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Figure 4-26: Arrhenius plot of Inkd vs 1/T (K™') for ash/product layer diffusion mechanism at 300W
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Figure 4-27: Arrhenius plot of Inkd vs 1/T (K™') for ash/product layer diffusion mechanism at 500W
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Figure 4-28: Arrhenius plot of Inkd vs 1/T (K™ for ash/product layer diffusion mechanism at 700W
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ICDD = International Centre for Diffraction Data

[CP-OES = Inductively Coupled Plasma Optical Emission Spectrometer

kV = kilovolts

M = Molar

MgFe,0, = Magnesioferrite

min = minute

Mn5SiO,; = Braunite

Na]_7zcr1v7|Ti(,A2¢)O](, = Priderite

SEM = Scanning Electron Microscopy

Si9;055 = Zeolite

SiO, = Silica

SO; = Sulphur dioxide

W = Watts

XRD = X-Ray diffraction

XRF = X-Ray Fluorescence

wm = micrometre
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others reportit  low copper coveries. Furthermore, it is imperative to note that ores from
different geolc 'cal locations have different ore mineralogy, which would make their
response to leaching under similar conditions different. Therefore, there exists a r 1 to
investigate the response of Otjihase tailings to microwave-assisted leaching, which is
believed to have more benefits than conventional leaching methods as established by various
researchers (Chunpeng, et al., 1990; Hwang, et al., 2002; Koleini & Barani, 2012). In this
work, the microwave-assisted leaching behaviour of the Otjihase tailings will be studied, with

a view to enhance copper recovery.

1.3 m ¢ d objectivesofthe._ 1 /

The main aim of this study is to investigate the response of the Otjihase tailings to leaching
under varying microwave conditions, in order to determine conditions that would yield

enl  ced copper recovery. The specific objectives of the study are thereft : to:

a) evaluate the effect of microwave intensity on the efficiency of copper dissc ition
from the Otjihase Mine tailings, at varying leaching time and temperature;

b) establish the effect of leaching time and temperature on copper recovery, after

mi wave pre-tr  ment;

¢) determine the kinetics (rate equation, activation energy) of chalcopyrite dissolution in

sulphuric acid; and

d) develop a mathematical model that relates cc er recovery to microwave irradiation

intensity as well as leaching time and temperature
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The route chosen for copper extraction depends on the nature of the ore. Sulphide ores go
through the concentration process of froth flotation, while oxide ores undergo leaching prior

to subsequent processes that lead to attaining copper in its pure form.

2.2.1 Mineral processing of copper sulphide ores

Mineral processing of copper sulphide ores involves comminution, sizing, and froth flotation
to produce a concentrate, usually with a copper grade of 20-30%. Comminution is the

reduction in particle size of solid material by fracture, achieved through crushii  grindii
milling, or other related processes (Yang, 2015). The comminution process is vital for the

liberation of especially low-grade ores, which have the valuable mineral finely disseminated
within the gangue minerals (Wills & Finch, 2015). Comminution reduces the particle size of
the ore, thereby increasing the surface area available for chemical reactions. Varic  types of
crushers such as jaw crushers, gyratory crushers and cone crushers are used for the first stage
of comminution, while grinding mills such as  d mills and ball mills are used for the second
stage of comminution. Comminution is followed by I classification stage; in which various
types of classifiers are used to separate fine (I rated) from coarse (unliberate  solid
particles. The coarse particles undergo further grinding, until they reach the size re rired for
the next stage of the process, which is froth flotation. The froth flotation process separ: s
gangue from valuable minerals and increases the ore grade prior to further processing
downstream, and in order to render low-grade ores economical to process (Hocking, 2005). A

schematic representation of the froth flotation process is given in F 1re 2-2.
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materal material is then collected

Figure 2-2: Schemalic representation of the froth flotation process (Schlesinger, et al., 2011)

