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ABSTRACT

An investigation was performed in order to determine functional effect of the parameters
that affect gold elution in a modified Zadra gold elution process. Elution of gold is a process
where gold is desorbed or eluted back into solution by the effect of chemical and mechanical
factors. This study focused on the mechanical factors namely, temperature, pressure and flow
rate. An experimental test rig that mimics the Zadra gold elution circuit was used. The
novelty of the study was centred on fluidising the contents of the reactor bed namely, gold
loaded carbon. All the experiments where conducted in a fluidised bed reactor. Experiments
were conducted for 7 hours. From each test, 4 samples were obtained every 2 hours. It was
observed that as pressure increases gold concentration decreases. Starting from a pressure of
1 bar, gold concentration change decreased with increase in pressure to 1.5 bar up to 2bar.
Gold concentration change increased as temperature increased. From 110°C to 120°C, gold
concentration increased in the solution. However, gold concentration at 110°C, was
comparable to that at 130°C. As flow rate increased, gold concentration increased in the
solution. Two flow diversions of 32403 Re and 37608 Re conformed to this tendency. At

low flow rate 23892 Re gold concentration change was almost constant.

Keywords: Zadra gold elution process; gold concentration; fluidised bed reactor



OZET

Bir Zadra altin eliisyon isleminde, altin eliisyonunu etkileyen parametrelerin fonksiyonel
etkisini belirlemek icin bir arastirma yapilmistir. Altinin eliisyonu, altinin kimyasal veya
mekanik faktorlerin etkisiyle ¢ozlildiigli veya c¢ozelti haline getirildigi bir islemdir. Bu
calisma mekanik faktorler yani, sicaklik, basing ve akis hizi. Zadra altin eliisyon devresini
taklit eden deneysel bir test techizati kullanildi. Calismanin yeniligi, reaktér yataginin
iceriginin akiskanlastirilmasi iizerine odaklandi. Altin yiikli karbon Akiskanlagtirilmig
yatakli bir reaktorde yapilan tiim deneyler. Deneyler 7 saat boyunca yapildi. Her testten, 2
saatte bir 4 numune elde edildi. Basing arttik¢a altin konsantrasyonunun azaldigi gozlendi.
1 barlik bir basingtan baglayarak, altin konsantrasyonundaki degisim, basingtaki 2 bar'a
kadar 1,5 bar'a yiikselerek azalmigtir. Altin konsantrasyonu degisimi sicaklik arttikca artti.
110°C ila 120°C arasinda, ¢6zelti i¢inde altin konsantrasyonu artti. Bununla birlikte, 110°C
'deki altin konsantrasyonu, 130°C 'deki ile karsilastirilabilir idi. Akis hiz1 arttikca, ¢Ozeltide
altin konsantrasyonu artti. 32403 Re ve 37608 Re'nin iki akig sapmasi bu egilime uyuyordu.
Diistik akis hizinda 23892 Re altin konsantrasyonu degisimi neredeyse sabitti.

Anahtar Kelimeler: Zadra altin eliisyon siireci; altin konsantrasyonu; akigkan yatakli reaktor
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CHAPTER 1
INTRODUCTION

1.1 Overview

In gold mining, elution or desorption is the gold removal stage from carbon particles. Potable
water (low ionic strength) is pumped through the reactor at high temperature and pressure.
Activated carbon containing adsorbed gold from leach plant is subjected to high
temperatures and pressure in the elution reactor. Gold is desorbed from carbon into the
solution and further treated in the electrowinning chamber. Conventionally elution process
takes about 24 hours or more. This current process runs with a packed bed of carbon inside
the elution reactor. Developments are being investigated to have the process operate at low
material and energy cost, yet achieving good stripping efficiencies by modifying process
variables such as temperature, pressure and flow rates. As much as gold elution is a
mechanically motivated process, it also depends on chemistry since it involves chemical
reactions. Gold elution is driven by a both mechanical and chemical process. However, scope
of this thesis is limited to the investigation of the effect of system parameters namely,

temperature, pressure and flow rate.

1.2 Thesis Problem

Elution process takes about 20 hours or more to complete in Zadra elution process (Wang,
2017). The longer the elution process, more input materials required for the process, such as
caustic soda, sodium cyanide, hydrochloric or sulphuric acid, depending on the technique
being applied for elution. It also implies that more electrical energy is required since heat is

a prerequisite of the process. Hence the current process is expensive to run.

1.3 The Aim and Novelty of the Thesis

The research on the effect of the process parameters of the Zadra elution process is being
conducted in order to optimise the process parameters to minimise the energy consumption
and to lower operation and design costs of the elution process. Such a move will advance

the efficiency of the Zadra elution process. In that vein, the main aim of this research is to



perform experiments for fluidized bed and test the effect of each system parameter namely,
temperature, pressure and flow rate on the rate of gold elution. The research intends to
fluidise the loaded carbon bed because of the nature of the reactiveness of the fluidised bed
columns compared to packed bed columns. This will be achieved by varying one parameter
while keeping other two constant during the elution process.

Two different ideas have been put forward by two scholars, the first is that at high
temperatures with cyanide pre-treatment the elution of metal cyanides in a column is
independent of flowrate (Van Deventer, et al, 2003). The second one is that at decreased
flow velocities sharper elution patterns are obtained (Davidson, 1974). These are not
opposing ideas, only that the first one says at high temperature elution is independent of
flowrate, the second one just gives information on slow velocities not telling anything about
temperature. Both of these two ideas do not mention fluidised bed columns for gold elution.
For elution process, heat and mass transfer rates are proportional to the rate of reaction,
therefore a novel idea to fluidise the carbon bed will tend to increase heat and mass transfer
rates, in turn increasing rate of reaction. The long stripping time required for the process
remains a problem on energy balance and material cost, and further investigation should be
put in place to lead to the development of process with shorter stripping time (Gray, 1999).
This takes into account of the process variables which include those directly affecting the
rate of reaction from a mechanical and chemical standpoint. To enable fluidisation, the flow
rate is the governing parameter, hence flow rate must be evaluated as a variable. Higher
temperatures do not only expedite the process, but also increase the stripping efficiency to
approximately 100%. To enable operation at an elevated temperature, the pressure is needed
to keep the eluting media in the liquid phase. Finally, this justifies the need to investigate

temperature, pressure and flow rates in the elution process.

1.4 Thesis Overview

This thesis is divided into 5 chapters, which are structured as follows.

Chapter 1 is an introduction to the thesis. In this chapter, a definition of the thesis is
presented with a general overview, aims, justification and novelty of the study.

Chapter 2 introduces the literature review of gold mining process through several stages for
clarity (in brief), the elution process in detail, factors affecting elution process in depth, and

safety aspects to be considered during elution process.



Chapter 3 is a detailed explanation of the methodology employed on experimental setup,
equipment sizing calculations and drawings.
Chapter 4 is a detailed explanation and discussion of the results obtained from the

experiments.
Chapter 5 Concludes and gives recommendations on further studies on elution process.



CHAPTER 2
LITERATURE REVIEW

2.1 Overview

In this chapter, the researcher reviews the studies that have been undertaken on the elution
process, and related topics that affect the rate of elution process. To begin with, the chapter
will briefly explain the main building blocks of gold extraction process in a holistic approach
in heading 2.2. Topics to be discussed include the gold recovery process, which will briefly
explain cyanidation as the most popular approach in the gold industry. After briefly
explaining the gold extraction process holistically, the chapter will focus on the factors that
affect the rate of the elution process in heading 2.3. The factors will include temperature,
pressure, cyanide decomposition, flow rate, activated carbon selection, reagents and catalyst.
Heading 2.3 will focus on heat transfer in a fluidised bed related to the particle size, film
thickness of the fluid and convection heat transfer coefficient in a system. Necessary
arguments are presented to show how better particle convection heat transfer coefficient is
attained under fluidised bed compared to packed bed system. Heading 2.4 focuses on the
electrowinning design. This will include electrowinning cell predicted extraction efficiency,
extraction efficiency curves and effect of eluate temperature versus cell efficiency. Finally,

heading 2.5 will be a summary of this chapter.

2.2 Gold Recovery Process

The process of recovering gold includes a set of related stages from ore size reduction to
smelting. As highlighted above, there are different gold recovering processes such as
amalgamation with mercury and chlorination. These two will not be covered in this study
because amalgamation procedures are not in the scope of this study since they do not include
elution as a building block. The process which will be focused on is called cyanidation and

it includes the following steps, from the leading to the final, comminution, thickening,

4



leaching, adsorption, desorption or elution, electrowinning, and finally smelting. Mular et

al., (2002) describes cyanidation as a gold recovery process as shown in Figure 2.1 below.

Grinding

Pressure Oxidation Acidification Flotation
Cyanidation, Gold Leaching
and Absorption onto Carbon L
> - ——
Cyanide to Tailings

Detoxification

L
/
Carbon
Stripping Gold Electrowinning Gold Furnace Gold to Market
Doré Bars

Figure 2.1: Cyanidation gold recovery process (Mular et al., 2002)

2.2.1 Cyanidation

Cyanidation is a process by which gold is dissolved into an aqueous alkaline cyanide solution
and subsequent separation of the gold containing solution from finely ground ores. It must
be noted that in general the process by which gold is dissolved in the alkaline cyanide
solution gives that particular process a general term cyanidation. This is so because there is
another process used to attain free gold from ores after comminution without need for
cyanidation and its subsequent processes. This route is not covered since it is not scope of
study, because it does not include elution as a building block (VVan Den Berg, R., Petersen,
5



2000). All over the world this process has been used to treat ores and calcines and generally,
it concentrates on a commercial scale (Mular et al., 2002). The fundamental chemistry of the
cyanidation can be summarised as following; under oxidising conditions, cyanide and gold
form a complex aurocyanide when dissolved in an alkaline solution. The cyanidation process
comprises of the following stages (Stanley, 1987).

2.2.2 Comminution

Comminution is the process of decreasing a material, particularly a mineral ore, to small
particles or fragments. This is a stage where the large primary gold ores are ground,
transferred to next stage. The level of fineness of gold is greatly dependant on the mineralogy
of the gold ore, grinding for adequate gold liberation, and the economically optimum
extraction recovery. Ore hoisted from the shafts has to be first crushed, broken down into
smaller pieces using a primary crusher. The secondary crusher breaks it down further to
enable milling. The fine grinding of the ore is essential for the purposes of liberating the fine
gold particles and maximise the reaction kinetics during the leaching process. The grinding
occurs in an autogenous or semi-autogenous grinding (SAG) mill. This process requires very
high ratios of liquids to solids (Van Den Berg, et al, 2000). The wet ground particles are

further pumped to the thickening process.

2.2.3 Thickening

The reagent economics, size of the equipment, and the reaction contact time in the following
stages require that the liquid content of the pulp must be low. This means the solids must be
dewatered. This is done in athickener or a dewatering cyclone which uses a fish tailed spigot
to select the percent solids required for the process. At this juncture, most of the gold
particles contained in the ore has been set free from the previous processes (Mular et al.,
2002). Subsequently, if the proper water to solid percent ratio has been attained, the pulp is

mixed with alkaline aqueous cyanide solution in the leaching plant.



