The copper concentrate was leached at the low 

initial free cyanide concentration of 500ppm to investigate this phenomenon further. The 

results are displayed in Figures 4.6 and 4. 7. 

Once again a linear gold extraction was obtained as the gold leached from the ore. This 

was despite the free cyanide concentration being zero for the duration of the experiment. 

So clearly gold extraction can continue in conditions of no free cyanide. From Figure 4. 7 

it can be seen that the metal species Cu, Ag, Ni and Zn all initially leach rapidly, 

followed by a decrease of solution concentration with time. No iron was observed in 

solution. Clearly nickel and zinc cyanide species also contribute to the leaching of gold. 

Sulphur is the only element that does not follow this trend as an increase in concentration 

was seen over the 24 hour duration of the experiment. From this it appears the 

chalcopyrite matrix is continuing to break down as the other reactions continue. 
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The sulphur content of the leachate after leaching the copper concentrate at varying 

cyanide concentrations was shown in Table 4.1. That table showed a trend whereby an 

increase in the cyanide concentration resulted in an increase in the content of sulphur in 

solution. So clearly increasing the cyanide concentration increases the driving force for 

the breakdown of chalcopyrite to form copper and iron cyanides. 

Elemental sulphur is one of the byproducts of the breakdown of chalcopyrite (Habashi, 

1978). Agglomerations of elemental sulphur have been observed in filtered solutions 

before ICP analysis. This sulphur is thermodynamically stable as a sulphate under the 

conditions used for cyanidation (Pourbaix, 1963), but the oxidation of sulphur to sulphate 

is very slow for all practical purposes. This sulphur is therefore in the form of elemental 

sulphur or in a lower oxidation state than sulphate, such as thiosulphate. The discrepancy 

seen in the results at low cyanide concentrations is most likely due to precipitation of 

elemental sulphur prior to analysis. The sulphur in solution would be responsible for 

some cyanide consumption, from thiocyanate fonnation which readily forms in cyanide 

solutions. Thiocyanate can form through a number of reactions with elemental sulphur or 

oxidised sulphur. 

When sufficient cyanide was available, the precipitation of metal-cyanide complexes is 

much more limited. Figure 4.8-4.9 show the leaching curves generated when the copper 

concentrate was leached at the high initial free cyanide concentration of 40000ppm. 

Leaching was continued for 22 days, after which the gold leaching reaction approached 

equilibriun1. It can be seen in Figure 4.8 that not all of the cyanide was consumed and at 

the conclusion of the experiment cyanide was still available for reaction. However, due 

to the extremely high copper concentration in solution, of the order of 25gll, a large 

amount of the free cyanide reporting in the cyanide titration was likely to be due to the 

weakly bound fourth ligand from the Cu(CN)l- complex. This free cyanide deficiency 

was supported by the precipitation of iron after 300 hours, shown in Figure 4.9, and 

limited precipitation of zinc and copper after this time. This clearly shows that cyanide 

deficient conditions are required before the precipitation of metal-cyanide species is 

observed. 

99 



E c. 
.8: 

::::s 
<( 

E 
a. 
a. 

z 
rG 

G.> 
u.. 
C'l 
<( 

The Role of Metal-Cyanide Species in Gold Leachinfi 

90 

80 

70-

60 

50 

40 

30-

20-

10 -

0 
0 100 

Figure 4.8 

70 

60 

50 

40 

30 

20 

10 

0 
0 100 

Figure 4.9 

45000 

-- 40000 

I : __ ~~-1 
-- 35000 

- 30000 

-- 25000 E c. 
c. 

-- 20000 ; 
0 

-- 15000 

- 10000 

-- 5000 

0 
200 300 400 500 600 

time (hr) 

Cyanide consumption and gold leaching of the copper 

concentrate at an initial free cyanide concentration of 

40000ppm 

30000 

25000 

-- 20000 

e 
c. 

15000 .8: 
en 
::::s~ 

10000 ° 
5000 

0 
200 300 400 500 600 

time (hr) 

Behaviour of metal-cyanide species when the copper 

concentrate was leached at an initial free cyanide 

concentration of 40000ppm 

100 



The Role of Metal-Cyanide Species in Gold Leaching 

These results show the importance and complexity of chemical speciation within a 

leaching solution. Clearly a large number of interactions can occur between the different 

metal ions and cyanide species, and these will be dependent upon the pH, cyanide 

concentration and concentration of the metal species. 

4.3.1 The effect of copper 

From Figure 4.5 and 4. 7, it can be seen that the role played by the dissociation of silver, 

nickel or zinc cyanide cmnplexes will be much sntaller than the effect of copper, as the 

concentration of copper in solution is much higher, and is therefore binding more cyanide 

which can potentially be used for gold leaching. 

For the leaching of gold under conditions of zero free cyanide from an ore, it is likely that 

the reaction can proceed in two ways when considering the effect of copper. The 

sin1plest reaction that can explain the results is the dissociation of cyanide from copper

cyanide complexes, most likely the weakly bound fourth ligand in the Cu(CN)4
3

-

complex. The cyanide rnade available can then be used to leach gold from the ore. 

The dissociation reaction could be written as 

Cu(CN)/- 8- Cu(CN)J 2- + CN

L1Gr0 = 2.24 kJ/mol ( 4.1) 

The dissociation of tri or di copper cyanide is less likely due to the rnore strongly positive 

free energy of reaction, as shown in Equations 4.2 and 4.3. 

Cu(CN)/- 0 Cu(CN)2- + CN

L\G/ 19.24 kJ/mol 
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Cu(CN)2-~ Cu( CN) + CN

ilGr0 = 20.29 kJ/mol (4.3) 

It has been found that the speciation of copper is strongly dependent on pH (Hefter and 

May, 1991). Some tetra copper cyanogen will always likely be present at a pH of 10.5, 

and it is possible that the dissociation reaction mainly proceeds until the cyanide 

concentration is too low to allow any further dissociation of copper complexes to take 

place. Following this, precipitation of copper species will occur, thus liberating cyanide. 

These reactions, which explain the leaching of gold through copper precipitation, is given 

below. As oxygen is required for the leaching of gold to continue under zero free cyanide 

conditions (Tran et al, 1997), a reaction mechanism whereby the dissociation of copper 

cyanide species replaces the free cyanide in Elsner's equation can be constructed, as first 

suggested by (Vukcevic, 1996; Vukcevic, 1997). The reactions possible are 

2Au + 4CN- + Yz02 + H20 ~ 2Au(CN)2- + 20H

L1Gr0 = -177.56 kJ/mol 

2Au + 4Cu(CN)/- + 1202 + H20 <-+ 2Au(CN)2-+ 20H- + 4Cu(CN)/

L1Gr0 = -164.58 kJ/mol 

2Au + 4Cu(CN)/- + Y20 2 + f-bO B 2Au(CN)2- + 20H- + 4Cu(CN)2-

6Gr0 = -97.66 klhnol 

2Au + 4Cu(CN)2- + Y20 2 + H20 B 2Au(CN)2- + 20H- + 4CuCN 

L\Gr0 = -99.34 kJ/mol 

2Au + 2Cu(CNh- + Y202 + f-bO B 2Au(CN)2- + 20H- + 2Cu+ 

6.Gr0 = 71.57 kJ/mol 
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2Au + 2Cu(CN)2- + 0 2 + 2H20 ~ 2Au(CNh- + 2Cu(OH)2 

L\Gr0 = -204.42 kJ/mol (4.9) 

The free energies given m Equations 4.4 to 4.9 do not agree with those given by 

Vukcevic (1996). No reference was given for that work, so it was not clear how the free 

energies were obtained in that paper, but they may have been calculated from 

thermodynamic calculations performed by the author. The free energies of formation 

used for the free energy calculations given above are shown in Table 4.3 (Bard et al, 

1985; CRC Handbook of Chemistry and Physics, 1983-1984 ). It is important to note that 

the values used for the free energies of formation relate to standard conditions, which 

means that the reactants are at concentrations of 1 mol/L at 25°C. The calculations do not 

therefore give precise free energy of reaction values for the leaching system, but rather an 

indication of whether the reaction is likely to proceed. 

From Equations 4.5 to 4. 7 it is clear that the dissociation of copper cyanide complexes to 

fonn copper cyanide con1plexes with less ligands is possible, assisting the leaching of 

gold. Interestingly, the dissociation of Cu(CN)2- to Cu + in Equation 4.8 reports a positive 

free energy of reaction, so it appears that this reaction is not likely, but the immediate 

formation of copper hydroxide satisfies the requirement that the free energy of formation 

be negative, as shown in Equation 4.9. The precipitation of copper that was observed in 

Figures 4.2, 4.5 and 4.7 is also possible as insoluble copper cyanide, as shown in 

Equation 4. 7. It is possible therefore that Cu(OH)2 is formed by the reaction of CuCN 

with oxygen and water, thus liberating the final cyanide from the copper species. Under 

the conditions used in this expcrin1ent, with an Eh of 250rn V (vs SHE) and pH of I 0.5, 

this copper hydroxide is thennodynan1ically the most likely species to fonn (Marsden and 

House, 1992; Wang and Forssbcrg, 1990) in the absence of free cyanide. However, 

confinnation of the existence of precipitated CuCN was obtained for the leaching of the 

copper concentrate at an initial free cyanide concentration of 40000ppn1. Figure 4.10 is 

an SEM photograph of a san1ple of the copper concentrate at the conclusion of the 

experirnent. The long, hexagonal structures that can be seen are precipitated copper 

cyanide. This was confirmed by the ISIS quantitative EDS systern, which showed that 
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the structures were KCuCNx. The precipitate is most likely CuCN, as this species is 

insoluble. The precipitate second from the left appears to have redissolved to some 

extent, which suggests that precipitated CuCN can be oxidised to copper hydroxide, 

releasing cyanide. 

Figure 4.10 SEM photograph of precipitated copper cyanide species 

from the leaching of the copper concentrate at an initial free 

cyanide concentration of 40000ppm 

In this chapter, the possible precipitation products have been predicted from 

thermodynamic considerations. It would be possible to identify these precipitates directly 

if a system containing copper cyanide was added to a gold strip, and the products 

identified by XRD analysis. Due to the complexity of the ore used, it is arguable if the 

results found could be applied, mainly due to the many competing phenomena occurring 

over the duration of the experiments. Here, the gold may be in contact with galvanic 

minerals, as discussed in Section 2.2.3. Chalcopyrite and pyrite, which are major phases 

104 



The Role of Metal-Cyanide Species in Gold Leaching 

in the copper concentrate, are known to decrease the leaching rate when in contact with 

gold (Lorenzen and van Deventer, 1992b ). So the anodic and cathodic reactions are 

different to those which would be obtained in clear solutions, as they are a function of the 

galvanic interaction occurring between gold and the mineral. The cathodic current would 

become less negative when gold is in contact with a passivating mineral, so the 

dissolution current would decrease, thus passivating the gold leaching reaction (Lorenzen 

and van Deventer, 1992b; van Deventer et al, 1990). 

Table 4.3 

Complex 

Cu(CN)/-

Cu(CN)J2
-

Cu(CN)z-

CuCN 

Cu+ 

Cu(OH)z 

Au(CN)2-

AgCN 

Ag(CN)2-

Ni(CN)/-

Free energies of fonnation for species relevant to gold 

leaching (Bard et al, 1985; CRC Handbook of Chemistry 

and Physics, 1983-1984) 

L\Gr0 (kJ/mol) Complex L\Gr0 (kJ/mol) 

566.51 Ni".,. -45.61 

403.76 Fe(CN)64
- 694.92 

257.73 Fe2+ -78.87 

111.29 Zn(CN)i- 403.30 

50.30 Zn2+ -147.03 

-359.50 H20 -237.18 

286.00 02(aq) 16.32 

156.90 OH- -157.30 

305.43 eN- 166.00 

489.90 

This process of copper precipitation under conditions of zero free cyanide, thus liberating 

cyanide is similar to the precipitation of metal species in the treatment of tailings to 

reduce cyanide content. As the cyanide and metal cyanide complexes are destroyed, the 

metal will precipitate as a metal hydroxide under alkaline conditions. This has some 

interesting parallels with the results given above, where the cyanide concentration is zero 
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due to its consumption v1a side reactions. The less stable copper cyanogens then 

dissociate and precipitate in favour of further leaching of the thermodynamically more 

stable gold cyanide. 

Other metal species also play an interacting role in the leaching of gold. From Figures 

4.2, 4.3, 4.5 and 4.7 it is clear that the precipitation of iron, nickel, silver and zinc occurs 

as gold leaching proceeds. The free cyanide liberated from these metal-cyanide 

c01nplexes could then be used to leach gold. An examination of the role of each of these 

metal cyanide species was undertaken. 

4.3.2 The role of iron 

At high cyanide concentrations Figure 4.2 shows the rapid leaching of iron into solution, 

followed by a rapid decrease in solution concentration after approximately Y2 hour. At 

lower cyanide conditions very little, or no iron in solution was observed. The iron in 

solution is most likely present as a result of the oxidative breakdown of pyrite or 

chalcopyrite. The iron would therefore be in the ferrous form and in the presence of 

cyanide would predominantly form the Fe(CN)6 
4
- complex. This complex is a very stable 

complex and it is debatable whether this complex would dissociate. Kyle ( 1997) states 

that despite its high stability, excess ferrous ions will not readily displace zinc, copper, 

nickel or iron fron1 their cyanide complexes. He also states that the ferrocyanide is very 

stable below pH 9, but decomposes above this pH. In the region of operation of leaching 

here, at a pH of I 0.5 and E11 of around 250mV (vs SHE) iron hydroxide is the n1ost likely 

precipitate after the complete dissociation of the ferrocyanide complex. The reaction can 

be given as 

2Au + 2/3Fe(CN)(>4
- + Y202 + H20 B 2Au(CNh- + 20H- + 2/3Fe2

+ 

~Gr0 = -29.44 kJ/n1ol 
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The ferrous irons would then precipitate as a hydroxide. Examination of the kinetics in 

Figure 4.2 shows that this precipitation is very rapid under conditions of zero free 

cyanide. Zhang et a! ( 1997) showed by thermodynamic calculations that iron and silver 

would precipitate from solution in preference to other metal-cyanide species, to form 

FeOOH and AgCN. Copper would then precipitate, followed finally by gold. The exact 

order of precipitation was found to be a function of the oxidation of sulphide in solution . • 
No results were given for nickel or zinc. The results presented here are experimental 

confirmation that the thermodynamic predictions of Zhang et a! ( 1997) were correct. 

Apart from iron hydroxide, iron also forms heavy metal ferro and ferri cyanides, which 

are insoluble or only sparingly soluble (Kyle, 1997). Kyle ( 1997) stated that these 

complexes were only stable at a pH less than 9. However, during the intensive 

cyanidation of the copper concentrate at an initial free cyanide concentration of 

40000ppm, the formation of one of these insoluble ferrocyanide co1nplexes was observed. 

In Figure 4.11, the SEM picture of precipitated Cu2Fe(CN)6.xH20 from the intensive 

cyanide leach of the copper concentrate is given. The cubic structure is 

Cu2Fe(CN)6.xH20. This was confirmed by the ISIS quantitative EDS system, which 

shows that the cubic structures contain an atomic ratio of Fe:Cu of 1:2. Additional 

photographs showing different formations of this structure are given in Appendix B, 

Figure B I and B2. 

4.3.3 The role of nickel 

Nickel fonns a strong cyanide complex, as shown in Table 4.2. However, this cmnplex is 

still nine orders of n1agnitude less stable than the aurocyanide con1plex. Therefore, 

according to Figure 4.5 and 4.7, after the leaching of nickel, its precipitation occurs. 

Nickel hydroxide is the stable precipitate at high pH (Wang and Forssberg, 1990). The 

reaction can be given as 
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~Gr0 = -49.09 kJ/mol ( 4.11) 

This is followed by precipitation of nickel ions as a hydroxide, on the basis of the data of 

Wang and Forssberg (1990). While the concentration of nickel in the leaching solution is 

much lower than that of copper, the nickel still displays a real positive leaching effect on 

gold, unaffected by the copper speciation, due to nickel cyanide being much more stable 

than copper cyanide. Hefter and May (1991) state that the speciation of gold, silver and 

nickel is essentially unaffected by a large excess of copper. 

Figure 4.11 SEM photograph of CuzFe(CN)6.xH20 precipitated during 

the leaching of the copper concentrate at an initial free 

cyanide concentration of 40000ppm 
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4.3.4 The role of silver 

As shown in Figure 4.3, silver initially leaches rapidly into solution, followed by a slow, 

linear decrease in concentration. Silver fonns only a moderately strong complex, similar 

in order of magnitude to the copper cyanides. Examination of the thermodynamic data 

calculated by Wang and Forssberg (1990) shows that the most likely precipitation 

product from the reduction of Ag(CN)2- is solid silver at a pH of 1 0.5, reduction potential 

of 250m V (vs SHE) and very low cyanide concentrations. At slightly higher potentials 

AgCN is precipitated along with silver. The possible reactions for silver assisted gold 

leaching under conditions of zero free cyanide are therefore 

2Au + 2Ag(CN)2- + Yz02 + H20 B 2Au(CN)2- + 20H- + 2Ag 

~Gr0 = -124.43 kJ/mol 

2Au + 4Ag(CN)2- + Yz02 + I-bO <-+ 2Au(CN)2- + 20H- + 4AgCN 

~Gr0 = -107.69 kJ/mol 

( 4.12) 

( 4.13) 

The complete reduction of silver is slightly more favourable than precipitation of AgCN, 

confirming that under the conditions used in these experiments, solid silver is the n1ost 

likely precipitate. 

4.3.5 The role of zinc 

Zinc forn1s only a weak cyanide con1plex and as shown by Figures 4.5 and 4. 7 the 

precipitation of this species is rapid in comparison to the other n1etal cyanide species. 

Zinc forms predominantly a tetra cyano complex at a pH of I 0 (Hefter and May, 1991 ), 

but may dissociate stepwise in low cyanide concentrations, or as the cyanide 

concentration is decreased. Hefter and May (1991) also showed that the zinc is in 

significant con1petition with copper in solution. It is therefore possible that the zinc in 

solution is precipitating and passing its cyanide ligands to metals other than gold. 
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However, gold forms the strongest complex, so that there will be a thermodynamic 

driving force for aurocyanide to be formed. The most likely reaction is given by 

Equation 4.14, with a precipitated zinc hydroxide fonned, as given by the pe-pH diagram 

ofWang and Forssberg (1990). 

2Au + Zn(CN)i~ + ~02 + HzO B 2Au(CN)z~ + 20H~ + Zn2+ 

~Gr0 = -63.90 kJ/mol (4.14) 

Hedley and Tabachnick ( 1968) stated that the breakdown of zinc cyanide in alkaline 

solutions would result in the formation of zincate ions, ZnO/~, which are soluble and 

would therefore report in the solution concentration. Clearly precipitation of zinc is 

occurring here, which would suggest that the finding of Hedley and Tabachnick cannot 

be applied here. Chi et a! ( 1997) showed that zincate ions only form at a pH greater than 

12. 

Clearly Equations 4.1 0-4.14 are likely to proceed, followed by precipitation of the 

liberated metal cation, as a hydroxide for iron, nickel and zinc, or in the case of silver, 

solid silver or AgCN. These gold leaching reactions are all driven by the greater stability 

of the gold cyanide species. In conditions of zero free cyanide, as shown in this chapter, 

the leaching of gold from the copper concentrate is proceeding from the liberation of free 

cyanide from less stable, or more weakly bound, metal-cyanide species. 

4.4 THE EFFECT OF COPPER CYANIDE ON GOLD LEACHING FROM 

OXIDE AND SULPI-IIDE ORES 

To further investigate the effect of gold leaching via degradation of copper cyanide 

complexes, a saturated solution of copper cyanide was made, using a molar ratio of 

copper to cyanide of 1:4. Undissolved CuCN was filtered and the solution contacted with 

the ore and the leaching rnonitored. The total initial cyanide content was 800ppm. The 

results of this experitnent performed on the copper concentrate are given in Figures 4.12 
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and 4.13. It can clearly be seen that the leaching of gold is occurring from the 

precipitation of copper, zinc and nickel, under conditions of almost zero free cyanide. 

Initially the leaching was quick, most probably as the weakly bound fourth ligand of 

copper cyanide dissociated and was consumed in gold leaching. There was also a rapid 

increase in the concentration of nickel and zinc in solution as the cyanide made available 

by the copper complex dissociation was used to leach these metals. It is interesting to 

note that as the gold extraction rate becomes more linear, after approximately 6 hours, so 

does the precipitation of nickel, zinc and copper follow a more linear trend. No iron or 

silver was detected in solution in this experiment. 
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Figure 4.12 Leaching of gold from the copper concentrate by a 

Cu(CN)4
3
- solution 

The phenomenon of gold leaching from metal-cyanide species IS somewhat ore 

dependent, as was found when the leaching of gold using a Cu(CN)i- solution was 

attempted using the flotation feed, pyrite concentrate and the oxide ores. In these cases 

the leaching of gold was found to be possible from a copper cyanide solution, but the 
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silver nitrate titration showed that the cyanide concentration was not strictly zero, as was 

found for the copper concentrate. 
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Figure 4.13 Behaviour of cyanide species during leaching of the copper 

concentrate with an initial solution of Cu(CN)4
3
-

For these ores the titrated free cyanide concentration was a false indicator of the actual 

free cyanide concentration, as the cyanide titrated was the third and fourth ligand from 

the copper cyanide and zinc cyanide complexes. As the titration proceeded, a shift in 

equilibrium occurred as silver cyanide precipitated, causing the cyanide ligands from 

copper and zinc to dissociate. Thus, a higher than actual cyanide concentration was 

reported. So for the leaching of these ores, a n1echanism whereby Cu(CN)4
3
- partly 

dissociates, and the cyanide made available is used to leach gold from the ore is 1nost 

likely. Dissociation of other metal cyanides, followed by precipitation, only occurs under 

conditions of strictly zero free cyanide. The dissolution curves obtained for the pyrite 

concentrate are shown in Figures 4.14 and 4.15. The dissolution curves for the oxide ores 
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and the flotation feed are given in Appendix B, Figures B3-B8. These results are not 

presented in this chapter, as similar results were obtained as for the pyrite concentrate. 

For the pyrite concentrate, the rapid increase of zinc, nickel and copper in solution can be 

seen, followed by stabilisation after approximately two hours. Slightly more copper also 

leached into solution, suggesting that the mechanism here can be explained in terms of 

the speciation of the copper cyanide complexes. At the beginning of the experiment there 

was a large amount of Cu(CNh2
- and Cu(CN)l-, and with time there was a shift towards 

more Cu(CN)2-. This agrees well with the cyanide titration, which initially showed 

around 70ppm of cyanide in solution, but at a time of 24 hours this had decreased to zero. 

-E 
c. 
~ 
:l 
<( 

3.5 - 250 

3. 
-- 200 

2.5 b-~~J ____ eN-

2 150-
E 
c. 
.!; 

1.5 . 
100 5 

50 
0.5 

0 0 

0 5 10 15 20 25 30 

time (hr) 

Figure 4.14 Leaching of gold from the pyrite concentrate us1ng 

Cu(CN)43
-

113 



e 
c. 
c. -
~ 
z 
(1) 

LL 

C) 
<( 

The Role of Metal-Cyanide Species in Gold Leachim~ 

4 - - 1600 

3.5 1400 
-~r-Ag 

3 - --.-Zn -- 1200 

2.5-
~Ni 

_ 1oooE' 
_._cu c. 

2 c. -f-s -- 800 -U) 

1.5 - -- 600 
:r 
(J 

1 - -- 400 

0.5- -- 200 

0 0 
0 5 10 15 20 25 30 

time (hr) 

Figure 4.15 Leaching of other species from the pyrite concentrate using 

Cu(CN)43
-

4.5 SUMMARY 

The investigations carried out in this chapter have established a number of important 

findings with regard to the mechanism of gold leaching by the precipitation of metal

cyanide species. These may have important implications in the processing of copper-gold 

ores by cyanidation and the heap leaching of refractory ores. The major findings are 

summarised below. 

Copper cyanide, zinc cyanide, nickel cyanide, silver cyanide and ferrous cyanide can be 

used to leach gold from a copper concentrate. Under conditions of zero free cyanide this 

occurs by a mechanism whereby the metal species dissociate and the cyanide made 

available leaches gold according to Elsner's equation. The cyanide deficient metal cation 

then precipitates. These reactions are driven by the greater stability of gold cyanide in 

solution. 
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Gold leaching from a variety of ore types can also occur from cyanide made available 

from the partial dissociation of copper cyanide complexes. When cyanide is present in 

low concentrations the leaching of gold and other metals is possible with copper cyanide 

used as the lixiviant. The copper cyanide's fourth ligand readily dissociates, and this 

cyanide can then be used to leach gold. 

These leaching mechanisms can be applied to certain refractory ores for the extraction of 

gold. Cyanidation can be performed under lower cyanide conditions to allow gold 

leaching to proceed indirectly, by first forming a metal cyanide complex, followed by the 

dissociation of these complexes and the use of the liberated cyanide to form the more 

stable gold cyanide. Therefore in a plant situation lower cyanide concentrations could be 

used to gain an acceptable gold recovery. Even if plant data indicates that no free 

cyanide is present, leaching may still continue, without the addition of extra cyanide. 

Alternatively metal cyanide species present in the tailings could be recycled to the 

beginning of the CIP circuit, and the beneficial impact of the metal cyanide species taken 

advantage of to increase the gold recovery with no additional reagent cost. The most 

simple and useful application of these results is to heap leaching, where the gold could be 

leached with a minimum of cyanide by recycling the leachate over the bed. The initial 

high copper content could thus be reduced as the solution became more gold-rich. 

An investigation into the role of metal-cyanide complexes was also undertaken in the 

study of preg-robbing, which is presented in Chapter 5. This yields additional 

infonnation about the role of metal-cyanide species in the processing of ores, as well as 

the mechanisms and importance of preg-robbing during gold extraction. As discussed in 

Chapter 2, Section 2.5 the understanding ofpreg-robbing to mineral constituents of an ore 

is poor, and requires further investigation. 

115 



CHAPTERS 

Preg-Robbing Phenomena in the Cyanidation of Gold Ores 

5.1 OBJECTIVES OF THIS CHAPTER 

The objective of this chapter is to examine the preg-robbing behaviour of the oxide and 

sulphide ores. As pyrite and chalcopyrite were the principal refractory minerals studied, 

the preg-robbing behaviour of these minerals was the main focus. Experiments were 

conducted in cyanide deficient solutions with and without activated carbon, examining 

the kinetics of the competing adsorption processes. Preg-robbing experiments were also 

performed at different cyanide concentrations. The role of the cyanide complexes of 

copper, silver, zinc, nickel and iron were also examined, which continues on from the 

work presented in Chapter 4. Finally, in this chapter a mechanism is proposed for the 

reduction of gold at the chalcopyrite surface. 

5.2 BACKGROUND INFORMATION 

Preg-robbing is the phenomenon whereby the gold cyanide complex, Au(CN)2-, is 

removed from solution by the constituents of the ore. The preg-robbing components 

may be the carbonaceous matter present in the ore, which has been extensively 

investigated by other authors, as discussed in Chapter 2, Section 2.5 .I. The aurocyanide 

complex may also be removed from solution by the minerals themselves. This may occur 
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by a physical adsorption process, or by the reduction of aurocyanide at the mineral 

surface. Despite the volume of research on preg-robbing, little is agreed upon concerning 

the mechanisms of the adsorption of gold cyanide onto mineral surfaces. The kinetics of 

the preg-robbing process have not been well described, or the interactions between 

different metal-cyanide complexes and their influence on preg-robbing. 

It is the purpose of the work presented in this chapter to examine the preg-robbing 

behaviour of the oxide and sulphide ores studied, concentrating on pyrite and 

chalcopyrite. The phenomenon of preg-robbing was examined and quantified for gold

free mineral samples and gold ores containing these minerals. Pyrite and chalcopyrite 

were chosen for study as they are refractory minerals commonly associated with gold 

ores. 

This work differs from other studies on preg-robbing in that it shows how the interactions 

between . different species affect the kinetics and process of preg-robbing. The 

dependence of preg-robbing on the initial free cyanide concentration is examined, as it 

has not been studied before. The addition of free-cyanide to refractory sulphide ores 

results in the formation of a large number of metal-cyanide species, so that the 

interactions between these metal-cyanide complexes and the role they play in preg

robbing are also described, which is an extension of the work presented in Chapter 4. 

Finally the competitive processes of adsorption of gold at the ore surface and onto 

activated carbon are quantified and the role of cyanide in shifting the equilibrium towards 

adsorption onto activated carbon described. 

In this chapter mechanisms of preg-robbing are also suggested for pyrite and 

chalcopyrite. These mechanisms are based upon an examination of the interactions and 

kinetics of the different metal-cyanide species that commonly form during gold 

extraction with cyanide. The role of cyanide complexes, other than Au(CN)2-, in preg

robbing has not been discussed in the literature. 
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This study on preg-robbing has a number of industrial applications. Carbon-in-leach is a 

common process alternative when an ore is preg-robbing. This process is preferable for 

these ores, as the aurocyanide adsorbs onto the activated carbon in preference to the ore 

due to the greater adsorptivity of activated carbon. In the CIL process, preg-robbing due 

to minerals is likely to be low due to the relatively high cyanide concentrations and the 

competitive effects of activated carbon, as shown in this chapter. In heap-leaching, when 

the concentrations of cyanide are low, preg-robbing would become much more important 

in gold processing. It would also be significant when there is no activated carbon stage, 

such as in the Merrill-Crowe process, where the slurry is filtered prior to precipitation. 

5.3 PREG-ROBBING BEHAVIOUR BY THE ORES AT LOW CYANIDE 

CONCENTRATIONS 

Initially, experiments were performed with all of the five ores studied. A 1 OOOppm stock 

solution of gold was prepared by adding KAu(CN)2 powder to distilled water at pH 1 0.5. 

5ml of this stock solution was then added to the slurry made from each ore, so that a 

concentration of 5ppm Au was initially present in solution. The kinetics of adsorption to 

each of the different ores, when no free cyanide was present were examined. 

It was found that the oxide ores showed negligible preg-robbing behaviour. The results 

of this experiment are given in Appendix C, Table Cl. Therefore, none of the minerals in 

the two oxide ores possessed the capacity to adsorb gold. In Chapter 3, Table 3.6 showed 

that these ores contained no chalcopyrite and less than 5% pyrite. They consisted of 

mainly silicates, clay-minerals and quartz. It can be concluded that the silicate minerals 

present were not preg-robbing. The clay minerals also did not adsorb gold, which agrees 

with the work of Hausen and Bucknam (1984), who failed to observe significant preg

robbing by clay minerals. The oxide ores contained a significant amount of quartz, but 

clearly quartz was not preg-robbing here. This contrasts the results obtained by Adams et 

a! ( 1996) who showed that quartz has the capacity to adsorb gold. The pyrite was not 

preg-robbing in the oxide ores, and appears to be deactivated. Hausen and Bucknam 
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(1984) observed that pyrite becomes preg-robbing only when the pyrite concentration 

exceeded 45% in slurries which contained cyanide. 

The kinetics of the preg-robbing of the three sulphide ores are shown in Figure 5.1. At 

zero cyanide concentration, mainly the pyrite and chalcopyrite were found to be preg

robbing minerals. The chalcopyrite consumed all of the gold almost immediately at zero 

cyanide conditions, while the pyrite concentrate adsorbed over half the gold. The 

flotation feed showed a reduced adsorptive capacity. This ore had a low pyrite and 

chalcopyrite concentration, yet still showed the ability to adsorb gold. 
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Kinetics of preg-robbing by the sulphide ores from a 
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free CN-

Under zero-cyanide conditions the gold that is adsorbed may be reduced at the surface of 

the minerals in an oxidation-reduction reaction. Zhang et al (1997) showed that gold will 

precipitate in cyanide deficient solutions if the solution conditions are not sufficiently 
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oxidising. An indication of the oxidising potential of the slurries was gained by 

measuring the Eh. This was found to be similar for the oxide and sulphide slurries, at 

approximately 300mV (vs SHE). 

The preg-robbing of the sulphide ores could not solely be the result of a deficit of free 

cyanide, or preg-robbing would have been observed for the oxide ores. The Au(CN)2-

complex was found to be stable in the oxide ore slurries. There may have been a lack of 

sites on these ores to which the gold could adsorb or reduce. However, the sulphide ores 

did possess such reactive sites, and preg-robbing was observed. From Figure 5.1, 

chalcopyrite was clearly a much stronger adsorber of gold than pyrite. 

In order to investigate the competitiveness of the adsorption onto the ore, an experiment 

was performed with activated carbon. A concentrated Au(CN)2- solution was added to a 

slurry of sulphide ore, to yield a final solution of 5ppm of gold. 4g of activated carbon 

was added simultaneously with the gold solution. Under zero cyanide conditions, a 

comparison was made between the effectiveness of activated carbon in competing with 

the ore for the aurocyanide. The results are given in Table 5.1. 

Table 5.1 

Ore 

Flotation feed 

Pyrite concentrate 

Copper concentrate 

Distribution of gold between the solution, ore and carbon 

after 24 hours in the absence of free cyanide. Initially 

5ppm gold and 4g of activated carbon were present in 

solution 

0/o Au in solution 

0.0 

2.6 

1.4 

120 

0/o Au on ore 

4.6 

12.5 

74.8 

0/o Au on carbon 

95.4 

84.9 

23.8 
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From Table 5.1 it can be seen that the flotation feed and pyrite concentrate were much 

weaker adsorbers than activated carbon. However, the copper concentrate competed very 

strongly with the activated carbon, with the majority of the gold ending up on the ore 

phase. This is because the kinetics of the reduction of gold to the chalcopyrite are much 

faster than the adsorption to activated carbon. 

In order to test the effect of cyanide on the preg-robbing behaviour of the flotation 

concentrates, nitrogen purging was used to inhibit the leaching of gold. Preg-robbing 

tests were then conducted on the pyrite and copper concentrates at an initial cyanide 

concentration of 300ppm. Under these conditions, preg-robbing was completely 

eliminated, with no gold adsorbing to the pyrite concentrate or the copper concentrate. 

This is despite the fact that the free cyanide concentration immediately dropped to zero. 

It would be expected that the gold would begin to precipitate under these cyanide 

deficient conditions. The absence of preg-robbing is due to the stabilising effect of other 

metal-cyanide complexes in solution, as discussed below. 

The kinetic curves for gold, copper and cyanide for the pyrite concentrate are shown in 

Figure 5.2 at an initial cyanide concentration of 300ppm. Figure 5.2 indicates that the 

copper leaches rapidly into solution, consuming all the free cyanide available. This 

copper then partially precipitates, as it forms a weaker cyanide complex than gold, and 

the cyanide made available is used to stabilise the gold in solution. This is similar to the 

results obtained in Chapter 4 for the leaching of gold by the precipitation and dissociation 

of weak metal-cyanide complexes. However, here it is shown that the precipitation of a 

weaker metal-cyanide stabilises the Au(CN)2- in solution, rather than driving forward the 

leaching of gold from the ore. 
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The results for the copper concentrate are given in Appendix C, Figure C 1. This exhibits 

similar behaviour to the pyrite concentrate. 

5.4 THE EFFECT OF ACTIVATED CARBON AND CYANIDE ON THE 

REVERSIBILITY OF PREG-ROBBING 

In order to investigate the reversibility of the preg-robbing phenomena and the effect of 

activated carbon at higher cyanide concentrations, a number of tests were performed on 

the pyrite and chalcopyrite mineral samples. As these samples contained no gold, preg

robbing tests in the presence of oxygen and cyanide were possible. The experiments 

were conducted by adding the appropriate amount of KCN powder and Au(CN)2- aliquot 
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to achieve the desired initial free cyanide concentration and an initial gold concentration 

of5ppmAu. 

Table 5.2 shows the results of the preg-robbing tests on the pyrite and chalcopyrite 

mineral samples. In cyanide deficient conditions the preg-robbing was very high, but as 

the initial free cyanide concentration was increased, the preg-robbing was dramatically 

decreased. At an initial cyanide concentration of 2000ppm preg-robbing was very low 

for both mineral samples. Free cyanide therefore acts to stabilize the aurocyanide 

complex in solution and reduce preg-robbing. Any gold that does adsorb or precipitate 

on the ore would be readily redissolved in the presence of excess free cyanide. 

Mineral 

sample 

Pyrite 

Pyrite 

Pyrite 

Pyrite 

Pyrite 

Pyrite 

Chalcopyrite 

Chalcopyrite 

Chalcopyrite 

Chalcopyrite 

Chalcopyrite 

Chalcopyrite 

Table 5.2 Preg-robbing and adsorption onto 4g of activated carbon 

from a 5ppm Au(CN)2- solution at different initial cyanide 

concentrations after 24 hours 

Initial cyanide Mass o/o Au in 0/o Au on 0/o Au on 

concentration activated solution ore carbon 

(ppm) carbon (g) 

0 0 1.6 98.4 

300 0 23.2 76.8 

2000 0 96.0 4.0 

0 4 2.6 94.2 3.2 

300 4 1.0 0 99 

2000 4 1.0 0 99 

0 0 3.2 96.8 

300 0 86.5 13.5 

2000 0 100 0 

0 4 0.5 44.0 55.5 

300 4 3.8 0 96.2 

2000 4 12.7 0 87.3 
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The gold-free pyrite sample was found to be a stronger adsorber than the chalcopyrite, 

which is in contrast with the results found for the flotation concentrates. The pyrite is 

100% pure however, and may be more active. Hausen and Bucknam (1984) 

demonstrated that preg-robbing to pyrite increased as the relative amount of pyrite in the 

sample was increased. Here it is possible that the stronger preg-robbing of the pyrite 

sample compared with the chalcopyrite sample is related to the lower cyanide 

concentration in solution. Figure 5.3 shows that the pyrite sample consumes the free 

cyanide more quickly than the chalcopyrite. For the pyrite mineral sample the cyanide is 

consumed rapidly through the formation of Fe(CN)6 
4

-. This is a very stable complex and 

does not act to stabilise the gold in solution, as it also precipitates rapidly, as shown and 

discussed in Section 5.5. Therefore, the preg-robbing of gold at this pyrite surface is very 

rapid. The copper complexes formed by the chalcopyrite sample are less stable than 

gold, and slowly precipitate, with the release of cyanide, prior to gold precipitation. 

Therefore less preg-robbing is observed for this sample. The experimental data for Table 

5.2, including the variation of metal-cyanide species concentration with time, are given in 

Appendix C, Table C5-C6. 
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When both activated carbon and cyanide were present with the gold-free mineral 

samples, Table 5.2 shows that preg-robbing on the mineral surface was virtually 

undetectable. When there was no free cyanide both mineral samples adsorbed a large 

fraction of the gold from the solution. However, the kinetics of the preg-robbing for the 

pyrite sample were much faster than for the chalcopyrite sample, which can be seen in 

Figure 5.4. When 4g of activated carbon was present, both mineral samples competed 

strongly for the adsorption of the gold onto activated carbon. Table 5.2 shows that the 

presence of cyanide enhanced the loading of gold onto the activated carbon rather than 

the mineral sample. It is known that adsorption onto carbon occurs without chemical 

change (McDougall et al, 1980; Adams and Fleming, 1989). Therefore, such adsorption 

of gold is favoured over the reduction at the mineral surface in the presence of cyanide 

due to the faster kinetics of the adsorption onto activated carbon. 
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To test the reversibility of preg-robbing, activated carbon was added to a fresh slurry 

comprising of the mineral samples. The samples were previously loaded with gold from 

a solution containing 5ppm Au. Any gold that was pulled from the mineral onto the 

activated carbon would indicate that adsorption is reversible. For zero-cyanide 

conditions, this would clearly indicate that the gold was adsorbed in the Au(CN)2- state, 

as gold adsorbs onto activated carbon without chemical change as an ion pair 

(McDougall eta/, 1980; Adams and Fleming, 1989). The aurocyanide complex would 

then move from the ore to the stronger adsorbent, in this case activated carbon. The 

results for this experiment are given in Table 5.3. 

