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ABSTRACT 

Title:  Analysing the influence of compressed air pressure on gold production  

Author: Jamie du Preez 

Supervisor: Dr Johan Marais 

School:  North-West University Potchefstroom Campus School for Engineering 
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Keywords: Compressed air, gold production, Agitation, deep-level mining 

Unreliable energy provision in South-Africa led to various high energy-consuming entities searching 

for new ways to optimise energy distribution. Due to the increasing need for energy saving initiatives 

on deep-level gold mines, scope exists to implement various optimisation techniques on high energy-

consuming systems.  

One of the highest energy-consuming systems on deep-level gold mines is the compressed air network. 

Various studies have been conducted on the optimisation of a deep-level gold mines’ compressed air 

networks, however, most of the studies conducted primarily focused on the shaft’s compressed air 

network energy inefficiencies. Studies which include both optimisation of compressed air on the shaft 

and the plant are uncommon. A gold plant requires compressed air mainly for instrumentation operation 

and for agitation purposes in the leaching tanks. 

A shared compressed air network between the shaft and the plant usually limits potential for electrical 

cost savings through control of the pressure setpoints at the shaft throughout the day. The plant receives 

fluctuating pressures from the shaft compressor house due to its dynamic nature. Fluctuating pressure 

delivery to agitation leaching tanks may lead to settling of ore within the leaching tanks. The settled ore 

contains unprocessed amounts of gold which do not progress further than the leaching tanks and is 

required to be reprocessed with the next batch. A hypothesis was drawn up which states an increased 

and non-fluctuating pressure delivery to leaching tanks would have a positive effect on residue 

quantities in the leaching tanks. The goal of the study is, therefore, to establish whether an increased, 

non-fluctuating pressure delivery will have a positive effect on the residue quantities in leaching 

tanks and gold production totals. In addition to potential benefits on the plant, electrical cost savings 

scope increases significantly on the shaft. 

A study conducted on mine A showed the compressed air network was operating inefficiently. The 

plant used the air supplied from the shaft compressor house for agitation purposes in the leaching tanks. 

The delivered air pressure fluctuated greatly and may affect the agitation potential of the leaching tanks.  
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The plant’s instrumentation operated on one 90 kW stand-alone compressor. The shaft had to adjust the 

compressors’ setpoint according to the demand needed for plant operation. This hindered lowering the 

overall setpoint during shaft off-peak mining hours when drilling did not occur. The compressed air 

network of mine A was thus severely over budget and created a need to investigate different methods 

of optimisation where both the shaft and the plant could accumulate energy savings and possibly 

production increases. Various studies focusing on production enhancement techniques were analysed 

but very few focused on the influence of compressed air agitation pressure on the performance of 

leaching tanks. A gap in the literature was thus identified. 

One of the solutions identified was to install a 315kW stand-alone compressor on the plant. The 

compressor installation enabled the plant to operate their compressed air network independently from 

the shaft, and adjust the pressures needed for agitation and instrumentation operation. The 90 kW 

compressor used for instrumentation operation was thus switched off. The main optimisation benefit on 

the plant’s side is concluded as non-fluctuating pressures being delivered to the leaching tanks, which 

may lower the gold residue quantities trapped in the leaching tanks due to insufficient agitation.  

In addition to a decrease in gold residue quantity within leaching tanks, and elimination of fluctuating 

pressures delivered to the plant, electrical cost savings on both the shaft and plant was achieved. The 

electrical cost savings on the shaft is calculated as R 3.3 million per annum, while the monetary value 

of the residue quantity decrease is quantified as R 2.43 million during the 28-day analysis period 

immediately after compressor installation during the 2018/2019 financial year. An overall verification 

of whether the consequence of pressure delivery change to the plant is solely responsible for the residue 

decrease could not be made due to various important parameters not being kept constant (due to the 

industrial-scale of the plant) throughout the study. 
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This chapter provides a broad introduction and literature review of the study. Background of the study 

assists in describing the problem that is researched. Energy usage and utilisation in the gold mining 

sector will be discussed in this chapter. The gold production process will be thoroughly described, and 

shortcomings of the process will be identified. Thereafter, the aim and the expected outcome of the study 

will be provided. 

 

 

“There is nothing more difficult to take in hand, more perilous to conduct, or more uncertain in its 

success, than to take the lead in the introduction of a new order of things.” - Niccolo Machiavelli 
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1 Background and Literature review 

1.1 Preamble 

The first chapter serves as the introduction to the dissertation. It will provide an insight into what the 

uses of compressed air are in the gold mining industry, and the limitations of a shared shaft-plant 

compressed air network.  

1.2 Technical Background 

South African Gross Domestic Product 

South Africa (SA) is a country rich in natural minerals, which makes the mining sector one of the key 

contributors to the Gross Domestic Product (GDP). Mining contributes to approximately 8% of SA’s 

GDP [1]. Figure 1 shows a breakdown of the key economic sectors in SA.      

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

 

SA’s mining sector populates a noteworthy percentage of the world production and reserves, and 

accounts to an estimated worth of R 20.3 trillion [1]. In terms of world rankings, SA has the fifth largest 

mining sector [1].  
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Figure 1: Contributing sectors to South African GDP in 2017 [1] 
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Gold mining 

Gold was discovered in the late 19th century which led to the founding of numerous towns and cities 

such as the metropolitan city of Johannesburg around the gold diggings [2]. According to the Reuters’ 

latest gold survey, SA was the 8th largest gold producer in 2017 [3] [4]. The graph containing the top 8 

gold producing countries of 2017 is shown in Figure 2. 

 

The overall global production trends increased by approximately 800 tonnes during the past decade [3]. 

When considering SA’s production, it issued a decline in yearly production totals. Mines from across 

the world are under financial pressure due to different factors, unique to certain reasons. SA is one such 

country and is under strain due to various profit-constricting factors. The gold industry is, therefore, 

classified as a price taker, meaning it cannot control the price of its product. It is set by the market 

driven by a supply and demand philosophy [4]. Cost increases are inversely proportional to production 

increases. As a result, 75% of gold mines operating in SA are unprofitable [4]. A graph comparing 

global and South African production is shown in Figure 3.  

 

 

 

 

 

Figure 2: Top 8 global gold producing countries [3] [5] 

0

50

100

150

200

250

300

350

400

450

500

China Australia Russia United States Canada Peru Indonesia South Africa

P
ro

d
u
ct

io
n
 (

t/
y
)

Country

Top 8 global gold producing countries

2016 2017



Analysing the influence of compressed air pressure on gold production 

4 | P a g e  

 

 

Figure 3: Global gold production comparison to South African gold production [3] [5]  

 

Over the past decade, the gold mining sector in SA experienced prolific financial strain. Economically, 

it became increasingly strenuous to produce a yearly production rise. There are numerous factors that 

feature in dwindling production figures. A substantial amount of research has been done on the 

contributing factors of economic strain on the mining industry. According to the Southern African 

Journal of Mining and Metallurgy, the contributing factors (some unique to SA) are [6]: 

• Gold price volatility – Recent economic decline in industrial powerhouse countries, especially 

China and the United States, has influenced global economic conditions [6]. Strategic planning 

in South African companies became more challenging due to gold’s influence on revenue, cash 

flow and mineral asset values [6]. Figure 46 in Appendix A portrays a steady decline in gold 

price value compared to the dollar over the last five years [7]. 

 

• Escalating cost of production – The relationship between ore grade and energy consumption 

per unit metal is exponential [8]. A lower ore grade would therefore require greater energy 

consumption due to increased consumables during mining and processing of ore. Inflation, 

economic instability and rising electricity cost are also prolific contributors to increased 

production cost. Figure 47 in Appendix A displays a typical breakdown of a gold mine’s 

expenses [9][10]. Figure 48 in Appendix A portrays the yearly Eskom electricity tariff increases 

as approved by the National Energy Regulator of SA (NERSA), and Eskom mining revenue as 

percentage of GDP [11][12]. To illustrate the contribution of compressed air to a gold mine’s 

electricity usage, Figure 49 was added to Appendix A [13]. 
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• Declining gold resource grade – Gold mining commenced over a century ago resulting in 

depleted higher-grade deposits, exposing more abundant lower grade ore [6]. One of the most 

common identification methods of gold grade is the bottle roll test. These are industry standard 

tests assessing the recovery possible through cyanide leaching and provides information 

regarding expected recovery rates, reagent costs, and addition rates [14]. Figures 50 and 51 in 

Appendix A portrays the decline in global average ore grade and South African ore grade over 

the past decade [15][16][17]. 

 

• Depth and mining method - Eight of the top ten deepest mines in the world are situated in the 

North-Western region of SA [18]. According to [6], the ability to mine deeper than normal in 

SA is due to a lower geothermal gradient compared to the rest of the world, which on average 

increases with 30°C per km [19]. Deep-level mines need to sustain a working environment 

which is life-sustaining, determined at a maximum temperature of 28°C wet bulb and 29.5°C 

dry bulb [20], and thus consists of extensive ventilation and refrigeration to cool the working 

environment [6].  

 

• Insufficient hoisting – The hoisting of ore directly influences the profitability of the. If less ore 

is hoisted, less ore is processed into the gold end-product. Various factors contribute to sub-par 

hoisting and may differ in each mining operation [21]. 

 

• Varying gold grades - Differences in ore grade can occur frequently and can be attributed to 

various factors. The location where mining activities take place underground has a huge effect 

on what the resulting ore grade will amass to [22]. Figure 52 in Appendix A illustrates typical 

mining locations on a targeted reef, which can differ according to planning preferences [22]. 

 

• Gold production1 – All the above-mentioned factors have an influence on gold production. 

These factors are mostly relevant to the accumulation of ore and not the processing of the ore 

into the high value end-product. The gold processing plant may have various production 

constricting factors which limit the amount of ore being processed and ultimately the amount 

of gold being produced. Some of the restrictions on a gold plant include empty silos due to sub-

 

1 Jan Roos, Plant manager at Mine A, 2019/03/15, Details available upon request at jdupreez@rems2.com due to 

confidentiality 
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par hoisting, low gold grade, re-milling due to differing mill entry particle size, faulty 

equipment and fluctuating compressed air delivery. 

All the above-mentioned factors have forced South African mining entities to adapt their yearly budget 

to include vast financial season increases [23].  

1.3 Compressed air consumption in the gold mining sector 

When considering all the above-mentioned problems individually, each would have its own unique 

challenges in attempts to rectify the problem at hand. The main conclusion which can be drawn from 

the accumulated information is that mines need to be financially driven and realise cost savings or 

production enhancement opportunities wherever possible. One strategy to be followed is the 

identification of inefficiencies within high energy-consuming systems and low performing production-

related systems. In this document, solutions to an inefficient compressed air network will be discussed 

and applied. Compressed air networks are regarded as one of the most inefficient high energy-

consuming systems on deep-level gold mines [24]. Compressed air is commonly used on deep-level 

gold mines for [25][26]:  

• Pneumatic tools (compressed air is used as a source of energy), 

• Pneumatic loading boxes, 

• Refuge chamber pressurisation, 

• Blasting (compressed air is used in the process of blasting), 

• Cleaning/sweeping (compressed air is used for cleaning after blasting), 

• Workshop service air, 

• Ventilation, 

• Pneumatic conveying, and 

• Processing plant (compressed air is used for agitation and instrumentation purposes). 

Compressed air systems often consist of various inefficiencies. A few of the most common 

inefficiencies identified include [27]:  

1. Inappropriate use - Applying compressed air to processes which can be done using alternative 

sources of energy [27]. 

2. Compressed air leaks - Common problem areas linked to leaks are pipe disconnects, pipe joints, 

flanges, and thread sealants [27]. 

3. Increased demand due to excessive system pressure - Additional compressed air used due to 

higher than normal pressures needed to run equipment properly [27]. 
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4. Maintenance neglect - Proper compressor maintenance can cut energy expenditure by 

approximately 1%. A few important components of a compressed air system to be maintained 

includes the following [27]: 

• Filters - Air filters need to be changed regularly to ensure proper air quality and optimum 

performance [27]. 

• Condensate drains - These drains are installed to remove excess amounts of condensates 

from a compressed air system. Compressed air wastage can occur if a condensate drain is 

stuck open. Drains should be monitored frequently as they open directly to the compressed 

air lines [27]. 

• Cooling water quality - Frequent water analyses should be conducted to determine any 

treatment needs [27]. 

5. Effective control of the supply and demand sides of a compressed air system - The supply and 

demand system are important contributors to running an effective compressed air system [27]. 

The difference between the supply and demand side of a compressed air system should be fully 

understood. Figure 4 describes the relationship between the demand and supply side of a 

compressed air system. 

Figure 4: Compressor demand and supply diagram [27] 
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The supply side of the compressed air system would typically consist of [27]: 

• The air compressor,  

• The aftercooler, 

• The dryer, 

• Automatic drains, and 

• Receiver tanks. 

The demand side of the compressed air system would consist of [27]: 

• The piping distribution system, 

• Loading profile, and 

• Air treatment. 

The demand side of the compressed air system effectively controls the amount of compressed air being 

distributed to the various end users. Therefore, if the demand side of the compressed air system needs 

an increased amount of compressed air, the supply side would have to match the need the demand side 

requires. The demand of a compressed air system on a gold mine is typically increased by [27][28]: 

• Peak drilling, sweeping or loading periods, 

• Mismanagement of compressed air, 

• Compressed air leaks, and 

• Compressed air supply to a secondary system, typically the nearby gold plant. 

Most gold shaft-plant operations in SA share the same compressed air network. The plant requires a 

constant supply of compressed air, whereas the shaft operates on a more dynamic delivery system [25]. 

Due to the dynamic nature of the shaft’s compressed air system, the plant usually receives fluctuating 

pressures from the compressor house. The compressed air originating from the shaft compressor house 

is primarily used for agitation purposes in the leaching tanks and equipment operation [29]. The 

fluctuating pressures received from the shaft compressor house induces a tendency for the settling of 

ore at the bottom of the leaching tanks if the minimum superficial gas velocity is not consistently 

provided [30][31] . When working with commercial scale Pachuca tanks, tank height is an essential part 

of the operation efficiency due to better agitation within higher tanks [31]. Taking into consideration 

the beforementioned financial state SA’s mining sector is in, limiting and correctly utilising the supply 

of compressed air is essential. A shared network may, therefore, limit the shaft’s opportunities to 

decrease their compressed air demand. 
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Gold plant compressed air usage 

The treatment of gold ore through cyanidation is the most widely used process of extraction. 

Cyanidation may consist of the following operations [32]: 

• Air-agitated tank leaching, 

• Heap leaching, 

• Carbon adsorption recovery, and 

• Zinc precipitation recovery. 

Agitation in a leaching tank is an important part of this process and needs to be constantly monitored to 

ensure the key parameters are at the correct specified values. Upon entering the agitation tanks, the ore 

is already reduced to an approximate size so that 80% of the total ore can pass through a 74-micron 

screen [32]. The ore entering the agitation tank is mixed with a ratio of water to cyanide solution and 

combined with other chemicals needed for extraction [32]. It is by means of agitation with compressed 

air that the solution of water, cyanide, and slurry remain suspended [32].  

On most gold mines in SA, the shaft compressor house supplies compressed air to the plant for 

instrumentation and agitation purposes. In numerous cases, the pressure supplied to the plant is 

insufficient due to a few contributing factors3:  

• Pressure drops occurring from the shaft to the plant due to distance or leaks in the compressed 

air line. 

• The dynamic nature of the shaft’s compressed air network does not always correlate with the 

static nature of the plant’s network. The shaft’s compressed air demand may differ from the 

plant’s demand, which contributes to varying pressures being delivered to the plant. These 

varying pressures may contribute to the settling of ore in the leaching tanks. 

If the pressure supplied is not enough, inefficient agitation can occur which leads to siltation of ore 

particles that accumulate at the bottom of the leaching tanks [33]. These settled particles are known as 

residues. Bottle roll tests are conducted on residues to determine the potential gold recovery of these 

unprocessed ore masses [14]. The accumulated particles increase with every batch of ore entering the 

agitation tanks. This adds up to a substantial amount of ore not being processed. The correct quantity 

of supplied compressed air is, therefore, needed to ensure financial loss due to unprocessed ore is 

avoided.  

 

3 Jan Roos, Plant manager Mine A, 2019/03/14, Details available upon request at jdupreez@rems2.com due to 

confidentiality 
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Key performance indicators of gold processing 

The gold production process, done on the gold processing plant, is an intricate system which needs to 

be monitored carefully. Each contributing aspect of the overall process can be individually analysed 

and isolated to fully optimise the gold production [34]. Figure 5 is a drawing of a typical gold plant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first step of gold plant processing is the feeding of ore into the ball mills where it is crushed into 

the right sized ore [35][36]. The preferred size of ore particles exiting the ball mills differs on each 

plant. The particles larger than the preferred size are sent back to the mills for re-milling after being 

separated by linear screens [35] [36]. The ore that passed through the linear screens is sent to thickening 

dams. The purpose of the thickening dams is to remove portions of the liquid made up from pulp or 

slime which consists of finely divided solids and liquids [37][38]. Flocculants, which assist in the 

separation of liquids and solids, are added to the dams in predetermined concentrations. The solids are 

allowed enough time to settle, while the liquids at the top of the slurry are decanted. The settled solids 

are discharged, and the operation is repeated until enough liquids have been removed from the pulp 

Figure 5: Diagram of a typical gold plant [34] 
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[37][38].  The slurry discharged from the thickening dams is sent to a set of vibrating screens to allow 

the passing of solids being sent to the leaching tanks [37][38].  

In the air-agitated leaching tanks, the ore received from the thickeners is mixed with an aqueous cyanide 

solution. The slurry entering the leaching tanks is agitated by means of air injectors, which increases 

the cyanide and oxygen contact time with the slurry [39]. The solution forms a gold cyanide complex 

through oxidation by using a cyanide complexation [40]. The process is repeated by means of 

transporting the slurry through a series of parallel placed leaching tanks. The slurry exits the leaching 

tanks’ processing phase and enters the first CIP (Carbon-In-Pulp) processing tank [39]. The CIP process 

can be described as the sequential leach, then adsorption of gold from its ore surface [39]. The leaching 

phase takes place in the agitation leaching tanks and the adsorption phase takes place in the CIP tanks. 

The solution flows through several agitation tanks containing activated carbon. The activated carbon 

flows counter-current to the pulp [39]. Gold is absorbed onto the surface of the activated carbon and 

the barren pulp is then separated by screens from the carbon loaded with gold [39][41]. The gold loaded 

pulp exits the CIP process and is sent to vibrating screens. The pulp is sent to a holding vessel after 

which it enters the elution process [41]. 

The elution process is essentially the reverse process of the adsorption process. The loaded carbon is 

washed with HCL acid prior to entering elution [42].  The elution process consists of several elution 

columns heated to high temperatures of approximately 130°C [42]. During elution, water is drawn from 

a portable water tank and pumped through a heat exchanger before entering the column [42]. Water 

flows up the column, transporting with it the gold that was freed into the solution [42]. The gold-

containing (pregnant) solution flows out of the column through an inline filter and heat exchanger to 

the eluate tank. The process is repeated until a desired barren carbon assay is reached (typically -30g 

Au/ton) [43]. 

The eluates containing gold and silver is sent to the electrowinning process. Electrowinning is an 

attractive method used to recover gold from concentrated solutions by applying a voltage across 

electrodes immersed in the concentrated solutions [44][45][42]. The rectifier’s positive terminal is 

connected to the anode, where the oxidation reaction occurs and electrons are generated. The cathode 

is connected to the negative terminal of the rectifier and the generated electrons are consumed at this 

terminal [45][42]. The reduction reaction therefore results in the deposit of metal on the cathode. The 

chemical half-reactions taking place during this process are the following: 

Equation 1: Cathode half-reaction [45][42] 

𝑪𝒂𝒕𝒉𝒐𝒅𝒆: 𝑨𝒖(𝑪𝑵)−𝟐 + 𝒆− → 𝑨𝒖 + 𝟐𝑪𝑵−
 

Equation 2: Anode half-reaction [45][42] 

𝑨𝒏𝒐𝒅𝒆: 𝟐𝑯𝟐𝑶 → 𝟒𝑯+ + 𝑶𝟐 + 𝟒𝒆−
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In cyanide solutions, the presence of gold is a stable auro-cyanide complex anion with a high cathodic 

potential [44]. High extraction efficiencies can be achieved at an increased eluate temperature of 

approximately 70°C, which increases ionic activity [45] [42]. The limit of the electrolyte operating in 

the electrowinning cell can be operated at a maximum upper limit of 90°C [45][42]. 

The key performance indicators, adapted from the Visual KPI process [46], for a gold processing plant 

can be identified as: 

• Throughput/Production values, 

• Downtime management, 

• Equipment maintenance, 

• Waste stream and cycle time management, 

• Cyanide addition management, and 

• Recovery monitoring. 