2.2.4 Leaching

After dewatering of the pulp from the thickening stage, gold is dissolved into the aqueous
solution through a process called leaching. This is achieved on sudden contact with dissolved
cyanide salt such as sodium or calcine cyanide, which further dissolves gold particles. In
both cases of a batch or continuous process of leaching, agitation is essential in order to
avoid settling of pulp and increasing the rate of leaching reaction. This is done by both
compressed air and mechanical agitation (Stanley, 1987). Compressed air provides oxygen
which is essential for the chemistry of agitation while mechanical agitation is essential for
both settling avoidance and contact. According to Van Den Berg, et al, (2000) Equation 2.1

below shows the route by which most of the gold is dissolved into aqueous form,

2Au + 4CN~ + 0, + 2H,0 5 2Au(CN); + 20H™ + H,0, (2.1)

and a small but significant proportion dissolves via the Elsner reaction Equation 2.2:

44u + 8CN™ + 0, + 2H,0 S 4Au(CN); + 40H™ (2.2)

After dissolving gold ores and concentrates in cyanide solution, we get a solution pregnant
with ionic metal cyanide complexes. We further need to liberate gold from this solution. The
aurocyanide complex may be removed from the solution by one of the following procedures
(Van Den Berg, et al, 2000); Zinc cementation which involves adding zinc dust and lead
nitrate to the clarified cyanide solution to precipitate the gold or adsorption which involves
activated carbon adsorbing aurocyanides on to it. Both of these processes can be done in
either of the following carbon-in-pulp (CIP) processes namely, fluidised bed, fixed or packed
bed, multistage column, and moving bed packed column modes. The most popular method
for removing the aurocyanide complex from the solution is adsorption under CIP. Using CIP

adsorption procedure has become popular since carbon is cheap reusable.



2.2.5 Elution/Desorption Process

The elution process is based on the first law by Fick:

J=-D Z—i (2.3)

Where; the flux in g/cm?s is given by ], the coefficient of diffusion of gold in cm?/s is
given by D, dC/dx is concentration gradient, C is concentration of gold (g/cm®), and the
movement perpendicular to the surface of the barrier is given by x in (cm). Since in principle
diffusion takes place in the direction opposite to that of higher concentration, Fick’s law has
a negative sign. Mass transfer rate is directly proportional to the molar concentration
different at high temperature (But, 1960). Elution is a process where gold that is on the
activated carbon particles is desorbed into an aqueous solution. This gold containing solution
further processes into smelting plant to recover solid bullion. It precedes the adsorption
process, where the gold containing solution, dissolved in cyanide, is passed through activated
carbon. The gold in solution is deposited onto activated carbon.

Currently, elution has two main processes being implemented amongst others, the Zadra
process and the Anglo American Research Laboratories (AARL) process (Adams, 1994).
The differences between the two are that with AARL, carbon has to be acid washed first
before elution with Hydrochloric Acid, and immerse it in caustic cyanide solution at high
temperatures. High temperature de-ionised water is then travelled through elution tank. In
Zadra process, hot caustic cyanide solution is pumped through the column and then to an
electrowinning cell for gold sedimentation (Sun, et al, 1995). Secondly, with AARL
electrowinning process is done separately after the elution process, while with the Zadra
process elution and electrowinning is done simultaneously (Mular et al., 2002).

2.3 Factors Affecting Elution Process

The factors highlighted in the section affect both Zadra and AARL elution processes. It must

be noted that great attention and emphasis will be given in the Zadra elution process.



This is because the research experiments will be centred on the factors affecting the modified
Zadra elution process.

2.3.1 Effect of Temperature and Pressure on Elution Process

Merwe, (1993) stated that temperature is the most essential parameter in the desorption
process of gold cyanide from carbon, with approximately an order of magnitude increase in
elution rate and efficiency of 100%. Elution rate at 180°C is 8 times faster than at 90°C at
atmospheric pressure (Jeffrey, et al, 2009). The gold loading capacity on carbon decreases
with increasing temperatures. At high temperature (150°C) and pressure (0.5MPa), the rate
of desorption is approximately 96% (Xinhai Mining) for about 12 to 14 hours, faster than
the conventional system that takes 20 hours (Wang, 2017). Modified high temperature and
pressurised Zadra process has been implemented by other organisations, operating at 140°C
and 600kPa decreasing the elution time to about 12 hours (Feng, et al, 2003). Operating at
high temperatures to increase the elution efficiency and decreasing the elution time, requires
operation at high pressures also in order to keep the eluting medium in its liquid phase.
Consequently, elution systems have evolved into two classes:

1. operating at temperatures less than 100°C and atmospheric pressure and
2. operating at elevated pressures to allow operation at elevated temperatures above 100°C

to achieve faster and efficient elution rates

With regards to this study which involves a fluidised bed, the idea of operating at high
temperatures in a closed reactor has not been exploited. It is the purpose of this
experimentally based thesis to investigate the effect of temperatures above 100°C under
fluidised bed. Secondly, conventional elution takes 20 hours or more, and recent
developments of high temperatures above 100°C and high pressure of 0.5MPa have
managed to reduce the time to around 12 to 16 hours (Feng et al., 2003). Arguably the elution
time still remains on the high side, and the higher the time required, the higher the energy
consumption and material (chemicals) cost as well. In mining energy and process chemicals
(cyanide, caustic soda, and acid) are the main driving costs, constituting about 56% (Snyders,
etal., 2013).



In a fluidised bed, the convective heat transfer coefficient between bed and surface immersed
is due to three properties. According to Botterill (1975), these properties are additive as
follows,

h = hye + hge + hy (2.4)

Where hy, is coefficient of particle convective heat transfer, this is heat transfer caused by
movement of solid packets that carry heat to and from the surface, h, is the gas or liquid
coefficient of convective heat transfer that describes the heat transfer by movement of the
gas between particles, and h,. is the coefficient of radiant heat transfer. Figure 2.2, after
Botterill, (1986), shows the range of coefficients against the effect of the size of the particle
on the significant mechanism of heat transfer. By considering the idea of a volumetric basis,
we realise that the particles in a fluidised bed have one thousand times higher heat capacity
of the fluid.
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Figure 2.2: Range of bed-surface heat transfer coefficients (Rhodes, 2008)
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This is dependent on the direction of heat flow. Considering the size of the particle, it is
evident that the particle-surface contact area is too small to permit considerable heat transfer.
The factors which affect the thickness of the fluid film or the film conductivity influence the
heat transfer under particle convective conditions. If we decrease the size of the particle, for
example, this will reduce the mean thickness of the gas/liquid film and so improves the h,,..
However, if we decrease the size of the particle into Group C range, we decrease the mobility
of the particle thereby reducing the convective heat transfer for the particle. If fluid
temperature is increased, this increases the conductivity of the fluid improving h,..
Increasing fluid velocity to or above the minimum fluidization enhances the circulation of
the particle which improves particle convective heat transfer. The conventional method for
desorption currently in use is employing fluid flow through a packed bed. This entails the
fluid to particle interaction is limited, not only in terms of contact, but also heat transfer and
particle vibration. A fluidised system is good in that it keeps a uniform temperature
throughout the bed. Their violent turbulent motion enables the absorption of heat from the

fluid, due to increased heat transfer coefficient (Mickley, et al, 1949).

2.3.1.1 Effect of Temperature on Cyanide Decomposition

Cyanide is used to dissolve minerals into the aqueous solution. The cyanide and the metallic
ion form an aurocyanide complex together. This happens during the adsorption process. This
process is feasible under room temperatures. Further down the process, when the same
conditions are reversed, desorption takes place (Merwe, 1993). At elevated temperatures and
pressures, the elution process is faster and efficient in terms of percentage of gold stripping
from carbon particles, but only to a certain optimum degree, since higher temperatures
decompose the aurocyanide complex. The elution of the cyanide gold complex is done by
soaking the gold loaded carbon into a solution, alkaline or non-alkaline, at elevated
temperatures in a reactor by passing hot deionised water (Merwe, 1993). In this regard two
reactions are predominant at high temperatures during elution. These cause aurocyanide

decomposition as follows:
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1. Hydrolysis

CN- + 3H,0 — [HCOONH,] + OH~ (2.5)
[HCOONH,] + 0.50, > HCO; + NH} (2.6)
HCO; + NHF + 200 "3 NH, + 02~ + 2H,0 2.7)
2. Oxidation
CN~ +0.50, - [CNO™] 2.8)
[CNO™] + H,0 - CO?~ + NH} 2.9)

The decomposition of cyanide happens at the same time as gold elution. It is essential to
understand the effects of temperature on cyanide since cyanide decomposes at certain critical
temperatures. This happens in two forms of reaction as shown above. According to Merwe
(1993), cyanide decomposition is gradual at low temperature unless there is a presence of
carbon. He also noted that carbon effect decreases with temperature increase. Therefore, at
higher temperatures hydrolysis reaction is more significant, while at low temperatures the
dominant reaction is that of catalytic oxidation. Hence hydrolysis becomes the main
mechanism for cyanide loss in both main elution processes of Zadra and AARL (Merwe,
1993). Figure 2.3 shows that high temperature improves the degradation of cyanide, and
therefore results in a lower maximum of the elution profile. Although elution is efficient at
higher temperatures, cyanide critical operating temperature becomes the major limiting

factor to further increase in temperature.

2.3.2 Effect of Flow Rate on Elution Process

Flowrate is more fundamental in the elution process during solution circulation in the circuit.
The diffusivity of the aurocyanide ion within the micropores of carbon is greatly affected by
the easy of flow (Sun, et al, 1995). In the column, as the solution flows through the carbon,
gold is being eluted. If we dividing the column into sub-volumes, and assume the rate of the
reaction to be spatially uniform within each sub-volume, we can derive Equation 2.10 by

considering also the following assumptions.
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Figure 2.3: Cyanide profiles for elutions at different temperatures (Merwe, 1993)

If we assume that a sub-volume is located at point y from the inlet of the column, there will
be three types of net mass changes: net bulk flow (in and out), net dispersion (in and out),
and desorption of gold from carbon particles. This is explained by a general mass balance

that explains diffusivity which is a factor of flowrate.

( rate of ) + ( rate of ) + ( rate of gold ) _ ( rate of ) (2_10)
in & out in & out

bulk flow. axial dispersion desorption from carbon accumulation

From research according to Davidson, (1974), elution has a sharp profile when flowrate is
modelled as a plug flow i.e. approximately laminar flow through a porous media. According
to Rhodes, (2008), if a fluid flew vertically upwards through a bed containing particle it
experiences a pressure loss. This loss in pressure increases as the fluid flow velocity elevate
due to increased frictional forces. As this persists, a point is reached when the drag force is
exerted on the particle by the fluid is equal to the weight of the particle. At that moment the
particles get elevated by the solution. In turn, this increases the separation distance between
the particles and the bed becomes fluidised (Rhodes, 2008). By doing the force balance
analysis it can be realised that the solution pressure through the bed of particles are equal to

the particle weight per unit area.
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Figure 2.4: Pressure versus velocity for packed and fluidised beds (Rhodes, 2008)

A plot of fluid pressure loss across the bed versus the superficial fluid velocity through the
bed is shown in Figure 2.4. Referring to Figure 2.4, portion OA represents the region of a

packed bed. In this portion during fluid flow through particles, the particles do not move,
and the distance of separation is constant. The Carman-Kozeny Equation 2.11 describes the

linear relationship in the laminar flow regime and the Ergun Equation 2.12 in general.

(—Ap) uU (1 —¢)? (2.11)
—H = 180? 3
—A U(1l—¢)? U2(1—¢
ﬂ =150 ”_u +1.75 PpU” ( ) (2.12)
H x2 &3 X &3

Where —Ap is the pressure drop of fluid with a superficial velocity U, over a bed column of
height H, and of viscosity p. ¢ is the particle voidage and particle density py,.

The portion BC represents the fluidised region. We use Equation 2.13 to describe this
portion. It can be noticed that the pressure at point A raised above the one predicted by

Equation 2.13. This is more significant in more compacted particles in a column.
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Primarily it is due to the increase in force required to separate the particles by breaking
through the adhesive forces between them, and wall frictional force between bed and

distributor.