Table 5.3 Transfer of gold adsorbed on pyrite and chalcopyrite 

samples to 4g activated carbon after 24 hours 

Mineral sample Initial cyanide Gold initially bound to Gold bound to ore 

concentration ore from a Sppm Au after activated carbon 

(ppm) solution (0/o) treatment (0/o) 

Pyrite 0 98.4 70.9 

Pyrite 300 76.8 28.5 

Pyrite 2000 4.0 2.0 

Chalcopyrite 0 96.8 96.4 

Chalcopyrite 300 13.5 6.7 

Chalcopyrite 2000 0 0 

This table shows the gold was not ren1oved from the chalcopyrite sample at zero cyanide 

concentration. This indicates that the gold-cyanide complex was reduced at the surface 

of the chalcopyrite, rather than physically bound, as Adams eta! (1996) showed that gold 

was reduced at a chalcopyrite surface. When cyanide was used this adsorption was 

somewhat reversible, with approximately half of the gold being removed from the 

chalcopyrite sample by the activated carbon. The adsorption onto pyrite was found to be 
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more reversible, which indicates that a proportion of the gold was bound to the pyrite 

surface as Au(CN)z -. As a large proportion of the gold was not removed onto the 

activated carbon phase, it appears that a proportion of the gold was reduced, or 

irreversibly loaded, at the pyrite surface at low cyanide concentrations. 

5.5 THE ROLE OF Fe(CN)6 4- IN PREG-ROBBING 

The role of the stable Fe(CN)6
4

- cyanide complex in preg-robbing was studied. Preg

robbing tests were carried out in the presence of300ppm CN-, and 300ppm CN- bound as 

Fe(CN)6 
4

-. This complex was expected to be present in solution rather than Fe(CN)6
3

- as 

the redox potential in solution was under 300mV (vs SHE), for which the stable iron 

species is Fe2
+ (Pourbaix, 1963). The ferrocyanide and aurocyanide were added in a 5ml 

concentrated aliquot so that 5ppm of gold was present in the slurry with the iron. When 

free cyanide and gold were added to the slurry, this was also performed using a 5ml 

concentrated aliquot. 

This investigation was carried out to detennine the role of cyanide in inhibiting preg

robbing. It can be postulated that the dramatic reduction in preg-robbing behaviour when 

cyanide is present is due to adsorption sites on the ore being blocked off. Ferrocyanide 

was used to test this hypothesis, as it was envisaged that it would perform similarly to 

cyanide in blocking adsorption sites. Fe(CN)6 
4

- is a very stable cyanide complex 

(Marsden and House, 1992 ), and further conclusions about the role of metal-cyanide 

species in stabilising aurocyanide may also be drawn from these experiments. A 

summary of the results obtained is given in Table 5.4. 
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Table 5.4 

Ore 

Copper concentrate 

Chalcopyrite sample 

Pyrite concentrate 

Pyrite sample 

% of Au preg-robbed by ore from a 5ppm gold solution 

after 24 hours 

300ppm CN- 300 ppm CN- as No free cyanide 

initially Fe(CN)64
-

0 97 99 

13.5 93.6 100 

0 13.2 55 

76.8 100 100 

For the copper concentrate the aurocyanide complex was not adsorbed onto the ore in the 

presence of 300ppm eN-, as shown before. When no cyanide was present the preg

robbing was very rapid, as shown in Figure 5.1. When 300ppm eN- was bound as 

Fe(CN)6 
4

-, the preg-robbing behaviour was identical to when there was no cyanide 

present. The kinetic curve for iron, given in Figure 5.5, shows that the ferrocyanide 

complex was very rapidly precipitated from solution. The presence of cyanide in the 

form of the stable ferrocyanide complex played no role in preventing preg-robbing to this 

ore due to this rapid precipitation of Fe(eN)6
4

-. The ferrocyanide must be precipitating, 

as no other metal-cyanide species were observed to form in solution, following the 

removal of iron from solution. If Fe(eN)6 
4

- was dissociating, prior to precipitation as a 

hydroxide, then copper-cyanide or other metal-cyanide species would leach into solution 

with the cyanide being made available. 
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For the pyrite concentrate no preg-robbing was observed at 300ppm free CN-. Table 5.4 

shows that 55% of the gold was preg-robbed when there was no free cyanide initially. 

When 300ppm CN- was bound as Fe(CN)6
4

- 13o/o of the 5ppm Au solution initially 

present was preg-robbed. The precipitation of the iron-cyanide complex, shown in 

Figure 5 .6, was found to be much less rapid than for the chalcopyrite ore. 

The role of ferrocyanide in preg-robbing is clearly contrasted by examining the different 

behaviour of the preg-robbing of the gold-free pyrite sample and the pyrite concentrate. 

The kinetic curves for gold and iron are given in Figure 5.6-5.7. Figure 5.6 shows the 

gradual precipitation of the iron-species along with little preg-robbing, while Figure 5. 7 

shows the immediate precipitation of iron, along with gold. 
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Clearly ferrocyanide plays a stabilising role in the preg-robbing of gold. The Fe(CN)6 
4
-

acts to slow down the adsorption of gold onto the ore, as the iron-cyanide is less stable in 

solution than the aurocyanide complex (Zhang et al, 1997). This species precipitates first 

in preference to the gold. Therefore, the preg-robbing behaviour of the pyrite or copper 

concentrate in the presence of Fe(CN)64
- was related to the rate of iron removal from 

solution. If the ferrocyanide was removed from solution by dissociating, rather than 

precipitating, then the cyanide released could be used to leach other species. There was 

no observation of other species such as copper in solution, which would be expected to 

readily form cyanide complexes as the leaching was shown to be very rapid in Chapter 4. 

This supports the precipitation in the form of the iron-cyanide complex. Ferrocyanide is 

known to form a number of insoluble copper and iron species, such as Fe2[Fe(CN)6] and 

Cu2Fe(CN)6.xH20 (Kyle, 1997). The formation of one of these insoluble ferrocyanide 

complexes was shown in Figure 4.11 in Chapter 4. 

From these results it is clear that preg-robbing is not inhibited by a blocking of active 

adsorption sites on the mineral surface. Instead the Fe(CN)6 
4

- complex plays a role in 

stabilising the aurocyanide complex in solution, by precipitating in preference to the 

stronger gold-cyanide complex. Any free cyanide that is present will leach precipitated 

gold back into solution. 

5.6 COMPARISON OF PREG-ROBBING BETWEEN THE CONCENTRATES 

AND GOLD-FREE MINERAL SAMPLES 

The above discussion raises a number of questions about the difference in preg-robbing 

behaviour between the mineral samples and ore. The gold-free sample of pyrite is much 

more adsorbing than the pyrite concentrate. There was also a small difference in the 

adsorptive behaviour of the copper concentrate and gold-free chalcopyrite mineral 

samples in the presence of cyanide, as seen in Table 5.4. An XRD analysis indicated that 

the pyrite concentrate and gold-free pyrite sample had the same crystal structure, 

therefore the difference in adsorption cannot be associated with the differences in the 
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pyrite crystallinity. XRD analysis of the copper concentrate and chalcopyrite mineral 

sample also produced similar patterns. The XRD patterns are given in Appendix C, 

Figures C2-C4. 

It was expected that the differences in adsorption observed could be due to the different 

levels of oxidation of the ores and samples. 400g of freshly milled gold-free mineral 

samples of pyrite and chalcopyrite were taken and contacted with a 5ppm gold solution. 

Another sample of these minerals was milled and spread out and exposed to the 

atmosphere for a period of two weeks. Identical conditions were then used to perform an 

adsorption experiment. No difference in adsorption was observed, so the different 

adsorptive behaviour cannot be accounted for by the different levels of oxidation of the 

samples. However, this experiment did show that the oxidation of the mineral samples 

has an effect on the sulphur concentration in solution. Table 5.5 shows that the oxidised 

samples have approximately double the level of sulphur in solution. This is consistent 

with the oxidative breakdown of the sulphide minerals to form more oxidised sulphur 

species. The data for this experiment are given in Appendix C, Table C9. 

Table 5.5 Concentration of sulphur in solution after 24 hours 

following the preg-robbing experiment conducted on the 

gold-free mineral samples at different oxidation levels 

Mineral sample Oxidation Sulphur (ppm) 

Pyrite Oxidised 803 

Pyrite Not oxidised 483 

Chalcopyrite Oxidised 481 

Chalcopyrite Not oxidised 211 

The difference in adsorption between the pyrite concentrate and gold-free pyrite could be 

due to the different forms of carbon present in the ores. Adams and Burger (1998) stated 
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that bulk analysis of total organic carbon or mineralogy is not likely to give an indication 

of the preg-robbing ability of a sample. Table 3.5 in Chapter 3 shows the total and 

organic carbon analyses for the ores and mineral samples tested. It can be seen that all of 

the samples had a low level of organic carbon. However, the differences in adsorption 

between the mineral samples and ore concentrates agree with the different levels of 

organic carbon observed. The difference in preg-robbing capabilities of the ores could 

therefore be due to the different adsorptivity of the carbon components of the ores and 

mineral samples. 

While the difference in the level of organic carbon is likely to be a factor, the ability of a 

sulphide mineral to adsorb Au(CN)2- from solution was also found to be related to the 

cyanide consuming ability of the particular ore studied. The cyanide consumption of the 

pyrite concentrate and pyrite mineral sample is shown in Figure 5.8 from a solution 

which contained 2000ppm free cyanide initially. Figure 5.9 shows the cyanide 

consumption of the copper concentrate and the chalcopyrite mineral sample, which was 

also performed at an initial free cyanide concentration of 2000ppm. The difference in 

cyanide consumption may be due to the formation of films on the ore, which prevents the 

cyanide from reacting with the ore constituents. 

The gold-free pyrite mineral sample and the copper concentrate both displayed very high 

and fast cyanide consumptions and precipitation of metal-cyanide complexes. When 

these solutions become cyanide deficient, preg-robbing was observed to occur rapidly. 

However, the pyrite concentrate and gold-free chalcopyrite generally showed lower 

cyanide consumption and more stable metal-cyanide complexes in solution, despite their 

mineralogical similarity to the other ores. Preg-robbing was observed to be lower as 

more cyanide was available to stabilise Au(CN)2- in these slurries. The exception to this 

was between the copper concentrate and the chalcopyrite sample at an initial cyanide 

concentration of 300ppm. For the copper concentrate, the copper-cyanide complexes 

formed in solution precipitated to only a small degree in comparison with the 

chalcopyrite sample. The chalcopyrite sample was therefore more strongly preg-robbing 

in this case. 
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Therefore rather than examining the mineralogy of an ore, an examination of the ore's 

cyanide consuming pattern, in terms of free cyanide and metal-cyanide complexes, 

should be undertaken to evaluate the extent of preg-robbing expected from an ore. 
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5.7 INTERACTIONS OF METAL-CYANIDE SPECIES DURING PREG-

ROBBING 

Further investigation of the interactions between metal-cyanide species and their role in 

preg-robbing was undertaken by synthesising a solution of 50ppm of each metal in a 

combined solution. The metals present were Au, Cu, Ag, Ni, Zn and Fe. These species 

were present as Au(CN)2-, Ag(CN)2-, Ni(CN)/-, Zn(CN)/- and Fe(CN)6
4

-. Enough 

cyanide was added for the copper to form the tetra-copper cyanide complex, although all 

the di-, tri- and tetra-copper complexes would have been present in solution. An 

additional 300ppm of cyanide was added so that the initial free cyanide concentration 

was approximately 300ppm, with the exact value depending on the copper speciation. 

This solution was then contacted with the pyrite and chalcopyrite mineral satnples and 

the kinetics of the interactions between the metal-cyanide complexes and the ore 

observed. The results for the gold-free chalcopyrite sample are given in Figure 5.10-
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5.11. Figure 5.10 shows the slow, linear loss of gold from the solution onto the ore. 

From Figure 5.11 it is apparent that the zinc and silver cyanide complexes precipitate 

very rapidly from solution. The stability constants of the different metal-cyanide 

complexes were given in Chapter 4, Table 4.2. Silver and zinc form the weakest cyanide 

complexes, and are therefore expected to precipitate first. The free cyanide, including the 

cyanide released by the dissociation and precipitation of silver and zinc, is very rapidly 

taken up by copper. Figure 5.10 shows that an additional 250ppm of copper leaches into 

solution, which then slowly precipitates from solution. It can clearly be seen that the 

weaker cyanide complexes are precipitating in preference to the aurocyanide, which has a 

very high stability. The Fe(CN)6 
4

- precipitates quite rapidly, most probably as a 

ferro cyanide complex without dissociating, such as that given in Figure 4.11, Chapter 4. 

Therefore it has been demonstrated that the speciation of cyanide between different 

metal-cyanide complexes affects the extent of preg-robbing. The results of this 

experiment for the pyrite mineral sample are given in Appendix C, Figures C6-C7. A 

similar, though less dramatic effect than the chalcopyrite mineral sample was observed 

for metal-cyanide species precipitation. The experiment was also performed at an initial 

free cyanide concentration of 2000ppm. At this high cyanide concentration preg-robbing 

was mostly inhibited and little precipitation of metal-cyanide complexes was observed. 

This was because sufficient free cyanide was available to stabilise the cyanide complexes 

in solution. The results ofthis experiment are given in Appendix C, Figures C8-Cll. 
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An experiment was performed to gain greater understanding of the mechanism of gold 

reduction by chalcopyrite and to quantify the extent of preg-robbing. The gold-free 

pyrite and chalcopyrite samples were contacted with a 50ppm gold solution of 

K.Au(CN)2, which contained no free cyanide. The results of this experiment, given in 

Figure 5.12 for the chalcopyrite sample, show some interesting interactions between gold 

and copper. It can be seen that gold precipitates very quickly, while copper is rapidly 

leached into solution. This copper must be in solution as a cyanide complex, because 

CuO and Cu(OH)2, which are the most likely species to form (Marsden and House, 1992; 

Wang and Forssberg, 1990), are both insoluble. Therefore, it appears that as the gold is 

reduced on the surface of the minerals, the copper goes into solution as a cyanide 

complex. The copper then dissociates and the cyanide made available is used to 

redissolve the more stable gold. 
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Figure 5.12 Kinetics of gold and copper leaching and precipitation for 

the gold-free chalcopyrite sample. The solution initially 

contained 50ppm Au in the form of Au(CN)2- and no free 

cyanide 
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The redissolution of the gold is likely due to the greater stability of the gold cyanide over 

the different copper-cyanide species. The peak observed on the copper curve between 

one and four hours could be due to the reduction in the cyanide complexation of copper 

from Cu(CN)l- down to lower level complexes, such as Cu(CN)2-. At time 7.5 hours the 

gold is gradually removed from solution, while the copper is proportionally increased. 

Examination of the mole weights being precipitated indicates that 1.5 mole of gold is 

being reduced for every mole of copper released into solution. This ratio of 1.5 mole of 

gold for every mole of copper also agrees with the initial precipitation and leaching of 

gold within the first five minutes. 

The results of this experiment for the pyrite mineral sample are given in Figure 5.13. 

This shows that the gold can be reduced by the pyrite mineral sample, with the 

subsequent release of copper. Once again the preg-robbing of gold was closely linked to 

the leaching of copper, with relatively slow preg-robbing coupled to slow leaching of the 

copper. The release of zinc, silver and iron into solution was also observed for this ore, 

but the solution concentrations were very low, as shown in Appendix C, Table C15. This 

shows that more than one mechanism may be important in the reduction of gold at the 

pyrite surface. 

For the reduction of gold by the pyrite concentrate, zinc was observed to be released into 

solution, along with a small amount of copper. The pyrite concentrate was contacted 

with a 5ppm gold solution made from KAu(CN)2 -, with no free cyanide in solution. The 

results of this experiment are given in Figure 5.14. It can be seen that as the gold was 

rapidly removed from solution, the concentration of zinc in solution rapidly increases. 

Examination of the mole ratio of gold reduced and zinc released into solution shows that 

3. 7 Au atoms are reduced for every zinc atom released into solution. Therefore, it 

appears that approximately half of the cyanide released by the preg-robbing of gold is 

being complexed to form Zn(CN)l-. 
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Figure 5.13 Kinetics of gold and copper leaching and precipitation for 

the gold-free pyrite mineral sample. The solution initially 

contained 50ppm Au in the form of Au(CN)2- and no free 

cyanide 

The level of metal-cyanide complexes in solution was much lower than that expected 

from the release of cyanide which occurred from the reduction of gold. This may be due 

to the formation of solid Zn(CN)2, which under the cyanide deficient conditions used 

would be more likely to form than Zn(CN)/-. The Zn(CNh could then possibly gain 

further cyanide ions through the reduction of gold species. It may also be that less 

cyanide is available for zinc complexation, as part of the gold being removed from 

solution is adsorbing to the pyrite in a physical adsorption, as suggested by the 

reversibility studies with activated carbon when no cyanide was present. 
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5.8 MECHANISMS 

Adams et a/ (1996) showed that gold accumulated at the edges and dislocations of 

chalcopyrite. MDssbauer analysis was used to show that the gold was in the Au0 form. In 

that article a mechanism was suggested where copper hydroxide reacts with the 

aurocyanide complex, ejecting an electron and forming AuCNCuCN chains. In this 

mechanism it is unclear what is causing the reduction of the aurocyanide complex. 

A mechanism whereby the gold is reduced at the chalcopyrite surface is also strongly 

supported by the work presented above. At low overvoltages a mechanism for the 

reduction of gold was proposed by MacArthur (1972) as occurring through an adsorbed 

intermediate on the basis of oxidation using cyclic voltammetry. Eisenmann (1978) also 

proposed adsorption of the oxidised species followed by dissociation and reduction. This 

mechanism is given by Equation 5.1-5.3, and is possibly also the mechanism for the 
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precipitation of gold at the chalcopyrite surface. For clarity the mechanism does not 

consider the role of Cu or Fe, neither does it explain the role of defect sites. 

Au(CN)2- B Au(CN)ads + CN

Au(CN)ads + e- B Au(CN)ads

Au(CN)ads- B Au+ eN-

Overall the reduction is 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

Habashi (1978) suggested that in alkaline solutions chalcopyrite is oxidised to form Cu2+ 

and Fe2
+ ions. The sulphide formed can be oxidised to sulphate, which is the 

thennodynamically stable species (Wang and Forssberg, 1990) though the reaction is 

slow. Any iron and copper ions released into solution are likely to precipitate as a 

hydroxide under cyanide deficient conditions. However, ion-chromatographic analysis 

has shown that residual free cyanide is present after gold adsorption (Adams et al, 1996). 

It was shown in Figure 5.12 that 1 mole of copper was released into solution as a cyanide 

species for every 1.5 n1ole of gold reduced. Clearly copper cyanide complexes are 

fanning as the gold is reduced at the chalcopyrite surface. A mechanis1n is suggested 

frotn the evidence presented in this paper, where the gold is reduced with the 

corresponding oxidation of chalcopyrite. 

Following the argument Quach et a! ( 1993) made for the reduction of gold by pyrrhotite, 

the chalcopyrite can be oxidised either by the oxidation of ferrous to ferric ions, or 

sulphide to sulphur ions. As the potential of the solutions was always below 300mV (vs 

SHE), Fe2
+ is the stable form of iron, so the oxidation must occur through the formation 

of sulphur. Therefore, the oxidation of chalcopyrite is 

(5.5) 
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Insufficient free cyanide is available for the formation of ferrocyanide complexes. The 

iron released by the oxidation of chalcopyrite n1ust therefore form Fe(OH)2 at the pH and 

Eh used in the experiments. The copper(II) formed in Equation 5.5 reacts with the 

cyanide ions released by the gold reduction to form copper(I) and cyanogen according to 

the following reaction (Nguyen et a!, 1994; Muir et a!, 1988). The level of free cyanide 

can also be reduced by reaction with the elemental sulphur fonned in Equation 5.5. 

Cu2
+ + 3CN- ~ Cu(CNh- + O.S(CN)2 (5.6) 

Overall the reaction for the reduction of gold at the chalcopyrite surface could therefore 

be written as 

4Au(CN)2- + CuFeS2 + 20H- B 4Au + Fe(OH)2 + Cu2+ + 2S0 + 8CN- (5.7) 

Due to the oxidation of cyanide by copper(II), and the fonnation of different copper

cyanide complexes it is difficult to write a stoichimnetrically correct reaction for the 

copper, which corresponds to the 1.5:1 Au:Cu mole ratio experimentally observed. 

However, the cyanide released in Equation 5. 7 must react with the copper(II) to form the 

copper(I) cyanide complexes observed in solution. 

Quach et a! ( 1993) previously suggested a similar n1echanism for the reduction of gold by 

pyrrhotite. The oxidative reaction was the conversion of the sulphide ion to elemental 

sulphur. Though Quach's mechanism was for pyrrhotite, it was not clear from that paper 

which rnineral in1purities were present, and whether another mineral could have 

undergone the anodic reaction, as iron was not observed in solution. It was not clear in 

that paper if any other elements were analysed for. The free cyanide formed from the 

reduction of gold n1ust react with other ore constituents, forming metal-cyanide 

cornplcxes, which was not adequately explained in that paper. 
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Gold may also be reduced at the surface of pyrite, with the subsequent release of zinc, 

copper, nickel and iron into solution, as shown in Figures 5.13-5.14. The reaction could 

occur in a similar way to that given above, with the reduction of gold and oxidation of 

sphalerite or other impurities. Zn(CN)2 could form initially, and as this species builds up, 

it gains further cyanide ions, with the release of soluble Zn(CN)/- into solution. Gold 

may also be partly physically adsorbed onto the pyrite surface. 

5.9 ELECTROCHEMICAL MEASUREMENTS 

Mineral electrodes were used to determine if the surface rest potential of the gold-free 

mineral samples gives an indication of the sample's preg-robbing ability. The mineral 

electrodes, described in Chapter 3, Section 3.7, were first tested against a variety of 

solutions, with reference to the standard calomel electrode. The results of this testing are 

given in Table 5.6. 

Table 5.6 Electrode rest potential in clear solution 

Solution Platinum Gold Chalcopyrite Pyrite 

electrode electrode electrode electrode 

(mVvs SCE) (mV vs SCE) (mV vs SCE) (mV vs SCE) 

Distilled water, pH 7 174 22 280 155 

Distilled water, pH 10 53 -29 156 -26 

200ppm eN- -153 -600 17 -151 

2000ppm eN- -245 -700 -23 -181 

Table 5.6 shows that as the pH and free cyanide concentration increase, the electrodes 

become more negative with reference to the calomel electrode. As the aurocyanide 

complex is negatively charged, this indicates that gold precipitation is more favourable at 
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low pH values and low cyanide concentrations. This agrees with the thermodynamic 

calculations in the literature (Zhang eta!, 1997; Wang and Forssberg, 1990; Osseo-Asare 

et al, 1984a). It also agrees with the experimental results presented in this chapter that 

increased free cyanide concentration reduces preg-robbing. The chalcopyrite mineral 

electrode had the most positive potential, followed by the pyrite electrode. 

To determine the effect of galvanic interactions on the mineral electrode surface 

potentials, individual slurries were made using the pyrite concentrate, gold-free pyrite 

mineral sample, copper concentrate and gold-free chalcopyrite mineral sample. 40g of 

the sample was used in conjunction with 1 OOml of distilled water to make the slurry. 

This gave a solid/liquid ratio consistent with the batch experiments performed for this 

thesis. Table 5.7 shows the electrode rest potential when the initial free cyanide 

concentration was 300ppm. 

Table 5.7 Electrode rest potential when the electrode is in a slurry at 

pH 10.5 and initial cyanide concentration of 300ppm 

Platinum Gold Chalcopyrite Pyrite 

Sample electrode electrode electrode electrode 

(mv vs SCE) (mV vs SCE) (mV vs SCE) (mV vs SCE) 

Pyrite sample -501 -657 99 -261 

Pyrite concentrate 70 -376 171 -94 

Chalcopyrite sample -210 -613 105 -223 

Chalcopyrite 
166 -339 168 -39 

concentrate 

Flotation feed 188 -22 197 8 

Table 5. 7 shows that the pyrite concentrate had more positive potentials than the pyrite 

smnple, which indicates that this ore is more oxidising. The reduction of gold is therefore 
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less likely to occur at this ore than at the pyrite mineral sample. This agrees with the 

experimental results presented before and provides further evidence for the arguments 

presented in Section 5.6. However, this may simply indicate that the pyrite concentrate 

was more oxidised. The copper concentrate was also found to have substantially higher 

potential for all of the electrodes than the chalcopyrite sample. Again, this may indicate a 

more oxidised copper concentrate. 

The electrochemical measurements in Table 5.7 show that the potential of gold as well as 

the mineral electrodes differs considerably between ore types. This shows again that an 

examination of just the ore mineralogy is insufficient to fully understand the ore's preg

robbing or electrochemical behaviour. 

5.10 SUMMARY 

This chapter has revealed a number of findings which significantly improve the 

understanding of preg-robbing by ore concentrates and mineral samples. The main 

findings of this chapter are summarised below. 

For preg-robbing to occur from solution to a pyrite or chalcopyrite mineral surface, it was 

found that the solution must be cyanide deficient. Preg-robbing was found to occur if all 

the free cyanide was consumed. When this consumption resulted in the formation of 

metal-cyanide complexes, such as Ag(CN)2-, Zn(CN)l-, Fe(CN)6
4

-, Cu(CN)/x-l)-, it was 

found that these complexes would precipitate before the aurocyanide complex. These 

complexes therefore serve to stabilise the aurocyanide in solution. 

The propensity of an ore to rapidly adsorb gold is not only a function of the organic 

carbon concentration, but also related to how quickly the ore consumes cyanide. This is 

not necessarily just a function of mineralogy, as the pyrite concentrate and gold-free 

pyrite sample had similar mineralogy, though the gold-free pyrite had faster cyanide 

consumption. 

146 



Pre~-Robbing Phenomena in the Cyanidation of Gold Ores 

Activated carbon competes very strongly with the ore for Au(CNh- when cyanide is 

present. The cyanide may be present as free cyanide or bound as other metal-cyanide 

complexes. Reduction at the mineral surface was found to be almost completely 

inhibited when cyanide and activated carbon were present. When no cyanide was 

present, the gold may be reduced by the ore, or adsorbed onto the activated carbon, with 

the relative amounts depending on the kinetics of the two processes. 

A mechanism for the reduction of aurocyanide was proposed whereby the aurocyanide 

reduces at the chalcopyrite surface. The chalcopyrite was oxidised to form sulphur, iron

hydroxide and copper cyanide complexes. These complexes can potentially redissolve 

the gold to form the more stable Au(CN)2- complex. The reduction of gold on pyrite 

under cyanide deficient conditions was also proposed to occur. This coincided with the 

release of the zinc-cyanide, copper-cyanide, nickel-cyanide and iron-cyanide complexes 

into solution. Gold was shown to be able to adsorb onto the pyrite as Au(CN)2-, though a 

greater proportion of the gold cyanide was reduced or irreversibly adsorbed. 

This study on preg-robbing is extended in the following chapter, where activated carbon 

is shown to enhance gold extraction. Apart from preg-robbing, other mechanisms of 

enhanced gold extraction were also considered, such as the role of equilibrium in 

improving gold extraction in the presence of activated carbon. As discussed in Chapter 2, 

Section 2.6, using activated carbon to improve gold extraction from ores has not been 

discussed in the literature before. Therefore an investigation into this effect is an 

important contribution to the field of gold extraction by CIP/CIL processing. 
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CHAPTER6 

The Mechanism of Enhanced Gold Extraction from Ores in the 

Presence of Activated Carbon 

6.1 OBJECTIVES OF THIS CHAPTER 

Carbon-in-Leach is a common process alternative to Carbon-in-Pulp when an ore is preg

robbing. The activated carbon will compete with the preg-robbing ore constituents in the 

leach tanks, with gold cyanide more selectively adsorbing onto the carbon due to its 

stronger adsorptive capacity. However, other mechanisms may also play a role in 

enhancing the extraction of gold from an ore in the presence of activated carbon. There 

may be an equilibrium effect in solution, where the gold concentration is decreased due 

to adsorption onto activated carbon, resulting in a greater driving force for further 

dissolution of gold, according toLe Chatelier's Principle. 

The objective of this chapter is to investigate the mechanism of enhanced gold extraction 

from ores in the presence of activated carbon. Plant work, batch experimentation and 

diagnostic leaching were used to research this effect. While it is accepted on operating 

gold mines that activated carbon is beneficial for preg-robbing ores, the enhancement in 

gold extraction has not been quantified in the literature before. Moreover, the mechanism 

of the enhancement in gold extraction is not understood. As the refractory ores were 

shown to be preg-robbing in Chapter 5, it was expected that activated carbon would play 

an important role in enhancing gold extraction by inhibiting preg-robbing. The 
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mechanism of enhanced extraction from the oxide ores, which were not preg-robbing, 

was unclear when this study was commenced. The understanding of this phenomenon is 

essential for the correct operation of a CIP/CIL circuit. 

6.2 BACKGROUND INFORMATION 

There are a number of competing processes occurring during the CIP or CIL processing 

of gold, such as the continuous leaching of gold from the ore, preg-robbing at the ore 

surface and the adsorption of gold onto activated carbon. It is widely appreciated that 

gold leaching and adsorption onto activated carbon are complex and affected by 

operating variables such as the cyanide concentration, pH, competing base metals and the 

level of agitation of the pulp. 

The process of preg-robbing is less well understood, although the adsorption of gold to 

components of the ore is accepted in the literature (Hausen and Bucknam, 1984; Osseo

Asare et a/, 1984b; Adams et a/, 1996; Urban et al, 1973; Quach et al, 1993), as 

discussed in Chapter 2, Section 2.5. Gold may adsorb onto the carbonaceous components 

of ores, which can act to either adsorb gold from solution or lock up gold within a 

refractory carbon matrix in the ore (Hausen and Bucknam, 1984). Gold may also adsorb 

onto the mineral constituents of the ore. Urban et al (1973) first demonstrated the 

adsorption of the aurocyanide complex onto an ore, with heavier minerals found to be 

more strongly preg-robbing. In Chapter 5, it was shown that preg-robbing was a function 

of the overall cyanide concentration and cyanide consuming characteristics of the 

minerals studied. 

Preg-robbing may have an effect during CIP processing. Leached gold that would 

othenvise be preg-robbed at the surface of the ore may instead adsorb onto activated 

carbon. Therefore, the extraction of gold would be enhanced by the presence of carbon. 

An investigation into the effect of activated carbon on improving the gold extraction from 

ores may significantly improve understanding of the competing effects of leaching, preg-
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robbing and adsorption. Alternatively, activated carbon may enhance leaching from ores 

by continually removing leached species from solution, disturbing the solid/liquid 

equilibrium and favouring further gold dissolution, in accordance with Le Chatelier's 

principle. 

An investigation into the enhancement of gold extraction using activated carbon by either 

of the above two mechanisms has not been performed before, and represents a sizable 

gap in the literature. Knowledge of this phenomenon is essential for the overall 

performance of a CIP/CIL plant and will be addressed in this chapter, using results from 

an operating plant, which are presented in Section 6.3, batch experimentation, which is 

discussed in Section 6.4-6.5 and diagnostic leaching, which is presented in Section 6.6. 

Diagnostic leaching was used to investigate the role of activated carbon in enhancing 

gold extraction. This technique may be used to destroy minerals prior to the initial 

cyanidation to remove the effect of that mineral on the gold recovery. The use of 

diagnostic leaching in such non-sequential tests has not been demonstrated before. By 

comparing the leaching efficiency with or without activated carbon following the 

selective or partial destruction of a mineral phase, a mechanistic understanding of the role 

of activated carbon in improving the extraction of gold from an ore may be gained. 

6.3 PLANT SAMPLING 

Plant trials were conducted at the Telfer Gold Mine, Australia. This gold mine has three 

thickeners, three air agitated pre-leach tanks and seven carbon-in-leach tanks. The circuit 

is shown schematically in Figure 6.1. Cyanide is added with lime to mixer boxes at the 

feed to the thickeners, preleach tanks and CIL circuit. In the pre-leach tanks, a large 

proportion of the gold was extracted from the ore into solution, due to their high free 

cyanide concentration. Therefore these tanks could be considered as leaching tanks. 
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Figure 6.1 The Telfer leaching and adsorption circuit 

An analysis of the performance of the leaching and adsorption circuit was undertaken 

while the Telfer oxide ore was processed through the plant. The concentration of species 

in solution, pH, solids concentration and carbon concentrations were all determined 

periodically throughout the leaching and adsorption circuit. Figure 6.2 shows the results 

of one such plant profile. It can be seen that the gold leaches into solution rapidly in the 

thickener and first leach tank. Further leaching across the remaining preleach tanks was 

found to be low. This was confirmed from the solids profile, where little reduction in the 

gold grade was observed across these tanks. This occurred despite the presence of 

sufficient free cyanide in solution for gold leaching, as can be seen for the cyanide profile 

across the plant. However, when activated carbon was added to the process in the first 

CIL tank, a rapid reduction in the grade of gold in the solids was observed. 

151 



The Mechanism of Enhanced Gold Extraction from Ores in the Presence of Activated Carbon 

This may indicate that the gold was adsorbed loosely at the surface of the Telfer oxide 

ore during the leaching stage of the process. Once activated carbon was added, which is 

a stronger adsorbent, the aurocyanide complex would adsorb onto the carbon. However, 

this mechanism is not supported by the work presented in Chapter 5, Section 5.3, which 

showed that this ore would not adsorb gold when there was no free cyanide in solution. 

Under these conditions, the preg-robbing phenomenon would be expected to be strongest, 

as it was shown in Chapter 5 that free cyanide reduces the extent of preg-robbing. As the 

Telfer oxide ore was not preg-robbing at Oppm CN-, the ore should not be preg-robbing 

under any conditions that would be found on the gold mill. 

Therefore, this ore gives an enhanced extraction due to the carbon pulling more gold 

from the ore. This could be the result of a shifting equilibrium as the gold is removed 

from solution, which increases the driving force for further gold dissolution. The 

addition of cyanide to the first CIL tank, which can be seen in Figure 6.2, would also 

increase .the leachability of the gold. 
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A number of batch experiments were performed at the Telfer Gold Mine to determine if 

the location, or the initial cyanide concentration of a sample of ore from the plant, had an 

effect on the improvement of gold extraction in the presence of activated carbon. From 

each tank a volume of slurry was taken and carefully split in two, 2.3L fractions. 

Subsequent testing showed that both the solid and liquid phases were split evenly 

between the two samples. 12g of activated carbon was added to one sample, while no 

carbon was added to the other portion. No additional cyanide was added above that 

already present in the tank. Extraction was continued for 22 hours. The mass fraction of 

solids was 0.45. The results are given in Table 6.1. 

Table 6.1 The effect of 12g of activated carbon on gold extraction 

from plant slurry samples after 22 hours of leaching 

Sampling point Initial free CN- Extraction Extraction 

(ppm) (without carbon) (with carbon) 

B 310 75.0% 84.8% 

c 135 72.9% 78.4% 

E 115 68.2% 74.3% 

G 125 62.6% 73.0% 

It can be seen that a similar improvement in gold extraction was recorded regardless of 

the sampling location. The level of cyanide was also found to have little effect on the 

magnitude of the improvement in gold extraction for this ore. The effect of cyanide is 

examined further in the following section, along with an investigation into enhanced gold 

extraction with activated carbon on the different ores studied within this thesis. 
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6.4 THE EFFECT OF CYANIDE CONCENTRATION ON THE IMPROVED 

EXTRACTION OF GOLD WITH ACTIVATED CARBON 

Batch experiments were performed on the oxide and sulphide ores at different cyanide 

concentrations to quantify the enhancement of the extraction of gold in the presence of 

activated carbon. Two slurries were created for each ore. To each, an identical quantity 

of potassium cyanide was added to achieve the desired initial cyanide concentration. 

This cyanide was allowed to degrade throughout the experiment without any further 

addition. To one of the batch reactors, 2g of prepared activated carbon was added, while 

for the other no activated carbon was added. After 24 hours the solution and carbon 

phases were analysed to determine the extraction of gold from the ore. Table 6.2 shows 

the results of this experiment, when 200ppm CN- was the initial free cyanide 

concentration. This table also gives an indication of the level of analytical error 

associated with the ICP analysis and carbon digestion of each ore. It can be seen that 

there was less error associated with the higher grade ores, as expected. The New 

Celebration oxide ore is not included in this chapter, as for this very low grade ore the 

observed enhancement in gold extraction with activated carbon was always within the 

error associated with the ICP analysis and carbon digestion. 

Table 6.2 The effect of 2g of activated carbon on gold extraction at an 

initial free cyanide concentration of 200ppm after 24 hours 

Flotation Pyrite Copper 
Experiment Telfer oxide 

feed concentrate concentrate 

Extraction 
66.9 ± 2.5% 12.6 ± 0.8% 13.2 ± 0.2o/o 1.5 ± 0.02% 

(without carbon) 

Extraction 
80.4±4% 16.1 ± 0.8% 16.0 ± 0.2o/o 3.2 ± 0.16%) 

(with carbon) 

The error margins are experimental errors for carbon digestion and ICP analysis 
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It can be seen that the presence of activated carbon resulted in an enhanced gold 

extraction for all of the ores. The effect can also be seen to lie well within the error of 

analysis by ICP and digestion of activated carbon. At the completion of the experiment, 

each ore was washed with water, followed by a wash of SOppm free cyanide for two 

minutes. Any preg-robbed or precipitated gold adsorbed on the surface of the ore may be 

pulled off by this treatment. The results of the cyanide wash are given in Table 6.3. 

Table 6.3 

Experiment 

.Extraction 

(without carbon) 

Extraction 

(with carbon) 

Preg-robbed gold removed from the ore by a 50ppm eN

solution following gold extraction with or without activated 

carbon 

Telfer Flotation Pyrite Copper 

oxide feed concentrate concentrate 

0% 2.8% 11.1% 0.2% 

0% 2.2% 8.0% 0.2% 

Table 6.3 shows that the oxide ores had no such bound gold, which agrees with the 

finding in Chapter 5 that these ores were not preg-robbing. Therefore, the enhancement 

in gold extraction for the Telfer oxide ore in the presence of activated carbon cannot 

simply be due to the carbon overcoming preg-robbing. For the pyrite concentrate, a 

difference in the results of the cyanide wash was observed between the extraction of gold 

with or without activated carbon. Less preg-robbed gold was seen in the experiment 

where activated carbon was present. This indicates that the enhancement of gold 

extraction was due to the activated carbon adsorbing gold that would have otherwise been 

preg-robbed. For the flotation feed marginally more gold was removed from the 

experiment conducted without activated carbon. The enhancement in leaching observed 

could therefore be due to a combination of mechanisms. For the copper concentrate an 
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equivalent amount of gold was removed from the experiment with and without activated 

carbon. However, the results for this ore are not conclusive due to the low cyanide 

concentration and extremely high cyanide consumption this ore displayed. The cyanide 

may have been consumed before it had the opportunity to dislodge adsorbed or 

precipitated gold. 

