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ABSTRACT

Mineral replacement reactions occur widely in Nature and result in the formation of a range
of sulphide minerals in the presence of hydrothermal fluids. These mineral replacement
reactions under hydrothermal conditions have been intensively studied over past two
decades, but only a few studies have focused on the replacement of chalcopyrite by
copper sulphides. In Nature, chalcopyrite is replaced by covellite, and digenite in the
supergene zone of ore deposits, but the mechanism and kinetics of these reactions are not
fully understood. Moreover, the dissolution of chalcopyrite at low temperature is one of
biggest challenges in the copper mining sector and previous studies suggest that covellite
and digenite more readily dissolve at low temperatures. The purpose of this project was to
investigate the mechanisms and kinetics of the replacement of chalcopyrite by covellite
and digenite and assess potential applications in in-situ covellite dissolution at low
temperature. In this project, the replacement reaction of chalcopyrite by covellite or
digenite were investigated in detail under hydrothermal conditions and the kinetic data
were extrapolated to lower temperatures. An environmentally friendly chemical reagent

(glycine) was chosen for the covellite dissolution study at low temperature.

Chalcopyrite was successfully replaced by covellite in the temperature range of 140-200
°C under acidic condition (pH 0.7-3) via a coupled dissolution-reprecipitation reaction
mechanism. Covellite was identified by X-ray powder diffraction (XRD), scanning electron
microscopy (SEM) and energy dispersive analysis (EDAX). The replacement reaction rate
was controlled by solution chemistry (pH values), temperature, availability of dissolved
oxygen and the surface area of chalcopyrite grains. Covellite precipitation is the rate-
determining step of the overall mineral replacement reaction at temperatures above 140
°C, with elemental sulphur found to be an intermediate product in initial stage of the
replacement reaction. At 120 °C, only elemental sulphur was formed after reaction of 18
days without covellite. X-ray photoelectron spectroscopy (XPS) was used to assist in the
identification of the reaction mechanism during the chalcopyrite dissolution step. The
results show 89+5% of chalcopyrite was replaced by covellite at pH 0.7 and 200 °C after
16 h in the presence of 0.44 mmol H202. The average activation energies of replacement
reaction at pH 0.7, 1 and 1.5 are 90+21 kJ/mol, 86x17 kJ/mol and 2717 kJ/mol

respectively.

Covellite precipitated as the dominant product in the replacement of chalcopyrite by

copper sulphides in the presence of added Cu?*. Digenite was formed by replacing



chalcopyrite only at or above 180 °C in pH 2 and pH 2.5 solutions with 0.22 mmol CuCl2
and 0.44 mmol H202. At pH 3, chalcopyrite was replaced by digenite and covellite at
temperatures between 140-180 °C with same added amount of Cu (ll) ions and oxidants.
The replacement reaction proceeds via dissolution of chalcopyrite and reprecipitation of
digenite and covellite. The surface morphology of digenite was imaged by SEM. The
fraction of digenite in the final solid residues of replacement reaction was found to increase
with: increasing concentration of CuClz (up to 0.66 mmol), increasing temperature (up to
200 °C); decreasing acidic condition (pH 1-pH 2.5) or increasing specific surface area. The
activation energies of chalcopyrite dissolution during the replacement reactions at pH 2
and 2.5 are 4416 kJ/mol and 4614 kJ/mol respectively.

The dissolution of covellite was investigated by using alkaline glycine solution at low
temperatures (25-55 °C). The Cu concentration in the solution was measured by
inductively coupled plasma optical emission spectrometry (ICP-OES). The results revealed
that 57+5% of covellite, 38-75 uym size fraction was dissolved and Cu-glycinate complexes
were formed at 55 °C in pH 11 solutions with 0.5 M glycine after 107 h of reaction. The
dissolution rate of covellite was influenced by OH- concentration, availability of dissolved
oxygen and the glycine concentration. The shrinking core model was used to determine
the dissolution rate and controlled by diffusion through product layer. The activation energy

of covellite dissolution is 33+7 kd/mol.

Vi
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CHAPTER 1 INTRODUCTION

1.1 Project Background

Copper is one of Earth’s primary base metals and its widespread use in electronic,
batteries, chemicals alloys make it essential and of great economic importance in our
modern world. However, these is an imbalance between the copper production and the
world demanding. Most copper is extracted from the copper sulphide minerals by first
concentrating the ore by froth flotation, followed by smelting, and refining (Watling, 2013).
There has been a decline in the average grade of copper of in major copper mines over
the last 75 years and it often recognised as a potential challenge to the mining industry in
the future (Watling, 2013, Northey et al., 2014).

Chalcopyrite (CuFeS:2), covellite (CuS), digenite (Cu1.8S) and chalcocite (Cuz2S), together
with bornite (CusFeS4) are the principal economically important copper minerals which are
commonly found in the Earth’s crust. Deep below the earth’s surface, hypogene processes
may to occur and create primary minerals, such as chalcopyrite and pyrite (FeS2). In
comparison, supergene enrichment processes take place at or near the Earth’s surface
where the secondary minerals such as covellite, digenite and chalcocite are generally
found (Rakovan, 2003).

Covellite, digenite and chalcocite are all containing higher copper content than
chalcopyrite, but chalcopyrite is much more abundant and widespread and thus
economically important. Chalcopyrite, however, is refractory because of its crystal
structure, which makes copper extraction difficult compared to covellite and chalcocite
(Fuentes-Aceituno et al., 2008, Veloso et al., 2016). Chalcopyrite has also been found
challenging to be dissolved in heap leaching at low temperature (Qian et al., 2021). In the
supergene zone, the chalcocite and covellite have been reported to form via the
supergene enrichment process, a process similar to a mineral replacement reaction
(Vasconcelos et al., 2015). Digenite is often intergrown with chalcocite, covellite,
chalcopyrite and pyrite. Therefore, the replacement processes of chalcopyrite by
covellite/chalcocite have attracted attention from the mining industry and scientific
community. The purpose of this work was to investigate the optimal conditions and
reaction rate for the replacement of chalcopyrite by covellite and by digenite at conditions

similar to those found in supergene environment. However, the rate of transformation of



chalcopyrite into digenite or covellite is extremely slow under supergene environment due
to the low temperature conditions (15°C), which may take centuries or even longer to
complete in Nature. Thus, the experiments in this project were performed under mild
hydrothermal conditions (< 200°C) and results can be extrapolated to low temperature
conditions relevant to supergene environments. If chalcopyrite is able to be converted to
covellite or digenite at low temperature on a laboratory time scale, the ultimate goal of this
project was to extract copper from covellite/digenite in situ with environmental-friendly

chemical reagents.

1.2 Minerals

1.2.1 Chalcopyrite, covellite and chalcocite

Chalcopyrite is known as one of the most abundant copper sulphides in the earth’s crust
and is commonly found with other sulphide minerals including pyrite, bornite (CusFeSas),
chalcocite and covellite. It is one of the most well-studied sulphide minerals and has a
chemical formula, Cu'Fe''S"'2. The Fe(lll) state in chalcopyrite has been identified using
Mossbauer spectroscopy (Raj and Chandra, 1968, Mussel et al., 2007). Based on X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS), the copper
atoms were found to be most considered monovalent (Nakai et al., 1978, Goh et al., 2006,
Petiau et al., 1988). Chalcopyrite has a tetragonal unit cell. Each metal atom is
tetrahedrally coordinated to four sulphur atoms and each sulphur atom is tetrahedrally

coordinated to four metal atoms (Vaughan, 2006) as illustrated in Figure 1.
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Figure 1 : the crystal structure of chalcopyrite.

Chalcocite (Cu'2S™) is a copper sulphide mineral, generally found in supergene enriched
zones of sulphide deposits. It has a very high copper content (66.6 at.%) which makes it
one of the most profitable copper resources (Evans, 1979, Reddy et al., 2007). This
cuprous sulphide mineral has two different crystal structures low chalcocite (below
103.5°C) or high chalcocite (above 103.5°C). In high chalcocite, S? anions are arranged
hexagonally with highly mobile copper mainly in trigonal coordination (Buerger and
Wuensch, 1963, Cava et al., 1981). The high chalcocite belongs to P6s/mmc space group
and hexagonal cell of contains 2 formula units. Below the transition point, the Cu atom in
low chalcocite become immobilized and are mainly in triangularly coordinated with S. The
monoclinic unit cell of low chalcocite has 24 independent fully occupied Cu sites and
independent 12 S in space group P21/c and contains 48 formula units in each unit cell. The
low chalcocite unit cell is a 3a x 4b x 2¢ supercell of the high chalcocite orthohexagonal
cell i(Evans and Konnert, 1976).
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Figure 2: Schematic diagrams showing the crystal structure of low chalcocite (left) and high

chalcocite (right).

Covellite (CuS) is commonly found along with chalcocite in supergene zone. Its crystal
structure consists of alternating layers tetrahedrally coordinated Cu and trigonally
coordinated Cu that linked by di-sulphide ions (Vaughan, 2006). The crystal structure has
hexagonal symmetry at room temperature, which will transform to an orthorhombic
symmetry when cooled below 55 K (Evans and Konnert, 1976). The electronic structure of
covellite was reported to be similar to that of cupric (Cu?*) sulphide, i.e. (Cu*)3(S%)(S2)
(Liang and Whangbo 1993). However, a study by Kumar et al. (2013) showed that CuS
contains Cu(l) at its trigonal sites and Cu(ll) at the tetrahedral sites. Therefore, the
appropriate ionic model of CuS is most likely to be (Cu*3*)3(S2%)(S%) (Mazin, 2012).

Digenite is an unusual Cu-bearing sulphide mineral found in both hypogene and
supergene zones of copper deposits. It is deep blue to black in colour with a metallic lustre
and is usually massive, with distinct crystals being rare. Digenite exists in three
polymorphs including a high-temperature form, a low-temperature form and a transitional
metastable form. Low digenite exists below 73°C, high digenite exists above 90°C and a
transitional metastable phase forms between 73°C and 90°C (Morimoto and Kullerud,

1963, Will et al.,, 2002). Low digenite is a cubic in space group Fd3m. Morimoto and
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Kullerud (1963) suggested that sulphur atoms likely form a cubic close-packed structure in
the face-centred lattice, but the distribution of copper atoms was not discovered. High

digenite belongs to the space group Fm3m with mobile Cu atoms (Morimoto and Kullerud,

1963).

@® Cuatom

S atom

Figure 3 The crystal structure of covellite.

Roseboom (1966) constructed a phase diagram of Cu-S system and illustrated the stability
of each copper sulphides phases across a range of at temperatures. Covellite was found
to be stable at temperature up to 700°C, while digenite was found to have two different
phases above and below 76°C, commonly known as digenite-low or digenite-high.

Chalcocite has two different phases (low and high) above or below 103.5°C.
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Figure 4 A phase diagram of the Cu-S system illustrating the stability of each copper
sulphide mineral at different temperatures and Cu contents (Roseboom 1966).

1.3 Supergene Copper Deposits

The copper deposits general has supergene zone which intersects the water table and is
below the oxidized zone. The supergene zones generally have a diversity in mineralogy.
The metal deposits in supergene zone are generally have high grade of the ore, and it is
relatively close to the Earth’s surface makes it easy to access. Those two advantages
make supergene mineral deposits have gained increasing attention. Supergene deposits
are formed by processes that oxidize, dissolve and reconcentrate the metals buried

beneath (Vasconcelos et al., 2015).

Supergene enrichment is a phenomenon that results in accumulation or concentration of
metals in situ. Generally, it consists of three principal processes: 1) the electrochemical
oxidation or dissolution of primary sulphides (e.g. CuFeS2 to Cu?*), oxides (e.g. CuO to
Cu?*) or native metals (e.g. native copper Cu(0) to Cu?*) ; 2) the movement of the water-
soluble metal species, such as CuSO4 and AuCls; 3) the re-precipitation of the metals and
supergene mineral deposits via reduction (e.g. Cu?* to native copper Cu(0)), via
supersaturation (e.g. formation of magnesite deposits by Mg?*), or via cation-exchange

(e.g. formation of smectite- or serpentine-group minerals by Ni?* exchange for Mg?*)



(Vasconcelos et al., 2015, Reich et al., 2009, Sillitoe, 2005, Taylor, 2011). The Fe- and S-
oxidizing bacteria commonly act as catalyst in the oxidation or leaching processes
occurring in Nature. Leaching processes are influenced by various physicochemical
properties, such as the pH of descending aqueous solutions, the partial pressure of
oxygen (pO2) and the redox potential (Eh) of the solution (Vasconcelos et al., 2015, Taylor,
2011).

1.3.1 Copper Oxidation and Enrichment in Supergene

Below the Earth’s surface, the primary pyrite-bearing assemblages are hydrolysed and
oxidised releasing hydrogen and sulphate ions, resulting in a decrease in the pH of in the
descending ground water. Chalcopyrite are simultaneously breakdown releasing and
oxidizing Cu* to Cu?" and SO4* and transport downwards into the earth’s crust
encountering more reducing conditions. Equation 1 describes the breakdown (oxidation
dissolution) of chalcopyrite in the earth’s crust. The leaching process is accompanied by
the precipitation of iron oxyhydroxides (Fe(OH)3) in the leached zone with aqueous Cu?*
released from chalcopyrite oxidation dissolution. The leached zone of porphyry Cu
deposits can reach several hundred meters in thickness, with deep enough water table for

the supergene oxidation and enrichment processes (Taylor, 2011).

4CUF€SZ(S) + 1702(g) + 10H20(aq) - 4F€(0H)3(5) + 4CU2+(aq) + 8502(_(1(1) + 8H+(aq)
(1)

In the subjacent oxide zone, the concentration of copper is very high, and a variety of
copper oxides can be found in this layer including cuprite (Cu20) and tenorite (CuO)..
Those copper oxides are known as ‘green oxides’ due to the colour of mineral surface. In
the ‘green oxides’ zone, mineral assemblages are precipitated, which are controlled by the
different enclosing rock types and pH (Figure 6). The oxides layers are 200-300 m in
thickness, with more than 1% wt% Cu grade (Vasconcelos et al.,, 2015). When the
environment becomes more reduced, the secondary sulphides are formed with the
remaining Cu and the metal- and sulphate- rich solution via oxidation dissolution of the
hypogene sulphides (including pyrite, chalcopyrite and bornite). The free oxygen almost
disappears in this process. Under the high Cu?*/HS- condition, secondary chalcocite can
be formed in the top layers as illustrated in Figure 5. Under the lower Cu?*/HS- condition,

the precipitation of covellite may occur (Vasconcelos et al., 2015).
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Figure 5: The schematic diagram of supergene oxidation and enrichment process of Cu

(after Reich and Vasconcelos 2015).

Anderson (1982), Sillitoe (2005), Vasconcelos et al. (2015) have demonstrated the
possible stable phases of supergene copper sulphide minerals in an Eh-pH phase diagram
(Figure 6). In the saturated zone, chalcocite is relatively stable within pH 0-14, but covellite
precipitate in the pH range of 0-9. The copper sulphide minerals are the dominant product
in the enriched zone. The replacement of chalcopyrite by chalcocite or covellite has been

reported in the Kuferschiefer ore in Poland (Oszczepalski, 1999, Chaudhari et al. 2021
).

The thickness of enriched Cu sulphide zones in porphyry Cu deposits are generally tens to
hundreds of meters which can contribute more than 1.5 gigatons of ore with 0.4-1.7 wt%
Cu. In 2008, median Cu grade of 422 porphyry copper deposits is 0.44% (Singer et al.,
2008). The Cu grades in the supergene metal deposits are relatively higher than in the

hypogene sulphide minerals due to the Cu enrichment (Ayuso et al., 2010).
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Figure 6 The phase diagram of redox potential (Eh) and partial oxygen pressure (pO2)
against the pH representing the stability of the supergene dissolved copper species and
copper minerals (after Reich and Vasconcelos 2015). Conditions assumed: 25°C and 1

atm.

1.4 Mineral Replacement Reactions

Mineral replacement reactions generally take place when a mineral or mineral assemblage
interact with a fluid. This is because the system will tend to re-equilibrate to reduce the free
energy of the entire system. The dissolution of a mineral or mineral assemblage and the
precipitation of a product are the principal mechanisms of the mineral replacement
reaction. In Nature, mineral replacement reactions occur frequently, including chemical
weathering, metasomatism, metamorphism, and leaching. The common characteristics
and textural features of a fluid-mediated mineral replacement reaction has been reviewed
by Putnis (2009) as follows: a) The preservation of the external dimension and internal
details of the parent mineral by product phase; b) There is a sharp reaction front between
the parent and product minerals; c) The product mineral contains numerous pores and/or
cracks which allows the reaction front to consistently interact with the fluid; d) The parent

and product minerals have an epitaxic relationship when they have the same crystal
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structure; €) When the replacement reaction is associated with significant changes in
volume between the parent and product minerals, pores and fractures will be generated at
the reaction front. Table 1 summarised the previous studies on mineral replacement

reactions.

Table 1 Some examples of studies into the Nature of mineral replacement reactions.

Mineral Replacement Reaction Reference
Studies
Quartz — Gibbsite Nahon and Merino (1997)
Calcite — Fluorite Putnis (2009), Sippel and Glover (1965)
Aragonite, Calcite — Kasioptas et al. (2008)
Hydroxyapatite
KBr — KCI Putnis and Mezger (2004), Putnis et al.
(2005)
Leucite — Analcime Putnis et al. (1994), Putnis et al. (2007)
Bone — Calcite Pewkliang et al. (2008)
Calcite — Opal Pewkliang et al. (2008)
Magnetite — Pyrite Qian et al. (2010)
Pyrrhotite — Pyrite/Marcasite Qian et al. (2011)
SrS04 — SrF2/Sr(OH): Rendodn-Angeles et al. (2006)
Pentlandite — Violarite Tenailleau et al. (2006), Xia et al. (2009)
Calaverite — Gold Zhao et al. (2009)
Chalcopyrite — Bornite Zhao et al. (2014b)
Hematite — Chalcopyrite/Bornite = Zhao et al. (2014a)
Magnetite — Hematite Zhao et al. (2019)
Bornite and Chalcocite — Hidalgo et al. (2019)

Digenite

Chalcopyrite — Covellite/Digenite Chaudhari et al. (2021)
Bornite — Chalcopyrite/Copper Adegoke et al. (2022)
Sulphides

Figure 7 has illustrated the mineral replacement reaction of magnetite (FesO4) by pyrite
(FeSz) at 125°C and pH 4 for 504 hours (Qian et al., 2010). In the first stage, magnetite is
dissolved by H* and H2S and is released Fe?* in the solution at reaction front. Once the
concentration of aqueous Fe?* becomes supersaturated, precipitation of pyrite will occur
on the surface of magnetite. The replacement reaction initiates at the surface of magnetite
and then proceeds towards the core of magnetite until all magnetite has dissolved. For
pyrite, numerous pores and cracks have been observed which enables the hydrothermal

fluid to continuously interacts with the interface between magnetite and pyrite.
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Figure 7 The backscatter image of the mineral replacement reaction of magnetite by pyrite
at 125°C and pH 4 for 504 hours (Qian et al. 2010)

1.4.1 Pseudomorphic Replacement

The key feature of a pseudomorphic replacement reactions is the preservation of external
shape of primary minerals by secondary minerals. The degree of spatial pseudomorph of
the coupling mineral replacement reactions has been reported to vary from the nanometre
scale to the millimetre scale depending on cases (Xia et al. 2009). Rendén-Angeles et al.
(2006) carried out the replacement reaction of SrSO4 by SrF2/Sr(OH)2 under hydrothermal
conditions. SrF2 has preserved the very fine textural features of SrSO4 in the nanometre
scale, but Sr(OH)2 only preserves the external features at the large scale. Tenailleau et al.
(2006) and Xia et al. (2009) investigated the replacement of pentlandite (Fe, Ni)eSs by
violarite (Ni, Fe)sS4 and the roles of temperature and fluid composition in the mineral
replacement reaction. In the studies of Xia et al. (2009), the concept of the scale of
pseudomorphism was proposed to describe the degree of spatial coupling between the
dissolution and precipitation process. They reported that in this case the change of the
coupling between the primary mineral and the secondary mineral depends on the pH of
the reaction solution. When the reaction solutions are between pH 1-6, the rate-limiting
step is the dissolution of pentlandite and the nanometre scale preservation of the
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morphology and internal details of the parent phase by the product has been observed.
The precipitation of violarite appears to be rate-limiting under strong acidic condition
(pH<1) and the product only roughly preserved the morphology of pentlandite with a length
scale of 10’s of microns rather than nanometre. Figure 8 illustrates the importance of the
coupling between the dissolution rate of the parent and the precipitation rate of the
daughter product. When the precipitation rate is slower than the dissolution rate, a fluid
gap between the parent mineral and product phase will be formed at reaction front. The
fluid gap is widened if precipitation is slower than dissolution as illustrated in Figure 8a. On
the other hand, the fluid gap could not be formed when the precipitation rate is equal to, or
faster than the dissolution rate, resulting in preservation as illustrated in Figure 8b.
Therefore, the degree of coupling between the dissolution and precipitation rate
determines the scale of morphological preservation of the reaction (Putnis, 2002, Putnis,
2009, Altree-Williams et al., 2015).

b) Solution ;I;ransport

Solution Transport

c) Solution Transport

—

Figure 8 The schematic diagram of the effect of the coupling degree between dissolution
and precipitation on the gap generation at the reaction front between the parent and
product minerals. a) loose coupling when dissolution rate is greater than precipitation rate;
b) coupled parent mineral dissolution and product mineral precipitation; c) overgrowth
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because of the overall external dimension of the product phase is larger than the parent

grain.

1.4.2 Porosity and Cracks

The generation of pores and cracks is very important feature of mineral replacement
reactions in that they strongly affect the rate of the replacement of the parent minerals by
the product minerals. The porosity is also interacting with fluid pathways, which affects the
patterns of replacement. However, the relationship between the pre-existing fluid flow
paths and reaction-induced porosity affects fluid flow are poorly understood. Four different
mechanisms of porosity generation in mineral replacement reaction are proposed as
follows: 1) formation ‘homogeneous’ reaction-induced porosity in the product; 2) formation
of reaction-induced microfracturing at the reaction front; 3) generation of grain boundaries;

4) formation of cleavage planes and twin boundaries (Altree-Williams et al., 2015).

Reaction-induced pores enables the fluid is constantly contact with the replacement
reaction front, with mass transport between the bulk solution and the reaction interface. In
the replacement of leucite (KAISi2Oe) by analcime (NaAlSi2Os-H20), Xia et al. (2009b)
reported a typical reaction-induced porosity in the product textures, which is controlled by
the nucleation rate and growth mechanism of the daughter phase. The overall volume
change in the replacement reaction is also affects the textures. A highly ordered pore
network is observed in the product texture, which provides a pathway of species transport
between reaction front and bulk solution. The product nucleation mechanism controls the
nature of the porosity in the non-pseudomorphic replacement, when the rate-limiting step
is the precipitation (Altree-Williams et al., 2015).

Reaction-induced fractures are reported to be an important factor in the enhancement of
mineral replacement reactions (Janssen et al., 2010, Plumper et al., 2012, Jamtveit et al.,
2009). The formation of fractures is related to the deformation and deviatoric stresses
affiliated with tectonic processes (lyer et al., 2008, Putnis and Austrheim, 2010). Many
studies reported ICDR replacement reactions have influenced on fracture propagation
(Putnis et al., 2007, Jamtveit et al., 2009, Plimper et al., 2012). Plimper et al. (2012)
suggested the fracture propagation is initialized by stress accumulation in a ICDR

replacement with defected surface on parent phase.
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The formation of fractures is also associated with the volume changes between the parent
phase and product phase in a mineral replacement reaction. During the replacement
reaction, both tensile and compressional stresses are generated at the reaction front
between parent and product phase. Fractures are formed by the accumulated stresses,
which is more than the tensile strength of the parent phase or product phase. The patterns
of fractures formed are depends on the volume change (Altree-Williams et al., 2015). In
the replacement of pyrrhotite by pyrite/marcasite, Qian et al. (2011) has found the volume
of parent mineral (pyrrhotite) is reduced by 31% and 29% respectively, and large number
of fractures are formed in the final product (pyrite and marcasite). However, a 60%
increased volume was found in the replacement reaction of magnetite to pyrite or
marcasite (Qian et al., 2010). A significant number of pores and fractures has been
produced in the final product phase in order to preserve the external morphology from

parent phase.

In a relative dry system, the mass transport in mineral replacements is associated with the
fluid-saturated grain boundaries as it provides a pathway for diffusion (Altree-Williams et
al., 2015). The mass transport associated with grain boundaries is found an order of

magnitude faster than with reaction-induced porosity (Jonas et al., 2014).

Twin boundaries and cleavage planes are found in the mineral replacement with irregularly
shaped reaction front formation, which are important roles in the mass transport. In the
replacement of calcite (CaCQO3) by siderite (FeCO3) and dolomite (CaMg(C03)2), Pearce
et al. (2013) reported the products nucleate along the twin boundaries of parent phase.
Zhao et al. (2014b) found that bornite is continuing replace chalcopyrite along the
cleavage planes of chalcopyrite after the reaction-induced porosity is disappeared as the

reaction progresses.

1.5 Formation of Copper Sulphides

The processes of supergene enrichment of copper sulphide have been investigated by
Mcgauley et al. (1956) and used for metallurgical purposes. They mixed chalcopyrite with
cupric sulphate solution and heated up to 160-230 °C. The following reaction equation (2)
has been proposed. Chalcopyrite was treated with cupric sulphate solution under 180-200
°C as the equation (3) (Johnson and Coltrinari 1976).

CuFeSZ(S) + CuSO4(aq) - ZCU,S(S) + FeSO4,(aq) (2)
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3CU,F€SZ(aq) + 6CUSO4(aq) + 4H20(aq) - 5Cu1_85(s) + 3F€SO4(aq) + 4H2504(aq) (3)

This reaction was reported by Sohn (1981) in the temperature range of 55-90 °C. The
replacement rate was found to be very slow under these low temperature conditions. Sohn
(1981) suggested that covellite is an intermediate product in the reaction (equation 2). A

further enrichment of covellite has been observed which converted to digenite as equation

(4).

6CU,S(S) + 3CU,SO4(aq) + 4H20(aq) - 5Cu1_85(s) + 4H2504(aq) (4)

Chalcopyrite can also undergo the oxidation enrichment without adding cupric sulphate as
represented by equation (5). Jones (1974) observed covellite and elemental sulphur as the
final product above 140 °C (equation 5). In the study of the solubility of chalcopyrite

conducted by Icikuni (1960), they found reaction (6) is very slow and only Fe?* ions were

solubilized.
CUFeSZ(S) + 2H+(aq) + OZ(g) - CUS(S) + F62+(aq) + SO(S) + HZO(aq) (5)
CuFeSZ(S) + 2H+(aq) - CUS(S) + F€2+(aq) + HZS(aq) (6)

1.6 Mineral Replacement Reaction of Chalcopyrite

Jang (1992) has reported experiments on the hydrothermal conversion of chalcopyrite to
copper sulphides under 170-200 °C with 0.5 M sulphuric acid. The formation of covellite
and defected chalcocite (digenite) were found. They proposed chalcopyrite is converted to
covellite and then defected chalcocite (digenite) as represented by the anodic half-cell

electrochemical reaction (7), (8) and (9).