(—Ap) =H(1 - &)(p, — pr)g (2.13)

Where py is fluid density, p,, is particle density, € is voidage, H is column height and Ap is a

pressure drop. The reason to study the mechanism of fluidised bed under the effects on flow
rate is because of its benefits to reactions as compared to a packed bed. Conventional elution
systems use packed bed system. It is important to note that the fundamental advantage of a
fluidised bed over a packed bed is that it can maintain a uniform temperature distribution
across the fluid and the bed Rhodes, (2008). This enables uniform heat transfer from the
fluid to the bed (Barker, 1965; Mickley, et al, 1949). As discussed in Section 2.3.1 under the
effect of temperature and pressure on elution process, it is also shown that fluidised beds
have high convection heat coefficient. This results in a better rate of reaction. Two different
ideas have been put forward by two scholars, the first is that at high temperatures with
cyanide pre-treatment the elution of metal cyanides in a column is independent of flowrate
(Van Deventer, et al, 2003). The second one is that at decreased flow velocities sharper
elution patterns are obtained (Davidson, 1974). These are not opposing ideas, only that the
first one says at high temperature elution is independent of flowrate, the second one just
gives information on slow velocities not telling anything about temperature. This can be
applicable to both the Zadra and AARL processes. Therefore, it is important to investigate
the effect of flow rate under high temperatures in order to marry the two ideas on the elution

under fluidised bed system.

2.3.3 Effect of Activated Carbon Selection on Elution Process

Activated carbon is the most common material used for gold adsorption. The common size
used is about 3.36 mm (Rogans, 2012). This is relatively large when considering the kinetics
of desorption after gold has been loaded during the adsorption process. Generally, elution
requires at most 48 hours to complete, depending on the method being used. The main reason
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for the long elution time is due to the gradual rate of diffusion of the aurocyanide ion within
micropores of large activated carbon when compared to aurocyanide species size (Sun, et al,
1995). The aurocyanide complex, as very small as it is compared to the carbon granule, it
occupies the micropores of the carbon granule. The pore size is in micro range. Therefore, it
can be concluded that, the smaller the carbon particle used for adsorption, the greater the
adsorption due to surface area, and the greater elution efficiency also for gold recover, since
the aurocyanide particles need to diffuse through a short distance to elution sub-volume area
(Sun & Yen, 1995). In this study we will consider the standard size of carbon for selection

which is in the range.

2.3.4 Effects of Reagents on Elution Process

The two main important reagents to elution process are sodium cyanide (NaCN) and Caustic
soda (sodium hydroxide-NaOH). These two have been thoroughly studied and documented
on their role and effects on gold elution both in the AARL and Zadra elution processes
(Snyders, Bradshaw, Akdogan, & Eksteen, 2015).

2.3.4.1 Effects of Cyanide on Elution Process

According to (Snyders et al., 2015), with increase in cyanide in the solution, so does an
increase in the rate of elution. From their study, an increase in the elution was noted from an
increase of 1 to 2% of cyanide, but further increase from 2% to 4% results in a decrease in
elution rate. The main two points of discussion are the issue of either or not there is partial
degradation of the NaAu (CN)2to AuCN on the activated carbon surface. If the discussion
point of degradation is to hold, this would suggest that cyanide is essential since it can be
converted back to aurocyanide ion that is easily absorbable. Authors who suggested partial
degradation are McDougall et al. (1980), Cook et al. (1989) and Cook et al. (1990).
Experiments done with free cyanide contradicted with the earlier results mainly by Jones et
al. (1989), Adams and Fleming (1989). Adams, (1991) suggested that no activated carbon is
sufficient enough to be a reducing agent to reduce Aurocyanide ion unless the medium is

acidic, as this can lead to decomposition of the aurocyanide ion.
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Although this contradiction may hold, Van Deventer and Van der Merwe (1993) ascribed to
the conflict as a result of using different kinds of carbon samples during the experiments
from the scholars. In conclusion, cyanide is necessary during elution for ion formation since
the process will involve electrowinning. For this, it ensures strong anion that electroplates

on the cathode during electrowinning.

2.3.4.2 Effects of Sodium Hydroxide on Elution Process

The effects of sodium hydroxide are seen to increase the rate of elution as its concentration
is increased in the solution. The rate of gold loading is seen to be enhanced by lowering the
pH of the eluate (McDougall, et al. 1980). Experiments conducted by (Snyders et al., 2015)
show that the increase in elution rate happens in the lower ranges of concentration of the
sodium hydroxide of approximately up to 1%. An increase from 1% to about 20% of sodium
hydroxide will result in a decrease in the rate of elution as shown by Davidson and
Duncanson (1977), which he attributed to the stability of nickel, copper and silver cyanide
complexes being lower at high pH values. Sodium hydroxide also reacts exothermically with
the solution. This, in turn, enhances a spike in temperature increase during elution, since
elution requires high temperatures for gold loading to occur. Thus, sodium hydroxide also
gives in energy to the eluate.

2.3.5 Effects of Catalysts on Elution Process

Conventionally desorption of gold using the Zadra process would include a solution with
relative concentrations; 0.1% NaCN and 1% NaOH, at about 93°C. Different elution
technologies for precious metals (Au, or Ag) do exist. These also include hot elution or
pressure desorption with a hydro-alcoholic solution before electrowinning (Ubaldini, et al.,
1998). From the referenced work, the efficiency of alcohol was investigated. The main
parameters investigated were elution time and temperatures on the rate of desorption in the

presence of different hydro-alcoholic eluents with NaOH excluding HCN.
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These eluents are isopropanol, ethylene glycol and ethanol (Espiell, Roca, Cruells, & Nufiez,
1988) (Ubaldini, et al., 2006). The following reagents were used in the elution test works;
sodium hydroxide, demineralised water, ethylene glycol, ethanol, and isopropanol. The test
works for the elution for all three main reagents were done under the following conditions:
pH 12, time 8 hours, extraction temperature; 40°C — 60°C — 80°C; and a flow rate of
4ml/min. The demineralised water contained 20% v/v of ethanol, isopropanol or ethylene
glycol, 1% by weight of NaOH was added, excluding Cyanide (Ubaldini et al., 2006). In all
cases, NaOH was present. This was done to achieve both good extents and high desorption
rates. This is mainly because preliminary all experiments show with the absents of NaOH,
gold extraction decreases by about 30% Au. Figure 2.5 shows the results from the test works.
From the graph obtained it shows generally that with an increase in temperature, better
results are obtained. At 80°C, after 5 hours > 95% of gold was extracted. Figure 2.6 shows
the results for isopropanol. It is clear that with an increase in temperature better results were
obtained again. Isopropanol exhibits faster elution rates than ethanol with more than 98%
Au eluted after an hour at 80°C. In Figure 2.7 results for ethylene glycol are shown. Most
interestingly is the fact that about 77% Au was extracted after 8 hours elution at 40°C. Gold
concentrations obtained after 8 hours with relative temperatures were 16 mg/L Au at 40°C,
19.4 mg/L Au at 60°C, and 32.8 mg/L Au at 80°C. It can be positively concluded that
temperature plays a significant role in elution. The activation energy was more than
57kJ/mol. This shows that desorption is the rate determining factor. We can arrange the
results by order of estimated kinetic constants at any temperature as follows Kigopropanol >
Kethyl glycol > Kethanol- 1SOpropanol was the best organic compound for the elution process.
From a pragmatic standpoint, if we were to consider using a catalyst, we would select
ethylene glycol or ethanol due to their non-flammability property which conforms to
(Ubaldini et al., 2006)’s selection. Since the study is focusing on the mechanical faculty of
the process which include effects of pressure, temperature and flow rate on elution, we will

not consider catalysts in our study. This can the exploited under chemistry studies.
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Figure 2.5: Elution by ethanol at 40, 60, and 80°C (Ubaldini et al., 2006)
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Figure 2.6: Elution by isopropanol at 40, 60, and 80°C (Ubaldini et al., 2006)
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Figure 2.7: Elution by ethylene glycol at 40, 60, and 80°C (Ubaldini et al., 2006)

2.4  Electrowinning Cell Design

According to Mular et al., (2002) elution and electrowinning forms significant part of the
gold extraction process. Two methods exist which incorporate elution/desorption and
electrowinning, the Zadra process: which involves the simultaneous circulation of eluate
through desorption column and electrowinning cell, and the AARL (Anglo American
Research Laboratories Method) which involves decoupling of the two into two separate
processes. These configurations have an effect on the process time and economies of the
resources used. Coupling the two-means relating the elution temperature to the EW process
yet decoupling the processes also means the need for extra heat exchanger if need be to
elevate the temperature for eluate into the EWC. Since desorption and electrolysis do not
require different temperatures, it is not necessary to decouple the components for elution
(Wang Monica, 2017). Like any other electrowinning process, oxidation reaction taking
place at the anode Equation 2.16 generates electrons, which are consumed at the cathode

Equation 2.15 to deposit the metal.
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Electrode reactions which takes place during electrolysis of an alkaline gold cyanide solution
can be seen in the equation below;
At Anode

2H,0 — 4H* + 0, + 4e” (2.14)

At Cathode
Au(CN); + e~ - Au+ 2CN~ (2.15)

In cyanide solutions, gold is present as a stable auro-cyanide complex anion with a
comparatively high cathodic potential (E,). This cathodic shift demands high cell voltage
and consequently, other cathodic reactions like the evolution of H, by the discharge of H*
and the reduction of 0, can also take place. These extra reactions consume current and
decrease the current efficiency of the gold electrowinning process.

Originally, most cells were designed and operated to electroplate the precious metals onto
the cathodes. The cathodes were periodically removed and either digested in hydrochloric
acid to remove most of the steel wool or simply calcine and smelted. The harvesting and
maintenance of these cells can take 4 to 24 hours of operating time per week, depending on
the gold production rate. Presently, most new operations favour operating cells so as to
promote the deposition of gold as sludge rather than plating. The electrodeposited gold forms
as fine grains on the cathode surface and are readily dislodged by the cogenerated hydrogen
gas bubbles and the velocity of the eluate solution and accumulates at the bottom of the tank
below the cathodes as a black sludge. The bottom of a sludging cell is sloped to a drain point.
The harvesting and maintenance of these cells typically take 30 minutes to 1 hour of
operation time per week, depending on the gold production rate and the extent of metal
bonding to the cathodes.

2.4.1 Electrowinning Cell Predicted Extraction Efficiency

The main variations in operating parameters between the above two described modes are
current density and fluid superficial velocity. Operating in sludging mode generally requires
higher levels of both, as higher current density enhances a random growth of electrodeposits

where loosely adhere to the cathodes and are readily dislodged by the greater evolution of
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hydrogen gas. Higher fluid superficial velocities in the cell reduce the metal ion depleted
zone in the immediate vicinity of the cathodes and reduce the thickness of the electrical
double layer of the cathodes. If the superficial velocity is too low, the reduction reaction is

limited by the diffusion rate of the metal through the electrical double layer.

2.4.2 Extraction Efficiency Curves

Typical curves for extraction efficiency versus effective cell retention time are shown in
Figure 2.4 below and demonstrates the general improvement in extraction efficiency attained
as the cell design and operation of the cell has been improved.

2.4.3 Eluate Temperature against Cell Efficiency

Other important operating variables that significantly affect the performance of the EWC are

temperature and solution chemistry.

2.4.3.1 Eluate Temperature and Solution Chemistry in the Electrowinning Cell

The electrolyte temperature is not critical as long as the solution is cooled below the boiling
point prior to passing through the electrowinning cell. Where plastics are used, the solution
may require further cooling to 60°C. According to (Mular et al., 2002), eluate temperature
should significantly be in excess of 70°C to enable higher significant extraction efficiencies.
At this temperature, efficiency is high because of a combination of lower dissolved oxygen
content, decreased solution viscosity and increased ionic mobility at the high temperature.
Generally, at the elevated pH ranges, solution conductivity is not a problem. It is important
to maintain eluate pH in the range of 12-13 to achieve ionic mobility and electrolyte

conductivity in the electrowinning cell (Mular et al., 2002).