Batch experiments to determine the extraction of gold after 24 hours with and without 

activated carbon were also performed at an initial free cyanide concentration of 500ppm 

using 2g of activated carbon. The results of this experiment are given in Table 6.4. The 

Telfer oxide ore showed no improvement. There was an excess of cyanide for this ore, 

which allowed the maximum amount of gold possible to be extracted from the ore by 

leaching. Therefore, no benefit from the presence of activated carbon could be observed. 

Table 6.4 

Experiment 

Extraction 

(without carbon) 

Extraction 

(with carbon) 

The effect of 4g of activated carbon on gold extraction at 

an initial free cyanide concentration of 500ppm after 24 

hours 

Telfer Flotation Pyrite Copper 

oxide feed concentrate concentrate 

95o/o 6% 12o/o 1.6o/o 

95% 7.6% 23o/o 2.4% 

The flotation feed showed a moderate improvement in gold extraction at an initial 

cyanide concentration of 500ppm, while the pyrite concentrate showed a larger 

improvement than at 200ppm CN-. The copper concentrate showed a similar level of 

improvement as the previous test (Table 6.2). 
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To confirm the results that activated carbon improves the extraction of gold from the 

sulphide ores, 800g of ore in 21 of a solution that initially contained 1 OOOppm CN was 

leached. After 24 hours the slurries were carefully divided into two and 8g of activated 

carbon added to one portion, while no activated carbon was added to the other portion. 

No additional free cyanide was added and the extraction of gold was continued for a 

further 24 hours. The results are given in Table 6.5. A small but definite improvement 

for each ore was observed. The smaller magnitude of the improvement in gold extraction 

could be related to the kinetics of the preg-robbing processes for the different ores, which 

is investigated further in Chapter 7, Section 7.4. In Chapter 5, Figure 5.1 showed the 

preg-robbing behaviour of the sulphide ores over a 24 hour period. In this figure the 

preg-robbing by the sulphide ores commenced with a period of rapid adsorption, 

followed by slower preg-robbing. 

Table 6.5 

Experiment 

Extraction 

(without carbon) 

Extraction 

(with carbon) 

The effect of 8g of activated carbon on gold extraction at an 

initial free cyanide concentration of 1 OOOppm after 24 

hours from a specially split slurry 

Flotation Pyrite Copper 

feed concentrate concentrate 

39% 47% 10.2% 

42% 50% 11.8o/o 

As preg-robbing is initially rapid, the magnitude of the enhancement of gold extraction 

with or without carbon may have been lower from these specially split solutions, as 

activated carbon was not present at the commencement of the experiment. Therefore, the 

activated carbon could not compete with the adsorption of gold onto the ore at the start of 

the experiment and less enhancement in gold extraction was observed. It was also shown 
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in Chapter 5, Section 5.4 that some preg-robbed gold will desorb from the ore and adsorb 

onto activated carbon when carbon is present, which would also affect these results. 

A batch experiment was also performed at an initial free cyanide concentration of 

2000ppm. The experiment was performed using 8g of activated carbon for 48 hours. 

After this period the flotation feed and pyrite concentrate had reached equilibrium. For 

the copper concentrate the 2000ppm of cyanide was instantly consumed, as in previous 

tests. Leaching of gold continued through the dissociation and precipitation of other less 

stable metal-cyanide complexes for this ore, as discussed in Chapter 4. 

Table 6.6 

Experiment 

Extraction 

The effect of 8g of activated carbon on gold extraction at an 

initial free cyanide concentration of 2000ppm after 24 

hours 

Flotation Pyrite Copper 

feed concentrate concentrate 

86% 74% 14.2% 
(without carbon) 

Extraction (with 
89% 84% 16.4% 

carbon) 

Table 6.6 shows that once again a definite improvement in gold extraction was observed 

for each of the ores at this high cyanide concentration. A large improvement was seen 

for the pyrite concentrate and copper concentrate. A smaller percentage improvement 

was found for the flotation feed. 

The improvement of gold extraction in the presence of activated carbon was not found to 

be strongly dependent on the cyanide concentration for the sulphide ores. However, this 

section has conclusively shown that additional gold may be extracted from an ore when 
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activated carbon is present during leaching at a variety of cyanide concentrations. As 

these ores were found to be preg-robbing, the mechanism for the improvement of gold 

extraction in the presence of activated carbon for the flotation feed, pyrite and copper 

concentrate was at least partly due to the activated carbon competing for gold that would 

otherwise have been preg-robbed. The mechanism is investigated further in the 

following section. 

The effect of cyanide is different for the Telfer oxide ore. For this ore it was found that a 

high level of cyanide resulted in no improvement in gold extraction with activated 

carbon, as the ore had reached the maximum possible gold extraction that could be 

achieved by cyanidation without finer grinding. At lower levels of cyanide the results 

from the plant surveys suggest that additional gold may be extracted due to an 

equilibrium effect that results in more gold dissolution as the gold is removed from 

solution by activated carbon. 

6.5 EQUILIBRIUM EFFECTS 

To investigate the role equilibrium plays in gold leaching, two batches of each of the 

refractory ores were leached at an initial free cyanide concentration of 2000ppm. The 

flotation feed and pyrite concentrate were leached for 48 hours, while the copper 

concentrate was leached for 7 days. After this period, each ore had come to equilibrium 

in terms of gold extraction. To one batch a further 2000ppm CN- was added, while the 

other was filtered, washed and contacted with a fresh solution of 2000ppm CN-. The 

kinetics of the leaching processes of the different metal-cyanide species were observed 

and compared for the different methods of cyanide addition for each ore. 

The results of this experiment for the flotation feed are shown in Appendix D, Figures D 1 

and D2. Almost no difference in the gold extraction was found regardless of whether a 

fresh solution of cyanide was used or additional cyanide was added to the already leached 

solution. This was because the flotation feed had already reached the maximum gold 
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extraction during the first 48 hours of the cyanidation. The additional cyanide only 

caused a difference to the zinc, nickel and copper in solution, where slightly more of 

these species were found in solution for the fresh solution. The data showing these trends 

are given in Appendix D, Table D9 and DlO. This indicates that an equilibrium does 

exist for this ore, and that it is easier to extract Zn, Ni and Cu into a solution which 

contains low concentrations of these species. By removing these species from solution, 

further dissolution would occur. No equilibrium effect was observed for gold for this ore, 

as no further gold dissolution occurred as a result of using a fresh cyanide solution which 

contained no gold. Therefore, in the experiment to determine the enhancement in the 

extraction of gold in the presence of activated carbon at 2000ppm, which was presented 

in Table 6.6, the enhancement in extraction was entirely due to the effect of overcoming 

preg-robbing for the flotation feed. 

The copper concentrate showed some interesting curves in Figures 6.3 and 6.4. Contrary 

to expectations the fresh cyanide solution was found to extract less gold and copper than 

when additional cyanide was added to the leached solution. This was because there was 

more cyanide available in the form of metal-cyanide complexes which continued to be 

used for gold leaching. The cyanide bound in complexes which are weaker than gold 

dissociate and precipitate in cyanide deficient solutions, with the cyanide made available 

used to leach further gold, which was discussed in Chapter 4. Before a fresh cyanide 

solution was used, any copper cyanide, and other beneficial metal-cyanide complexes in 

solution were removed. The dissolution of gold was less than when these species were 

available. In Figure 6.5 the rapid consumption of the free cyanide to form copper 

complexes is shown, followed by the precipitation of these species. This figure relates to 

the experiment where cyanide was added to the solution which already contained 

cyanide. It can be seen that after 168 hours the copper concentration in solution is 

increased due to the addition of more cyanide. The copper-cyanide complexes formed 

then dissociate and precipitate, furthering gold leaching. 
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From the gold curves in Figure 6.3 it can be seen that when cyanide was added to the 

copper concentrate slurry after 7 days, the gold extraction increased rapidly, by a factor 

of approximately 60o/o. This was due to the redissolution of precipitated or adsorbed gold 

that had been preg-robbed in the cyanide deficient conditions, as discussed in Section 5.7, 

Chapter 5. The additional cyanide in solution caused this gold to redissolve rapidly. This 

has important implications in the mechanism of enhanced gold extraction in the presence 

of activated carbon. Clearly the copper concentrate was very strongly preg-robbing. 

When activated carbon was present, this preg-robbing would be overcome to an extent by 

the presence of the carbon. The amount of gold which was preg-robbed in this 

experiment entirely accounts for the improvement in gold extraction that was observed 

previously. The competition between the minerals and activated carbon for adsorption of 

aurocyanide is investigated kinetically using a modelling approach in Chapter 7, Sections 

7.5 and 7.6. 
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The results of this equilibrium experiment for the pyrite concentrate are given in Figures 

6.6 and 6.7. For this ore it can be seen that significant additional gold extraction was 

observed from the fresh cyanide solution used after 48 hours. Figure 6.6 shows the 

establishment of an equilibrium after 48 hours as the cyanide concentration in solution 

becomes low. When additional cyanide was added a new equilibrium was established, 

which was 20% higher than the previous equilibrium. Figure 6.7 shows that when a fresh 

solution was used approximately 30% more gold was leached into the fresh solution. At 

the same time substantially more sulphur, nickel, zinc, iron and copper were also leached 

into solution, with the data given in Appendix D, Tables D13 and Dl4. Clearly this ore 

was affected by the species already in solution to a greater extent than the flotation feed. 

Unlike the copper concentrate, no evidence of preg-robbed gold was found by the rapid 

redissolution of gold after the addition of free cyanide. This ore was shown to be only a 

weak preg-robber in the presence of cyanide species in Chapter 5. Therefore, the role of 

activated carbon in improving the gold extraction was due to a combination of two 

mechanisms for this ore. One was overcoming preg-robbing, while a higher extraction of 

gold under equilibrium conditions was also achieved as gold and copper cyanide species 

were removed from solution by activated carbon. 

6.6 USE OF DIAGNOSTIC LEACHING PRETREATMENTS TO DETERMINE 

THE EFFECT OF MINERALOGY ON ENHANCED GOLD EXTRACTION 

Diagnostic leaching tests were used in an attempt to determine the effect of the sulphide 

ore's mineralogy on the enhancement of gold extraction in the presence of activated 

carbon. Each of the refractory ores was subjected to the diagnostic leaching procedure 

detailed in Chapter 3, Figure 3.2. This is referred to throughout this chapter as a 

sequential diagnostic leaching test. Each ore was also treated by this sequential 

diagnostic leaching procedure, except that 8g of activated carbon was used in the 

cyanidation stage. The difference in the extraction of the gold with or without activated 

carbon was examined, along with the deportment of gold within the minerals. 
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As well as a sequential test, diagnostic leaching pretreatments were also performed in a 

non-sequential manner. This involved pretreating each ore with either HCl, H2S04 or 

HN03. Following this pretreatment the remaining ore was leached with cyanide in the 

presence or absence of 8g activated carbon. Apart from the sequence of the experiment, 

the conditions were identical to those given in Chapter 3, Section 3.4. The results of this 

testwork are given in Table 6.7 for the flotation feed, with the experimental data in 

Appendix D, Tables D15 and Dl6. From the sequential test it can be seen that activated 

carbon improved the extraction of gold for each test except where nitric acid was used. 

This test showed no improvement, as the gold liberated from the ore which had 

undergone the leaching in the presence of activated carbon was already much higher than 

the ore that had undergone leaching only. There was, thus, less gold available to be 

extracted. 

Table 6.7 Diagnostic leaching of the flotation feed (% extraction) 

Extraction Extraction 
Extraction Extraction 

Pretreatment (without (without 
(with carbon) (with carbon) 

carbon) carbon) 

Sequential test Non-sequential test 

None 86o/o 89o/o 86% 89% 

HCl 2% 5% 85% 89% 

H2S04 0% 0.3% 89% 87% 

HN03 12°/o 5.7% 88% 92% 

Total 100% 100% - -

All of the gold within the flotation feed was found to be leachable by conventional 

cyanidation at the completion of the diagnostic leaching sequence. XRD analysis was 

used to confirm that the HCl treatment destroyed the calcite and dolomite mineral phases. 

Approximately 2% of the gold was liberated after this attack, which indicates that a small 
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proportion of the gold was bound within this mineral. When activated carbon was used, a 

more significant proportion of gold was extracted. Sulphuric acid, which breaks down 

labile sulphide minerals (Lorenzen, 1995), was found to liberate almost no gold. Nitric 

acid broke down all of the pyrite and chalcopyrite, liberating the remaining free gold. 

The breakdown of these minerals was also confirmed by XRD analysis. The 

diffractograms are given in Appendix D, Figures D3 to D6. 

The non-sequential diagnostic leaching pretreatments, also shown in Table 6.7, showed 

an improvement in the presence of activated carbon in all tests except the sulphuric acid 

test. This appears to have inhibited the adsorption onto the activated carbon. There is an 

obvious conflict in the results between the sequential diagnostic leaching test and the 

non-sequential test. The non-sequential pretreatments do not give as good an indication 

of the deportment of gold within the ore, as the gold extractions are similar for each test. 

It may be that during the sequential test, passivating films formed during cyanidation are 

broken up by the following oxidative treatment, allowing further liberation of gold. This 

liberation is not possible for the non-sequential pretreatments, which do not give as good 

an indication of the deportment of gold. However, the non-sequential pretreatments 

clearly show that the improvement in gold extraction in the presence of activated carbon 

is not specifically a function of mineralogy, as the improvement in extraction in the 

presence of carbon was similar for each test, except the sulphuric acid test. 

The deportment of gold within this ore is shown in Figure 6.8, according to the sequential 

leaching test without activated carbon. If the activated carbon test is compared to this, a 

larger proportion of the gold would be attributed to the dolomite phase and less to the 

pyrite and chalcopyrite phase. This appears to be due to the activated carbon pulling 

more gold from the ore when pyrite and chalcopyrite are present. As these minerals are 

known to be preg-robbing, the additional extraction when these minerals were present 

was due to the adsorption of gold onto activated carbon overcoming the adsorption by the 

ore. 
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Deportment of gold within the flotation feed as determined 

by a sequential diagnostic leaching test without activated 

carbon 

A similar test was performed with the pyrite concentrate. Table 6.8 presents the results 

of this experiment. For the sequential test it can be seen that the most significant 

improvement in gold extraction was found for the initial leaching test in the presence of 

carbon. Overall, when activated carbon was present, the total extraction of gold after 

each treatment was higher, with all of the gold being recovered. When carbon was not 

present, only 88% of the gold was recovered from the ore. Therefore, the activated 

carbon served to extract gold from the ore that was unrecoverable by cyanidation alone. 

If preg-robbing was the only inhibiting process to overcome for enhanced gold extraction 

in the presence of carbon for this ore, the final values would have agreed more closely. It 

was shown in Section 6.5 that the extraction of gold from this ore was affected by the 

cyanide species present in solution. The presence of the activated carbon served to shift 

the equilibrium to conditions which favoured additional extraction of gold from the ore. 
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Table 6.8 Diagnostic leaching of the pyrite concentrate(% extraction) 

Extraction Extraction 
Extraction Extraction 

Pretreatment (without (without 

carbon) 
(with carbon) 

carbon) 
(with carbon) 

Sequential test Non-sequential test 

None 74% 84% 74% 84% 

HCl 13% 14.3% 82% 92% 

H2S04 0.7% 1.3% 87% 91% 

HN03 0.2% 0.4% 83% 92% 

Total 87.9o/o lOOo/o - -

For the non-sequential pretreatments performed on the pyrite concentrate a significant 

improvement in gold extraction was seen for all tests except the sulphuric acid treatment, 

which showed a modest improvement. Once again the results found in the non-sequential 

pretreatments did not agree with the sequential test, most probably due to the effects of 

film formation. Lorenzen (1995) suggested a number of treatments to remove these 

films. 

The majority of the gold within the pyrite concentrate was leachable by cyanidation. The 

deportment of gold for this ore is shown in Figure 6.9, as determined by the sequential 

diagnostic leaching procedure without activated carbon. A large proportion of gold was 

liberated after the HCl treatment which completely dissolved the dolomite and calcite 

within the ore. This gold was probably liberated by the breakdown of passivating films 

formed during the first cyanidation, rather than actually being attributable to the dolomite 

phase of the ore. Figure 6. 7 showed the establishment of a second equilibrium following 

the addition of free cyanide to the ore and this deportment of gold in Figure 6.9 may 

simply be the establishment of a new equilibrium. This shows the care that must be taken 

in the interpretation of diagnostic leaching results. Following the nitric acid digestion the 

pyrite of the mineral sample was completely destroyed. Despite this, 12o/o of the gold 

168 



The Mechanism of Enhanced Gold Extraction from Ores in the Presence of Activated Carbon 

was still not liberated and must therefore be locked within the matrix of the ore. The 

XRD scans and ICP analysis confirming the mineral destruction are given in Figures D7 

to DlO and Table D20. 
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Figure 6.9 Deportment of gold within the pyrite concentrate as 

determined by a sequential diagnostic leaching test without 

activated carbon 

The results in Table 6.9 for the copper concentrate are more difficult to interpret. For the 

non-sequential pretreatments an improvement in extraction was observed when activated 

carbon was used for each test except for the sulphuric acid test. HCl showed the greatest 

overall extraction, and this oxidative treatment must give the ore the best preparation for 

cyanidation. The sample which underwent the HCl treatment was found to have the 

slowest cyanide consumption and a lower level of copper in solution than the samples 

which had no pretreatment or a sulphuric acid pretreatment. XRD analysis showed that 

HCl completely destroyed the dolomite phase. The nitric acid pretreatment digested all 
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of the pyrite, though only 25% of the chalcopyrite was destroyed as the conditions of the 

nitric acid leach were not aggressive enough. Therefore, the nitric acid pretreatment did 

not liberate all of the gold within the chalcopyrite and a high cyanide consumption was 

observed after this pretreatment. The XRD scans are given in Appendix D, Figures Dll 

to D14. The method of determination of the pyrite and chalcopyrite destruction is also 

given there. 

In the sequential test a reduction in extraction was observed for the activated carbon test 

following the hydrochloric acid treatment. All other tests showed a significant 

improvement in the presence of activated carbon, including the sulphuric acid. Overall, 

an additional 6.2% more gold was extracted when activated carbon was used in 

conjunction with cyanide, rather than cyanide alone. As this ore was strongly preg

robbing, this can be completely attributed to the effect of overcoming preg-robbing. 

Table 6.9 Diagnostic leaching of the copper concentrate (% 

extraction). The raw data is contained in Appendix D, 

Tables D21 and D22 

Pretreatment Extraction Extraction Extraction Extraction 

(without (with carbon) (without (with carbon) 

carbon) carbon) 

Sequential test Non-sequential test 

None 14.2o/o 16.4% 14.2% 16.4% 

HCI 53. 7o/o 49.1% 55.5% 61.7% 

HzS04 7.5% 14.1% 39.6% 36.7% 

HN03 1.3% 3.3% 29.2% 35.1% 

Total 76. 7o/o 82.9% - -
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The results of the diagnostic leaching tests for the copper concentrate cannot be 

considered as indicative of the deportment of gold as insufficient free cyanide was 

available for the complete liberation of gold and not all of the chalcopyrite was destroyed 

in the nitric acid leach. The free cyanide that was used, was consumed immediately and 

not enough time was given for the leaching reaction to reach equilibrium for this ore. 

Instead, conditions were used which allowed a comparison with the pyrite concentrate 

and flotation feed. This may account for the discrepancy in the gold extractions when a 

different pretreatment was used in the non-sequential diagnostic leaching pretreatments. 

To investigate the deportment of gold within the copper concentrate, a leaching test was 

performed at a very high initial free cyanide concentration of 40000 ppm for 25 days. 

The results for this experiment were presented in Chapter 4, Figure 4.8-4.9. At these 

conditions it was found that over 90% of the gold was liberated by cyanide. Therefore 

this ore, along with the other sulphide ores, was refractory due to its high cyanide 

consumption. Williams (1993) used the term "economically refractory" to describe ores 

of this type. The copper concentrate displayed such a high level of refractoriness that it 

could not possibly be treated by cyanidation without an effective pretreatment stage. 

While diagnostic leaching can be used to analyse the deportment of gold within an ore, 

SEM gives an indication of the nature of the gold within the ore. SEM was performed on 

the sulphide samples using polished samples and by the direct observation of particles 

that were glued to a surface with double sided adhesive. The gold was found to be 

unobservable within the limit of detection of the SEM, which is 0.1~-tm (Chryssoulis and 

Cabri, 1990). The gold was therefore submicroscopic, and could be considered as gold in 

solid solution, or colloidal-size gold distributed within the ore of less than O.lf.lm size. 

SEM showed the pyrite to be very porous in nature, while the chalcopyrite was very non

porous. The pyrite would therefore be much more susceptible to cyanide attack through 

the pores of the particle. An SEM photograph of pyrite and chalcopyrite is given in 

Figure 6.1 0. The smooth chalcopyrite particle can be seen in the centre, surrounded by 

porous pyrite particles. BET surface area analysis showed that the porosity of the ore 
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was dramatically decreased by the acid pretreatments. The data are given in Appendix D, 

TableD24. 

Figure 6.10 SEM of pyrite and chalcopyrite 

6.7 SUMMARY 

It has long been accepted that activated carbon in a CIL configuration helps extract gold 

from a preg-robbing ore, but it is surprising that this has not been quantified before, or the 

possibility of other mechanisms for enhanced gold extraction in the presence of activated 

carbon postulated. There were a number of findings in this chapter which contribute to a 

more thorough understanding of the effect of activated carbon on enhanced gold 

extraction. These findings are summarised below. 

In experiments using low cyanide concentrations and on the plant, the Telfer oxide ore 

gave a higher gold extraction in the presence of activated carbon than when activated 

carbon was not present. As this ore displayed no preg-robbing characteristics, this effect 
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was due to the activated carbon pulling gold from the ore that would otherwise not have 

been recovered. At high cyanide concentrations, this ore did not show enhanced gold 

leaching in the presence of activated carbon, as the driving force for gold dissolution was 

large enough for all of the leachable gold to be extracted by cyanide alone. 

The flotation feed also showed an enhancement in gold extraction when activated carbon 

was present, however, this ore was previously found to be mildly preg-robbing. The 

relatively small improvements in gold extraction observed for this ore could be attributed 

entirely to the activated carbon adsorbing gold that would otherwise have been preg

robbed. This ore did not display the establishment of a second equilibrium at the addition 

of 2000ppm free cyanide to an already leached slurry, as the maximum amount of gold 

had already been extracted. The improvement in extraction was not found to be a 

function of the minerals present in the ore, with similar improvements in extraction found 

regardless of which minerals had been destroyed by diagnostic leaching-type 

pretreatments. 

The copper concentrate showed an enhancement in gold leaching which was also entirely 

attributable to the effect of overcoming preg-robbing. For this ore, less gold was 

extracted from an already leached ore when a fresh cyanide solution was subsequently 

used, as less metal-cyanide species were available to promote gold leaching, as found in 

Chapter 4. The existence of preg-robbed gold at the surface of this ore was confirmed 

from the equilibrium curves which showed the rapid redissolution of preg-robbed gold 

following the addition of cyanide, which adds additional weight to the findings in 

Chapter 5. The amount of gold redissolved agreed with the observed enhancement in 

gold extraction in the presence of activated carbon. 

For the pyrite concentrate, the addition of cyanide to a slurry which had already been 

leached for 48 hours at an initial cyanide concentration of 2000ppm caused the 

establishment of a new, higher equilibrium extraction. This ore was only weakly preg

robbing, while large improvements in gold extraction were observed, which could not be 

attributed to this effect only. For this ore, the extraction of gold in the presence of 
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activated carbon was enhanced by the attainment of a higher equilibrium extraction of 

gold from the ore. The enhancement was not found to be a function of the mineralogy 

present, as similar improvements in extraction were observed regardless of which 

minerals were destroyed by an acidic pretreatment. 

For the different results from the ores it can be seen that a simple examination of an ore's 

mineralogy is not sufficient to detetmine what the effect of activated carbon will be on 

the gold extraction. Instead, the preg-robbing characteristics of the ore must be 

inv~estigated, as well as its leaching behaviour at different cyanide concentrations. 

In view of the above statements and other conclusions that were made in the previous 

chapters, it can be seen that the work completed in this thesis has produced a number of 

findings which have characterised the behaviour of refractory ores with regard to their 

leaching, preg-robbing and adsorption behaviour. A model which accounts for these 

three effects is a useful tool for other investigators and plant metallurgists that wish to 

study these phenomena. Individual models for the leaching, preg-robbing and adsorption 

are developed and discussed in the following chapter. These models are then extended to 

an overall batch model, where all three processes occur simultaneously. This was used to 

quc:mtify the role of preg-robbing in enhancing the extraction of gold from ores and could 

be used for predicting the extraction of gold from a certain ore type. 
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CHAPTER 7 

f~atch Modelling of the Processes of Leaching, Preg-Robbing 

and Adsorption onto Activated Carbon 

7.1 OBJECTIVES OF THIS CHAPTER 

This chapter is aimed at producing an overall batch model to describe the processes of 

leaching, preg-robbing and adsorption onto activated carbon. This model is based upon 

the discussion and conclusions presented in Chapters 4 to 6, and aims to further quantify 

the sub-processes of leaching, preg-robbing and adsorption onto activated carbon. One 

more fundamental aim of this chapter is to gain insight into the effect of the kinetics of 

preg-robbing on gold extraction with or without activated carbon, as discussed in Section 

6.5. 

7.2 BACKGROUND INFORMATION 

Many authors have modelled the gold leaching process, using both empirical and 

fundamentally based models. As discussed in Chapter 2, Section 2.8.1, the modelling of 

gold leaching from ores is complicated by numerous factors such as the changing cyanide 

and oxygen concentrations in solution, the mineralogy of the ore and diminishing gold 

surface area. 
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The: most simple expression to describe gold leaching has the form of the Mintek model, 

which was proposed by Nicol et al (1984a). McLaughlin and Agar (1991) proposed a 

first order Mintek-type model, while Ling et al (1996) proposed an exponent of 1.5. The 

Mintek model cleverly accounts for the wide variety of competing phenomena in gold

leaching and also describes the refractory gold by inclusion of the goo term. In the past, 

this term has been determined from least squares regression (Nicol et a/, 1984a; 

McLaughlin and Agar, 1991; Ling et al, 1996), which removes any fundamental meaning 

frorn this parameter. Therefore, the model is purely empirical, although it has the 

advantage of being calibrated relatively easily from experim~ntal data. In Section 7.3 a 

model of the form of the Mintek model is developed and applied to the ores which have 

been studied within this thesis. This is a variable order model, as various authors have 

applied different values to the order of the reaction. Therefore, in this model the order of 

the reaction is set at different values for each particular ore studied. This model also 

differs from other models of this type as the goo is determined from experimental data, 

rather than from an empirical fit. This means the model has essentially one adjustable 

parameter that can be determined from experimental data. 

Unlike gold leaching, preg-robbing modelling has received very little attention in the 

literature. For refractory ores, the results of Chapter 5 indicate that the importance of this 

phenomenon may have been overlooked for the processing of ores using cyanide as a 

lixiviant. Van der Walt and van Deventer (1992) suggested the use of a film transfer 

model for the adsorption of the aurocyanide complex by the ore, in a similar manner to 

the adsorption of gold onto activated carbon. However, the film diffusion coefficient was 

not determined from experimental data; rather a value was estimated, which was then 

used to perform a sensitivity analysis on the effect of preg-robbing in a CIP circuit. 

Values for the Freundlich isotherm were also assumed. Liebenberg and van Deventer 

( 1998) also proposed the same preg-robbing model in a more comprehensive CIP model, 

but no results were given for the application of the model. In Section 7.4, a preg-robbing 

model of this form is applied to the experimental data obtained during the investigation 

into preg-robbing from Chapter 5. 
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A number of successful adsorption models have been developed that account for the 

kinetic mechanisms of adsorption, which include the film transfer of aurocyanide to the 

carbon, surface diffusion and diffusion into the pores of the carbon (V egter and 

Sandenbergh, 1996; van Deventer, 1984b; Peel et al, 1981). As discussed in Section 

2. 8.3 it was not the aim of this thesis to develop an improved adsorption model. Rather 

the film transfer model with a Freundlich isotherm was applied to simultaneous leaching 

and adsorption data to calibrate the parameters of the film transfer model. The 

application of the film transfer model to the oxide ores is shown in Section 7.5. 

In Chapter 5 the sulphide ores studied were shown to be preg-robbing. Therefore the 

leaching modelling for these ores in Section 7.3 represents the combined leaching and 

preg-robbing modelling in reality. In Section 7.6 the leaching is decoupled from the 

preg-robbing by use of the leaching, preg-robbing and adsorption data for these ores. The 

adsorption parameters are then calibrated and the effect of preg-robbing on the different 

ore types with or without activated carbon quantified, which was one of the fundamental 

aims of this thesis. 

7.3 MODELLING OF LEACHING 

The form of the model which was used to describe gold leaching is given in Equation 7 .1. 

This states that the driving force for gold dissolution is a function of the difference 

betvveen the gold grade at a particular time and the refractory, or unleachable gold. 

dg __ -k (g _ g )n 
dt - leach oo 

(7.1) 

The development of a number of different types of leaching models were initially 

attempted, but the variable order Mintek expression given in Equation 7.1, was found to 

be the most appropriate for describing the wide variety of leaching data gained from the 
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different ores. The application of this model is simple if the mass of ore and volume of 

solution are accurately known, so that it is possible to model the change in solution 

concentration using the relationship in Equation 7 .2. 

. m 
concentratzon = (g 0 - g 

1
) ____EI!l_ 

v 
(7.2) 

7.3.1 Parameter determination for the leaching model 

Before applying the model, it was necessary to first define the value which goo would take 

for a particular ore. This was defined to be the maximum amount of gold that could be 

extracted using cyanide for a specific particle size distribution. This can be readily 

determined for an ore by leaching the ore at a high cyanide concentration until 

equilibrium is reached. goo is then set as the unleached gold remaining in the ore. 

Regardless of the cyanide concentration which is then used for leaching, this term 

remains constant, which differs from the applications of this form of leaching model in 

the literature (Nicol eta/, 1984a; McLaughlin and Agar 1991; Ling eta/, 1996). 

After determination of the refractory gold in the ore, Equation 7.2 was then solved 

analytically and the kteach and n parameters fitted to the solution concentration data using 

non--linear least-squares regression. 

7 .3.2 Application of the leaching model 

The leaching model in Equation 7.2 was applied to the leaching data of the oxide ores, 

the flotation feed, the pyrite concentrate and the copper concentrate. The results gained 

are presented below. 
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7 .3.2.1 New Celebration oxide ore 

The kinetics of the leaching of the New Celebration oxide ore were examined at a 

number of different cyanide conditions. Experiments were performed using an initial 

cyanide concentration that was allowed to degrade throughout the experiment, and using 

a more constant cyanide concentration, which involved periodically adding cyanide so 

that the desired concentration was maintained. The results of the non-linear regression 

are presented in Table 7.1. The experimental data are given in Appendix E, Table El. 

These results were gained with the gco term set to 2% of the initial gold grade, as for this 

simple oxide ore 98o/o of the gold was leachable using cyanide. The initial gold grade 

was 0.83g/t. 

Table 7.1 Results of modelling the gold leaching from the New 

Celebration oxide ore at various cyanide conditions 

CN- (ppm) kteach n 

Initially 500 1.03 2.22 

Initially 1200 1.46 2.54 

Constant 300 0.56 1.84 

Constant 500 1.40 2.03 

Average 1.11 2.16 

Table 7.1 shows that the New Celebration oxide ore is well described by a reaction order 

of 2.16. The data were remodelled using this value allowing only the value of k1each to 

vary. The results are presented in Table 7 .2. 
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Table 7.2 Results of modelling the New Celebration oxide ore 

leaching with n = 2.16 

CN- (ppm) kteach 

Initially 500 0.98 

Initially 1200 1.03 

Constant 3 00 0.73 

Constant 5 00 1.61 

Average 1.09 

Tables 7.1 and 7.2 show that the average k1each changes little when n was set to an average 

value of 2.16. This indicates that the value of n of 2.16 describes all of the data for this 

ore ·well, and that the leaching constant can be approximated at 1.09. The fit of the data 

to the leaching model with n = 2.16 and k1each = 1.09 is given in Figure 7.1. It can be seen 

that a reasonable approximation to the data is made with the initial rate described for all 

of the data. The remainder of the data is well described with the exception of the 

constant 500 case. This ore may have had a lower grade than the other ores, although this 

was not observed in the fire assay. 

7 .3.2.2 Telfer oxide ore 

The kinetics of the leaching of the Telfer oxide ore were also examined at a number of 

diffierent cyanide conditions. It was determined that 95% of the gold of this ore was 

leachable, so gctJ was equal to 0.05 x g0 . Once again, experiments were performed using 

an initial cyanide concentration that was allowed to degrade throughout the experiment. 

Experiments were also performed using a more constant cyanide concentration, which 

involved the periodic addition of cyanide so that the desired concentration was 

maintained. The results of the non-linear regression are presented in Table 7.3. The 

experimental data are given in Appendix E, Table E2. 
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Figure 7.1 Modelling of the gold leaching from the New Celebration 

oxide ore with n = 2.16 and kteach = 1.09 

Table 7.3 Results of modelling the gold leaching of the Telfer oxide 

ore at various cyanide conditions 

CN- (ppm) kleach n 

Initially 300 0.15 1.10 

Initially 500 0.14 1.18 

Initially 1200 0.15 1.43 

Constant 500 0.08 1.42 

Average 0.13 1.28 
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Tablle 7.3 shows that the Telfer oxide ore is well described by a reaction order of 1.28. 

There was only a small variation in the k value between each experiment, and this was 

not dependent on the cyanide concentration. The data were remodelled using n = 1.28, 

allo\ving only k to vary. The results are presented in Table 7 .4. 

Table 7.4 Results of modelling the Telfer oxide ore leaching with n = 

1.28 

eN- (ppm) k1cach 

Initially 3 00 0.15 

Initially 500 0.15 

Initially 1200 0.15 

Constant 5 00 0.08 

Average 0.13 

Table 7.4 shows that kteach changes little when n was set to an average value of 1.28. This 

indicates that this value of n describes the data for this ore well, and that the leaching 

constant can be approximated at 0.13. The fit of the data with n = 1.28 and kteach = 0.13 is 

given in Figure 7.2. In view of the variation in grade between samples, the data have 

been modelled using an average ore grade. It can be seen that the model gives a good 

prediction of the extraction of gold from the ore, except for the constant 500 case where 

the fit between tin1e = 5 and 45 hours is poor. 
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7.3.2.3 Flotation feed 
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Modelling of the gold leaching from the Telfer oxide ore at 

a constant cyanide concentration of 500ppm with n set to 

1.28 

The flotation feed differs from the New Celebration and Telfer oxide ores as in Chapter 5 

it was shown that this ore was preg-robbing. In that chapter preg-robbing was shown to 

be reduced by the presence of cyanide and in Chapter 6 it was shown that activated 

carbon enhanced the overall gold extraction by reducing preg-robbing for this ore. 

Therefore, the leaching model accounts for both leaching from the ore and preg-robbing 

at the ore surface as preg-robbing was observed under the leaching conditions used. In 

this section the solution concentrations are modelled assuming that leaching only takes 

place. This is the assumption that all authors make when modelling the leaching of gold 

fron1 a preg-robbing ore. The validity of this assumption is investigated in Section 7.6, 

where the leaching process is decoupled from preg-robbing. 
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Fron1 the results of the diagnostic leaching of the flotation feed, presented in Table 6. 7 in 

Chapter 6, goo was found to be 14o/o of go when no pretreatment was used and activated 

carbon was not present. The fit of k1each and n by non-linear least squares regression for 

the data obtained for this ore is given in Table 7.5. These experiments were performed at 

different initial cyanide concentrations, allowing equilibrium to be reached. The cyanide 

was initially added and allowed to degrade over the course of the experiment. The 

experimental data are given in Appendix E, Table E3. 

Table 7.5 Results of the modelling of the flotation feed when k1each 

and n were allowed to vary 

CN- (ppm) kleach n 

2000a 0.17 1.53 

2000b 0.15 1.74 

3000 0.14 2.05 

Average 0.15 1.77 

(a and b represent two expenments repeated under the same 

conditions) 

A value of n of 1.77 describes the leaching of the flotation feed when equilibrium was 

reached. This value was then used to remodel the data, allowing only k1each to vary. It 

was also possible to model data where equilibrium was not reached, such as when the 

initial cyanide concentration was low. The results of this modelling are given in Table 

7 .6. The fit of the model to the experimental data is presented in Figure 7.3 for initial 

cyanide concentrations of 2000 and 3000ppm. This shows an excellent fit of the model 

to all of the data. The fit of the model when the initial cyanide concentration was 

5 OOppm is shown in Figure 7 .4. The low value of k1each found for this experiment shows 

that k1each is affected by the cyanide concentration when the cyanide concentration was 

initially low for this ore. 
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Table 7.6 Results of modelling the flotation feed with n = 1. 77 

0 

CN- (ppm) kteach 

500 0.00078 

2000a 0.13 

2000b 0.15 

3000 0.19 

Average (exclude 500) 0.16 

(a and b represent two expenments repeated under the 
same conditions) 
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Figure 7.3 Results of the modelling of leaching of the flotation feed 

with n = 1.77 and kleach = 0.16 
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Results of the modelling of the flotation feed when the 

cyanide concentration was initially 500ppm 

When the matrix of the ore was changed by using diagnostic leaching pretreatments, it 

was expected that the values of n and kteach determined for the untreated ore could not be 

used to predict the leaching of gold. This is because the matrix change may have an 

effect upon the ore, and therefore affect how gold is leached from the ore. The 

parameters determined for the diagnostic leaching performed in Section 6.6 are given in 

Table 7.7. The goo term was calculated from the diagnostic leaching results presented in 

Table 6.7. 

Table 7. 7 shows that the diagnostic leaching of the flotation feed did not result in 

draJmatically different results for the modelling of the data. However, the results for the 

pyrite concentrate, discussed in the next section, do show large differences in leaching 

parameters following diagnostic leaching pretreatments. 
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Table 7.7 

Pretreatment 

7.3.:2.4 Pyrite concentrate 

Leaching model parameters for the flotation feed after it 

has undergone diagnostic leaching pretreatments 

15 

10 

11 

0.15 

0.14 

0.13 

n 

1.42 

1.77 

1.64 

The pyrite concentrate was also shown to be preg-robbing in Chapter 5, which meant that 

the modelling of the solution concentration data represents leaching and readsorption 

onto the ore. For the pyrite concentrate only 74% of the gold was leachable. This meant 

the value of goo was set at 26o/o of the initial gold grade from the diagnostic leaching 

results presented in Table 6.8. Table 7.8 shows the results of the leaching modelling of 

the pyrite concentrate. In these experiments cyanide was added as a powder and the 

concentration allowed to degrade from the initial value. A number of repeat experiments 

were perfonned to determine the variation and reproducibility of the parameters. The 

experimental data are given in Appendix E, Table ES. 
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Table 7.8 Parameters from the modelling of the leaching of the pyrite 

concentrate 

eN· (ppm) kleach n 

2000a 0.0015 3.32 

2000b 0.0016 3.33 

2000c 0.0026 2.92 

3000 0.0059 2.84 

Average 0.0029 3.10 

(a. b and c represent repeat expenments performed under 

identical conditions) 

The data were then remodelled using the average value of n of 3.10. The results are 

given in Table 7.9, along with the results of the data fitting of an experiment performed at 

an initial free cyanide concentration of 500ppm. 