The froth flotation process makes use of the surface properties of liberated minerals to
separate hydrophobic minerals from hydrophilic minerals (Quinn & Crawford, 2017). A
flotation cell is fed with slurry made up of ore and water, as well as flotation reagents. Air is
bubbled into the flotation cell while the slurry is stirred to create a homogencous mixture.
The hydrophobic particles attach to air bubbles and are carried to the surface, from which
they are scrapped as froth (Quinn & Crawford, 2017), and are subsequently filtered to
produce a concentrate. Special reagents are used to aid in the froth flotation process,
particularly in changing the surface properties of mineral particles, to render them
hydrophobic or hydrophilic. Surfactants such as collectors modify the surface properties of

the minerals, rendering them hydrophobic, whereas depressants modify the surface properties
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Figure 2-4: Hydrometallurgical copper extraction (Superfund Research Program, 2018)

2.2.3.1 Oxidative leaching of chalcopyrite

Oxidative leaching of chalcopyrite has been conducted, particularly on chalcopyrite

concentrates. According to Lu (2010) as reported in Schaming (2011), the dominant

chalcopyrite leaching reactions are reactions ) and (2).
CuFeS, + SHY + 0, = Cu?t + 2Fe® + 250+ 2H,0 .ooooiiiiiiiiiiiie e

CuFeS, + 4Fe3t — Cult + 5Fe?t 4 280

These reactions both represent oxidative leaching of chalcopyrite. However, (Schaming,

2011) reported that the major setback in chalcopyrite leaching in an oxidative environment

(with ferric sulphate) at temperatures below 110°C is chalcopyrite passivation which occurs

once about 30% of Cu in the concentrate is leached.
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been conducted (W ling, 2006; Klauber, 2008; Debernardi & Carlesi, 2013) but could not all
reach consensus on its causes. Based on studies conducted by various researchers, th

possible causes of passivation were identified as:

e formation of an iron precipitate layer that prevents contact between chalcopyrite and
the leaching solution (Stott, et al., 2000; Cordoba, et al., 2009).

e formation of elemental sulphur which creates a diffusion barrier (Carneiro & Ledo,
2007; Munoz, et al., 1979).

e formation of an intermediate layer of sulphides, disulf s or Hlysulfide compou
which have slow reaction kinetics and therefore control the overall rate of dissolution

(Debernardi, et al., " 713; Klauber, 2008; Parker & Hope, 2008; | er., al., 7)06).

However, in their study which looked at two methods of avoiding chalcopyrite concentrate
passivation in an oxidative leaching environment, Debernardi, et al. (2013) concluded that =
formation of iron precipitates on chalcopyrite is not the cause of chalcopyrite passivation,
since passivation still occurred even in the absence of iron precipit: :s. Debernar , et

(2013) further concluded that chalcopyrite passivation still occurred when sulphur oxidising
bacteria (thiooxidants) were present. Figure 2-5 is a representation of one form of

chalcopyrite passivation during the leaching process.



Pe D0 T ag)

Figure 2-5: Schematic illustration of chalcopyrite oxidation by ferric ions, with a formation
of a layer of elemental sulphur (Cérdoba, et al., 2008)

223 E trc tallu 7 & electro-refining

Apart from pyrometallurgical processing, the copper concentrate obtained from sulphide
sources via froth flotation may be leached in order to ot n a copper-rich solution which
undergoes solvent extraction to make it suitable for electro-winning (Young, et al., 2003),

and if required, electrorefining.

Electro-winning of copper involves the use f direct current which pas from anodes to
cathodes in a cell containing  electrolyte. The electrolyte is a concentrated copper sulphate
solution (45-55g/L Cu), with high conductivity, (Schlesinger, et al., 2011), while the anode is
made of materials such as carbon or lead which do not dissolve in the electrolyte (Micl |,
2016). The cathode can be stainless steel or can be made of the metal that is to be  :overed
(copper) and onto which pure copper electroplates, from the solution (Schlesii ', et al.,
2011). Figure 2-6 shows a general schematic representation of an electro-winning cell,

whereas F ire 2-7 shows the copper electro-winning cell setup.






refining of copper, the anode is made up of impure copper that needs to be purified, whereas
the cathode is made of thin copper starter sheets or stainless steel. The cathode is the
electrode where the pure metal is deposited (Lok, 2011). The electro-refining cell is

illustrated in Figure 2-8.

