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Abstract

Bioleaching is an established technology for the treatment of refractory gold ores and
concentrates. The bioleaching of sulphide minerals is a complex process in which bacterial
and chemical oxidation processes occur simultaneously. Recent studies has provided
convincing evidence that the bioleaching of pyrite occurs via a two-step mechanism (Boon,
1996). A similar multiple sub-process mechanism has been proposed for the bioleaching of
chalcopyrite. A primary ferric-ion and proton attack on the mineral produces ferrous-ions and
some form of polysulphide intermediary compound. The oxidation of sulphur compounds
can occur chemically under certain conditions. The bacterial role is to oxidise the ferrous-ion

back to ferric-ion and the sulphur/sulphur compounds to sulphuric acid (Sand et al., 1999).

This work assesses the available literature on the chemical ferric leaching and the bioleaching
of chalcopyrite to prescribe the state-of-the-art. The reworking of published literature data
showed that the rate of ferrous-ion production during the chemical ferric leaching of a
predominantly chalcopyrite concentrate is a function of the solution redox potential or
ferric/ferrous-ion ratio. It has also been shown that the chemical rate passes through a
maximum in the region of 430mV (SCE). The build-up of product layers during the leaching
of chalcopyrite result in diffusional barriers which limit the rate of leaching. The exact nature

of this layer is unresolved.

Another objective was to test the applicability of the experimental and theoretical
methodology developed by Boon (1996) in studying the mechanism of bioleaching of a
chalcopyrite concentrate with mesophiles. The methodology has already successfully been
used to study the mechanism and kinetics of pyrite bioleaching. Staged additions of two
different chalcopyrite concentrates were performed, whereby the mineral was added every 2
hours to a batch bioleach at 35 °C. During the course of the experiments, the redox potential,
oxygen and carbon dioxide utilisation rates were monitored continuously. Decreasing redox
potentials and increasing specific oxygen utilisation rates with each mineral addition were
observed. The trends for both concentrates were in agreement with that presented by Boon
(1996) for pyrite bioleaching. The results are consistent with the multiple sub-process
mechanism. It indicates that the chemical ferric leaching of the mineral to produce ferrous-
ion, and bacterial ferrous-ion oxidation to produce ferric-ion are separate sub-processes. The
results also show that staged mineral additions to a batch bioleach can be successfully used to
study the mechanism and kinetics of chalcopyrite bioleaching. The results further showed that
the rates of ferrous-ion production from the chemical leaching of a chalcopyrite concentrate

and the rate of ferrous-ion consumption from bacterial oxidation can be independently



determined, and expressed as functions of the ferric/ferrous-ion ratio. The kinetics of these
two sub-processes can then be used to predict the steady state behavior during the batch

bioleaching of the mineral.

The fate of the sulphur moiety was not considered, and future work should address this issue.
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1.1 Background

Bioleaching has since become an accepted technology for the leaching of copper ores in
heaps and the pretreatment of refractory arsenical gold-bearing ores and concentrates (Breed
etal, 1999{21)). The success the stirred tank bioleaching applications in the area of base-
metal extraction is attributed to its environmental and economic advantages over conventional
pretreatment techniques like pressure oxidation and roasting, especially since the latter is -
associated with high capital and operating costs as well as the release of hazardous fumes
(van Aswegen, 1993). The projected low capital and operating cost of bioleaching plants
make it an attractive alternative especially in view of depressing metal prices (Brierley et al.,

1999).

The environmental advantages include a stable liquid effluent in the case of bioleaching as
opposed to a gaseous one in the case of smelting. Other advantages cited by mine operators
include the process robustness, ease of operation because of the relatively conditions 6f
temperature and pressure, shorter equipment construction periods and less stringent safety
considerations as compared to the aforementioned processes. However, commercial
applications of bioleaching is still a developing'technology and this allows for improvements

and expansions of the use of this process (Rawlings, 1997).

1.2 Commercial Copper bioleaching

The most commonly practiced ore bioleaching process is copper sulphide in-situ or dump
leaching processes that are responsible for 15% of the world’s primary copper production
(Rossi, 1990). Chalcopyrite, covellite, chalcocite and bornite are the principle copper
sulphides from which copper is extracted, with chalcopyrite being the most common and
abundant source of copper from mineral copper sulphides. In addition the low solubility of
chalcopyrite in water and the high activation energy for the oxidation of chalcopyrite is an
indication of the mineral’s recalcitrant behavior to leaching at low temperatures {Rossi,

1990).

Table 1-1 shows the recent commercial applications of copper bioheap leaching plants. In
addition stirred tank bioleaching plants in South Africa; Brazil and Ghana have been
commissioned to treat gold flotation concentrates. Bioleaching is also showing potential for
the extraction of other metals like cobalt and nickel from sulphide minerals (Miller ez al.,

1999).
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Table 1-1: Commercial applications of copper-ore bioheap leaching (Rawlings, 1997,
Brierley, 1997) ‘

Plant Tonnage Ore type Process
Lo Aguirre, Chile 3500 mt/d Chalcocite SX/EW
Cerro Colorado, Chile 1600 mt/d Chalcocite SX/EW
Quebrada Blanca, Chile 17300 mt/d  Chalcocite SX/EW
Ivanzar, Chile 15001%“/ d Chalcocite SX/EW
Girilambone, Australia 20001130’51 Chalcocite SX/EW
Newmont, USA 10000mt/d sulphidic NEWMONT Bicheap

1.3 Thermophilic vs Mesophilic bioleaching

Most commercial bioleaching plants in operation until 1999 use sulphidic refractory gold-
bearing concentrates as feedstocks and operate at temperatures between 35 and 42 °C. To
date no successful commercial scale stirred tank bioleaching plant has been in operation to
treat a chalcopyrite concentrate feedstock. This is because the kinetics of bioleaching of
chalcopyrite with mesophiles such as Acidithiobacillus ferrooxidans and Leptospirillum
Serrooxidans at temperature ranges employed in current commercial stirred tank bioleaching
operations is slow in comparison to that observed with the use of thermophiles at higher
temperatures (Brierley ez al., 1979; Murr, 1980; Le Roux e al,, 1987; Schnell, 1997), The
faster kinetics of copper solubilisation in dump-leaching has been associated with the action
of thermophilic organisms rather than mesophilic organisms (Murr and Berry, 1979). The
slow kinetics of chalcopyrite leaching at low temperatures questions the economic viability of
using mesophiles to bioleach chalcopyrite. Enhanced kinetics of chalcopyrite bioleaching at
mesophilic temperatures have been reported in the presence of silver (Blancarte-Zurita et al.,
1987, Palencia et al., 1987; Blazquez et al., 1999; Sato et al., 2000). It still remains unclear

whether the silver catalysed process is economically feasible at commercial scale.

However, pilot scale testing of Mt Lyell chalcopyrite by the Mintek-Bactech consortium at 50
°C using moderately thermophilic bacteria and 70 °C using extreme thermophiles, as well as
the successful batch and continuous tests performed by Billiton Process Research at 68 and 78
°C using thermophilic cultures, has shown promise by achieving in excess of 94% extraction
of copper (Miller et al., 1999; Pinches, 1997; Rhodes ez al., 1998; van Staden, 1998; Dew et
al., 1999). Other heap leaching processes developed to treat chalcopyrite concentrates

‘include the GEOCOAT™ Process developed by Geobiotics, Inc. which uses thermophilic
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archae at 70 °C and feed agglomeration or coating onto coarser ore in order to achieve an

overall 86% extraction of copper (Johansson et al., 1999).

Brierley et al., (1999) identified the following important parameters for successful

chalcopyrite bioleaching.

=  Redox potential in the 350-450mV (SHE) range.

= High temperatures in the 55-80 °C range.

»  Fine particle size ranges in the 6-12 um range.

= Low pH in the 1.1-2 range to minimize precipitate formation.

= A minimisation of acid production.

This increasing interest in the potential use of thermophilic bacteria and thermophilic archae
for commercial scale bioleaching of chalcopyrite concentrates has been as a result of the
higher extraction rates observed with the use of this organism, Possibilities include the higher
temperature of operation and the lower range of redox potential operation. However,
reservations in the use of thermophiles for chalcopyrite bioleaching are centred around the
relative lack of knowledge or understanding of these organisms in comparison to mesophiles
like Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans which are well
researched, as well as the thermophiles potential susceptibility to shear damage as high solids
concentrations (Brierley ef al., 1999). The use of mesophiles for chalcopyrite bioleaching
therefore remains an option, even though chalcopyrite is recalcitrant to bioleaching at those

temperature ranges.

Because of the slow kinetics of leaching at mesophilic conditions, the improved control of
essential operating parameters such as pH, temperature, aeration rate and redox potential are
imperative for the optimisation of the process in order to improve copper extraction rates.
This creates a need for mechanistically based kinetic models to describe the performance of
bioleaching processes. Therefore an understanding of the bioleaching mechanism of
chalcopyrite with mesophiles is important to develop mechanistically based kinetic models to
design and control the performance of mesophilic chalcopyrite bioleach systems to achieve

optimum rates of extraction.
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1.4 Two step mechanism for bioleaching

The bioleaching of sulphide minerals is a complex process in which bacterial and chemical
oxidation processes occur simultaneously. Recent work has provided convincing evidence
that the bioleaching of pyrite occurs via a two-step mechanism (Boon, 1996). This
mechanism involves a chemical ferric-ion oxidation on pyrite in a bioleaching medium to

produce ferrous-ion as equation (1.1).

FeS, +14Fe* +8H,0 > 15Fe* +2S0% +16H* (1.1)

The ferrous-ion produced by this reaction is subsequently bacterially oxidised to ferric-ion as

in equation (1.2).
4Fe? +0, +4H" > 4Fe* +2H,0 ~ (1.2)

The existence of the two-step mechanism for pyrite bioleaching has been supported by
evidence of the dominance of Leptospirillum ferrooxidans and Acidithiobacillus caldus in
continuous bioleaching operations for pyrite/arsenopyrite concentrates (Rawlings et al,
1999(a))). This is because the mineral sulphide sulphur moeity is oxidised directly to
sulphate during the bioleaching of pyrite and as in Equation (1.1).

This project investigates the mechanism -of bioleaching of chalcopyrite with mesophilic
bacteria by employing the experimental and theoretical methodology developed by Boon
(1996).

1.5 The multiple sub-process mechanism

A similar mechanism has been proposed for the case of bioleaching of chalcopyrite.
Schippers et al., (1999) have proposed a reaction scheme which constitutes a primary
chemical ferric attack to produce ferrous iron and some form of polysulphide intermediary
compound. The oxidation of sulphur compounds to elemental sulfur can also occur

chemically under certain conditions.

The primary attack can be accompanied with or without a proton attack on the mineral

surface. The role of Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans is to re-
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oxidise the ferrous iron back to ferric form thus maintaining a high redox potential. The
bacterial role is extended in that the sulphur oxidising capacity of Acidithiobacillus
Sferrooxidans, Acidithiobacillus thiooxidans and possibly Acidithiobacillus caldus is thought
to be instrumental in the oxidation of sulphur and/or sulphur compounds to sulphuric acid

thereby re-supplying the protons for the primary attack on the mineral.

Leptospiriflum ferrooxida;\ 0, TRojacillus caldus

. . , Thicbacillus thiooxidans
Thiobacillus ferrooxidans H* 002 Thiobacilius ferrooxidans

Fig 1.1: Diagrammatic representation of the bioleaching of chalcopyrite with mesophiles via the multiple-sub-process
meachanism (Sand ef o/, 1999),

A representation of the mechanism is shown in Figure 1.1. The bacteria shown are
unattached for reasons of clarity. This means that the overall process can be reduced into a
number of independent sub-processes. The bioleaching of chalcopyrite should take place via
the Reactions (1.3)-(1.7) according to Shippers et al. (1999). Equation’s (1.3) and (1.5) are
based on that proposed by Shippers ef al. (1999) for the metal sulphides (MS) Chalcopyrite,
Galena and Sphalerite. Because the nature of the polysulphide compound has not been
confirmed, Equations (1.3) and (1.5) does not represent the equations in its balanced form.

Ferric-ion and proton attack (where n > 2):
MS +Fe’* +H* > M? +Fe™ + 4 H,S, (1.3)
Ferric iron leaching without proton attack, shown for the case of chalcopyrite:

CuFeS, +4Fe* i Cu?" +5Fe?* +28° (1.4)

Polysulphide oxidation :
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number of independent sub-processes. The bioleaching of chalcopyrite should take place via
the Reactions (1.3)-(1.7) according to Shippers et al. (1999). Equation’s (1.3) and (1.5) are
based on that proposed by Shippers et al. (1999) for the metal sulphides (MS) Chalcopyrite,
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Ferric-ion and proton attack (where n > 2):
MS +Fe* +H* — M* 4+ Fe®* + 4 H,S, (1.3)
Ferric iron leaching without proton attack, shown for the case of chalcopyrite:

CuFeS, +4Fe* > Cu®* +5Fe? +28° | (1.4)

Polysulphide oxidation (where n > 2):
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YH,S, +Fe’ > %Sh + Fe** + H* (1.5)
Biological ferrous oxidation :
4Fe’ + 0, + 4H" +» 4Fe** +2H,0 (1.6)
Biological sulphur oxidation :
%88 +3%0,+H,01>80% +2H" %))

1.6 Imiplications of the mechanism

The existence of this mechanism implies that the overall mechanism can be reduced to a
number of critical sub-processes, the kinetics of which can be independently studied and
modelled. The results can then be used to predict the performance of batch or continuous

reactors.

This independence of bacterial and chemical steps has already lead to the development and of
an economically feasible commercial process for chalcopyrite bioleaching at moderate
temperatures by the Mintek/Bactech consortium. This so called “indirect leaching” process
employs an aerated bacterial ferrous-ion oxidation reactor (BFIG) to control and sustain the
leaching solution within an optimal range of redox potentials required for successful chemical
leaching of the copper sulphide feed. Actual copper extraction from the mineral concentrate
is then achieved by a separate high temperature chemical ferric-leaching process. The
“advantage of this configuration is that it allows for the independent optimisation of chemical

leaching and bacterial ferrous-ion oxidation processes (Van Staden, 1998)

1.7 The chemical ferric leaching of chalcopyrite

The mechanism has indicated that the chemical ferric oxidation of chalcopyrite is crucial
constituent of the overall bioleaching mechanism. The kinetics of this step would have a
signiﬁca;nt effect on the kinetics of bioleaching. Previous kinetic models for pyrite and
arsenopyrite have been empirical (Boon, 1996) and electrochemical (May et al., 1997;
Ruitenberg et al., 1999) expressing the rate of chemical reaction as a function of the redox

potential or ferric/ferous-iron ratio and assuming that electron transport from the surface to
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the surrounding is rate controlling, and that the driving force for this electron transfer is the
difference between the solution redox potential and the mineral rest potential. Both these
models have shown an increase in the rate of leaching of the mineral with increasing

ferric/ferrous-ion ratio.

Many studies has been conducted on the ferric-sulphate leaching of chalcopyrite, but until
recently very few studies (Kametani and Aoki, 1985; Hansford ef o, 1999; Hiroyoshi et al.,
2000) have looked at the effect of redox potential or ferric/ferrous-ion ratio on the rate of
leaching. This created a need to establish from the available literature whether the observed
dependency on redox potential or ferric/ferous-iron ratio seen by other mineral sulphides also

applies to chalcopyrite.

Another question surrounded the actual stochiometry of the chemical ferric-ion leaching of
the chalcopyrite concentrate used in the study. This furthered the need to study the ferric-ion
oxidation of the chalcopyrite-concentrate at conditions similar to those prescribed in

bioleaching.
1.8 Bacterial ferrous-ion oxidation

The multiple sub-process mechanism shows that bacterial ferrous-ion oxidation is another
important step in the bioleaching of chalcopyrite. To date a number of kinetic models have
been proposed and reviewed to describe the kinetics of bacterial ferrous-ion oxidation
(Nemati ef al., 1998). Recent work has shown that a Michaelis Menten/Monod based model
which expresses the rate of substrate utilization as traditional enzyme kinetics has
successfully described the bacterial oxidation kinetics in both exclusively ferrous-ion
oxidation systems as well as pyrite and arsenopyrite bioleaching systems (Boon, 1996, Breed
et al., 1999(a)). This model, written in terms of the specific ferrous-ion or oxygen utilization
rate is expressed in terms of the ferric/ferrous-iorn ratio, the parameters of which has been
derived for both Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans at
temperatures between 30-40 °C and pH 1.2-1.8. A study of the mechanism of bioleaching of
chalcpyrite would also involve testing the applicability of this model in describing the

bacterial ferrous-ion oxidation during chalcopyrite bioleaching.

1.9 Objectives

The introduction has illustrated the motivation for studying the mechanism and kinetics of the

bioleaching of chalcopyrite with mesophiles. The broad objective of the project is to establish
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the state-of-the-art in the bioleaching of chalcopyrite with mesophiles by assessing the
available literature and furthermore to test the applicability of the multi-sub-process
mechanism in describing the bioleaching of chalcopyrite by using the experimental and
theroretical methodolgy devised by Boon, (1996). The specific key objectives have been

formulated as follows:

. To assess the available literature on the bioleaching of chalcopyrite with mesophiles and
the chemical leaching of chalcopyrite with ferric-ion in order to prescribe the current

state-of-the-art in the subject matter.

2. To test the applicability of the experimental and theoretical methodology developed by
Boon, (1996) in studying the mechanism and kinetics of bioleaching of chalcopyrite.

3. To test the applicability of the Michaelis-Menten based bacterial oxidation kinetic model
in describing the kinetics of bacterial ferrous-ion oxidation during the bioleaching of

chalcopyrite with mesophiles.

4. To determine the effect of the solution redox potential or ferric/ferrous-ion on the rate of

ferric leaching leaching of chalcopyrite from a literature persepective.

5. To determine if the kinetics for the chemical leaching of a predominantly chalcopyrite
concentrate and the kinetics of bacterial ferrous-ion oxidation can be used to predict the

performance for the batch bioleaching of the same concentrate.

The build-up of product layers around the mineral under certain conditions is thought to cause
diffusional resistance and passivation in the case of chalcopyrite bioleaching (Murr, 1980,
Rossi, 1990). Certain questions pertaining to the passivation of chalcopyrite remains

unanswered.

What is the nature of the passivating layer in a mesophilic bioleaching system?

2. What effect do Acidithiobacillus ferro-oxidans , Leptospirillum ferro-oxidans and
Acidithiobacillus thio-oxidans have on passivation or conversely what effect does the
mineral passivation have on the activity of these bacteria?

Does elemental sulphur formation play a role in passivation during bioleaching?

4. What is the dominant bacterial strain at mesophilic conditions during chalcopyrite

bioleaching and what factors are involved in its selection?
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1.10 Thesis Layout
This thesis is divided into eight chapters.

Chapter One outlines the background and motivation for studying the mechanism and kinetics

of the bioleaching of chalcopyrite, as well as the specific objectives of the current project.

Chapter Two is a review of the literature relevant to the mechanism of mesophilic bioleaching
of chalcopyrite as well as the stochiometry and kinetics of chemical ferric leaching of
chalcopyrite. Chapter two includes the results of reworking published literature data to

establish the effect of redox potential of the kinetics of ferric-ion leaching of chalcopyrite.

Chapter Three presents the theoretical methodology devised by Boon(1996) for pyrite
bioleaching, which is relevant to studying the mechanism of bioleaching of a chalcopyrite

concentrate and highlights certain limitations in applying this methodology.

Chapter Four outlines the experimental methods and materials employed to study both the
bioleaching and the stochiometry of chemical ferric-ion leaching of a chalcopyrite

concentrate.

Chapter Five is a presentation of the results and discussion of the investigation into the

stochiometry of the chemical ferric-ion leaching of the chalcopyrite concentrate.

Chapter Six reports the results of the employing the theoretical and experimental
methodology of Boon (1996) for studying the bioleaching of a chalcopyrite concentrate

during the staged addition of mineral to a batch culture.

Chapter Seven is an attempt to predict the steady state the behavior of the bioleaching of the
chalcopyrite concentrate during the batch experiments presented in chapter six, by bringing
together the independently determined kinetics of bacterial ferrous-ion oxidation and

chemical ferric-ion leaching.

Chapter Eight are the conclusions and recommendations for further research on the subject.
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2.1 Introduction

It has been proposed that the bioleaching of chalcopyrite occurs via a multiple sub-process
mechanism involving the chemical of the mineral to produce ferrous-ion, copper and
sulphur/sulphur compounds; the bacterial oxidation of ferrous-ion to regenerate ferric iron
and the bacterial oxidation of sulphur to generate sulphuric acid (Sand ez al., 1999). General
aspects concerning the bioleaching of sulphide minerals has been extensively reviewed by
other workers (Rossi, 1990; Rawlings, 1997). Those features reported in literature which
directly concern the mechanism and kinetics of the bioleaching of chalcopyrite or
predominantly chalcopyrite concentrates with mesophiles are discussed in this chapter. It
must also be pointed out that this review is specific to the mesophilic bioleaching of

chalcopyrite.

It is assumed that the chemical ferric-ion leaching of chalcopyrite, the bacterial ferrous-ion

oxidation and bacterial sulphur oxidation processes make up the mechanism. The scope of

this review is three fold, i.e.,

1. To assess those studies which are exclusively concerned with mesophilic bioleaching of
chalcopyrite ‘

2.  Ttreviews the kinetics and stochiometry of ferric-ion leaching of chalcopyrite.

3. It determines the effect of the redox potential on the rate of chalcopyrite chemical

leaching.
Previous studies have already reviewed the kinetics of bacterial ferrous-ion oxidation by
mesophiles (Nemati ef al., 1998; Boon, 1996; Breed, 2000) and this aspect will not be
extensively dealt with in this chapter.
2.2 The ferric leaching of chalcopyrite
2.2.1 Stochiometry
Most workers agree that the dissolution of chalcopyrite in acidic ferric media produces

elemental sulphur. This can be represented according to Equation (2.2.1) (Dutrizac, 1978;

Munoz et al., 1979; Dutrizac, 1981; Hirato ef ol.; 1987; Dutrizac, 1989)

CuFeS, + 4Fe™ v Cu® +5Fe™ +28° (22.1)
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However, recent work has shown that in addition to the products from Equation (2.2.1) minor

amounts of sulphate is formed according to Equation (2.2.2) (Dutrizac, 1982; Dutrizac, 1989).
CuFeS, + 16Fe’ + 8H,0 - Cu®* +17Fe’ +16H" + 2802,2 (2.2.2)

Equation (2.2.1) predicts a dissolved ferrous-ion to copper ratio of 5, while Equation (2.2.2)
predicts 17. It has been shown that 94% of the sulphide moeity reports to elemental sulphur
while 6% to sulphate at 95 °C in 70 hr of leaching. In addition, a ferrous-ion to copper ratio
of 5 was established (Dutrizac, 1989). This implies that the dominant leaching reaction at 95
°C is Equation (2.2.1). It still remains unclear if this is the case at 30-40 °C. The dominance
of either Equation (2.2.1) or (2.2.2) during the leaching reaction would imply a varying
stochiometry and hence a changing ferrous-ion to copper ratio during the course of the
reaction. Most workers have presented the leaching kinetics as concentrations of copper
solubilised vs time or the percentage of copper extracted vs time. To date there has been very
few published studies which present the amount of ferrous-ion and copper solubilised during
the chemical ferric leaching of chalcopyrite in acidic sulphate media at mesophilic

temperatures since most of the literature work has been conducted at higher temperature

ranges {60-90 °C).
2.2.2 Factors affecting the kinetics of ferric leaching of chalcopyrite

The leaching kinetics in most previéus work is typically presented as the concentration of
copper solubilised vs time and is shown to display a parabolic curve (Beckstead et al., 1976;
Jones and Peters, 1976; Munoz ef al, 1979; Dutrizac, 1981; Kametani and Aoki, 1985; Hirato
et al, 1987, Hiroyoshi et al, 1997; Hiroyoshi et al, 1999; Lu et al, 2000). The rate has been
found to be strongly dependent on the following factors provided that the acidity is low

enough to prevent iron hydrolysis :

i temperature

ii. active particle suface area

iii. type of lixiviant

iv. the ratio of initial ferric/ferrous-ion concentrations

Other parameters such as the pH are believed to have a minimal effect on the rate of leaching,
depending on the ferric-ion medium used (Dutrizac, 1978; Munoz et al, 1979, Dutrizac, 1981;

Hirato er al, 1987). The effect of each of the above mentioned factors will be discussed
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inturn. It seems well established that the kinetics of leaching is independent of stirring speeds
above those which are necessary to maintain a homogenous solution of oxidant media and
particle suspensions (Beckstead et al., 1976; Dutrizac, 1978). This implies that the rate of

chalcopyrite ferric-ion leaching is not controlled by mass transfer across the liquid boundary.

To date a number of studies have been conducted to elucidate the effect of temperature,
mineral surface area and type of lixiviant, either ferric sulphate or ferric chloride, on the

reaction kinetics.

2.2.2.1 Effect of temperature

1t has been established that the rate of leaching increases with increasing temperature
irrespective of the lixiviant used. This has been established by most workers in the case of
both ferric sulphate and chloride media in the ranges 30-50 °C (Braithworth et a/.,1976), 50-
100 °C (Dutrizac, 1978), 60-90 °C (Munoz et al., 1979), 5§5-95°C in chloride media only
(Dutrizac, 1982) and 50-80 °C (Hirato e al., 1987). A marked increase in the leaching
kinetics above 120 °C has been attributed to the melting of the sulphur product coating on the
surface of the mineral. The change in kinetics has been associated with a shift in mechanism
from diffusion to reaction control after the melting of the sulphur product and has been
supported by a significant difference in calculated activation energies before and after 120 °C

(Braithworth et ¢l.,1976).

The assessment of accurate activation energies from literature data for the ferric leaching of
chalcopyrite in sulphate media has been problematic due to the difficulty in obtaining pure
chalcopyrite samples and the methodology employed in calculation (Dutrizac, 1981). The
activation energies for the ferric leaching of chalcopyrite in sulphate media are calculated
from the rates which are known to be non-linear. This means that the rates are either defined
by their initial or final slopes, and the subsequent calculated activation energies would be
therefore be strongly dependent on the above decision. Despite the above mentioned factors
most workers have established activation energies in the range of 75-85 kJ/mol for the ferric
leaching of chalcopyrite in sulphate media (Munoz et al., 1979; Dutrizac, 1981; Hirato et
al.,1987)
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2.2.2.2 Effect of mineral particle surface area

It is widely believed that the rate of leaching can be improved by fine grinding of the mineral
to increase the available surface area for attack by the oxidant species. A higher leaching rate
has been reported for smaller mineral particle size fractions as opposed to larger ones in the
size ranges from 0.5-12 pm (Beckstead ef al., 1976); 4-47um (Munoz et al., 1979); and 10-37
pm (Dutrizac, 1981). Earlier work indicates that the leaching rate is independent of particle
size below 100 mesh in chloride media (Jones and Peters, 1976). In contradiction, it has also
been shown that the rate of leaching increases with decreasing mean particle size in both v
chloride and sulphate media, with the rates being higher in the chloride media (Dutrizac,
1981). An increase in leaching rate with a decrease in particle was also shown in for the
oxiditive leaching of Mt Isa Mines chalcopyrite in a mixed sulphate-chloride media (Lu ef al.,
2000). It is widely thought that the initial rate of leaching of chalcopyrite in ferric sulphate
media is proportional to the initial available surface area of the mineral irrespective of the

particle size or lixiviant used(Beckstead et al., 1976; Munoz et al, 1979; Dutrizac, 1981).
2.2.2.3 Effect of Lixiviant

All bioleaching systems involve ferric sulphate media since chloride ions, even in minute
quantities is known to have inhibitory effects on the activity of most meséphilic bacteria
(Lawson ef al., 1995). However, the purely chemical ferric-ion leaching of chalcopyrite has
been investigated in both ferric sulphate and ferric chloride solutions. Although, the focus of
the current work concerns ferric sulphate leaching, the response of chalcopyrite dissolution in
the alternative ferric chloride lixiviant is considered because it has been shown that leaching
behavior is dramatically different in this media. Also, interest in the ferric-sulphate leaching
remains high because downstream electrowining technology to recover copper from leach
solutions is most suited for sulphate media as opposed to chloride media (Dutrizac, 1989).
The determination of stochiometric information on the ferric leaching reaction is made
possible by comparing the proposed kinetics and reaction products in both these media. Most
studies compare the Kinetics of chemical ferric-ion leaching of chalcopyrite in exclusively
ferric sulphate-suiphﬁric acid or ferric chloride-hydrochloric acid media. An enhanced
leaching rate in the exclusively chloride system has been noted by a number of workers
(Brown and Sullivan, 1934, Jones and Peters, 1976; Dutrizac, 1978; Dutrizac, 1981; Palmer e¢
al., 1981; Dutrizac, 1982; Hirato ef ¢l., 1987; Lu et al., 2000). A recent study has shown 97%
extraction of copper in 9 hrs of leaching at 95 °C in a predominantly ferric sulphate media

containing significant quantities of chloride-ions (Lu ef al., 2000). The author’s speculated
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that the presence of chloride-ions promotes the formation of a porous sulphur product as
opposed to a compact sulphur product on the surface of the mineral, which prevents

diffusional rate limitation in the latter case.

Table 2-1 shows a comparison of the observed kinetics and product formation for ferric
sulphate and ferric chloride leaching of chalcopyrite. The kinetics of leaching in chloride
media is 5 to 20 times faster than that in the sulphate media (Brown and Sullivan, 1934; Jones
and Peters, 1976; Dutrizac, 1978; Dutrizac, 1981; Dutrizac, 1982; Hirato ef ol.,, 1987). From
Table 2-1 it can be seen that in contrast to the parabolic kinetics seen in the ferric sulphate-
sulphuric acid media, linear kinetics are reported in the ferric chloride-hydrochloric acid
system up to about 90% copper dissolution (Jones and Peters, 1976; Dutrizac, 1978; Dutrizac,
1981; Hirato ef al, 1987; Lu er al., 2000).

The reaction in the chloride media is described in Equation (2.2.1). This stochiometry
predicts a ferrous-ion to copper ratio of 5 and a ferrous-ion to sulphur ratio of 2.5. This is
confirmed for ferric chloride leaching by establishing that 96-98% of the sulphide reports to
sulphur in the temperature range 50-95 °C in acidic media, although the sulphur/sulphate
yield from the sulphide mineral during the leaching chalcopyrite in ferric-sulphate media was
not presented (Dutrizac, 1978; Dutrizac, 1982). Earlier workers had reported minimal
sulphate formation in ferric-chloride systems (Jones and Peters, 1976) but significant sulphate
formations amounting to 18% (Jones and Peters, 1976) after 17 days of leaching a relatively
pure chalcopyrite at 90 °C in sulpate media. In contrast, later work established 2.5% (Tiwari
et al., 1980) sulphate formation for leaching a 80% pure chalcopyrite at 93 °C and 6%
(Dutrizac, 1989) sulphate formation for leaching a 98% pure chalcopyrite over 70 hrs at 90 °C

in ferric sulphate media.

Table 2-1: A comparison of the kinetics and products for the ferric-ion leaching of

chalcopyrite in varous lixiviants established by previous workers.

Lixiviant FeCls-HCI Fe(SO4)5-H50,
Kinetics Linear and fast Parabolic and slow
Sulphate formation (%) 2% 15-25%

Sulphur formation (%) 98% 75%

Fe™/Cu®+ 5 Varying

Activation energy (KJmol™)  20-60 60-80
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It has been suggested that the ratio of ferrous-ion to copper is 5 (Dutrizac, 1978) during ferric
chloride leaching. The 98% yields of sulphur and the ferrous-ion to copper ratio of 5 is
strongly dependent on the purity of the chalcopyrite sample leached since it is impossible to
separate sulphate contributions from the leaching of mineral impurities such as pyrite. The
molar ratios of ferrous-ion to copper and ferrous-ion to sulphur increase from 5-13 and 2.5 to
5 respectively, with a decrease in chalcopyrite purity (Dutrizac, 1982). The ferrous-ion to
copper ratio would be strongly dependent on the presence of rapidly leaching sulphide
minerals which would reduce ferric-ion to ferrous-ion and also produce sulphate but not

solubilise copper.
2.2.2.4 Effect of initial ferric-ion concentration.

The effect of the initial ferric-ion concentration on the rate of chemical ferric-ion leaching of
chalcopyrite in ferric-sulphate media has been contradictory in literature. Table 2-2 indicates
a summary of the more recent literature findings on the effect of the initial ferric-ion

concentration on the rate of chalcopyrite leaching.

Most earlier studies have presented a rate dependency of rate « [Fe™]'* and have concluded
that the rate is dependent of the ferric-ion concentration in sulphate media up to a certain
limiting dilute concentration value at 0.01M ( Dutrizac, et o/, 1969; Baur et ol, 1972, ‘
Wadsworth, 1972; Dutrizac and MacDonald, 1974; Beckstead er al., 1976; Jones and Peters,
1976).