Table 7.9 Determination of k1each for the pyrite concentrate when n 

was set to 3 .1 0 

eN- (ppm) kleach 

500 0.000019 

2000a 0.0024 

2000b 0.0027 

2000c 0.0017 

3000 0.0031 

Average (exclude 500) 0.0025 

(a, b and c represent repeat expenments performed 

under identical conditions) 

188 



____Ratch Modelling of the Processes of Leaching. Preg-Robbing and Adsorption onto Activated Carbon 

It can be seen that k1each varied with the cyanide concentration, and that a value of k 1each of 

0.0025 satisfactorily describes the gold leaching from the pyrite concentrate at an initial 

cyanide concentration of 2000 and 3000ppm. The modelling curve generated for the 

leaching of the pyrite concentrate is given in Figure 7.5. 
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Fit of the leaching model to the experimental data of the 

pyrite concentrate with n = 3.10 and kteach = 0.0025 

The n and k1each values determined for the pyrite concentrate at an initial cyanide 

concentration of 2000ppm were not found to apply when the ore underwent a diagnostic 

leaching pretreatment. The parameter determination of the experimental data from the 

diagnostic leaching of the pyrite concentrate is given in Table 7.10. Once again the goo 

tem1 was evaluated from the experimental results of the diagnostic leaching of this ore, 

which were given in Table 6.8. The experimental data are given in Appendix E, Table 

E6. 
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Table 7.10 

Pretreatment 

Parameter determination for the diagnostic leaching 

pretreatments of the pyrite concentrate. The initial cyanide 

concentration was 2000ppm 

goo (as 0/o of go) 

0.18 

0.10 

0.17 

kteach 

0.082 

0.016 

0.539 

n 

1.46 

2.42 

1.05 

Table 7.10 shows that very different values of n and kteach were obtained following the 

diagnostic leaching pretreatments compared to when no pretreatment was undertaken. 

This was because the matrix of the ore was changed, which resulted in a change in the 

leaching characteristics. The different curve shape can be seen in Figure 7 .6, which is the 

result of the nitric acid pretreatment. This shows very rapid leaching, followed by the 

attainment of equilibrium after approximately 10 hours. This contrasts with Figure 7 .5, 

when no pretreatment was used, where the leaching was much slower and equilibrium 

only approached after 48 hours. The rapid leaching is a result of the change to the 

porosity of the matrix following acidic pretreatment, as shown in Section 6.6. 
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Modelling of the experimental data obtained for the 

leaching of the pyrite concentrate following a nitric acid 

pretreatment 

7.3.2.5 Copper concentrate 

The copper concentrate was shown to be highly preg-robbing in Chapter 5. Therefore, 

the following leaching model represents the processes of leaching and preg-robbing. One 

leaching experiment was performed with the copper concentrate at the very high initial 

cyanide concentration of 40000ppm. This was presented in Figure 4.8 in Chapter 4. The 

experimental data were given in Table B4. From this experiment the goo term was 

determined to be 23g/t, which corresponds to a refractory component of 10% of the gold, 

as the initial gold grade was 227.5g/t. The non-linear fit showed the order of the reaction 

to be 0.5, while the rate constant was 0.05. The results are given in Figure 7.7. This was 

the only experiment for this ore that approached equilibrium. The experimentally 

determined value for goo must describe the solution concentration at the conclusion of the 

experiment to determine the order of the leaching reaction when the goo term is treated as 

an experimental term, rather than an empirical parameter. The order of the reaction was 
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therefore set to 0.5 for the other leaching modelling performed on this ore, as no other 

leaching results approached equilibrium. 
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Fit of the leaching model to the copper concentrate when 

leached at an initial cyanide concentration of 40000ppm 

This ore was leached at a number of different cyanide concentrations to determine the 

effect of the cyanide concentration on kteach· The results of this modelling are given in 

Table 7 .11. This shows that the leaching rate was roughly constant at initial cyanide 

concentrations greater than 2000ppm. The leaching rate was also roughly constant at low 

cyanide concentrations. This corresponds to the observed fast and slow leaching regimes 

postulated by Schubert et al ( 1993 ). One rate constant corresponds to oxygen controlled 

leaching, while at lower cyanide concentrations the reaction is controlled by cyanide 

diffusion. However, for this ore the cyanide is consumed very rapidly and it may 

therefore be the dissociation of the metal-cyanide species which is controlling the rate of 

the reaction. There is a dependence of the rate constant on the initial free cyanide 

concentration. The fit of the model at an initial cyanide concentration of 2000(b )ppm is 
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given in Figure 7.8. This shows that equilibrium was not attained for this ore under these 

conditions. 

Table 7.11 Results of the modelling of leaching from the copper 

concentrate 

Initial free cyanide 
kteach 

concentration (ppm) 

200 0.0106 

500 0.0104 

2000a 0.0418 

2000b 0.0530 

3000 0.0349 

40000 0.0496 

Average (exclude 200, 500) 0.0448 

(a and b refer to repeat expenments performed under 

identical conditions) 

It was not possible to model the diagnostic leaching results of the copper concentrate, as 

there was too much variation in the curves generated. 
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Fit of the leaching model to the copper concentrate when 

leached at an initial cyanide concentration of 2000(b )ppm 

7 .3.3 Discussion of the leaching model 

The above results show that the determination of gC() from experimental data is an 

accurate way of modelling leaching results. This has more fundamental meaning than 

determining this parameter from least squares regression and allows the parameter to be 

set, reducing the free parameters of the model. 

The parameter n can take a variety of values and is strongly dependent on the mineralogy 

of the ore, as shown by the different n values that the ores take. Changing the mineralogy 

of the ore through diagnostic leaching pretreatments also results in a different n value for 

the subsequent modelling of the ore in some cases. However, once an n value has been 

determined for a particular mineralogy, this is an acceptable approximation for the order 

of the leaching reaction. The values of n and gee can then be used to model data for a 

particular ore where equilibrium was not reached. Using this approach the parameter 

k1each was found to be dependent on the cyanide concentration, with k1each taking a high or 
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low value depending on the initial cyanide concentration. For experiments in which 

equilibrium was achieved, k1each was found to vary between 1.11 and 0.0025. 

For the sulphide ores the leaching experiments shown in this section also included the 

preg-robbing of gold at the ore surface. In the following section the modelling of preg

robbing is considered and in Section 7.6 the combined leaching, preg-robbing and 

adsorption modelling is discussed. 

7.4 MODELLING OF PREG-ROBBING 

In the film diffusion model, the diffusion of the adsorbing spec1es through a film 

surrounding the ore particle controls the preg-robbing process. The form of this equation 

is given in Equation 7.3 (van Deventer, 1986). 

de 6kpregmore 
dt = (c-cJ 

Vporedore 
(7.3) 

Initially a linear isotherm was used to describe the equilibrium between the ore surface 

and the solution at the ore surface. This has the form given in Equation 2.19 in Chapter 

2. However, while this gives a satisfactory fit to the experimental data it does not 

describe the actual equilibrium process at the ore surface well, as the loading of gold at 

the ore surface is not dependent on the level of gold already present on the ore. However, 

a linear isotherm has the advantage of introducing only one additional parameter to the 

filn1 diffusion model. 

As the data fit using a linear isotherm was unacceptable, a Freundlich isotherm was used 

to :fit the equilibrium, as previously suggested by other authors (Van der Walt and van 

Deventer, 1992; Liebenberg and van Deventer, 1998). For the Freundlich isothenn the 

loading is initially high at low concentrations but a limit on adsorption is reached, which 

is believed to more accurately reflect the loading of gold at the ore surface. The isotherm 
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is also very versatile and fits a wide variety of shapes, so that while this is not the only 

possible description of the equilibrium, it is a good enough empirical shape for the 

purpose of this thesis. The Freundlich isotherm has the form given in Equation 7.4. 

a= A c no,e 
ore s (7.4) 

For the batch situation, the mass balance between the gold on the ore and in solution is 

given by Equation 7.5. 

amore = V(c;,;rial -c) (7.5) 

Therefore, by making the substitution of Equation 7.4, into Equation 7.5, Cs can be 

written in terms of known quantities, as shown in Equation 7.6. 

c = s 

1 

V "ore 

--(cinitial -c) 
more 

The preg-robbing equation can then be solved numerically from Equation 7.7. 

de 

dt 
6k pregmore 

V Pored ore 

c-

I 

V ( ) nore 

-- cinitial - c 
more 

(7.6) 

(7.7) 

This equation has the disadvantage over the film transfer model with the linear isotherm 

in that there are three parameters, with the value of kpreg, Aore and Dare unknown. While 

the value of Aare and Dare can be experimentally determined by performing equilibrium 

experiments, this was not done here, as it was not the aim of this thesis to develop 
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accurate adsorption isotherms for the preg-robbing of aurocyanide at the ore surface. 

These isotherms are also likely to vary with the nature of the ore, such as its changing 

mineralogy and possibly its oxidation level. Therefore, adsorption isotherms would be of 

limited use. Instead, a simple relationship between Aore and !lore was used, which 

effeetively gave the model two unknown parameters. This greatly simplified the 

parameter determination for the application of the model. 

It was first suggested by Cho and Pitt ( 1979) that a relationship may exist between the 

value of the pre-exponential term, Aore, and the exponential term, Ilore, of the Freundlich 

isotherm. It was shown by van Deventer and Van der Merwe (1994) that the relationship 

is linear on the basis of 10 different carbons under different adsorption conditions (van 

Deventer, 1984b ). Least squares regression of equilibrium adsorption data of activated 

carbon at different temperatures was used to develop the following relationship between 

A and n (van Deventer and Vander Merwe, 1994). 

n == -0.002688A + 0.2902 (7.8) 

A r~elationship of this form has been used (Liebenberg and van Deventer, 1997a) to model 

the adsorption ofbase metals onto activated carbon. For the modelling of the equilibrium 

between the surface of the ore and the solution it was found that the above equation 

satisfactorily represented the form of the equilibrium. However, there are a number of 

assumptions inherent in the use of this model which must be justified. Firstly, this 

relationship was determined for the adsorption of gold onto activated carbon at different 

terr1peratures, and activated carbon is clearly not the adsorbent here. To determine the 

relationship between Aore and nore it would be necessary to perform equilibrium 

experiments with the ore at different mass fractions to calculate adsorption isotherms that 

were relevant for the adsorption of gold onto the ore. A number of isotherms would be 

required to develop an accurate linear relationship between Aore and llore· The 

determination of such isotherms is not the focus of this work however, so the above 

relationship was assumed to hold and was found to be satisfactory for the purpose of this 

work. 
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7.4.1 Solving the preg-robbing model 

The resulting preg-robbing model is highly non-linear and therefore possesses no direct 

ana1ytical solution. Owing to the complexity of this model visual observation between 

the experimental data and generated curve was used to obtain an estimate of the 

parameters kpreg and Aore· This was relatively simple, as the value of Aore described the 

equilibrium of adsorption, while the diffusion constant described the initial rate of 

adsorption. 

The ordinary differential equation developed was solved numerically using Mathematica. 

This represents solutions for the equation as an interpolating function. The solution 

algorithm provides approximations to the function over the range of values specified, 

which in this case was the time interval of preg-robbing. An iterative solution process is 

used that starts at a particular value oft, then takes a sequence of steps, trying eventually 

to cover. the whole range tmin to tmax· The results of the preg-robbing model are given in 

the following section. 

7.4.2 Application of the preg-robbing model 

The preg-robbing characteristics of the oxide, sulphide and gold-free mineral samples 

were described in Chapter 5. The kinetic data that were gained as a result of these 

experiments were modelled using Equation 7.7. 

198 



Batch Modelling of the Processes of Leaching. Preg-Robbing and Adsorption onto Activated Carbon 

7.4.~tl Telfer oxide and New Celebration oxide ores 

As discussed in Chapter 5, Section 5.3 these ores showed very little preg-robbing. 

Ho~rever, it was still possible to fit the model to the data that were gained. Table 7.12 

sho,¥s the parameters that were obtained for the film diffusion model. The values given 

are somewhat artificial, as these ores exhibited no preg-robbing. However the following 

values were approximated to give a very low level of preg-robbing, which would be 

beyond the detection limit of the ICP. This allowed the effects of the combined processes 

of }(~aching, adsorption and preg-robbing to be modelled together in a batch situation for 

these ores. The experimental data are given in Appendix C, Table C1. 

Table 7.12 Preg-robbing parameters for the oxide ores 

Ore 

New Celebration oxide 

Telfer oxide 

7 .4.2.2 Flotation feed 

kpreg (m/s) 

5.6x 10-10 

5.6 X 10-10 

Aore 

Fevv data points were obtained for the preg-robbing behaviour of the flotation feed, apart 

frorn those given in Chapter 5, Section 5.3. However, these data were modelled and the 

results given in Figure 7.9. The Freundlich parameter, Aore, was found to have a value of 

2.2 X 1 o-3
. The diffusion constant had a value of 1.4 X 1 o-9 rnls. The experimental data 

are given in Appendix C, Table C2. 
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Figure 7.9 Preg-robbing of the flotation feed at Oppm CN-

Figure 7.9 shows that a reasonably good fit was obtained for the preg-robbing behaviour 

of the flotation feed using the film diffusion model. The modelling of the ore 

concentrates and gold-free mineral samples was considered in more detail and is 

diseussed below. 

7.4.2.3 Pyrite concentrate 

When there was no free cyanide present, the preg-robbing was at a maximum for the 

pytite concentrate. The fit of the film-diffusion model to the experimental data is given 

in Figure 7.1 0. The experimental data are given in Table C2 in Appendix C. 
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Figure 7.10 Preg-robbing of the pyrite concentrate at Oppm CN-

Preg-robbing experiments were also performed in the presence of different metal-cyanide 

species. Table 7.13 shows the parameters obtained and the conditions used for the 

different experiments. The experimental conditions are discussed in more detail in 

Appendix E, which also gives the data and the modelling of the preg-robbing when 

300ppm CN- was present as Fe(CN)6
4

- in Figure El. 

Table 7.13 Results of the modelling of the preg-robbing of the pyrite 

concentrate at various cyanide conditions 

Experiment kpreg (m/s) ~re 

Oppm free cyanide 4.2 X 10-9 5.6 X 10-3 

300ppm cyanide as Fe(CN)6 
4

- 1.7 x 1 o-8 1.3 X 10-3 

300ppm free cyanide 5.6 X 10-!0 2 X 10-6 

300ppm free cyanide and 50ppm 5.6 X 10-!0 2 X 10-6 

solution of mixed cyanide complexes 
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Table 7.13 shows that in general as the overall cyanide concentration increases the Aore 

and kpreg decrease. The cyanide may exist as either free or complexed cyanide. This 

finding is consistent with the results presented in Section 5.4, Chapter 5, which showed 

that as the free cyanide concentration increased, the amount of preg-robbing decreased. 

The values of 5.6 x 10·10 for kpreg and 2 x 10"6 for Aore in Table 7.13 indicate that preg

robbing was not observed. 

7 .4 .. 2.4 Gold-free pyrite mineral sample 

It v~as possible to observe more closely the preg-robbing behaviour of the pyrite mineral 

san1p le in the presence of cyanide, as this sample did not contain gold. Therefore, it was 

not necessary to account for gold leaching. The preg-robbing of the pyrite mineral 

san:1ple was examined at initial free cyanide concentrations of Oppm CN-, 300ppm eN

and 2000ppm CN-. The results of the modelling of these experiments are given in 

Figures 7.11 to 7.13. The data for these experiments are presented in Appendix C, Table 

CS. 
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Figure 7.11 Preg-robbing of the gold-free pyrite sample at Oppm CN-
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Figure 7.12 Preg-robbing of the gold-free pyrite mineral sample at an 

initial free cyanide concentration of 300ppm 
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Figure 7.13 Preg-robbing of the gold-free pyrite mineral sample at an 

initial free cyanide concentration of 2000ppm 
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The parameters that were determined for the modelling of these experiments are given in 

Table 7.14. The values of Acre and kpreg determined are plotted versus the initial cyanide 

concentration in Figure 7 .14, which shows that there is no simple relationship between 

Aore: and kpreg and the initial free cyanide concentration, when these parameters were 

plotted on a logarithmic scale. However, from this figure it is clear that Aore and kpreg 

become larger as the initial free cyanide concentration is decreased, leading to higher 

preg-robbing. 

Table 7.14 Results of the modelling of the preg-robbing of the gold

free pyrite sample at various cyanide conditions 

Experiment kpreg (m/s) Aore 

Oppm eN- 2.8 X 10-7 0.023 

300ppm eN- 2.8 X 10-S 0.012 

2000ppm eN- 6.9 X 10-ll 4 X 10-4 

Modelling of the preg-robbing of gold by the gold-free pyrite sample was also performed 

using different sources of cyanide. The results of this modelling are shown in Table 7.15. 

This shows that when 300ppm eN- was present as Fe(eN)6 
4

- the preg-robbing was 

sirrti lar to having no cyanide at all, as shown in Table 7 .14. The experimental conditions 

for Table 7.15 are dealt with in Appendix E and the modelling figures are given in 

Figures E2 to E4. 
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Table 7.15 Results of the modelling of the preg-robbing of the gold

free pyrite sample at various initial cyanide conditions 

Experiment kpreg (m/s) Aore 

Oppm free cyanide and 5ppm solution of 
5.6 X 10-IO 0.0016 

mixed cyanide complexes 

300ppm cyanide as Fe(CN)6
4

- 5.6 X 10-7 0.028 

300ppm free cyanide and 50ppm 
5.6 X 10-ll 0.002 

solution of mixed cyanide complexes 
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Figure 7.14 Variation of Aore and kpreg for the gold-free pyrite mineral 
sample 

7 .4.2.5 Copper concentrate 

In Chapter 5, it was shown that the copper concentrate was very strongly preg-robbing. 

The fit of the preg-robbing model when there was no free cyanide present is given in 
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Figure 7.15. The value ofkpreg was found to be 3.3 x 10-7 mfs while A 0 03 Th , .n.ore was . . e 

data for this experiment are given in Table C2. 
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Figure 7.15 Preg-robbing modelling of the copper concentrate in the 

absence of free cyanide 

The preg-robbing behaviour of this ore was also modelled at a variety of different 

cyanide conditions that corresponded to experiments performed in Chapter 5. The results 

of the preg-robbing modelling of the copper concentrate are given in Table 7 .16. The 

experimental conditions are discussed in more detail in Appendix E, which gives the 

results of the modelling in Figures E5 and E6. 

Table 7.16 shows that as the total cyanide concentration increased, the rate of preg

robbing, as represented by kpreg, decreased. However, the value of Aore, which decreased 

in general, returned some results contrary to expectation. This was because the solution 

of 300ppin free cyanide with a 50ppm solution of metal cyanide complexes showed a 

considerable degree of preg-robbing. This was unexpected, as when 300ppm free 

cyanide was initially present, preg-robbing was not observed. The kpreg value for the 
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experiment using mixed-metal cyanide species showed preg-robbing was slow, but as 

Aorc was high, preg-robbing was not negligible over the duration of the experiment. This 

is shown in Figure E6. When 300ppm cyanide was present as Fe(CN)6
4- the ferrocyanide 

played a minor role in reducing preg-robbing. This was because the iron-cyanide 

corr1plex precipitated rapidly, without dissociating, as shown in Section 5.5 in Chapter 5. 

Table 7.16 Results of the modelling of the preg-robbing of the copper 

concentrate at various cyanide conditions 

Experiment kpreg (m/s) A.,re 

Oppm free cyanide 3.3 X 10-7 0.03 

300ppm cyanide as Fe(CN)6
4

- l.lx10-7 0.023 

300ppm free cyanide 5.6 X 10-10 2 X 10-6 

300ppm free cyanide and 50ppm 
4.4 X 10-10 0.012 

solution of mixed cyanide complexes 

7.4.2.6 Gold-free chalcopyrite mineral sample 

In Chapter 5, the gold-free chalcopyrite mineral sample was not found to be as strongly 

preg-robbing as the copper concentrate. Like the gold-free pyrite sample, it was possible 

to cxarnine the preg-robbing of this sample at various cyanide concentrations without 

using nitrogen purging, as the sample did not contain gold. The modelling of the 

experirnental results at initial free cyanide concentrations ofOppm, 300ppm and 2000ppm 

is given in Figures 7.16-7.18. The experimental data are given in Table C6, Appendix C. 
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Figure 7.16 Preg-robbing of the gold-free chalcopyrite sample at Oppm 
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Figure 7.17 Preg-robbing of the gold-free chalcopyrite mineral sample 

at an initial free cyanide concentration of 300ppm 
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Figure 7.18 Preg-robbing of the gold-free chalcopyrite mineral sample 

at an initial free cyanide concentration of 2000ppm 

The parameters that were determined for the modelling of these experiments are given in 

Table 7.17. As for the gold-free pyrite concentrate, there was no simple relationship 

between Aore and kpreg and the initial free cyanide concentration, when the Aore and kpreg 

values are plotted on a logarithmic scale. In Figure 7.19 it can be seen that Aore and kpreg 

increase more rapidly at low cyanide concentrations. This demonstrates the stabilising 

effect of the presence of a small amount of cyanide species on the aurocyanide complex. 

If there were more data points available on this graph, it would be possible to determine 

the values of Aore and kpreg for a particular ore simply from knowledge of the initial 

cyanide concentration, by use of an appropriate empirical relationship. 
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Figure 7.19 Relationship between Aore, kpreg and the initial free cyanide 

concentration for the gold-free chalcopyrite mineral sample 

Table 7.17 Results of the modelling of the preg-robbing of the gold

free chalcopyrite sample at various cyanide conditions 

Experiment kpreg (m/s) Aore 

Oppm eN- 1.1 x 1 o-s 0.02 

300ppm eN- 2 X 10-IO 1.2 X 10-3 

2000ppm eN- 2 X 10-lO 1 X 10"4 

Modelling of the preg-robbing of gold by the gold-free chalcopyrite sample was also 

performed at a variety of different initial cyanide conditions. The results of this 

modelling are shown in Table 7 .18. Again it can be seen that an increased total cyanide 

concentration decreases the parameters Aore and kpreg, with the exception of the 300ppm 

cyanide bound as Fe(eN)6 
4

-. Throughout this section this species has produced 
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parameter values higher than expected. This may be because the stability of this complex 

is similar to that of the aurocyanide complex and does not dissociate, but rather 

preeipitates and affects the precipitation of the aurocyanide complex in some manner. 

The experimental conditions for this table are dealt with in Appendix E. The modelling 

figures are also given in Appendix E, Figure E7 to E9. 

Table 7.18 Results of the modelling of the preg-robbing of the gold

free chalcopyrite sample at various initial cyanide 

conditions 

Experiment kpreg (m/s) Aore 

Oppm free cyanide and Sppm solution of 
6.7 X 10-10 5.4 X 10-3 

mixed cyanide complexes 

300ppm cyanide as Fe(CN)6
4

- 3.9 X 10-9 0.017 

300ppm free cyanide and 50ppm 
1.7 X 10-lO 6 X 10-3 

solution of mixed cyanide complexes 

7.4.3 Discussion of the preg-robbing model 

The above section has shown that it is possible to accurately model preg-robbing data for 

a variety of different ores and minerals using the film diffusion model incorporating the 

Freundlich isotherm. A good fit of the data to the model was gained in all cases, which 

consisted of a wide variety of different-shaped curves. The values of the pre-exponential 

term in the Freundlich isotherm were shown to vary from 0.02 down to 2 x 10-6
. Vander 

Walt and van Deventer (1992) used a value of 0.2 in their simulation, which is a factor of 

1 0 higher than the largest experimentally observed value. Acre was shown to be a 

function of the cyanide concentration in this section. This indicates that the equilibrium 

of adsorption is affected by the cyanide species in solution and when there is more 

cyanide available the equilibrium of adsorption decreases. This makes sense 
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mechanistically, as cyanide could inhibit the adsorption of aurocyanide onto the ore by 

adsorbing onto the ore itself, prior to formation of cyanide species. As the cyanide 

concentration was increased, this effect would intensify, resulting in a lower value of 

Aore· 

The film diffusion constant, kpreg, was found to take values between 2.8 x 10-7 and 1.9 x 

10-10 rnls. While a value ofkpreg of 1.9 x 10-10 m/s is very low for a diffusion coefficient, 

this value is the result of the form of the film diffusion model, where the constant in 

Equation 7.7 is a function of the mass of ore, particle diameter and particle density. This 

constant effectively calculates the surface area available for adsorption. For a material 

suc:h as activated carbon, the total mass of carbon is an acceptable mass for the mass of 

adsorbing carbon. However, for the ore not all of the surface is available for adsorption. 

In fact, it is likely that only a small proportion of the surface is available to adsorb gold 

and this was shown to be a function of the cyanide concentration. A surface availability 

factor is . therefore required in this constant to bring the diffusion constant to a realistic 

level. This factor would be a function of the cyanide concentration. The resultant value 

of kpreg could also vary with cyanide concentration, as in Chapter 5 preg-robbing was 

shown to be reversible in the presence of cyanide. As with all equilibrium processes, as 

the reactant concentration is increased the rate of the desorption reaction is increased. 

Therefore kpreg, which is the sum of the adsorption and desorption reactions, would 

become larger as the cyanide concentration was increased. 

As Aore and kpreg were shown to be a function of the initial cyanide concentration, it may 

be possible to develop a mathematical relationship between Acre, kpreg and the cyanide 

concentration. This was not done here, as the preg-robbing was shown to be a function of 

the free cyanide and metal-cyanide concentration in solution at a particular time. These 

variables could not be evaluated accurately due to the cyanide destruction and metal

cyanide complex formation that occur during a typical leaching, adsorption or preg

robbing experiment. There is therefore no absolute knowledge of the cyanide 

concentration at a particular time and the effect of metal-cyanide species on preventing 

adsorption would be very difficult to quantify. Any relationship that was developed 
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would therefore be purely empirical and a function of the initial cyanide concentration, 

which would have limited application. 

In this section it has not been proven that preg-robbing is controlled by film diffusion 

processes. Rather the film-diffusion was shown to be an effective form of model to 

describe preg-robbing. The fitting of the model was semi-empirical however, as 

adsorption isotherms were not determined. The parameter Aore had a greater influence on 

the final solution concentration, while the initial rate of adsorption was more sensitive to 

the value of kpreg· A relationship between Aure and nore in the Freundlich isotherm was 

also made use of. However, as Acre was small, flore was essentially constant at 0.2902. 

As shown in this section, this value of llore had the capacity to describe a wide variety of 

preg-robbing behaviour and so is an acceptable approximation for llore, which leaves the 

model with two parameters for curve fitting that were a function of the overall cyanide 

concentration. 

7.5 MODELLING OF THE ADSORPTION OF AUROCYANIDE ONTO 

ACTIVATED CARBON WITH LEACHING FROM THE ORE FOR THE 

OXIDE ORES 

As discussed in Section 2.8.3, it is not the purpose of this thesis to develop a new or 

improved model for the adsorption of aurocyanide onto activated carbon. Instead, the 

sinnple film diffusion model was used to describe the adsorption process. However, no 

adsorption experiments were performed with cyanide and the ore present where only 

adsorption occurred. Instead batch adsorption experiments were performed where 

adsorption onto activated carbon and leaching of gold from the ore occurred 

sirnultaneously. A system of differential mass balance equations was used to describe the 

sirnultaneous leaching and adsorption processes. The mass balance for the solution phase 

is given in Equation 7. 9, the ore phase in Equation 7.10 and the carbon phase in Equation 

7.11. 
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de 
V -- =leach- adsorption 

dt 
dg 

more -=-leach 
dt 

dq d . 
mcarbon -=a sorptzon . dt 

The leaching and adsorption processes 

leach = k 1 h m (g - g )n eac ore co 

[ 

I l 6k m ncarbon 
adsorption = ads carbon c- ( q J 

P carbon d carbon A carbon 

(7.9) 

(7.10) 

(7.11) 

(7.12) 

(7.13) 

The leaching parameters for the oxide ores were determined in Section 7.3. These 

parameters were then assumed to be identical when activated carbon was present. The 

relationship between the Acarbon and llcarbon terms of the Freundlich isotherm was assumed 

to hold, in a similar manner to the preg-robbing model. This effectively reduced the 

adsorption model to a two-parameter model, and allowed its calibration from the data 

available. The relationship was 

ncarbon = -0.002688Acarbon + 0.2902 (7.14) 

The film diffusion model was then calibrated by adjusting the diffusion constant and pre

exponential term of the Freundlich isotherm to fit the simultaneous leaching and 

adsorption data gained from the leaching experiments performed with activated carbon, 

which were discussed in Chapter 6. These ores were shown to not preg-rob gold in 

Chapter 5, so the data were modelled without preg-robbing. 
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7 .5.1 Application of the leaching and adsorption model 

The: adsorption and leaching model was applied to the data obtained for the oxide ores in 

Chapter 6, where a comparison was made of leaching with and without activated carbon. 

The results obtained for each ore are given below. 

7 .5 .. 1.1 New Celebration oxide ore 

The simultaneous leaching and adsorption from the New Celebration oxide ore was 

modelled when the initial cyanide concentration was 500ppm. The constants that were 

use:d are given in Table 7.19. The initial grade of gold was 0.83g/t. 

Table 7.19 

kleach 

V (L) 

ffiore (kg) 

dcarbon (m) 

Parameters for the simultaneous leaching and adsorption 

model for the New Celebration oxide ore 

1.09 n 2.16 

1 goo (g/t) 0.02 x go 

0.4 fficarbon (g) 2 

1.84 x 1 o-3 
Pcarbon (kg/m

3
) 890 

From these parameters, the adsorption constants that best described the adsorption data 

were kads = 2.8 X 1 o-s m/s and Acarbon = 2. The fit of the model to the data is given in 

Figure 7.20. The experimental data are given in Appendix E, Table E14. 
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Figure 7.20 Adsorption and leaching modelling of the New Celebration 

oxide ore when the initial cyanide concentration was 

500ppm 

7.S.1.2 Telfer oxide ore 

The simultaneous leaching and adsorption from the Telfer oxide ore were modelled when 

the initial cyanide concentration was 500ppm. The constants that were used are given in 

Table 7 .20. The initial grade of gold was 1.5g/t. 

Table 7.20 

kleach 

V (L) 

ffiore (kg) 

dcarbon (m) 

Parameters for the simultaneous leaching and adsorption 

model for the Telfer oxide ore 

0.13 n 1.28 

1 gee (g/t) 0.05 x go 

0.4 fficarbon (g) 2 

1.84 X 10-3 
Pcarbon (kg/m3

) 890 
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FrOJm these parameters, the adsorption constants that provided the best correlation with 

the adsorption data were kads = 2.1 x 10-5 m/sand Acarbon = 2. The value ofkads may differ 

frorn that in the previous section due to the effect of fouling and the loading of 

multicomponent species, which have not been simulated here, as other authors have 

investigated this (Liebenberg and van Deventer (1998). The experimental data are given 

in )\..ppendix E, Table El4. 
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Figure 7.21 Adsorption and leaching modelling of the Telfer oxide ore 

when the initial cyanide concentration was 500ppm 

7.5.2 Discussion of the leaching and adsorption model 

The simple leaching and adsorption model shown in Equation 7.9-7.14 allows calibration 

of the adsorption parameters, once the leaching parameters are known for a particular ore. 

These equations were successfully applied to the oxide ores, which were not preg

robbing. 
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The: simultaneous leaching and adsorption data are difficult to model due to the low 

solution concentrations. There could therefore be some scatter in the data. However, 

Figures 7.20 and 7.21 showed consistent data, so this is considered only a minor problem. 

The fit of the model to the data could be improved by accounting for mass transfer within 

the carbon particle. However, this would add additional parameters to the adsorption 

model, which would have to be experimentally determined. The above method offers a 

simlple way of calibrating the model for adsorption, with reasonable accuracy. 

As discussed in Section 7.3 the modelling of the leaching from the sulphide ores was 

cornplicated by the fact that these ores were preg-robbing. The parameters detennined in 

that section were therefore a combination of leaching and preg-robbing. In the following 

section the preg-robbing is decoupled from the leaching parameters determined in 

Seetion 7.3 and applied to leaching, preg-robbing and adsorption data. 

7.6; BATCH MODEL FOR THE LEACHING OF GOLD FROM THE ORE, 

PREG-ROBBING AT THE ORE SURFACE AND ADSORPTION OF 

AUROCYANIDE ONTO ACTIVATED CARBON 

The equations presented in Equation 7.9-7.11 were extended so that preg-robbing was 

also accounted for. This allowed an investigation into the effect of preg-robbing on gold 

extraction with leaching, and leaching with activated carbon. It has been suggested that 

preg-robbing can be accounted for by allowing the preg-robbed gold to be treated as gold 

on the ore that can also be leached (Van der Walt and van Deventer, 1992; Liebenberg 

and van Deventer 1997b ). The equations would then be written in the form given in 

Equation 7.16-7.18. 

V de = leach -adsorption - preg 
dt 

dg 
rrzore- =-leach+ preg 

dt 
dq . 

rncarbon - = adsorptzon 
dt 

(7 .16) 

(7.17) 

(7.18) 
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The: preg-robbing equation is given by Equation 7.19. 

(7.19) 

Hovvever, it was found that when the experimentally determined values for leaching and 

preg-robbing in Sections 7.3 to 7.4 were applied to these equations for the sulphide ores, 

in the majority of cases no solution could be found, as the equations were unstable. This 

is in part because the nature of the preg-robbed gold is different to the gold in the ore 

which has not been leached. When adsorption is not considered, the gold leaches 

according to the leaching equation and readsorbs by preg-robbing in a continuous cycle. 

It is more correct to consider the preg-robbed gold as a different type to that which may 

be leached from the ore, as the preg-robbed gold may be reduced at the ore surface or 

physically bound aurocyanide at the ore surface. As was shown in Chapter 5, Section 

5 .4, a portion of the preg-robbed gold may also be reversibly bound to the ore. However, 

for the purposes of this study, no leaching of preg-robbed gold was assumed to occur. 

The equations are therefore rewritten as 

de 
V- = leach -adsorption - preg 

dt 
dg 

rnore - =-leach 
dt 
da 

rn ore - = preg 
dt 

dq . 
11lcarbon - = adsorptzon 

dt 

The preg-robbing equation is 

6k pregmore [ ( a ) n~re l preg=- c- --
pored ore Aore 

(7.20) 

(7.21) 

(7.22) 

(7.23) 

(7.24) 
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The "a" tenn can therefore be considered as the outer surface of the ore particle. The 

method given in Equation 7.20-7.24 also allows the leaching and preg-robbing to be 

decoupled, as it is simple to determine the preg-robbed gold at a particular instant. It also 

allows an examination of the manner in which the surface of the ore behaves when 

leaching or leaching and adsorption are occurring with preg-robbing. 

7.6 .. 1 Application of the overall batch model 

The overall batch model developed was applied to the leaching, adsorption and preg

robbing data for the sulphide ores. 

7.6.1.1 Flotation feed 

The leaching test presented in Table 7.5 for the flotation feed at an initial cyanide 

concentration of 2000(b )ppm was also performed in the presence of 8g of activated 

carbon. In Table 6. 7 it was shown that the presence of activated carbon resulted in a gold 

extraction of 89%, compared to 86% when activated carbon was not present. It was also 

shown in Chapter 6 that this was entirely due to preg-robbing. Therefore, the goo term is 

11 <Yo of the initial gold grade, rather than 14% as presented in Section 7.3.2.3. The 

leaching data in Table 7.6 were remodelled using the actual value of goo, with the order of 

the reaction kept at the value determined in Section 7.3.2.3. It was found that kteach = 

0.14 described the data accurately, compared to 0.16 when goo was 0.16 x go. This value 

for k1each is decoupled from the preg-robbing. The Aore parameter in the preg-robbing 

model was then determined, as it was known that 3% of the leached gold was preg

robbed. It was found that an Aore = 1.45 x 10-4 resulted in 3% of the total gold 

readsorbing onto the ore surface. This is very close to the value for Aore found for the 

gold-free pyrite and chalcopyrite mineral samples when preg-robbing tests were 

conducted at an initial free cyanide concentration of 2000ppm. 
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The kpreg parameter was assumed to be at a maximum for this modelling, which was 

when there was no cyanide present. This was shown to be 1.4 x 1 o-9 m/s in Section 

7 .4 .. 2.2. The fit of the leaching and preg-robbing model to the solution concentration 

using these parameters is given in Figure 7 .22. Figure 7.23 shows the model solution for 

the preg-robbing of gold at the ore surface and Figure 7.24 gives the simulation of the 

extraction of gold from the ore phase, during the leaching of this ore. 
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Figure 7.22 Fit of the decoupled leaching and preg-robbing model to 

the solution concentration data when the initial cyanide 

concentration was 2000(b )ppm 
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Figure 7.23 Calculated preg-robbing of gold at the ore surface during 

leaching from the ore when the initial cyanide 

concentration was 2000(b )ppm 
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Figure 7.24 Calculated extraction of gold from the ore when the initial 

cyanide concentration was 2000(b )ppm, showing that 11% 

of the total gold was not extracted 
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The data gained from leaching the flotation feed at an initial cyanide concentration of 

2000(b)ppm with 8g of activated carbon were then modelled using the simultaneous 

leaching, preg-robbing and adsorption model. The parameters used are given in Table 

7.21, with the experimental data in Appendix E, Table E15. The parameter kads was 

determined to be 3.9 x 10-9 m/s, while Acarbon was 1. The fit of the model to the data is 

given in Figure 7 .25, where it can be seen that a reasonable fit of the model to the data 

was gained. Figure 7.26 shows the simulated preg-robbing behaviour of this ore when 

the preg-robbing diffusion coefficient, kpreg was 1.4 x 1 o-9 m/s. It can be seen that only 

0.04g/t of gold was preg-robbed at the ore surface. This corresponds to 0.67% of the 

total gold. For this ore the adsorption onto activated carbon is faster than preg-robbing 

(even when the rate of preg-robbing was assumed to be a maximum), so that the 

enhanced extraction of gold from this ore in the presence of carbon is due to the carbon 

overcoming the effect of preg-robbing. It was shown in Section 7.4 that when the initial 

cyanide concentration was 2000ppm, the kpreg term was decreased for the gold-free pyrite 

and chalcopyrite samples to less than 1 x 10-10 m/s. From the overall batch model it was 

found that a kpreg of 1 X 1 0-lO m/s resulted in only 0.16% of the gold being preg-robbed 

onto the flotation feed in the presence of activated carbon. This is a more realistic value 

of the rate constant when the initial cyanide concentration is 2000ppm, which shows that 

preg-robbing is of little importance for this ore when activated carbon is present. 

In Figure 7.26 it can be seen that the preg-robbing goes through a maximum after 5 

hours. Preg-robbing was shown to be reversible in the presence of cyanide in Chapter 5. 

