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SYNOPSIS

Base-metals play a key role in maintaining the economic well-being of modern society and
are mainly won from ore deposits containing sulfide minerals. The separation of the base-
metal sulfide minerals from non-sulfide or gangue minerals is accomplished by the
exploitation of differences in surface chemistry using a technique known as flotation. With
increasing oxidation of the sulfide mineral surfaces, flotation ceases to be an effective tool
for their separation and recovery. Where base-metal sulfide minerals have been completely
oxidised to form ‘oxide’ minerals, such as in the near surface levels of a sulfide mineral
ore deposit, sulfidisation has been employed to convert the surfaces into a sulfide form and

thus made amenable to separation and recovery by flotation.

This thesis has addressed the applicability of sulfidisation to the flotation recovery of
heavily oxidised sulfide minerals and was explored in the context of oxidised Merensky
ores which contain three dominant sulfide minerals in association with platinum group
minerals (PGMs). This investigation used a mineralogically similar ore where the sulfide
minerals are in substantially greater abundances, namely a Nkomati massive sulfide ore
containing chalcopyrite, pyrrhotite and pentlandite. Two oxidation methods consisting of
low temperature thermal oxidation and chemical oxidation with hydrogen peroxide were
used to alter the sulfide surfaces.

The oxidation behaviour of the Nkomati ore was characterised in terms of the flotation
response as well as SEM/EDX. The oxidation process resulted in the development of thick
iron and oxygen rich oxidised layers for thermally oxidised samples. For chemically
oxidised samples, the oxidation layer was less than 100 nm thick and no analysis was

possible.

Oxidation had a significant effect upon the flotation recoveries of the Nkomati ore and the
three sulfide minerals, with pyrrhotite and pentlandite displaying the most reactive
behaviour under thermal oxidation and achieving the lowest flotation recoveries. With
chemical oxidation there was a clear trend in terms of the recoveries of chalcopyrite >
pentlandite > pyrrhotite. For convenience, two oxidised conditions were defined based on
the flotation response where ~50% recovery was achieved (‘moderate’ oxidation) and a

recovery of less than 10% (‘heavy’ oxidation).
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The restoration of floatability of the heavily oxidised Nkomati ore and sulfide minerals
was explored as a function of sulfidisation potential employing a technique known as
Controlled Potential Sulfidisation (CPS). The oxidised sulfide minerals in the Nkomati ore
responded well to sulfidisation and there was an optimum sulfidisation potential (Es)
(namely -650 mV sulfide ion electrode potential relative to silver/silver chloride (0.01M
KCl solution) reference electrode or -315 mV SHE) where maximum flotation recoveries
were achieved for all the three sulfide minerals. The sulfidisation mechanisms were
elucidated for both the Nkomati ore and single sulfide minerals using other techniques
including electrophoresis, XPS and EDTA extraction.

Electrophoretic studies showed that the oxidised Nkomati ore and sulfide minerals
adsorbed hydrosulfide ions around the sulfidisation potential where flotation recovery
occurred. Moreover, XPS analyses of chalcopyrite and pyrrhotite particles after
sulfidisation confirmed that base-metal sulfide species had formed on the oxidised
surfaces. The nature of the sulfidisation mechanisms were deduced to be a mixture of
anionic exchange and precipitation as reported for the base-metal ‘oxide’ minerals as well
as electrochemical reactions. Sulfidisation mechanisms as a function of sulfidisation

intensity have been developed for the three sulfide minerals.

In particular, oxidised chalcopyrite surfaces formed predominantly covellite-like species at
lower sulfidisation intensities while a mixture of covellite-like and chalcocite-like phases
was found at higher sulfidisation potentials. Mainly pyrite-like species formed on oxidised
pyrrhotite surfaces with lower sulfidisation potentials which became pyrrhotite-like phases
under more intense sulfidisation conditions. Anodic electrochemical reactions were
principally balanced by the cathodic reactions where hydrosulfide ions were converted to

elemental sulfur and dissolved oxygen into hydroxyl ions.

When pentlandite was associated with oxidised sulfide minerals, restoration occurred
however for pure oxidised samples, sulfidisation did not readily happen and this was
matched by a poor flotation response. It was established that the precipitation of copper
and iron sulfide species onto the oxidised pentlandite surfaces was responsible for the
flotation response. This outcome could be obtained by the addition of base-metal ions

during sulfidisation or in situ if processed with other oxidised sulfide minerals.
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The presence of calcium ions did not affect the efficacy of sulfidisation nor were the
dominant Merensky ore gangue minerals, namely feldspar and pyroxene, sulfidised,
demonstrating the suitability of sulfidisation for the recovery of oxidised sulfide minerals

from oxidised Merensky ores.

This thesis has shown the potential of using CPS to restore the floatability of oxidised
sulfide minerals and has established models to explain the sulfidisation behaviour.
Additionally, a novel method for the sulfidisation of oxidised pentlandite has been
developed.
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Es Sulfide ion electrode potential (mV)
Eh Standard hydrogen electrode potential (mV)
r amount of adsorbed species

UNITS

A Angstrom (10" m)

g grams

IS Ionic strength
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L/min litres/minute @ 101 kPa and 20°C
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LIST OF ABBREVIATIONS
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SHE
SIBX
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Scanning electron microscope
Standard hydrogen electrode
Sodium isobutyl xanthate

X-ray photo-electron spectroscopy
X-ray diffraction
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GLOSSARY

Within the context of this thesis, the following meanings and definitions apply.

Base-metal
Defined as a metal that oxidises when heated in the air, the group of base-metals

include iron, copper, nickel, cobalt, zinc and lead.

Concentrate
One of the two product streams of the flotation process, the other being the
flotation tails. The concentrate stream contains the valuable minerals which is

processed typically by smelting and refining for metal recovery.

Conditioning
Conditioning is the contact time between the slurry and a reagent and is generally

between 3 and 10 minutes long.

Controlled Potential Sulfidisation (CPS)
A sulfidisation technique which employs a sulfide ion specific electrode to control
the addition rate of the sulfidising reagent and maintain a constant Es value during

conditioning.

Floatability
Floatability describes the tendency of a mineral to float and be recovered as a

concentrate.

Flotation cell
A vessel where the flotation separation is conducted. Industrially, flotation cells are
cylindrical or rectangular tanks containing an impeller mechanism to maintain
solids suspension, disperse the air as fine bubbles and achieve mineral particle-

bubble contact.

Gangue minerals
Gangue minerals are minerals that are not considered valuable and are often
silicates. These minerals report to the flotation railings with good liberation and

separation efficiencies.
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Grade
The mass fraction of a valuable mineral present in a process stream such as the

feed or concentrate. Typically expressed in terms of a base-metal as a percentage.

Liberation
The degree to which valuable minerals are separated from each other and
particularly gangue minerals. Poorly liberated particles consist of a mixture of the

valuable and gangue minerals and are often termed composites.

Mechanism
A thermodynamically favoured equation that describes the chemical interaction
between two chemical species, particularly gaseous and aqueous species with

mineral surfaces.

Ore
A mixture of gangue and valuable minerals that is mined from a deposit or
orebody.

Oxidation
The reaction between sulfide minerals and an oxidant, such as oxygen, whereby the
surface becomes chemically altered and oxidation products form.

‘Oxide’ minerals

Minerals that contain a base-metal either as an oxide, hydroxide, oxy-hydroxide,
carbonates, hydroxy-carbonate, sulfate, silicate, etcetera. Better known base-metal
‘oxide’ minerals include cuprite, azurite, malachite, chrysocolla, cerussite,
anglesite, smithsonsite, willemite and zincite. They are found in the near surface
regions of sulfide ore bodies as a result of in-situ oxidation or weathering of the

sulfide minerals.

Platinum group elements (PGEs)

The elements platinum, palladium, rhodium, ruthenium, osmium and iridium.

Platinum group minerals (PGMs)
The minerals that contain the PGEs, typically sulfides, arsenides and alloys.
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Pulp/sturry
A mixture of fine (<100um) mineral particles and gas bubbles suspended in water
containing dissolved reagents.

Reagents
Collector
A collector selectively adsorbs onto the surface of valuable minerals and
confers floatability.
Sulfidising reagent
A sulfidising reagent can create or regenerate a sulfide surface on base-
metal ‘oxide’ minerals and thus permit adsorption of sulfide mineral
collectors. Typical sulfidising reagents include sodium sulfide and sodium
hydrosulfide.
Recovery

The mass percentage of a valuable mineral or element in the feed that reports to the

concentrate.

Sulfide ion electrode
An ion specific electrode that is sensitive to only sulfide ions. It consists of a

silver/silver sulfide electrode and a reference electrode.

Sulfide minerals
A mineral typically composed of two base-metals (one is typically iron) and
sulfur. Typical sulfide minerals include, pyrrhotite, chalcopyrite, and pentlandite.

Tails
The waste stream from the flotation cell, which ideally contains all of the gangue

material and none of the valuable minerals.

Valuable minerals
Valuable minerals are commonly base-metal sulfide or ‘oxide’ minerals as well as
precious metal minerals or alloys (see PGEs) that occur in the ore in economic

quantities.
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CHAPTER 1

INTRODUCTION

The general impact of surface oxidation upon the flotation behaviour of sulfide minerals is
well known and a poor flotation response is associated with oxidised surfaces. The ability
to improve the flotation recovery of oxidised sulfide minerals present in oxidised
Merensky ores offers significant economic benefits to the platinum industry in terms of
increased revenue and the opportunity to maximise the recovery of both base-metals and

platinum group elements (PGEs) from these unique resources.

The nature of the oxidation levels examined in this thesis reflected those that arise from the
in-situ weathering processes that occur when sulfide ore-bodies are located near the
surface. This happens due to the reactive nature of the sulfide mineral surfaces in the
presence of oxygen and water. Physical abrasion processes, such as further milling, fail to
restore fresh sulfide surfaces and thus floatability. The surface oxidation that occurs during
processing is necessarily difficult to avoid since the mining and processing stages utilise

water and do not exclude air. This aspect has not been addressed in this thesis.

While the general effect of oxidation upon the flotation response of sulfide minerals is well
known, it has not been previously quantified nor explored for sulfide mineral assemblages
such as that found in Merensky ores, where the main sulfide minerals are chalcopyrite,
pyrrhotite, and pentlandite. In particular, the effect of heavy oxidation on these sulfide -
minerals has been examined. The restoration of the floatability of the oxidised sulfide
minerals has been explored employing a technique that has been successfully applied to the

flotation recovery of base-metal ‘oxide’ minerals, namely sulfidisation.

1.1 Objectives

The overall objective of this thesis is to investigate the differences in flotation response
between chalcopyrite, pyrrhotite, and pentlandite sulfide minerals in terms of the
deleterious effect of oxidation and the restoration by sulfidisation. Additionally the

applicability of sulfidisation in the treatment of oxidised Merensky ores is examined.
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The primary research objectives of this thesis are to characterise the effect of oxidation
upon sulfide mineral floatability, to determine the suitability of sulfidisation to restore the
flotation récovery of oxidised sulfide minerals, to compare the sulfidisation characteristics
of oxidised sulfide minerals with those of base-metal ‘oxide’ mineral counterparts and to

develop sulfidisation models for each of the three sulfide minerals.

Secondary research objectives arising from the primary objectives include a comparison of
oxidation techniques, an assessment of the effect of calcium ions during sulfidisation, the
development of a novel technique to sulfidise oxidised pentlandite and to determine
whether the sulfidisation process had any effect upon the flotation behaviour of Merensky

ore gangue minerals.

1.2 Scope of the thesis

This thesis presents the results of a study of the oxidation and subsequent sulfidisation of a
pyrthotite-pentlandite-chalcopyrite mixed ore as well as pure mineral samples where
appropriate and Merensky ore gangue minerals. A massive sulfide ore from Nkomati with
similar mineralogy to the Merensky ore sulfide suite was used as the study material and
oxidised both chemically and thermally. Two levels of oxidation are specifically
addressed, namely ‘moderate’ and ‘heavy’ oxidation which were defined based on the
flotation response. The change in the floatability of the oxidised and sulfidised samples
was evaluated as a function of the degree of oxidation as well as the sulfidisation intensity.
Sulfidisation was conducted using the Controlled Potential Sulfidisation (CPS) technique
(Jones and Woodcock, 1978a and 1978b) as a function of the sulfide ion electrode
potential (Es) and the subsequent flotation response measured using micro-flotation. A
number of techniques were employed to elucidate the sulfidisation mechanisms and
included scanning electron microscopy (SEM), energy dispersive spectroscopy (EDX), X-
ray photo-electron spectroscopy (XPS), electrophoresis, electrochemistry as well as EDTA

extractions.

The location of the thesis within base-metal Mineral Processing Research is presented in

Figure 1-1.
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This thesis has focussed on the sulfide mineral behavicur that occars within a specific
electrochemical window as shown i Figure 1-2, which reflects the typical range of the
sulfidisation parameters wsed in practice. The electrochemical window defines a
moderately reducing and alkaline environment where the sulfidisation of base-metal
‘oxide’ minerals such as malachite and cerussite and their subsequent flotation recovery

under more oxtdising conditions has been successful.
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[n this electrochemical window, hydrosulfide ions are the dominant sulfur species and the
alkalinity limits the nature of the species that may be present. CPS is an electrochemical
technique that measures and contrals the sulfidisation process to maintain condittons

withan this window,

1.2 Organisation of the thesis

The literawre s reviewed in Chapler 2 where the pre-existing knowledge base regarding
sulfide mineral oxidation and the sulfidisation process is explored and provides a context
for the research. Chapter 2 ends with the list of key questions and the associated
hypotheses. The experimental methodology, techniques and equipment details are provided
in Chapter 3.

Chapter 4 presents the resulis of the testwork that addressed the oxidation of and
subsequent tiotation response of sulfide and Merensky ore gangue minerals. The results of
the testwork that examined the effect of sulfidisation upon the flotation of oxidised sulfide
minerals as well as Merensky ore gangue minerals are given in Chapter 5. The results are
discussed in Chapter 6, including the sultidisation mechanisms for each of the three
oxidised sulfide minerals. Chapter 7 presents the conclusions and recommendations

regarding the outcomes of the research.
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LITERATURE REVIEW

2.1 Flotation overview

The flotation separation process represents the largest and most spectacular application of
surface chemistry in the world today with over several billion tonnes of material processed
annually. With humble beginnings at the turn of the 20th century, where it was developed
to separate lead and zinc sulfide minerals from non-sulfide minerals, flotation remains the
dominant separation process for the recovery of a wide range of base-metals such as
copper and nickel as well as precious metals including the platinum group elements
(PGEs). The process has been successfully applied to the separation of non-sulfide

minerals from each other and in waste treatment and environmental remediation.

The flotation separation process is based upon exploiting the differences in surface
chemical properties between liberated mineral particles in an aqueous environment. In
particular, the ability of sulfide mineral surfaces to adsorb a specific chemical or reagent
known as a collector allows their surfaces to become hydrophobic and attach to air
bubbles. The sulfide mineral-laden bubbles rise to the surface of the flotation vessel and
form a froth phase which is consequently removed, thus effecting a separation from the
non-floating or gangue minerals. Important factors include the nature and the condition of
the mineral surfaces as well as the type and concentration of the solution species,

particularly the chemicals or reagents employed to achieve the mineral separation.

2.2 Sulfide minerals

Sulfide minerals are a major source of base-metals and commonly found with non-sulfide
or gangue minerals as an orebody. Exploitation of the orebody occurs through mining,
mineral liberation, separation and concentration activities, typically flotation. In Merensky
ores, the PGEs are predominately associated with the iron-bearing sulfide minerals
chalcopyrite, pyrrhotite and pentlandite. These three sulfide minerals and their subsequent

process behaviours are the focus of this research.
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2.2.1 Properties

Most sulfide minerals exhibit poor or absent cleavage, resulting in surfaces that are
typically very topographically irregular with defects induced by fracture. Although the
effect of bulk defects and impurities are poorly understood, they do affect the chemical
reactivity of the mineral surface (Rosso and Vaughan, 2006).

Table 2-1 summarises the important properties of the three sulfide minerals studied in this
research, including the three forms of pyrrhotite. Unlike the other two sulfide minerals,
pentlandite has a cubic cleavage while pyrrhotite is characterised by cationic vacancies
which significantly impacts the mineral reactivity. All the sulfide minerals are highly
conducting, with chalcopyrite exhibiting the greatest resistivity and classified as a
semiconductor. While the other two minerals display metallic conduction, the cationic
vacancies in metal deficient pyrrhotite structures result in p-type behaviour. Of the three

sulfide minerals, only monoclinic pyrrhotite exhibits any significant magnetic properties.

Table 2-1: Important properties of the three sulfide minerals at 25°C
(after Pearce et al, 2006)

Sulfide Chemical Crystal Conductivity Electrical Magnetic Magnetic
Mineral Formmula Structure Type Resistivity Property Susceptibility
(ohm-cm) (10° mole”'cgs) |
Chalcopyrite| CuFeS, Tetragonal Semiconductor : n-type 10°- 150 Antiferromagnetic ~32
Pyrrhotite Fe,8; Monoclinic Metal : p-type 10%-10? Ferrimagnetic Av. 125,000
Pyrrhotite Fe,,S Hexagonal Metal Antiferromagnetic
Troilite FeS Hexagonal Metal : p-type 10%-107 | Antiferromagnetic 5,187
Pentlandite | (Fe,Ni);S; | Face centred cubic Metal Pauli paramagnetic
2.2.1.1 Chalcopyrite

Chalcopyrite (CuFeS;) is the most important ore mineral of copper and consists
of 30.43 wt% iron, 34.63 wt.% copper and 34.94 wt.% sulphur. Chalcopyrite has a brassy
to honey yellow colour and displays a tetragonal crystal structure. Copper is present as
Cu(I) while iron is in the Fe(III) form, giving a formula of Cu'*Fe*'S, (Pearce et al, 2006).

Chalcopyrite does not display any ordered magnetic properties at room temperature and
behaves as a typical narrow band gap n-type semiconductor at room temperature (Pearce et
al, 2006). The top two layers of fractured chalcopyrite apparently have a 50 wt.% pyritic
content (Rosso and Vaughan, 2006).
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Pearce et al (2006) noted that in the absence of any cleavage, the limitations associated
with a definitive interpretation of XPS data as well as the relative complexity of the
electronic structure of chalcopyrite, have all contributed to an incomplete and controversial
understanding of the chalcopyrite surface.

2.2.1.2 Pyrrhotite

Pyrrhotite is the second most abundant iron sulfide mineral after the ubiquitous pyrite.
Pyrrhotite exhibits a range of compositions represented by the general formula Fe,,S
(where x varies from 0 to 0.17). The changing amount of iron in the structure is balanced
by the ratio of Fe(Il) to Fe(III). The presence of Fe(IIl) defects in pyrrhotite surfaces has
been studied by Pratt et al (1994). Pyrrhotite is bronze to dark brown in colour and has a
nominal chemical composition of 62.33 wt.% iron and 37.67 wt.% sulfur. In mineral
processing, pyrrhotite is generally an unwanted mineral, unless it is associated with or

hosts precious metals, such as in Merensky ores.

Pyrrhotite consists of a family of mineral phases with structures based on the hexagonal
NiAs-type structure. Complex superstructures arise from the ordering of iron atom
vacancies in layers parallel to the basal plane. Troilite (FeS) and the intermediate phases
(FesS10 and Fey0S1;) are mostly hexagonal while monoclinic pyrrhotite (Fe;Ss) exhibits the
maximum iron deficiency. Given the complexity of these materials, it is not surprising that
there have been few detailed studies of the surface structure and surface chemistry of
pyrrhotite (Rosso and Vaughan, 2006).

Only monoclinic pyrrhotite displays any significant magnetic behaviour and is classified as
ferromagnetic. The value of the saturation magnetisation varies between 6 and 18 Amkg’!
depending upon the particle size (O’Reilly et al, 2000).

2213 Pentlandite

Pentlandite is a primary source of nickel and consists of 32.56 wt.%
iron, 34.21 wt.% nickel and 33.23 wt. % sulfur. It is brown to bronze in colour and
displays a cubic crystalline habit. Pentlandite is a metallic conductor with Pauli
paramagnetic magnetic character and can be considered an alloy of nickel, iron and sulfur,

with a molar excess of metal (Warner et al, 1992).
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Pentlandite is ubiquitously found in an intimate textural association with pyrrhotite. It may
occur as grains along fractures and boundaries of pyrrhotite grains or as smaller irregular,

flame-like, ex-solution structures within the pyrrhotite grains. Subsequently, while granular
pentlandite tends to liberated, the flame variety is more commonly found as composites in
mineral processing operations. Pyrrhotite formed in association with pentlandite can carry

nickel in solid solution (Kelly and Vaughan, 1983).

2.2.2 Oxidation

The instability of sulfide minerals when exposed to the Earth’s atmosphere or oxygenated
surface waters makes redox reactions, particularly oxidation, of great importance in
determining the behaviour of sulfide minerals. In mineral processing, other oxidants
(notably Fe(IIl) ions) are important and factors such as temperature and pH make major
contributions to the rates of these redox reactions. The roles played by a range of bacteria

are also important (Rosso and Vaughan, 2006).

Sulfide mineral surfaces undergo significant changes in the surface layers due to structural
and chemical rearrangements after exposure to oxidants. The mild oxidation of iron-
bearing sulfides, such as those found in Merensky ores, in the presence of either air or air
and water proceed through a similar mechanism. Iron is preferentially lost from the lattice
to form surface iron hydroxides and oxy-hydroxides while the underlying mineral lattice
becomes enriched in sulfur (Smart e al, 2003). Smart (1994) proposed the following
generic oxidation reaction for both pyrrhotite and pentlandite under aqueous conditions:
MS + xHy0 +1/2X02 — M xS + XM(OH)z .ccovvuvvirenrvveenvveicrveeirnns (2-1)

where MS represents a metal sulfide.

2.2.2.1 Chalcopyrite

The oxidation of chalcopyrite in air was reported to have formed mainly iron oxy-
hydroxide and hydrated iron oxide surface products as well as copper oxides (Smart, 1991;
Zachwieja et al, 1989 and Buckley and Woods, 1984). Copper and sulfur enrichment in the
underlying surface resulted in the formation of CuS (Luttrell and Yoon, 1984) as well as
the compositional phase CuS; (Buckley and Woods, 1984). After 10 minutes exposure to
air, the oxidised layer had an average thickness of 1.5 nm while after 100 minutes it had
increased to around 4.5 nm (Yin er al, 1995). The surface oxidation products on the
chalcopyrite surfaces were readily removed (Zachwieja et al, 1989).

8
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Similar resolts have been reported for the aqueous oxidation of chalcopyrite. Under mildly
reducing conditions at pH 9.2, using electrachemical techniques Yin ef af (20(K) proposed
the foltowing reaction:

2CuFeS; + 6a0OH — CoFe;5; + xFea05 4+ 31H,0 +0xe ..........(2-2)

At higher oxidation potentials, two further reactions occurred:
2CuFeSs + 60H — ZCqu +Feads +3HO0 + 6 (2530
CuFeS; + 30H — CuSs + Fe(OH)3 4 68 oo A254)

At potentials just above the rest potential of chalcopyrite, a monolayer of Fe.OwFe(OH ),
was reported to form which passivated the surface. Copper and sulfur were lefi unoxidised
as a metastable phase of CuS: stoichiometry (CuS-"). With increasing potentials. the
reactions continued, removing iron from deeper within the chalcopyrite, with the solid-
state diffusion of the iron being the rate-controtling mechanism (Yin er af, 2000). This is
depicted in Figure 2-1 in a simplitied model of the aqueous oxidation of chalcopyrite

(Vaughan et af, 1995).
| s, Hx()

!

~FelhH { Feyll
Fi "‘:'I.I.';‘i;-

—_/\-—v_

CuFes;

Figure 2-1: Aqueous oxidation modet for chatcopyrite (based on Vaughan er af, 1995)

Electrochemical oxidation of chalcopyrite under alkaline conditions produced a superficial
layer of heterogeneous oxidised materials with ‘islands’ of oxide, hydroxide and sulfatc

specics (Velasquez e al, 2005),

2ede Pyrrhotite

Onidation products such as iron bydroxides, oxy-hydroxides and oxides were reported to
form a coating on pyrrhotite under a varicty of oxidising conditions {Buckley and Woods,
1985a and b: Pratt ef al, 1994 and Jones ef al, 1992). Using XPS. Buckley and Woods
(1985a) studied the oxidation of pyrrhotite in air over 50 hours and reported that a
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chemically stratificd structure (FeO, s, FoSz, FeoS; and FeSy) had formed duc to the
outward diffusion of iron from the bulk lattice, This oxidation mechanism for pyrrhotite
has been corroborated by other researchers (Pratt er af, 1994 and Mycroft et af, 1995). The
thickness of the oxidised laver was 5 A while the S-depleted sulfide Jayer was 30 A
(Mycroft er af, 1993). Janzen er ol (2000 reported no significant difference in the relative
rates of oxidation although more recent work suggests that the monoclinic form may be

lcss reactive (Belzile er al, 2004).

Pyrrhotite samples ground under pure water were considercd heavily oxidised, with a
significant sulfatc presence in the surface products (Jones er qf, 1992). Following
vltrasonic treatment, decantation and washing of the samples, the principal entities
remainng detccted by XPS woere carbonates and FeQ.Oll, The abundance of Fe(Ill)

hydroxide was much greater after aqueous oxidation compared to air oxidised samples,

EDX analyses of pyrthotite oxidised for 3 hours in an alkaline solutton tormed oxidation
layers which were about 10 nm thick, Auger analyses of these oxidised samples identificd
a thin ron and oxygen rich sorface layer covering an iron depleted and sulfur enriched
subsurface. Further analyscs of these samples with XP5S confirmed that Fe(IlI) oxides and
hydtoxides dominated the swrface while sulfur was present as a large array of species,
mainly as §% (unoxidised pyichotite), sulfate, polysulfides, disulfides (pyritc) and
thiosulfates (Legrand er af, 2(005h).

Cyclic voltammetric studies ol pyithotite ¢lectrodes under alkaline conditions identified
hydratcd iron oxide and sulfur as well as sulfate as the products of anodic oxidation
(Hamilton and Woods, 1981). The cathodic peak was considered to be iron sulfide that
formed from the iron oxide and the sulfur product as well as the reduction of the remaining
ferric oxide to ferrous oxide. On the subscquent positive-going scan, the anodic peak was

associated with the oxidation of the ferrous oxide.

Pyrrhotite reacted with 0.2M acetic acid (~pH 2.4) for 15 minutes was found to have a
severely iron-depleted surface as a result of the formation of a soluble Fe(ll) species.
Elemnental sulfur but no sulfate was reported, however at a higher oxidation potential under
actdic conditions sulfate would be expected to form (Buckley and Woods, 1985b). The
reaction of 0.05M perchloric acid with ground pyrrhotite surfaces was studied under a

range of conditions (Jones ¢f gf, 1992), The major effect was an increased cxposure of

10
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Fe(Il) oxide/hydroxides and iron sulfides with a decreased abundance of sulfates,
carbonates and Fe(IIl) species. The iron-deficient surface was found to have re-ordered to
form Fe,S; with the potential for pyrite formation with greater iron losses while the

oxidation layer was considered discontinuous and patchy.

Pyrrhotite has been reported to be particularly susceptible to oxidation compared to other
sulfide minerals (Isihara and Kagamai, 1964). The oxidation of pyrrhotite progressed more
rapidly than that of pentlandite in aerated aqueous environments (Broomhead and Layers,
1976, Legrand et al, 2005a and Heiskanen et al, 1991). Continued oxidation of the two
minerals caused the conversion of Fe(I) to Fe(III) and increased the acidity of the solution,
which attacked both minerals (Broomhead and Layers, 1976). The reaction rates of the two
minerals as well as the degree of surface oxidation were proportional to the dissolved
oxygen concentration (Broomhead and Layers, 1976 and Legrand et al, 2005b). Based on
the degree of surface alteration, five minutes of oxidation of pyrrhotite was equal to thirty
minutes of pentlandite. Only Fe(IIT)S and polysulfides were reported in the oxidation layer
on the pyrrhotite surfaces (Legrand et al, 2005b). The enhanced reactivity of pyrrhotite
was attributed to the presence of vacancies in the pyrrhotite crystal structure.

2.2.2.3 Pentlandite

After an hour of contact with air, pentlandite surfaces were reported to be covered in
hydrated iron oxides and nickel oxides (Buckley and Woods, 1991). With increased
exposure to a day, considerably more oxidation resulted. Beneath the oxide layer, the
pentlandite was considered to be metal deficient and present as a restructured nickel-iron

sulfide species as follows:

Fe4NisSg + 0.75x0; + 0.5xH;0 — Fe4xNisSs + 0.5xFe,03.H,O ................ (2-5)

A number of surface techniques were used to study the aqueous oxidisation of pentlandite
under alkaline conditions. A 10 nm thick oxide layer had formed after 3 hours and
significant enrichment in oxygen and iron was reported to have occurred at the surface
while the subsurface had experienced substantial depletion in nickel and sulfur (Legrand et
al, 1997 and 2005b). With greater exposure, the presence of FeO.OH was reported with
nickel sulfate as the dominant surface species while violarite had formed in the subsurface
region (Legrand er al, 1997, 2005a and 2005b). Other oxidation products included
Ni(OH),, Fe(III)S and polysulfide species in the oxidised layer. Legrand et al (1997)

11
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concluded that the oxidation of pentlandite in either air or water followed a similar trend to

that of pyrrhotite.

Cyclic voltammograms of a pentlandite electrode under alkaline conditions confirmed that
the major process in the oxidation of pentlandite was the selective removal of iron, while
elemental sulfur was the primary sulfur oxidation product. Minor quantities of sulfate were
formed that increased in quantity with greater oxidation potentials. Like pyrrhotite, the
cyclic voltammogram of a pentlandite electrode displayed anodic and cathodic peaks that
were identified with the oxidation and reduction of iron oxide and sulfur products. It was
therefore concluded that the aqueous oxidation products of pentlandite were similar to
those of pyrrhotite. An hour of aqueous oxidation produced a considerably thicker oxidised
layer than that after a day of exposure to air and was not readily dislodged. Although the
same oxidation mechanism was observed, pentlandite samples from different deposits

varied in reactivity towards oxygen (Buckley and Woods, 1991).

Thornber (1983) studied the mineralogical and electrochemical stability of pentlandite and
violarite. In an assemblage consisting of pentlandite, pyrrhotite and pyrite, pentlandite was
the first sulfide mineral to react at the lowest oxidation potential. Pentlandite oxidised to
violarite by releasing nickel and iron into solution:

Fey sNis 5Sg — 2FeNiySy + 0.5Ni%* + 2.5Fe* + 6€ ....ooouvrrrererrennnne (2-6)

The increased nickel activity caused the pyrrhotite to become unstable, reacting with nickel
from solution to form violarite:
FerSs+ 4Ni2* — 2FeNisSy+ SFe™ 4 267 occvvvrvvvvvvvmmmmssssssssssssessesseenes Q-7

The effect of a number of different oxidants, including air, steam and hydrogen peroxide,
upon the surface of synthetic pentlandite has been reported (Richardson and Vaughan,
1989). Like the other studies, the oxidation layer was considered to consist of iron oxy-
hydroxide species as well as nickel oxide and iron sulfate. The strength of the oxidant
used, as well as the thermodynamic stability of the phases, governed the proportions of the
phases present in the oxide layer. The mineral subsurface was observed to become
enriched in nickel after oxidation, which then restructured to form violarite (FeNi,S,4) as
reported by other researchers.

Warner et al (1996) prepared Eh-pH diagrams for the Fe-Ni-S aqueous system showing

many of these features such as the co-existence of violarite and pentlandite with the species

12
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FeO.0OH and Ni{OH}. Under strong acidic conditions (e.g. IM HCI}, pentdandite was
observed to adopt a steady-state potential at 86°C of -168 mV SHE and decomposed
oxidatively with the liberation of agueous metal ions and hydrogen sulfide (Warner et af,

1992).