2.4.4 Gas Generation During Electrowinning

As shown from the Equations 2.15 and 2.16 above a by-product of hydrogen cyanide (HCN)
is formed (Mular et al., 2002). This is a poisonous and hazardous gas. The gas should be
vented out through a pressure relief valve. This reduces and maintains required pressure in
the circuit. HCN skin and eye irritation. It is dangerous if inhaled. It is highly flammable,
and thus it should be quickly evented out as soon as there is an increase in pressure.
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245 Summary

The chapter had three main sections. The first section looked at the general processes leading
to elution process. These were briefly, but concisely explained to give an idea of the study
background. The second section dealt with factors that affect elution process. The section
looked at all factors, even those that require faculty of chemistry and metallurgy. This was
done in order to understand the behaviour of the material under study when subjected to
various condition. This enables the researcher to give a better discussion and conclusion of
the experiment’s outcome further in the study. Finally, the researcher looked at the
electrowinning cell design. It is not the main focus of the study, but needs proper design
attention in order not to spoil the outcomes of the experiments.
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CHAPTER 3
EXPERIMENTAL DESIGN AND METHODOLOGY

3.1 Overview

This chapter of the study serves to inform the tasks taken and completed during the
fabrication, commissioning and experiments with the elution rig, the system which involves
gold elution in a fluidized bed column under high temperature and pressure. Under heading
3.2, the details on the mechanical design of the major two tanks, the elution vessel and the
electrowinning cell are presented. Under heading 3.3 is the electrical and control circuitry
details which give the sizes of the electronic components, with pictures and diagrams. Under
heading 3.4, the details related to the sizing of the solution heater, insulation blanket, and
the pump are presented step by step. The conditions required for the experiment are tabulated
under heading 3.5. The setup of the experimental procedure is explained under heading 3.6
which includes control procedures for the system flow rate, temperature and pressure.

Finally, heading 3.7 is a summary of chapter 3.
3.2 Introduction

The elution test rig consists of the elution reactor, the electrowinning cell and pipe line and
fittings. In this chapter is a detailed description of each component in the system. This
includes what each component is made up of and the design technical approach on each in
order to achieve desired operations of the integrated system.

Below is a flow chart summery of the methodology steps taken to achieve the full design.
The flow chart shows that there are two main methods for gold elution in practice at
commercial level. The researcher chose to delve into the Zadra elution process, the AARL
method was mentioned in order to show how useful it is in commercial industry. But the
Zadra elution process was used because of its familiarity in African mines. The researcher

modified the circuitry of the Zadra elution process following the summarised steps below.
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3.2.1 Elution Reactor

The fabrication of the system spanned for nearly two and a half months commencing with
the elution column first. The elution column made from stainless steel 2 mm plate was
properly welded considering it as the high-pressure vessel. Its dimensions are 243 mm
diameter by 300 mm high. It consists of a cone at the bottom with a height of 97 mm,
responsible for vortex creation to enhance fluidization. At the bottom of the shell, there is a
38 mm (1.5 inch) hole for carbon and solution discharge after the experiments. The top of
the vessel consists of a blank flange that can hold 4 bar (SA Gauge) pressure and a gauge
pressure for pressure measurement. There is also a 1.8 bar rated safety pressure valve (Safety
Angus Valve) for regulating the system pressure. A view of the elution column can be seen
from Figure 3.1.

The elution reactor was designed to accommodate 2 kg of gold loaded carbon. It consists of
a conically bottomed shell. The conical shape is to enhance vortex creation for fluidization
and also to help the easy discharge of carbon and solution after the experiments. It also has
the inlet at the bottom. The inlet pipe slants as facing downwards which directs the solution
in the cone cavity to cause a proper vortex. The outlet is placed vertically upwards. The
outlet pipe consists of a mesh screen in order to restrain carbon migration, and only allow
the solution to circulate through the rest of the test rig. Initially, the design consisted of a
heat exchanger placed along the pipe work, 300mm from the elution vessel inlet hole.
Notwithstanding the fact that the elution rig was properly insulated, and the immersion
heater was properly sized, upon commissioning the temperature rise of the system solution
was very poor. For example, it took nearly 3hours to raise temperature from 55°C to 60°C.
This is so, because the surface area of the heat was low. Before considering a bigger heater
or increasing insulation thickness to mitigate the temperature rise problem, the position of
the heater was altered. The heater is now placed directly into the elution vessel. At the bottom
section, a 150mm (1.5 inch) nipple is welded to hold the elution heater. The elution heater
is placed directly inside the elution vessel to increase the heating surface area of the heating

element. This enables faster temperature rise.
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At the opposite side of the inlet and outlet pipes, there is a hole, in which a front blanked
pipe is welded. This short front blanked pipe accommodates the thermocouple for
temperature measurement during the elution. Figure 3.1 shows the complete fabricated

elution vessel and detailed 2D sectional view of the vessel is presented in Figure 3.2.

Pressure
Relief Valve

Inlet Pipe

Figure 3.1: Elution pressurized vessel.
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Figure 3.2: Section view of the elution vessel.

3.2.2 Electrowinning Cell

The electrowinning cell is made from an NB 150 (6 inch) mild steel pipe of height 230 mm.
The cell is fabricated to accommodate two electrodes, the cathode at the bottom and the
anode at the top. The cathode is placed at the bottom in order to mitigate the effects of drop
out content from the wire wool during elution. As the wire wool gets loaded with gold
particles, heavy laden parts of the wire wool will drop from the cathode. In such a case, if
the cathode is placed on top of the anode there would be a short circuit. The electrodes are
designed to be isolated from the wall of the cell to prevent short circuits. The interior of the
winning cell is insulated with plastic lining made of HDPE pipe. The cell has an inlet of the

solution at the bottom and outlet at the upper opposite side of the cell.
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Figure 3.3: Electrowinning cell design
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Figure 3.4: Section view through electrowinning cell design
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3.2.3 Complete Assembled View of the Test Rig

These two main vessels are connected using a screw on the threaded piping system in order
to allow for easy detachment, in case we would want to move the test rig from one place to
another. During commission there was a leaking problem. The leaks were prevented by using
thread seal tape and sealing paste. After sealing the threaded connection points the system
was filled and heated to obtain 3 bar pressure and left like that for 2 hours. After this test it
was observed that there was no leakage. The 3D model of the combined system of the elution
test rig is shown in Figure 3.5 and Figure 3.6 above illustrates the picture of fully assembled
model ready for experiments. The whole piping system including the two vessels is covered

with an insulation blanket to prevent heat loss.

1.8Bar Pressure
Relief Valve

4Bar
Pressure

NB15 Bend - Electrowinning

NBI15
Isolation

SS304
Elution
Reactor

NB15
Throttling
O Valve

Non-Return
Valve

NB15 Sampling
Valve

0.5HP Solution
Pump

Figure 3.5: 3D model elution circuit complete
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Figure 3.6: Fully assembled elution circui
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3.2.4 Electrical and Control Circuitry

The electrical components that are used in the test rig are 0.5 HP pump, 4 kW immersion
elution heater, two 75 Amps diodes for rectification, 220VAC-4VAC/30Amp step-down
transformer, 220V contactor, K-type 0 to 400°C thermocouple, REX-C100FK02-M*EN
220VAC RKC 0 to 400°C temperature controller, Delta CTA4 series tachometer, cables
and tools necessary for the work. The circuit was designed by the researcher, with the help
of a class one electrician hired to wire the circuit as shown by the Figure 3.7 below. Figure
3.7 below is a complete detailed wiring diagram for the elution system. The picture of the
wired components is shown in Figure 3.8. From the figure, is the contactor, labelled as K1-
NC in Figure 3.7. This is the device responsible for controlling the heater. It powers the
heater based on the measurements from thermocouple. The contactor gets its powering signal
from the temperature controller and on the temperature controller, the input is set to
determine the maximum temperature to be operated. This value is put as the set value (SV)
on the controller. It monitors the process value (PV) of the contents which is transferred by
the thermocouple. The thermocouple is inserted in the blocked hole, inside the elution
column, filled with engine oil to enable accurate temperature measurements. On the wiring
diagram for the elution system Figure 3.7, the thermocouple is connected to the temperature
controller. The temperature controller is at the bottom left in Figure 3.8. At the top right
corner in Figure 3.8, there is the aluminium plate used as both a heat sink and bridging plate.
On it, there are two diodes that are wired to the transformer with yellow cables. Theses cables
supply 4 V each to each diode, a brown cable that emerges from the plate has 4 V and forms
the positive that becomes the electrowinning cell anode. In the middle of the two yellow
cables is a blue 0 V pole from the transformer, which forms the cathode of the electrowinning

cell. The whole circuit is powered by 220V/30Amps from the main circuit breaker.
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Figure 3.7: Wiring diagram for the elution test rig.
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Figure 3.8: Elution system circuitry

3.3 Equipment Sizing

Below is the explanation of how the equipment was sized to suit the pilot plant for

experiments.

3.3.1 Heating Element

The elution tank has the solution heater mounted from its bottom inclined inwards. This was
to allow more heating surface area ratio to the volume of the liquid being heated. The total
fluid in the circuit is 20 litre which is the equivalent of 0.02m3. This is the total volume to
be occupied by the solution which includes the total volume of the two cylinders, a pump
cavity and the pipework. According to the commissioning test done before the experiment,
this volume was also enough to allow for sampling without reducing much solution volume

for the elution process.
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The full length of the pipeline is equal to 5.082 m. Using a NB 15 (0.5 inch) pipe, schedule
40 from Robor catalogue with wall thickness 2.77 mm, the inside diameter is 15.8 mm. From
this, we can calculate the volume (V) of the solution inside the pipeline. From the
thermophysical property tables (Cengel, 2003), properties of water (density and specific heat
capacity) can be read at a mean temperature obtained in Equation 3-1. By considering the
maximum average temperature of the solution after heating to be 150°C, and the lowest
average temperature at the start of the experiment to be 25°C, the mean temperature can be

given as:

150 + 25 3.1
Tmean = — = 87.5°C ~ 90°C (3.1)

We assume that the solution is pure water and it is incompressible where its density is
constant. Also, we assume the specific heat capacity of the fluid can be approximated at
average temperature of the fluid because the temperature difference is not that high. Thus,
the properties will be approximated at 90°C, C, = 4.206 kJ/kgK and p = 965.3kg/m".
Using p and V, the mass of solution in the circuit can be determined. The power needed to

increase the desired temperature rise in Watts (W), can be determined from the following
formulae (Cengel, 2003).

o = TGt T (3.2)
At

AT is the temperature difference between the average feed temperature of water which is
averagely 25°C and our maximum intended temperature of 150°C. Assuming a temperature
rise in 1 hour;

_ 0.02x965.3x4.206 x 125
B 3600

P = 2.8K]/s
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Assuming a safety factor of 1.2, the heater power will be 3,4KW. From the formulae, the
calculated heating element capacity is approximately 3.4 kW. A heater of 4kW was suitable

for the experiment to raise the temperature in approximately 1 hour.

3.3.2 Insulation Blanket

The elution vessel wall was constructed by sandwiching a hairfelt insulation blanket of
thermal conductivity k = 0.05W/mK (Cengel, 2015). The initial average solution
temperature is at To; = 25°C. It will be heated using a 4-kW solution heater to an average
final temperature of T, ; = 150°C. The room air is at T, , = 25°C and the overall estimate
value for natural convection coefficient at the outer surface is h, = 10W/m?K (Frank P. et
al, 2011). The elution reactor has a height of 0.3 m and diameter of 0.243 m. Considering
forced convection inside the elution reactor, we can estimate the inside convection
coefficient h;. The Figure 3.10 below shows the problem statement. It is required to draw
the thermal circuit for the wall and label all temperatures, heat rates, and thermal resistance,
determine the inside convection coefficient h; and compute the insulation thickness L
required to maintain the outer wall surface at a safe-to-touch temperature of T, = 40°C. The

thermal circuit is shown in Figure 3.11 below;

B, Lt s Insulation

2 e = = " o -
T S 0 A K=0.05W/mK
i - L 5

B ]y Y

[N I.'
\ L L \ /To:400C

\‘-' i |"‘,-‘..