The dependency of the rate of leaching on the ferric-ion concentration is different in ferric-
chloride and ferric-sulphate media. Later studies all report a lower power rate dependency on
ferric-ion concentration for the oxidative leaching of chalcopyrite in ferric sulphate.

However, many authors disagree with regards to the range of ferric-ion concentrations
overwhich this dependency applies, as well as the quantitative nature of the dependency. It
could be argued that an increase in reaction rate with increasing ferric-ion concentration
would only be expected if reactant transport were the rate limiting step. Since the rate
becomes diffusion limiting, it is no longer dependent on the initial ferric-ion concentration.
Other workers showed via activation energy plots that the rate was completely independent of
the initial ferric-ion concentration although the range of initial concentrations studied were

larger than the critical concentration of 0.01M (Munoz et al, 1979).
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Table 2-2 : Literature findings on the dependency of the rate of ferric leaching of
CuFeS, on the [Fe™| in chloride and sulphate media

Author Range Ferric chloride Ferric sulphate
Sullivan, 1934 0.25-5% - Rate independent of
[Fe"]
Beckstead ef al., 0.5-:2M Rate independent of
1976 [Fe™]
Jones and Peters, 0.03-1M for rate oc [Fe™]*? for Rate increase up to 0.01
1976 sulphate media [Fe®]1<1M M
0.1-1M for Rate inhibition for Rate inhibition beyond
chloride media [Fe™]> 1M 0.01M

rate o [Fe™1"® for

Dutrizac, 1978 0.001-02 M -
[Fe"1<0.01 M
rate independent of
[Fe*] for [Fe] >
0.01 M
Munoz et al., 1979 0.06-0.5M - rate independent of [Fe™]
DUtI‘iZﬂC, 1981 001-2M rate oc [Fe+3]0.34 rate oc [Fe+3]0‘;2
Hirato et al., 1986 0.01-1M rate oc [Fe]" -
Hiskey, 1993 rate oc [Fe™1"” Rate independent of
[Fe™]
Hirato ef al., 1987 0.001-1M rate oc [Fe*] up to 0.1M

In contrast, it was later shown that the rate is dependent on the initial ferric-ion concentration
in ferric sulphate media between 0.01-2M (Dutrizac, 1981). The dependency of rate on the
ferric-ion concentration in sulphate media has been confirmed by recent work which
presented a first order rate dependence at very small ferric-ion concentrations ( 0.001-0.1 M),
but differed in the critical limiting ferric-ion concentration value beyond which the rate
independence is observed (Hirato ef al. 1987). This declining effect of the ferric-ion
concentration on the rate of chalcopyrite leaching with increasing ferric-sulphate
concentration will be discussed later. It must be noted that all of the previous work on ferrie-

ion rate dependency was conducted at temperatures higher than 50 °C.

There is also little quantitative agreement on the rate dependency on the ferric-ion
concentration in a chloride media, although the effect of the initial ferric-ion concentration is
much more clearly seen in the case of chloride media as compared to sulphate media. This is

partly due to the linear kinetics seen in the former case as opposed to the parabolic kinetics
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seen in the latter case. Table 2-2 summarizes the literature findings in ferric chloride media.
Most workers agree that the linear rate of ferric-ion leaching in chloride media clearly
increases with increasing initial ferric-ion concentrations ( Jones and Peters, 1976; Dutrizac,
1978; Dutrizac, 1981; Hirato et al., 1986) All the workers present these findings at
temperatures higher than 70 °C. The contradiction arises in the power dependence of the rate
on the initial concentration of ferric-ion. Earlier work showed a 0.3 power dependence up to

- [FeCls] = 1 M presented at 90 °C (Jones and Peters, 1976; Ammou-Chokrum, 1979) This has
been confirmed at 95 °C and 65 °C for natural chalcopyrite (Dutrizac, 1981). This finding is
in contradiction to earlier work which found a 0.8 order dependence (Dutrizac, 1978) for
synthetic chalcopyrite at 85°C. Later work has reported a 0.5 power dependence for natural
chalcopyrire at 70 °C (Hirato ef al., 1986; Hiskey, 1993), which is close to the 0.3 dependence
observed by previous workers. It could be argued that the rate dependency of ferric-chloride
leaching of chalcopyrite is strongly dependent on the source of chalcopyrite and hence its
purity. It appears that the power dependency of the rate on the initial ferric-chloride
concentration is highest (0.8-1) for pure chalcopyrite and decreases to around 0.3-0.5 with an
increase in mineral impurity. The rate of leaching of chalcopyrite has also shown to be
directly dependent on the concentration of chloride-ions up to 0.5M in a ferric-sulphate media

(Lu et al., 2000).
2.2.2.5 The speciation of ferric-ion complexes in acidic ferric-sulphate

The speciation of ferric-ion complexes is of importance since there is evidence that the rate of
chalcopyrite leaching is dependent on the free ferric-ion concentration (Dutrizac, ef al, 1969;
Baur et al, 1972; Wadsworth, 1972; Dutrizac and MacDonald, 1974; Beckstead ef al., 1976;
Jones and Peters, 1976, Dutrizac, 1981, Hirato et a/.,1987). The stable ferric-ion complexes
in the aqueous ferric-sulphate-sulphuric acid, Fe,(SO,);-H,SOy, solutions are free ferric-ion,
Fe*" | ferric-sulphato, FeSO,", and ferric-bisulphato, FeHSO,>, complexes (Sapieszko ef al.,
1977). The distribution of free ferric-ion in relation to ferric-sulphato and ferric-bisulphato
complexes would determine the actual concentration of free ferric-ion, which forms the
primary oxidising agent during the chalcopyrite leaching process. Literature has shown that
the leaching rate of chalcopyrite shows an approximate first order dependency on the ferric-
ion concentration up to a certain limiting dilute concentration value. It is generally accepted
that this dependency refers to the free ferric-ion concentration only since it is thought to be

the only leaching agent in solution.
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Recent work indicates that this limiting concentration is 0.1M ferric-sulphate (Hirato es
al.,1987) while earlier work showed it to be 2M (Dutrizac, 1981). Beyond this concentration,
the leaching rate is shown to be independent of the ferric-sulphate concentration. This
decreasing effect of the ferric-sulphate concentration of the leach rate could be explained by
examining the speciation of ferric-sulphate in aqueous sulphuric acid solutions (Hirato et al.,
1987). The formation of the FeSO," and FeHSO,*" complexes together with the aqueous
dissociation of sulphuric acid are shown in Equations (2.2.3), (2.2.4) and (2.2.5) and (2.2.6)

respectively;

Fe** +S0% 5 FeSO;} (2.2.3)
Fe* + HSO; > FeHSO? (2.2.4)
H,SO, > 2H" +807 (2.2.5)
H,SO, > H" + HSO; (22.6)

Furthermore, the material balances for the total iron,[Fe], total sulphur, [S], and total

hydrogen,[H], concentrations are shown in Equations (2.2.7), (2.2.8) and (2.2.9) respectively;

[Fe] =[Fe* ]+[FeSO; ]+[FeHSO" ] (2.2.7)
[S]=[FeSO} ]+ [FeHSO 1+[S0OZ ] +[HSO;] (2.2.8)
[H]=[H"]+[FeHSO:" ]+[HSO;] (2.2.9)

The extent of formation of FeSO,", FeHSO,*" and HSO, is dependent on the equilibrium
constant. The speciation varies with temperature since the equilibrium constants are functions
of temperature. The variation in the equilibrium constants of FeSO,”, FeHSO,*" and HSO,
with temperature is shown in Equations (2.2.10), (2.2.11) and (2.2.12) (Dry, 1984)

respectively.

39111

L =exp][ 900421+ +136.61n(T)] (2.2.10)
4

K
FeSO,



Chapter 2: Literature Review 2-10

7630
K sor =€xpl 33.3-——] (2.2.11)
2835
K0y = OXPL14.031-2] (2.2.12)

The variation of the equilibrium constants for the formation of FeSO,*, FeHSO,*" and HSO,

with temperature is shown in Figure 2.1.

From Figure 2.2.1 it is clear that the temperature has a greater effect on the speciation of the

stable ferric-ion complexes than HSO,".

Hirato et al. (1987) used the material balances in (2.5), (2.6) and (2.7) and the equilibrium
constants, 1020 and 4 at 353 K for the formation of FeSO;" and FeHSO" (Sapieszko et al.,
1977) respectively, together with the dissociation constant for the formation of HSOy', enables
the prediction of the [Fe’*], [FeSO,'] and [FeHSO,’] as a function of [Fey(SO,);], knowing
the solution pH (and therefore the [H'] and [HSO47 ).
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Figure 2.2.1: The variation of equilibrium constants with temperature for the formation of [H]FeSO.", [@]FeHSO " and [4]
HSO, (Dry, 1984)

This calculation shows that the [Fe®*] and [FeHSO4?] increases with an increase in
[Fex(SO4)s] only up to 0.1M, but declines at higher concentrations of [Fex(SO,);]. The
[FeSO,"] increases linearly even at [Fey(SO,)s] larger than 0.1M. For this reason the [Fe*']



Chapter 2: Literature Review 2-11

and [FeHSO,*] is thought to play a vital role in the leaching of chalcopyrite with Fe,(SO,)s
since they are more easily reduced to ferrous-ion complexes than [FeSO,"]. The declining
dependence of the rate of chalcopyrite leaching with increasing ferric-sulphate concentration
is thought to be due to speciation of the ferric-sulphate complexes in the presence of sulphuric

acid (Hirato et al., 1987).
2.2.2.6 The effect of the ferric/ferrous-ion ratio

Earlier work has shown a reduction in the rate of leaching rate of chalcopyrite in the presence
of high ferrous-ion concentrations (Dutrizac and McDoﬁaId, 1969; Jones and Peters, 1976;
Linge, 1976;) while others showed that the kinetics were independent of the ferrous-ion
concentration in solution (Beckstead ef al., 1976, Munoz et al., 1979) in ferric-sulphate

media.

Recent work has shown that the rate of chalcopyrite oxidation is enbanced by the presence of
ferrous-ions (Hiroyoshi et al., 1997: Hiroyoshi et al., 1999; Hiroyoshi et al., 2000). This
suggests that the rate of chalcopyrite leaching is strongly dependent on the redox potential of
solution instead of the absolute ferric and ferrous-ion concentrations. This postulation has
been confirmed by the reworking of earlier work which measured the rate of chalcopyrite
leaching at constant redox potentials via the controlied addition of permanganate. The rate is
shown to increase with increasing redox potential until a maximum is reached at 450mV
(SCE). The rate then decreases with a further increase in the redox potential KMnQOy,
(Kametani and Aoki, 1985). The methadology employed in reworking this literature data is

seen in section 2.4 of this chapter.

Figure 2.2.2 expresses the variation in the initial rate of ferrous-ion production from
chalcopyrite oxidation as functions of the initial ferric/ferrous-ion ratios for reworked
literature data (Dutrizac, 1981; Hirato et al., 1987). In both cases the literature rates were
originally expressed as rates of chalcopyrite oxidised. Both authors concluded a decrease in
leaching rate with increasing ferrous-ion concentration but did not express the rate of leaching
as a function of the ferric to ferrous-ion ratio. In Figure 2.2.2 the rate data presented by
Dutrizac, 1981 was reconverted and expressed as specific surface area rates ie moles Cu’*
formed per available surface area of chalcopyrite per unit time. This rate was then
stochiometrically converted via Equation 2.2.1 to the rate of ferrous-ion produced per
available surface area of chalcopyrite. In both cases the authors determined the rate of copper
dissolution from the ferric-sulphate leaching of chalcopyrite during the initial linear phase of

reaction. The rates are therefore indicative of the reaction control phase of the reaction.
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The effect of temperature in clear in Figure 2.2.2 since the area specific rates presented by
Hirato et al, (1987) at 70 °C are an order of magnitude smaller than those presented by
Dutrizac, (1981) at 90 °C. 1t is apparent from Figure 2.2.2 that the rate of leaching of
chalcopyrite increases with an increase in the initial ferric/ferrous-ion ratio up to
ferric/ferrous-ion ratio’s of 1 or conversely decreases with a decrease in the ferric/ferrous-ion
ratio up to 0.2. The rate appears to be unchanged by any further decrease in the initial
ferric/ferrous-ion ratio beyond 0.2. This result is in contradiction of the earlier work which

concluded minimal rate dependency on the ferrous-ion concentration (Beckstead er al., 1976,
Munoz et al.,1979).

1 6OE-06
8.00E-04 -
T 1.40E-06
7.00E-04 -
+ 1.20E-06
%. 6.00E-04 .
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€ 4.00E-04 - 1800807 B
£ £
4 3.00E-04 - 1 6.00E-07 %
) 2.00E-04 - + 4.00E-07
1.00E-04 - 2.00E-07
0.00E+00 : 0.00E+00

0 02 04 086 08 1 1.2
initial Fe®'/Fe®"
Figure 2.2.2: The rate of ferrous production {mol Fe*cm?hr) calculated using the stochiometry of equation 1.1 from the rate of

chalcopyrite oxidation as a function of the initial ferric/ferrous-ion ratio as shown by [e] Dutrizac, 1981 at 90 °C on the left axis

and [o] Hirato ef al., 1987 at 70 °C on the right axis for the ferric-ion leaching of chalcopyrite

Figure 2.2.3 expresses the calculated rates of ferrous-ion production per cm® of chalcopyrite
for the chemical ferric leaching of chalcopyrite of the data reworked from published literature
(Kametani and Aoki, 1985). The ferric/ferrous-ion ratio was calculated from the measured
redox potential by using theoretical values for E® and RT/zF at 90 °C via the Nernst equation.
The rates presented as a function of the ferric/ferrous-ion ratio in Figure 2.2.2 and 2.2.3 are
indicative of the increasing region shown before 450mV (SCE). Both figures express the
rates in similar units. The rates seen in Figure 2.2.3 (Kametani and Aoki, 1985) at
temperatures of 70 °C are in the same order of magnitude to those of figure 2.2 (Hirato et al,
1987) at the same temperature. However, the rates in Figure 2.2.3 (Kametani and Aoki,

1985) at 90 °C are two orders of magnitude smaller than those in 2.2.2 (Dutrizac, 1981)
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despite the common basis and temperature. This difference in rates can possibly be attributed
to the difference in mineral sample composition. The work conducted by Dutrizac, (1981)

was performed on pure chalcopyrite, while that used by Kametani and Aoki, (1985) was only
75 % pure chalcopyrite.
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Figure 2.2.3: The of ferrous-ion production expressed per area of chalcopyrite (mol Fe** cm™ CuFeS; hr'') from the chemical
ferric-sulphate leaching of chalcopyrite as a function of the ferric/ferrous-ion ratio from the reworking of literature data

(Kametani and Acki, 1985) at [H] 90 °C on the left axis and [$]70 °C on the right axis.

2.2.2.7 Passivation of chalcopyrite during chemieal leaching

The kinetic of chemical leaching of chalcopyrite has been shown to retard due to passivation
by the build-up of product layers which result in diffusional limitations (Jones and Peters,

1976; Dutrizac 1978; Munoz et al. 1979; Hirato ef al. 1987, Dutrizac,1989). This film then
has the following possible effects :

1. It slows the rate of transfer of attacking oxidant species or ion from the bulk electrolyte to

the chalcopyrite reaction surface .

2. It slows the rate of transfer of electrons and product ions and species from the reacting

surface to the bulk electrolyte.

3. It slows the speed of electron transfer to the oxidants in the bulk electrolyte.
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4. 1t allows the transfer of ions from the electrolyte to the surface or visa versa but is

electronically insulating

5. It follows on to entirely coat the surface and prevent the attacking oxidant ion from

contacting the active CuFeS,; surface.

The nature of the passivating layer during the ferric leaching of CuFeS; has not been

conclusively established. Table 2-3 presents a review of the nature of this layer speculated by

previous workers.

Table 2-3: The nature of the passivating layer and its effect on ion , electron and species

transport during the ferric leaching of chalcopyrite presented by previous workers

Author

Nature of layer

Effect on transport

Jones and Peters, 1976; Dutrizac
1978; Munoz ef al. 1979; Hirato
et al. 1986; Dutrizac,1989,
Klauber et al., 2000

Braithwaite et al. 1976; Dutrizac,
1978

McMillan er al., 1982

Tiwari et al. 1980; Parker ef al.
1981

Warren et al. 1982; Biegler and
Horne, 1985; Holliday and
Richmond, 1990; Hiskey, 1993;
Hackl er al., 1995, Gomez et al.,
1996

Porous Sulphur,

Iron precipitates like Hermatite or

Jarosite and Sulphur

Solid Electrolyte Interphase made
up of polysulphides

A semiconducting iron deficient
polysulphide layer like
Covellite(CuS) or
Chalcocite(Cu,S) or
Bornite(CusFeS,)

Two iron deficient polysulphide
layers of differing nature like CuS
and Cu,S

lor2or3or5s

lor2or3or$

lor2or3

lor2or3
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Ammou Chokroum ef al., 1979 Iron difficient polysulphides like  lor2or3or5
CuS and Cu,S layers and Sulphur

In all of these studies the nature of these films have been established via detailed surface
analysis of the leached or electrolysed CuFeS, either by SEM photomicrographs coupled with
X-ray Diffraction Analysis , X-ray Photoelectron Spectroscopy or Auger Electron
Spectroscopy. Earlier work (Ammou-Chokroum, 1979; Dutrizac, 1982, Dutrizac, 1989;
Hirato et al. 1987) as well as a recent study (Kluaber et al., 2000) has evidently proven that
the sulphur morphology had a strong effect on the nature of the passivating layer. In contrast,
electrochemical studies have discounted the idea that sulphur alone passivates the rate and
have proposed the build-up of electronically insulating polysulphide layers (Tiwari et al.
1680, Parker et ol. 1981; McMillan er al., 1982; Warren et al. 1982; Biegler and Horne, 1985,
Holliday and Richmond, 1990; Hiskey, 1993; Hackl ef al., 1995, Gomez et al., 1996)

It appears that sulphur formation and coating of the surface is not solely responsible for
passivation but does in itself contribute to the some form of diffusional rate limitation during
the ferric leaching of chalcopyrite. A more likely explanation would be a dual contribution of
copper polysulphides and sulphur, each playing a dominant role in various stages of the
passivating mechanism. The thickness of this layer has not been conclusively established.

Literature has also been vague as to whether the sulphide layer passivates the entire surface or

only sections of it.
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2.3 Bioleaching of chalcopyrite

The purpose of this section is to critically analyse the literature presented on the bioleaching
of chalcopyrite in order to establish an initial understanding of the mechanism, kinetics and
products associated with the process and to propose a state-of-the-art. The first section of this
review introduces the mesophilic organisms relevant to chalcopyrite bioleaching. The effect
of operating parameters such as mineral particle size, pH, temperature and ferric or ferrous-
ion concentrations or redox potentials on the kinetics of bioleaching will be highlighted. In
addition, suggested reasons for the slow rate of copper extraction during the process will be
alluded to in more extensive detail when dealing with the chemical leaching of chalcopyrite
by ferric-ion. The literature analysis on the subject has been complicated by the fact that most
previous work is confined to kinetics studies to test the bioleachability of copper-sulphide
concentrates containing chalcopyrite. These studies, although useful in obtaining information
on the observed kinetics, provides very little in termes of mechanistic information. The
information from literature on chalcopyrite bioleaching has been systematically classified
according to the following catergories each dealing with the type of information which can be

analysed.

1. Mechanistic studies on pure chalcopyrite

2. Kinetic studies of copper sulphides containing large proportions of chalcopyrite

3. Kinetic studies on the effects of various physical parameters, ie, pH, particle size,
temperature and solids concentration, Ferric and ferrous-ion concentrations.

4. Kinetic studies on the effects of natural galvanic interactions which enhance chalcopyrite
bioleaching

5. Electrochemical studies on the bioleaching of chalcopyrite

6. Kinetic studies on the effects of added chemical agents like silver-chloride which enhance

chalcopyrite bioleaching,.

2.3.1 Mesophilic Bacteria

Mesophilic bioleaching of chalcopyrite is performed by the catalytic action of aerobic,
acidophilic, obligately autotrophic bacteria. Acidophilic refers to the group of bacteria which
are only capable of growing under pH values of 4. In addition, the term mesophiles is further
classification involving the temperature range of 25-40 °C which is deemed optimal for
bacterial growth. Table 2-4 lists the mesophilic bacteria most commonly found in sulphide

mineral bioleaching systems,.along with their respective substrates.
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Most of the research has been performed on Acidithiobacillus ferrooxidans since this was the
organism thought to be responsible for mineral sulphide bioleaching. Recent work has shown
that Leprospirillum j%rrooxidar:as is the most commonly found organism in mesophilic
bioleaching systems invo]vingtpyrite and arsenopyrite. (Rawlings et al. 1999(a); Boon, 1996,
Breed, 2000). It is believed that the range of operating redox potentials plays an important
role in the selection of a dominating bacterial species during the bioleaching of sulphide

minerals.

Acidithiobacillus ferrooxidans:gains energy for metabolic growth from electrons donated via
the oxidation of ferrous-ion, suilphur or reduced sulphur compounds, while Leptospirillum
ferrooxidans is only able to doAso via the oxidation of ferrous-ion alone. Acidithiobacillus
thiooxidans is only able to oxidise sulphur or sulphur compounds. The electron transport
chain involved in the mechanism of growth of Acidithiobacillus ferrooxidans by ferrous-ion
oxidation has been reviewed by Ingledew (1982). It becomes difficult to differentiate .
between the iron and sulphur oxidising Acidithiobacillus ferrooxidans strains since it is
suggested that this organism ar!e able to switch between iron and sulphur oxidising abilities

(Corbett er al., 1987, Suzuki, 1990; Breed, 2000)

Table 2-4: General Characteristics and substrates utilized by the most commonly
encountered autotrophic mesophilic bioleaching organisms (Rawlings, 1997; Breed,

2000).

Mesophilic micro-organism ] Shape and size in length Substrate utilized
Acidithiobacillus ferroxidans Rod-shaped at 0.9-2 pm Ferrous-ion, Sulphur, Reduced
Sulphur compounds, sulphide
minerals
Acidithiobacillus thiooxidans Rod-shaped at 0.9-2 um Sulphur, Reduced sulphur
,' compounds
Leptospirillum ferrooxidans {Spirai shaped at 0.5-3 um ~ Ferrous-ion

Recent work has also suggested that Acidithiobacillus ferrooxidans grows anaerobically by

reducing ferric-ion to ferrous-ion in the presence of sulphur compounds (Pronk ez al., 1992).
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2.3.2 Mechanism and stochiometry

Earlier work has presented the overall reaction for the bioleaching of chalcopyrite with
Acidithiobacillus ferrooxidans according to Reaction (2.3.1) (Sakaguchi, ef al. 1976; Berry et
al., 1978; Bosecker et al. 1979)

4CuFeS, +170, +2H,80, > 4CuS0, +2Fe, (S0, ), +2H,0  (23.1)

These workers assumed that bacterial oxidation of the metal sulphides was as a result of an
enzymatic attack which resulted in the sulphur moiety being oxidised directly to sulphate
without any intermediate. This hypothesis has lead to the assumption that bacterial
attachment to the chalcopyrite surface is pertinent to its dissolution during bioleaching, which
resulted in a number of studies on the role of bacterial attachment in the bioleaching process.

These studies will be discussed later.

In contrast, other workers who employed the same batch, shake flask experimental technique
did not include the contribution from acid leaching and formulated Reaction (2.3.2) as the
overall bioleaching reaction with Acidithiobacillus ferrooxidans and only presented the
formation of ferrous and copper sulphate (Shrihari Aet al., 1991). These workers also
acknowledged the contribution of chemical leaching (Reaction (2.2.1)) along with Reaction
(2.3.1) during the bioleaching mechanism ( Torma, 1987; Kingma et al., 1980; Bhattacharya
et al., 1990; Rossi, 1990; Balaz et o/, 1991, Shrihari ef al., 1991; Jordan et al., 1993).

CuFeS, + 40, > CuSO, + FeSO, (2.32)

Recent work presented both Reaction (2.3.1) as the overall reaction but maintained that the
action of bacteria was not enzymatic but involved the oxidation of ferrous-ion and sulphur
substrates formed during chemical oxidation of the mineral. These workers showed that
Reaction (2.3.1) might hold for the overall stochiometry but was inturn made up of Reactions
(2.3.2)~(2.3.5) which consist of the chemical leaching of chalcopyrite, bacterial ferrous-ion
oxidation and bacterial sulphur oxidation respectively (Boon et al., 1993). This two-step
mechanism consisting of chemical leaching and bacterial ferrous-ion oxidation has been
confirmed for the case of pyrite bioleaching with Acidithiobacillus ferrooxidans and

Leptospirillum ferrooxidans (Boon, 1996).

CuFeS, +2Fe, (SO, ); > CuSO, + 5FeS0O, +S | 23.2)
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2FeS0, +0.50, +H,S0, - Fe, (SO, )+ H,0 (2.3.4)

28+2H,0 +30, - 2H,80, 23.5)

This two step mechanism is extended to the multiple sub-process mechanism for sulphide
minerals and the polysulphide mechanism for chalcopyrite bioleaching in particular by Sand
et al., (1999). This mechanism is presented in Chapter One who confirmed that chalcopyrite
is dissolved by the action of chemical species like ferric-ion or protons only. This was done
by the analysis of the degradation products occurring during the bioleaching reaction and the
analysis of the extracellular polymeric substances (EPS layer) which envelopes the cell and
allows attachment to the mineral surface. An analysis of the pH, redox potential and ion
concentration in this layer showed that it was the reaction compartment where ferrous-ion
released from chemical mineral oxidation was oxidised to ferric-ion. Two mechanisms for
the degradation of sulphide minerals in the presence of bacteria were proposed depending on
the intermediate compounds seen during the bioleaching reaction and the semi-conducting
properties, electronic structure and crystal lattice of the sulphide mineral. Since chalcopyrite

is amenable to an acid attack it follows the polysulphide mechanism (Sand et al., 1999).

Table 2-5 lists the conditions and observed products for most of the earlier studies on
chalcopyrite bioleaching with Acidithiobacillus ferrooxidans. In most cases batch, shake
flask experiments were conducted with chalcopyrite containing copper sulphides by
measuring dissolved species like copper and ferrous-ion during bioleaching at temperature

ranges from 30-35 °C and pH’s between 1-6.

All the studies presented in Table 2-5 observed the formation of copper sulphate and ferric
sulphate. A literature analysis of the products from the bioleaching of chalcopyrite has been
hampered by presence of other mineral impurities other than chalcopyrite in most of the
concentrates previously studied. There has been no consistency on the formation of sulphuric
acid during the bioleaching of chalcopyrite. Most workers controlled the pH but others
observed an initial increase followed by a decrease in pH during the course of bioleaching
(Sakaguchi et al., 1976; Bosecker et al., 1979; Khinvasara ef al., 1987; Toro et al., 1989).
This suggests initial acid consumption followed by acid formation during the bioleaching

reaction. In contrast later work (Bevilaqua-Mascarin e al., 1999) observed an increase in the
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Table 2-5: Literature studies on the batch bioleaching of chalcopyrite concentrates by

Acidithiobacillus ferrooxidans

Author

Ceonditions
pH, Temp, %
solids, particle

size, leach time

Concentrate

Products

Rate of Copper
extraction

(mgl ' hr')

Sakaguchi et al,
1976

Berry et al.,
1978

Bosecker et al,
1979

Kingma ez al.,
1980

Khinvasara ef

al., 1987

Briceno et al.,

PH uncontrolled
decreasing from
3.2-14
T=25-45 °C
1-25 % solids
37 um

400 hrs

PH controlled at
2.1

T=28°C

-6um

1344 hrs

PH uncontrolled
decreasing from
3.5-2

35°C

37 um

720 hrs

PH controlled at
2.2

T=27°C

500 hrs

PH uncontrolled
decreasing from
6-2

T=25°C

106 um

40%

1140 hrs

PH controlled at

Pred. CuFeS,

CuFeS,/Fe§,

Pred. CuFe§,

CuFeS,/PbS

Pred CuFeS,;

Pred CuFeS,

Copper

Copper
Ferric-ion
Ferrous-ion

Sulphuric acid

Copper

Sulphuric acid

Copper
Cell protein

Copper

Copper

215 at pH=2.3,
T =35 °C, 22%

" solids

40

20.6

10 at 5% solids




Chapter 2: Literature Review

2-21

1988

Toro et al., 1989

Almendras ef
al. 1989

Balaz et al.,
1991

Shrihari ef al.,
1991

Jordan et al.,
1993

2

T=30°C
150-400 mesh
5, 10%

670

PH uncontrolled
decreasing from
3-1.5

T=30°C

-38 um
5,10,20%

408 hrs

PH controlled at
1.6

T=30°C

-325 mesh
0.5%, 500 hrs
PH controlled at
2

T=30°C
-100um

20%

600 hrs

PH controlled at
2

T=30°C
63-74; 150-335;
1000-1400 um
20%

1800 hrs

PH control at
1.2

T=30°C

5%

900hrs

Pred. CuFeS;

CuFeSg

Chemically
leached CuFeS,

CuFeS,

CuFeS,/ZnS

Copper
Ferric-ion

Sulphate

Copper

Bacterial cells

Ferrous-ion
Ferric-ion
Sulphur
Copper

Copper
Ferrous-ion

Ferric-ion

Copper
Ferrous-ion
Sulphur
Sulphate

16 at 10%

10 at 5 % solids
20 at 10% solids
30at20 %

solids

24

5 for 63-74 um
23 for 150-335
um

66 for 1000-
1400 um

66
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Bevilaqua- Uncontrolled pH  CuFeS, Copper 11.8 at initial
Mascarin et al.,,  Increasing 2-3.5 Ferrous-ion Fe’'/Fe** of 100
1999 T=30°C Ferric-ion 54.3 at initial
-200 um Fe’'/Fe" of
2.5% 0.016
1140 hrs
Hiroyoshi ef al., PH control at CuFeS,/ZnS Copper 50.4 mgl” Cu
1999 1.8 Ferrous-ion without
T=130°C Total-iron additional Fe*
1% 252 mgl” Cu
168 hrs with 0.04 moli™
Fe?*
Third et al., PH control at CuFeS,/FeS§, Copper 63 at 10%
2000 1.5 Ferrous-ion innoculum
T=37°C 18.3 at 50%
45 um innoculum
4%
350 hrs

pH during prolonged bioleaching. This suggests only acid consumption during the

bioleaching of chalcopyrite. It could be argued that the observed pH trend is dependent on

the purity of the chalcopyrite concentrates and the contribution of acid formation from the

bioleaching of other mineral sulphides, as well as the relative concentration of the sulphur

oxidising bacteria in the system.

Two studies {(Almendras et al., 1987; Jordan et al., 1993) were able to measure sulphur from

the mineral residue after mesophilic bioleaching, suggesting that not all the sulphur formed

during chemical leaching is oxidised to sulphate.

2.3.3  Effect of parameters on the kinetics of bicleaching of chaleopyrite

All the authors listed in Table 2-5 have established the kinetics of chalcopyrite bioleaching by
measuring amount of copper solubalised during a batch run. The shape of the dissolved metal
species vs time curve is parabolic in all cases. A rapid initial linear rate is observed which

decreases. This shape is similar to the kinetic curves observed for the case of chemical ferric-

ion leaching as will be shown in the next section. Listed in Table 2-5 are the rates of copper
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dissolution either presented by the workers themselves or estimated from the e slope of
dissolved copper vs time curves when presented in the studies. These rates differ
significantly depending on the conditions of the solids loading, temperature, mineral particle

size, leach time and ferric or ferrous-ion concentrations.
2.3.3.1 Effect of solids loading

Earlier workers observed a linear increase in the rate with solids loading up to 20 %
(Sakaguchi et al., 1976; Toro et al., 1989). Other workers confirmed this effect by changing
the solids concentration from 5 to 10 % which corresponded to an increase in rate from 10 to
16 mgl'hr! (Briceno et al., 1988). The rate of bioleaching is directly proportional to the
solids concentration prescribed, if sufficient oxygen and carbon dioxide is supplied to prevent
any growth limitations. This is consistent with more recent findings on the effect of solids

concentration on the biooxidation of gold-bearing sulphides (Bailey, 1993).
2.3.3.2 Effect of temperature

Earlier work reported an that the rate of mesophilic bioleaching is maximum at 35 °C, and
then decreases with a further increase in temperature up to 45 °C. The same study reported an
activation energy of 50.2 KJ.mol" (Sakaguchi.ef al., 1976). Reasons for the apparent
decrease in rate with an increase in temperature beyond 35 °C is not presented. It must be
noted from this result that the observed optimum is also the optimum temperature for the rate
of ferrous-ion oxidation by Acidithiobacillus ferroxidans (Boon, 1996). It could be argued
that a higher temperature of operation (45 °C) resulted in the thermal degradation of the
bacteria, since this temperature value is well beyond the limit for the existence of
Acidithiobacillus ferrooxidans, and the subsequent shifting of the mechanism from a bacterial
leach to a chemical leach. It is difficult to quantify a temperature effect by comparing the
rates for the various studies in table 2-5, even though some studies were performed at
different temperatures. These studies do not exhibit any common particle size or solids

loading.