Figure 2-8: Schematic representation of the copper electrorefining cell (TutorVista, 2019)

2.3 Attempts to recover Cu from Otjihase tailings

Unpublished studies on copper recovery from the Otjihase tailings have been conducted.
Leonard (2013) carried out oxidative leaching of otjihase mine tailings. In the study, it was
established that it was possible to achieve 95% copper recovery by using hydrogen peroxide
as the oxidising agent, and using H2SOy as the lixiviant. The concentration of H,SO,4 used
was 2M, while the H>O> concentration was 1M. Leachii  was conducted at 70°C for 240
minutes. It is imperative to note that although a high copper recovery was achieved at these

conditions, it was mostly attributed to the high concentrations of reagents used, and to the
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The leaching was condu d in a microwave digestion device, and the optimum conditions
obtained were leaching time of | hour, leaching temperature of 140°C, and a leachis

solution consisting of a mixture of 0.5 M H,SO4 and 0.05 M Fex(SO4)s.

On the other hand, the study by Al-Harahsheh, et al., (2005) concluded that although
microwave-assisted leaching yielded recoveries higher than those obtained in conventional
leaching, the difference was minimal, with the highest difference in copper recovery (for
conventional and microwave-assisted leaching) less than 5%. Leaching of chalcopyrite
natural crystals was conducted in a microwave accelerated reaction systems apparatus that
delivers three levels of power: 300, 600 and 1200 W. The leaching solution was made up of
0.5M sulphuric acid and 0.25M ferric sulphate. Similar results were obtained by Onol and
Saridede, (2012), with only one of the four materials used in the study showing a difference
in conventional and microwave-assisted leaching copper recovery of about 13%. The other
three materials used in the study all showed a difference of about 5%. Microwave-assisted
leaching of nickel laterite ores conducted by Zhai, et al., (2009), reporting a high copper
recovery of 92%. The optimum microwave intensity was found to be 800W, whe as the
optimum microwave irradiation time was found to be 6 minutes at a temperature of 90°C and
leaching time of 90 minutes. In this study, conditions similar to these were a | to the
mine tailings, in an attempt to recover copper. Additionally, the difference in leachil

recoveries obtained by various re  rchers warrants a need to thoroughly study e response
of various minerals to microwave-assisted leaching, in order to understand the diffi  1ce in

conclusions by different researchers.

Figures 2-10 to 2-13 show results obtained by some researchers on microwave-assisted
leaching. It can be seen that the cop ryield was h 1as60% some studies, wh o er
stud” could only achieve a yield of about 17% as the highest for the set of cor tions
investigated in such studies.
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mine) or entered into a care and maintenance phase (the Otjihase mine and the Matchless
mine). Feasibility studies are currently being conducted to determine the technical and
financial viability of mining copper from the Haib copper deposit in Southern Namibia (Deep
South Resources, 2019). This symbolises deficitint primary cop  sou Nam

Devising a means to recover copper from secondary sources such as mine tailings will help
not only contribute to the national but also global copper requirements. Also, it would aid in
reducing the metal content of the mine tailings, thereby reducing possibility for underground
water contamination. With the known slow dissolution of chalcopyrite in conventional
leaching methods, this study attempts to determine whether it is technically feasible to

recover copper from low-grade mine tailings using microwave-assisted le  ing.



In this chapter, an overview of copper occurrence and extraction methods was given. The
uses of copper were also outlined, as well as '  kinetics of the copper leachit  process. Two
extraction methods were looked at, pyrometallurgy and hydrometallurgy. The
pyrometallu “cal route for copper extraction was reported to have high energy requirements,
particularly when treating low-grade ores (Dimitrijevic, et al., 2009). Also, pyrometallurgy
has the disadvantage of possible emission of SO, into the atmosphere. Hydrometallurgy was
reported to have low energy requirements (Petersen, 2016; Yin, et al, 20 . However,
copper sulphide ores do not respond well to the leaching process, due to the passivation of
chalcopyrite in the ore. Microwave-assisted leaching was conducted by various ¢l sin
an attempt to counteract passivation, and they reported differing conclusions from their
findings. The studies conducted were however not based on a Namibian cop  deposit. The
next chapter will outline the methods used in conducting this study. It will also illustrate how
conditions similar to those used by various researchers were incorporated into this work,

while focusing on a Namib 1mine’sc per tailings.
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3 2 asearch ir its

Various instruments were used for different purposes in this study, and a detailed description

of 'the is  /en in this section.

e Laboratory sieves
Laboratory sieves were used for particle size analysis experiments, in ord to ob n the
particle size distribution of the as-received sample, as well as to obtain the particle size

required for the leaching e:  riments.