2224  Oxidation of sulfide mineral ore bodies

Base-metal sulfide mineral orebodies in contact with aerated ground waters experience
oxidation. Iron-bearing sulfide minerals preterentially lose iron {(Smart, 1994) while lattice
bound sulfur 1s sequentally oxidised to polysulfides, elemental sulfur and then through a
series of sulfoxy species. The acidity of the ground water becomes greater. which in turn
attacks the minerals. With increasing oxidation. the primary sullide minerals oxidise
through a series of secondary sulfide minerals and eventually o “oxide’ minerals (Garrels,
1953 and Sato, 196Ga), the nawre of which is dependent upon the weathering environment
and oxidising conditions {Sato, 1960a and b, Blain and Andrew, 1977, de Waal. 1978 and
Thornber, 1983). For are bodies that contain significant quantities of sulfide minerals, the
electrical properties of the sullide minerals allow a large galvanic cell to form over the
surface of the orebody, which maintains the continuity of the oxidation process (Thornber,
1983). The effect of oxidation on a sulfide mineral crebody is shown schematically in

Figure 2-2.
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Figure 2-2: Schemalic repregentation of the oxidation of a sulfide
mineral ore body {based on Guilbert and Park, 1986}
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2225 Base-metal ‘oxide’ minerals

The continued oxidation of basc-metal sulfide minerals, such as that which occurs during
the weathering of the upper regions of a basc-mctal sulfide cre body, results in the
formation of hase-metal ‘oxide’ mincrals, where all of the iron and generally all of the
subfur has been removed, The most commenty encountered basc-metal ‘oxide’ minerais
consist of oxides, oxy-hydroxides, carbonates, sulfates and silicates of copper, lcad and

Zing.

The clectrophoretic behaviours of the copper ‘oxide’ mincrals malachite, tenonte and
chrysocolla were found 1o be very similar and the pH value of the iso-clectric point {pHEp)
was the same as Cu(OH): (Gonzalez, 1974). Based on a solubility diagram, this species was
shown to be the equilibrium sueface species tor malachite over the pH range 6 tol0
{Gunzalez et al, 1975), Zinc hydroxide was reported to torm en the surfaces of zine exide
particles (Wany et af, 2002). Overall, this is a feature of ‘oxide’ minerals in the presence of
waler, particularly where some degree of solubility exists (Schindler and Stumm, 1996).
As can be seen from Tabic 2-2, many of the base-metal “oxide” mincrals are moderately
soluble, noting that the surface of tenotile, with a K, of 107", was found 1o be covered
with copper hydroxide. Thus it is expected that most base-metal ‘oxidc’ mineral surfaces in

contact with water would be covered in the corresponding base-metal hydroxide.

Table 2-2: Solubility products for base-metal 'oxide’ minerals

Base- Mioeral
Melal Species
Copper | Malachite -6.49°

Log K,

AFurite 6,47
Tenoritc 2.5
Cuprile -14.7°

Zing | Soithsonite | 2.7
Lead Cerussite | -12.96"
Anglesit 789"

L Attia (1975)
b Garrels and Christ {1990}

The more commercially important iron “oxide™ minerals consist of oxides, oxy-hydroxides
and carbonates and due to the high grade nature of such ore bodies. exploitation rarely

invalves mineral separation, The oxy-hydroxides display excellent adsorbent propertics

14
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and this aspect has been widely studied (Cornell and Schwertmann, 1996) as well as their
electrophoretic behaviour (Parks, 1965, Rubio and Matijevic, 1979 and Fokkink, 1987).
They also exhibit a wide range of magnetic properties, from the poorly magnetic (goethite
and hematite) to the oxy-hydroxides (such as 8FeO.OH) with intermediate saturation
magnetisation properties to that of the highly magnetic minerals magnetite and maghemite
(Pankhurst and Pollard, 1992 and Cornell and Schwertmann, 1996).

Little has been reported about the nickel ‘oxide’ minerals, which appear to be limited to

oxy-hydroxides and carbonates.

2.2.3 Suifide minerai fiotation behaviour

The tendency to float without collector followed approximately the opposite ranking as the
ease of oxidation: chalcopyrite > pyrrhotite > pentlandite (Guy and Trahar, 1984). Rand
(1977) found that the relative ranking of rest potentials of sulfide minerals corresponded to
the mineral requirement for oxygen during flotation with xanthate collectors, namely
pentlandite > chalcopyrite > pyrrhotite. The higher rest potential of pentlandite compared
to that of pyrrhotite has been reported by other researchers (Buswell and Nicol, 2002 and
Kirjavainen et al, 2002).

Under both aerated and oxygen deficient conditions, pentlandite was reported to float more
readily than pyrrhotite, based on massive nickel-copper ores from Sudbury. The order of
floatability under aerated conditions was found to be chalcopyrite > pentlandite >
pyrrhotite, while under an oxygen deficient environment, the order became pentlandite >
chalcopyrite > pyrrhotite. This behaviour was correlated with the catalytic activity of the
minerals for oxygen reduction (Kelebek, 1993).

Senior et al (1990) studied the flotation behaviour of pentlandite and pyrrhotite under a
number of conditions. Under aerated, alkaline conditions, collector-less flotation was
found to be greater for pentlandite than that of pyrrhotite after milling with iron media.
With collector (ethyl xanthate at ~10*M), pentlandite flotation recoveries were similar at
pH 7 and 9 however decreased significantly at pH 11 with sodium hydroxide as the pH
i'egulator. At both pH 7 and 9, nearly 100 wt.% flotation recovery was observed over the
size range from 20 to 90 microns, with a slight drop in recovery above 90 microns. At 106

microns, the flotation recovery at pH 9 was around 95 wt.%.
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The flotation of pyrrhotite with ethyl xanthate (~10"*M) after milling with iron media was

strongly affected by pH. The optimum flotation recovery of just over 80 wt% was
achieved at pH 7 and fell significantly to just 20 wt.% at pH 9. This highlights a significant
difference in the floatability between pyrrhotite and pentlandite at pH 9 after milling with

iron media.

The floatability of pyrrhotite was found to decrease with increasing particle size. At pH 9,
the optimum flotation recovery (~45 wt.%) was found between 20 and 40 microns. At 80
microns, flotation recovery had fallen to below 20 wt.% and at 106 microns, it was below
10 wt.%. In comparison, nearly full flotation recovery of pentlandite at pH 9 had been
achieved over these size ranges in 8 minutes of flotation. The addition of copper sulfate
had no effect on the pentlandite size-recovery curve, however significantly increased the

recovery of pyrrhotite, particularly the finer sized particles (12 to 30 microns).

2.2.3.1 Solution ion effects

At a typical process pH of 9, electrochemical studies have shown that calcium, thiosulfate
and sulfate ions were surface active and interacted strongly with pentlandite and pyrrhotite
surfaces (Hodgson and Agar, 1989). It was concluded that these ions would influence the
extent of xanthate adsorption and thus the degree of hydrophobicity. For pentlandite, both
calcium and thiosulfate ions competed with xanthate for adsorption, whereas only the

calcium ion affected the collector requirement.

The depressive effect of calcium ions upon the flotation recovery of synthetic pentlandite
at pH 9 was quantified with SIBX (5x10-°M) (Malysiak et al, 2002). The flotation recovery
fell from 50 wt.% to 40 wt.% in an 80 ppm (~2x10° M) calcium solution and to around 17
wt.% with a 500 ppm solution.

In contrast to Hodgson and Agar (1989), both calcium and thiosulfate ions were found to
improve the flotation of pentlandite and chalcopyrite at pH 9 after milling with mild steel
media. These observations were interpreted to be strongly related to galvanic coupling
effects. Not only did the calcium ions activate the two sulfide minerals, they also increased
ethyl xanthate adsorption onto the mineral surfaces. On the other hand, the thiosulfate ion
improved floatability by reducing the effect of surface hydrophilic species, which offset an

associated decrease in the xanthate adsorption (Kirjavainen et al, 2002).
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2.2.4 Effect of sulfide mineral oxidation

2.2.4.1 Surface charge

Electrophoresis has been widely used to measure the zeta potentials of metal oxide and
hydroxide minerals as a function of the pH (Parks, 1965). This technique has been applied
to sulfide minerals such as chalcopyrite (McGlashen et al, 1969, Ney, 1973 and Salatic et
al, 1975), pyrrhotite (Ney, 1973) and nickel sulfide (Healy and Moignard, 1976). More
recently it has been used to characterise the degree of oxidation for chalcopyrite (Fullston
et al, 1999).

With oxidation, the sulfide mineral surfaces become covered in metal oxides/hydroxides,
causing the surfaces to become less negative and even positive (Fullston et al, 1999).
Healy and Moignard (1976) noted that the zeta potential profiles of the sulfide minerals lay
between that of elemental sulfur and the corresponding metal oxide/hydroxide. They
concluded that the pH value where the isoelectric point occurred (pHep) gave a good
indication of the extent of surface oxidation or surface coverage by metal oxides or
hydroxides.

2.2.4.2 Flotation behaviour

Heavily oxidised surfaces on chalcopyrite were replicated by conditioning with ferric
nitrate prior to flotation to form Fe (III) oxy-hydroxides (Grano et al, 1997). XPS analyses
of the surfaces after treatment indicated that there was an increased contribution of Fe(III)
oxy-hydroxides compared to the untreated chalcopyrite surfaces.

Using oxygen as the flotation gas, the collectorless flotation recovery was found to fall by
40 wt.% to below 10 wt.% after treatment with 5x10°M Fe(11I). Thus it was concluded that
Fe(II) species such as Fe(OH); would adsorb onto the chalcopyrite surfaces and cause

subsequent depression.

2.3 Sulfidisation

2.3.1 Overview

The sulfidisation process was patented early in the history of flotation to enable the

recovery of base-metal ‘oxide’ minerals by flotation, which did not respond to the recently
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developed sulfide mineral flotation technology (Schwarz, 1905). It was initially employed
in 1912 at Broken Hill (Australia) to recover lead ‘oxide’ minerals such as cerussite and
anglesite. Since then, sulfidisation has been applied to the flotation recovery of a range of
base-metal ‘oxide’ minerals, most notably malachite and heterogeneite (Shungu et al,
1988, John et al, 1991, Mwema and Mpoyo, 2001 and Bastin ez al, 2003). Sulfidisation has
also been used in the remediation of soils contaminated by base-metals (Vanthuyne and
Maes, 2002).

The sulfidisation process is an aqueous based method, where soluble sulfide salts are used
to create sulfide surfaces on base-metal ‘oxide’ minerals that are then amenable to
conventional sulfide flotation practice. Another method is thermal sulfidisation, where the
sulfide surfaces are formed at high temperatures in the presence of sulfur. While this
approach has proved successful in the laboratory, particularly for chrysocolla (Queirolo
and Castro, 1976) as well as lead and zinc ‘oxide’ minerals (Luganov and Bitimbaev,

2000), it has not been adopted in practice.

Soluble sulfide salts have been used in a number of contrasting roles in base-metal sulfide
flotation. At low concentrations, the floatability of sulfide minerals is improved by the
removal of surface oxidation products (Luttrell and Yoon, 1984) while at strong
concentrations, sulfide minerals are depressed (Sutherland and Wark, 1955). In the
sulfidisation of base-metal ‘oxide’ minerals, the range of concentrations used varies from

moderate to strong.

2.3.2 Sulfidising reagents

2.3.21 Sources

The sulfidising reagent most commonly employed in practice is sodium hydrosulfide,
although sodium sulfide is still widely used (refer to Table 2-9). Most of the sulfidisation
research conducted upon base-metal ‘oxide’ minerals, particularly malachite, has utilised
sodium sulfide (refer to Table 2-4). Calcium sulfide, used out of necessity, was reported to
be a suitable replacement for sodium sulfide based upon metallurgical outcomes (Zhang,
1993). Barium sulfide has been used successfully in the sulfidisation and flotation of
smithsonite, however it was not recommended for cerussite ores (Rey et al, 1950 and Rey,
1954).
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Ammonium sulfide has been used industrially in the flotation of copper ‘oxide’ minerals
{mainly chrysocolla and brochanite) (Raghavan et af, 1984) with variable results (Crozier,
1992), At the same sulfidising reagent addition rates, sigmficantly lower pH and
sulfidisation potential values were found with ammoniom sulfide compared to sodium

sulfide (Bastin ef af, 2003},

Polysulfides, such as disulfide, tetrasulfide and pentasulfide, have been explored as
sulfidising reagents. The pemasulfide, in particular, was reported 1o show marked
improvements in flotation recovery with chrysocolla over that found with sodium sultide
{Glazunov er af. 1993). Similar findings were reported for the flotation recovery of
malachitc with & polysulfide sulfidising reagent (Quast et af, 2005}

2322 Solution chemistry
The nature of the active species present in soluble sulfide salt solations is a function of pH
and is described by the following reactions:
HaSu o HS + H oo eeeesssssssennene e 2-8)
where the first dissociation constant, K, is given by :
K= SIS B saanainam. 2t 5 8a)
with K; = 1.02 x 107 (pK, =-6.99)

and the second dissociation constant, Ko, is :
Ko = [ST1HVES T oo, (2-0a)
with Kz =1.20x 10" (pKa=-12.92).

There 18 some debate about the pK; value, with some researchers reporting values around —
17.4 {e.g. Migdisov ef af, 2002}. However, i1 was argued that the value settled upon by Rao
and Hepler (1977), namely -12.92, yielded more realistic sulfide ion concentrations (Jones
and Woodcock, 1978a).

As equations 2-8 and 2-9 show, the speciation of soluble sulfide salts is controlled by the
solytion pH. Figure 2-3 shows the sulfur jon speciation in the HaS$/HS/$™ system as a
function of pH for a pK: of -12.92. Aqueocus hydrogen sulfide is the principal specics
below pH 5. while above pH 12, the chief species is the sulfide ion. Berween pH 8.5 and

10, the common range for sulfidisabon, the hydrosulfide ion is the dominant species and
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thus considered 10 be the active species during sulfidisation (Crozier, 1992},
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Figure 2-3: Sulfur solution speciation as a function of pH
(i of -12.32, based on Crozier, 1992}

The sulfide ion concentration can be measured with a silverfsilver sulfide electrode relative
o a standard reference elecirode such as satwrated calomel (SCE} {(Jones and Woodeock,
1978a). It is very sensitive 1o low sultide ion concentration levels (as low as 10°*M (Orion,

19567) and 1s relatively free of interfering ions (Jones and Woodcock., 1978a).

The sulfide ion electrode potential, often referred to as Es, is a function of both the sulfide
ion concentraticn and pH as presented in Figure 2-4. A 10 fold change in the concentration
of the sulfide ion concentration causes a change in the electrode potential Es of 29 mV as

does a pH change of one unit (Jones and Woodcock, 1979a).

In addition to these specics. polyhydrosulfide (HS; ) and polysulfide (S,F'} spocies, where n
= 2 to 3, have been detected in sulfide solutions (Rickard and Luther, 2006} The
hydrodisulfide ion (HS:') is the dominant polysulfide 1on and below pH 7. may account for
up to 1 wt.% of the total disselved sulfide species in the system {Rickard and Luther,
2006). Polyhydrosulfide 1ons decompose o form the counterpart polysulfide ton and

hydrogen ions,

The polysulfide species are thenmodynamically unstable and decompose to thiosulfate
(5 3(}_43'_} and hydrosulfide sons (Licht and Davis, 1997 Polysulfides with inereasing chain

length become more abundant under more highly alkaline conditions and can make up to
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20% of the sulfide ion concentration under certain conditions. However, in the presence of

trace levels of oxygen, this falls to around 5% (Rickard and Luther, 2006).
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Figure 2-4: Sulfide ion electrode potential as a function of sodium sulfide
concentration and pH (after Jones and Woodcock, 1979a)

A number of sulfide and hydrosulfide ion complexes can form with base-metal ions,
particularly copper, silver and antimony (Rickard and Luther, 2006). Although not as
extensive, cadmium, mercury, nickel, iron, manganese and cobalt exhibit a modest array of
such complexes. The dissolution of nickel, cobalt and copper sulfide precipitates in 10°M
hydrosulfide concentrations, possibly as polysulfide complexes, has been reported (Shea
and Helz, 1988 and Lewis and van Hille, 2006).

23.2.3 Role of dissolved oxygen

Dissolved oxygen also plays a very significant role in the consumption of sulfidising
reagent species. Removing the dissolved oxygen from the sulfidisation conditioning stages
significantly reduced the consumption of sulfidising reagent by up to 70% (Cantrell, 1996,
Clark and Newell, 1996 and Clark et al, 2000).

Dissolved oxygen reacts readily with sulfidising reagent solutions, particularly sulfide ions,
although an induction period is often found (Chen and Morris, 1972a). The oxidation rate
displayed maxima at pH 8 and 11. The presence of base-metal cations in small quantities
(10™* to 10°M) rapidly catalysed the oxidation of sulfidising reagent solutions, forming

colloidal sulfur and a range of sulfoxy compounds. Nickel ions were the most effective
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catalyst, followed by iron and lastly copper (Krebs, 1929, Chen and Morris, 1972b, and
Zhang and Millero, 1994).

The oxidation of sulfide and hydrosulfide ions by dissolved oxygen is electrochemical and
occurs rapidly on the surface of sulfide minerals (Klassen and Mokrousov, 1963, Tolun
and Kitchener 1964 and Woods et al, 1989). The order of reactivity followed that found by
Rand (1977) where pyrite was the most reactive sulfide surface for the oxidation of
hydrosulfide ions (Woods et al, 1989). Polysulfides were also reported to be very unstable
in the presence of dissolved oxygen (Steudel, 2000) and the products of oxidation were
mainly sulfate ions (Klassen and Mokrousov, 1963), which like thiosulfate ions, may
depress sulfidised minerals (Castro et al, 1974b and Soto and Laskowski, 1973).

2.3.3 Controlled potentlal sulfidisation (CPS)

Like other reagents commonly used in flotation, the sulfidisation technique originally
employed a fixed rate of addition. Due to variability in both the ‘oxide’ mineral type and
the associated abundance in the ore, ores were either ‘under’ or ‘over’ sulfidised and the
subsequent flotation metallurgy was often erratic and occasionally unpredictable (Crozier,
1992).

Boyard (1954) had suggested that the sulfidisation process would be significantly
improved by controlling the process through the measurement of the solution potential
(ORP). The development of a more specific potential detection system, namely the sulfide
ion selective electrode, finally lead to the development of a technique (Jones and
Woodcock, 1978a, 1978b, 1979a and 1979b and Jones, 1990). It was demonstrated that
better and more reliable metallurgy was achievable by conditioning at a fixed sulfide ion
electrode potential (Es) with a number of copper and lead ‘oxide’ ores. The technique was
termed Controlled Potential Sulfidisation (CPS) and not only addressed the variability in
the sulfidising reagent requirements but provided a characterisation technique that could be
successfully applied in practice. Important developments included the use of a number of
stages of sulfidisation (Jones and Woodcock, 1979b), the application to cleaning stages
(Jones et al, 1986) and the utilisation of nitrogen during sulfidisation (Clark et al, 2000).
Lewis (1990) described a successful plant application with four stages of CPS as well as a

CPS cleaning stage treating a gold-bearing ore containing copper ‘oxide’ minerals.
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2.3.4 Additives to the sulfidisation process

Ammonium sulfate has been used in the sulfidisation of copper ‘oxide’ minerals
(predominantly malachite) (Zhang and Poling, 1989 and 1991) and copper/cobalt ‘oxide’
minerals (malachite and heterogeneite) (Bastin et al, 2003). The significant improvement
in copper metallurgy reported by Zhang and Poling (1991) was only found for
heterogeneite (Bastin ez al, 2003). While some authors ascribe any benefits to the surface
cleansing effects, Zhang and Poling (1991) reported that the ammonium species catalysed
the sulfidisation reaction and caused a more coherent copper sulfide surface to form.
However, the effect of ammonium salts may be either ore or technique specific, since other

researchers have not been able to reproduce these results (Mwema and Mpoyo, 2001).

2.3.5 Use of sulfidisation with base-metal ‘oxide’ minerals

Both the study and application of sulfidisation has concentrated predominately on the
family of minerals commonly referred to as base-metal ‘oxide’ minerals (refer to Section
2.2.3.5). The base-metal ‘oxide’ minerals that have been sulfidised are summarised in
Table 2-3.

Table 2-3: Base-metal ‘oxide’ minerals amenable to sulfidisation

Base- | Carbonates/| Sulphates/| Silicates/ Oxides/
metal Hydroxy- | Hydroxy- | Hydroxy- Oxy- Other
Carbonates | Sulphates Silicates Hydroxides
Copper Malachite Brochanite | Chrysocolla Tenorite
Azurite Cuprite
Crocoite
Waulfenite
Lead Cerussite | Anglesite Vanadinite
Descloizite
Pyromorphite
Zine Smithonsite/ Willemite/
Hydrozincite Hemimorphite
Cobalt Heterogenite
Iron Goethite
Fe(IIT) oxy-
hydroxide

Sulfidisation followed by flotation has been used in practice to recover the ‘oxide’

minerals of the major base-metals, such as copper (malachite, azurite, cuprite and tenorite),
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lead (cerussite and anglesite) and zinc (smithsonite and willemite). A large body of
research and operational details have been reported for these minerals (refer to Tables 2-4
and 2-9).

Amongst the iron ‘oxide’ minerals, goethite (FeO.OH) has been successfully sulfidised
(Mitrofanov et al, 1957). A hydrated ferric oxy-hydroxide (generically ferrihydrite:
FeO.OH. H,0) was reported to have produced Fe(II) species upon contact with solutions
containing hydrosulfide ions, which subsequently precipitated as FeS onto the surfaces
(Poulton et al, 2003). Hematite was not affected during the sulfidisation of a malachite
bearing ore (Hu et al, 1986).

A summary of the sulfidisation research conducted on these base-metal ‘oxide’ minerals is
presented in Table 2-4, highlighting the mineral type, sulfidisation and flotation conditions

as well as the subsequent metallurgical results.

2.3.5.1 Sulfidisation mechanisms

Wright and Prosser (1965) proposed that the sulfidisation mechanism for copper ‘oxide’
minerals were similar and based on the precipitation of covellite (CuS) onto the surfaces
and pores. The rate of reaction was controlled by diffusion of species through the product
layers and driven by the substantial insolubility of the copper sulfide product.

CuSiOs) + H20 — HySi0s5) + 20H + Cu* (o) cevvvvevnmrerensveennne. (2-10)
Cu? gy + HS = CuS() + Hr v sesssnssenne (2-11)

Similarly, Zhou and Chander (1993) considered that the precipitation of copper sulfide was
the precursor to the formation of the sulfide layer on the surface of malachite, based on the
presence of colloidal copper sulfides during sulfidisation. They considered that the copper
ions diffused through the primary sulfidised layer and form copper precipitates:

CuCOs.Cu (OH); + HS” — Cu®* + CuS + HCOy + 20H ........oovccrvuennee. (2-12)

For lead ‘oxide’ minerals in moderate sulfide ion concentrations (~104M), lead sulfide
precipitates were reported in both solution and adhered to the mineral surfaces (Fuerstenau
et al, 1985). At higher concentrations, however, sulfide surfaces were formed directly after
the strong adsorption of hydrosulfide ions and maximum flotation recoveries were
achieved. Leppinen and Mielczarski (1986) also reported similar findings for the

sulfidisation of lead ‘oxide’ minerals.
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Table 2-4: Summary of selected base-metal ‘oxide’ mineral sulfidisation research

25

Solution Sulfidsation conditions Coll Flotati
Mineraks) Sulfidiger strength pH Es* Thme details recovery Reference
t mg/l [M] V) | (min) M (mg/D) %)
Chrysocolla Na,S.9H,0 NR* NR. 10 Ethyl xanthate NR Wright & Prosser
Amyl xanthate (1965)
Chrysocolia NuS.9H,0 48 [2.00x10™) 8.5 630° 10 >1.88x10° (3) ~100 Castro ef al
200 [8.33x10) 8.5 -648° >3.44x10°(5.5) Decant ~ 93 (1974b)
960 [4.00x10™"] 85 -638° >6.25x10° (1) Decant ~ 0
AX
Willernite N2,S.9H,0 60 {2.50x10°] 102 -682° 2 1x10° ~85 Salum et al
80 [3.33x10™) 104 £691° Amine (1992)
150 [6.24x107*} 10.8 711°
Hemimorphite Na,S.9H20 60 [2.50x10] 102 -682° 4 1x10° ~90 Salum er al
80 {3.33x10° 104 691° Amine 1992)
150 {6.24x10*] 10.8 711°
Malachite Na;S.9H,0 1000 [4.16x10™*] [l 639° s 3.13 x 10™ (50) Decant ~100 Bustamante & Castro
Amyl xanthate (1975)
Malachite Na;S9H0 48 [2.00x10™) NR. NR. 10 1.38x107(22) Decant ~100 Soto & Laskowski
48 [2.00x107) 1.75x10*(28) ~100 1973)
960 [4.00x10°*] 3.13x10% (5) Decant ~100
960 [4.00x10°%) 7.5x10” (12) Aerme ~100
960 [4.00x10°%} <2.5x10% (< 40) <5
Chrysocolia NaHS 2x10* gm/m* NR. NR. NR. Ethyl xanth No / Wright & Prosser
consumption no flotation (1965)
1x10"* M/m?* 0.5x10* M/m*
2.5x10* M/m? 0.5x10" M/m* 95
Ore Na,S.9H,0 ~Ix10"* M/m? 9.5 NR. 6 0.25x10* Wm* 9
(Chrysocolia) Chrys. (227 kgh) Chrys.(0.23 kgh) ~78
Amyl Eﬂme
Cerussite Na S 10*t0 95 § 63501 10 sx10° 90to 100 Fuerstensu e2 al
4x10* M 687° 5 (Coll) Amyl xanthate Colour (1985)
change
Anglesite Na,S 6x10*to0 9.5 673 10 10 sx10° 100 Puerstenau et al
2x10° -688° | S (Colh Amyl xanthate (1985)
Ore Na,S 12x102CPS 1 NR. -600 3 1.6x10% 52 Jones & Woodcock
(Anglesite) 8.9x10° CPS 2 per stage 3CPS (19793)
6.3x10° CPS 3 Amyl xanth stages
Various Ores NaS 3.4x10°CPS 1 ~8.8- -500 3 3.9x107 [ Jones et al
(Chaleocite/ 5.3x10* CPS 2 9.2 2 (Coll) per stage Total Cu (1986)
Malachite) 1.3x10" CPS 3 CPS1 Amy! xanthate 4CPS
1.6x10* CPS 4 only es
Variows mixed ores Na;S 1.7-2.4x10°CPS 1 | ~8.8- -500 3 1.3x104CPS 1 81-88 Jones & Woodcock
(Malachite/ 3.3-6.6x10" CPS 2 9.2 5.2x10° CPS 2-4 Total Cu (1978b)
Chalcopyrite) 23-5.3x10% CPS 3 Amyl xanthate 4 CPS
1.7-4.4x10*CPS 4 stages
Two mixed ores : NaHS 7.48-6.4x10° 98- | 400t s 1.57.7x10° 70 t0 85 Nagaraj & Gorken
Bornite/Chalcopyrite total 106 -600 2(Coli) CPS1-3 ‘oxide’ Cu (1991)
Digenite/Chalcocite consumption DTC, DTP 3CPS
Malachite/Cuprite & Ang_hlne sages
Cerussite and Na S 350 -16250 NR. NR. 15 10%-10°M XPS/adsorpti ini et al
Switheonite H;S (20 - 60°C) 5 NR. 15 Ethyl Xanthate/DAA studies (1984)
NaS 160 g/t 10 NR. 2 80 g/t Amyl Xanthate 85 % Pb
12 NR. 2 100 gt DAA 92 % Zn
Cernesite Na,S 4kght N.R NR. NR 300 ght 71% Pb grade. Ozbayoglu et al
Amyl xanthate 75% (1994)
Smithsonite Na;S NR. N.R N.R. NR. Dodecylamine 14% Zn grade.
49%
Smvithsonite Na.S S kgh N.R N.R. NR. 30x10° >98% Cases et al
i D lamine (pH > 7.5) (1979)
Zinc ‘oxide’ ore Na S N.R. NR -800 NR. 30x10° 50-75% Tian
(raainly sneitheonite) Amine (2003)
Zinc ‘oxide’ ores NaS 4.66-5 kg/t 12 NR. 12 115-127 ght 60-65% Billi & Quai
(mmithsonite, hydrozincite, Amine (1963)
emisworphite & willemite) Petroleum
Zinc ‘oxide’ ore Na S 2.6-6.8 kght ~12 NR. NR. 235-664 ght 84-95% Zn Percira & Peres
(meinly hemiphorite) Amine (2005)
Diesel
Malachite/ NaHS 2.5-20 kgh NR. NR. NR. Amyl xanthate 63-92% Cu Bastin et al
eterogenite Gasoil & tall oil 60-87% Co (2003)
6 stages (sulfidis.)
* Relative to SCE PN.R. : Not Reported € Calculated
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Bustamante and Castro (1975) also considered that an anionic exchange mechanism
occurred between the hydrosulfide ion and malachite.The reaction involved more than the
surface layers and continued within the bulk of the mineral to form copper sulfide coatings:

CuCO;5.Cu(OH), + HS" — Cu(OH),.CuS + COs> + Hy0.......ccorne... (2-13)

During the sulfidisation of cerussite, it was reported that carbonate ions were released from

the surface (Rey et al, 1950 and Rey 1954), indicating an exchange mechanism.

Castro et al (1974a) postulated that the adsorption of sulfide ions preceded the formation of
copper sulfide during sulfidisation of a synthetic tenorite surface while Bustamante and
Shergold (1983a) considered that a direct sulfidisation mechanism occurred for zinc
‘oxide’ minerals. As proposed by other researchers, the driving force was the lower
solubility of zinc sulfide while rate of sulfidisation was controlled by the diffusion of
hydrosulfide ions and reaction products through the sulfidised layer:

ZnCOss) + HS™ — ZnS(g) + HCO3 ...oovovrveeeemmeeeseeereereeeernanen (2-14)

The formation of both covellite and sulfur on the chrysocolla surfaces was considered the
primary mechanism by Glazunov et al (1993):
CuSiO; + 2HS” — CuS + 8° + Si0; + Hy0.....covevvvveerernnen (2-15)

With polysulfides as the sulfidising species, Zhou and Chander (1993) proposed the
following mechanism:
CuCO;.Cu(OH); + S4 — CuSq + Cu** + COs> +20H .................. (2-16)

Based on solubility products and Eh-pH diagrams (Garrels and Christ, 1990), FeS and NiS
would be expected to form on the surfaces of oxidised iron and nickel minerals
respectively. In the formation of pyrite, FeS is considered to be the precursor (Rickard,
1969 and Berner, 1970). The rate of formation only progressed at a significant rate if
intermediate sulfur species were present, such as polysulfides (Schoonen and Barnes, 1991
and Wei and Osseo-Asare, 1995). Additionally, the presence of an oxidising agent would
rapidly promote the formation of pyrite.

2.3.5.2 Surface species after sulfidisation

XRD has been used to identify covellite (CuS) on sulfidised malachite (Castro et al, 1974b
and Bessiere et al, 1991) and chalcocite (Cu;S) on sulfidised chrysocolla (Raghavan et al,
1984). No copper sulfides were identified on sulfidised brochanite (Raghavan et al, 1984).
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Based on solubility considerations, chalcocite would be expected to form on both minerals
(refer to Table 2-5). Based on Eh-pH diagrams, Cu,S is the thermodynamically favoured
(Garrels and Christ, 1990) however covellite can form under more intense sulfidisation
conditions (Zhang, 1994). Copper tends to occur as Cu(l) in a sulfide environment. For
covellite (CuS), sulfur appears to be in the disulfide form and the composition can be
Cu,S; (Fleet, 2006 and Rickard and Luther, 2006).

Lead sulfide was reported on cerussite surfaces after sulfidisation (Fleming, 1953,
Marabini et al, 1984 and Marabini and Rinelli, 1986) while zinc sulfide formed on the
surface of smithonsite (Cases et al, 1979, Marabini et al, 1984 and Marabini and Rinelli,
1986). Bastin et al (2003) reported that divalent cobalt sulfide formed on heterogeneite.

Table 2-5: Solubility products for base-metal sulfides

Base- Sulifide
Log K,,*
metal species
Iron FeS -17.35
FeS, -36.15"
Nickel NiS -20.55
NiS, -18.5
Ni3S, -36.86
Cobalt CoS -20.64
Co,S; -125.9
Copper CuS -35.05
Cu,S -47.7
Lead PbS -27.03
Zinc ZnS -24.05
? Garrels and Christ (1990)

b Helgeson (1969)

The sulfidisation reaction was reported to occur quickly (less than 30 seconds) for lead
‘oxide’ minerals in very strong solutions and indicated a direct reaction (Marabini et al,
1984). The sulfidising layers were calculated to be several monolayers thick for both
copper ‘oxide’ (Castro et al, 1974a and b) and lead ‘oxide’ minerals (Bustamante and
Shergold, 1983a and Marabini et al, 1984). Sulfidisation products were reported to not
fully cover the surface (Zhou and Chander, 1993) and a surface coverage of 30% for
smithsonite in equilibrium with 3.5 x 10° M Na,S solution was reported (Cases et al,
1979).