2.3.3.3 Effectof pH

The effect of pH on the bioleaching of chalcopyrite is not well studied. Earlier work reported

an optimum pH of 2.3 at 35 °C (Sakaguchi ez al., 1979). Subsequent studies have only
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reported pH trends (Boesecker ef al., 1979; Khinvasara et al., 1987; Toro et al., 1989;
Bevilaqua-Mascarin ef al., 1999).

2.3.3.4 Effect of leachable surface area

Earlier work reported an increase in the rate of bioleaching with decreasing particle size
(Ehrlich et al., 1967) and specifically a exponential increase in the rate of column bioleaching
of chalcopyrite with Acidithiobacillus ferrooxidans with decreasing particle size for a coarse
size range of +4760 — 45000 um (Bruynesteyn ef al., 1974). The authors concluded that the
rate of bioleaching was not directly proportional to the available surface area because it is
influenced by the solids loading and the depth of penetration of the bacterially contained

tiquor into the column.

Other authors used the shrinking core model to relate the decreasing rate of chalcopyrite
bioleaching with the decreasing particle diameter. The authors simulated the decrease in
chalcopyrite concentration during bioleaching and found it compare relatively accurately with
that observed during experimentation. However it still remains unclear as to the methods
employed in estimating the decrease in chalcopyrite concentration during the experiment

{Bhattacharva et al., 1990).

The improvement of the bioleaching rate by virtue of an increased available surface area due
to a lower particle size has been confirmed in recent studies for particle size ranges between
0.3-177 um (Blancarte-Zurita et al., 1986; Espejo et al., 1987, Balaz et al., 1996). In contrast
to the conventional reasoning a recent study has reported the opposite effect (Shrihari et al.,
1991). These authors observed an increased rate of leaching with an increase particle size
(see table 2-5) inspite of the larger surface area offered by the smaller particles and attributed

this phenomenon to the greater attachment efficiency of the bacteria on larger particies.

2.3.3.5 Effect of ferric and ferrous-ion concentrations.

Earlier workers concluded that the rate of chalcopyrite bioleaching would be directly
proportional to the bacterial concentration ( Sakaguchi et al., 1976). However, according to
the multiple sub-process mechanism, the rate of copper extraction is essentially the rate of
ferric-leaching of chalcopyrite since ferric-ion is thought to be the primary oxidising agent
during bioleaching. The bacteria only act as the generators of the primary oxidant. This
implies that the rate of chalcopyrite bioleaching would be directly dependent on the

concentration of ferric-ion in solution since it is the primary oxidant species.
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In contrast, recent work has shown that increases in the concentration of ferric sulphate does
not necessarily result in a corresponding increase in the either the rate of chemical leaching
(Munoz et al., 1979, Dutrizac, 1981; Hirato ef al., 1987; Hiroyoshi et al., 1997; Hiroyoshi et
al., 2000) or bioleaching of the mineral (Almendras et al., 1987, Hiroyoshi ez al., 1999; Third
et al., 2000),

Table 2-5 also shows the final calculated rate of copper dissolution from the bioleaching of
chalcopyrite with Acidithiobacillus ferrooxidans increased by 4 times when the initial
ferric/ferrous-ion ratio was lowered by a factor of 10 000. (Bevilagua-Mascarin et al., 1999).
(The rates of copper dissolution in each case was calculated from the slope of the copper vs
time curves). Hiroyoshi ez al., 1999 established a five fold increase in the final amount of
copper extracted by comparing chalcopyrite batch bioleaching runs with Acidithiobacillus
ferrooxidans, in the presence and absence of an initial amount of 0.04 mol.I"' ferrous-ion.
Although the initial ferric-ion concentration is not reported in this study, it could be argued
that the initial ferric/ferrous-ion ratio was much lower in the presence the additional ferrous-

ion.

The effect of an increasing rate of bioleaching with increasing cell concentration for
chalcopyrite bioleaching with Acidithiobacillus ferrooxidans has also been reported by
workers who found that the final concentration of extracted copper from a batch run increased
by a factor of 2 when the cell number used in the experiments was increased 10 fold
(Hiroyoshi et al., 1997). In contrast to this result, Table 2-5 shows that the rate of bioleaching
of chalcopyrite was also found to be three times smaller when using five times as much

bacteria (Third et al., 2000).

Recent workers have reported that the rate of chalcopyrite bioleaching is enhanced at high
ferrous-ion concentrations and suppressed at high ferric-ion concentrations (Hiroyoshi ef al.,
1999; Bevilaqua-Mascarin et al., 1999; Hiroyoshi et al., 2000). This means that the rate is
faster at low ferric/ferrous-ion ratios. These results are consistent with that observed for the
case of chemical leaching of chalcopyrite (Kametani and Aoki, 1985, Dutrizac, 1981,
Hiroyoshi er al. 2000) as was discussed in the previous section and that which is obtained by
establishing the rate of ferric leaching as a function of the ferric/ferrous-ion ratio by the

reworking of published literature, shown in section 2.4 of this chapter.

1.3.4 Galvanic interaction between sulphide minerals during bioleaching
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Galvanic interactions are of interest in this work because the concentrates used in the

experiment contains proportions of pyrite and chalcopyrite.

The selective dissolution of chalcopyrite over pyrite been reported by a number of workers
during the chemical leaching and bioleaching of concentrates containing both minerals
(Ahonen ez al., 1986; Berry et al., 1978; Mehta et al., 1982; Mehta et al., 1983, Natarajan,
1988; Jyothi ef al., 1989, Natarajan, 1992). This is due to the formation of galvanic couples
between mineral species, whereby the mineral with the lower rest potential acts as an anode,
while the mineral with the higher rest potential becomes cathodically protected (Natarajan,
1988). The various factors affecting galvanic interactions are the relative electrochemical
activity of the mineral (which depends on its rest potential), the relative surface area between
the minerals in contact, the presence of redox species in the solution (Jyothi er al., 1989). The
measured rest potential values in a bioleach system for commonly found sulphide minerals in

order of increasing electrochemical activity is shown in Table 2-6

Table 2-6: Galvanic series for commonly found sulphide minerals in systems containing

bacteria (Jyothi et al., 1989)

Sulphide Mineral Rest potential ( mV vs SHE)
Pyrite 450
Chalcopyrite 310
Sphalerite -50

The values in Table 2-6 indicate that sphalerite would be preferentially leached over
chalcopyrite, and chalcopyrite over pyrite in concentrates containing the above three mineral
sulphides. This has been confirmed by earlier studies during the bioleaching of a
chalcopyrite/pyrite/sphalerite concentrate with Acidithiobacillus ferroxidans (Berry et al.,

1978, Mehta ef al., 1982) and a pyrite/chalcopyrite concentrate (Jyothi ef al., 1989).

2.4 Literature predictions on the effect of ferric/ferrous-ion ratio on the chemical rate of

chalcopyrite leaching.

The rate of ferric leaching of pyrite and arsenopyrite has been shown by others (May ez al,,
1997; Ruitenberg et al., 1997) to be a function of the redox potential or ferric/ferrous-ion
ratio. The chemical leaching of chalcopyrite by ferric iron is an electrochemical process. The
aim of this section is to predict the rate of ferric leaching of chalcopyrite as a function of

redox potential or ferric/ferrous-ion ratio by reworking published literature data.



Chapter 2 Literature Review 2-27

Kametani and Aoki (1985) conducted a study on the effect of redox potential on the oxidation
rate of a Kosaka Mine chalcopyrite concentrate in a sulphuric acid solution. The chalcopyrite
concentrate was oxidised in 1000 mmol.I" H,SO; at 90 °C and at a number of different redox
potentials across the range from 300mV to 650mV (SCE).' The problem encountered in many
leaching studies of this nature is the dynamic redox behaviour during the electrochemical
oxidation. This was overcome by maintaining a constant redox potential in the suspension by

the controlled addition of permanganate solution.

Two sets of experiments were carried out. In the first set containing 20 gms of concentrate
was oxidised at constant redox potentials. The second set involved the addition of another

- 20gms of concentrate after complete oxidation of the first set. The data for the first set of
experiments has been reanalysed and reported in the form of the rate of ferrous production, r
re2+, as a function of redox potential, E, in an attempt to determine its effect on the rate of

chalcopyrite leaching.

The concentrate used by Kametani and Aoki (1985) consisted primarily of 75% chalcopyrite

and 17% pyrite. It also contained small amounts of sphalerite (3%) and galena (2%).

2.4.1 Results reported by Kametani and Aoki(1985)
2.4.1.1 Experimental Methods

The concentrate is oxidised via two processes depending on whether elemental sulphur or

sulphate is produced.

- CuFeS, > CuS+ Fe* +8° +2¢” (2.4.1)
CuS > Cu®* +8° +2e” (2.4.2)
CuFeS, > Cu® +Fe™* +28° +4e’ (2.4.3)
CuFeS, +8H,0 > Cu’ + Fe’* + 2HSO; +14H" +16e” (2.4.4)
FeS, +8H,0 > Fe’* +2HSO; +14H" +14e” (2.4.5)

During the experiments performed by Kametani and Aoki (1985), the ferrous-ion produced as
indicated in Equations 2.4.1-2.4.5 above was instantaneously re-oxidised to ferric-ion by the

controlled addition of permanganate. This enabled a constant redox potential ie a constant
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ferric/ferous-iron ratio being maintained in the leaching solution. The redox potential is
related to the ferric/ferrous-ion ratio by the Nernst equation. The oxidation of ferrous-ion by

permanganate proceed via reaction 2.4.6.

KMnO, +8H* +5Fe’** — K* +Mn** +5Fe** + 4H,0 (2.4.6)

From Equation 2.3.6 it is clear that the amount of permanganate required to maintain a certain
ferric/ferrous-iorn ratio can therefore be stochiometrically related to the amount of ferrous-ion

produced at a certain redox potential via Equation 7.

[Fe?"]=5[KMnO,] (2.4.7)
Equation 2.4.7 provides a convenient means of generating -Ty.;+ data at a constant redox
potential. The rate of ferrous production -rg. can be in turn be related to the rate of

chalcopyrite oxidation via Equation 2.3.1,2.3.2 or 2.3.5.

2.4.1.2 Results

The results obtained by Kametani and Aoki(1985), shown in Figures 2.4(a)-(c), were
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Figure 2.4a: [KMnO; Jadded vs log(time) for the oxidation of Fe** to Fe** at 90 °C for redox potentials from 300mV to 650mV
(Kametani and Aoki (1985))
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presented in the form of the amount of KMnQO, added vs log(time) at 90 °C (figure 2.4(a)) and
at constant redox potentials. Kametani and Aoki(1985) presented the effect of temperature

(Figure 2.4(b)) at 400mV between 50 °C and 90 °C.
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Figure 2.4(b): The effect of temperature on the reaction curves, [KMnQ,] added vs time for the oxidation of Fe** to Fe®* at
400mV for temperatures from 50 to 90 °C.(Kametani and Aoki (1983)
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Figure 2.4(c} : Variation in the amount of 8°, dissolved Fe and dissolved cu as a function of redox potential {Kametani and Aoki
(1985).

The leach residue was analysed by X-ray diffraction after each experiment to determine the

elemental sulphur and undissolved iron and Cu (Figure 2.4(c)). The authors speculated that
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Cu precipitation from solution to form CuS at 300mV and 330mV resulted in the incomplete

oxidation at these potentials.
2.4.2 Methodology of reworking the data

The data presented by Kametani and Aoki in Figures 2.4.1(a) and (b) was used to calculate

the rate of ferrous iron production, r g2+ ,at each of the redox potentials as follows :

i The time scale data to was converted from log scale to normal time scale data
I The value of permanganate added in g/l was converted to moles of ferrous iron
produced using the stochiometry of reaction 6.

I The moles of ferrous iron was plotted vs time.

V. The rate of ferrous iron production, r z*2 , was calculated by determining the slope of

the plot of ferrous-ion concentration vs time the reaction control regime.

The above procedure provides a means of establishing an rg2+ vs redox potential curve ata

temperature of 90 °C. However this temperature is above the temperatures at which

mesophilic or thermophilic bioleaching operations takes place. In order to establish rp2+as a
function of redox potential at lower temperatures it was necessary to assume a relationship
between the rate of leaching and the temperature at which the reaction occurs. It was
assumed that the rate law for the leaching of chalcopyrite is dependent on the redox potential

as in Equation 2.4.7:

Fe*? ” \
Towes, = k[H] (247

For most chemical reactions the relationship between the rate constant, k, and the temperature

is governed by the Arrhenius equation (2.4.8); viz

Ea

k = k,eRT (2.4.8)

In the Arrhenius equation the activation energy ,E,, and the frequency factor,ko, are specific
to the reaction. For a particular reaction, the true activation energy would be calculated under
conditions of reaction control only; any smaller value would be associated with the reaction

being diffusion limited.
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The ferric/ferrous-ion ratio is related to the redox potential via the Nernst equation (2.4.10):

+3
E=E,+ 0 [Fe ] (2.4.10)
ZF Fe+2

Therefore, as the ferric/ferrous-ion ratio is constant at a particular redox potential, the rate of
ferrous iron production at any temperature can therefore be calculated using the scaling ratio,

viz , Equation (2.4.11)

g _e” 2.4.11)
P X3
Fet? e RY

2.4.3 Results from reworked data

2.4.3.1 Kinetics

Figure 2.4(d) and 2.4(e) indicates calculated ferrous iron concentrations in solutions as a
function of time during the leaching of the concentrate. From Figure 2.4 it is clear that at
potentials greater than 350mV two distinct regions are evident. The initial region ( t < 1000
sec) is characteristic of the leaching being under reaction control whereas at t > 2000 sec the
rate is diffusion limiting. This distinction between reaction and diffusion control is most
evident at redox potentials above 350mV and is responsible for retardation of the rate in the

curves obtained at redox potentials of 400mV and 470mV at 90 °C.
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Fig 2.4(d}) : Concentration of ferrous iron produced during the oxidation of chalcopyrite concentrate vs ¢ calculated from the
equation 7 at 90 °C from 300mV to 430mV (Kametani and Aoki (1985)}
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Fig 2.4(e) : Concentration of ferrous iron produced during the oxidation of chalcopyrite concentrate vs t calculated from the
equation 7 at 90 °C from 300mV to 430mV (Kametani and Aoki {1985})

For the purposes of this investigation the region of interest is the reaction control regime in
which the concentration of ferrous iron produced exhibits a linear dependence on time. The
calculated rates of ferrous production (rrey.) for the reaction control regime over the redox

range 300mV to 650mV are displayed in Appendix 1.
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2.4.3.2 Chemical oxidation rate.

Figure 2.4(f) indicates the rate of ferrous production calculated from the procedure outlined in
section as a function of redox potential at 90 °C. It is apparent that the oxidation rate
increases with redox potential between 300mV and 430mV. A maximum rate at 430mV is
followed by a decline in oxidation rate till 450mV is reached. It must be pointed out that no
experimental data was available at 450mV and could therefore not be manipulated to establish
the minimum oxidation rate. It is therefore possible given the scope in variation of the data
between 430mV and 470mV that a minimum oxidation rate is present between these limits.

If this were the case then the curve would exhibit a much lower minimum than is displayed in
Figure 2.4(f). The oxidation is further complicated by the presence of pyrite in the
concentrate. The region between 470mV and 650mV is characterised by a pronounced
increase in the rate. This region must be analyzed in conjunction with Figure 2.4(c). The
amount of dissolved copper and iron in solution were equal until a critical potential of 430mV

was reached. Beyond this potential the amount of iron increased.
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Fig 2.4(f) : Rate of ferrous iron production ,r po., during the leaching of chalcopyrite concentrate as a function of Redox
potential from 30 to 50 °C between 300mV to 650mV reworked from Kametani and Aoki, (1985)

until it reached a maximum at 500mV and remained constant till 650mV. The copper
remained at a fixed value when 370mV was reached for all subsequent potentials. The
elemental sulphur curve is similar to the dissolved Cu curve. It also follows from Figure 2.4(
C) that chalcopyrite is oxidised to elemental sulphur irrespective of the potential. The authors
conceded that pyrite oxidation took place at potentials exceeding 450mV. This deduction ties

in with the observed increase in dissolved Fe at potentials greater than 450mV.
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Fig 2.4(g) : Rate of ferrous iron production ,r gas, during the leaching of chalcopyrite concentrate as a function of Redox

potential from 30 to 50 °C between 300mV to 650mV reworked from Kametani and Aoki, (1985)

The increase in the rate of ferrous-production at potentials beyond 450mV could be attributed
to both the oxidation of pyrite and chalcopyrite. The rates below 450mV is therefore
representative of pure chalcopyrite and can be associated with its behavior as a function of
redox potential. Any deductions about the rate behaviour beyond 450mV can only be
speculative. The behaviour for pure chalcopyrite beyond 450mV would most likely display a

passivated rate at those potentials and this would be depicted as a less pronounced increase in
the rate beyond 450mV.

Figure 2.4(g) shows the rate of ferrous production expressed per available surface area of
chalcopyrite mineral as a function of the ferric/ferrous-ion ratio. The ferric/ferrous-ion ratios
were calculated from the redox potentials via the Nernst equation by applying theoretical
values for parameters E, and RT/zF. Figure 2.4(g) shows the initial increase in rate up to
ratio’s of 1. This suggests that the rate is faster when there is more ferrous-ion in the system
than ferric-ion. This result is consistent with other workers who suggested that ferrous-ions
promote the rate of leaching (Hiroyoshi et al., 1997; Hiroyoshi et al., 1999, Hiroyoshi et al.,
2000; Third et al., 2000)
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2.4.3.3 The effect of passivation

The effect of passivation when the rate becomes diffusion limiting has not been considered in

this analysis.

2.4.3.4 The effect of temperature

Figure 2.4(h) indicates the effect of temperature on the reaction curves calculated from the
stochiometry of reaction 2.4.6. Figure 2.4(i) indicates the Arrhenius plot for the activation
energy determination. Figure 2.4(j) indicates the effect of temperature on the rate of ferrous
production established via the procedure outlined in Section 2.4.2. It appears that temperature
has some effect on the rr..o vs E;, curve. The estimated activation energy was for the reaction
control regime was 93kJ/mol. The authors (Kametani and Aoki, 1985) obtained an apparent
activation energy of 47 kJ/mol which encompassed both reaction control and diffusion control
regimes. The regression analysis to obtain the rates for the reaction control regime are
indicated in Appendix I. The temperature scaling technique is dependent on the form of the
rate law, which has been shown in Section 2.4.2. If the rate of ferrous iron production is only
a function of redox potential then at a particular redox the ferric to ferrous iron ratio term and
the frequency constant could be lumped together as one constant. This would effectively
mean that these terms would fall away when scaling up or down to a higher or lower

temperature.
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Fig 2.4(h) : The effect of temperature on the reaction curves. Concentration of ferrous iron produced vs t for the oxidation of

chalcoyrite concentrate at 400mV for temperatures from 50 to 90 °C.(Kametani and Aoki (1985)
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Fig 2,4(1) : The effect of temperature on the reaction curves. Arthenius plot of In(Tee) vs 1000/T for rates of ferrous iron
production at 400mV from the oxidation of chalcoyrite concentrate at temperatures from 50 to 90 °C. Regression analysis
indicates a stope of 11.203, intercept of 23.37 for R? 0f 0.92.

This means that rr.;. at a redox potential and lower temperature could be calculated by
knowing rg. at the same redox potential and a higher temperature given the activation energy
for the surface reaction. Diffusional constraints are not considered in this approach. The

rates beyond 450mV are indicative of both pyrite and chalcopyrite oxidation.
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Fig 2.4(i) : Rate of ferrous iron production ,r g, during the leachingof chalcopyrite concentrate as a function of Redox potential
from 30 to 50 °C between 300mV to 650mV
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Fig 2.4(k) : Rate of ferrous iron production during the oxidation of chalcopyrite concentrate as a function of Redox potential

from 55 to 70 °C between 300mV to 650mV

2.4.4 Proposed Model for the leaching of chalcopyrite at low redox potentials
Recent work has proposed a model for the leaching of chalcopyrite which describes its
chemical behavior within range of ferric/ferrous-ion ratios or redox potentials where the rate

is maximum (Hirovoshi et al., 2000). This model consists of two steps, viz,

Step 1: The reduction of chalcopyrite by ferrous-ion in the presence of cupric ion to form

chalcocite (Equation 2.4.12), ie,
CuFeS, +3Cu®* +3Fe** i 2Cu,S + 4Fe™* (2.4.12)

Step 2: The oxidation of chalcocite to by oxygen (Equation 2.4.13) and ferric iron (2.4.14), ie,

2xCu,S +8xH* + 2x0, - 4xCu®* +2xS +2H,0 (2.4.13)
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2(1-x)Cu,S +8(1 — x)Fe®* 5 4(1 - x)Cu?* +8(1—x)Fe® +2(1-x)S  (2.4.14)
where x is the ratio of Cu,S oxidised in (2.4.13) to that formed in (2.4.12).

This model suggests that at high ferrous-ion concentrations (low redox potential),
chalcopyrite leached via the formation of an intermediate copper sulphide phase, which is not
stable but is more readily oxidised to cupric-iron and sulphur by dissolved oxygen or ferric-
ion. The author also showed that the formation of this intermediate was thermodynamically
possible when the solution redox potential was lower than the critical potential (E,) for the
reduction of cupric ion by ferrous-ion (Equation 2.4.15) and above the oxidation potential for

Cu,S (Eox) (equation 2.4.16).

(@ 2:)

E. =EQ R e (2.4.15)
4aF (@ o)

Eox = Eoy +—In(a_..) (2.4.16)

2.4.5 Conclusions

1. The outcome of the reanalysis of published literature data indicates that the initial rate of
ferrous production during the chemical ferric oxidation of chalcopyrite as a function of

redox potential. The initial rate is the rate under reaction control.

2. The chemical oxidation of chalcopyrite presents a mixed reaction / diffusion control
model. The rate is initially reaction control. Diffusional limitations slow down the rate
even it is maintained at a constant redox potential. The distinction between reaction

control and diffusion control is more evident at redox potentials above 350mV (SCE).

3. The critical redox potential, at which the rate is a maximum, is in the region of 430mV
(SCE) which theoretically corresponds to a ferric/ferrous-ion ratio of 1. The rate of
chemical leaching of chalcopyrite decreases beyond with any increase beyond this redox

potential value.
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4. The effect of redox potential on the oxidation rate of chalcopyrite beyond 450mV has not

been exclusively established due to the presence of pyrite in the concentrate.

5. The activation energy of reaction under surface reaction control is 93KJ.mol™. This is
compared with 47 kJ.mol”, calculated by Kametani and Aoki (1985) for both the reaction
and diffusion control regimes. The rate of chalcopyrite oxidation exhibits a linear

dependence on temperature over the range 25 °C to 90 °C when under reaction control.
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3 Theoretical Methadology

The bioleaching of chalcopyrite is thought to occur via a multiple sub-process mechanism
involving the chemical leaching of the mineral to produce ferrous-ion and sulphur/sulphur
compounds and the bacterial oxidation of these products by iron and sulphur oxidisers to
regenerate ferric-ion and sulphuric acid respectively (Sand ef af.,1999). This means that the
kinetics of bioleaching of chalcopyrite involves a complex interaction of substrate utilisation
and bacterial growth rates especially since the bioleaching involves a dual bacterial substrate
(ferrous-ion and sulphur). Furthermore, bioleaching involves the use of aerobic micro-
organisms which assimilate carbon for bacterial growth, and therefore requires the supply of
both oxygen and carbon dioxide. Any attempt to study the mechanism or kinetics of
cha]copyrite bioleaching would therefore need to apply a theoretical understanding of the
interaction between the substrate utilisation, bacterial growth and mineral leach rates in order

to relate them to one another.

The studying of the kinetics of bioleaching of chalcopyrite and other sulphide minerals in
general has been hindered by a lack of a convenient theoretical and experimental approach for
the measurements of bacterial growth, substrate utilisation, and mineral leach rates. The
theoretical methadology being used to study the kinetics of chalcopyrite bioleaching, relates
the rates of production of biomass and products with the rates of consumption of substrates.
This theoretical approach has already been successfully applied to study the kinetics of
bioleaching of pyrite (Boon, 1996) and arsenopyrite (Breed, 2000). This chapter outlines the
application of the theoretical and experimental approach developed by Boon (1996) in
studying the kinetics of bioleaching of chalcopyrite by mesophiles. A comprehensive
application this theoretical methodology in studying the bioleaching of sulphide minerals has

already been given by Boon (1996).
3.1 Definition of biomass specific rates

The approach which will be used is that of Roels (1983) where the basic rate equation is
written in terms of the specific substrate utilisation rate. The energy derived from substrate
utilisation is used for both biomass synthesis and cell maintenance. The specific rate of
substrate utilisation is based on the growth component only and is therefore an indication of
the amount of substrate consumed for cell growth. The specific rates of growth (Equation

(3.1)), p, and biomass substrate utilisation (equation (3.2)), g, are defined in units of hr”' and

mole.molC™ hr respectively:
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rx
ey 3.
T
4 =-a - (3.2)

During the bioleaching of chalcopyriyte, ferrous-ion and sulphur are the bacterial substrates.
The specific biomass oxygen utilisation rate , qo,, or the specific biomass ferrous iron
utilisation rate, q_ 2+ can be used as kinetic parameters in modelling the kinetics of the system.

These specific parameters represent the bacterial activity during ferrous-ion oxidation and
bioleaching. Table 3.1 indicates the definitions of these parameters where r, denotes the rate

of substrate utilisation in mol.I".hr"" and C, the bacterial concentration in molC.1I"!

Table 3.1: Definitions and units of specific biomass utilisation rates

Specific Utilisation Rate Definition Units

9o, -to,/ Cx MoleO,.molC”" hr”

qre2t et/ Cy MoleFe*".molC™" hr’!

3.2 Microbial Growth Kinetics

Growth kinetics in a microbial system is expressed in terms of a rate equation for the specific
growth rate ,u , in terms of the growth limiting substrate. The Monod equation
(Equation(3.3)) for enzyme kinetics expressing the specific growth rate dependence on the

concentration of growth limited substrate (C;) :

— /umax
H —1 LK, , (3-3)
C

S

In this equation, L., is the specific growth rate constant in hr! and K is the saturation
constant in mol I The specific utilisation rate is a more fundamental expression since it
includes the rate of substrate utilisation which provides the energy for metabolic growth. The
Monod equation when written in terms of bacterial specific growth rate becomes Equation

3.4.
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T qma)ﬁ
G- TR (3.4)
C

In Equation (3.4) q; is the biomass specific growth rate and qg;ay is the maximum biomass
specific growth rate. Equation (3.4) can be modified to Equation (3.5) by including a product
inhibition term (Jones and Kelly, 1983). C, and C, signify the concentrations of substrate and

products respectively in Equation (3.5)

1 9
== 3.5
qS Ck Ks Ks CP ( )
1+ 4 o8 F
C, K;Cq

In the logarithmic growth phase K, << C so the 2" term is effectively discarded.

The specific oxygen utilisation rate (qoz) is a measure of the bacterial activity and is defined

as the rate of oxygen substrate utilised for bacterial growth during bacterial ferrous-ion

oxidation, bacterial sulphur oxidation and bioleaching as in Equation (3.6)

qu = - T T 3.6)

The bacterial growth yield, Yy, shown in equation (3.7) is a function of the bacterial growth

and substrate utilisation :

Y, =— 3.7

Similar yields can then be defined for oxygen utilisation, Yoy, bacterial ferrous utilisation,
Yee2* x, and bacterial sulfur utilisation ,Ys"x. Substrate utilisation provides energy for both
growth and maintenance. This is expressed in terms of the Pirt equation (Pirt, 1975), where

m, is the maintenance coefficient (Equation’s (3.8) and (3.9)).
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I I

LTy e O (3.8)
SX $X
or
L S (3.9)
Iy YSX Sn)z(a ¥ H ‘
When written for oxygen as a substrate Equation (3.9) becomes Equation (3.10).
Io 1 1 m
2= =2 (3.10)
e Yox OX M

Equation (3.10) shows that the maximum yields and maintenance coefficients can be obtained

from the inverse intercept and the slope of a plot of (Yox)” vs ', respectively.
3.3 The measurement of bacterial growth rates

Accurate measurements of the bacterial growth rates is necessary for the determination of
specific kinetic parameters. Earlier workers enumerated free bacteria by using standard
counting techniques (Konashi ez al, 1990). However, most of the mesophilic bacteria are
found attached to the mineral surface during the bioleaching of chalcopyrite, and the
remainder are planktonic (Murr, 1980; Rossi, 1990; Rawlings, 1997). This direct technique
of cell growth estimation is therefore limited because it means that the dislodging of the
attached bacteria is paramount to any accurate determination of cell numbers during
bioleaching. Furthermore, it is thought that the average carbon content of Acidithiobacillus
Jerrooxidans decreases during batch growth and with an increase in dilution rate during
continuous growth (Braddock ef al., 1984). This means that the size and carbon content of
the micro-organism is a dependent on the conditions under which it is grown.. Therefore,
direct carbon measurements is a more accurate measure of the bacterial growth rate rather

than cell numbers.

During bicleaching, carbon dioxide is the only carbon source for bacterial assimilation. This
means that the rate of carbon dioxide utilisation is directly related to the rate of bacterial

growth as Equation (3.1).
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“Teo, T Ik (3.11)

The bacterial concentration can therefore be measured during mineral bioleaching or bacterial
ferrous-ion oxidation by integrating the measured carbon dioxide utilisation rates over time as

in equation (3.12)
t

Cx()=Cx(0)+ | erOZdt (3.12)
0

The measurement of the carbon dioxide utilisation rate offers a convenient direct means of
measuring the increase in the carbon content of the cells and therefore the bacterial growth
rate. The bacterial concentration is then determined by integration of the measured rates of
bacterial growth knowing the initial bacterial concentration in the system. Offgas analysis
has been used to determine cell growth rates from carbon dioxide consumption rates (Pinches
etal, 1991; Nagpal ef al., 1993). This technique has recently already been successfully used
to measure the rate of bacterial growth during pyrite bioleaching and bacterial ferrous-ion
oxidation by Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans in batch (Boon,
1996) and continuous culture (Breed ef al., 1999(a)); Boon (1996). Boon (1996) has shown
reasonably accurate parity between cell concentrations estimated from measured carbon
dioxide utilisation rates and that obtained by periodic total organic carbon analysis (TOC)

during the bioleaching of pyrite by mesophiles in batch cultures.

Other indirect methods of cell growth estimation involve the determination of protein and

nitrogen (Jones and Kelly, 1993; Chang and Myerson, 1982).

A limitation in applying this technigue of bacterial estimation is that the measured bacterial
growth rate from the carbon dioxide utilisation rate represents the bacterial growth rates of all
the bacterial species which are grown during bioleaching. In the case of chalcoyrite, both
ferrous-ion and sulphur substrates result in two specific types of bacterial species, ie, iron and

sulphur oxidisers respectively.
3.4 Degree of reduction balances
The bacterial oxidation of ferrous-ion and sulphur are important sub-processes in the

bioleaching of chalcopyrite. A degree of reduction balance is performed by taking an

elemental and charge balance over all the chemical the species involved in bacterial ferrous-
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ion and sulphur oxidation, respectively. This enables the determination of the rate of either
bacterial ferrous-ion or sulphur utilisation from the measured rates of oxygen and carbon
dioxide utilization. The degree of reduction balances are shown for each respective bacterial

sub-process in the subsequent sections.

3.4.1 Bacterial ferrous-ion oxidation

Boon (1996) derived a relationship between the rate of ferrous-ion consumption and the rates
of oxygen and carbon dioxide utilisation. Bacterial ferrous-ion oxidation (Equation (3.13)),is

coupled with an equation for bacterial growth (Equation(3.14)) (Roels, 1983) on ferrous-ion

using carbon dioxide and Ammonium-ion as the sole carbon and nitrogen sources

4Fe* + 0, +4H" > 4Fe* +2H,0 (3.13)

CO,,NH;,H,0 > CH, 0, sN,, (3.14)

Material balances on each element is shown in Equations (3.15)-(3.20).

Cir 1, =0 (3.15)
N:02r + s = 0 (3.16)
H:1.8r, + 4’};11; 1+ 2y,=0 (3.17)
0:0.57, +2r, 421y, +1y,=0 (3.18)
Fe:r, . +7,,. =0 (3.19)
Zi gt 2F, 0 305 +1,, =0 (3.20)

Six equations are solved for 8 unknowns to yield the rate of bacterial ferrous-ion utilisation, -
rpe2*, in terms of the oxygen,-To,, and carbon dioxide, Tco,, utilisation rates as shown in

Equation (3.21).
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T = -1, - 4. 210, (3.21)

Similarly, the specific rates of ferrous-ion utilisation can be written in terms of the specific

rates of oxygen and carbon dioxide utilisation as Equation (3.22).