The continuous goal of a gold plant is to increase the throughput and ultimately increase the amount of 

gold being produced. Various recovery-enhancing techniques can be applied; however, these techniques 

are rarely successful due to the uniqueness of each gold processing plant. 

1.4 Literature study 

Introduction 

The literature study focuses on theoretical and practical applications, as well as subsidiary information 

required to successfully address the formulated problem statement found in this chapter. The start of 

the literature study will focus on the key performance indicators (KPI’s) and key parameters when 

considering the gold production process on the plant. The latter part of the literature study will focus on 

various studies already conducted to enhance production and list the shortcomings of these studies. 

Some of the studies were conducted on pilot-scale plants and may assist if the study is to be repeated 

on a non-industrial scale. Information required to directly address the problem statement at hand will 

be analysed and used to formulate solutions. A table indicating the contribution of each included study 

is shown in Table 1. 

Table 1: Literature review study relevance 

Study Contribution 

Study nr. 1 This study proposes the idea to separate the 

shaft and plant compressed air network which is 

one of the main principles of this dissertation. 
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Study Contribution 

Study nr. 2 In order to analyse the performance of a 

leaching operation on a plant, it is important to 

understand the basic operation of a leaching 

unit. The study explains the important 

parameters to consider and provides a broad 

description of the leaching operation. 

Studies 3 - 7 The listed studies contain production 

enhancement techniques that have been 

previously researched. By listing the techniques, 

it emphasizes the need for a study to be 

conducted on the influence of compressed air on 

the gold production and residue quantities. This 

dissertation will then either attempt to prove or 

falsify the forecast result formulated at the end 

of Chapter 1. 

Study nr. 3 The technique entails enhancing production by 

using natural occurring bacteria to recover gold 

from ore. It is listed due to its relevance by 

releasing ore by using an additional, less 

expensive extraction method. 

Study nr.4  The enhancing technique discussed entails 

adding sulphide to gold bearing ore due to 

increased oxygen consumption with injected air. 

The study was added due to its relevance to 

oxygen addition (in either the form of air or 

pure oxygen) being manipulated in attempt to 

enhance gold production. 

Study nr. 5 The study was added due to its relevance to 

oxygen addition. The study did however contain 

some unnecessary information (included in the 

summary aid in results conclusion) and was 

placed in Appendix B. 
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Study Contribution 

Study nr 6. The main focus of the study was to analyse the 

causative effects of siltation at the bottom of 

leaching tanks. This dissertation entails the 

analysis of the residue amount (settled ore) at 

the bottom of the leaching tanks. The study 

concludes what the main causative factors of 

siltation are. 

Study nr 7. The study focuses on oxygen addition and 

performance analyses of different leaching tank 

types. Dispersion within the tank types are 

analysed and can be used to determine optimal 

dispersion for agitation within leaching tanks. It 

was placed in Appendix B due to certain 

unnecessary information which is also required 

to successfully conclude the results of the study. 

 

Each of the listed studies contributes to the dissertation and can aid when replicating the study on a 

pilot-scale plant.  By considering each of the techniques within a pilot-scale plant, production 

enhancement studies can be conducted and continuously optimised. 

Study 1: Separation of the shaft and plant compressed air network 

The stimulus for the current study to be conducted was triggered by [29]. The concept of the study 

consisted of an investigation to separate the shared shaft and plant compressed air network. By 

allocating a dedicated compressor for high pressure components, the network pressure use can be 

lowered while the plant is still supplied with high pressure [29]. The energy consumption of the 

compressor network is reduced due to a reduced system pressure. Electrical energy savings are due to 

a lower discharge pressure and a decrease in distance air must be transferred through the pipe [29].  

Energy savings are achieved on the shaft’s side, and operational benefits may result at the process plants 

[29]. Various factors have been identified which contribute to the achieved energy savings.  

Pressure losses resulting from compressed air line friction 

Air flowing through a pipe over certain distances will be subjected to pressure losses as a result of 

friction (friction quantity depends on the distance air must travel) [29]. Other minor losses also need to 

be accounted for. Minor losses include pressure decreases from bends, t-pieces, reductions and valves 

[47]. The total pressure loss can ultimately be calculated if airflow speed, system pressure, pipe wall 

roughness, and pipe lengths are known [29]. Turbulent flow is to be assumed in these systems.  
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Airflow losses through compressed air leaks  

Compressed air losses caused by air leaks in the line can be determined if the actual size, number of 

leaks and system pressure at every leak position is known [29]. An empirical formula is used for each 

network, as each network consists of its own characteristics [29]. The airflow, in cm3/hr, through a leak 

of known size is given by Equation 3 below. 

Equation 3: Empirical equation for volumetric flow of air [29] 

𝑽𝒇 =
𝑵𝑳 × (𝑻𝒊 + 𝟐𝟕𝟑) ×  

𝑷𝟏
𝑷𝒊

⁄  × 𝑪𝟏  ×  𝑪𝟐  ×  𝑪𝒅  ×  𝝅𝑫𝟐

𝟒⁄

 𝑪𝟑  ×  √𝑻𝟏 + 𝟐𝟕𝟑
 

Where the variables are defined as: 

• Volumetric airflow rate - 𝑉𝑓 (m3/hr), 

• Number of air leaks in the line – 𝑁𝐿 (dimensionless unit), 

• Atmospheric air temperature – 𝑇𝑖 (°𝐶), 

• System air pressure - 𝑃1 (kPa), 

• Atmospheric pressure -  𝑃𝑖 (kPa), 

• Isentropic sonic volumetric flow constant - 𝐶1 (7.3587 m/s 𝐾0.5), 

• Conversion constant - 𝐶2 (3 600 s/h), 

• Isentropic coefficient of discharge (square edged orifice) - 𝐶𝑑 (0.8), 

• Leak diameter - 𝐷 (mm), and 

• Conversion constant - 𝐶3 (106 mm2/m2). 

It can be seen from the formula, if the pressure 𝑃1 is lowered, the airflow through the leak will decrease. 

A decrease in air lost through leaks will require less air to be generated, resulting in energy savings 

[29]. 

Energy savings due to a decrease in pressure demand 

Energy savings is obtained by controlling the mass and pressure of compressed air being delivered to a 

system [29]. Every system is designed according to a predetermined flow and pressure [29][48]. By 

lowering the discharge pressure of the compressor to match the requirement of the largest air consumer, 

the power consumption is effectively reduced. A general estimation of a compressor’s power 

consumption is a 1% improvement for every 14 kPa decrease in supply pressure [49].  
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Installation of a plant stand-alone compressor 

Prior to compressor installation on the plant, an investigation needs to be conducted to identify the 

pressure and airflow requirements, air quality, and existing infrastructure [29]. Compressed air on gold 

plants is primarily used for agitation of leaching tanks, slurry tanks, and operation of pneumatic 

equipment. Agitation in leaching tanks is generally efficient at 380 kPa, however, exceptions may 

include very high leaching tanks (>20 m), or slurries with a relative density higher than 1.56 

(dimensionless unit) [29]. Pneumatic equipment pressure requirement averages 500 kPa at lower 

flowrates [29]. The compressor can be used for both pneumatic equipment operation and required 

agitation. It is more cost-effective to design a compressor for a high pressure at a lower flow rate [29]. 

A higher volume of compressed air (used for agitation) can still be recovered from the existing 

compressed air network [29]. Although an additional compressor will be added to the network, the sum 

of actual resulting energy use will still be less than before the pressure is decreased [29]. This is due to 

the plant compressor being installed close to the equipment and leaching tanks to which it supplies 

compressed air. Stand-alone units can easily be installed on a flat surface by a qualified artisan [29]. 

Case study 

Simulations were done on a case study which was implemented [29]. On the site, the gold plant required 

a constant non-fluctuating high pressure of 500 kPa. The entire compressed air network, including two 

mining shafts, needs to be supplied at the specified pressure to ensure the plant receives 500 kPa [29].  

The air supplied to the gold plant can be separated from the main compressed air supply by installing a 

dedicated plant stand-alone compressor with an additionally installed air dryer [29]. The pressure supply 

from the main compressors can be set to deliver a 420 kPa setpoint. This is a 16% reduction from 500 

kPa [29]. As previously mentioned, each 14 kPa decrease results in a 1% power saving. Therefore, with 

an 80 kPa decrease, a 5.7% power reduction is expected [29]. This results in an 807 kW power saving, 

which excludes the savings gained from reduced line losses and leaks.  

The average baseline power consumption of the project was determined at 14.1 MW for the combined 

power of all the compressors before implementation [29]. The simulated and actual test results indicated 

an average 1 MW saving. The supplementary 200 kW saving can be allocated to the decreased line 

losses and leaks. It specified that a 160 kW stand-alone compressor should be enough to supply 500 

kPa air to the plant [29]. Even with the 160 kW compressor added to the energy profile, a saving of 

20.2 MWh per day is expected [29]. The installation cost of the compressor, averaging at R 900 000, 

would be paid back in three months when using the 2012/2013 Eskom Mega Flex Tariff structure [29].  
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Summary of the study 

Compressors are large consuming entities on deep-level gold mines, and by reducing the pressure 

demand, electrical cost savings can be obtained. The initiative of installing dedicated plant compressors 

is feasible and cost-effective, with a short payback period when controlled optimally.  

The case study was done with the sole purpose to obtain electrical cost savings, primarily directed at 

the shaft. The study neglected to investigate the influence of pressure delivery changes on the agitation 

in the leaching tanks, which is an essential part of processing gold ore. The study conducted in this 

dissertation will thus investigate the influence pressure delivery changes has on the production of gold, 

and the amount of residue left behind in the leaching tanks. 

Before an investigation into the operation of leaching tanks is launched, it is imperative to establish 

how leaching tanks are designed and which parameters most affect the leaching operation. 

Study 2: The process design of gold leaching and carbon-in-pulp circuits 

Introduction 

Assuming gold ore sent to the mills has been effectively milled to ensure maximum release of gold, the 

circuits affecting the success of the entire plant operation the most will be the leaching and carbon-in-

pulp circuits [50]. The reagent and utility operating costs associated with leaching, adsorption, elution, 

and regeneration processes would typically contribute to 15% of the total operating cost [50]. These 

specified plant areas signify the primary gold recovery process, which means the technical and 

operational efficiencies will have a substantial effect on the overall plant efficiencies [50]. The objective 

during the design of these plant sections is to develop a design providing maximum technical and 

economic efficiency, which is adaptable to potential unforeseen changes to ore throughput, 

mineralogical characteristics and ore head grade [50]. 

Process overview and description 

The CIP process is a well-established process in the South African (SA) mining industry which 

strengthens the study need for mining operation efficiency in SA [51]. A block flow diagram of the CIP 

process up until the residue disposal can be seen in Figure 6. 
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After milling, the pulp is diluted, and thickening is used to increase the pulp densities to roughly 50% 

solids by mass [50]. The thickening process assists in reducing the required leaching plant size, as well 

as the number of required leaching reagents [50]. Lime, in the form of Calcium oxide (CaO), is added 

before leaching commences to adjust the pH level to range from 9.5-11 [50]. This is done to ensure 

minimum loss of cyanide as hydrogen cyanide (HCN). Leaching of gold is presented by Equation 4. 

Equation 4:  The Elsner equation, leaching of gold [50][51] 

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

The slurry in the leaching tanks is agitated either by means of air agitation or mechanical agitation. Air 

agitation is an indication of an old plant and is not used as often anymore [50]. Some mines do still use 

air agitation and parameters are adjusted accordingly. Proceeding the leaching process, the pulp is 

passed over feed screens to ensure the removal of tramp material such as wood chips, plastics, and grit 

larger than 0.6 mm [50]. After the pre-screening of the feed, the pulp flows through a cascade of well-

mixed adsorption tanks, usually 6-8 tanks [50]. Typical practice convention is having a mean pulp 

residence time of an hour each. Tanks are air-agitated, leaving each batch at a carbon concentration of 

10-25 g of carbon per litre of pulp (0.5-1.2% of carbon volume) [50].  

Carbon is retained in each reactor by means of screens, with approximate aperture size of 0.6-0.8 mm, 

allowing pulp to flow through and out of the reactor while retaining carbon. The gold aurocyanide 

complex in the aqueous phase is readily absorbed onto the activated carbon. Upon leaving the last tank 

in the adsorption cascade, the pulp’s gold concentration in the aqueous phase is typically between 0.001 

and 0.02 ppm [50]. It is regarded that a 0.01-0.005 ppm is a practical, achievable value for most 

operating plants [50]. It has been noted that a small amount of leaching takes place in the CIP reactors. 

Figure 6: Diagram of an isolated CIP process [50] 
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This is due to an additional residence time of the pulp in a leaching suitable environment and adds an 

economic benefit to the process [50]. 

Leaching parameters 

There are various parameters influencing the leaching performance. According to [52], the most 

important parameters affecting the leaching process performance are: 

• Lime addition – Added to create an aqueous environment with pH 9.5 – 11, in order to minimise 

cyanide lost by conversion to hydrogen cyanide (HCN). A CaO content of 150 – 200 ppm is 

normally added. The lime addition rate to achieve the desired pH will depend on the pulp 

properties. Typically used rates differ from 700 – 1500 g/t of 100% CaO equivalent [52]. 

• Grind size – The influence of grind size on the residue value obtained is shown in Figure 7. The 

curve shape and position are dependent on ore type [52]. 

 

• Cyanide consumption – Many components in a typical processed ore consume cyanide via side 

reactions [50]. In addition to side reactions, cyanide is also lost through hydrolysis [50]. In 

order to achieve effective leaching, cyanide concentration, expressed as 100% NaCN, needs to 

be maintained at minimum level. The minimum level is typically 120 ppm in the last leaching 

vessel [50]. To obtain the specified concentration in the last leaching vessel, a typical initial 

concentration would range from 200 – 250 ppm [50]. Actual cyanide consumption rates will 

differ from one ore type to another, however, typical rates range from 150 – 550 g/t of 100% 

NaCN equivalent [50]. 
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• Oxygen demand – Oxygen is a crucial leaching reagent as pulps may contain organic and 

inorganic components which may consume oxygen, and effectively reduce the overall leaching 

efficiency [50]. The use of air-agitated Pachuca tanks have an added advantage due to oxygen 

nearly always being  enough due to vast quantities of air being used for agitation purposes [50].  

• Agitation – Due to certain mechanisms in gold leaching, certain minimum agitation rates are 

required. There have been reported cases where agitation at low rates have resulted in poor 

leach recoveries [50]. Good mixing characteristics in a Pachuca tank entails maintaining a 

sufficient pressure in the tank [53]. Oxygen dissolves better at higher pressures and therefore 

maintaining a higher pressure may aid in delivering a higher a leaching recovery [53]. In cases 

where air agitation is used as primary form of mixing, it is essential to maintain optimum 

operating pressure (may differ according to plant size and demand) to ensure an efficient 

leaching recovery.  

• Residence time – Varying residence leaching times will be required depending on whether the 

treated ore is a low-grade material or high-grade material. Typical residence times vary from 

12 – 48 hours [50]. 

• Pulp density – Pulp density affects viscosity by considerable amounts and influences gold 

leaching. It is shown that pulp densities being too high, as well as densities being too low, can 

negatively impact leaching performance [50]. Overly-dense pulps hinder mass transfer whilst 

diluted pulps may result in a loss of ore residence time and high reagent addition rates [50]. A 

compromise between the effects must be achieved and a w/s (water/solids) ratio of 1 – 1.1 has 

been proved to be effective [50]. 

Various models have been developed to assist in obtaining the parameters needed for a specific plant 

operation [54]. The primary objective of model development and fitting is to calculate the minimum 

residence time required to obtain economically-optimal leach recovery. Modelling such scenarios are 

difficult due to batch leaching data being noisy and inconsistent toward the end stages of the leach [50].  

Parameters affecting adsorption 

The fundamental physical and chemical parameters of adsorption play a vital role in the CIP process as 

it occurs sequentially after the leaching process. The equilibrium capacity of activated carbon for the 

adsorption of gold is affected by, but not limited to the following [55]:  

• Temperature, 

• The raw material nature used in the manufacturing of the carbon, 

• The activation condition used during carbon manufacture, 

• The pH value, 
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• The free cyanide and spectator ions concentration. Free cyanide examples include Ca2+, Na+ 

and K+, 

• The influence of organic solvents such as acetone, ethanol and acetonitrile, and 

• The influence of organic and inorganic foulants such as xanthates and calcium carbonates. 

Gold adsorbs onto the activated carbon as the ion pair showed in Equation 5: 

Equation 5: Ion pair adsorbed onto activated carbon [50] 

𝑴𝒏+[ 𝑨𝒖(𝑪𝑵)𝟐
−]𝒏 

Where: 

• Mn+ represents the appropriate metal ion such as Ca2+, Na2+ or K+.  The aurocyanide is only 

transformed into AuCN or metallic gold by high temperatures, a strong acid, or a combination 

of both parameters. 

Parameters affecting the kinetics of adsorption include [50]: 

• Carbon particle size. The smaller the carbon particle size, the higher the adsorption rate. 

• Temperature. 

• The surface coarseness of the carbon, affecting the film transfer coefficient for adsorption. 

• The internal surface and pore diffusion properties, which will be affected by the physico-

chemical properties of the carbon, which in turn is influenced by raw material properties. 

• The in-pulp agitation degree in where the adsorption is taking place. Adsorption in industrial 

applications is restricted by film transfer. It is, therefore, expected that an increase in agitation 

efficiency will lead to improved adsorption rates.  

• Oxygen concentration in the pulp. 

• The pH of solution. The lower the pH, the stronger adsorption will take place. 

Conclusion 

Due to the complexity and interactive nature of these discussed processes, a good understanding of the 

factors influencing the processing steps is essential. Developed process engineering methodologies can 

be used to establish an appropriately designed and cost-effective plant. 

Various production enhancement techniques have been investigated in the past to aid and assist in 

enhancing plant profitability. This dissertation will attempt to prove whether higher and more constant 

delivery pressure to leaching tanks (for agitation purposes) can be used as one such technique.  
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1.4.1 Recovery enhancement techniques 

Various studies to enhance production of gold through the optimisation of a variety of the systems and 

parameters contributing to the cyanidation process were investigated to strengthen the need for the 

study. 

Study 3: Biological gold recovery from gold-cyanide solutions 

The concept of biological recovery consists of using naturally occurring soil microorganisms to recover 

gold from ore. Microbes are used to release gold cations from aurocyanide complexes, after which the 

gold is captured on iron and zinc electron donors [56]. Cyanide can be produced by a variety of bacteria, 

fungi and algae. These species release substantial amounts of inorganic cyanide upon decay. HCN is a 

colourless gas with a weak almond odour, where sodium and potassium cyanide are both white solids. 

The aforementioned cyanide compounds’ uses include [56]: 

• Electroplating, 

• Metallurgy, 

• Chemical production, 

• Photographic development, 

• Plastic manufacturing, 

• Ship fumigation, and 

• Mining processes such as gold ore processing. 

Stable ferricyanides and less stable free cyanides are present in the effluents of gold milling operations. 

In addition to the aforementioned compounds, thiocyanates (CNS-) are normally present post-

dissolution of metal sulphides. As the cyanide comes into contact with the milled gold ore, it dissolves 

the gold and forms gold cyanide complexes according to the following equations [56]: 

Equation 6: Gold cyanide complex #1 [56] 

𝟐𝑨𝒖 + 𝟒𝑵𝒂𝑪𝑵 + 𝟐𝑯𝟐𝑶 + 𝑶𝟐  → 𝟐𝑵𝒂𝑨𝒖(𝑪𝑵)𝟐 + 𝑵𝒂𝑶𝑯 + 𝑯𝟐𝑶𝟐 

Equation 7: Gold cyanide complex #2 [56]  

𝟐𝑨𝒖 + 𝟒𝑵𝒂𝑪𝑵 +  𝑯𝟐𝑶𝟐 → 𝟐𝑵𝒂𝑨𝒖(𝑪𝑵)𝟐 + 𝑵𝒂𝑶𝑯 

Equation 8: Gold cyanide complex #3 [56]  

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

Oxygen is needed for the dissolution of gold, as can be seen from all three dissolution complexes above. 