27



Chapter 2

The lowering of the zeta potential of base-metal ‘oxide’ mineral surfaces in the presence of
hydrosulfide ions has been attributed to the adsorption of these ions (Mitrofanov et al,
1955a, Fuerstenau et al, 1985 and Salum et al, 1992). The adsorption of sulfide and
hydrosulfide ions onto cerussite followed a Freundlich type relationship, although many
monolayers of sulfide were reported (Fleming, 1953 and Marabini et al, 1984). For most
base-metal ‘oxide’ minerals, the reiationship I" = at '™ holds, where I is the amount of
adsorbed species, t is the adsorption time, a and 1/n are constants (Mitrofanov et al, 1955a
and 1957, Mitrofanov and Kushnikova, 1958 and Marabini et al, 1984). For malachite the
kinetic isotherm was I” = a log t + b, where a and b are constants, with b varying between
0.25 and 0.65 (Mitrofanov et al, 1955a, Mitrofanov, 1958 and Klassen and Mokrousov,
1963).

2.3.5.3 Other factors affecting sulfidisation

2.3.5.3.1 Sulfidisation conditioning period

It has been reported in many studies that an optimum conditioning period existed, as
reflected in the subsequent flotation metallurgy (Billi and Quai, 1963, Jones and
Woodcock, 1978b, Pereira and Peres, 2005 and Newell et al, 2006). The sulfidising period
was a compromise between developing a sufficiently thick sulfide surface to enable
flotation in an agitated environment and the onset of antagonistic processes such as
oxidation and mineral dissolution (Marabini and Rinelli, 1986). This period was typically
around three minutes (Jones and Woodcock, 1978a and 1978b) although up to 10 minutes
may be required, depending upon the mineral type.

The thickness of the sulfide layer formed during the sulfidisation of malachite increased
with time, decreasing particle size and increasing sulfide ion concentration (Bessiere et al,
1991). While longer conditioning times form thicker sulfide surfaces, they also result in
greater sulfidising reagent consumption, and in the case of cerussite, this can be excessive
(Rey et al, 1961).

235632 pH
The effect of pH during sulfidisation is predominantly related to the solubility of the base-

metal ‘oxide’ mineral surfaces, with lower pH values releasing considerably more metallic
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ions for sulfidisation. Not surprisingly, the sulfidisation intensity was reported to be greater
at lower pH values for most base-metal ‘oxide’ minerals, including malachite and goethite,
and a thicker layer appeared to be developed with often better flotation metallurgy
(Mitrofanov et al, 1955a, 1955b, 1957 and 1958, Mitrofanov and Kushnikova, 1958 and
1959 and Castro et al, 1974b). Klassen and Mokrousov (1963) reported that the pH
affected the thickness of the sulfide film by controlling the rate of diffusion through the
layer. However for cerussite, the maximum rate of formation occurred in the pH range 9 to
10. Although a thicker film was detected under these conditions the attachment of the
sulfide product to the surface was reported to be poorer (Mitrofanov ez al, 1955b).

23.5.33 Temperature

Higher temperatures are reported to improve the rate of sulfidisation for most base-metal
‘oxide’ minerals including malachite and goethite (Mitrofanov er al, 1955a, 1955b, 1957
and Mitrofanov and Kushnikova, 1958, 1959). As a consequehce, the consumption rate of
the sulfidising reagent also increases, and with increased temperatures, much shorter

sulfidising periods are recommended (Rey et al, 1961)

Temperature also affected the rate of diffusion through the sulfide film and thus the growth
of this layer, with thicker sulfide layers observed with increasing temperature for most

base-metal ‘oxide’ minerals (Mitrofanov et al, 1957 and Klassen and Mokrousov, 1963).

2.3.5.34 Solution species
Rey et al (1950) reported that calcium ions significantly affected the flotation of sulfidised

cerussite due to the precipitation of calcium carbonate upon the mineral surfaces. Fleming
(1953) found that chloride ions significantly affected the sulfidisation of lead and
vanadium ‘oxide’ minerals. During flotation, thiosulfates were reported to depress
sulfidised malachite (Soto and Laskowski, 1973) whereas sulfate ions had little effect on
the flotation of sulfidised cerussite (Fleming, 1953).

23535 Consumption of sulfide species

A feature of the sulfidisation of base-metal ‘oxide’ minerals is the high consumption rate
of the sulfidising reagent, which arises due to precipitation by metallic cations, oxidation

by dissolved oxygen and the sulfidisation reaction. Both mineral solubility and surface area
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play a significant role in driving these reactions (Klassen and Mokrousov, 1963). A
significant amount of sulfidising reagent, up to 50%, is consumed within the few minutes
of sulfidisation by the formation of colloidal precipitates with the cations released by
hydrolysis of the base-metal ‘oxide’ mineral surface (Monks and Weiss, 1930, Jones and
Woodcock, 1979b and Bessiere et al, 1991). Conditioning with sodium carbonate
significantly reduced sulfidising reagent consumption (Rey et al, 1954 and Bessiere et al,
1991).

Another factor is the nature of the sulfidised surfaces, which can be fragile and readily
removed by abrasion within the flotation cell (Mitrofanov et al, 1955b). The sulfidised
surfaces can also become oxidised (Fleming, 1953) and, along with sulfide precipitates,
experience a cyclic existence where they are continuously oxidised and re-sulfidised (Jones
and Woodcock, 1979a).

2.3.5.3.6 Collectors

Three collector types have been employed after sulfidisation: long chained xanthates,
dithiophosphates and amines. Amyl xanthate is the most widely used collector in practice
(refer to Table 2-9).

Freshly formed sulfide surfaces were found to form strong attachments with sulfydryl
collectors such as xanthate (Castro et al, 1974b). While short chained thiols such as ethyl
xanthate were found to adsorb onto these surfaces, possibly as dixanthogen, flotation did
not result (Wright and Prosser, 1965, Marabini et al, 1984 and Leppinen and Mielczarski,
1986). This may be caused by the strong reducing properties of sulfide ions, which were
reported to form polysulfides and S,> with dixanthogen (Tolun and Kitchener, 1964).
Amyl xanthate was required to achieve satisfactory flotation. Sulfide ions were also
reported to convert previously surface precipitated base-metal thiolates into an adsorbed
surface form (Bustamante and Castro, 1975, Castro et al, 1976, Marabini et al, 1984 and
Leppinen and Mielczarski, 1986).

Xanthates and non-xanthate sulfydryl collectors were reported to be effective in the
nitrogen flotation of sulfidised copper ‘oxide’ and sulfide minerals (Nagaraj and Gorken,
1991 and Kongolo et al, 1995). Dithiophosphates (particularly the Cyanamid proprietary
product R238) have been widely used in conjunction with amyl xanthate in the flotation of
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copper/gold ‘oxide’ ores in a number of Australian sulfidisation operations to increase the

flotation of free gold particles.

Unlike thiol collectors, amine collectors are unaffected by high levels of residual
sulfidising reagent species where more intense levels of sulfidisation are required e.g. lead
and zinc ‘oxide’ minerals (Rey, 1954, Cases et al, 1979 and Salum et al, 1992). Other
potential collectors such as chelating agents have not shown promise (Bustamante and
Shergold, 1983b). Oil has been used as an adjunct to collectors in order to the enhance
flotation recovery of partially sulfidised coarser particles (Rosas and Poling, 1975 and
Shungu et al, 1988).

2.3.6 Use of sulfidisation for base-metal sulfide minerals

Sulfidisation has been advocated for the flotation recovery of oxidised sulfide minerals
(Klassen and Mokrousov, 1963), particularly oxidised copper sulfides (Malghan, 1986).
The use of sodium sulfide during milling was reported to have significantly improved the
flotation recovery of ‘tarnished’ chalcopyrite from weathered copper-zinc ores (Bulatovic
and Wyslouzil, 1985). Sulfidisation was used in a plant trial to recover surface oxidised or
tarnished chalcopyrite with some success (Hunt, 2000). There are reports of sulfidisation
being employed to recover tarnished copper sulfide ores by flotation in the USA during the
1940s. Oxidised chalcopyrite was reported to be successfully recovered during the
sulfidisation of copper ‘oxide’ minerals in a Zambian operation (John et al, 1991).

Sulfidisation was used in an attempt to recover refractory nickel minerals of unknown
mineralogy at the Trojan mine in Botswana, however was abandoned (Barker et al, 1982).
On the other hand, fine galena responded favourably to sulfidisation along with the
accompanying lead ‘oxide’ minerals at low sulfide ion concentrations (Lord and Markovic,
1970). A number of mainly secondary copper sulfide minerals have been reported to
respond well to sulfidisation (refer to Table 2-6).

In ores containing both copper ‘oxide’ and sulfide minerals, it was reported that the two
different mineral types could be successfully floated together under the correct
sulfidisation conditions (Jones and Woodcock, 1978b and Jones et al, 1986, Nagaraj and
Gorken, 1991, Clark and Newell, 1996 and Clark et al, 2000). The copper sulfide minerals

had improved kinetics and recoveries, which was possible because the potential for the
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depression of copper sulfides had not been reached (-650 mV to -750 mV Es (SCE)

(Nagaraj and Gorken, 1991)).

Table 2-6: Base-metal sulfide minerals amenabile to sulfidisation

Base- | Secondary Primary Arsenide/
metal Suifide Sulfide Sulfo-arsenide
Copper | Chalcocite Bornite
Digenite Chalcopyrite
Covellite Tarnished
chalcopyrite
Cobalt Carrollite Cobaltite
Maucherite
Lead Galena
Iron Oxidised Pyrite

The use of CPS was reported to improve the flotation recovery of very fine digenite as well
as chalcopyrite (Orwe et al, 1998). The mechanism involved the re-sulfidisation of the
oxidised digenite surfaces and the formation of a sulfur enriched copper mineral (Orwe et
al, 1997). A similar finding was also reported for chalcocite (Walker et al, 1986).
Sulfidisation is used in the Northparkes operation to improve the flotation recovery of fine
bornite, which does oxidise readily (Freeman et al, 2000).

Sulfidisation has been used to recover fine cobalt arsenides including cobaltite (CoAsS)
employing copper sulfate and amyl xanthate (Formanek and Lauvernier, 1963 and de
Cuyper, 1981). The only reported use of sulfidisation with nickel was where a similar
strategy was employed in the flotation recovery of readily oxidisable nickel arsenide

minerals such as maucherite (Iwasaki et al, 1988).

A number of Russian authors have reported the deposition of sulfur from sulfide solutions
onto chalcopyrite and pyrite surfaces (Buckley er al, 1988). Substantial quantities of
elemental sulfur were detected on chalcopyrite and pyrite surfaces in the presence of
oxygenated sulfide solutions (Buckley er al, 1988 and McCarron et al, 1990). However, at
very high concentrations (10”M), no sulfur was found on chalcopyrite surfaces and a
metal-deficient surface like a secondary sulfide copper mineral was reported to have
formed (McCarron et al, 1990). Polysulfides were proposed to form when hydrosulfide

ions were oxidised at sulfide mineral electrodes:
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xHS + 0.5 (x-1)0; = 5,7 + HaO 4 (- 200H oo, {2-17)

which combines the anodic oxidation of hydrosulfide ion to polysvlfide and the

simultanepus cathodic reduction of oxygen (Buckley er af. 1988).

2.3.7 Comparison of suffidised and sulfide surfaces

Differences in the collector requirement for satisfuctory flotation between base-metal
sulfides and their sulfidised “oxide’ counterparts have been reported. Comparing sulfidised
malachite (amyl xanthate} with chalcocite and covellite (butyl xanthate), it was noted that
there were up to three orders of magnitude in the dilference in collector requirements (Soto
and Laskowski, 1973} A similar trend was reported for galena and the lead ‘oxide’
minerals (Fuerstenau ef af, 1985 and Herrera-Urbina er gi, 1998). Short chained thiol
collectors were inelfective and longer chained collectors were required and. in greater
quantities, in order to realise the benefit of sulfidisation, compared to sulfide mineral
counterparis. Additionally, there was a tendency for the sulfidised minerals to float more

slowly.

238 Sulfidisation intensity

The potential or intensity under which suifidisation has been conducted for various base-
metal ‘oxide’ minerals are presented in Table 2-7. The sulfide ion electrode potential {Es)

is referenced to the saturated calomel electrode (245 mV SHE).

Table 2-7: Hange of ks values used to achicve sulidization of base metal mincralz
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The suifidisation potential 15 dependenl upon the mineral solubilily and the sulfidisation

mechanism. For more soluble mincrals, such as malachite and cerussite, the sulfidisation
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process not only releases base-metal ions into solution, which consumes more sulfide
species, but progresses deeply into the mineral surfaces. Less soluble surfaces (e.g.
smithsonite) require very strong concentrauons simply to form a sulfide surface (Es = -700
mV). Consequently, there is a critical range of hydrosulfide ion concentrations (i.e. Es
values) whereby a suitable sulfide surface can be readily established without excessive
sulfidising reagent consumption. The spectrum of sulfidisation potentials for various base-

metdl minerals is summarised in Table 2-8,

Table 2-8: Spect-um af sulfidisalion parentials far base-meta mine-als
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The flotation recovery of base-metal ‘oxide’ minerals as a function of sulfidisation
potential is characterised by a bell-shaped response where, after an optimum sulfidisation
potential has been reached, the recovery falls away with increasing sulfide concentration
{Jones and Woodcock, 1978b, 1979b and Fuerstenau ef al, 1985). Since flotation is
typically conducied after sulfidisation in the same solution, depression of the freshly
formed sulfide surfaces will occur afier a certain hydrosulfide ion concentration has been
reached, Marabini et al (1984) found that for cerussite there was an optimum NazS/ethyl
xanthate ratio for maximum flotation which was directly related 1o amount of chemisorbed

collector om the surface.

2.3.8 Industrial practice

The adoption of the Ci*5 technique does not appear to have occurred outside Australia,

Russia (Abramov and Avdohin, 1997} and Zambia {John er g/, 1991}, although a somewhat
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similar process appears to have been developed for a low grade copper operation in
Mexico (Ealy, 1973). Zhang (1993) makes no mention of CPS being used in Chinese
plants while the degree of adoption was not apparent for several operations in Central

Africa. During the 1980’s, a new generation of sulfidisation plants with three to four CPS

stages were installed in Australia to treat copper ‘oxide’ and copper sulfide-gold ores. A
summary of selected sulfidisation/flotation plants, highlighting the pertinent features, is
presented in Table 2-9.

Table 2-9: Summary of selected piant sulfidisation practice

Operation Feed Recoveries Sulfidising Collector Method
details (%) details (kg/t) details (g/t) (nos of stages)
Telfer, WA Supergene 90% Cu NgS:3 PAX :R238 (2:1) CPS:
Australia (chalcocite) 9% Au ORP (Pt) -150 mV 3 min. cond. Ro/Scav (3)
(Bartels, 1990) copper/gold ores 3 min. cond. Ci(l)
Boddington, WA Copper/gold ores : NagS : Es -300 mV 3 min cond CPS:
Australia ‘Oxide’' (malachite) 44-65% Cu 2.0-25 PAX 320-420 Ro 2&3
(Ehm & Hill, 1992) 62-77% Au 4/5 min cond R238 120-150 Scav
Supergene (chalcocite) 84% Cu 1.2 PAX 1040 Flotation
87% Au 4/5 min cond R238 170 pH9.8
Red Dome, QLD 'Oxide’ (malachite) 83.2% Cu NaS/NaHS PAX CPS:
Australia coppet/gold ores (CNsol) Es -500 mV R238 Ro 2&3
(Lewis, 1990) 68% Au 20% solids Scav & C1 (1)
Mineral Hill, NSW Oxide (malachite) & N.R. NaS/NaHS PAX CPS:
Austratia supergene (chalcocite) R 238 Ro/Scav (4)
(Clay, 1993) copper/gold ores Cl(d)
Nchanga, Zambia Mixed oxide/sulfide 45 -55% Cu NaHS Xanthate CPS:
(John ez al , 1991) copper ores : (Acid sol) Sulfide Ro : 0.40 Sulfide Ro (2)
malachite Sulfide Cl : N.R. Sulfide Cl (1)
chalcopyrite & Both Es -300 mV [~ Oxide Ro (1)
‘oxidised’ chalcopyrite Oxide R0 0.21
Es -500 mV
Kakanda, DRC Mixed oxide/sulfide 81% Cu NaHS : 2.47 SNBX 240 Fixed addition
(Shunguet al, copper/cobalt ores : 46% Co Gas oil 323 prior to Ro
1988) malachite, heterogeneite Palm oil 33
and chalcocite KAX 19
Kamoto, DRC Sulfide copper/cobalt ores 86% Total Cu NaHS : 0.36 SIPX 52 Fixed addition
(Shunguetal, chalcocite and carrollite 90% Sulf. Cu SNBX 70 prior toRo
1988) (‘oxide’ minerals not stated) T7% Co Gas oil 51
Kolwes, DRC, Mixed ‘oxide'/sulfide 82-85% Cu NaHS : 1.2 KAX 50 Fixed addition
(Anon, 1957) copper/cobalt ores : 70% Co SEX 80 to each
malachite, heterogeneite Conditioning time Gas oil 100 flotation cell
chalcocite and carrollite minimal Tall oil 10
San Diego ‘Oxide’ lead ores : 79.3% Pb Nap$ : 1.82 Petroleum 600 Fixed addition
Mexico cerussite (60%) Creosote 100 to flotation
(Monks & Weiss, and anglesite (10%) Gasoline 40 feed
1930) Kerosene 25
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2.4 Merensky ores

Merensky ores are a valuable source of PGEs that are found in the Bushveld Complex in
South Africa. It is a preferred ore type, due to the ease of mining and processing as well as
the presence of base-metal sulfide minerals. The PGEs are intimately associated with
sulfide minerals, both as solid solutions within the sulfide mineral lattices and as discrete
platinum group minerals (PGMs) either on grain boundaries or locked within the sulfide
minerals (Snodgrass et al, 1994 and Lee, 1996). The sulfide mineral suite typically forms
approximately 1 wt.% of the ore and consists of predominately pyrrhotite followed by
pentlandite, chalcopyrite and pyrite (Viljoen et al, 1986). The sulfide mineral proportions
vary greatly, and for an ore from the Rustenburg section of the reef, the sample contained
44 wt.% pyrrhotite, 27 wt.% pentlandite, 19 wt.% chalcopyrite and 10 wt.% pyrite
(Cawthorn et al, 2002). In another part of the reef, the sulfide mineral proportions were 50-
56 wt.% pyrrhotite, 23-32 wt.% pentlandite, 17 wt.% chalcopyrite and 1-2 wt. % pyrite
(Wiese et al, 2005). The nature of the pyrrhotite is not well documented, however the
composition is known to vary between the hexagonal and monoclinic forms (Liebenberg,
1970).

The remainder of the ore consists of mainly gangue silicate minerals and includes
pyroxene (52 to 59 wt.%), feldspar (24 to 40 wt.%) and talc (0.5 to 5 wt.%) as well as
chromite (3 to 4.5 wt.%). The pyroxene is present as two forms in approximately equal
quantities, namely orthopyroxene and the calcium-rich clinopyroxene. Although neither
pyroxene nor feldspar show any natural flotation tendencies, they can become activated by
base-metal ions and subsequently float after interaction with collectors (Malysiak et al,
2002, Malysiak et al, 2004 and O’Connor et al, 2006). Talc, a naturally floating mineral,
can also rim the pyroxene particles, resulting in flotation (Becker et al, 2006). Amongst the
gangue minerals, feldspar is the most readily affected by weathering and forms kaolinite
clays after heavy weathering. Under intense weathering, pyroxene can break down into
smectite clays (Hey, 1999).

In the treatment of Merensky ores, the base-metal sulfide minerals and associated PGMs
are recovered from the non-sulfide gangue minerals using conventional sulfide ore
flotation practice to produce a bulk concentrate. The treatment strategy involves multiple

stage grinding followed by flotation, where the ore is coarsely milled and floated and the
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flotation tailings milled to a finer size and re-floated. This is known as the Mill-Float-Mill-
Float or MF2 approach. Typical sequential grind sizes are 60% and 75% passing 74

microns respectively while SIBX features amongst the flotation reagent suite.

In order to maximise PGE flotation recoveries, it is particularly important to maximise the
flotation recoveries of the sulfide minerals (Snodgrass et al, 1994). During processing, the
gangue minerals release calcium and magnesium ions into solution (IS of 10°M or 3x10°
3M Ca?"), which buffers the slurry around pH 9. Typical flotation recoveries for a
Merensky ore are 82-85% PGEs, 82-85% nickel and 85% copper (de Villiers ez al,
1978).The order of flotation was chalcopyrite > pentlandite > pyrrhotite (Bradshaw et al,
1999).

The study of ores containing more than one sulfide mineral adds another level of
complexity since the sulfide minerals may well interact with each other as well as with the
chemical species present or generated during each stage of the process separation
(Kocaberg and Smith, 1985). The nature of these potential interactions and any impact
upon the efficacy of flotation separation has significant relevance in the potential treatment

of oxidised Merensky ores.

25 OBJECTIVES AND HYPOTHESES

2.5.1 Introduction

The primary research objectives of this thesis are to characterise the effect of oxidation
upon sulfide mineral floatability, to determine the suitability of sulfidisation in the flotation
recovery of oxidised sulfide minerals, to compare the sulfidisation characteristics of
oxidised sulfide minerals with those of base-metal ‘oxide’ mineral counterparts, to develop
sulfidisation models for each of the three sulfide minerals and to determine the effect of

sulfidisation upon Merensky ore gangue minerals.

Secondary research objectives, arising from the primary research objectives, include a
comparison of oxidation techniques, an assessment of the effect of calcium ions during

sulfidisation and the development of a novel technique to sulfidise pentlandite.

These research objectives are addressed by two hypotheses that focus on three themes,

namely the oxidation of sulfide minerals, the sulfidisation of oxidised sulfide minerals and
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the effect of sulfidisation on non-sulfide minerals. Key questions are developed to test
these hypotheses through the development of appropriate experimental methodologies
using Nkomati massive ore as the test material. Methods are established to oxidise the
sulfide minerals, to characterise the degree of oxidation and assess the impact upon
floatability. The oxidised sulfide minerals are sulfidised, analysed and the floatability
measured under modified Merensky ore flotation conditions. To support these findings,
oxidised and sulfidised samples of the three sulfide minerals are also analysed and

characterised to develop mechanistic models of the sulfidisation process.

2.5.2 The effect of oxidation upon sulfide mineral flotation

2.5.21 Background

Based on the literature, primarily due to the mineral properties, a difference in floatability
would be expected between the individual sulfide minerals in terms of the extent of
oxidation under both thermal and chemical oxidation conditions. Chalcopyrite would be
the most resistant to oxidation, while pyrrhotite the least. Specifically, pyrrhotite would be
expected to be nearly an order of magnitude more reactive than pentlandite, while
pentlandite would be considered to be more reactive than chalcopyrite.

Literature indicates that the general oxidation pathway for the iron bearing sulfide
minerals, such as chalcopyrite, pyrrhotite and pentlandite, is through the loss of iron, with
the partial loss of other base-metal species and subsequent surface enrichment of sulfur.
The oxidation products consist of mainly base-metal oxide and oxy-hydroxides, which
would be expected to share many similarities with the base-metal ‘oxide’ minerals. All of
these conclusions, however, are based on mild oxidation with air or air and water and have
not been examined for conditions of heavy oxidation. Moreover the flotation response of

the sulfide minerals after oxidation was not tested.

Thermal oxidation may be different to chemical oxidation in that there may be greater loss
of sulfur through the formation of sulfoxy compounds such as sulfate. While this aspect is
minimised by keeping temperatures low (85°C), it would also diminish the possibility of
forming magnetite and hematite, which are not amenable to aqueous sulfidisation. In the
presence of water, the surfaces of base-metal ‘oxide’ minerals are covered with the base-

metal hydroxides. Additionally, sulfates were reported as oxidation products after air,
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aqueous and chemical oxidation. Moreover, since the sulfide mineral surfaces would be
heavily oxidised in both methods and that the thermally oxidised surfaces would be
hydrolysed, a significant convergence in the nature of surface species would be expected.
Thus, very similar sulfide mineral surface responses to flotation and sulfidisation for the

two oxidation methods would be expected.

SEM/EDX and XPS have been both used as techniques to study the oxidation of the iron-
bearing sulfide minerals. The analysis offered by EDX was more qualitative in nature and
identified elements while that of XPS was more quantitative and identified chemical
species and specific bonds. These»techniques were able to determine the thickness and
chemical makeup of the oxidation layers on oxidised sulfide mineral surfaces.
Additionally, electrophoresis and electrochemical techniques have significant potential as

characterisation tools.

2.5.2.2 Hypothesis

It is hypothesised that increasing levels of surface oxidation would adversely affect the
flotation response of sulfide minerals, particularly pyrrhotite, pentlandite, and to a lesser
extent, chalcopyrite. Further, a secondary postulate is that there would be no significant
difference between oxidation methods, such as thermal and chemical, as measured by the

behaviour of the sulfide minerals.

25.23 Key Questions

The following key questions have been formulated as a basis for the experimental

methodology that will test the hypothesis:

1.1 Nature of the flotation response
= What is the relationship between the degree of sulfide mineral oxidation and
floatability for the three sulfide minerals present in Merensky ores?
= Is there a difference between the three sulfide minerals in terms of oxidation

and the subsequent flotation behaviour?

1.2 Nature of oxidation
= Can the nature of the oxidation of the sulfide minerals be characterised?

s [s there a difference between chemical and thermal oxidation treatments?
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2.5.3 The effect of sulfidisation upon oxidised sulfide mineral surfaces

2.5.3.1 Background
While the nature of the surface species has only been reported for mildly oxidised sulfide

minerals, similar species are expected to be present after exposure to more highly oxidising
conditions. Under aqueous conditions, heavily oxidised sulfide mineral surfaces would be
expected to be covered in base-metal hydroxides as well as remanent base-metal oxides
and oxy-hydroxides and thus comparable to those found on hydrolysed base-metal ‘oxide’
surfaces. Based on both solubility product and thermodynamic considerations, base-metal
sulfides would be expected to form on these surfaces. Since the aqueous sulfidisation
process has been successfully applied to base-metal ‘oxide’ minerals, it would therefore be
expected to be effective with oxidised base-metal sulfide minerals. More specifically, the
sulfidisation of oxidised chalcopyrite has been reported and the conditions for effective
sulfidisation would be expected to occur around an Es of -500 mV (SCE). However, the

nature of any sulfidisation mechanism has not been reported.

On the other hand, the sulfidisation of oxidised sulfide minerals such as pyrrhotite and
pentlandite has received little attention in the literature. Iron oxide and oxy-hydroxide
species are excellent adsorbents and they would be expected to adsorb hydrosulfide ions,
Goethite (FeO.OH) was reported to respond to sulfidisation and subsequently floated while
hematite did not. Hydrated ferric oxy-hydroxides, such as ferrihydrite, react with
hydrosulfide ions which result in the formation of iron sulfide precipitates. It is significant
that amongst the commercially important base-metals, there have been no reported
sulfidisation studies on nickel ‘oxide’ minerals. However, sulfidisation has been used to
recover an oxidised nickel arsenide mineral. Based on reported chemical and
thermodynamic factors, nickel sulfide species would be expected to form. In summary, it
would be expected that chalcopyrite would be the most readily sulfidised oxidised sulfide
mineral followed by pyrrhotite and pentlandite.

Based on the literature, the sulfidisation mechanism for base-metal ‘oxide’ minerals is
associated with the strong adsorption of hydrosulfide ions onto the mineral surface
followed by the formation of a sulfide surface through anionic exchange and the
precipitation of base-metal sulfides. Due to the hydrolysed ‘oxide’ nature of the surface

layers of oxidised sulfide minerals, similar mechanisms would be expected to operate
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during sulfidisation. As a result of sulfidisation, the respective base-metal sulfide would be
expected to form and restore the sulfide mineral character to the oxidised sulfide surfaces.
Electrochemical reactions would also be expected most likely due to the requirements of
some of the sulfidisation reactions as well as the semiconductor nature of the parent sulfide

mineral.

It is important to understand whether the sulfidisation process is selective between oxidised
sulfide and non-sulfide minerals and thus has potential for the treatment of oxidised
Merensky ores. Little has been reported about the response of non-sulfide gangue minerals
to sulfidisation. Unlike the base-metal ‘oxide’ minerals, most non-sulfide gangue minerals
encountered in mineral processing are of a siliceous nature and generally exhibit low
aqueous solubility. Where solubility does occur, such as the release of alkali or alkaline
earth cations from a mineral surface (e.g. pyroxene), the subsequent sulfides that would
form are soluble (e.g. sodium sulfide and calcium sulfide). Therefore, unless chemically
active base-metal species are present on the non-sulfide gangue mineral surfaces, it is
unlikely that sulfidisation would have any effect upon the subsequent floatability of gangue

minerals.

An industrially important consideration is that the sulfidisation process would not be
affected by the presence of calcium ions at the levels encountered during the processing of
Merensky ores. Based on the points made in the previous paragraph, calcium ions would

not be expected to affect the sulfidisation of oxidised Merensky ores.

The preferred method of sulfidisation is Controlled Potential Sulfidisation (CPS) and the
primary sulfidisation variable is the sulfide ion electrode potential (Es). A suitable range of
investigative sulfidisation potentials would be -400 to -700 mV (relative to SCE) with a
conditioning period of 5 minutes. Sulfidisation is conducted at the ‘natural’ pH of the
system and at ambient temperatures in the presence of air. The flotation of the sulfidised
oxidised sulfide minerals requires a strong collector and the SIBX used in the flotation of

Merensky ores meets this criterion. However, a high dosage would be expected.

Electrophoresis and electrochemical techniques have significant potential as tools to
elucidate possible mechanisms, while XPS analysis, although not been reported in this
application, would be well suited to the identification of any sulfidised surface species.
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2.5.3.2 Hypothesis

It is proposed that sulfidisation would restore the sulfide mineral character to oxidised
sulfide mineral surfaces and thus their floatability, particularly pyrrhotite and chalcopyrite.
It is hypothesised that the sulfidisation mechanisms of oxidised sulfide minerals would be
similar to those proposed for their base-metal ‘oxide’ counterparts. Additionally,

electrochemical mechanisms are expected.

In contrast, it is postulated that the floatability of Merensky gangue minerals, specifically
feldspar and pyroxene, would not be enhanced by sulfidisation process and that
sulfidisation of oxidised sulfide minerals can be conducted successfully in the presence of

high levels of calcium ions.

25.3.3 Key Questions

The following key questions have been formulated as a basis for the experimental

methodology that will test the hypothesis:

2.1 Nature of the sulfidisation response

= Can sulfidisation restore the sulfide mineral structure to the surfaces of the
oxidised sulfide minerals?

= [s there a difference between chemical and thermal oxidation treatments in
terms of sulfidisation and the subsequent flotation response?

= Is there a difference between the three sulfide minerals in terms of
sulfidisation and subsequent flotation behaviour?

= How effective is the sulfidisation process in the presence of calcium ions in

solution i.e. under Merensky flotation conditions?

2.2 Nature of the sulfidisation mechanism
= What species are present on the oxidised sulfide mineral surfaces before and
after sulfidisation?
= What are the sulfidisation mechanisms for the three oxidised sulfide
minerals?
2.3 Effect of sulfidisation upon floatability of non-sulfide minerals
* Does sulfidisation and the subsequent intensity affect the floatability of non-

sulfide minerals present in Merensky ores such as feldspar and pyroxene?
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2.4 Potential sulfidisation mechanism for non-sulfide minerals
= [f sulfidisation does cause subsequent flotation of these non-sulfide minerals,

what are the mechanisms?
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Introduction

The first stage of the experimental programme involved the preparation and
characterisation of mineral samples and included chemical, XRD, mineralogical and
liberation (QEM*SEM) analyses. Due to uncertainty concerning the nature of oxidised
species present on oxidised Merensky ore sulfide surfaces, a number of oxidation
approaches were evaluated and two methods settled upon, namely low temperature thermal
oxidation followed by hydrolysis and chemical oxidation with hydrogen peroxide. The
progress of the oxidation, particularly for thermally oxidised mineral samples, was tracked
and characterised with both SEM/EDX and flotation. Corroborative studies were
conducted with electrophoresis, electrochemistry and XPS. For input into other studies,
additional data were collected with surface area measurements as well as chemical

analyses of solutions after both EDTA extraction and hydrolysis.

In the second stage, the primary focus was the sulfidisation and flotation of oxidised
mineral samples, particularly heavily oxidised Nkomati ore samples. Techniques such as
XPS, electrophoresis and electrochemistry were used to gain an insight into the nature of
the sulfidisation mechanisms and applied to both single sulfide mineral and Nkomati ore
samples. The unexpected behaviour of oxidised pentlandite required further study and a
specific flotation testwork programme was designed to elucidate the nature of the

sulfidisation mechanism.