After 5 hours the rate ofpreg-robbing is slower than the rate ofthe reverse reaction. This 

is a result of the Freundlich isotherm, for which the reversibility of adsorption is a 

function of the pre-exponential term. As Aore was found to be low for preg-robbing, the 

gold adsorbed on the surface can be readily dislodged. For this experiment the initial 

cyanide concentration was high and the gold could move from the ore back into solution. 
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k1each 

go (g/t) 

Table 7.21 Parameters for the modelling of the simultaneous leaching, 

preg-robbing and adsorption of the flotation feed 

0.14 n 1.77 

6 goo {g/t) 0.11 x go 

kpreg (m/s) 1.4 X 10-9 
Aore 1.45 X 10-4 

ffiore (kg) 0.4 lncarbon (g) 8 

dcarbon (m) 1.84 x 1 o-3 
Pcarbon (kg/m3

) 890 

V (L) 1 

0.3 

0.25 

0.2 -

-E 
c. 0.15 .9: 
:J 
<( 

0.1 

0.05 

• 
0 
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time (hr) 

Figure 7.25 Leaching, adsorption and preg-robbing of the flotation feed 

when the cyanide concentration was 2000ppm 
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Figure 7.26 Simulated preg-robbing at the ore surface when activated 

carbon was present and the kpreg term was a maximum ( 1.4 

x 10-9 m/s) 

The diagnostic leaching which was performed in the presence of activated carbon was 

also modelled, using the leaching and preg-robbing parameters from Table 7 .21. The 

adsorption parameters that were determined are given in Table 7 .22. The experimental 

data are given in Appendix E, Table E16. 

Table 7.22 Adsorption parameters for the flotation feed following 

diagnostic leaching pretreatments 

Pretreatment kads (m/s) Acarbon 

None 3.9x 10-5 1 

HCl 2.2 X 10-5 5 

H2S04 1.7 X 10-5 1 

HN03 1.4 x 1 o-s 0.9 
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Table 7.22 shows that the diffusion constant of adsorption is faster after the ore has 

undergone an acidic pretreatment for the flotation feed. The pre-exponential tenn of the 

Freundlich isotherm was similar for each experiment except for the HCl pretreatment. 

7 .6.1.2 Pyrite concentrate 

The pyrite concentrate leaching was decoupled from the preg-robbing in an identical 

manner to the flotation feed in the previous section. In Table 6.8 it was shown that the 

extraction of gold in the presence of carbon was 84%, while without carbon 7 4o/o of the 

gold was extracted when the initial cyanide concentration was 2000ppm. In Chapter 6 

this was shown to be due to the activated carbon overcoming the negative effect ofpreg

robbing and shifting the equilibrium to favour higher gold extraction due to the 

adsorption of interfering cyanide species. The leaching data in Table 7.9 were 

ren1odelled with goo = 0.16 x g0. The order of the reaction was kept constant at 3 .1. It 

was found that k1each = 0.001, which was much smaller than the value of 0.0025 

detennined by the leaching model in Section 7.3. 

This value of k1each was then used to decouple preg-robbing from leaching. It was 

assumed that overcoming preg-robbing was the sole mechanism responsible for the 

enhanced gold extraction from this ore in the presence of carbon, which meant that lOo/o 

of the gold was preg-robbed. By examination of the model fit to the data it was then 

possible to approximate the level of improvement in extraction that was due to 

overcoming preg-robbing. As for the flotation feed the diffusion constant was assumed 

to be the maximum value found, which was 4.2 x 1 o·9 m!s. Only the value of Aore was 

varied. It was found that an Aore of 0.0014 corresponded to lOo/o of the gold being preg

robbed. In Figure 7.27 it can be seen that when preg-robbing was assumed to be 10% 

then the model underpredicts the solution concentration. This confirms that the enhanced 

extraction of gold is not solely the result of overcoming preg-robbing for this ore. When 

the preg-robbing was So/o of the total gold then the model accurately predicted the 

solution concentration of gold. Therefore the enhanced extraction of gold in the presence 
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of activated carbon for the pyrite concentrate was approximately equally due to 

overcoming preg-robbing and enhanced extraction due to the removal of interfering 

species. In Figure 7.28 the modelling of the preg-robbing of gold at the ore surface is 

givc~n, when it was assumed that 1 Oo/o of the gold was preg-robbed. 
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Figure 7.27 Fit of the leaching and preg-robbing data to the pyrite 

concentrate when the initial cyanide concentration was 

2000(a)ppm 
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Figure 7.28 Calculated preg-robbing onto the pyrite concentrate when 

the cyanide concentration was initially 2000(a)ppm 

The leaching, adsorption and preg-robbing were modelled when the initial cyanide 

concentration was 2000ppm with 8g of activated carbon present. This corresponded to 

the: leaching experiment performed without activated carbon presented in Table 7 .9, 

where the initial cyanide concentration was 2000(a)ppm. The parameters that were used 

in the model are shown in Table 7.23. It was initially assumed that the kpreg term was at a 

maximum, which was when there was no cyanide present. It was also assumed that preg

robbing was the sole mechanism for inhibiting the extraction of gold in the presence of 

activated carbon, as it was not possible to predict the enhancement in gold extraction due 

to the removal of interfering species. 
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Table 7.23 Parameters for the simultaneous modelling of the leaching 

and adsorption from the pyrite concentrate 

kteach 0.001 n 3.10 

go (g/t) 22 goo (g/t) 0.16 x go 

kpreg (m/s) 4.2 X 10-9 
Aore 0.0014 

ffiore (kg) 0.4 IDcarbon (g) 8 

dcarbon (m) 1.84 X 10-3 
Pcarbon (kg/m3

) 890 

V (L) 1 

Using the values in Table 7.23, the adsorption parameters determined were kacts = 1.9 x 

1 o-:s m/s and Acarbon = 2. The results of the modelling are plotted in Figure 7.29 and 7 .30. 

Figure 7.29 shows that a good fit of the model to the data was obtained. In the modelling 

sitnulation in Figure 7 .30, the rate of preg-robbing was assumed to be at a maximum, 

which was when there was no free cyanide. However, it can be seen that this assumption 

resulted in 0.54g/t of gold being preg-robbed at the ore surface. This corresponds to 

2.5% of the total gold. When kpreg was reduced to a more realistic value of 1 x 10-10 rn!s 

the preg-robbing was reduced to 0.2% of the total gold. However, it must be noted that 

the preg-robbing parameters are only an approximation for this ore, as there were two 

mechanisms responsible for the enhanced gold extraction. The preg-robbing parameters 

represent the summation of these two effects. 
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Figure 7.29 Leaching, adsorption and preg-robbing from the pyrite 

concentrate with 8g of activated carbon 
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Figure 7.30 Calculated preg-robbing at the pyrite concentrate when 

activated carbon was present, with kpreg = 4.2 x 1 o-9 rnls 
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The~ extraction of gold from the pyrite concentrate was also modelled when activated 

carbon was present during the leaching stage following the diagnostic leaching 

pretreatments. This corresponds to the leaching data presented in Table 7.10. 8g of 

activated carbon was present. The adsorption parameters are given in Table 7.24. 

Table 7.24 Adsorption parameters for the diagnostic leaching of the 

pyrite concentrate during the simultaneous leaching and 

adsorption using 8g of activated carbon 

Pretreatment kads (m/s) Acarbon 

None 1.9 X 10-5 2.0 

HCl 8.3 X 10-6 2.5 

H2S04 1.25 X 10-5 2.5 

HN03 1.25 X 10-5 2.5 

Once again the diffusion constant was much smaller following the pretreatment than 

when no pretreatment was used. Similar equilibrium values were observed and the kads 

was also similar regardless of the pretreatment which the ore underwent. The 

experimental data are given in Appendix E, Table E18. 

7.6.1.3 Copper concentrate 

The copper concentrate showed very different leaching and adsorption curves than was 

observed for the oxide ores, the flotation feed and the pyrite concentrate. Figure 7.31 

shows the solution profile of the gold extraction in the presence of 8g of activated carbon 

when the initial cyanide concentration was 2000ppm. The corresponding graph where 

only leaching occurred was given in Figure 7.8, which also shows the modelling of the 
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leaching data when the initial cyanide concentration was 2000(b )ppm. The combined 

leaching and preg-robbing parameters were given in Table 7.11. 
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Figure 7.31 Simultaneous leaching and adsorption from the copper 

concentrate. The initial cyanide concentration was 

2000ppm and 8g of activated carbon was used 

In Figure 7.31 equilibrium was not reached. It was shown in Chapter 4, Figure 4.4 that 

when the initial free cyanide concentration was 2000ppm the copper concentrate instantly 

consumed the available cyanide. In the resulting cyanide deficient conditions Cu(CN)2-

fo·nns predominantly (Zhang et a/, 1997) which is well known to adsorb onto activated 

carbon (Ibrado and Fuerstenau, 1989). As the concentration of copper in solution was 

very high for the copper concentrate, the loading onto the carbon would be very high and 

essentially irreversible because of the deficiency of free cyanide. Therefore the value of 

Acarbon is very high and the second term in Equation 7.13 becomes zero. The resulting 

equation is given in Equation 7.25. 
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_d_c = - k ads m carbon c 
dt P carbon d carbon 

(7.25) 

In Chapter 6 it was shown that the enhanced gold extraction in the presence of activated 

carbon for the copper concentrate was due to the carbon overcoming the effect of preg

robbing. In Table 6.9 it was shown that 16.4o/o of the gold was extracted when activated 

carbon was present, while 14.2% was extracted without carbon. Therefore an additional 

2.2cYo of the total gold was preg-robbed when carbon was present. As equilibrium was 

not reached for this ore it was not possible to decouple the leaching from the preg

robbing by the method used for the flotation feed and pyrite concentrate. 

Instead this value of 2.2°/o preg-robbing was used to determine the value of ~re, when the 

leaching parameters were not changed from those given in Table 7.11. It was found that 

an Aore = 0.0024 resulted in 2.2o/o of the gold being preg-robbed at an initial cyanide 

concentration of 2000(b )ppm. The leaching was then fitted to this, where it was found 

that a k1each = 0.05 fitted the solution data. This compares to the originally fitted value of 

0.047. For this modelling kpreg was assumed to be a maximum, which was 3.3 x 10-7 m/s 

when there was no cyanide present. The fit of the decoupled leaching and preg-robbing 

model to the solution concentration data is identical to that given in Figure 7.8. Figure 

7.32 shows the simulated preg-robbing behaviour of this ore under these conditions. 
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Figure 7.32 Preg-robbing behaviour of the copper concentrate when the 

initial cyanide concentration was 2000(b )ppm 

The copper concentrate was also leached in the presence of 8g of activated carbon. The 

parameters that were used to model the leaching, adsorption and preg-robbing are given 

in Table 7.25. 

Table 7.25 

kleach 

go (g/t) 

kpreg (m/s) 

ffiore (kg) 

dcarbon (m) 

V (L) 

Parameters for modelling the adsorption of gold onto 

activated carbon for the copper concentrate when the initial 

cyanide concentration was 2000(b )ppm 

0.05 n 0.5 

227.5 goo (g/t) 0.10 x go 

3.3xl0-7 
Aore 0.0024 

0.4 fficarbon (g) 8 

1.84 X 10-3 
Pcarbon (kg/m

3
) 890 

1 
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Using these parameters, it was found that the solution concentration was described by kads 

= 5 x 10-7 m/s. The fit of the model to the data is given in Figure 7.33. However, the 

preg-robbing was still very high and was in fact identical to that given in Figure 7.32. 

This was because the value of kpreg was very high. It was found that for the preg-robbing 

to be negligible (<0.1 %) kpreg must be< 3 x 10-15 m/s. This was much lower than any of 

the values determined in Section 7.4 at an initial cyanide concentration of 2000ppm, 

which means that for this ore, the rate of preg-robbing was faster than the rate of 

adsorption onto activated carbon. 

This means that the preg-robbing parameter Aore is also inaccurate as more than 2% of the 

gold would have been preg-robbed in the presence of the slow-adsorbing activated 

carbon. However, the parameters that have been detennined have shown that preg

robbing is faster than the adsorption onto activated carbon for this ore and are therefore 

useful. For this ore to be effectively treated by cyanide it would be necessary to have a 

gold selective resin that possessed faster adsorption kinetics than the preg-robbing of gold 

onto the ore. 
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Figure 7.33 Model of the leaching and adsorption onto activated carbon 

from the copper concentrate 
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7 .6.2 Discussion of the leaching, adsorption and preg-robbing batch model 

The batch model accounting for leaching, adsorption and preg-robbing, shown in 

Equation 7.20-7.24 was applied to leaching, preg-robbing and adsorption data for the 

sulphide ores. Preg-robbing was decoupled from leaching and the resulting individual 

models used to quantify the enhanced extraction of gold in the presence of activated 

carbon. 

It Vlras found that the most important factor that affects the overall gold recovery is how 

quickly the ore preg-robs leached gold. The recovery of gold is therefore dependent upon 

whether the rate of adsorption of aurocyanide onto activated carbon is faster than the 

preg-robbing process. For the flotation feed and the pyrite concentrate the adsorption of 

gold onto activated carbon was faster than preg-robbing. For the copper concentrate the 

rate of preg-robbing was faster than the adsorption of aurocyanide onto activated carbon. 

The enhanced extraction of gold for the pyrite concentrate was shown to be the result of 

two mechanisms, with 50% of the effect due to the activated carbon overcoming preg

robbing, while 50% was due to the activated carbon removing interferring species. 

The model developed also accounted for the reversibility of preg-robbing, as observed in 

Section 5.4 in Chapter 5. However the model does not differentiate between precipitated, 

loosely adsorbed or irreversibly adsorbed gold. Further understanding of the nature of 

preg-robbing is required before these factors can be successfully applied in a 

mathematical model. 

7.7 SUMMARY 

This chapter has revealed a number of findings with regard to the modelling of leaching, 

adsorption onto activated carbon and preg-robbing at the ore surface. The batch model 

developed successfully accounted for a number of findings that were observed 1n 

Chapters 4, 5 and 6. The main findings of this chapter are summarised below. 

236 



___Ratch Modellin2 of the Processes ofLeachin2. Preg-Robbing and Adsorption onto Activated Carbon 

For the leaching model the n parameter was found to vary for each ore studied, which 

differs from previous authors who have suggested that one single value of n can be used 

to describe ore behaviour. n was found to take values between 0.5 and 3.1. The gco term 

was determined from the maximum amount of gold leachable from the ore, instead of 

using least squares regression. This term differed when the ore had undergone diagnostic 

leaching pretreatments, which change the amount of gold extractable from the ore. The 

value of n was also found to change after an ore underwent diagnostic leaching 

pretreatments. 

The value of k1each in the leaching model was found to vary between 0.0025 and 1.1 I, 

depending on the ore used. This also varied depending upon the pretreatments that the 

ore had undergone. This parameter was a function of cyanide, with a changeover of k 

frorn a high to a low value that was dependent on the cyanide consuming ability of the 

ore .. 

For preg-robbing, the film diffusion model using the Freundlich isotherm to describe the 

equilibrium between the ore surface and the solution was found to accurately simulate the 

kinetics of preg-robbing for a variety of different ores under different conditions. The 

parameters Acre and kpreg were found to be strongly dependent on the initial cyanide 

conditions, whether this was free cyanide or cyanide bound as metal complexes. 

However free cyanide was much more effective in inhibiting preg-robbing. The values of 

the pre-exponential term in the Freundlich isotherm were shown to vary from 0.02 down 

to 2 x 10-6
. The film diffusion constant, kpreg, was found to take values between 2.7 x 10-7 

and 7 x 10-11 m/s. 

For the oxide ores the adsorption model was calibrated by exam1n1ng data from 

sirnultaneous leaching and adsorption. This simple method allowed determination of the 

adsorption parameters without the necessity of finding adsorption isotherms or 

performing specific adsorption experiments. A relationship between the A and n tenns of 

the Freundlich isotherm was assumed to hold, and this was found to satisfactorily 

describe the data. 
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The batch model was used to describe the leaching, adsorption and preg-robbing for the 

sulphide ores. The flotation feed was weakly preg-robbing. For this ore the data from 

the enhanced extraction of gold in the presence of activated carbon were used to decouple 

leaching from preg-robbing and the resulting model was shown to describe the leaching 

data very well. Adsorption was then included in the model and it was shown that the rate 

of adsorption was much faster than preg-robbing for this ore. 

Preg-robbing was also decoupled from leaching for the pyrite concentrate. For this ore it 

was shown that overcoming preg-robbing was not the sole mechanism for enhanced gold 

extraction for this ore, as shown experimentally in Chapter 6. In fact the mechanisms for 

enhanced extraction for this ore were quantified, with approximately 50% due to 

overcoming preg-robbing, while 50% was due to the removal of interfering species by the 

carbon. 

For the copper concentrate it was not possible to accurately decouple preg-robbing from 

leaching. The batch model was used to show that the rate of preg-robbing was much 

faster than the adsorption of gold onto activated carbon for this ore. 

The batch model developed in this chapter was extended to a continuous process based 

on the configuration of the Telfer gold mine, where a number of experiments were 

conducted to characterise the continuous process for modelling purposes. The next 

chapter deals with the development and application of the continuous model. This model 

is then used in a sensitivity analysis to show how the different ores behave in a leaching 

circuit and CIP/CIL circuit. The importance of preg-robbing in the overall gold 

extraction is examined, along with a number of different carbon contacting schemes to 

optimise the gold recovery from preg-robbing ores. 
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CHAPTERS 

Continuous Plant Modelling 

8.1 OBJECTIVES OF THIS CHAPTER 

In this chapter the batch model that was developed in Chapter 7 is extended so that it can 

be applied to a continuous process. The objective of this chapter is then to determine 

appropriate leaching and adsorption parameters for the Telfer oxide ore from plant data 

and to determine the sensitivity of the process to preg-robbing and changing process 

conditions. The effect of processing the refractory ores studied within this thesis is also 

examined. 

8.2 INTRODUCTION 

It is essential to be able to predict processing outcomes on a CIP/CIL plant as 

experimentation on these systems is both time consuming and expensive, due to the large 

number of variables affecting the process. The large number of variables means the 

experimentation must be comprehensive, which in tum makes the interpretation of results 

difficult. Many authors have therefore used mathematical models as a method of 

predicting the effect of different operating conditions for a particular ore. Most of these 

models have been empirical due to the many competing phenomena, although some 

partly fundamental models have been developed (Liebenberg and van Deventer, 1998). 
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The models have been used for describing adsorption and leaching in CIP /CIL circuits 

and for economic applications, such as plant optimisation (Nicolet al, 1984a) and plant 

costing (Stange, 1991). The effect of carbon adsorption has also been closely examined, 

with Otu et al (1993) demonstrating the change in the kinetic parameters of a CIP model 

over repeated adsorption-elution cycles. Stange et al (1990a) used the population balance 

approach to describe how the slurry and carbon are contacted in a CIP circuit and showed 

that the optimum distribution of carbon in a CIL or CIP tank was associated with a higher 

concentration of carbon in the final CIP tank than the first tank (Stange et al 1990b ). 

Liebenberg and van Deventer (1998) used a shifting equilibrium isotherm to model the 

changing adsorption conditions through the CIP circuit. This was a multicomponent 

model, so competitive adsorption was accounted for, along with fouling and degrading 

cyanide concentrations. 

Vander Walt and van Deventer (1992) are the only authors who have shown the effect of 

preg-robbing on CIP/CIL processing and this was a simplified case where values for the 

preg-robbing parameters were assumed. There is therefore the need for an in-depth 

investigation into the effect of preg-robbing on CIP/CIL circuits. Also, the effect of 

processing refractory ores by CIP /CIL has not been investigated in a modelling sense. As 

increasingly more refractory ores are processed, the simulation of the non-idealities and 

interferences that occur from the processing of such ores will become increasingly more 

important. In this chapter, this model is developed and applied to non-ideal processing 

conditions. 

8.3 FORMULATION OF THE EQUATIONS 

The equations used for the continuous model were similar to those given in Equations 

7.16-7.18 in Chapter 7, with the exception that flow terms were also added. These 

constitute the flow of the ore and solution through the leaching and adsorption circuit. 

Equation 8.1 is the solution phase mass balance over a single stage i. Equation 8.2 is the 

mass balance for the ore phase over a single stage, while Equation 8.3 gives the mass 
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mass balance for the ore phase over a single stage, while Equation 8.3 gives the mass 

balance for the portion of the ore that is capable of preg-robbing the gold from the 

solution. The adsorption of aurocyanide onto activated carbon for the period between 

transfers is given by Equation 8.4. 

d[c] . 
'~.liq ili = Qriq Ci-1 - Qtiq Ci + leachi - adsorptl011i - pregi (8.1) 

111i,cre d~] = Q:re Pcre gi-l - Q:re Pcre gi - leach; (8.2) 

d[a] 
llli,cre dt = Qore Poce 3i-l - Qore Pcre 3i + pregi (8.3) 

dq ads . 
tlli arb::ll --- = orpt1on 

' dt I 
(8.4) 

The expressions for leaching, adsorption and preg-robbing were given in Equations 7.12, 

7.13 and 7.24 respectively. 

8 .. 3.1 Carbon transfer scheme 

The countercurrent transfer of carbon through the CIL circuit must also be accounted for. 

A .. specified fraction of the carbon was transferred during a certain period of time, which 

is referred to in this thesis as the carbon transfer cycle. The transfer was assumed to 

occur instantaneously. On a gold processing-plant the fractional transfer of carbon results 

in a distribution of loadings and therefore carbon particles with different adsorption 

kinetics (van Deventer, 1984b; Stange, 1990a). As the focus of this investigation was not 

on accurate sin1ulation of adsorption kinetics, it was assumed that there was no 

distribution of carbon loading. An average loading was calculated for the carbon resident 

in each tank and the loading kinetics were therefore also an average. This carbon transfer 

method allowed an examination of the effect of different carbon transfer regimes as 

modifications to the transfer scheme were relatively simple. 
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8.3.2 Solving the equations 

The continuous model developed was solved numerically using Mathematica to simulate 

the behaviour of leaching and CIP/CIL tanks. The configuration of the tanks used was 

identical to the Telfer gold plant, which was given in Figure 6.1. As the preleach tanks 

contained no carbon the equations were solved numerically over the residence time of 

each of these tanks. The concentration of gold in the solution and solids from the third 

pre1each tank was then stored and represents the conditions of the slurry on entry into the 

CIL circuit. A step time of 1 minute was then used in the CIL circuit to calculate the 

concentration of gold in solution, the gold grade, the carbon loading and the loading of 

preg-robbed gold on the ore from Equations 8.1-8.4. The calculation continued until the 

residence time of the tank was reached, at which time the simulation of the subsequent 

tank commenced. However, if during the simulation of a tank the time for carbon 

transfer was reached, then the specified fraction of carbon in all of the tanks was 

transferred. The calculation then continued with the updated carbon concentrations. The 

staJrting values for the carbon loadings in each tank were entered from the relevant plant 

profile and the simulation performed using these values. The following operating 

parameters were used for base simulation runs. 

Table 8.1 Base operating parameters used in the CIL simulations 

Slurry flowrate (nY' lhr) 300 Carbon particle size (m) 1.84 X 10-J 

Number of leaching stages 3 Ore particle size (m) 74 X 10-6 

Number of CIL stages 7 Carbon concentration (giL) 8 

Concentration of gold in feed (g/m3
) 0 Fractional carbon transfer 0.5 

Carbon density (g/m3
) 890 Transfer cycle time (hr) 12 

Ore density (kg/m3
) 2600 Mass fraction solids 0.45 

Slurry density (kg/m3
) 1720 
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The volume of the preleach tanks, following the flow of the slurry, was 640m3
, 600m3 

and 580m3
• The CIL tanks all had the same volume of 1 020m3

• 

8.4 MODEL CALIBRATION FOR THE TELFER OXIDE ORE 

The~ Telfer oxide ore, which has been investigated in Chapters 4 to 7, was the ore which 

was continually processed through the Telfer gold plant. The parameters for leaching, 

adsorption and preg-robbing determined from the batch model in the previous chapter 

were used to describe the behaviour of this ore in the continuous situation. These 

parameters are given in Table 8.2. The initial gold grade of this ore was found to be 2g/t 

from fire assay of ore samples prior to processing. The data were initially modelled 

assuming there was no preg-robbing. The initial carbon concentration and carbon 

loading for each tank were obtained from the plant data, which are detailed in Appendix 

F, Table Fl. 

Table 8.2 Parameters for leaching, adsorption and preg-robbing for 

the Telfer oxide ore, as determined from batch 

experimentation 

k1each 0.13 

ll]each 1.28 

kpreg (m/s) 5.6 x 1 o-10 

Aore 2 X 10-6 

kads (m/s) 2.1 x 1 o-5 

Acarbon 2 

go (g/t) 2 

goo (g/t) 0.05 x go 
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Ho,~Vever when the values in Table 8.2 were used, it was found that the adsorption 

equilibrium parameter was too low and resulted in gold unloading from the highly loaded 

carbon. This is a result of the reversible nature of the film diffusion equation used, where 

if the carbon is highly loaded and the gold solution concentration is low, then the gold 

will move from the carbon phase into the solution phase. In Appendix F, Table Fl also 

shows that the cyanide concentration throughout the plant was lower than the initial 

cyanide concentration used in the batch adsorption parameter calibration by at least a 

factor of 2. The prediction for Acarbon may therefore have been too low due to the lower 

cyanide concentration and the fact that in the batch experiments, fresh activated carbon 

was used. The value of Acarbon was therefore modified to 5 from the calibration of the 

adsorption parameters using plant activated carbon in batch experiments. This calibration 

is described below. With an Acarbon of 5 the gold did not unload from the activated 

carbon and therefore more satisfactorily described the loading of aurocyanide onto 

activated carbon. The value of 2 initially determined is a shortcoming of the method of 

the equilibrium parameter determination, which is discussed further below. 

The fit of the continuous model to plant profile data was examined using the parameters 

from Table 8.2 with the updated Freundlich parameter. The results are given in Figures 

8.1 and 8.2. The carbon loading profile is discussed in Section 8.4.1, as in that section 

the adsorption parameters described the behaviour of the carbon on the plant more 

accurately. Figure 8.1 shows that the batch leaching model parameters give a satisfactory 

approximation of the leaching for the continuous process through both the leaching and 

adsorption stages. The dip that is observed between stage 3 and 4 is due to the larger 

tank size of the adsorption tanks, which means that the residence time is longer and more 

gold is extracted from the ore. The data for this plant profile are given in Appendix F, 

Table F 1. The results of the modelling of a repeat profile are also given, which was 

performed under identical conditions on the plant. This confirms that the leaching model 

from Chapter 7 satisfactorily describes the leaching of gold in the continuous process and 

that the plant data are reproducible. 
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Figure 8.2 shows that a reasonable fit of the continuous model to the solution 

concentration for the leaching stages was obtained. However the fit of the model over the 

adsorption stages was poor. This was due to the rate constant for the adsorption model 

being too high. This parameter was determined from batch experimentation using fresh 

activated carbon and it is clear that the conditions of the batch and continuous processes 

are quite different, as in the continuous process the carbon is highly loaded with gold and 

oth<:~r species. On the plant the carbon has also been fouled by species such as calcium 

carbonate and has been subjected to repeated loading and elution cycles. The use of the 

adsorption parameters from the batch situation in the continuous process is therefore not 

possible for the adsorption of gold onto activated carbon. 

The calibration of the adsorption parameters for the continuous model us1ng batch 

experimentation was further investigated. Batch adsorption experiments were performed 

on the plant with fresh activated carbon, using a different reactor volume and mass 

fraction of solids. This experiment returned identical kinetic parameters to those gained 

froJm the simultaneous leaching and adsorption experiments presented in Table 8.2. 

Clearly the reactor configuration or the mass fraction of solids used does not cause a 

difference in adsorption parameters. The experimental conditions, results and modelling 

of this experiment are given in Appendix F. 

The different adsorption characteristics may therefore have been the result of the nature 

of the activated carbon and the method of detennination of the adsorption parameters 

presented in Chapter 7, Section 7.5. Accurate adsorption isotherms were not determined 

in that section and the values obtained from the batch modelling may therefore be 

inaccurate when the carbon was highly loaded with gold and other interfering species, as 

is common in the early tanks in a CIL cascade. The high loadings are apparent from 

Tables Fl and F2 in Appendix F. 

An adsorption experiment was therefore performed using the activated carbon resident in 

the CIL tanks. A 2.3L sample of slurry was taken from the first leaching tank and 

leached. Another sample was taken and leached in the presence of activated carbon. The 
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experiment was continued for 23 hours. The carbon concentration in the tanks was 12g/L 

and the carbon was initially loaded with 2.9g gold /kg carbon. The experimental data are 

given in Appendix F, Table F5. 

The: experimental data were modelled with the leaching parameters identical to those 

given in Table 8.2, which described the leaching data well. From the batch adsorption 

and leaching model the kinetic adsorption parameter was found to be kads = 2.8 x 10-6 

m/s, while the Freundlich parameter was Acarbon = 5. The fit of these parameters is given 

in l.~igure 8.3 for the batch experiment. 

1.4 

1.2 

• 
• 

0 -~------~--------~------~--------~----~ 
0 

Figure 8.3 

5 10 15 20 

t (hours) 

Fit of the leaching and adsorption model to the batch 

experiment performed with loaded activated carbon 

This experiment was also performed on the third, fifth and seventh CIL tanks. However 

the results for the fifth and seventh tanks were inconclusive as the gold in the ore and 

solution were too low for accurate analysis. For the third CIL tank, the carbon was 

initially loaded with 13g gold/kg carbon and the carbon concentration was 13g/L. The 

experiment was continued for 23 hours. The parameters that were found were: kads = 2.2 
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x 10-6 m/s and Acarbon = 3.5. The fit of the model to the experimental data is shown in 

Figure 8.4. The experimental data are given in Appendix F, Table F6. 

The experiments performed with loaded activated carbon show that the film diffusion 

coefficient and Freundlich isotherm parameter are very different depending on the nature 

of the activated carbon and the experimental conditions. The film diffusion coefficient 

was much lower when fouled, loaded plant carbon was used. The Freundlich isothenn 

parameter was higher, possibly as a result of the much lower cyanide concentrations that 

are resident on the plant, and the nature of the carbon may also have had an effect on this 

parameter. The updated parameters were then used to fit the continuous model to the 

plant profiles. This is discussed in the following section. 
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Calibration of adsorption parameters for the slurry 

contacted with loaded carbon taken from the third CIL tank 
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8.4.1 Application of the model to plant data 

The plant profile data were remodelled using the updated adsorption parameters. An 

average value of the film-diffusion coefficient of 2.5 x 10-6 m/s was used, while Acarbon 

was 5 . The solution profile is presented in Figure 8.5. This shows that the updated film

diffusion coefficient describes the CIL circuit with more accuracy than that determined 

for unloaded carbon. The final three CIL tanks were described very well, while the 

adsorption was still too fast in the initial tanks. The film-diffusion coefficient was 

optimised to give the best fit to the continuous data and the parameter found to be 1.7 x 

10*6 m/s. This is a factor of 10 lower than the parameter determined in Chapter 7, Section 

7.5 .. The fit of the model using this parameter is given in Figure 8.6. The fit of the model 

using a film-diffusion coefficient of 1.7 x 10-6 m/s to the plant profile given in Table F2 is 

given in Figure F5 in Appendix F. 
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Solution profile for the continuous model compared to 

plant data, when kacts was 0.009rnlhr 
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Optimised solution profile for the continuous model 

compared to plant data, when kads was 0.006mlhr 

The carbon profile was also modelled using these parameters. Figure 8.7 gives the fit of 

the model to the profile when the initial carbon loadings were set from the steady state 

data given in Table Fl. It can be seen that the model makes a reasonable approximation 

to the data. The difference in the data and the model predictions may be due to the 

different carbon concentrations in the tanks. The model assumes the concentrations are 

constant at 8g/L, but it can be seen in Table Fl that the carbon concentrations vary 

widely in the CIL tanks. However, this carbon concentration data are not very accurate, 

as repeat testing showed that there is up to 50% variation in the carbon concentrations 

reported. The data for carbon concentration and the carbon profile generated are 

there fore only a guideline. 
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Carbon profile for the continuous model compared to plant 

data for the Telfer oxide ore 

When the effect of preg-robbing was included for this ore, preg-robbing was almost 

negligible, as this ore was not found to be preg-robbing in Chapter 5. A maximum of 

0.002g/t of gold was preg-robbed at the ore surface in the third leaching tank. This preg

robbed gold was adsorbed onto the activated carbon in a reversible preg-robbing process 

in the CIL tanks. In the final CIL tank 0.0004g/t of gold was preg-robbed. 

While the Telfer oxide ore is processed at the Telfer gold plant, it is possible to use the 

model developed to investigate the effect of processing different ores in this circuit 

configuration. The processing of the New Celebration oxide ore, flotation feed, pyrite 

concentrate and copper concentrate was simulated using the parameters determined in 

Chapter 7. The effect of different processing conditions for these ores was examined, 

such as tank configuration, slurry flowrate and the carbon contacting scheme. The effect 

of preg-robbing on the different ores was also examined and the processing changes 

required for preg-robbing ores determined. 
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8.5 <::ONTINUOUS PROCESSING OF REFRACTORY AND OXIDE ORES 

The eontinuous model was applied to the New Celebration oxide, flotation feed, pyrite 

concentrate and copper concentrate. This was done to investigate the performance of the 

leaching and CIL circuits when different ores would have been processed. The base 

operating parameters from Table 8.1 were initially used for this modelling. 

8.5.1. New Celebration oxide ore 

The New Celebration oxide ore has been shown to be a simple oxide ore in this thesis. It 

could therefore be readily processed by a CIP/CIL method and is in fact processed in this 

manner. An investigation of the simulated performance of this ore in the leaching/CIL 

circuit configuration of the Telfer gold mine was undertaken. 

The leaching, adsorption and preg-robbing parameters were initially determined in 

Chapter 7 for this ore. These parameters are summarised in Table 8.3. Once again it was 

found that the Freundlich isotherm parameter was too low for this ore, with gold 

unloading from the activated carbon in the first CIL tank, due to the highly loaded and 

fouled carbon. The Freundlich isotherm parameter was therefore adjusted to 5, which 

was the value determined for the Telfer oxide ore. 

The continuous modelling showed that 92%> gold recovery was achieved when this ore 

was processed in a leaching/CIL circuit identical to the Telfer gold plant, using a slurry 

flo\vrate of 300m3 /hr. The solid and solution profiles that were obtained are given in 

Figures 8.8 and 8.9. It can be seen that only the first three CIL tanks recovered a 

significant amount of gold, with the leaching and adsorption relatively low in the final 

four CIL tanks. The rapid adsorption of leached gold in the first CIL tank results in a 

skewed carbon loading, with the loading much higher in the first CIL tank. Figure 8.10 

shows the carbon loading profile. 
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Parameters for leaching, adsorption and preg-robbing for 

the New Celebration oxide ore 

k1each 1.09 

ll]each 2.16 

kpreg (m/s) 5.6 X 10"10 

Aore 2 X 10-6 

kads (m/s) 2.8 X 10"5 

Acarbon 5 

go (g/t) 0.83 

goo (g/t) 0.02 x go 

2 4 6 8 10 

stage 

Solution profile for the continuous processing of the New 

Celebration oxide ore 
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Solid profile of the continuous processing of the New 

Celebration oxide ore 
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Figure 8.10 Carbon profile of the continuous processing of the New 

Celebration oxide ore 
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The rapid adsorption of gold onto activated carbon in the early CIL tanks occurs because 

the adsorption film diffusion coefficient was too high, as this was determined from 

experiments performed with fresh activated carbon. When the film diffusion coefficient 

was decreased by a factor of 10, which for the Telfer oxide ore was the factor by which 

the laboratory and plant values differed, then the solution profile changed to that given in 

Figure 8.11. This figure is more likely to reflect the actual solution profile on the plant, 

as the lowered film diffusion coefficient is more realistic for a plant situation. 
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Figure 8.11 Solution profile of the New Celebration oxide ore when the 

film diffusion coefficient was reduced by a factor of 10 

The effect of the solution flowrate on gold recovery for this ore was examined, as it was 

determined experimentally that 98% of the gold was recoverable by cyanidation. The 

gold recovery was increased from 92% to 97.3%> by changing the slurry flowrate from 

300m3/hr down to 1OOm3 /hr. At a flowrate of 200m3 !hr 94°/o of the gold was recovered. 

1-Iowever as the grade of this ore was only 0.83 g/t it must be carefully examined whether 

the increased gold recovery is a worthwhile gain for the increased processing time. It is 

likely that a reduced flowrate is not worthwhile due to the low grade of the ore. 
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However, from these data it can be seen that only a small extension of the continuous 

model is required to optimise the flowrate for maximum revenue. 

Preg-robbing was negligible for this ore, with a maximum of 0.002g/t of gold preg

robbed in the third leaching tank. At the final CIL tank this had reduced to 0.0002g/t. 

8.5.2 Flotation feed 

The flotation feed is a refractory ore that is not processed by CIP /CIL, but instead 

undergoes flotation to produce two gold-rich concentrates. An examination of the 

le:aching/CIL performance of this ore was undertaken to test if the ore was appropriate for 

CIL/CIP processing. The leaching, adsorption and preg-robbing parameters were 

d1etennined in Chapter 7 and are summarised in Table 8.4. The pre-exponential value of 

the Freundlich isotherm was adjusted to 5 from the value determined in Chapter 7, as the 

adsorption onto activated carbon was reversible with the experimentally determined value 

of 1. Preg-robbing was assumed to be a maximum, which meant that the preg-robbing 

parameters were used from the experiment performed with no free cyanide. This allowed 

an examination of the performance of this ore in a worst-case scenario. 

Figure 8.12 shows the extraction of gold from the ore when there was no preg-robbing. 

80o/o of the gold was recovered in the fourth CIL tank, and after the seventh tank this had 

increased to 83°/o. The last three tanks therefore play only a small role in the gold 

rcecovery process. It was earlier found by experiment that 89% of the total gold present in 

the ore was recoverable when activated carbon was present, however to recover this gold 

the residence time of the ore on the plant would have to be increased by decreasing the 

slurry flowrate to 186m3/hr. 
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Parameters for leaching, adsorption and preg-robbing for 

the flotation feed 

k1each 0.14 

llJeach 1.77 

kpreg (m/s) 1.4 X 10·9 

Apreg 2.2 X 10-3 

kads (m/s) 3.9 X 10-5 

Acarbon 5 

go (g/t) 6 

goo (g/t) 0.11 x go 

2 4 6 8 10 

stage 

Figure 8.12 Ore profile for the flotation feed across the leaching and 

CIL stages of the Telfer gold plant when no prcg-robbing 

was considered 
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When preg-robbing was included at a flowrate of 300m3/hr the gold recovery was 

reduced from 80% to 65%. The preg-robbing parameters were determined when there 

was no free cyanide, and Chapter 5 showed that in the presence of cyanide preg-robbing 

was drastically reduced. However this does show the dramatic effect that preg-robbing 

may have under certain circumstances. Figure 8.13 shows that the majority of the gold 

was preg-robbed in the leaching stages, and that the preg-robbing becomes reversible 

when activated carbon was present, due to the low solution concentration. Therefore by 

changing the configuration of the gold plant, an increase in gold recovery may be gained, 

even when the ore is preg-robbing. It was shown in Section 7.6 in Chapter 7 that when 

the kinetics of preg-robbing were slower than activated carbon adsorption, preg-robbing 

was dramatically reduced. Therefore a modification of the Telfer gold plant could be 

made by bypassing the leaching circuit and feeding the unleached slurry directly into the 

CIL circuit. The results of this modelling are given in Figure 8.14, where the ore profile 

is shown and Figure 8.15, where the reduced preg-robbing profile is shown. 
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Figure 8.13 Preg-robbing of the flotation feed when modelled in the 

process configuration ofthe Telfer gold plant 
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Figure 8.14 Ore profile for the flotation feed across the CIL stages of 

the Telfer gold plant when there were no leaching tanks 
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Figure 8.15 Preg-robbing of the flotation feed when tnodelled in the 

process configuration of the Telfer gold plant without the 

leaching circuit 
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The preg-robbing was dramatically reduced as the solution concentration was much 

lower in the CIL tanks, with only 0.26ppm of gold in the first tank. This compared to a 

maximum solution concentration in the third leaching tank of 5.59ppm when there was 

no preg-robbing and 3.66ppm when preg-robbing was included. There was therefore less 

gold available to be preg-robbed when the leaching circuit was bypassed. In fact the gold 

recovery was 80o/o when there were no leaching tanks and maximised preg-robbing, 

compared to a recovery of 80.3% when preg-robbing was not included on the unmodified 

leaching/adsorption circuit. The recoveries were close as the residence time of the slurry 

on the plant was not greatly reduced by the removal of the leaching tanks. This was 

because the volume of the CIL tanks is approximately twice that of the leaching tanks 

and there was enough time for satisfactory gold extraction to occur even when the 

leaching circuit was removed from the model. This ore was also shown to have fast 

leaching kinetics in Section 7.3.2.3 in Chapter 7. 