The major mechanism of gold is considered as the first complex, whereas the second complex is seen 

as minor. The dissolution rate depends on various factors including cyanide concentration, pH, and 

temperature. The addition of biological treatment of cyanides have previously been successfully applied 
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to various industrial processes [56]. The complexes above will be biologically altered when adding 

microorganisms to the gold cyanide reactions, as the organisms possess an enhanced capacity to break 

down free and metal cyanides. The study, therefore, relied on the developed hypothesis that the CN- 

can be degraded by the added bacteria. The aurocomplex decomposition is believed to result in the 

release of Au+ since the oxidation state of gold in the aurocomplex is: 

Equation 9: Oxidation state of gold in the aurocomplex [56] 

[𝑨𝒖(𝑪𝑵)𝟐)− + 𝒂𝑯𝟐𝑶 + 𝒃𝑶𝟐 + 𝒆𝒏𝒛𝒚𝒎𝒆 → 𝑨𝒖+ + 𝒄𝑵𝑯𝟒
+ + 𝒅𝑪𝑶𝟐 + 𝒄𝒆𝒍𝒍 𝒎𝒂𝒔𝒔 

The gold ion should vigorously seek an electron, due to its galvanic properties, from close surroundings 

and be stabilised to its metallic form according to Equation 10 below.  

Equation 10: Reduction half reaction [56] 

𝑨𝒖+ +  𝒆− → 𝑨𝒖𝟎 

Iron and zinc are placed low on the galvanic series and can be used as appropriate electron donors, 

where the reduction reaction takes place and the metal gold can plate the donor’s surface [56]. The goal 

of the study was, therefore, to investigate the recovery of gold from pregnant solutions using cyanide 

degrading microorganisms [56].  

The success of microorganisms degrading cyanide solutions was determined by altering the pH level 

normally found in milling operations from the typical 10-12 pH level, to a level of 8. This was due to 

the microorganisms preferring a lower pH than found in normal milling operations [56]. In order to 

provide oxygen to the aerobic organisms, a closed reactor system consisting of permeable silicone 

tubing to supply molecular oxygen was used. A visual depiction of the system can be seen in Figure 8. 

 

Figure 8: Closed reactor system consisting of permeable silicone tubing [56] 
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The five Erlenmeyer flasks with rubber stoppers were used as “reactors” for the microbial enrichment 

experiments. The reactors were labelled 1-4 and “C”, which represented the abiotic control reactor. 

Glass ports were added to the stoppers to connect the silicon tubing [56]. Reactor #3 had 1.5 m of 

silicone tubing compared to the other reactor which only had 1 m of tubing. This was done to determine 

whether the silicone amount had an effect on gold recovery. Both ends of  tubing were connected to the 

glass ports within the reactor. A series setup was chosen to accompany aeration system flow [56]. Soil 

from Fort Knox gold mine tailings was collected and used within the reactors. The soil chosen had to 

fulfil the following criteria [56]: 

• Soil must be exposed to cyanides for a prolonged period of time. 

• Soil must have some biological activity indications. 

Upon assessing the plants close to the selection spot, it was determined that biological activity is present 

[56]. Soil was also obtained from the Ryan Lode mine, F-heap leachate pond. The F-heap was known 

to have been exposed to cyanide for many years and when analysed indicated biological activity. All 

except two vessels were inoculated with both soil types collected. All the reactors were buffered with a 

dibasic potassium phosphate, controlled up to a pH of 8, and was fed with a cyanide solution to uphold 

the CN- level between the specified limit of 30 and 80 mg/L CN- [56]. It was observed that the reactors 

containing only the Ryan Lode soil displayed cyanide degradation rates of ranging from 0.8- 1.3 mg/L.h. 

The concentration of ammonia (nitrogen) was thoroughly monitored during the enrichment period. 

When the NH3-N concentration reached 90-100 mg/L, volumes within each reactor were halved and 

replaced with tap water to prevent potential ammonium poisoning of the biomass [56]. 

A hypothesis test was performed where a reactor vessel was treated with gold pregnant solution rather 

than a barren cyanide solution. A steel wool strand was suspended in the reactor for three days before 

extraction from the container [56]. The suspended strand was compared to a strand of steel wool not 

exposed to a gold pregnant solution. The strand exposed to the pregnant solution was coated with gold. 

The enrichment contained microorganisms that were both cyanide degraders and cyanide tolerant. After 

the hypothesis tests were conducted, the experimental procedure began [56].  

Experimental procedure 

After a successful cyanide degrading microbial enrichment in all five prepared vessels, reactor #C was 

dosed with 1.04g of sodium azide (NaN3) with sole objective to kill microbiota for abiotic control 

purposes [56]. The remaining reactors were left unsterilised. The bottom soil was removed from reactor 

#2 preceding the experiment to eradicate additionally added surface available for gold precipitation. 

The soil was also removed to determine if it is essential as a growth substrate or supply of nutrients. 

Marble-sized bundles of steel wool packets, suspended within the liquid phase, were added to the 

vessels to provide an electron donor for the gold cation [56]. For 21 days, the reactors’ pH were 
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monitored and buffered to values of 8-8.5 with potassium phosphate dibasic solution when the pH 

dropped below this level. The reactors were fed with a total of 2-4 mL of gold pregnant solution, 

depending on the specific reactor’s concentration during this period [56].  

After 21 days, the experiment was ended, steel wool from each reactor was removed and dissolved in a 

known volume of aqua regia for analysis (mixture of concentrated nitric acid and hydrochloric acids 

used to purify gold [57] [58]), and an atomic absorption method was used to quantify the concentration 

of gold. Table 2 portrays the results of the experiments.  

Results 

Table 2: Results of the atomic absorption method used to quantify gold concentration [56] 

Experiments 

Reactor Volume (L) Pregnant 

solution added 

(mL) 

Pregnant solution gold 

concentration (mg/L) 

Total gold 

added 

(mg) 

Total recovered 

gold 

#1 0.5 4 9037.39 36.15 42.97 

#2 0.5 3 9037.39 27.11 31.47 

#3 0.5 4 9037.39 36.15 40.95 

#4 0.5 2 9037.39 18.07 23.53 

#C 0.5 3 9037.39 27.11 31.24 

 

The mass balance shows that approximately 20% more gold was recovered than added in all the 

reactors. An explanation may be the “background” soil used as an inoculate in each vessel. The reactor 

(#2), where the soil was removed, also shows a 10% increase in gold added. The control reactor (#C), 

showed an increase in gold added, however, no bacteria were active to release the gold from the cyanide 

solution [56]. While little gold was recovered on the steel wool and some solids remained in the reactor, 

most of the added gold remained in liquid phase. Approximately 1.4 mg (4%) of the recovered gold 

was associated with the soil. The gold recovered on the steel ranged between 2.9 - 12.5% due to the 

strength of the microbial enrichment. The silicon tubing surface area did not influence the recovery due 

to the results from reactor #3 not differing significantly from the reactor #1 and #4 [56]. The cyanide 

concentration was undetectable prior to the completion of the experiments which led to the conclusion 

that the gold may be complexed in biomass or another organic form. 
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Conclusion 

Naturally occurring cyanide degrading bacteria is more commonly found in soil from sites exposed to 

high concentrations of cyanides for prolonged periods of time. It was observed that the reactors with 

soil from the Ryan Lode heap (which was in operation from 1987-1990) grew biomass at higher rates 

than soil taken from the Fort Knox heap (since 1996) [56]. The results show that enhancing gold 

recovery, and ultimately production, through carefully controlled bioleaching processes is possible. The 

process needs to be carefully monitored to ensure the key performance parameters, such as the pH of 

the solution, operate at the correct values. This production enhancing technique is difficult to implement 

on a large scale and is not as commonly used in industry. 

Study 4: Improvements in gold ore cyanidation by pre-oxidation with hydrogen peroxide  

The presence of sulphide minerals in gold ore cyanidation is known to cause increased oxygen 

consumption supplied within the injected air. This results in dissolved oxygen (DO) starvation for 

oxidative leaching of gold and would reduce the maximum amount of gold recovery attainable from the 

processed ore. The presence of sulphides leads to added consumption of cyanide leaching agents, which 

adds to production costs [59]. Sulphide containing gold ore may be pre-treated, preceding cyanidation, 

by adding an oxidation step. This step entails conversion of the sulphides into oxides. The treatment 

leads to a DO consumption reduction, reduction in cyanide during the cyanidation step, and is 

hypothesised to improve gold recovery [59].  

A study was conducted on AngloGold Ashanti’s Serra Grande gold plant to establish if improvements 

in gold recovery were possible by addressing the leaching kinetics. The leaching circuit consisted of 

three in-series tanks for an alkaline pre-oxidation leaching step using compressed air and lime, followed 

by tanks 4-14, which are aerated and mechanically agitated and used for cyanidation purposes. The ore 

feeding the leaching tanks averaged a gold grade of 1.7 g/t. A main oxygen consuming parameter was 

established as the sulphide mineral pyrrhotite (FeS) at 2.5% w/w [59]. Pre-treatment aims to improve 

the oxygenation along the cyanidation circuit, with the end goal of improving gold recovery.  

A dosing system consists of a centrifugal pump for fast and efficient hydrogen peroxide (H2O2) 

delivery, which is diluted with water at a 1:10 ratio [59]. H2O2 is an aqueous liquid oxidant with a redox 

potential of 1.8 V, which is higher than oxygen at 1.2 V [59]. It can oxidise sulphides found in a gold 

ore slurry according to Equation 11 and Equation 12.  

Equation 11: Hydrogen peroxide oxidising sulphides to form sulphates [59] 

𝑴𝑺 + 𝟒𝑯𝟐𝑶𝟐  → 𝑴𝑶 + 𝑯𝟐𝑺𝑶𝟒 + 𝟑𝑯𝟐𝑶 

Equation 12: Hydrogen peroxide oxidising sulphides to form sulphates [59] 

𝑴𝑺 + 𝟒𝑯𝟐𝑺𝑶𝟒  → 𝑴𝑺𝑶𝟒 + 𝟒𝑯𝟐𝑶 
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H2O2 can decompose spontaneously into water and oxygen according to Equation 13. 

Equation 13: Spontaneous decomposition of hydrogen peroxide [59] 

𝑯𝟐𝑶𝟐  →  𝑯𝟐𝑶 +  
𝟏

𝟐
𝟐𝑶𝟐 

Before conducting the experiments, a few process parameters needed to be identified, and trial tests had 

to be run in order to obtain accurate results through constant monitoring of the correct parameters.  

1. Process parameters survey prior to 𝑯𝟐𝑶𝟐 pre-oxidation trial - The ore feeding the leaching 

circuit was examined for a period of five days to determine the oxygen uptake rate. DO, pH, 

and cyanide were also measured before and during the trial testing. Probes and equipment were 

used in unison with ordinary calibration procedures. The H2O2 addition was found to reduce 

the pH slightly (less than 0.3) at the end of the pre-oxidation time. The lime dosage was altered 

to ensure the pH was kept at 10.5. The operating range chosen for the H2O2 feed was based on 

the results of the trial tests [59].  

2. Dissolved oxygen and 𝑵𝒂𝑪𝑵 profiles monitoring – Tanks 1,2, and 3 were only used for pre-

oxidation. The results showed that the DO profile is classified as “low” in tanks 1 – 3, 

fluctuating between 0.5 – 1 ppm. Sodium cyanide (NaCN) was first introduced in tank 4 

averaging at a normal 250 - 400 ppm when measured.  The very low DO content of tanks 1-3 

indicates insufficient oxidation in the tanks [59].  

3. Industrial-trial settings – The H2O2 supply method consisted of a 50% H2O2 solution (diluted 

at 1:10 with water) being pumped into the pre-oxidation tanks using a dosing skid in 

combination with a centrifugal pump and flow meter. H2O2 dilution with water was done in the 

main feed pipe, which split equally into three in-series tanks [59]. A monitoring schedule for 

the following parameters was set up for each documented shift [59]:  

 

- Flow rates of H2O2 in L/hr, 

- Concentration of the DO in all tanks, 

- Concentration of the NaCN (ppm), 

- Gold leach feed content (g Au/t), 

- Gold content of solid tailings (g Au/t), and 

- NaCN consumption. 

Results 

The industrial-scale tests commenced with a base feed of 45 L/hr of H2O2 solution, diluted with water 

prior to distribution to the three pre-oxidation tanks. Throughout the entire measurement period of five 
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months, only the three pre-oxidation tanks were exposed to direct injection of H2O2 solution. The H2O2 

flow rates were determined according to Table 3. 

Table 3: H2O2 feed during the testing period [59] 

𝐻2𝑂2 feed during testing period 

Period (days) Flow rate (L/hr) Average DO in tanks 1, 2 and 3 (ppm) 

Prior to pre-oxidation 0 <1 

1 - 15 45 2.9 

16 - 21 55 4.2 

22 - 32 80 8 

33 - 150 60 7.2 

 

After cost evaluation of different H2O2 rates, a fixed dosing rate of 60 L/hr was chosen at day 32. The 

dosing rate corresponds to a value of 0.24 kg of 100% H2O2 per ton of dry ore. Faster and more efficient 

oxidation of cyanide-consuming sulphidic species were noted due to higher levels of DO and H2O2 in 

the pre-oxidation tanks [59]. The species used cyanide as a complexing agent and was inactivated in 

the first tanks of the circuit (Tanks 1-3), resulting in reduced NaCN consumption compared to historic 

data from the previous three years. During the five-month period prior to the industrial tests, the average 

cyanide consumption was measured as 0.52 kg/t and fell to 0.4 kg/t during the peroxide pre-oxidation 

trial [59]. The NaCN consumption underwent a reduction of approximately 23%. Table 4 shows the 

gold ore feeds and recoveries prior to and during the industrial test phase, where the last mentioned was 

month 6-10 [53]. 

Table 4: Average percentage gold feeds and recoveries before and after pre-oxidation with H2O2  [59] 

Average % gold feeds and recoveries before and after pre-oxidation with 𝐻2𝑂2 

Month % Gold ore feed % Gold leach residue Recovery (%) 

1 3.17 0.323 89.8 

2 3.56 0.238 93.3 
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Average % gold feeds and recoveries before and after pre-oxidation with 𝐻2𝑂2 

3 3.09 0.273 91.2 

4 3.01 0.277 90.8 

5 3.54 0.297 91.6 

6 3.27 0.258 92.1 

7 3.34 0.276 91.7 

8 3.25 0.224 93.1 

9 3.61 0.275 92.4 

10 3.83 0.271 92.9 

 

A combined graph of the NaCN consumption and gold recovery is portrayed in Figure 9. 

 

Despite unavoidable variations in metal recovery, which can be allocated to changes in the physical 

characteristics of the ore being fed to the leaching unit, the average gold recovery increased from 91.3% 

to 92.5%. The cost of adding peroxide is more than offset by the reduced NaCN consumption. A 
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Figure 9: Graph of NaCN consumption vs gold recovery [59] 

 

 

Figure 1: Graph of the PSD of the analysed material [33] 

Figure 2: Graph of NaCN consumption vs gold recovery [53] 

 

 

Figure 3: Graph of the PSD of the analysed material [33] 
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diagnostic analysis of tailings portrayed a reduction in the gold content amenable to cyanidation from 

an average of 0.144 g/t (prior to pre-oxidation) to 0.107 g/t (after pre-oxidation) [59]. 

Conclusion 

The effect of adding a 50% diluted H2O2 solution to a slurry of sulphide-containing gold ore (2.5% w/w 

FeS) had the following results: 

• Increases in the average concentration of DO in the pre-oxidation tanks from 1 – 7.2 ppm [59]. 

• Reduced NaCN consumption in the circuit from an average of 0.52 kg/t ore to 0.40 kg/ton ore. 

Decreased NaCN can have substantial financial benefits considering the price of cyanide used 

in the industry [59]. 

• An average metallurgical recovery increase from 91.3 to 92.5 % [59]. 

Study 5: The importance of controlling oxygen addition during the thiosulfate leaching of ores 

This study is mentioned in the literature review due to its relevance to oxygen addition, which is added 

in the case of agitation by means of using compressed air [60]. The study was conducted to enhance 

production and was used in Table 7 as comparison. Various other aspects covered in the study had too 

little relevance to the research conducted in this dissertation to be summarised in the literature. The 

summary of the study can be viewed in Appendix A [60][86][87][88]. 

Study 6: Gold losses due to silt formation in gold leaching tanks 

Siltation involves accumulation of sediment materials over time, which can occur in closed systems 

such as leaching tanks [33]. Particle size analysis, slurry settling rates, and agitation efficiency analysis 

were used to identify contributory factors of siltation. The mitigation measures were determined by 

deflocculation tests and grinding analysis [33]. 

Most mineral extraction processes start with comminution to release the mineral of interest. 

Comminution is the progressive size reduction of an ore to a suitable size range to extract the mineral 

from the worthless gangue, or shorten the reagent travel distance during the leaching process. Most 

plants operate on a high tonnage throughput principle and leaching is consequently conducted at pulp 

densities in excess of 50% solids instead of conventional values of 40% and 45% [33]. The classifier 

overflow material is prepared for leaching by passing through a thickener to obtain a suitable feed 

density of 50% solids. The thickening process requires flocculants which may have a carry-over effect 

causing settling or siltation within the leaching tanks. Coarse materials present in circuits affect particle 

suspension due to the smaller surface area and higher drag forces of the particles in a turbulent flow 

regime [33]. The effects cause the particles to gravitate to the bottom of a containing vessel due to 

gravitational forces. Significant amounts of ore accumulate at the bottom of the leaching and is lost for 

further processing [33]. Coarse gold particles present in leaching tanks gravitate towards the bottom of 
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the tank due to the beforementioned drag forces and get locked up in the already silted material [33]. 

Some locked up coarse gold materials can possess a head grade as high as 53 g/t [33]. The causative 

factors of silt formation in the Carbon-in-Leach tanks of the Tarkwa Gold fields plant in Ghana was 

investigated [33].  

Resources and methods 

The samples used in the study were Semi Autogenous Grinding (SAG), mill cyclone overflow product 

(MCO), ball mill feed (BMF), ball mill cyclone overflow product (BMCO), pre-leach thickener feed 

(TF), leach feed, and silt material collected from the processing plant of Gold Fields Ghana [33]. The 

dimensions of the tank from which the silt material was collected is 17.1 x 15.8m (height x diameter).  

A settling rate test, deflocculation test, screen-, agitator efficiency- and grind analyses were conducted 

to determine the results of the study.  

Screen analysis 

Wet-screening was done on four randomly selected silt material samples to calculate the particle size 

distribution (PSD) of the materials. The screen test used was constructed according to the Tyler series, 

with 6700 µm as the coarsest screen aperture size, whereas 106 µm was the lowest [33]. Overflow 

samples from a ball mill cyclone composited over a two-week period, was wet-screened using the 106 

µm aperture size screen to determine the percentage passing [33].  

Settling rate test 

Settling rate tests were done on the SAG and ball mill cyclone overflow samples [33]. The thickener 

feed was placed in a graduated 1000 ml cylinder for 40 minutes and monitored for a slurry boundary 

change in 30-second intervals [33]. Settling velocities, together with a standard sample milled to 80% 

passing 106 µm were determined [33]. 

Agitation efficiency analysis 

 Measurements from fresh and a worn-out agitator blades were taken using specially designed 

engineering tape. A visual observation was done in a drained tank containing the accumulated silt 

material [33]. 

Grind analysis 

Samples of ball mill feed, consisting of the SAG mill cyclone underflow and ball mill cyclone 

underflow, milled at 65% pulp represented the milling pulp density of the plant [33]. The samples were 

milled for periods of 5, 10, 15 and 20 minutes [33]. The initial passing percentage of the 106 µm aperture 

from the ball mill sample was estimated using wet screening. The final milled products used were wet 

screened and a 106 µm passing percentage was estimated [33]. 



Analysing the influence of compressed air pressure on gold production 

32 | P a g e  

 

Deflocculation test 

A kilogram dry weight of a leach feed sample, having a PSD (particle size distribution) of (+220 µm -

75 µm), was pulped to 56% to get material with similar pulp densities to the plant material. 60-minute 

settling tests were done without flocculation and slurry boundary changes noted every two minutes [33] 

[33]. This served as a control boundary for the following experiment, which was replicated using a 

caustic deflocculant at various concentrations for a specified period of 60 minutes. The slurry boundary 

was monitored in intervals of two minutes [33]. 

Results and discussion 

Screen analysis of the silt material 

The PSD of the silt material was analysed and can be seen in Figure 10. 

 

The results reflect the numerous size ranges of particles in the silt material processes. The coarse nature 

of the particles indicates the poor grinding process [33]. The 80% passing size of the material was 

estimated at 1700 µm, which is relatively higher than the reference design size range of 106 µm for 

leaching operation [33]. The silt material particle size ranging above 106 µm is estimated at 94%. The 

coarser particles may impact particle suspension negatively, thus reducing the agitation efficiency due 

to high drag forces, causing high settling velocities leading to siltation [33].  

Screen analysis of the ball mill cyclone overflow 

Proceeding a 14-day testing period, the passing percentage of the 106 µm aperture for the ball mill 

cyclone overflow indicated 67% of the feed particles had sizes less than the reference size of 106 µm. 