Finally, an experimental programme was formulated to clarify two practical issues
regarding the sulfidisation of oxidised Merensky ores. This testwork examined the effect of
calcium ions during sulfidisation and the effect of the sulfidisation process upon the

flotation response of Merensky ore gangue minerals.

3.2 Minerals

The research programme was based on Nkomati massive sulfide ore samples as a proxy for

Merensky ore sulfide minerals due to mineralogical similarities and significantly greater
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sulfide mineral abundance (86 wt.% versus ~1 wt.%). Single sulfide minerals, such as
chalcopyrite, pyrrhotite and pentlandite, were sourced for specific sulfidisation studies.
Unweathered and weathered Merensky gangue ore minerals were also prepared for

testwork.

3.2.1 Nkomati ore

Nkomati massive sulfide ores contain the same base-metal sulfide minerals as Merensky
ores and was thus selected as the study material. Although this ore sample did not contain
exactly the same sulfide mineral proportions, the investigation of the behaviour and
subsequent trends of the sulfide minerals is nonetheless possible. Based on several
samples, the head grade of the Nkomati ore sample was determined by AAS analysis to be
55.3 wt.% iron, 31.4 wt.% sulfur, 2.93 wt.% nickel and 1.85 wt.% copper (refer to Table 3-

1.

Table 3-1: Chemical analyses of sulfide mineral samples

Mineral Sample Ni (wt.%) | Cu (wt.%) | Fe (wt.%) | S (wt.%) Other
Nkomati (-106pm/+38pm) 29 1.9 55.3 314 Iron oxides
Nkomati (-11pum) 2.8 19 554 318 (~13.6 wt.%)
Synthethic Pentlandite 34.1 - 325 33.2 -
Natural Pentlandite 34.0 0.1 324 331 -
Chalcopyrite - 338 30.1 348 Minor lead, zinc
Pyrrhotite 0.2 - 56.0 339 Silica (~10 wt.%)

QEM*SEM analyses (refer to Section 3.7.2 and Appendix D6) determined that the
Nkomati ore sample consisted of 85 wt.% sulfides (67 wt.% pyrrhotite, 9 wt.% pentlandite,
6 wt.% chalcopyrite and 3 wt.% pyrite) with mainly iron oxide minerals (13.6 wt.%). This
was corroborated by chemical and mineralogical reconciliations (refer to Table 3-2). The
solid solution nickel content in the pyrrhotite was estimated to be 0.05 wt.%. Using a
technique developed by Amold (1966), XRD analysis indicated that the pyrrhotite was
predominantly monoclinic (77%) which is in accord with other studies on Nkomati ore
samples (Becker, pers comm) and of Merensky ores. Based on SEM/EDX analyses of the
pyrrhotite particles, the most commonly identified chemical formula was Feg97S followed

by FegosS.
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Table 3-2: Comparative mineral analyses of Nkomati ore samples
(errors are expressed as + SD)

Mineral . Percent Ma::s .

XRD Chemical Sulfide

Pyrrhotite 663+1.1 66.7 £0.4 78.3

Pentlandite 8406 9.0+ 04 10.5
Chalcopyrite 5405 6.1+04 7.2
Pyrite 32+01 35+04 4.1
Iron Oxides 152+ 1.7 13.6 -
Silicates 1.5+0.03 1.3 -

*! Average of the three size ranges (QEM*SEM)
*2 Reconciliation based on all test work samples
*3 Based on sulfide minerals

Based on the QEM*SEM analyses, the sulfide minerals were relatively well liberated in
each of the three size ranges used in the flotation studies. Overall liberation by mineral was
pyrrhotite (90%), pentlandite (80%) and chalcopyrite (84%). Composites that existed
between the sulfide minerals were primarily with pyrrhotite and are not problematic in
bulk flotation. Some of the iron oxide minerals were present as composites with the sulfide
minerals, in particular pyrrhotite (5%), pentlandite (3%) and chalcopyrite (2%). The
relative errors in the QEM*SEM analyses were estimated as follows: pyrrhotite (1.1%),
pentlandite (4.2%), chalcopyrite (6.1%) and pyrite (8.6%).

3.2.2 Single sulfide minerals

Samples of chalcopyrite, and pyrrhotite were sourced from Wards Scientific while the
pentlandite sample had been synthesised by Anglo-Platinum Research Centre. When the
need arose for flotation testwork, a pure pentlandite sample was prepared from a nickel-
rich massive sulfide ore sample from the Raglan deposit in Canada. The chemical analyses

of the sulfide minerals are presented in Table 3-1.

The chalcopyrite sample had minor quantities of lead and zinc, which were readily
oxidised and subsequently sulfidised during testwork. The pyrrhotite sample contained a
reasonable quantity of silica and was predominately monoclinic based on XRD studies
(Amold, 1966). XRD analysis of the natural pentlandite revealed no crystalline impurities
and although it had a small copper content, it was nearly pure (>98%).
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3.2.3 Mineral sample preparation

For Nkomati ore, hand picked lump samples were carefully crushed and dry ground with
chrome steel media to obtain three size fractions namely, —106/+74 microns, —74/+53
microns and —53/+38 microns and wet screened on a 38 micron screen before oxidation.
Unoxidised samples were sealed in plastic bags, stored under refrigeration and floated

within two weeks of preparation.

The natural pentlandite sample was prepared from the Raglan ore sample where both the
pentlandite and monoclinic pyrrhotite had formed as large, granular phases, which enabled
magnetic separation at a relatively coarse size range. The remaining impurity, chalcopyrite,
was removed by micro-flotation, employing starvation quantities (5 ppm) of a copper
specific collector (Senkol 65). The subsequent flotation tailing was thoroughly washed
with ethyl alcohol followed by de-ionised water before filtration and drying under vacuum.
Like the Nkomati ore sample, the pure pentlandite was separated into three size fractions.

For other studies, such as electrophoresis, finely powdered samples of chalcopyrite,
pyrrhotite and synthetic pentlandite were prepared by grinding in an agate mortar and
pestle to below 25 microns. In the case of the Nkomati ore sample, a fine sample was
prepared by wet screening the -38 micron size fraction on a Merco Industry 11 micron
nylon mesh. The -11 pum size fraction was filtered, dried under vacuum, sealed under

nitrogen and stored under refrigeration.

Unweathered Merensky ore gangue minerals were recovered from the tailings of a batch
flotation test where virtually all the sulfide minerals had been recovered. A moderate level
of gangue depressant had been employed and the talcaceous minerals were not fully
depressed. The tailings were filtered, dried and screened into the three size ranges before
thoroughly mixing and sub-sampling into smaller quantities. The sub-samples were
washed with ethyl alcohol followed by de-ionised water before being finally dried under

vacuum.

The weathered Merensky ore gangue minerals were extracted from a heavily oxidised
Merensky ore after milling and flotation in the same fashion as described for the
unweathered sample. The flotation stage was undertaken as a precaution to ensure that the
tailing contained no sulfide minerals. Mineralogical analysis of the sample revealed that
nearly all the sulfide minerals had completely been oxidised and that the base-metal values
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had been captured as a manganese wad.

3.2.4 Other characterisation studies

XRD studies were conducted on finely ground samples of all the mineral samples,
including the unweathered and weathered Merensky ore gangue minerals. Polished
sections of the sulfide minerals were examined and photographed using a Zeiss binocular
microscope. The results of the XRD studies as well as photographs of the ore and mineral
samples are presented in Appendix D1.

3.3 Reagents

Analytical grade reagents were used and while the collectors were supplied by Senmin.
The reagents used in this research are summarised by application in Appendix D-1. All
solutions were prepared with high purity water (<0.15 pS/cm specific conductivity) such as
Milli-Pore Q™ water. Ten to fifteen minutes of purging with nitrogen was used to obtain
de-aerated solutions for use in the adsorption, electrophoretic and electrochemical testwork

as well as preparation of the EDTA solution.

3.4 Oxidation methods

3.4.1 Thermal oxidation

The first approach employed low temperature thermal oxidation where the mineral samples
were placed in an oven at 85°C with circulated air. This technique has been used to study
the oxidation behaviour of pentlandite at much higher temperatures (Richardson and
Vaughan, 1989) while several investigators have studied the air oxidation of sulfides at
ambient temperatures (Pratt et al, 1994, Mycroft et al, 1995 and Legrand et al, 1998), in
one case, for a comparable period to that employed in this study (Buckley and Woods,
1984). For the finer sized sulfide mineral samples, the same degree of oxidation was
achieved by oxidising this finer material under the same conditions for a period based on
the ratio of the surface areas (refer to Table 3-3). The basis for these calculations is
presented in Appendix A2.
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Table 3-3: Oxidation conditions for the finer sized sulfide mineral samples

Thermal oxidation] Chemical oxidation
Mineral sample Moderate} Heavy | Oxidant volume
(days) | (days) (mL)
Nkomati ore (-11pm) 8 18 43
Pentlandite (-25um) 12 28 27
Chalcopyrite (-25um) 15 33 23
Pyrrhotite (-25um) 11 25 30

3.4.2 Chemicai oxidation

The second approach involved chemical oxidation with hydrogen peroxide which has been
used to oxidise sulfide minerals (Sui et al, 1995 and Laskowski and Yuan, 2002). A
systematic procedure was adopted whereby the sulfide mineral samples were agitated with
hydrogen peroxide solutions of different strengths for selected periods of time. In the case
of the finer sized sulfide mineral samples, the same degree of oxidation was achieved by
maintaining the same oxidation intensity (moles/m*/minute). The same solution strength
and contact times were used as for the coarser material, however the amount of solution
was varied based on the ratio of the surface area and the sample quantity (refer to Table 3-

3). Appendix A2 outlines the basis for these calculations.

3.5 Micro-fiotation

Flotation recovery was used as the primary tool to evaluate the effect of oxidation upon the
sulfide mineral suite as well as the ability of sulfidisation to restore sulfide surfaces to the
oxidised minerals. The flotation evaluations were conducted with the UCT micro-flotation
system (Bradshaw and O’Connor, 1996) which offered a number of attractive features that
were aligned with the fundamental nature of this research. Table 3-4 presents the
experimental details for the micro-flotation tests based on modified Merensky ore bench

flotation conditions.

The mass of the concentrate and tailing samples were used to calculate recoveries, and for
Nkomati ore samples, chemical analyses for iron, nickel, copper and sulfur were made
(refer to Section 3-7-2). Based on these assays, employing the technique presented in
Appendix Al, the individual sulfide mineral proportions were calculated. The maximum
Standard Error (SE) in the flotation results was found to be +1.2% for unoxidised samples,
*2.5% for oxidised samples and +2.0% for sulfidised samples.
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Table 3-4: Experimental details of the micro-flotation studies

Parameter/Equipment Experimental Details
Cell volume 365 mL
Peristaltic pump 50 rpm
Air flow-rate 7 mL/min
Air source Synthetic air (no H,O nor CO,)
Sample quantity 2g

Feed size range

Equal amounts of -106um/+74um,-
74um/+53um and -53pum/+38um

Pre flotation Wet screened at 38um
Collector SIBX, 1 minute conditioning
Flotation conditions pH 9, IS of 10 Ca*™*
Concentrates 1, 3 and 10 minutes

Number of replications 2

Pulp chemistry conditions for selected tests were measured and recorded with a TPS meter
Model 90 FLMYV and included pH, ORP (platinum electrode with a silver/silver chloride
reference) and temperature. During sample conditioning, pH measurements were made

with a Hanna pH 211 meter.

3.5.1 Experimental testwork

3.5.1.1

The reproducibility of the flotation testwork procedure was tested with unoxidised

Reproducibility

Nkomati ore samples based on five replications and a collector concentration of 1.375x10°
“M. As Table 3-5 shows, almost complete flotation of the sulfide minerals was found with

acceptable reproducibility.

Table 3-5: Reproducibility of micro-flotation testwork
with unoxidised Nkomati ore samples

Cumulative flotation Cumulative Flotation Statistics
time (mim) Mass Recovery (%) Mean SD SE
1 417 | 378 | 387 | 433 | 407 | 404 | 223 1.00
3 71.1 733 | 696 | 707 | 745 | 718 { 2.00 | 0.89
10 83.1 85.1 819 | 811 822 | 827 1.56 | 0.70
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3.5.1.2 Oxidation studies

Micro-flotation tests were conducted with oxidised Nkomati samples as a function of the
degree of oxidation. Initially, the effect on the collectorless flotation was examined and
compared to that found for an initially unoxidised sample determined from four
replications. The degree of floatability of the sample was ascertained over the first 27 days
of thermal oxidation with a high collector concentration (1.375x10'3M). The nature of the
coherency of the oxidised layer was also addressed with ultrasonic treatment prior to
flotation with a higher collector addition (1.375x10'2M) over the period from 5 to 121
days. This latter approach was adopted as the standard procedure for assessing the impact
of thermal oxidation upon sulfide mineral samples. The experimental details for the
testwork programme are presented in Table 3-6. Appendix B1 presents the raw data arising
from this testwork.

Table 3-6: Experimental details of the oxidation study with
oxidised Nkomati ore samples

Parameter/Treatment Experimental Details
Ultrasonic treatment and Pre-conditioning : Two 1 minute ultrasonic treatments (Elma
hydrolysis Transsonic 310, 500cm’, 0.05W/m? and 35kHz) followed by 10
(thermally oxidised samples) minutes aqueous contact (hydrolysis)
Variables

Thermal oxidation (85°C in air) | No collector: 0 and 1 day

Collector (1.375x10°M): 2, 5, 8, 16 and 27 days

Ultrasonic treatment and collector (1.375x10'2M1: 5, 16, 27,
31, 50, 60, 92 and 121 days

Chemical oxidation (H,05) Collector (1,375x10°M): 1 minute 10°M, 10 minutes 10°M,
10 minutes 10°M and 10 minutes 10°M

The degree of oxidation of the sample is defined in terms of flotation recovery. Moderate
oxidation describes where the flotation recovery of the sample has been reduced to 50
wt.% (27 days of thermal exposure and 1 minute with 10°M H,0,) and heavy oxidation
where the flotation response has been practically removed (121 days of thermal treatment
and 10 minutes with 10°M H,0,).

As background to another study, the flotation response of heavily oxidised pentlandite
samples was also characterised (refer to Table 3-7). The raw data are located in Appendix
B2.
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The flotation behaviour of unweathered and weathered Merensky ore gangue minerals was
evaluated with and without collector. Table 3-8 presents the experimental details for these
tests. Appendix B3 records the raw data collected from this testwork.

Table 3-7: Experimental details of the oxidation study with
heavily oxidised pentlandite samples

Parameter/Treatment Experimental Details
Collector strength 1.375x10* M
Variables
Thermal oxidation (85°C in air) | 121 days
Chemical oxidation (H,05) 10 minutes 10°M

Table 3-8: Experimental details of the flotation of weathered and
unweathered Merensky ore gangue minerals

Parameter/Treatment Experimental Details
Collector strength 1.375x10° M
Number of replications 5
Variables
Collector addition With and without
Degree of oxidation Unweathered and weathered

3.56.1.3 Sulfidisation studies

Sulfidisation studies were conducted on oxidised sulfide mineral samples using Controlled
Potential Sulfidisation (CPS) (Jones and Woodcock, 1978a). In order to determine the true
flotation response, the solution was decanted and replaced with fresh solution after

sulfidisation. The experimental details are presented in Table 3-9.

Table 3-9: Experimental details of the sulfidisation studies

Parameter/Equipment Experimental Details
Potentiometric titrator | Radiometric PHM 290 pH-Stat Controller
Sulfide ion probe Orion 9616 (Ag/Ag,S with Ag/AgCl [0.01M KCl] reference)

Control system Feedback with solenoid valve: £ S mV
Sulfidisation NaHS, CPS 5 minutes conditioning in air
Post sulfidisation Solution decantation, sample washing and solution replacement

Collector strength 1.375x10°M
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The sulfide ion electrode potential was checked against known concentrations of
sulfidising reagent solutions prepared with sulfide anti-oxidant buffer solution (SAOB)
(Orion, 1996) and corroborated with total sulfide measurements (Clesceri and Greenberg,
1998). The measured parameters for sodium hydrosulfide solutions as a function of

concentration are given in Table 3-10.

Table 3-10: Solution parameters as a function of sodium hydrosulfide concentration

{NaSH] Es ORP DO oH
(M) (mV) | (SHE, mV)| (ppm)
107 792 -0.382 5.8 9.45
10° -743 -0.315 54 8.80
10" -696 -0.250 54 8.13
10° -644 -0.205 5.5 7.93

3.5.1.3.1 Nkomati ore

The effect of sulfidisation was examined with heavily oxidised Nkomati ore samples and
the experimental details are presented in Table 3-11. The raw data generated by this
testwork are located in Appendix C1.

Table 3-11: Experimental details of the sulfidisation studies
with heavily oxidised Nkomati ore samples

Variable/Treatment Experimental Details
Oxidation method Thermal : 121 days at 85°C in circulated air

Chemical : 10 minutes 10°M H,0,

Sulfidisation intensity (Es) | -500,-600,-650,-700 and -800 mV

The influence of calcium ions during sulfidisation conditioning was examined with a
heavily thermally oxidised Nkomati ore sample at the optimum sulfidisation potential of -
650 mV. Table 3-12 presents the experimental details. The raw data from these
experiments are captured in Appendix C1.

Table 3-12: Experimental details of the study of calcium ions
during sulfidisation at constant Es

Variable
Calcium ions (IS of 10“) | Presence/absence during sulfidisation
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3.5.1.3.2 Pentlandite

A number of sulfidisation studies was conducted with heavily oxidised pentlandite
samples. The first set of tests was based on establishing the response to sulfidisation over
the Es range used for the chemically and thermally heavily oxidised Nkomati samples.
Table 3-13 presents the experimental details. Appendix C2 summarises the raw data
collected with this experimental campaign.

Table 3-13: Experimental details of the sulfidisation studies with
heavily oxidised pentlandite samples

Variables ;
Oxidation method | Thermal: 121 days at 85°C in air
Chemical: 10 minutes in 10°M H,0,

The base-metal precipitation hypothesis was tested by evaluating the effect of copper and
iron ion additions upon the flotation response of heavily chemically oxidised pentlandite at
the optimum sulfidisation potential (Es = -650 mV). Additional flotation time was
required. Table 3-14 summarises the experimental details while the raw data are presented

in Appendix C2.

Table 3-14: Experimental details of the base-metal ion additions with heavily
chemically oxidised pentlandite samples at constant Es

Parameter/Treatment Experimental Details
Sulfidisation intensity (Es) | -650 mV
Concentrates 1, 3, 10 and 20 minutes
Variables
Base-metal ion Fe(IlI) (500umoles) or Cu(ll)
(Spmoles)
Addition point Before or during sulfidisation

The role of iron additions during sulfidisation upon the flotation response of heavily
thermally oxidised pentlandite was investigated as a function of sulfidisation potential. The
experimental conditions are shown in Table 3-15. Appendix C2 captures the raw data from

this testwork.
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Table 3-15: Experimental details of the Fe(lll) ion additions during sulfidisation
with heavily thermally oxidised pentlandite samples

Parameter/Treatment Experimental Details
Base-metal addition Fe(IIT) (500pumoles) during
sulfidisation
Concentrates 1, 3, 10 and 20 minutes
Variable
Sulfidisation intensity (Es) | -500,-600,-650,-700 and -800 mV

3.5.1.3.3 Merensky ore gangue minerals

To evaluate the influence of the sulfidisation process upon the floatability of Merensky ore
gangue minerals, weathered and unweathered samples were sulfidised at three selected
potentials. Table 3-16 summarises the experimental details. The raw data are presented in
Appendix C3.

Table 3-16: Experimental details of the sulfidisation studies with Merensky ore gangue minerals

Parameter/Treatment Experimental Details
Number of replications 5
Variables
Sulfidisation intensity (Es) | -500 mV,-650 mV and -800 mV
Degree of oxidation Unweathered and weathered

3.6 Surface techniques

3.6.1 Zeta potential measurements

3.6.1.1 Experimental testwork

The details of the electrophoretic procedure are presented in Table 3-17. For thermally
oxidised samples, the pH was adjusted after hydrolysis to the value found for the

unoxidised sulfide mineral samples.

Table 3-18 presents the experimental details used in the electrophoretic study of the

oxidised sulfide mineral samples while the raw data are collated in Appendix D2.
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Table 3-17: Experimental details of the electrophoretic procedures for the sulfide minerals

Parameter/Treatment Experimental Details
Equipment Zeta-Meter model 3.0+ system with video display

Sample concentration | 0.1 g/L

Feed size range -11 pm : Nkomati ore sample
-25pum : other sulfide minerals
Solution preparation 10 minutes de-aeration with nitrogen
Support solution 5x10"“M NaCl under nitrogen
Initial pH adjustment | NaOH to 6.5 for oxidised samples
Measurements 10+ readings corrected for temperature (22.5°C)

5 minutes acclimatisation before each reading

Table 3-18: Experimental detalls of the electrophoretic
study with the oxidised sulfide minerals

Parameter/Treatment Experimental Detailss
pH adjustment Acidic values: HCI and basic values: NaOH
Variables

Oxidation method Thermal and chemical
Degree of oxidation | Unoxidised, moderate and heavy

Mineral samples Nkomati ore, chalcopyrite, pyrrhotite, and pentlandite

pH range 2to 11 in 1 pH unit increments

The experimental details for the electrophoretic study of the sulfidisation of the oxidised
sulfide minerals are shown in Table 3-19. Initially, a comparison was made between this
approach and where the pH was maintained constant (pH 11) to determine the relative
contributions of pH and hydrosulfide ions to the zeta potential using a heavily chemically
oxidised Nkomati sample. The raw data are presented in Appendix D2.

Table 3-19: Experimental details of the electrophoretic study of the
sulfidisation of oxidised sulfide minerals

Parameter/Treatment Experimental Details
Sulfidising reagent Na,S under N,
Variables
Oxidation method Thermal and chemical

Degree of oxidation Moderate and heavy

Mineral samples Nkomati ore, chalcopyrite, pyrrhotite, and pentlandite
Sulfidisation intensity (Es) | -400to -800 mV in 50mV increments
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3.6.2 X-ray photo-electron spectroscopy (XPS)
The details of the equipment, procedures and the heavily thermally oxidised sulfide

mineral samples for XPS analyses are summarized in Table 3-20.

Table 3-20: Details of XPS equipment, procedures and sulfide mineral samples

Parameter/Equipment Experimental Details
Equipment Kratos Axis Ultra photo-electron spectrometer
Hemispherical analyser with delay line detector
Irradiation source 300W monochromatic Mg Ka
Pass energy 20 eV: broad and valence band spectra
10eV:Fe2pand S 2p
Take-off angle 45°
Vacuum ~10” torr
Narrow scan step size | 0.025 eV
Sample quantity 05g
Mineral sample type Nkomati ore, chalcopyrite and pentlandite
Feed size range -106pm/+38um: Nkomati ore samples
-25um: chalcopyrite, pentlandite and pyrrhotite samples

The preparation methods replicated the procedures used during testwork except that
sulfidisation was conducted under nitrogen to minimise the oxidation of the sulfidised
surfaces (refer to Table 3-21). Additionally, for the Nkomati ore samples, sulfidisation was
also performed under air while a heavily chemically oxidised surface was examined. After
treatment, the replacement solution was adjusted to pH 9 and the sample snap frozen and
stored under refrigeration until analysed. Appendix D3 presents the raw data with the fitted

curves.
Table 3-21: Preparation details for XPS analyses of oxidised sulfide minerals
Parameter/Treatment Experimental Details
Oxidation method Nkomati ore: chemical and thermal

Sulfide minerals: thermal

Sulfidisation intensity (Es)

-500, -650 and -800 mV (pentlandite sample)
-500 and -650 mV (Nkomati ore and chalcopyrite samples)

Sulfidisation atmosphere

Under N,: all samples and sulfidisation conditions
Under air: Nkomati ore sample at -650 mV
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Details of the method used to interpret the XPS data are presented in Appendix D3. The
XPS measurements were made without replication and it is difficult to assign a specific
error. Hesse et al (2004) have studied the error associated with XPS analyses and shown
that is dependent upon the BE peak separation, the count intensity and the signal/noise
ratio. Based this assessment, it was concluded that the relative XPS errors fell between 5

and 15%, with most measurements having an error of 10% or less.

3.6.3 Electrochemistry

Cyclic voltammetric and chronoamperometric studies were conducted on mineral
electrodes prepared from the three sulfide mineral samples used in this research, namely
chalcopyrite, pyrrhotite and pentlandite. Table 3-22 presents the experimental details and
Appendix D4 presents the raw results.

Table 3-22: Experimental details of the cyclic voltammetric
studies of sulfide mineral electrodes

Preparation/Treatment Experimental Details
Equipment Gamry Instruments Potentiostat/ Galvanostat model
PCI4/750 unit
CV supporting solution | Sodium tetraborate (5x10"“M, pH 9.2) under nitrogen
Polarisation Unoxidised electrodes: 15 minutes at -500 mV (SHE)
Scanning details Commenced at open circuit potential
-500 to +500 mV (SHE) at 20mV/s
Sulfidisation 10°M (~-650mV Es), Na,S, 15 minutes in air
Variables
Degree of oxidation Unoxidised and heavy chemical

Chronoamperometric experiments were performed with the sulfide mineral electrodes to
observe the interaction with the hydrosulfide ion as a function of Na;S addition under
nitrogen. After heavy chemical oxidation, the mineral electrodes were exposed to two
sulfidising reagent concentrations (1x10°M and 1x10?M) over time. The potential of the
mineral electrode was held at its open circuit value during this study, namely chalcopyrite
0.1449 V, pyrrhotite 0.1404 V and pentlandite -0.0226 V. The variation in the mineral
electrode current revealed the nature of the surface electrochemical reaction: a negative
current indicated a cathodic reaction while a positive current disclosed an anodic reaction.

The raw data are presented in Appendix D4.
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3.7 Characterisation techniques

3.7.1 EDTA extractions

EDTA extractions under nitrogen were conducted to determine the amount of chemically
available species present on the oxidised surfaces of flotation sized Nkomati ore samples
(Rumball and Richmond, 1996 and Vanthuyne and Maes, 2002). The experimental
conditions are summarised in Table 3-23 while the raw data are presented in Appendix DS.

Table 3-23: Experimental conditions of the EDTA extractions
with oxidised Nkomati ores

Treatment Experimental details
Sample quantity 1g ’
EDTA strength 3% (~0.1M) (prepared with de-aerated, de-ionised water)
Contact time 10 minutes
Solution analysis AAS
Pre extraction treatment 10 minutes aqueous contact (hydrolysis)
(thermally oxidised) pH adjustment to 6.5

Variables

Oxidation method Chemical and thermal
Degree of oxidation None, moderate and heavy
Post thermal oxidation treatment | With and without ultrasonic treatment

3.7.2 Electron microscopy
Table 3-24 presents the experimental details for the SEM/EDX investigation. The limit of
detection of the EDX for the lightest element detected (oxygen) was approximately 2%,

with lower detection limits for the heavier elements.

QEM*SEM is a technique that employs a SEM in conjunction with 4 Gresham x-ray
detectors to statistically determine the mineralogical, chemical and textural properties of an
ore sample. These details for the three size ranges of the Nkomati ore sample are presented
in Appendix D6.



Chapter 3

Table 3-24: Experimental details for the SEM/EDX study

Treatment Experimental details
Equipment Leica Stereoscan 440 SEM and a Kevex Detector (EDX)
Sample preparation Setting and curing in Spurr’s resin
Polishing of sample end to provide mineral cross-sections
EDX acceleration voltage 20kV
EDX element analysis O, S, Fe, Ni and Cu
EDX analysis points Oxidation layer, near surface and bulk regions
Variables
Mineral sample Nkomati ore (pyrrhotite), chalcopyrite and pentlandite
Oxidation method Chemical and thermal
Degree of oxidation Chalcopyrite, pentlandite: moderate and heavy (thermal)
heavy (chemical)
Nkomati ore (pyrrhotite): 2, 10, 15, 18, 27, 30, 50, 60 and 121 days
heavy (chemical)

3.7.3 Other techniques

BET surface area determinations were made using a Micrometrics Tri-star unit with a
Flowprep 060 after the samples had been held in-situ at 60°C for 24 hours (Brunauer et al,

1938). Table 3-25 summarises the surface areas determined for the sulfide mineral samples

used in this research.

Table 3-25: Surface areas of the sulfide mineral samples

Mineral sample

Surface area | Error
m%g) | mip)

Nkomati ore (-106pnv+38um)* 0.3335 0.0058

Nkomati ore (-11pm) 1.1350 0.0113
Pentlandite (-106pm/+38pm)* 0.3457 0.0046
Pentlandite (-25pm) 0.7218 0.0129
Chalcopyrite (-25um) 0.6035 0.0108
Pyrrhotite (-25um) 0.7936 0.0234

* after ultrasonic treatment and wet screening at 38 microns

Mineral samples and flotation products were analysed after a HF/aqua regia digestion for

copper, nickel and iron by AAS on a dual wavelength absorption Varian SpectrAA-30.

Sulfur assays were determined by a Leco SC-432DR unit. The flotation recoveries of the
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individual sulfide minerals were calculated using these assays although pyrrhotite and
pyrite could not be reliably distinguished and are collectively referred to as pyrrhotite. The
calculation method is presented in Appendix Al.

Sulfate analyses were made on solutions from the hydrolysis and chemical oxidation
studies with high pressure liquid chromatography. The HPLC system consisted of a Waters
1525 binary HPLC pump, a Waters 2487 dual wavelength absorbance detector and a
Waters Model 430 conductivity detector.

3.8 Other studies

3.8.1 Adsorption studies

Adsorption studies were conducted on heavily oxidised Nkomati ore samples to complete
the comparison between the behaviour of oxidised sulfide minerals and base-metal ‘oxide’
minerals in a sulfidising environment. During adsorption, the ORP, pH and Es values were
logged every 2 seconds on the TPS meter. The initial and final solution concentrations
were measured for total soluble sulfide using the methylene blue method (Clesceri and
Greenberg, 1998). The hydrosulfide ion and sulfide ion concentrations were calculated
from the pK values for the HoS/HS/S? system based on the measured total sulfide and pH
values (Rao and Hepler, 1977). The experimental details are shown in Table 3-26 while the

raw data and associated calculations are presented in Appendix E1.

Table 3-26: Experimental details for the adsorption studies
with heavily oxidised Nkomati ores

Constants
Cell volume 50 mL
Sample quantity 05¢g
Feed size range -11 pm : Nkomati ore sample
Oxidation details Heavily thermal (121 days @ 85°C in air )
Conditioning 10 minutes hydrolysis
pH adjustment 6.5
Gas details Nitrogen at SmL/minute
Sulfidisation details NaHS under N,
Solution preparation De-aerated de-ionised water
Variables
Sodium hydrosulfide concentration 10°,10% and 10° M
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3.8.2 Hydrolysis

The interaction between moderately and heavily thermally oxidised Nkomati ore samples
was monitored over a ten minute period. A TPS meter was used to log the ORP and pH
values every two seconds. When the reaction was complete, the solution was recovered,
filtered and analysed for base-metal ion and sulfate values. Appendix E2 contains the raw
data collected doing these experiments.
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CHAPTER 4

RESULTS : OXIDATION OF SULFIDE MINERALS

4.1 Introduction

The results presented in this chapter were generated from the testwork programme
designed to address the first hypothesis, namely thar increasing levels of surface oxidation
weould adversely affect the flotation response of sulfide minerals, particularly pyrrhotite,
pentlandite, and 1o a lesser extemt, chalcopyrite and that there would be no significant
difference between oxidation methods, such as thermal and chemical, as measured by the

bekaviour of the sulfide minerals.

Omidation studies were conducted on the Nkomati ore samples and pure mineral samples in
order to characterise the influence of the degree of surface oxidation upon the flotation
recovery of chalcopyrite, pyrrhotite and pentlandite as measured by micro-flotation, Two
oxidation methods were used. The first method consisted of low temperature thermal
oxidation n air followed by hydrolysis while the second approach entailed chemical
oxidation using hydrogen peroxide. Both of these methods produced suitably oxidised
samples for the testwork programme. The studies were predominately carried out on the
size range that was suitable for micro-flotation. namely equal quantities of -

106um/+74wm, -74umd+33um and -53pm'+38pm material.

Cross-sections of oxidised samples were inspected and amalysed by SEM/EDX 10
determine the development of the oxide layers, These loose axide layers on thermually
axidised samples were removed by ultrasonic weatment and chemically analysed. The
response of the thermally oxidised samples during hydrolysis was also measured. The
terms moderate and heavy oxidation are used to describe the oxidised conditions where
50% flotation recovery and a low flotation recovery were found respectively. The flotation

behavioor of oxidised pentlandite as a single mineral was alsa studied.