Solution
T, —25°C
T, .=150°C

Air
T.,=25C
ho=10W/m’K

- L .
Figure 3.9: Problem illustration (Incropera, et al 2011).
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9 Ry R Reo ¥
Figure 3.10: Thermal circuit (Incropera, et al 2011)

The film temperature inside the reactor

150 + 25

f=——— =187.2°C~ 90°C 3.3)

Assuming the solution is pure water and it is incompressible where its density is constant.
Also, we assuming the specific heat capacity of the fluid can be approximated at average
temperature of the fluid because the temperature difference is not hat high. The thermofluid

properties of water at 90°C are derived from a table in appendix 4.
Regq = pvd/p = 1158690.96 (3.4)

The critical Reynolds number for flow inside a pipe is 2300, hence flow inside elution tank
is turbulent (Cengel, 2015; Incropera, et al 2011). Using Equation 3.5 below for turbulent

flow in a cylinder, we compute the Nusselt number (Nu).
Nu = h;d/k = 0.023Re%®Pr" (3.5)

Where n is 0.4 for heating system. By substituting values in the equation, we get;

Nu= h;d/k = 1889.065
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Using Equation 3.5 by substituting the tank diameter and the thermal conductivity of the

fluid at film temperature 90°C, we get;
h; = 5247.4W/m?K

Performing an energy balance through input and output nodes we find that shown in Figure
3.10 above we get:
TOO,i_Ti+To_Ti _

n n O
R cv,i R cd
Ti_To + T00,0 - To -0
R"cd R"cv,o
Where thermal resistances are;
R".i= i = ! = 1.906 x 10_4m2K/W
vl T h, T 5247.4
. L L
R cd = E = mmK/W
\ 1 1 )
R cv,0 h_ = 1— =0.1m K/W
o

Therefore, solving the set of equations simultaneously, the insulation length will be;

L=0.0366m = 37mm

3.3.3 Minimum Fluidization Velocity

The minimum fluidization velocity calculation was taken from the textbook Chemical
Engineering (Richardson, 2002). The most important parameter is the minimum fluidization
fluid velocity of U,¢in m/s. It is this fluid velocity which must be attained in order to
overcome interparticle adhesive forces to have fluidization. This requires the input variables
of fluid (liquid solution) and particle (gold loaded carbon granules). Thus, the properties will
be approximated at a mean temperature 90°C, as C, = 4.206 kJ /kgK and p = 965.3kg/m>.
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The apparent density of carbon is between 250 to 650kg/m3. Thus, averagely we may
assume the apparent density to be 400kg/m3. The bulk density is typically 90% to 91% the
apparent density, and is used for sizing in gas and liquid phase applications. The bulk density
of wetted gold loaded carbon granules is derived from the apparent density by the following
equation (Sun & Yen, 1995);

BD = 0.91 x AD = 0.91 x 400 = 364kg/m? (3.6)

Activated loaded carbon granule particle diameter is approximately 3.36 mm (Rogans,
2012). The calculation will be based on the method presented by (Richardson, 2002). We
will determine voidage according to the following approximate equation for spheres. By

considering eight closely packed spheres of diameter d in a cube of side 2d.

Volume of spheres = 8(1t/6)d? (3.7)
Volume of the enclosure = (2d)*® = 8d3 (3.8)

Hence voidage,
e = [8(1/6)d3 — 8d3]/8d> = 0.48 (3.9)

From the textbook (Richardson, 2002), U,¢ can be determined.

Ume = (1/K)(e3/S%(1 — €)*)(1/w)(—Ap/H) (3.10)

K" is Kozeny’s constant and generally accepted value for many circumstances for K’ is 5.

Substituting K' = 5,5 = 6/d and —A P/H from Equation 3.8 we get,

Upns = 0.0055(e3/(1 — ¢)) (d? (pp —pr)g)/u (3.11)
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Substituting values, we have:

3

> ((2.38x1073)%(1300 — 990.1 )9.81)/0.577 x 1073

Uy = 0.035m/s

From the conservation of mass principle:

A1V1 == A2V2 (3.12)

With A; and V; are the inlet pipe parameters and A, and V, are tank parameters. It can be

calculated from this equation the pipe flow velocity as follows:

_ A,  (wx0.1%/4)m?x0.035m/s 1 556
Vi A T T ax0015T/mz - L->s6m/s

This is the pipe flow velocity which is related to the pump volumetric flow rate as follows;

Q=Av (3.13)

1.556m
Q = (mx0.0152/4)m? x

=2.75x10"*m3/s
This translates to 0.99m3 /h. This is an important variable in the experiment and it will be

used to size a pump.

3.3.4 Pump Selection

Pump selection consists of a number of calculations in steps. The various steps are detailed

below. Some material used for the calculation is taken from charts and graphs in Appendices.
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3.3.4.1 Friction Head H; for Pipe

We need to determine the equivalent pipeline, using the valves and fittings head. The actual
length of the pipeline is 5.082 m and 6 x 90° bends of length 0.82 m each. The pipe fittings
length is 4.92 m. Also available is a Tee piece of length 1.77 m. The equivalent length of
the line is thus 11.77 m. Using a 12.5 mm (0.5 inch) steel pipe with line velocity of 0.576
m/s, we obtain the friction f = 0.0295 from chart WDS109 in Appendix 2. Using Darcy’s

equation, we obtain the friction head as follows;

LV?2
Ho— 2V (3.14)
f d2g
H = 0.0295 11.77 0.5762
£= ONeIO X 5025 X 2x9.81
= 0.23m

3.3.4.2 Head Loss due to Sudden Contraction H, from Elution Reactor to Pipe

From WDS108 Appendix 1 K. depend on the ratio d, /d,. Where d; is the larger diameter
of the tank, equal to 0.1m, and d, is the smaller diameter of the pipe equal to 0.015m. The
resulting ratio is 16. The equivalent K. factor is 0.45. Hence the head loss due to pipe

contraction is;

Vi
62
= : = -3
He = 045 % -2 = 7.61x107°m

3.3.4.3 Head Loss due to Sudden Contraction from EWC to Pipe

With K, factor is 0.46, the H, is calculated to be 7.78 x 10~ 3m.
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3.3.4.4 Head Loss due to Sudden Enlargement H,,

From WDS108 Appendix 1 the head loss due to sudden enlargement will only be
approximated for the tank and multiplied by two since they are of the same order as shown
by the sudden contraction calculations above. The following equation gives the head loss

due to sudden enlargement;

=YV 3.16
= (3.16)
_,, 05760035

e T AX T 981

= 0.055m

3.3.4.5 Total Dynamic Head

Since the static head of the system is 1.2m, the total dynamic head is given by the sum of

the above calculated head losses. This give the total dynamic head as follows;
Hp,=12m+ 0.23m+ 7.61x1073m+ 7.78x1073m + 0.055m
H, =1.5m

A pump can now be selected using the flow velocity of 0.576m /s and total dynamic head
of 1.5m. Using the pump performance system curves in Appendix 3, assuming the
efficiency of the pump to be 71%, the power required for the pump is given by the following
equation;

p= prQH,g
1000

(3.17)

With n as the efficiency from system curves and Q is the volumetric flow rate.
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b 990.1x9.81x0.283x1073x 1.5
B 1000x 0.71

P = 0.005KW
Applying safety factor of about 25%, for a range of 0 to 11KW, we get the power to be;
P =1.25x0.005
= 0.06kW

Thus, considering what is available on the market, a 0.37kW or 0.5HP circulating pump is

suitable for the test rig.
3.5 Material for Experiment

For the experiment to proceed, reagents and loaded carbon were gathered. The reagents
included caustic soda and cyanide. The purpose of caustic soda was to exothermically react
with water and add a temperature spike that also enables a faster temperature rise until the
caustic soda is completely saturated in the solution. It is also very essential in order to lower
the pH of the solution to 11, which is a conducive environment for elution. Cyanide is
important in forming strong ions for better electroplating during winning in the

electrowinning cell.
3.6 Experimental Set Up Conditions for Elution System

Here we will present the method employed to control the system flow rate, pressure and

temperature during the experiments.

3.6.1 Flow Rate Control
On flow rate measurement, the method relies upon the pump affinity laws for centrifugal
pumps. The affinity laws for centrifugal pumps describe the impact of changes in speed or
impeller diameter on pump flow, head and horsepower (Whitesides, 2012).
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They are useful tools in deriving quickly the performance when changes are made on the
pump due to either change in rotation speed on the rotor, or when a variable speed drive
(VSD) is used for flow variations. This in particular also works in the same principle when
a throttle valve is used to vary the flow rate of the liquid being pumped. The affinity laws
according to (Whitesides, 2012) state that:

1. Flow will change directly when there is a change in speed or diameter of the impeller
2. Heads will change as the square of a change in speed or diameter of impeller
3. Horsepower will change as the cube of a change in speed or diameter of impeller

Using the first affinity law, as we throttle our valve to vary flow rate, the flow reduces
because the weight of the water being pumped has reduced. In turn the rotational speed of
the rotor reduces thereby resulting in less current being drawn by the rotor. In order for us
to calculate the flow rate at such a particular throttle, we can measure the rotation speed of
the impellor using the tachometer, and use the first law to calculate the flow rate. This
relationship depends on the maximum rotational speed of 2850 rpm that delivers 42 I/min
from the pump nameplate. The mathematical expression of the above first relations is given
in Equation 3.16 below as:

Q_d_N
L-L-N, (3.18)

Where Q is flow rate in I/min, d is diameter in m, and N is rotational speed in rpm. Using
this equation together with the tachometer in place we can configure and measure the rotation
speed. By throttling the ball valve for different flow rates, we reduce the speed of the rotor.
Consequently, we obtain a lower rotation speed that enables us to calculate the new flow rate
that corresponds to the new rotation speed. Elution process possess a difficulty in measuring
flow rate even at the commercial level because of the temperature in the fluid, and the

corrosiveness of the solution.

44



By this, it becomes more expensive to purchase a flow meter that can handle high
temperatures of 130°C at the same time corrosive resistant. The advantages of the flowrate
measuring method are that the fluid is in contact with the rotating component that perfumes
energy conversion of the fluid to kinetic energy, Water pressure rotates the measured rotor
and Each drop of liquid passing through goes through rotating rotor. Each cycle or rotation
of the rotor supplies a defined quantity of liquid to the discharge. Although the method seems
SO accurate, it has to be taken into consideration that there is a degree of error. With this in
mind, the purpose of this exercise is to come up with approximate flow rates that can give
us a clear picture of the effects it has on elution. The rotational speed can be determined from
name plate data with maximum flow rate Q, = 421/min at rotation speed N; = 2850rpm.
If we throttle our valve and read a rotation speed of the rotor of N, = 1430rpm, the new

flow rate is given as;

Q_d_N

Q d2 N

=Q1N2
Ny

Q2

42 x 1430

850 211/min

Q. =
Using the same method, results in Table3.1 below were obtained for three different flow
diversions. The corresponding results were converted to m3 /h. Using the pipe diameter just
after the pump and flow velocity, the corresponding Reynolds’ numbers were determined
for each flow. These Reynolds’ numbers for the three unique conditions were taken under
atmospheric pressure and an ambient temperature of 32°C.In case of more accurate flow

measurement, other methods can be employed at a more advanced stage.
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Table 3.1: Flow rates results and corresponding Reynolds number

Valy(_e RPM FIovy rate Flow rate Pi_pe Flow velocity Re
position (I/min) (m3/h) Dia. (m/s)

Full open 1445 21.3 0.000355 0.015 201 37608
Y close 1245 18.3 0.000306 0.015 1.73 32403
% close 918 135 0.000226 0.015 1.28 23892

3.4.2 Temperature Control

The system temperature is electronically controlled using a K-type thermocouple and a
temperature controller. The thermocouple is connected to the temperature Proportional,
Integral, Derivative (PID) controller. The required temperature per each experiment is
configured on the temperature PID controller by programming it. The PID output is
connected to a contactor. The contactor is connected to the heating element. See Figure 3.11
above. By controlling the contactor on and off it maintains the required temperature by the
temperature controller. The control philosophy is a closed loop circuit including a sensor (K-
type thermocouple), a temperature PID controller (Rex-C100), measured variable (heated

solution), and an actuator (contactor).