The value obtained was less than the specified design size, defined as 80% passing 106 µm [33]. The 
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Figure 10: Graph of the PSD of the analysed material [33] 

 

 

Figure 9: Graph of the screen analysis from the ball mill cyclone overflow [33] 

Figure 10: Graph of the PSD of the analysed material [33] 

 

 

Figure 11: Graph of the screen analysis from the ball mill cyclone overflow [33] 

 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55] 

Figure 12: Graph of the screen analysis from the ball mill cyclone overflow [33] 

Figure 13: Graph of the PSD of the analysed material [33] 
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results show that only two out of the fourteen samples taken, were within the design leach feed. Due to 

increased particle size in the leaching tanks, unnecessary pressure is placed on agitators creating 

suspension inefficiencies and enhanced feed particle siltation [33]. The obtained results are shown in 

Figure 11. 

 

The abrasive nature of the cyclone overflow can be allocated to numerous factors which includes the 

following [61]: 

1. Short residence time of materials fed into the ball mill due to decreased gold grade or gold 

prices, causing management to resort to high tonnage processing with a constant residence time 

to meet target tonnages [61]. 

2. Ineffective classification by cyclones due to high feed tonnages and cyclone pressures, which 

on occasion can exceed plant design values [61]. 

3. In cases of severe wear, the mill liners can also affect grinding efficiency [61]. 

Settling rate test 

The settling rate test consisted of investigating the relation of settling velocity and particle siltation in 

the BMCO, TF, and SMCO. The average settling velocity of all investigated systems was high 

compared to the standard feed particle size with 80% passing 106 µm. The results were monitored over 

a two-hour period and the results obtained can be seen in Figure 12. 
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Figure 11: Graph of the screen analysis from the ball mill cyclone overflow [33] 

 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55] 

Figure 16: Graph of the screen analysis from the ball mill cyclone overflow [33] 

 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55] 

 

 

Figure 20: Graph of the average settling velocities for the BMCO, SMCO and TF systems [55] 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55]Figure 20: Graph of the average settling 

velocities for the BMCO, SMCO and TF systems [55]Figure 19: Graph of the settling rates for the BMCO, SMCO and TF 

systems [55] 

Figure 17: Graph of the screen analysis from the ball mill cyclone overflow [33] 
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The settling velocity of the BMCO was the highest, followed by the SMCO and the TF. The BMCO 

settling velocity was due to the coarse nature of the particles with a 67% 106 µm passing rate. Settling 

is enhanced to the higher drag force present in the particles [62]. The SMCO was expected to show low 

settling velocities, but showed a high settling velocity irrespective of the 94% 106 µm passing size. 

This may be due to high pH values documented at the milling unit, further inducing negative charge 

densities and revoking the repulsive forces causing them to sediment at a faster rate [63]. The TF is a 

mixture of BMCO and SMCO and showed a higher than expected settling velocity, due to flocculation, 

producing interparticle polymer bonds, creating higher drag forces. The results are shown in Figure 13. 
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Figure 12: Graph of the settling rates for the BMCO, SMCO and TF systems [61] 

 

 

Figure 20: Graph of the average settling velocities for the BMCO, SMCO and TF systems [55] 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55]Figure 20: Graph of the average settling 

velocities for the BMCO, SMCO and TF systems [55]Figure 19: Graph of the settling rates for the BMCO, SMCO and TF 

systems [55] 

 

 

Figure 20: Graph of the average settling velocities for the BMCO, SMCO and TF systems [55] 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55]Figure 20: Graph of the average settling 

velocities for the BMCO, SMCO and TF systems [55] 

 

Figure 19: Graph of the grind analysis of the mill feed [33] 

Figure 20: Graph of the average settling velocities for the BMCO, SMCO and TF systems [55] 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55]Figure 20: Graph of the average settling 

velocities for the BMCO, SMCO and TF systems [55]Figure 19: Graph of the settling rates for the BMCO, SMCO and TF 

systems [55] 

 

 

Figure 13: Graph of the average settling velocities for the BMCO, SMCO and TF systems [61] 

 

Figure 19: Graph of the settling rates for the BMCO, SMCO and TF systems [55]Figure 20: Graph of the average settling 

velocities for the BMCO, SMCO and TF systems [55] 
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When sending high drag force material to leaching tanks, it is prone to create more agitation 

inefficiencies which can lead to siltation. 

Agitation efficiency analysis 

The off-bottom distance of the agitator was measured as 5.8 m. For maximum off-bottom suspension 

of solids, the impeller location of 33% of the impeller diameter can be used [33]. The impeller diameter 

measurement at the plant chosen for the study was 5.2 m. Literature recommends it to be 1.7 m, but the 

off-bottom was measured as 5.8 m [33]. The off-bottom is approximately three times more than it should 

be, affecting the mixing efficiency. By reducing the distribution of axial and radial forces introduced 

into the slurry by agitation means, some areas may be unmixed [33]. Feed particles consisting of  higher 

settling velocities located below the required off-bottom distance are prone to settling, leading to 

siltation at the bottom of the tanks [33]. The other measured parameters are shown in Table 5. 

Table 5: Measurements of the agitation tank taken for agitation efficiency analysis [33] 

Measurements taken from agitation tank 

Parameters Measurements (m) 

Off-bottom distance of agitator 5.8 

Diameter of the leaching tank 15.8 

Height of the leaching tank 17.1 

Freeboard of the leaching tank 0.6 

Length of fresh agitator blade 2.6 

Length of the worn-out agitator blade 2.3 

Perimeter of the fresh agitator blade 6.6 

Perimeter of the worn-out agitator blade 5 

% wear of the agitator blade 24.3 

 

Agitators tend to wear with time due to friction cause by feed material, reagents, and chemicals added 

to the tank. It is, therefore, crucial to monitor the wearing rate of impellers to ensure agitation efficiency 

is not significantly reduced [33].  

Grind analysis 

The initial 106 µm passing percentage of the circulating load at time zero was 13%. From the results it 

can be seen the passing percentage increased with time. The effect of the grinding residence time on 

mill product was investigated and results can be seen in Figure 14. 
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The trend observed is similar to research from [64]. The mill feed achieves maximum abrasion and 

impact from coarser feeds, steel balls, and liners causing reduction in particle size and an increase in 

particle breakdown efficiency [33]. Interpolation was used between 10 and 15 minutes to estimate the 

required time needed for 80% 106 µm passing [33]. The required time was estimated at 12 minutes and 

22 seconds. Increasing the grinding time results in finer products and having lower drag forces. This 

would enhance particle suspension at an optimum pH level by the agitator in the absence of mechanical 

failure [33].  

Deflocculation test 

The deflocculation tests portrayed a decrease in settling velocities of the leach feed when adding caustic 

deflocculant [33]. This occurs due to a steric repulsion between the particles, which is created by the 

deflocculant, breaking the polymer bonds between the flocculants and feed particles. The deflocculant 

increases the zeta potential of the particles, which results in a decrease in attractive forces and an 

increase in repulsive forces [65]. This is due to the presence of the sodium ion in the deflocculant. The 

double electrical layer between the particles increases by being attracted to the negatively charged feed 

particles, creating repulsion between neighbouring particles [65]. 

This keeps the particles in a state of suspension. The settling curves obtained after the deflocculation 

tests can be seen in Figure 15. 
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Figure 14: Graph of the grind analysis of the mill feed [33] 

 

 

Figure 253: Graph of reduction in settling velocities after deflocculant addition [33] 

Figure 26: Graph of the grind analysis of the mill feed [33] 

 

 

Figure 273: Graph of reduction in settling velocities after deflocculant addition [33] 

 

 

Figure 282: Graph of the deflocculation trends after testing [33] 

Figure 293: Graph of reduction in settling velocities after deflocculant addition [33] 

Figure 30: Graph of the grind analysis of the mill feed [33] 

 

 

Figure 313: Graph of reduction in settling velocities after deflocculant addition [33] 

Figure 32: Graph of the grind analysis of the mill feed [33] 
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Settling velocity reduced by 71% at 1000 ppm, with the velocity reduction decreasing with an increase 

in concentration [33]. The 10000 ppm sample settling velocity reduced by 14% due to higher solid 

percentage and deflocculant concentration leading to an overlapping and superimposition of the zeta 

potential of neighbouring particles [66]. The results obtained can be seen in Figure 16.  
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Figure 15: Graph of the deflocculation trends after testing [33] 

 

 

Figure 334: Mechanically agitated cyanide leaching reactor [61] 

Figure 342: Graph of the deflocculation trends after testing [33] 

 

 

Figure 354: Mechanically agitated cyanide leaching reactor [61] 

 

 

Figure 365: Compressed air agitated cyanide leaching tank [61] 

 

Figure 374: Mechanically agitated cyanide leaching reactor [61]Figure 385: Compressed air agitated cyanide leaching tank 

[61]Figure 394: Mechanically agitated cyanide leaching reactor [61] 

Figure 402: Graph of the deflocculation trends after testing [33] 

 

 

Figure 414: Mechanically agitated cyanide leaching reactor [61] 

Figure 422: Graph of the deflocculation trends after testing [33] 

 

Figure 16: Graph of reduction in settling velocities after deflocculant addition [33] 

 

 

Figure 432: Graph of the deflocculation trends after testing [33] 

Figure 443: Graph of reduction in settling velocities after deflocculant addition [33] 
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Conclusion 

From the investigations it can be concluded the major factors of siltation are [33]: 

1. Inefficient milling and classification, 

2. High settling velocities, and 

3. Agitation inefficiencies. 

The average passing percentage for the BMCO was 67% for the 106 µm aperture instead of the 80% 

design specification [33]. The average settling velocity was estimated as 5.67 × 10−6 m/s. The agitator 

efficiency was assessed by referring to its off-bottom distance, which was 5.8 m, three times higher 

than the distance specified in literature [33]. A drastic decrease in settling velocity, when caustic 

deflocculant was used, occurred at a 1000 ppm. Deflocculation and finer grinding can, therefore, be 

considered as the main mitigating factors considering the causative factors of siltation.  

Study 7: Improving the process performance of gold cyanide leaching reactors 

This study is included in literature review due to its relevance to oxygen addition in the form of 

compressed air, energy requirements due to different tank bottoms, gold loss due to the performance of 

the different tank bottoms and gas dispersion within the tank for efficient suspension of solids. The 

study was conducted to enhance production and minimise gold loss and was used as comparison in 

Table 7 Other aspects covered in the study had too little relevance to include the summary in the 

literature survey. The full summary of the study can be viewed in Appendix A 

[41][67][68][69][70][71][72][73].

  

Shortcomings of each study 

Each study considered in this section added valuable contributions to the initiative researched in this 

dissertation. Each listed study provided an in-depth analysis of previous methods used to enhance 

production efficiency. By combining all the attributes in each study, efficiency on a gold plant can be 

substantially increased. The value of the studies to this dissertation, however, aims to identify the 

different approaches to efficiency enhancement and recognise the gap in literature. The value and 

shortcomings of each study is listed in Table 6.  
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Table 6: Table comparing the shortcomings of the listed studies from literature 

Study Gold 

mines 

Production 

enhancement 

Leaching Compressed air 

influence 

Plant 

specific 

Siltation & 

settling 

Study 

nr. 1 [29] 

X   X   

Study 

nr.2 [50] 

X  X  X X 

Study 

nr. 3 [56] 

X X 
  

X 
 

Study 

nr. 4 [59] 

X X 
  

X 
 

Study 

nr. 5 [60] 

X X X 
 

X 
 

Study 

nr. 6 [33] 

 
X X 

 
X X 

Study 

nr. 7 [67] 

 
X X 

 
X X 

 

1.5 Need for the study 

The mining industry has been under continuous financial strain over the past couple of decades. One of 

the contributing factors of declining mine profitability is the constant rising energy tariffs implemented 

by Eskom. Various techniques can be applied to lighten the financial load placed on deep-level gold 

mines situated in SA. One such technique is to decrease energy consumption on large energy-

consuming systems through implementation of energy saving initiatives. It is also critical to constantly 

attempt to increase production on the gold plant.  

Various investigations to maximise production output on a gold plant have been conducted. The 

cyanidation extraction method is the most commonly used and requires compressed air delivery to 

leaching tanks for agitation purposes. Due to a shared compressed air network between the plant and 

the shafts on gold mines, fluctuating pressures are delivered to the leaching tanks. This could lead to an 

excessive amount of settled ore at the bottom of the leaching tanks, which accumulates as residue and 

contains unprocessed gold-containing ore. Very few studies have comprehensively investigated the 

influence of compressed air pressure on agitation efficiency. It is expected that an increased, non-

fluctuating pressure delivery would allow for better agitation of ore in the leaching tanks, decreasing 

the amount of ore settled at the bottom of the tanks. The production and residue amounts need to be 

compared with normalised ore grades and treated tonnes quantities to determine the actual validity of 

non-fluctuating pressure delivery.  
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1.6 Study objectives 

The study objectives will consist of the following: 

• Identify and evaluate the compressed air network inefficiencies of a shared compressed air 

network between the shaft and plant. 

• Develop a methodology to successfully determine the effects of a non-fluctuating, increased 

pressure delivery to the leaching tanks. 

• Evaluate the effects of mentioned pressure delivery on gold production, gold grades, and 

residue quantities. 

• Determine the important uncontrolled variables within the CIP process which may affect the 

results of the study. Identifying these parameters will also assist in replicating the study on a 

pilot-scale plant. 

• Quantify the effect of the separate shaft and plant compressed air network. 

1.7 Hypothesis 

It is hypothesised that an increased pressure delivery to the leaching tanks will initially decrease the 

residue quantities in the leaching tanks and possibly increase gold production. After the initial 

respective decrease and increase, the profile is expected to stabilise due to the settled ore at the bottom 

of the tanks being processed and exiting the leaching tanks for further processing. 

1.8 Study outline 

The chapters contained in this study can be summarised as follows: 

Chapter 1 

This chapter introduces the study being conducted and contains information regarding the financial state 

of deep-level gold mines in SA. The challenges the South African mining sector are confronted with 

are discussed in this chapter and solutions to the problems are provided. Previous studies done on 

production enhancement strategies were analysed, and shortcomings of each were listed in order to 

validate the study being conducted in this document.  

Chapter 2 

Chapter 2 portrays the development of the research methodology used throughout the study. The 

methodology primarily entails identifying, evaluating, and addressing the effect of altering compressed 

air supply pressure on the production output of gold. 
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Chapter 3 

Chapter 3 contains the developed research methodology application to an industrial-scale case study. A 

solution implementation strategy was analysed to ensure all identified objectives of the study were met. 

The results obtained from the solution strategy are discussed in this chapter. 

Chapter 4 

The results of the study are concluded in this chapter and compared to the identified objectives. The 

problem statement is addressed, and an overall conclusion regarding the study is made. 

Recommendations for further studies conducted on the subject will be addressed in the final chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Analysing the influence of compressed air pressure on gold production 

42 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter focuses on the development of an investigation and solution strategy by using the research 

conducted in the preceding chapter. The methods used for the development of  each step and how it will 

be implemented on a gold plant will be discussed. The main objective of the methodology chapter is to 

ensure the correct procedure is followed to enable the correct outcome of the study is obtained. 

 

“Behind every method lies a belief. Researchers must have a theory of reality and of how that reality 

might surrender itself to their knowledge-seeking efforts. These epistemological fundamentals are 

subject to debate but not to ultimate proof.” - Shoshana Zuboff  
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2 Methodology 

2.1 Preamble 

This chapter provides a generic description of the methodology developed for this study and explains 

why the developed method is best suited to identify and resolve excessive settling of ore at the bottom 

of leaching tanks due to fluctuating pressures. The method of choice depends on various factors, 

specifically the nature of the research and the constraints of the study field. Figure 17 illustrates a 

simplified methodology layout. 

 

The first step of the methodology is to identify the strategy to confirm or disprove the hypothesis 

formulated in Chapter 1. Critical influential parameters need to be identified to accurately determine 

whether the consequence of change affected the production and residue quantities of gold. Various data 

collection methods need to be identified to obtain the relevant data required for analysis. Study-specific 

analysis techniques need to be selected and appropriately used to obtain accurate results. The obtained 

results are then interpreted, and a conclusion is made regarding the validity of the study. Techniques 

for solution optimisation are identified and suggested. Each of the steps in Figure 17 will be discussed 

in detail in the following sections.  

Strategy approach 

identification

Identify critical 

parameters

Data collection 

methods

Solution 

optimisation

Implementation

Data analysis

Figure 17: Simplified flowchart of methodology development 
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2.2  Strategy approach identification 

Various approaches can be used to conduct experimental procedures to deliver valuable results. An 

industrial-scale plant setup can be used as a testing ground for experiments to be conducted. This serves 

as the ideal testing ground due to it being where the actual processing of gold takes place for distribution. 

Various environmental and operational conditions play a role in the process which adds to the “real-

world” validity of the study. 

Simulations can be used to determine whether the consequence of change positively influences 

production and residue quantities before a change is considered. Boundaries and ideal values can be 

provided for ideal operations which may assist in optimising the operation strategy. Simulations may 

not always provide accurate results and need to be verified by conducting tests on industrial-scale plants. 

Erecting pilot plants to conduct experimental procedures is another strategy approach which enables 

the complete control over influential variables. Obtained results need to be verified by conducting tests 

on industrial-scale plants. A simplified flowchart for strategy selection is shown in Figure 18. 

  

All three listed approaches can be used, with the validation step ending in industrial-scale plant testing 

for most accurate results. Methods can be combined for increased accuracy or scope determination 

before actual experiments are conducted. The selected strategy approach should ultimately be chosen 

according to the available infrastructure for the investigation. 

Figure 18: Flowchart of strategy approach step in methodology 
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2.3 Parameter identification 

The performance of leaching tanks is influenced by a variety of variables. These variables need to be 

identified to ensure the relevant information is readily available for use. The variables need to be listed 

according to independent, dependent, and controlled/uncontrolled variables. The parameters identified 

for monitoring are summarised as follows: 

Independent variable 

Pressure delivery to leaching tanks is chosen as the single independent variable due to the investigation 

analysing the influence of pressure delivery on residue quantities and production of gold. 

Dependent variables 

The dependent variables are the target variables analysed due to the consequence of change. The 

dependent variables are listed as4 [50]: 

• Gold production – The production of gold ultimately determines the profitability of the plant 

as the quantity of gold produced is converted into a monetary value. 

• Gold residue quantities – Residues indicates gold bearing ore quantity which have not yet been 

processed and is left behind in leaching tanks. The ore undergoes bottle roll tests to determine 

the amount of gold locked in the ore. 

• Leaching recovery – The leaching recovery indicates the actual metal extraction within the 

tanks, comparing it to the residue grade of the gold bearing ore left behind in the tanks. 

• Production grade – The production grade refers to the gold grade of the total gold produced. A 

higher grade would indicate a more effective recovery process. 

• Residue grade – The grade allocated to the residue is the grade the unprocessed ore quantities 

left behind in leaching tanks possess. A lower residue grade would indicate a more effective 

recovery process. 

These variables will be analysed over a chosen time period before and after the pressure delivery change 

to the leaching tanks occurred, in order to establish the effect of altering the independent variable. 

Controlled/uncontrolled parameters 

These parameters can be listed as controlled or uncontrolled according to the chosen strategy approach. 

The parameters can be controlled or uncontrolled in either of the listed approaches, depending on the 

available resources and infrastructure. 

 

4 Jan Roos, Plant manager at Mine A, 2019/03/15, Details available upon request at jdupreez@rems2.com due to 

confidentiality 
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The parameters are listed as: 

• Ore tonnes hoisted by the shaft (specific to mining environment) – Differing quantities of ore 

may be hoisted by the shaft which may affect the amount of ore being processed by the plant, 

leading to differing production values. 

• Ore tonnes treated by the plant – The plant may have silos filled up to avoid losses when the 

shaft is not hoisting ore. In some cases, plant’s may not have ore stored to avoid standing when 

the shaft is not hoisting ore. 

• Ratio of ore treated to gold produced – The ratio of ore treated to gold produced may differ due 

to gold grades of hoisted ore varying. 

• Operational mills’ running time – The running times of the mills may differ on a day to day 

basis, depending on the scheduling of maintenance by plant personnel (or unforeseen events). 

• Cyanide addition in leaching tanks – Cyanide addition may differ on industrial-scale plants due 

to the optimal cyanide addition being calculated by monitoring the response of leachable gold 

losses determined by daily laboratory tests. 

• Lime addition – In order to continuously adjust the pH of the slurry entering the thickening 

dams (to minimise the cyanide lost by conversion to HCN gas), CaO needs to be added in 

varying concentrations. 

• pH levels in thickening dams – The pH levels in the thickening dams are controlled by lime 

addition. 