As this ore can be processed effectively with a concentration of 2000ppm eN·, the 

processing of this ore using a CIL circuit without any leaching stages may be a realistic 

processing option if the recovery of 80% of the gold from the ore is economically 

acceptable. 

Overall, for a preg-robbing ore it is preferable to bypass any leaching stages altogether. 

Leaching should only occur in the presence of activated carbon for these ores, so that the 

faster kinetics of gold adsorption onto activated carbon over the ore allows more gold to 

be recovered. 

8.5.3 Pyrite concentrate 

The pyrite concentrate was a refractory ore that showed stronger preg-robbing 

characteristics than the flotation feed. The processing of this ore was simulated when 

there was no preg-robbing and when preg-robbing was included. The preg-robbing was 

assumed to be a maximum, which was when there was no cyanide present. The leaching 
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parameters were those initially determined in Section 7.3, as given in Table 8.5. It was 

not necessary to change the pre-exponential factor of the Freundlich isotherm. 

Table 8.5 Parameters for leaching, adsorption and preg-robbing for 

the pyrite concentrate 

kteach 0.001 

nteach 3.10 

kpreg (m/s) 4.2 X 10-9 

Aore 5.6 X 10-3 

kads (m/s) 1.9 X 10-5 

Acarbon 2 

go (g/t) 22 

goo (g/t) 0.16 x go 

When the parameters from Table 8.1 were applied, which included a solution flowrate of 

300m3 lhr, some interesting results were obtained. Figure 8.16 shows the solution profile 

across the leaching and CIL circuit. In the third leaching tank it can be seen that the 

solution concentration actually decreases. This indicates that gold was being preg-robbed 

at a rate faster than leaching was occurring. The solution concentration was then rapidly 

decreased in the CIL circuit due to adsorption onto activated carbon. At the final CIL 

tank only 66o/o of the gold was extracted from the ore and of this 17°/o was preg-robbed. 

This indicates that the residence time was too short, as leaching experitnents showed that 

84% of the gold was recoverable from this ore when activated carbon was present. When 

the solution flowrate was reduced to 100m3 /hr it was found that 70o/c> of the gold was 

recoverable. Apart from the flowrate, the carbon contacting scheme was also 

inappropriate for this ore as a large proportion of the gold was preg-robbcd and therefore 

unrecovered. However, once carbon was introduced the preg-robbing was reversed, 
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which was found for the Telfer oxide ore, New Celebration oxide ore and the flotation 

feed. 
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Figure 8.16 Solution profile of the pyrite concentrate when preg

robbing was included 

Alternative carbon contacting schemes were used in an attempt to reduce the gold lost to 

preg-robbing. A co-current carbon transfer schetne was initially used as it was envisaged 

that the driving force for the gold to move from the ore onto the carbon would be greater 

if the concentration of gold already on the carbon was lower in the earlier CIL tanks. 

However this resulted in only a marginal difference in preg-robbed gold, with 15o/o of the 

gold still preg-robbed at the ore surface after the final CIL tank. However when the 

leaching tanks were taken off-line, 65.4% of the gold was recovered fr01n the ore. This 

resulted in the preg-robbed gold being halved, with 7<Yo of the leached gold adsorbing 

onto the ore surface. This is still a relatively large mnount of gold and was due to the 

high maximum solution concentration of 0.63ppnl, and fast rate of preg-robbing. In 

comparison the flotation feed, where better results were obtained, had a maxitnum 

262 



Continuous Plant Modellim~ 

solution concentration of 0.19ppm and a slower rate ofpreg-robbing. It is important to 

note that the overall gold leaching for the pyrite concentrate was almost identical 

regardless of whether the leaching tanks were present or not. Therefore, removal of the 

leaching tanks in the Telfer circuit configuration is an effective processing change for 

preg-robbing ores. 

Figure 8.16 shows that when activated carbon was added in the first CIL tank the solution 

concentration was rapidly decreased. The corresponding carbon loading profile was 

therefore skewed, with the majority of the gold loading in the first CIL tank. However, it 

has not been the focus of this thesis to accurately determine and simulate adsorption 

kinetics, as this has been performed by other authors. Still it was possible to use the 

model developed to examine the effect of level of carbon present in each tank. The 

skewed profile obtained when the carbon concentrations were all 8g/L is given in Figure 

8.17. The carbon concentrations were then adjusted according to the method that Stange 

et al (1990a) suggested, with a higher carbon concentration in the final CIL tanks and a 

lower concentration in the early tanks. The concentrations that were used are given in 

Table 8.6, which overall add up to the same concentration when 8g/L was used in each 

tank. The circuit was simulated with the leaching tanks on-line, so that the effect of the 

carbon distribution on the reversibility of preg-robbing could be highlighted. This test 

showed that an identical amount of gold was preg-robbed with the skewed carbon 

distribution as for the even distribution. Therefore, when an ore is preg-robbing, the 

distribution of carbon is not an important consideration. 

This ore is currently treated by intensive cyanidation followed by CIL. As sufficient 

cyanide is present preg-robbing is likely to be low and therefore has little effect on the 

gold recovery. But as only 84o/o of the gold can be extracted a substantial portion of gold 

is lost to tails. This could only be overcome by using an oxidative pretreatment to change 

the nature of the ore, i.e. the ore porosity or mineralogy. 
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Carbon concentrations used for the simulation of the CIL 

circuit with an uneven carbon distribution 
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Figure 8.17 Carbon loading profile for the sitnulation of the pyrite 

concentrate in the Telfer CIL tanks, when each tank 

contained 8g/L carbon 
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8.5.4 Copper concentrate 

The copper concentrate is an extremely refractory ore, and Figure 4.8 in Chapter 4 shows 

a very high cyanide consumption and a slow rate of leaching for this ore. It is therefore 

inappropriate to treat this ore by the CIP/CIL process. Also the ore contains 23.5% 

copper, so it is likely that this ore could not be treated at all using cyanide as a lixiviant, 

regardless of any oxidative pretreatment that may be performed on the ore prior to 

cyanidation. However, an investigation of the effect of processing this ore could be 

easily examined using the continuous model developed along with the parameters 

determined in Chapter 7. These parameters are summarised in Table 8.7. As for the 

flotation feed and pyrite concentrate the preg-robbing was assumed to be a maximum, 

which was described by the parameters determined when there was no cyanide present. 

This shows the effect of processing a highly refractory ore by CIL/CIP. 

Table 8.7 Parameters for leaching, adsorption and preg-robbing for 

the copper concentrate 

k1each 0.05 

nleach 0.5 

kpreg (m/s) 3.3x10-7 

Apreg 0.03 

kads (m/s) 5 x 1 o-7 

go (g/t) 227.5 

goo (g/t) 0.10 x g03.3 

The effect of processing this ore under the standard conditions given in Table 8.1 is 

shown in Figures 8.18 and 8.19 when preg-robbing was not included. The 

inappropriateness of this ore for CIL treatment is obvious here, where it can be seen that 

only 8°/o of the gold is extracted from the ore when the flowrate was 300m3/hr. It would 
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be necessary to reduce the flowrate down to 16m3 /hr to achieve a gold extraction of 80%. 

Also Figure 8.19 shows that of the leached gold only a small portion was adsorbed onto 

the activated carbon, with the solution concentration actually increasing across the CIL 

circuit due to further leaching occurring at a greater rate than the adsorption of gold onto 

activated carbon. Therefore this ore is entirely inappropriate for treatment according to 

this processing scheme. 
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Figure 8.18 Simulated ore profile across the Telfer leaching and 

adsorption circuit when the copper concentrate is treated 

assuming there was no preg-robbing 
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Figure 8.19 Solution profile of the copper concentrate when treated by 

the Telfer leaching and adsorption circuit without preg

robbing 

When preg-robbing was included the figures became much worse with all of the gold 

being preg-robbed at the ore surface, with the exception of 0.2o/o. Clearly an ore for 

which the preg-robbing is faster than the adsorption onto activated carbon cannot be 

treated by CIP/CIL. The preg-robbing must firstly be neutralised by cyanide species. If 

the preg-robbing constituent is carbonaceous, then an additive must be used to suppress 

the adsorption onto this component. 
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8.6 SUMMARY 

There are a number of findings that have been made in this chapter with regard to the 

continuous modelling of ores in leaching and CIL circuits. The continuous model 

developed was used to simulate the behaviour of the different ores studied within this 

thesis. The main findings of this chapter are summarised below. 

While the leaching of gold in the continuous circuit was described satisfactorily by the 

leaching model developed in Chapter 7 for the Telfer oxide ore, the adsorption 

parameters were found to be inaccurate. This was because the adsorption parameters 

were determined experimentally for fresh activated carbon, while the carbon in the CIL 

tanks was fouled and highly loaded with gold and other species. The adsorption 

parameters were therefore determined from experiments performed with samples of 

activated carbon from the Telfer gold plant. The parameters found from these batch 

experiments described the performance of the continuous plant very well for the Telfer 

oxide ore, which is the ore processed through the plant. 

The New Celebration oxide ore could also be treated by a configuration identical to the 

Telfer gold mine. Preg-robbing was shown to be insignificant for this ore and the overall 

recovery of gold was closely linked to the flowrate of slurry through the plant. The 

model could be readily extended to optimise the flowrate for maximum revenue. 

The flotation feed is a refractory ore that could also be processed effectively in the Telfer 

gold mine if a process change was made. It was shown for this ore that the removal of 

the leaching tanks resulted in improved gold recovery as preg-robbing was decreased. 

This was because no leaching occurred without the presence of activated carbon and the 

kinetics of adsorption onto activated carbon were faster than the preg-robbing of gold at 

the ore surface. The modelling of the pyrite concentrate confirmed this result and 

showed that a cocurrent flow of carbon was not as effective in reducing the negative 

effect of preg-robbing as taking the leaching tanks off-line. It was also shown that the 
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distribution of carbon throughout the circuit was not a factor that affected the extent of 

preg-robbing. 

The copper concentrate was found to be too highly refractory to be treated by a 

conventional leaching/CIL/CIP circuit. This was due to the slow rate of leaching and 

adsorption. When a high level of preg-robbing was included this made the gold 

extraction much worse, as the rate of preg-robbing was faster than the rate of adsorption 

onto activated carbon. The majority of the gold was therefore preg-robbed, rather than 

recovered on activated carbon. 

In view of the above statements and the conclusions that were drawn in the previous 

chapter, it can be seen that the modelling work completed in this thesis has produced a 

number of findings with regard to the simulation of leaching, adsorption and preg

robbing in batch and continuous situations. A summary of the conclusions drawn from 

the investigations in this thesis is given in Chapter 9. 
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CHAPTER9 

Conclusions 

This chapter provides a summary of the major findings that have been discussed in the 

previous experimental and modelling chapters, which have focussed on the leaching and 

adsorption behaviour of oxide and sulphide gold ores. During this study, the role of 

metal-cyanide species has been examined during leaching and preg-robbing. The kinetics 

of leaching, preg-robbing and adsorption onto activated carbon were also studied, which 

combined with examination of cyanide speciation allowed understanding of the role of 

activated carbon in enhancing gold extraction. The kinetic study also allowed 

mathematical relationships between the processes of leaching, preg-robbing and 

adsorption to be developed, which could then be used to make predictions about the 

performance of the ores when processed in a typical leaching and CIL/CIP circuit. Most 

importantly, processing problems could be identified and circuit configuration changes 

could be readily simulated to overcome these probletns. The specific findings from each 

chapter are summarised below. 

In Chapter 4 the role of metal-cyanide complexes in gold leaching were examined. It was 

shown that copper cyanide, zinc cyanide, nickel cyanide, silver cyanide and ferrous 

cyanide could be used to leach gold from the copper concentrate. Under conditions of 

zero free cyanide this occurred by a mechanism whereby the n1etal species dissociate and 

the cyanide made available, leaches gold according to Elsner's equation. The cyanide 
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deficient metal cation then precipitates. These reactions are driven by the greater stability 

of gold cyanide in solution. 

It was also found that gold leaching from a variety of ore types could occur from the 

cyanide made available from the partial dissociation of copper cyanide complexes. When 

cyanide was present in low concentrations the leaching of gold and other metals was 

possible with copper cyanide used as the lixiviant. The copper cyanide's fourth ligand 

readily dissociates, and this cyanide could then be used to leach gold. 

In Chapter 5 the mechanisms and kinetics of preg-robbing were studied, with particular 

focus on the role of metal-cyanide complexes. This extended the work from Chapter 4. 

It was found that for preg-robbing to occur from solution onto a pyrite or chalcopyrite 

mineral surface, the solution must first be cyanide deficient, which means that no free 

cyanide was present. When the consumption of free cyanide resulted in the formation of 

metal-cyanide complexes, such as Ag(CN)2-, Zn(CN)l-, Fe(CN)64
-, Cu(CN)x(x-J)-, it was 

found that these complexes would precipitate before the aurocyanide complex. These 

complexes, therefore, serve to stabilise the aurocyanide in solution. 

In Chapter 5 it was also shown that activated carbon competes very strongly with the ore 

for Au(CNh- when cyanide is present. The cyanide may be present as free cyanide or 

bound as other metal-cyanide complexes. Reduction at the mineral surface was found to 

be almost completely inhibited when cyanide and activated carbon were present. When 

no cyanide was present, the gold may be reduced by the ore, or adsorbed onto the 

activated carbon, with the relative amounts depending on the kinetics of the two 

processes. 

A mechanism for the reduction of aurocyanide was proposed whereby the aurocyanide 

was reduced at the chalcopyrite surface. The chalcopyrite was oxidised to form sulphur, 

iron-hydroxide and copper cyanide complexes. These con1plexes can potentially 

redissolve the gold to form the more stable Au(CNh. complex. The reduction of gold on 

pyrite under cyanide deficient conditions was also proposed to occur. This coincided 
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with the release of the zinc-cyanide, copper-cyanide, nickel-cyanide and iron-cyanide 

complexes into solution. Gold was shown to be able to adsorb onto the pyrite as 

Au(CN)2-, though a greater proportion of the gold cyanide was reduced or irreversibly 

adsorbed. 

In Chapter 6, the role of activated carbon in enhancing gold extraction was examined. 

However, not all of the ores showed an enhancement in gold extraction when activated 

carbon was present. The oxide ore from the New Celebration gold mine showed no 

improvement as the observed improvement was within the error of analysis for the ICP 

and activated carbon digestion. This was due to the very low grade of this ore. 

At low cyanide concentrations and on the plant, the Telfer oxide ore gave higher gold 

extractions in the presence of activated carbon than when activated carbon was not 

present. As this ore displayed no preg-robbing characteristics, this effect was due to the 

activated carbon pulling gold from the ore that would otherwise not have been recovered. 

At high cyanide concentrations, this ore did not show enhanced gold leaching in the 

presence of activated carbon, as the driving force for gold dissolution was large enough 

for all of the leachable gold to be extracted by cyanide alone. 

The flotation feed also showed an enhancement in gold extraction when activated carbon 

was present, however, this ore was shown to be mildly preg-robbing in Chapter 5. The 

relatively small improvements in gold extraction observed for this ore could be 

completely attributed to the activated carbon adsorbing gold that would otheiWise have 

been preg-robbed. 

The copper concentrate showed an enhancement in gold leaching which was also entirely 

attributable to the effect of overcoming preg-robbing. For this ore, less gold was 

extracted from an already leached ore when a fresh cyanide solution was subsequently 

used, as less metal-cyanide species were available to promote gold leaching, as found in 

Chapter 4. The existence of preg-robbed gold at the surface of this ore was confirmed 

from the equilibrium curves which showed the rapid redissolution of preg-robbed gold 
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following the addition of cyanide, which adds additional weight to the findings in 

Chapter 5. The amount of gold redissolved agreed with the observed enhancement in 

gold extraction in the presence of activated carbon. 

For the pyrite concentrate, the addition of cyanide to a slurry which had already been 

leached for 48 hours at an initial cyanide concentration of 2000ppm saw the 

establishment of a new, higher equilibrium extraction. This ore was only weakly preg

robbing, while large improvements in gold extraction were observed, which could not 

only be attributed to this effect. Therefore for this ore, the extraction of gold in the 

presence of activated carbon was enhanced by the attainment of a higher equilibrium 

extraction of gold from the ore. 

For all of the sulphide ores diagnostic leaching pretreatments showed that the 

enhancement in gold extraction with activated carbon was not a function of mineralogy, 

as similar improvements in extraction were observed regardless of which minerals were 

destroyed by acidic pretreatments. It was also shown from the experimental results that 

examination of an ore's mineralogy was not sufficient to determine what the effect of 

activated carbon would be on the gold extraction. Instead, the preg-robbing 

characteristics of the ore must be understood, as well as its leaching behaviour at 

different cyanide concentrations. In Chapter 5 it was shown that the ability of an ore to 

adsorb gold could also not be determined sin1ply by examination of the ore's mineralogy. 

Instead, the preg-robbing was related to how quickly the ore consumed free cyanide. 

In Chapter 7, the leaching, preg-robbing and adsorption processes discussed in the 

experimental chapters were modelled. A variable order empirical rnodel of the fonn of 

the Mintek model was used to describe leaching. The order of the reaction, given by n, 

was found to vary for each ore studied, which differs fron1 previous authors who have 

suggested that one single value of n can be used to describe ore behaviour. The goo tenn 

was determined from the maximum amount of gold leachable fr01n the ore, instead of 

using least squares regression. This term differed when the ore had undergone diagnostic 

leaching pretreatments, which change the amount of gold extractable from the ore. The 
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value of n was also found to change after an ore underwent diagnostic leaching 

pretreatments as the matrix of the ore was changed. The rate constant, k1each, was also 

dependent on the ore used and the pretreatments that the ore had undergone. Overall, this 

parameter was found to be a function of the initial free cyanide concentration. 

For preg-robbing, the film diffusion model using the Freundlich isotherm to describe the 

equilibrium between the ore surface and the solution was found to accurately describe the 

kinetics of preg-robbing for a variety of different ores under different conditions. The 

parameters Aore and kpreg were found to be strongly dependent on the initial cyanide 

conditions, whether this was free cyanide or cyanide bound as metal complexes. 

For the oxide ores, the adsorption model was calibrated by examining data from 

simultaneous leaching and adsorption experiments. This simple method allowed 

determination of the adsorption parameters without the necessity of finding adsorption 

isotherms or performing specific adsorption experiments. A linear relationship between 

the A and n terms of the Freundlich isotherm was assumed to hold, and this was found to 

satisfactorily describe the data. 

The batch model was used to describe the leaching, adsorption and preg-robbing for the 

sulphide ores. The flotation feed was weakly preg-robbing. For this ore the data from 

the enhanced extraction of gold in the presence of activated carbon were used to decouple 

leaching from preg-robbing and the resulting model was shown to describe the leaching 

data very well. Adsorption was then included in the model and it was shown that the rate 

of adsorption was much faster than preg-robbing for this ore. 

Preg-robbing was also decoupled from leaching for the pyrite concentrate. For this ore it 

was shown that overcoming preg-robbing was not the sole mechanism for enhanced gold 

extraction for this ore, as shown experimentally in Chapter 6. In fact the mechanisms for 

enhanced extraction for this ore were quantified using the batch model, with 

approximately 50o/o due to overcoming preg-robbing, while 50°/o was due to the 

attainment of a higher equilibrium extraction of gold fron1 the ore. 
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For the copper concentrate it was not possible to accurately decouple preg-robbing from 

leaching. However, the batch model was used to show that the rate ofpreg-robbing was 

much faster than the adsorption of gold onto activated carbon for this ore. 

The batch model developed in Chapter 7 was extended so that the parameters determined 

for leaching, adsorption and preg-robbing could be applied to a continuous model that 

simulated an operating leaching and CIL circuit. For the Telfer oxide ore the leaching of 

gold in the continuous circuit was described satisfactorily by the leaching model 

developed in Chapter 7, although the adsorption parameters were found to be inaccurate. 

This was because the adsorption parameters were determined experimentally with fresh 

activated carbon, while the carbon in the CIL tanks was fouled and highly loaded with 

gold and other species. The adsorption parameters were therefore determined from 

experiments performed with samples of activated carbon from the Telfer gold plant. The 

parameters found from these batch experiments described the perfonnance of the 

continuous plant well for the Telfer oxide ore, which is the ore processed through the 

plant. 

By performing simulations with the continuous model it was shown that the New 

Celebration oxide ore could also be treated by a configuration identical to the Telfer gold 

mine. Preg-robbing was shown to be insignificant for this ore and the overall recovery of 

gold was closely linked to the flowrate of slurry through the plant. The model could be 

readily extended to optimise the flowrate for maximum revenue. 

The flotation feed is a refractory ore that could also be processed effectively in the Telfer 

gold mine if a process change was made. It was shown for this ore that the removal of 

the leaching tanks resulted in improved gold recovery as preg-robbing was decreased. 

This was because no leaching occurred without the presence of activated carbon and the 

kinetics of adsorption onto activated carbon were faster than the preg-robbing of gold at 

the ore surface. The modelling of the pyrite concentrate confinned this result and 

showed that a cocurrent flow of carbon was not as effective in reducing the negative 

effect of preg-robbing as taking the leaching tanks off-line. It was also shown that the 

275 



Conclusions 

distribution of carbon throughout the circuit was not a factor that affected the extent of 

preg-robbing. 

The copper concentrate was found to be too highly refractory to be treated by a 

conventional leaching/CIL/CIP circuit. This was due to the slow rate of leaching and 

adsorption. When a high level of preg-robbing was included this made the extraction 

much worse as the rate of preg-robbing was faster than the rate of adsorption onto 

activated carbon. The majority of the gold was therefore preg-robbed, rather than 

recovered on activated carbon. 
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APPENDIX A 

Ore Preparation 

This appendix details the techniques which were used to obtain ore samples for 

experimentation from the original batches of ore received. The particle size distributions 

of each ore are also given. 

Prior to use, the oxide ores were spread out to dry for a period of three days to remove 

any surface moisture. The ore was then crushed to -2mm using a rolls crusher. A 

manual sampling technique was then used to obtain representative lkg bags of ore. The 

following method was used: 

• The ore was spread on a plastic groundsheet and divided into a 9x9 grid. 

• The contents of each alternative grid position were taken, so that two fractions, A and 

B were created. 

• Fraction A and fraction B were taken and divided into four fractions using the cone 

and quartering method. 

• One fraction of A was then taken and combined with a fraction of pile B. This was 

then fed into a rotary splitter to overcon1e any bias. 
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Appendix A - Ore Preparation 

Following this mixing procedure, dry milling was conducted on lkg samples of ore using 

a ceramic ball mill and stainless steel balls. The length of time required to obtain the 

desired particle size distribution was determined by generation of a milling curve. 

After milling, all of the lkg batches of ore were split into six fractions using a rotary 

splitter. These splits were then bagged in one kilogram plastic bags that had the air 

removed from them to the greatest extent possible. This limited possible oxidation. The 

ore was then ready for experimentation. 

It was unnecessary to perform any crushing or milling on the flotation feed, pyrite 

concentrate or copper concentrate, as these ores were milled prior to their collection. 

However, the manual sampling technique detailed above was followed. One difference 

in the method used was that the length of the drying time was minimised to limit 

oxidation of the sulphide minerals. Following manual sampling, the ores were split using 

a rotary splitter and placed in 1 kg bags, ready for experimentation. 

The pure mineral samples were received as particles of sizes as large as 1 OOmm diameter. 

It was necessary to crush these mineral samples in a jaw crusher, prior to further crushing 

down to -2mm in a rolls crusher. Milling was conducted immediately to the desired 

particle size, followed by splitting of the entire sample. One kilogram bags of ore were 

then stored for future use. 

The particle size distribution of the New Celebration ore is given in Figure A 1. This was 

obtained after a milling time of 22 minutes. This test was repeated three times and it was 

found that almost identical particle size distributions were obtained for each test. 

The particle size distribution of the Telfer Oxide ore is given in Figure A2. A milling 

time of 17 minutes was required to obtain a particle size distribution of 80% passing 

75 }-till. 
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Figure Al Particle size distribution of the New Celebration oxide ore 
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Figure A2 Particle size distribution of the Telfer oxide ore 
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The flotation feed was received with a particle size distribution of 80% passing 75Jlm. 

Approximately 60o/o of the material was found to be smaller than 38Jlm, which agreed 

closely with the particle distributions obtained for the oxide ores. The particle size 

distribution is detailed in Figure A3. 
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Figure A3 Particle size distribution of the flotation feed 

The pyrite concentrate and copper concentrate were received in a ground state, sealed in 

airtight plastic bags. Experiments were performed at the particle sizes at which these 

ores were normally processed to simulate the conditions used on the plant as closely as 

possible. The pyrite concentrate had a fairly uniform particle size distribution, as seen in 

Figure A4. Approximately 90o/o of the material was finer than 75Jlm. Over 80o/o of the 

particles were smaller than 38J.lm. 

The particle size distribution of the copper concentrate agreed very closely with the other 

ores used, except for the pyrite concentrate. 80o/o of the material was smaller than 7 SJ.lm. 

The particle size distribution for this ore is given in Figure A5. 
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The particle size distributions of the gold-free pyrite and chalcopyrite mineral samples 

were not determined, beyond the fact that 80% of the particles were smaller than 7 5 ~m. 

As these ores were not the subject of gold leaching tests, this was not considered an 

important enough factor to be included in this study. 
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Figure A4 Particle size distribution of the pyrite concentrate 

The raw data for the calculation of the particle size distributions is contained within Table 

A 1. A mass of 200g of ore was used for the particle size distributions. This was first wet 

screened to remove the -38j..tm size fraction, followed by dry screening of the remaining 

ore sample. 
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Table Al Particle size distribution data for the ores 

Ore Screen size (J.Lm) Mass of ore passing Cumulative 
screen size (g) percentage 

New Celebration oxide 0 0.0 0.00 
38 77.8 49.40 
53 13.2 57.78 
63 7.9 62.79 
75 9.4 68.76 
90 10.1 75.17 
106 9.6 81.27 
125 10.0 87.62 
180 15.1 97.21 
200 4.4 100.00 

Telfer oxide 0 0.0 0.00 
38 118.2 59.10 
53 19.0 68.60 
63 9.4 73.30 
75 11.1 78.85 
90 11.7 84.70 
106 10.1 89.75 
125 9.0 94.25 
180 11.5 100.00 

Flotation feed 0 0.0 0.00 
38 117.2 58.60 
53 18.8 68.00 
63 10.3 73.15 
75 11.9 79.10 
90 12.8 85.50 
106 10.6 90.80 
125 12.4 97.00 
180 6.0 100.00 

Pyrite concentrate 0 0.0 0.00 
38 164.2 82.10 
53 0.0 86.00 
63 11.90 88.05 
75 9.30 92.70 
90 5.10 95.25 
106 2.60 96.55 
125 2.00 97.55 
180 4.90 100.00 

Copper concentrate 0 0.0 0.00 
38 119.5 59.75 
53 21.6 70.55 
63 10.20 75.65 
75 9.60 80.45 
90 8.00 84.45 
106 4.40 86.65 
125 7.70 90.50 
180 19.00 100.00 
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APPENDIXB 

Additional Information for Chapter 4 

This appendix contains the experimental data for the work outlined in Chapter 4. This 

incorporates the results of the leaching tests for the different ores, showing the 

concentrations of the various species in solution. Additional SEM photographs in 

support of the precipitated products from the intensive cyanide leach of the copper 

concentrate are also given. Finally the graphs and data for the leaching of the oxide ores 

and flotation feed using copper cyanide as a lixiviant are given. The experimental 

conditions that were used were given in Chapter 3, Section 3.3. This included a solution 

volume of 1 OOOml, mass of ore of 400g, stirring speed of 200rpm and temperature of 

20°C. 

Table Bl 

time (hr) CN- (ppm) 
0 10000 

0.5 1515 
2 1525 
5 1020 

24 430 
29 325 
46 0 

48.3 0 

Experitnental data for the leaching of the copper 

concentrate at an initial cyanide concentration of 

1 OOOOppm, shown in Figures 4.1-4.3 

Au (ppm) Ag (ppm) Cu (ppm) Fe (ppm) 
0 0 0 0 

1.71 0.35 5590.00 71.90 
3.21 0.32 5380.00 22.20 
7.96 0.31 5110.00 2.26 

44.90 0.21 3310.00 1.18 
51.70 0.18 2910.00 0.54 
66.50 0.11 1740.00 0.15 
65.20 0.10 1630.00 0.45 
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time (hr) 

0 
0.5 
2 
7 
23 
31 

46.5 
48 

time (hr) 

0 
0.5 
2 
6 

24 
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Table B2 

eN-
(ppm) 
2000 

0 
0 
0 
0 
0 
0 
0 

Table B3 

eN-
(ppm) 

500 
0 
0 
0 
0 

Au 

Experimental data for the leaching of the copper 

concentrate at an initial cyanide concentration of 2000ppm, 

as shown in Figures 4.4-4.5 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0 
0.61 
1.22 
2.67 
6.39 
8.03 
10.01 
10.58 

Au 
(ppm) 

0 
0.05 
0.11 
0.34 
0.57 

0 0 0 0 0 0 
0 1533.4 0.67 1.97 1.69 851.4 
0 1138.3 0.18 2.60 0.96 931.7 
0 543.7 0.00 2.63 0.31 986.7 
0 329.7 0.00 0.45 0.18 1066.0 
0 308.9 0.00 0.07 0.04 1085.3 
0 264.9 0.00 0.00 0.11 1080.0 
0 265.7 0.00 0.00 0.31 1104.5 

Experimental data for the leaching of the copper 

concentrate at an initial cyanide concentration of 500ppm, 

as shown in Figures 4.6-4. 7 

Cu Fe Ag Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0 0 0 .o 0 0 

71.98 0.00 0.01 0.11 0.08 114.32 

54.22 0.00 0.01 0.11 0.05 122.48 

41.36 0.00 0.01 0.06 0.03 128.22 

458.00 0.43 0.01 0.21 0.35 103.46 
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time (hr) 

0 
0.166 

24 
96 
144 
192 
264 
312 

434.5 
532 
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Table B4 

CN" Au 
(ppm) (ppm) 
40000 0 
15860 4.45 
11125 9.13 
7810 19.99 
8475 31.73 
6855 45.85 
5215 60.15 
4390 66.74 
3130 76.59 
2700 82.43 

Figure Bl 

Experimental data for the leaching of the copper 

concentrate at an initial cyanide concentratation of 

40000ppm, as shown in Figures 4.8-4.9 

Ag Cu Fe Ni Zn S (ppm) 
(ppm) (ppm) (ppm) (ppm) (ppm) 

0 0 0 0 0 0 
1.00 20302.5 1303.00 5.48 48.83 10700.0 
0.94 20490.0 1511.63 11.32 46.91 10057.6 
0.94 20672.8 1552.75 12.30 48.10 10874.8 
0.98 21337.7 1552.26 12.62 50.08 11689.0 
1.14 22505.5 1568.61 12.80 53.36 12499.8 
1.23 23964.9 1610.36 13.64 55.98 13719.3 
1.77 23952.5 1047.59 14.48 57.69 14527.0 
1.97 25388.7 66.71 15.53 57.88 16853.0 
2.05 23579.1 14.58 16.20 52.84 18473.4 

SEM photograph of CuzFe(CN)6.xi-h0 
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Figure B2 

Table B5 

CN- Au 
(ppm) (ppm) 

210 0.00 
0 0.88 
0 1.38 
0 2.11 
0 3.94 

SEM photograph of Cu2Fe(CN)6.xH20, which are the cubic 

structures present 

Experimental data for the leaching of the copper 

concentrate with a Cu(CN)/- solution, as shown in Figures 

4.12-4.13 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0.00 533.00 0.00 0.00 0.00 0 
0.04 630.40 0.01 0.68 1.77 1054 
0.04 563.40 0.00 0.81 1.67 1134 
0.02 342.00 0.00 0.71 0.98 1064 
0.00 60.26 0.00 0.03 0.23 1184 
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Table B6 

CN- Au 
(ppm) (ppm) 

210 0 
60 0.61 
45 0.91 
30 1.60 
0 3.26 

Experimental data for the leaching of gold from the pyrite 

concentrate using a Cu(CN)l- solution, as shown in 

Figures 4.14 and 4.15 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0 533 0 0 0 0 
0.05 568.90 0.01 2.52 1.60 1376 
0.06 572.10 0.00 2.74 1.60 1377 
0.07 593.50 0.00 3.11 1.66 1378 
0.10 630.00 0.00 3.72 1.78 1418 

On the following pages figures and experimental data are presented for the leaching of 

the New Celebration ore, the Telfer oxide ore and the flotation feed, using copper cyanide 

complexes as a lixiviant. A saturated solution of copper cyanide was made using a molar 

ratio of copper to cyanide of 1 :4. Undissolved CuCN was then filtered and the solution 

contacted with the ore and the leaching monitored. The total initial cyanide content was 

800ppm. It can be seen in Figures B3-B8 that the results gained were similar to those 

presented for the pyrite concentrate in Figures 4.14-4.15. 

Table 87 Experimental data for Figures B3-B8 

Ore time eN- Au Ag Cu Fe Ni Zn s 
(hr) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

New 0 210 0 0 533.0 0 0 0 0 
Celebration 1 230 0.10 0.07 444.9 0.15 0.10 1.69 68.2 

oxide 2 190 0.11 0.08 441.0 0.13 0.11 1.66 66.9 
5.5 175 0.18 0.09 440.6 0.33 0.14 1.68 68.7 
24 90 0.30 0.11 446.3 0.36 0.21 1.74 72.5 

Telfer oxide 0 210 0.00 0.00 533.0 0.00 0.00 0.00 0.0 
1 180 0.09 0.06 450.2 0.13 0.03 1.76 15.5 
2 175 0.13 0.06 448.9 0.05 0.03 1.76 13.8 

5.5 175 0.24 0.06 447.3 0.04 0.04 1.77 14.1 
24 105 0.50 0.07 455.5 0.07 0.05 1.88 15.3 

Flotation feed 0 210 0.00 0.00 533.0 0.00 0.00 0.00 0.0 
1 65 0.09 0.04 585.8 0.00 0.30 1.70 726.4 
2 50 0.12 0.04 601.0 0.00 0.33 1.76 724.3 

5.5 40 0.19 0.05 632.7 0.00 0.40 1.87 754.9 
24 30 0.42 0.06 744.2 0.00 0.62 2.35 824.8 

B5 



-E 
c. 
c. -::::s 
< 

-E 
a. 
.9: 
z 
~ 

C1) 
LL 

Cl 
<( 

Appendix B - Additional Information for Chapter 4 

0.35 ~--------------------------------------~250 

0.3 -

0.25-

0.2 -

0.15 -

0.1 -

0.05-

__ 15o e 
c. 
c. -z -- 100 0 

50 

0 ._----~------~----~------,-----~----~-0 
0 5 

Figure B3 

2 

1.8 I 

1.6 .\~ 

·-- -1.4 

1.2 

0.8 

0.6 

0.4 

v- ~ 0.2 1.7_ 
, 
... 
~ 

0 tpr..., ,. 

0 5 

Figure B4 

10 15 

time (hr) 

20 25 30 

Gold leaching and cyanide consumption from the New 

Celebration oxide ore using a Cu(CN)43
- solution 

600 

jV 

500 

--
_.,_Ag 400 

__,.___Fe E 
c. 

---Zn 3ooB 
C/) 

_._Ni ::i' 
-e-Cu 200 (.) 

~s 
.... 

- 100 
.... _. 
...... ... 

0 
10 15 20 25 30 

time (hr) 

Leaching of other species from the New Celebration oxide 

ore using a Cu(CN)i- solution 

B6 



e 
c. 
c. -::::J 
<( 

e 
Q. 

.3: 
rG 
z 
Q)~ 

u.. 
Ol 
<( 

Ap_pendix B - Additional Information for Chapter 4 

0.6 ~----------------------------------------~250 

0.5 

0.4 -

0.3-

0.2 .. 

0.1 -

- 200 

1so E' 
c. 
c. -2: -- 100 (J 

--50 

0 6-----~------~----~------~----~------+0 
0 5 

Figure B5 

2 

1.8 I 
~ 

1.6 ~ . -- -1.4 

1.2 

0.8 

0.6 

0.4 

0.2 

0 
~ .... 

0 5 

Figure B6 

10 15 

time (hr) 

20 25 30 

Gold leaching and cyanide consumption from the Telfer 

oxide ore using a Cu(CN)l- solution 

600 

500 

-
400 

-+-Ag -__._Fe E 

--.-Zn 
300 8: -

---Ni 
(/) 

200 __ cu 

~s 
100 

..... 
0 

10 15 20 25 30 

time {hr) 

Leaching of other species from the Telfer oxide ore using a 

Cu(CN)l- solution 

B7 



-E 
c. 
c. -:::s 

<( 

-E 
a. s 
rG 
z 
c) 
<( 

a) 
LL 

Appendix B - Additional Infounation for Chapter 4 

0.45-~--------------------------------------~250 

0.4 -

0.35-

0.3 -

0.25-

0.2 

0.15 

0.1 -

0.05-

~ 
~I 

- 200 

_ 1so e 
c. 
c. -z -- 100 (.) 

--50 

0 ._----~------~-----,------,------r----~-0 
0 5 

Figure B7 

2.5-

2 

1.5 

0.5 

0 
0 5 

Figure B8 

10 15 

time (hr) 

20 25 30 

Gold leaching and cyanide consumption from the flotation 

feed using a Cu(CN)/- solution 

900 

800 

700 
__._Ag 

-11-Fe 600 

_._Ni 500 [ 
-e-Zn s 

400 (J) _.,._cu ::i' 
~s 300 u 

200 

100 

0 

10 15 20 25 30 

time (hr) 

Leaching of other species from the flotation feed using a 

Cu(CN)4
3
- solution 

B8 



APPENDIXC 

Additional Information for Chapter 5 

This appendix contains additional information in support of the results and conclusions 

presented in Chapter 5. Experimental data are given for all cases where kinetic curves 

are given and example calculations are also shown, so that it is clear how the results 

presented in Chapter 5 were calculated. Activated carbon is reported as digested carbon, 

which refers to the concentration of the species such as gold in the digested solution 

made up to 1 OOml in a volumetric flask. The method of activated carbon analysis was 

given in Section 3.6.2.3. 