CUFeSZ(S) + 4H20(aq) - CUS(S) + F€2+(aq) + 504%(_(1‘]) + 8H+(aq) + 8e~ (7)
CuS(sy + 4H,0(qqy = Cu** (qq) + SOF ) + 8HY gy + 8e™ (8)
ZCU,S(aq) + Cu2+(aq) + 2e” > Cqu(aq) (9)

Zhao et al. (2014a) reported the replacement reaction of hematite by both chalcopyrite and

bornite via sulfidation at temperatures 200-300 °C in solutions containing Cu(l) and
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hydrogen sulphide. The replacement reaction proceeds via coupled dissolution-
reprecipitation with an increase of volume (230%) from the primary mineral (hematite) to
the product mineral (chalcopyrite). Adegoke et al. (2022) investigated the replacement
reaction of bornite by copper sulphides at temperatures 160-200 °C via fluid-induced solid-
state diffusion and coupled dissolution-reprecipitation. Chalcopyrite lamellae coated by
digenite was formed homogenously in the whole bornite grains by removing Fe3*.
Chalcopyrite was successfully replaced by bornite in solutions containing Cu(l) and
hydrosulphides in the temperature range of 200-320 °C. Digenite was found as a by-
product of the replacement reaction and the fraction is decreased as the temperature
increased from 200 °C (53%) to 320°C (10%) (Zhao et al., 2014b). The replacement
reaction of chalcopyrite by copper sulphides in CuCl2 and H2SO4 solutions at temperatures
in the range (180 to 300 °C) was investigated using an in situ cell in synchrotron powder X-
ray diffraction. Chalcopyrite was replaced by digenite-high at or above 200 °C or above via

interfacial dissolution-reprecipitation mechanism (Chaudhari et al., 2021).

Overall, five factors can affect the reaction of hydrothermal replacement of chalcopyrite by
covellite or chalcocite according to the previous studies of the enrichment of chalcopyrite.
The first one is the addition of cupric ions solution and both covellite and defect chalcocite
(digenite Cu1.8S) can be formed. The addition of oxygen is the second factor and the
covellite is most likely to be formed. Temperature is the third factor which has the influence
on the reaction rate. The other two factors are the pH of the solution (Xia et al., 2009) and

the particle size of chalcopyrite (Kimball et al., 2010, Tester et al., 1994).

1.7 Dissolution of Covellite

Covellite dissolution under acidic conditions has been extensively studied. Thomas and
Ingraham (1967) investigated the leach kinetics of synthetic covellite using 0.1 M sulfuric
acid and 0.25 M ferric sulphate at temperature from 25 to80 °C. The leaching reaction of
covellite is predominated by Equation (10). Ferric ions are the active agent in the leaching
process. Dutrizac and MacDonald (1974) also studied the dissolution of covellite in acidic
sulphate solution from 55-95 °C. They found elemental sulphur formed as the principal

sulfuric species during the leaching process as Equation (11).
CUS(S) + 4H20(aq) + 8F€3+(aq) - Cu2+(aq) + 8H+(aq) + SOZ(_aq) + 8F€2+(aq) (10)

CUS(S) + 2F63+(aq) - Cu2+(aq) + 2F€2+(aq) + SO(S) (1 1)
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ZCUS(S) + OZ(aq) + 4H+(aq) + ZCl_(aq) - ZCUCl+(aq) + ZHZO(aq) + SO(S) (12)

Covellite dissolution in oxygenated alkaline solutions were also conducted with complex
forming agents, ethylene diamine tetra-acetic acid (EDTA) and ethylene diamine (EDA).
The dissolution rate is dependent on the reagent concentration and pH value of solutions
(Tomasek and Neumann, 1982). Baba et al. (2017) studied the natural covellite dissolution
in alkaline ammonia solutions over the temperature range of 25-75 °C. They found stable
Cu(NHs)s>* complexes when covellite dissolves in NHsOH/(NHs)2SO4 solutions as
Equation (13).

CuS(sy + 4NH,OH aq) + 2(NHy)3SO4aq) > Cul(NH3)4]?* ) + 3507 (aqy + 4NHf aq) + 4Hz(g)

(aq)
(13)

1.8 Glycine

Glycine is an a-amino acid consisting of a carboxylic acid group and an amine group
(Figure 9A). It is an environmentally friendly reagent and can be easily digested in most
living organisms. In aqueous solutions, glycine can exist as three different forms which are
cation, zwitterion and anion. The equilibrium equation can be expressed as shown in
Figure 9B (Turner and Johnson, 1962). Another advantage of glycine is that it can
enhance the Cu ions solubility in aqueous solution by chelating copper (Aksu and Doyle,
2002). The stoichiometric equation of the formation of Cu-glycinate complex in alkaline

solution can be described by Equation (14).

o pK,; = 2.350 pK,, = 9.778
*H;NCH,COOH +« *H;NCH,COO~ < H,NCH,COO~
H,N (H,L™") (HL) L)
OH cation Zzwitterion anion

Figure 9 A) The chemical structure of glycine. B) The equilibrium equation of glycine three

aqueous forms cation, zwitterion and anion.

Cu2+(aq) + ZNHZCHZCOOH(aq) + ZOH_(aq) - CU(NHZCHZCOO)Z(aq) + 2H20(aq) (14)

Oraby and Eksteen (2014) used glycine as lixiviant agent to leach Cu selectively from a

gold-copper concentrate. They reported 98% of copper dissolved within 48 h under
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ambient conditions at pH 11, indicating that glycine might be able to leach Cu from copper-
bearing minerals. Tanda et al. (2017) studied the copper extraction from copper oxide
minerals in aqueous alkaline glycine solutions. They found the dissolution of malachite,
azurite and cuprite is very fast when the glycine to copper molar ratio is 4:1. A few studies
focused on Cu leaching from chalcopyrite in alkaline glycine solutions (Eksteen et al.,
2017, Tanda et al., 2019, Khezri et al., 2021, Shin et al., 2019b). Eksteen et al. (2017)
proposed a conceptual process to collect Cu from chalcopyrite in alkaline glycine solution.
They proposed that chalcopyrite dissolution in alkaline glycine solution occurs via Equation
(15). Tanda et al. (2019) investigated the kinetics and surface analysis and found iron
oxyhydroxide(s) on the leach residue surface. Tanda et al. (2018) investigated the kinetics
and mechanism of chalcocite leaching in alkaline glycine solutions. They proposed the
chalcocite leaching consists of two stages of chemical reactions as presented in Equation
(16) and (17). They reported the formation of covellite on the residue surface and
confirmed this by SEM-EDX and XPS during the first stage of leaching process. Covellite

are further dissolved by glycine and hydroxide ions and form cupric ions and sulphate ions.

CuFeSy sy + 2NH,CH,COOH qq) + 30H™ (4q) + 4.50,(5) = Cu(NH,CH,COOH) 3(4q) +
FeO(OH) () + 2507 (4q) + 2H;0aq) (15)

CUZS(S) + ZNHZCHZCOOH(aq) + OSOZ(Q) - CU(NHZCHZCOOH)Z(aq) + CUS(S) + HZO(aq)
(16)

C'U,S(S) + ZNHZCHZCOOH(aq) + ZOH_(aq) + 202(g) - CU(NHZCHZCOOH)Z(aq) + SOZ(_aq) +
ZHZO(aq) 17)

Covellite dissolution in alkaline glycine solution is not fully understood yet. Glycine is
selected as a chemical reagent as it is environmentally friendly and biodegradable. It also
has the potential be able to apply in in-situ covellite leaching. Chapter 5 is focused on the

covellite dissolution with glycine under alkaline conditions.

1.9 Research Objective

The goal of this research project is investigate the mechanism and kinetics of
transformation chalcopyrite to covellite or digenite in-situ and extract Cu through in-situ
copper sulphides dissolution at relatively low temperature conditions. Chapter 2 describes

the methodology and techniques used to achieve this goal. Chapter 3 is focused on the
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understanding of mechanism and kinetics for the replacement of chalcopyrite to covellite.
Experiments were conducted under hydrothermal conditions (120-200 °C) and various pH
conditions to investigate the optimal condition for the replacement reaction. Kinetic data
was fitted using the Avrami equation. The rate constant and the ‘modified time to a given
fraction’ methods were used to calculate the activation energy of replacement reactions
and covellite dissolution. The replacement reaction rate at room temperature was

estimated using extrapolate kinetic data.

Chapter 4 is focus on the replacement of chalcopyrite to digenite or covellite under
hydrothermal condition (140-200 °C) in acidic solution (pH 1-3). CuSO4 or CuCl2 was
added to achieve the Cu enrichment of chalcopyrite and form digenite. Activation energy of
chalcopyrite dissolution was determined by the rate constant method and the ‘modified

time to a given fraction’ method.

Chapter 5 presents a study on the covellite dissolution using an environmentally friendly
chemical reagent. Glycine in alkaline solutions were selected to investigate the dissolution
rate at low temperatures (25-55 °C). Shrinking core model was used to determine the

reaction rate constant. Activation energy was calculated by Arrhenius equation.

A conclusion of the overall experiment results and findings is presented in Chapter 6. The

future work and implication of this research project are discussed in Chapter 6.
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CHAPTER 2 METHODOLOGY

The research reported in this thesis has involved the use of a number of experimental
methods and analytical techniques. These methods included sample characterization and
crushing, preparation of buffer solution, powder X-ray diffraction, scanning electron
microscopy, inductively coupled plasma optical emission spectroscopy and X-ray
photoemission spectroscopy. These methods and techniques together with the
instrumentation used are briefly described below.

2.1 Chalcopyrite and Covellite Sample

The natural mineral chalcopyrite sample used in mineral replacement reaction experiments
is sourced from multiple mining sites of China and mixed homogeneously after grinding.
Covellite used in leaching experiments is sourced from Montana, USA. The identifications
and purity of chalcopyrite and covellite were established using a powder X-ray
diffractometer (Bruker D8 Advance Eco) at Flinders University. XRD analysis indicates that
the natural chalcopyrite sample (Figure 10) contains 9715 wt% chalcopyrite and 3+1.5
wt% quartz, and the natural covellite sample (Figure 11) contains 3+1.5 wt% pyrite, 14£2.5
wt% chalcopyrite and 8314.7 wt% covellite. Chalcopyrite and covellite were crushed with a
jaw crusher and a rolling mill, then wet-sieved into four different size fractions of 38-75 um,
75-150 pm, 150-425 pm and 425-1020 uym.

All mineral particles were washed in an ultrasonic bath with distilled water to remove the
fine particles on the surface. 3 M hydrochloric acid solution was used to dissolve the
oxidised layer on the mineral particle surface. The sample was washed with 50%, 70%
and 100% ethanol one by one from lowest to highest concentration to remove the water
and left under vacuum for drying. All washed mineral samples were stored in a freezer

below -80 °C prior to use in experiments.
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Figure 10 The XRD patterns of the unreacted chalcopyrite sample sourced from multiple minting of China. The blue marker reflects the
position of chalcopyrite.
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Figure 11 The XRD patterns of the unreacted covellite sample sourced from Montana, USA. The green marker reflects the position of
covellite.
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The elemental composition of natural chalcopyrite was measured using ICP-MS. 0.25 g of
mineral sample was dissolved in 5 ml Aqua regia in an Anton Parr ECO microwave.
Samples were made up to 50 ml and diluted as necessary for analysis. Each elemental
composition analysis was performed in triplicate. The natural chalcopyrite sample was
found to consist of 29.16 + 0.53% Fe, 34.93 + 1.09% Cu, 0.12 £ 0.003% Pb, 0.02 +
0.0003% Zn, 0.005 + 0.0006% Ni and 35.76 + 0.52% S.

Two natural covellite sample (250 mg) were digested in two separate Teflon digestion
tubes containing Aqua Regia (5 ml) and heated up in an Anton Parr microwave (175 °C)
prior to analysis. After the samples were cooled to room temperature and diluted up to 50
ml with Milli-Q water. Each sample were analysed in duplicated for ICP-OES to determine
the concentration of Cu, Fe and S, ICP-MS for As, Pb, Zn, Ni and Mn. The elemental
composition of covellite sample is summarised in Table 3, consisted of 31.11 + 3.03% S,
67.48 + 1.08% Cu, 1.41 £ 0.09% Fe and trace amount of As, Pb, Zn, Ni and Mn (0.001%).

Table 2 The elemental composition of natural chalcopyrite used in mineral replacement
reaction experiments determined by ICP-MS.

Elemental Fe Cu Pb Zn Ni S

Composition

Concentration (mg/g) 288 345 1.2 0.2 0.05 354
wt% 29.16  34.93 0.12 0.02 0.005 35.76

Table 3 The elemental composition of natural covellite used in covellite dissolution in
alkaline glycine solution determined by ICP-MS.

Elemental Fe Cu Pb As Zn Ni Mn S

Composition

Concentration (mg/g) 12.4 635 0.01 0.01 0.01 0.01 0.01 315
wt% 141 6748 0.001 0.001 0.001 0.001 0.001 31.11

2.2 Preparation of Buffer Solutions

Buffer solutions were prepared at pH 0.7, 1, 1.5, 3, 4, 5, 6, 7, 9 and 11 for the mineral
replacement reaction experiments. Each buffer solution was prepared using Milli-Q water.
The components of the buffer solutions are summarized in Table 4. Hydrochloric acid and

potassium chloride solutions were used for pH 1 and 2 buffer solutions as per previous
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mineral replacement reaction studies (Xia et al., 2009, Qian et al., 2010, Qian et al., 2011).
Acetic acid and sodium acetate solutions were used for pH 3, 4 and 5 buffer solutions (Xia
et al., 2009, Zhao et al., 2009, Qian et al., 2011, Zhao et al., 2014).. The pathways used to
synthesize covellite by replacing chalcopyrite aerobically and anaerobically were proposed
as equations (18) and (19) respectively. Therefore, those acids and conjugated bases are

selected to prepare the buffer solutions in this research.
CuFeSZ(S) + 2H+(aq) + 02(aq) i CU,S(S) + F62+(aq) + SO(S) + HZO(aq) (18)
CuFeSz(aq) + 2H+(aq) i C'U,S(s) + F62+(aq) + HZS(aq) (19)

In order to form digenite, additional CuCl2 solutions were added to complete the Cu

enrichment on chalcopyrite as the following reaction equation (20).

3C'LLF€SZ(aq) + 6CUClz(aq) + 2H+(aq) + 202(g) - 5CU1_85(S) + 3FeCl2(aq) + HZSO4-(aq) +
6C1" (aq) (20)

Solutions used in covellite leaching experiments were prepared by dissolving specific
amounts of glycine (0.5 M) in Milli-Q water, followed by pH adjustment to 11 with addition
of NaOH pellets.

The initial pH of each buffer solution was measured at room temperature using a
temperature-corrected pH/lon/mV Meter (Thermo Electron Corporation, model Orion
720A+) with an Ag/AgCl pH probe. Probe calibrations were performed daily using
QUASPEX standard buffer solutions including KH-phthalate buffer (pH2sc 4.01),
phosphate (pHz2s°c 7.00), and carbonate buffer (pH2s°c 10.01).

Table 4 The buffer solutions and their composition.

Buffer Initial Component

Solutions PHzoc

pH 0.5 0.70 0.316 M HCI

pH1 1.01 0.111 M HCI + 0.05 M KCI

pH 1.5 1.52 0.035 M HCI + 0.05 M KCI

pH 2 2.01 0.011 M HCI + 0.05 M KCI

pH 2.5 2.52 0.004 M HCI + 0.05 M KCI

pH 3 3.09 0.098 M CH3COOH + 0.018 M CH3COONa
pH 4 4.66 0.033 M CH3COOH + 0.036 M CH3COONa
pH5 5.75 0.012 M CH3 COOH + 0.140 M CH3COONa
pH 6 6.02 0.006 M NaOH + 0.05 M KH2PO4

pH7 713 0.029 M NaOH + 0.05 M KH2PO4
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pHO 9.47 0.00046 M HCI + 0.125 M Na2[B40O5(0OH)4]-8H20
pH 11 11.67 0.0041 M NaOH + 0.025 M Na2HPO4

2.3 Apparatus

The hydrothermal replacement reactions of chalcopyrite to covellite or digenite were
conducted using the 25 mL polytetrafluoroethylene-lined (PTFE) jackets (Figure 12) The
maximum working temperature for the PTFE cells is approximately 220 °C, and therefore it
is safe to be used in the hydrothermal experiments in this research project (120-200 °C).
Reactors were heated up in ovens set at specific temperature as shown in Figure 14. The
stainless-steel jacketed PTFE cells were quenched by cold water after reaction. Solutions
were collected for pH measurement and ICP-OES analysis, and solid products were
obtained for SEM and XRD analyse.

Covellite dissolution experiments were conducted in 1 L glass reactor vessels with
magnetic stirrers applied for stirring on a hot plate. The temperature was checked twice a
day by a thermometer to ensure it is stable. Each reactor was equipped with a lid that
contained 5 ports and each port was sealed by parafilm to avoid the solution loss from
except when one of the ports was required for N2 or compressed air purging required. The
solid-weight to liquid-volume ratio of all covellite leaching experiments was set up to 4 g/L.
pH of the solution were regularly checked with the same pH meter used in mineral
replacement reactions. Solutions were collected and filtered using Millipore syringe filter of
0.45 pm for ICP-OES analysis. The leaching residue was collected for SEM imaging and
EDAX and qualitative XRD analysis to identify the formed solid product.
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Figure 12 The PTFE cell (Left) and stainless-steel jacket (Right) used in hydrothermal
replacement reaction of chalcopyrite to covellite or digenite.

N o s w N =

Figure 13 Schematic diagram of PTFE cells equipped with stainless-steel jacket. 1
stainless steel cap, 2 stainless steel spring, 3 PTFE cap, 4 PTFE body, 5 buffer solution, 6
mineral particles, 7 stainless steel body.
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Figure 14 The ovens used in this research project to heat up. The maximum temperature
of ovens is 500°C.

Figure 15 The reactor used in covellite leaching experiments equipped with condenser.
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2.4 Powder X-ray Diffraction

Powder X-ray diffraction (XRD) is a commonly used technique to both qualitatively and
quantitatively analyse crystalline powdered samples. The principal theory of XRD is based

on the Bragg’s law written as equation (21)
nA = 2dsinf (21)

In equation (21), n is an integer determined by the order given (1, £2, etc.) A represents
the wavelength of incident X-ray, d is the distance of crystal {hkl} planes, and 6 is the
diffraction angle. The constructive interference occurs at a specific angle when 2dsin6
equal to an integer multiple of the X-ray wavelength. Pecharsky and Zavalij (2008) has

given more detailed principles of XRD.

Figure 16 The illustration of Bragg's law. (Dinnebier and Billing, 2008)

In this project, XRD in Flinders Microscopy and Microanalysis (FMMA) was used to identify
the composition of the primary mineral and final solid products from the hydrothermal
reactions and covellite leaching experiments. Samples were ground with acetone before
loaded onto the rotatory stage. Co Kai X-radiation (A = 1.790 A) generated at 35 kV and
28 mA was used to collect the mineral phase information of sample with 26 angel ranging
from 10° to 90° with 0.0195° increment. Each spectrum was collected with 4106 steps with
0.6 seconds per step. A strong preferred orientation was observed on the XRD patterns of

the synthetic covellite from the {0 0 6} planes (Figure 17). Capillary tube stage was then
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used to quantify the synthetic covellite collected from the mineral replacement reaction in
order to minimize the preferred orientation from the {0 O 6} planes (Figure 18). The
quenched product was grounded with acetone and loaded into a silica glass capillary tube
(0.7 mm in diameter). The XRD patterns were collected with 28 angle from 30° to 90°, due
to the poor background from 10° to 30°, with the same increment and rotation speed The
mineral phase identification was conducted using Bruker Diffrac Eva V4.1.1 program with
PDF-4 2020 database.

The XRD data of chalcopyrite and covellite were summarized in the following tables (Table
5, 6 and 7). The XRD patterns of natural chalcopyrite sample have strong diffractions from
{112},{220},{024},{3 12} and {0 3 3} planes. The synthetic covellite showed {0 1 2},
{013,{006}, {017} {110}, {018} and {1 1 6} diffractions. Chalcopyrite {1 1 2}
diffraction and covellite {0 1 2} diffraction at 34° of 20 angle, overlapped significantly.
Therefore, chalcopyrite residue was identified using two typical {hkl} diffractions at 58° and
59° after the mineral replacement reaction. Digenite can be identified based on diffractions
from {hkl} planes of {1 11},{002},{022},{310},{311}and {00 4}.
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Figure 17 X-ray powder diffraction patterns of natural chalcopyrite and synthetic covellite in mineral replacement reaction. Sample

loaded on the zero-background silicon substrate rotary stage.
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Figure 18 X-ray powder diffraction patterns of natural chalcopyrite and synthetic covellite in mineral replacement reaction. Sample
loaded into the 0.7 mm diameter quartz capillary tube with capillary stage.
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Figure 19 X-ray powder diffraction patterns of digenite synthesized by mineral replacement reaction of chalcopyrite with rotary stage.
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Table 5 X-ray powder diffraction data of synthetic covellite.

hkl Planes d hkl Planes d
{002} 8.16840 {020} 1.64040
{004} 4.08420 {00 10} 1.63368
{010} 3.28079 {022} 1.60829
{011 3.21657 {019 1.58830
{012} 3.04441 {023} 1.57068
{013} 2.81019 {116} 1.55492
{00 6} 2.72280 {025} 1.46601
{014 2.55776 {0110} 1.46240
{015} 2.31511 {026} 1.40510
{016} 2.09522 {118} 1.38873
{008} 2.04210 {0012} 1.36140
{017 1.90174 {0111} 1.35299
{110} 1.89417 027 1.34205
{112} 1.84520 {02 8} 1.27888
{018} 1.73369 {020} 1.64040
Table 6 X-ray powder diffraction data of natural chalcopyrite.

hikl Planes d hkl Planes d

{011 4.71255 {024 1.85431
{112 3.03575 {312} 1.59126
{020} 2.64250 {116} 1.57378
{004} 2.60272 {02 6} 1.45041
{220 1.86853 {017} 1.43166
{040} 1.32125 {008} 1.30136

Table 7 X-ray powder diffraction data of synthetic digenite.

hkl Planes d

{111} 3.19997
{002} 2.77125
{022} 1.95957
{311} 1.67113
{222} 1.59998
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{004} 1.38563

The Rietveld quantitative phase analysis method (QPA) was used in this research project
to quantify the reaction extent of the replacement reaction product. The program of
TOPAS (Bruker, 2009) was mainly used to quantify the reaction extent of chalcopyrite,
covellite and digenite in the solid product collected from mineral replacement reaction. The
quality of the refinement can be determined by goodness-of-fit parameter (Rp, Rwp, GOF).

Each parameter can be defined as following equation:

1

R-pattern: R, = [W : (22)
1
—v. 3212
R-weighted pattern: R, = [Z ana/:;()z;,m) i (23)
1
M-p |z
R-expected: Rexp = [m] (24)
5 1
Ry - 212
Goodness of fit: GOF = X? = [ . ] = [Zwm(yo,m Yem) ]2 (25)
exp M-P

in which yom and ycm are the observed and calculated diffraction intensities respectively
collected at data point m, M is the number of data observed, P is the number of
parameters being estimated, wm is the weighting given to each data point m. GOF value is
expected to be close to 1 with a good refinement. The weight percentages of the involved

mineral phases are determined by the following equation:

_ (SZMV)p
P yi(szMv);

(26)

where S is represents the scale factor, Z is the number of formula units of each unit cell, M
is the molar mass of the formula unit, V is the total volume of unit cell and i is an index
running over all mineral phases. Young (1993) provides more details of Rietveld

refinement method. The RAW format files obtained using XRD were loaded as scan file
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using TOPAS 4.2 program by left-click file’ at the top-left corner as illustrated in Figure
20A. A Chebychev polynomial background function was used to refine the background.
Goniometer radii were set at 250° (Figure 20B). CoKa3./lam file was selected as emission
profile, but CoKa3 was deleted as only CoKa71 and CoKa2 were used as X-ray source in
this project with the areas were set at 0.666:0.333 (Figure 20C). Interested mineral CIF
files were loaded to quantify each mineral phase with PV_MOD peak type. All mineral CIF
files used in mineral phase quantification were sourced from the American Mineralogist
Crystal Structure Database website. The chalcopyrite CIF file is originally from Knight et al.
(2011), quartz file is from Levien et al. (1980), covellite file is from Berry (1954), digenite
file is from Will et al. (2002) and hematite is from Blake et al. (1966). In each mineral
phase of sites section, the numbers in x, y and z column were converted to a fraction
number if possible. Corresponding element with correct oxidation state in the mineral
phase were selected and run the refinement. This method tends to underestimate the
errors as those solid products dissolved in solution or adhered to the surface of PTFE
reactors were not counted. Those reaction extent quantification errors are the main
reasons for the declining reaction extent observed at longer experimental durations for

some experiments.
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Figure 21 X-ray diffractometer in Flinders Microscopy and Microanalysis (FMMA) (Bruker,
Eco D8 Advance).

2.5 Scanning Electron Microscopy (SEM)

Scanning electron microscope (SEM) imaging is one of the common techniques used to
obtain the surface image of samples in the nanometre to centimetre scale. In this
research, the morphological information of the product surface was obtained from SEM in
FMMA. After a focused beam of electrons interacts with the surface of the sample, various
processes including secondary electrons, backscattered electrons and characteristic X-ray
will be produced after the electrons interact with the sample. The morphological
information is detected by the secondary electrons emitted by the excitation of atoms by
the electron beam (McMullan, 1995).

Backscattered electrons are the scattered primary electrons after the electron beam
introduce the surface of sample and reflect. Those elements with higher atomic number
tend to have more BSE and resulting a brighter image. Thus, BSE imaging is used to

collect compositional variations in the sample.

In energy dispersive analysis of X-rays (EDAX), the inner electrons of the atoms on the

sample are excited and ionized. After the inner electrons being excited and ionized, the
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gap will be filled by outer electrons. A characteristic X-ray will be generated after this
process due to the releasing of excess energy. These characteristic X-rays will be
collected and used to characterize the elemental composition of the sample (Goldstein et
al., 2017). In this project, this technique was used to qualitative the chemical composition

of the final product from the hydrothermal reactions.

Secondary

Backscattered Primary
electron Primary

G>electron electron

Primary o Characteristic X-ray

electron

Figure 22 Formation of different electrons from incident X-rays or electrons. Secondary
electrons are emitted from inelastic collisions with electrons in the valence shell.
Backscattered electrons are formed from elastically scattering events with larger atoms.
Characteristic X-rays are formed by the ejection of inner shell electron and fill in by an
electron from higher orbital.
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Figure 23 Schematic diagram of the preparation of epoxy resin coated chalcopyrite SEM
sample used to observing the cross section of reacted grains.
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Figure 24 Field Emission Scannlng electron microscope in FMMA equped with EDAX,
BSE and SE detector. (Inspect F50)

All samples were mounted on carbon tape and carbon coated using a spin coater to
investigate the surface morphology. Large particle size (425-1025 pym) of chalcopyrite
grains were selected to imaging the cross sections of partially reacted chalcopyrite. It was
embedded in epoxy resin made by 50:50 resin and hardener, and then evacuated under
vacuum to remove air bubbles. After the epoxy resins were cured, they were polished by
sandpapers (P120-P1200) and diamond paste (3um and 1um). It was carbon coated (5-10
nm in thickness) prior to SEM and BSE imaging and EDAX analysis.

2.6 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES)

ICP-OES is one of common analytical techniques used to quantify certain elements
contains in a sample. When atoms or ions absorb energy from inductively coupled plasma,
the electrons will move from the ground state to an excited state. A light at specific
wavelengths is released when the excited atoms or ions transits to a lower energy level,
usually the ground state. The ICP-OES uses the emitted light at a specific wavelength to
determine which element it is. The amount of emitted light at a specific wavelength is
increasing as the number of atoms or ions making the transition increase. A calibration
graph is established from a series of specific element standard solutions. The

concentration of specific element is calculated by using the calibration graph.
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Figure 25 After an atom is excited by absorbing energy, an electron transits to higher
energy level orbital. The atom may transfer to a lower energy state by releasing a photon.

In this research project, ICP-OES in Flinders Analytical was used to determine the
concentration of S, Cu and Fe in the solution collected from mineral replacement reaction
experiments and measure the concentration of Cu in the alkaline glycine solution from
covellite leaching experiments. Each sample was filtered through a 0.5 ym syringe filter
and diluted with 2% HNO3 solution either 100x or 1000x. A 10 ppm Mn solution and a 1
ppm Mn solution were used for daily torch axial and radial alignment respectively. Yttrium
solution was used as an internal standard. Cu metal solution digested by 2% HNO3
solution was used to prepared Cu standard solution. 1000ppm Cu copper metal solution
was used as stock solution to prepare 10 ppm Cu solution by 100x dilution. The standard
solutions were prepared as showed in Table 8. Pure 2% HNOs3 solution was used as a

blank solution.