9.2+ =40, +4.24c0, (3.22)

F
The bacterial yield on ferrous-ion is defined as Equation (3.23),

rX
(3.23)

-I
F62+

Boon (1996) combined Equations (3.13) and (3.14) to give a balanced equation for bacterial
growth on ferrous-ion (Equation(3.24)) by using the definition shown in Equation (3.23).

] - 4.2YF D 1
CO, +02NH] +[ = X10, +] JFe? +[ -02JH >
4YF62+X YF52+X YF62+X
1 i 3.24
CH, 4Oy 5Ny, + o Fe’" +[z——-0.6]H,0 (20
o YFe2+X 2YFe2+X
The yield on oxygen is related to the yield on ferrous-ion as Equation (3.25).
1-42Y ,

L Fe2'X (3.25)

Yox Y, 24y, '

Similarly, the relationship between the maintenance coefficients on oxygen (mg) and ferrous-

ion (mg2+) was shown to be as that in Equation (3.26).

—m_,, (3.26)
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3.5 Bacterial ferrous iron oxidation kinetics.

A number of models have been proposed to describe bacterial ferrous-ion oxidation (Nemati
et al.,1998). Most of these models have been either empirical or Monod/Michaelis Menten
based (Breed, 1999(a)). The specific bacterial ferrous-ion utilisation can be written in the

form of inhibited Michaelis-Menten kinetics as Equation (3.38) (Boon, 1996).

max
g FeZt

= 3.38
qF€2+ KS KS [Fe3+] ( )

b+ [FeX |[Fe? ], "X, [Fe? |[Fe” I

where qre2+ is the specific ferrous-ion utilisation rate, [Fe'*]7 is the threshold ferrous
concentration below which no bacterial growth occurs. Since [Fe'*];is small in comparison
to [Fe™], it is effectively discarded. Also the 2™ term is small since K, <<< [Fe'?] as was
shown in the case of Leptospirillum ferroxidans on pyrite (Boon , 1996). This model
describing bacterial ferrous-ion oxidation can be simplified to express the kinetics as a

function of the ferric/ferrous-ion ratio as Equation (3.38)

max
q, o+ S o (3.38)
Fe o K, [Fe*']

K, [F<32+]

By lumping together the kinetic constants K, / K, as one constant ,Kg.2+, the model can be

written as equation (3.39) (Boon, ef al., 1995).

miax
quz-:-

[Fe™]
Fe?* [Fe2+]

(3.39)

quZ+ =
1+K

Equation (3.39) can be written in terms of the specific oxygen utilisation rate, go,, as shown

in Equation (3.40) by relating the specific rate of ferrous-ion utilisation to the specific rates of
oxygen and carbon dioxide utilisation. The rates of ferrous-ion utilisation can be related to
the rates of oxygen and carbon dioxide utilisation by a degree of reduction balance on

bacterial ferrous-ion oxidation.
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__ 90
QOz - [Fe3+] (340)
i+K

[Fe®']

3.6 Determination of the rate of oxygen utilisation for microbial sulphur oxidation in a

chalcopyrite bioleach system

Previous studies have reported the ferric leaching of chalcopyrite in an acidic medium to
follow the stochiometry shown in Equation (3.41) (Munoz et al., 1979; Dutrizac, 1981;
Dutrizac, 1989)

CuFeS, +4Fe** 15 Cu?* +5Fe*" +28° (3.41)

The bacterial growth rate is equal the rate of carbon dioxide utilisation since it is the only
carbon source available for microbial synthesis. Both the bacterial specific oxygen utilisation
rate and the microbial growth rate are measured online during bioleaching. For the case of
pyrite, ferrous-ion is the only bacterial substrate and the measured oxygen and carbon dioxide
utilisation rates are therefore only representative of bacterial ferrous-ion oxidation (Boon,
1996). However, according to the multiple sub-process mechanism, the measured rates in the
case of chalcopyrite include the oxygen and carbon dioxide utilised for both ferrous-ion and
sulphur oxidation sub-processes. The need therefore arises to determine the rates involved in
each sub-process separately from a total oxygen and carbon dioxide utilisation measurement
to establish the oxygen utilisation and growth rates of the iron oxidisers (or sulphur oxidisers),

only, during chalcopyrite bioleaching.

In order to distinguish the contributions of ferrous-ion and sulphur oxidation to the measured
oxygen utilisation rate, a stochiometric balance over the whole system is performed. The

critical assumptions are the following:

1. The stochiometry of the ferric leaching of chalcopyrite is close to that presented in
Reaction (3.41).

The microbial oxidation of ferrous-ion goes to completion

The microbial oxidation of sulphur goes to completion.

The microbial yield on oxygen for ferrous-ion and sulphur substrates are equal.

woRs W

The system is not oxygen or carbon dioxide limited.
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Taking a basis of 1 mole of CuFeS; completely oxidised to form 5 moles of ferrous-ion and 2
moles of sulphur via Reaction (3.41), the rate of oxygen utilisation for complete microbial
oxidation of the formed ferrous iron and sulphur substrates can be stochiometrically
determined from Reaction’s (3.13) and (3.27). This means that 1.25 moles of oxygen are
required for complete microbial ferrous-ion oxidation and 3 moles of oxygen required for

complete sulphur oxidation per mole of CuFeS, completely oxidised. In this case the rate of

oxygen utilisation for microbial sulphur oxidation, -ro, $° , 1s related to the rate of oxygen

e o . . . oy re 2t . . .
utilisation for microbial ferrous-ion oxidation, -ro, P by the following ratio (equation
(3.42):

Felt
+s0 =24 (3.42)

The rates of oxygen and carbon dioxide utilisation measured from offgas includes the rate of
oxygen and carbon dioxide utilisation of ferrous-ion and sulphur sub-processes shown in

Equation’s (3.43) and (3.44) respectively:

2+ 0
! F S
r()ztotal =T,  +(-Tp," ) (3.43)

2+ o
total Fe S

Substitution of Equation (3.42) into Equation (3.43) suggests that the rate of oxygen
utilisation for ferrous-ion and sulphur oxidation sub-processes can be determined from the
total oxygen utilisation measurement via Equations (3.45) and (3.46) if the stochiometry in

Equation (3.41) holds for chalcopyrite.

g0 12 al
o, =777, ot (3.45)
Felt 5 total
—ty, = 17702 ° (3.46)

2+
. . . . F . . g
The microbial yields on oxygen for ferrous-ion, Yox = , and sulphur oxidation,Yox”, are

expressed in the following relations (Equations (3.47) and (3.48)):
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§ T
Yox© == (3.47)
I'02
Fel*
Felt r
YOX € = J—F—e—i—‘; (348)
r02

" is equal to the total rate of carbon dioxide utilization,

t P . . . 2+
rcoz“"a , which is in-turn composed of the microbial growth rates on ferrous-ion, r,© , and

The total microbial growth rate, r,

sulphur, rxso, substrates as in Equation (3.49).

) 2+ o
total total F 8§
ot ol =y (3.49)

If the yields on oxygen for both ferrous-ion and sulphur oxidation are equal then substitution
of Equation (3.45) into Equation (3.47) and (3.48) results in the rates of microbial growth for
ferrous-ion oxidation and sulphur oxidation being similarly determined from the total rate of

carbon dioxide utilisation as in Equation’s (3.50) and (3.51) respectively:

s 12 total
-1, =T 3.50
x 17 * ' (3.50)
Fedt 5 total
o T e I 3.51
X 17 ( )

3.7 Determination of the Ferric/ferrous-ion ratio

The redox potential of the solution is dependent on the ferric/ferrous-ion pair. The
ferric/ferrous-ion ratio is related to the redox potential of the solution via the Nernst equation

(Equation(3.52)), which expresses the formal redox potential, £ ;,, as a function of the activity,

vi , of the ferric/ferrous-ion pair:

RT 73
E, =F, +—1In o

(3.52)
zF Y g2t
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Equation (3.52) is also written in terms of molarities of the species and becomes equation
(3.53):

E, =E, +§£] [Fe”] 3.53
h 0 ZF n Fez+] ( * )
whereby,
, RT, 7pa+
E) =B, +——In — (3.54)
zF y Fe2t

If the reference electrode is not the standard hydrogen electrode (SHE) then equation (3.53)

becomes equation (3.55).

B =g+ R0y, Fe]
°TZF " [Fe¥]

(3.55)

The ferric/ferrous-ion ratio can then be determined from the measured redox potential and the
calibration curve for the redox probe by applying Equation (3.55). The concentrations of
ferric and ferrous-ion can be calculated from ferric/ferrous-ion ratio and the measured total

iron by Equation (3.56) and (3.57), respectively.

[Fe] tot
[Fe’']
[Fe™ ]

[Fe*' )= (3.56)

1+

(3.57)

3.8 Experimental Methodology

The chemical leaching of chalcopyrite results in the formation of ferrous-ion and

sulphur/sulphur compounds. Ferrous-ion can be directly measured by cerium sulphate



Chapter 3: Theoretical Methodology 3-13

titration. It has already been shown that the concentration of dissolved copper does not affect
the measured ferrous-ion concentrations when using this method. However, in the
bioleaching systems, the ferrous-ion concentrations is usually very low in comparison to the
primary oxidant, ferric-ion (Boon et al., 1995). The total-iron concentration primarily is
made up of ferric-ion. This makes it difficult to directly obtain accurate analyses for ferrous-
ion and its therefore the rates of ferrous-ion utilization in solely ferrous-ion systems or
bioleaching systems have to be measured indirectly via the oxygen and carbon dioxide

utilization rates. A brief technical description of the off-gas system is shown in Chapter Four.

The usage of bioreactor offgas analysis enables the calculation of oxygen and carbon dioxide
utilisation rates during the staged additions of mineral to a batch culture. The following
calculations describe the methodology in estimating these rates from measured

concentrations of oxygen and carbon dioxide in the bioreactor offgas.

The rates of oxygen and carbon dioxide consumption are calculated from the inlet and outlet
concentrations, expressed as mass fractions, x, and the total inlet flowrates, by takingA into

account the change in flowrate due to oxygen and carbon dioxide consumption.

The total inlet, ¢y, and outlet ¢oy, molar flowrates, is defined as the sum total of the nitrogen,

¢N2, oxygen, ¢02, and carbon dioxide, ¢002, inlet and outlet flowrates respectively, ie, Equation

(3.58) and (3.59),

¢ gﬁ C02 l.(} XO;; XCOZ )+ XCOZ + XOQ Lﬁm (3.58)
out | out + pout = (1 s in }é + ( out . out b 3.59
¢out ¢ COy " X0y "XC0y Hin T X0y " XC0y Pout (3.59)

since the flowrate of nitrogen into and out of the reactor is the same, viz, Equation (3.60),

I, = P = B _ (3.60)

Substituting Equation (3.58) into equation (3.59) yields Equation (3.61),

¢out ¢in ‘ (3-61)
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A molar balance on oxygen and carbon dioxide yields the rate of oxygen,-ro,, and carbon
dioxide, Tco,s utilization as functions of the total inlet flowrate, ¢y, reactor volume, V, and

mass fractions of these species in the inlet and outlet streams as shown in Equations (3.62)

and (3.63).

¢S.
-1, =$[x;§2 -XQy (3.62)
— ¢m out (3.63)

ji4
“Teo, T vV [Xc02 - Xco,
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4. Materials and Methods

4.1 Experimental equipment

Experiments were carried out in a sealed, baffled, 2 litre Z61104CT04 Applikon ADI
Holland®, jacketed fermentor-type vessel made of borosilicate glass. The reactor had an h/d
ratio of 1.3 and a working volume of 1 litre. The reactor internals consisted of three baffles,
10mm wide and 220mm long also constructed of 316 stainless steel arranged at 120 degrees
to one another. The reactor vessel was closed on top by means of a rubber rimmed, 316
stainless steel headplate or cap which contained a number of ports to allow for the insertion of
the shaft and blade of an agitator, the redox potential probe and an overhead condenser. Port
outlets on the top and bottom of the glass jacket allowed connection to a waterbath via

rubberized tubes (L/S 14™ Neoprene)

The reactor was maintained at the required temperature by circulating heated water from a
Grant Y6 constant temperature water bath through the reactor jacket. No attempt was made
to maintain a constant pH during the experiments. Experimentation commenced only after
thermal equilibrium was achieved between the reactor solution and the circulating jacketed
heating fluid. The temperature of the reactor solution itself was periodically checked and
compared to the waterbath temperature reading via a thermometer to ensure thermal

equilibrium between the reactor liquor and the circulating heated water.

Agitation for mixing and particle suspension was achieved by means of a 45° pitch bladed
316 stainless steel turbine impeller which was located at 20mm from the reactor base. The
impeller was attached to a stainless steel shaft which was in-turn driven by an overhead
Applikon ADI Holland® P100 automatic motorized stirrer. Speed control was achieved by
means of a Applikon ADI Holland® 1012 stand alone speed controller connected to the

motorized stirrer unit. This enabled a constant rotational speed of 400 revmin’.

The reactor set-up was also equipped with an Applikon ADI Holland® overhead reflux
condenser to prevent any evaporative losses from the reactor solution. The cooling fluid
circulated through the condenser was ethylene/glycol mixture (75% / 25%) and was kept

refrigerated at temperatures below 0 °C in a Grant LTD6G Low temperature refrigerator bath.

The redox potential of the slurry in the reactor was measured by direct millivolt measurement

using a Metrohm® ASI OR101431 Pt combination, double junction Ag/AgCL ORP glass
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covered electrode connected via an optically isolated amplifier to an ADC digital converter on
a single board microcomputer to a computer for data acquisition. This allowed the redox
potential of the solution to be monitored continuously. The probe was inserted into the

reactor solution through a porthole in the top reactor headplate.

4.2 Analyses and chemicals

Distilled water, along with analytical grade laboratory chemicals (Associated Chemical
Enterprisers Pty Ltd ) were used for all the experiments. The concentration of the ferrous-ion
species were determined via the cerium-sulphate tritrametric method while the total copper
and total iron were measured by Atomic Adsorption Spectroscopy (AAS). All samples drawn
from the slurry during the experiment was filtered through a 8 pwm Millipore filter and the
residue recycled back to the leach liquor. The reactor solution was prepared in 1 litre distilled
water, by adding the required amount of anhydrous ferric sulphate (Fex(SO,);-xH,0). pH was
adjusted by adding the required amount of sulphuric acid (98%) whilst measuring with a pH
probe attached to a Metrohm® pH meter. The redox probe calibrations were performed in the
presence of Cupric-sulphate (CuSO;). Titrations for determining the ferrous-ion

concentration was performed with laboratory grade 0.5M cerium sulphate solution.

4.3 Off-gas Analysis System

The use of bioreactor offgas analysis enables the measurement of oxygen and carbon dioxide
utilisation rates during the staged addition experiments. The bioreactor containing the culture
and mineral is sealed aerated by a mass flow controller. The rates of oxygen and carbon
dioxide utilization are established by measuring the difference between the oxygen and
carbon dioxide concentrations in the feed and exit gas from the reactor as shown in the
previous chapter. A diagram of this system is shown in Figure (4.1). The exit off gas passes
through a condenser, where it is cooled to below 5°C. This allows for a minimization of
evaporative water loss from the bioreactor. The dried off gas air is fed from the condenser
into a manifold, which allows the measurement and sampling of the off-gas streams from
several reactors. The manifold also measures the concentrations of the species in the feed air

to the reactors.
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Figure 4.1 Diagramatic representation of a single bioreactor and the accompanying offgas measurement system

The off-gas stream sampling takes place successively, as a result of the opening and closing
of solenoid valves (controlled by computer) which measure the off-gas and feed streams from
each reactor in succession. Each reactor off-gas stream is sampled for 6 minutes, while the

sampling cycle for all reactors is 30 minutes in total.

The off gas air from the reactor which is being sampled is then dried a second time by passing
it through a water impermeable membrane, after-which it is fed into the oxygen paramagnetic
analyzer and a carbon dioxide infra-red detector. For accurate measurement of the oxygen
content of the stream, the oxygen analyser is set to ranges of 19-21%, while the carbon
dioxide analyzer is set to measure between 0-500ppm. The measured oxygen and carbon
dioxide concentrations from the off gas, together with the concentrations of these species in
the feed stream are then logged and stored onto a microcomputer and used to calculate the

rates of consumption.

4.4 Minerology of the concentrate

Two chalcopyrite concentrates were used in both the chemical ferric leach study and the

bacterial staged addition experiments, viz,
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1. An Otjihase Mine flotation concentrate from Namibia

2. A Mintek-supplied flotation concentrate

The elemental analysis for each concentrate is listed in Table 3-1. The sulphur content of the
mineral sulphide was estimated by using the Leco SC32 sulfur analyser. The total iron and

copper content of the concentrates was established by acid digestion of a known mass sample
in nitric, hydroflouric and perchloric acid (Bailey, 1993). This enabled the amount of copper

and iron to be measured via flame atomic adsorption spectroscopy (FAAS).

Table 4-1: Elemental Analysis of ground chalcopyrite concentrates

Element Otjihase (%) Mintek-supplied (%)
Copper 27.99 29.40
Iron 31.55 31.30
Sulphur 35.69 33.80
Zinc 0.85
Silicon 1.21 3.68

Table 4-2: Minerological Analysis (XRD) of ground chalcopyrite concentrates

Mineral Otjihase (%) 'Mintek-supplied (%)
Chalcopyrite 80.77 66
Pyrite 13.11 11
Pyrrhotite <1
Sphalerite 1.26 3
Bornite 0.01
Cub/lIdiate 0.09
Other sulphides 0.13
Quartz . 1.62 i8
Fe-oxides 1.06 2
Feldspar 0.05
Other silicates 1.73
Other/Gangue 0.16

“Minerological Analysis as obtained from suppliers

Table 4-1 indicates that the major constituents of the concentrates were Copper , Iron and

sulphur. The minerological analysis of the concentrates using X-ray diffraction (XRD) is
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shown in Table 4-2. The BET surface area analysis showed 1.2 m’g” for the Otjihése

concentrate and 0.8 m’g” for the Mintek-supplied concentrate

Table 4-2 indicates that the major mineral constituents of the Otjihase and Mintek-supplied

concentrates were chalcopyrite and pyrite.

4.5 Determination of the ferrous-ion and copper concentration

The ferrous-ion concentration was measured by titration with cerium sulphate solution. In
order to establish the validity of this titrametric method for ferrous-ion determination, the
effect of the cupric-ion concentration on the titrated ferrous-ion had to be established. For
this purpose, ferrous-ion titrations were performed in the presence and absence of 0.01M

cupric-ion (added as cupric sulphate) from known standards.

The total copper concentration was measured via Atomic Adsorption Spectroscopy (AAS).

4.6 Probe calibration

The proportions of ferric and ferrous-ions are affected by the total iron and other counterions
present in solution. For this reason the redox probe needed to be calibrated at different total
iron concentrations and different temperatures. The redox probe calibration was achieved by
adding aliquots of ferrous-sulphate (FeS0O,-xH,0) of known concentration to the reactor
solution containing a known amount of ferric-sulphate, and measuring the response of the
redox potential. The response of the redox botential data acquisition system was rapid and a
stable reading was achieved within 5s of a 20 to 30 mV step in redox potential. Also, the
effect of cupric-ion on the measured redox potential was considered at [Fe]'=0.2M, by
performing the probe calibrations in the presence of 0.01 M and 0.1 M cupric-ion
concentrations at both 35 and 55 °C. A similar probe calibration procedure was performed at

35 °C before the staged addition experiments.

The Nernst equation parameters RT/zF and E , were determined from the slope and intercept

of a plot of redox potential vs log([Fe™*}/[Fe?*])
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4.7 Bacterial Culture.

The bacteria used is a mixed mesophilic culture containing Acidithiobacillus ferrooxidans,
Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans originally supplied by Mintek.
In addition to oxygen, carbon dioxide, ferrous-ion and/or sulphur substrate, bacteria require
nitrogen, potassium and phosphorous as well as trace metals like magnesium and zinc for
growth. The growth medium is a standard Zero K medium as used by Boon (1996) described
in table (4.3). pH was adjusted to 1.5 by addition of 1M H,50,. The required trace metals
were sufficiently obtained from the mineral substrate itself, and therefore no additional trace
metals were supplied either during culture maintenance or experimentation. The culture was
initially grown batchwise at 3 % solids loading on Otjihase chalcopyrite for a period of 7
months. This was maintained as a stock culture which was is used as a source of innoculum

in subsequent staged addition experiments.

A semi-continuous system was later implemented to maintain this stock culture. A known
volume of bioreactor liquor is withdrawn and replaced with fresh feed and medium on a daily
basis thus simulating a continuous set-up at a residence time of 6 days. This maintenance
culture contained 3% solids, and was aerated at 200ml/min. The temperature was maintained
at 35 °C. No attempt was made during culture maintenance or bacterial experimentation to

ensure sterility.

Table 4-3: Constituents of Zero K growth medium

Constituent Concentration in gl”
(NH4)250, 1
K;HPO, 0.5
KCl 0.1
MgS0O4 7H,0 0.2

4.8 Experimental Procedure of the chemical ferric leaches

The reactors were filled with the required solution and allowed to stand for 3 hrs in the heated
jacket to allow the solution to reach the required temperature. The temperatures of the
waterbaths were adjusted to 35 and 55 °C respéctively for each separate batch run.
Experimentation commenced with the addition of the required amount of ground mineral to
ensure a homogeneous solids concentration of 1% in the slurry. The reactors were not

aerated. The experiments were run batchwise over a 12 day period. The mineral oxidation
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was followed by measuring the amount of copper and ferrous-ion solubalised during the batch
leach along with the redox potential of the slurry. Samples were taken at regular intervals by
extracting about 1% (10ml) of the liquor with a syringe. The liquor was compensated for the

loss of volume by adding 10ml of fresh reactor solution.

The samples were filtered through a 8uum Millipore filter and the solids residue returned to the
slurry mixture. Sampling was carried out every hour for the first 4 hrs and then once every

day for a 12 day period. Table 4-4 shows the experimental conditions employed in the study.

Preliminary results from previous work showed an unusually high extraction of copper within
the first 5 minutes of leaching for the Otjihase and Mintek-supplied concentrates. This
phenomena was thought to be due to the reaction of surface fines. For this reason, the
Otjihase and Mintek-supplied mineral samples used in the investigation were pretreated by
ultrasound to remove any fines on the surface. This was done by placing 10 gm of mineral in
0.1 dm’ of de-ionised water and immersing the sample into an ultrasound bath for 2 minutes.
The fines rich supernatant was decanted leaving behind the surface-fines free mineral sample.
The procedure was repeated to ensure that all the fines were removed. The cleaned mineral
sample was then dried and weighed. It was established that this pretreatment procedure

resulted in an approximate 0.7% loss in mineral mass.

Table 4-4: Experimental parameters used in the studying the ferric leaching of

chalcopyrite

Experimental Parameter Varied Value

Initial [Fe]™ ( moll™) 0.1 and 0.2 at Temp = 35 °C

Temperature ( °C ) 35, 55 at initial [Fe] = 0.2 moll" at pH=1'.2
pH 1.4

Pulp Density (g™ 10

Particle size range (pum) -38 for Otjihase and Mintek-supplied samples
Agitation speed (rpm) 400

4.9 SEM Analysis

The surfaces of the chemically unleached and leached mineral samples were studied via
Scanning Electron Photomicrographs from the UCT Electron Microsscope Unit. The residue

from the leach liquor was filtered via a 8um millipore filter and sent for coating and
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preparation for exposure under the Scanning Electron Microscope. SEM studies on the

bacterial leached mineral residue from the staged addition experiments were not performed.
4.10 Estimation of the initial bacterial concentration during the staged additions

The bacterial concentration during the staged addition experiment is determined from the
measured rates of carbon dioxide utilization by integrating the rates of carbon dioxide
utilization over time. This calculation is outlined in the previous chapter. This method
requires the initial cell concentration of the suspension to be known. The initial cell
concentrations for the mineral bioleaching experiments was estimated by measuring the
carbon dioxide utilization rate of the stock culture over a weeklong period. If it is assumed
that 90% of the cells in the stock culture are attached while 10 % are unattached (Bailey,
1993), then the bacterial concentration of the innoculum to the staged addition experiments
can be estimated by taking 10% off the final measured concentration value in the stock

culture, and correcting for dilution.
4.11 Experimental procedure for the bacterial staged addition experiments

The changes in bacterial activity and the system redox potential which occur during a change
in the availability of substrate is best shown by a staged addition experiment. This method of
experimentation has successfully been used to track redox potential and oxygen utilisation
rate changes for pyrite bioleaching using a predominantly Leptospirillum-like bacteria (Boon,
1996). Online carbon dioxide and oxygen utilisation rates are measured from the reactor
offgas. The redox potential together with the calculated specific oxygen utilisation rate are
used as a measure of the step changes in bacterial activity occurring during staged mineral

additions to a batch culture.

In this experiment a known quantity of predominantly chalcopyrite concentrate was added
successively to an active batch culture. Experimentation begins with a 1 litre suspension of a
mixed mesophilic culture of known bacterial concentration, which was innoculated (50 %
v/v) from the supernatant of a semi-continuously grown culture maintained on the same
chalcopyrite concentrate at similar conditions prescribed in the experiment. The batch is
allowed to run for 12 hrs or more with 2g/1 of chalcopyrite before the first staged addition is
made. This allows for the initial adaptation of the culture to the fresh mineral in order to
reduce the period of lag phase associated with bacterial growth. Staged additions are then

made every 3 hours bringing the mineral concentration up to 32 g/l.
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Three sets of experiments resulting in six separate staged addition experiments were
conducted, each varying in the initial concentration of total iron in the suspension and the
source of chalcopyrite concentrate used. This was done to distinguish any effect of total-iron
concentration on the obtained results. Each experiment was repeated with two separate
chalcopyrite concentrates at the same conditions of temperature, pH, initial total-iron
concentration and innoculum. The experimental conditions prescribed in each of these

experiments is listed in Table 4.5.

Table 4-5: Conditions employed in staged addition experiments

Experimental Temp pH Initial [Fe]™ Concentrate
Set (C) (el

i 35 1.5 1.2 Otjihase Chalcoyrite
Mintek-supplied Chalcopyrite

2 35 1.5 12 Otjihase Chalcoyrite
Mintek-supplied Chalcopyrite

3 35 . 1.5 12 Otjihase Chalcoyrite

Otjihase pyrite

The total iron concentrations were measured in the innoculum taken from the stock culture
which was diluted upon innoculation into the batch. During each experiment conducted at an
initial total-iron concentration of ].2g.l'1j mineral additions of 4, 6, 8 and 10 grams are made
every two hours to the batch culture. For the experiment conducted at an initial total-iron
concentration of 12g.1" an additional increase by 12gms of each respective mineral

concentrate was made to bring the final mineral concentration up to 42g.1".

The bioreactor was completely sealed throughout the course of experimentation except at
times of mineral additions. This prevented any contamination of foreign material entering the

batch culture and allows for offgas measurement.
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5 Stochiometry of Ferric sulphate Leaching of Chalcopyrite concentrates

Most workers agree that the dissolution of chalcopyrite in acidic ferric media produces
elemental sulphur can be represented according to Equation (5.1) (Dutrizac, 1978; Munoz ef
al., 1979; Dutrizac, 1981; Hirato ez al.; 1987; Dutrizac, 1989)

CuFeS, +4Fe*" s Cu® + 5Fe?* +28° 5.1

However, recent work has shown that in addition to the products from Equation (5.1) minor

amounts of sulphate is formed according to Equation (5.2) (Dutrizac, 1981; Dutrizac, 1989).
CuFeS§, + 16Fe’ + 8H,0 — Cu** +17Fe** +16H" + 280;2 (5.2)

The stochiometry of leaching of the chalcopyrite concentrate is also strongly affected by the
presence of other sulphide minerals such as pyrite and sphalerite, even in small quantities.
This means that the theoretical stochiometry and particularly the ratio of dissolved ferrous-ion
to copper cannot be extended to describe the concentrates used in this study. The purpose of
this section is to establish the stochiometry of leaching of the Otjihase and Mintek-supplied
chalcopyrite concentrates in ferric sulphate solutions at the same conditions as those |
experienced in mesophilic bioleaching solutions, ie, at temperatures of 35-50 °C and pH’s of

1-2.

The results of this are presented in Figures 5.1-5.9. Included in this section is the effect of
copper on the measured redox potential, the effect of copper on the measured ferrous-ion
concentrations along with a discussion of the observed trends in redox potential, and

dissolved ferrous-ion and copper during the course of the experiment.

5.1 Effect of Copper on the measured Redox potential.

The ferric-ion leaching of chalcopyrite results in both ferrous-ion and cupric-ion being
solubilised. In the absence of cupric-ion, the measured redox potential is directly proportional
to the concentration of the ferric/ferrous-ion ratio. The presence of cupric-ion may affect the
proportionality by significantly contributing to the measured redox potential by virtue of the
Cuprous/Cupric couple. This would mean that the Nernst equation would contain an extra
term to include the effect of the activity of the cuprous-ion on the redox potential. It was

therefore necessary to establish the dependence or independence of the measured redox
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potential on the dissolved copper concentration at conditions similar to those prescribed in the

experiments.

The results of the investigation into the effect of the cupric-ion concentration on the measured
redox potential is shown in figure 5.1. The variation in the measured redox potential is
plotted as a function of the ferric/ferrous-ion ratio at [Fe]® = 0.2M and [Cu*'] = 0.01M and
0.1M respectively. Figure 5.1 is also the result of the probe calibrations at 35 and 55 °C.

The results show a linear relationship between the measured redox potential and the logarithm

of the concentration of the ferric/ferrous-ion ratio.
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Figure 5.1: The relationship between the measured redox potential and the ferric/ferrous-ion ratio at{ } [Cu®*]=0.01M,
Temperature = 35 °C; [m] [Cu*'] = 0.1M, Temperature = 35 °C; [0] [Cu*] = 0.01M, Temperature = 55 °C; [#][Cu™"] = 0.1M and
Temperature = 55 °C. [Fe]* = 0.2M in all cases.

Table 5-1 indicates the values of the slope (RT/zF) and intercept (Ey) of a linear regression

analysis at the various cupric-ion concentrations and temperatures.

The slopes and intercepts of the Nernst equation plot at [Cu®"] = 0.1 M is only slightly higher
than that at 0.01M at both temperatures. It is therefore apparent from Figure 5.1 and Table 5-
1 that the concentration of cupric-ion, [Cu*"], does not have a significant effect on the value

of the measured redox potential at concentrations up to [Cu™1=0.1M.
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These results justify the neglect of the effect of cupric-ion activity in the Nernst equation for
the range of copper concentrations obtained in the study. This is consistent with other
workers who also established a linear proportionality between the measured redox potential
and the ferric/ferrous-ion concentration in the presence of cupric-ion within the concentration

range of [Cu®*] = 0.001-0.01at 40 °C (Hiroyoshi ef al., 2000).

There is no discernable difference between the slopes and intercepts at both cupric-ion
concentrations. This is seen both at 35 and 55 °C. It is clear from Figure 5.1 and Table 5-1
that a larger temperature results in a higher slope and intercept. This result is consistent with

the Nernst equation.

Table 5-1: Regression Analysis on the relationship between the measured redox
potential and the ferric/ferrous-ion ratio at various cupric-ion concentrations. [Fe]™'=

0.2M in all cases.

Temp in °C [Cu”Tinmoll’  (RT/ZF) in mV E ,inmV R’
35 0.01 26.78 493 0.94
35 0.1 25.40 487 0.99
55 0.01 27.43 507 0.99
55 0.1 29.46 503 0.99

This work demonstrates that the cupric-ion species has no significant effect on the measured
redox potential. This means that the redox potential in primarily determined by the
ferric/ferrous-ion couple during the chemical ferric leaching of chalcopyrite at cupric-ion
concentrations as high as 0.1M. The effect of copper was not extended to higher cupric-ion
concentrations since the copper solubalised during the mesophilic bioleaching or chemical
leaching of chalcopyrite at temperatures lower than 55 °C, rarely exceeds this value at the

solids concentrations and residence times employed in this study.

5.2 The effect of copper on the measured ferrous-ion concentration.

The validity of using the cerium sulphate titrametric method for the determination of ferrous-
ion concentration was investigated by titrating for ferrous-ion in known standards prepared in
the presence and absence of 0.01M cupric-ion. The initial ferric-ion and pH of the standards

were held at similar conditions as those used in the mineral leaching experiments.
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Figure 5.5 shows the concentrations of ferrous-ion measured via titration plotted against the
known concentration of ferrous-ion, both in the presence and absence of 0.01M cupric-ion.
The range of cupric-ion concentrations established from the ferric leaching of the chalcopyrite
concentrates at all the conditions employed in the study fall below this cupric-ion

concentration.