» [aboratory oven
A laboratory oven (Memmer 100) was used to dry the raw tailings sample by heating the

samples at 110°C for 4 hours.

e Microwave oven
A domestic microwave oven of a Samsung make and with a maximum output of 1000W was
used to exposure the tailings samples to microwave radiation prior to leachii T/ ¢ 1ples
were all pre-heated for 6 minutes, and the microwave power was varied at 0, 100, 300, 500

and 700W respectively.

* Leaching bath
A leaching bath (Labotec Eco Bath shaking water bath) as shown in Figure 3-1 was used for

leaching experiments. The leaching time was = ied at 20, 30, 40 4 50 minu  whi

w

leaching temperature was varied at 50, 60, 70 and 80 °C, res  :tively.
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e XRF analyser
An X-Ray Fluorescence analyser (Niton XI3t) was used for elemental analysis of the raw

tailings sample.

e ICP-OES analyser
An Inductively Coupled Plasma Optical Emission S :trometer (ICP-OES) of the make
PerkinElmer Optima 7300 DV was used for elemental constituents® analysis of the filtrate as

well as the leaching residue afterd  stion.

¢ Scanning Electron Microscopy
Tailings samples and leaching residue morphology was assessed using a Philips (XL30
SERIES) Scanning Electron Microscope (SEM) equipped with a field emission gun operating

between 5 and 30kV.

3.2 Researchde: :n

A quantitative randomised factorial design was used for the study. The experiments entailed
leaching of the mine tailings, first without microwave pre-treatment at varyii ich
temperatures and leaching times, followed by leaching at the same conditions aft
microwave pre-heating for 6 minutes at varying microwave intensities. All leaching
experiments were conducted in triplicate, to ensure results repeatability. The conditions used

for the leaching experiments are as displayed in Table 3-1.
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first (425pm) sieve, and the sieve shaker was run for 10 minutes, in order to allow all
¢ ccles a chance to be presented onto the sieves surfaces. When sieving was complete,
oversized particles collected on each of the sieves, as well as the -75um particles collected in
the pan were weighed. The oversized particles were collected in one bag, and the -75pum

samples were also put together in another bag and sealed.

All +75um particles were ground using a ball mill at the Global Materials Testing Services
(GMTS), in Ondangwa. When grinding was completed, the samples were put together on a
large polythene bag laid on the floor, and mixed well using a shovel, followed by sieving in
order to collect the -75um particles. Grinding and sieving were repeated until the was a

sufficient mass of the -75um particles.

The -75um particles were further blended using a jones riffle splitter, to ensure homogeneity
of the main sample. Thorough mixing of the samples was done by pouring the material into a
riffle splitter, then hand mixing the samples in the ~ receiving chambers, follov | by pourit

the material into one bucket, then back into the splitter, repeating the exercise 5 times to
ensure samples uniformity. The sample obtained : :r thorough blending of the -75um
particles was ready for use in leaching expe¢ “nents, and was placed in a bucket with ali A

flowsheet of the sample preparation procedure is giv  in Appendix A.

3.3.2 Sample characte :ation

Two samples were randomly obtained from the sample stor: : bucket and characterised
using the X-Ray Fluorescence (XRF) spectrometer in order to determine the elemental
composition of the as-received tailings material. In addition, the as-received  lings material

was characterised usir  Scanning Electron Microscopy (SEM), to determine its surfa
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morphology. Furthermore, X-Ray Diffraction characterisation (XRD) was done to determine

the mineralogical composition of the as-received sample.

3.3.3 Reag: preparation

Sulphuric acid (H2SO4) of 0.5M concentration was used for all leaching experiments.
Analytical Reagents (AR} grade Sulphuric acid was used to prepare the leaching solution, and
had an acid strength of 97%, and a density (p) of 1.841 L. The 0.5M acid was prepared as

shown in Appendix B.