The above listed variables were classified as the most influential on the performance of leaching tanks 

by Stange [50]. The investigation can, therefore, be simplified without affecting the accuracy of the 

results by listing only the most influential parameters to be monitored. 
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2.4 Data collection 

Characterising a network primarily entails data collecting and effective data clarification. The initial 

step for data collecting on a plant is to identify the different existing data sources. This will establish 

whether the designated measuring locations are being monitored through a dynamic control system, or 

whether manual measurements need to be taken to acquire the relevant data for analysis. Establishment 

of measuring points is key in obtaining the correct data values. All the variables listed in the previous 

section need to be monitored for a successful investigation. On industrial-scale plants, the data is usually 

documented in certain specified time intervals and stored on a Supervisory Control and Data 

Acquisition System (SCADA). This enables quick and effective acquisition of data. Figure 19 shows 

the important measuring points for a generic gold production process if a central SCADA system is not 

used or is offline. 

 

It is important to take note of instruments sensitive to some line disturbances, especially flowmeters 

downstream of a valve. Manual measuring entails using portable measuring equipment. The 

measurements requiring portable equipment are: 

• Pressure delivery – The compressed air being delivered to the tanks can be measured for flow 

and pressure by using a portable compressed air pressure logger [74].  

• Lime addition – The lime added to the leaching tanks can be measured by a portable calcium 

photometer which measures the CaO in the line to the thickening dams [75]. 

• Cyanide addition – The cyanide added in the line to the leaching tanks can be measured by a 

hydrogen cyanide detector [76]. 

• The pH value- The pH can be measured in the thickening dams by a portable pH meter [77]. 

Figure 19: Flowchart for data collection step in methodology 

35 
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The gold residue and production grade measurements need to be conducted by bottle roll tests, which 

are usually analysed by on-site or independent laboratories to indicate the gold grade. Gold and residue 

quantities are mere values which can be weighed to obtain a result. Mills’ running hours can be 

calculated according to a running status meter on the mills or be physically documented. Leaching 

recovery is a calculation done between the head grade and residue grade according to Equation 14. 

Equation 14: Gold leaching recovery equation adapted from [78][79] 

(𝑯𝒈𝒓𝒂𝒅𝒆 − 𝑹𝒈𝒓𝒂𝒅𝒆)

𝑯𝒈𝒓𝒂𝒅𝒆
 × 𝟏𝟎𝟎 

Where: 

• 𝐻𝑔𝑟𝑎𝑑𝑒- The gold grade of the slurry sent to the CIP process. 

• 𝑅𝑔𝑟𝑎𝑑𝑒 – The gold grade of the ore settled at the bottom of the leaching tanks. 

The abovementioned portable equipment is visually shown in Figures 20 to Figure 23. 

Figure 20: Portable pressure logger [74] 
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Figure 21: Portable calcium photometer [75] 

Figure 22: Portable cyanide meter [76] 

 

 

Figure 23: Portable pH value meter  [77] 
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The portable measuring equipment listed is suggested approved equipment and is entirely user-

preference based.  

Limitations of instruments should be listed and understood to obtain accurate data. An appropriate time 

period should be selected during which the study will be conducted. The decision should be made based 

on results accuracy and possible unforeseen circumstances during operation (most applicable to 

industrial-scale operations.) The hypothesis in Chapter 1 predicts an initial decrease in residue 

quantities, after which a stabilising period will follow. The investigation period should allow sufficient 

time for the hypothesis (non-fluctuating increased pressure delivery will have a positive influence on 

residue quantities and gold production) to be confirmed or disproved. A prolonged time period may 

result in a bigger standard deviation of monitored values, or operational changes which may influence 

results accuracy. Figure 24 shows a flowchart of how the data collection step should be approached to 

aid in the understanding of the complete system, as well as the completion of the investigation. 

 

Figure 24: Data collection flowchart 
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Once all the measuring points have been established and relevant data collected, data analysis can 

commence to establish the trends over time and quantify the impact after the change in system operation 

has occurred.   

2.5 Solution optimisation 

This step entails the revision of the preceding developed steps in the methodology. The step is 

considered important so as to include probable new information or list possible solutions to unforeseen 

events that came to light while developing and executing the previous methodology steps. This ensures 

an optimised methodology is used when implementation is executed. A flowchart of the solution 

optimisation steps is shown in Figure 25. 

 

Figure 25: Solution optimisation flowchart 
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After the solution strategy optimisation, the designed strategy can be implemented. 

2.6 Implementation 

The implementation process of the methodology consists of several steps. The steps are developed with 

the focus of addressing the chosen objectives for the study. The steps are discussed in the following 

sections.  

Attainment 

Acquisition of required infrastructure, equipment, and parts for the study should be done in advance to 

ensure delays are kept to a minimum. Delivery periods on some essential equipment may take several 

months. It is therefore important to ensure all the equipment, infrastructure, and parts be obtained prior 

to the actual implementation. 

Resource allocation 

Industrial-scale operations are complex operations with many unforeseen events which need to be dealt 

with promptly. Ensuring workers are properly informed of scheduled work during allocated downtime 

for repairs is essential to avail required personnel during key project times. Resource distribution on 

industrial-scale operations is usually poorly managed which may lead to project delays. 

A resource breakdown, containing each individual worker’s specific responsibility, should be 

constructed. This enables deliverables to be divided amongst smaller broken-down tasks, which 

combine to form part of the detailed project planning. The plan should be continuously revised and 

updated to ensure project progress remains up to date. 

Installation procedures 

Procedures to install loggers and equipment to obtain data values need to be done correctly to ensure 

accurate data measurements. Loggers and equipment installed for a prolonged period of time need to 

be regularly inspected to ensure quality data for analysis.  

2.7 Data analysis 

The collected data will be monitored over an allocated time period after which conclusions can be drawn 

regarding the behaviour of the data trends. The chosen statistical analysis methods focus on daily 

average values over the chosen time period. Average values give a good indication regarding the 

behaviour of different variables over time, and the correlations they have with one another. A table 

explaining the analysis strategy is shown in Table 7.  
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Table 7: Statistical analysis table 

Statistical analysis method 

Variable type Independent variable: 

- Pressure delivery to leaching tanks: 

Knowing the pressure delivery to the 

leaching tanks can assist in drawing a 

conclusion if non-fluctuating, higher 

pressure delivery aids in reducing the 

residue value within the leaching tanks. 

Descriptive analysis - Average pressures (daily, before, and 

after), 

- Pressure ranges before and after, and 

- Pressure frequency ranges. 

Inferential analysis Correlations: 

- Pressure vs time, 

- Pressure vs production, 

- Pressure vs ore grade, 

- Pressure vs residue grade, 

- Pressure vs residue quantity, and 

- Pressure vs leach recovery. 

Visual trends and discussion Visual trends and discussion to occur in Chapter 

3. 

Variable type Dependent variables: 

- Production of gold: The production of 

gold indicates the profitability of the 

plant. Comparing the values before and 

after the pressure delivery change 

assists in drawing conclusions to the 

statements made in this dissertation. 

- Residue and production grades: A 

lower residue grade and a higher 
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production grade is preferred within 

leaching tanks. Lower residue grades 

would assist in obtaining a more 

efficient operation. 

- Residue quantities: High residue 

quantities indicate a lot of ore entering 

the tanks remain within the tanks and 

does not progress to the next step in the 

gold process. The remaining residue 

then have to be re-treated. A gold 

processing plant therefore aims for 

lower residue quantities within leaching 

tanks. 

- Leaching recovery: The leaching 

recovery is determined by comparing 

the gold grade of the residue and the ore 

quantities progressing to the elution 

columns. A higher leaching recovery 

percentage would indicate a more 

efficient operation 

Descriptive analysis - Daily production averages, 

- Daily production and residue grade 

averages, 

- Production variability ranges, 

- Daily residue quantities, and 

- Leaching recovery averages. 

-  

Inferential analysis Correlations: 

- Production vs time, 

- Residue quantities vs time, 

- Production grade vs time, 

- Residue grade vs time, 

- Treated ore vs time, 

- Production vs residue quantity, 
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- Production vs residue grade, 

- Production vs ore grade, 

- Production vs treated ore tonnes, and 

- Treated ore and gold produced ratio. 

Variable type 

 

Uncontrolled/controlled variables: 

- Treated ore: Treated ore quantities 

differ on a daily basis on an industrial-

scale plant. Knowing the quantities of 

ore treated may assist in explaining 

higher or lower production values. 

- Hoisted ore: The hoisted ore tonnes 

originating from the shaft also differs 

regularly. Knowing the ore quantities 

hoisted may assist in explaining higher 

or lower production values. 

- Mills’ running time: The first step in 

the gold production process is ore feed 

to the mills. Knowing mills running 

times may assist in explaining higher or 

lower production values. 

- Cyanide addition in tanks: 

Cyanidation is used as a metal 

extraction method within the gold 

process. Knowing the added cyanide 

values may assist in obtaining leaching 

recovery and possibly gold production 

values trends. 

- Lime addition: CaO is added in the 

gold process to limit the amount of 

cyanide lost by conversion to HCN. 

Knowing the added lime values may 

assist in production and leaching 

recovery trends. 
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Descriptive analysis - Treated ore averages, 

- Treated ore ranges, 

- Daily cyanide addition averages, 

- Daily lime addition averages, 

- Milling hours daily totals, and 

- Hoisted tonnes totals. 

Inferential analysis - Treated ore vs time, 

- Hoisted tonnes vs time, 

- Milling hours vs time, 

- Treated tonnes vs milling hours, 

- Hoisted tonnes vs milling hours, and 

- Treated tonnes vs hoisted tonnes. 

 

It is important to note, if full control over the uncontrolled/controlled variables is obtainable, these 

values should be kept constant while manipulating only the independent variable to acquire the 

best possible results. To simplify data analysis, visual trends should be used to easily identify a change 

in behaviour of the different variables. After the data is analysed, the outcome of the data needs to be 

evaluated to establish the success of the investigation. 

Quantifying the improvements 

After the data is analysed and conclusions regarding different trends can be drawn, the implemented 

solution strategy needs to be quantified to determine the actual impact.  

Quantification of improvements includes the improvements in the daily profiles of the variables 

investigated. In order to successfully evaluate the impact of the implemented solution, it is important to 

identify parameters which may have influenced the results of the study (particularly on industrial-scale 

operations.) To ensure accuracy of results, normalised values must be compared to results where 

needed. The flowchart in Figure 26 illustrates the quantification steps. 
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. 

The improvements will be quantified by analysing the quantity of possible residue reduction and 

production increases over the chosen time period. The gold price upon completion of the study will be 

used to translate the quantity into a monetary value. 

2.8 Conclusion 

After all the relevant variables are plotted and distinct correlations are made, conclusions can be made 

regarding the relationships of the variables with one another. The validity of the study can, therefore, 

be made through analysis of the results. Chapter 3 will discuss the results delivered in extended detail 

from which the conclusions will follow.  
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Figure 26: Improvement quantification flowchart 
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In this chapter, the methodology developed in Chapter 2 is validated by using the results obtained when 

implementing the developed methodology on a South African gold plant. This case study will be used 

to determine whether the system change in the gold process will have a positive effect on production 

and residue in the gold plant.  

 

 

“I don’t take on a project unless I know the end result is going to make me happy. If I can’t give 100 

percent to something, I choose not to do it because it is difficult to have so many pots on the fire at one 

time.” – Johnny Weir 
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3 Results and interpretation 

3.1 Preamble 

This chapter focuses on the results obtained after the solution strategy was implemented. The main 

objective of the study is to determine whether an increased, non-fluctuating pressure delivery would 

have a positive impact on the production of gold and the residue quantities in the leaching tanks.  

3.2 Case study background 

General information 

The developed methodology was implemented and tested on the shared compressed air ring of Mine A 

situated in the Gauteng province of SA. The mine is located near the northern rim of the Witwatersrand 

Basin. The operation focuses primarily on narrow-reef conventional mining of the South Reef. Mine A 

had 3073 employees and 669 contractors for the 2018 financial year [80]. Mine A achieved an average 

gold grade of 4.47 g/t for the past three financial years [80]. The low ore grade consequently means 

high volumes of ore need to be extracted and processed to ensure a safe profit margin.  

In addition to high volumes of ore needed to be hoisted for profitability, energy savings investigations 

can be launched to accumulate electrical cost savings. Electrical cost savings initiatives entail holistic, 

comprehensive investigations. All systems influenced by a change in the configuration of the system, 

need to be analysed to quantify the effects it has on these systems. 

Compressed air electrical cost savings investigation 

An initial preceding study was conducted on the compressed air use of mine A. The goal of the study 

was to reduce the compressed air use on mine A due to continuous financial strain from rising energy 

tariffs placed on the mine. Like most gold operations situated in SA, the shaft and the plant’s 

compressed air network was shared.  

The surface setpoint of the compressors was chosen as 600 kPa during the day when mining activities 

took place. The plant’s minimum pressure setpoint was determined at 430 kPa, to ensure sufficient 

pressure for agitation purposes. The graph in Figure 27 portrays a pressure profile of the compressed 

air supplied to the plant in January 2019. The pressure delivery increased due to the commissioning of 

a stand-alone compressor on the 31st of January operating at a higher, non-fluctuating pressure. Pressure 

fluctuation can be observed throughout the month. 
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An electricity cost saving initiative was identified on the shaft which required the surface pressure 

setpoint of the shaft to be lowered to 350 kPa during the weekday off-peak mining hours of 16:00-

21:00. Extraction of pressure setpoint data was not yet available at time of writing. The initiative 

entailed altering the setpoint in the mining off-peak times to obtain electrical cost savings. Due to the 

minimum required setpoint of the plant, the surface pressure setpoint could not be set lower than 450 

kPa, thus limiting the scope for electrical cost savings (pressure drops compensated for.) Figure 28 

shows the shaft compressor energy profile after initiative identification. 
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Figure 27: Shared shaft and plant compressed air network pressure delivery to leaching tanks 

 

Figure 28: Shaft compressor energy profile after energy initiative identification 

44 
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Electricity cost savings were limited, and fluctuating pressures delivered to the plant were still a 

constant point of concern.  

A further investigation was launched on mine A to address both the limited electricity cost savings 

scope, and the fluctuating pressures supplied to the plant. The following solutions were identified: 

• Purchasing a stand-alone compressor for the plant, and 

• Installing a shaft bypass control valve. 

 

Feasibility studies were conducted on both solutions and conclusions could be drawn from the results. 

The shaft bypass valve installation had a lower capital investment amount and a slightly shorter payback 

period than the purchase of a stand-alone compressor, but did not directly address the problem of 

fluctuating pressures being delivered to the plant. The stand-alone compressor had a slightly longer 

payback period but provided a solution to both problems at hand. The option of stand-alone compressor 

installation was chosen. 

The shaft surface pressure setpoint is predicted to be adjusted to 350 kPa and expose greater scope for 

compressor peak clipping during the off-peak mining periods after implementation. In addition to 

solving the problem of fluctuating pressures delivered to the agitation tanks, electrical cost savings 

increased on the shaft. Improved agitation in the leaching tanks can be beneficial to the overall end 

residue quantity of gold, as it might directly address the problem of ore settling at the bottom of leaching 

tanks. 

The effect of altering the delivery pressure of compressed air to the leaching tanks was neglected in the 

investigation conducted on the shaft of mine A. The results after project implementation will be 

discussed in detail in this Chapter. Potential leaching, residue, and gold production benefits due to 

higher and non-fluctuating pressure delivery will be investigated in this study.  This study was, 

therefore, conducted to assist in obtaining a conclusion for the plant manager who identified the initial 

problem of fluctuating pressure delivery5. 

Mine A compressed air network investigation 

The electrical cost savings, accumulated by the peak clipping initiative, was limited. The most feasible 

option of installing a dedicated plant compressor was selected after a comprehensive investigation, 

which primarily focused on the shaft. A simplified layout of the operational compressed air network 

before project implementation is shown in Figure 29. 

 

5 Jan Roos, Plant manager Mine, 2019/03/05, Details available upon request at jdupreez@rems2.com due to 

confidentiality 
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The proposed solution entailed installing a dedicated plant compressor to supply the plant with 

compressed air. The supplied air will primarily be used for pneumatic equipment and for agitation 

purposes in the leaching tanks. Operation after compressor installation is shown in Figure 30. 
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Figure 29: Shared plant and shaft compressed air delivery layout 

Figure 30: Proposed separate shaft and plant compressed air layout 
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Once the shaft and plant compressed air network was separated, the shaft compressors could lower their 

setpoint to 350 kPa and obtain additional electrical cost savings through means of peak clipping in the 

peak Eskom tariff periods. The specifications of the compressor installed on the plant is shown in Table 

8. 

Table 8: Compressor specifications 

 

 

 

 

 The loading- and offloading pressure was set at 500 kPa and 550 kPa, respectively. Figure 34 shows a 

comparative energy profile before the compressor installation. The shaft compressed air performance 

profile after compressor installation is shown in Figure 31.  

 

The electrical cost savings is estimated at R 3.3 million per annum if the control philosophy persists. 

The 90 kW compressor at the plant was also switched off, but the electrical cost savings were offset 

due to the usage of the 315 kW compressor. 

The pressure profile of the plant changed after the installation of the standalone compressor. The 

pressure profile comparison before and after project implementation is shown in Figure 32.  

Specification Value 

Rated Motor Power 315 kW 

Pressure 750 kPa 

Flow 2119 CFM 

Supply Voltage 3-Phase, 525 V 

Cooling Air cooled 
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Figure 31: Mine A shaft compressor performance profile after project implementation 

 

Figure 169: Graph of the pressure delivery to leaching tanksFigure 170: Mine A shaft compressor performance profile after 

project implementation 

 

Figure 171: Graph of the pressure delivery to leaching tanks 

Figure 172: Mine A shaft compressor performance profile after project implementation 

 

Figure 173: Graph of the pressure delivery to leaching tanksFigure 174: Mine A shaft compressor performance profile after 

project implementation 

 



Analysing the influence of compressed air pressure on gold production 

64 | P a g e  

 

 

The installation of the plant compressor had an approximate pressure change of 100 kPa. The effects of 

the higher, less-fluctuating pressure delivery will be analysed. Conclusions determining whether the 

hypothesis was formulated correctly will be made by implementing the data analysis techniques 

discussed in Chapter 2. 

3.3 Results analysis 

Before any variable can be compared to one another, each variable listed in Chapter 2 will be analysed 

over a time period. By analysing each variable over an allocated time period, trends indicating changes 

can be established and a base can be obtained from which the hypothesis can either be verified or 

falsified. Trends analysis over an allocated time period is known as a temporal change analysis. As 

previously mentioned, the primary variables to be analysed are the independent variable, dependent 

variables, and uncontrolled variables. 

Independent variable 

The independent variable in this study was chosen as the pressure delivery to the leaching tanks. The 

monitoring period was chosen as four weeks before and after project implementation. The period was 

chosen strategically to minimise the effects of uncontrolled variables and unforeseen events, but also 

allow sufficient time for conclusions to be made.   

It can clearly be seen from Figure 32 that the pressure changed significantly at the end of January 2019 

when the dedicated plant compressor was commissioned. A distinct time period was, therefore, 

established for when the hypothesised changes are expected to occur.  
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Figure 32: Comparison graph of the pressure delivery to leaching tanks 

 

 

Figure 187: Comparison graph of gold production and grade before and after project implementation 

 

Figure 188: Comparison graph of residue quantities and grades before and after project implementationFigure 189: 

Comparison graph of gold production and grade before and after project implementationFigure 190: Graph of the pressure 

delivery to leaching tanks 

 

 

Figure 191: Comparison graph of gold production and grade before and after project implementation 

 

Figure 192: Comparison graph of residue quantities and grades before and after project implementationFigure 193: 

Comparison graph of gold production and grade before and after project implementation 

 

Figure 194: Comparison graph of residue quantities and grades before and after project implementation 

Figure 195: Comparison graph of gold production and grade before and after project implementation 

 

Figure 196: Comparison graph of residue quantities and grades before and after project implementationFigure 197: 

Comparison graph of gold production and grade before and after project implementationFigure 198: Graph of the pressure 

delivery to leaching tanks 

 

 

Figure 199: Comparison graph of gold production and grade before and after project implementation 
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Dependent variables 

Various dependent variables have been established during the study, however, only the main variables 

used to indicate the efficiency and profitability of the plant will be chosen to obtain results. The selected 

dependent variables are: 

• Gold production quantities and grade, 

• Gold residue quantities and grade, and 

• Leaching recovery. 

Gold production and grade 

To establish the trends of these variables, each were analysed and monitored over the specified eight-

week period. The period was chosen to minimise the chance of unforeseen events, as well as allow 

enough time for conclusions to be made. The Gold grade is determined by the quantity of gold obtained 

per processed ton of ore [81], while gold production is a mere quantity to be measured in kilograms. 