Titrated [Fe™'] in mmoll”

&}

Q ;
0 5 10 15 20

[FeS0¢xH,0] in mmoll’

Figure 5.5: The variation of the [Fe’"] measured via titration with cerium sulphate againét the known [FeS80,] in the [0] absence
of cupric-ion and in the [ ] presence of 0.01 M [CuSO,]. Initial [Fex(SQs)s] = 0.2M in both cases. Linear regression fit predicts
a constant of 0.328 and intercept of 0.536 for an R? 0f 0.98 both in the presence and absence of any copper.

The regression analysis of the data showed an accurate linear fit with a constant of 0.328 and
intercept of 0.536 for an R? of 0.98 both in the presence and absence of any copper. Fi gure
5.2 and the regression data clearly show that there is no difference in the concentrations of
measured ferrous-ion in the presence and absence of copper. This shows that the determined
value of the ferrous-ion concentration via titration is independent of the copper present in
solution. This result validates the use of cerium sulphate titrations to measure the

concentration of ferrous-ion in solutions containing copper at dilute copper concentrations.

3.3 Redox Potential trend

The change in the redox potential of the slurry during the experiments is shown in Figure 5.3.
Included in figure 5.3 is the redox potential measurements at initial total iron concentrations
of 0.2 and 0.1M, as well as the redox potential trend observed at 35 and 55 °C for both

concentrates. It is apparent from Figure 4.3 that the redox potential of the slurry decreases
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during the course of the experiment. The decreasing trend is similar despite the differing

initial total iron concentrations and concentrates.

The largest initial redox potential is seen at the largest initial total-iron concentration. This is
consistent with the Nernst equation which expresses the redox potential as a function of the

ferric/ferrous-ion ratio.
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Figure 5.3: The variation in the redox potential with time for the Mintek supplied concentrate at [&}[Fe]™ = 0.2M, Temp = 35
°C, and the Qtjihase concentrate slurry at [@] [Fe]® = 0.1M, Temp = 35 °C; [#}[Fe]™ = 0.2M, Temp = 33 °C; [@]Fe]™ = 0.2M,
Temp = 35°C

Although the total iron concentration is the summation of both the concentrations of the
ferric-ion and ferrous-ion species, the proportion of ferric-ion concentration at the start of the
experiment is always much larger than the ferrous-ion concentration. This means that the
initial total-iron concentration is essentially made up of the ferric-ion species. The larger
initial ferric-ion concentration therefore results in a larger initial redox potential by virtue of
the Nernst equation. It must be pointed out that the initial total iron concentration was
estimated as ferric sulphate. The degree of hydration and the speciation of the ferric-ion

complex will be examined in the subsequent section.

The decrease in the redox potential of the slurry with time is also consistent with the Nernst
equation. This trend shows that the ferrous-ion concentration increases by virtue of the ferric-
ions being consumed according to the half reaction shown in Equation (5.1) during the

leaching of the concentrate.
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Fe'* +¢ > Fe?* (5.1

The trend in the redox potential is similar at both the initial ferric-ion concentrations. It could
be argued that the rate at which chalcopyrite is leached is a function of the redox potential or
ferric/ferrous-ion ratio, instead of the absolute ferric-ion concentration. This is consistent
with that observed for both pyrite (May ef al., 1997) and arsenopyrite (Breed ef al., 1997,
Ruitenberg ef al., 1999).

5.4 Ferric-ion speciation

The degree of hydration of ferric sulphate in sulphuric acid determines the actual
concentration of free ferric-ions in the slurry. Tt has already been mentioned that the
speciation of ferric sulphate in sulphuric acid results in the formation of free ferric-ion, Fe’*
along with ferric sulphato, FeSO,", and ferric bisulphato, FeHSO,*" complexes according to

Equation’s (5.1) and (5.2) respectively.

Figure 5.4 shows the thermodynamically predicted distribution of these complexes as a
function of the ferric sulphate concentration in sulphuric acid solutions, estimated from the
published equilibrium constant data (Dry, 1984) and Equation’s (2.8), (2.9) and (2.10}) at 35

°C. The predictions were estimated using the using the procedure outlined in Chapter Two.
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Figure 5.4: The distribution of the [s]free ferric-ion, Fe'; [A]ferric sulphato, FeSO,; and [M]fersic bisulphato, FeHSO

complexes in Fex{SO4);-H,80; solutions having different initial ferric sulphate concentrations at pH=1; Temperature = 35 °C.
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It is clear from Figure 5.4 that the predicted distribution of ferric-ion species in not only
confined to Fe’*, but also significant quantities of FeSO," and FeHSO,**. The dominant
species appears to be FeSO," at all ferric sulphate concentrations. The exact role of each of
the separate ferric complexes in the leaching of chalcopyrite still remains unclear. Past
workers have assumed that the free ferric-ion or the ferric bisulphato complex are the primary
leaching agents of chalcopyrite because they found the rate of leaching to be directly
proportional to the free ferric-ion concentration. It was thought that the free ferric iron and
ferric bisulphato complexes are much more easily reduced than the ferric sulphato complex,
even though it is the dominant species at those ferric sulphate concentrations (Hirato ef al.,
1987). This has been supported by other research which found that the rate of sphalerite
dissolution was proportional to the sum of the free ferric-ion and ferric bisulphato complexes

(Crundwell, 1988).

Based on the above, it was assumed in this study that the free ferric iron is the primary
oxidant during the leaching of chalcopyrite, although it has been shown, at least from a
theoretical analysis, that other ferric-ion complexes may well exist in significant quantities in

the slurry.

5.5 Ferrous-ion and Copper dissolution

Figures 5.5(a) and 5.5(b) shows the variation in the ferrous-ion and cupric-iron concentration,
respectively, with time at all the conditions investigated, viz, initial total iron concentrations

of 0.1 and 0.2M, and at temperatures of 35 and 55 °C for the concentrates used in the study.

Figure’s 5.5(a) and 5.5(b) indicate that the ferrous-ion and cupric-ion concentrations vary
linearly with time initially, but then appears to slow down. This shows that the solubalisation
of both ferrous-ion and cupric-ion within the first few hours is much more rapid in
comparison to that observed afterward. It is also apparent form Figure’s 5.5(a) and 5.5(b) that
the shape of the dissolution curves are the same at all the initial total iron concentrations and
at the different temperatures for both the concentrates used in the study. The curves show a
rapid decline in the rate of oxidation. This is consistent with previous work carried out at 70
and 90 °C (Munoz et al., 1979; Dutrizac, 1979, Dutrizac, 1981; Hirato ez al., 1987) who
observed so-called parabolic kinetics for the ferric-sulphate leaching of chalcopyrite at similar

leaching times at those employed in current study.
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Figure 5.5(a): The variation in the ferrous-ion concentration with time at [®] [Fe]™=0.2M, Temp=35 °C; [&][Fe]“'=0.1M,

Temp=35 °C; [M}[Fe]'”=0.2M, Temp=55 °C for the Otjihase chalcopyrite concentrate and [#] [Fe]*=02M, Temp=35 °C for the

Mintek-supplied chalcopyrite concentrate
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Figure 5.5(b): The variation in the cuprous-ion concentration with time at [#] [Fe]*'=0.2M, Temp=35 °C; [A][Fe]"=0.1M,

Temp=35 °C; [BB][Fe]“=0.2M, Temp=53 °C for the Otjihase chalcopyrite concentrate and [#] [Fe]*'=0.2M, Temp=35 °C for the
Mintek-supplied chalcopyrite concentrate

The measurement of ferrous-ion during the initial rapid phase of leaching was hampered by a

high concentration of ferric-ion. For this period only two or three accurate measurements

were possible. Also, considerable difficulty was experienced in obtaining measurable
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quantities of ferrous-ion via titration with cerium sulphate, especially at the high redox
potentials seen in the initial linear phase of concentration vs time curves. Despite these
limitations, a change in mechanism is evidently seen from the concentration vs time curves

(Figure 5.5(a) and 5.5(b)) after the short initial phase.

The retarded rate of copper solubalisation from chalcopyrite with time as seen in Figure

5.5(b) suggest the rapid onset of passivation by either:

1. The build-up of reaction products layers such as sulphur on the mineral surface, or
2. The formation of an electronically insulating polysulphide layer on the surface, or
3. The co-precipitation of iron and copper compounds from the bulk onto the mineral

surface

Since the slurry pH was initially 1.1 and did not vary by less that 0.2-0.3 units, so the second
possibility seems unlikely. Furthermore, the slurry solution was visibly clear throughout the
leach. It is thought that the low pH is tantamount to the prevention of iron hydrolysis and
precipitation during the leaching reaction (Dutrizac, 1978). The detection of any
polvsulphide layers as well as the quantification of sulphur on the surface was beyond the
scope of the study. However, Scanning Electron Photomicrographs (SEM) were taken of the
mineral residue after 8 days of leaching in an attempt to visually establish any build-up of

sulphur on the surface. (An analysis of these results is shown in the subsequent sections).

5.6 The effect of the initial ferric-ion concentration

It is apparent from Figure 5.5(a) and 5.5(b) that a significantly larger amount of ferrous-ion
and copper is solubilised in the slurry containing a higher initial ferric-ion concentration.
This suggests that the final conversion of chalcopyrite increases with an increase in the initial
ferric-ion concentration. Table 5-2 lists the conversions calculated based on the measured

amount of copper extracted after 8 days at the different initial ferric-ion concentrations.

Table 5-2: Chalcopyrite conversion calculated for the Otjihase concentrate based on the

final copper concentration after § days

< T " ”
[Fe™ Jinitiar in moll Xeuresz in %

0.1 1.6
0.2 2.2
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This appears to be consistent with previous workers who found that the rate of chalcopyrite
leaching in ferric sulphate solution was dependent on the initial ferric-ion concentration up to
2 mol.I'" (Dutrizac, 1981) and 0.1 mol.I" (Hirato ef al., 1987), but contradicts others workers
who established no rate dependency on the initial ferric-ion concentration (Munoz et al;

1979).

Furthermore, the results shown in Figure’s 5.5(a) and 5.5(b) suggest that generally the

chemical ferric-ion leaching of chalcopyrite occurs as shown in Equation (5.2),
CuFeS, + (x -1)Fe** > Cu?* +xFe®* + Sulphur - species (5.2)

Equation (5.2) may include a term for the polysulphide layer as a reaction product and a

hydronium-ion in the case of sulphate formation.

5.7 Ferrous-ion to Copper ratio

Figure 5.6 shows the variation in the measured ferrous-ion to copper ratio’s obtained during

the course of the experiment for all the conditions applied and for all the concentrates studied.

It is apparent from figure 5.6 that the ratio’s of ferrous-ion to copper are not constant during
the leaching of chalcopyrite. It can also be seen that the shape of the plot is similar for both
initial total iron concentrations and temperatures employed during the study. It appears that
the ratio’s are generally smaller than 7 for the initial rapid phase and then increase to about 15

or higher at 50 hours, then finally settle at 20 for the Otjihase concentrate at 35 °C .

In the case of the Mintek-supplied concentrate the ratio’s tend to be higher than 7 initially and
increase to values of 23 after the initial phase for the similar conditions ( initial [Fe]™'= 0.2M ,

Temp=35 °C).

The effect of temperature is also shown in figure 5.6 by comparing the ratio’s obtained at 35
°C and 55 °C at the same initial total iron concentration. At 55 °C, the ratio’s reach the a final

value of 22 much more rapidly than at 35 °C.

In an attempt to distinguish between the proposed reaction stochiometries for sulphur and/or

sulphate formation and to establish the coefficient of x in Equation (5.2) the ferrous-ion
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concentration was plotted against the copper concentration as shown in Figure 5.7. A linear

regression of the results shown in Figure 5.7 is presented in Table 5-3.

30
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timeinhrs |

Figure 5.6: The variation in the ferrous-ion to cuprous-ion ratio with time at [#] [Fe]“=0.2M, Temp=35 °C; [0]{Fe]"'=0.1M,

Temp=35 °C; [M}[Fe]=0.2M, Tenmp=55 C for the Otjihase chalcopyrite concentrate and [4] [Fe]*=0.2M, Temp=35 °C for the

Mintek-supplied chalcopyrite concentrate
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Figure 5.7: The variation in the ferrous-ion concentration as a function of the cuprous-ion concentration at [@] [Fe]*=0.2M,

Temp=35 °C; [@}{Fe]"=0.1M, Temp=35 °C; [®][Fe]™=0.2M, Temp=55 °C for the Otjihase chalcopyrite concentrate and [ 4]
[Fe]"=0.2M, Temp=35 °C for the Mintek-supplied chalcopyrite concentrate
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It is clear from Figure 5.7 and Table 5-3 that the coefficient, x, appears to support the
stochiometry shown in Equation (5.2) for sulphate formation as opposed to Equation (5.1) for
sulphur formation. This result was unexpected since most of the previous work on the ferric
sulphate leaching of chalcopyrite found a larger proportion of sulphur formation than sulphate
formation during the ferric-sulphate leaching of chalcopyrite (Braithworth et al., 1976; Jones
and Peters, 1976; Dutrizac, 1978; Munoz et al., 1979; Dutrizac, 1981; Hirato ez al.; 1987;
Dutrizac, 1989). However, most previous workers carried out the studies at much higher

temperatures (70-90 °C) than those used in this investigation.

The results obtained in Table 5-3 differ significantly from that which is theoretically predicted
in Equation (5.1). The stochiometric coefficient obtained at an initial total iron concentration
of 0.1 M, differed significantly from that obtained at the other conditions. Similarly the
stochiometric coefficient established for the Mintek-supplied chalcopyrite concentrate was

larger than those established for the Otjihase concentrate at the same experimental conditions.

Table 5-3: Results of the linear regression carried out on the data presented in figure
5.6, ie, the variation in the ferrous-ion concentration as a function of the cuprous-ion

concentration for all the conditions and concentrates used in the study.

Initial [Fe]™ Chalcopyrite Temperature Coefficient R’
(moll™) ~ concentrate (°C) )

0.1 Otjihase 35 26.391 0.983
0.2 Otjihase 35 19.052 0.927
0.2 Otjihase 55 19.296 0.980
0.2 Mintek-supplied 35 23.641 0.987

This variation in the stochiometric coefficients of ferrous-ion, in Table 5-3, suggest that the
ferrous-ion to cupric-ion ratio is possibly affected by the ferric-ion leaching of the pyrite
proportion as well as other sulphide mineral impurities present in both the Otjihase and the

Mintek supplied concentrate,

However, the results presented in Figure 5.7 and Table 5-3 are dependent on the methodology
employed in performing the linear regressions at each experimental condition. The
regressions are carried out over the entire set of measured concentrations for each condition.
It therefore does not take into account the sudden change in ferrous-ion to cupric-ion ratio’s
experienced after the first few hours of mineral leaching since all the data points are treated in

a single regression at each condition. This means that the stochiometric coefficients



Chapter 5: Stochiometry of the ferric leaching of chalcopyrite concentrates 5-13

established in Figure 5.7 and Table 5-3 are more indicative of the second slower phase of
mineral leaching than the first. This is because only two or three measurements were made
within this rapid initial phase, as compared to 7 or 8 measurements in the subsequent slower
phase. Despite this limitation, the results indicate that the stochiometry appears to be more

consistent with sulphate formation than sulphur formation, at least for most of the reaction.

4.8 Conversion of chalcopyrite

In an attempt to confirm which of the above Reaction’s ({5.1) or (5.2)) best describe the
leaching of chalcopyrite under the conditions employed in this investigation, the conversion
of chalcopyrite determined from the measured copper concentration was compared with that
obtained based on the measured ferrous-ion concentration in solution (assuming that the
chemical leaching results either in sulphur or sulphate formation). In doing this, the rate of
chalcopyrite oxidation, regress, 18 related to the rate of ferrous-ion production, e+, via the

stochiometry of Equation (5.1) for assumed sulphur formation only, as Equation 5.3

1

“TCuFesy © ngem- (5.3)

Similarly, the rate of chalcopyrite oxidation is related to the rate of ferrous-ion production via

the stochiometry of Equation (5.2) for assumed sulphate formation as Equation (5.4),

1
17 "re?t

“Teuresy (5.4)

Furthermore, the actual measured rate of chalcopyrite oxidation was related to the rate of

copper production as Equation (5.5)

“Teures, = T 2+ (5.5)

The conversion of chalcopyrite calculated using the above relations is shown in Figure 5.8 for

all the conditions and concentrates used in the study.
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Figure 5.8: The variation of chalcopyrite conversion determined from the concentration of copper solubalised for the Otjihase
concentrate at [--] initial [Fe]* = 0.2M, Temp = 35 °C; [~ — initial [Fe]™ = 0.2M, Temp = 35 °C; [—Jinitial [Fe]™ = 02M,
Temp = 55 °C compared to the chalcopyrite conversion predicted using the measured concentration of ferrous-ion, based on
equation (1) for sulphur formation at [e]initial [Fe]” = 0.2M, Temp = 35 °C; [#] initial [Fe]™ = 0.2M, Temp = 35 °C; [ AlJinitial
[Fe]™=0.2M, Temp = 55 °C and equation (2) for sulphate formation at [o]initial [Fe] = 0.2M, Temp = 35 °C; [[1] initial [Fe]*
= 0.2M, Temp = 35 °C; [Alinitial [Fe]™ = 0.2M, Temp =55 °C.

Figure 5.8 shows a large discrepency between the conversions of chalcopyrite calculated
using Equation (5.1) as the assumed stochiometry and the actual conversion obtained based
on the copper measurements. It is also apparent from Figure 5.8 that the conversion of
chalcopyrite calculated from Equation (5.4) is closest to that obtained based on the measured
copper concentration. This result, fogether with those presented in Figures 5.5-5.8 and Table
5-3 suggests that the stochiometry of Equation (5.2) is the closest in describing the ferric
sulphate leaching of the Otjihase and Mintek supplied chalcopyrite concentrates at least for
the slower reaction phase which contributes the major portion of the reaction behavior over

time. However this deduction is subject to limitations discussed in Section 5.10.

The results in Figure 5.8 also show that a very small proportion of the copper from the
mineral is solubalised over the 8 day period (2 % at 35 °C) at the low temperatures used in
this study. This result agrees with those of previous workers who established less than 5 %
mineral solubilisation (measured as the amount of dissolved copper in solution) at 30 °C in

0.1M Fex(SO4):-H,SO, (Dutrizac, 1978)
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5.9 Scanning Electron Photomicograph (SEM)Analysis.

The leached surfaces of the Otjihase and Mintek-supplied concentrates were examined by
SEM photographs before and after 7 days of leaching in order to visually detect any layers of
sulphur product. The results of this analysis is shown in Figures 5.9-5.12. Figures 5.9(a) and
(c) illustrates the unleached photomicrograph of the Otjihase and Mintek-supplied concentrate
respectively. Figures 5.9(b) and (d) indicate the images the surfaces of each respective

“solution. Similarly, figure

concentrate after 7 days leaching at 35 °C in a 0.2 M initial [Fe]
5.9(e) illustrates an SEM image of the Otjihase concentrate after 7 days of leaching at 55 °C

in a 0.2 M initial [Fe] solution.

The unleached surfaces shown in Figures 5.9(a) and (c) show a number of small particles on
the surface. This is thought to be surface fines despite the treatment of the mineral samples
by ultrasound. The Otjihase concentrate seems to exhibit a higher degree of surface
roughness as compared to the Mintek-supplied concentrate. This could explain the slightly
higher ferrous-ion and copper dissolution rates from the Otjihase concentrate experienced at

the same conditions

The leached surfaces shown in Figure’s 5.9(b)-5.9(d) are similar is visual appearance to the
unleached surfaces shown in Figures 5.9(a) and (c). This is reasonable since less that 5 %

conversion of chalcopyrite occurs at the employed conditions of temperature and leach time.

The surfaces of both the Otjihase and the Mintek-supplied concentrate seem to indicate tiny
granules, although it remains unclear if these are infact sulphur deposits or not. It is evident
from these figures that the surface of the leached particles of both concentrates are not
covered with globules of granular sulphur as has been observed by previous workers for
leaching after 3hrs at 95 °C (Dutrizac, 1989). There is also evidence of surface roughening

although pitting is not seen in the case of leached particles. This is more clearly seen in figure

5.9(e) for leaching at 55 °C.

In summary, no quantifyable difference between the leached ad unleached surfaces can be

seen from the SEM analysis.
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Figure 5.9(a): SEM of the surface of unleached Otjihase concentrate mineral particles for particle size range +25-38 pm
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Figure 5.9(b): SEM of the surface of Otjihase concentrate particles after 7 days of leaching at initial [Fel™ =0.2M, Temp = 35 °,
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Figure 4.9(d): SEM of the surface of Mintek-supplied concentrate particles after 7 days of leaching at initial [Fe]™ =0.2M, Temp
=35°.
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Figure 5.9(e): SEM of the surface of Otjihase concentrate particles after 7 days of leaching at initial [Fe]™ =0.2M, Temp = 55 °C

5.10 Limitations

The stochiometry of ferric sulphate leaching of the Otjihase and Mintek-supplied chalcopyrite
concentrates are dependent on the amount of ferrous-ion and copper solubilised. It has
already been shown that the ratio of these species are not constant during the reaction but vary
over an 8§ day period for both concentrates. The ratio of ferrous-ion to copper obtained for
these concentrates appears to be closest to that which is theoretically predicted by Equation
(5.2) for sulphate formation as opposed to sulphur formation for the chemical leaching of
chalcopyrite. However, despite this observation, the interpretation of the results is both

limited and hindered by the presence of other mineral sulphides in the concentrate.

5.10.1 The effect of pyrite and/or sphalerite leaching

The dissolved ferrous-ion to copper ratios would be dependent on the presence of rapidly
leaching sulphide impurities which could reduce ferric-ion to ferrous-ion without releasing

any copper. In this case the amount of ferrous-ion dissoluted from the two concentrates
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would most likely be affected by the leaching of the pyrite which mainly yields sulphate

and/or the sphalerite proportion of the concentrate which mainly yields sulphur.

The observed stochiometry of the Otjihase and Mintek-supplied concentrate leaching can

therefore be broadly explained in terms of the five possibilities, viz,

i. Chalcopyrite leaching only to produce only ferrous-ion, copper and sulphur or

sulphate as the primary sulphur species

ii. Chalcopyrite leaching accompanied by pyrite leaching to produce ferrous-ion, copper

and both elemental sulphur and sulphate.

il Chalcopyrite leaching accompanied by both pyrite and sphalerite leaching to produce

both elemental sulphur and sulphate.

iv. Chalcopyrite leaching accompanied by sphalerite leaching to produce both elemental

sulphur and sulphate.

V. Initial chalcopyrite leaching to produce ferrous-ion, copper, sulphur or sulphate,
followed by the rapid onset of passivation resulting in copper and ferrous-ion

dissolution from polysulphide surface phases other than chalcopyrite.

1t is impossible to physically separate the ferrous-ion contributed by the leaching of small
quantities of interlocked pyrite or sphalerite within the mineral sulphide from that originating

from the leaching of pure chalcopyrite itself.

The changing ferrous-ion to copper ratio seems to indicate that more than one reaction is
involved in the ferric leaching of the chalcopyrite concentrate. This discounts the first

possibility.

5.10.2 Galvanic interactions between chalcopyrite, pyrite and sphalerite.

Literature has cited evidence that the leaching behavior of sulphide minerals is strongly
influenced by galvanic pairs between combinations of conducting and semiconducting
mineral phases (Berry et al., 1978; Natarajan, 1992). According to this theory, the rest

potentials of base metal sulphides along with their actual proximity to one another play an
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important role in the formation of galvanic couples and the preferential leaching of the one
over mineral over the other. The rest potential of sphalerite (~-50mV vs SHE) is the smallest
in comparison to chalcopyrite (~ -310mV vs SHE) and that of pyrite (~ -450 mV vs SHE) and
this suggests that it is the most electrochemically active in comparison to chalcopyrite and
pyrite. Furthermore, chalcopyrite is more electrochemical active than pyrite. However, when
these minerals are in contact with one another (as is the case for the Otjihase and Mintek-
supplied concentrates), galvanic interactions result in the sphalerite behaving anodically,

- while the chalcopyrite and pyrite is cathodically shielded. The selective leaching of sphalerite
over chalcopyrite and inturn chalcopyrite over pyrite would be expected under these
circumstances. This theory has been supported by an enhanced rate of copper dissolution
from sulphide minerals containing chalcopyrite with interlocked pyrite as opposed to pure

chalcopyrite (Berry et al., 1978; Natarajan, 1992).

Galvanic interactions therefore result in the pyrite proportion of the concentrate being
passivated to a large degree at the expense of chalcopyrite and sphalerite leaching. If this

were the case then possibilities two and three could be discounted.

Earlier work (Dutrizac, 1982) presented Fe*'/Cu®" established during the ferric leaching of
chalcopyrite for a variety of chalcopyrite concentrates containing various amounts of pyrite
and sphalerite impurities. These results are not comparable with those obtained in the current
investigation since they are presented for ferric chloride leaching as opposed to ferric sulphate

leaching.

5.10.3 Surface Layer Passivation

The mechanism for chalcopyrite leaching would be further complicated by surface layer
passivation. Since the SEM analysis of the surface’s of leached minerals have not shown any
significant sulphur formation on the surface, it could be argued that at low temperatures, the
surface could be passivated by reaction products other than sulphur. This could possibly
include a layer/s of iron deficient polysulphides such as Covellite (CuS) (Ammou Chokroum
et al, 1979; Tiwari et al., 1980; Parker et al., 1981; McMillan ez af, 1982; Warren ef al., 1982;
Biegler and Horne, 1985; Holliday and Richmond, 1990; Hackl et al., 1995; Gomez et al.,
1996) However, the reliability of the SEM’s for the elucidation or visual observance of
sulphur is questionable due to the SEM sample preparation techniques which possibly result
in the removal of any sulphur present on the mineral surface. The implications of

polysulphide passivation would mean that the both the dissolved copper and ferrous-ion
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species dissolute from a surface layer other than chalcopyrite, which explains the apparent
lack of correlation between the observed Fe®*/Cu”* and that predicted by equation 5.1.
However the elucidation of any passivating layers on the surface is beyond the scope of this
project and this further limits any absolute conclusions on the stochiometry of chalcopyrite

leaching.

5.11 Postulated mechanism

The results presented in Figures 5.3-5.8, along with the regression analysis shown in Table 5-
3 suggest that the ferric leaching of the chalcopyrite concentrates can be best described
according to three primary reactions, each of which dominates at different stages in the
leaching process. The initial rapid period could be characterized by the formation sulphur
which predicts a ferrous-ion to cuprous-iron ration of 5, as shown in equation (5.1) (Dutrizac,

1978; Munoz et al., 1979; Dutrizac, 1981; Hirato ef ol.; 1987; Dutrizac, 1989), viz,

CuFeS, +4Fe*" s Cu®" + 5Fe?" +28° (5.1)

The regression resulfs suggest that equation (5.2) (Dutrizac, 1981, Dutrizac, 1989) describes

the slower period experienced after the rapid initial phase, viz,.
CuFeS, +16Fe* +8H,0 > Cu** + 17Fe’ +16H* + 2807 (5.2)

It is possible that the ferrous-ion/cupric-ion ratio is affected by the leaching of the both pyrite
(May et al., 1997) (equation (5.6)) and sphalerite (Driessens ef al., 1999)(equation (5.7)).

FeS, +14Fe* +8H,0 - 15Fe* +16H" +2S07 (5.6)

ZnS+2Fe** 15 2Fe?” +Zn?* +8° 5.7

This is consistent with the postulate that the chemical oxidation of chalcopyrite to
sulphate/sulphur and the chemical oxidation of other mineral sulphides such as pyrite and

sphalerite (even in trace quantities) compete for the available ferric-ions.
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%.12 Conclusions

1. The results show that the redox potential measured during the chemical leaching of
chalcopyrite is only a function of the ferric/ferrous-ion ratio, and is independent of the
copper concentration for [Cu®'] < 0.1 moll”. The cerium sulphate titrametric method is

suitable for measuring ferrous-ion in the presence of copper.

2. The ferric-sulphate leaching of chalcopyrite at temperatures of 35-55 °C shows changing
kinetics throughout the course of the reaction. The initial reaction phase (1-2 hrs) is rapid
and is characterised by a linear rate. The rate of reaction as seen from the amount of
copper solubalised is rapidly retarded. The major portion of the reaction is characterised

by a slow rate of dissolution. An increase in temperature improves the rate of reaction.

3. It appears that the rate of chalcopyrite chemical leaching is a dependent on the redox

potential.

4. The ratio of ferrous-ion/cupric-ion measured from the solubalised species during the
chemical ferric leaching of the Otjihase and Mintek-supplied chalcopyrite concentrates
varies during the reaction. These ratio’s varied from S to 20 for the Otjihase concentrate

and 7 to 23 for the Mintek-supplied concentrate over an 8 day period at 35 °C.

5. The observed ferrous-ion/cupric-ion ratios is closer to that predicted for the chemical
leaching of chalcopyrite to produce sulphate rather than sulphur. Regression analysis
shows that a dissolved ferrous-ion/cupric-ion ratio of 19 and 23 describes the Otjihase
and Mintek supplied concentrates respectively. The presence of pyrite and sphalerite as
well as surface layer passivation complicates any absolute conclusion on the stochiometry

for chalcopyrite chemical leaching in ferric-sulphate media.
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6.1 The staged addition of predominantly chalcopyrite-concentrates to a batch bioleach

This chapter presents the results and discussion of the staged addition of two predominantly
chalcopyrite concentrates to a batch bioleach with mesophiles. This experimental
methodology has been devised and successfully used by Boon, (1996) to study the kinetics of
bioleaching of pyrite with Leptospirillum ferroxidans and to test the applicability of the two-

step mechanism in describing the bioleaching of pyrite.

The experiments were performed on two separate chalcopyrite concentrates using a semi-

continuously grown culture on the Otjihase chalcopyrite concentrate.

The results of six separate staged addition experiments are presented. Two experiments were
conducted at two separate initial total-iron concentrations using two different chalcopyrite
concentrates. Similarly a comparative experiment was conducted using a chalcopyrite and

pyrite concentrate at a common initial total iron concentration with a culture drawn from the

same source.

Successive, 2 hourly, additions of 2, 4, 6, 8 and 10 gms of each concentrate increased the
mineral concentration in each reactor t0 6, 12, 20 and 30 g]", after an initial 2gl'1 adaptation
period. The mineral concentration was increased to 42 gl for the experimental set at initial
total-iron concentration of 12 gl”. During the course of each experiment, the redox potential,

oxygen and carbon dioxide utilisation rates were monitored continuously.

The results presented show the changes in each of the measured parameters over time during
each experiment as well as the variation in the bacterial specific oxygen utilisation rate with
ferric/ferrous-ion ratio. The bacterial specific oxygen utilisation rate is used as a measure of
the bacterial activity. The ferric/ferrous-ion ratio was calculated by using the Nernst equation
and parameters obtained by calibrating the redox potential probes at the same conditions of

total-iron and temperature as that used in the experiments.
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6.2 The effect of mineral additions on the redox potential.

Figure 6.1 and Figure 6.2 shows the measured redox potential during the course of the
experiment. The effect of redox potential was investigated at [Fe'®] of 1.2 gl (Figure 6.1)
and at [Fe'™] of 10 gl (Figure 6.2). The redox potential instantaneously decreased after every

mineral addition in both experiments.
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Figure 6.1: Comparison of the redox potential during staged addition of mineral to chalcopyrite batch culture for [#] Mintek-
supplied concentrate and [o] Otjihase concentrate, [Fe™] of 1.2g1", Temp = 35 °C, pH = 1.5, particle size = +38-53 ym.

The decrease in redox potential with mineral addition was followed by a slight increase over

the 2-3 hr period between additions.
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Figure 6.2 : Comparison of the redox potential during staged addition of mineral to chalcopyrite batch culture for [¢] Mintek-

supplied concentrate and [o] Otjihase concentrate. [Fe™] of 12g!”, Temp = 35 °C, pH = 1.5, particle size = +38-53 um.
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6.3 The effect of the total iron concentration on the redox potential

The mineral concentration was increased up to a final concentration of 30 gl in the
experiment at [Fe'™] = 1.2 g.I" and 40 g.I" in the experiment at [Fe'™] = 10 gI”". The higher
final mineral concentration in the latter experiment served to lower the redox potential as
much as possible without incurring oxygen and carbon dioxide limitations. An increase in
redox potential occurs after the last addition of mineral in both experiments. A steady state
redox potential was achieved within minutes of mineral addition in both experiments. The
redox potential trend in both experiments was close. This shows an agreement in the behavior
of both chalcopyrite sources during the experiment. The is no observable effect of the total

iron concentration on the redox potential trend.
6.4 The effect of pyrite and chalcopyrite additions on the redox potential

Figure 6.3 compares the redox potential for the staged addition of mineral during the batch
bioleaching of pyrite and chalcopyrite using a diluted innoculum from a chalcopyrite batch
culture. Both experiments were performed at [Fe™] = 10 gl'. A similar trend in redox
potential occurs for both pyrite and chalcopyrite experiments. The addition of mineral results
in a greater decrease in redox potential in the pyrite experiment compared to the chalcopyrite

experiment.
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Figure 6.3: Comparison of the redox potential during staged addition of mineral to a [#] pyrite, and [o] chalcopyrite batch
culture. [Fe"] of 12gl", Temp =35 °C, pH = 1.5, particle size = +38-53 pm.
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In Figure 6.3, the range of redox potentials is larger for the pyrite experiment (580 to 675
mV) as compared to the chalcopyrite experiment (615 to 690 mV). Table 6-1 compares the
change in redox potential after every mineral addition in both experiments. It is shown that
the addition of pyrite to a batch bioleach results in a greater decrease in the redox potential as

compared to chalcopyrite.