The acid used for leaching was prepared by measuring 500ml of distilled v er into a 1 litre
volumetric flask, then adding 27.5ml of acid using a measuring cylinder. This was llov |
by rinsing the cylinder 3 times with distilled water, and adding that to the volumetric f k.
Finally, distilled water was added to the volumetric flask to t¢ up the solution up to the I

mark. Fresh leaching solution was used for each leaching experiment.

3.3.4 Leachingex] ‘-im (s

Leaching experiments were conducted in a leaching bath outside the microwave oven. Sc ¢
experiments were conducted without exposure to microwave radiation, while other
experiments were exposed to microwave radiation  or to leaching in the leaching bath. This
was done in order to establish the response of the Otjihase tailings to leaching under dif
conditions. Results obtained from these experiments would determine the effect of irradiation
intensity, leaching time and leaching temperature on copper recovery, as well ~ determine
the how the Otjihase tailings would pond to leachit under conditions similar to those

yielded promising results in literature.
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complete, the sample was poured into a conical flask containit 100 ml of leaching solution
(which had been placed in the feachi  bath to attain tI desired leachit ten -ature). The
flask was then placed into the leaching bath at the desired temperature, and leaching was
carried out at varying times as described in Table 3-1. All experiments were conduc in

triplicate.

When a specific leaching time was attained, the slurry was filtered. The filtrate was put into
clean sample bottles, while the residue was allowed to air dry in a laboratory fume hood. The
dry residue was then put into sealable sample b, and sent to an external laboratory for
elemental Cu analysis. Analysis of solution samples was done by using the Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) technique. Solid samples were
digested using the Mixed Acid Digestion technique, and subsequently analysed using ICP-
OES. Selected leach residue samples were then characterised in terms of phases present using
XRD and morphology using SEM. The procedure followed for leaching of microwave pr

treated samples is shown as a flowsheet in Appendix C.

3343 Model validation experiments

For each of the leaching conditions shown in Table 3-1, one additional  periment was
conducted, after completion of the control experiments as well as microwave- isted
leaching experiments (main experiments). The results obtained from these leaching
experiments would be used to validate the model developed using results obtained frc  the

main leaching experiments.
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3 ata analys

341 Analys © | 1ce (ANOVA]J
Analysis of variance (ANOVA) was used to test the difference between ave : copper

recoveries for the various factors studied.

3.4.2 " achii netics analysis
Shrinking core models were usec © determine the d  olution reaction mechanism, as well as

to determine the other kinetic parameters of chalcopyrite dissolution in H3SOs.

3.4.3 Multipler« -ession analysis

Empirical models developed on isis of multiple regression analysis were used to determine
the relationship between the independent factors studied (microwave irradiation intensity,
leaching time and leaching temperature) and the dependent variable (copper recovery) from
the tailings. A mathematical model was also developed to predict the recovery of copper from

the tailings at specific leaching conditions.
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CHAP - R

4. RESULTS DI >CU! DN

This chapter presents resuits obtained from characterisation of the as-received mine’s tailings,
particle size analysis, microwave-assisted leaching of these tailings as well as elemental and
mineralogical analysis of the filtrate and residues from leaching experiments. It also provides
a detailed discussion of all the results obtained in this work, with regards to microwave-
assisted leaching of mine tailings. Finally, it generates a mathematical model that gives a
relationship between percentage copper recovery and leaching time, leaching temp  :ure as

well as microwave irradiation intensity.