Table 8 Preparation of Cu standard solutions for ICP-OES analysis using 10ppm Cu stock
solution.

Standard Solution 2% HNO;3 (mL) Stock Solution (mL)
S5ppm 5 5
2ppm 2 8
1ppm 1 9
500ppb 0.5 9.5
250ppb 0.25 9.75
100ppb 0.1 9.9
75ppb 0.075 9.925
50ppb 0.05 9.95
25ppb 0.025 9.975
10ppb 0.01 9.99
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Figure 26 Inductively Coupled Plasma Optical Emission Spectrometry in Flinders
Analytical (PerkinElmer Optima 8000).
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2.7 X-ray Photoemission Spectroscopy

XPS is one of widely used techniques for mineral surface studies. Mg Ka (1253.6 eV) and
Al Ka (1486.6 eV) are two most commonly used X-ray sources. A monochromator is
generally used to reduce peak width of the X-ray source. X-ray’s bombard the sample
under an ultra-high vacuum and cause electron ejection form the core level of an atom.
The hole in the core level will be filled by electron from higher energy level orbital. XPS
measures the kinetic energy (Ex) of the emitted electrons, and the binding energy (Esg) is
given by Equation (27). hv represents the incident radiation energy, and ¢ is the work
function of minimum energy required to cause electron ejection. The binding energy can

be used to determine the element and its chemical state.
Ex =hv— Ez— ¢ (27)

A Kratos Axis Ultra XPS (Monochromatized AlKa X-ray; 1487eV) from University of South
Australia was used to determine the chemical state of elements on the surface of
chalcopyrite partially replaced by covellite. The XPS analysis was performed in a cold
stage at temperature of -168°C and under ultra-high vacuum (=102 Torr). The unreacted
chalcopyrite XPS samples were stored in a freezer at -80°C after surface cleaning (see
section 2.2). Reacted chalcopyrite XPS samples were prepared by exposes chalcopyrite to
buffer solutions (pH 0.5, 1 and 1.5 were used) at 180°C for 2 hours. After quenching,
samples were collected in a N2-purged glove box and rinsed by fresh N2-purged buffer
solutions. All samples were snap frozen by liquid nitrogen and stored in a -80°C freezer
until analysis. Survey scan spectra of all samples were collected with 20 eV pass energy,
and it can identify the chemical composition onto the surface. S 2p spectra were collected
with 10 eV pass energy and they were used to identify the sulfur species formed on the

surface of chalcopyrite after reaction for 2 h.
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Figure 27: lllustration of photoemission effect.

CasaXPS software (Fairley, 2009) was used in this project to analyse the collected XPS
spectra. The calibration of all spectra was performed by aligning C 7s peak to 284.8 eV
(Metson, 1999). Shirley background was applied in all survey scan spectra and sulphur 2p
spectra (Shirley, 1972). 50:50 Gaussian and Lorentzian function was used to fit all sulphur
2p spectra. S 2p peaks generally combined with two peaks (S 2ps» and S 2ps») because
of the spin orbit splitting. The S 2ps» peak has 1.19 eV higher binding energy than that of
S 2p12. The intensity of S 2ps» peak is twice of S 2p1» (Nesbitt and Muir, 1998, Schauful®
et al., 1998, Yang et al., 2015).

The fracture surface of chalcopyrite has been reported a number of sulphur species
contribute to the S 2p spectrum, which including fully coordinated bulk S atoms (S 2ps/»
binding energy of 161.33 eV), surface monosulphide (S 2ps~ binding energy of 160.84 eV)
and surface polysulphide species (2ps» binding energy of 161.88 eV) (Harmer et al.,
2004). An elemental sulphur found on the leached chalcopyrite surface and has a S 2p3/»
binding energy of 164.1 eV (Nesbitt and Muir, 1998, Harmer et al., 2006).
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Table 9 The binding energy of each sulphur specie in chalcopyrite used to fit XPS S 2p
spectrum.

Sulphur Species Binding energy (2pz:2)

Fully coordinated bulk S 161.33eV (Nesbitt and Muir, 1998, Harmer et al., 2004,
Harmer et al, 2006, Yang et al., 2015)

Surface monosulphides 160.84eV (Nesbitt and Muir, 1998, Harmer et al., 2004,
Harmer et al, 2006, Yang et al., 2015)

Surface polysulfides 163.3eV (Nesbitt and Muir, 1998, Harmer et al., 2004,
Harmer et al, 2006, Yang et al., 2015)
Elemental sulphur 164.1eV (Nesbitt and Muir, 1998, Harmer et al., 2004,
Harmer et al, 2006, Yang et al., 2015)
Sulphate 167.5eV (Harmer et al., 2006)
Energy loss feature 163.8eV (Fujisawa et al., 1994, Harmer et al., 2004, Yang
et al., 2015)

Table 10 The binding energy of each Cu and Fe species found in chalcopyrite XPS
spectrum.

Cu and Fe Species in Chalcopyrite Binding energy

Cu (I)-S 931.8eV (Sarah L. Harmer, 2006, Pearce et
al., 2006, Gonh et al., 2006)

Fe(lll)-S 708.2eV (Mcintyre and Zetaruk, 1977, Sarah L.
Harmer, 2006, Yang et al., 2015)

Fe(lll)-O-OH 711.0eV (Mclintyre and Zetaruk, 1977, Sarah L.

Harmer, 2006, Yang et al., 2015)
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CHAPTER 3 THE REPLACEMENT REACTION OF
CHALCOPYRITE BY COVELLITE UNDER HYDROTHERMAL
CONDITION

3.1 Introduction

Mineral replacement reactions involving hydrothermal fluids occur widely in Nature.
Previous studies of mineral replacement reaction suggested they are more likely to
proceeds via an interfacial coupled dissolution and reprecipitation (ICDR) reaction
mechanism (Putnis, 2002, Putnis, 2009, Xia et al., 2009, Qian et al., 2010, Qian et al.,
2011, Zhao et al., 2014a, Zhao et al., 2014b). Chalcopyrite (CuFeS2) is well-known as the
most economically important and widespread Cu-bearing mineral (Cérdoba et al., 2008).
The formation of chalcopyrite is generally associated with Cu-rich saline hydrothermal
fluids in the hypogene zone of ore deposits. Chalcopyrite will also react with hydrothermal
fluids, often undergoing altered or replaced reaction, forming other copper sulphides
including covellite (CuS), digenite (Cu1.8S), chalcocite (Cu2S) and bornite (CusFeSa4) (Zhao
et al., 2014b, Li et al., 2018, Chaudhari et al., 2021). In supergene deposits, covellite is
found as a replacement reaction product on the surface of chalcopyrite at Butte, Montana,
and Summitville. Colorado, U.S.A and other localities (Anthony, 1995). It suggests that the
alteration of chalcopyrite to covellite in supergene mineral deposits proceeds via ICDR
mechanism. Xia et al. (2009) first reported the effect of dissolution and precipitation
kinetics in decoupling of the replacement of pentlandite by violarite by a ICDR reaction.
The kinetic controls on the replacement reaction of chalcopyrite by covellite have not been
studied in detail, but it is very important in the understanding of reaction mechanism and
determination of rate-limiting step of the replacement reaction. In this chapter, the
mechanism and kinetics of replacement reaction of chalcopyrite by covellite were
systematically investigated across a range of different parameters to establish their effect
on the reaction rates. The parameters investigated in this set of experiments including pH
of solution, oxidant concentration, temperature, specific surface area and Fe and Cu ions

concentration in solution.

3.2 Methodology

3.2.1 Hydrothermal Reaction Experiments
PTFE-lined (25 mLs) stainless-steel autoclaves were used as container for all mineral
replacement reaction experiments. The source and composition of natural chalcopyrite

sample is described in Section 2.1. All chalcopyrite grains used in this Chapter were
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washed and sonicated as Section 2.1, resulting a clean surface (Figure 28A) and free of
fine particles on the surface. Buffer solutions and its composition were included in section
2.2. pH 0.7-11 buffer solutions were used in the experiments in this chapter. A grain size of
75-150 um for the chalcopyrite was used in all experiments in a temperature range of 120-
200 °C in all runs except the experiments were probing the effect of specific surface area.
The solid mass to fluid volume (S/F) ratio was set at 2 g/L in all experiments except the
experiments on the effect of S/F ratio. Table 11 was summarized all of the experiments
performed in this chapter under different conditions. All experiments were quenched in
cold water upon removal from the ovens, solutions were filtered by 0.5 um syringe filter
and measure the concentration of Cu, Fe and S were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES). Solid residues were collected and
ground with acetone for mineral product identification by X-ray powder diffraction (XRD).
All scanning electron microscopy (SEM) sample was carbon coated (5-10 nm thick) prior
to secondary electron (SE) and backscattered (BSE) imaging. Quantitative phase analysis
of reaction extent in solid residue was carried out using PXRD data analysed using
TOPAS. Mineral CIF files used in TOPAS (Bruker, 2009) was downloaded from American
Mineralogist Crystal Structure Database website and sourced from Knight et al. (2011)
(chalcopyrite) and Berry (1954) (covellite). X%3°where X is the reaction extent of mineral
was used to determine the errors of uncertainties in Rietveld refinement method at 95%
confidence level (Geelhoed et al.,, 2002, Qian et al.,, 2017). The Rietveld phase
quantification methods does not consider all errors and uncertainties in the reactions.
Some mineral particles may dissolved in solution or stuck to the surface of PTFE

autoclaves. Those errors are the reasons why some reactions appear run backwards.

Table 11 Summary of experimental conditions for chalcopyrite replaced by covellite under

hydrothermal conditions.
Experiments® T(°C) Measured S/F Time  Filling H20:2 Particle wt% of product®
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pH (g/L) (h) gas (mmol) size (um)

A73 180 0.7 2 24 Air 0.44 75-150 Cpy(29), Cv(71)
A53 180 1 2 24 Air 0.44 75-150 Cpy(60), Cv(40)
A93 180 1.5 2 24 Air 0.44 75-150 Cpy(75), Cv(25)
D1 180 2.04 2 24 Air 0.44 75-150 Cpy(90), Cv(10)
A1 180 3.05 2 24 Air 0.44 75-150 Cpy(100), Cv(0)
A2 180 4.61 2 24 Air 0.44 75-150 Cpy(100), Cv(0)
A3 180 5.67 2 24 Air 0.44 75-150 Cpy(100), Cv(0)
A4 180 5.98 2 24 Air 0.44 75-150 Cpy(100), Cv(0)
A5 180 7.01 2 24 Air 0.44 75-150 Cpy(100), Cv(0)
A6 180 9.13 2 24 Air 0.44 75-150 Cpy(100), Cv(0)
A7 180 11.11 2 24 Air 0.44 75-150 Cpy(100), Cv(0)
D9 180 2.04 2 1464  Air 0.44 75-150 Cpy(36), Cv(64)
A11 180 3.05 2 1464  Air 0.44 75-150 Cpy(64), Cv(36)
A12 180 4.61 2 1464  Air 0.44 75-150 Cpy(70), Cv(30)
A13 180 5.67 2 1464  Air 0.44 75-150 Cpy(100), Cv(0)
A14 180 5.98 2 1464  Air 0.44 75-150 Cpy(100), Cv(0)
A15 180 7.01 2 1464  Air 0.44 75-150 Cpy(100), Cv(0)
A16 180 9.13 2 1464  Air 0.44 75-150 Cpy(100), Cv(0)
A17 180 11.11 2 1464  Air 0.44 75-150 Cpy(100), Cv(0)
A21 180 1 2 24 Air 0.44 38-75 Cpy(68), Cv(32)
A22 180 1 2 24 Air 0.44 150-425  Cpy(80), Cv(20)
A23 180 1 2 24 Air 0.44 425-1020 Cpy(90), Cv(10)
A28 180 1 2 24 N2 0 75-150 Cpy(92), Cv(8)
A30 180 1 2 24 Air 0.88 75-150 Cpy(18), Cv(82)
A31 180 1 2 24 Air 1.76 75-150 Cpy(19), Cv(81)
AM 180 1 1 24 Air 0.88 75-150 Cpy(4), Cv(96)
A42 180 1 4 24 Air 0.88 75-150 Cpy(18), Cv(82)
A43 180 1 8 24 Air 0.88 75-150 Cpy(10), Cv(90)
A44 160 1 1 24 Air 0.88 75-150 Cpy(91), Cv(7)
A45 160 1 2 24 Air 0.88 75-150 Cpy(33), Cv(67)
A46 160 1 4 24 Air 0.88 75-150 Cpy(45), Cv(55)
A47 160 1 8 24 Air 0.88 75-150 Cpy(49), Cv(51)
A44A 140 1 1 24 Air 0.88 75-150 Cpy(0), S(100), Cv(0)
A45A 140 1 2 24 Air 0.88 75-150 Cpy(0), S(100), Cv(0)
A46A 140 1 4 24 Air 0.88 75-150 Cpy(2), S(96), Cv(2)
A4TA 140 1 8 24 Air 0.88 75-150 Cpy(14), S(60), Cv(26)
A48 200 1 1 24 Air 0.88 75-150 Cpy(0), Cv(100)
A48A 200 1 2 24 Air 0.88 75-150 Cpy(0), Cv(100)
A49 200 1 4 24 Air 0.88 75-150 Cpy(0), Cv(100)
A49A 200 1 8 24 Air 0.88 75-150 Cpy(49), Cv(51)
A108¢ 180 1 2 24 N2 0 75-150 Cpy(62), Cv(38)
A109¢ 180 1 2 24 N2 0 75-150 Cpy(35), Cv(65)
A110¢ 180 1 2 24 N2 0 75-150 Cpy(42), Cv(49), Dg (7)
A111¢ 180 1 2 24 N2 0 75-150 Cpy(78), Cv(22)
A112¢ 180 1 2 24 N2 0 75-150 Cpy(84), Cv(16)
A113¢ 180 1 2 24 N2 0 75-150 Cpy(86), Cv(14)
A114¢ 180 1 2 24 N2 0 75-150 Cpy(76), Cv(24)
A115¢ 180 1 2 24 N2 0 75-150 Cpy(66), Cv(34)
A116° 180 1 2 24 N2 0 75-150 Cpy(62), Cv(38)
AT 180 1 2 24 N2 0 75-150 Cpy(88), Cv(12)
A118f 180 1 2 24 N2 0 75-150 Cpy(88), Cv(12)
A119f 180 1 2 24 N2 0 75-150 Cpy(86), Cv(14)
A51-A62 180 1 2 2-234  Air 0.44 75-150 See kinetic study result
A71-A82 180 0.7 2 2-39 Air 0.44 75-150
A91-A102 180 1.5 2 2-820 Air 0.44 75-150
B1-B12 140 1.5 2 24- Air 0.44 75-150

408
B21-B32 140 1 2 48- Air 0.44 75-150

696
B41-B52 140 0.7 2 48- Air 0.44 75-150

552
B71-B82 200 1 2 4-65 Air 0.44 75-150
B91-B102 160 1 2 12- Air 0.44 75-150

5562
C1-C12 160 0.7 2 12- Air 0.44 75-150

408
C21-C32 160 1.5 2 47.5-  Air 0.44 75-150

792
C41-C52 200 0.7 2 2-20 Air 0.44 75-150




C71-C82 200 1.5 2 24- Air 0.44 75-150
382

240 mg (0.22 mmol) of chalcopyrite grains (China) were used in most of experiments.
® Cpy = Chalcopyrite, Cv = Covellite, S = Elemental Sulphur, Dg = Digenite.

¢ Different amount of CuCl2 were added to each run (0.22, 0.44 and 0.88 mmol).

d Different amount of Fe?* were added to each run (0.22, 0.44 and 0.88 mmol)

¢ Different amount of Fe3* were added to each run (0.22, 0.44 and 0.88 mmol).

fDifferent amount of acetamide were added to each run (0.22, 0.44 and 0.88 mmol)

3.2.2 Activation Energy Calculation

The rate constant method is widely applied in mineral replacement reaction to quantify the
kinetics and determine the average activation energy (Ea) of the reaction. Empirical Avrami
equation (28) is commonly used, where k is a rate constant, t is the duration of reaction, y
is the product fraction formed and n is a constant that depends on the mechanism. All

kinetic data of each temperature (140-200 °C) was fitted using the empirical Avrami

equation.
y =1—exp(=(kt)") (28)
Y = 1o X 100% = {f x 100% Y, = 0 (29)

The fraction replaced y is determined by the equation (29), where Y; Yo and Ye are the
fraction of covellite formed at a specific time ¢, t = O initially and f = « when reaches
equilibrium is reached (Zhao et al., 2019, Putnis, 1992, Yund and Hall, 1970, Wang et al.,
2005, Xia et al., 2009). The linearization of equation (28), gives formula:

1
In [ln (E)] = nink + nint (30)
The Arrhenius plot of Ink against 1/T is commonly used to determine the activation energy
of reactions (Putnis, 1992, Xia et al., 2009). As the equation (37) shown, it is linear, and

the slope is equal to —Eo/R. A is a pre-exponential factor, R is the gas constant (equivalent

to 8.314J mol' K1), and T is temperature in Kelvin.
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k = Aexp (%;“) (31)

However, the value of k is based on the selection of the empirical equation f(y), where y is
the reaction extent, in equation (31). Thus, the selection of rate equation can change the
empirical activation energy E, calculated this way. This is a significant disadvantage of this
method because the data can be fitted equally well by numerous different forms of rate
equations, and possibly resulting in different E; (Putnis, 1992). This method has another
disadvantage that E; may changes during the reactions, and this may not be readily

ascertained.
2 —kxf) (32)

The ‘time to a given fraction’ method can be used to obtain a series of E;as a function of
reaction progression. The activation energy Ea obtained by this method is independent of
f(y) in the rate equation. With this method it is possible to ascertain whether Ea changes
during the replacement reaction by collect the E, for different time intervals of the reaction
(Putnis, 1992, Qian et al., 2017).

dt = k™' X f7H(y)dy (33)

In this method, the functional relationship between the fraction extent y and the time ty is
the principal of the theory. Therefore, equation (33) is transformed from Eq. (32) once the
time t becomes a dependent variable. Thus, Eq. (33) can be further transformed to Eq.

(34) to calculate the specific time ty for a given fraction extent y =Y (Putnis, 1992).

ty = k7 7 F10)dy (34)

The integral of equation (34) has a constant numerical value, if the function f(y) does not

change over the temperature range studied. Therefore,

ty < k=1 (35)

Eg
ty « A leGD (36)
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The equation (36) can be transformed into equation (37). An average E, from the start of

dissolution to a specific extent ty can be obtained from this equation.
Inty = const — Ink, + i—; (37)

A specific range of reaction extent (Y, to Yy) can be selected and substituted into equation
(34), which given equation (38). Therefore, equation (37) can be written as equation (39),
where ty_and ty, are the times until the specific reaction fractions, Yq and Y, respectively.
The average activation energy between the reaction range of ty, to ty, is represented by
Ea(Yy) (Qian et al., 2017).

ty, = ty, = k7[5, 0T Oy (38)

Eq(Yy)
RT

In (ty, —ty,) = const — Ink, + (39)

After modification of the time to a given fraction methods, equation (39) can be used to
calculate E, at a certain reaction period of time rather than an average E, obtained from
(37). Both of rate constant method and modified time to a given method were used in this

study to determine the activation energies.
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3.3 Results

3.3.1 Morphology and Texture

SEM images showed that hexagonal, euhedral covellites were formed on the chalcopyrite
surface at pH 0.7-1.5 and 180 °C (Figure 28B and 28C). Covellite crystals formed on the
chalcopyrite surface at pH 1.5 (approximately 10 uym, Figure 28C) are much smaller than
those formed at pH 0.7 and 1 (approximately 50 pym, Figure 28B). Some ex-situ synthetic
covellite crystals were also observed, with sharp edges, perfect hexagonal structure and
very thin layer (Figure 28D). After reaction of 2 h at pH 1 and 180 °C, round blobs of
elemental sulphur were observed randomly distributed on the chalcopyrite surface and
identified by EDAX (Figure 28E). Under same condition, covellite was also formed on the

chalcopyrite surface, as spider-web like crusts with holes in the centre (Figure 28F).

Energy dispersive X-ray analyss mapping of the cross-section shows the presences of two
minerals with red (atomic percentage: 49% S, 27% Fe and 24% Cu) and blue pixels (51%
S, 1% Fe and 48% Cu) (Figure 29C). Blue pixels mineral only presented on S (Figure 29E)
and Cu (Figure 29F) spectra, identified as covellite. Red pixels mineral presented on Fe
(Figure 29D), Cu and S spectra, identified as chalcopyrite. As shown on S specitra,
chalcopyrite presented brighter signals than covellite due to higher S content in
chalcopyrite. On the contrary, covellite presented brighter signals than chalcopyrite as
shown on Cu spectra due to higher Cu content in covellite. Backscattered images show
that covellite crystals nucleate on the surface of chalcopyrite grains or along with cracks at
pH 1 and 180 °C. Figure 29A shows that the precipitated covellite exists as an outer rim on
the chalcopyrite grains. This rim was made up of numerous individual microscale covellite
crystals, rather than a large grain. A sharp reaction front was observed between the
secondary covellite and chalcopyrite grains, indicative of dissolution-reprecipitation
reaction mechanism. Numerous pores and cracks were formed on the chalcopyrite grains.
A visible gap (about 5 ym, Figure 29B) between the chalcopyrite and covellite suggests

that the dissolution of chalcopyrite and the precipitation of covellite are not tightly coupled.
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Figure 28 SEM secondary electron images of (A) unreacted chalcopyrite grain (75-150
pm) after acid wash and ultrasonic cleaning showing smooth surface, (B) partially reacted
chalcopyrite (75-150 um) at pH 1 and 180°C for 24 h, showing covellite on the surface, (C)
partially reacted chalcopyrite (75-150 ym) at pH 1.5 and 180°C for 24 h, showing smaller
covellite on the surface, (D) ex-situ covellite formed from the solution at pH 1 and 180°C,
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sulphur (E) and covellite (F) formed on the chalcopyrite surface reacted at pH 1 and 180
°C for 2 h.

"¢ Covellite (CuS)
| Chalcopyrite (CuFeS,)

1 mm

Figure 29 Backscattered images of the cross section of chalcopyrite partially replaced by
covellite (A) at pH 1 and 180°C for 10 days, B) zoomed-in images of (A), C) EDAX
mapping of (A) made by chalcopyrite (Blue pixels) and covellite (Red pixels), D) Fe spectra
of (A), E) S spectra of (A), F) Cu spectra of (A).
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3.3.2 Effect of pH

The effect of pH on the transformation rate was investigated through two sets of
experiments: one with the reaction time fixed at 24 h; and the other at 68 days. In all these
experiments, the temperature was fixed at 180 °C with 0.44 mmol H202, the solid-weight-
to-fluid-volume ratio of 2 g/L. At or above pH 3, no covellite was observed after 24 h of
reaction. The quantitative XRD analysis indicates the transformation rate declines
gradually when pH increases from 0.7 to 2. After 24 h of reaction, 71£4% of chalcopyrite
transformed to covellite at pH 0.7, decreasing to 40+4% at pH 1, 25+3% at pH 1.5 and
10+2% at pH 2. After 68 days, only 71£4% of chalcopyrite converted to covellite at pH 2,
1813% at pH 3, 15£3% at pH 4 and no covellite formed when pH>5 (Figure 30). The
covellite formed at pH 0.7 and 1 were small metallic blue crystals in the centre or attached
to the wall of PTFE-liners (Figure 31a and 31b). Red hematite (Fe203) was formed at pH
3-5 and detected by XRD after 68 days of reaction.
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|
|

A

Fraction of Covellite

Figure 30 Graphs illustrating the effect of pH on the reaction faction of covellite in final
product using 0.44 mmol H202 as oxidant at 180 °C.
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3.3.3 Effect of Temperature

The effect of temperature on the chalcopyrite to covellite conversion was studied under the
conditions of pH 0.7-1.5, the S/F ratio of 2 g/L and 140-200 °C. The XRD quantitative
analysis showed that the reaction rate increases with increasing temperature under all pH
conditions. The covellite was found on the walls of the PTFE cell at pH 0.7-1.5 in the
temperature range of 160-200 °C. A significant amount of H2S were detected and
confirmed using acetic acid-soaked pH stripes. The experiments conducted at pH 1 and
120°C gave limited amounts of covellite in the early stage of reactions (prior to 18 days).
Between 24-93 days, no covellite and chalcopyrite were detectable by XRD. Elemental
sulphur and small amounts of hematite (<4+1 wt%) were present as the solid products with

pale blue solutions (Figure 31d). These results suggest complete chalcopyrite dissolution.

Figure 31 Products formed under various conditions. (a) pH 0.7, 180 °C and 0.44 mmol
H202, after 24 h, (b) pH 1, 180 °C and 0.44 mmol H202, after 24 h, (c) pH 1, 140 °C and
0.44 mmol H202, after 360 h, (d) pH 1, 120 °C and 0.44 mmol H202, after 68 days, (e) pH
3, (f)4 and (g) 5 180 °C and 0.44 mmol H202, after 68 days.
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Figure 32 Graphs illustrating the effect of temperature on the fraction of covellite in final
product. All these experiments were carried out at pH 0.7, 1 and 1.5 with 0.44 mmol H20:2
for 24 h.

3.3.4 Effect of the Availability of Oxygen

The transformation of chalcopyrite to covellite can undergoes oxidation reaction, and
therefore, the addition of oxidants is expected to affect the reaction rate. Hydrogen
peroxide was used to investigate the effect of the concentration of O2 on the replacement
rate. The effect of the availability of O2 on the replacement rate was studied using pure N2,
air, and H202. The experiments were conducted at pH 1 and 180 °C, and a fixed S/F (2
g/L). The quantitative analysis results of the fraction of covellite indicates that the
replacement rate rapidly increases with increasing H202 concentration, but there is no
significant difference in the reaction rate between doubled (0.44 mmol) and quadrupled
(0.88 mmol) within 24 hours reaction. The reaction at N2 atmosphere (0 mmol H202)
shows that the replacement of chalcopyrite by covellite is able to proceed without Oz but

with very sluggish rate (Hidalgo et al., 2019).
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Figure 33 Graphs illustrating the effect of availability and H202 concentration on the
fraction of covellite in final product. All experiments were carried out at pH 1, 180 °C, S/F =
2 g/L for 24 h.

3.3.6 Effect of Particle Sizes
Four particle sizes (38-75, 75-150, 150-425 and 425-1020 um) were selected to determine

the influence of specific surface area on the transformation rate. All of the experiments
were maintained at 180 °C, pH 1 and fixed S/F ratio of 2 g/L. Assuming all of the particles
are spherical, the geometric specific surface areas of each particle size are calculated by
following equation (40). The Ageo is the total surface areas of different particle sizes for a
given sample mass. p is the density of chalcopyrite and de is the effective grain diameter
of chalcopyrite particles in a given sieved size fraction (cm). dmax is the maximum particle
size and dmin is the minimum particle size. The calculated specific surface areas are 21.07
cm?/g for 425-1020 um, 54.23 cm?/g for 150-425 pym, 132.34 cm?/g for 75-150 uym and
294.96 cm?/g for 38-75 um. The fraction of covellite in the product indicated the linear
relationship between the reaction rate and specific surface area of starting chalcopyrite. At
the range of 20-80% reaction extent, the covellite increases 10% with every 50 cm?/g of

increasing specific surface area of chalcopyrite grains.
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Figure 34 Graphs illustrating the effect of specific surface area on the fraction of covellite
in final product. All of the experiments were conducted at pH 1 for 24 h of reaction and
maintaining the other reaction parameters constant as included in the labels.