Unless noted otherwise, errors bars arg based on the Standard Error (£SE).
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4.2  Flotation response
In this section, the results of the flotation studies with Nkomati ore samples and pentlandite

samples after oxidation are presented.

4.2.1 Nkomaii ore

4211 Before oxidation

The Wkomati ore sample displayed considerable natural floatability as shown in igure 4-

I. Chalcopyrite floated the most readily, followed by pentlandite and pyrrhotite.

1M ¢ =

Flolation Recovery (%)

Clurlevnpey vt Peutlandice Prrrhetine

Sulfide Mineral

Figure 4 1: The flalalicn recoverios al sullide minerals from Nkomatl ore samples without collactor

Figure 4-2 shows that after conditioning with SIBX at a concentranon of 1,373 x[{} '1M__

practically ail the floatable material was recovered after 10 minutes.
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Figura 4-2: Flgtation mass recovery of the Nkamati ore with 1. 375x10™°M SIBX

All of the sullide minerals demonstrated good Noatability under these conditions and very

high Flotation recoverics were achicyed (refer w Figure 4-3).

(L1}
" e — = _—_—.—_—_=h_-‘—___'__u__*
2 e
- 0 ¥ 4:1:'
& 7 A
= £
= b
= &0 I
2 i /;/
= |
'E a0 -'I;'/ —— Chalvopyrile
= "I.-":/ — Pemtlandiis
= ] a
= .'I,":-"I ——  Pyrrbastife
20 ':-'
1
i}
0 3 4 f K Tik

Flntation Time {minutes)

Figure 4-3: Flotation recoveries of the sulfide minerals from Nkomati cre with 1.375x10 "M SIBX

Table 4-1 shows that chaleopyrite exhibited the fastest Tlotation, followed by pentlandite

and pyrrhotite, with flotation rate constants of 1.46. 0.81 and 0.63 respectively based on a

simple (lotation rate model (Lo, Flotation recovery = Rypa(l o™ (Lynch efal, 198170
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Tahle 4-1: The fotation rates of the sulfide minerals in Wkomati
are samples with 1.375x10™*M SIEX

Solfide Rate Parameters
Mineral Brw k imir
Chaleopyrifc (.0t 1.4n
Pentlaodite 0935 a8l
Pyrrhotite .96 0.6
4212 After thermal oxidation

It was found that the thermal oxidation process produced a loose layer which would be
readily abraded and removed during the mineral sepuration process. A surface layer that
was cohorent and not casily dislodged was required and this was achicyved by remaving this
laver with ulirasonic treatment. For selected samples, the oxide layer removed by
ultrasonic treatment was recovered through filtration, weighed and doed for chemical

analysis,

4.2.1.2.1 Before uitrasonic treatinant

Increasing exposure to thermal oxidatton significantly affceted the Notation mass recovery
of the Nkomati ore samples based on the standard (lotation period of 10 tnutes (refer to
Figure 4-4). After two days of oxidadon the fleatability without collector had ail but
disappeared. Flotation mass recaoveries were restored with 1.37 x 1{7°M SIBX however
after 16 days it was necessary (o increase the collector concentrations to higher levels.
While a higher concentration of SIBX {I.ETSK]G_EM} offset the effect of oxadution for 4
longer periad, by 27 days the flotanon recovery was less than 10 wi. %, The reasons for the
improved flotation recoveries with substantialiy higher coliector concentrations are two-
feld. At such coliector strengths, the fermation of dixanthogen is more likely and may have
significantly increased the particle hydrophobicity. The second role involves the
displacement of surface axidation products, which appears to have oceurred for samples in
the earlier stages of thermal oxidation. With increasing oxidation time, a thicker layer of
oxidation products formed and the effect of these two mechanisms was significantly

reduced.
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Figure 4-4; The imzact of thermal oxidation uzon the fotation

mass recavery ot Mkomati are samples

Aftar uftrasonic treatment

Ltrasonie treatment, as shown in Figore 4-3, significantly improved the flotation recovery

of madised Nkomati ore samples, However by 60 days, a threshold had been reached and

the flotalion recovery remained fairly constanl over the nexl 61 days.

T

2i

Flotation Mass Recovery (%)

- + Ulipwsenic Treaument

! —=— Mo Treatment

) 75
Cxidation Time (days)

TiH)

Figure 4-5: The affect of Utrazonic treatment wpan tha fAolalion mass recovery of

thermally oxidised Nkamati ora samples with 1.275200 "M SIBX

The sorface cleansing effect of the ultrasonic treatment upon rhe mincral surfaces of a

heavily thermally oxidised Nkomati sample can be seen in Figure 4-6, where less

obscuration of the surfaces as well as fines removal are evident.

69



Chaprer 4

HLBCTHOE HITHIEOOPE IMIT T Tl

d 81 ki D FPralie MHE opd W

5 after ultzasanic treatmeant

Figure 4-6: Secondary electran images of the etfect of ultrasonic treatmen: upan an a

thermally oxdsoed Mkomali ore samplo (B0 days) (206N acceloralion vellagoe
Figure 4-7 shows that the thermal oxidation had a significant and similar impact upon the
fltation recoveries of both pyrchotite and pentlandile. Oo the other hand, although

chalcopyrite is known to have a special affinity for thiol collectors, the superior flotation

response for chalcopyrite does suggest & less oxidised surface. Afler 60 days, no further
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decrease in the flotarion recoveries of the sulfide minerals was observed.
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Fiqure 4-7: Effect of ultrasanic treatment upan the flotation recovery of sulfide minerals

fram thermally oxidisee Nkomali ore samples with 1 375x10°M SIBX

4.21.3 After chemical oxidation

Figure 4-8 shows that tnereasing exposure o chemteal oxtdation by hydrogen peroxide
signiticantly affected the flotation recovery of Nkomuati ore samples. After a contact period
of | minute with a 10°M solution, the flotation mass recovery decreased to 50%. No

signiticant flotation was foond after 1) minoles of exposure (o a 107M solution.
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Figure 4-8: The impact af chemical axidation upon the flotation mass recovery
af Nkomati ore samples with 1.375 x10°M SIBX
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Chemical oxidation had a significant impact upon the flotation recoveries of all the sulfide
minerals as demopstrated in Figore 4-9. As measured by the flotation response,
chalcopyrite initially showed considerable resistance to oxidation by hydrogen peroxide,
only succumbing to the more intensive oxidative conditions. Both pentlandite and
pyrrhotite were more readily oxidised than chalcopyrite, however pentlandite was clearly
less reactive than pyrchotite onder these conditions. Unlike the thermally oxidised
situation, there was a clear order of reactivity with hydrogen peroxide as the oxidant:

pyrrthotite > pentlandite > chalcopyrite.

TH)
—
SRR T ~— Uliabeipy it
su _\-._\---'. &
PR -~ Penibliodite
= 5 \ —— Pyrrhutite
y _ -‘_\
=t R .
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E & g = T \‘h
I TR ™ E,
= Ssedale %
= ,
- .
g 0 -\"'\_‘\ {_\ \_‘\E
7 ) \I‘\
O

w? 1 L w* 10 1 i’ it [
Onidation Intensity tmoles-minfm’)
Figure 4-9: The impact of chemical oxidation upan the flotation recovery of sulfide

minerals from Nkomati are samples with 1.375x107°M SIBX

4.2.2 Pentlandite

After heavy oxidation, the flotation recovery of pentlandite samples was cffectively

reduced o oo (refer to Figure 4-100.
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140

Flotation Mass Recovery (%)

Heavy Thermal Heavy Chemical
{121 days) {14 minutes @ 1M H.0,)

{hidation Treatment

Figure 4-10: The impact of heavy oxidation upon the flctation mass recovery
of pentiandite samples with 1.375x10 *M SIBEX

4.3 Surface characterisation by SEM/EDX

Oxidised mineral samples were prepared as described in Section 3.7.2 and the cross-
sectioned oxidised nuneral particles examined under a SEM. EDX analyses were made in
three regions of selecled particles consisting of the oxidised laver, the near-surface layer
and the centre or bulk mineral. The EDX results are reported as elemental ratios and do not

necessarily reflect a chemical compound.

4.3.1 Pyrrholite

4311 Aftor thormal oxidation

Figure 4-11 presents back-scattered electron images of cross-sectioned thermally oxidised
pyrrholite patticles from oxidised Nkotnati ore samples showing a clearly defined oxide
layer that increased in thickness with greater duration of oxidation. The chemical nature off
the oxide layer changed with increasing oxidation as did the near swtace region, with more

associated iron and oxygen present,
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(o} 27 days
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Figure 4-11; Back-scattered electron images of cross—sections af thoermally oxidised pyrraalile
particles showing the devolopmoent of axedisod layer with lime {20 kY accoleralion

voltage) [red . axide layer, blue | near surtace and green : bulk mineral]
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Table 4-2 summarises the oxidation rend with time as detected by SEM/EDX amnalyses for
pytrhotite particles in thermally oxidised Nkomati ore samples. Pyrrhotite particles, due to
their greater abundance, were more consistently found. There was a strong trend in the
relutive elemental concentrations in the surface and near-suerface regions with increased
oxidation. In particular, more iron was detected in the oxide layer, while the region near
the oxide layer became more depleted in iron and incorporated oxygen, Generally, the
thickness of the oxidised surface layer was found Lo increase with greater oxidation, noting

that the thickness of this laver was aiso a function of the partcle size.

Table 4-2: Elsmental ratios of surface, near surface and bulk ragions as
a function of oxidation time for pyrrhotite particles

Orxidalion Surface Layer Near Surface | Bulk Mineral
Timy Thickness Elemental Elemenial Elemental
Iedaa sl (nm} Ratic Eatia K atin

2 40 Fes Feqg03 Fug s

u 00 Fes, 0 Fegurs FeymS

15 600 Fe, 803, Feg crs Feg ors

1% L 00K Fey S0 Fry e Fep S

27 T2 Figg 1500 - Fay oS Fepgrs
Moderately 1 CH3O Fey 35005 Fey S FepnS
Crxiclised Q) Ferp 45802 FepaS Feg 43
1 Wk Fe | S50k, FenaS Feg s

114 Fery o502 Fep .5 By or5

30 1800 Fe 4500 ; Feg 8 Feq s

50 1WAk Fea o505 FesS; Fey o3

£ 2200 Fig g5, 5 Feg (50, FuynS
121 1 80K Fes g50k 5 Fes 030, 4 Fepms
Heavily K [, Py 2500 Feq oS
Oxidhsed 220K Fey,50:, Fey 3300, Fpars
1900 Fe 5500 4 Fes 50,5 FepS

2161 Fey o540, Fey 250, Fep g5

In the case ol thermally oxidised Nkomati ore samples treated unltrasonically, no oxide
layer was readily discernable {refer to Figure 4-12). Since the SEM resolution was less
than 100 nanometres, the thickness of the thermally oxidised surface laver after ultrasonic

treatment must be less thap this value,
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Fiqure 4-12: Back-zscattered electron image of a cross—sactoned heavily thermally oxidised

pyrrhctite particla after ulrasonic ireatment (20 kY acceleralion volage)

4.3.1.2 After chemical oxidation

Figure 4-13 prescents o back-scattered clectron mage of o cross-seclioncd  chemically
oxidised pyrrhotite particle witheut any clearty defined oxide layer. As noted in the case of
the thermaliy oxidised sumple that had been treated ultrasonically. the thickness of

chemically axidised surtuce layer mnost also he less than 100 nanometres.

ELETTRIM HITBISTSNT. 1HTT W [v

4 FRT-7 i ET 0 Prab Bhoph U

Figure 4-13: Back-scatiered electron image of a cross—sectioned heavily chemically

axidised pyreholile paricle {20 kY acceleration voltage)
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4.3.2 Chafcopyrite

A comparison between moderately and heavily thermally oxidised chalcopyrite particles
shows that a more substantial oxidised layer has developed (refer to Figure 4-14). More
oxygen has been incorporated into the oxide layer while some sulfur depletion has
occurred for the near surface regions at the higher degree of oxidation. Although the
thickness of the oxide laver is smaller for the heavily oxidised sample, the differcnce is

most likely due to particle size effects.

ELETTROE BICRSSOSIE IMIT 16T

i1 heawy tharma! oxidation

Figure 4-14. Back-zcattered elactron images of cross—sectioned theqmally oxidised

chaleapy-ite paricles (20 kY accalcraltion vollzge,
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Table 4-3 summiarises the SEM/EDX analyses for moderately and heavily thermally
oxidiscd chalcopvrite particles. There was a trend in the relatve elemental concentrations
in the sorface and near surface regions with increasing oxidation. In particular, iron
cnrichment as well as the incorporation of oxygen in both regions was found over time,
However neither the degree of oxidation nor the thickness of the oxidation laver was as
substantial as that observed for pyrrhotite. As found with the oxidised pyrrhotite particles,

the thickness of the oxidised surface layer increused with greuter oxidation.

Tzhle A-3; E'ermental ratips of surfzee ard roar surface ard bulk rogions for

thermally axidised chalcopyrite nartic es

Crxidation Surtace Layer ear surlace | Bolk Mineral
Time Thivkness Elemental Llerental Elemental
(days) (mum) Ratio Ratio Ralie

Mosderacely e Cukel, 30, Cukel; Culbiek,

Chxidised 400 Cukel, 30, CuFes; CuFes,
(a7 S0} CuFes, (O, CuFeS, CuFes.
S0 CoFes| (O Cules, Cules-

Heavily T CuFes; 40, - Cubel, CukFeS;
Oniddised B0 CuFeh, -(3,- CuFeS-0y, CuFcs.
{121} F0 CuFes, 102 CuFcs, Culics,
#00 Cules | 2 Culiesa 0y, Culfied;

The SEM iechmigue could not idenaty the presence of an oxidised laver on heavily

chemically oxidised chalcopvrite particles.

4.3.3 Pentlandife

Figure 4-15% presents back-scatiered electron images of cross-sechioned thermally oxidised
pentlandite particles showing that a substantial oxidised layer has developed. The chemical
nature of the oxide layer changed with increasing oxidation as did the near surface region,
with more associated iron and oxyvgen, Although the thickness of the axide layer 15 less for
the heavily axidised sample, this is considered to he due to particle size and shape effects,
Smaller particles as well as particles with low uspect ratios tend to develop thicker oxide

layers.
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Figure 4-15: Buck-scattered e ectron irages of cross—sectioned thermally oxidised

pontlandne particles (20 kY aceolaralion vollage)

The SEMV/EDX analyses for moderately and heavily thermally oxidised pentlandite
particles are summarised in Table 4-4. There ix a trend in the relative elemental
congentrations in the surface und near surface regions with increasing oxidation. In
particular, iron enrichment as well as the incorporation of oxygen in both regions is found
over time. The thickness of the oxidised surface layer increased with greater oxidation. The
oxidation behaviour of pentlandite is more similar to that of pyrrhotite than chalcopyrite.
While the degree of oxidation, as measured by elemental ratios, is not as substantial as thal

found for pyrrhotite, the thickness of the oxidation fayer was of a similar magnitude,
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Table 4-4: Elemental ratios of surface, near surface and bulk regions

far thermally oxidised pentlandite particles

Oxidation Surface Laver Near Sorface Bulk Mineral
Time Thickness Elemental Elemental Elemental
{days) (nna} Ratia Ratio Ratin

Maoderately 1500 Ni; oFig o8z 10 Wiy sFe, 48y Niy sFey o8g

Onidised SIK) Ni, o Feg 185,20 NiysFey 55; Nig sFey 55;
(27) 700 Ni; Fies 48,400 Niy oFey 55y Niy iFey 5y
LI Ni; JFeg 255 0 Ni,sFe, 58, N1, sFey 585

Heavily 1200 Niy gFey 4550 Nig sFay 45,550 Ni, sFe, 55y
Onidised 1100 NigaFeg S0 | NigaFeosS 20 Nigsl'ey 555
(11213 10043 Mig g 48y o) Nig P 28,540 Niy ;Fe, 55
1200 Niy7Feg 55750 Nig oFetyg 18740 Ni, sFey 55

The S5EM technique [ailed to identily oxidised layers on heavily chemically oxidised
pentlandite particles.

4.4 Surface analysis with XP5

4.4.1 Pyrrhotite

Thermally and chemically oxidised Nkomati samples were prepared for XPS analysis as
described in Section 3.6.2. The particles within the samples reacted strongly to the
magnetic field created within the XPS analytical chamber, and spun, making analysis
impossible, This was not obscrved with oxidised samples that had been sulfidised.

indicating that an oxidised surface species was responsible for this behaviour.

4.4.2 Chalcopyrite

A heavily thermally oxidised chalcopyrite sample was analysed by XPS alter hydrolysis.
Table 4-3 shows that the surface specics consisted of predominantly hydroxidefoxy-
hydroxides and oxide specics associated with iron and copper. Water was detected in
moderate gpantities. A reasonable exposure of unoxidised chalcopyrite was observed on
the surface. Cu (1) specics were detected and in greater abundance than Cu (IT) species.
Sulfur was present in the sorface layers in an array of species such as the monosulfide ion

(8%), the disulfide iron (S:5), clemental/polysulfide as well as solfate,
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Table 4-5: XPS analysis of heavily thermally oxidised chalcopyrite surfaces after hydrolysis

Species Abundance (%)
Oxygen 75.6
Oxide 25.7
OoH 37.0
H,0 + SO 129
Copper 35
Cu(d) 1.9
Cu(Ibh 1.6
Iron 71

Fe-S -

Fe-O 7.1
Sulfur 10.6
s* 34
Cpy-S 24
S,z 24
S,/S° 16
SO,> 0.7

4.4.3 Pentlandite

Table 4-6 shows the XPS analysis of a heavily thermally oxidised synthetic pentlandite

sample after hydrolysis. The results show some similarities with that observed for heavily

oxidised chalcopyrite sample after hydrolysis. The surface species consisted of

predominantly hydroxide/oxy-hydroxides and oxide species associated with iron and

nickel. The presence of water indicates that the various metal species are hydrated. A small

nickel-sulfur signal was detected which may be associated with either unoxidised

pentlandite or an oxidation product such as violarite. Sulfur was present mainly in S-S

bonds with some in association with nickel, however the exact nature of the speciation is

not clear. A small quantity of sulphur was present as sulfoxy species, most likely as sulfate.
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Table 4-6: XPS analysis of heavily thermally oxidised
pentlandite surfaces after hydrolysis

Species Abundance (%)
Oxygen 85.6
Oxide 18.8
OH 479
H,0 + S0, 18.8
Nickel 3.6
Ni-S 0.1
Ni-O 3.5
Iron 6.5
Fe-O0 6.5
Sulfur 42
$¥/8,/S° 33
Sulfoxy ‘ 0.9

4.5 Electrophoretic studies
Table 4-7 summarises the pHiep values found for the oxidised Nkomati ore and sulfide
mineral samples as a function of degree of oxidation. For the Nkomati ore samples, the

pHiep values reflected the major component, namely pyrrhotite.

Table 4-7: pHep as a function of the degree of oxidation for oxidised
Nkomati ore and sulfide mineral samples

Degree PHgp
of Nkomati ore Pyrrhotite Chalcopyrite Pentlandite
Oxidation] Thermal | Chemical| Thermal | Chemical | Thermal | Chemical | Thermal | Chemical
None 2.0 2.0 20 2.0 - - 2.0 2.0
Moderate] 4.0 2.8 2.5 2.6 30 22 5.9 35
Heavy 54 34 35 33 32 33 5.1 4.6

Thermally oxidised Nkomati ore samples exhibited higher pHpp values than the
chemically oxidised samples, indicating a greater degree of surface oxidation. Nonetheless,
both types of heavy oxidation showed very poor flotation responses. The pHigp values for
oxidised pyrrhotite samples were independent of the oxidation method and followed the
same trend with increasing oxidation. The trend is very similar to that found for chemically

oxidised Nkomati ore samples. This is not surprising since the composition of the Nkomati
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ore sample 18 dominated by pyrrhotite. The pHep values for the thermally oxidised
Nkomati ore samples are different to those tound for the thermally oxidised pyrrhotite
samples. This indicates that the oxidation products from both the pemtlandite and the

chalcopyrite contributed to the zeta potential of thermally oxidised Nkomati ore samples.

For chalcopyrite, the pHiep values were similar for both of the thermally oxidiscd samples
as well as the heavily chemically oxidised sample, demonstrating the rather refractory
nature of chalcopyritc. However, in the case of moderatcly chemically oxidised

chalcopyrite, the pHyup was significantly lower at 2.2,

In the case of oxidised pentlandite samples, the pHy.p values were dependent upon the
oxidation method. Higher pHygp values were found for thermally oxidised samples than for
chemically oxidised samples, although the moderately thermally oxidised sample
anomalously produced the highest pHiep value. Due to the high pHipp values associated
with thermally oxidised pentlandite samples, it is likely that these oxidation products

contributed to pHigp values of the thermally oxidised Nkomati samples,

46 Analysis of oxidation layers

Other studics were andertaken on heavily thermally oxidiscd Nkomat samples for the -
106pm/A+38um size fraction (flotation feed) to provide comroboration as well as a basis for

ather testwork.

4.6.1 Oxidation producis
With increasing oxidation, greater quantities of oxidation product were recovered after
ultrasonic (reatmemt (refer o Table 4-8), This indicated that the oxide layer became thicker
with longer periods of oxidation and corroborates the observations made by the SEM/EDX
studies.

Table 4-5° Mass of vltrascnically removed oxide layer

as a funstior of degree of oxidation

Duration Mass
{days) (%)
i1 £.20

Rl 126G

] TS
121 12,66
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With increasing thermal oxidation, the surface area of the Nkomati ore samples
significantly increased (refer to Figure 4-16), After 121 days of thermal oxidation, the
surface area of the sample had increased by over 200%. The decrease in surface area
associated with the removal of surface oxidation products by ultrasonic treatment varied

from 16 to 20% over the deration of the oxidation period.
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g
Fi
=
E
=
&
L
-
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2 i T Llsrasomic freatiment
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1
q% 0.2 Mo uktrasone treadinend
0 :
" 15 L1 = LD 125

Oxidation Period (days)
Figure 4-16; Surface area of thermally oxidised Nkomati ore samples belare and after

ultrasonic treatrment as a function of degree of oxidation {arrar bars = 50)

Figure 4-17 presents the chemical analysis of the oxidation products removed by the
ultrasonic treatment. This analysis identfied iron and sulfur as the principal elements with
smaller quantities of nickel and copper present. Elementally, the composition of the
oxidation products did not vary significantly with oxidabion time. suggesting that oxidation

products off similar composition were being formed during all slages of oxidation,
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Figure 4-17: Chemical analysis of ultrasonically removed axide layer from

thermally oxidised Mkomati ore samples [error bars +5D)

4.6.2 Hydrolysis

Figure 4-18 shows that, upon exposure of the thermally oxidised Nkomati ore samples to
water, significant hydrolysis occurred. The interaction significantly decreased the solution
pH while increasing the solution redox potential o more oxidising values. Bused on the
solution parameters, the hydrolysis had substantially dissipated after 10 minuotes. The
hydrolytic reactions of the moderately oxidised Nkomati ore sample appeared to be more
vigorous than that of the heavily oxiudised sample. However, as reveuled in Table 4-9,
significantly more species were released by the heavily oxidised sample, indicating a

greatet extent of hydrolysis.
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Figure: 4-13: Hydrolytic bahaviour of maderataly (27 days) and haavily
{121 days) thermally oxidised Nkomati ore samples

Table 4-9 presents the species that were released Irom the thermally oxidised Nkomati ore
samples surfaces during hydrolysis. Relative 1o the amount of that ‘metal” is initially
present in the Nkomati ore, nickel and sulfate ions are the dominant species released. The
abundance of all species significantly increased after 121 days of thermal oxidation,
particutarly iron and copper, followed by sullate ions. When compared to Figure 4-17,
these results suggest that both the sulphur and mickel oxidation products were
predominantly present as soluble species, whereas the iton and copper appear 1o be mainly

presenl as insoluble species,

Table 4-8: Species releasea from thermally cxidised Mkamati are samples

after hydralysis [ermor bars £ 5

Oxidation Species Teleased after hydrolysis {umale/s ‘metal'
Period (days) Cu Ni Fe S0
por 0.03! + 0,001 L28+4004 0220003 3] £0.03
121 (hadd + (2 134 £ 0008 0.90 + 0.07 20K+ O

4.6.3 ELTA extractions

Figure 4-19 presemis the resulls of the EDTA extractions as a function of degree of thermal
omidation as well as before and after ultrasonic treatment. Irom and mickel were Lhe
dominant elements extracted under all conditions, with copper values significantly lower.

Generally the amounts of iron and nickel extracted were similar, except for the moderately
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oxidised sample, The guantities of elements extracted from the heavily oxidised sample
were approximately double the amount removed from the surfaces of the moderately
oxidised sample. After ultrasonic treatment, 4 reasonable quantity of metals was extracted,
indicating that oxidation products were still present, particularly in the case of the heavily
uvxidised sample. The copper and nickel values for the unoxidised sample may include
some milling media which were observed during the SEM analyses of Nkomati ore

samples.

B (opper B Nickel B Irom

Tawi

Metal Extoaction {pmoles’s metal)

Cwoxidisedd  Modvcate afler Heavy afier Moderaie Teavy
ultrasanle nlirasonic (2T davs) (121 dias)
treatmnent ireutmini

Diegre: of Thermal Oxldation

Figure 4-10: EDTA extraction results for thermally oxidised Mkomat! ores samples

as a function of degrea of gadation (error bars + 503

After chemical oxidation, only a third of the quantity of elements was extracted by EDTA
as compared to the thermally oxidised samples {refer o Figure 4-20). Nickel was the
dominant element extracted under all conditions, followed by iron and copper. With
crealer oXidation, the guantities of extracted elements significantly imcreased while the

relative proportions between the elements remained similar.
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Figure A4 20: FOTA cxtraction results for chomically caidiscd Mkomati are

samples as a ‘unclion of degree of axidation (error cars +50)

4.7  Summary

The sulfide minerals present in Nkomati ore samples displayed considerable natural
floatability with the flotation order being chaleopyrnite > pentlandite > pyrrhotite. With the
addition of collector, nearly complete flolation of the sulfide mincrals was found.
Analogously o the natural floatability situation, chalcopyrite floated the most readily
followed by pentlandite and pyrrhotite, The flotation recovery of NKkomati ore samples
deteriorated significanty with incrcasing oxidation through cither chemical or thermal
means, with pyrrhotitc showing the greatest response, followed by pentlandite and

chalcopyrite,

For thermally oxidised samples, the oxidation process depleted the sulfide mincral surfaces
of iron and formed oxide layers containing iron and sulfur as well as lower levels of nickel
and copper. The oxide layers became progressively thicker with increased oxidation and
substantially increased the surface area of the sample. A significant proportion of this layer
was readily removed with ultrasomic treatment. Even after ulttasonic treatment, a

reasonable guantity of soluble basc-metal 1ons was present as indicated by EDTA analysis.

The thermally oxidiscd surfaces underwent rapid hydrolysis when contacted with water
which was complete after 10 minutes, The rapid drop in pH doring hydrelysis indicated
significant uptake of hydroxyl ions by the oxidised surfaces. This was corroborated by the
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change in the pHp values. However, the nature of the oxidation products on heavily
thermally oxidised Nkomati surfaces could not be directly identified by XPS.

Chemical oxidation did not produce thick oxide layers however was effective in reducing
mineral floatability. As measured by the flotation response, chalcopyrite was the most
resistant to chemical oxidation followed by pentlandite and pyrrhotite. With increasing
oxidation, the pHigp values of the Nkomati ore surfaces increased. Like the thermally

oxidised Nkomati sample, XPS was unable to identify the nature of the surface oxidised

species.

The heavily thermally oxidised chalcopyrite surfaces after exposure to water were found be
covered in hydrated oxides and oxy-hydroxides of iron and copper. A reasonable exposure
of chalcopyrite was observed, corroborating the resistance of this mineral to oxidation. The
reasonably modest increments in pHp values after oxidation also attest to this refractory

behaviour.

Similarly, the heavily thermally oxidised pentlandite surfaces after exposure to water were
found be covered in hydrated oxides and oxy-hydroxides of iron and nickel. Since only a
very small exposure of nickel sulfide was observed, it was concluded that significant
surface oxidation had occurred. This was corroborated by the large changes in pHigp values
after oxidation.
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RESULTS : SULFIDISATION STUDIES

5.1 Introduction

The testwork results reported in this chapter addressed the second hypothesis, namely that
sulfidisation would restore the sulfide mineral character to oxidised sulfide mineral
surfaces and thus their floatability, particularly pyrrhotite and chalcopyrite and that the
sulfidisation mechanisms of oxidised sulfide minerals would be similar to those proposed

for their base-metal ‘oxide’ counterparts with some electrochemical mechanisms.

Sulfidisation studies were undertaken on heavily oxidised Nkomati ore samples to test
whether floatability would be restored and that sulfide surfaces would be regenerated.
Controlled potential sulfidisation (CPS) was employed as the sulfidisation technique and
was conducted over a range of hydrosulfide ion concentrations to establish the optimum

conditions.

The mechanistic aspects of the sulfidisation process were elucidated using a number of
techniques with heavily oxidised Nkomati ore samples as well as single sulfide mineral
samples. Electrophoresis was used to measure the change in the zeta potential as function
of sulfidisation intensity while the nature of the subsequent surface species was determined
by XPS. Cyclic voltammetry as well as chronoamperometry were also employed to reveal

aspects of the sulfidisation process of the oxidised sulfide minerals.

To demonstrate the suitability of sulfidisation for the recovery of sulfide minerals from
oxidised Merensky ores, the influence of calcium ions upon the efficacy of the sulfidisation
process was examined. Additionally the effect of the sulfidisation process upon the
floatability of the dominant Merensky ore gangue minerals, namely feldspar and pyroxene,

were studied.

Finally, adsorption studies were undertaken to characterise the sulfidisation characteristics
of heavily thermally oxidised Nkomati ore sulfide minerals for comparison with the well

researched sulfidisation behaviour of base-metal ‘oxide’ minerals.
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As background to interpreting the flotation recoveries as a function of sulfidisation

potential, Table 5-1 summarises the solution conditions.

Table 5-1: Sulfidisation solution conditions as a
function of sulfidisation potential

Es [NaSH] | Measured
(mV) M) pH
800 | 1.91x10? 9.62
-700 1.70x10™ 8.21

-650 2.4x10° 8.00
-600 5.7x10°® 7.80
-500 6.0x107 7.51

Unless otherwise noted, errors bars are based on the Standard Error (2SE).

5.2 Nkomati ore

After settling upon the best conditions for both the sulfidisation and flotation recovery of
the sulfide minerals in heavily oxidised Nkomati ore samples, electrophoresis and XPS
were used to determine the nature of the sulfidisation mechanism. In the electrophoretic
studies, the contribution of both pH and hydrosulfide ions to the zeta potential value was
established with heavily chemically oxidised samples.

5.2.1 Flotation

52.1.1 Thermal oxidation

Preliminary testwork indicated that 5 minutes of conditioning time for sulfidisation in the
presence of air was suitable and that 1.375x10°M SIBX was required to achieve
satisfactory flotation recoveries after sulfidisation. Longer sulfidisation conditioning
periods and lower collector additions both resulted in significantly poorer flotation
responses. '

Figure 5-1 shows the flotation response of heavily thermally oxidised Nkomati ore samples
to sulfidisation. Flotation mass recovery steadily increased until an optimum flotation
recovery was achieved at a sulfidisation potential of -650 mV. After this Es value, the

flotation recovery deteriorated.
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Fizure 5-2 presents the flotation response as a function of sulfidisation potential for each of

the three sulfide minerals present in the heavily thermally oxidised Nkomati ore sample.
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Figure 5 2: Sulfide mincral Metation reaovernies Trom hesvily thermally axidisod Mkoamati

ore samples as a funckion of sufidisation polential (1,375 x10 "M SIBX)

Chalcopyrite responded most favourably to sulfidisation followed by pyrrhetite and
pentlandite. Based on the flotation recovery, the response of the oxidised pentlandite to
sulfidizsation was not to the same degree as the other two sulfide minerals. The flotation
response after sulfidisation for the three sulfide minerals had similar characteristics and the

best flotation recovery for all three minerals occurred at an Es of -630 mV.
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Sulfidisation was conducted in the presence of calcium ions (107 1S) with heavily
thermally oxidised Nkomati ore samples, Table 5-2 shows Ihal, as expected. there was no
significant difference between the two test conditions in terms of flotation recovery for

either the sample or the individual sulfide minerals.