Table Cl Results of the preg-robbing experiment conducted on the 

New Celebration oxide and Telfer oxide ores. Mass of ore 

= 400g, volume of solution = 1 L 

Ore time (hr) Au (ppm) 
New Celebration oxide 0 5.00 

0.02 5.10 
2 4.93 
6 4.91 

24 5.01 
Telfer oxide 0 5.00 

0.02 5.11 
2 4.92 
6 4.95 

24 4.99 

Cl 

---



Table C2 

Additional Infonnation for Chapter 5 

Experimental data for the preg-robbing experiment 

conducted on the flotation feed, pyrite concentrate and 

copper concentrate, presented in Figure 5 .1. Mass of ore = 

400g, volume of solution = lL 

Ore time (hr) Au (ppm) 
Flotation feed 0 5.000 

0.03 5.064 
2 4.202 
6 4.100 
22 3.752 
24 3.744 

Pyrite concentrate 0 5.000 
0.03 3.548 

2 3.080 
6 2.742 

22 2.304 
24 2.254 

Copper concentrate 0 5.000 

Table C3 

Ore 
Pyrite concentrate 

0.03 1.656 
2 0.000 
6 0.000 

22 0.034 
24 0.054 

Experin1ental data of the preg-robbing experiment 

presented in Figure 5.2. Mass of ore = 400g, volume of 

solution= 1 L 

time (hr) CN- (ppm) Au (ppm) Cu (ppm) 
0 300 5.00 0.0 

0.05 20 5.25 268.5 
0.33 0 5.23 231.4 

1 0 5.11 231.5 
2 0 5.12 222.1 
6 0 5.17 201.3 

C2 
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Ore 
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Additional Infounation for Chapter 5 
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Relationship between preg-robbing, cyanide concentration 

and copper concentration for the copper concentrate in the 

absence of dissolved oxygen 

Experimental data of the results presented in Figure Cl. 

Mass of ore= 400g, volume of solution= lL 

time (hr) CN- (ppm} Au (ppm) Cu (ppm) 
0 300 5.00 0.0 

0.05 () 5.26 184.5 
0.33 () 4.98 252.6 

1 () 4.87 233.6 
2 () 5.05 213.7 
6 () 5.01 182.4 

The following table presents the results of the kinetic experiments performed on the 

pyrite mineral sample at a different cyanide concentration, with and without activated 

carbon. These were used to calculate the o/o gold in solution, <Y<) gold on the ore and the o/o 

gold on the carbon. 

C3 



Additional Information for Chapter 5 

For the experiment performed at Oppm CN. with 4g activated carbon, a sample 

calculation is given to illustrate how the results were obtained. 

Initial solution gold concentration = 5ppm 

Final solution gold concentration = 0.132ppm 

:. % gold in solution = 0.132/5 x 100 

=2.64% 

Digested carbon 

Volume of digested carbon 

:. mass of digested carbon 

Initial mass of gold 

:. %gold on carbon 

:. o/o gold on ore 

= 1.60ppm 

=O.lL 

= 1.60mg/L x O.lL 

= 0.16mg 

= 5ppm x lL 

=5mg 

= 0.16/5 X 100 

= 3.2o/o 

= 1 00°/o- 2.64%- 3.2% 

= 94.16°/o 
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Table CS 

time eN- Mass of 
(hr) (ppm) activated 

carbon (g) 
0 0 0 

0.5 0 
2 0 
7 0 

22.5 0 
24 0 
0 0 4 

0.5 0 
2 0 
7 0 

22.5 0 
24 0 
0 300 0 

0.5 15 
2 0 
7 0 

22.5 0 
24 0 
0 300 4 

0.5 15 
2 0 
7 0 

22.5 0 
24 0 
0 2000 0 

0.5 240 
2 280 
7 65 

22.5 60 
24 125 
0 2000 4 

0.5 600 
2 610 
7 355 

22.5 215 
24 230 

Additional Infonnation for Chapter 5 

Experimental data for the gold-free pyrite for the results 

presented in Table 5.2 and Figure 5.3. Mass of ore= 400g, 

volume of solution = 11 

Digested Au Ag Cu Fe Ni Zn s 
carbon (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
(ppm) 

5.000 0.000 0.000 0.00 0.000 0.000 0.0 
0.060 0.000 0.000 0.06 0.006 0.000 422.7 
0.036 0.000 0.000 0.04 0.000 0.000 466.6 
0.072 0.000 0.000 0.04 0.000 0.000 532.8 
0.012 0.000 0.000 0.04 0.000 0.000 692.4 
0.078 0.006 0.000 0.04 0.000 0.000 715.8 

1.60 5.000 0.000 0.000 0.00 0.000 0.000 0.0 
0.084 0.036 0.000 0.05 0.012 0.000 466.3 
0.024 0.024 0.030 0.04 0.000 0.000 588.4 
0.030 0.162 0.000 0.07 0.006 0.000 770.4 
0.006 0.048 0.000 0.01 0.000 0.000 970.8 
0.132 0.012 0.066 0.03 0.000 0.000 1060.8 
5.000 0.000 0.000 0.00 0.000 0.000 0.0 
4.272 0.000 0.000 16.23 0.300 0.000 631.2 
3.794 0.000 0.000 2.88 0.234 0.000 742.2 
0.978 0.000 0.000 3.55 0.132 0.000 738.0 
0.966 0.000 0.000 6.21 0.000 0.000 946.8 
1.176 0.000 0.000 6.04 0.000 0.000 941.4 

49.5 5.000 0.000 0.000 0.00 0.000 0.000 0.0 
1.506 0.000 0.000 29.74 0.192 0.000 443.6 
0.198 0.000 0.000 11.68 0.102 0.000 613.8 
0.072 0.000 0.000 7.18 0.000 0.000 669.6 
0.060 0.000 0.000 3.18 0.000 0.000 725.4 
0.048 0.006 0.000 19.48 0.000 0.000 730.8 
5.000 0.000 0.000 0.00 0.000 0.000 0.0 
4.745 0.505 16.635 493.85 1.375 35.590 549.0 
4.935 0.375 24.920 501.50 1.675 36.385 594.0 
5.030 0.695 53.100 513.00 2.060 37.795 675.5 
4.810 0.865 88.250 485.20 2.250 32.055 768.5 
4.800 0.865 89.650 491.05 2.290 33.390 775.0 

49.5 5.000 0.000 0.000 0.00 0.000 0.000 0.0 
2.070 0.250 22.810 299.00 1.040 29.160 484.9 
0.325 0.180 28.560 277.30 0.915 27.035 484.8 
0.070 0.070 47.795 281.50 0.690 27.200 564.5 
0.035 0.050 87.450 295.05 0.630 28.970 712.0 
0.050 0.045 87.450 288.70 0.580 28.295 714.5 
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time eN-
(hr) (ppm) 

0 0 
0.06 0 
0.75 0 

2 0 
7 0 

22.8 0 
24 0 
0 0 

0.06 0 
0.75 0 

2 0 
7 0 

22.8 0 
24 0 
0 300 

0.06 60 
0.75 50 

2 30 
7 0 

22.8 0 
24 0 
0 300 

0.06 60 
0.75 45 

2 40 
7 20 

22.8 10 
24 10 
0 2000 

0.06 960 
0.75 350 

2 340 
7 160 

22.8 80 
24 120 
0 2000 

0.06 855 
0.75 260 

2 290 
7 145 

22.8 60 
24 70 

Table C6 

Additional Information for Chapter 5 

Experimental data for the gold free chalcopyrite sample for 

the results presented in Table 5.2 and Figure 5.3. Mass of 

ore= 400g, volume of solution= lL 

Mass of Digested Au Ag Cu Fe Ni Zn s 
activated £arbon (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

£arbon (g) (ppm) 
0 5.000 0.000 0.00 0.000 0.000 0.000 0.0 

4.445 0.000 0.00 0.000 0.000 0.000 179.9 
3.290 0.000 0.17 0.000 0.000 0.000 234.4 
2.345 0.000 0.00 0.000 0.000 0.000 259.8 
0.220 0.000 0.00 0.000 0.000 0.020 327.9 
0.015 0.000 0.00 0.000 0.000 0.045 442.3 
0.160 0.000 0.02 0.000 0.000 0.095 468.2 

4 27.75 5.000 0.000 0.00 0.000 0.000 0.000 0.0 
2.905 0.000 0.00 0.000 0.035 1.630 130.3 
0.435 0.000 0.11 0.000 0.000 0.070 187.9 
0.085 0.000 0.05 0.000 0.000 0.050 219.2 
0.030 0.000 0.04 0.000 0.000 0.000 302.6 
0.005 0.000 0.00 0.000 0.000 0.000 411.1 
0.025 0.000 0.00 0.000 0.000 0.000 441.8 

0 5.000 0.000 0.00 0.000 0.000 0.000 0.0 
4.890 0.000 158.25 5.675 0.605 24.090 197.2 
4.905 0.000 199.65 7.865 0.820 2.880 233.5 
5.000 0.035 212.05 6.645 0.910 0.490 263.1 
4.690 0.075 205.05 2.575 1.245 0.465 359.5 
4.200 0.000 88.90 0.000 0.400 0.150 537.0 
4.325 0.000 69.15 0.035 0.380 0.305 579.5 

4 48.10 5.000 0.000 0.00 0.000 0.000 0.000 0.0 
4.565 0.000 158.40 6.910 0.650 27.175 199.2 
1.140 0.000 187.30 8.105 0.870 0.645 263.7 
0.535 0.000 182.80 7.625 0.900 0.500 293.0 
0.410 0.000 60.00 0.100 0.000 0.300 370.0 
0.290 0.000 15.00 0.050 0.000 0.000 541.5 
0.275 0.000 8.19 0.045 0.010 0.000 567.5 

0 5.000 0.000 0.00 0.000 0.000 0.000 0.0 
4.985 0.000 421.50 127.80 0.960 40.550 457.2 
4.905 0.000 614.00 253.60 1.485 44.095 685.5 
5.095 0.025 650.00 261.25 1.655 44.970 762.5 
4.950 0.545 713.00 238.35 1.980 3.040 839.5 
4.920 0.705 660.50 121.55 2.490 1.600 1118.5 
5.050 0.615 653.50 117.40 2.575 1.630 1158.5 

4 43.65 5.000 0.000 0.00 0.00 0.000 0.000 0.0 
4.670 0.000 469.15 134.80 0.970 44.485 541.5 
3.055 0.100 599.50 241.15 1.360 41.720 657.5 
1.635 0.060 638.00 244.40 1.320 42.570 732.0 
0.380 0.415 708.00 232.40 1.515 3.940 809.5 
0.665 0.635 566.00 132.90 1.815 1.395 1131.0 
0.685 0.585 553.50 124.10 1.875 1.370 1173.5 
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Additional Information for Chapter 5 

The results presented in Table 5.3 and Table C7 were a continuation of the experimental 

results given in Table C5-C6. An example of the calculation is given below for the gold

free chalcopyrite sample which was conducted at Oppm CN- with activated carbon. 

gold initially bound to ore 

gold available for recovery 

carbon recovery 

gold recovery 

= (5.000- 0.160) I 5 x 100 (from Table C6) 

= 96.8o/o 

= 0.968 X 5ppm X lL 

= 4.84mg (from Table C7) 

= 0.225ppm x O.lL (from Table C7) 

= 0.00225mg 

= 0.0225/4.84 X 100 

=0.46% 

gold bound to ore after treatment = 96.8 X (1-0.46/1 00) 

= 96.3°/o 

Table C7 

Ore Gold initially 
bound to ore 

(o/o) 
Gold-free pyrite 1.386 

2.399 
0.099 

Gold-free 96.800 
chalcopyrite 13.500 

0.000 

Experimental data for the results presented in Table 5.3. 

Mass of ore= 400g, volume of solution= lL 

Gold available Digested Gold Gold bound to ore 
for recovery carbon recovery after activated carbon 

(ppm) (ppm) (o/o) treatment (%) 
98.40 49.20 27.96 70.9 
76.80 38.40 62.46 28.5 
4.00 2.00 49.50 2.0 
4.84 0.23 0.46 96.4 
0.68 3.41 50.47 6.7 
0.00 0.00 0.00 0.0 
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Additional Information for Chapter 5 

The results presented in Table 5.4 were calculated from the data presented in Table C8 

below. An example calculation is given for the chalcopyrite sample 

solution gold concentration at 24 hours 

% gold preg-robbed 

= 0.32ppm 

= 100-0.32/5 X 100 

= 93.6% 

Table C8 

Ore 
Copper concentrate 

Chalcopyrite sample 

Pyrite concentrate 

Pyrite sample 

Kinetic data for the preg-robbing experiments conducted on 

the various ores with Fe(CN)6
4
- present. This contains the 

data for the results presented in Table 5.4 and Figures 5.5-

5.7. Mass of ore= 400g, volume of solution= lL 

time (hr) Au (ppm) Fe (ppm) 
0.00 5.00 -
0.05 2.40 3.51 
0.50 0.52 1.18 
2.00 0.16 0.29 
5.17 0.11 0.57 

24.00 0.12 0.10 
0.00 5.00 -
0.05 4.96 4.96 
0.50 3.93 56.16 
2.00 4.00 6.67 
5.17 2.02 15.93 

24.00 0.32 2.79 
0.00 5.00 -
0.05 4.33 18.94 
0.50 4.32 9.93 
2.00 4.22 6.29 
5.17 4.09 3.16 

24.00 4.33 1.42 
0.00 5.00 -
0.05 4.23 91.20 
0.50 0.04 1.54 
2.00 0.00 0.67 
5.17 0.01 0.24 

24.00 0.07 0.10 
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37, 471 CHALCOPYRITE 
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2-Theta Angle (deg) 

Figure C2 XRD scan of the copper concentrate, showing chalcopyrite 

37, m CHALCOPYRITE 

10.00 20.00 30.00 40.00 50.00 60.00 70.0 

Figure C3 

2-Theta Angle (deg) 

XRD scan of the gold-free chalcopyrite mineral sample, 

showing chalcopyrite, with similar XRD diffractogram to 

Figure C2 
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42, 340 PYRITE 
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XRD analysis of the gold-free pyrite mineral sample, showing 

a similar diffractogram as the pyrite concentrate 
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Ore 
Pyrite mineral 

sample 

Pyrite mineral 
sample 

Chalcopyrite 
mineral sample 

Chalcopyrite 
mineral sample 

Additional Information for Chapter 5 

Table C9 Results of the experiment to determine if the level of 

oxidation of a sample had an effect on its preg-robbing 

ability. The initial gold concentration was 5ppm and the 

experiment was continued for 24 hours. Mass of ore = 

400g, volume of solution= lL 

Treatment time (hr) Au (ppm) S (ppm) 
Oxidised 0.00 5.00 0.0 

0.03 3.37 488.8 
0.67 0.96 527.0 
2.00 0.19 546.4 
7.00 0.22 626.1 

24.00 0.16 808.2 
Not oxidised 0.00 5.00 0.0 

0.03 3.61 199.3 
0.67 1.05 223.1 
2.00 0.23 251.0 
7.00 0.24 314.6 
24.00 0.08 481.8 

Oxidised 0.00 5.00 0.0 
0.03 3.16 180.5 
0.67 1.78 252.1 
2.00 1.33 288.7 
7.00 0.13 362.6 
24.00 0.02 483.2 

Not oxidised 0.00 5.00 0.0 
0.03 3.25 76.4 
0.67 1.46 93.1 
2.00 1.23 103.8 
7.00 0.21 143.8 

24.00 0.06 211.3 
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Table Cl 0 Data for the results presented in Figure 5.8-5.9. Mass of 

ore = 400g, volume of solution= lL 

Ore 
Pyrite sample 

Pyrite concentrate 

Chalcopyrite sample 

Copper concentrate 

Table Cll 

time (hr) CN- Au 

time (hr) eN- (ppm) 
0.0 2000 
0.5 240 
2.0 280 
7.0 65 
22.5 60 
24.0 125 
0.0 2000 
0.5 660 
2.0 435 
7.0 475 
22.5 340 
24.0 335 
0.0 2000 
0.1 960 
0.8 350 
2.0 340 
7.0 160 

22.8 80 
24.0 120 
0.0 2000 
0.5 0 
2.0 0 
7.0 0 

23.0 0 
24.0 0 

Data for the results presented in Figure 5.10-5.11, 

presenting the kinetics of metal-cyanide precipitation and 

leaching from a 50ppm metal-cyanide solution in contact 

with the gold-free chalcopyrite sample. Mass of ore = 

400g, volume of solution = 1 L 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0.00 300 50.0 50.0 50.0 50.0 50.0 50.0 50.0 
0.13 100 50.6 1.7 286.9 46.4 52.3 21.8 292.9 
0.67 80 49.7 1.3 298.5 50.8 51.4 6.7 306.2 
2.00 65 49.2 2.8 315.1 46.9 49.5 1.2 335.5 
7.00 40 47.1 3.8 310.8 21.5 49.5 0.9 398.5 

24.00 0 42.4 1.3 254.2 0.3 47.7 0.7 576.3 
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The kinetics of gold and copper leaching and precipitation 

for the gold-free pyrite sample following contact with a 

50ppm solution of Au, Cu, Ag, Ni, Zn and Fe with 300ppm 

free cyanide 
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The kinetics of iron, nickel, silver and zinc leaching and 

precipitation for the gold-free pyrite sample following 

contact with a 50ppm solution of Au, Cu, Ag, Ni, Zn and 

Fe with 300ppm free cyanide 
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time (hr) 

0.00 
0.13 
0.67 
2.00 
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24.00 
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Table C12 

CN" Au 
(ppm) (ppm) 

300 50.0 
150 50.9 
85 50.6 
170 48.6 
105 49.0 
60 47.5 

Table Cl3 

time eN-
(hr) (ppm) 
0.00 2000 
0.13 1660 
0.67 1420 
2.00 1560 
7.00 1475 

24.00 1295 
0.00 2000 
0.13 760 
0.67 515 
2.00 440 
7.00 340 

24.00 115 

Experimental data for the results presented in Figure C6-

C7. Mass of ore= 400g, volume of solution= 11 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
50.0 50.0 50.0 50.0 50.0 50.0 
20.7 57.5 114.8 51.7 60.1 201.0 
21.2 58.6 120.1 51.0 59.0 206.3 
39.5 57.2 116.2 49.4 53.6 215.7 
44.3 62.7 116.0 49.8 47.0 257.0 
42.3 66.2 95.7 48.9 20.1 343.7 

Experin1ental data for the results presented in Figure C8-

C 11. Mass of ore= 400g, volume of solution= lL 

Au Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

50.0 50.0 50.0 50.0 50.0 50.0 50.0 
50.6 47.8 62.4 184.0 51.4 64.4 227.7 
50.4 49.2 60.8 191.1 50.9 65.3 236.0 
49.6 49.6 66.3 194.4 50.4 64.9 253.6 
48.9 49.0 76.4 203.4 49.9 64.3 289.0 
48.6 49.2 87.9 235.2 49.6 65.8 349.7 
50.0 50.0 50.0 50.0 50.0 50.0 50.0 
52.0 0.9 720.0 234.4 53.5 113.7 700.0 
52.2 1.0 729.9 247.1 53.3 77.3 712.5 
50.3 1.3 723.3 249.6 51.5 58.4 743.7 
49.2 1.7 824.4 247.3 50.9 37.2 838.3 
48.8 6.5 900.1 223.0 50.9 2.4 1014.8 
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Table C14 Experimental data for the preg-robbing of the gold-free 

chalcopyrite sample from a 50ppm Au solution, as 

presented in Figure 5.12. Mass of ore = 400g, volume of 

solution= 1L 

time (hr) Au (ppm) Cu (ppm) S (ppm) 
0.00 50.0 0.00 0.0 
0.05 5.6 9.33 182.9 
0.67 17.3 0.09 232.0 
2.00 32.8 3.10 261.7 
7.00 13.6 0.10 347.9 

24.00 7.2 1.52 462.0 

Table C15 Experimental data for the preg-robbing of the gold-free 

pyrite mineral sample from a 50ppm Au solution, as 

presented in Figure 5.13. Mass of ore= 400g, volume of 

solution= lL 

Au (ppm) 
50.0 
46.4 
39.4 
34.8 
16.9 
14.6 

Table C16 

time (hr) 
0.00 
0.03 
2.00 
6.00 

22.00 
24.00 

Cu (ppm) S (ppm) Fe (ppm) Ni (ppm) Zn (ppm) 
0.00 0.0 0.000 0.000 0.000 
0.05 219.4 0.000 0.000 0.000 
0.07 279.3 0.000 0.000 0.005 
0.30 297.8 0.005 0.000 0.025 
1.75 370.5 0.011 0.015 0.045 
0.28 523.9 0.119 0.094 0.143 

Experimental data for the preg-robbing of the pyrite 

concentrate from a 5ppm Au solution, as presented in 

Figure 5.14. Mass of ore= 400g, volume of solution= lL 

Au (ppm) Cu (ppm) Zn (ppm) S (ppm) 
5.000 0.000 0.000 0.0 
3.548 0.000 0.130 888.6 
3.080 0.070 0.058 1093.4 
2.742 0.068 0.048 1094.4 
2.304 0.036 0.018 1212.8 
2.254 0.024 0.020 1263.2 
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APPENDIXD 

Additional Information for Chapter 6 

This appendix contains the experimental data, additional graphs and sample calculations 

for the work outlined in Chapter 6. Due to the collection of an extremely large amount of 

data from the multi-element ICP solution analysis, only those results that were discussed 

within Chapter 6, or considered otherwise important, are presented within this appendix. 

Activated carbon is reported as digested carbon for the batch experiments in this 

appendix, which refers to the concentration of the digested carbon in a 1 OOml solution. 

The method of activated carbon analysis was given in Section 3.6.2.3. 

Table Dl 

Location 
A 
B 
c 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 

Experimental data obtained from the plant sampling campaign at 

the Telfer Gold Mine for Figure 6.2 

Solution Solid 
CN- (ppm) Au (ppm) Cu (ppm) Au (g/t) Cu (g/t) 

20 0.70 14.38 1.24 129 
118 0.95 19.66 1.23 102 
217 1.50 72.30 1.07 194 
211 1.75 77.00 1.06 218 
205 1.85 80.50 1.09 201 
231 1.80 78.30 1.01 208 
203 0.79 86.14 0.45 221 
187 0.25 89.31 0.39 199 
171 0.09 88.78 0.24 198 
166 0.02 94.74 0.23 200 
156 0.01 94.62 0.20 212 
128 0.01 86.82 0.15 209 
91 0.00 79.05 0.19 212 
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The following table displays additional information from the plant survey which was 

presented in the previous table. These data may be useful for future modelling 

endeavours. 

Table D2 

Location Mass 0/o solids 

A 33.0 
B 47.3 
c 44.0 
D 46.0 
E 46.0 
F 46.0 
G 49.5 
H 50.5 
I 51.0 
J 52.5 
K 52.5 
L 49.5 
M 47.0 

Additional information gained when the plant profile in 

Figure 6.2 was obtained 

Carbon 
pH Carbon concentration Au (g/t) Cu (glt) 

(giL) 
8.84 - - -
10.51 - - -
10.61 - - -
10.41 - - -
10.42 - - -
10.43 - - -
10.56 10.71 3261 1560 
10.55 9.93 1649 1790 
10.47 7.72 859 2072 
10.44 9.12 313 2238 
10.40 8.04 215 2261 
10.23 7.93 150 2768 
10.18 7.85 108 3267 

The data presented in Table 6.2 were calculated from an examination of the initial grade 

of the ore in comparison to the final grade of the ore, as determined by fire assay. The 

experimental data are given in Table D3. This differs from the other results presented in 

the appendix for enhanced gold extraction in the presence of activated carbon, as only the 

fire assay results were used. This was because the initial solution already contained gold, 

making it difficult to quantify the exact improvement in extraction from the analysis of 

three phases at the start and conclusion of the experiment. 

D2 



Additional Information for Chapter 6 

Table D3 Data for the calculation of the information presented in 

Table 6.1. Mass of ore = 1.04kg, volume of solution = 

1.27L 

Sampling point Initial gold grade Final gold grade Change in grade o/o extraction 
(g/t) (glt) (g/t) 

B 2.64 0.66 1.98 75.0 
2.64 0.40 2.24 84.8 

c 1.57 0.43 1.14 72.9 
1.57 0.34 1.23 78.4 

E 0.71 0.23 0.48 68.2 

0.71 0.18 0.53 74.4 

G 1.00 0.32 0.68 68.0 

1.00 0.27 0.73 73.0 

A number of experiments were performed to analyse the improved extraction of gold in 

the presence of activated carbon. The experimental data and a number of sample 

calculations are given below. Fire assay showed that the initial gold grades of the ores 

were as follows for the calculation presented in Table D4, which is shown below. 

Head assay 

Telfer oxide: 

Flotation feed: 

Pyrite concentrate: 

Copper concentrate: 

1.25 g/t 

6.3 g/t 

22.75 g/t 

222.5 g/t 

An example of the calculations performed in this table is given below for the flotation 

feed in the presence of activated carbon. 

Ore grade = 6.3g/t 

Mass ore = 0.4kg 

Gold available for recovery = 6.3g/t x 0.4kg x 1 til 000 kg x 1 OOOg/mg 

= 2.52mg 
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ICP solution assay 

Solution volume 

Dilution factor 

Solution recovery 

Carbon assay 

Carbon recovery 

Total recovery 

o/o extraction 

Table D4 

Solution 
Ore volume 

(ml) 
Telfer oxide 1000 

1000 
Flotation feed 1000 

1000 
Pyrite concentrate 1000 

1000 
Copper 

1000 concentrate 
1000 

Additional Information for Chapter 6 

=0.076mg/L 

= lOOOml 

=2 

= 0.076mg/l x IOOOml x lL/lOOOml x 2 

= 0.152mg 

= 2.53lppm 

= 2.53lmg/L x 0.1 L (volume of solution in volumetric 

flask containing digested carbon) 

= 0.2531mg 

= 0.152mg + 0.253mg 

= 0.405mg 

= 0.405/2.52 X 100 

= 16o/o 

Raw data for the calculation of % extraction of gold as 

presented in Table 6.2. Mass of ore= 400g 

Solution Solution Digested Carbon Total 
% 

assay recovery carbon recovery recovery 
extraction 

(ppm) (mg) (ppm) (mg) (mg) 
0.167 0.334 0.334 66.8 
0.000 0.001 4.013 0.401 0.402 80.4 
0.159 0.318 0.318 12.6 
0.076 0.152 2.531 0.253 0.405 16.1 
0.601 1.202 1.202 13.2 
0.274 0.548 9.116 0.912 1.460 16.0 

0.674 1.348 1.348 1.5 

0.715 1.430 14.456 1.446 2.876 3.2 

The results of the cyanide wash, presented in Table 6.3, were detennined from the data 

presented in the following table. As the same ore was used as for Table D4, the head 
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assays were identical. Once again the ICP solutions were diluted by a factor of 2 prior to 

analysis. This is accounted for in Table D5. 

Head assay 

Telfer oxide: 

Flotation feed: 

Pyrite concentrate: 

Copper concentrate: 

Table DS 

1.25 g/t 

6.3 g/t 

22.75 g/t 

222.5 g/t 

Data for the cyanide wash of the different ores following 

their treatment with a 200ppm CN- solution, as presented in 

Table 6.3. Mass of ore= 400g 

Ore 
Solution volume Solution assay Solution recovery % extraction 

(ml) (ppm) (mg) 
Telfer oxide 1000 0.000 0.000 0.000 

1000 0.000 0.000 0.000 
Flotation feed 1000 0.035 0.070 2.778 

1000 0.028 0.056 2.222 
Pyrite concentrate 1000 0.504 1.008 11.077 

1000 0.362 0.724 7.956 
Copper concentrate 1000 0.098 0.196 0.220 

1000 0.079 0.158 0.178 

Fire assay showed that the initial gold grades of the ores were as follows for the 

calculation presented in Table D6, which is given below. 

Head assay 

Telfer oxide: 

Flotation feed: 

Pyrite concentrate: 

Copper concentrate: 

1.41 g/t 

6.3 g/t 

22.75 g/t 

222.5 g/t 
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Table D6 

Solution 
Ore volume 

(ml) 
Telfer oxide 979 

979 
Flotation feed 979 

979 
Pyrite concentrate 979 

979 
Copper 

979 
concentrate 

979 

Additional Infonnation for Chapter 6 

Raw data for the calculation of o/o extraction of gold as 

presented in Table 6.4. Mass of ore= 400g 

Solution Solution Digested Carbon Total 
% assay recovery carbon recovery recovery 

extraction (ppm) (mg) (ppm) (mg) (mg) 
0.273 0.535 0.535 94.8 
0.002 0.004 5.328 0.533 0.537 95.2 
0.078 0.152 0.152 6.0 
0.015 0.029 1.618 0.162 0.191 7.6 
0.552 1.081 1.081 11.9 
0.158 0.308 17.770 1.777 2.085 22.9 

0.724 1.418 1.418 1.6 

0.551 1.079 10.847 1.085 2.164 2.4 

Fire assay showed that the initial gold grades of the ores were as follows for the 

calculation presented in Table D7, which is given below. 

Flotation feed: 

Pyrite concentrate: 

Copper concentrate: 

Table D7 

Solution 
Ore volume 

(ml) 
Flotation feed 900 

900 
Pyrite concentrate 972 

972 
Copper 

915 concentrate 
915 

6 g/t 

22.5 g/t 

225 g/t 

Raw data for the calculation of % extraction of gold as 

presented in Table 6.5. Mass of ore= 400g 

Solution Solution Digested Carbon Total 
% 

assay recovery carbon recovery recovery 
extraction 

(ppm) (mg) (ppm) (mg) (mg) 
0.209 0.941 0.941 39.2 
0.033 0.149 8.619 0.862 1.010 42.1 
0.871 4.233 4.233 47.0 
0.120 0.583 39.241 3.924 4.507 50.1 

2.002 9.159 9.159 10.2 

0.412 1.885 87.149 8.715 10.600 11.8 
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Fire assay showed that the initial gold grades of the ores were as follows for the 

calculation presented in Table D8, which is given below. 

Flotation feed: 

Pyrite concentrate: 

Copper concentrate: 

Table DS 

Solution 
Ore volume 

(ml) 
Flotation feed 957 

957 
Pyrite concentrate 957 

957 
Copper 

957 
concentrate 

957 

6.5 g/t 

24 g/t 

229.5 g/t 

Raw data for the calculation of gold extraction in Table 6.6. 

Mass of ore= 400g 

Solution Solution Digested Carbon Total o/o 
assay recovery carbon recovery recovery 

extraction 
(ppm) (mg) (ppm) (mg) (mg) 
0.468 2.239 2.239 86.130 
0.002 0.010 23.124 2.312 2.322 89.307 
1.483 7.096 7.096 73.918 
0.005 0.024 80.775 8.078 8.101 84.390 

1.365 13.063 13.063 14.224 

0.592 5.665 93.662 9.366 15.032 16.367 

Figure D 1 and Figure D2 present the results of the equilibrium experiment that was 

conducted on the flotation feed, which was discussed in Section 6.5. As the grade of this 

ore was determined to be 6.6g/t by fire assay, it wa~ possible to calculate the percentage 

extraction and plot this in Figures D 1 and D2. The data is given in Tables D9 and D 10. 
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Table D9 

eN- Au 
(ppm) (ppm) 
2000 0 
645 0.46 
700 1.09 
625 1.72 
510 2.29 
355 2.27 
1915 2.25 
2100 2.22 
1800 2.23 
1700 2.24 
1380 2.25 

Table DlO 

eN- Au 
{ppm) (ppm) 
2000 0 
625 0.56 
600 1.33 
480 1.82 
505 2.31 
275 2.31 

2000 2.31 
1710 0.00 
1580 0.00 
1500 0.00 
1235 0.00 
1010 0.00 

Experimental data for Figure D 1. Mass of ore = 400g, 

volume of solution= lL 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0 0 0 0 0 0 
0.12 861.2 20.60 0.72 3.84 579.0 
0.17 956.5 23.27 0.88 3.98 615.2 
0.33 959.5 25.06 0.92 3.79 601.1 
0.67 1063.7 30.96 1.09 4.11 635.9 
0.73 1045.1 30.79 1.11 3.99 616.1 
0.78 1053.8 40.54 1.08 4.05 708.4 
0.74 1003.8 51.29 1.04 3.97 677.1 
0.73 1009.4 73.02 1.06 4.04 690.2 
0.70 1096.0 138.04 1.20 4.30 803.4 
0.62 1089.2 179.42 1.22 4.32 799.7 

Experimental data for Figure D2. Mass of ore = 400g, 

volume of solution = 1 L 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

0 0 0 0 0 0 
0.13 835.4 18.61 0.64 3.44 540.0 
0.24 995.8 23.99 0.86 4.18 591.7 
0.41 949.6 27.94 0.89 3.83 558.5 
0.70 1033.6 34.76 1.03 4.09 592.0 
0.77 1046.2 36.66 1.10 4.10 605.6 
0.77 1046.2 36.66 1.1 4.1 605.6 
0.06 33.4 13.85 0.12 0.44 211.4 
0.06 42.5 27.62 0.15 0.50 212.9 
0.06 57.9 50.78 0.20 0.64 224.2 
0.05 93.6 102.48 0.28 0.78 274.4 
0.03 129.1 143.56 0.33 0.90 296.7 

The grade of the copper concentrate was 230g/t. This was used to calculate the gold 

conversions in Figures 6.3 to 6.5, from the data in Tables Dll and D12. 
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Table Dll 

time (hr) eN- (ppm) 
Au 

(ppm) 
0 2000 0 

0.5 50 0.76 
2 0 1.31 
6 0 2.62 

24 0 5.99 
48 0 8.09 
72 0 7.40 
96 0 7.07 
168 2000 10.76 

168.5 0 17.45 
170 0 17.86 
174 0 18.52 
192 0 21.26 
216 0 23.37 
264 0 25.21 
336 0 24.00 

Table D12 

time (hr) CN- (ppm) Au 
(ppm) 

0 2000 0 
0.5 0 0.71 
2 0 1.29 
6 0 2.58 

24 0 5.77 
48 0 8.60 
72 0 10.13 
96 0 9.25 
168 0 9.11 
168 2000 9.11 

168.5 0 6.75 
170 0 7.27 
174 0 7.94 
192 0 9.78 
216 0 11.25 
264 0 12.03 
336 0 12.86 

Additional Information for Chapter 6 

Experimental data for Figure 6.3 and Figure 6.5. Mass of 

ore = 400g, volume of solution= lL 

Ag Cu Fe 
Ni (ppm) Zn 

S (ppm) (ppm) (ppm) (ppm) (ppm) 
0 0 0 0 0 0 

0.09 1583.5 0.89 1.75 4.94 819.5 
0.05 1029.1 0.07 2.21 3.14 849.4 
0.03 717.1 0.20 2.66 2.18 992.6 
0.00 342.5 0.00 0.69 0.98 1104.8 
0.00 257.7 0.00 0.05 0.77 1166.7 
0.00 260.5 0.00 0.03 0.80 1160.0 
0.00 248.2 0.00 0.02 0.75 1159.1 
0.00 104.6 0.00 0.00 0.32 1213.6 
0.11 1818.5 0.68 0.32 5.66 1340.5 
0.07 1404.9 0.24 0.51 4.35 1345.3 
0.04 891.6 0.02 0.71 2.70 1353.9 
0.00 340.5 0.00 0.30 1.00 1470.3 
0.00 314.1 0.00 0.05 0.96 1520.3 
0.00 250.0 0.00 0.00 0.73 1501.9 
0.00 195.6 0.00 0.00 0.58 1498.9 

Experimental data for Figure 6.4. Mass of ore = 400g, 

volume of solution= 1 L 

Ag Cu Fe 
Ni (ppm) 

Zn S (ppm) 
(ppm) (ppm) (ppm) (ppm) 

0 0 0 0 0 0 
0.09 1569.0 1.35 1.73 4.87 836.5 
0.06 1216.7 0.36 2.31 3.71 915.9 
0.03 705.8 0.24 2.68 2.14 1024.2 
0.00 329.2 0.00 0.70 0.98 1081.3 
0.00 235.1 0.00 0.02 0.71 1142.9 
0.00 234.1 0.00 0.01 0.65 1187.5 
0.00 219.7 0.02 0.00 0.62 1108.8 
0.00 113.2 0.00 0.00 0.27 1226.0 
0.00 113.2 0.00 0.00 0.27 1226.0 
0.09 1580.5 0.25 0.73 4.89 475.0 
0.07 1348.3 0.10 0.89 4.13 493.8 
0.05 1041.9 0.03 1.03 3.15 516.0 
0.01 515.7 0.00 0.50 1.50 565.1 
0.01 463.6 0.00 0.08 1.43 586.7 
0.01 382.7 0.00 0.02 1.17 570.4 
0.00 150.2 0.00 0.00 0.48 571.4 
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The grade of the pyrite concentrate was 22g/t. From this the gold conversion could be 

calculated for Figures 6.6 and 6.7, from the data in Table D13 and D14. 

Table D13 

time (hr) CN- (ppm) 
Au 

(ppm) 
0 2000 0 

0.5 890 1.90 
2 735 3.42 
6 550 4.38 

24 290 6.37 
48 200 6.45 

48.5 1820 6.67 
50 1780 6.99 
54 1735 6.88 
72 1410 7.88 
96 1160 7.74 

Table D14 

time (hr) CN- (ppm) Au 
(ppm) 

0 2000 0.00 
0.5 1010 1.69 
2 915 2.97 
6 590 3.70 

24 360 5.48 
48 140 6.44 
48 2000 6.44 

48.5 1640 0.32 
50 1460 0.56 
54 1405 0.80 
72 1010 1.67 
96 820 2.01 

Experimental data for Figure 6.6. Mass of ore = 400g, 

volume of solution= lL 

Ag Cu Fe 
Ni (ppm) Zn 

S (ppm) (ppm) (ppm) (ppm) (ppm) 
0 0 0 0 0 0 

0.51 538.5 9.79 5.10 2.34 1024.0 
0.54 620.5 12.33 6.14 2.61 1149.2 
0.92 645.6 15.28 7.41 2.65 1218.3 
1.27 789.7 16.44 10.03 3.12 1482.5 
1.13 824.3 13.13 9.61 2.74 1444.0 
1.11 837.5 15.58 9.05 2.99 1513.5 
1.17 858.3 16.74 9.36 3.38 1533.5 
1.14 850.2 19.66 8.96 3.24 1485.5 
1.50 973.2 40.60 9.35 3.71 1577.5 
1.58 966.1 49.93 8.97 3.67 1549.4 

Experimental data for Figure 6. 7. Mass of ore = 400g, 

volume of solution= 1 L 

Ag Cu Fe Ni Zn 
S (ppm) 

(ppm) (ppm) (ppm) (ppm) (ppm) 
0.00 0 0 0 0 0 
0.39 442.4 11.08 3.38 1.97 823.5 
0.46 507.8 14.27 4.21 2.12 917.4 
0.82 548.1 17.29 5.63 2.29 1056.2 
1.08 673.3 17.88 9.38 2.62 1426.3 
1.09 771.3 15.72 10.28 2.84 1504.7 
1.09 771.3 15.72 10.28 2.84 1504.7 
0.31 111.5 6.49 0.27 0.83 339.1 
0.32 129.8 11.19 0.30 0.81 400.8 
0.43 149.6 18.34 0.41 0.93 402.1 
0.58 259.6 41.71 0.66 1.63 547.5 
0.66 286.4 64.70 0.78 1.83 584.3 
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Diagnostic leaching 

Diagnostic leaching was conducted on the ores according to the procedure given in 

Chapter 3, Section 3.4. The following section provides the experimental data gained 

from the diagnostic leaching of the flotation feed, pyrite concentrate and copper 

concentrate. 