The reasons for the greater decrease in redox potential in the case of pyrite compared to
chalcopyrite is due to the difference in stochiometry and the rates of ferric-ion leaching
during the bioleaching of pyrite and chalcopyrite. The relatively smaller decrease of redox
potential during the chalcopyrite experiments is also due to the lower molar concentration of
mineral substrate added compared to pyrite. According the stochiometry of ferric-ion
oxidation (Equation 6.1), 15 moles of ferrous-ion are produced per mole of pyrite oxidised as
compared to 5 moles for chalcopyrite oxidation (Equation 6.2). The ferric leaching of pyrite

is presented as (Boon, 1996):
FeS, +14Fe’" +8H,0 > 15Fe®* +2S0.- +16H" 6.1)

A faster rate of ferrous-ion production occurs during pyrite bioleaching as compared to
chalcopyrite bioleaching. This causes the ferric/ferrous-ion ratio to drop by a larger amount

after every mineral addition as compared to the chalcopyrite experiment.

Table 6-1 : The change in redox potential with mineral addition during staged additions

of pyrite and chalcopyrite to a batch bioleach.

Mineral added (g) AEh for Pyrite (mV) AEh for Chalcopyrite (mV)

4 40 31
6 26 20
8 20 17
10 15 12

The rapid passivation of chalcopyrite during ferric-ion oxidation also plays a role in achieving
a slower rate of ferrous-ion production during chalcopyrite bioleaching. The possibility of the
build-up of diffusional barriers during the course of the experiment retards the rate of reaction
during chalcopyrite and therefore affects the rate of ferrous-ion production. This factor
contributes toward the smaller change in redox potential after every chalcopyrite addition in

comparison the pyrite experiment.
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The redox potential is determined by the ferric/ferrous-ion ratio. According to the multiple
sub-process mechanism ferrous-ion and sulphur or sulphate is produced from the ferric
leaching of the mineral sulphide as seen in Equation’s (2.2.1) and (2.2.2). Ferric-ion and
sulphuric acid are generated by bacterial ferrous-ion and bacterial sulphur oxidation
respectively. The addition of chalcopyrite mineral to the batch culture results in the chemical

ferric leaching rate, r;“gfjj , exceeding the rate of bacterial ferrous-ion oxidation, rb*'°2+ . An
[ Fe

increase in the production of ferrous-ion results in a decrease in the ferric/ferrous-ion ratio

whilst providing additional substrate for the iron oxidisers.

The lowest redox potential value after the addition of mineral signifies the steady state which

occurs when the chemical and bacterial rates are equal ie r&'§7? =rbo .
Fe Fe

The increase in the redox potential and subsequently the ferric/ferrous-ion ratio between
additions is due to the bacterial consumption of ferrous-ions to produce ferric-ions. The
decrease in redox potential in both the pyrite and chalcopyrite bioleaching experiments, with
the increase in mineral concentration is consistent with the multiple sub-process mechanism

since the rate of chemical production of ferrous-ion increases with every mineral addition.

This redox potential trend has been observed for the staged addition of pyrite to a batch

bioleach (Boon, 1996)

By comparing the redox potential trends for pyrite and chalcopyrite-concentrates in Figure
6.3, along with the decreasing change in redox potential at the same mineral concentration
shown in table 6-1, it is clear that the points of steady state after each mineral addition
achieved for pyrite is much lower than those achieved for chalcopyrite. This is a direct result

of the difference in r;:g‘i for the pyrite and chalcopyrite cases. A faster r;‘e‘g’ﬁ during pyrite

bioleaching results in a greater amount of ferrous-ions being produced in comparison fo the
chalcopyrite case. In the case of pyrite, the decreases in ferric/ferrous-ion ratio is then lower

as compared to chalcopyrite..

The rate of bacterial ferrous-ion consumption, %, is directly related to the amount of

r
N

ferrous-ion substrate available. The increase in redox potential between mineral additions is

determined by r;‘°2+ . A larger availability of ferrous-ion substrate in the case of pyrite results

in a higher r;:g,f as compared to chalcopyrite. This is demonstrated by a slightly steeper and
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more regular increase in the redox potential (Figure 6.3) between mineral additions as

compared to chalcopyrite.

6.5 The effect of mineral additions on the oxygen and carbon dioxide utilisation rates.

Figure 6.4 shows the measured oxygen utilization rates (-ro;) during the staged addition of
Otjihase and Mintek-supplied chalcopyrite to a batch bioleach. Each experiment was
conducted at [Fe'] = 1.2 gI”" with innoculum drawn from the same source. Figure 6.5 shows

the carbon dioxide utilization rate (-rco,) for the same set of experiments.

Both the —rg, and ~rco; for both concentrates are small during the initial § hrs of the
experiment. This is because little substrate is available during that period. The increases in
mineral concentration results in larger amounts of ferrous-ion and sulphur substrate. This is
reflected by an increase in the —rp; and —rco; . A similar stepwise increase in the —rg; and —

reo; with every mineral addition is seen for both chalcopyrite concentrates.
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Figure 6.4 : Comparison of the measured oxygen (+roz) utilization rates during staged addition of {e] Otjihase chalcopyrite and

fo} Mintek-supplied chalcopyrite to 2 batch culture. [Fe™] of 1.2g1", Temp = 35 °C, pH = 1.5, particle size = +38-53 um.

Figure 6.6 indicates the measured —rp; as a function of the mineral concentration for both
concentrates. The measured —ro; for the Mintek-supplied concentrate is higher, particularly

at [CuFeS,] of 20 g.I" and 30 g.I" even though the —rco; is approximately equal.
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Figure 6.5 : Comparison of the measured carbon dioxide utilization rates («rpoy) during staged addition of [e] Otjihase
chalcopyrite and [o] Mintek-supplied chalcopyrite to a batch culture. [Fe'™] of 1.2g1", Temp =35 °C, pH = 1.5, particle size =
+38-53 pum.

This difference in measured rates can possibly be attributed to the difference in composition
of the two concentrates. The measured ~rg; in both cases is characterized by an initial peak

Immediately after the addition of mineral for both concentrates.
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Figure 6.6 : Comparison of the measured oxygen (-ro,) utilization rates during staged addition of [¢] Otjihase chalcopyrite and
{o] Mintek-supplied chalcopyrite to a batch culture indicated as a function of chalcopyrite concentration. [Fe'™} of 1.2g!", Temp
=35 °C, pH = 1.5, particle size = +38-53 um,
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Figure 6. 7 : Comparison of the measured oxygen (-tg;) utilization rates during staged addition of [e] Otjihase chalcopyrite and
[o] Mintek-supplied chalcopyrite {with removed surface fines) to a batch culture. {Fe] of 12g1”, Temp = 35 °C, pH = 1.5,
particle size = +38-33 pm.

The variation in ~rg; with mineral concentration can be seen in Figure’s 6.4 and 6.5. This
initial peak in measured rates is explained by the immediate reaction of fines attached to the

surface of both concentrates. Figure’s 6.7 and 6.8 show the measured —rg; and —r¢o, for a

staged addition experiment conducted at [Fe''] = 12 gl
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Figure 6.8 : Comparison of the measured carbon dioxide utilization rates {-rco;) during staged addition of [#] Otjihase

chalcopyrite and {o] Mintek-supplied chalcopyrite (with removed surface fines)to a batch culture. [Fe™] of 1.2g1"; Temp = 35

°C, pH = 1.5, particle size =+38-53 um.
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The concentrates used in the experiments conducted at [Fe®™] = 1.2 g.I'were not treated in an
ultra-sound bath. In the [Fe'™] = 12 g.I" experiment the Mintek-supplied concentrate was
treated in a ultrasonic bath prior to the experiment to remove any surface fines. A comparison
of the measured —ro, and —rco; for the two concentrates in Figures 6.7 and 6.8 indicate that the
observed peaks immediately after addition of mineral is only seen for the untreated Otjihase
chalcopyrite. The observed peaks in the prior experiments conducted at [Fe'™] = 1.2 g.I" are

therefore attributed to the reaction of surface fines.
6.6 The effect of total iron concentration on the measured —rg; and ~reos.

The effect of the total iron concentration can be seen by comparing Figures 6.4 and 6.5 with
figures 6.7 and 6.8. The rates show similar trends at [Fe*] =12 gl and [Fe™]=1.2 gI"". In
both cases the measured —rgy’s are larger for the Mintek-supplied concentrate than for the
Otjihase concentrate. The measured rates are slightly larger at the higher total iron
concentration than the lower total iron concentration. This is possibly due to the slightly
larger bacterial concentration in the innoculum which was used in the [Fe'] = 12 gl’
experiment, although both innocula were drawn from the same supernatant of a chalcopyrite

grown batch culture,

Figure 6.9 indicates the bacterial growth curves calculated from the measured —rgp, for the

[Fe] = 1.2 gl experiments and figure 6.10 shows the growth curves for the [Fe'™] =12 gl .
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Figure 6.9 : Bacterial growth curve caleulated from the measured carbon dioxide utilization rates (-res) during staged addition
of fe] Otjihase chalcopyrite and [o] Mintek-supplied chalcopyrite to a batch culture. [Fe'] of 1.2g1", Temp =35 °C, pH = 1.5,
particle size = +38-33 pm.
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Figure 6.9 : Bacterial growth curve calculated from the measured carbon dioxide utilization rates (-reo;) during staged addition
of [e] Otjihase chalcopyrite and [o] Mintek-supplied chalcopyrite (with removed surface fines) to a batch culture. [Fe™] of 12
g, Temp = 35 °C, pH = 1.5, particle size = +38-53 pum.

The growth curves are shown over a 24 hr period in each case. The Mintek-supplied
concentrate showed a higher growth rate at the higher total iron concentration. The higher

growth rate is coupled with a larger measured —rg; for this concentrate.
6.7 The effect of pyrite and chalcopyrite additions on —rgz and —rcoa.

Figure 6.10 shows the measured -1o; during the staged addition of pyrite and chalcopyrite to a
batch bioleach. Figure 6.11 indicates the measured —rcg,. In both cases a stepwise increase in
the rates are observed with every mineral addition. In the case of pyrite, the —rg, is at least
twice as high . The higher —rq,, together with the larger decrease in redox potential after
every mineral addition, is coupled with a higher bacterial growth rate as shown in Figure 12,
This is explained by a faster rate of ferrous-ion production by the ferric leaching of pyrite as
compared to chalcopyrite. The reasons for this has been explained already. This results in a
higher bacterial ferrous-ion utilization rate during pyrite bioleaching and therefore a larger -
roz in comparison to chalcopyrite.  This increase in —ro; and —rco; , together with the decrease
in redox potential after every mineral addition indicates the consistency in bioleaching

behavior of both sulphide minerals.
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Figure 6.10 : Comparison of the measured oxygen (-ro,) utilization rates during staged addition of [e] Otjihase pyrite and [o]

Otjihase chalcopyrite to a batch culture. [F&'™] of 12g1”, Temp = 35 °C, pH = 1.5, particle size = +38-33 pym.

According to the multiple sub-process mechanism, the highest bacterial activity occurs when
the largest amount of substrate is available. It is apparent from Figures 6.4, 6.5, 6.7, 6.8, 6.9

and 6.10 that the ~rg; and -rog; are maximum immediately after the addition of both

chalcopyrite and pyrite mineral.

The stepwise increase in —rgy and ~rco; with mineral addition is explained in terms of the
increased bacterial consumption of the available ferrous-ion and sulphur substrate at higher
mineral concentrations. As explained previously, the addition of chalcopyrite to an active
batch bioleach results in the generation of ferrous-ions by the chemical leaching of the

mineral by ferric-ion. This means that r;"‘;"}, > pbic . immediately after addition.
e fa

The production of ferrous-ion and sulphur creates substrate for bacterial ferrous-ion and
bacterial sulphur oxidation. The bacterial utilisation of these substrates results in a higher rate

of oxygen utilisation after the addition of mineral.
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Figure 6.11 : Comparison of the measured carbon dioxide (-reo;) utilization rates during staged addition of {e] Otjthase pyrife

and [o] Otjihase chalcopyrite to a batch culture. [Fe'™] of 12gl”, Temp = 35 °C, pH = 1.5, particle size = +38-53 pm.

These trends are in agreement with that reported by Boon (1996) during the staged addition of

Prieska pyrite to a predominantly Leptospirillum ferrooxidans batch culture.

The variation in —ro; in Figure 6.4 and 6.7 for both the Otjihase and Mintek-supplied
chalcopyrite, together with the measured ~ro; of Otjihase chalcopyrite shown in figure 6.10
display a maximum value immediately after the addition of mineral. There is also an
observable decrease in —rg; for the time periods between mineral additions. In contrast, the
variation in —ro, in Figure 6.10 for the Otjihase pyrite does not displays a fairly constant
trend. For the case of pyrite the —rg; shows an increase with time after the final addition as
opposed to chalcopyrite (Figure 6.10) where a decrease is observed. This is explained in
terms of the rapid passivation of chalcopyrite during ferric leaching which results in a

decreasing r;"§‘§ between mineral additions. The slowing of the r;";‘z in the case of
¢ e

chalcopyrite bicleaching causes a decreasing supply of ferrous-ion substrate. In contrast the

r;:;_‘jj of pyrite follows a constant stochiometry. Also, the r;:;*g for pyrite is constant at a

particular redox potential (May ef. al, 1997). Therefore, g:;§+ in this case does not decrease

between mineral additions. In the case of chalcopyrite r;“;'z falls within range of a maximum
1=

and minimum value (Kamentani and Aoki, 1985) due to the build-up of diffusional barriers
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and the subsequent passivation of the mineral. This is reflected by a decreasing r;‘e‘g“; and
consequently a decrease in ré’:’% for the case of chalcopyrite between mineral additions. The
maintenance of a steady state is only possible if r;:?:f depends on one reaction, as is the case
of pyrite. This is not possible for chalcopyrite since r}i‘g‘;} depends on the rates of more than

one reaction occurring in sequentially. A changing stochiometry during chemical ferric

leaching of chalcopyrite results in a retarding r;:‘;’f; .
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Figure 6.12 : Bacterial growth curvs calculated from the measured carbon dioxide utilization rates (-ree;) during staged addition
of [s} Otiihase Pyrite and [o] Otjihase Chalcopyrite to a batch culture. [Fe'®] of 12 gI”*, Temp =35 °C, pH = 1.5, particle size =
+38-53 um,

The bacterial concentration in each experiment was calculated from the measured ~r¢q;. This
was achieved by integrating the bacterial growth rate over time. For this purpose the bacterial
concentration of the innoculum had to be estimated. The innoculum in each case was drawn
from the supernatant of an active semi-continuous chalcopyrite batch culture containing
Acidithiobacillus ferrooxidans, Leptospirillum ferrooxidans and Acidithiobacillus thiooxidans
from which the growth rate was measured for at least a weeklong period prior to the

experiment. This enabled the estimation of the initial bacterial concentration.
6.8 The effect of mineral additions on the biomass specific oxygen utilization rate, (4oy)-
Figure 6.13 indicates the biomass specific oxygen utilization rate, gop, calculated from the

measured —Tg; and bacterial concentration after every mineral addition in the case of [Fe''] =

1.2 g1, Figure 6.14 shows qo; at [Fe'™] = 12 g1, Both the Otjihase chalcopyrite and the
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Mintek-supplied chalcopyrite concentrate show similar trends in go;. The specific rates show

a maximum immediately after the addition of mineral and then decrease until the next

addition is made.

Figure 6.13 : Comparison of the calculated specific oxygen (qoy) utilization rates during staged addition of [e] Mintek
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chalcopyrite and [0] Otjihase chalcopyrite to a batch culture. [Fe'™] of 1.2g1", Temp = 35 °C, pH = 1.5, particle size = +38-53
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The qo is higher in for the Mintek-supplied chalcopyrite than for the Otjihase chalcopyrite

especially at mineral concentrations above 6.1

Figure 6.14 : Comparison of the calculated specific oxygen {qo:) utifization rates during staged addition of [¢] Mintek-supplied

chalcopyrite and [o] Otjihase chalcopyrite to a batch culture. [Fe"™] of 12¢l”, Temp = 35 °C, pH = 1.5, particle size = +38-33
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The higher qo,’s observed in Figure 6.13 and 6.14 for the Mintek-supplied concentrate is due
to the higher bacterial growth rates and consequently the larger biomass in the case of that
mineral.. The highest qo; is seen at the highest chalcopyrite concentration. The increase in
chalcopyrite concentration results in more substrate being available per unit of bacteria in the
form of dissolved ferrous-ion and sulphur. These increases in go, must be seen in conjunction
with the increase in —ro; (Figure 6.8 and Figure 6.10) and the immediate decrease in redox

potential or Ferric/Ferrous-ion ratio (Figure 6.1 and Figure 6.2).

Figure 6.15 shows the difference in the biomass specific rates for the case of pyrite and
chalcopyrite. The innoculum used in these experiments were drawn from the same source.
The go’s were calculated from the measured -rgy’s and the estimated bacterial
concentrations. The difference between the calculated qo,’s for pyrite and chalcopyrite are
shown in Figure 6.16 as a function of mineral concentration. It is clear from both Figure 6.15
and 6.16 that the qg;’s are between 2 and 5 times higher in the case of pyrite as compared to
chalcopyrite, depending on the mineral concentration. The higher qo,’s is as a result of a
faster bacterial growth rate as well as higher —ro; in the case of pyrite. At each mineral
concentration, a greater substrate availability in the case of pyrite results in the higher oxygen
consumption per unit of biomass. This is due to the higher rate of ferrous iron production
during the chemical leaching of pyrite as compared to chalcopyrite. The reasons for this
difference in rates of ferrous-ion production during chemical leaching of pyrite and

chalcopyrite has been discussed previously.
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Figure 6.15 : Comparison of the calculated specific oxygen (qo,) utilization rates during staged addition of [#] Otjhase pyrite and

[0} Otjihase chalcopyrite to a batch culture. [Fe'™1 of 12g1*, Temp =35 °C, pH = 1.5, particle size = +38-53 um.
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Pyrite bioleaching shows a higher oxygen consumption per unit of biomass despite the
availability of only ferrous-ion substrate. The calculated g, include the oxygen utilized for

both bacterial ferrous-ion and sulphur oxidation.
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Figure 6.15 : Comparison of the calculated specific oxygen (qo») utilization rates during staged addition of [e] Otjhase pyrite and
[o} Otjihase chalcopyrite to a batch culture expressed as 2 function of the mineral concentration. [Fe'™] of 12g1”, Temp = 35 °C,
pH = 1.5, particle size = +38-53 pm.

It was already shown that the rates of ferrous-ion production in the case of pyrite is larger
than in the case of chalcopyrite. In comparing the calculated qg, it is apparent that the
bacterial growth rate on both ferrous-ion and sulphur substrates in the case of chalcopyrite, is
smaller than the bacterial growth rate on ferrous-ion in the case of pyrite. It is still unclear as
to what proportion of the biomass specific utilization rate is due to ferrous-ion oxidation and

sulphur oxidation in the case of chalcopyrite.
6.9 Biomass Specific rates as a function of the ferric/ferrous-ion ratio.

Figure 6.17 indicates the calculated qg; as a function of the Ferric/ferrous-ion ratio at
[Fe®'|=1.2 g.I"". Figure 6.18 indicates the trend at [Fe|=12 g.I''. The redox potential is
directly related to the Ferric/ferrous-ion ratio by the Nernst equation. Therefore Figure 6.17
and 6.18 indicates the behaviour of qo, as a function of the redox potential. The observed

trend is similar at both [Fe'*

1. Both the Mintek-supplied chalcopyrite and the Otjihase
chalcopyrite show an increase in the qo, with a decrease in the redox potential. This trend is
similar to that observed by Boon (1996) during the bioleaching of Prieska Pyrite. The

addition of mineral results in a greater ferrous-ion production which creates a greater amount
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of substrate for the iron and sulphur oxidisers. It has also been shown that the addition of
mineral instantaneously decreases the redox potential. The increase in qo, with a decrease in

Ferric/ferrous-ion ratio is therefore consistent with the multiple sub-process mechanism.

9oz (molOz.molC'1‘hr")

1 10 100 1000 10000 100000
Fe’iFe®
Figure 6.17 : Comparison of the calculated specific oxygen {qo;} utilization rates during staged addition of [»] Mintek
chalcopyrite and [o] Otjihase chalcopyrite to a batch culture as a function of the Ferric/ferrous-ion ratio. Superimposed is the

Michaelis-Menten based ferrous-ion oxidation model for [ Acidithiobacillus ferrooxidans and [~ -] Leptospirithum

Jerrooxidans [Fe™ of 1 2g1"", Temp =35 °C, pH = 1.5, particle size = +38-53 um.

It is also clear from both Figure’s 6.17 and 6.18, that the Mintek-supplied concentrate
exhibits slightly higher qo;’s than the Otjihase concentrate.

Superimposed on both figures are the Michaelis-Menten based models for bacterial ferrous-
ion utilization for the case of Acidithiobacillus ferro-oxidans and Leptospirillum ferro-
oxidans.

The parameters used for the model are shown in Table 6.3. The maximum specific oxygen

max:

utilization rate (qo; ) was extrapolated from that previously determined by Boon, (1996) at
30 °C. This was done by using the arrhenius equation dependency and an activation energy
(E,) of 68.4 KJ.mol" (Nemati er o, 1998). The model parameter K was obtained for
Acidithiobacillus ferrooxidans from the temperature dependency expression (Breed ef al,
1999(a)). Also, both qg‘g" and K for Leptospirillum ferrooxidans was determined

experimentally (Breed et af, 1999(a)).
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Figure 6.18 : Comparison of the calculated specific oxygen (qoy) utilization rates during staged addition of [+] Mintek
chalcopyrite and [o] Otjihase chalcopyrite to a batch culture as a function of the Ferric/ferrous-ion ratio. Superimposed is the
Michaelis-Menten based ferrous-ion oxidation model for [~ Acidithiobacillus ferrooxidans and [ — -] Leptospirillum

Sferrooxidans [Fe'} = 12 g, Temp = 35 °C, pH = 1.5, particle size = +38-53 pm.

The qo,’s increased rapidly with the addition of mineral and then decreased with increasing
ferric/ferrous-ion ratio. There is agreement between the measured specific oxygen utilization
rate and that predicted by the model. The calculated qo;’s for both chalcopyrite concentrates
were obtained above ferric/ferrous-ion ratios of 1000 at both total iron concentrations. This is
because of the small drop in redox potential with every mineral addition during the staged
additions of chalcopyrite to a batch bioleach. The redox potential maintained itself above

650mV despite the addition of large amounts of chalcopyrite mineral.

Table 6-3: Parameters used in Bacterial ferrous-ion oxidation model modified for
Leptospirillum ferroxidans (Breed ef al., 1999(a)) and Acidithiobacillus ferroxidans
{Modified to account for temperature from Boon, (1996))

Bacterial strain Temperature go2"™ K
{°0) (mmolO;mmolC'hr)

Leptospirillum 35 0.0023 2.75

Sferrooxidans

Thiobacilllus 30 0.05 2.2

Jferrooxidans

35 0.051 34
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The calculated specific rates are slightly higher than those predicted by the model for both
Acidithiobacillus ferrooxidans and Leptospirrilum ferrooxidans. This could be due to the

oxidation of sulphur and sulphur compounds.

The increasing trend in qo, with mineral addition is consistent with the multiple sub-process
mechanism. The addition of mineral decreases the redox potential (Figure’s 6.1, 6.2 and 6.3)

thereby decreasing the ferric/ferrous-ion ratio due to the r;"gﬂ; > rrf’i"z , immediately after
¢ €

addition. The production of ferrous-ion by chemical leaching lowers the ferric/ferrous-ion
ratio. The production of ferrous-ion and sulphur substrate during the chemical ferric leaching
of chalcopyrite results in an increase in the specific oxygen utilization rate due to a higher
substrate consumption rate. This explains the observed increase in qg, with a decrease in the

ferric/ferrous-ion ratio (Figure 17 and 18).
6.10 The applicability of ferrous-ion oxidation kinetics.

Figures 6.17 and 6.18 also depicts the applicability of the Michaelis-Menten based bacterial
ferrous-ion oxidation model in describing the kinetics during chalcopyrite bioleaching. The
approach used in testing the applicability of the bacterial kinetic model involves comparing
the biomass specific rates from measurements obtained during bioleaching of chalcopyrite
(staged addition experiments) with those predicted by the models for bacterial ferrous-ion
oxidation. This comparison is performed at equal process conditions of temperature, pH and
total-iron concentration. The models for Acidithiobacillus ferrooxidans and Leptospirillium
Serrooxidans describes the change in the biomass specific oxygen utilization rate, qop, with
redox potential or ferric/ferrous-ion ratio. (The ferric/ferrous-ion ratio is determined by the
redox potential and is related via the Nernst equation.) The model curves represent the
bacterial activity of the mesophiles in the absence of chalcopyrite mineral, while the
calculated specific rates in Figures 6.17 and 6.18 are indicative of the bacterial activity of the
cell suspension in the presence of chalcopyrite mineral. A comparison of the measured values
with those predicted by the model gives an indication of the extent to which the bacterial
ferrous-ion oxidation models are applicable in describing the kinetics of the ferrous-ion
oxidation step during mesophilic chalcopyrite bioleaching. This approach provides a
quantifyable means of testing the applicability of these kinetic models in the presence of

chalcopyrite.
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s ® - age . .
The constants ~— and the maximum specific oxygen utilization rate, qg," , are used in

1

describing the kinetic model for bacterial ferrous-ion oxidation instead of the maximum
specific ferrous-ion utilization rate, q;’:jf,. as used by Boon (1996) and Breed et al. (1998).

q'g;;”‘ is an oxygen based parameter and describes the total amount of oxygen utilized per

mole of biomass synthesized, while q?a;r represents the amount of ferrous-ion consumed per
[

mole of biomass synthesized. The specific ferrous-ion utilization rate could not be used as a
parameter in describing the measured oxidation kinetics in the presence of chalcopyrite for
reasons outlined in the next section. The kinetic constants used are written in terms of

oxygen, because of these limitations.
6.11 The effect of sulphur oxidation on the kinetics of bacterial ferrous-ion utilization.

During the staged addition experiments performed by Boon (1995), the specific ferrous-ion
utilization rate was determined from the stochiometric relationship between oxygen and
carbon dioxide utilization rates. This was possible because the oxygen utilized during the
bioleaching of pyrite was due to ferrous-ion oxidation only, since the oxygen utilized for
sulphate formation originates from water. The bioleaching of chalcopyrite involves the

~ oxidation of sulphur and/or sulphur compounds together with the oxidation of ferrous-ion
due to the formation of sulphur species during the chemical ferric leaching of the mineral.
The measured oxygen utilization rate during the chalcopyrite staged addition experiment
includes the oxygen utilized for both ferrous-ion and sulphur oxidation. The oxygen utilized
for the ferrous-ion step will therefore depend on the respective species of iron and sulphur

oxidisers and their relative numbers and growth rates.

The bacterial oxidation of sulphur compounds has not been studied during the course of this
project. Also, the relative proportions of the sulphur to iron oxidisers and their respective

growth rates is still unknown.

During the staged additions of pyrite to a batch bioleach ( Boon, 1995) the bacterial growth
rate was determined from the carbon dioxide utilization rate. In the case of chalcopyrite, as is
the cse of the oxygen utilization rate, the measured carbon dioxide utilization rate includes the
carbon assimilated by both ferrous-ion and sulphur oxidation. The growth rate calculated
from the measured carbon dioxide utilization rate would therefore include the growth rates of

both the iron and sulphur oxidising species (all the species present). In order to establish the
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bacterial specific ferrous-ion and/or sulphur oxidation rates, it is necessary to develop

methods for the determination of

i The ratio of ferrous-ion to sulphur oxidising micro-organisms
ii. their respective growth rates, and

iil. their yields on the respective ferrous-ion and sulphur substrates.

The estimation of the specific ferrous-ion utilization rate and the bacterial growth rate of the
ferrous-ion oxidisers during bioleaching of sulphide minerals in which both ferrous-ion and
sulphur oxidizing species are present, is one of the challenges facing the use of stage addition

and batch experiments to study the mechanism and kinetics of bioleaching.

Despite the above mentioned limitations, the variation in the bacterial specific oxygen
utilization rate, calculated form the total measured oxygen and carbon dioxide utilization rate
during chalcopyrite bioleaching, displayed a similar trend to that seen for pyrite (Boon,
1996). When expressed as a function of ferric/ferrous-ion ratio, it showed good agreement
with the Leptospirillum ferrooxidans, Michaelis-Menten based, bacterial ferrous-ion

oxidation model.

In an attempt to distinguish between the contributions of ferrous-ion and sulphur oxidation to
the measured oxygen utilization rate, a stochiometric balance, assuming complete bacterial
ferrous-ion and sulphur oxidation during chalcopyrite bioleaching, was performed (shown in

Chapter Thee). This suggests that /;7°s of the oxygen consumed during the bioleaching of

chalcopyrite is due to bacterial ferrous-ion oxidation if the stochiometry of chemical leaching
of chalcopyrite is that presented in Equation (2.2.1). This fraction is dependent on the relative
amount of sulphur oxidising species present and the extent to which the sulphur formed on the
surface by chemical ferric leaching is oxidised to sulphuric acid. This enables the estimation
of the oxygen utilized for ferrous-ion oxidation from the total measured oxygen utilization

rate.

However the result presented in chapter 5, show from the measured ferrous-ion to copper
ratio, that the stochiometry of chemical leaching of the chalcopyrite concentrates used in this
study is close to that of Equation (2.2.2). This was supported by the lack of any observable

sulphur on the surface during chemical leaching experiments.

It is because of this discrepancy, that the ratio was not applied to the staged addition results.
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6.12 Yields and maintenance
6.12.1 Measured yields on chalcopyrite

During the bioleaching of chalcopyrite, the oxidation of substrate (ferrous-ion and sulphur)
generates energy for bacterial growth and maintenance. The relationship between the amount
of oxygen consumed for biomass synthesis and maintenance is given by the Pirt equation,

viz.,

rOz _ l . 1 _IE
- Ty max + (6.2)
ry  Yox ox M

This includes the oxygen consumed for both ferrous-ion and sulphur oxidation. By means of

a degree of reduction balance, the maximum yield of bacteria on ferrous-ion, ;}’g’; ,is
1+

related to the maximum yield on oxygen, Y]y ,as:

max

max Fe2+X
v 6.3
X 42Y"% (63)

The maintenance coefficient of bacteria grown on ferrous-ion, mge., is related to the

maintenance based on oxygen, m,, as :

2
m, = (6.4)

The actual vield of biomass on ferrous-ion substrate, YFe2+X , and the actual yield on oxygen,

Yoy depends on the specific growth rate, p. The Pirt equation shows that these yields

increase at increasing growth rates. Thus a plot of the reciprocal of the actual yield on

oxygen against the reciprocal growth rate, u", determines the slope, m,, and intercept ,
(YSX y'. In Figure 6.20 the ratio between the oxygen utilisation and bacterial growth rate

for the staged addition of Otjihase and Mintek-supplied chalcopyrite to a batch culture at
[Fe'"]=1.2g.1" is plotted against the reciprocal growth rate , 1/u , by applying Equation 6.2
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Similarly, Figure 6.21 indicates the Pirt equation plot for the staged addition of Otjihase and
Mintek-supplied chalcopyrite to a batch culture at [Fe®l=12g.I".
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Figure 6.20 : Comparison of the Maximum Bacterial Yield on oxygen (Yox) and maintenance coefficient {mo} for the staged
addition of [e] Mintek chaicopyrite and [o] Otjihase chalcopyrite to a batch cultyre. Superimposed is the finearized plots of the
Pirt equation for [ -~} Mintek and ] Otjihase chalcopyrite [Fe] =12 g, Temp = 35 °C, pH = 1.5, particle size = +38-33

pm.

The linearized plots, together with the regression analysis are shown in Figure’s 6.20, 6.21

and 6.22.