The lagging/ storage effects of gold were considered during the determination of analysis period length. 

Gold production and grade are the main parameters used to determine the profitability of a gold plant. 

A graph showing the trends on Mine A’s total gold production and grade during the analysis period is 

shown in Figure 33. 

 

The graph portrays a slight overall decline in total production. A minor initial production increase can 

be seen after project implementation, followed by an overall decline over the remaining analysis time. 

The average daily gold production before project implementation was 13.12 kg and 12.99 kg after 
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Figure 33: Comparison graph of gold production and grade before and after project implementation 

 

Figure 203: Comparison graph of residue quantities and grades before and after project implementationFigure 204: Comparison 

graph of gold production and grade before and after project implementation 

 

Figure 205: Comparison graph of residue quantities and grades before and after project implementation 

Figure 206: Comparison graph of gold production and grade before and after project implementation 
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implementation. The overall gold production declined by 1.8%. The overall gold grade increased after 

project implementation. This may be caused by a variety of factors including ore mining location, tonnes 

treated, and cyanide addition. The influence of pressure delivery will be concluded in the latter part of 

Chapter 3. The total average gold grade rose by 14.28%.  

Residue quantities and grade 

Residues contain gold which settled at the bottom of the leaching tanks. A more efficient operation 

would contain less residue quantities A graph portraying the trends of the residue quantities and grade 

is shown in Figure 34. 

 

The trend observed is an initial decline in residue quantity and grade, followed by a fluctuating profile 

compared to the period before compressor installation. A clear correlation between residue quantities’ 

variables cannot be concluded from the graphs. A regression analysis was conducted, and the results 

obtained were inconclusive. The graph of the regression analysis can be viewed in Appendix A in Figure 

53. The residue quantity shows a decrease of 19.97%, while the residue grade shows a decline of 5.14% 

after project implementation. 

Leaching recovery 

As previously mentioned, leaching is a physico-chemical process where minerals in rock masses go 

through dissolution under percolating water and anion/cation exchange [82]. Leaching recovery in the 

leaching tanks gives a good indication of whether a leaching operation operates efficiently. The leaching 

recovery temporal change analysis is shown below in Figure 35. 
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Figure 34: Comparison graph of residue quantities and grades before and after project implementation 

 

 

Figure 219: Graph of leaching recovery before and after project implementation 

Figure 220: Comparison graph of residue quantities and grades before and after project implementation 

 

 

Figure 221: Graph of leaching recovery before and after project implementation 

 

 

Figure 222: Comparison graph of tonnes hoisted and treated before and after project implementation 

Figure 223: Graph of leaching recovery before and after project implementation 

Figure 224: Comparison graph of residue quantities and grades before and after project implementation 
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The leaching recovery rate is determined by Equation 15. The leaching recovery in the tanks portrays 

an average increase of 0.2% after project implementation. This value holds relevance to the study due 

to leaching recovery directly linking to gold production values. Bottle roll tests of the residue and 

production ore quantities are done by the on-site laboratory on the gold plant. 

Uncontrolled variables 

Conducting a study on an industrial-scale plant may come with a wide variety of uncontrolled variables. 

These variables are chosen as uncontrolled due to the nature of operation. A gold plant operates on the 

principle of maximising production and can suffer from unforeseen circumstances which may affect 

overall performance of other identified variables, as well as the end results of the study. It can also be 

used as an advantage to simulate various scenarios which can be bypassed by using mathematical 

models or scaling factors. The presence and importance of the uncontrolled variables, therefore, needs 

to be noted and taken into consideration when analysing results. Numerous uncontrolled variables have 

been identified during the study. After vigilant consideration, the primary variables chosen are: 

• Ore hoisted, 

• Ore treated, 

• Mills’ running time, 

• Cyanide addition, 

• Lime addition, and 

• pH level. 
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Figure 35: Graph of leaching recovery before and after project implementation 

 

 

Figure 227: Comparison graph of tonnes hoisted and treated before and after project implementation 

Figure 228: Graph of leaching recovery before and after project implementation 

 

 

Figure 229: Comparison graph of tonnes hoisted and treated before and after project implementation 

 

 

Figure 230: Graph of the relation of ore treated to gold produced before and after project implementation 

Figure 231: Comparison graph of tonnes hoisted and treated before and after project implementation 

Figure 232: Graph of leaching recovery before and after project implementation 

 

 

Figure 233: Comparison graph of tonnes hoisted and treated before and after project implementation 

Figure 234: Graph of leaching recovery before and after project implementation 
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Ore hoisted and treated 

The shaft is responsible to accumulate ore and send it to the plant for processing. Not all the ore hoisted 

each month is processed, and is, therefore, stored in silos for later processing. It is important to 

distinguish between the quantities hoisted and treated. The temporal change graph for the ore hoisted 

and treated is shown in Figure 36. 

 

The general trend during the analysis period shows a 2.07% increase in tonnes hoisted and 1.24% 

decrease in tonnes treated. A directly proportional relationship is observed between the ore hoisted and 

treated.  This may result in less overall gold production but can still deliver valid results when data is 

normalised. In order to normalise the gold production, a relation between the treated ore and the gold 

produced was developed. The relation is an indication of whether the processing operation is efficient 

and provides additional information on possible changes in production efficiency. A graph portraying 

the monthly ore treated in relation to the gold produced is shown in Figure 37.  
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Figure 36: Comparison graph of ore tonnes hoisted and treated before and after project implementation 

 

 

Figure 235: Graph of the relation of ore treated to gold produced before and after project implementation 

Figure 236: Comparison graph of tonnes hoisted and treated before and after project implementation 

 

 

Figure 237: Graph of the relation of ore treated to gold produced before and after project implementation 

 

 

Figure 238: Comparison graph of mills' running time and ore treated before and after project implementationFigure 239: 

Graph of the relation of ore treated to gold produced before and after project implementation 

Figure 240: Comparison graph of tonnes hoisted and treated before and after project implementation 

 

 

Figure 241: Graph of the relation of ore treated to gold produced before and after project implementation 

Figure 242: Comparison graph of tonnes hoisted and treated before and after project implementation 
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A higher order relation would indicate a less efficient operation and a lower relation would indicate a 

more efficient operation. After project implementation the tonnes treated per kg of gold produced 

increased by 13.06%. The higher relation indicates a less efficient operation due to more ore having to 

be processed per kg of gold produced. 

Mills’ running time 

The mills situated on a processing plant ultimately regulate the throughput of the plant on any given 

operational day. An analysis was done to establish whether the total amount of milling hours differs 

significantly before and after the project implementation. A total of four mills are in operation at a time 

and run for varying hours of the day due to realigning and scheduled maintenance [35]. The aim of the 

mills analysis was to determine if there were any notable irregularities before and after project 

implementation (which could influence the obtained results). A graph portraying the mills’ running time 

and tonnes treated before and after implementation is shown in Figure 38. 
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Figure 37: Graph of the relation of ore treated to gold produced before and after project implementation 

 

 

Figure 243: Comparison graph of mills' running time and ore treated before and after project implementationFigure 244: 

Graph of the relation of ore treated to gold produced before and after project implementation 

 

 

Figure 245: Comparison graph of mills' running time and ore treated before and after project implementation 

 

Figure 246: Graph of cyanide addition in leaching tanks before and after project implementation 

Figure 247: Comparison graph of mills' running time and ore treated before and after project implementationFigure 248: 

Graph of the relation of ore treated to gold produced before and after project implementation 

 

 

Figure 249: Comparison graph of mills' running time and ore treated before and after project implementationFigure 250: 

Graph of the relation of ore treated to gold produced before and after project implementation 
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The graph shows no significant irregularities in operation before and after the project implementation, 

which supports the conclusion of normal operation. A 2.82% increase in mills’ running time is observed. 

When compared to the size of the industrial operation, this can be seen as negligible. 

Cyanide addition 

Cyanidation distribution strategies are usually empirically selected along cascading leaching tanks [83]. 

Cyanide distribution, therefore, needs to be determined optimally in order to maintain the best 

compromise between the two antagonistic effects, gold recovery and cyanide consumption [83]. The 

temporal change analysis for cyanide addition in leaching tanks is shown in Figure 39.  
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Figure 38: Comparison graph of mills' running time and ore tonnes treated before and after project implementation 

 

Figure 251: Graph of cyanide addition in leaching tanks before and after project implementation 

Figure 252: Comparison graph of mills' running time and ore treated before and after project implementation 

 

Figure 253: Graph of cyanide addition in leaching tanks before and after project implementation 

 

 

Figure 254: Comparison graph of pH level and lime addition before and after project implementation 

Figure 255: Graph of cyanide addition in leaching tanks before and after project implementation 

Figure 256: Comparison graph of mills' running time and ore treated before and after project implementation 

 

Figure 257: Graph of cyanide addition in leaching tanks before and after project implementation 

Figure 258: Comparison graph of mills' running time and ore treated before and after project implementation 
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The graph portrays a 7.41% increase in cyanide addition after the project implementation. Higher 

cyanide addition does not necessarily reflect on increased leaching rate [84]. All the uncontrolled 

variables listed influence gold production and residue quantities. It was, therefore, important to establish 

if there were any severe irregularities during the analysis period. 

Lime addition and pH level 

Lime, in the form of Calcium oxide (CaO), is added in the thickening dams to establish an aqueous 

environment at a pH of 9.5 to 11, to minimise cyanide lost by conversion to hydrogen cyanide (HCN) 

gas [50]. A CaO content of 150-200 ppm is normally required to achieve the desired pH level. The 

graph portraying the lime addition and pH levels over the analysis period is shown in Figure 40. 
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Figure 39: Graph of cyanide addition in leaching tanks before and after project implementation 

 

 

Figure 259: Comparison graph of pH level and lime addition before and after project implementation 

Figure 260: Graph of cyanide addition in leaching tanks before and after project implementation 

 

 

Figure 261: Comparison graph of pH level and lime addition before and after project implementation 

 

 

Figure 262: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 263: Comparison graph of pressure delivery and gold grade before and after project implementationFigure 264: 

Comparison graph of leaching recovery and pressure delivery before and after project implementationFigure 265: 

Comparison graph of pH level and lime addition before and after project implementation 

Figure 266: Graph of cyanide addition in leaching tanks before and after project implementation 

 

 

Figure 267: Comparison graph of pH level and lime addition before and after project implementation 

Figure 268: Graph of cyanide addition in leaching tanks before and after project implementation 
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Lime addition and pH level shows a directly proportional relationship. Lime addition increased by 

7.24% and the pH level decreased by 1.69% before and after project implementation. 

Inferential analysis 

After analysing the specified parameters’ trends over the total analysis period, the parameters need to 

be compared to one another. The independent variable, which is the change induced in the system, is 

the primary variable to which dependent and uncontrolled variables need to be compared to.  

Correlations can be made after which conclusions are used to validate the study. Pressure delivery is 

chosen as the primarily comparative variable in the study.  

Pressure delivery and leaching recovery 

The leaching recovery showed a 0.2% increase over the allocated analysis period. A graph portraying 

the daily pressure and leaching recovery trends is shown in Figure 41. 

0

20

40

60

80

100

120

140

9.5

10.0

10.5

11.0

11.5

12.0

12.5

13.0

13.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

C
aO

 (
p

p
m

)

p
H

 l
ev

el
 i

n
 t

an
k
s

Days

pH level and lime addition before and after project implementation

Lime addition before project implementation Lime addition after project implmentation

pH levels before project implementation pH level after project implementation

Figure 40: Comparison graph of pH level and lime addition before and after project implementation 

 

 

Figure 269: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 270: Comparison graph of pressure delivery and gold grade before and after project implementationFigure 271: 

Comparison graph of leaching recovery and pressure delivery before and after project implementationFigure 272: 

Comparison graph of pH level and lime addition before and after project implementation 

 

 

Figure 273: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 274: Comparison graph of pressure delivery and gold grade before and after project implementationFigure 275: 

Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 276: Comparison graph of pressure delivery and gold grade before and after project implementation 

Figure 277: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 278: Comparison graph of pressure delivery and gold grade before and after project implementationFigure 279: 

Comparison graph of leaching recovery and pressure delivery before and after project implementationFigure 280: 

Comparison graph of pH level and lime addition before and after project implementation 

 

 



Analysing the influence of compressed air pressure on gold production 

73 | P a g e  

 

 

The graph shows a slight directly proportional relationship between leaching recovery and pressure 

delivery, but a definitive conclusion regarding the two parameters cannot be made due to the large-scale 

nature of operation and the number of uncontrolled parameters present. 

Pressure delivery and production gold grade 

 An analysis to determine the pressure delivery relation to gold grade was conducted and is visually 

shown in Figure 42.  
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Figure 41: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 285: Comparison graph of pressure delivery and gold grade before and after project implementationFigure 286: Comparison 

graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 287: Comparison graph of pressure delivery and gold grade before and after project implementation 

Figure 288: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 289: Comparison graph of pressure delivery and gold grade before and after project implementationFigure 290: Comparison 

graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 291: Comparison graph of pressure delivery and gold grade before and after project implementation 

 

 

Figure 292: Comparison graph of pressure delivery and gold production before and after project implementation 

Figure 293: Comparison graph of pressure delivery and gold grade before and after project implementation 

Figure 294: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 295: Comparison graph of pressure delivery and gold grade before and after project implementationFigure 296: Comparison 

graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 297: Comparison graph of pressure delivery and gold grade before and after project implementation 

Figure 298: Comparison graph of leaching recovery and pressure delivery before and after project implementation 

 

Figure 42: Comparison graph of pressure delivery and gold grade before and after project implementation 

 

 

Figure 301: Comparison graph of pressure delivery and gold production before and after project implementation 

Figure 302: Comparison graph of pressure delivery and gold grade before and after project implementation 
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When considering the analysis independently, pressure shows a directly proportional relation to gold 

grade as the gold grade improved by 14.28% after the project was implemented. As previously 

mentioned, various parameters influence gold grade and may affect the accuracy of the results. 

Pressure delivery and gold production 

 Figure 43 shows a graph of gold production and pressure delivery. 

 

As previously mentioned, gold production showed an overall decrease before and after implementation. 

The other end objective of the study was to establish whether less gold will be lost in the process, 

accumulating as residue at the bottom of leaching tanks. 

Pressure delivery, residue quantity, and grade 

 It has already been established residue grade and residue production quantities share a directly 

proportional relation. A relation with the independent variable needs to be established to support results 

validation. Figure 44 shows a graph portraying the relationship between pressure delivery and residue 

quantity.  

 

 

 

 

0

5

10

15

20

25

0

100

200

300

400

500

600

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

G
o

ld
 p

ro
d

u
ct

io
n
 (

k
g
)

P
re

ss
u
re

 (
k
P

a)

Days

Pressure delivery vs gold production before and after project 

implementation 

Pressure delivery before project implementation Pressure delivery after project implementation

Gold production before implementation Gold production after project implementation

Figure 43: Comparison graph of pressure delivery and gold production before and after project implementation 

 

 

Figure 311: Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 312: Comparison graph of pressure delivery and residue grade before and after project implementationFigure 313: 

Comparison graph of pressure delivery and residue quantity before and after project implementationFigure 314: 

Comparison graph of pressure delivery and gold production before and after project implementation 

 

 

Figure 315: Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 316: Comparison graph of pressure delivery and residue grade before and after project implementationFigure 317: 

Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 318: Comparison graph of pressure delivery and residue grade before and after project implementation 

Figure 319: Comparison graph of pressure delivery and residue quantity before and after project implementation 
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The residue quantity decreased by 19.97 % after project implementation. This shows an inversely 

proportional relation when considering the parameters showed on the graph in isolation. Figure 45 

contains a graph of pressure delivery and residue grade. 

 

The graph indicates a 5.15 % reduction in residue grade after project implementation.  The parameters 

listed in the graphs above all play a crucial role in the processing of gold ore to pure gold. 
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Figure 44: Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 327: Comparison graph of pressure delivery and residue grade before and after project implementationFigure 328: 

Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 329: Comparison graph of pressure delivery and residue grade before and after project implementation 

Figure 330: Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 331: Comparison graph of pressure delivery and residue grade before and after project implementationFigure 332: 

Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 333: Comparison graph of pressure delivery and residue grade before and after project implementation 

 

 

Figure 334: Comparison graph of pressure delivery and residue grade before and after project implementation 

Figure 335: Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 336: Comparison graph of pressure delivery and residue grade before and after project implementationFigure 337: 

Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 338: Comparison graph of pressure delivery and residue grade before and after project implementation 

Figure 339: Comparison graph of pressure delivery and residue quantity before and after project implementation 

 

Figure 45: Comparison graph of pressure delivery and residue grade before and after project implementation 

 

 

Figure 342: Comparison graph of pressure delivery and residue grade before and after project implementation 

 

 

Figure 343: Comparison graph of pressure delivery and residue grade before and after project implementation 
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 A summary of the results, differences, and standard deviations before and after implementation is 

shown below in Table 9. 

 Table 9: Summary of the results obtained 

 

The results of the analysed parameters can be explained as follows: 

• Pressure delivery – After the installation of the stand-alone compressor, the average pressure 

delivered increased by 22.72%. The standard deviation decrease substantiates that fluctuating 

pressures are no longer evident in the leaching tanks. The leaching tank conditions have 

changed and the dependent variable results will indicate whether the consequence of change 

had a positive or negative effect on the leaching system.  

• Gold production – The overall gold production over the analysis period decreased. The standard 

deviation of daily gold produced did not portray a vigorous difference. It can therefore be 

assumed that no unforeseen events occurred during the analysis period. Various factors may 

have contributed to the decrease and were also listed in the table above. 

Variable Average 

quantity before 

project 

implementation 

Average 

quantity after 

project 

implementation 

Standard 

deviation 

before project 

implementation 

Standard 

deviation after 

project 

implementation 

Average 

quantity 

difference 

  

Pressure delivery 

(kPa) 

441.87 542.27 18.81 4.74 22.72% increase 

Gold production 

(kg) 

13.23 12.99 3.70 3.86 1.81% decrease 

Gold residue 

quantity (kg Au) 

0.59 0.48 0.32 0.18 

 

19.97% decrease 

Gold production 

grade (g/t) 

4.86 5.55 0.26 0.32 14.28% increase 

Residue grade 

(g/t) 

0.06 0.05 0.03 0.02 5.15% decrease 

Leach recovery 

(%) 

97.73 97.92 0.56 0.45 0.19% increase 

Tonnes hoisted 

(tonnes) 

4211.95 4300.09 1077.12 1185.83 2.07% increase 

Tonnes treated 

(tonnes) 

4135.05 4085.51 723.92 603.98 1.20% decrease 

Ore treated : gold 

produced ratio 

347.38 392.75 155.17 287.72 13.06% increase 

Mills’ running 

time (hr) 

75.00 77.00 13.12 13.56 2.82% increase 

Cyanide addition 

(ppm) 

197.00 211.00 25.34 10.89 7.41% increase 

Lime addition 

(ppm) 

69.00 64.00 19.74 17.10 7.25% decrease 

pH level (pH) 11.80 11.60 0.25 0.51 1.69% decrease 
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• Residue quantity – The residue quantity decreased after the consequence of change occurred. 

The standard deviation showed a slight decrease after compressor installation. Taking into 

account the diminutive quantity of daily residue gold, the decrease does hold some relevance. 

The residue quantity decrease is a positive result but cannot be solely attribute to a pressure 

delivery increase. 

• Gold production grade – The gold production grade portrayed an increase after the pressure 

delivery increase. The standard deviation between the two periods differs minutely. A higher 

gold production grade is beneficial to a gold plant. 

• Residue grade – The residue grade after installation decreased slightly, while the standard 

deviation showed little change. A lower residue grade is beneficial to a gold plant as it is an 

indication of an efficient leaching operation. 

• Leaching recovery – The leaching recovery after installation portrayed a slight increase. The 

standard deviation decreased slightly, which can indicate a slightly more consistent operation. 

A gold plant continuously attempts to enhance leaching recovery to increase production. A 

leaching recovery increase is therefore beneficial for operation. 

• Tonnes hoisted – The tonnes hoisted by the shaft portrayed in increase. Taking into account the 

large-scale operation linked with hoisting, the standard deviation portrayed only a slight 

increase. The shaft continuously aims to achieve the hoisting targets set out by management 

and an increase in tonnes hoisted is therefore a positive result. 

• Tonnes treated – The tonnes treated by the plant and hoisted the shaft are rarely the same value.  

The tonnes treated showed a decrease, which conclusively may lead to a production output 

decrease. The standard deviation value decreased and a conclusion of unforeseen events 

influencing the gold ore tonnes treated remains inconclusive. 

• Ore treated : Gold produced ratio – The ore treated per kg of gold produced increased after 

compressor installation. The standard deviation also increased after installation. No exact 

conclusions can be drawn from the relation increase, but it can be logically concluded that 

treating more tonnes per kg of gold produced is not beneficial towards production. 