3.4.3 Pressure Control

The system pressure is mechanically controlled using a pressure gauge and a pressure relief
valve. Three system pressure values used for the experiment are 1.0bar, 1.5bar and 2.0bar.
To vary these pressure values, the researcher varies the pressure relief valve setting to a
different setting position to achieve the desired value. In order to get a high pressure inside
the system, the lock nut is unscrewed first, then screw clockwise the pressure setting nut.
The spring inside the valve compresses the plunger so that it allows pressure to escape at
high values. In order to get a low pressure inside the system, the pressure setting nut is
unscrewed counter clockwise. The spring inside the valve decompresses the plunger to allow

for pressure to escape at lower values.
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3.5 Experimental Conditions

Below is the Table 3.2 illustrating the summary of the conditions that are implemented
during the main experiments. The conditions have been derived from temperature, flow rate
and pressure setting procedures performed prior to the main experiment execution. The
control measurement employed are made to achieve repeatable results. Temperature variable
effect, pressure variable effect and flow rate variable effect are measured at least three times

to assure repeatability and accuracy of the elution test rig.

Table 3.2: Experimental conditions for temperature test

Flow rate Temperature Pressure
37608 Re 110 1.5 Bar
37608 Re 120 1.5 Bar
37608 Re 130 1.5 Bar

Table 3.3: Experimental conditions for pressure test

Flow Rate Temperature Pressure
37608 Re 120 1.0 Bar
37608 Re 120 1.5 Bar
37608 Re 120 2.0 Bar

Table 3.4: Experimental conditions for flow rate test

Flow Rate Temperature Pressure
37608 Re 120 1.5 Bar
32403 Re 120 1.5 Bar
23892 Re 120 1.5 Bar
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3.6 Experimental Procedure

Below are steps followed during each experiment in order;

1.

2.

10.

11.

12.

13.

14.

15.

Weigh 2 kg of gold loaded carbon and load in the elution column.

Weigh 50 g of caustic soda and load in the elution column.

Weigh 25 g of cyanide and load in the elution column.

Load 50 g of wire wool in the electrowinning cell on the cathode terminal.

Add water in the elution column, 100mm height above the outlet and the

electrowinning cell, 50 mm above the outlet and close.
Make sure the whole circuit, including the pipework, is filled with water.

Prime the pump by unscrewing the plug on the priming chamber, make sure bubbles

of air are vented out until the priming chamber is filled with water.

Pour engine oil inside the blanked hole of the elution column and place the

thermocouple nob inside.

Open the isolating valve and throttling valve to the required opening and switch on

the main circuit breaker, and start the test.

Set the Set Value on temperature controller to the required maximum operating

temperature
Set the pressure relief valve to suit desired pressure for a particular experiment.

Note time is taken to reach the desired temperature and start taking samples at that

desired temperature through the sampling valve.
Take samples every 2-hour interval, to achieve 4 samples for the next 6 hours.
Perform stage 13 for the next 6-hours and stop the elution.

Take samples to the laboratory on the GBC 933 AA machine and get results.
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3.7 Summary

The above described methodology was used to perform the experiments. These experiments
followed the same order to avoid any form of error on the outcome. The main important
points to note were the time taken to reach maximum temperature per every test, and the
gold concentration in gram per ton for each test. The gold concentration results were
obtained from Homestake laboratories Pvt Ltd. and stamped certificates were issued to prove
the authenticity of the outcomes. A GBC 933 AA machine was used to measure gold
concentration results from the samples at a cost. The table of results and corresponding

graphical representations are well articulated in the next chapter 4.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Overview

In this chapter the researcher will detail the explanations of the results obtained from the
experiments. Under heading 4.1.1, the repeatability of the experiment is explained. It is
explained together with a table of results to show how agreeable the outcomes were. Under
heading 4.1.2, 4.1.3, and 4.1.4 are the test results discussions. These discussions include
pressure, temperature and flow rate test results respectively. The corresponding laboratory
results for the graphs explained in this chapter are found in Appendix 4 to 6. Finally, heading
4.2 is the summary of the chapter. The discussions in this chapter pertain to modified Zadra

elution system, which includes elution and electrowinning happening simultaneously.

4.1.1 Repeatability of the Experiment

In Table 4.1 below, there is an agreement amongst the measurands under the same conditions
of the experiments. The conditions used to verify the repeatability of the experiments are
flow rate of 37608 Re, temperature of 120°C and pressure of 1.5 bar. Each experiment with
the same conditions was conducted for 7 hours. Samples were collected in a 2-hour interval
and tested at the laboratory. Comparing the results, from first to third test under the same
conditions it can be seen that the results in grams per ton are agreeing as shown by a very
small standard deviation. The degree of agreement shown verifies the repeatability of the

experiment.

Table 4.1: Repeatability test results

Conditions Test 1 Test 2 Test 3 SDtaqdqrd
eviation
2.61g/t 2.29g/t 2.52g/t 0.13
Flow rate: 37608 Re 148g/t  159g/t  1.44glt 0.06
Temp 1207C / / 1130/
Pressure 1.5 bar 1.11g/t 1.09g/t 13gh 0.02
0.62g/t 0.48g/t 0.5g/t 0.06
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4.1.2 Effect of Pressure on Elution

Figure 4.1 shows the general behaviour of the reactants. It is the expected trend that gold
concentration decreases as the process progresses. As the reaction occurs, gold is eluted from
the carbon and electroplated on the electrowinning cell. As is in the conventional methods,
in the early stages of the process, gold concentration should be high when a sample is tested.
As the elution process progresses, the electrowinning cell becomes more cathodic, as it
attracts more gold on it. Gold concentration starts decreasing since mass is being transferred
from the carbon to the electrowinning cell. In any case, if the reaction shows an increase on
gold concentration during the elution process, the condition is unacceptable (Deventer &
Merwe, 1994). Under all three pressure variables gold concentration decreased over the
course of the process. Of cause the rate of decrease was different, owing to the difference in

pressure conditions for each experiment.
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Figure 4.1: Pressure test graph
This conforms with the changes that take place in a conventional Zadra elution process.

From Figure 4.2 it can be seen that the gold concentration change at high pressures is lower

than gold concentration change at low pressures.
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As the system pressure increases gold accumulation in the electrowining cell decreases.
Thus, we have more gold concentration in the solution at high pressures. To further clarify
this, a linearity graph in Appendix 7 has been prepared for each pressure variable.
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Figure 4.2: Gold concentration change versus pressure difference graph

The linear equations attached show different gradients that depict the sloppiness of the line.
The steeper the line, the greater the change in gold concentration per pressure variable. The
steepest gradient is -0.3575 for 1 bar which gives the highest gold concentration change,
followed by the steeper gradient of -0.317 for 1.5 bar. The 2-bar pressure gives the lowest
gold concentration change with a gradient of -0.181. From chapter 2 heading 2.3.1. Jeffrey,
et al, (2009) purported that the gold loading capacity on carbon decreases with increasing in
pressure. At high pressure 5 bar (0.5MPa), the rate of desorption is approximately 96%
(Xinhai Mining) for about 12 to 14 hours, faster than the conventional system that takes 20
hours (Wang, 2017). The information obtained from these researches was not derived from
a reactor under fluidisation. The results obtained in this work was done for in a fluidised bed
reactor, hence pressure values obtained for high stripping rates are lower than those
purported in the previous works. Fluidisation changes reaction dynamics. In a conventional

packed bed reactor that has been researched by many scholars, more energy would be
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required to achieve more pressure for fast elution processes. Under the fluidised reactor, the
energy required to achieve low pressure values is low. This presents a net positive result on

cost of production during.

4.1.3 Effect of Temperature on Elution

Figure 4.3 shows the general behaviour of the reactants. It is the expected trend that gold
concentration decreases as the process progresses. As the reaction occurs, gold is eluted from
the carbon and electroplated on the electrowinning cell. As is in the conventional methods,
in the early stages of the process, gold concentration should be high when a sample is tested.
As the elution process progresses, the electrowinning cell becomes more cathodic, as it
attracts more gold on it. Gold concentration starts decreasing since mass is being transferred

from the carbon to the electrowinning cell.
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Figure 4.3: Temperature test graph

In any case, if the reaction shows an increase on gold concentration during the elution

process, the condition is unacceptable (Deventer & Merwe, 1994;Wang Monica, 2017).

Under all three temperature variables gold concentration decreased over the course of the

process. Of cause the rate of decrease was different, owing to the difference in temperature
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conditions for each experiment. This conforms with the changes that take place in a
conventional Zadra elution process. Figure 4.3 shows the expected general behaviour of the
reactants. Under all three temperature variables gold concentration decreases over the course
of the process. This justifies the feasibility of the changes made from the conventional
methods. From the Figure 4.4 below it can be observed that gold concentration change
increases with increase in temperature as evinced by variations between 110°C and 120°C.
These variations are well articulated from the linearity graphs for each particular
temperature. The linearity graph for temperature in Appendix 8 shows that the steeper the
gradient of the line, the greater the gold concentration change in a reaction under a particular
temperature. The negative sign in the linear equation shows the decrease in concentration of
gold during the elution process. For 110°C, the gradient is less sloppy at -0.1395. The steeper
gradient at 120°C is -0.2965. This agrees with information articulated in chapter 2 under
heading 2.3.1. Elution rate at 180°C is 8 times faster than at 90°C at atmospheric pressure
(Jeffrey, et al, 2009). According to Jeffrey, et al, (2009) the gold loading capacity on carbon
decreases with increasing in temperature. At high temperature the rate of desorption is
approximately 96% (Xinhai Mining) for about 12 to 14 hours, faster than the conventional
system that takes 20 hours (Wang, 2017). Modified high temperature Zadra process has been
implemented by other organisations, operating at 140°C decreasing elution time to about 12
hours (Feng, et al, 2003). Although this is in agreement with previous studies, it must also
be accepted that the experiments were conducted under fluidised bed condition. Owing to
the loaded carbon used and the alkaline chemistry of the loaded carbon, some differences
would be expected. This includes the difference in behaviour of elution at 130°C. The effect
of temperature under a flow rate of 37608 Re and pressure 1.5 bar shows a significantly low
elution characteristic comparable to that at 110°C. From the studied literature, this behaviour
can be attributed to the sensitivity of the aurocyanide complex to

high temperatures. Under heading 2.3.1.1, information is well articulated that explain the
behaviour of aurocyanide complex during elution. Two sets of equations, Equations 2.5, 2.6
and 2.7, and Equations 2.8 and 2.9 explain the routes through which cyanide is decomposed

at low and high temperature. According to Merwe (1993), cyanide decomposition is gradual
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at low temperature. At higher temperatures hydrolysis reaction is more significant, while at
low temperatures the dominant reaction is that of catalytic oxidation. Hence, hydrolysis
becomes the main mechanism for cyanide and gold loss (Merwe, 1993) at high temperature.
The decomposition of the aurocyanide complex results in cyanide and gold loss giving a low
gold concentration in sample. Figure 4.4 in chapter 2 shows cyanide profiles for elution at
different temperatures (Merwe, 1993). It is clear that at high temperature of 130°C there is
a tendency of cyanide decomposition in the solution. Although elution is efficient at higher
temperatures, cyanide critical operating temperature becomes an important and a major
limiting factor to operating temperature. The researcher could not find the critical
temperature for cyanide decomposition to compare with results, but using Figure 2.4.5 in

chapter 2, Merwe (1993) shows that at 150°C decomposition is active.
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Figure 4.4: Gold concentration change versus temperature difference graph

4.1.4 Effect of Flow Rate on Elution

Figure 4.5 shows the general behaviour of the reactants. It is expected that gold concentration

decreases as the process progresses. As the reaction occurs, gold is eluted from the carbon
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and electroplated on the electrowinning cell. In the early stages of the process, gold
concentration should be high when a sample is tested. As the elution process progresses, the
electrowinning cell becomes more cathodic, as it attracts more gold on it. Gold concentration
starts depleting in the solution since mass is being transferred from the carbon to the solution,
finally on the cathode plate of the electrowinning cell. In any case, if the reaction shows an
increase in gold concentration during the elution process, the condition is unacceptable
(Deventer & Merwe, 1994). During flow rate test, only two flow diversions of 32403 Re
and 37608 Re conformed to the expectations of the reaction. Flow rate 23892 Re presented
an anomalous behaviour. Flow rate is key to elution since it is responsible for two key
fundamental factors that affect elution process. These are heat and mass transfer. Convective
heat transfer ensures a uniform temperature distribution across the fluid. The fluid has an
approximately high convective heat transfer coefficient of 5247.4W/m?K as calculated in
chapter 3 under heading 3.4.2.
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Figure 4.5: Flow rate test graph