3.3.7 Effect of Cu?*

Previous studies suggest that cupric chloride accelerates the dissolution rate of
chalcopyrite in ferric ion media (Duterizac 1978). The effect of the addition of Cu?* on the
kinetics was investigated by introducing three different amounts of initial CuCl2 (0.22
mmol, 0.44 mmol and 0.88 mmol) into 20 mL pH 1 buffer solution. All experiments were
carried out at fixed temperature (180 °C), S/F (2 g/L), and reaction time (24 h) under N2
atmosphere. The results show that the weight percentage of chalcopyrite in product
decreases with the increasing initial Cu?* concentration. With no addition of CuClz, only
10£2% of chalcopyrite replaced by covellite, 37+4% with 0.22 mmol addition of CuClz,
60+4% with 0.44 mmol and 56+4% with 0.88 mmol. These results suggest that
chalcopyrite dissolution was maximised when the ratio between CuCl2 addition and
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amount of chalcopyrite is 3:1 (0.66 mmol: 0.22 mmol). Digenite (Cu1.8S) was observed on

the experiment with addition of 0.88 mmol CuCl: after 24 h.
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Figure 35 Graph illustrating the effect of the initial concentration of Cu?* on the fraction of
chalcopyrite in final product. All of the experiments were conducted under N2 atmosphere
at pH 1 and 180 °C for 24 h of reaction.

3.3.8 Effect of Fe?* and Fe3*

Previous studies reported that the chalcopyrite dissolution rate is influenced by the
concentration of Fe3* (Dutrizac and MacDonald, 1974, Dutrizac, 1981, Hirato et al., 1987,
Hiroyoshi et al., 2001, Dixon et al., 2008, Watling, 2013, Li et al., 2015). The effect of the
addition of Fe?* and Fe*" on the transformation rate was studied by adding FeCls and
FeSOs4 respectively. Three different amounts (0.22 mmol, 0.44 mmol and 0.88 mmol) were
added to modify the initial Fe?* and Fe3* concentrations. PXRD quantitative analysis
indicate the reaction rate of chalcopyrite replacement by covellite increases with increasing
concentrations of the initial Fe®*. 10£2% of chalcopyrite replaced by covellite at pH 1 and
180 °C under N2 atmosphere after 24 h of reaction with no added Fe3*. The reaction extent
of covellite increased to 24+3% with the addition of 0.22 mmol Fe3*, 34+3% with 0.44
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mmol Fe3* and 38+4% with 0.88 mmol Fe®*. However, the change of covellite fraction in
Fe?* bearing experimental product indicates the replacement rate is slightly increased at

11 mmol/L Fe?* and constantly decreases as initial concentration of Fe?* increases.

0.5
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Figure 36 Graph illustrating the effect of the addition of Fe?* and Fe3* on the formation of
covellite. All of the experiments were conducted under N2 atmosphere at pH 1 and 180 °C
for 24 h of reaction.

3.3.9 Effect of H2S

Covellite formed by the precipitation reaction between Cu?* and H2S (Rickard, 1972).
Therefore, the addition of H2S might have influences on the overall replacement reaction
rate. Thioacetamide was used to investigate the effect of H2S on the transformation rate of
chalcopyrite by covellite. Heating thioacetamide to above 105 °C causes it to breakdown to
H2S (Qian et al., 2010, Qian et al., 2011, Zhao et al., 2014a). All experiments are
conducted under N2 atmosphere to avoid the oxidation of H2S. The results show that the
addition of H2S had no significant impact on the replacement rate of chalcopyrite by
covellite. Covellite fractions increased from 10+2% to 12+2% with 11 and 22 mmol/L initial

H2S concentration, and 14+3% with 44 mmol/L.
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CH;CSNHysy + HyOqq) = CHsCONHyiaqy + HaSeaq) (42)
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Figure 37 Graph illustrating the effects of the initial concentration of H2S on the fraction of

covellite. All of the experiments were conducted under N2 atmosphere at pH 1 and 180 °C
for 24 h.

3.3.10 Quantitative Kinetic Study

A series of experiments were conducted to investigate the overall reaction rate for the
replacement of chalcopyrite by covellite. All experimental conditions were at pH 1, with
0.44 mmol H202, S/F = 2 g/L. At 140 °C, the rate constant k is 1.99+£0.27 x 10 h”', at 160
°C, 5.12+0.66 x 103 h', at 180 °C, 8.57+0.88 x 103 h-' and at 200 °C, kis 5.77+0.25 x 10
2h'. The values of n for the four temperatures are 0.81+0.18, 0.44+0.06, 0.59+0.08 and
0.53+0.03, respectively.

All experimental conditions were at pH 0.5, with 0.44 mmol H202, S/F = 2 g/L The
replacement rate was found to be dependent on the temperature. The rate constant k is
calculated to be 3.79+0.22 x 103 h-'at 140 °C, 11.840.92 x 103 h""at 160 °C, 4.7+0.26 x
102 h' at 180 °C and 9.7+0.54 x 102 h' at 200 °C. The values of n for the four
temperatures are 1.51+0.21, 0.85+£0.09, 1.51+£0.18 and 1.9+0.3, respectively.
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The experimental conditions are pH 1.5, with 0.44 mmol H202, S/F = 2 g/L. At 140 °C, the
rate constant k is 2.39+0.26x103 h™', at 160 °C, 1.18+£0.2x103 h', at 180 °C, 1.9+0.46x10"
3 h'and at 200 °C, 3.74+0.56x103 h''. The values of n for the four temperatures are
0.5940.07, 0.36+0.05, 0.36+£0.05 and 0.42+0.06, respectively.

Table 12 Summary of kinetic data and fitted Avrami curve parameters (k and n) for the
replacement of chalcopyrite by covellite at pH 1.

pH 1, 140°C pH 1, 160°C pH 1, 180°C pH 1, 200°C
Time (h) Cv' Time (h) Cv' Time (h) Cv' Time (h) Ccv’
(Wt%) (Wt%) (Wt%) (Wt%)
0 0 0 0 0 0 0 0
48 10 12 21 2 8 4 38
96 37 25 39 9 5 16 63
192 32 73 51 19 32 20 63
264 47 146.5 57 24 41 24 70
432 46 243 65 48 39 28 72
504 54 294 63 72 48 34 74
550 65 340 66 99 58 47 82
600 70 412 78 122 60 65 90
696 92 552 92 144 68
174 70
234 88
R?=0.87 R? =0.96 R? =0.94 R?=0.99
k=1.99+0.27E-3 h' k=5.12+0.66E-3 h' k=8.57+0.88E-3 h" k =5.77+0.25E-2 h"'!
n=0.81+£0.18 n =0.44+0.06 n =0.59+0.08 n =0.53+0.03

' Cv stands for covellite precipitated.

66



The Weight Percentage of Covellite (%)

100 |
. o A
80 . A
,ié A A
60 - g oo  *
40 .20 140°C
L A 160°C
20 A e 180°C
m 200°C
o =
100 0 100 200 300 400 500 600 700 800

Time (hours)

Figure 38 The fraction of covellite in final product against time of experiments at pH 1 with
0.44 mmol H20:2 in the 25 mL static Teflon reactor.

Table 13 Summary of kinetic data and fitted Avrami curve parameters (k and n) for the
replacement of chalcopyrite by covellite at pH 0.5.

pH 0.5, 140°C pH 0.5, 160°C pH 0.5, 180°C pH 0.5, 200°C
Time (h) Cv' Time (h) Cv' Time (h) Cv' Time (h) Ccv’
(Wt%) (Wt%) (Wt%) (Wt%)
0 0 0 0 0 0 0 0
48 14 12 15 2 5 2 10
120 16 19 18 4 8 4 25
144 34 29 42 6 10 6 32
240 62 41 42 8 29 8 32
288 73 53 62 10.5 29 11 65
336 74 79 63 13 31 13 89
552 89 102 60 16 50 14 85
144 71 21 60 16 89
24 73
R? =0.96 R? =0.96 R? =0.96 R? =0.95
k = 3.79£0.2E-3 h"’ k =11.840.9E-3 h"' k =4.7+0.3E-2 h" k =9.71+0.5E-2 h"'
n=1.51+0.21 n =0.851£0.08 n=151+£0.18 n=1.910.3

' Cv stands for covellite precipitated.
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Figure 39 The weight percentage of covellite in final product against time of experiments
at pH 0.5 with 0.44 mmol H20:2 in the 25 mL static Teflon reactor.

Table 14 Summary of kinetic data and fitted Avrami curve parameters (k and n) for the
replacement of chalcopyrite by covellite at pH 1.5.

pH 1, 140°C pH 1, 160°C pH 1, 180°C pH 1, 200°C
Time (h) Cv' Time (h) Cv' Time (h) Cv' Time (h) Cv'
(wt%) (wt%) (wt%) (wt%)
0 0 0 0 0 0 0 0
24 12 47.5 26 9 26 24 34
48 25 95 42 24 35 48 41
120 40 120 41 48 40 72 43
168 48 145 43 72 40 101 41
216 46 192 42 148 43 120 47
240 53 264 49 264 48 164 58
336 62 360 48 368 49 215 62
408 57 435 49 600 70 310 68
648 60 820 76 382 65
792 67
R? =0.96 R?=0.95 R? =0.92 R? =0.96
k=2.39+0.26E-3 h" k=1.18+0.2E-3 h' k=1.920.46E-3 h'" k =23.74+0.56E-3 h"'
n =0.59+0.07 n =0.360.05 n =0.3520.05 n =0.42+0.06

' Cv stands for covellite precipitated.
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Figure 40 The fraction of covellite in final product against time of experiments at pH 1.5
with 0.44mmol H202 in the 25 mL static Teflon reactor.

3.3.11 XPS

3.3.11.1 Surface chemical composition

According to the results on effect of pH on chalcopyrite replacement, pH 0.5, pH 1 and pH
1.5 are the three fastest pH conditions under which complete replacement chalcopyrite
occurs within time frame. The replacement rate is very fast (within days) at 180 °C. To
understand the mechanism of the replacement reaction of chalcopyrite by covellite, three
samples at the early stage (2 h) with limited amounts chalcopyrite replaced by covellite
were selected. The surface elemental compositions are listed in Table 12. Carbon is the
most abundant element which contributed to 29 -43% atomic percentage at surface and
was most likely from exposure to atmosphere. The second most abundant element is
oxygen, potentially from oxides, hydroxides, and attached and absorbed water (Harmer et
al, 2006). S/(Cu + Fe) ratio increased from 0.82 for the original chalcopyrite to 1.37, 1.4
and 1.21 for the chalcopyrite exposed at 180 °C in solution with pH 0.5, pH 1 and pH 1.5

respectively after 2 h.
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Table 15 Atomic concentration (%) of elements of unreacted chalcopyrite, chalcopyrite
exposed in solution of pH 0.5 pH 1 and pH 1.5 at 180 °C for reaction of 2 h
(hv = 1487 eV).

C o S Fe Cu
Original 42.9 36.2 9.4 4.5 6.9
Chalcopyrite
pH 0.5 34.3 16.6 28.4 15.8 4.9
pH 1 42.9 22.0 20.5 3.5 11.1
pH 1.5 29.4 19.4 28.0 5.5 17.7

3.3.11.2 S 2p Spectra

The S 2p spectra were fitted using computer program CasaXPS (N. Fairley, 2009). The
spectra were calibrated by aligning C 1s peak to 284.8eV prior to fitting. Due to the spin
orbit splitting, S 2p peaks generally occur as doublets (S 2p3» and S 2py2). The binding
energy of S 2ps» is 1.19eV higher than that S 2p+» (Nesbitt et al., 1998; Schauful} et al.,
1998; Yang et al., 2015). The Shirley background was used to subtract the S 2p spectra
background (Shirley, 1972), 50% Gaussian and 50% Lorentzian was used to fit the S 2p
spectra. The parameters used for fitting were based on previous publications (Harmer et
al, 2006; Yang et al., 2015). Polysulfide on chalcopyrite surface contains multiple chain
length and it is difficult to resolve (Smart, 1991). There is also an overlap between
elemental sulphur and polysulfide at 164.0 eV (Harmer et al, 2006; Smart, 1991; Yang et
al., 2015), so a broad peak was used to represent both of the sum of the two sulphur
species in this study. An energy loss feature was applied to resolve the charge transfer to

S 3p-Fe 3d overlapping states (Fujisawa et al., 1994; Harmer et al., 2004).

There are five sulphur species found on the chalcopyrite surface, which are bulk
monosulphide (161.2eV), surface disulphide (162.2eV), polysulphide (163.3eV), elemental
sulphur (164.0eV) and energy loss feature (163.8eV) (Nesbitt and Muir, 1998, Fujisawa et
al., 1994, Harmer et al., 2004, Harmer et al., 2006, Yang et al., 2015). Under the ambient
condition S 2p spectra (0.3%, Figure 41B), the elemental sulphur on the surface is
significantly less than those collected cold stage (6.4%, Figure 41A). It indicates that
elemental sulphur is highly volatile at ambient temperature. Increased amount of elemental
sulphur and disulphide were observed after chalcopyrite was reacted in acidic solutions
with 0.44 mmol H202 added. More elemental sulphur and less disulphide were observed

on the surface as the pH decreases.
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Figure 41 S 2p XPS spectra of original chalcopyrite collected at temperature colder than
room temperature (A), room temperature (B), chalcopyrite reacted at 180 °C in solutions
with pH0.5 (C), pH1 (D) and pH 1.5 (E) for 2 h collected at -168 °C (Collected by Al Ky X-
ray source (1487 eV), data analysed using Casa XPS).
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Table 16 Composition of sulphur species on the surface of unreacted chalcopyrite,
chalcopyrite reacted at 180 °C pH 0.5, pH 1 and pH 1.5 for 2 h (hv = 1487 eV).

Bulk Surface Polysulphide Elemental Energy
Monosulphide Disulphide (163.3eV) (%) Sulphur Loss
(161.2 eV) (%) (162.2eV) (164.0eV) Feature
(%) (%) (163.8eV)
(%)
Unreacted 43.4 9.7 31.8 6.4 8.7
Chalcopyrite
(Cold)
Unreacted 43.7 14.0 33.2 0.3 8.8
Chalcopyrite
(Ambient)
pH 0.5 22.7 15.7 7.3 49.7 4.6
pH 1 254 16.1 9.5 44.0 5.1
pH1.5 26.7 16.8 10.1 41.0 5.3

3.3.11.3 Cu 2p and Fe 2p spectra

Figure 38 showed the Cu 2p spectra collected at pH 0.5, 1 and 1.5. Cu (I) was the only Cu
species (931.8 eV) observed (Goh et al., 2006) on the unreacted chalcopyrite surface
because of the Cu 2ps» peak. After the chalcopyrite was exposed to acidic solutions, the
Cu 2ps.2 shifted to higher binding energies, suggesting the formation of Cu oxide on the
surface. (Pearce et al., 2006). Copper remained in the +1 oxidation state after reaction for

2 h as no satellite lines between 940-950 eV due to Cu(ll) were present.

The Fe 2p spectra of unreacted and reacted chalcopyrite are shown in Figure 43. The
peak from original chalcopyrite at 708.2 eV was possibly from Fe(lll)-S (Mcintyre and
Zetaruk, 1977). All the three reacted chalcopyrite samples showed a feature at 711.0 eV,
which is likely from to iron(l11)-O-OH species such as iron (Ill) oxyhydroxides (Mcintyre and
Zetaruk, 1977).

72



——pH 0.5
——pH1

pH 1.5
— Chalcopyrite

CPS

965 960 955 950 945 940 935 930 925 920
Binding Energy (eV)

Figure 42 Cu 2p XPS spectra of unreacted chalcopyrite (Black), chalcopyrite reacted at
180°C in solution with pH 0.5 (Blue), pH 1 (Red) and pH 1.5 (Green) for 2 h.
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Figure 43 Fe 2p XPS spectra of unreacted chalcopyrite (Black), chalcopyrite reacted at
180°C in solution with pH 0.5 (Blue), pH 1 (Red) and pH 1.5 (Green) for 2 h.
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3.4 Discussion

3.4.1 Reaction Mechanism

The textural characteristics for an interfacial coupled dissolution-reprecipitation (ICDR)
mechanism include a sharp reaction front and the visible gaps between chalcopyrite and
covellite at pH 1 (Putnis, 2002, Putnis, 2009, Xia et al., 2009, Qian et al., 2010, Zhao et al.,
2014b). It indicates the dissolution of chalcopyrite is faster than re-precipitation of covellite.
Xia et al. (2009) performed a pseudo-morphic replacement on the nm scale where the
tightly coupled reaction has faster precipitation of violarite than dissolution of pentlandite,
but also a decoupling at acidic conditions with a gap between the violarite and pentlandite.
Solid-state diffusion (SSD) is dependent on the availability of defection sites of the crystal
structure, and the density of intrinsic vacancies of crystals increases exponentially with
increasing temperature (Putnis, 1992, Altree-Williams et al., 2015). At high temperatures,
the activation energy barriers might be overcome by increased kinetic energy and crystal
defects induced atomic diffusion within crystals, which is the dominant mechanism for re-
establishing the equilibrium process of mineral assemblages. The number of crystal
defects is relatively low at low temperature (<500 °C) in most of materials which causes
the retarding of SSD. On the other hand, the ICDR mechanism is kinetically favourable at
low temperature for the re-equilibration process (Rubie, 1986, Putnis, 2002, Zhao et al.,
2013, Altree-Williams et al., 2015). Adegoke et al. (2022) reported a fluid-induced solid-
state diffusion reaction mechanism in the replacement of bornite by chalcopyrite and
digenite at 160-200 °C with textural evidence of grain boundaries formation. They found
the growth of chalcopyrite and digenite lamellae were hindered at the grain boundaries.
Textural evidence clearly shows that the replacement reaction to convert chalcopyrite to
covellite consists of chalcopyrite dissolution and covellite re-precipitation, rather than solid-

state diffusion.

The molar volume change of chalcopyrite replaced by covellite was determined by
equation (43), where np, and ng represents the number of moles of dissolved mineral
(chalcopyrite) and precipitated mineral (covellite). Vmpand Vmq are the molar volumes of
precipitated phased and dissolved phase (Pollok et al., 2011, Altree-Williams et al., 2015).
A decrease of molar volume (AV = -53.3%) was found in the replacement reaction of
chalcopyrite by covellite associated with the formation of fractures and pores. Zhao et al.
(2009) also reported a negative molar volume change in the replacement reaction of
calaverite by gold with generation of pores in the product phase. In this research, covellite

was formed along with the fractures and pores, suggesting fluids remains contact with
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chalcopyrite assemblages through the formed fractures and pores (Putnis, 2009, Altree-
Williams et al., 2015).

AV = 100% x (22Yme_ldVma, (43)

NgVmd

Porous secondary covellite with numerous cracks is also one of the characteristics for
interfacial dissolution-reprecipitation reaction (Putnis, 2009, Xia et al., 2009, Adegoke et
al., 2022, Altree-Williams et al., 2015, Zhao et al., 2014b, Zhao et al., 2014a). The
formation of the outer rim of covellite and chalcopyrite core at pH 1 is also a strong
indication of dissolution and reprecipitation processes. Natural samples from the
Chuquicamata open pit copper mine also contain covellite existing as outer rims (Marie-
Caroline Pinget, 2011). It indicates the replacement of chalcopyrite by covellite in the
supergene layer have a similar morphology as the synthetic covellite in this study. The
direct relationship between replacement rate and specific surface area of starting
chalcopyrite is against a solid-state diffusion mechanism, since the solid-state nucleation
of covellite are more difficult at smaller particle size, and then would expect to decrease

the reaction rate (Cardew et al. 1984).

3.4.2 XPS Results
As the XPS S 2p spectra presented (Figure 37 A), bulk monosulphide (43.4%) is the

dominant sulphur specie on the unreacted chalcopyrite surface, following by polysulphide
(31.8%), disulphide (9.7%) and elemental sulphur (6.4%). A large amount of elemental
sulphur was observed on the surface of chalcopyrite at 164.0 eV of binding energy. An
elemental sulphur loss was observed at room temperature under ultra-high vacuum
condition by comparing the XPS S 2p spectra collected at cold stage (colder than room
temperature, 6.4% elemental sulphur) (Figure 41A) and room temperature (0.3%
elemental sulphur) (Figure 41B). Therefore, all XPS S 2p spectra were collected using a
cold stage to investigate the weight percentage of each sulphur specie formed on

chalcopyrite surface.

Under acidic conditions, the S/(Cu + Fe) ratio on the surface of chalcopyrite increased
after 2 h of reaction at 180 °C with oxidants (0.44 mmol H202), suggesting chalcopyrite
becomes metal-deficient after reaction. Elemental sulphur was formed as dominant
sulphur species, which increases with decreasing pH of solution (Figure 41 C, D and E). At
pH 0.7, 49.7% of elemental sulphur was found on chalcopyrite surface, decreases to 44%

at pH 1 and 41% at pH 1.5. On contrary, the bulk monosulphide and polysulphide species
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were significantly decreased on chalcopyrite surface. 43.4% of bulk monosulphide specie
was observed on the unreacted chalcopyrite, and decreased to 22.7%, 25.4% and 26.7%
after 2 h reactions at pH 0.7, 1 and 1.5 respectively. Polysulphide specie changed from
31.8% to 7.3%, 9.5% and 10.1% respectively after the reaction. No sulphate specie was
observed on chalcopyrite surface after reaction. It is suggesting the dissolution
chalcopyrite with oxidants under acidic condition is likely to takes the form indicated by
equation 44 and form elemental sulphur (Holliday and Richmond, 1990, Hiroyoshi et al.,
2001, Hiroyoshi et al., 1997, Hiroyoshi et al., 2000).

CUFeSZ(S) + 02(9) +4H+(aq) e Cu2+(aq) + Fez+(aq) + 25&) + ZHZO(aq) (44)

3.4.3 Proposed Reaction Pathway
After 2 h of reaction at 180 °C under acidic conditions (pH 0.7, 1 and 1.5) with oxidants

(0.44 mmol), chalcopyrite was firstly dissolved by reacting with protons and oxygen,
forming sulphur and covellite on the surface and Cu?* and Fe?* ions in solution via
equation (44). Elemental sulphur was observed on chalcopyrite surface using XRD (Figure
90, 91 and 92 in APPENDIX I), SEM and XPS. ICP-MS results indicate that water soluble
Cu and Fe ions formed in the solution after reaction, and the concentration of both ions
decreased with increasing pH of solution. Previous studies on chalcopyrite oxidation
proposed reaction equations (44) and (45) in sulphuric acid with dissolved oxygen as the
oxidants (Hiroyoshi et al., 1997, Hiroyoshi et al., 2000, Hiroyoshi et al., 2001, Holliday and
Richmond, 1990). Fe?* ions can be oxidized by H* and dissolved oxygen but is very
sluggish compared to the dissolved oxygen consumption by chalcopyrite dissolution
(Hiroyoshi et al., 1997). Replacement reaction experimental results indicate that
chalcopyrite dissolution can be enhanced by the addition of Fe3* (Figure 36). Chalcopyrite
dissolution can also follow equation (46) with Fe3* from Fe?* oxidation under acidic
condition with dissolved oxygen. The redox potential of each solution is 712 mV at pH 0.7,
730 mV at pH 1 and 727 mV (SHE). Koleini et al. (2011) found that Cu extraction from
chalcopyrite is most rapid in the redox potential range of 610-640 mV (SHE). Other studies
also reported the most rapid copper leaching from chalcopyrite at a high redox potential
(Cérdoba et al., 2009, Kametani and Aoki, 1985, Sandstrom et al., 2005, Viramontes-
Gamboa et al., 2007).

4F€2+(aq) + 4H+(aq) + 02(aq) i 4F€3+(aq) + 2H20(aq) (45)

CuFeSy(5) + 4Fe>* (4q) = CU?* (4q) + 5Fe? gy + 250 (46)
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A three-step reaction pathway was proposed by Harmer et al. (2006) to describe the
formation of surface layers during chalcopyrite leaching by using XPS, SEM and time of
flight secondary ion mass spectrometry (ToF-SIMS). After the underlying Cu rich layer on
chalcopyrite surface was oxidized through the first step (Equation 47), S2~ layer formed
and release Cu* and Fe?* ions into solution. Cu* was oxidized to Cu?* immediately in the
solution. A reduction step (Equation 48) occurs afterwards, which converts S2~ to S?~ or
other short chain S2~ with oxidation of Fe?* to Fe3* H* ions from solution is adsorbed on
the surface during the second step to balance the overall surface charge. Crystalline S°
produced from short chain S2~ on the surface by the structural rearrangement via the
second oxidation step (Equation 49). Both oxidation and reduction steps are involved in
the proposed reaction mechanism, resulting regeneration of Fe3* during the chalcopyrite

leaching process.

3nCuFeS, + (12n — 12)Fe3+(aq) — [4(CuFe)**6(Sp 7 )]s + Bn — 4)Cu2+(aq) +

(15n — 16)Fez+(aq) wheren = 2 (47)
[4(CuFe)**6(S57 )]s + (12n — 12)Fe2+(aq) + (12n — 12)H+(aq) - [3(CuFe)**(12n —
12)H+6(5721_)](s) + (12Tl - 12)Fe3+(aq) (48)

[3(CuFe)**(12n — 12)H*6(S;7)](s) + 12nFe®* 44y = 65,2(5) + 3Cu** gq) + (12n — 12)H* 4
(49)

A small amount of covellite (6-8%) was also found on the chalcopyrite surface under the

same conditions, identified by SEM (Figure 28B) and XRD. ICP-OES also detected a

limited amount of S in the solution, which is extremely lower than Fe and Cu concentration.

Hence, chalcopyrite dissolution also occurs in the presence of water, giving covellite as a

reaction product (Equation 50) (Gardner and Woods, 1979).

CuFeSy(s) + 3H;0(aq) > CuS(s) + Fe(OH)3 ., + Sy +3H" + 3e” (AVsp1ia = —53.3%)

(50)

Table 17 Concentration of S, Fe and Cu in the solutions collected at pH 0.7, pH 1 and pH
1.5 after 2 h reaction at 180 °C with oxidants (0.44 mmol H202). Measured by ICP-OES.

S (ppm) Fe (ppm) Cu (ppm)
pH 0.7 28 368 402
pH 1 13 188 192
pH 1.5 13 87 78
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Table 18 Reaction extent of chalcopyrite, covellite and sulphur in solid residues after 2 h
reaction at pH 0.7, pH 1 and pH 1.5 and 180 °C with oxidants (0.44 mmol H202).
Quantified by TOPAS.

Chalcopyrite (%) Covellite (%) Sulphur (%)
pH 0.7 39 6 50
pH 1 64 8 24
pH 1.5 77 6 13

At elevated temperatures (140 °C or above), elemental sulphur (melting point: 112 °C)
produced from chalcopyrite dissolution (Equation 44 and 46) reacts with H20 and produce
H2S. The experimental results at pH 1 and 120 °C indicate that the sulfur reaction with
water vapor does not occur at 120 °C. At 180 °C and 200 °C, sulphur was observed after
heating for 2 h, but no sulfur detected after 6 h of reaction at 200 °C or after 19 h at 180
°C. This suggests that elemental sulphur is an intermediate reaction product in the
replacement of chalcopyrite by covellite. When the temperature reaches 140 °C or above,
the reaction between sulphur and water vapor takes place rapidly and forms H2S, as
confirmed by the detection of H2S and the reduction of elemental sulphur after 3 days of
reaction. The production of hydrogen sulfide through reaction between water and sulphur
under high temperature conditions was reported in previous studies (Fang et al., 2011,
Randall and Bichowsky, 1918).