The maximum bacterial yield’s on oxygen, Yy , and their corresponding maintenance

coefficients on oxygen, m,, for the various concentrates at different [F ¢"'] are summarized in

Table 6-4.
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Figure 6.21 : Comparison of the Maximum Bacterial Yield on oxygen (Yo,) and maintenance coefficient {m,) for the staged
addition of [#] Mintek chalcopyrite and [o] Otjihase chalcopyrite to a batch culture. Superimposed is the linearized plots of the
Pirt equation for [ ~ ~] Mintek and {—] Otjihase chalcopyrite [Fe™] = 12 gl”, Temp = 35 °C, pH = 1.3, particle size = +38-53

pam,

The maximum growth yield, YJY  , is defined as the maximum amount of biomass (in mole

of C) that can be produced per mole of oxygen consumed for either ferrous-ion and/or sulphur
substrate utilization. Table 6-4 indicates that the Y3y and m,’s are similar for both

concentrates at both total iron concentrations. The maintenance coefficient, m,, is defined as
the amount of oxygen required per unit of time to maintain one C-mole of bacteria. The
maximum yield and maintenance coefficients when expressed per mole of substrate are

energetic parameters which can be considered constant for a certain bacteria and its substrate.

Table 6-4 also lists the Yy and m, previously determined for Acidithiobacillus
Sferrooxidans (Boon, 1996) and Leptospirillum ferrooxidans (Van Scherpenzeel ef al., 1998)
during bacterial ferrous-ion oxidation. The Y3y and m, in table 6-4 for Acidithiobacillus
Jerrooxidans and Leptospirillum ferrooxidans were derived by applying equation 6.2 and 6.3,

respectively, to Y5, and mpe. (Boon, 1996 and Van Scherpenzeel et al., 1998). The

F62+

Yox for the staged additions on chalcopyrite were obtained for 35 °C, whilst those for

ferrous-ion oxidation by Acidithiobacillus ferrooxidans (Boon, 1996) and Leprospirillum

Serrooxidans-like (Van Scherpenzeel et al., 1998) bacteria were obtained at 30 °C. The
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maximum yield on ferrous-ion and maintenance coefficient for Leptospirillum ferrooxidans

(Breed et al.,1998) are the average values between 30 and 40 °C. It appears that there is a

small variation in Y;Z;i with temperature but no change in mg.,-, over the range 30 to 35 °C

(Breed er al.,1999(a)).

From Table 6-4 it is clear that the values of Yy obtained for the stage addition experiments

on a chalcopyrite batch culture are close to that determined for Leptospirillum ferrooxidans

during growth on ferrous-ion, whilst the m, is in the same order of magnitude. It is also
apparent that the values of Yy agree more closely with the Leptospirillum ferrooxidans-like

(Van Scherpenzeel et al., 1998) bacteria than those determined for the batch
(Acidithiobacillus ferrooxidans) and continuous growth (L ferroxidans) on ferrous-ion by

(Boon, 1996), or that determined for Lepfospirillum ferrooxidans by (Breed et al ,1999(a)).

The measured maximum yields must be seen in conjunction with Figure’s 6.17 and 6.18
showing the measured qo; during the staged addition of chalcopyrite and the predicted
variation in g as functions of the ferric/ferrous-ion ratio for Acidithiobacillus ferrooxidans
and Leptospirillum ferrooxidans. From these plots it appears that the measured qo; is more

indicative of Leptospirillum ferrooxidans than Acidithiobacillus ferrooxidans. The calculated
You for the chalcopyrite staged additions agrees with that obtained for Leptospirillum

Sferrooxidans.

The innoculum used for the all the staged addition experiments was drawn from the
supernatant of a previously grown chalcopyrite batch semi-continuous culture. Even though
the bioleaching of chalcopyrite may result in the formation of amorphous sulphur due to the
chemical ferric-ion leaching sub-process (Sand er al., 1999) and incomplete bacterial sulphur
oxidation, the sulphur would be found attached to the surface of the mineral particle( Munoz
et al. 1979; Ammou-Chokroum ef al.,1979; Dutrizac, 1981; Dutrizac, 1989; Hackl ez al.,
1995 and Klauber er al., 2000, Lu et al., 2000).

This would mean that sulphur oxidation by Acidithiobacillus ferrooxidans and
Acidithiobacillus thiooxidans would occur at the surface of the mineral particle instead of the
in the supernatent of the batch culture, which suggests that the predominant species present in

the supernatant are the iron oxidisers like Leptospirillum ferrooxidans.
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Table 6-4: The Maximum Yield of Biomass on oxygen, Y3y , and the maintenance

coefficient, m,, determined from the regression analysis in figure’s 20 and 21 for the
staged addition of Otjihase™ and Mintek™ supplied chalcopyrite to a batch culture
compared with those determined by previous workers for continuous growth (unless

otherwise indicated) on ferrous-ion only.

Bacterial culture [Fe™] y e m,
mmol.I" molC.mol Oy molQ,molC hr!
Mixed (batch) 3 0.043* 0.167"
Mixed (batch) 3 0.035* 0.118*
Mixed (batch) 25 0.042* 0.160*
Mixed (batch) 25 0.042* 0.163*
Acidithiobacillus 210 0.053° 0.240°
Jerrooxidans (batch)®
Acidithiobacillus 210 0.051% 0.100°
Jerrooxidans ©
Leptospirillum 210 0.053% 0.060°
Sferrooxidans-like®
Leptospirillum 340 0.053% 0.012%
ferrooxidans-like®
Leptospirvillum 0.024% 0.199°
Jerrooxidans
Leptospirilium 0.046° 0.111¢

Jerrooxidans-like

w {Boon, 1996), @ {Breed ef al., 1998), o (Van Scherpenzeet ef al, 1998)

The difference in maximum vields for L ferroxidans, determined in the staged additions on
chalcopyrite, and that determined during growth on ferrous-ion in continuous culture (Breed
et al, 1999(a)) can possibly be attributed to the difference in subspecies. The continuous
ferrous-ion growth culture (Breed ef al, 1999(a)) originates from Fairview Mine while the
culture grown on chalcopyrite was supplied by Mintek. This could account for a difference in

the strain.
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6.12.2 Yields on pyrite

Figure 6.22(a) and (b) compares the Pirt equation plot, together with the regression analysis
of the staged addition of Otjihase chalcopyrite and Otjihase pyrite, respectively, to a batch
culture at [Fe™]=12g.I". A summary of the resulting maximum vields on oxygen and

maintenance coefficient is shown in Table 6-6.

Table 6-6: The Maximum Yield of Biomass on oxygen, Yoy , and the maintenance

coefficient, m,, determined from the regression analysis in figure’s 6.22({a) and 6.22(b)
for the staged addition of Otjihase pyrite* and chalcopyrite™ to a batch culture
compared with those determined by previous workers for continuously growth on

ferrous-ion oniy.

Mineral Bacterial [Fe'™] y e m,
Culture gl molC.mol O molQ,molC ' hr?
CuFeS, Mixed 10 0.040% 0.112%
FeS, Mixed 10 0.035* 0.118*

The YSy and m, established for the chalcopyrite concentrate agrees with that calculated

previously (Table 6-5). Also, the Ygy established for the pyrite staged addition is in the

same order of magnitude as those determined for chalcopyrite and is in agreement with the
maximum yield on ferrous-ion established for Leptospirillum ferrooxidans by previous
workers (Van Sherpenzeel er al., 1998). This is a reasonable result since the innoculum used

in both pyrite and chalcopyrite experiments were drawn from the same source.

In contrast to chalcopyrite , no elemental sulphur is formed during the bioleaching of pyrite.
This oxygen utilized during the bioleaching of pyrite is only due to ferrous-ion oxidation
(Boon, 1996). This means that during the bioleaching of pyrite the specific oxygen utilisation

rates and growth rates are representative of the iron oxidisers only.

1t has been previously reported that Lepiospirillum ferrooxidans is the dominant iron oxidiser
present during the bioleaching of pyrite( Boon, 1996) since the maximum yield of bacteria on
pyrite per mole of oxygen consumed was the same as that for Leptospirillum ferrooxidans

grown continuously on ferrous-ion.
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Figure 6.22(a) : The Maximum Bacterial Yield on oxygen (Yo}, 0.040 mol-C.mol0,", and maintenance coefficient (my), 0.112
molO.molChr!, for the staged addition of [0} Otjihase chalcopyrite to a batch culture. Superimposed is the linearized plot of
the Pirt equation for [—] Otjihase chalcopyrite. [Fe'™] =12 gf', Temp = 35 °C, pH = 1.5, particle size = +38-53 pm.
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Figure 6.22(b) : The Maximum Bacterial Yield on oxygen (Y}, 0.038 mol-C.mol0;”, and maintenance coefficient (m,), 0.239
mol0;molC hr, for the staged addition of [+] Otjihase pyrite to a batch culture. Superimposed is the linearized plot of the Pint
equation for [—] Otjihase pyrite. [Fe'] = 12 gl’, Temp = 35 °C, pH = 1.5, particle size = +38-53 pm.
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6.13 Conclusions from the staged addition of chalcopyrite-concentrates to a batch

bioleach

1. The results have shown the applicability of using staged mineral additions to a batch
bioleach in order to test the applicability of the multiple sub-process mechanism in

describing the bioleaching of chalcopyrite concentrates with mesophiles.

2. Consequently, the redox potential trend as well as the trends in the measured bacterial
specific oxygen utilisation, obtained for these experiments illustrates the presence of

separate chemical leaching and bacterial ferrous-ion oxidation steps only.

3. A comparison of the specific oxygen utilisation rates measured during the experiments
and that predicted for bacterial ferrous-ion oxidation from existing models, suggest that
Leptospirillum ferrooxidans would be the dominant iron oxidiser at the ferric/ferrous-ion
ratios established in these experiments, since the model for Acidithiobacillus ferrooxidans

shows negligible iron oxidation at ferric/ferrous-ratios above 100.

4. The question of sulphur oxidation during the bioleaching of chalcopyrite with mesophiles,

and its contribution to the measured specific oxygen utilisation rate is still unresolved.



‘Chapter 7: Modeling Batch
Bioleaching
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7.1 Introduction

The bioleaching of chalcopyrite is thought to occur via a multiple sub-process mechanism
involving chemical leaching of the mineral to produce ferrous-ion and sulphur compounds.
The role of the iron-oxidisers is confined to regenerating ferric-ion by oxidising the ferrous-
ion produced from the chemical leaching step. Similarly, the sulphur oxidisers play a role in
generating sulphuric acid from the oxidation of sulphur/sulphur compounds (Sand ef a/.,
1999). The existence of a two step mechanism involving the chemical leaching and bacterial

ferrous-ion consumption has already been shown for the case of pyrite (Boon, 1996).

The existence of the multiple step mechanism implies that there is a complex interaction
between the chemical and bacterial sub-processes. However, it also suggests that the

bioleaching process can be divided into three sequential sub-processes, viz,

1. the chemical leaching of chalcopyrite,
2. the bacterial oxidation of ferrous-ion, and

3. the bacterial oxidation of sulphur/sulphur compounds.

The kinetics of the chemical and bacterial steps can be independently studied and modeled at
conditions similar to those experienced in a bioleaching system. The chemical and the
bacterial iron-oxidation steps involve the production and consumption of ferrous-ion
respectively. The ferrous-ion production/consumption rate forms the basis of any interaction
between the kinetics of the first two sub-processes. Therefore, the rate of chemical
production by mineral leaching together with the rate of bacterial consumption of ferrous-ion
must be expressed as functions of the ferric/ferrous-ion ratio, which forms the common basis

in linking the kinetics of the separate sub-processes.

Previous work has already applied this methodology, enabling the prediction of the steady-
state performance of pyrite (Boon ef al., 1995, May et al., 1997) and arsenopyrite bioleaching
(Breed et al., 1998; Ruitenberg et al., 1998) systems. The purpose of this section is to
illustrate the use of this thinking to predict the bioleaching behavior of a predominantly
chalcopyrite concentrate during staged additions of the mineral to a batch culture. In the case
of pyrite bioleaching, the overall process does not include any sulphur oxidation, since the
chemical leaching of the mineral produces sulphate (May et al., 1997). However, in the case
of chalcopyrite, the contribution of the sulphur oxidation step provides a serious limitation in

any rigorous application of this methodology.
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To date most research has been focussed on the first two sub-processes with very little work

being directed to understanding the third sub-process.

This chapter is organized into three major sections. The first deals with the kinetics of
chemical ferric leaching of the chalcopyrite concentrate and briefly describes the work to date
on establishing the rate of chemical leaching as a function of the redox potential or
ferric/ferrous-ion ratio. The second section illustrates the kinetic models developed by
previous workers for the bacterial ferrous-ion oxidation sub-process. The third brings
together the kinetics of chemical leaching and the bacterial ferrous-ion oxidation step in order
to describe the kinetic behavior of chalcopyrite bioleaching in a batch culture as an overall

process.

7.2 The chemical leaching of chalcopyrite

As mentioned before, the chemical leaching of chalcopyrite is thought to proceed by

Reactions (7.1) and (7.2) ( Munoz ef al., 1979; Dutrizac, 1981; Hirato et al., 1987; Dutrizac,
1989)

CuFeS, +4Fe*" s Cu®* +5Fe** +28° (7.1)

CuFeS, +16Fe’* +8H,0 > Cu** +17Fe** +16H" +ZSO§' (7.2)

The kinetics of chemical leaching of chalcopyrite during bioleaching must be expressed in
terms of the ferric/ferrous-ion ratio in order to establish compatibility with the bacterial
kinetics of ferrous-ion oxidation. Previous work has shown that the ferric leaching of pyrite
and arsenopyrite is dependent on the redox potential or ferric/ferrous-ion ratio in a
bioleaching system (Boon ,1996; May ef al., 1997; Breed et al., 1997, Ruitenberg ef al.,
1998). The reworking of previously published literature (Kametani and Aoki, 1985) and
other recent findings (Hiroyoshi et al., 2000; Furamera, 2000) found that the rate of
chalcopyrite chemical leaching is also a function of the redox potential or ferric/ferrous-ion

ratio. (The redox potential is related to the ferric/ferrous-ion ratio by the Nernst equation.)

Figure 7.1 (Furamera, 2000) shows the measured variation in the specific rate of ferrous-ion
production (expressed per mole of available chalcopyrite concentrate) from the chemical

leaching of a predominantly chalcopyrite concentrate at 35 °C with changing ferric/ferrous-
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ion ratio. Also shown in figure 7.1 is the predicted rate of pyrite leaching established by

previous workers at 30 °C (Boon et al., 1995).
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Figure 7.1: The variation in the measured specific ferrous-ion production rate with changing ferric/ferrous-ion during the ferric

feaching of [@] Otjihase chalcopyrite at 35 °C (Furamera, 2000) and that predicted for [O] pyrite (Boon er al., 1996) at 30 °C

Furamera {2000) conducted a study to establish the effect of redox potential on the rate of
chemical ferric leaching of the Otjihase chalcopyrite concentrate in a sterile sulphuric acid
suspension. In contrast to other studies on the ferric leaching of pyrite (May et al., 1997) and
arsenopyrite (Ruitenberg et al., 1998), the technique employed was derived from Kametani
and Aoki’s (1985) work ,which involved measu/ring the rate of chemical leaching at constant
redox potentials in the suspension. The application of this experimental methodology in
establishing the rate of chemical leaching of chalcopyrite has already been discussed by

Furamera (2000). What follows is a brief description of this technique. -

The controlled addition of permanganate solution enabled the ferrous-ion produced during the
chemical leaching of the mineral to be instantaneously re-oxidised to ferric-ion, thereby
maintaining a constant redox potential or ferric/ferrous-ion ratio. The re-oxidation of ferrous-
ion by permanganate to ferric-ion proceeds via the stochiometry shown in Reaction (3)

(Kametani and Aoki, 1985).

KMnO, +8H" + 5Fe** - K* + Mn** + 5Fe™ + 4H,0 (7.3)
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The amount of permanganate added to maintain a constant redox potential was related to the
amount of ferrous-ion produced during the chemical leaching of the mineral via the
stochiometry in Reaction (7.3). Reaction (7.3) enabled the rate of ferrous-ion production to
be determined from the initial slope of a plot of dissolved ferrous-ion vs time at a particular
redox potential. The rate of ferrous-ion can then be stochiometrically related to the rate of

chalcopyrite consumption via Rquation (7.1) and (7.2).

It is apparent from Figure 7.1 that the leaching of the chalcopyrite concentrate passes through
a maximum at low redox potentials or ferric/ferrous-ion ratios of 1, afterwhich a decline in
the rate of leaching is seen for higher ferric/ferrous-ion ratios. The initial increasing trend in
the mineral leach rate up to ferric/ferrous-ion ratio’s of | compares well with that established
by reworking previously published work at 90 °C (Kametani and Aoki, 1985). To date, no
accepted empirical or fundamental mathematical model has been developed to describe rate

of chalcopyrite leaching as a function of the ferric/ferrous-ion ratio.

The underlying mechanism responsible for the observed decrease in the rate of leaching after
reaching the maximum is still not clearly understood. However, the results show that rate of
chemical leaching of the chalcopyrite concentrate is much lower at high ferric/ferrous-ion

ratio’s as compared to low ferric/ferrous-ion ratios.

In contrast to the above trend for chalcopyrite, the specific rate of ferrous production
established from the leaching of pyrite increases with increasing ferric/ferrous-ion ratio. The
specific rate can be described by a Monod-type equation (Equation (7.4)), (Boon et al., 1995)
or the Butler-Volmer equation (Equation (7.5)) (May et al., 1997). Both of these models

predict an increase in the mineral leach rate with an increase in the ferric/ferrous-ion ratio.

Um;x
- rett
Ver = T (r] a4

1+B
[Fe*]

The Butler-Volmer equation is based on electrochemical corrosion theory and expresses the
rate of pyrite leaching as an exponential function of the overpotential (E). It therefore appears
to have a greater fundamental basis as compared to the Monod-type equation. May ef al.,
(1997) developed the Butler-Volmer model (Equation (7.5)) by using a dynamic redox
potential measurements as opposed to the constant redox potential measurements used by

Furamera(2000) for the chalcopyrite concentrate.
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UF62+ = OO (eaﬁ(E’E ) - e(l’d)ﬂ(ﬁ-E } ) (‘7.5)

The values for the parameters in the Equation (7.4) and (7.5) is listed in Table 7-1. The
predicted variation in the specific rate of ferrous-ion production, as determined from Equation
{7.4) from the parameters in Table 7-1, for the chemical leaching of pyrite is shown in Figure
7.1. The Monod-type model (Boon ef al., 1996) was chosen over the Butler-Volmer model
(May et al., 1997), despite the lack of any fundamental basis, because the parameters were
established at 30 °C as opposed to the Butler-Volmer model which was defined at 25 °C by
May et al. (1997). It therefore compares more accurately because of the similar temperature,
as opposed to with the rate curve established for the chalcopyrite concentrate at 35 °C. Also,
both models shown in Equations (7.4) and (7.5) predict similar shaped curves. However, the

Butler-Volmer model does not appear to level off at high ferric/ferrous-ion ratio’s.

Table 7-1: Parameters of equation (7.4) and (7.5) for models describing the ferric
leaching of pyrite.

Workers Temp U}Zazi B Vg o B E

Boon ef al., 1996 30°C  0.244e-4  0.096
May et al., 1997 25°C 4.8¢-8 0.46 2589 413

Figure 7.1 shows that the specific rate of leaching for the chalcopyrite concentrate is smaller
than that of pyrite at ferric/ferrous-ion ratio’s greater than 1000. This could mean that within
that range of ferric/ferrous-ion ratio’s the rate of pyrite leaching would exceed that of
chalcopyrite in ores-containing both minerals. However, previous studies have indicated that
galvanic interactions between the minerals would result in the preferential leaching of
chalcopyrite over pyrite (Berry et al., 1978; Natarajan, 1992). Furthermore, it must be noted
that the rates in Figure 7.1 are expressed per mole of mineral. The actual rate of ferrous-ion
production can be calculated from the specific rate of ferrous-ion production by knowing the

mineral molar concentration as in Equation (7.6),
hem _
- r;;z—» T U2 [CuFeS, ] (7.6)

The actual rates of mineral leaching would depend on the relative quantities of each mineral

species present in the ore.
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7.3 Bacterial Ferrous-ion oxidation kinetics

7.3.1 Kinetic Model

Bacterial ferrous-ion oxidation occurs according to Reaction (7.7) (Boon ef al., 1996; Nemati

et al.,1998)
4Fe* +0, +4H" - 4Fe™ +2H,0 .7

Earlier workers have modeled bacterial ferrous-ion oxidation in the form of Michaelis-
Menten/Monod-based enzyme kinetics (Jones and Kelly, 1983; Braddock ef al., 1984). Later
work ignored the threshhold ferrous-ion concentration in the Michaelis Menten model and
expressed the kinetics in terms of bacterial specific parameters and only as a function of the
ferric/ferrous-ion ratio as shown in Equation (7.8) (Boon ef al., 1995; Van Scherpenzeel et al.,

1998; Breed et al., 1999(a)).

_ rbac max
_ F{:z+ o Fez+
Ire2e =7 g . [P | 78
F€2+ [Fez‘x“]

where,

q, 2+ is the bacterial specific ferrous-ion oxidation rate (molFe* .molC'.h™),
€

q?‘% is the maximum bacterial specific ferrous-ion oxidation rate (molFe® .molC".h™"),
€

C, is the biomass concentration (moiC.1"),

-r;a§+ is the bacterial ferrous-ion production rate (molFe®*.I" k™),
&

Kr 5+ is the kinetic constant for bacterial ferrous-ion oxidation (Dimensionless)
24

[Fe®'] is the ferrous-ion concentration (mol Fe** .I'")

[Fe*'] is the ferric-ion concentration (mol Fe**.I'")

This form of kinetics has been successfully applied to describe ferrous-ion oxidation by
mesophiles like Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans in batch and

continuous systems for the range of redox potentials prevalent in pyrite and arsenopyrite
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bioleaching systems (Boon ef al., 1995; Hansford, 1997; Van Sherpenzeel ef al, 1998; Breed
et al., 1999; Breed ef al., 1999(a), 1999(b)).

The specific bacterial ferrous-ion utilization rate is related to the bacterial specific oxygen
utilization rate by a degree-of-reduction balance for ferrous-ion oxidation as Equation (7.9)
(Boon, 1996),

Q.2+ = 4o, +4.2qc, (7.9)
where,
- I‘O
do, =G % and is the bacterial specific oxygen utilization rate (molO,.molC™".h") and,
X
. ‘I.COZ . . . o ere . o1 -1
dco, = C— is the bacterial specific carbon dioxide utilization rate (molCQO,.molC™ 1),

X

Similarly the bacterial ferrous-ion production rate, - r;a§+ , is related to the oxygen, -ro,, and
€

carbon dioxide utilization rates, -Tco,, as Equation (10) (Boon, 1996),
bac __
- rF:;+ =41y, -4.21c0, (7.10)

Equation’s (7.9) and (7.10) show that the bacterial ferrous-ion production rate and the specific
bacterial ferrous-ion utilization rate can be directly obtained from measurements of the

oxygen, -ro,, and carbon dioxide utilization rates, ~Ico,, during bacterial ferrous-ion
oxidation or bioleaching. This can be done because the carbon dioxide is the only source of
carbon for assimilation and is therefore directly related to the rate of bacterial growth, ie,

(Equation (7.11)),

Iy = Tco, (7.11)

Figure 7.2 shows the predicted variation in the specific ferrous-ion utilization rate with
changing ferric/ferrous-ion ratio for Acidithiobacillus ferrooxidans and Leptospirillum
ferrooxidans at 35 °C by applying the Michaelis-Menten/Monod based model shown in

Equation (8). The values for the maximum specific ferrous-ion utilization rate and the kinetic
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constant, Kge2+, is listed in Table 7-2. Both these kinetic parameters were experimentally

determined for Leptospirillum Ferrooxidans (Breed et al., 1999(a)).

Table 7-2: Values of the kinetic constant and the maximum bacterial specific ferrous-

ion utilisation rate for equation (7.8) at 35 °C.

o -
Bacterial strain Temperature KF62+ q;j%l
{°C)

(motFe® molChr!)
Leptospirillum 35 0.0023% 11.01*
Ferrooxidans
Thiobacilllus 35 0.051% 13.6%
Ferrooxidans

.»:EBrccd et al., (1999{a)}; * modified from Boon, (1996)

However, the maximum specific ferrous-ion utilization rate for Acidithiobacillus ferrooxidans
was modified to account for temperature from that which was previously determined at 30 °C

(Boon, 1996), using the arrhenius equation dependency and activation energy of 68.4KJmol
'(Nemati and Webb, 1997).

14.00
12.00
£ 10.00 -
2
Q
£ 800+
a4
b
g 6001
£  4.00-
2.00 -
~.
0.00 it =
1 10 100 1000 10000 100000

Fe ' fFe™"

Figure 7.2; The predicted variation in the bacterial specific ferrous-ion utilization rate, gro?*, with changing ferric/ferrous-ion

ratio from equation (no.)for [—JAcidithiobacillus ferrooxidans and [- -YLeptospirillum ferrooxidans at 35 °C.

The bacterial rate of ferrous-ion utilization can be calculated from the bacterial specific rate

of ferrous-ion utilization at a known bacterial concentration by Equation (7.12),
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bac

- rFez_!_ = qF32+ C X (7. 1 2)

7.4 The kinetics of chalcopyrite batch bioleaching

7.4.1 Integrating the chemical leaching and bacterial oxidation kinetic models

Both Figure 7.1 and figure 7.2 are indicative of the chemical and one bacterial sub-process
occurring during the bioleaching of the chalcopyrite concentrate. Till now, the kinetics of
these two important sub-processes have been treated independently. However, the
bioleaching of chalcopyrite involves these two sub-process occurring simultaneously.
Therefore, any kinetic description of a system containing both chalcopyrite and bacteria

would involve the integration of the kinetics of these two important sub-processes.

The bioleaching of chalcopyrite may involve an additional sulphur oxidation step. However
the oxidation of sulphur formed during the chemical leaching results in the formation of
sulphate and sulphuric acid (Sand et al., 1999). It does not contribute towards the either the
production or consumption of ferrous-ion. This means that the observed redox potential or
ferric/ferrous-ion ratios are only dependent on the interaction between the chemical leaching

and the bacterial ferrous-ion oxidation step. It can therefore be assumed that at steady state,

the rate of chemical ferrous-ion production (r;h;ff ) from chemical ferric leaching is equal to
€

the rate of bacterial ferrous-ion consumption ( - r:ach, ) as in Equation (7.13)
[4

chem bac
cohem _ 7.13
F€2+ Fez+ ( )

During chalcopyrite bioleaching, the bacterial ferrous-ion and chemical sub-processes are
linked by the rate at which the ferrous-ion is turned over. Both the kinetics of chemical
leaching of chalcopyrite and bacterial ferrous-ion oxidation are expressed as functions of the
ferric/ferrous-ion ratio. The integration of these two sub-processes is made possible by
superimposing plots of the rate of ferrous-ion production and consumption from the chemical
leaching and bacterial oxidation sub-processes, respectively, on the same set of axis.

This is hypothetically illustrated in Figure 3. Figure 3 shows the chemical ferrous-ion
production rate of pyrite and chalcopyrite at 30g.I", together with the rates of bacterial
ferrous-ion consumption of Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans at

2mmolC.1", as functions of the ferric/ferrous-ion ratio calculated from Equation (7.8).
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The kinetic constants for bacterial ferrous-ion oxidation were presented in Table 7-2.
Similarly, the kinetic constants for the chemical leaching of pyrite was determined by Boon et
al., (1995) (shown in Table 7-1). The rate of ferrous-ion production from the chemical

leaching of chalcopyrite was experimentally measured by other workers (Furamera, 2000).

The intersection of the chemical and bacterial curves in Figure 7.3 represent the rate at which
ferrous-ion is turned over or a steady state between the chemical leaching and bacterial
ferrous-ion oxidation sub-processes. It also represents the ferric/ferrous-ion ratio or redox
potential at which the chemical ferrous-ion production and bacterial rates ferous-iron

utilization are equal.

From Figure 7.3, it is clear that the chemical ferrous-ion production curve of the chalcopyrite
concentrate, intersects the bacterial ferrous-ion oxidation curve of Leptospirillum ferroxidans

at a lower rate of iron turnover but higher ferric/ferrous-ion ratio than Acidithiobacillus

Jferrooxidans.
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Figure 7.3: Variation in the predicted ferrous-ion consumption rate for bacterial ferrous-ion oxidation by [- J4cidithiobacillus
ferrooxidans (modified from Boon, (1996)) and [~{Leptaspirillum ferrooxidans (Breed et al., 1998(a)) at 35 °C using eqn (8),
together with the predicted ferrous-ion production rate for the chemical leaching of [— —Jpyrite (Boon ez al., 1995) using eqn

{4} and that measured for [~-]chalcopyrite (Furamera, 2000), assuming [CJ=2mmolCl, [CuFeS;] and [FeS;]=30 gt
In contrast the chemical leaching curve of pyrite intersects the bacterial curve of

Leptospirillum ferroxidans at a higher rate of ferrous-ion turnover than Acidithiobacillus

Jerrooxidans.
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7.4.2 Describing the kinetics a predominantly chalcopyrite concentrate during batch

bioleaching

During the staged addition experiment, successive mineral additions are made to a batch
bioleach. This results in a changing mineral concentration as well as a changing bacterial

concentration by virtue of bacterial growth.

Figure 7.4(a) shows the predicted rates of ferrous-ion production from the chemical leaching
of the chalcopyrite-concentrate at initial mineral concentrations of 2, 6, 12, 20, 30 and 42 g.l"
respectively for a temperature of 35 °C, and initial total iron concentration of 12g.1". The
curves in Figure 7.4(a) represent the rates of ferrous-ion production from chemical leaching
of the chalcopyrite-concentrate, estimated from the specific rate ferrous-ion production shown
in Figure 7.1 (Furamera, 2000) (by using Equation (6)), for the range of mineral
concentrations and ferric/ferrous-ion ratios obtained in the experiment. Similarly, Figure
7.4(b) shows the predicted ferrous-ion production rates for the staged addition experiment
conducted at a total iron concentration of 1.2gl”" for chalcopyrite-concentrate concentrations
of 2, 6,12, 20 and 30 g’ respectively. The dashed arrows in Figure’s 7.4(a) and (b)
symbolize the direction of increase in the chemical leaching rate at constant ferric/ferrous-ion

ratios curve with increasing mineral concentration.

Superimposed on Figure’s 7.4(a) and (b) are the predicted rates of bacterial ferrous-ion
consumption for Leptospirillum ferrooxidans at concentrations between 0.9 and 2 mmolCI.
The curves were obtained from specific bacterial ferrous-ion utilization rates by using
Equation (7.8) and (7.12), with for model parameters shown in Table 7-2, estimated for the

range of bacterial concentrations measured during the staged addition experiments.
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Figure 7.4(a): Variation in the measured rates of ferrous-ion production from chemical leaching (left axis) of the Otjihase
chalcopyrite concentrate at (— - -»}increasing concentrations for [- - -] 2; 6; 12; 20, 30 and 42 gl”, together with the

predicted rate ferrous-ion consumption by Leptospiriltum ferrooxidans from equation (8) (right axis) at (——») increasing
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bacterial concentration for [--1 1, 1.2,1.4, 1.6 and 2 mmolCI” at 35 °C as functions of the ferric/ferrous-ion ratio. { ] shows the

rates of ferrous-ion utilization calculated from the measured oxygen and carbon dioxide utilization rates during the staged

addition of Otjihase chalcopyrite concentrate to a batch bioleach at 35 °C and initial [Fe]™ = 12g1"
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chalcopyrite concentrate at (— — -»)increasing concentrations for [+ - -] 2; 6; 12; 20 and 30 gI”, together with the measured

rate ferrous-ion consumption by Leplospirillum ferrooxidans from equation (8) (right axis) at (——») increasing bacterial

concentration for f—] 1, 1.2,1.4, 1.6 and 2 mmolCI™* at 35 °C as functions of the ferric/ferrous-ion ratio. { ] shows the rates of

ferrous-ion utilization calculated from the measured oxygen and carbon dioxide utilization rates during the staged addition of

Otjihase chalcopyrite concentrate io a batch bioleach at 35 °C and initial [Fe]™ = 1.2g1"
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The solid arrow in Figure’s 7.4(a) and (b) symbolize the direction of increase of the bacterial
ferrous-ion utilization curve with increasing bacterial concentration at constant ferric/ferrous-

ion ratios.

Also shown on Figure’s 7.4(a) and (b) are the experimental ferrous-ion utilization rates
calculated from the measured oxygen and carbon dioxide consumption rates via Equation
(7.10). (The rates were established on the assumption that all the oxygen utilized was due to

bacterial ferrous-ion oxidation only.)

Figure’s 7.4(a) and (b) show that the measured rates of ferrous-ion utilization fall within the
predicted region of intersection between the chemical and bacterial curves . Figure’s 7.4(a)

and (b) show similar resulfs at both initial total-iron concentrations.