Aurocyanide chemical species will migrate through the micropore of carbon by diffusion,

into the solution, and electroplated on the cathode plate in the electrowinning.
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This happens through a process of mass transfer process. During this experiment, increase
in flow rate caused an increase in gold concentration change in the solution. Figure 4.6 shows
that flow rate 37608 Re gives increased gold concentration change than 32403 Re. From
Appendix 9, at flow rate 37608 Re we have a gradient of -0.3185 while flow rate 32403 Re
we have a gradient of -0.154. These gradients show the steepness of the graphs which
conforms to the gold concentration changes. The differences in rate concentration changes
are due to the differences in rate of transfer of mass and transfer of heat. Essential
fundamental example which shows increased flow velocity increases mass transfer rate is
that of a home humidifier. At high flow velocity, the room quickly gets warm as water vapour
species are carried into a dry air environment. In that same token, a fluidised system is good
in that it promotes increased diffusivity of the aurocyanide ion from within the micropores

of carbon into the solution due to turbulence (Sun & Yen, 1995).
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Figure 4.6: Gold concentration change versus flow rate difference graph

Flow rate is important in reactions, especially ones that are conducted in vertical reactors. It
is more fundamental in the elution process during solution circulation in the circuit. This

easy of flow increases with increase in fluidisation as shown from the results obtained.
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At low flow rate of 23892 Re, there is a unique phenomenon. It shows that during the course
of the elution process, gold eluted into the solution has not been properly electroplated. We
know for sure that elution has been occurring because the two conditions of temperature
120°C and pressure of 1.5 bar do favour the forward reaction of elution. Furthermore, after
testing samples in the laboratory, we find gold concentrates in the solution to prove that mass
transfer of species from carbon into the solution has occurred. There is a slight increase in
concentration, and a sudden constant concentration of gold in the solution. From the linear
graph, the gradient is positive suggesting gold is not being electroplated. Therefore, the
researcher can only attribute the reaction dynamic to the electrowinning cell response to the

flow rate. Further tests are suggested to verify the conditions.
4.2 Summary

The chapter gave detailed result discussions. The discussions depended on the information
reviewed in chapter two. Chapter four discussed the effect of pressure, temperature and flow
to elution. The effect of pressure to elution showed that as it is increased, there is also an
increase of gold concentration in the solution. Gold concentration increases in the solution
with increase in temperature. According to the investigation carried, it showed that this
increase is only within a limited range of temperature. At temperature of 130°C gold
concentration decreases. Chapter 4 discussed the effect of fluidised bed reactor. This section

showed how fluidisation yields good results during elution.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Overview

Investigation of the effect of temperature, pressure and flow rate on modified Zadra gold
elution process was conducted at Near East University Northern Republic of Turkish Cyprus.
Conclusions and recommendations have been drawn after the study. These are explained in

this chapter under the following headings 5.2 and 5.3.
5.2 Conclusion

The effect of temperature, pressure and flow rate on the modified Zadra elution process was
investigated. To proper conclusion of the effect of these parameters it must be noted that the
experiments performed were based on the Zadra elution system. The Zadra elution system
comprises of the elution vessel, in which elution takes place and the electrowinning, in which
electroplating of gold happens. These two vessels are in a single circuit which includes a
pump, pipe line and fittings. This is the design shown in Figure 3.0.1 of chapter 3 heading
3.2.3. Furthermore, the conditions employed for both the elution column, and the
electrowinning cell are a true replica of the conditions employed at large scale. These
conditions include the parameters investigated on the elution side. On the electrowinning
side these conditions include the cathode and anode voltage of 4V, using a tailor-made
transformer for electrowinning process specifically. The current used of 75A is also a true
replica of the one at large scale.

Firstly, it showed that there is a decrease in gold concentration change as pressure increases.
The conventional Zadra elution system has the gold concentration change increasing as
pressure increases. This study has given a different process behaviour due to the presents of
fluidisation. Owing to this, the reaction kinetics have shifted to favour the forward reaction
at low pressure. Operating at low pressure, achieving good results means we have saved on

material costs, process cost, and enhanced safety precautions. At high pressure, the process
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is hazardous. At low pressure the process is safe. The net positive effect of this is both on
efficiency and cost of the elution process.

Secondly it can be concluded that, as temperature increases gold concentration change
increases. This agrees with information well-articulated in chapter 2. This is more clearer
considering the 110°C and the 120°C temperature variable. At 120°C the process
experiences an increased gold concentration change than at 110°C. Thus, temperature is
important during the fluidised Zadra elution process. Considering that the process was
fluidised, the reaction dynamics at 130°C were unexpected. But using the information from
chapter 2, it can be concluded that the low gold concentration change tendency is attributed
to aurocyanide decomposition. This is primarily because the aurocyanide complex is
sensitive to high temperatures.

Thirdly, flow rate showed that as it is increased, so does fluidisation, the gold concentration
change increases in the solution. The fluidised Zadra elution process responded as expected
considering the net positive effect of fluidised bed reactors to mass and heat transfer. It can
be concluded that at low flowrate of 23892 Re the reaction was unexpected. Challenges to
make solid conclusions are attributed to the fact that, at this flow rate, the process may have
different responses from the two chambers i.e. elution chamber and electrowinning chamber.
Previous studies have shown that at low flow rates, under packed bed, elution occurs. Thus,
at any flow rate above the minimum flow rate used for packed bed reactors mass transfer
should occur. In this case further recommendations will be made for future studies.

Finally, the researcher used tailing carbon for the experiments. The tailings carbon obtained
after main elution process has low gold loading capacity. It is difficult to extract the small
proportions of gold from this carbon (Sun & Yen, 1995). From the research done, samples
of gold concentrates were drawn. This shows that the process is able to extract the small

proportions under fluidised conditions.
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5.3 Recommendations

After evaluating the conclusions made in this chapter, it is clear that fluidisation causes a
change in reaction dynamics. Pressure parameter gave a different response to the results,
compared with its behaviour on previous studies and conventional method. Flow rate at
23892 Re gave unexpected results as well. As previously highlighted before, the study was
focused on the effect of these parameters on the complete modified Zadra elution system.
For future studies, it is recommended to separate the two Zadra elution chambers, analysing
the elution process separately from the electrowinning cell. This will help to make further
better conclusions on the effect of each parameter on each process. These conclusions can
therefore be married to each other for optimisation of the process.

Furthermore, as the researcher has eluded in the conclusion section, it is difficult to extract
the small proportions of gold from this carbon (Sun & Yen, 1995). For future studies, the
researcher recommends to use full loaded carbon with a high gold grade. With loaded carbon,
samples give better results for analysing gold concentration changes and extraction
efficiency for each parameter.

Only four samples were drawn for each experiment. It is recommended to increase number
of samples collected per elution run. With the funding limitations experienced during this
research, the flow rate measuring instrument was only enough to give an idea as to what
happens with change in flow rate. It is equally important to draw conclusions on the flow
rate regimes at specific given values, hence the need for proper accurate measuring

instrument.
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Appendix 1a: Valves/ Fittings/ Head Losses

VALVES / FITTINGS / HEAD LOSSES

The values in this Data Sheet are intended as an indication cnly.

Where available, figures should be confirmed with detailed test work.
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Appendix 1b: Warman pipe friction chart
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Appendix 2: Characteristic curves and performance data

- 1
-
the spring of e
CHARACTERISTIC CURVES AND PERFORMANCE DATA 60Hz n=3450 min" HS=0m
¢, ., 5,,, v, ., , ¥ ,. ., 5, .., 6 . .¥ 6 6 ®, .. Ups
< e 4 o %, L W%, ®, 6,6 . %,6, ¥ 6 6 .5 o=
60 b fesst
CPETO L
85 L
CPETOM [T
m F
CP&ED b
45 150
40 CPE50 L
- 125
w35 CPE20 N
£ cPesom .
=100
Ewn CcPElD L
= F
3 s :
E 4 CPEOD [
20 L
15 :53
10 E
=3
5 F
n l—n
] 10 20 a0 40 50 &0 T BO 50 100 110 120 130 140 150 160 170 Lmin
e o T o o T e .
Flow rate Q@ »

MODEL POWER (P2) Q m¥h 0 06 1.2 24 36 48 54 60|66 72 78 90 96
Single-phase Three-phase kw HP A I/min L] 10 20 40 60 80 90 100 110 120 130 150 160
CPm 600 CP 600 037 050 2 2120 1B|15 1 ‘

IE2
CPm 610 CcP 610 0.60 0.85 285 | 28 27 25 22 19 17
CPm 620 CP 620 0.75 1 35 34 33 31 285 255 235 21 ‘
CPm 650 CP 650 11 1.5 40 - 39 38 36 331 312 288 26
CPm 660 CP 660 15 2 H metres 48 = 475 46 44 41 395 375 35 32 ‘
CPm 670 CP 670 2.2 3 IE3 56 - 555|545 525 50 485 465 44 415 38
CPm 650M CP 650M 11 1.5 33 = = 32 31 30 29 28 265 25 23 ‘ 19
CPm 660M CP 660M 15 2 44 - - 43 42 40 39 38 37 355 34 295 27
CPm 670M CP 670M 2.2 3 53 - - 52 51 495 48.5 475 465 45 435 ‘ 39 36

Q=Flowrate H =Total manometric head HS = Suction height

A Performance class of the three-phase motor (IEC 60034-30-1)

Tolerance of characteristic curves in compliance with EN ISO 9906 Grade 3B.