Table 5-2; The effact of calcium ivns during sulfidisation an the flatation recavery of sulfide
minerals from heavily oxidised Nkomati ora samples at -650 mV Es

Mkumati Flotation Becovery (%)
Mineral Without Ca™ With Ca™
Component | Average SE Average &I

Sample Bl =+ B34 k1.5
Chalcopyrdte i o B S +1.4
FPentlandite 5.0 +1.4 752 +1.1
Pyrrhotite LEe ) =SR] a6z £ .4

5.2.1.2 Chemical axidation

Sulfidhisation of heavily chemically oxidiscd Nkomati ore samples were conducted under
the same sulfidisation conditions as that for the heavily thermally oxidised Nkomati ore
samples. Figure 5-3 shows the flotalion response of the individual sulfide minerals was

similar 1o that found for the hcavily thermally oxidised Nkomati ore sample after

sulfidisation.
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5.2.2 Electrophoresis

RA21 Thermal oxidation

Figure 5-4 shows that the surface charge of the thermally oxidised Nkotnati ore sulfide
minerals became more negative in the presence of increasing hydrosulfide ion
voncenirations fur both samples. Since Nkomati ore is predominanily pyrihiotite, the results
reflect the behaviour of this minerl. A significant difference in the behaviour of the zeta
potential between the two degrees of oxidation was found as the sulfidisation potential
increased. For the moderately oxidised Nkomati ore sample, the surface charge was
initially positive and became negative at around a sulfide ion electrode potential of -510
mV. As the hydrosulfide ion concentration increased, the moderately oxidised sample was
characterised by three regions where the surface charge became increasingly negative,

interspersed with three plateaus.

On the other hand, the surface charge of the heavily oxidised sample was negative for all
sulfide ion clectrode potentials. The zeta potential steadily decreased over two regions.
namely from -550 to -650 mV and -700 to -750 mV. Qutside these two regions, the surface

charged assumed approximately constant values.
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Figura 5-4: Zeta potential of thermally oxidised Nkomati cre samples as
a function of degres of oxidation and sulfidisation potential
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5222 Chemical oxidation

The initial aim in this balch of elecirophoretic testwork was to decouple and identify the
toles of pH and hydrosulfide ion conceniration in effecting changes in the zeta potential.
Hydrosulfide ions were added at a constant pH (10) and compared with the sitvation where
the pH was not controlled and determined solely by the strength of the sodium sulfide
solution. Figure 5-5 shows that for both systems, the same trend in the zeta potential was
gbserved as a function of sodium sulfide concentration and the effect of sodium sulfide
concentration is more dominant than pH. The most significant change in the zeta potential

occurred over the same range of sodium sulfide concenwations, namely [x10°M to 1.5x10°
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Figurn 55 Zata potential of haavily chomically odadised NKamati qra samples as

function of sulfdisatior poiertial at ratura and fixed pH valics

Figure 5-6 shows the contribution of both pH and hydrosulfide 1on comcentration o the

zeta potential values for heavily chemically oxidised Nkomati ore samples. The
hydrosulfide ion concentration has the dominant effect, particularly over the sulfide ion

electrode potential range -600 to -65{(} mY.
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In Figore 5-7, the surface charge of the chemically oxidised Nkomati ore sulfide minerals
became more negative in the presence of increasing hydrosulfide ion concentrations for

both samples.
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There was a ditference between the two degrees of oxidation in terms of the behaviour of
the zeta potential as a function of the sulfidisation potential. For the moderately oxidised
Nkomati ore sample, the surface charge was imtially negative and (ell sharply over the
sulfide 1on electrode potential range of -600 to -650 mV. The zeta potential dropped again

after an Es of -700 mV. In the case of the heavily oxidised sample, the zeta potential was
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more negative and fell away over the sulfide ion electrode potential range -330 1o -GM)

mV. After a plateay, the zeta potential slowly decreased again afier an Es of -750mV.

Comparison of the two zeta potential profiles for the heavily oxidised Nkomati ore samples

produced by the two oxidation methods indicated similar behaviowr, particularly between -

550 mV and -650 mV Es.

523 XPS

Table 5-3 presents the surface speciation of sulfidised heavily thermally oxidised Nkomati

ore sullide mineral surfaces as a function of sulfide ion electrode potential under mitrogen

and air.

| able 5-3: XPS analysis of sulfidisad thermally oxidized Nkomati
surfaces as a function of sulfidisation potantizl

Abundance | 5%}
Specles Sulfidization Potental (Es,mV)
=500 1Ny | 650 (N2 | 650 (Alr)
Oxypen 6.9 6.2 al.l
Oxide 2.6 4.6 257
OH 284 24.2 80
SE3% 94 13.3 7.4
Iron 319 2u1 98
Fe-S 1.6 I > 2.3
Fe-(} 30.3 s i i
Suolfur 6.6 T T4
8 1.4 in 18
5 2.1 ! 36
545" 0.5 I3 L6
$0,7/80," 2.5 | 1.4
Copper 0.7 |5 1%
Nickel N.D. LR N

Figure 5-5 swmmntanses the salient differences in the speciation and bonds observed under

the three sulfidisation conditions.
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H -500 mV {nitrogen)
1 B -650 m¥ (nitrogen)
W 650 mV (mir)

o
gy

Surface Ahundance

Fe-8 §" 8.5 8, /8"
Surface Bond/Species
Figure 5-8: Abundances of selected species and bonds on thermally

heavily axidised Nkomati ore surfaces after sulfidisation

Under nitrogen, Fe-5 bonds were detected at both sulfide ion electrode potentials while the
quantity of § increased with greater sulfidisation intensity. While both the elemental
sulfurfpoalysulfur and copper concentrations were enhanced, the abundance of the $,% bond
wis lower at the higher Es value. Under air al an Es of -650 m¥, the Fe-5 bond and Szz'
species were found in significantly greater amounts than that at the same sullide ion
electrode potential under nitrogen. Only elemental sulfurfpolysulfur and sulfoxy bonds

were detected in lower guantities.

With an increase in the sulfidisation potential to -630 mV, there was a decrease in the
abundance of hydroxyl species as well as the Fe-0) signal. Both §* and 8, were identified
and their abundances followed opposite trends with increased sulfidisation potential. The
disulfide halved in abundance while the amount of monosullide doubled. Similar levels of

Fe-5 bonding were noted under both sulfidisation potentials.

Some sulfur oxidation prodocts were found in moderate abundance as mainly
polysulfides/elemental sulfur and sulfate/solfite. As the amount of 5./8" increased
significantly under the more intense sulfidisation conditions, the quantity of 50,7180,
decreased. The presence of copper in bath the Ca(Il) and Cu(I} forms was identified on the
sulfidised surfaces however could not be fully guantified (refer 1o Appendix D3).
However, the proportion of Cu{l) increased markedly with more intense sulfidising

conditions.
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2.2.4 Adsorption

Hydrosulfide ion adsorption studies were conducted on thermally heavily oxidised -11 pm
Nkomati ore samples as described in Section 3.7.3.1. Figure 5-9 shows that nearly
complete abstraction of the hydrosulfide ion was observed at the three solotion strengths,
particularly at the lower initjal concentrations of 107 and H°M. At the higher hydrosulfide
ion concentration, the solution became more alkaline with increasing hydrosulfide ion
adsorptioni. In the case of the intermediate concentration, the pH initially turned more
alkaline, before becoming more acidic with increased hydrosulfide ion abstraction. At the
lowest hydrosulfide jon strength, the solution pH decreased as more hydrosulfide ion was
adsorbed.

The adsorption of the hydrosulfide ions a3 a function of time can be described by the
following relationship [HS'| = at'"™ where t is time (minutes) while a and n are constants
(Mitrofanov et al, 1957 and Marabini ef gf. 1984). The values of these constants as well as
the quality of fi (RE) of the data to the equation are sutnmansed 10 Table 54

Table 5-4: Hydrosulfide ion adsorption equalion parameters far
hegvily pxdised Mhomati ore samples

LEIS i (ML) n i K
1w 2000 | -09125 | Doded
{1 110 | -1.6061 | 0.9415
w* 42107 | 214707 | 0.8639

Figure 5- 1] presents a Langmuir plot of the hydrosulfide ion adsorption data.
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{hapter 3

5.3  Pyrrhotite

5.3.1 Electrophoresis

5.31.1 Thermal oxidation

Figure 5-11 shows that the degree of thermal oxidation had a pronounced effect upon the
zeta polential of oxidised pyrrhotite particles in the presence of an increasing concentration
of hydrosulfide ions. Heavily oxidised samples experienced two strong regions of
significant change in zeta potential values. A steady decrease in the zeta potential was
observed between -500 and -650 mV Es while the second region occwrred over the
sulfidisation potential range of -700 1o -750 m¥. In the case of moderately oxidised
sumples, the change in the zeta potential valves occurred over similar ranges of
sulfidisation potentials, however not as great. Two steady changes in zefa potential were
found between -500 and -550 mV Es and -600 and -630 mV while a small decrease was

observed over the range -700 to -750 mV.
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Figure 5-11: Zeta potential of thermally oxidised pyrrhatite samples as a function
af degreg of pxidation and sulfidisation potantial

E31.2 Chemical oxidation

Somewhat similar elcctrophoretic results were observed for chemically oxidised pyrrhotite
particles with increasing concentrations of hydrosulfide ions (refer 1o Figue 3-12). For

heavily oxidised samples, a sharp decreasc in the zeta potential was observed between 600
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and -650 mV Es while a second reduction started at a sulfidisation potential of -700 mV.
Similarly to the moderately thermally oxidised samples, three regions with steady but
significant declings in the zeta potential values were identified at Es values between -400
to -550 mV, -600 and -700 mV and from =750 to -800 mV, An inferesting feature was the

increase in zeta potential that occurred between the Es values of -700 and -750 mV,
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Figure 5-12: Zeta potential of chemically oxidisad pyrrhotite samples as a
function of degree of cxidation and sulfidisation patential

5.3.2 Electrochemistry

5.3.2.1 Cyclic voltammetry

Figure 5-13 compares the cyclic vollammograms of a pyrrhotite clectrode before and after
sulfidisation following heavy chemical oxidation to that of the unoxidised electrode. The
comparison  shows that heavy chemical oxidation produced a  passivated and
glectrochemically ment surface without the characteristic anodic (Al) and cathodic (C1)
reactions. After sulfidisation, a similar surface has been regencrated to thar before

oxidation although the cathodic reaction C1 was not observed,
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Figure 5-13; Cyclic voltammagrams of pytrhotite befare and after axidation and sulfidisation

Bag2 g Chronoamperometry

In Figure 5-14, the addition of sodiom sulfide produced a negative current al the surface of

the heavily chemically oxidised pyrrhotite electrode, A higher  sodium  sulfide

concentration produced an even stronger cathodic reaction.
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Figure 5-14; Chronoampetagram of heavily chemically axidised pyrrhotite
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5.4  Chalcopyrite
5.4.1 Elecltrophoresis

5411 Thermal oxidation

The scta potential of heavily thermally oxidised chalcopyrite slowly decreased over the
range =400 1o -500 mV Es before dropping sharply between -600 and -65() mV Es (refer 1o
Figure 3-15). After -700 mV Es, the surface charge became increasingly negative. On the
other hand, the zeta potential of moderately thermally oxidised chalcopyrite steadily
decreased over the range -304} to -750 mV Es.
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Figura 5-15; Zata potential of thermally oxidised chalcopyrite as a function
af degrae of axidation and sulfidisation potential

q4.1.2 Chemical oxidation

Figure 5-16 shows that the electrophoretic response of heavily chemically oxidised
chalcopyrite was almost identical to that displayed by the heavily thermally oxidised
sample. In the case of moderately chemically oxidised chalcopyrite, a small but steady
decrease in the zeta potential was found and puncluated by two platcaus between -500 1o -
600 mV and -650 1o -700 mV Es.
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54.2 Electrochemisiry

5.4.2.1 Cyclic voltammetry

The cyclic voltammograms of a chalcopyrite electrode before and after sulfidisation
followimg heavy chemical oxidation is compared with that of the unoxidised electrode in
Figure 5-17. The comparison shows that heavy chemical oxidation did not significantly
change the electrochemical characteristics of the chalcopyrite surface. After sulfidisation, a
very similar surface was restored to that before oxidation, noting the characteristic anodic

reactions (Al and A2) and the cathodic reaction (C1).
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422 Chrongamperametry
In Figure 5-18, the addition of sodiom sulfide produced a strong negative current at the
surface of the heavily chemically omidised chalcopynite electrode. At a higher sodium

selfide concentration, another negative current wis observed.
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Figure 5-18: Chronoamperogram of heavily chemically oxidised chalcopyrite

eleciroda as a function of sulfide concentration

543 XPS
The XPS analysis of a heavily thermally oxidised chalcopyrite surlace after sulfidisation at
two potentials is presented 10 Table 5-5. Figure 5-19 summarises the salient differences in

the speciation and bonds identified ender the two sulfidisation conditions.
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Figure 5-19: Surface abundances of selected species and bonds of thermally
oxidised chalcopyrite surfaces after sulfidisation
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Table 5-5; XFS analysis af sulficksad hemmilly axiclised caaloopyrils

suriaces as a funclion of sull disatan patental

Ahundance [T}
Species | Sulfidisation Potential (mV)
-5 (M) =630 (N1}
Oxygen 3 6.2
Oxide EX0 2568
OH 215 30
Ha0480," 7.4 9.5
Copper 14.7 5.0
Cwl) 134 24
Culll 1.7 32
Iron 4.3 R.2
Fe-5 1.3
Fe-{} 4.2 8.2
Sulfur 464 14.7
% 204 5.3
Cpy-5 130 4.4
5 6.4 3z
58" 7.0 L8
Lead L0 an
Fine - 1.3

At an Es of -500 mV, high exposures of S, §;°, Cu(l) and Cpy-5 were observed. In
addition. the Fe-O signal decreased while a Fe-5 bond was detected along with a large
quantity of polysulfides /elemental sulfur,

Under the stronger sulfidisation potential, & similar array of species was present however in
reduced proportions compared to that observed at an Es of -500 mV. Most significantly,
the proportion of Cu(ll) had increased while that of the Cu(l) had substantially decreased.
Both the $° and S." signals were reasonably strong however the exposure of
polysullides/elemental sulfur had diminished to pre-sullidisation levels.

5.2 Pentlandite

In this Section, the behaviour of pentlandite as a single mineral is reported in contrast to
the response found with the Nkomati ore sample. In particular, the flotation response of
oxidised pentlandite after treatment with base-metal ions doring sulfidisation is
highlighted.

108



Chapler 5

8.5.1 Flotation

Figure 5-20 shows that heavily oxidised pentlandite as a single mineral dwl not respond
readily to suolfidisation as measured by flotation recovery. This was in contrast (o that
oblained in a mixed sulfide mineral system, where a flotation recovery of around 75% wus
found. At an Es of -8(0 mV, however, some flotation was observed, particularly for the

chemically oxidised sample,
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Figurer 5-20: Fioration mass recovery of oxidised pantlandite surfaces

as a function of sulfitisation potantial {13751 07°M SIRX)
552 El‘ECfFﬂPhOFES:'-S

HuEa Thermal oxidation

The electrophoretic behaviour of heavily thermally oxidised pentlandite in the presence of
hydrosulfide ions was characterised by two sharp fulls in the zeta potential (refer to Figure
5-21). Initially, a small but progressive decrease in zeta potential was observed over the
sulfidisation potential range -400 to -600 mV. The first significant decrease in zeta
potential occurred between -600 to -650 mV Es and after a brief plateau, it fell

continuously with increasing sulfidisation potential from -700 mV Es.
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Figure 5-21; Zeta patentiat of thermally oxidised pentlandits as a function

of degree of cxidation and sulfid|sation potantial

The elecwrophoreric behaviour of the moderately oxidised pentlandite followed a similar
trend to that of the heavily oxidised sample and was characterised by a large progressive
fall in the zeta potential between -550 and -700 mV Es. After a plateau between -700 and -
750 mV Es. the zeta potential then sharply fell away.

5522 Chemical oxidation

Figure 5-22 shows that for the heavily oxidised pentlandite samples, a graduvat fall in the
zeta potential was observed over the sulfidisation potentials of -400 to -550 mV. The zeta
potential decreased significantly between -600 to -650 mV Es followed by a plateau over

the 50 mV Es. After -750 m¥ Es, another significant fall in zeta potential occurred.

In the cuse of the moderately oxidised samples, a sharp fall in zeta potential occurred
between -000 and -650 mY Es, with a gradual and exiended decrease over the sulfidisatdon
potential range -650 10 -730 mY,
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Figure 5-22; Zsta potential of chemicaily oxidised pentlandite as a unction
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5.5.3 Electrochemistry

Cyelic voltammetry

reaction (1) is cammen o bath cyelic voltammograms.

Figure 5-23 compares the cyclic voltamimograms of the unexidised pentlandite ¢lecirade
with the electrode after heavy cheomical oxidisation and solfidisation, The sarface after
sullidization is not the same as Lhe onosidised pentlandite surface and sull tetains somc of

the characteristics of Lhe heavily oxidised electrode sorface, However. the cathodic
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Figure 5-23: Cyclic vollammograms of pentlandite elecirods belaore
and after heavy chermical oxidation and sulfidisation
5.5.3.2 Chronoamperometry

In Figure 5-24. the addition of sodium sulfide produced a pegligible current at the surface
of the heavy chemically oxidised pentlundite clectrode, while the presence of u higher

sodivm sultide concentralion genesated only a very small cathedic reaction,
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Figure 5-24: Chroncamperogram af heavily chemically oxidised pentlandite
slectrods as a tunction af sulfide concentration
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5.5.4 XP5
Tuable 5-6 presents the fuil XPS analysis of the sulfidised heavily oxidised pentiandite

surfaces, with the more pertinent features summarised in Figure 5-25.

Table 5-8: XPS analysis of sulfidized thermally heavily oxidised pantlandite
surfaces as a funchion of sulfidisation potentizl

Abundance { %)
Species | Solldisation Potential (Esmy)
S5O (N, | 650 () | -SHHE (N,
Oxyeen 774 6.7 H5.7
Oxide 263 529 257 |
OH 372 208 446
HAHS0," 129 13.0 54 !
Nickel 7.7 31 As
Ni-5§ 03 - i
Ni-0} 7.4 iR i
Iron 85 fd %4
Fe-0r 2.5 i 5
Sulfur 6.4 EY) 23
STIS 5% 4.9 28 5
Sulfoxy 1.5 L1 A
PR
?3 @ -500 mV {nitrogen)
g B -650) m¥ (nitrogen)
g 4 B -S00 mY¥ {nitrogen)
=
=
-
g 2
g
£, —
Ni-§ Fe-8 S8,
Surface Bond/Species

Figure 5-25: Surface abundancas of selected species and bonds of thermally
heavily oxidised pentlandite surfaces after sulfidisatian

Under mitrogen and with increasing sulfidisation intensity {-500 1w -800 mV), the
abundance of the surface hydroxyl groups fell away markedly. while that of the oxide
increased reflecting a redistribution of the oxygen speciation, At an Es of -500 mV, both
the mickel and rom oxidehydroxides abundances were at a maximuom. Only a very small
Ni-S signal was detected and no Fe-S signal was apparent. Sulfur was present in moderate

quantilics as §'/8,/5°, possibly as elemental sutfur/polysulfides. Ata sulfidisation potential
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of -650 mV, the siemals for the hydroxyl, Ni-O and $%/S./S° species decreased
significantly while that of the oxide signal increased substantially. The Fe-O signal also
declined however no Ni-S or Fe-S signals were detected. The XPS speciation profile of the
oxidised pentlandite surfaces under more intense sulfidisation conditions (-800 mV) was
similar to that observed after sulfidisation al an Es of -500 mV, The major differences were
a lower Ni-O signal and an even lower level of sulfur speciation. Significantly, signals for

Ni-5 and Fe-5 were absent,

4.5.5 Improving the flptation response with base-metal ions

The addition of base-metal ions, such as CudIl) [Spumoles] and FedIIl} [500pmoles], had a
significant impact on the flotation response of heavily chemically oxidised pentlandite
after suifidisation at an Es of -650 mV. Figure 5-26 shows that when iron ions were added
prior to sulfidisation, a moderate improvement in the flotation of oxidised pentlandite was
observed. With the addition ot iron ions during soifidisation, a significant mcrease in the

flotation recovery was abserved.

The addition of copper fons displayed 4 similar but generally less significant impact on the
flotation of oxidised pentlandite. The presence of copper ions before sulfidisation
impeoved the flotatton recovery more effectively than iren ions, However, as found with

iron ions, the best flotation response cccurred with addition during sulfidisation, although

not as great.
T} —
-
g R
-
3
=
E 1]
=
2 40
=
n I
T .
£ N
= T h?n.
Sulfidisation Lopper Copper Lrun Tevn
Additient Addition Additiay Addition
T anlatind/ Auring Decuniation’ during
Sulfidiziion Satliacksatinm Sulfidisution Sullidisativn

Treatment
Figure 5-26: Flotation mass recovery of heavily chamically oxidised pontlandile afler sullidisalion
as a function of base-metal ion type and addition iocation (1.375%107\ SIRX
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55054 [ron additions

Figure 5-27 shows the flotation recovery of heavily oxidised pentlandite samples after iron
addition {300pmoles) dunng solfidisation as a function of sulfidisation potential. The
flotation response for both chemically and thermally heavily oxidised pentlandite was
simmilar, although higher flotation recoveries were achieved with the heavily chemically
oxidised samples at the higher sulfidisation potentials, Significantly, the best flotation

recoveries werg obtained at an Es of -658 mV.
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Figure 5-27: [atation mass recovery of heavily oxidised pentlandite samples with iran

addition as a function of sulfidisation patential (1.375=10 T =SIEX)

The flotation rate of the solfidiscd exidised pentdandite in these (ests was found to be much
slewer than that found during the sulfidisation of thermally oxidised Nkomati samples.

Another ten minutes of flotation time was required to achieve similar flotation recoveries.

5.6 Merensky ore gangue minerals

5.5.1 Floiation

LS B Before sulfidisation

As a baselineg for comparison, the flotation behavioor of the Merensky ore gangue
minerals, predominantly pyroxene and feldspar with a small quantity of talc, was examined
using micro-flotation. Samples of unweathered (i.e. unoxidised) and weathered {i.e.

naturally oxidised) material were compared with and withont the use of a collector. As
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Figurc 5-28 shows, neither weathering nor the presence of collector significantly affected

the fletation response of the gangue mincrals.
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Figure: 5 28: Flalglion mass recovery af unweatherad and weathared Merensky
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56.1.2 After sulfidisation

The unweathered and weathered Merensky ore gangoe mineral samples were sulfidised
and floated after the addition of collector, Figure 5-29 shows that neither sulfidisation nor
the sulfidisation intensity had any significant effect upon the flotation of Merensky ore
gangue minerals, The unweathered samples showed a tendency to be recovered in greater

quantities than the weathered samples.
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Figure 5-29: Flotation mass recovery of unweatherad and weatherad Maransky
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|16



Chapter 5

5.7 Summary

Similar flotation responses were found after sulfidisation for the three sulfide minerals
from heavily oxidised Nkomati ore samples with both oxidation methods. The optimum
flotation recoveries of all the sulfide minerals occurred at moderate sulfidisation potentials
(Es = -650 mV). Chalcopyrite responded the most favourably to sulfidisation followed by
pyrrhotite while the response of pentlandite was the poorest. In contrast, as a single
mineral, heavily oxidised pentlandite did not readily float after sulfidisation.

XPS analyses revealed the presence of base-metal sulfide species on heavily oxidised
pyrrhotite and chalcopyrite surfaces after sulfidisation however, after sulfidisation, only
base-metal non-sulfide species were identified on heavily oxidised pentlandite surfaces.
Additionally, reasonable quantities of polysulfides/elemental sulfur were found on the
sulfidised mineral surfaces, particularly chalcopyrite and pyrrhotite.

Electrophoretic studies showed that the zeta potential of the oxidised sulfide mineral
surfaces in the presence of hydrosulfide ions fell away sharply over specific ranges of
sulfidisation potentials. For the heavily chemically oxidised sulfide mineral samples, this
occurred over the same Es range (-600 to -650 mV) while some broadening of this range

was found for both the heavily thermally oxidised pyrrhotite and pentlandite samples.

Cyclic voltammetric studies showed that the sulfidisation of oxidised pyrrhotite and
chalcopyrite surfaces regenerated similar surfaces to those of the unoxidised sulfide
mineral surface. Sulfidisation did not restore an unoxidised surface to heavily oxidised

pentlandite.

Chronoamperometric studies found that heavily oxidised pyrrhotite and chalcopyrite
surfaces generated negative currents in the presence of hydrosulfide ions, indicating a
cathodic electrochemical reaction. In contrast, there was effectively no interaction between

heavily oxidised pentlandite surfaces and hydrosulfide ions.

The addition of base-metal ions, particularly iron, during sulfidisation significantly
improved the flotation recovery of heavily oxidised pentlandite and produced a similar
flotation recovery—sulfidisation potential response curve to that observed for heavily
oxidised pentlandite in Nkomati ore samples after sulfidisation. The effect of base-metal
additions during sulfidisation yielded a similar flotation response with both methods of
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oxidation.

The presence of calcium ions during sulfidisation had no effect on the flotation recoveries

of the sulfide minerals from heavily thermally oxidised Nkomati ore samples.

The flotation recoveries of both unweathered and weathered Merensky ore gangue mineral

samples collector were not enhanced by sulfidisation.
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DISCUSSION

6.1 Introduction

The discussion reviews the results in terms of the two hypotheses, namely the impact of
oxidation upon the flotation behaviour of sulfide minerals and the mechanistic role of
sulfidisation in restoring sulfide surfaces to oxidised sulfide mineral surfaces and thus
floatability. Additionally, the discussion addresses the results obtained from a Speciﬁc
investigation of the sulfidisation of oxidised pentlandite, which was required due to the

unexpected behaviour of this mineral and develops the associated sulfidisation mechanism.

In reviewing the potential oxidation, hydrolysis and sulfidisation reactions, the possibility
of such reactions has been established on thermodynamic grounds at the appropriate
temperature. Where electrochemical reactions are indicated, the cell half-potential has been
calculated. For base-metal cations, the standard convention of 10°M concentration has
been used, while the concentration of the sulfidising reagent species has been calculated
for the relevant pH and Es/Eh conditions. For hydrosulfide ion concentrations of 10M, an
activity coefficient has been used. A comparison of the calculated results is made with the

measured or calculated conditions. These calculations are presented in Appendix A3.

For hydrolysis reactions, Table 6-1 summarises the values of the Eh and the corresponding

pH during the hydrolysis of heavily thermally oxidised Nkomati ore sample.

Table 6-1: Summary of parameter values during hydrolysis

Measured | Measured
pH Eh (SHE,V)
7.5 -0.196
7.0 -0.176
6.5 -0.154
6.0 -0.133
55 -0.099
5.0 -0.072
4.5 -0.020

Table 6-2 presents the values of the Eh, pH and corresponding sulfur species concentration
during the sulfidisation of heavily thermally oxidised Nkomati samples.
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Table 6-2: Summary of solution parameter values during sulffidisation

Es |Equivalent Eh| Calculated [NaSH]| Calculated [HS] | Calculated [S*] | Measured
(mV) (SHE,V) ™ ™ ™ pH
800 0465 1.91x10? 1.91x10 9.55x10°° 9.62
700 0365 1.70x10* 1.60x10* 3.13x10°? 8.21
650 0315 24x10° 2.19x10° 2.63x10™ 8.00
600 0.265 5.7x10° 4.94x10° 3.74x10™" 7.80
-500 0.165 6.0x10” 4.61x107 1.79x10™ 71.51

6.2 Chalcopyrite
6.2.1 Effect of oxidation

6.2.1.1 Flotation response

Chalcopyrite was the fastest floating component in the unoxidised Nkomati ore sample,
displaying considerable natural floatability as well as excellent collector-induced flotation.
Thermal oxidation had a significant impact on the flotation of chalcopyrite, however
ultrasonic treatment largely restored the floatability with a high level of collector. After 60
days of oxidation, little change in the flotation recovery was observed after ultrasonic
treatment. The oxidation products were easily removed and exposed a surface that
interacted with the collector. This was consistent with the reported oxidation behaviour of
chalcopyrite where iron oxide surface products were reported to form over a copper sulfide
mineral surface (Buckley and Woods, 1984, Luttrell and Yoon, 1984 and Vaughan et al,
1995).

Chemical oxidation had a more significant effect on the flotation behaviour of
chalcopyrite, causing nearly complete depression after exposure to 10°M hydrogen
peroxide solution. This oxidative approach was more effective than thermal oxidation

followed by hydrolysis in terms of depression.

6.2.1.2 Oxidation characteristics

The SEM/EDX studies showed that thermal oxidation formed moderately thick layers of
oxidation product on the surfaces of the chalcopyrite particles. Iron and sulfur were
increasingly abstracted into the oxidation layers with greater exposure to thermal
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oxidation. With heavier oxidation, copper was also found in the oxidation layers. These
observations are in agreement with other oxidation studies on the oxidation of
chalcopyrite, although these studies were conducted over significantly shorter time spans
(Smart, 1991, Zachwieja et al, 1989, Buckley and Woods, 1984 and Luttrell and Yoon,
1984).

A large number of oxidation reactions are thermodynamically possible at 85°C (refer to
Table 6-3). The formation of oxides are strongly favoured, particularly CuO and FeO. With
moisture in the air, FeO.OH can form particularly with Cu,O as a co-oxidation product.
Although Fe,03 is thermodynamically possible at these temperatures, along with Fe;0,, it
was not expected to form in any significant quantities. Sulfates will also form, however,
not as abundantly as oxides. While all reactions have very large reaction constants, not all
reactions would go to completion due to the formation of oxide layers on the particles
based on the shrinking core reaction model. This layer would affect the transport of
reactants to the unoxidised surfaces and was the main reason for incomplete oxidation of
the sulfide minerals, as reflected by the flotation response. In summary, the expected
surface products for thermally oxidised chalcopyrite include FeO, CuO, Cu;0, FeO.OH
with CuSO4 and possibly FeSOy.

Table 6-3: Chalcopyrite oxidation reactions in air at 85°C (after Roine, 2002)

Oxidation reaction AG’(kJ) | LogK
CuFeS; + 1.50,) — FeO + CuS + SOy, -408.3 59.6
CuFeS, + 30, — FeO + CuO + 25054, 748 | 1130
2CuFeS; + 5.50,¢ — 2Fe0 + Cu0 + 450, -1447.8 211.2
CuFeS, + 150, — FeS +CuO + 50, 3347 | 488
CuFeS, + 20, — FeSO, + CuS -670.2 97.8
CuFeS; + 205, — FeS + CuSO, -550.3 80.3
CuFeS, + 3.50,5 — FeO + CuSO, + S0y 2367 | 1445
CuFeS, + 3.50,,) — FeSO, + Cu0 + $0,4, 2478 | 1512
2CuFeS, + 60y + H,0( — 2Fe0.0H + Cu,0 + 4SOy, 16891 | 2464
CuFeS, +3.250, + 0.5H,0,, — FeO.OH+ Cu0 + 250,y | 2140 | 1306
CuFeS, +3.7505 + 0.5H,0 — FeO.0H + CuS0, +50,,, | -2655 | 1621
2CuFeS, + 60y, — Fe,03+ Cu;0 + 4505, 16896 | 2464
2CuFeS, + 6.50, —» Fe;03 + 2Cu0 +450,, 4281 | 2613
2CuFeS, +7.50,,) — Fe;05 + 2CuSO, + 250y, 5312 | 3080
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For chemically oxidised chalcopyrite samples, the oxidation layer was considerably thinner
than that observed for the thermally oxidised samples and was less than 100 nanometres.
Table 6-4 shows that thermodynamically the reaction between chalcopyrite and hydrogen
peroxide predominantly forms iron and copper sulfates, however the release of Cu(ll),
Fe(1l) and sulfate ions is also favoured. The very high half-cell potentials indicate that the
electrochemical reactions are unlikely to occur and that the formation of Fe(III) ions would

only occur under extreme oxidising conditions.