4.1 Results

4.1.1 Particle size analysis

Particle size analysis is conducted to determine the particle size distribution of a sample, as
well as to obtain the specific particle size range required to conduct experiments. For this
study, the required particle size for leachir.. experiments was -75 um. Particle size analysis
was conducted using sieves of aperture sizes 425, 180, 106 and 75 um. The data displayed in
Appendix D was used to generate a plot of cumulative percent passing vs aperture size. The
generated plot is shown in Figure 4-1, and reveals that the tailings material has a Psy of 270
pm, and a Py of 380 pum. This shows that the material is quite fine-grained, which is
attributed to prior mineral processing steps of crushing, but more specifically grinding which
were used in the concentrating plant’s froth flotation circuit, to precede the froth flotation

process.
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Sulfur (S) and Iron (Fe) with average concentrations of 21.38%, 17.61% and 15.74%
respectively. This can be attributed to the fact that Silica forms a large constituent of the ore
(and subsequently tailings). The Otjihase and Matchless deposits (from which ores processed
at the Otjihase copper concentration plant are obtained) are characterised by massive sulphide
deposits (Killick, 2000), hence the presence of sulphur in a large amount in the tailings. This
sulphur was originally present in the ore. Pyrite (FeS;) also constituted a large portion of the
ore, and was removed as gangue, which reported to the tailings during the copper froth
flotation process. Previous research by Leor 1 (2013) reported that the Otjihase mine
tailings had a copper concentration of 0.18%, and samples used for this study were found to

have an average copper concentration of 0.123%.

4.1.2.2 XRD and SEM and EDS analysis of the as-received tailings sample

The SEM micrograph shown in igure 4-2 is that of the raw (unleached) tailings. The surface
morphology of the raw  lings material exhibits  all crystalline ains which are porous in
nature. Figure 4-3 shows the XRD pattern of the as-received tailings sample. XRD results
showed that the tailings material is made up of various minerals such as priderite
(Nay 1,Cr) 11 Tie20016), covellite  (CuS), m  esioferrite (M Te,0,), zeolite  (Sijg:0s84)s
chalcopyrite (CuFeS,), bra  te (Mn;SiOy,), pyrite (FeS,) and silica (SiO,). These minerals are
all well represented in the main peaks. It is noteworthy to indicate that in this tailings
material, copper is contained in sulphide minerals only, covellite (CuS) and chalcop: te
(CuFeSy). The high pyrite content (as is visible on the Fe composition of the sample)
confirms that these are tailings of a froth flotation process, which aimed to  nove pyrite as
gangue from the ore. Figure 4-4 shows the Backscattered Electron image (BSE) with EDS of

the as-received sample, which revealed that the raw tailings material was porous, with Fe
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leaching experiments as well as the copper grade obtained at each set of conditions. This data
was used to determine the effect of | hing time, leachii temperature and microwave
intensity on copper recovery. Additionally, kinetic studies on chalcopyrite leaching using
dilute sulphuric acid will be discussed in detail in this section. Finally, a mathematical model
was developed, to provide the relationship between leaching time, leaching temperature,

microwave intensity and copper recovery.

4.2.1 Effect of leaching time and leach m] -ature on copper recovery

The range of time used for leaching experiments was 20 minutes to 50 minutes, with 10
minutes intervals; while the leaching temperatures studied were 50 to 80°C, with 10°C
temperature intervals. Figures 4-5 to 4-8 illustrate results obtained from experiments
conducted at various times and temperatures. The results obtained show that there was no
large change in Cu recovery with the time range used in this study. However generally,
increasit leaching time resulted in higher copper recovery. The loi st 1 “ing time of 50
minutes yielded the highest copper recovery of 36.13% at 700W microwave intensity. The
slight change in percentage copper recovery observed over the time range used in this study
could be attributed to the time interval used for leaching experiments. Although the study
aimed to utilise reduced time and investigate how this affects the efficiency of copper
dissolution from the tailings, the time and time intervals used proved to not be sufficient
enough to yield a notable difference in copper recovery. Leaching time range may therefore
need to be widened, in order to investigate the possibility of obtaining a significant effect of
leaching time on Cu recovery of the Otjihase tailings. Another possibility is the slow kinetics
of chalcopyrite dissolution in sulphuric acid as reported by Li, et al., (2013), to
chalcopyrite passivation. The microwave pre-treatment step was conducted with an aim to