Appendix 3: Properties of saturated water

Properties of saturated water

Volume
Enthalpy Specific Thermal Prandt| Expansion
Saturation Density of Heat Conductivity Dynamic Viscosity Number Coefficient
Temp. Pressure p, kg/m? Vaporization ¢, J/kg-K k, W/m-K W, kg/m-s Pr B, UK
T,°C Py kPa  Liguid Vapor Ay, kJ/kg Liquid ~ Vapor  Liquid  Vapor Liquid Vapor Liquid Vapor Liquid
0.01 06113 999.8 0.0048 2501 4217 1854 0.561 0.0171 1.792 x 107 0.922 x 10 13.5 1.00 -0.068 x 107*
5 0.8721 999.9 0.0068 2490 4205 1857 0.571 0.0173 1.519 x 107 0.934x 105 11.2 1.00 0.015x 107*
10 1.2276 999.7 0.0094 2478 4194 1862 0.580 0.0176 1.307 x 10~ 0.946 x 10-> 9.45 1.00 0.733 x 1072
15 17051 999.1 0.0128 2466 4185 1863 0.589 0.0179 1.138 x 10~ 0.959 x 10-> 8.09 1.00 0.138 x 1072
20 2,339 998.0 0.0173 2454 4182 1867 0.598 0.0182 1.002 x 10* 0.973x 105 7.01 1.00 0.195 x 1073
25 3.169 997.0 0.0231 2442 4180 1870 0.607 0.0186 0.891 x 10* 0.987 X 10® 6.14 1.00 0.247 x 1073
30 4246 9960 0.0304 2431 4178 1875 0615 0.0189 0.798 x 107® 1.001 x 10 542 100 0.294 x 1073
35 5628 9940 0.0397 2419 4178 1880 0.623 0.0192 0.720 x 103 1.016 x 10-®> 4.83 1.00 0.337 x 1073
40 7.384 9921 00512 2407 4179 1885 0.631 0.0196 0.653 x 103 1.031 x 10-®> 4.32 1.00 0.377 x 103
45 9593 990.1 0.0655 2395 4180 1892 0.637 0.0200 0.596 x 10~® 1.046 x 10-®> 391 1.00 0.415x 103
50 12.35 988.1  0.0831 2383 4181 1900 0.644 0.0204 0.547 x 10~ 1.062 x 10-* 3.65 1.00 0.451 x 1073
55 15.76 985.2 0.1045 2371 4183 1908 0.649 0.0208 0.504 x 10~ 1.077 x 10-* 3.25 1.00 0.484 x 1073
60 19.94 983.3 0.1304 2359 4185 1916 0.654 0.0212 0467 x 10~ 1.093 x 10-* 299 100 0517 x 1073
65 25.03 980.4 0.1614 2346 4187 1926 0.659 0.0216 0.433 x 107% 1.110x 10™® 275 1.00 0.548 x 107*
70 31.19 977.5 0.1983 2334 4190 1936 0.663 0.0221 0.404 x 107 1.126 x 105> 255 1.00 0578 x 1073
75 38.58 974.7  0.2421 2321 4193 1948 0.667 0.0225 0.378 x 107* 1.142 X105 238 1.00 0.607 x 10~*
80 47.39 971.8 0.2935 2309 4197 1962 0.670 0.0230 0.355 x 107* 1.159 x10% 2.22 1.00 0.653 x 10~*
85 57.83 968.1 0.3536 2296 4201 1977 0.673 0.0235 0.333 x 10* 1.176 x10® 208 1.00 0.670x 1073
90 70.14 965.3 0.4235 2283 4206 1993 0.675 0.0240 0.315x 10* 1.193x10° 1.96 1.00 0.702 x 10-3
95 84.55 961.5 0.5045 2270 4212 2010 0.677 0.0246 0.297 x 107 1.210x 10> 1.85 1.00 0.716 x 1073
100 101.33 957.9 0.5978 2257 4217 2029 0679 0.0261 0.282 x 10~* 1.227 x10-®* 175 1.00 0.750 x 1072
110 143.27 950.6 0.8263 2230 4229 2071 0.682 0.0262 0.255x 10~ 1.261 x 10~ 158 1.00 0.798 x 10-3
120 198.53 9434 1121 2203 4244 2120 0683 0.0275 0.232 x 107* 1.296x 10-®> 1.44 1.00 0.858 x 1072
130 270.1 9346  1.49 2174 4263 2177 0684 0.0288 0.213 x 10~ 1.330x10-* 133 101 0913 x 1073
140 361.3 921.7 1965 2145 4286 2244 0683 0.0301 0.197 x 10~ 1.365x10-* 124 102 0.970x 1073
150 475.8 9l6.6  2.546 2114 4311 2314 0.682 0.0316 0.183 x 10~ 1.399x10-* 1.16 1.02 1.025x 1073
160 617.8 907.4  3.256 2083 4340 2420 0.680 0.0331 0.170 x 107 1.434 x 107 1.09 1.05 1.145x107*
170 791.7 897.7 4.119 2050 4370 2490 0.677 0.0347 0.160 x 10~ 1.468 x 10-> 1.03 1.05 1.178 x 1072
180 1,002.1 887.3 5.153 2015 4410 2590 0.673 0.0364 0.150 x 10~* 1.502 x 10~ 0.983 1.07 1.210 x 1073
190 1,254.4 876.4 6.388 1979 4460 2710 0.669 0.0382 0.142 x 1073 1.537 x 10> 0.947 1.09 1.280 x 1073
200 1,553.8 864.3  7.852 1941 4500 2840 0.663 0.0401 0.134 x 107 1.571 x 10® 0.910 1.11 1.350 x 1073
220 2,318 840.3 11.60 1859 4610 3110 0.650 0.0442 0.122 x 107 1.641 x 10> 0.865 1.15 1.520 x 1073
240 3,344 813.7 16.73 1767 4760 3520 0.632 0.0487 0.111 x 107 1.712 x 10 0.836 1.24 1.720 x 107°
260 4,688 783.7 23.69 1663 4970 4070 0.609 0.0540 0.102 x 10-* 1.788 x 10-®> 0.832 1.35 2.000 x 1073
280 6,412 750.8 33.15 1544 5280 4835 0.581 0.0605 0.094 x 10-* 1.870 x 10 0.854 149 2380 x 1073
300 8,581 713.8 46.15 1405 5750 5980 0.548 0.0695 0.086 x 107 1.965 x 10 0.902 1.69 2.950 x 1073
320 11,274 667.1 64.57 1239 6540 7900 0.509 0.0836 0.078 x 107* 2.084 x 10* 1.00 1.97
340 14,586 610.5 92.62 1028 8240 11,870 0469 0.110 0.070 x 107* 2.255x107® 1.23 243
360 18,651 528.3 144.0 720 14,690 25800 0.427 0.178 0.060x 107 2571 x10™® 206 3.73
374.14 22,090 317.0 317.0 0 — - - — 0.043 x 107 4.313 x 107

Note 1: Kinematic viscosity » and thermal diffusivity « can be calculated from their definitions, » = w/p and a = klpc, = »/Pr. The temperatures 0.01°C, 100°C,
and 374.14°C are the triple-, boiling-, and critical-point temperatures of water, respectively. The properties listed above (except the vapor density) can be used at
any pressure with negligible error except at temperatures near the critical-point value.

Note 2: The unit kJ/kg-°C for specific heat is equivalent to kJ/kg-K, and the unit W/m-°C for thermal conductivity is equivalent to W/m-K.

Source: Viscosity and thermal conductivity data are from J. V. Sengers and J. T. R. Watson, Journal of Physical and Chemical Reference Data 15 (1986),
pp. 1291-1322. Other data are obtained from various sources or calculated.
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Appendix 4a: First pressure test results

st e
HOMESTAKE
g & leshnical servicen
ASSAY & METALLURGICAL L ABORATORIES (PRIVATE) LIMTED
PO BOX 1542 KAFKIVE
Tel + 263 55 2521974
Attention: Phiri
h Date Received. 03.07.15
_Ai’ ; Andysis: Gold Analysis using Direct AA Finish o\t
v i S
~ Materials: Solutions ’@3&
st Test Pressure variance) A ooﬂ*#\w ‘
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Appendix 4b: Second pressure test results

FAa
HOMESTAK
it & 1 bl sersices
ASSAY & METALLURGICAL LABORA TORIES (PRIVATE} LIMTED
PO BOX 1542 KWFKIE
Tel +263 55 2521974

Attention: Phini
Date Received: 03.07.18 o g
- “N‘\'\Lm

Analysis: Gold Analysis using Direct AA Finish wE

Materials: Solutions

Jnd Test {pressure variance)
Pressure: 1.5 bar

Max Temp: 120%c

Initial Temp: 16%c

* Time of temp rise: thr 2min
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Appendix 4c: Third pressure test results
e

[RPRLYE RN
A L R o ]

vl & os o

A T e Aot K e PR SRR
ASSAY & METALLURGICAL LABORATORIES (FRIVATE] LMTED
POBOY 1542 KIEKLE
Tel + 203 55 2521574

Attention. Phin

Date Received. 04.07 18

Analysis: Gold Analysis using Direct AA Finisih ﬁﬁm m
Materials: Solutions n%w
Jrd Test Pressure variance)
Pressure: Zbar
Max Temp: 120%
Initial Temp: 18%c
Flow Rate: 3760Re

E: Time of temp rise: 58 nins

i

- ’ : \
besar | Cyanide i 9 Ay }

mn_,' ‘ ,&‘"D‘m SAMPLE LABEL i pH \ ot ’1:;




Appendix 5a: First temperature test results

v
v

HOMESTAKE

minfun & vechnical soryices

ASSAY & METALLURGICAL LABORATORIES {(PRIVATE) LIMTED

P O BOX 1542 KWEKWE
Tel +263 55 2521974
Attention: P. Phiri
Date Received: 03.02 1 ASS per
ABRAY g . WE (Pvm
Materials: Solution Wiy Y1) LID
0 - AB0RATR
Analysis: Gold analysis using Direct AA finish o
1 Test (Temperature variance)
Pressure: 1.5har
Max Temp: 1200C
Initial Temp: 22C
Time of Temp Rise: 5%mins
Cyanide Ay
Run Date SAMPLE L ARF1 o) oH (o)
90 TE Sample 1 170
T | Sample 3 37
09.08 18 Sample 4 0.30
Blank ND
097
& 4 L3
.}-‘ 14
7
AS .
B
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Appendix 5b: Second temperature test results

ASSAY & METALLL

Attention: Phin

Date Received: 08.07 18

Analysis: Gold Analysis using Direct AA Finisi

Materials: Solutions

27d Test ftemperature variance)
Pressure: 1.5 bar

iax Temp: 1206

initial Temp: 15%

Flow Rate: 37608Re

Time of temp rise. Thr

SAMPLE LABEL

45.9),\\
h“@z&#& .
U 'S
Cvanide Ay
ool | P (g
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Appendix 5c: Third temperature test results

- -
A
.
HOMESTAKE
st & 1o htucal services
ASSAY & METALLURGICAL LABGRA TORIES (PRIVATE) LIMITED
P OBOX 1542 KWEKIVE
Tel + 263 55 252197
Attention: Phin ~
atay YET Zhyp o~
' s f Q “Y L (B
Date Received: 08.07 18 ubwmw%@ f VU UD
150 - TR

Analysis: Gold Analysis using Uirect AA Finish

Materials: Sclutions

3d Test (Temperature variance)

Pressure: 1.5 bar

Max Temp: 110%c
|- Initial Temp: 215¢
E Flow Rate: 37608Re

Time of temp rise: 45mins
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. » | &
L
o = (o)
123 |
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Appendix 6a: First flow rate test results

ES (PRYVATE) LIMTED

Attention. Phin

Date Received: 04 07 12 @

/A
k)
Analysis: Gold Analysis using Direct AA Finish ‘5%
| %
Materials: Solutions X S 6‘/\.
ot AN\
1% Test (Flow rate variance) ﬁ'ﬁk B,
N (z
Pressure: 1.5 bar '3;‘,'

" Max Temp: 120%¢c
Initial Temp: 28%c
Flow Rate: 32403Re
Time of temp rise: 58 mins
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Appendix 6b: Second flow rate test results
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Appendix 6c¢: Third flow rate test results
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Date Recerved 04

"‘J,:.: Gold 2,95

Materials Solutions

¥4 Test Flow rate vasiance
Pressure 151

Max Ternp 14%
Inital Tenp A®
Flow Rai» 23057Fe

Time of emp rise 1hs Bons
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Appendix 7: Pressure linearity graphs

1bar
y =-0.3575x + 2.5875
- ..................... m lbar
R . e Linear (1bar)
2 4 6 8

Sampling Time (hrs)

1.5bar
y =-0.317x +2.723
;- .............
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....... . ---e-o- Linear (1.5bar)
2 4 6 8
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2bar
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Appendix 8: Temperature linearity graphs

(o)
110°C y = -0.1395x + 1.1155
[ |
.................... m 110°
[ M [ e
............... Linear (110°C)
2 4 6 ¢
Sampling Time (hrs)
120°C
) y= -0.2965x + 2.5485
...... ¥
e + 120°C
......... = ~oeeee Linear (120°C)
2 A 6 8
Sampling Time (hrs)
130°C
y =-0.135x + 1.18
e — A 130°C
+ A ......... Linear (130°C)
2 - 6 8

Sampling Time (hrs)
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Appendix 9: Flow rate linearity graphs

Re=23892
" . ............... . y = 0029X + 0394
®  Re=23892
......... I—lnear (Re:23892)
2 4 6 o

Sampling Time (hrs)

Re=32403
y = -0.154x + 1.696
AEEERRCm . * Re=32403
......... Linear (Re:32403)
2 4 6 8

Sampling Time (hrs)

Re=37608
y =-0.3185x + 2.6715
A .......
..... NS A Re=37608
........ e - Linear (Re=37608)
2 4 6 8

Sampling Time (hrs)
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