Table 6-4: Chalcopyrite reactions with hydrogen peroxide reactions at 25°C (Roine, 2002)

Reaction with H,0, AG°(k)) | LogK |E°’(SHE,V)
4H,0, + CuFeS, — Fe™* + CuS + 4H,0 + SO, -1114.8 195.3 -
4H,0, + CuFeS, — FeSO, + CuS + 4H,0 -1103.8 | 193.90 -
4H,0, + CuFeS, — Cu®* + FeS + 4H,0 + 250,> -1003.0 175.7 -
4H,0, + CuFeS; — FeSO, + CuS + 4H,0 -985.0 172.6 -
8H,0, + CuFeS, — Cu®* + Fe** + 8H,0 + 280,> 2149.7 308.0 -
4H,0, + CuFeS, — FeS0O, + CuSO, + 4H,0 21207 | 3080
8H,0, + CuFeS, — Cu’* + Fe** + 8H,0 + 280,%+ ¢ -2075.4 308.0 21.5
4H,0, + CuFeS, — Fe>* + CuS + 4H,0 + SO, > + € -1040.4 182.3 10.8

6.2.1.3 Aqueous exposure

After contact with water, the XPS analysis showed that the thermally oxidised chalcopyrite
surfaces were covered in iron and copper oxides and hydroxides. The Pourbaix diagram for
the Cu/Fe/S/H,0 system shows thermodynamically that copper and ferric hydroxides are
the dominant oxidation products (Garrels and Christ, 1990) (refer to Figure 6-1). A
reasonable exposure of unoxidised chalcopyrite was observed on the surface, confirming
that the surface of the sample was not completely oxidised. Cu(l) species were detected
and in greater abundance than Cu(II) species. As expected, little surface SO, was found

due to the dissolution of these species.
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Figure B-1: The Pourbaix diagram for the Cu/Fe/S/H20 system (after Roine, 2002)

A number of hydrolysis reactions are possible between the oxidised chalcopyrite surfaces

and water. The iron reactions are probably more dominant and discussed under pyrrhotite

(refer to 6.3.1.3) and only the copper reactions are considered here (refer to Table 6-5),

Besides the formation ol hydroxides through Cu(Il) ions, which would arise due to soluble

oxidation products such as copper sulfate, no other significant hydrolysis reaction was

apparent, noting that conditions for the hydrolysis of cuprite were not oxidising enough

(refer to Table 6-6).

Table 6-5: Possible axidised chalcopyrite hydrolysis reactions at 25°C

Hydrulysis reaction AGY (KD | LegK |E'(SHEY!
Cn®* + 20H — Cu(OH), 0.0 19.3 .
Cu,0 + 200 — CuiOH); + Cud + 2¢” | =256 43 0.128
Culy + HyO — CofOH), 6.2 -1.1 -
Cud+H — Cu'' + OH 37.1 -6.4 -

Tehle § 6§ Cuprie cloctochemical hydrolysis reactions o 25°C

el Eh (¥}
75 15128
.5 {1.5720
5.5 6312
1.5 (6904
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The cyclic voltammetric studies indicated that the chalcopyrite surfaces were not heavily
oxidised after heavy chemical oxidation which corroborates the electrophoretic
measurements, which is in accord with the general literature that chalcopyrite 1s not readily

susceptible to oxidation,

Electrophoresis showed that both thermal and chemical heavy oxidation had a significant
effect on the surface charge of the chalcopyrite surfaces, particularly at Tow pH values.
Table 6-7 summarises the reported pHjgpe values for a number of chalcopyrite samples as a

function of the degree of oxidation.

Tahle 6-7: Repartad pH o= values Far chaleapyoie

Degree ol
pHL Refercnce
oxiglation
Moo - Fullston et al. 1999
- 1E MNey, 1973

Fa
)

Kelebek and Smith, 1959
Salatic cl al, 1975
MeGlashen e al, [96%
Mild - Fullston et al, 1999
Heavy 6.6/8.3 Fullston et al, 1999

The zeta potential profile found for ‘unoxidised’ chalcopyrite under nitrogen varied from -
30 mV at pH 5 to around -55 mV at pH 11, with a significant trough around pH 6.5
(Fullston er al, 1999). Samples conditroned with oxygen for 60 minutes, termed muldly
oxidised, developed a zeta potential that was less negative than the ‘vnoxidised’ case and
moved the zeta potential profile up by about 20 mV. Moreover the trough had disappeared.
Heavily oxidised samples, produced by conditioning with ~ 7x10”°M H,0; for 60 minutes,
showed substantially less negative surfaces and displayed a pHip value of 6.6 or 8.5,

depending upon the direction of the pH change during measuremenis.

The unoxidised zeta potential profile found in this research lay between those of the
‘unoxidised” and mildly oxidised chalcopyrite samples reported by Fullston e al (1999),
indicating that the chalcopyrite sample fested had experienced some mild degree of
oxigation. Under the preparation conditions for the ‘nnoxidised’ samples (i.e. conditioning
at pH 11 for 20 minutes with nitrogen} reported by Fullston et af (1999), it was likely that

many of the oxidation products were removed. In this study, the heavily thermally oxidised
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samples were hydrolysed under effectively acidic conditions before pH adjustment to 6.5.
Comparing the pHp values for the thermally and chemically oxidised samples, a similar
degree of oxidation was achieved for both of the heavily oxidised samples. However, in the
case of the moderately oxidised samples, the pHygp value for thermal oxidation was higher
than that for chemical oxidation and similar to that of the heavily thermally oxidised
samples. These values were very similar to those reported by previous researchers for
unoxidised samples and actually reflect the response of heavily oxidised surfaces (Salatic
et al, 1975 and McGlashen et al, 1969).

Table 6-8 summarises pHEp values for selected copper ‘oxide’ mineral species and
compounds. The values found for the oxidised chalcopyrite samples are significantly
different and indicate that the surfaces were partly oxidised and thus only partially covered.
Moreover, as noted for pHigp studies with iron ‘oxide’ species (refer to Section 6.3.1.3),
more acidic values of pHp were reported to be associated with ‘oxide’ species. The most
likely copper species are Cu,O and Cu(OH),, which corroborates the XPS analyses. The
iron species would include FeO, FeO.OH and Fe(OH);.

Table 6-8: Reported pHep values for copper species

Mineral/Species Formula/Nature pHgp
Cuprite CuO 9.5+04°
Tenorite Cu,0 6.9
Cu(OH), hydrous 7.6-94°

fresh 7.7°
aged 7.3
Malachite CuCO;.Cu(OH), 76°
Chrysocolla (Cu,A1),H,5i,05(OH),n(H;0) | 6.5-6.7°
*Parks (1965)
®Gonzalez (1974)

6.2.2 Effect of sulfidisation

6.2.2.1 Flotation response

Chalcopyrite responded readily to sulfidisation and nearly complete restoration of the
flotation recovery was observed at a sulfidisation potential of -650 mV in the presence of
the other oxidised sulfide minerals. Below this sulfidisation potential, the flotation

recovery was poorer while above this sulfidisation potential, the flotation recovery of the
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sulfidised chalcopyrite fell away, although not as dramatically as the other sulfide minerals

present in the oxidised Nkomati ore sample.

At an Es of -500 mV, as revealed by the XPS analysis, the hydrosulfide ions removed
much of the obscuring iron oxidation products and exposed the underlying surface. This
surface, which was either unoxidised or Fe-deficient chalcopyrite, may have played a role
in the subsequent flotation. However the significant removal of the oxidised surface
products by ultrasonic treatment did not restore floatability to the level found after
sulfidisation. Consequently, it is argued that sulfidisation reactions rather than surface
cleaning played the dominant role in restoring the flotation recovery of oxidised

chalcopyrite.

The effect of the sulfidisation potential upon the flotation response of the sulfidised
oxidised chalcopyrite was similar to that observed in the sulfidisation of base-metal ‘oxide’
minerals where a bell-shaped flotation response waé reported (Jones and Woodcock,
1978b, 1979b and Fuerstenau et al, 1985). Below a sulfidisation potential of -650 mV, the
flotation response was related to the extent of surface sulfidisation and the availability of

hydrosulfide ions to adsorb and interact with the oxidised surfaces.

As well as adsorption and sulfidisation reactions with the oxidised sulfide mineral surfaces,
there are a number of competing solution reactions involving the hydrosulfide ions such as
catalytic oxidation and precipitation of cations. Since solution reactions proceed more
rapidly than liquid-solid reactions, these reactions would exert a greater impact on the
availability of reactants, particularly at lower hydrosulfide ion concentrations. This
situation was compounded by the presence of other oxidised sulfide minerals such as
pyrrhotite, which is ten times more abundant than chalcopyrite in Nkomati ores. Thus,
although oxidised copper species would preferentially interact with hydrosulfide ion
species, below a certain threshold concentration there would be insufficient quantity of

hydrosulfide ions to completely sulfidise the oxidised chalcopyrite surfaces.

Once this threshold hydrosulfide ion concentration is achieved, such as that observed at an
Es of -650 mV, there was sufficient sulfidising reagent to meet the demands of most
reactions, particularly the adsorption and sulfidising needs of the oxidised sulfide minerals.
Consequently, at this point an optimum flotation recovery was achieved. At hydrosulfide

ion concentrations above this sulfidisation potential, the flotation recovery of the sulfidised
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chalcopyrite was observed to fall away. This behaviour was due to the adsorption of
hydrosulfide ions and hydrosulfide ion species which are retained on the sulfidised
surfaces even after the solution had been decanted and the surfaces washed prior to
flotation. These species competed with the collector and prevented adsorption, thus
reducing floatability.

As the electrophoretic studies found, the oxidised chalcopyrite surfaces became more
negatively charged with sulfidisation potentials greater than -700 mV, which is interpreted
as the strong adsorption of hydrosulfide ions. In addition, it was likely that other
hydrosulfide ion species are also adsorbed, since copper forms a large range of
hydrosulfide and sulfide ion ligands, which are quite stable, especially for Cu(I) (Rickard
and Luther, 2006).These include [Cu(HS),] (pK = 17.2 to 18.0), [Cu,S(HS),)* @K =
29.9), [Cu,S3]* (pK = 38.3), [Cux(Sa)2]* (PK = 17.8) and [Cux(Ss)2]* (pK = 20.2). With
higher sulfidisation potentials, where the concentration of hydrosulfide ions was higher,
these species would form either in solution and adsorb onto the oxidised chalcopyrite
surfaces or directly on the sulfidised surfaces. The presence of these adsorbed hydrosulfide
species would also contribute to the depression of sulfidised chalcopyrite surfaces with

xanthate collector.

Based on the analyses of the XPS data, the strongest sulfidisation interaction was found at
an Es of -500 mV and the abundance of the surface sulfidisation products suggests that the
sulfidised chalcopyrite would have floated very strongly. Thus it was concluded that the
presence of other oxidised sulfide minerals has retarded the sulfidisation process for
oxidised chalcopyrite primarily by limiting the availability of hydrosulfide ions to allow

complete sulfidisation of the surface.

It was possible that the polysulfides/elemental sulfur made a contribution to flotation
recovery of sulfidised chalcopyrite however, as the preliminary studies indicated, a high
level of collector addition was required to fully recover the chalcopyrite after sulfidisation.

6.2.2.2 Sulfidisation mechanism

Voltammetric studies of oxidised chalcopyrite surfaces confirmed that the addition of
hydrosulfide ions had regenerated the oxidised surfaces and produced a similar surface to
that found for the unoxidised chalcopyrite. In the presence of hydrosulfide ions, the zeta
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potential of the oxidised chalcopyrite surfaces decreased and was correlated with the
adsorption of hydrosulfide ions as interpreted by other researchers (Fuerstenau et al, 1985).

Based on these changes, hydrosulfide ions continuously adsorbed onto the oxidised
chalcopyrite surfaces between Es values of -450 mV and -600 mV. More substantial
hydrosulfide ion adsorption was observed between -600 and -650 mV Es. Over the range
of these sulfidisation potentials, XPS studies showed that copper sulfide species had
formed on the oxidised surfaces and the best flotation recoveries were achieved. Strong
hydrosulfide ion adsorption also took place at sulfidisation potentials above -700mV,

where an increasingly poorer flotation response was observed.

Thus it is concluded that the first stage of the sulfidisation process involved the adsorption
of hydrosulfide ions onto the oxidised chalcopyrite surfaces, where the adsorbed species
then interacted with oxidised copper species exhibiting some degree of solubility to form
coppc;.r sulfide phases.

Analyses of the XPS data showed that upon sulfidisation, the oxidised surfaces readily
formed copper sulfide-like species as well as polysulfides and elemental sulfur. As a single
mineral, the sulfidisation was most effective at an Es of -500 mV, where a considerable
quantity of S? was found at the surface and was closely correlated with an increase in
Cu() species. The amount of S> was significantly more than that necessary to account for
the parallel increased exposure of the unoxidised chalcopyrite signal (Cpy-S). Cu(Il) and
S,> were also present in smaller quantities. Noting that covellite (CuS) may also consist of
Cu(l) and 82Z as Cu,S; (Fleet, 2006 and Rickard and Luther, 2006), a predominantly
chalcocite-like surface (CupS: Cu(I),S*) was considered to have formed in conjunction
with a covellite-like phase (CuS: Cu(I)282Z and Cu(II)Sz').

At this sulfidisation potential, the lower Fe-O signal, the presence of S;>and the detection
of a Fe-S bond also indicates the formation of a pyrite-like phase. The mechanism for the
formation of this phase is discussed under pyrrhotite sulfidisation mechanisms (Section
6.3.2.2).

A large quantity of polysulfides and/or elemental sulfur was also detected on the oxidised
chalcopyrite surfaces at this sulfidisation potential. The chronoamperometric studies
showed that hydrosulfide ions reacted strongly with heavily oxidised chalcopyrite surfaces
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in a strong cathodic reaction. This was interpreted as the oxidation of the hydrosulfide ion

to produce elemental sulfur (Buckley et al, 1988).

Compared to the XPS analysis of the hydrolysed oxidised chalcopyrite surfaces, the
presence of a substantial chalcopyrite signal was found after sulfidisation. This indicates
that there was significant removal of iron oxidation products, as reflected by a significantly
lower Fe-O signal. This is a feature of sulfidising reagent solutions where the potential
determining ions remove oxidation products from the sulfide mineral surfaces (Luttrell and
Yoon, 1984).

Under the stronger sulfidisation potential of -650 mV, a similar array of species was
present however in smaller quantities. The proportion of Cu(II) had significantly increased
while that of the Cu(I) had substantially decreased. Both the S* and S,> signals were
reasonably strong however the quantities of polysulfides and elemental sulfur had
diminished to pre-sulfidisation levels. A small exposure of unoxidised chalcopyrite was
found and also accounts for a part of the S* and Cu(I) signals. Thus it was concluded that
the copper sulfide entities consisted of mainly covellite (CuS: Cu(I)S* and some
Cu(I);S;>) and a smaller quantity of chalcocite (Cu,S: Cu(I) and $%).

Most researchers have postulated that covellite was formed on sulfidised copper ‘oxide’
surfaces (Wright and Prosser, 1965, Bustamante and Castro, 1975 and Zhou and Chander,
1993) however without supporting evidence. Figure 6-2 shows that the covellite domain is
thermodynamically favoured under less basic and reducing conditions (Garrels and Christ,
1990).
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Figure 6-2: Copper sulfide species and copper '‘oxide’ minerals (total dissolved sulfur
concentration of 10"'M at 25°C) (after Garrels and Christ, 1990)

Based on Eh-pH diagrams developed by Zhang (1994), at low total sulfur concentrations
(10°M) chalcocite is the dominant phase under the sulfidisation conditions at an Es of -500
mV. With increasing total sulfur concentration, the covellite domain expands and meets the
chalcocite boundary at the sulfidisation conditions at an Es of -650 mV. With higher total
sulfur concentrations and greater pH values, covellite continues to expand into the
chalcocite domain (Garrels and Christ, 1990 and Zhang, 1994). The Eh-pH diagrams in
Figure 6-3 show this relationship between the copper sulfide phases as a function of total
dissolved sulfur concentration. In this research, a predominantly chalcocite-like
stoichiometry was identified at a sulfidisation potential of -500 mV as well as a covellite-
like phase while under more intense sulfidising conditions (Es of -650 mV), a covellite-like

species had formed with lesser quantities of the chalcocite-phase.
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(c) 10> M (circa -800mV Es)
Figure 6-3: Growth of the covellite domain as a function of total dissolved
sulfur concentration at 25°C (after Zhang,1994)

Before settling on the mechanism, a review of the thermodynamic nature of the potential
sulfidisation reactions is warranted to confirm whether the proposed reactions would occur
(refer to Table 6-9).
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Table 6-9: Possible sulfidisation reactions for oxidised chalcopyrite at 25°C (after Roine, 2002)

Sulfidisation reactions AG’(kJ) | LogK | E°(SHE,V) |Reaction No.

2Cu* +HS — Cu,S+H' -198.3 347 - Cpy-1

Cu,0 + HS — Cu,S + OH -107.7 189 - Cpy -2
2Cu(OH), + HS +2¢ — Cu,S + H,0+30H | 214 157 0.463 Cpy-3
2Cu0 +2HS + 2¢" — Cu,S +20H + 8> -82.8 145 14.512 Cpy -4
2CuS + H' +2¢" — Cu,S + HS' 9.3 6.9 -0.203 Cpy-5
Cu;0 + 2HS — 2CuS + Hy0 +2¢° -226.7 39.7 1.175 Cpy -6

Cu* +HS — CuS +H' -134.2 235 - Cpy -7
Cu(OH), + HS  — Cu$ + H,0 +OH -104.1 183 - Cpy -8
CuO +HS — CuS + OH -97.9 172 - Cpy -9

2Cu* + §* - Cu,S 2122 417 - Cpy -10

Cu,0 + 8% + H,0 — Cu,S + 20H -101.8 178 - Cpy-11
Cu®* + 8> 5 CuS -208.1 36.5 - Cpy -12
Cu(OH), + $* — CuS + 20H -98.2 172 - Cpy-13
Cu0 +$* + H0 — CuS + 20H 919 16.1 - Cpy-14

The potential sulfidisation reactiohs for oxidised chalcopyrite surfaces are dominated by
chemical reactions and all of these chemical reactions are thermodynamically possible
based on the Gibb’s Free Energy function (AG®). Moreover, many of the reactions have
significant AG® values coupled with large reaction constants. For completeness, the copper
aqueous species and sulfide ion reactions have been included. Due to the abundance of the
hydrosulfide ion compared to the sulfide ion under the sulfidisation conditions examined,

the sulfide ions do not make a significant contribution to the sulfidisation mechanisms.

While three electrochemical reactions are possible based on AG® values, only two have
realistic potentials (refer to Table 6-10). Interestingly, the conversion of covellite into
chalcocite (Cpy-5) is not energetically favourable. However, neither of the remaining two
electrochemical reactions is feasible under the sulfidisation conditions that were employed.
Thus the formation of chalcocite from the interaction of hydrosulfide ions with copper
hydroxide species (Cpy-3) and the formation of covellite-like surfaces on Cu;O with
hydrosulfide ions (Cpy-6) would not occur.
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Table 6-10: Calculated half-cell potentials for the electrochemical sulfidisation reactions
chalcopyrite at 25°C (after Roine, 2002)

Es Eh (V)
(mV) Cpy-3 Cpy-6
-800 0.7997 1.2792
700 0.8648 1.3989
650 0.8579 1.4500
-600 0.8565 1.4881
-500 0.8518 1.5489

Focusing on the chemical reactions presented in Table 6-9, the interaction between Cu,O
and hydrosulfide ions result in the formation of chalcocite (Cpy-2). Another source is
Cu(II) ions, which would form chalcocite and precipitate onto the oxidised chalcopyrite
surfaces (Cpy-1). On the other hand, two chemical reactions readily form covellite with
hydrosulfide ions, namely Cu(OH), and CuO (Cpy-8 and 9). Additionally, covellite

precipitation would occur also due to the presence of Cu(Il) ions in solution (Cpy-7).

In summary, the sulfidisation mechanisms initially involved the adsorption of hydrosulfide
ions onto the oxidised chalcopyrite surfaces which consisted of copper oxide and
hydroxide species. At a sulfidisation potential of -500 mV, the formation of chalcocite was
dominant through the following interaction:

Cu0 +HS © CugOHS ags oovvvvvvvnineninniniiiinenennn (6-1)

Clle.HS-ads - CU2S FOH i (6-2)

Covellite was formed through the following reactions :

Cu(OH); +HS" & Cu(OH)2.HS ags -+ vvvevevneeniiininnnnen (6-3)
Cu(OH):.HS s —» CuS+OH + HO ...oevininiiniinnannne. (6-4)
CuO +HS © CuOHS sts covvevveeriniienieneninnennn. (6-5)
CuOHS s — CuS+O0H ..., (6-6)

Sulfidisation of the oxidised chalcopyrite samples was conducted under air and the
formation of sulfur was assigned to the oxidation of hydrosulfide ion by dissolved oxygen,
which is thermodynamically strongly favoured (HSO-1, refer to Table 6-11).
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Table 6-11: Other reactions occurring during sulfidisation at 25°C (after Roine, 2002)

AG® E° Reaction
Other reactions ) Log K (SHE,V) No.
HS - S+H'+2¢e -12.1 2.1 0.063 HS -1
HS +0.50,—» 8°+OH | -1776| 31.1 - HSO -1

The small quantity of pyrite that was observed formed via reactions (6-7) to (6-12) as
discussed in Section 6-3-2-2. Although the iron oxidation products were present in
comparable amounts, the particularly strong affinity of copper for sulfur, as reflected by
the copper sulfide solubility product values, has lead to the copper species dominating the

sulfidisation mechanism.

Under more intense sulfidisation conditions (Es = -650mV), the same sulfidisation
reactions occurred however, with Cu(Il) in greater abundance, covellite would be formed
in greater quantities than chalcocite. The lower surface abundances of the copper species,
particularly Cu(I), at this higher sulfidisation potentials, was attributed to the formation of
hydrosulfide and sulfide complexes. It is argued that in the presence of a higher
concentration of hydrosulfide ions, surface dissolution occurred and the copper species
were complcxcd’into mainly solution species. These species include Cu(HS),, [Cuz(S4)2]2'
,[Cuz(Ss)z]z' and particularly Cu,S;2 for the Cu(II) ion while for the Cu(I) ion they include
Cu(HS), [Cu(HS)J, [CuSHS)2I", [Cu(Ss)2]> and [Cu(S+)(Ss)I* (Rickard and Luther,
2006). Most of these Cu(l) species have been identified exploring the solubility of Cu,S.

6.2.2.3 Comparison with base-metal ‘oxide’ minerals

The sulfidisation potential at which the best flotation recovery was found for heavily
thermally oxidised chalcopyrite in the presence of sulfide minerals was at an Es of -650
mV (-315 SHE) which is similar to that reported for the sulfidisation of malachite and
other copper ‘oxide’ minerals (Jones and Woodcock, 1978b). They reported that the
satisfactory sulfide ion electrode potential (SCE) range lay between -500 mV to -600 mV
(-255 to -355 mV SHE).

However, as indicated by the XPS analyses, a sulfidisation potential less than these
reported values would be expected since there was a lower requirement for sulfidisation.
This arises due to the thin layer present on oxidised chalcopyrite surfaces compared to

malachite, for example, where the entire mineral particle may become involved in
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sulfidisation reactions. The sulfidisation reactions consequently reach deep into the
malachite surfaces, consuming considerable quantities of hydrosulfide ions, which is

reflected in higher sulfidisation potentials.
6.3 Pyrrhotite
6.3.1 Effect of oxidation

6.3.1.1 Flotation response

Before oxidation, pyrrhotite displayed the most sluggish flotation behaviour of the three
sulfide minerals both in terms of natural floatability and collector-induced flotation.
Nonetheless, nearly complete flotation was achieved after 10 minutes at a SIBX
concentration of 1.375 x 10°*M. This comparative flotation response was in agreement with
that reported by other researchers (Kelebek, 1993 and Bradshaw et al, 1999).

Thermal oxidation had a significant impact on the flotation of pyrrhotite and the recovery
fell away quickly with increasing oxidation until stabilising after 60 days to around 10%.
Chemical oxidation with hydrogen peroxide had an even greater effect on the floatability
of pyrrhotite and, based on flotation response, pyrrhotite was the most readily oxidised
amongst the three sulfide minerals. After exposure to a 102M H,0, solution, the
floatability of pyrrhotite was reduced to practically zero.

6.3.1.2 Oxidation characteristics

As the SEM images and EDX analyses of thermally oxidised Nkomati ore samples show,
thermal oxidation formed a thick oxide layer consisting of mainly iron, sulfur and oxygen
on the pyrrhotite particles. The layer developed quickly and with increasing exposure, the
oxide layer became thicker and incorporated more oxygen and iron, thus confirming
greater oxidation. The oxide layer grew in thickness from 400 nm to over 2 microns over
the 121 days of thermal oxidation. No comparative data were available in the literature
since previous studies on the oxidation of iron sulfide minerals were limited in terms of the

extent of oxidation, which would be considered mild in the context of this research.

Table 6-12 summarises the potential oxidation reactions for pyrrhotite in air which are all
thermodynamically possible. The formation of the oxidation products FeO, FeO.OH and

135



Chapter 6

FeSO; are favoured and it was expected that the formation of hematite would be limited.

Table 6-12: Possible oxidation reactions for pyrrhotite at 85°C (after Roine, 2002)

Oxidation reaction AG°(kJ)) | LogK
FeS + 1.50,4 — FeO + 50,4, -440.1 64.2
Fe;Sg + 11.50,4) — TFe0 + 850, -3345.3 308.0
FeS + 20,, — FeSO, -701.9 102.4
Fe;Sg + 150, — TFeSO, + 80, -6065.8 308.0
FeS + 1.750,, + 0.5H,04) — FeO.0H + SOy, -634.7 81.8
Fe;Sg + 1325054, +3.5H;,0) — TFeO.0H + 850, | 47139 308.0
2FeS + 3.504) — Fe,0;3 + 250, -11219 163.6
2Fe;Sg + 26.504) — TFe,03 + 1680, -8382.8 308.0

Chemical analysis of the oxide layers removed by ultrasonic treatment from oxidised
Nkomati ore samples confirmed the preferential removal of iron onto the oxide layers as
reported in the literature (Buckley and Woods, 1985a, Pratt et al, 1994, Mycroft et al, 1995
and Smart et al, 2003). Additionally, there was a significant sulfur presence in the
oxidation product.

Some reactions are given in Table 6-13 for the interaction with hydrogen peroxide and
pyrrhotite which all have an electrochemical nature. The dissolution of the pyrrhotite

surfaces to form iron sulfate appears to be the most likely reaction.

Table 6-13: Possible reactions with hydrogen peroxide for pyrrhotite at 85°C (after Roine, 2002)

Reaction with H,0, AGo (kJ)| LogK (SI?; v
8/3H,0, + FeS — Fe** + 4/3H,0 + SO,> + 8/3H" + 8/3¢” | -692.9 121.4 2.695
2H,0, + FeS — FeSO, + 4H" + 4¢ -455.0 79.7 1.180

4H,0, + FeS — Fe** + 4H,0 + SO~ + ¢ -10723 | 1879 11.122

6.3.1.3 Aqueous exposure

Upon addition to water, the thermally oxidised Nkomati ore samples rapidly consumed
hydroxyl ions, driving the pH down by 3.5 units, while iron and sulfate ions were found in
solution. This supports the expectation that, under aqueous conditions, the oxidised
pyrrhotite surfaces would be covered in base-metal hydroxides. For pyrrhotite, as shown in
Figure 6-4, this was predominantly Fe(OH)s, based on the Fe/S/H,O Pourbaix diagram
(Garrels and Christ, 1990).
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The heavily thermally oxidised Nkomati surface after hydrolysis could not be successfully
analysed with XPS due to significant magnetic effects, which was also found with another
sample that had been heavily chemically oxidised. Considering the XPS data for the other
oxidised sulfide minerals, a hydrated Fe(Il) oxy-hydroxide had formed based on the
presence of iron oxy-species as well as the abundance of both hydroxyl and water on both
the heavily oxidised pentlandite and chalcopyrite surfaces. This species has a significant
magnetic character which explains the behaviour of the Nkomati samples under the strong
magnetic field present during the XPS measurement (Cornell and Schwertmann, 1996 and
Poulton et al, 2003). Since this behaviour was not observed after sulfidisation, the surface
species had been transformed by reactions during sulfidisation. Hydrated Fe(IIl) oxy-
hydroxides, such as ferrihydrite (generically FeO.OH.nH,0), are reported to react readily
with hydrosulfide ions (Poulton et al, 2003) and thus were likely to be the dominant
species on the oxidised pyrrhotite surfaces. Iron oxides and ferric hydroxides are also
probably present as secondary species.

The possible hydrolysis reactions for thermally oxidised pyrrhotite surfaces upon exposure
to water are presented in Table 6-14. Of the reactions that are thermodynamically possible,

two are chemical and three electrochemical.

Table 6-14: Possible hydrolysis reactions for oxidised pyrrhotite at 25°C (Roine, 2002)

Hydrolysis reaction AG’ (kJ) | LogK |E° (SHE,V)

FeO + H,0 — Fe(OH), 8.6 1.5 -

FeO + H* — Fe** + OH' 3.1 0.5 -
FeO+ OH — FeO.OH +¢ -86.2 15.1 0.894
FeO +H,0 - FeOOH+H +¢ -6.4 1.1 0.066
FeO.OH + H* + ¢ — Fe(OH), 22 0.4 0.023
Fe,0, + H' + 2H,0 + 2¢” — 2Fe(OH), + OH 75.1 -132 | -0.389
FeO.OH + H,0 + ¢ — Fe(OH), + OH' 71.6 -136 | -0.805
Fe,0; + H* + 2¢" = 2FeO + OH 92.3 -162 | -0479

The half-cell potentials for three electrochemical reactions are presented for the conditions
measured during the hydrolysis of the heavily thermally oxidised Nkomati ore samples
(refer to Table 6-15). None of the three electrochemical reactions appear to play a role in
the hydrolysis of thermally oxidised pyrrhotite surfaces.
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Table 6-15: Electrochemical hydrolysis reactions for oxidised pyrrhotite at 25°C

Electrochemical Eh (SHE,mV)
hydrolysis pH
reactions 45 55 6.5 7.5
Oxidised Nkomati ore -0.020 -0.099 -0.154 -0.196
FeO + OH — FeO.OH + ¢ 1.4564 1.3972 1.3380 1.2788
FeO + H,0 - FeO.OH+H" + ¢ | -0.2004 | -0.2596 | -0.3188 | -0.3780
FeO.0OH + H' + ¢ — Fe(OH), 0.2894 0.3486 0.4078 0.4670

It is concluded that the two chemical reactions are the primary hydrolytic reactions and the
formation of iron hydroxide as well as the release of Fe(II) ions into solution are expected.
The presence of iron was observed in solution after the hydrolysis of Nkomati ore samples

and the rapid fall of the pH during hydrolysis also corroborates these reactions.

Prior to oxidation, the pHp value for pyrrhotite was 2.0 and the same as that reported by
Ney (1973). As the pyrrhotite samples became more oxidised, subsequent aqueous
exposure increased the pHpgp, revealing surfaces of increasingly greater oxide/hydroxide
character as reported by Parks (1965).

The pHp is influenced by several factors and Parks (1965) reported the following

observations concerning pHp shifts:

(1) becomes more acidic with increased oxidation state of the metal e.g. Fe(II) to Fe(III)

(2) substitution of O% by water or hydroxyl groups leads to more basic values i.e.
hydration causes an increase while dehydration results in a decrease

(3) impurities have a significant effect — structural or adsorbed anions make the pHip
more acidic while structural or adsorbed cations cause the pHgp to become more basic

(4) the nature of the species — whether crystalline, amorphous, non-stoichiometry, semi-

conductive properties and structural defects

The reported pHmEp values for various iron oxide and oxy-hydroxide species are
summarised in Table 6-16. Based on the above comments, the acidic nature of the pHp
values found for the heavily oxidised pyrrhotite samples indicates that the surfaces would
consist of Fe(IIl) rather than Fe(Il) species, be not heavily hydrated and possibly have
either structural or adsorbed cations. The pHpp values found for heavily oxidised
pyrrhotite samples reflect those reported for natural goethite. Moreover, goethite is an
excellent adsorbent (Cornell and Schwertmann, 1996) and the adsorption of cations or
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anions (e.g. sulfate ions) from solution would affect the value of the pHp (Parks, 1965).

Table 6-16: pHep values for iron oxide/oxy-hydoxide species (mainly after Parks, 1965)

Mineral / Nature pPHp
Species range | mode
Magnetite natural 65102
(Fe;0y) synthetic 6.5%0.2
Hematite hydrous 43-86 [ ~72
(Fe;03) +0.3 mole% SO,>| ApHpe | -1.6
aFe, 0, natural 42-69 | ~6.7
synthetic 61-90| ~87
72-85"
YFe, 0, synthetic 67102
Geothite natural 3.2
(aFeO.OH) synthetic 42-72 | ~6.7
(BFeO.OH) 65"
Lepidocrocite natural 74+02
(yFeO.OH) synthetic 53-73 ] ~54
'Fe(OH),' amorphous 85
“ Fokkink, 1987

®Rubio and Matijevic, 1979

Based on the Fe/S/H,O Pourbaix diagram presented in Figure 6-4, the equilibrium phases
in contact with pyrrhotite surfaces are predominantly Fe(Il) ions and Fe(OH)s, depending
upon pH. For oxidised pyrrhotite surfaces, this diagram indicates that after hydrolysis,

mainly SO4> and Fe(Il) ions would be in solution.