Fire assay of the flotation feed indicated that the head assay was 6.5g/t. The data 

obtained from the diagnostic leaching results presented in Table 6.7 were calculated 

using this value and the experimental data given in Tables D 15 and D 16. The cyanide 

solutions were diluted by a factor of 5, while the digested activated carbon solution 

samples were diluted in a lOOml volumetric flask. A sample calculation of the 0/o 

extraction is provided for the experiment perfonned with no pretreatment, using 8g of 

activated carbon. 

solution volume 

solution assay 

. ·.recovery of gold in solution 

carbon assay 

:. total recovery 

:. o/o extraction 

= 957ml 

= 0.002ppm 

= 0.957L x 0.002mg/L x 5 (dilution factor) 

= O.OlOmg 

= 23.124nlg/L x 0.1 L (volume of digested carbon) 

= 2.3124mg of gold 

= O.OlOtng + 2.3124nlg 

= 2.322tng 

= 100 x 2.322/(6.5mg/kg x 0.4kg ore) 

= 89.3°/o 

This method of calculation was used for all of the diagnostic leaching results presented in 

this appendix. 
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Table D15 

Additional Infonnation for Cbapter 6 

Results for the sequential diagnostic leaching of the 

flotation feed. Mass of ore = 400g 

Solution Solution Solution Digested Carbon Total 

Pretreatment volume assay 

(ppm) 

recovery carbon recovery recovery 
o;o 

extraction 

None 

None 

HCl 

HCl 

H2S04 

HzS04 

HN03 

HN03 

Pretreatment 

None 

None 

HCI 

HCI 

HzS04 

H2S04 

HN03 

HN03 

(ml) 

957 

957 

955 

955 

953 

953 

945 

944 

0.468 

0.002 

0.012 

0 

0 

0 

0.065 

0.031 

(mg) 

2.239 

0.010 

0.057 

0.000 

0.000 

0.000 

0.307 

0.144 

(ppm) 

23.124 

1.268 

0.075 

0.040 

(mg) 

2.3124 

0.1268 

0.0075 

0.00401 

(mg) 

2.239 

2.322 

0.057 

0.127 

0.000 

0.008 

0.307 

0.148 

86.1 

89.3 

2.2 

4.9 

0.0 

0.3 

11.8 

5.7 

Table D16 Results for the non-sequential diagnostic leaching of the 

flotation feed. Mass of ore = 400g 

Solution Solution Solution Digested Carbon Total 
0/o 

volume assay recovery carbon recovery recovery 
extraction 

(ml) (ppm) (mg) (ppm) (mg) (mg) 

957 0.468 2.239 2.239 86.1 

957 0.002 0.010 23.124 2.312 2.322 89.3 

955 0.46 2.197 2.197 84.5 

955 0 0.000 23.095 2.310 2.310 88.8 

956 0.484 2.314 2.314 89.0 

956 0 0.000 22.643 2.264 2.264 87.1 

954 0.479 2.285 2.285 87.9 

954 0.002 0.010 23.783 2.378 2.388 91.8 
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Additional Infonnation for Chapter 6 

The diffractograms following the acidic pretreatments are given in Figures D3 to D6. 

Only the peaks of interest have been highlighted as the albite and muscovite which also 

constitute this ore are resistant to the acid attacks used in this diagnostic leaching 

sequence. The diffractograms correspond to the non-sequential diagnostic leaching 

procedure. 

The quantitative XRD analysis in Table 3.6 indicated that there was 5.4% pyrite in the 

flotation feed. This corresponds to 21.6g of pyrite in a 400g ore sample. There is 

therefore a total of 10.05g of iron present in the ore as pyrite. XRD analysis showed this 

is completely destroyed by the nitric acid pretreatment, while some of the labile sulphides 

were destroyed during the sulphuric acid pretreatment, as indicated by Table D17. 

Surprisingly a large amount of copper and iron were detected following the hydrochloric 

acid pretreatment. This ore contained 4.8% iron, which is a total of 19.2g. The HCI 

treatment successfully removed the iron that did not correspond to a particular mineral 

phase. 

Table D17 ICP analysis of the filtrate following acidic pretreatment of 

the flotation feed in the non-sequential test. Volume of 

solution = 1 L 

Pretreatment Cu (ppm) Fe (ppm) 
232 
253 
695 

5837 
6504 
17344 

Fire assay of the pyrite concentrate gave a result of 24g/t prior to the diagnostic leaching 

experiments. The percentage extraction of each stage was calculated by the method 

given above from the data in Tables Dl8 and Dl9. 
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Pretreatment 

None 
None 
HCI 
HCl 

H2S04 
H2S04 
HN03 
HN03 

Pretreatment 

None 
None 
HCI 
HCl 

HzS04 
HzS04 
HN03 

HN03 

Table Dl8 

Additional Information for Chapter 6 

Results for the sequential diagnostic leaching of the pyrite 

concentrate. Mass of ore = 400g 

Solution Solution Solution Digested Carbon Total 
% volume 

(ml) 
957 
957 
956 
956 
950 
954 
942 
944 

Table D19 

assay recovery carbon recovery recovery 
extraction (ppm) (mg) (ppm) (mg) (mg) 

1.483 7.096 7.096 73.9 
0.012 0.057 81.225 8.123 8.180 85.2 
0.26 1.243 1.243 12.9 

0 0.000 13.687 1.369 1.369 14.3 
0.014 0.067 0.067 0.7 

0 0.000 1.215 0.122 0.122 1.3 
0.005 0.024 0.024 0.2 
0.001 0.005 0.351 0.035 0.040 0.4 

Results for the non-sequential diagnostic leaching of the 

pyrite concentrate. Mass of ore = 400g 

Solution Solution Solution Digested Carbon Total o/o 
volume assay recovery carbon recovery recovery 

extraction 
(ml) (ppm) (mg) (ppm) (mg) (mg) 
957 1.483 7.096 7.096 73.9 
957 0.012 0.057 81.225 8.123 8.180 85.2 
956 1.655 7.911 7.911 82.4 
956 0.005 0.024 87.583 8.758 8.782 91.5 
956 1.747 8.246 8.246 85.9 
956 0.008 0.038 86.471 8.647 8.685 90.5 
944 1.68 7.930 7.930 82.6 
944 0.009 0.042 87.454 8.745 8.788 91.5 

The XRD scans of the pyrite concentrate following the non-sequential acidic 

pretreatments are given in Figures 07 to D 1 0. Figure D 10 shows the total destruction of 

the pyrite mineral phase following the nitric acid pretreatment. In Figures D8 to D 10, no 

dolomite or calcite was observed. Table D20 gives the results of the ICP analysis of the 

acid filtrates following the acid pretreatments. This confirms the destruction of the pyrite 

after the nitric acid pretreatment. 

D17 



0 
0 

12 

10 

...... 8 
X 

-

-

-

-

-

-

10.00 

Figure D7 

.l 

I 
10.00 

Figure DS 

Additional Information for Chapter 6 

42,1 PYRITE 
46, 1 QUARTZ, SYN 
37, 4 1 CHALCOPYRITE 
36, 4 DOLOMITE 

20.00 30.00 40.00 50.00 60.00 70.0 
2-Theta Angle (deg) 

XRD analysis of the pyrite concentrate prior to any acidic 

pretreatment 

42,1 40 PYRITE 
46,1 5 QUARTZ, SYN 
37,4 1 CHALCOPYRITE 

J ,L II. h .ll..a.. .i.J. j ~ 1 ol .L.J l1 J w... Jlj, 
11'1' • 

I I I I 
20.00 30.00 40.00 50.00 60.00 70.0 

2-Theta Angle (deg) 

XRD analysis of the pyrite concentrate following the HCI 

pretreatment 

Dl8 



0 
0 

>< 

15 

12 

3 

-

-

-

-

-

.I. 

I 
10.00 

Figure D9 

10.00 

Additional Infonnation for Chapter 6 

42, 1~>10 PYRITE 
<16, 1C 5 QUARTZ, SYN 
37,4 CHALCOPYRITE 

J 1 l AJ J. J ,A .l ~ l ,I., 1 ..I. J 11 ~ ~ 
I 

20.00 

20.00 

I I I I T 1 
30.00 40.00 50,00 60.00 70.0 

2-Theta Angle (deg) 

XRD analysis of the pyrite concentrate following the H2S04 

pretreatment 

46, 1045 QUARTZ, SYN 
37, 471 CHAlCOPYRITE 

30.00 40.00 50.00 60.00 70.0 
2-Theta Angle (deg) 

Figure Dl 0 XRD analysis of the pyrite concentrate following the HN03 

pretreatment 

D19 



Additional Information for Chapter 6 

Table D20 ICP analysis of the filtrate following acidic pretreatment of 

the pyrite concentrate for the non-sequential test. Volume 

of solution= lL 

Pretreatment Cu (ppm) 
263 
282 
447 

Fe (ppm) 
8558 
9612 

47760 

Fire assay of the copper concentrate gave a result of 229.5g/t. The percentage extraction 

of each stage was calculated by the method given above from the data in Tables D21 and 

D22. 

Table D21 Results for the sequential diagnostic leaching of the copper 

concentrate. Mass of ore = 400g 

Pretreatment Solution Solution Solution Digested Carbon Total % 

volume assay recovery carbon recovery recovery extraction 

(ml) (ppm) (mg) (ppm) (mg) (mg) 

None 957 1.365 13.063 13.063 14.2 

None 957 0.592 5.665 93.662 9.366 15.032 16.4 

HCl 954 5.172 49.341 49.341 53.7 

HCl 953 2.344 22.338 227.76 22.776 45.114 49.1 

H2S04 953 0.718 6.843 6.843 7.5 

H2S04 952 0.544 5.179 77.51 7.751 12.930 14.1 

HN03 945 0.126 1.191 1.191 1.3 

HN03 944 0.067 0.632 23.96 2.396 3.028 3.3 
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Table D22 Results for the non -sequential diagnostic leaching of the 

copper concentrate. Mass of ore = 400g 

Pretreatment Solution Solution Solution Digested Carbon Total % 

volume assay recovery carbon recovery recovery extraction 

(ml) (ppm) (mg) (ppm) (mg) (mg) 

None 957 1.365 13.063 13.063 14.2 

None 957 0.592 5.665 93.662 9.366 15.032 16.4 

HCl 954 5.345 50.991 50.991 55.5 

HCI 954 1.594 15.207 414.346 41.435 56.641 61.7 

HzS04 954 3.811 36.357 36.357 39.6 

HzS04 954 1.502 14.329 193.691 19.369 33.698 36.7 

HN03 948 2.831 26.838 26.838 29.2 

HN03 948 0.791 7.499 247.081 24.708 32.207 35.1 

For the copper concentrate, Table 3.6 indicates that the ore consists of 46.7% 

chalcopyrite and 24.3% pyrite. For 400g of ore the mass of the minerals present is 

therefore 

pyrite = 97 .2g 

chalcopyrite = 186.8g 

Fron1 an analysis of the molecular weights, there is 45g of iron present in the pyrite and 

57g of iron present in the chalcopyrite. There is 64g of copper present in the 

chalcopyrite. Therefore from Table D23 it can be seen that approximately 25°/o of the 

chalcopyrite was destroyed and from the XRD analysis the pyrite was completely 

destroyed. 
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pretreatment 
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Table D23 

Additional Information for Chapter 6 

ICP analysis of the filtrate following acidic pretreatment of 

the copper concentrate in a non-sequential test. Volume of 

solution= lL 

Pretreatment Cu(ppm) Fe(ppm) 
11775 
12691 
17642 

8564 
9664 

49089 

BET surface area analysis was performed on a lg sample of the ores following the acidic 

pretreatments. The results of this analysis are given in Table D24. It can be seen that the 

pretreatments give a dramatic reduction in the available surface area of the ores. 

Table 024 BET analysis of the ores following acid pretreatment 

Ore Pretreatment BET surface area (m-z-/g) 

Flotation feed None 3.5161 

HCl 1.0735 

H2S04 1.45 

HN03 1.3757 

Pyrite concentrate None 4.6637 

HCl 0.4541 

H2S04 0.4651 

HN03 1.0194 

Copper concentrate None 6.1057 

HCl 1.7318 

H2S04 2.6237 

HN03 1.6589 
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APPENDIXE 

Additional Information for Chapter 7 

This appendix gives additional information for the results and conclusions presented in 

Chapter 7. This includes the data for which modelling was perfonned on the processes of 

leaching, adsorption and preg-robbing. Additional results of the application of the preg

robbing model are also given that were not included in the main body of Chapter 7. 

Results of the batch modelling of the New Celebration ore and flotation feed are also 

given in this appendix, in support of the batch modelling results obtained for the Telfer 

oxide, pyrite concentrate and copper concentrate. The mass of ore used for all of the 

experiments presented in this chapter was 400g, while the volume of solution was 11. 
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Table El 

CN- (ppm) 
500 
385 
360 
380 
400 
350 
340 
1200 
910 
905 
740 
635 
675 
510 
560 
300 
210 
210 
475 
230 
160 
500 
400 
335 
275 
340 
295 
360 
390 

Additional Information for Chapter 7 

Experimental data for the leaching of the New Celebration 

oxide ore at different cyanide conditions. The grade of the 

ore was 0. 83 g/t 

time (hr) Au (ppm) 
0.00 0.00 
0.50 0.10 
2.00 0.18 
4.00 0.23 
7.00 0.26 

22.00 0.30 
24.00 0.31 
0.00 0.00 
0.50 0.14 
2.00 0.18 
5.00 0.22 

24.00 0.31 
29.00 0.32 
46.00 0.32 
48.00 0.32 
0.00 0.00 
0.50 0.08 
2.00 0.16 
6.00 0.23 

22.50 0.32 
24.00 0.32 
0.00 0.00 
0.50 0.08 
2.00 0.15 
5.50 0.20 

21.50 0.24 
30.00 0.24 
46.00 0.24 
48.00 0.25 
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Table E2 

CN. (ppm) 
500 
390 
395 
400 
410 
360 
350 
1200 
1040 
945 
960 
810 
525 
785 
760 
300 
215 
130 
145 
125 
100 
500 
360 
355 
345 
415 
395 
420 
440 

Average ore grade 

Additional Information for Chapter 7 

Experimental data for the leaching of the Telfer oxide ore 

at different cyanide conditions 

time (hr) Au (ppm) Ore grade (glt) 
0.00 0.000 1.5 
0.50 0,078 
2.00 0.148 
4.00 0.254 
7.00 0.342 

22.00 0.520 
24.00 0.545 
0.00 0.000 1.75 
0.50 0.082 
2.00 0.199 
5.00 0.360 

24.00 0.600 
29.00 0.604 
46.00 0.689 
48.00 0.664 
0.00 0.000 1.8 
0.50 0.116 
2.00 0.188 
6.00 0.406 

22.50 0.714 
24.00 0.678 
0.00 0.000 1.6 
0.50 0.054 
2.00 0.125 
5.50 0.224 

21.50 0.451 
30.00 0.515 
46.00 0.559 
48.00 0.587 

1.66 
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Table E3 

CN- (ppm) 
2000a 

645 
700 
625 
510 
355 

2000b 
805 
725 
550 
505 
420 
380 
420 
3000 
1205 
1050 
930 
750 
750 
640 
590 
500 
40 
45 
35 
30 

Average ore grade 

Additional Information for Chqpter 7 

Experimental data for the leaching of the flotation feed at 

different initial cyanide concentrations 

time (hr) Au (ppm) Ore grade (g/t) 
0.00 0.000 6.5 
0.50 0.458 
2.00 1.094 
6.00 1.719 

24.00 2.290 
48.00 2.265 
0.00 0.000 6.7 
0.50 0.605 
2.00 1.221 
7.00 1.932 

22.50 2.236 
31.00 2.263 
46.50 2.252 
48.00 2.302 
0.00 0.000 6.9 
0.50 0.840 
2.00 1.464 
5.00 1.856 

24.00 2.328 
29.00 2.280 
46.00 2.416 
48.00 2.368 
0.00 0.000 6.3 
0.50 0.000 
2.00 0.010 
6.00 0.046 

24.00 0.155 
6.6 
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Table E4 

Pretreatment 
HCl 

HzS04 

HN03 

Additional Infonnation for Chapter 7 

Diagnostic leaching data of the flotation feed. The results 

of the modelling of this data were presented in Table 7.7. 

The grade of the ore was 6.5g/t 

CN" (ppm) time (hr) Au (ppm) 
2000 0.00 0.000 
1505 0.50 0.375 
1460 2.00 0.829 
1400 7.00 2.009 
1310 22.50 2.140 
1270 31.00 2.080 
1210 46.50 2.160 
1180 48.00 2.195 
2000 0.00 0.000 
1550 0.50 0.720 
1480 2.00 1.067 
1380 7.00 2.227 
1370 22.50 2.337 
1370 31.00 2.315 
1265 46.50 2.311 
1260 48.00 2.313 
2000 0.00 0.000 
1500 0.50 0.585 
1405 2.00 0.972 
1280 7.00 2.023 
1060 22.50 2.320 
995 31.00 2.254 
940 46.50 2.269 
975 48.00 2.285 
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Table E5 

eN- (ppm) 
500 
25 
35 
40 
35 

2000a 
815 
660 
560 
310 
295 
215 
165 

2000b 
860 
740 
610 
400 
325 
280 
265 

2000c 
890 
735 
550 
290 
200 

3000 
1140 
970 
800 
450 
440 
345 
330 

Average ore grade 

Additional Infonnation for Chapter 7 

Experimental data for the leaching of the pyrite concentrate 

at different initial cyanide concentrations 

time (hr) Au (ppm) Ore grade (g/t) 
0.00 0.000 23 
0.50 0.120 
2.00 0.200 
6.00 0.318 

24.00 1.104 
0.00 0.000 22 
0.50 1.995 
2.00 3.321 
7.00 4.564 
23.00 5.304 
31.00 5.761 
46.50 5.631 
48.00 5.906 
0.00 0.000 25 
0.50 3.075 
2.00 3.922 
7.00 5.303 

22.50 6.370 
30.50 6.747 
46.50 6.856 
48.00 6.906 
0.00 0.000 24 
0.50 1.900 
2.00 3.415 
6.00 4.381 

24.00 6.370 
48.00 6.450 
0.00 0.000 26 
0.50 3.472 
2.00 6.176 
5.00 6.776 

24.00 7.808 
29.00 7.72 
46.00 8.16 
48.00 8.11 

24 
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Table E6 

Pretreatment 
HCl 

H2S04 

HN03 

Additional Information for Chapter 7 

Diagnostic leaching data of the pyrite concentrate. The 

results of the modelling of this data were presented in Table 

7.1 0. The grade of gold was 24g/t 

CN- (ppm) time (hr) Au (ppm) 

2000 0.00 0.000 
1460 0.50 1.245 
1305 2.00 3.271 
1350 7.00 6.364 
1175 22.50 7.319 
1125 30.50 7.589 
1060 46.50 7.959 
980 48.00 7.908 

2000 0.00 0.000 

1510 0.50 3.885 

1360 2.00 4.541 

1320 7.00 7.350 

1190 22.50 8.062 

1110 30.50 8.317 

1020 46.50 8.386 

870 48.00 8.257 

2000 0.00 0.000 

1175 0.50 1.375 

1035 2.00 6.133 

915 7.00 7.577 

480 22.50 8.269 

395 30.50 7.878 

270 46.50 8.031 

260 48.00 7.935 
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Table E7 

Cyanide (ppm) 
0 

200 
500 

0 
0 
0 
0 

2000a 
0 
0 
0 
0 
0 
0 
0 

2000b 
0 
0 
0 
0 
0 
0 
0 

3000 
0 
0 
0 
0 

Additional Information for Chapter 7 

Experimental data for the leaching of the copper 

concentrate. The modelling results were presented in Table 

7 .11. The initial grade of gold was 227.5g/t 

time (hr) Au (ppm) 
0.00 0.00 

24.00 0.67 
0.00 0.00 
0.50 0.05 
2.00 0.11 
6.00 0.34 

24.00 1.43 
0.00 0.00 
0.50 0.61 
2.00 1.22 
7.00 2.67 
23.00 6.39 
31.00 8.03 
46.50 10.01 
48.00 10.58 
0.00 0.00 
0.50 1.05 
2.00 1.45 
6.50 3.04 

22.00 8.09 
31.00 9.89 
46.50 12.85 
48.00 13.06 
0.00 0.00 

24.00 7.88 
48.00 11.43 
72.00 14.05 
96.50 15.89 

Table 7.13 gave the results of the preg-robbing of the pyrite concentrate at different 

cyanide conditions. The experiments without free cyanide were conducted for 24 hours, 

while the experiments with free cyanide were conducted with nitrogen purging to inhibit 

gold leaching. These experiments were continued for under 7 hours due to the size 

limitation of the nitrogen gas cylinder. The data and experimental conditions for the 

initial cyanide concentration of Oppm were dealt with in Section 5.3 and Table C2. 

Experimental conditions for the case where 300ppm cyanide was bound as ferrocyanide 

were dealt with in Section 5 .5, with the data in Table C8. Experimental conditions were 

given when the initial free cyanide concentration was 300pptn in Section 5.3 and Table 

E8 
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C3. When the initial cyanide concentration was 300ppm with 50ppm of mixed metal

cyanide complexes, the experimental conditions were identical to those used in Section 

5. 7, except nitrogen purging was also used to prevent gold leaching by removing oxygen 

from solution. The experimental data are given below. 

Table E8 

time (hr) eN· 
(ppm) 

0.00 300 
0.13 0 
0.67 0 
2.00 0 
7.00 0 

6 

5 • 

~ .• ..... 
4 
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-E 
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:J 
<( 
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0 

Figure El 

Experimental data for the modelling of the pyrite 

concentrate with 300ppm free cyanide and a mixed metal

cyanide solution. Mass of ore = 400g, volume of solution= 

lL 

Au Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
50.0 50.0 50.0 50.0 50.0 50.0 50.0 
49.8 37.1 344.5 6.4 51.5 1.0 2807.0 
49.4 24.7 344.7 5.7 50.6 1.0 2791.0 
48.6 15.4 337.0 3.1 49.7 1.0 2685.1 
50.3 9.7 325.7 1.9 51.3 0.9 2811.2 

• • 

-

5 10 15 20 25 

time (hr) 

Preg-robbing modelling of the pyrite concentrate when 

300ppm cyanide was present as Fe(CN)64-

E9 
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The experimental data for the gold-free pyrite mineral sample in the presence of 300ppm 

as Fe(CN)6
4

- were dealt with in Section 5.5, with the data in Table C8. \Vhen the initial 

cyanide concentration was 300ppm with 50ppm of mixed metal-cyanide complexes, the 

experimental conditions were identical to those used in Section 5.7. The data are given in 

Table E9. The 5ppm solution of mixed metal-cyanide complexes was identical to the 

50ppm of mixed metal-cyanide complexes, except that the initial concentration of the 

metal species was 5ppm and there was no additional free cyanide added. The 

experimental data are given below, in Table ElO. 

time (hr) 

0.00 
0.13 
0.67 
2.00 
7.00 
24.00 

time (hr) 
0.00 
0.05 
0.67 
2.00 
7.00 
24.00 

Table E9 

CN- Au 
(ppm) (ppm) 

300 50.0 
150 50.9 
85 50.6 
170 48.6 
105 49.0 
60 47.5 

Table ElO 

Experimental data for the gold-free pyrite mineral sample 

when contacted with 300ppm free cyanide and a 50ppm 

solution of mixed metal-cyanide species 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
50.0 50.0 50.0 50.0 50.0 50.0 
20.7 57.5 114.8 51.7 60.1 201.0 
21.2 58.6 120.1 51.0 59.0 206.3 
39.5 57.2 116.2 49.4 53.6 215.7 
44.3 62.7 116.0 49.8 47.0 257.0 
42.3 66.2 95.7 48.9 20.1 343.7 

Experimental data for the gold-free pyrite mineral sample 

when contacted with a solution of 5ppm of mixed metal

cyanide species for 24 hours 

Au (ppm) Ag (ppm) Cu (ppm) Fe (ppm) Ni (ppm) Zn (ppm) S (ppm) 
5.00 5.00 5.00 5.00 5.00 5.00 5.00 
4.54 0.10 3.73 0.80 4.82 0.59 198.75 
4.93 0.00 0.48 1.31 5.37 0.01 246.54 
4.96 0.00 0.38 3.14 5.03 0.06 275.86 
4.00 0.01 0.19 1.96 4.21 0.07 330.15 
4.26 0.02 0.10 0.43 0.03 0.07 467.50 

ElO 
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5 10 15 20 25 

time (hr) 

Modelling of the experimental results of the gold-free pyrite 

mineral sample which was initially contacted with a Sppm 

mixed metal-cyanide solution 

5 10 15 20 25 

time (hr) 

Modelling of the experimental results of the gold-free pyrite 

mineral sample which was initially contacted with 300ppm 

cyanide as Fe(CN)6 
4

-
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• 

5 10 15 20 25 

time (hr) 

Modelling of the experimental results ofthe gold-free pyrite 

mineral sample which was initially contacted with 300ppm 

free cyanide and a 50ppm solution of mixed metal-cyanide 

spec1es 

The experimental data for the experiment with the copper concentrate in the presence of 

300ppm cyanide as Fe(CN)6
4

- were dealt with in Section 5.5, with the data in Table C8. 

Experimental conditions were given when the free cyanide concentration was initially 

300ppm in Section 5.3 and Table C4. When the initial cyanide concentration was 

300ppm with 50ppm of mixed metal-cyanide complexes, the experimental conditions 

were identical to those used in Section 5. 7, except nitrogen purging was used to prevent 

gold leaching by removing oxygen from solution. The experimental data are given 

below. 

E12 



time (hr) 

0.00 
0.13 
0.67 
2.00 
7.00 

Table Ell 

eN-
(ppm) 

300 
0 
0 
0 
0 

Additional Infonuation for Chapter 7 

Experimental data for the modelling of the copper 

concentrate with 300ppm free cyanide and a mixed metal

cyanide solution 

Au Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
50.0 50.0 50.0 50.0 50.0 50.0 50.0 
51.6 0.9 392.1 4.3 53.9 1.4 1998.0 
50.1 0.5 374.0 2.2 53.1 1.1 2061.1 
48.1 0.3 358.1 1.3 49.7 1.0 2149.6 
43.5 0.2 286.4 0.1 43.1 0.8 2537.6 
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Preg-robbing modelling of the copper concentrate when 

300pprn cyanide was present as Fe(CN)6
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2 4 6 8 

time (hr) 

Preg-robbing modelling of the copper concentrate when 

300ppm cyanide was present with 50ppm of metal-cyanide 

species, using nitrogen purging 

The experimental data for the gold-free chalcopyrite mineral sample in the presence of 

300ppm as Fe(CN)6 
4
- were dealt with in Section 5.5, with the data in Table C8. When the 

initial cyanide concentration was 300ppm with 50ppm of mixed metal-cyanide 

complexes, the experimental conditions were identical to those used in Section 5.7. The 

data are given in Table E12. The 5ppm solution of mixed metal-cyanide complexes was 

identical to the 50ppm of mixed metal-cyanide complexes, except that the initial 

concentration of the n1etal species was 5ppm and there was no additional free cyanide 

added. The experimental data are given in Table El3. 
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time (hr) 

0.00 
0.13 
0.67 
2.00 
7.00 

24.00 

time (hr) 
0.00 
0.05 
0.67 
2.00 
7.00 

24.00 

Table E12 

CN- Au 

Additional Infonnation for Chapter 7 

Experimental data for the gold~free chalcopyrite mineral 

sample when contacted with 300ppm free cyanide and a 

50ppm solution of mixed metal-cyanide species 

Ag Cu Fe Ni Zn s 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 

300 50.0 
100 50.6 
80 49.7 
65 49.2 
40 47.1 
0 42.4 

Table E13 

50.0 50.0 50.0 50.0 50.0 50.0 
1.7 286.9 46.4 52.3 21.8 292.9 
1.3 298.5 50.8 51.4 6.7 306.2 
2.8 315.1 46.9 49.5 1.2 335.5 
3.8 310.8 21.5 49.5 0.9 398.5 
1.3 254.2 0.3 47.7 0.7 576.3 

Experimental data for the gold-free chalcopyrite mineral 

sample when contacted with a solution of 5ppm of mixed 

metal-cyanide species for 24 hours 

Au (ppm) Ag (ppm) Cu (ppm) Fe (ppm) Ni (ppm) Zn (ppm) S (ppm) 
5.00 5.00 5.00 5.00 5.00 5.00 5.00 
5.01 0.02 27.39 1.01 4.77 0.09 206.25 
4.84 0.01 27.91 1.01 1.05 0.08 229.74 
4.85 0.00 20.41 0.79 0.34 0.14 249.96 
4.79 0.08 8.15 1.15 0.08 0.50 328.16 
2.36 0.02 0.16 0.03 0.01 0.11 433.44 
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Modelling of the experimental results of the gold-free 
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Table E14 

Ore 
New Celebration oxide 

Telfer oxide 

Additional Infonnation for Chapter 7 

• 

5 10 15 20 25 

time (hr) 

Modelling of the experimental results of the gold-free 

pyrite mineral sample which was initially contacted with 

300ppm free cyanide and a 50ppm solution of mixed metal

cyanide species 

Simultaneous leaching and adsorption data for the New 

Celebration oxide and Telfer oxide ores 

time (hr) Au (ppm) 
0.00 0.000 
0.50 0.078 
2.00 0.082 
4.00 0.040 
7.00 0.023 

22.00 0.000 
24.00 0.000 
0.00 0.000 
0.50 0.038 
2.00 0.070 
4.00 0.092 
7.00 0.064 

22.00 0.012 
24.00 0.003 
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Table E15 

Ore 
Flotation feed 

Table E16 

Pretreatment 
HCI 

H2S04 

HN01 

Additional Information for Chapter 7 

Simultaneous leaching and adsorption data for the flotation 

feed 

time (hr) 
0.00 
0.50 
2.00 
7.00 

22.50 
31.00 
46.50 
48.00 

Au (ppm) 
0.000 
0.135 
0.114 
0.039 
0.024 
0.005 
0.014 
0.010 

Experimental data for the simultaneous leaching and 

adsorption of the flotation feed following diagnostic 

leaching pretreatments, using 8 g of activated carbon 

time (hr) CN" (ppm) Au (ppm) 
0.00 2000 0.000 
0.50 1475 0.135 
2.00 1385 0.184 
7.00 1390 0.000 

22.50 1175 0.000 
31.00 1110 0.000 
46.50 1040 0.000 
48.00 980 0.000 
0.00 2000 0.000 
0.50 1500 0.315 
2.00 1400 0.273 
7.00 1400 0.044 

22.50 1240 0.020 
31.00 1190 0.015 
46.50 1070 0.010 
48.00 1030 0.000 
0.00 2000 0.000 
0.50 1430 0.315 
2.00 1300 0.263 
7.00 1175 0.113 

22.50 950 0.034 
31.00 915 0.019 
46.50 815 0.034 
48.00 795 0.010 
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Table E17 

Ore 
Pyrite concentrate 

Table E18 

Pretreatment 
HCl 

H2S04 

HN03 

Additional Infonnation for Chapter 7 

Experimental data for the simultaneous leaching and 

adsorption of the pyrite concentrate at an initial cyanide 

concentration of 2000( a )ppm 

time (hr) 
0.00 
0.50 
2.00 
7.00 

23.00 
31.00 
46.50 
48.00 

Au (ppm) 
0.000 
0.780 
0.169 
0.084 
0.054 
0.049 
0.029 
0.024 

Results of the simultaneous leaching and adsorption of the 

pyrite concentrate following diagnostic leaching 

pretreatments, using 8g of activated carbon 

time (hr) CN- (ppm) Au (ppm) 
0.00 2000 0.000 
0.50 1385 0.910 
2.00 1240 1.444 
7.00 1260 0.246 

22.50 1045 0.054 
30.50 905 0.049 
46.50 775 0.043 
48.00 730 0.024 
0.00 2000 0.000 
0.50 1525 0.705 
2.00 1395 1.295 
7.00 1275 0.182 

22.50 1090 0.049 
30.50 960 0.034 
46.50 880 0.034 
48.00 850 0.038 
0.00 2000 0.000 
0.50 1175 3.605 
2.00 1005 0.842 
7.00 595 0.186 

22.50 190 0.058 
30.50 155 0.029 
46.50 60 0.057 
48.00 70 0.042 
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Table E19 

time (hr) 

0.0 
0.5 
2.0 
7.0 
23.0 
31.0 
46.5 
48.0 

Additional Information for Chapter 7 

Results of the simultaneous leaching and adsorption of the 

copper concentrate at an initial cyanide concentration of 

2000(b )ppm. 8 g of activated carbon was used 

CN- (ppm) Au (ppm) 

2000 0.00 
0 0.37 
0 0.75 
0 1.68 
0 2.99 
0 3.49 
0 4.16 
0 4.39 
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APPENDIXF 

Additional Information for Chapter 8 

This appendix gives additional information for the results and conclusions presented in 

Chapter 8. This includes the experimental data modelled and the results of additional 

modelling that support the work presented in Chapter 8. This appendix also contains the 

results and conditions of experiments which were not presented in the main body of 

Chapter 8. 

Table Fl 

Location pH 

Al 10.62 
A2 10.83 
A3 10.85 
Cl 10.76 
C2 10.82 
C3 10.60 
C4 10.57 
cs 10.07 
C6 10.50 
C7 10.35 

Plant profile data which are modelled in Figures 8.1, 8.2 

and 8.5 to 8. 7 

NaCN Solution Au Solid Au Carbon Carbon 
(ppm) (ppm) (g/t) loading concentration 

(g/kg) (giL) 
260 0.5 1.83 - -
260 0.8 1.44 - -
265 0.9 1.40 - -
245 0.7 0.97 3.150 15.0 
235 0.7 0.70 2.260 8.5 
200 0.4 0.56 1.940 8.0 
155 0.3 0.50 1.130 8.0 
145 0.1 0.37 0.795 8.0 
165 <0.1 0.76 0.284 10.0 
155 <0.1 0.30 <0.010 7.5 
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Additional plant profile modelling was also performed in support of the results presented 

in Figures 8.1 and 8.2. The results are given in Figures Fl to F3. The data are given in 

Table F2, which represents a repeat plant profile performed under the same experimental 

conditions to those used in Table Fl. Identical parameters to those given in Table 8.2 

were used, except Acarbon was 5. 

Table F2 

Location pH 

Al 10.76 
A2 10.71 
A3 10.80 
Cl 10.68 
C2 10.86 
C3 10.53 
C4 10.68 
C5 10.25 
C6 10.73 
C7 10.75 

Plant profile data which are modelled in Figures Fl to F3 

andF5 

NaCN Solution Au Solid Au Carbon Carbon 
(ppm) (ppm) (glt) loading concentration. 

(glkg) (giL) 
295 0.5 1.68 - -
285 0.7 1.45 - -
300 1.15 1.22 - -
295 0.82 0.8 2.820 8.5 
285 0.5 0.63 2.180 10.5 
270 0.3 0.49 1.740 5.0 
220 0.2 0.3 1.010 7.0 
195 0.2 0.31 0.598 5.0 
210 <0.1 0.35 0.309 8.0 
190 <0.1 0.21 0.248 6.0 
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2 4 6 8 10 

stage 

Solid profile for the continuous model compared to plant 
data 
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2 4 6 8 10 

stage 

Activated carbon loading profile for the continuous model 

compared to plant data 

Determination of adsorption parameters 

The experimental conditions for the batch adsorption experiment performed on-site at the 

Telfer gold mine are given in Table F3, with the experimental data in Table F4. For this 

experiment a sample of slurry was taken from the final adsorption tank, as no further 

leaching was expected to occur from the ore. The slurry was dosed with Au(CN)2- and 

12g of activated carbon. The solution concentration was then monitored for 22 hours. 

The reactor configuration was identical to that given in Chapter 3, Figure 3.1, except that 

the reactor volume was 2.3L. The results of the modelling of the experimental data 

gained are given in Figure F4. kacts was determined to be 2.1 x 1 o-5 mls, which was 

identical to the figure determined in Section 7.5, Chapter 7. Acarbon was greater than 0.3, 

but cannot be determined accurately because of uncertainty in the final data points. This 

was a limitation of the analytical facility of the Telfer gold plant. 
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Experimental conditions for the adsorption experiment 

Mass of ore (kg) 
Mass of solution (L) 
Mass of carbon (g) 

Carbon density (kg/m3
) 

Carbon particle size (m) 
Stirring speed (rpm) 
Reactor volume (L) 

1.64 
2 
12 

890 
1.84 x to-3 

200 
2.3 

Experimental data for the adsorption experiment 

time 
0.000 
0.500 
1.167 
2.000 
5.000 
9.000 

22.000 

• 
5 

Solution concentration (ppm) 

• 
10 

0.7 
0.2 
0.1 
0.1 

<0.1 
<0.1 
<0.1 

t (hours) 

15 

• 
20 

Modelling of the adsorption experiment performed at the 

Telfer gold mine 

F5 



Additional Infonnation for Cha,pter 8 

Table F5 gives the experimental data obtained from the simultaneous leaching and 

adsorption experiments conducted on the first CIL tank with the carbon and slurry that 

were present in this tank. The mass fraction solids was 0.43 and the grade of gold ore 

initially present in the tank was 0.8g/t. 

Table FS Simultaneous leaching and adsorption of the first CIL tank 

time (hr) pH NaCN Au (ppm) Carbon loading Carbon 

(ppm) (glkg) concentration (giL) 

0 10.71 195 1.1 2.95 12 
0.5 10.77 190 0.7 

1 10.75 190 0.6 
2 10.74 195 0.6 
5 10.68 190 0.3 
9 10.56 115 0.3 

23 10.47 65 0.2 

Table F6 gives the experimental data obtained from the simultaneous leaching and 

adsorption experiments conducted on the third CIL tank with the carbon and slurry that 

were present in this tank. The mass fraction solids was 0.45 and the grade of gold 

initially present in the tank was 0.6g/t. 

Table F6 Sitnultaneous leaching and adsorption of the third CIL tank 

time (hr) pH NaCN Au (ppm) Carbon loading Carbon 

(ppm) (g/kg) concentration (giL) 

0 10.78 175 0.3 1720 13 

0.5 10.8 180 0.3 
10.8 175 0.3 

2 10.81 165 0.2 
5 10.73 135 0.2 
9 10.62 115 0.1 

23 10.51 65 0.1 
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Figure F5 shows the results of modelling the solution concentration plant profile from 

Table F2. The updated adsorption parameters determined in Section 8.4 were used, 

where the film diffusion coefficient was 1.7 x 10~6 m/s and Acarbon = 5. It can be seen that 

the data are satisfactorily described by the model. 
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plant data from Table F2 using optimised parameters 
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