counteract passivation and its effects; however, the results obtained su st slow leaching
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recovery from 29.4% to 33.54% for conventional and microwave leaching, respectively,
conducted for a period of 180 minutes. However, the copper recovery obtained by Onol &
Saridede, (2012) is lower than this study achieved, in less leaching time of 50 minutes. The
results obtained in this study can be due to various factors: The microwave irradiation time of
6 minutes, although worked for some ores (Nickel laterite ores), may not be sufficient for Cu
tailings pre-treatment, hence the lack of a significant increase in copper recovery between
conventional leaching and microwave-assisted leaching. Additionally, the tailings material
was ground to -75um, the results obtained therefore support a finding by Schmuhl, et al.,
(2011) which suggested that larger particle size fractions respond bet  to microwave pre-
treatment than fine particle size fractions, due to the high volume percentage of microwave

absorbing phases in larger sized particles.
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Figure 4-13: Effect of leaching time on efficiency of copper dissolution at . JOW microwave
intensity

4.2.3 XRD,! and EDS ¢ acterisation of leach resid

XRD analysis of the leach residue revealed mineralogical composition very similar to the raw
tailings sample, which shows that no new compounds were formed as residues in the leaching

process. Figure 4-14 shows an XRD plot of the residue obtained after leaching at 700W,
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70°C and 50 minutes leaching time. Plots obtained for other leaching conditions revealed
mineralogical compositions similar to this. It can the ore be assumed that «chii  under
conditions investigated in this study did not lead to formation of new mineral phases, as the
mineralogical composition remained unaltered. This also agrees with leaching recovery data

obtained, which exhibited similar ¢ racteristics for various leaching conditions studied.

SEM micrographs shown in Figures 4-15 to 4-17 also reveal similar morphologies, althor "
they represent residues obtained at different leaching conditions. The leach residue
morphologies reveal crystalline grains which are generally evenly distributed within the
tailings material. Additionally, the grains a r more _ rous when compared to the

sample micrograph shown in Figure 4-2, a characteristic which could be attributed to acid
attack during the leaching process. The observation made on similar surface morphologies for
leach residues obtained at different leaching conditions is similar to what Olub 1bi &

Potgieter, (2009) reported in their study.

The BSE image with EDS ¢l cterisation shown in Figure 4-18 is for a leach res: e for
leaching conducted at 300W, 70°C and 30 minutes. It is similar to that of the as-received
tailings material shown in Figure 4-4, which suggests that no new phases were formed as a
result of the leaching process. Also, as exp~"ted, elemental copper was not detected by the

EDS analysis, which is attributed to the very low copper composition of the leach residue.
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curves as reported by Onyedika, et al., (2013) and Antonijevic, et al., (2004); and coefficients
of determination (Rz) which can be used to i itify re  ion mechanism (Cadenato, et al.,
2007) revealed that the slowest step in leaching was the Ash layer diffusion, which is
governed by the equation kgt =1 — 7}:"'— (1 —X5)?® (Equation 5). Results displayed in
Figures 4-19 to 4-23 show plots on copper recovery vs leaching time linearised using the ash
layer diffusion shrinking core model. Ash layer diffusion was associated with the lowest rate
constants; and additionally, the coefficients of determination reveal that the cop

dissolution data best fit the ash layer diffusion equation more, when compared to other
reaction mechanisms. The slow diffusion through the ash layer could be attributed to the
formation of a passivating sulphur layer on the chalcopyrite surface (Sokic, et al., 2009),
which then acts as a diffusion barrier for the reactants, through the reaction products on the
particle (Antonijevic, et al., 1994), and hence prevents further leaching from taking place.
Furthermore, slow dissolution rate may also be as a result of low concentration of  ctants
(0.123% Cu in the tailings material) and 0.5M H>SO, used for the leaching experiments,
which is in agreement with an observation made by Shamsuddin (2016) on how low  ctant

concentration is associated with ash layer diffusion mechanism.
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700W microwave intensity
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The model developed as a whole can be said to be atistically signifi  t at 95% confidence
interval, as all p values obtained for all factors studied are ss than 0.05. The contributions of

the individual p imeters to the model are as follows:
Intercept: p (7.76E-66) < « (0.05)

Intensity, i: p (0.037) < a (0.05)

Time, t: p (5.03E-14) <« (0.05)

Temperature, T: p (9.24E-34) <« (0.05)