35(5) + ZHZO(Q) - 2H25(aq) + SOz(g) (51)
H2S (aqy © H (@q) + HS (ag) (52)

After S converts to H2S, H2S reacts with Cu?*in the solution and precipitate either on the
surface or on the reactor wall. Rickard (1972) have proposed the following mechanism in

copper sulfide precipitation in Na2S solutions reacted with copper sulfate at 25°C.
Cu2+(aq) + HS—(aq) 4 CuS(S) + H+(aq) (53)
The overall replacement reaction of chalcopyrite by covellite can be written as:

2CuFeS,) + 30, + 6H = 2CuS(5) + 2Fe®* + H,S4) + 2H,0 + SO0F™ (AVipiq =
—53.3%) (54)
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The replacement reaction of chalcopyrite by covellite can also be achieved under acidic
conditions without dissolved oxygen, producing Cu®*, Fe?* and H2S via equation (55) (Lu
et al., 2016, Hidalgo et al., 2018). The oxidation state of S remains unchanged and no net
transfer of electrons to solution species. The oxidation state of Cu and Fe in chalcopyrite
are +1 and +3 respectively (Boekema et al., Goh et al., 2006 and Wincott and Vaughan,
2006). Cu?* interacts with H2S to form covellite as Equation (53). The fraction of covellite
(10% after 24 h reaction at 180°C) indicates the reaction rate is slower than the

experiments with oxidants (Figure 33).

CUFQSZ(S) + 4‘H+(aq) - Cu2+(aq) + F€2+(aq) + ZHZS(aq) (55)
Culag) + Felayy = Culdy + Feloy (56)

3.4.4 Activation Energy

Average activation energy at different pH values were calculated using the Arrhenius
equation. At pH 0.7 and pH 1, the average E, are calculated to be 90+21 kJ/mol and
8617 kJ/mol respectively, suggesting that the replacement reaction is an interface-
controlled reaction with E, typically being =60 kd/mol. The average E, decreases to 2717
kJ/mol at pH 1.5, implying that the reaction becomes transport controlled. For transport-
controlled reactions the activation energies are typically Ea; of = 20 kd/mol (Brantley,
2008).

At pH 1 with 0.22 mmol H202, the modified ‘time-to-a-given-fraction’ method gave a
decreased E; in the temperature range of 140-200 °C at each 10% of covellite reaction
extent. The initial E; at 0-10% of covellite reaction extent is 110 kdJ/mol and end up with 69
kJ/mol at 80-90% reaction extent. It is suggesting that the replacement reaction
mechanism at pH 1 is an interface-controlled reaction (typical Es = 60 kJ/mol). In
comparison, the replacement reaction at pH 0.7 resulted in a decrease in the initial E; to
approximately 62 kJ/mol which progressively increased with increasing extent of reaction.
This indicates that the transformation of chalcopyrite to covellite at pH 0.7 also follows an
interfaced-controlled reaction mechanism (Brantley, 2008). In contrast, replacement
reaction at pH 1.5 showed a constantly decreasing E, with increasing reaction extent,
starting from 56 kJ/mol to 9 kd/mol. This suggests that the reaction mechanism possibly
changes from the interface to transport-controlled mechanism (Es = 20 kJ/mol) after 40%

reaction.
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The SEM images of covellite surface morphology (Figure 28) indicated that larger size of
covellite grains formed on chalcopyrite at pH 0.7 (Figure 28B) than pH 1 (Figure 28C). The
formed covellite grains have no pores and cracks, so it is not permeable to allow the
solution through and reacts with remaining chalcopyrite. Solutions can only diffuse though
the gap between covellite grains after entire chalcopyrite grain coated by covellite. As the
replacement reactions progress, increasing amount of large covellite grains formed on the
chalcopyrite surface at pH 0.7 which may inhibit the transport of solution towards
chalcopyrite grains and increase the difficulty of further reaction. Thus, the E, are
increasing as the reaction progress. On the other hand, the particle size of covellite grains
formed at pH 1 is relatively smaller with numerous particles formed. The gap between
each covellite particle at pH 1 is expected to be more than pH 0.7, which causes the
formed covellite layer more permeable at pH 1, allows the fluids constantly contact with

remained chalcopyrite. Thus, a decreasing E, was estimated at pH 1 as reaction progress.
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Table 19 Activation energy calculated by Avrami-Arrhenius methods within 140-200°C in
different pH value solutions.

140 160 180 200 Average E,
(kd/mol)
pHO0.7 n=1.51 n=0.85 n=1.51 n=19 90421
k=379%x10%h"' k=11.8x103h" k=47x103h"' k=9.71x103h"
pH 1 n=0.81 n=20.44 n=0.59 n=0.53 8617
k=1.99x10°3h"' k=5.12x103h"' k=8.57x103h"' k=5.77x103h"
pH15 n=06 n =0.368 n=03 n=0.8 27+7
k = 1.37E-07 k = 3.32E-07 k =5.57E-07 k = 8.54E-07
120 - . °
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Figure 45: Activation energy fraction against the fraction of covellite, calculated by the
modified ‘time-to-a-given-fraction’ method for the replacement reaction of chalcopyrite by
covellite. Four temperatures including 140°C, 160°C, 180°C and 200°C were used for the
determination of E..

3.4.5 Rate-determining Step

Our results suggest that the dissolution of chalcopyrite is likely to be rate-determining

rather than the formation of covellite with oxidants when temperature is 140°C and above.

This conjecture is supported by the following observations: (1) the solution pH tends to

control the replacement rate of chalcopyrite by covellite according to the PXRD results,

and pH have more influences on the chalcopyrite dissolution than on covellite precipitation;
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(2) the overall reaction rate increased with the increasing initial concentration of Fe3*,
which only affects chalcopyrite dissolution; (3) the initial H202 concentration is strongly
influenced by the transformation rate, but the covellite precipitation is not affected by Oa.
(4), H2S is one of the key factors in covellite precipitation; however, the overall

replacement rate is independent of the initial H2S concentration.

At 120°C or below, the sulphur (melting point of sulphur is 115 °C) reaction with water
vapor is the rate-determining step, as chalcopyrite dissolution was completed after 18
days, but no covellite observed even after 68 days due to the lack of H2S. This is the only
pathway of H2S production in the replacement reaction of chalcopyrite by covellite
experiments. Covellite can be formed at room temperature and pressure in the solutions
containing 0.001 mol CuSO4 and 0.03 Na2S (Rickard, 1972). After chalcopyrite was
completely dissolved at 120 °C, the Cu concentration in the solution is much higher than
Rickard (1972) study, suggesting covellite can be formed with H2S at this temperature.
Previous studies suggests that the reaction between water and sulfur can only occur at
temperatures above the melting point of sulfur (Randall and Bichowsky, 1918, Fang et al.,
2011).

3.4.6 The Replacement of Chalcopyrite by Covellite in Nature

The replacement reaction rate of chalcopyrite by covellite at low temperature (25 °C) can
be calculated by extrapolating the data with modified time to given fraction (Eqgs. (41). At
25 °C, 10% of 75-150 ym chalcopyrite would be replaced by covellite after 2.8 years of
reaction in pH 0.5 solution with 0.22 mmol H202, and more than 25,000 years are required
for 90% of chalcopyrite reacted. At pH 1, the first 10% of chalcopyrite is predicted to be
replaced by covellite after 500 years, but 90% of reaction extent are expected after 2,000
years. These extrapolations of results suggesting that the formation of covellite in
supergene deposits by replacing chalcopyrite would take centuries. However, the reaction
between elemental sulphur and water was not occurs at 120 °C to produce H2S, which is
one of key reactants to form covellite. In Nature, some sulphur-reducing bacteria including
Desulfuromonas, Desulfurella and Sulfospirillum species use elemental sulphur and
sulfate as terminal electron acceptor for the anaerobic respiration and release H2S
(Camacho, 2009). Thus, the formation of covellite in Nature may be promoted with

sulphur-reducing bacteria.

HZSO4-(aq) + ZCHZO - ZCOZ(Q) + 2H20(aq) + HZS(aq) (57)
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Figure 46 The estimation of reaction time needed for 10% chalcopyrite by covellite at pH 1
and 25 °C by extrapolation.
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Figure 47 The estimation reaction time needed for the replacement reaction of
chalcopyrite by covellite in Nature at pH 0.5 (red) and pH 1 (black).
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3.5 Conclusion

In conclusion, chalcopyrite was successfully replaced by covellite under acidic condition at
temperature 140-200 °C though a coupled dissolution and reprecipitation mechanism,
which is proved by the textural evidence, including formation of reaction front between
chalcopyrite and covellite, a gap formed in product phase and formation of pores and
cracks. The replacement reaction is a three-step reaction mechanism: 1) chalcopyrite
dissolution with H*, dissolved Oz and Fe®**, which releasing Cu?* and Fe?* in solution and
forming elemental sulphur; 2) the production of H2S by the reaction between elemental
sulphur and water; 3) covellite precipitation between Cu?* and HS-. The overall
replacement reaction rate was controlled by the pH of solution, concentration of oxidants
(both H202 and Fe?**), temperature and specific surface area. Chalcopyrite dissolution is
the rate-limiting step of overall replacement reaction, rather than covellite precipitation.
Avrami-Arrhenius model suggested that it is an interface-controlled reaction at pH 0.7 and
pH 1 with average activation energies of 90+21 kJ/mol and 86+17 kJ/mol respectively. It
was changed to transport-controlled reaction at pH 1.5 with activation energy of 277
kJ/mol.
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CHAPTER 4: THE REPLACEMENT OF CHALCOPYRITE BY
DIGENITE UNDER HYDROTHERMAL CONDITIONS

4.1 Introduction

Chalcopyrite (CuFeS2) often undergoes hydrothermal replacement reactions in both
hypogene and supergene zone, resulting in the formation of copper sulphides such as
covellite (CuS), chalcocite (Cu2S) and digenite (Cu1.8S) (Zhao et al.,, 2014a, Rakovan,
2003, Reich and Vasconcelos, 2015). These copper-containing sulphides are all valuable
minerals due to the high copper content. Hence, the scientific and mining industry sectors
may gain benefits from understanding the kinetics and mechanisms of these mineral

replacement reactions.

The replacement reactions of chalcopyrite by other copper sulphides have been widely
studied (Jang, 1992, Zhao et al., 2014b, Chaudhari et al., 2021, Adegoke et al., 2022).
Jang (1992) reported that chalcopyrite converted to digenite and covellite under
hydrothermal condition in a 0.5 M H2SO4 in the temperature range of 170-200 °C.
Chalcopyrite is converted to covellite and then forms defected chalcocite (digenite).
Digenite is found in the replacement of chalcopyrite by bornite at pH 3-7 and 200-260 °C
(Zhao et al., 2014b). Chaudhari et al. (2021) have recently studied the replacement
reaction of chalcopyrite by digenite and covellite at 200-260 °C in H2SO4 solution media
using in-situ synchrotron powder X-ray diffraction (PXRD) analysis. They reported digenite

is only formed at or above 200 °C with addition of CuCla.

Chapter 3 shows that in the replacement of chalcopyrite by covellite, no digenite was
formed at 140-200 °C without added Cu. Therefore, CuCl2 was added in part of this study
(Chapter 4) in order to achieve the Cu enrichment of chalcopyrite by the formation of
digenite. The mechanisms and kinetics were investigated as a function of temperature
(140-200 °C), particle sizes, the amount of added CuClz and solution pH. In the phase
diagram of Cu-S system, digenite-low is formed at or below 76 °C and digenite-high is
formed at or above 90 °C (Morimoto and Kullerud, 1963, Will et al., 2002). Digenite-high is

the only digenite phase formed in this study.
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Figure 48 Phase diagram illustrated the copper sulphides stability at different temperature
in the Cu-S system. Sourced from Roseboom (1966).

4.2 Methodology

4.2.1 Hydrothermal Reaction Experiments

All experiments were conducted using PTFE-lined (25 mL) stainless-steel autoclaves
(Section 2.3). Natural chalcopyrite sample was sourced from multiple mining sites of China
and the elemental composition was determined by ICP-OES which is described in detail in
Section 2.1. All four particle sizes (38-75 ym, 75-150 pym, 150-425 ym and 425-1020 ym)
of chalcopyrite were used in these experiments to investigate the effect of specific surface
are on the replacement reaction rate of chalcopyrite by copper sulphides. All sizes of
chalcopyrite grains were surface rinsed and cleaned as described in Section 2.1 to ensure
no fine particles or oxidative layers on the chalcopyrite surface. The buffer solutions (pH 1,
1.5, 2, 2.5 and 3) used in this chapter were prepared as per Section 2.2. 0.1, 0.2 and 0.3
M sulfuric acid solutions were also used to investigate the effect of the concentration of
acid on the replacement reaction mechanism. Experiments were carried out in the
presence of 2 M CuCl2 solution, except for experiments with sulphuric acid were 1 M
CuSO4 was used (as 2 M CuSO4 were not completely dissolved in room temperature).
Kinetic studies were carried out at four different temperatures (140 °C, 160 °C, 180 °C and
200 °C) with three different buffer solutions (pH 2, pH 2.5 and pH 3). All experimental
conditions conducted in this Chapter were summarised in Table 21.
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Table 20 The composition of buffer solutions used in the replacement reaction of
chalcopyrite by digenite.

pHasec Composition
Calculated Measured
1 1.12 0.111 M HC1+ 0.05 M KC1
1.5 1.51 0.056 M HC1 + 0.05 M KCl1
2 2.11 0.011 M HCI1 +0.05 M KCl1
2.5 2.52 0.006 M HC1 + 0.05 M KCl1
3 3.09 0.098 M CH3;COOH + 0.018 M CH3COONa

The replacement reaction of 75-150 ym chalcopyrite is very sluggish at or above pH 2,
similar to the replacement of chalcopyrite by covellite as shown in Chapter 3. Chalcopyrite
particles in the size fraction 38-75 pym were mainly used in the kinetic study of the
replacement reaction experiments in this chapter. The solid-weight to liquid-volume (S/F)
ratio of all experiments was kept at 2 g/L by mixing 40 mg (0.22 mmol) chalcopyrite with 20
mL of buffer solution at room temperature. 0.44 mmol of H202 were added as an oxidant to
understand the effect of oxygen on the mechanism and reaction rate. Buffer solutions were
collected after quenching in cold water prior to pH measurement. Solid residues were
collected for XRD analysis to quantitatively determine the mineral compositions using
TOPAS. Chalcopyrite CIF file used to for quantitative X-ray diffraction (QXRD) analysis
was sourced from Knight et al. (2011). Covellite CIF file was sourced from Berry (1954)
and digenite file was sourced from Will et al. (2002). Cross-sectional EDAX and SE/BSE
imaging analyses were conducted using 425-1020 pm reacted chalcopyrite grains
embedded in epoxy resins. All SEM samples were carbon coated (5-10 nm thick) prior to

SEM analysis.
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Figure 49 XRD patterns of experiment at pH 2 and 180 °C, quantitatively analysed by using TOPAS program. Original XRD data were
shown with blue colour and refined with red colour.
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Table 21 Summary of experimental conditions for experiments replacing chalcopyrite by
covellite or digenite with addition of CuCl2 under hydrothermal conditions.

i T(°C) Measured Time (h) CuCl: H20:2 Particle size Product
Experimental

number PH (mmol) (mmol) (bm)

T1-T3 180 1 48-144 0.22 0.44 75-150 Cpy and Cv
T4-T6 180 1 48-144 0.44 0.44 75-150 Cpy and Cv
T7-T9 180 1 264-1536  0.22 0 75-150 Cpy and Cv
T10-T12 180 1 264-1536  0.44 0 75-150 Cpy and Cv
T13-15 180 0.5 264-1536  0.22 0 75-150 Cpy and Cv
T16-T18 180 0.5 264-1536  0.44 0 75-150 Cpy and Cv
T21-T23 200 1 24-96 0.22 0.44 75-150 Cpy and Cv
T24-T26 200 1 24-96 0.44 0.44 75-150 Cpy and Cv

D1 180 1 24 0.11 0.44 75-150 Cpy and Cv

D2 180 1 24 0.22 0.44 75-150 Cpy and Cv

D3 180 1 24 0.44 0.44 75-150 Cpy and Cv, Dg
D4 180 1 24 0.88 0.44 75-150 Cpy, Cv, Dg and CuCl2
D5 180 1 24 0 0.44 75-150 Cpy and Cv

D6 180 1 24 0.22 0 75-150 Cpy and Cv

D7 180 1 24 0.22 0.22 75-150 Cpy and Cv

D8 180 1 24 0.22 0.88 75-150 Cpy and Cv

D9 180 2 624 0.22 0.44 75-150 Cpy and Cv, Dg
D9A 180 2 1608 0.22 0.44 75-150 Cpy and Cv
D10 180 3 624 0.22 0.44 75-150 Cpy and Cv
D10A 180 3 1608 0.22 0.44 75-150 Cpy and Cv
D11 180 1 24 0.22 0.44 425-1020 Cpy and Cv
D12 180 1 24 0.22 0.44 150-425 Cpy and Cv
D13 180 1 24 0.22 0.44 38-75 Cpy and Cv
D15 180 1 216 0.22 0.44 425-1020 Cpy and Cv
D19 180 2 70 0.22 0 38-75 Cpy and Cv, Dg
D20 180 2 70 0.44 0 38-75 Cpy and Cv, Dg
D21 180 2 70 0.66 0 38-75 Cpy and Cv, Dg
D22 180 2 70 0.88 0 38-75 Cpy and Cv, Dg
D23 180 2 70 0.22 0.44 38-75 Cpy and Cv, Dg
D24 180 2 70 0.44 0.44 38-75 Cpy and Cv, Dg
D25 180 2 70 0.66 0.44 38-75 Cpy and Cv, Dg, CuCl2
D26 180 2 70 0.88 0.44 38-75 Cpy and Cv, Dg, CuCl2
D27 180 2 70 0.22 0.44 425-1020 Cpy and Cv, Dg
D28 180 2 70 0.22 0.44 150-425 Cpy and Cv, Dg
D29 180 2 70 0.22 0.44 38-75 Cpy and Cv, Dg
D30 180 2 360 0.22 0.44 425-1020 Cpy and Cv, Dg
D31 200 2 120 0.22 0.44 425-1020 Cpy and Cv, Dg
H1-H12 180 2 5-48 0.22 0.22 38-75 Cpy and Cv, Dg
H21-H25 180 3 48-1056 0.22 0.22 38-75 Cpy and Cv, Dg
H101-110 180 25 4-97 0.22 0.22 38-75 Cpy and Cv, Dg
H81-H93 140 2 4-119 0.22 0.22 38-75 Cpy and Cv, Dg
H41-H49 140 25 4-82 0.22 0.22 38-75 Cpy and Cv, Dg
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H61-H74 140 3 192-1368  0.22 0.22 38-75 Cpy and Cv, Dg

11-110 160 2 5-72 0.22 0.22 38-75 Cpy and Cv, Dg
121-130 160 2.5 5-72 0.22 0.22 38-75 Cpy and Cv, Dg
141-150 160 3 24-264 0.22 0.22 38-75 Cpy and Cv, Dg
161-170 200 3 24-384 0.22 0.22 38-75 Cpy and Cv, Dg
181-190 200 25 2-22 0.22 0.22 38-75 Cpy and Cv, Dg
1101-1110 200 2 2-22 0.22 0.22 38-75 Cpy and Cv, Dg

4.2.2 Kinetic Study

The empirical Avrami equation was used as a kinetic model to fit the replacement reaction
rate of chalcopyrite by digenite or covellite. This method has been widely used to model
the kinetics of mineral replacement reactions (Putnis, 1992, Xia et al., 2009, Zhao et al.,
2014b, Zhao et al., 2014a, Zhao et al., 2019). In equation (58), k is the rate constant, t is
the reaction time, y is the phase fraction of chalcopyrite after the replacement reaction and
n is the constant dependent on reaction mechanism. A linear equation can be obtained by

rearranging equation (58), which is also known as Hancock-Sharp plot (Hancock and

Sharp, 1972, Lasaga, 1998). A straight line of In [ln (ﬁ)] versus Int plots can be resulted,

with a slope of n and intercept of nink, if reaction mechanism does not change during the

reaction.
y =1—exp(—k x (t")) (58)
In [ln (ﬁ)] =nlnk+nint (59)

If the mineral replacement reaction rate is dependent on temperature, it can be applied to

the Arrhenius equation:
k = Aexp (_%Ta) (60)

where A is a pre-exponential factor (s™'), T is the absolute temperature in Kelvin, R is the
ideal gas constant with value of 8.314 Jmol'K-!, and E, (kJmol) is the activation energy

of the reaction. Rearrange equation (60) to gives a formula:

Ink=InA-= (61)
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The activation energy of the mineral replacement reaction can be obtained by plotting /nk

—E,
R

versus 1/T. The slope of the linear best-fit line (—%) can be used to calculated E,. The

Avrami-Arrehenius method is not possible to ascertain whether the activation energy and

the Avrami rate constant change during the mineral replacement reaction (Putnis, 1992).

However, the activation energy may vary during the reaction if the reaction mechanism
changes. It commonly happens in complex solid-fluid reactions, as encountered in this
study (Qian et al., 2017, Nikkhou et al., 2019). The ‘time to a given fraction’ method is able
to determine whether E, changes during the reaction, and it is independent of rate
constants calculated by kinetic models. This method was firstly proposed by Putnis (1992)

and gives equation (62), and was recently modified by Qian et al. (2017) (Equation 63).

Inty = const — InA + % (62)

In (ty, — ty,) = const — Ink, + % (63)

ty, and ty, are the time required to reaches reaction extent Y, and Y, respectively. The
best-fit of the plots of In (tyq — typ) against 1/T is linear if E; is independent of reaction

temperature. The slope of the linear best-fit line of was used to calculate the average

activation energy between Y; and Y.

Both the Avrami-Arrhenius and modified ‘time to a given fraction’ methods were used to in
this study to determine the variations of activation energy of the replacement reaction at
different reaction extent. The errors of uncertainties of the Rietveld refinement of reaction
extent at 95% confidence level was estimated to be X°3%where X is the weight percentage
of each mineral phase (Qian et al., 2017, Geelhoed et al., 2002).
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4.3 Results

4.3.1 Surface Morphology and Texture

Chalcopyrite grains were cleaned and sonicated to remove the oxidized surface layers and
fine particles left from crushing as described in section 2.1 described, resulting in a clean
and smooth surface (Figure 50A). Euhedral and plate-like covellite crystals were
developed on the surface of chalcopyrite after 216 h of reactions under conditions of 180
°C, pH 1 and 0.22 mmol CuCl2 with 0.44 mmol H202 added, forming a bird nest-like
structure (Figure 50B-50D). No digenite was observed at pH 1 and 180 °C. At pH 2 and
180 °C, digenite were found on the surface of chalcopyrite with a porous and worm-like
structure (Figure 50E and 50F).

The atomic percentage of all mineral phases measured using EDAX (Figure 51B) are
included in Table 22. The S and Cu ratio represented by blue pixels is close to 1:1,
indicate that a covellite outer rim formed. Each orange pixel in the middle layer consists of
59.5% Cu and 38% S (Cu/S = 1.56:1), suggesting the formation of digenite layer. Yellow
pixels in the core phase of reacted mineral grain has a S: Fe: Cu ratio of 2:1:1, consistent

with the presence of unreacted chalcopyrite.

Three layers were observed in the backscattered images of the cross-section of the
sample reacted at pH 2 and 180 °C with CuCl2 and H202 for 216 h. The outmost layer,
represented by blue pixels in the EDAX map, is covellite. A gap was found in the middle of
covellite layer. Digenite formed in the middle of grains and no gaps were observed at the
adjacent sites between digenite and covellite. The middle digenite layer was found to be
brighter than the outermost rim and core under the backscattered electron mode. The core
of the mineral grain was unreacted chalcopyrite that was coated by digenite with no gaps
observed between the two minerals (Figure 51A and 51B). SEM images showed
numerous pores and cracks were presented in all three mineral phases. The digenite layer
has fewer purple pixels in the EDAX S spectra than the other two mineral phases (Figure
51C). Covellite and digenite did not show the presence of Fe in the corresponding EDAX
map (Figure 51D). In the EDAX Cu elemental map, the chalcopyrite core is the darkest
while the digenite middle layer is the brightest (Figure 51E).
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Figure 50 Secondary electron images of surface morphology collected by A) unreacted
chalcopyrite; B) 425-1020 um chalcopyrite grains reacted at 180 °C and pH 1 with 0.44
mmol H202 and 0.22 mmol CuClz after 216 h; C) and D) zoomed-in image of B; E) 425-
1020 um chalcopyrite grains reacted at 180 °C and pH 2 with 0.44 mmol H202 and 0.22
mmol CuClz after 216 h; F) zoomed-in image of E.




Figure 51 A) Backscattered image of cross section of 425-1020 ym chalcopyrite reacted
at pH 2 and 200 °C with 0.22 mmol CuCl2 and 0.44 mmol H202 after 120 h. B) Energy
dispersive X-ray analysis spectra of A consists of covellite (blue pixels), digenite (orange
pixels) and chalcopyrite (yellow pixels). C) EDAX sulphur spectra of A. D) EDAX Fe
spectra of A. E) EDAX Cu spectra of A.
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Table 22 At% of elements for each sulphide mineral resulting from EDAX analysis.

At. (%) S Fe Cu
Covellite 50.5 0.5 49
Digenite 38 2.5 59.5
Chalcopyrite 48.5 25.5 26

At pH 3 and 200 °C, two mineral layers were observed in the backscattered image (Figure

52A). Copper sulphide (covellite) formed on the chalcopyrite surface as an outer rim, with

no obvious gap observed (Figure 52A and 52B). Each mineral layer can be identified by

examining elemental compositions. EDAX showed the presence of covellite (green pixels),

residual chalcopyrite (yellow pixels) and hematite (blue pixels). Green pixel layer consists
of 42% S and 54% Cu (Table 23) with no Fe (Figure 52F), suggesting that this is a
covellite layer. Yellow pixel layer consists of 48% S, 25.5% Fe and 24% Cu (Table 23),

corresponding to the unreacted chalcopyrite. A very thin iron oxide layer was observed as

blue pixels in Figure 52B with 50% Fe and 36.5% O.

Table 23 Atomic percentage of each mineral in EDAX spectra.

At. (%) S Fe Cu (o)
Covellite 42 2 54 2
Hematite 4.5 50 9 36.5

Chalcopyrite 48 255 24 25
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Figure 52 A) Backscattered image of C-section made by 425-1020 um chalcopyrite
reacted at pH 3 and 200 °C with 0.22 mmol CuCl2 and 0.44 mmol H202 after 216 h. B)
Energy dispersive X-ray analysis spectra of A consists of covellite (green pixels), hematite
(blue pixels) and chalcopyrite (yellow pixels). C) EDAX sulphur spectra of A. D) EDAX Cu
spectra of A. E) EDAX O spectra of A. F) EDAX Fe spectra of A.




4.3.2 Hydrothermal Mineral Replacement Reaction

Chalcopyrite was only replaced by covellite from pH 0.5-3 with no addition of Cu ions as
described in Chapter 3. Therefore, the replacement reaction of chalcopyrite by digenite
requires sufficient amounts of added Cu ions. pH 1, 2, 2.5 and 3 buffer solutions were
selected to investigate how pH changes the mechanism and reaction rate of the
replacement reaction of chalcopyrite by other copper sulphides. At pH 1, chalcopyrite was
only replaced by covellite with addition of 0.11 mmol to 0.44 mmol of CuClz (Figures 53
and 56). The reaction extent of chalcopyrite decreased with increasing amount of CuCl2
addition after 24 h (Figure 56). When the addition of CuCl2 increased to 0.88 mmol, 7+2%
of digenite was found in the solid residues, along with the formation of CuCl2 crystalline

precipitates (eriochalcite; CuCl2-2H20) (Figure 54).

At pH 2, both covellite and digenite were formed after 70 h by the replacement reaction of
chalcopyrite with addition of CuClz (Figure 55). At 70 h, the reaction extent of covellite
decreased from 68+4% to 45+4% when the amount of added CuCl:2 increased from 0.22
mmol to 0.88 mmol, while the weight percentage of digenite increased from 16+3% to
52+4% (Figure 57). When the amount of added CuClz is at least 0.66 mmol, CuClz crystals

also precipitated in the solid residues.