7.4.3 Changing rate of iron turnover

The rate of ferrous-ion production from chemical leaching is faster than the rate of bacterial
ferrous-ion consumption by the bacteria immediately after mineral addition. During this
period, the rate controlling step is bacterial ferrous-ion consumption. This is accompanied by
an immediate decrease in the redox potential after mineral addition. Simultaneously, the rate
of bacterial growth on the ferrous-ion increases until enough cell mass is synthesized for the
rates of chemical leaching and bacterial ferrous-ion consumption to equalize Similar results
have been reported for the staged addition of pyrite to a batch culture consisting of
Leptospirillum ferrooxidans (Boon, 1996). This initial equalization between the chemical
ferrous-ion production and bacterial consumption rates is termed a steady state and is
representative of the initial rate of iron turnover. This is the point which the model needs to

predict.

The intersection between the chemical leaching and bacterial curves in figure 7.4(a) and (b)
represent the iron turnover rate when the rate of ferrous-ion production from the chemical
leaching of the chalcopyrite concentrate (at the particular mineral concentration) equals the
rate of bacterial ferrous-ion consumption of the cell mass during the bioleaching of the
chalcopyrite concentrate. However, dynamic changes in the chemical rate of mineral
leaching and bacterial rate of ferrous-ion utilization affect the predicted intersection points
shown in Figure 7.4(a) and (b). The chemical leach rate at a particular mineral concentration

decreases with time due to surface area passivation (Munoz ef al., 1979; Dutrizac, 1981,
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Dutrizac, 1989; Klauber ef al., 2000). According to the multiple sub-process mechanism, the
rate of bacterial ferrous-ion consumption is dependent on the rate of ferrous-ion production
because the chemical Jeaching of the mineral is the only source of iron-substrate needed for
growth of the iron oxidisers. This means that in time, the chemical leaching curves at each
mineral concentration shown in Figure’s 7.4(a) and (b) decrease (vertically) at constant ferric
ferrous-ion ratio’s, while the bacterial curves increase (vertically) at the same ferric/ferrous-

ion ratio,

It could therefore be argued that after the initial equalization between the chemical rate of
ferrous-ion production and bacterial rates of ferrous-ion consumption rate a steady state
condition occurs. However , once this condition is reached, the rates of ferrous-ion
production and consumption remain equal but decrease in time. The decreasing iron turnover
rate continues until the next mineral addition is made which results in a faster rate of chemical
leaching and the cycle repeats itself at larger iron turnover values. This trend also explains
observed increase in ferric/ferrous-ion ratio’s (redox potential) after the initial steady state is

reached, between mineral additions.

Figure 7.5 is a hypothetical diagramatic representation showing the trajectory of intersections
between the chemical rates of ferrous-ion production and bacterial rates of ferrous-ion

consumption between mineral additions.

In Figure 7.5 (1) indicates the rate of bacterial-ferrous-ion consumption at the first mineral
addition, (2) indicates the rate of chemical ferrous-ion production at the first mineral
addition. (1) —(3) shows the changing rate of bacterial ferrous-ion consumption with
decreasing ferric/ferrous-ion ratio immediately after the first mineral addition. (2) — (3) shows
the changing rate of chemical ferrous-ion production by mineral leaching as a function of the
ferric/ferrous-ion ratio immediately after the first mineral addition. (3) indicates the point
when the chemical and bacterial rates equalize after the first mineral addition establishing the
initial rate of iron turnover. (3) — (4) shows the trajectory of the decreasing rates iron-turnover

as a function of the ferric/ferrous-ion ratio before the next mineral addition.



Chapter 7. Modeling Batch Bioleaching 7-15

~__,_,_.._.._...,__

Increasing rm.m

N\
%

s Buiseasneg

R

ey

..................

bacterial reez. (mol Fe? 1

chemical reezs (Mol Fe"'l'1‘hr'1)

Fe''tre®

Figure 7.5: Diagramatic representation of the [Bl] rates of ferrous-ion turnover between mineral additions during the staged
addition of chalcopyrite concentrate to a batch bioleach. [---] indicates chemical rates of ferrous-ion production by mineral
teaching and [—] indicates the bacterial rates of ferrous-ion consumption both as functions of the ferric/ferrous-ion ratio, [ —

~3] shows the trajectory of decreasing rates of iron turnover as a function of increasing ferric/ferrous-ion ratio.

(4) shows the rate of iron turnover when the next mineral addition is made. (4) - (5) shows
the instantaneous increase in the rate of chemical ferrous-ion production at the same
ferric/ferrous-ion ratio when the second mineral addition is made. (5)— (6) shows the
changing rate of chemical ferrous-ion production by mineral leaching as a function of the
ferric/ferrous-ion ratio immediately after the next mineral addition. (4) — (6) shows the
changing rate of bacterial ferrous-ion consumption with decreasing ferric/ferrous-ion ratio
immediately after the second mineral addition. (6) indicates the point when the chemical and
bacterial rates equalize to establish the initial rate of iron turnover after the second mineral
addition. (6) - (7) shows the trajectory of the decreasing rates of iron turnover before the

third mineral addition is made.

7.5 Conclusions and limitations

1. According to the multiple sub-process mechanism, it is possible to determine the kinetics
of the chemical and bacterial sub-processes independently, and then use the kinetic

constants and expressions to predict the dynamic performance of batch bioleach reactors.

2. The kinetics of both the chemical and bacterial sub-processes, are expressed as functions

of the ferric/ferrous-ion ratio, which forms a common basis enabling the independently
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determined kinetic parameters of each sub-process to be linked, in order to simulate the

steady state behavior of a batch bioleach system.

3. The prediction of batch bioleaching behavior is achieved by superimposing the
independently determined models for the initial rate of ferrous-ion production by
chemical leaching of the chalcopyrite mineral concentrate and the rate of ferrous-ion
utilization by the bacteria on the same set of axis, at a particular mineral and bacterial
concentration . The intersection of the chemical and bacterial curves at a common
ferric/ferrous-ion ratio represents the initial point of equalization between the chemical
and bacterial rates of ferrous-ion production and utilization, respectively, and is the initial
rate of iron turnover for a particular mineral concentration and bacterial concentration
during the batch bioleach. However, the rate of ferrous-production from chemical
leaching of the chalcopyrite concentrate (at a particular mineral concentration) changes
both as a function of the ferric/ferrous-ion ratio and also decreases in time because of the
depletion of leachable surface area. Similarly, the rate of bacterial ferrous-ion utilization
for Leptospirillum ferrooxidans is shown not only to increase with decreasing
ferric/ferrous-ion ratio, but also increases with increasing cell mass. This means that the
chemical curves decrease in time while the bacterial curves increases in time resulting in

a changing rate of iron turnover during the batch bioleaching of the concentrate.

4. The point of intersection of chemical and bacterial curves depends on the characteristics
of the bacterial iron-oxidising species as well as the characteristics of the mineral
concentrate used. The rate of ferrous-ion production from chemical leaching is
specifically indicative of the leaching behavior of the Otjihase chalcopyrite concentrate.
It therefore may include the contributions from the leaching of both pyrite and sphalerite
impurities present in this mineral concentrate. This means that the predicted chemical
leach kinetics within the range of ferric/ferrous-ion ratio’s may not be representative of

pure chalcopyrite.

5. 1t has been previously been shown the rate of chemical leaching of predominantly
chalcopyrite concentrates is highest at low ferric/ferrous iron ratios typically between 1
and 10 (Kametani and Aoki, 1985; Hiroyoshi er ¢l., 2000; Furamera, 2000). The model
has been applied to the range of ferric/ferrous-ion ratio’s observed during the batch
experimentation performed on the chalcopyrite concentrate, which is significantly higher
than those required for optimal leaching rates. For this reason only Leptospirillum
ferrooxidans was considered, since it has been shown that it is the dominant iron-oxidiser

at the range of ferric/ferrous-ion ratio’s obtained during the experiment. The predicted



Chapter 7: Modeling Batch Bioleaching 7-17

rates of iron turnover may vary if Acidithiobacillus ferrooxidans was the predominant

iron-oxidiser.

6. The bioleaching of chalcopyrite involves both the oxidation of ferrous-ion and sulphur
compounds (Sand ef al., 1999). The contribution of sulphur oxidation to the measured
oxygen and carbon dioxide utilization rates is still unknown. The bacterial rate of
ferrous-ion utilization is estimated from the measured oxygen and carbon dioxide
utilization rates during the batch bioleaching of the chalcopyrite concentrate (Boon et al.,
1995). This provides another limitation is measuring accurate bacterial ferrous-ion

oxidation rates.

7. The model applied for Leptospirillum ferrooxidans has been shown to predict the region
of iron turnover rates measured during the staged addition of a chalcopyrite to a batch

bioleach, despite the above mentioned limitations.
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8 Conclusions and Recommendations

The broad objectives of this study was to test the applicability of the multiple sub-process
mechanism in describing the bioleaching of chalcopyrite with mesophiles. In this mechanism
the chalcopyrite mineral is chemically oxidised by ferric-ion to form ferrous-ion and
sulphur/sulphur compounds, while the role of the bacteria is the bacterial oxidation of the
ferrous-ion back to ferric form and the oxidation of sulphur/sulphur compounds via

intermediates to sulphuric acid.

The specific objectives which were presented in Chapter 1 as, firstly, prescribing the state-of-
the-art in the bioleaching of chalcopyrite with mesophiles by assessing the available literature,
secondly, testing the applicability of the experimental and theoretical methodology developed
by Boon (1996) in describing the kinetics of bioleaching of chalcopyrite with mesopiles and
thirdly, testing the applicability of the Michaelis-Menten based bacterial ferrous-ion oxidation
model for describing the bacterial ferrous-ion oxidation step during the bioleaching of
chalcopyrite with mesophiles. The other objectives included establishing the kinetics of
chemical ferric-ion leaching of chalcopyrite as a function of the redox potential or
ferric/ferrous-ion ratio by reworking the available literature and attempting to predict the
steady-state kinetic behaviour of the bioleaching of a predominantly chalcopyrite concentrate

form separately determined chemical and bacterial kinetics.

This chapter describes the conclusions reached from the analysis of the review in Chapter
Two, and the results in Chapters Six and Seven. It also presents recommendations for future

work on the subject.

8.1 Establishing the state-of-the-art in the bioleaching and chemical leaching of

chalcopyrite.

The rate chemical leaching of chalcopyrite is a function of the redox potential as was shown
by reworking published literature (Kametani and Aoki, 1985). The rate passes through a
maximum at low redox potentials (ferric/ferrous-ion ratio)and decreases with any further
increase in redox potential (ferric/ferrous-ion ratio). The reasons for this decrease have not
been established. This conclusion is consistent with that observed for other mineral sulphides
like pyrite (May et al., 1997) and arsenopyrite (Ruitenberg ez al., 1998), and with the reported
faster rates of chalcopyrite chemical leaching at high ferrous-ion concentrations (Hiroyohi ef

al., 2000). The build-up of product layers during the leaching of the chalcopyrite result in
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diffusional barriers which passivate the rate of leaching. The exact nature of this layer is still

unresolved.

The assessment of the literature on mesophilic chalcopyrite bioleaching has shown that the
uncontrolled bacterial functioning of the iron oxidisers may be detrimental to the rate of
leaching of chalcopyrite, because of their role in increasing and maintaining a high redox
potential (ferric/ferrous-ion ratio) during mesophilic chalcopyrite bioleaching. They therefore
have a tendency to poise the system at redox potentials which are higher than those required
for optimal chemical leaching. This conclusion is also consistent with the multiple sub-

process mechanism, since the mechanism assumes separate bacterial and chemical steps.

Further work should be focussed on trying to control the redox potential during bioleaching of
chalcopyrite within the range which is optimal for chemical leaching of the mineral, ie, below
430 mV (SCE). (This value may depend on the characteristics of the chalcopyrite-
concentrate). This could be done by varying the dissolved oxygen concentration within the

system by controlling aeration.

8.2 The use of the theoretical and experimental methodology in testing the applicability

of the multiple sub-process mechanism for chalcopyrite bioleaching.

The theoretical and experimental methodology developed by Boon (1996) in studying the
kinetics of bioleaching of pyrite can be extended to studying the kinetics of bioleaching of
chalcopyrite, since the bioleaching mechanism of both minerals are made up of a primary
chemical leach to produce ferrous-ion, and bacterial ferrous-ion oxidation by iron oxidisers to
regenerate ferric-ion. The presence of sulphur oxidisers in the case of the bioleaching of
chalcopyrite complicates the measurement of bacterial specific kinetic parameters in that
case. Despite this limitation, the trends of decreasing redox potentials and increasing specific
oxygen utilisation rates with mineral additions during the stage additions of chalcopyrite
concentrates to a batch bioleach is similar to that obtained for pyrite (Boon, 1996), and
therefore provides convincing evidence of the existence of separate chemical leaching and
bacterial ferrous-ion oxidation steps. This is consistent with the proposed multiple sub-

process mechanism.
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8.3 Applicability of bacterial ferrous-ion oxidation kinetic model

The kinetics of bacterial ferrous-ion oxidation, expressed in terms of the bacterial specific
ferrous-ion utilisation rate, has been shown to increase with decreasing ferric/ferrous-ion ratio
both during the bioleaching of pyrite and bacterial ferrous-ion oxidation. The kinetic
expression is modelled according to a Michaelis-Menten/Monod based equation. During the
staged additions of pyrite (Boon, 1996) the specific ferrous-ion utilisation rate was
determined from the stochiometric relationship between the oxygen and carbon dioxide
utilisation rates, while the bacterial growth rate was obtained from the carbon dioxide
utilisation rate. This was possible because the oxygen and carbon dioxide consumed during
the bioleaching of pyrite was due to bacterial ferrous-ion oxidation only. However, in the
case of chalcopyrite, an additional sulphur oxidation step means that the measured oxygen
and carbon dioxide utilisation rate encompasses the oxygen and carbon dioxide utilised for
both sub-processes. This also means that the measured carbon dioxide utilisation rate during

the bioleaching of chalcopyrite represents the growth rates of all the species present.

In order to establish the bacterial specific ferrous-ion or sulphur oxidation rates during the
bioleaching of chalcopyrite, it is necessary to develop a method for determining the ratio of
iron to sulphur oxidisers in the system, their respective growth rates and their yields on their
respective substrates. This is one of the challenges facing the use of the bacterial specific
ferrous-ion oxidation kinetics parameters in studying the kinetics of bioleaching in cultures
containing both iron and sulphur oxidisers. In spite of this limitation, the variation in the
measured specific oxygen utilisation rates with changes in the ferric/ferrous-ion ratio during
the staged addition of chalcopyrite-concentrates to a batch bioleach, followed a similar trend
to that predicted for the bacterial ferrous-ion oxidation by Leptospirillum ferroxidans. 1t can
therefore be concluded that the Michaelis-Menten/Monod-based model describes the bacterial

ferrous-ion oxidation step during the bioleaching of chalcopyrite with mesophiles.

Future work should attempt to selectively inhibit of either the ferrous-ion or sulphur oxidation
sub-process during the bioleaching of chaicopyrite in an attempt to distinguish between the
contributions of ferrous-ion and sulphur oxidation to the measured oxygen and carbon dioxide
utilisation rate. A comparison of the rates measured whilst selectively inhibiting either one of
the two sub-processes, with that measured without inhibition during the bioleaching of
chalcopyrite, would establish the proportion of oxygen and carbon dioxide utilised for

ferrous-ion oxidation and sulphur oxidation from the total measured rates.
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8.4 Modeling the batch bioleaching of chalcopyrite

The existence of the multiple sub-process mechanism suggests that the overall bioleaching
process can be reduced to three independent sub-processes, involving the chemical leaching
of the mineral, bacterial ferrous-ion oxidation and bacterial sulphur oxidation. The kinetics of
these sub-processes can be independently studied and then linked (if expressed as functions of
a common basis) to predict the performance of batch bioleaching systems for a particular
mineral and bacterial species as well as operating condition, This rationale has been
illustrated by expressing both the independently determined chemical leach kinetics (written
as the rate of ferrous-ion production) for a chalcopyrite concentrate, and the predicted
bacterial ferrous-ion oxidation kinetics (written as the rate of bacterial ferrous-ion utilisation),
as functions of the ferric/ferrous-ion ratio, for a particular mineral and bacterial concentration.
The points if intersection of the chemical and bacterial curves represent the steady state
between the chemical and bacterial rates of ferrous-ion production and consumption. The
predicted intersection points and those calculated from the measured oxygen utilisation rates

during the staged addition experiments are in close agreement.

The fate of the sulphur moiety was not considered. The presence of sulphide impurities in the
mineral concentrate may have contributed to measured rates. Despite these limitations, this
technique has already been shown to successfully predict the steady state performance of
arsenopyrite concentrates during continuous bioleaching (Breed ef al., 1999) and does show
the potential of being able to predict the performance of chalcopyrite batch bioleaching

systems.

Future work should firstly, take into account the fate of sulphur oxidation, and secondly,
attempt to predict the steady state at lower ferric/ferrous-ion ratios which are optimal for

chemical leaching of chalcopyrite.
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NOMENCLATURE

Symbol Description Units
[Fe*'] Ferrous-ion concentration Moll™
[Fe’'] Ferric-ion concentration Mol
[Fe] Total-iron concentration Moll"!
[Fe™*]y Threshold Ferrous-ion concentration Mol
[Fe'ly Threshold Ferric-ion concentration Moli™!
C, Substrate concentration Mol
C, Product concentration Moll™
Yoz Activity of ferrous-ion
Y o3+ Activity of ferric-ion
E, Solution redox potential measured against SHE A\
E,’ Standard Redox potential A%
E Solution redox potential v
m Specific growth rate of bacteria n!
s Bacterial specific substrate utilisation rate Mol.molC™ i
Qre2* Bacterial specific ferrous-ion utilization rate MolFe** .molC™" !
max, Maximum bacterial specific ferrous-ion utilization rate MolFe**.molC™ h!
Fe
qm Maximum bacterial specific oxygen utilization rate MolO,.molC b
2
Jo, Bacterial specific oxygen utilization rate MolO,.molC” b
qco, Bacterial specific carbon dioxide utilization rate MolCO,.molC™ h
I Rate of substrate utilisation Mol.I" k!
chzcm Chemical rate of ferrous-ion production Mol.I".h!
Fest
rba§ Bacterial rate of ferrous-ion consumption MoLI" k'
Fe™
r, Rate of ferrous-ion production Mol.I' h!
Fe*t
r Rate of ferric-ion production Mol k!
Fe3+
¢ Rate of proton production Mol.I'" h!




HyO

Ky

Rate of water production
Rate of ammonium production
Rate of sulphate production

Rate of sulphur production
Rate of bacterial ferrous-ion consumption

Oxygen utilization rate

Carbon Dioxide utilization rate

Bacterial growth rate

Oxygen utilization rate for bacterial ferrous-ion

oxidation

Oxygen utilization rate for bacterial sulphur oxidation

Carbon dioxide utilization rate for bacterial ferrous-ion
oxidation

Carbon dioxide utilization rate for bacterial sulphur
oxidation

Total measured oxygen utilization rate
Total measured carbon dioxide utilization rate

Total measured bacterial growth rate

Bacterial concentration
Bacterial concentration at time t

Initial bacterial concentration

Kinetic constant in bacterial ferrous-ion oxidation model

Kinetic constant in bacterial ferrous-ion oxidation model

written for specific oxygen utilisation
Ferrous-ion substrate saturation constant in Monod

equation

Michaelis-Menten Ferric-ion product inhibition constant

Gas Constant

Mol.I” k!
Mol.I".h™!
Mol.I" 1!

Mol.I" k!
MolFe** I h?!

MolO,.1""h?!
MolCO,. 1" b
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Mol.I'.h?!

Mol.[Lh!

MolLI'h!
Mol.I" k!

Mol.I b

MolC.I"
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MolC.I"
MolFe?* 1!

MolO,.I'!

MolFe®" I

MolFe* I
KJmol 'K
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Bou
o,
Py
8o,
By

in
COn

t
dco,

n
X02

out

in
Xco;

out

Faraday Constant
Temperature
No. of electrons

Inlet air flowrate

QOutlet air flowrate

Flowrate of nitrogen in

Flowrate of nitrogen out

Flowrate of oxygen in

Flowrate of oxygen out

Flowrate of carbon dioxide in

Flowrate of carbon dioxide out

Mole fraction of oxygen in inlet air

Mole fraction of oxygen in outlet air

Mole fraction of carbon dioxide in inlet air
Mole fraction of carbon dioxide in outlet air

Reactor volume

Bacterial vield on substrate
Bacterial yield on oxygen

Maximum bacterial yield on substrate
Maximum bacterial yield on oxygen
Bacterial yield on ferrous-ion

Bacterial yield on sulphur

Bacterial yield on oxygen for ferrous-ion oxidation

Bacterial vield on oxygen for sulphur oxidation

Maintenance coefficient on oxygen

Mole.h™
Mole.h™
Mole.Mole™
Mole.Mole™
Mole.Mole™
Mole Mole™

]
MoleC.Mole™

MoleC.MoleO,”

MoleC.Mole™
MoleC.Mole O
MoleC.Mole(Fe**y!
MoleC.MoleS™

MoleC.Mole O,

MoleC.MoleO,”

MolO,.molC 1!




Mpe Maintenance coefficient on ferrous-ion MolFe* molC . h!

[Fe] Total-iron concentration Mol.I"!

Initial [Fe]" Initial Total-iron concentration Mol I*

[Cuz*”] Cupric-ion concentration mol.I?

[FeHSO,™ Ferric bisulphato concentration mol.I"

[FeSO;] Ferric sulphato concentration mol.I"

Kreso,* Equilibrium constant dimensionless

Krenso, 2 Equilibrium constant dimensionless

Kuso, Equilibrium constant dimensionless

rout Rate of copper production mol I"'hr”

~T'CuFes, Rate of chalcopyrite consumption mol I''hr’!

XcuFes, Chalcopyrite conversion %

X Stochiometric coefficient dimensionless
Redox potential mV

E° Standard redox potential mV

R Gas constant KJmol'K!

T Temperature °CorK

z Charge transfer coefficient

F Faraday Constant
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Appendix I: Reworking of published literature
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APPENDIX II : Calculation of the
kinetics of chemical ferric leaching
of chalcopyrite from literature.



Appendix II: Rates of ferrous-iron production for chemical leaching of chalcopyrite from literature

Table All-1: Data calculated from Furamera (2000) for the rate of ferrous-iron production from chemical leaching of Otjihase Chalcopyrite Concentrate at 35

°C

Redox Fe(ilifFe(ll) FelllYFe(llD |8 KMn0O4 |SiFe(ll} Conversion mu Fe(il rFelil) rFelih rFe(il) rFelil) rFelil) rFelll)

Potential factor 29/t sgll 12g/l 20g/ 30g4 42g/l

mVy molimA2/hr imolim*2/hr  m*2imolCufFeS2 imolimoi/hr mol//hr  molithr imolithr Imolllihr  moliithr imolithr
3501 0.0066829| 149.636674 2.00E-04 1.00E-03 5.0436836364,  5.04E-03| 4.34E-05] 0.00013] 0.00026 0.000434 0.000651| 0.000911109
400, 0.052044 19.2144%66 2.50E-03 1.25E-02 5.043636364. 6.30E-02| 5.42E-04| 0.001627| 0.003254! 0.0054231 0.008135, 0.011388856
450 0.4053032| 2.46728873 3.50E-03 1.75E-02 5043636364 8.83E-02| 7.59E-04| 0.002278| 0.004556| 0.0075931 0.011389) 0.015944399
4901 20936653 0.47763127 2.01E-03 1.01E-02 5043636384 507E-02 4.36E-04| 0.001308] 0.002618| 0.00436 0.00854, 0.00915864
540! 16.30483; 0.08133152 2.01E-03 1.01E-02 5.0436368364, 5.07E-02! 4.36E-04! 0.001308]| 0.002616) 0.00436] 0.00854| 0.00915664
580| 126.87708) 0.00787544 1.95E-03 9.75E-03 5.043636364] 4.92E-02) 4.23E-04) 0.001269] 0.002538. 0.00423 0.006345! 0.008883308
530, 655.92253| 0.00152457 1.05E-03 5.25E-03 5.043636364, 2.65E-02 228E-04| 0.00068831 0.001367! 0.002278 0.003417 0.00478332
670] 3388.2838! 0.00029513 1.20E-03 6.00E-03 50436363684 3.03E-02 2.60E-04) 0.000781) 0.001562 0.002603] 0.003805! 0.005466651
700, 116098812 8.6134E-05 1.20E-03 6.00E-03 5043636364 3.03E-02] 260E-04| 0.000781, 0.001562 0.002603 0.003805| 0.005466651

where units of specific rates are shown as,

Si KMNO, is in mol KMnO, m* CuFeS$, hr’!
Si Fe(ll) is in mol Fe** m™ CuFeS; hr'

Mu Fe(l]) is in mol Fe** mol™! CuFeS; hr'
rFe(1l) is in mol Fe*" 1" hr!

Molar Mass of CuFeS, = 189 g.gmol’
Surface area per mole of CuFeS, for +38-53 pum size particles = 5.043 m’molCuFeS, ™

Redox Probe Calibration parameters:

RT/zF=24.

36 mV

E, =472 mV




Appendix Il: Rates of ferrous-ivon production for chemical leaching of chalcopyrite from literature

Table All-2: Rates of ferrous-iron production calculated from (Dutrizac, 1981)

Fe(lllyFelll)
initial

0.06

0.1

0.2

0.3

1

Table All-3: Rates of ferrous-iron production calculated from (Hirato et al., 1987)

FellliyFe(il)

initial

0.1
02

k
mg/hr
1.8
1.8
2
3
7.8

rCu
mmeolfi/hr
0.028571
0.028571
0.031748
0.047619
0.12381

rCuFeS2
moliithr

2.86E-05
2.86E-05
3.17E-05
4 76E-05
0.000124

r CuFeS2 Si Fe(ll)
molicm”2/hr mollcm*2/hr
4.00E-08 0.0000002

9.00E-08 0.00000045

1.20E-07

0.0000008

Where units of specific rates are shown as,

Si Fe(Il) is in mol Fe*" m? CuFeS; hr'
Mu Fe(Il) is in mol Fe** mol™” CuFeS; hr'
rFe(l) is in mol Fe® ' hr!

rFe(il)
mol/l/hr
0.000142857
0.000142857
0.00015873
0.000238085
0.000618048

mu Fe(il)
mol/mol/hr
33.75
3375
378
56.25
146.25

Si Fe(l})
molFe(llljcm*CuFeS2.hr

0.000194665
0.0001984665
0.000216294
0.000324441
0.000843547

rFe(Il) = 5[rCuFeS2] assuming the stochiometry shown in equation (2.2.1) for the ferric leaching of CuFeS,

Molar Mass of CuFeS; = 189 g.gmol’l
Molar Mass of Copper = 63 g gmol™!

Surface area per mole of CuFeS, for 16 pum size particles = 1.73e-5 cm’molCuFeS, ™



APPENDIX III: Calculation of the
parameters of bacterial ferrous-
ion oxidation kinetics.



Appendix HI: Calculation of kinetic constants for the bacterial ferrous-ion oxidation model at 35 °C.

Alll-1

Table AII-1: Values of the specific oxygen utilisation rate (qo,Jand the rate of ferrous-ion utilisation (rFe(Il))predicted by the Michaelis-Menten
Model for bacterial ferrous-ion oxidation by Acidithiobacillus ferroxidans at 35 °C (Modified from Boon, 1996)
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Appendix II: Calculation of kinetic constants for the bacterial ferrous-ion oxidation model at 35 C. Alll-3

Calculation of the maximum specific oxygen utilisation rate ,qg;‘ , and kinetic constant,

K, of the Michaelis Menten Model for the bacterial ferrous-ion oxidation kinetics of

Acidithiobacillus ferroxidans at 35 °C.

The model for bacterial ferrous-ion oxidation of Acidithiobacillus ferrooxidans and
Leptospirillum ferrooxidans is shown as Equation (AIll.1) (Breed et al., 1990(a)) with kinetic
parameters in Table AIII-3,

qo5,
_ et _ (AIL1)
1+K [Fe™]

[Fe®']

qu2+

The maximum specific oxygen utilisation rate, q/," , is calculated from the maximum

specific ferrous-ion utilisation rate, q’F"azx by a degree of reduction balance for bacterial
€

ferrous-ion oxidation as shown in equation (AII1.2), and neglecting the qg, term since its

contribution has been shown to be less than 5% to maximum specific ferrous-ion utilisation
rate (Boon, 1996)

max max

Q% =4q05 +4.2985, (AIIL.2)

Table AIIL-3: Values of the maximum bacterial specific ferrous-ion ufilisation rates,

q. 5, » and there respective kinetic constants in bacterial ferrous-ion oxidation (Breed ef
<

al., 1999(a))

Bacteria Species Temp qm ' K

( [ C) Fez*’

molFe* ' molC hr!

L.Ferrooxidans 30 8.65 1.8e-3

35 11.01 2.3e-3

40 13.58 3.3e-3
Leptospirilium-Like 30 6.8 Se-4
T. Ferrooxidans® 30 8.8 Se-2

F#Reported from Boon, 1996

The effect of temperature on the kinetics of ferrous-ion oxidation by Acidithiobacillus
Ferrooxidans has been described using the Arrhenius equation (AIlL.3} (Nemati ef af., 1998,

Breed ef al., 1999(a)).

~Ea

QI =kee KT (AHL3)



Appendix IlI: Calculation of kinetic constanis for the bacterial ferrous-ion oxidation model at 35 C. Alll-4

Nemati ef al., (1998) has reported an activation energy, Ea,of68.4ijol'1 for the bacterial

ferrous-ion oxidation of Acidithiobacillus Ferrooxidans. k,is not a function of temperature

and is established by substituting the q;’az’ﬁr value shown for Acidithiobacillus Ferrooxidans
[

in table AIll-3 at 30 °C, along with the reported activation energy into (AllL.3). This

established k, value is then resubstituted into equation (Alll.3), along with the reported

activation energy to calculate q;“azx+ at 35 °C. The results of this calculation are shown in
[+

Table Alll-4.
Calculation of K:

The linear dependency of the bacterial ferrous-ion oxidation kinetic constant, K, with
temperature is shown to in figure Alll.1 and equation Alll.4 for Leptospirillum ferroxidans

(Breed ef al., 1999(a)).
K =0.0002T - 0.0435 (Alll.4)

It is assumed that the same linear temperature dependency applies to Acidithiobacillus

Jferroxidans.

0.0035

y = 0.0002x - 0.0437

0.0083 1 R = 0.9643

0.0025 1

0.002 1

0.0015 -

K (Dimensionless)

0.001 -

0.0005 -

0 . 1 ‘ ;
302 304 306 308 310 312 314

Temperature in Kelvin
Figure AIIL.1: Variation of the Michaelis-Menten bacterial ferrous-ion oxidation kinetic constant (K) with temperature for
Leptospirillum ferroxidans between 30 and 40 °C (Breed ef al., 1999(a)) Regression analysis results in a slope of 2¢-4 (K™ and
intercept of 0.0437 for an R? of 0.96



Appendix II: Calculation of kinetic constanis for the bacterial ferrous-ion oxidation model at 35 °C. AL

The slope of the K vs Temp curve in figure AIIL1 is used to extrapolate the value for K at 35
°C, from the reported value of K for Acidithiobacillus ferroxidans shown in Table AllL-3
{Boon, 1996).

Table Alll-4: The maximum specific ferrous-ion and oxygen utilisation rates, along
with the kinetic constant K for Acidithiobacillus ferroxidans reported by previous

workers (Boon, 1996; Breed ef al., 1999(a)) and those modified to account for

temperature.

Kinetic parameter Temp =30 °C Temp =35 °C
Activation energy (Kjmol™)  68.4 68.4

Ko 5.45¢12 5.45e12

q:?; (molFe* 'molC'h™") 8.80 13.67

Aoy (molO,molC'h™") 220 3.42

K (Dimensionless) 0.05 0.051

The results of using the kinetic parameters for Leptospirilium ferrooxidans (Table Alll-1) and
Acidithiobacillus ferrooxidans (Table AIll-4) at 35 °C in Equation Alll.1 written for the

specific oxygen utilisation rate is shown in Tables Alll-1 and Alll-2 respectively.

Caleculation of the rate of ferrous-ion utilisation , rg 2+

The rate of ferrous-ion utilisation at 35 °C for Acidithiobacillus ferrooxidans and
Leptospirillum ferrooxidans shown in Tables Alll-1 and Alll-2, respectively, is related to the
rates of oxygen and carbon dioxide consumption via a degree of reduction balance (Equation

AlIL5) andnegelecting the contribution from the carbon dioxide utilisation rate.

1o =415, ~ 42100, (ATIL5)

The oxygen utilisation rate is calculated from the specific oxygen utilisation rate

via Equation (AIlL.6)

—To, =40, Cx . (AllL6)



Appendix Il{: Calculation of kinetic constants for the bacterial ferrous-ion oxidation model at 35 C. Alll-6

The specific oxygen utilisation rate is predicted from the Michaelis Menten model with
kinetic parameters shown in Table AIIIl-3 and AllI-4 for bacterial ferrous-ion oxidation of
Leptospirillum ferrooxidans and Acidithiobacillus ferrooxidans at various ferric/ferrous-ion

ratios