Additionally, the Significance F of the model is 1.63E-34 (it is less than 0.05) which shows that
the model developed is statistically significant, since the Significance F value is s than = F
statistic value (Morris, et al., 2011). Furthermore, the coefficient of determination (Rz) obtain s
0.877, which means the data is 87.7% clc  to the fittc reg modt devele I (Mi |
et al., 2011). The coefficients obtained for microwave intensity, leaching time and leaching
temperature reveal that for this study, microwave intensity I  the least effect on c¢ »er

recovery, since it had the least coefficient (Morris, et al., 2011).
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2.6 Stat i 1+ aal sis of the ts obtained

Statistical analysis of the data was conducted to determine the overall statistical effect of
microwave pre-treatment on copper recovery and hence test the hypothesis of the study.
Tables 4-6 to 4-9 show results obtained from Analysis of Variance (ANOVA) of ¢ ser
dissolution results for leaching with no microwave pre-treatment, and leaching at various
microwave pre-treatment intensities of 100, 300, 500 and 700W. All results revealed that at
95% confidence level, the ' Calculated value was less than F Critical, and the p-value was
greater than 0.05. Based on these results, we then fail to reject the null hypothesis (] s, et
al.,, 2011), which means based on this study, the null hypothesis, which is “Incre ng
microwave pre-treatment intensity does not enhance percen : cop recovery fro

leaching of mine tailings at 95% confidence interval” stands true. Results of ANOVA agree
with what the study already established on the effect of microwave power on cop

dissolution efficiency, that microwave pre-treatment had no significant impact on e

efficiency of cop rdissc tion from the mine tailings.
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5. CO I [ONSand E&( ATI

5.1 Conclusions

In this study, assessment of copper recovery from low-grade mine tailings was conducted.
Dry tailings material ground to -75um were leached in 0.5M H,SO4; with and without
microwave pre-treatment. The various conditions used for leaching were pre-treat  t with
microwave intensities of 0, 100, 300, 500 and 700W; leaching time of 20, 30, 40 and 50
minutes; as well as leaching temperature of 50, 60, 70 and 80°C. The effect of microv e
intensity, leaching time and leachit temperature on copper recovery were investiga |
Furthermore, kinetic studies of chalcopyrite dissolution on dilute H,SO4 were carried out.
Finally, a mathematical model was developed, that relates all the parameters studied to

copper recovery.

All objectives of the study were achieved and the following conclusions were awn from e

study:

e Microwave pre-treatment had no significant impact at 95% confi nce intervi «
copper recovery.

e Copper recovery increased slightly with an increase in leaching t perature and
lc  ningtime

e Diffusion through the ash/product layer governed by the equation kyt = 1 — 3’;_3_

(1 —Xy)?® was found to be the rate-determining-step, and hence the copper
dissolution mechanism.

e Activation energy determined was found to be in the ra1  : of 7.7-22.69kJ/mol.
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5.2

Multiple linear regression revealed that microwave power, leaching time and leachir
temperature were related to percentage copper recovery by the following equation:
Ry = 4.8525 = 107*i + 4.8325 * 1072t + 1.11565 = 1071T 4 23.92999

The model as a whole and the model parameters are all statistically significant at 95%

confidence interval.

:con 1endations

Increase the microwave pre-heating time »r further microwave assisted leaching
studies, to determine if at the same set of microwave intensities, increased copper
dissolution can be obtained.

Consideration to conduct leaching tests by pre-heat  slurry (a mixture of tailings
samples and sulfuric acid) in 2 microwave oven and compare results to lea ing
conducted after pre-heating dry tailings material.

Leaching time should be extended in further studies to test for the possibility of higher
copper dissolution.

Larger particle size fractions should be used in further studies, to dete 1 : whet r
they would respond better to microwave | s-treatment than fine particle size fractions,

as reported by some researchers.
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p = 1840g/L
Mass (g)of acid per L = p = Acid strength

= (1840g/L) * 97% = (1784.8 g)/L

Mass (g)of acir »ar L
Acid molar 1uss

Moles of acid per L =
= (1784.89/L)/(98.08 g/mol) =~ 21M

Volume of acid required to make 1L of 0.5M acid solution =

= (0.5M) + 27

16.z11u

= 27.5ml
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