The rate of the replacement reaction of chalcopyrite by covellite or digenite is slower when
the solution pH increased. At pH 2, 9+2% of chalcopyrite was remained after reaction for
24 h in the presence of 0.22 mmol CuClzand 0.44 mmol H202. The weight percentage of
chalcopyrite increased to 22+3% at pH 2, and 81+5% at pH 3 under otherwise identical
conditions. Covellite was found as the main product at pH 1-3 and the reaction extent is
decrease with increasing pH of the solution. At pH 2-3, the wt% of digenite in the solid
residues was all 6£2% approximately (Figure 57). A small amount of hematite (2-5 wt%)

formed at pH 2-3, confirmed by PXRD analysis (Figure 55).
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Figure 53 Powder X-ray diffraction data of the solid residue collected by the replacement reaction of chalcopyrite at pH 1 and 180 °C with
0.44 mmol CuCl2 and 0.44 mmol H202 after 24 h.
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Figure 54 Powder X-ray diffraction data of the solid residue collected by the replacement reaction of chalcopyrite at pH 1 and 180 °C with
0.88 mmol CuCl2 and 0.44 mmol H20: after 24 h.
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Figure 55 Powder X-ray diffraction data of the solid residue collected by the replacement reaction of chalcopyrite at pH 2 and 180 °C with
0.22 mmol CuClz2 and 0.44 mmol H202 after 10 days.
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Figure 56 Reaction extent of chalcopyrite and covellite at pH 1 and 180 °C with 0.44 mmol
H202 and different amount of CuCl: after 24 h.
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Figure 57 Reaction extent of each mineral phase in the solid residues collected by the
replacement reaction experiment of chalcopyrite with 0.22 mmol CuCl2 and 0.44 mmol
H20:2 at different buffer solution after 24 h.
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Figure 58 Reaction extent of chalcopyrite and covellite at pH 2 and 180 °C with 0.44 mmol
H202 and different amount of CuClz after 70 h.

Four particle sizes (38-75 pym, 75-150 ym, 150-425 ym and 425-1020 pym) were selected
to investigate the effect of surface area of chalcopyrite grains on the replacement reaction
rate. All starting chalcopyrite grains were assumed to be spherical, and the specific
surface areas were then calculated using equation (64). Ageo is the total surface area of
specific particle size fraction for a given sample mass; where p is the density of
chalcopyrite de is the effective grain diameter of chalcopyrite particles in a given sieved
size fraction (cm), dmax is the maximum particle size and dmin is the minimum particle size.
The calculated specific surface areas are 21.1 cm?/g for 425-1020 um, 54.2 cm?/g for 150-
425 pm, 132.3 cm?/g for 75-150 ym and 295.0 cm?/g for 38-75 um. The covellite fraction in
the precipitates increased with increasing specific surface area of the starting chalcopyrite.
20+£3% of solid residues collected from both sized fractions of 425-1020 ym and 150-425
pum was identified as digenite, 18+3% from 75-150 um and 16+3% from 38-75 um.
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Figure 59 The reaction extent of each mineral in the solid residues collected at pH 2 and
180 °C with 0.22 mmol CuCl2 and 0.44 mmol H20:2 after 70 h against specific surface area
of starting chalcopyrite.

CuClz crystals (eriochalcite) were formed at pH 1 and 2 in the presence of 0.88 mmol
CuClz added. The added Cu was not completely involved in copper sulphides precipitation.
Sulphuric acid (0.1, 0.2 and 0.3 M of H2SO4) was used together with the addition of CuSO4
to investigate the mechanism and kinetics of the replacement reaction of chalcopyrite to
digenite. Copper sulphate (0.22-0.88 mmol of CuSO4) was separately added to each
sulfuric acid solution in different experiment run. All experiments were controlled at 200 °C
with 0.44 mmol added H202 and run for 16 h. Both digenite and covellite precipitated in 0.1
M and 0.2 M H2SOs solutions with different amounts of added CuSO4. Covellite was found
as the dominant copper sulphide in the precipitates. At both 0.1 M and 0.2 M H2SO4

solutions, the reaction extent of covellite increased with increasing amount of CuSO4
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added after reaction for 16 h (Figure 60 and 61). 17+3% of digenite formed in the 0.1 M
H2SO4 with 0.22 mmol CuSO4 added, 23+3% with 0.44 mmol, 19% with 0.66 mmol and
141£3% with 0.88 mmol CuSO4 added (Figure 60). 12+2% of digenite was found in the 0.2
M H2SO4 with 0.22 mmol CuSO4 added, 11+2% with both 0.44 mmol and 0.66 mmol,
16£3% with 0.88 mmol (Figure 61). No digenite was found in the 0.3 M H2SO4, but another
copper sulphate precipitate (Chalcanthite) was identified by PXRD analysis (Figure 62).

100
80 | §
_ i
< e
= 60} /§ —A— Digenite
.g § —@— Covellite
3 —Hm— Chalcopyrite
i L
o
%
a . 2
20r 3z s A
- - i é
0 | 1 1 1 | | 1 |

L | 1 | 1 | "
02 03 04 05 06 07 08 09
Addition of CuSO, (mmol)

Figure 60 The reaction extent of each mineral in the solid residues collected at 180°C in
0.1M H2SO4 with 0.44mmol H202 after 16 hours against four different amounts of CuSO4
addition.
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Figure 61 The reaction extent of each mineral in the solid residues collected at 180 °C in
0.2 M H2SO4 with 0.44 mmol H202 after 16 h against four different amounts of CuSO4
addition.
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Figure 62 Powder X-ray diffraction data of the solid residue collected by the replacement reaction of chalcopyrite in 0.3 M H2SO4 and
180 °C with 0.88 mmol CuCl2 and 0.44 mmol H202 after 16 h.
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4.3.3 Quantitative Kinetic Study

The kinetics of chalcopyrite replacement reactions were studied under the conditions of pH
2 and pH 2.5, 140-200 °C, 0.22 mmol CuCl2 and 0.44 mmol H202. At 160 °C and 140 °C,
covellite was formed as the only copper sulphide precipitate by replacing chalcopyrite. The
reaction extent of chalcopyrite in solid residues decreased with increasing temperature.
Digenite was found to partially replace chalcopyrite at 180 °C and 200 °C only. The
fraction of digenite increased with increasing reaction time at both temperatures. At 180
°C, 3+1% of digenite was initially found at pH 2 after 10 h which increased to 15£3% after
192 h. At pH 2.5 and 180 °C, digenite was initially precipitated after 24 h (10£2%) and
increased to 19+3% of reaction product after 120 h. At 200°C, 40+4% of digenite was
formed at both pH 2 and pH 2.5 after 16 hours.
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Figure 63 The reaction extent of covellite and digenite in solid residues against reaction
time of experiments at pH 2 and pH 2.5 and 180 °C with 0.22 mmol CuCl2 and 0.44 mmol
H202.
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Figure 64 The reaction extent of covellite and digenite in solid residues against reaction
time of experiments at pH 2 and pH 2.5 and 200 °C with 0.22 mmol CuClz2 and 0.44 mmol
H20:2.

A series of experiments were conducted to investigate the overall reaction rate for the
replacement of chalcopyrite by covellite. All experimental conditions were at pH 2, with
0.22 mmol CuCl2 and 0.44 mmol H202, S/F = 2 g/L. At 140 °C, the rate constant k is
0.053+0.004 h', at 160 °C, 0.077+0.001 h™', at 180 °C, 0.177+£0.032 h-' and at 200 °C, k is
0.243+0.016 h™'. The values of n for the four temperatures are 0.82+0.09, 1.13+0.03,
0.63+0.13 and 1.63+0.23, respectively. The rate constant, k, increases with increasing
temperature, suggesting the transformation reaction rate is faster at higher temperature.
The weight percentage of reacted chalcopyrite against time at all four temperatures were
plotted in Figure 65. All k and n values at each temperature were calculated using the

Avrami equation and summarised in Table 24.

Another set of experiments were conducted at pH 2.5 with the same amount of added
CuCl2 and oxidants. The replacement rate was found to be dependent on the temperature.
The plots of reacted chalcopyrite fraction versus time at all four temperatures are shown in
Figure 66. Avrami equation was used to fit the plots and obtain the rate constant. The rate
constant k is calculated to be 0.034+0.002 h' at 140 °C, 0.083+0.006 h' at 160 °C,

123



0.074+0.013 h' at 180 °C and 0.229+0.017 h*' at 200 °C. The values of n for the four
temperatures are 0.98+0.09, 1.37£0.17, 0.57+0.09 and 1.55+0.25, respectively.
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Figure 65 The fraction of chalcopyrite dissolved in the mineral replacement reaction
against reaction time of experiments at pH 2 with 0.44 mmol H202 and 0.22 mmol CuClz.

Table 24 Summary of kinetic data and fitted Avrami curve parameters (k and n) for the
replacement reaction of chalcopyrite by digenite or covellite at pH 2.

oH 2, 140°C pH 2, 160°C pH 2, 180°C pH 2, 200°C
Time(h) CPY' Time(h) CPY' Time(h) CPY' Time(h) CPY
(Wt%) (Wt%) (Wt%) (Wt%)
0 0 0 0 0 0 0 0
4 16 5 29 5 54 2 18
8 39 8 45 10 86 3 52
10 51 12 59 15 81 5.5 85
18 65 16 73 20 87 6.5 86
25 71 20 80 24 91 8 88
34 79 24 85 35 94 9 94
50 85 28 93
R2=0.98 R2=0.99 R2=0.98 R2=0.97
k=0.053+0.004 h"  k=0.077+0.001 "  k=0.177£0.032h"  k =0.243+0.016 h""
n = 0.82+0.09 n =1.130.03 n = 0.630.13 n=1.630.23

' CPY stands for the weight percentage of chalcopyrite reacted.
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Figure 66 The fraction of chalcopyrite dissolved in the mineral replacement reaction
against reaction time of experiments at pH 2.5 with 0.44 mmol H202 and 0.22 mmol CuClz.

Table 25 Summary of kinetic data and fitted Avrami curve parameters (k and n) for the
replacement reaction of chalcopyrite by digenite or covellite at pH 2.5.

pH 2, 140°C pH 2, 160°C pH 2, 180°C pH 2, 200°C
Time (h) cpPY’ Time (h) cpPY’ Time (h) cpPY’ Time (h) cpPY’
(Wt%) (Wt%) (Wt%) (Wt%)
0 0 0 0 0 0 0 0
4 10 5 24 4 30 2 15
9 28 16 82 9 64 3 51
24 55 20 84 24 76 5.5 81
36 76 22 92 36 87 6.5 84
47 71 24 87 58 85 8 88
58 90 48 93 82 86 9 88
72 89 97 97
82 93
R?=0.98 R? =0.98 R? =0.96 R? =0.96
k =0.034+0.002 h- k =0.083+0.006 h-" k =0.074£0.013 h"! k =0.229+0.017 h-"
n =0.9810.09 n=1.37+0.17 n =0.57%£0.09 n =1.550.25

' CPY stands for the weight percentage of chalcopyrite reacted.
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The experiments of kinetic study at pH 3 were conducted under otherwise identical
conditions. The fraction of reacted chalcopyrite versus time at all four temperatures were
plotted in Figure 67. Avrami equation was used to fit the plots at 140 °C, 160 °C and 180
°C. The rate constant k is calculated to be 0.007+0.001 h-'at 140 °C, 0.006+0.002 h™" at
160 °C and 0.003+0.001 h' at 180 °C. The values of n for all three temperatures are
0.78+0.17, 0.34+0.11 and 0.49+0.06, respectively. The transformation rate at pH 3 is
slightly decrease with increasing temperature between the range of 140-180 °C. At 200 °C,
28% of chalcopyrite was converted to covellite after 24 h of reaction and only 30% after

216 h. Covellite was the only copper sulphide product formed, with no digenite observed.
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Figure 67 The fraction of chalcopyrite dissolved in the mineral replacement reaction
against reaction time of experiments at pH 3 with 0.44 mmol H202 and 0.22 mmol CuClz.
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Table 26 Summary of kinetic data and fitted Avrami curve parameters (k and n) for the
replacement reaction of chalcopyrite by digenite or covellite at pH 3.

oH 3, 140°C pH 3, 160°C pH 3, 180°C pH 3, 200°C
Time (h) CPY' Time(h) CPY' Time(h) CPY' Time (h) CPY’
(Wt%) (Wt%) (Wt%) (Wt%)
0 0 0 0 0 0 0 0
48 28 24 37 24 19 24 28
104 67 48 57 48 37 48 28
121 64 80 51 104 44 80 27
146 62 145 52 336 61 145 28
336 78 216 75 456 62 216 30
456 97 264 67 672 80
R?=0.94 R?=0.91 R? = 0.97
k=0.007+0.001 h""  k=0.006+0.002 h" k= 0.003+0.001 h"
n=0.78+0.17 n=0.34+0.11 n = 0.49+0.06

' CPY stands for the weight percentage of chalcopyrite reacted.
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4.4 Discussion

4.4.1 Proposed Reaction Pathway

Under acidic conditions, chalcopyrite dissolution follows equation (66) and releases Cu?*
and Fe?* into the solution. The oxidation state of Cu, Fe and S in chalcopyrite are +1, +3
and —2 (sulphide S?%) (Pearce et al., 2006, Vaughan, 2006, Kimball et al., 2010). Sulphide
species are readily exposed to H* upon chalcopyrite dissolved without dissolving oxygen,
resulting in the formation of H2S, Fe?* and Cu?* (Hidalgo et al., 2018, Lu et al., 2016). After
adding hydrogen peroxide into the system, chalcopyrite can also be dissolved in the
presence of oxygen and release Cu?* and Fe?* into the solution and forming elemental
sulphur (Figure 68) (Holliday and Richmond, 1990, Hiroyoshi et al., 2001, Hiroyoshi et al.,
1997, Hiroyoshi et al., 2000). Elemental sulphur was reacted with water under high
temperature (140 °C or above) and forming H2S as the replacement of chalcopyrite by
covellite in Chapter 3 (Fang et al., 2011; Randall and Bichowsky, 1918). Covellite was
precipitated by the reaction of H2S and Cu?* ions from added CuCl2 or chalcopyrite
dissolution (Figure 68) (Rickard, 1972).

CuFeSyis) + 4H* (qq) = Cut (g + Fe** ) + 2H,S 4 (66)
Cu** (qq) + HS ™ (qq) = CuS(sy + H* (44 (67)
CuFeSyisy + Oygy +4H" (qq) = Cu®* (qqy + Fe?* qq) + 280 + 2H;0(4qy (68)
3Se) + 2Hy0(g) = 2H;S(aq) + SOa¢q) (69)

After adding 0.22 mM CuCl2 (chalcopyrite: CuClz = 1:1), chalcopyrite is only replaced by
covellite, resulting in release of Fe?* in the solution at pH 1 and 180 °C. Covellite consists
of both Cu?* and lesser amounts of Cu* in its hexagonal crystal structure (Liang and
Whangbo, 1993, Mazin, 2012). Also, the precipitation of covellite can proceed at low
temperatures (e.g. 25°C) in the solution containing HS- and Cu?* ions (Rickard, 1972).
Therefore, covellite precipitation is favoured after chalcopyrite dissolution with Cu?* ions
(Pejjai et al., 2020). Covellite nucleation occurred on the surface of chalcopyrite when H2S
was produced during chalcopyrite dissolution reacted with added CuCl2 and formed a

nest-like structure (Figure 50 C and D).
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At pH 2 and 140-200 °C, covellite is also the dominant reaction product rather than
digenite at temperature range of 140-200°C. The formation of digenite is competing with
precipitation of covellite, but covellite is the dominant replacement product at or below
180°C. At 180-200°C, digenite replaced chalcopyrite only following initial covellite
formation. Digenite was observed in the middle of chalcopyrite core and covellite outer rim,
suggesting digenite was only precipitated in the presence of high Cu?* concentrations
(Chaudhari et al., 2021). On the chalcopyrite surface, the total Cu?* concentration is
relatively high due to the Cu?* from chalcopyrite dissolution and the added CuCl2 can also
be transported through the pores and cracks of the covellite layer (Figure 68). Chaudhari
et al. (2021) has found that chalcopyrite is replaced by covellite in the first stage and by
digenite in the second stage in an in-situ study. The kinetic data of the present study at
200 °C showed an increase and a decrease in phase abundance for digenite and covellite,

respectively, with longer reaction time (up to 16 h) at pH 2 and 2.5.

CUFQSZ(S) + Cu2+(aq) - ZCU,S(S) + F€2+(aq) (AVsolid = —66%) (70)
5CuFeSy(5y + 13Cu** 4q) = 10Cu; S5y + 5Fe** 4q) (AVsoriqa = 19.1%) (71)
4Felly + 305aq) = 2Fe, 055 (72)

At pH 3, digenite was formed in the temperature range of 140 °C to 200 °C with very low
phase abundance (less than 10%). At 200 °C, chalcopyrite fraction only slightly changed
between 24 h (72%) and 384 h (70%). A cross-sectional backscattered SEM image with
large chalcopyrite grains shows similar results after 216 h of reaction (Figure 52). A
previous study suggested that the decomposition rate of acetic acid significantly increases
after 230 °C and becomes faster as the pressure increases (Li et al., 2017). pH 3 buffer
solution consists of acetic acid and sodium acetate, and it can be (partially) decomposed
at 200 °C with increasing pressure in the sealed PTFE cells. At pH 2-3, Fe?* was

precipitated with dissolved oxygen in solution and form hematite via equation (72).

4.4.2 Reaction Mechanism

The textures of chalcopyrite sample collected from the run at pH 2 and 200 °C suggest
that the replacement reaction involves coupled chalcopyrite dissolution and re-precipitation
of both digenite and covellite. The presence of sharp reaction fronts at the adjacent sites of

chalcopyrite, covellite and digenite phases are typical characteristics of interfacial
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dissolution-reprecipitation reactions (Putnis, 2002, Putnis, 2009, Xia et al., 2009, Zhao et
al.,, 2014b, Zhao et al., 2019). There is no obvious gap found between chalcopyrite,
covellite and digenite at the micro-meter scale, but a gap was observed within the covellite
phase, indicative of not tightly coupled chalcopyrite dissolution and covellite reprecipitation
mechanism (Figure 51) (Xia et al., 2009). On the other hand, a tightly coupled chalcopyrite
dissolution and digenite precipitation mechanism was found as no gap was formed at the
adjacent sites between digenite and chalcopyrite (Xia et al., 2009). Similar interfacial
coupled dissolution and reprecipitation (ICDR) mechanism were found in the replacement
reaction of chalcopyrite by bornite within the range of temperature 200-320 °C (Zhao et al.,
2014b). They reported pseudo-morphic replacement of chalcopyrite by bornite with

significant increase in molar volume due to the overgrowth of bornite.

The change of molar volume for the parent and product minerals also plays a significant
role in the reactions. In the case of transformation of pentlandite to violarite, the molar
volume change is small and the dissolution of pentlandite and precipitation of violarite are
tightly coupled. It has been found as a pseudo-morphic mineral replacement reaction and
the product mineral preserved the grain shape and textural features of parent mineral (Xia
et al., 2009, Tenailleau et al., 2006). Large positive volume change has been reported in
the replacement reaction of hematite by chalcopyrite via sulfidation (290%) with
overgrowth (Zhao et al., 2014a). In this study, the volume change was calculated with the
consideration of reaction stoichiometries and same equation as section 3.4.1. In the
replacement reaction of chalcopyrite by digenite increased by 19.1% (equation 72) and

decreased by 6.6% when chalcopyrite transformed to covellite (equation 71).

The formation of pores and cracks in all chalcopyrite, covellite and digenite phases were
also one of the characteristics, a result of molar volume change between parent and
product phases, which allows the fluids to constantly interact with mineral assemblages
(Altree-Williams et al., 2015, Ruiz-Agudo et al., 2014, Pollok et al., 2011, Putnis, 2009,
Altree-Williams et al., 2017, Altree-Williams et al., 2019, Pina, 2019, Poml et al., 2007,
Jonas et al., 2014). It has been found that the formation of pores and cracks were required
to sustain the replacement reaction (Nakamura and Watson, 2001, Putnis and Mezger,
2004). Therefore, the replacement reaction of chalcopyrite by digenite or covellite is a

typical example of interfacial coupled dissolution-reprecipitation reaction.
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Figure 68 Schematic diagram of chalcopyrite dissolution and re-precipitation of covellite
and digenite.

At pH 3 under other identical conditions, chalcopyrite was replaced by covellite with a thin
layer of hematite formed on the surface of the covellite. The replacement reaction also
proceeded via an interfacial coupled dissolution and reprecipitation mechanism with
characteristic textures, including 1) sharp reaction front between chalcopyrite and covellite
phases; 2) pores and cracks formed at covellite layer; 3) formation of covellite outer rim; 4)
molar volume change between chalcopyrite and covellite (Putnis, 2002, Putnis, 2009, Xia
et al., 2009, Adegoke et al., 2022, Zhao et al., 2014b). The reaction rates of chalcopyrite
dissolution and covellite reprecipitation were tightly coupled as no gap was observed
between chalcopyrite and covellite phases (Xia et al., 2009, Zhao et al., 2014b, Zhao et
al., 2014a).

4.4.3 Replacement Reaction in Sulphuric Acid

In sulfuric acid solutions, covellite is the major product at 200 °C independent of the
concentration of CuSO4 examined. Digenite has been found in the 0.1 to 0.3 M sulfuric
acid solution and the reaction extent decreased as the acidity increased (Figure 60 and
61). The amount of CuSO4 addition has no significant impact on the precipitation of
digenite in 0.2 and 0.3 M sulfuric acid at 200 °C. The results are consistent with the in-situ
XRD study of chalcopyrite replaced by digenite and covellite at 200 °C in 0.16 M sulphuric
acid solution (Chaudhari et al., 2021). The chalcopyrite dissolution rate was found to
increase with increasing concentration of sulphuric acid (Aydogan et al., 2006). The
chalcopyrite reaction extent was not significantly influenced by the concentration of
sulphuric acid, suggesting the chalcopyrite dissolution rate is largely independent of acid

concentration between 0.1 M and 0.2 M. This is because the chalcopyrite dissolution rate
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was maximized by high specific surface area (particle size of chalcopyrite: 38-75 um),
addition of oxidants (0.44 mmol H202) and high temperature (200 °C).

4.4.4 Rate-determining Step

Torres et al. (2019) have reported that copper extraction from chalcopyrite is enhanced by
addition of CI ions with high concentration of Cu?* ions. When the addition of CuCl2
increased, the chalcopyrite phase decreased, and the dissolution rate might be increased.
This indicates that the replacement reaction of chalcopyrite is faster with increasing
amount of CuClz. Copper chloride crystals (eriochalcite) were formed at 180 °C and pH 1
and 2 in the presence of 0.88 mmol CuClz. The initial concentration of Cu?* and CI- in the
solution was 2.25 g/L and 2.5 g/L, respectively, indicating that at high concentrations of

Cu?* and CI- are favourable to the precipitation of CuCl2 crystals.

At pH 2 and 180 °C, the fraction of digenite in the solid residue significantly increased with
increasing amount of CuCl2 addition, indicating digenite precipitation is favoured at the
high CuCl2 concentration (17.6 mM). The reaction extent of digenite is doubled (19+3% to
40+4%) when the reaction temperature increased from 180 °C to 200 °C at both pH 2 and
pH 2.5. The results indicating that the formation of digenite is more complicated than
covellite precipitation and only occurs under high temperatures conditions (180 °C or
above) with high Cu?* concentration. Chaudhari et al. (2021) reported that no digenite
formed at 180 °C in 0.16 M H2S0O4 and 0.22 M CuCl2, but 30£3% of digenite was found
after reaction for 200 mins at 200 °C under otherwise identical conditions. They found the
reaction extent of digenite increased with increasing temperature (200-240 °C). Zhao et al.
(2014b) found that a large amount of digenite precipitated during the replacement of
chalcopyrite by bornite at 200-260 °C under neutral conditions. The fraction of digenite in

the solid residues decreased as pH decreased from 7 to 3.

In summary, the precipitation of digenite only takes occurs at or above 180 °C and at or
below pH 2.5 in the replacement reaction of chalcopyrite with CuCl2 added. The initial Cu?*
concentration needs to reach 0.56 g/L at pH 2 and 3, 2.25 g/L at pH 1 and 180 °C. More
digenite can be precipitated when the reaction temperature increased from 180 °C to 200
°C. The mineral replacement reaction requires H* ions and oxidants to dissolve

chalcopyrite, giving predominantly covellite under very acidic condition (0.01M H* or more)
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and partially digenite under weaker acidic condition (0.01M H* or less). This suggests that
the precipitations of digenite are the rate-limiting step and control the overall replacement

reactions under acidic conditions with oxidants.

4.4.5 Activation Energy

The kinetic study of the mineral replacement reaction of chalcopyrite by covellite or
digenite was determined by the fraction of chalcopyrite dissolved. This is because digenite
was only observed at or above 180°C. Kinetic experimental data collected at 140-200°C
were fitted using the Avrami equation. Activation energies of chalcopyrite dissolution at pH
2 and 2.5 were calculated by plotting natural logarithm rate constant obtained from the
Avrami fittings against 1000/T. The slope of linear best-fit equation of pH 2 is -5.28+0.68
with an R?value of 0.95. At pH 2.5, the slope is -5.46+1.64 with an R? value of of 0.77. The
average activation energies of chalcopyrite dissolution at pH 2 and pH 2.5 determined
using the Avarmi-Arrhenius method were 44+6 kJ/mol and 46114 kJ/mol respectively.
Brantley (2008) proposed that the reaction mechanism is phase boundary-controlled with
Ea above 60kJ/mol and diffusion-controlled with Ea about 20 kJ/mol. The Ea obtained
from Avrami-Arrhenius method suggesting the replacement reaction of chalcopyrite
mechanism is phase boundary-controlled reaction at pH 2 and pH 2.5. Chaudhari et al.
(2021) conducted in-situ XRD analysis to examine the replacement reaction of
chalcopyrite at different temperatures ranging from 180 °C — 220 °C. They used Avrami
method and obtained Ea values of 42.917.4 kd/mol at first stage and 39.3+13.1 kJ/mol at
second stage using the Arrhenius equation. The activation energies at both stages are in

close agreement with the present study.

The activation energy of chalcopyrite dissolution against reaction extent were also
determined using the modified ‘time to given fraction’” method (Qian et al., 2017). One of
advantages of this method is that it can determine the variations of activation energy at
different stage of reaction, rather than an average activation of the reaction. At pH 2, the
initial activation energy required to dissolve 10% chalcopyrite is 24.4 kJ/mol and almost
doubled (39.5 kJ/mol) when the reaction extent increased from 10% to 20%. It is
continuously increasing with every addition 10% of chalcopyrite dissolution. The Ea for
between 80-90% reaction extent is 61 kd/mol. The Ea at different reaction extent suggests
the replacement reaction of chalcopyrite at pH 2 was initially diffusion-controlled (0-10%)
and then changed to phase boundary-controlled. At pH 2.5, the initial activation energy is

44 .8 kJ/mol at 10% chalcopyrite and slightly increased to 49 kJ/mol at 90%, suggesting the
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chalcopyrite replacement mechanism is phase boundary-controlled from 0-90% reaction

extent.