• Mills’ running time – The mills’ running time increased and the standard deviation showed an 

insignificant decrease. Various factors such as maintenance scheduling, mills realignment and 

possible equipment failures can influence a mill’s daily running time. It can therefore be 

concluded that an increase in mills’ running time (taking shutdowns for maintenance into 

account), can be beneficial for plant operation. 

•  Cyanide addition – Cyanide addition increased after a change in the pressure delivery and 

showed a decrease in standard deviation. Adding more cyanide for extraction in leaching tanks 

adds to cyanide procurements costs and may increase the cyanide risk management activity. It 

is however inconclusive if cyanide addition affects gold production or residue quantities. 
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• Lime addition – Lime added proceeding compressor installation portrayed a decrease, while 

the standard deviation did not differ greatly when comparing the two analysis periods. Lime is 

added to prevent substantial loss of cyanide by conversion to HCN [50]. A decreased lime 

addition may indicate a good operating pH level. It is, however, inconclusive if lime addition 

influences gold production and residue quantities. 

• pH level – The pH level after compressor installation decreased, while the standard deviation 

increased slightly. According to [50], a sufficient operating pH levels fluctuates from 9.5 – 11. 

The average daily value after compressor installation is closer to the desired operating range, 

which benefits the plant. 

3.4 Conclusion 

Taking the above parameters into consideration, a clear conclusion cannot accurately be drawn as to 

whether the consequence of non-fluctuating, higher pressure delivery to the leaching tanks directly 

caused the decrease in residue quantity. It can, however, be seen on the graphs that the gold residue 

quantities and grades decreased significantly directly after project implementation. The gold production 

and production grades increased significantly directly after project implementation. All these 

parameters stabilised after a period of approximately 4-5 days after project implementation. This refers 

to the hypothesis formulated in Chapter 1, which predicts a sudden decrease in residue quantities and 

an increase in production, followed by a stabilised profile. The results obtained portray a positive 

influence on residue quantities in leaching tanks which verifies the hypothesis. When considering all 

the various uncontrolled parameters listed, an overall conclusion regarding the positive influence of 

pressure delivery in leaching tanks cannot be accurately made. 

In addition to rectifying the problem of fluctuating pressures being delivered to the plant, electrical cost 

savings were realised on the shaft. The electrical cost savings obtained accumulated to R 3.3 million 

per annum if the prescribed control philosophy is maintained on the shaft. When analysing the gold 

residue quantity decrease in isolation and not considering the critical parameters influencing the 

results, the residue quantity decrease adds up to R 2.43 million of gold not settled at the bottom of the 

tanks (when using the gold price from 28 August 2019 [85]). This value was obtained by multiplying 

the residue quantity decrease for the period (3.21 kg) with the per kg gold price of 28 August 2019.  

The study objectives set out for the study were addressed and conclusions could be drawn from the 

results. The successful results could not be allocated entirely to the consequence of change (pressure 

delivery) due to uncontrolled variables not being kept constant throughout the study. 
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The final chapter of this dissertation is a conclusion to the study. A procedure overview and the obtained 

results will be given. The results will be evaluated to determine the success of the developed system and 

establish whether the objectives formulated in Chapter 1 were reached. Recommendations for future 

work will be given to ensure follow-up studies are as accurate and successful as possible. 

 

“People do not like to think. If one thinks, one must reach conclusions which are not always pleasant.” 

– Helen Keller 

 

 

Figure 345: Graph of copper concentration during a reaction with thiosulfate [54] 

 

 

Figure 346: Graph of copper concentration during a reaction with thiosulfate [54] 

 

 

Figure 347: Graph of gold leaching rate and mixed potential as a function of time [54] 

Figure 348: Graph of copper concentration during a reaction with thiosulfate [54] 

 

 

Figure 349: Graph of copper concentration during a reaction with thiosulfate [54] 
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4 Conclusions and recommendations 

4.1 Preamble 

This chapter serves as the conclusion to the dissertation and summarises the preceding chapters. The 

problem statement will be discussed followed by the literature review assessment. The chosen 

methodology will be mentioned, and conclusions will be drawn stating whether the methods chosen 

were successful to the nature of the study. The implementation of the developed methods will be 

revisited to determine the validation of the study. Recommendations for future research work will be 

given to increase accuracy of future studies.  

4.2 Overview of the study 

The initial motivation for the study was triggered by the dwindling status of the South African gold 

mining industry. The decline is caused by a variety of factors such as: 

• Gold price volatility, 

• Escalating costs of production, 

• Declining gold resource grade, 

• Depth and mining method, and 

• Gold production. 

To reduce the cost of production, it is essential for gold mines to ensure optimal operation and utilise 

production enhancement possibilities. High energy-consuming systems, such as the compressed air 

system, should be targeted and optimised to reduce energy consumption at a time when electricity prices 

are at a record high. The compressed air system is regarded as one of the most inefficient systems on a 

gold mine and directly affects production. Electrical cost savings initiatives and production 

enhancement possibilities are, therefore, essential in the attempts to optimise a compressed air system. 

Insufficient agitation caused by fluctuating pressure delivery leads to settling of ore at the bottom of 

leaching tanks. An increased, non-fluctuating pressure delivery was observed after project 

implementation. To optimise the system and the directly linked production, the following objectives 

were developed: 

• Identify and evaluate the network inefficiencies of a shared compressed air network between 

the shaft and plant. 

• Develop a methodology to successfully determine the effects of a non-fluctuating, increased 

pressure delivery to the leaching tanks. 

• Evaluate the effects of mentioned pressure delivery on gold production, gold grades, and 

residue quantities. 
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• Determine the important uncontrolled/controlled variables within the CIP process which may 

affect the results of the study. Identifying these parameters will assist when replicating the study 

on a pilot-scale plant. 

• Quantify the effect of the separate shaft and plant compressed air network. 

To have a better understanding of the research objectives, Chapter 1 gave an overview of typical gold 

plant operation and the various uses for compressed air on the plant. Typical gold production 

enhancement techniques were discussed with special focus placed on leaching tanks. Previous studies 

were listed and analysed to ensure recognised work had been done on production enhancement 

possibilities.  

From the performed literature review, essential leaching operation parameters were identified, and a 

methodology was developed accordingly. The methodology specifically focused on determining the 

correlation between the variables most essential in the leaching process. The process data after project 

implementation was compared to the values before the commissioning of the stand-alone compressor. 

A four-week period before and after project implementation was chosen to minimise the occurrence of 

unforeseen events and environmental conditions, while still allowing sufficient time for data results to 

be relevant. The hypothesis formulated predicted a decrease in the residue quantity accumulated at the 

bottom of the leaching tanks. The summary of results is shown in Table 10. 

Table 11: Summary of the results obtained 

Variable Average 

quantity before 

project 

implementation 

Average 

quantity after 

project 

implementation 

Standard 

deviation 

before project 

implementation 

Standard 

deviation after 

project 

implementation 

Average 

quantity 

difference 

  

Pressure delivery 

(kPa) 

441.87 542.27 18.81 4.74 22.72% increase 

Gold production 

(kg) 

13.23 12.99 3.70 3.86 1.81% decrease 

Gold residue 

quantity (kg Au) 

0.59 0.48 0.32 0.18 

 

19.97% decrease 

Gold production 

grade (g/t) 

4.86 5.55 0.26 0.32 14.28% increase 

Residue grade 

(g/t) 

0.06 0.05 0.03 0.02 5.15% decrease 

Leach recovery 

(%) 

97.73 97.92 0.56 0.45 0.19% increase 

Tonnes hoisted 

(tonnes) 

4211.95 4300.09 1077.12 1185.83 2.07% increase 

Tonnes treated 

(tonnes) 

4135.05 4085.51 723.92 603.98 1.20% decrease 

Ore treated: gold 

produced ratio 

347.38 392.75 155.17 287.72 13.06% increase 

Mills’ running 

time (hr) 

75.00 77.00 13.12 13.56 2.82% increase 
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Considering the objectives set out for the study, the benefits of a split shaft and plant compressed air 

network were identified. A methodology to determine the effects of non-fluctuating increased pressure 

delivery to the leaching tanks was developed and data for the various parameters were compared before 

and after the project implementation. The effects of the change in pressure delivery on gold production, 

gold grades, leaching recovery, and residue quantities were analysed. Due to the industrial nature of the 

plant, the uncontrolled variables listed as most influential to the CIP process are:  

• Tonnes treated, 

• Tonnes hoisted, 

• Mills’ running time, 

• Cyanide addition, 

• Lime addition, and 

• pH level. 

All the above-mentioned values were not kept constant throughout the study and affected the accuracy 

of the results obtained. From the standard deviation data analysis, it can be seen that pressure fluctuated 

significantly less after implementation, while other parameters did not indicate a significant fluctuation 

after implementation. The observed fluctuation remained influential on the results. The residue quantity 

values compared before and after the project implementation decreased by 19.97%, while the leaching 

recovery increased by 0.2%. It can, however, not be solely allocated to the change in pressure 

delivery due to the listed uncontrolled variables not being constant throughout the study. Therefore, 

although the residue quantity before and after implementation portrays a decrease, it cannot solely be 

attributed to the pressure delivery change. The treated tonnes decreased which may explain the decrease 

in gold production. The overall decrease in residue quantity before and after implementation is 3.21 kg. 

When considering the results in isolation and portraying the obtained decrease to rand value, using the 

gold price from 28 August 2019  (R 758 380 p/kg) [85], the decrease of gold left in process four weeks 

after implementation was R 2.43 million. The added benefit from the electrical cost savings on the shaft 

was determined as R 3.3 million.  

Variable Average 

quantity before 

project 

implementation 

Average 

quantity after 

project 

implementation 

Standard 

deviation 

before project 

implementation 

Standard 

deviation after 

project 

implementation 

Average 

quantity 

difference 

 

Cyanide addition 

(ppm) 

197.00 211.00 25.34 10.89 7.41% increase 

Lime addition 

(ppm) 

69.00 64.00 19.74 17.10 7.25% decrease 

pH level (pH) 11.80 11.60 0.25 0.51 1.69% decrease 
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The hypothesis formulated in Chapter 1 is verified when analysing the residue quantities in isolation. 

The goal of the study, however, was to establish if the pressure delivery change would have a positive 

effect on production and residue quantities. The accuracy of the results on the plant were affected by 

the differing uncontrolled parameters and a clear conclusion as to whether the change in pressure 

delivery positively affected residue quantities and production could not be made; however, most results 

after implementation indicate positive results. 

4.3 Recommendations 

The recommendations for further studies are summarised as follows:  

• The most influential uncontrolled variables affecting the leaching performance such as tonnes 

treated, tonnes hoisted, mills’ running time, cyanide addition, lime addition, and pH level were 

not kept constant throughout the study. This may have influenced the accuracy of the results 

obtained, even though correlations on how the different parameters influence one another were 

made. Simulations can be used to determine the values of parameters if changed. 

• It is recommended an identical study be conducted on a pilot-scale plant or controlled 

environment where control of parameters can easily be manipulated. All the uncontrolled 

parameters should be kept constant while only changing the pressure delivery (the independent 

variable.) Accurate results can, therefore, be obtained due to the isolation of change.  

• Focus can also be placed on the most efficient size ore should be grinded to. Once an efficient 

ore size is achieved, where maximum contact area with cyanide addition is established, an 

optimal residence time can be calculated within the leaching tanks. This may further increase 

leaching recovery and add to the efficiency of the CIP process. 

• Efficiency of plant and shaft compressed air networks can be investigated in other industries 

by using the implemented methodology. 
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APPENDIX A 

The Figures in Appendix A were added to provide additional background information on factors 

contributing to dwindling production, both globally, and in SA. The factors are summarised in bullet 

form on Page 4-6 in Chapter 1. Gold price decline – The graph in Figure 46 illustrates a decline in gold 

price compared to the Dollar value, but illustrates an increase compared to Rand value. 

Mine expenses breakdown – The graph in Figure 47 illustrates the percentage electricity contributes to 

a deep-level gold mine’s total expense. 

Figure 47: Breakdown of a gold mine's input expenses [9][10] 
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Eskom tariff increases and mining GDP percentage – The graph in Figure 48 illustrates the yearly 

Eskom tariff increase and Eskom revenue as percentage of total mining GDP. 

Figure 48: Yearly Eskom tariff increases and Eskom revenue as % of mining GDP [11][12] 

Electricity usage breakdown – The graph in Figure 49 illustrates the breakdown of a deep-level mine’s 

electricity usage.  
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Figure 49: Electricity usage breakdown on a gold mine [13] 
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Global resource grade decline – The graph in Figure 50 illustrates the decline in global average gold 

grade.  

Figure 50: Average global gold reserve grade [15][16] 

 

South African resource grade decline – The graph in Figure 51 indicates the average value of South 

African gold grade on deep-level gold mines over the past decade. 

Figure 51: Average gold grade recovery of South African gold mines [17] 
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Targeted reefs on a typical gold mine – Figure 52 illustrates the typical different mining locations on a 

gold reef. The obtained gold grade may differ depending on location as explained on Page 5. 

 

Figure 52: Various targeted reefs at gold mines [23] 

Figure 53 illustrates the regression analysis done of residue quantity vs gold production. 

Figure 53: Regression analysis graph of residue quantity vs gold production 

The regression analysis results does not indicate any clear correlation between residue quantity and gold 

production. Linear, power, exponential and polynomial trendlines were used for an attempted usable 

correlation. The scale of the operation rendered the achievement of a distinct correlation very difficult 

and led to the regression analysis being inconclusive. A regression analysis of the data can be replicated 

on a pilot-scale plant where possible correlations may emerge. Refer to Page 66 for more information. 
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APPENDIX B 

The Importance of controlling oxygen-addition during the thiosulfate leaching of 

ores 

The study entails using a copper-ammonia thiosulfate system for gold leaching enhancement 

purposes. Solutions containing copper, ammonia and thiosulfates have continuous chemical changes 

due to the homogenous reaction between copper and the thiosulfate [60]. It is known that the gold 

leaching rate decreases as the reaction between copper and thiosulfate progresses. The use of oxygen, 

to re-oxidise the copper, to increase the leaching rate of gold will be investigated [60]. The 

cyanidation method of gold extraction is one of the most common methods used for 

hydrometallurgical recovery of gold. Due to the toxicity of cyanide, investigations for alternative 

lixiviants were launched. In order to use thiosulfate as an alternative lixiviant, the fundamental aspects 

of a thiosulfate leaching system need to be properly understood [60]. During the study, the 

fundamental issues regarding thiosulfate leaching of gold is addressed. The role oxygen plays in the 

regeneration of copper will be the focus point [60].  

Experimental procedure 

The experiments were done using solutions prepared from analytical grade reagents and distilled water. 

The experimental temperature was kept at 30°C, while the solutions consisted of 0.2 M sodium 

thiosulfate, 0.4 M ammonia and 10 mM copper [60]. The pH of the solution remained primarily 

consistent throughout the experiments at 11.4.  In each case, the ammonia was mixed with the copper 

before addition to the thiosulfate solution. A rotating electrochemical quartz crystal microbalance at a 

rotational speed of 300 rpm was used during the experiments [60]. A UV – VIS spectrophotometer was 

used to monitor the copper-amine complex. The gold powder used was prepared by means of reductive 

precipitation of gold from a gold chloride solution using sodium disulfate. 5mg of gold with 100ml of 

solution was used for the powder leaching experiments [60]. Therefore, after the leaching process is 

complete, the solution will contain 50 ppm of gold. Roasted gold ore consisting of 80-90 g/t of gold 

was used for the ore leaching experiments [54]. A 30 g portion of solid was mixed with 70 ml of 

solution, and solution assays were performed at frequent time intervals using the AAS. An enclosed 

reactor was used for both the ore leaching and powder leaching experiments, where agitation was 

supplied by a 500 rpm magnetic stirrer [60].  

Results and discussion 

Three parameters were evaluated during the analysis of the results. These parameters are [60]: 

1. The interaction of the solution chemistry and gold leaching effects in the absence of oxygen. 
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2. The minimising of the copper-thiosulfate rate. 

3. Solution chemistry and leaching effects in the presence of oxygen. 

The interaction of solution chemistry and gold leaching in the absence of oxygen 

Copper oxidises thiosulfate according to Equation 15 below: 

Equation 15: Copper-thiosulfate oxidising reaction [60] 

𝟐𝑪𝒖(𝑵𝑯𝟑)𝟒
𝟐+ + 𝟖𝑺𝟐𝑶𝟑

𝟐−  → 𝟐𝑪𝒖(𝑺𝟐𝑶𝟑)𝟑
𝟓− + 𝟒𝑵𝑯𝟑 + 𝑺𝟒𝑶𝟔

𝟓− 

The absence of ammonia renders the reaction to be rapid, with the copper being consumed in only a 

few seconds of mixing with the thiosulfate [54]. When ammonia is present, the reduction of copper by 

the thiosulfate is significantly slower. The copper concentration profile in the presence and absence of 

ammonia can be seen in Figure 54. Oxygen was excluded from the experiments [60]. 

 

The decrease in thiosulfate is not essential, since the thiosulfate was in substantial excess of copper. 

The decrease in copper influences the rate of gold leaching, as copper is used as the oxidant. The effect 

the decrease in copper has on gold leaching can be seen in Figure 55, where leaching rate and mixed 

potential is indicated as a function of time. 
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Figure 54: Graph of copper concentration during a reaction with thiosulfate [60] 

 

 

Figure 350: Graph of gold leaching rate and mixed potential as a function of time [54] 

Figure 351: Graph of copper concentration during a reaction with thiosulfate [54] 

 

 

Figure 352: Graph of gold leaching rate and mixed potential as a function of time [54] 

 

 

Figure 353 : The proposed mechanism for the reaction between copper (II)-thiosulfate [54] 

Figure 354: Graph of gold leaching rate and mixed potential as a function of time [54] 
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The initial potential is 227mV and decreases as copper reacts with the thiosulfate to decrease the 

potential to 165mV after 6 hours. The gold leaching rate is decreased to a third of what it initially was. 

Leaching should not be done under these conditions as good leaching kinetics are only observed for a 

limited time [60]. The reaction rate of copper and thiosulfate needs to be addressed. 

Minimising the reaction rate between copper and thiosulfate 

The reaction between copper and thiosulfate is an inner coordination sphere reaction [60]. For 

thiosulfate oxidation to occur, bonding to an axial site is required. The proposed mechanism for the 

reaction between copper (II)-thiosulfate in the conducted experiments is shown in Figure 56. 
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Figure 55: Graph of gold leaching rate and mixed potential as a function of time [60] 

 

 

Figure 358 : The proposed mechanism for the reaction between copper (II)-thiosulfate [54] 

Figure 359: Graph of gold leaching rate and mixed potential as a function of time [54] 

 

 

Figure 360 : The proposed mechanism for the reaction between copper (II)-thiosulfate [54] 

 

 

Figure 361: Graph of the gold leaching rate as a function of time [54] 

Figure 362 : The proposed mechanism for the reaction between copper (II)-thiosulfate [54] 

Figure 363: Graph of gold leaching rate and mixed potential as a function of time [54] 

 

 

Figure 364 : The proposed mechanism for the reaction between copper (II)-thiosulfate [54] 

Figure 365: Graph of gold leaching rate and mixed potential as a function of time [54] 

 

Figure 56: The proposed mechanism for the reaction between copper (II)-thiosulfate [60] 

 

 

Figure 366: Graph of the gold leaching rate as a function of time [54] 
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An axial site can also be coordinated by using other anions such as chloride, sulfate, and phosphate. 

Phosphate has been found to reduce the rate of copper reduction as can be seen in Figure 62 above. 

Leaching tests were carried out in in the solution containing 0.1 M phosphate [60]. The results from the 

leaching tests can be seen in Figure 57. 

 

The initial rate in the phosphate containing solution is lower than in the absence of phosphate. The 

results are due to the copper ion’s reduction potential decreasing as the ion is stabilised. The gold leach 

in the phosphate containing solution is relatively stable as a function of time when compared to the 

solution without phosphate. After a period of 6 hours, the leaching rate in the phosphate solution was 

much higher than the solution in without phosphate. 

Solution chemistry and leaching in the presence of oxygen 

Recent studies have been conducted into the oxidation of thiosulfate by oxygen in the presence of 

ammonia [86]. This study had three major outcomes relevant to the study being conducted: 

1. Even though oxygen oxidises copper (I) to copper (II) in thiosulfate solutions, a substantial 

proportion of copper exists as copper (I) [60]. 