At the beginning of replacement reactions, solutions and oxidants can constantly reacting
with chalcopyrite grains, so the Ea was expected to be lower at initial stage. At later stage,
covellite layer and digenite layer were formed and inhibits the contact between fluids and
remained chalcopyrite grains. Thus, an increased Ea was found at pH 2. At pH 2.5, the
dissolution of chalcopyrite was expected to be slower than at pH 2 due to less H* ions. A
higher Ea at initial stage of replacement reaction was expected. The Ea did not change

much as the replacement reaction progress at pH 2.5 is possibly due to the high errors.
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Figure 69 The Arrhenius plot showing the calculated activation energies of chalcopyrite
dissolution in the replacement reaction of chalcopyrite by covellite or digenite at pH 2

(black) and pH 2.5 (red) using experimental data collected at 140 °C, 160 °C, 180 °C and
200°C.
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Figure 70 Activation energy as a function of reaction extent (fraction of chalcopyrite
dissolved) at pH 2 and 2.5, calculated by using modified time to given fraction method.
Experimental data were all collected at temperature 140-200 °C

4.5 Conclusion

In conclusion, chalcopyrite was successfully converted to digenite at pH 2-3 when
temperature is at or above 180°C with addition of CuCl2. The mineral replacement reaction
observes an interfacial coupled dissolution and reprecipitation mechanism with
characteristic features, including 1) sharp reaction front between chalcopyrite, covellite and
digenite phases; 2) formation of pores and cracks on the product and parent phases; 3)
replacement reaction with molar volume changes between parent phase and product
phase. The precipitation of digenite and covellite are the rate-determining steps for the
overall chalcopyrite mineral replacement reaction. The dissolution rate of chalcopyrite in
the mineral replacement reaction was found to increase with increasing temperature,
decreasing pH and increasing specific surface area. The precipitation of covellite and
digenite are competing-reactions. Covellite precipitation is the dominant process at pH 1-3
and 140-200 °C as it can be formed by either chalcopyrite dissolution or precipitation from
reaction between H2S and Cu?*. Higher percentage of digenite fraction can be achieved by
increasing the added amount of CuCl2 and increasing temperature or by decreasing the

concentration of H*.
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Using the Avrami-Arrhenius method, the activation energies of overall replacement
reaction of chalcopyrite are 446 kJ/mol at pH 2 and 46+14 kJ/mol at 2.5, suggesting the
reaction is phase boundary-controlled. E, resulting from the modified ‘time to given
fraction’ method suggests the reaction mechanism was initially diffusion-controlled and

then became phase boundary-controlled as the reaction progressed at pH 2.
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CHAPTER 5: THE COVELLITE DISSOLUTION UNDER
ALKALINE CONDITION WITH GLYCINE SOLUTION

5.1 Introduction

The subject of covellite dissolution under acidic conditions has been extensively studied
(see for examples Thomas and Ingraham, 1967, Dutrizac and MacDonald, 1974, Cheng
and Lawson, 1991) and was briefly reviewed in Chapter 1 of the thesis. Ammonia- and
EDTA-assisted covellite dissolution were investigated under alkaline conditions in some
studies (Tomasek and Neumann, 1982, Baba et al., 2017). Both ammonia and EDTA are
well-known complexing agents, however, they are not considered a economically viable
options if used on an industry scale. Glycine has been widely used as a complexing agent
in the dissolution of copper-bearing or gold-bearing minerals (O'Connor et al., 2018, Oraby
and Eksteen, 2014, Tanda et al., 2017, Eksteen et al., 2017, Tanda et al., 2018, Tanda et
al., 2019). However, glycine has only been used on the laboratory-scale, and none of
these previous studies was focused on the kinetics and mechanisms of covellite

dissolution.

5.1.1 Glycine

Glycine is an amino acid and consists of an amine group and a carboxyl group, with a
neutral zwitterion form. When reacting with hydroxide ions, glycine can transfer to the
glycinate anionic form by losing a proton or the glycinium cation form by gaining a proton
under acidic condition (Streitwieser et al., 1992). Glycinate anions dominate at pH > 9.8.

Only the zwitterion and glycinate anions of glycine will be considered in this study.
o] 0 9
OH" OH"
H H o
OH OH

pRa=24 pRka=098
Glyeimium Cation Zwittenon Glycinate Anion

Figure 71 Equilibrium of glycine to glycinium cation and glycinate anion with different pKa
(Aksu and Doyle 2001).
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Figure 72 The proportion of glycine species at different pH in the glycine-water system.
HoL* is the glycinium cation form, HL is the zwitterion form and L is the glycinate anion
form. Data are sourced from Aksu and Doyle (2001).

Chalcopyrite and chalcocite are dissolved with glycine under alkaline condition by forming
stable Cu-glycinate complexes (Tanda et al., 2018, Tanda et al., 2019). It has been found
the copper dissolution is strongly dependent on the glycinate anion concentration under
alkaline conditions (Aksu and Doyle, 2001, Halpern et al., 1959, Pearlmutter and Stuehr,
1968). After dissolving glycine under alkaline conditions, the concentration of the glycinate
anion can be determined using the Handerson-Hasselbalch equation with pKa constant
and measured pH values.

pH =pKa+log% (73)

Where [Gly] is the concentration of glycinate ions, [HGly] is the concentration of glycine
zwitterion form. lzatt et al. (1992) investigated the relationship between the temperature

and the protonation of glycine in water in the temperature range of 25-75 °C. Their
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experimental data showed that the pKa value of glycine zwitterion to glycinate anion
decreases linearly with increasing temperatures. The pKa changes from 9.8 at 25 °C to 9.0
at 60 °C, suggesting that the higher temperatures are favourable for the formation of

glycinate ions.

5.1.2 Formation of Copper Glycinate Complexes

Under alkaline conditions (pH>10), glycine can readily transfer from its zwitterion form to
glycinate anions. It can form strong soluble glycinate complexes with Cu(ll) ions, but Cu(l)-
glycinate complexes only forms when the total glycine activity is much greater than the

dissolved Cu activity in the copper-glycine-water system (Aksu and Doyle, 2001).

H,NCH,COOH + NaOH — H,NCH,CO0~ + Na* + H,0 (74)
Cu?* + H,NCH,C00~ - Cu(H,NCH,C00)* (75)
Cu?* + 2H,NCH,C00~ - Cu(H,NCH,C00), (76)
Cu* + 2H,NCH,C00~ — Cu(H,NCH,C00)3 (77)

The zwitterion glycine concentration under alkaline condition is very low (Figure 72),
limiting its buffering capability. Copper oxides are likely to form via equilibrium reactions of
copper glycinate complexes as shown in Eqgs. (78) and (79). These copper oxides form on
the surface of copper or copper-bearing minerals, block active surface sites and inhibit the
dissolution reaction. These species are insoluble in water and form a duplex layer to
passivating on the surface of copper or copper minerals (O'Connor et al., 2018, De Chialvo
et al., 1984, Kunze et al., 2004, Speckmann et al., 1985).

Cu(H,NCH,C00), + H,0 - CuO + 2H* + 2H,NCH,C00~ (78)

2Cu(H,NCH,C00), + 2H,0 + 2e~ - Cu,0 + 2H* + 4H,NCH,C00~ (79)

As described in Section 1.7, glycine has been in chalcopyrite and chalcocite leaching
studies under alkaline conditions (Tanda et al., 2018, Tanda et al., 2019, Khezri et al.,
2021, Shin et al., 2019a). Covellite was found as an intermediate product in the chalcocite
dissolution study. Tanda et al. (2018) proposed a two-stages chalcocite dissolution

mechanism as in Eqgs. (80) and (81). However, the dissolution of covellite in alkaline
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glycine solutions has yet to be examined. The aim of Chapter 5 was to investigate the
mechanisms and kinetics of covellite dissolution, using alkaline glycine solutions, by
investigating the roles of dissolved oxygen concentrations, stirring speed rates, pH values,

glycine concentrations and temperatures of the reactions.
Cu,S + 2NH,CH,COOH + 0.50, - Cu(NH,CH,COOH), + CuS + H,0 (80)

CuS + 2NH,CH,COOH + 20H™ + 20, » Cu(NH,CH,COOH), + SO?~ + 2H,0 (81)

5.2 Methodology

5.2.1 Dissolution Experiments

The covellite dissolution experiments with alkaline glycine solution were carried out as
described in Sections 2.2 and 2.3. Covellite sample (38-75 um) was detailed described in
Section 2.1 with Cu content of 67% based on the ICP-MS results after acid digestion of
covellite sample. The general conditions of the covellite dissolution experiments are: 40
°C, pH 11, 250 rpm stirring speed and 0.5 M glycine in an air atmosphere. Based on
previous studies on the dissolution of other copper sulphides, the dissolution rate is
dependent on temperature, stirring speed, concentration of glycine and the concentration
of dissolved oxygen in solution. One of these parameters varied in covellite dissolution
experiment, while all other parameters remained constant. All conditions described in
Table 27 were investigated to understand the covellite dissolution mechanism by glycine,
and how the reaction rate is influenced by those key factors. The solid weight to liquid
volume ratio was kept at 4 g/L (2 g covellite in 500 mL solutions), 5 mL of the solution
collected at designed time intervals within 5 days while minimalizing the loss of mineral
particles by using Millipore syringe filters (0.45 ym) for ICP-OES analysis. 5 mL of the
fresh solutions were added to the reactor to keep the solid weight to liquid volume ratio
constant. Solid residues were collected at the end of dissolution and stored under vacuum
for XRD, SEM imaging and EDAX.

Table 27 Experimental conditions investigated in covellite dissolution experiments.

Factors Conditions

Dissolving Oxygen Purged N2, Purged Compressed Air, 0.02mol H2O; and Air
Concentrations

pH 9,10 and 11
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Stirring Speed Rates 100, 250 and 500 rpm
Glycine Concentrations 0M,05M,0.75M,1Mand 1.5 M
Temperatures 25°C, 35°C,45°C and 55 °C

5.2.2 Kinetic Models

It is important to note that the solid phase might be changed during the reactions between
a solid and a fluid phase. The solid particles are likely to shrink during the reaction if no
precipitate formed. Assuming the solid reactant is spherical and not porous, the fluid
covers the surface of solid particle initially, with a mass transfer occurring between the
solid and fluid. A product layer forms and surround the unreacted core of solid reactant as
the reaction progressing. Equation 82 described the general reaction occurring in a
shrinking core model (SCM) (Levenspiel, 1999, Li et al., 2013, Konishi et al., 1991, Tanda
et al., 2019).

A(Fluid) + bB(solid) — fF(fluid) + sS(solid) (82)

The solid-fluid reaction would be under a pseudo-steady state when the reacting fluid
concentration is in excess. The mineral dissolution rate is determined by one of following
mechanisms: 1) diffusion though the fluid film on the surface of solid reactant, 2) diffusion
through the ash or inert product layer, 3) chemical reaction between the fluid and the
surface of the unreacted solid reactant. Equations (83), (84) and (85) described each of
the reaction mechanism of shrinking core model. Each equation was used to fit the
experimental data against time to determine the controlling step of the reaction
mechanism. The controlling step of the covellite leaching process is expected to have a
correlation coefficient closest to one (Tanda et al., 2018, Tanda et al., 2019). The SCM
(Levenspiel, 1999) has been widely used in covellite leaching studies (Cheng and Lawson,
1991, Baba et al.,, 2017), and chalcopyrite and chalcocite leaching with glycine under
alkaline condition (Tanda et al., 2018, Tanda et al., 2019).

Fluid film diffusion controlled: k;t = x (83)
Product layer diffusion controlled: k;t =1 — 3(1 — x)2/3 +2(1—x) (84)
Chemical reaction controlled: k,t =1 — (1 — x)1/3 (85)
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Where x is the volume fraction converted from solid particles, ki, ko and k; are the apparent

reaction rate constants for different controlling steps, and t is the time of reaction.

However, it also been found that the rate controlling step is very difficult to determine when
the correlation coefficients obtained from each model equation are very similar (Feng et
al., 2015, Sultana et al.,, 2014, Nazemi et al., 2011, Ekmekyapar et al., 2003). In the
special case of the reaction rate controlled by multiple steps, Levenspiel (1999) suggesting
that a combined equation of all possible controlled model equations can be used to
determine the rate-limiting step. Sultana et al. (2014) used this method in the study of iron
oxide leaching reaction in oxalic acid, which was initially found to be controlled by both
diffusion through the product layer and chemical reaction on the surface of unreacted core.
The combined model equation suggested that the diffusion-controlled process is the more

dominant reaction step than another.

The activation energy of the covellite dissolution reaction can be estimated by the
Arrhenius equation (Equation 86 and 87) by plotting the rate constant against temperature.
A is a pre-exponential factor, R is the gas constant (equivalent to 8.314 Jmol'K"), T is
temperature in kelvin, Ea is the activation energy (kdJ/mol) (Levenspiel, 1999, Tanda et al.,
2018, Tanda et al., 2019, Hidalgo et al., 2019). The enthalpy and entropy of the reaction
were obtained from the Eyring equation (Equation 88 and 89) by plotting TxIn(k/T) against
T, with calculation of AH++ from the intercept and AS++ from the slope (Lente et al., 2005,
Hidalgo et al., 2019).

_Ea
k = AeCrD (86)
Ink = InA — 22 (87)
RT
AG++
k = leTe(_ RT ) (88)

T xIn (%) =7 x [In (%) + 2] - 242 (89)
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5.3 Results

5.3.1 SEM Imaging

The unreacted covellite surface, shown in Figure 73A, appeared to have a layered
structure. It was rinsed and sonicated to minimise the presence of fine particles on the
surface prior to dissolution experiments. Sharp-edged, finer mineral particles were formed
and adhered to covellite surface after dissolution in alkaline glycinate solutions (Figure
73B, C and D). Khezri et al. (2021) also found the chalcopyrite particle sizes decreased

significantly after leaching in a glycine medium.

Figure 73 The SEM images of A) unreacted covellite; B) dissolution residues collected at
pH 10, 40 °C with 0.5 M glycine after 128 h; C) dissolution residues collected at pH 11, 40
°C with 0.75 M glycine after 128 h and D) dissolution residues collected at pH 11, 40°C
with 1 M glycine after 121 h.
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5.3.2 Cu Extraction in Alkaline Glycine Solution

High Cu extraction from covellite results were obtained from dissolution in 0.5 M glycine
under air atmosphere at pH 11. The covellite dissolution at 55 °C resulted in 19+2% of Cu
extraction after 24 h; 291+3% after 48 h; and 57+5% after 120 h. This dissolution rate is
comparable to those presented in two previous copper sulphide dissolution studies under
similar conditions of temperature, particle size and glycine concentration, but faster than
chalcopyrite (20% after 48 h at 50 °C) (Tanda et al., 2019) and slower than chalcocite
dissolutions (50% after 48 h at 55 °C) (Tanda et al., 2018). Miki et al., (2011) showed the
slow dissolution rate of synthetic covellite in HCI solution with Fe and Cu ions relative to
chalcocite. The pH value of the dissolution solution decreased slightly as the reaction

progressed, indicating that the concentration of hydroxide ions in the solution decreased

with time.
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Figure 74 The pH value of the dissolution solution against reaction time. Solutions
collected from pH 9, 10 and 11 0.5M glycine in atmospheric conditions.
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5.3.3 Identification of Dissolution Residue

The XRD analysis indicated that the dissolution residues contained covellite, quartz,
goethite, chalcopyrite and pyrite. Quartz, chalcopyrite and pyrite were from the impurities
of the natural covellite sample as per Section 2.1. Goethite was formed by precipitation of
the Fe (lIl) released from the dissolution of chalcopyrite. The formation of iron hydroxide
during chalcopyrite dissolution has been previously reported (Tanda et al.,, 2019,
Ghahremaninezhad Gharelar, 2012). SEM analysis found rod-like crystalline particles on
the surface of residue collected at pH 10 (with 0.5 M glycine after 128 h). EDAX mapping
data showed three areas with different elemental compositions represented by yellow, blue
and red pixels. Each yellow pixel containing atomic percentage of 25% O, 10% S, 23% Fe
and 42% Cu, suggesting the presence of Fe oxides or hydroxides on the surface. In areas
indicated by the blue and red pixels, the elemental compositions were 16% O, 26% S, 1%
Fe and 57% Cu (for the blue pixels), and 4.4% O, 13% S, 0.04% Fe and 84% Cu,
suggesting that copper sulphides were the dominant mineral phase on the surface of
residues. A very small amount of copper oxides might be formed in covellite surface but
was not detected by XRD. No copper-glycinate complexes were observed as precipitates

formed on the surface of covellite as no nitrogen was detected by EDX.

Table 28 Elemental compositions of species formed on the surface of residues collected
from dissolution reaction.

O (wt. %) S (wt. %) Fe (wt. %) Cu (wt. %)
Yellow pixels 25 10 23 42
Blue pixels 16 26 1 57
Red pixels 4 13 0 83
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Figure 75 The XRD pattern of covellite dissolution residue collected at 128 h from dissolution experiment at pH 11 in the presence of
0.75 M glycine
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Figure 76 The EDAX elemental mapping of SEM image collected on residue collected
from experiments at pH 10, 0.5 M glycine after 128 h of reaction.

5.3.4 Effect of Temperature

The effect of temperature on covellite dissolution was investigated under the conditions of
25 to 55 °C, with 0.5 M glycine and pH 11. Figure 77 shows that the rate of covellite
dissolution in alkaline glycine solutions increases with increasing temperature. After 24 h

of reaction, the Cu extracted from covellite at 55 °C dramatically increased (19+2%), about
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2.5 times more than those at 35 °C (6+1%) and 45 °C (7£1%) and 4 times more than that
at 25 °C (3.5+1%). Only 17+2% of covellite was dissolved after 129 h of dissolution
reaction at 25 °C. After 131 h of reaction, 27+3% of covellite dissolved in an alkaline
glycinate solution at 35 °C and 32+3% at 45 °C. When the temperature was elevated to 55
°C, 29+3% of covellite was dissolved within 48 h in solution, and 57+5% of reaction extent

was achieved after 124 h of reaction.
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Figure 77 The effect of temperature on covellite dissolution: pH 11, 0.5 M glycine, 250
rpm, air atmosphere, 38-75 um, 4 g/L solid weight to liquid volume ratio. Estimated errors
are +10%.

5.3.5 Effect of Glycine Concentration

The effect of glycine concentration on the covellite dissolution kinetics was studied at the
different glycine concentrations of 0 (i.e. no glycine) to 1.5 M. 38-75 ym covellite grains
were used for all dissolution experiments. The conditions of experiment were fixed at the
stirring speed of 250 rpm, 40 °C, pH 11 and in air (Figure 73). Without glycine, almost no
Cu (only 0.05%) was extracted from covellite after 130 h, suggesting covellite cannot be
dissolved in alkaline solution without glycine. In comparison, the dissolution rate at all

glycine concentrations were very similar within 48 h, with approximately 11£1% of Cu
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extracted from covellite after 48 h. After 58 h, the dissolution rate is decreased as the
glycine concentration increased. 0.5 M glycine concentration was selected for other
covellite dissolution experiments to investigation the effects of other parameters, including

solution pH, temperature and concentration of dissolved oxygen.
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Figure 78 The effect of glycine concentration on covellite dissolution: pH 11, 40 °C, 250
rpm, air atmosphere, 38-75 um, 4 g/L solid weight to liquid volume ratio. Estimated errors
is £10%.

5.3.6 Effect of pH

The effect of pH on the covellite dissolution rates was investigated at pH 9-11. Cu was
successfully extracted from covellite with 0.5 M glycine from the pH range of 9 to 11. The
dissolution rate at pH 9 is the slowest, only 10+1% of Cu was dissolved into solution from
covellite after 130 h. At pH 10 and pH 11, dissolution rates were very similar before 48 h,
but dissolution rate at pH 11 increased rapidly after 58 h. After 120 h, 57+5% of Cu were

extracted from covellite dissolution at pH 11, approximately 1.7 times and 4.4 times more
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than those at pH 10 and pH 9. The results indicates that covellite dissolution with glycine

solutions is faster under more alkaline conditions.
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Figure 79 The effect of pH on covellite dissolution: 40°C, 0.5 M glycine, 250 rpm, air
atmosphere, 38-75 uym, 4 g/L solid weight to liquid volume ratio. Estimated errors are
+10%.

5.3.7 Effect of Dissolved Oxygen

The effect of dissolved oxygen in solution was studied by purging compressed air or N2 or
adding hydrogen peroxide. The other parameters for the experiment were maintained at
40 °C, 0.5 M glycine, pH 11, 250 rpm stirring speed. The dissolution rate in the solution
purged with N2 gas is the slowest, only 7% of Cu recovered from covellite after 129 h. It
indicates that the covellite dissolution in alkaline glycine solution is inhibited due to the lack
of oxygen. With the addition of 0.02 mol of H202, the Cu extraction was rapidly increased

after 2 h dissolution and remained constant for 24 h. The dissolution rate is slower than
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those for the experiments purged with compressed air and without addition of H202 after
24 h.
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Figure 80 The effect of dissolving oxygen in solution on covellite dissolution: pH 11, 40 °C,
0.5 M glycine, 250 rpm, 38-75 uym, 4 g/L solid weight to liquid volume ratio. Estimated
errors are £10%.
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5.4 Discussion

5.4.1 Proposed Mechanism

The effects of glycine concentration and pH indicates the covellite dissolution requires
glycine and hydroxide ions. Glycine was dissociated with hydroxide ions, which forms
glycinate (1) ions and water as equation (90). The dissociation between glycine and
hydroxide ions is under equilibrium state, and it favours to the production of glycinate ions
at pH above the pKa value (pKa value = 9.8) as illustrated in Figure 72 (Aksu and Doyle,
2001). Covellite was dissolved by the glycinate ions with oxidants (dissolving oxygen) and
forms a water-soluble, stable copper-glycinate complex as per equation (92) (Aksu and
Doyle, 2001, Shin et al., 2019b, Eksteen et al., 2017, Tanda et al., 2018, Tanda et al.,
2017, Tanda et al., 2019).

NH,CH,COOH qq) + OH™ () <> NH,CH,CO0™ () + H,0(4g) (90)
NHZCHZCOO_(aq) + Cu2+(aq) Ad CU(NHZCHZCOO)Z(aq) (91)
CuS(s) + 2NHyCHyCOO™ () + 205(aq) = Cu(NHyCHyC00)5(aq) + S03qy  (92)

The change of the solution pH indicates the covellite dissolution is consuming hydroxide
ions as the reaction proceeds. This is because the formation of copper-glycinate
complexes from covellite dissolution (equation 92) reduces the amount of glycinate ions in
the solution. Hydroxide ions reacted with glycine, forming more glycinate ions in order to
re-establish the equilibrium state and maintain the dissolution reaction as equation (90)
(Aksu and Doyle, 2001), and decreases the pH of the solution during the reaction, as

shown in Figure 74.

The experimental results of oxygen availability suggest the increasing dissolving oxygen
concentration increases the rate of covellite dissolution. The alkaline glycinate solution
was purged with N2 gas for 30 mins prior to dissolution experiment, resulting less
dissolved oxygen concentration (approximately 0 ppm) than under an air atmosphere.
Covellite dissolution rate was significantly reduced with less dissolved oxygen in solution.
Dissolution experiments with N2 purging indicated that covellite might be dissolved under
anaerobic condition in alkaline glycine solution. The experimental setups were not
completely sealed and could not be ensure all dissolved oxygen in solution completely

removed. Improved experimental settings would be required to ascertain whether covellite
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dissolved by alkaline glycinate solution under anaerobic condition. The covellite dissolution
without purging of compressed air is fluctuate, rather than a steady increasing trend as
experiments with compressed air (Figure 80). This is because covellite dissolution
consumed the dissolved oxygen from the solution and needs time to re-dissolve the
oxygen from air atmosphere in solution (Figure 80). On the contrary, the dissolution rate is
very steady with continuing purged with compressed air, indicating that sufficient new
oxygen is dissolving into the solution and allows the reaction to continue (Figure 80). The
overall covellite dissolution equation under alkaline glycine solutions is described by
equation (93). Tanda (2018) found covellite formed as an intermediate product from the
chalcocite dissolution under alkaline glycine solution, and they proposed the same 2"

stage covellite dissolution reaction equation.

CuS(s) + 2NH,CH,COOH 4q) + 20H™ (4q) + 205(0g) = Cu(NH,CHyC00) 5000y + SO%aq) +
2H,04q) (93)

5.4.2 Kinetic Model

Assuming the covellite grains are spherical, the rate limiting steps during the dissolution
reaction can be determined using the shrinking core model. The experimental results of
each variable were used to fit each equation. The rate limiting step is the kinetic model
with best fit (R? closest to 1). The correlation coefficients (R?) values of fitted data of the
covellite dissolution are included in Table 29. According to the R? values in Table 29, the
covellite dissolution in alkaline glycine solutions is most likely to be controlled by diffusion

through fluid film as the R? values are closest to 1.

The Arrhenius plots were made by plotting by Ink against 1/T using the reaction rate
constant from the kinetic equation for diffusion through fluid film. The activation energy of
covellite dissolution in alkaline glycine solution is estimated to be 337 kJ/mol. It is well
known that systems with activation energy greater than 40 kd/mol are chemical controlled
reaction while with activation energy smaller than 40 kJ/mol are transport-controlled
(Levenspiel, 1999). The activation energy suggests the covellite dissolution with glycine is
transport-controlled reaction, which is similar to the controlling step from SCM. Similar
covellite dissolution studies conducted with different reagents are also found to be
transported-controlled reaction, such as Baba et al. (2017) with an E; of 37 kJ/mol,
Tomasek and Neumann (1982) with an E, values of 18 and 19 kJ/mol. Chalcopyrite (<10

pm) dissolution in alkaline glycine solutions reported similar activation energy of 30 kd/mol
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(Tanda et al., 2019). The activation enthalpy and entropy of the covellite dissolution were
obtained from the Eyring equation (Lente et al., 2005, Hidalgo et al., 2019) using the rate
constant from diffusion through fluid film-controlled model. The calculated enthalpy and

entropy values are 31 kJ/mol and -284 Jmol'K-!, respectively.

Table 29 The correlation coefficient resulting from the shrinking core model.

The correlation coefficient, R?

Variables
Diffusion through Diffusion through product Chemical
film control layer control reaction control
ket = x kt=1-3(1-x)3+2(1—x) kt=1-(1—x)3
Air 0.9636 0.7861 0.9517
0.02mol H202 0.971 0.9166 0.9728
Purged with compressed 0.9949 0.9305 0.9998
air
Purged with N2 0.9871 0.9118 0.9875
Solution pH
pH 9 0.9981 0.9096 0.9967
pH 10 0.9957 0.995 0.8467
pH 11 0.9636 0.7861 0.9517
Temperature (°C)
25 0.9947 0.8945 0.9934
35 0.9970 0.9346 0.9984
45 0.9976 0.9297 0.9831
55 0.9653 0.9608 0.9917
Glycine concentration
1.5M 0.9958 0.9195 0.9977
1™ 0.9767 0.9648 0.9876
0.75M 0.9972 0.9053 0.9993
0.5M 0.9636 0.7861 0.9517

Reaction rate constants used to determine empirical rate law were obtained from
experimental data fitted the kinetic equation for diffusion through fluid film controlled. Kq

value obtained from different experimental variables including glycine concentration [Gly]
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and hydroxide ions concentration [OH7] (or pH) for covellite dissolution were used to
determine an empirical rate law model in air atmosphere using the plots of InKd versus
In[Gly] and In[OH"]. A is derived from the intercept from the Arrhenius equation (Figure 82).
The slope of each linear equation represents the estimated reaction order of each
experiment variable respectively. The reaction order of [Gly] and [OH*] were -0.82 and -
0.35 respectively. The empirical model of dissolution of covellite dissolution in the

presence of glycine under air atmosphere can be represented by Eq. (94).

33
x = kgt = {757[Gly] °82[0OH "] %3%exprr}t (94)
0.7
| m 25°C
0.6 - ® 35°C
A 45°C
55°C
0.5 Linear fit of 25°C
- Linear fit of 35°C
0.4 Linear fit of 45°C y = 0.0023x
Linear fit of 55°C R>=0.99
<X 03}
y = 0.002x
0.2} R*=0.99
01} y = 0.0014x
- R*=0.99
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Figure 81 Plot of X vs. dissolution time at different temperatures, where X is the fraction of
covellite dissolved. (0.5 M glycine, stirring speed 250 rpm and pH 11).
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Figure 82 Arrhenius plot for diffusion through fluid film-controlled dissolution of covellite in
alkaline glycine solution.
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Figure 83 Activation enthalpy and entropy of covellite dissolution determined by Eyring
plot using reaction rate constant from kinetic equation for diffusion through fluid film.
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Figure 84 Plot of X vs. dissolution time at different solution pH, where X is the fraction of
covellite dissolved. (0.5 M glycine, stirring speed 250 rpm and 40 °C)
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Table 30 Summary of copper sulphides dissolution under alkaline condition.

Material Reagents = Temperature Ea (kJ/mol) Author
range, °C
Covellite Glycine 25-55 33 Present study
Chalcocite Glycine 25-55 25 1st stage (Tanda et al., 2018)
108 2" stage
Chalcopyrite Glycine 40-70 72 (Tanda et al., 2019)
(20-38 pm)
Chalcopyrite Glycine 30-60 30 (Tanda et al., 2019)
(<10 pm)
Covellite Ammonia 25-75 37 (Baba et al., 2017)
Sulphate
Chalcocite Na4sEDTA 65-94 38 (Konishi et al., 1991)
Covellite EDA 20-60 19 (Tomasek and Neumann, 1982)
Covellite EDTA 20-60 18 (Tomasek and Neumann, 1982)
Chalcocite EDTA 20-60 30 (Tomasek and Neumann, 1982)

The modified ‘time to given fraction method’ was used to determine the activation energy
at different reaction extents. As the final solution collected at 25 °C only dissolved 17% of
covellite, the results collected from all dissolution temperatures were used to determine the
activation energy in the reaction extent range of 0-5%, 5-10% and 10-15%. Data collected
at 35-55 °C were used to calculate the activation energy of 15-20% and 20-25% reaction
progresses. The activation energies at different reaction extent are shown in Figure 87.
The activation energy increased from 40 to 63 kd/mol when the reaction extent increased
from 0 to 20%, and then decreased to 50 kJ/mol at the reaction extent of 20-25%. It is
slightly higher than the activation energy calculated using the shrinking core model. It
suggests that the covellite dissolution reaction is a transport-controlled reaction between 0-
25% reaction extent. However, the R? value of the linear regression of natural logarithm of
reaction extent is very low and the fitting is poor. Therefore, the change of Ea at different

reaction extent may be not true.
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Figure 88 The linear relationship of natural logarithm of different reaction extent against

1/T.

Figure 89 The change of activation energy at different reaction extent of covellite

dissolution.
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5.5 Conclusion

Covellite dissolution in the presence of glycinate anions at low temperatures (25-55 °C)
was systematically studied under various conditions. The parameters include temperature,
glycine concentration, solution pH and the concentration of dissolved oxygen. The covellite
dissolution is accelerated in the presence of glycine under alkaline condition, forming
water soluble Cu-glycinate complexes. 57+5% of covellite was dissolved at pH 11 and 55
°C with 0.5 M glycine after 107 h. At room temperature (25°C), 17+2% of covellite was
dissolved after reaction of 129 h at pH 11 with 0.5 M glycine. The covellite dissolution rate
increased as increasing temperature (25-55 °C), increasing concentration of dissolving
oxygen, and increasing solution pH (pH 9-11). Experimental results show constantly
increasing Cu concentrations and close to a linear relationship as the covellite dissolution

processing.

Shrinking core models were used to determine the kinetics of covellite dissolution. Results
indicates that the reaction is controlled by diffusion. Arrhenius equation gave an activation
energy of 3317 kJ/mol for the dissolution process. Eyring plot suggests that the activation
enthalpy and entropy of the dissolution reaction were 31 kJ/mol and -284 Jmol'K,
respectively. The reaction order for glycine concentration and hydroxide ion concentration
were -0.82 and -0.35, respectively. The modified ‘time to a given fraction method’ showed
an increasing activation energy from 40 kJ/mol (0-5% covellite dissolved) to 63 kd/mol (10-

15% covellite dissolved), then decreased to 50 kd/mol at 20-25% reaction extent.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

This thesis provides an advanced understanding of the mechanism of the replacement of
chalcopyrite by covellite and digenite under hydrothermal conditions. Chapter 3 and
Chapter 4 reported that both mineral replacement reaction proceeds via the interfacial
coupled dissolution-reprecipitation mechanism. Kinetic analysis was conducted in both
Chapter 3 and Chapter 4 using the Avrami-Arrhenius method and the modified ‘time to
given fraction’ method. In Chapter 5, the outcome filled the gap of knowledge in the
mechanisms and kinetics of covellite dissolution in alkaline glycinate solutions and its
potential implications in the Cu mining industry. Covellite dissolution mechanism was
investigated as a function of temperature, the concentration of dissolved oxygen, solution
pH and glycine concentration. Kinetics of dissolution reaction was analysed using the

shrinking core model.

6.1 Replacement Reaction of Chalcopyrite by Covellite under
Hydrothermal Conditions

In this chapter, it has been found that the replacement of chalcopyrite by covellite
proceeds via interfacial coupled dissolution-reprecipitation reaction (ICDR), which is
characterized by the formation of pores and cracks in the product layer, a sharp reaction
front between chalcopyrite and covellite with visible gaps and the reaction preferential
progress along the fractures and boundaries of chalcopyrite grains. The replacement
reaction was found to start from chalcopyrite dissolution, releasing Cu(ll), Fe(ll) and
elemental sulphur as shown in equation (44). At or above 140°C, the elemental sulphur
reacts with water and forming H2S as shown in equation (51), then covellite precipitated
via reaction between Cu(ll) and HS" (from H2S equilibrium, equation 52) as represented in
equation (53). The overall replacement reaction of chalcopyrite by covellite was proposed
to occur via equation (54). The replacement reaction rate increased with increasing
temperature, increasing oxidant concentration (H202 or Fe3*), increasing concentration of
H* (or decreasing pH) and greater specific surface area. Thus, the dissolution of
chalcopyrite is the rate-limiting step, rather than covellite precipitation. Analysis using the
Avrami-Arrhenius method gave an activation energy of 90+21 kd/mol, 86+17 kJ/mol and
2717 kJ/mol at pH 0.5, 1 and 1.5 respectively, suggesting that the replacement reaction is

interface-controlled at pH 0.5 and 1 and transport-controlled at pH 1.5.
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XPS survey scan found an increase S/(Cu + Fe) ratio of on the chalcopyrite surface after
reaction at pH 0.7-1.5 and 180 °C for 2 h, indicating metal-deficient surface formed.
Sulphur 2p spectra showed five different four species, including bulk monosulphide (161.2
eV), surface disulphide (162.2 eV), polysulphide (163.3 eV) and elemental sulphur (164.0
eV). A significant increase of elemental sulphur observed on the chalcopyrite surface after

reaction as shown in equation (94).

CuFeSys) + Opegy + 4H" (aq) = CU* gy + Fe?* gy + 288 + 2H,0aq) (44)
3S(s) + 2H,0(g) = 2H;S(aq) + SO2(g) (51)
H>S (agy © H" @aq) +HS  (ag) (52)
Cu** (qq) + HS ™ (aq) = CuS(s) + H* (4q) (53)

2CuFeSy) + 30, +6H* > 2CuSyy + 2Fe®* + H,S(g) + 2H,0 + SO03™ (AVspiq =
—53.3%) (54)

The reaction time of each 10% of replacement of chalcopyrite by covellite at 25°C was
estimated by extrapolation of kinetic data. The results suggested that approximately 2.8
years are required for precipitation of 10% covellite at pH 0.5 or 500 years at pH 1 at 25
°C. At 120°C, chalcopyrite was dissolved into Cu?*, Fe?* and elemental sulphur, but no
covellite precipitation occurs due to the lack of H2S (effectively no reaction between
sulphur and water at this temperature) (Fang et al., 2011; Randall and Bichowsky, 1918). It
is also explained one part of Cu-S system, which is a complex process limited by various
variables (e.g. temperature, oxidants, solution pH etc.).The investigation of replacement
reaction mechanism of chalcopyrite by covellite matches the supergene metal deposits
formation model proposed by Vasconcelos et al.,, (2015). Chalcopyrite is expected to
dissolve in leaching zone by water and oxygen and release Cu?* ions into water table;
covellite will then precipitate in the H2S-containing zone), rather than an in-situ
replacement reaction. It is not a suitable approach for an in-situ mineral replacement

reaction of chalcopyrite as it will takes hundreds of years.

6.2 Replacement Reaction of Chalcopyrite by Copper Sulphides with
Addition of Cu?* lons under Hydrothermal Conditions

174



Chapter 4 demonstrates the replacement of chalcopyrite by covellite and digenite with
addition of Cu?* ions at temperatures between 140-200°C. The cross-sections of the
reaction products showed three layers consisting of covellite outer rim, digenite middle
layer and (unreacted) chalcopyrite core, with the characteristic features of ICDR such as
sharp reaction front between chalcopyrite, digenite and covellite layer, pores and cracks
formed within products. The replacement reaction of chalcopyrite with added Cu?* also
initiated with chalcopyrite dissolution as equations (66).At pH 1, nest-like covellite was
formed on the chalcopyrite surface as equation (70) using SEM, but no digenite was found
in XRD result. Porous digenite is found at or above 180°C or at pH 2 and pH 2.5 by
replacing chalcopyrite (equation 71), identified using SEM and XRD. In the replacement of
chalcopyrite by covellite in acidic CuCl2 solutions, chalcopyrite dissolution is the rate-
limited step. On the contrary, digenite precipitation is the rate limited step in chalcopyrite
replacing by digenite.

CuFeSyi) + 4H* —» Cu** + Fe®* +2H,S (66)
CuFeS,) + Cu** = 2CuS(y + Fe*t (AVspq = —6.6%) (70)
5CuFeS,(y + 13Cu?* - 10Cu; gS(5) + 5Fe** (AVspiq = 19.1%) (71)

The fraction of digenite increased with increasing concentration of Cu?* ions or
temperature. Activation energies calculated using Avrami-Arrhenius method for the
replacement of chalcopyrite by mixed copper sulphides (covellite and digenite), were 446
kdJ/mol at pH 2 and 46+14 kJ/mol at pH 2.5, suggesting that the replacement of

chalcopyrite by covellite and digenite is interface-controlled replacement reactions.

This Chapter also described a complex Cu-S system in the replacement
reaction of chalcopyrite. The replacement reaction rate is affected by
various variables, such as temperature, solution pH, oxidants,
concentration of Cu?* and the formed copper sulphide layers. The
precipitation of digenite is very critical, which need to perform at 180 °C
or higher with Cu?* ions addition. In Nature, the formation of digenite
needs to be further investigated as it is unlikely to formed at low
temperature. It is also helping geologists understand the formation of
copper-bearing ore in Nature. The results indicate the formation of
digenite needs higher temperature and copper-rich fluids, while
covellite can be formed at low temperature with copper-deficient fluids.
6.3 Covellite Dissolution under Alkaline Condition with Glycine Solution

175



The dissolution of covellite was systematically studied in Chapter 5 to understand the
mechanism and kinetics of the reaction as a function of different pH (pH 9-11), glycine
concentrations (0-1.5 M), dissolved oxygen concentration and temperature (25-55 °C).
Covellite was dissolved in alkaline glycinate solutions with oxygen, resulting in the
formation of Cu-glycinate complexes (equation 90-93). The dissolution rate was found to
increase with increasing temperature, increasing OH- concentration, increasing
concentration of dissolved oxygen in solutions, and with decreasing glycine concentration.
The shrinking core model was used to determine the rate constant in kinetic analysis and
suggested that the covellite dissolution is controlled by diffusion through a fluid film, which
is surrounding covellite particle. Activation energy was calculated by Arrhenius equation,
giving an activation energy of 3317 kJ/mol, suggesting that the covellite dissolution is a
transport-controlled reaction. Activation enthalpy and entropy calculated using Eyring
equation for covellite dissolution in alkaline glycinate solutions were 31 kJ/mol and -284
Jmol'K-'. An empirical rate law was developed to show the correlation between fraction of
covellite dissolved x and concentration of glycine and OH-, and temperature as shown in

equation (94).

NH,CH,COOH qq) + OH™ aq) <> NHyCH,C00™ (aq) + H;0(aq) (90)
NH,CH,CO0™ (aq) + CUZ* (qq) © CU(NH,CH,C00)3aq) 91)
CUS gy + ZNH,CH,C00™ (qq) + 205aq) > CU(NH,CH,C00) 5aq) + S0Zagy 92)
CuS + 2NH,CH,COOH + 20H™ + 20, — Cu(NH,CH,C00), + SO2~ + 2H,0 (93)
% = kgt = {757[Gly]*®2[OH |35 exprrt (94)

This study filled the gap of knowledge in copper sulphide dissolution in alkaline glycine
solutions and advanced our understanding of the mechanism and kinetics. The results
indicate glycine is a suitable chemical reagent for in-situ covellite leaching under alkaline
condition. The average E, is same as the ammonia sulphate and higher then EDTA.
However, glycine is very environmentally friendly and the dissolution rate at pH 9 and

room temperature is acceptable.
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6.5 Future Work

This Ph.D. project investigated the mechanisms and kinetics of the replacement of
chalcopyrite by covellite and digenite under mild hydrothermal conditions. There are

several further research may be interesting to others.

Cu-S system is a very complicated system as there are many other copper sulphides
between covellite (CuS) and chalcocite (Cuz2S), such as geerite (Cu1.6S), anilite (Cu1.75S),
digenite (Cu1.8S) and djurleite (Cu1.96S). Covellite was only found at for above 140°C,
digenite is only formed at or above 180°C in this study. Geerite was found in one of
experiment conducted at 250°C. The precipitation of copper sulphides might be related to
reaction temperatures. A further study of the replacement reaction as a function of
temperature (200-300 °C), Cu?* and Cu* concentration in the mineral replacement reaction
of chalcopyrite may be potentially interesting to the mining industry. The textural
characteristics of chalcopyrite replacing by covellite and digenite may be different under a
relative dry system (much lower S/F ratio) as it undergoes a solid-state reaction
mechanism. A further investigation on solid-state replacement of chalcopyrite by covellite
can be used to understand the differences of reaction mechanism and kinetic between

fluid-mediated ICDR and solid-state mechanisms.

All experiments performed in this project were in optimal conditions with pure solutions and
mineral sample with high purity. In Nature, chalcopyrite is generally associated with other
impurities including pyrite, sphalerite or other minerals. The reaction mechanisms and
kinetics of chalcopyrite replacement might be affected by those impurities. A study
investigates the effects of those impurities on mineral replacement reaction can provides a
comprehensive insight into how the secondary copper mineral deposits have been formed

in Nature.

In the covellite dissolution chapter, no glycinate species were found on the covellite
surface using EDAX. The identification of glycinate species formed in covellite dissolution
might be helpful to the understanding of mechanism. The formation of glycinate species
might be change the covellite dissolution rate. Tanda et al. (2019) used XPS for a surface
analysis reported an increase of nitrogen of the chalcopyrite surface after exposed in
alkaline glycinate solutions, but not able to identified the species of nitrogen. XPS,
Photoemission Electron Microscopy (PEEM) and Time of Flight Secondary lon Mass

Spectrocscopy are all surface sensitive techniques for further covellite surface analysis.
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PEEM is a technique which is able to analysed the sample surface using photoelectron
spectroscopy with a small scalce of the sample surface and produce images with both
topograph information and spatial distribution of each atoms with different chemical states.
A soft X-ray absoption spectra is used in this technique to determine the chemical states of
each elemental on the sample surface. ToF-SIMS is another highly surface sensitive
techinique, which can determine the elemental composition of the outmost atomic layers of
a sample surface. A further analysis on covellite surface using these techiques can
understand the glycinate species formed on the surface when covellite dissolved with

glyine at alkaline solution.
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APPENDIX 1: SUPPLEMETARY MATERIALS FOR CHAPTER 3

Table 31 Measured pH and Eh values of the solutions collected from hydrothermal
reactions.

Experimental conditions Measured pH Measured Eh vs. SHE

(mV)

A73: pH 0.7, 180 °C, 0.44 mmol H202, 24 h 0.70 538.5
A53: pH 1, 180 °C, 0.44 mmol H202, 24 h 1.02 648.5
A93: pH 1.5, 180 °C, 0.44 mmol H20., 24 h 1.58 606.8
D1: pH 2, 180 °C, 0.44 mmol H202, 24 h 2.09 521.8
A11: pH 3, 180 °C, 0.44 mmol H20O2, 61 days 2.79 538.4
A12: pH 4, 180 °C, 0.44 mmol H202, 61 days 4.68 436.6
A13: pH 5, 180 °C, 0.44 mmol H202, 61 days 5.76 383.6
A14: pH 6, 180 °C, 0.44 mmol H202, 61 days 3.96 346.2
A15: pH 7, 180 °C, 0.44 mmol H202, 61 days 6.77 231.3
A16: pH 9, 180 °C, 0.44 mmol H2O2, 61 days 8.58 201.3
A17:pH 11, 180 °C, 0.44 mmol H202, 61 days 7.85 119.4
A28:pH 1, 180 °C, 0, 24 h, N2 atm 1.15 -

A30: pH 1, 180 °C, 0.88 mmol H202, 24 h 1.04 501.9
A31:pH 1, 180 °C, 1.76 mmol H202, 24 h 1.03 616.5
A18: pH 1, 120 °C, 0.44 mmol H2O2, 18 days 1.27 714.5
A70: pH 0.7, 180 °C, 0.44 mmol H202, 2 h 0.67 742.0
A50: pH 1, 180 °C, 0.44 mmol H202, 2 h 1.05 751.2
A90: pH 1.5, 180 °C, 0.44 mmol H202, 2 h 1.63 727.4
A108: pH 1, 180 °C, N2 atm, 0.22 mmol CuClz, 24 h 1.19 -

A109: pH 1, 180 °C, N2 atm, 0.44 mmol CuClz, 24 h 1.15 -

A110: pH 1, 180 °C, N2 atm, 0.88 mmol CuClz, 24 h 1.15 -

A111:pH 1, 180 °C, N2 atm, 0.22 mmol FeCls, 24 h 1.18 393.5
A112: pH 1, 180 °C, N2 atm, 0.44 mmol FeCls, 24 h 1.13 400.4
A113: pH 1, 180 °C, N2 atm, 0.88 mmol FeCls, 24 h 1.08 3941
A114: pH 1, 180 °C, N2 atm, 0.22 mmol FeSQOy, 24 h 1.23 356.4
A115: pH 1, 180 °C, N2 atm, 0.44 mmol FeSQOg4, 24 h 1.23 351.5
A116: pH 1, 180 °C, N2 atm, 0.88 mmol FeSQOg4, 24 h 1.27 345.9
A117: pH 1, 180 °C, N2 atm, 0.22 mmol H.S, 24 h 1.21 283.7
A118: pH 1, 180 °C, N2 atm, 0.44 mmol H.S, 24 h 1.29 274.6
A119: pH 1, 180 °C, N2 atm, 0.88 mmol H.S, 24 h 1.42 228.3
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Figure 90 XRD results of chalcopyrite reacted at 180 °C, pH 0.7, with 0.44 mmol H20: after 2 h. This is the samples used for XPS
analysis in Chapter 3.
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Figure 91 XRD results of chalcopyrite reacted at 180 °C, pH 1, with 0.44 mmol H20:2 after 2 h. This is the samples used for XPS analysis

in Chapter 3.
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Figure 92 XRD results of chalcopyrite reacted at 180 °C, pH 1.5, with 0.44 mmol H20: after 2 h. This is the samples used for XPS
analysis in Chapter 3.

184



APPENDIX Il: SUPPLEMENTARY MATERIALS FOR CHAPTER 4

Table 32 Measured pH and Eh values of the solutions collected from hydrothermal
reactions in Chapter 4.

Experimental conditions Measured pH Measured Eh vs. SHE (mV)

T1: pH 1, 180 °C, 0.44 mmol H20,, 0.22 mmol 1.10 372.6
CuCl,, 48 h

T4: pH 1, 180 °C, 0.44 mmol H205, 0.44 mmol 1.06 346.9
CuCl», 48 h

T21: pH 1, 200 °C, 0.44 mmol H20-, 0.22 mmol 1.03 373.3
CuClz, 24 h

T24: pH 1, 200 °C, 0.44 mmol H20-, 0.44 mmol 1.05 333.8
CuCl,, 48 h

T7: pH 1, 180 °C, no H202, 0.22 mmol CuCl., 16 1.04 551.8
days

T10: pH 1, 180 °C, no H202, 0.44 mmol CuCl;, 16 0.98 387.1
days

T13: pH 0.7, 180 °C, no H202, 0.22 mmol CuClz, 16 0.70 392.0
days

T16: pH 0.7, 180 °C, no H202, 0.44 mmol CuClz, 16 0.75 380.5
days

D1: pH 1, 180 °C, 0.44 mmol H2O2, 0.11 mmol 1.10 433.1
CuClz, 24 h

D2: pH 1, 180 °C, 0.44 mmol H202, 0.22 mmol 1.08 347.4
CuClz, 24 h

D3: pH 1, 180 °C, 0.44 mmol H202, 0.44 mmol 1.12 3341
CuClz, 24 h

D4: pH 1, 180 °C, 0.44 mmol H202, 0.88 mmol 1.15 355.8
CuClz, 24 h

D5: pH 1, 180 °C, 0.44 mmol H>O2, no CuCly, 24 h 1.02 648.5
D6: pH 1, 180 °C, no H202, 0.22 mmol CuCl,, 24 h 1.06 483.1
D7: pH 1, 180 °C, 0.88 mmol H202, 0.22 mmol 1.08 379.2
CuCly, 24 h

D8: pH 1, 180 °C, 1.76 mmol H202, 0.22 mmol 1.09 390.4
CuClz, 24 h

D9: pH 2, 180 °C, 0.44 mmol H202, 0.22 mmol 1.64 372.4

CuClz, 26 days
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D10: pH 3, 180 °C, 0.44 mmol H202, 0.22 mmol 1.95 145.7
CuCly, 26 days

APPENDIX Ill: SUPPLEMENTARY MATERIALS FOR CHAPTER
5

Table 33 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with 0.5 M glycine and 0.02 mol H20x2.

Experimental Reaction time Cu Concentration Measured pH
number (ppm)

Cv1 2 103.4 10.71
Cv2 4 107.1 10.76
Cv3 6 108.7 10.75
Cv4 11 107.4 10.73
Cvb 24 96.3 10.72
Cvb 34 2448 10.70
Cvr 48 316.8 10.69
Cv8 58 490 10.69
Cv9 72 630.5 10.67
Cv10 96 784.7 10.64
Cv10A 120 788.7 10.62

Table 34 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with 0.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (ppm)

Cv11 2 3.995 10.87

Cv12 4 4.722 10.93

Cv13 6 6.134 10.89

Cv14 11 98.98 10.89

Cv15 24 183.05 10.88

Cv16 34 250 10.88

Cv17 48 335.1 10.88

Cv18 58 544.6 10.90
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Cv19 72 960.1 10.88
Cv20 96 1109.5 10.85
Cv20A 120 1506.9 10.83

Table 35 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with 0.5 M glycine and purging of compressed air.

Experimental Reaction time Cu Concentration Measured pH
number (Ppm)

Cv21 2 36.41 11.05
Cv22 4 54.7 11.02
Cv23 6 73.83 11.01
Cv24 11 157.22 10.96
Cv25 26 381 10.88
Cv26 37 524.36 10.80
Cv27 48 666.38 10.73
Cv28 72 928.11 10.64
Cv29 99 1218.92 10.50
Cv30 124 1436.89 10.43

Table 36 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with 0.5 M glycine and purging of N2 gas.

Experimental Reaction time Cu Concentration Measured pH
number (PPm)

Cv31 2 12.28 11.04
Cv32 4 16.40 11.05
Cv33 10 22.84 11.04
Cv34 24 46.88 11.03
Cv35 34 54.13 11.02
Cv36 49 89.95 11.02
Cv37 59 92.59 11.01
Cv38 72 115.56 10.99
Cv39 106 188.56 10.99
Cv40 129 185.69 10.99
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Table 37 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 25 °C, with 0.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (PPm)

Cv41 2 16.99 11.04
Cv42 4 24.47 11.03
Cv43 10 40.92 11.03
Cv44 24 92.64 11.03
Cv45 34 124.85 11.02
Cv46 49 174.01 11.02
Cv47 59 204.02 11.02
Cv48 72 252.52 11.02
Cv49 106 407.37 10.98
Cv50 129 454.77 10.98

Table 38 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 35 °C, with 0.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (Pppm)

Cvb51 2 27.16 11.19
Cvb52 5 44.81 11.18
Cv53 11 75.22 11.18
Cv54 26 163.09 11.16
Cvb55 35 202.07 11.16
Cv56 50 289.27 11.16
Cv57 59 334.06 11.15
Cv58 74 428.67 11.15
Cv59 99 561.90 11.14
Cve0 131 715.20 11.11

Table 39 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 45 °C, with 0.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH

number (ppm)
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Cv61 2 35.23 11.18

Cv62 5 72.64 11.17
Cv63 11 128.82 11.17
Cv64 26 189.20 11.17
Cv65 35 254.01 11.16
Cv66 50 357.75 11.16
Cv67 59 420.21 11.15
Cv68 74 505.08 11.15
Cv69 99 672.00 11.13
Cv70 131 852.71 11.10

Table 40 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 55 °C, with 0.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (PPm)

Cv71 2 34.33 11.10
Cv72 4 33.95 11.08
Cv73 6 80.74 11.09
Cv74 10 137.5 11.06
Cv75 24 496.61 11.01
Cv76 34 674.8 10.97
Cv77 48 776.8 10.90
Cv78 82 1211.8 10.59
Cv79 107 1525 10.39
Cv80 124 1526.8 10.24

Table 41 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with no glycine.

Experimental Reaction time Cu Concentration Measured pH
number (ppm)

Cv81 2 0.60 10.93

Cv82 4 0.61 10.89

Cv83 6 0.48 10.88

Cv84 11 0.71 10.81
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Cv85 25 1.01 10.70

Cv86 34 0.90 10.53
Cv87 50 0.99 10.38
Cv88 72 1.09 10.16
Cv89 106 1.34 9.78
Cv90 130 1.39 9.50

Table 42 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with 0.75 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (PPm)

Cv91 2 24.86 11.10
Cv92 5 44 .41 11.08
Cv93 10 78.10 11.09
Cvo4 22 177.12 11.06
Cv95 29 226.79 11.01
Cv96 48 357.55 10.97
Cva7 58 412.53 10.90
Cvo8 70 540.85 10.59
Cv99 99 705.03 10.39
Cv100 128 891.93 10.24

Table 43 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with 1 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (ppm)

Cv101 2 26.01 -

Cv102 4 35.85 -

Cv103 9 71.20 -

Cv104 23 172.85 -

Cv105 33 21414 -

Cv106 50 300.19 -

Cv107 58 307.36 -

Cv108 74 402.14 -
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Cv109 98 509.13 -
Cv110 121 546.18 -

Table 44 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 11, 40 °C, with 1.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (ppm)

Cv111 2 24.29 -
Cv112 4 41.95 -
Cv113 9 69.08 -
Cv114 23 153.25 -
Cv115 33 222.50 -
Cv116 50 292.91 -
Cv117 58 317.29 _
Cv118 74 426.98 -
Cv119 98 570.49 -
Cv120 121 658.00 -

Table 45 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 9, 40 °C, with 0.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (Pppm)

Cv121 2 18.35 9.29
Cv122 4 25.51 9.29
Cv123 6 29.21 9.28
Cv124 11 43.84 9.28
Cv125 25 75.13 9.26
Cv126 34 94.84 9.25
Cv127 50 130.62 9.25
Cv128 72 187.46 9.24
Cv129 106 286.51 9.19
Cv130 130 344.63 9.16
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Table 46 ICP-OES results of solution collected from covellite dissolution experiment
conducted at pH 10, 40 °C, with 0.5 M glycine.

Experimental Reaction time Cu Concentration Measured pH
number (PPm)

Cv131 2 28.38 9.99
Cv132 5 44 .53 9.92
Cv133 10 71.14 9.89
Cv134 22 141.27 9.90
Cv135 29 172.27 9.90
Cv136 48 314.29 9.87
Cv137 58 363.18 9.84
Cv138 70 453.24 9.83
Cv139 99 622.07 9.81
Cv140 128 868.45 9.77
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