2. The thiosulfate oxidation rate is directly proportional to the oxygen flowrate [60]. 

3. The steady-state copper (II) concentration is not significantly affected by the oxygen flowrates 

[60]. 
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Figure 57: Graph of the gold leaching rate as a function of time [60] 

 

 

Figure 374: Graph of copper and thiosulfate concentrations as a function of time [54] 

Figure 375: Graph of the gold leaching rate as a function of time [54] 

 

 

Figure 376: Graph of copper and thiosulfate concentrations as a function of time [54] 

 

 

Figure 377: Graph of the gold leaching rate with and without sparging [54] 

Figure 378: Graph of copper and thiosulfate concentrations as a function of time [54] 

Figure 379: Graph of the gold leaching rate as a function of time [54] 

 

 

Figure 380: Graph of copper and thiosulfate concentrations as a function of time [54] 

Figure 381: Graph of the gold leaching rate as a function of time [54] 
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The copper (II) concentration and thiosulfate oxidation rates are imperative for gold leaching in 

thiosulfate solutions. Low flowrates of air will be used since the increasing flowrates of air does not 

increase the copper (II) concentration of the leaching solution, but increases the rate of thiosulfate 

oxidation [60]. Figure 58 shows the thiosulfate profiles for a solution sparged with 32 cm3/min of air. 

 

The copper (II) concentration initially decreases rapidly, more rapid than in the absence of oxygen. The 

copper (II) concentration is regenerated in the presence of oxygen by means of oxidation of copper (I) 

to copper (II). As shown in Figure 58, the copper (II) concentration approaches a steady concentration 

of 2.9 mM. The undesired reaction consuming copper (II) is matched by the regeneration of copper (II) 

[54]. The thiosulfate concentration decreases by approximately 20% in just over 2 hours.  

The copper (II) concentrations starts to increase after 2.5 hours due to the decrease of thiosulfate 

concentrations [60]. Adding oxygen does have some value, due to the copper (II) concentration being 

higher than for solutions without sparging taking place [60]. Leach experiments were conducted using 

the aerated solutions. The results can be seen in Figure 59.  
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Figure 382: Graph of the gold leaching rate with and without sparging [54] 

Figure 383: Graph of copper and thiosulfate concentrations as a function of time [54] 

 

 

Figure 384: Graph of the gold leaching rate with and without sparging [54] 

 

 

Figure 385: Graph of the gold leaching rate in the presence of disulfate [54] 

Figure 386: Graph of the gold leaching rate with and without sparging [54] 

Figure 387: Graph of copper and thiosulfate concentrations as a function of time [54] 

 

 

Figure 388: Graph of the gold leaching rate with and without sparging [54] 

Figure 389: Graph of copper and thiosulfate concentrations as a function of time [54] 
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Gold leaching in the presence of oxygen is initially high, but severely affeted after 1 hour. It cannot 

solely be allocated to the decrease in thiosulfate concentration. Major products from oxidation of 

thiosulfate by oxygen in solutions containing copper and ammonia are trithionate and sulfate, while 

tetrathionate and disulfate were suggested to be classified as intermediate species [87].  

Recent studies show that although trithionate and tetrathionate have little effect on the leaching process, 

as the presence of disulfate (𝑆2𝑂5
2−

) affects the oxidation of gold in thiosulfate solutions [88]. 

Additional experiments were conducted where amounts of disulfite were added to freshly prepared 

thiosulfate solution in the absence of oxygen [60]. The results can be seen in Figure 60.  
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Figure 59: Graph of the gold leaching rate with and without sparging [60] 

 

 

Figure 390: Graph of the gold leaching rate in the presence of disulfate [54] 

Figure 391: Graph of the gold leaching rate with and without sparging [54] 

 

 

Figure 392: Graph of the gold leaching rate in the presence of disulfate [54] 

 

 

Figure 393: Graph of the gold leaching rate in the presence of disulfate [54] 

Figure 394: Graph of the gold leaching rate with and without sparging [54] 

 

 

Figure 395: Graph of the gold leaching rate in the presence of disulfate [54] 

Figure 396: Graph of the gold leaching rate with and without sparging [54] 

 

Figure 60: Graph of the gold leaching rate in the presence of disulfate [60] 

 

 

Figure 397: Graph of the gold leaching rate in the presence of disulfate [54] 
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The results obtained are consistent with disulfite being formed as a result of the copper (II) catalysed 

oxidation of thiosulfate by oxygen, and the disulphide hindering the gold leaching reaction [60]. 

Conclusion 

The gold thiosulfate leaching system is considered complex due to solution chemistry and leaching 

kinetics interacting strongly with one another. Gold leaching kinetics are good when either phosphate 

is used to slow down the reaction between copper (II) and thiosulfate, or a mixture of 2% oxygen and 

98% nitrogen is used to re-oxidise copper (I) to copper (II) [60]. When the experiments were carried 

out using air, poor kinetics were obtained [60]. Leaching studies show a similar trend when excess 

oxygen is added to a pulp. The experiments were hindered by the fact that the ore was reactive towards 

copper (II) and shows an optimum air addition rate does exist [60]. 

Improving the process performance of gold cyanide leaching reactors 

Gold cyanide leaching is classified as the prevailing method for solubilising and recovering gold [67]. 

The CIP and carbon in leach (CIL) are the processes used for gold recovery. To avoid gold and carbon 

losses due to attrition of activated carbon, low mixing power inputs and shear rates are preferred in CIP 

and CIL reactors [67]. Due to the difficulty in obtaining efficient gas dispersion and suspension of 

coarse gold particles with low mixing power input, many industrial leaching reactors operate at low 

oxygen utilisation [67]. These reactors, therefore, suffer from sanding of solids at the bottom of the 

reactor. Low oxygen utilisation efficiency increases operational costs due to the air feed being high. 

The high gas or feed, therefore, decreases the solids suspension in the reactor, which can lead to an 

effective reactor volume decrease and thus also the residence time of coarse gold particles [67]. 

Conventional gold cyanide leaching reactor 

Gold cyanide leaching reactors are normally large, approximately an average of 5000 m3, due to a low 

concentration of gold present in ore and a long residence time needed for gold to dissolve [67]. A typical 

reactor configuration consists of two downward pumping hydrofoil impellers used as mechanical 

agitation. Hydrofoil impellers generate a highly axial flow pattern for a low power draw [67]. The 

lowest capital cost and annual operating expenses for a reactor are achieved by minimising the power 

and torque requirements [67]. The reactor design can also have some drawbacks. The strong correlation 

between particle size and required mixing power for solids suspension can make it difficult to achieve 

homogenous suspension [67]. 
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An occasional small increase in feed solids particle size can lead to siltation of solids at the bottom of 

the reactor. A typical mechanically agitated reactor can be seen in Figure 61.  

 

In some tanks, dispersion columns are placed in the reactors to agitate the slurry by means of 

compressed air. A visual representation of an air-agitated leaching is seen in Figure 62. 

 

Figure 61: Mechanically agitated cyanide leaching reactor [67] 

 

 

Figure 4005: Compressed air agitated cyanide leaching tank [61] 

 

Figure 4014: Mechanically agitated cyanide leaching reactor 

[61]Figure 4025: Compressed air agitated cyanide leaching tank 

[61]Figure 4034: Mechanically agitated cyanide leaching reactor 

[61] 

 

 

Figure 4045: Compressed air agitated cyanide leaching tank [61] 

 

Figure 4054: Mechanically agitated cyanide leaching reactor 

[61]Figure 4065: Compressed air agitated cyanide leaching tank 

[61] 

 

Figure 407: Gas sparger located below the lower impeller of a 

mechanically agitated reactor [63] 

 

Figure 62: Compressed air agitated cyanide leaching tank [67] 

 

Figure 4164: Mechanically agitated cyanide leaching reactor 

[61]Figure 4175: Compressed air agitated cyanide leaching tank [61] 
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To agitate the slurry and restrict particle settling in the tank, air is dispersed at the base of the tank from 

the cone’s centre [68][69].  

Air is freely allowed to rise in a free two-phase flow jet to the surface to enable a natural circulation 

pattern. To assess the performance of a typical gold cyanide leaching reactor, various parameters such 

as effective reactor volume, agitation efficiency, capital costs, and operational expenses need to be 

assessed. 

Gas to liquid mass transfer 

One gas dispersion property improvement strategy would be to implement a special gas dispersion 

chamber such as in [70]. The mechanical gas sparger is located below the lower main impeller as seen 

in Figure 63 within a mechanically agitated reactor. 

 

 The gas fed through the sparging chamber is dispersed into fine bubbles prior to entering the main 

circulation inside the reactor. The location of the chamber was chosen to minimise the effect on solids 

suspension induced by the impellers [67]. Due to the rising gas bubbles and macro flow pattern inside 

the reactor, activated carbon particles do not travel extensively through the dispersion chamber which 

does not significantly increase the attrition of activated carbon [67]. 

Figure 63: Gas sparger located below the lower impeller of a mechanically agitated reactor [70] 

 

 

 

Figure 432: Graph of the performance of the gas dispersion chamber [61] 

Figure 433: Gas sparger located below the lower impeller of a mechanically agitated reactor [63] 
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The performance of the gas dispersion chamber was evaluated by oxygen utilisation efficiency 

measurements. The results can be seen in Figure 64. 

 

The experiments were conducted in a cylindrical transparent reactor with a 780 mm diameter and 

effective volume of 373 L. The reactor was furnished with four baffles and agitated with a dual 

Outotec3200 impeller [61]. The air feed was 2.4 Nm3/hr, which accumulates to the same superficial gas 

velocity (0.14 cm/s) as an air feed of 400 Nm3/hr to a full-scale cyanide leaching reactor with a 10 m 

diameter [67]. It was concluded that a power mixing intensity increase of 38% would be needed for the 

reactor without the dispersion chamber to obtain the same oxygen utilisation as the reactor with the 

dispersion chamber [67]. 

Solids suspension 

The agitator configuration and impeller type for the gold cyanide leaching reactor has already been 

optimised for solids suspension for minimum power requirements. It may, therefore, seem that little 

room for improvement exists. Tank geometry can influence the solids suspension of a mixing tank, 

especially the tank bottom shape. It has been previously suggested by [71] that a cone and fillet tank 

bottom structure be used with a square pitch propeller. A similar approach was used in this study to 

further improve solids suspension.  

 

 

 

0

10

20

30

40

50

60

0 50 100 150 200 250 300 350

O
x
y
g
en

 u
ti

li
za

ti
o

n
 e

ff
ic

ie
cn

y
 (

%
)

Mixing power input (W)

Oxygen utilization of a dual hydrofoil impeller

Dual OKTOP3200

Dual OKTOP3200 & Dispersion Chamber

Linear (Dual OKTOP3200)

Linear (Dual OKTOP3200 & Dispersion Chamber)

Figure 64: Graph of the performance of the gas dispersion chamber [67] 

 

 

Figure 440: Corrugated tank bottom structure [61]Figure 441: Graph of the performance of the gas dispersion chamber [61] 

 

 

Figure 442: Corrugated tank bottom structure [61] 

 

Figure 443: Different types of tank bottom structures and vertical fluid velocity of each [61] 

Figure 444: Corrugated tank bottom structure [61]Figure 445: Graph of the performance of the gas dispersion chamber [61] 

 

 

Figure 446: Corrugated tank bottom structure [61]Figure 447: Graph of the performance of the gas dispersion chamber [61] 
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CFD Modelling 

The performance of the different tank bottom types was evaluated be means of single phase CFD 

(Computational Fluid Dynamics) modelling. Calculations were used to suit a cylindrical reactor 

consisting of an 8.5 m diameter. The rotational speed of the 3.5 m diameter impeller was 32 rpm [67]. 

An example of a corrugated tank bottom structure is shown in Figure 65. 

 

The different types of tank bottom structures investigated were the flat, conventional dished and the 

corrugated tanks. The comparison between the vertical fluid velocities of the different tank structures 

are shown in Figure 66. 

 

Figure 65: Corrugated tank bottom structure [67] 

 

Figure 448: Different types of tank bottom structures 

and vertical fluid velocity of each [61] 

Figure 449: Corrugated tank bottom structure [61] 

 

Figure 450: Different types of tank bottom structures 

and vertical fluid velocity of each [61] 

 

 

Figure 451: Fluid velocities at 85 mm from tank 

bottom of the different tank types [61] 

 

Figure 452: Transparent leaching tank setup showing 

suspension cloud heightFigure 453: Fluid velocities at 

85 mm from tank bottom of the different tank types 

[61]Figure 454: Different types of tank bottom 

structures and vertical fluid velocity of each [61] 

Figure 455: Corrugated tank bottom structure [61] 

 

Figure 456: Different types of tank bottom structures 

Figure 66: Different types of tank bottom structures and vertical fluid velocity of each [67] 

 

 

Figure 458: Fluid velocities at 85 mm from tank bottom of the different tank types [61] 

 



Analysing the influence of compressed air pressure on gold production 

108 | P a g e  

 

The corrugated tank bottom structure portrays the rising flow velocities at a higher level in the upper 

half of the tank compared to the remaining two tank structures. A second comparison showing the fluid 

velocities of the different tank types at 85 mm from tank bottom is shown in Figure 67. 

 

The corrugated tank structure portrays an average fluid velocity of approximately 1.3 m/s near the tank 

bottom. This value is significantly higher than the average velocities of less than 0.8 m/s obtained by 

the flat and dished bottom structures [67].  

Experimental testing 

Additional testing was done to verify the performance of the corrugated tank bottom structure. Lab-

scale sized leaching reactors consisting of an OKTOP3200 axially downward pumping hydrofoil 

impeller with a 145 mm diameter was used. Tank 1 had the flat bottom, tank 2 had the dished bottom, 

and tank 3 had the corrugated bottom [67]. All tanks had a diameter of 362 mm and were loaded with 

37.3 L quartz sand in slurry water [67]. Due to the difference in tank bottom structures, each tank’s 

surface height differed. The solid content of the test slurry was 400 g/l and particle diameter ranged 

from 125-185 µm. The transparent leaching tank setup showing suspension cloud height attached to a 

torque table can be seen in Figure 68. 

Figure 67: Fluid velocities at 85 mm from tank bottom of the different tank types [67] 

 

Figure 476: Transparent leaching tank setup showing suspension cloud heightFigure 477: Fluid velocities at 85 mm 

from tank bottom of the different tank types [61] 

 

Figure 478: Transparent leaching tank setup showing suspension cloud height 

 

Figure 479: Reactor equipped with measuring probesFigure 480: Transparent leaching tank setup showing 

suspension cloud heightFigure 481: Fluid velocities at 85 mm from tank bottom of the different tank types [61] 

 

Figure 482: Transparent leaching tank setup showing suspension cloud heightFigure 483: Fluid velocities at 85 mm 

from tank bottom of the different tank types [61] 

 

Figure 484: Transparent leaching tank setup showing suspension cloud height 

 

Figure 485: Reactor equipped with measuring probesFigure 486: Transparent leaching tank setup showing 

suspension cloud height 

 

Figure 487: Reactor equipped with measuring probes [61] 

Figure 488: Transparent leaching tank setup showing suspension cloud height 

 

Figure 489: Reactor equipped with measuring probesFigure 490: Transparent leaching tank setup showing 

suspension cloud heightFigure 491: Fluid velocities at 85 mm from tank bottom of the different tank types [61] 

 

Figure 68: Transparent leaching tank setup showing suspension cloud height [67] 

 

Figure 500: Reactor equipped with measuring probesFigure 501: Transparent leaching tank setup showing 

suspension cloud height 
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The torque table was used to establish the required absorbed mixing power required for complete off-

bottom-and uniform suspension of sand slurry. The results obtained is shown in Table 11. 

Table 11: Results from the torque table power requirement test [67] 

Off-bottom suspension  Flat 

bottom 

Dished 

bottom 

Corrugated 

bottom 

RPM 330 390 285 

W (mixing power) 5.37 8.87 3.46 

Uniform suspension Flat 

bottom 

Dished 

bottom 

Corrugated  

bottom 

RPM 490 500 350 

W (mixing power) 17.6 18.7 6.41 

 

The mixing power required to provide a uniform solids suspension was 64% less in the corrugated tank 

bottom compared to the flat bottom tank. The performance of the dished bottom tank structure had the 

lowest efficiency, which may be due to a stagnant region directly below the impeller [67]. 

Continuous suspension level measurement and mixing control 

The PSD and solids concentration have strong effects on suspension degrees. Considering a continuous 

industrial operation, these parameters may fluctuate. A measurement technology was developed for 

continuous monitoring and control of solids suspension inside a leaching tank. The measurement is 

made using electrical impedance tomography using probes integrated into the reactor. Slurry cloud 

height and the settled layer of solids at the bottom of the tank is measured using the probe [67]. A visual 

representation of a reactor equipped with the measuring probes can be seen in Figure 69.  

 

Figure 69: Reactor equipped with measuring probes [67] 

 

 

Figure 515: Reactor equipped with measuring probes [61] 
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By continuously monitoring suspension level and settling layer thickness, the mixing power intensity 

can be controlled and dynamically optimised [67]. 

Attrition of activated carbon 

Attrition of activated carbon causes gold and carbon losses in CIP and CIL systems [61]. The typical 

attrition values in CIP and CIL systems are approximated to be 40-60 g carbon per ton of ore [41]. Gold 

loading predominantly takes place on the outer shell of carbon particles which leads to abrasion fines 

having a relatively high gold content [72]. Considering the financial aspect of the two elements at hand, 

gold losses are considered more serious. According to [73], the proportion of carbon fines (𝑋) is 

correlated with the total energy amount transferred to the suspension by the mixer (𝐸) after the initial 

conditioning phase. The carbon fines portion as a function of mixer energy transference is shown in 

Equation 16. 

Equation 16: Carbon fines proportion as a function of mixer energy transference [73] 

𝑿 = 𝟎. 𝟎𝟓𝟔𝑬𝟎.𝟔 

Based on the abovementioned correlation, the 64% reduction in mixing power input, which could be 

obtained with the corrugated tank bottom structure, could lead to 46% lower attrition of activated carbon 

compared to conventional reactor design [67]. Based on the dispersion chamber tests conducted in the 

study, the effect of increasing the mixing energy on carbon attrition was significantly higher when sand 

particles were present in the slurry [67].  

Gold and carbon losses due to the attrition of activated carbon 

To evaluate the financial impact of carbon attrition, a dynamic carbon management model was 

developed and used to establish gold and carbon losses for two attrition rates in a CIP process. The 

attrition rates used were 60 g/t and 32 g/t of ore [67]. Attrition effects were calculated for a six reactor 

CIP train, where each reactor was measured to be 1500 m3. The slurry flow was 350 m3/hr with a 45% 

solid content [67]. The specific gravity (SG) of the solution was 1 kg/L and the solids was 3.5 kg/L, 

leading to an adsorbed flowrate of 284 m3/hr. The activated carbon concentration in each reactor was 5 

g/L, which accumulates to a total of 45 t of carbon in the train at the beginning of the process. 

Approximately 95% weight of carbon was transferred in 6 hours each day. The loaded carbon contained 

2714 g gold per ton of carbon, while the regenerated carbon contained 20 g/t [67]. In addition to gold 

loading on the retained carbon, the retention time of the pulverised carbon in the system was also 

considered [67].  Table 12, showing the comparison of annual expenses of a CIP reactor train with two 

different carbon attrition rates, is shown below [67].  
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Table 12: Comparison of annual expenses of a CIP reactor train with two different carbon attrition rates [67] 

Carbon attrition 32.5 g/t 60g/t 

  
 

Value $ million   Value $ million 

Gold loss 35 kg 1.35 64 kg 2.47 

Activated carbon loss 60 t 0.06 111 t 0.11 

Mixing energy 

consumption 

2592 MWh 0.13 7200 MWh 0.36 

Total value   1.54   2.94 

 

The annual production of gold without any carbon attrition would be 4 984 kg. The loss of gold with 

the pulverized carbon in the system was taken into account in gold loading [67]. The loss of gold with 

the pulverised carbon at a 60 g/t attrition rate would be 64 kg/annum, decreasing to 35 kg/annum with 

a 32.5 g/ attrition rate. The carbon losses for 60 g/t and 32.5 g/t, would be 111 t/annum and 60 t/annum 

respectively [67].  

Conclusion 

The performance of cyanide leaching reactors can be improved significantly by implementing the 

optimisation techniques discussed above. Economic savings can be achieved due to reduced operating 

costs, combined with a reduction in gold and carbon losses [67]. When considering gas dispersion 

chamber reactors, oxygen utilisation efficiency can be improved without a major increase in carbon 

attrition rate [61]. This may lead to the use of air instead of oxygen in some applications, which further 

reduces operating costs. The mixing power requirements, which are directly linked to gold loss by 

carbon attrition, can be greatly reduced by using the novel corrugated tank bottom structure [67]. Lastly, 

the mixing power requirements can be further optimised by continuous monitoring of the slurry 

suspension level [67].  

 

 

 

 

 

 

 

 