Chemical oxidation did not produce thick oxidation layers which were probably less than
100 nm thick. The solution reaction products after chemical oxidation indicated that a
similar array (Cu, Fe, Ni and SO4>) was produced as found after hydrolysis of the
thermally oxidised samples. The cyclic voltammetric studies confirmed that the heavy
chemical oxidation of pyrrhotite surfaces, like that produced with heavy thermal oxidation,

produced an unreactive surface.
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Figure 6-4: Fe-S-H,0O Eh-pH diagram at 25°C (after Roine, 2002)

6.3.2 Effect of sulfidisation

6.3.2.1 Flotation response

The pyrrhotite in the oxidised Nkomati ore sample responded well to sulfidisation and the
best flotation recovery occurred at a sulfidisation potential of -650 mV. The flotation
recovery of pyrrhotite at this sulfidisation potential lay between that of chalcopyrite and
pentlandite.

Like the flotation response of oxidised chalcopyrite after sulfidisation, the flotation
behaviour of sulfidised pyrrhotite as a function of sulfidisation potential was characterised
by a bell-shape. The flotation recovery of oxidised pyrrhotite increased with increasing
sulfidisation potential until the optimum value was achieved at a potential of -650 mV Es.
This corresponded to the strong adsorption of hydrosulfide ions onto the pyrrhotite and
Nkomati ore mineral surfaces over the sulfidisation range -600 to -650 mV Es. After this
sulfidisation potential, lower flotation recoveries were found indicating some degree of
depression, particularly after a sulfidisation potential of -700 mV Es, where the strong
adsorption of hydrosulfide ions occurred.

The same mechanisms are operating to cause this flotation response as outlined for
oxidised chalcopyrite. At values less than -650 mV (-335 mV SHE), the hydrosulfide ion
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concentration required to form significant quantities of base-metal sulfides either directly
at the mineral surface or from precipitation had not been reached and the flotation recovery
was incomplete. Above this sulfide ion electrode potential, the surfaces of oxidised
pyrrhotite strongly adsorbed hydrosulfide ions. Hydrosulfide ions are known to compete
with the collector and increasing levels of adsorbed hydrosulfide ions begin to have a
depressant effect on the sulfidised pyrrhotite surfaces. In addition, the formation of iron
hydrosulfide ion complexes occurs as the hydrosulfide ion concentration increases. The
metastable species Fe(HS)* forms readily above pH 7 (log K between 4.34 to 5.94) as do a
number of other iron polysulfide species (Rickard and Luther, 2006). In spite of solution
decantation and sample washing before micro-flotation, it was likely that the freshly
formed sulfide surfaces retained some of the adsorbed hydrosulfide ion and ligand species.
These adsorbed species hindered the adsorption of xanthate ions which subsequently
decreased the flotation recovery. It was expected that the formation of these iron based
hydrosulfide ligands involved the dissolution of the iron sulfide surface species, which
would also have had some impact on the flotation recovery by decreasing the sulfide

surface area available for interaction with the collector.

The presence of calcium ions during sulfidisation had no impact on the flotation recoveries
of heavily thermally oxidised Nkomati ore samples and the individual sulfide minerals.
The major reaction would have been the formation of CaS, which is soluble in water and
has been used on an industrial scale to successfully sulfidise copper ‘oxide’ ores (Zhang,
1993).

6.3.2.2 Sulfidisation mechanism

The hydrosulfide ion is the most dominant solution species during sulfidisation and is
considered to be the active species in the sulfidisation of base-metal ‘oxide’ minerals
(Wright and Prosser, 1965 and Bustamante and Castro, 1975). It is thus considered to be

the dominant sulfur species in any interaction with the oxidised sulfide mineral surfaces.

The electrophoretic testwork showed that the first stage of sulfidisation involved the strong
adsorption of hydrosulfide ions before the onset of significant flotation as reported for the
sulfidisation of base-metal ‘oxide’ minerals (Fuerstenau et al, 1985). Based on the sharp
decrease in the zeta potential values, the oxidised surfaces of pyrrhotite strongly adsorbed
hydrosulfide ions over the sulfidisation potential range of -550 mV to -650 mV. Both the
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oxidised surfaces of pyrrhotite and Nkomati ore sample strongly adsorbed hydrosulfide
ions at similar Es values (circa -550 mV), based on the sharp decrease in the zeta potential
values. Analysis of the adsorption data indicated that the hydrosulfide ion was physically
adsorbed and that increased adsorption occurred, as indicated by the electrophoretic
studies, before a sulfide-like surface formed that strongly promoted a flotation response.

The XPS analysis of the sulfidised Nkomati surfaces basically reflected the surfaces of
pyrrhotite. With an increase in the sulfidisation potential to -650 mV from -500 mV, there
was a decrease in the abundance of hydroxyl species as well as the Fe-O signal. Both s*
and S,> were identified and their abundances followed opposite trends with increased
sulfidisation potential. The disulfide ions halved in abundance while the amount of
monosulfide ions doubled. Similar levels of Fe-S bonding were noted under both
sulfidisation potentials. Since the S, signal is a feature of pyrite, it indicated that a pyrite-
like species had formed while the Fe-S signal reflected the presence of a pyrrhotite-like
phase. Under the conditions of sulfidisation at an Es of -650 mV (-0.3V SHE/pH 8), pyrite
is thermodynamically favoured over pyrrhotite while under more reducing conditions,
pyrrhotite is the dominant phase (Zhang, 1994 and Garrels and Christ, 1990) (refer to
Figure 6-5). In high sulfidising reagent concentrations, cyclic voltammetric studies
corroborated that an identical surface had been regenerated after sulfidisation to that of the
unoxidised pyrrhotite surface.

After sulfidisation in the presence of air at an Es of -650 mV, both FeS and FeS, were
identified on the sample surface, the later being twice as abundant. The presence of
dissolved oxygen during sulfidisation had thus caused more pyrite to form, as anticipated
in the literature (Berner, 1970). However, this may also arise due to the oxidation of the
hydrosulfide ion, whereby the resuiting polysulfide ions promoted the formation of pyrite
from pyrrhotite (Schoonen and Barnes, 1991 and Wei and Osseo-Asare, 1995).

Elemental sulfur/polysuifides were found although their role in any subsequent flotation
has not been determined. Glazunov et al (1993) proposed the formation of elemental sulfur
during the sulfidisation of chrysocolla, contributing to the subsequent hydrophobicity.

142



Chapter 6

10 ! < A 2 —1 L
~.,
~.
Fida S
\.\,
- ~,
+08 - '\\ -
-~ 0
o d
’(va‘-\‘
~.
+08 \.\ -
-
~.
~.
~.
~.
~.
0.4 <
+o2 - Fiaq -4 MEMATITE Fo20» |
En
0.0 N b
.
\.\
. -4
\_\ »
- 08 . Y, =
\\b.'o ,fc A
LN s,
. A
~ 0.4 RN |
\f‘\. g6,
\-
), ey,
- 0.8 or, \.\ & ry B
o e,
S ™.
\‘\
-os \-\r-
-to T T T T T T

 § L] 3 [4,] 2 (1] i 1“4
Figure 6-5: Stability domains for iron sulfide species (total dissolved sulfur
concentration of 10°°M at 25°C) (after Garrels and Christ, 1990)

As noted for the sulfidisation of oxidised chalcopyrite, the presence of elemental sulfide/
polysulfides on the sulfidised surfaces was considered to arise from electrochemical
reactions elucidated by Buckley et al (1988). They reported that elemental sulfur and most
likely polysulfides were preferentially deposited onto pyrite under aerated conditions. The
proposed mechanism involved the anodic oxidation of the hydrosulfide ion to a polysulfide
species coupled with the simultaneous cathodic reduction of dissolved oxygen.

Moreover, the amount of S,/S° increased significantly under the more intense sulfidisation
conditions which was corroborated with results of the chronoamperometric testwork with
heavily oxidised pyrrhotite surfaces. As for oxidised chalcopyrite, this was interpreted as
an electrochemical cathodic reaction as presented in Table 6-11.

Table 6-17 summarises the possible sulfidisation reactions for oxidised pyrrhotite and only
three are chemical (Po-2, Po-3 and Po-4). These reactions show that the interaction
between hydrosulfide ions and the iron species iron hydroxide and FeO.OH would form
pyrrhotite. Moreover, noting that pyrrhotite is considered the precursor to pyrite formation
(Rickard, 1969 and Berner, 1970) a chemical route was also indicated for the formation of
a pyrite from pyrrhotite (reaction Po-1 (Wei and Osseo-Asare, 1995)). Based on the

143



Chapter 6

thermodynamics for this equation, the pyrrhotite would interact readily with elemental

sulfur/polysulfides formed by the oxidation of hydrosulfide ions to form pyrite.

Table 6-17: Possible sulfidisation reactions for oxidised pyrrhotite at 25°C (after Roine, 2002)

Sulfidisation reaction AG’(k)) | LogK | E’(SHE,V) | Equation No.
FeS + S° — FeS, 56.9 10.0 - Po-1
FeO + HS — FeS + OH 256 45 - Po-2
Fe?* + HS — FeS + H' 225 3.9 - Po-3
Fe(OH), + HS" — FeS + OH + H,0 -17.2 3.1 - Po-4
FeO + 2HS™ — FeS, + H,0 + 2¢° -174.4 30.6 0.904 Po-5
Fe** + 2HS” — FeS, + 2H' + ¢ -165.8 29.1 1.720 Po-6
FeO.OH + 2HS — FeS, + OH + H0 + ¢ -88.2 15.4 0.915 Po-7
FeS + HS" — FeS, + H* + 2¢~ 68.9 12.1 0.358 Po-8
Fe* + 25 — FeS, + & -313.6 54.9 3.252 Po-9
Fe?* +25% — FeS, + 2¢” -239.2 419 1.241 Po-10
Fe(OH), + 287 — FeS, + 20H + 2¢” -1539 27.0 0.798 Po-11
Fe(OH), + 2HS + H* — FeS, + 3H,0 + ¢ -185.4 325 1.923 Po-12
FeO.OH + 2587 + H,0 — FeS, + 30H +¢ -76.3 134 0.791 Po-13
FeS + S* — FeS, + 2¢” -142.8 25.0 0.741 Po-14
FeO.OH + HS + ¢ — FeS + 20H 60.6 -10.6 0.629 Po-15
FeO.OH + 2HS — Fe®* +5°+ S* + H,0 + OH +¢ 65.1 -114 0.675 Po-16
FeO.OH + HS — Fe?* + §° + 20H + ¢ 711 -125 0.737 Po-17
FeO.OH + S* + HyO — Fe?* + S°+30H +¢ 71.0 -13.5 -0.799 Po-18
FeO.OH + S* + H,0 + ¢- — FeS + 30H 66.6 -11.7 -0.691 Po-19
2Fe0.0H + HS + Hy0 — 2Fe** + S° + H,0 + 50H 234.0 41.0 . Po-20
8Fe0.OH + HS + 3H,0 — 8Fe** + SO,” + H,0+ 150H | 1777.3 -136.2 ) Po-21

The electrochemical sulfidisation reactions are evaluated under the conditions present
during sulfidisation (Table 6-18). Interestingly, the widely reported interactions between
FeO.OH and the sulfur species (e.g. Peiffer et al, 1992: reactions Po-20 and 21 and Poulton
et al, 2003: reactions Po-15 to 17) are not thermodynamically possible. Although FeO.OH
was used as a proxy for ferrihydrite (specifically reactions Po-15 to 17) and does not
reflect the exact formula, similar thermodynamic outcomes would be expected. Several
reactions involving the direct formation of pyrite have been investigated and only the
interaction between FeO.OH and sulfide ions appears to offer any possibility. While the
half-cell potential of this reaction is not the same value as the equivalent potentials

calculated during sulfidisation, this reaction may partially occur at -S00mV Es, although
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the low sulfide ion concentration would limit the extent of the reaction.

Overall, it is concluded that electrochemical reactions do not play a major role in the

sulfidisation of oxidised pyrrhotite surfaces.

Table 6-18: Electrochemical sulfidisation reactions for oxidised pyrrhotite at 25°C
(after Roine, 2002)

Electrochemical Cell half-potential (Eh, V)

sulfidisation Sulfidisation potential (Es, mV) Equation No.
reaction -500 | -600 | -650 | -700 -800

FeO + 2HS™ — FeS, + H,0 + 2¢ 1.2791 | 1.2182 | 1.1799 | 1.1287 | 1.0085 Po-4

Fe* + 2HS — FeS, + 2H' + ¢’ 1.9363 | 1.7800 | 1.6798 | 1.5525| 1.1453 Po-5

FeO.OH + 2HS — FeS, + OH +H,0 +¢ | 1.2810 | 1.1763 | 1.1116 | 1.0216 | 0.8648 Po-6

FeS +HS — FeS, +H' +2¢ 0.3233 | 0.2842 | 0.2591 | 0.2273 | 0.1255 Po-7

Fe* + 28 - FeS, +¢ 4.2848 | 4.2066 | 4.1565 | 4.0929 | 3.8866 Po-8

Fe® +28% — FeS, + 2¢’ 0.3680 | 0.4461 | 0.4962 | 0.5599 | 0.7662 Po-9

Fe(OH), + 28* — FeS, + 20H + 2¢ 1.1092 | 1.0482 | 1.0100 | 0.9587 | 0.8359 Po-10
FeO.OH + 287 + H,0 » FeS,+ 30H +¢  |-0.3046|-0.4609}-0.5611]-0.6884| -1.0976 Po-11
Fe(OH), + 2HS + H' > FeS, + 3H,0+¢ | 3.1138 | 3.0094 | 2.9449 | 2.8552 | 2.6990 Po-12

FeS + S* — FeS, + 2¢ 1.4364 | 1.3583 | 1.3082 | 1.2445{ 1.0382 Po-13
Es (mV) 500 | -600 | 650 | -700 | -800 .
Equivalent Eh (SHE,V) 0.165 | -0.265 | 0315 | -0.365 | -0.465 .

Based on both the thermodynamic and electrochemical evaluations, only two surface
species played a role in the sulfidisation reactions, namely ferric hydroxide and FeO.
While both pyrite-like and pyrrhotite-like phases were found under the two sulfidising
conditions, under less intense sulfidisation conditions, the pyrrhotite-like species were in
greater abundance whereas at higher sulfidisation potentials, the pyrite-like phase was

more dominant.

Based on the electrophoretic studies, the first stage involved the strong adsorption of
hydrosulfide ions by the surface species and the formation of FeS:

FeO+HS & FEO.HS 445 .+ cvvvvvvinininininiiininnnnnnn(6-7)
FeO.HS 34— FeS+OH ........coiiiiiiiiiinnn, (6-8)
Fe(OH); + HS™ — Fe(OH)2. HS ags -+ covvvevininvesnincccceniiiinnenes (6-9)
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Fe(OH),.HS 535 — FeS + OH + HyO ... (6-10)

Due to oxidation, the hydrosulfide ion supplied sulfur to the oxidised pyrrhotite surfaces
which then reacted with the fresth formed pyrrhotite to form pyrite:
FeS 4+ 8% e FeSs cuiuiiiiirinetiiiienreeeeecenenenenenes (6-11)

The iron oxide phases also provided a source of Fe(II) ions and precipitation reactions also
played an important role during the sulfidisation of oxidised pyrrhotite as observed by
Poulton et al (2003):

Fe* + HS = FeSpp+ H' oo (6-12)

Both surface reactions and precipitation reactions are responsible for the formation of
pyrrhotite at the lower sulfidisation potentials, however at the higher sulfidisation
potentials, surface reactions would be responsible for a greater proportion due to the
increased chemical potential with greater concentrations of hydrosulfide ions. At these
higher concentrations, more elemental sulfur would be expected to be produced as shown
in the chronoamperometric studies and thus the opportunity for more pyrite formation.
When the sulfidisation was conducted under air, significantly more sulfur and pyrite were

found, corroborating this mechanism.

The proposed sulfidisation mechanisms for oxidised pyrrhotite do find support in the
literature, where pyrite is thermodynamically favoured over pyrrhotite under less intense
sulfidising conditions and pyrrhotite dominates under more reducing conditions (Garrels
and Christ, 1990).

The XPS analyses of the sulfidised oxidised Nkomati ore samples failed to identify any
nickel species on the surfaces however the presence of copper in both the Cu(Il) and Cu(l)
forms was readily detected, although it could not be fully quantified. The proportion of
Cu(]) increased markedly with more intense sulfidising conditions and is the product of the
reductive conditions as observed during the sulfidisation of heterogeneite where the Co*
was reduced to Co>* (Bastin, pers comm). The reduction of Cu(II) to Cu(I) would provide
an additional electronic sink for any cathodic reaction that occurred, such as the oxidation

of hydrosulfide ions.

6.3.2.3 Comparison with base-metal ‘oxide’ minerals

The adsorption of the hydrosulfide ion on heavily thermally oxidised Nkomati ore samples
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over the concentration range 10 to 10°M was described by the relationship [HS] = at'”",

where a and 1/n varied from 1 x10™ to 4 x10™* and -0.9 to -2.1 respectively. As reported for
the sulfidisation of base-metal ‘oxide’ minerals as well as in the precipitation of base-metal
ions by sulfide species, this reaction occurred quickly and continued consumption of HS
after the first thirty seconds indicates on-going reactions due to diffusion from within the
oxide layer (Wright and Prosser, 1965 and Zhou and Chander, 1993). The Langmuir plot
of this adsorption data suggested a AGygs of -7.9 kJ/mole, which is typical of physisorption.

Adsorption studies using radio-actively labelled Na;S with base-metal ‘oxide’ minerals
found similar results, however many orders of magnitude higher (Mitrofanov, 1958 and
Mitrofanov et al, 1955b and 1957). A general adsorption relationship I's (mg/g) = at' was
found, where 1/n varied between 0.1 and 1 (0.5 for malachite). I's was typically less than
20 mg/g whereas for the heavily thermally oxidised Nkomati ore samples it was around

0.01 mg/g for the same time scale.

The flotation behaviour of oxidised pyrrhotite after sulfidisation showed similarities with
that found for sulfidised oxidised chalcopyrite, and by association, to that reported for the
sulfidisation of the copper ‘oxide’ minerals, particularly malachite. The successful
sulfidisation and flotation of goethite has been reported, however the conditions are not
known (Mitrofanov et al, 1957). It can be concluded that the response of oxidised
pyrrhotite to sulfidisation appears to share similarities with that of base-metal ‘oxide’

minerals however with significantly less sulfidising reagent consumed.
64 Pentlandite

6.4.1 Background

Oxidised pentlandite as a single mineral responded very poorly to sulfidisation, yet in the
presence of other oxidised sulfide minerals in the Nkomati sample, satisfactory flotation
recoveries were achieved. This was corroborated with electrochemical studies and by XPS
analysis. This unresponsive behaviour to sulfidisation as a single mineral was unexpected
and required further investigation. The following key question arose: what is the nature of
the mechanism whereby oxidised pentlandite became sulfidised in the presence of other

oxidised sulfide minerals?

147



Chapter 6

Based on the literature describing the reactions of ferric oxy-hydroxides species with
hydrosulfide ions, it was hypothesised that the oxidised pentlandite surfaces had become
sulfidised through the precipitation of base-metal sulfides. The source of the base-metal
ions arose from the dissolution of the surfaces of the other oxidised sulfide minerals,
principally pyrrhotite. A series of experiments was conducted to address this hypothesis
and answer the key question concerning the sulfidisation mechanism. Testwork was
undertaken employing the quantities of copper and iron ions during sulfidisation that were
expected to be available as determined by EDTA extraction from the Nkomati ore surfaces.
The formation of the base-metal sulfide precipitates could occur through two mechanisms:
the conversion of surface base-metal hydroxides or direct formation on the oxidised

pentlandite surfaces.

6.4.2 Effect of oxidation

6.4.2.1 Flotation response

The flotation behaviour of thermally oxidised pentlandite in the Nkomati ore sample was
very similar to that observed for oxidised pyrrhotite. Even after ultrasonic treatment and
conditioning with high collector strength, the flotation recovery deteriorated significantly
with increased oxidation. After 60 days, the flotation response had reached a plateau and

did not decrease any further.

Chemical oxidation also had a significant impact on the flotation response of pentlandite.
Unlike thermal oxidation, however, the effect was not as great as that found with

pyrrhotite.

6.4.2.2 Oxidation characteristics

The SEM/EDX studies showed that with increasing thermal oxidation thick layers of
oxidation product formed on the surfaces of pentlandite particles. The thicknesses of the
layers were similar to that identified for pyrrhotite and like the other two oxidised sulfide

minerals, the oxidised layers showed an increasing content of iron and sulfur with greater

oxidation.

The reactions of pentlandite with air were reported to produce iron oxides, nickel

oxides/sulfates and iron deficient nickel sulfides, perhaps violarite (Buckley and Woods,
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1991 and Richardson and Vaughan, 1992). Thermodynamic data for nickel species,
particularly pentlandite and violarite, are limited and the results of calculations for the
array of reactions presented for the other sulfide minerals are not possible. However, using
the AGy’ data calculated for pentlandite and violarite by Warner et al (1996) with the HSC
database (Roine, 2002) (refer to Table 6-19), the AG values for the most likely oxidation

reactions are presented in Table 6-20.

Table 6-19: Thermodynamic data for species involved in pentiandite oxidation reactions at 25°C

AGS®
Species Source
(kJ/mole)
Oz 61.165 | HSC (Roine, 2002)

H:0q | -298.126 | HSC (Roine, 2002)
802 -370.82 | HSC (Roine, 2002)
FeO -284.44 | HSC (Roine, 2002)
NiO | -251.052 | HSC (Roine, 2002)
-211.6 Wamner et al (1996)
FeO.OH | -578.008 | HSC (Roine, 2002)
488.0 | Warner er al (1996)
NiSOs | .903.109 | HSC (Roine, 2002)
FeNi;S, 346 | Warner et al (1996)
(FeNDsSs | 813 | Wamer eral (1996)

Table 6-20: Selected pentlandite oxidation reactions in air at 25°C (after Roine, 2002)

Selected oxidation reactions AG® (kJ)
(Fe,Ni)gSs + 25/2 Ozq) — 4.5F0 + 4.5 NiO + 850, 3798.7

(Fe,Nibs; +7 02(8) — 3.5FeO + 2.5 NiO + 4802(8) + FeNizs4 22113
(Fe,Ni)988 + 3372 02(8) +14/4 H2O(I) -
3.5F€0.0H + 2.5NiSO, + 15505 + FeNisS,

-1289.9

The chemical reactions of pentlandite under acidic conditions were reported to produce

iron oxides, nickel oxides/sulfates and violarite (Warner et al, 1996).

6.4.2.3 Aqueous exposure

Before oxidation, the pHiep of the unoxidised pentlandite was 2.0, which is similar to that

reported for a synthetic millerite (NiS) sample of 2.5-3.0 (Healy and Moignard, 1976).
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With thermal oxidation, unlike the other two sulfide minerals, there was unexpected
difference between the two degrees of oxidation. For pH values above 6, the moderately
oxidised sample had a significantly more positive surface than the heavily oxidised sample.
This suggests that there were two reaction mechanisms for pentlandite producing different
proportions of oxidation products and may account for the sudden fall in the flotation
recoveries observed around the 50 day mark. Based on the pHip values for thermally
oxidised pentlandite samples, the pentlandite surfaces were the most heavily oxidised of all

the sulfide minerals.

While chemical oxidation had a significant impact on the pHp values, they were not as
high as the values found for the thermally oxidised samples. Additionally, a graduation in

pHiep values that increased with increasing levels of oxidation.

Although the electrophoretic studies indicate a significant change in the nature of the
pentlandite surface and provide a clear distinction between both type and degree of
oxidation for pentlandite, any interpretation was limited by the available literature. The
pHp values do not indicate that the heavily oxidised surfaces were covered in nickel

hydroxide nor nickel oxide based on reported measurements (refer to Table 6-21).

Table 6-21: pHep of selected nickel species (after Parks, 1965)

Species PHe
NiO 103+ 04
Ni(OH), 11.1£04

The cyclic voltammetric study confirmed that heavy chemical oxidation produced an
unreactive surface. Based on SEM analysis, the oxidation layer was quite thin compared

the thermally oxidised layers and less than 100 nm.

The XPS analysis showed that the base-metals on the oxidised pentlandite surface after
contact with water appeared mainly as hydroxides and oxides, possibly oxy-hydroxides,
noting the considerable amount of hydroxyl groups bound to the surface. The presence of
water indicated that the hydroxides were hydrated, with Fe-O generally more abundant
than Ni-O. Based on the absence of a magnetic response during XPS analysis (refer to
comments for the Nkomati ore samples — Section 6.3.1.3), a Fe(IlI) oxy-hydroxide species
was not produced in any significant quantity. Moreover, the lack of any significant

sulfidisation response also confirmed that iron oxide species amenable to sulfidisation
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were not present on the oxidised pentlandite surfaces. As far as sulfidisation interactions
are concerned, the surface was effectively inert. Thus, for the development of the
sulfidisation reactions in Section 6.4.2.2, the oxidised pentlandite surface is interpreted as
consisting of NiO.OH, the nickel analogue of goethite.

Figure 6-6 presents an Eh-pH diagram for pentlandite which offers some insight into the
species that may be present after the chemical oxidation of pentlandite with hydrogen
peroxide. At pH values of 5 to 6, Ni(Il) ions and FeO.OH are the primary oxidation
products in equilibrium with a violarite (Ni;FeS,4) surface. The chemical reactions of
pentlandite under acidic conditions were reported to produce iron oxides, nickel

oxides/sulfates and violarite (Warner et al, 1996).
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Figure 6-6: Eh-pH diagram for the Fe-Ni-S aqueous system at 25°C. Activities of the aqueous
species is 10°M (fine line for nickel and iron species) (after Warner et al, 1996)

6.4.3 Effect of sulfidisation

6.4.3.1 Flotation response

In the presence of other oxidised sulfide minerals, oxidised pentlandite responded well to

sulfidisation and, as with the other two sulfide minerals, the maximum flotation recovery
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was observed at a sulfidisation potential of -650 mV. However, as a single mineral, heavily
oxidised pentlandite responded poorly to sulfidisation as measured by the flotation
response. Some flotation response after sulfidisation at very high sulfidisation potentials
was noted. Based on the XPS data, at an Es of -800 mV there was no evidence of
sulfidisation in terms of nickel or iron sulfide species. Sulfur species were found, most
likely as either elemental sulfur or polysulfides, and would account for the small flotation

response.

The chronoamperometric studies confirmed that hydrosulfide ions did not interact with the
heavily oxidised pentlandite surface. However at high sulfidising reagent concentrations, a
very small current indicated that some elemental sulfur may have been produced at the
oxidised pentlandite surface through the oxidation of hydrosulfide ions. This corroborated
the XPS interpretation of a small quantity of sulfur species at high sulfidisation potentials.

To test the base-metal sulfide precipitation hypothesis, testwork was conducted employing
quantities of copper and iron ions during sulfidisation that were expected to be available as

determined by EDTA extraction from the Nkomati surfaces.

When iron ions were added prior to sulfidisation, some improvement in the flotation of
oxidised pentlandite was observed. This finding indicated that surface adsorbed iron
hydroxides are amenable to sulfidisation, however the proportion of the iron hydroxide
species that formed and subsequently adsorbed onto the oxidised pentlandite was not
known. While this mechanism may contribute to the sulfidisation of oxidised pentlandite

surfaces, it does not appear to play a dominant role.

On the other hand, iron ions added during sulfidisation at an Es of -650 mV, significantly
improved the flotation of oxidised pentlandite. These results demonstrated that the surface
formation of iron sulfides played a major role in the flotation recovery of oxidised

pentlandite at this sulfidisation potential.

The addition of iron ions over the full sulfidisation range produced a similar flotation
recovery profile for heavily thermally oxidised pentlandite to that found after sulfidisation
of the heavily thermally oxidised Nkomati ore samples. The best result was obtained at -
650 mV, which paralleled that found for oxidised pentlandite sulfidised in the presence of
other oxidised sulfide minerals. The sulfidisation conditions at -650 mV Es (-315 SHE)
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provided the best chemical conditions for the formation/ precipitation and maintenance of

the surface bound iron sulfide species.

Copper ions added prior to sulfidisation were also effective, however not as significant as
the addition of iron ions. Based on the quantities added, copper was considerably more
effective in conferring floatability than iron, since most likely copper species are easily
sulfidised. It is also possible that this reaction may proceed analogously to the activation of
sphalerite surfaces by copper hydroxide species, where the copper replaces the nickel or

iron in the oxidised surface species and subsequently becomes sulfidised.

As in the case of iron ions, addition during sulfidisation produced the best flotation
response. The improvement in the sulfidisation response was not as great as that found for
iron, solely due to the lower concentration level of copper ions employed. If employed at
similar concentrations as the iron, copper would appear to be even more effective, however
this requires further evaluation. This result confirmed a role for copper ions in the

sulfidisation of pentlandite in oxidised Nkomati samples.

6.4.3.2 Sulfidisation mechanism

Based on the zeta potential studies, the adsorption of hydrosulfide ions by the oxidised
pentlandite surfaces occurred less readily than with the other oxidised sulfide minerals.
The significantly smaller drop in zeta potential indicates substantially less hydrosulfide ion
adsorption and occurred at a greater sulfidising potential.

At an Es of -500 mV, both the nickel and iron oxide/hydroxides abundances were at a
maximum. Only a very small Ni-S signal was detected while there was no Fe-S signal,
indicating that no sulfidisation had occurred. Due to a combination of incomplete surface
oxidation and surface cleaning effects, the Ni-S signal most likely reflects the underlying
pentlandite surface. A moderate quantity of S*/Sy/S° was found, most probably elemental
sulfur/polysulfides due to the oxidation of hydrosulfide ions.

Under more intense sulfidisation (Es = -650mV), all XPS signals except for the oxide
decreased. This indicated that the increased reducing conditions had caused enhanced
surface dissolution rather than sulfidisation, which would be expected if nickel

hydrosulfide complexes were forming.
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The electrochemical work provided strong corroborative evidence for the inability of
heavily oxidised pentlandite to interact with hydrosuifide ions. Cyclic voltammetric studies
showed that sulfidisation failed to regenerate an oxidised pentlandite surface while
chronoamperometry showed that there was almost no interaction between the hydrosulfide

ions and the oxidised pentlandite surface.

The poor interaction of oxidised pentlandite surfaces with hydrosuifide ions is puzzling for
a number of reasons and independent of the oxidation method. Firstly, the formation of
nickel sulfide products from nickel ‘oxide’ species is strongly favoured based on solubility

product and thermodynamic considerations (refer to Table 6-22).

Table 6-22: Possible sulfidisation reactions for oxidised
pentlandite at 25°C (after Roine, 2002)

Sulfidisation reaction AG® (k)) Log K E’ (SHE,V)
Ni(OH), + HS — NiS + OH + H,0 -10.7 79 -

NiO + HS +¢ = NiS+ OH 430 75 -
NiO.OH + HS +¢ — NiS + 20H -95.0 16.7 0.985
Ni(OH), + 2HS —NiS, +2H,0+2¢ |  -422 309 0914
Ni(OH), + 25% — NiS, + 20H + 2¢ -164.4 2838 0.853

NiO + 28" + HbO — NiS, + 20H +2¢ |  -162.6 28.5 0.843
NiO.OH + 28% + H' = NiS, + 20H +¢ -267.6 51.6 3.054

At a total dissolved sulfur concentration of 10°M (circa Es = -650 mV) and particularly at
a concentration of 10"'M, millerite is a dominant phase (refer to Figures 6-7 and 6-8).
However, in spite of these positive aspects, the interaction of hydrosulfide ions with
oxidised surface species does not readily occur and the subsequent formation of nickel
sulfide entities may be kinetically controlled. Another factor may be the physical nature of
the oxidised pentlandite surfaces, which unlike the surfaces of the other oxidised sulfide
minerals, was reported to be firmly attached and difficult to dislodge (Buckley and Woods,
1991).

While the hydrosulfide interaction is dependent on some degree of surface solubility, the
contrary was found based on XPS interpretations where surface dissolution was indicated.
Thus rather than forming insoluble sulfide precipitates, the oxidised nickel species may
have dissolved and formed hydrosulfide and sulfide ligands, such as Ni(HS)", Ni(HS),,
[Nio(HS)1>*, [Nis(HS)I*, [Ni(S4)], [Ni(S4)I**, [Ni(Ss)] and [Niy(Ss)]**(Rickard and Luther,
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2006).

Finally, the iron oxidation products present on the oxidised pentlandite surfaces would be
expected to have been sulfidised and thus caused flotation. Surprisingly, both methods of
oxidation produced iron oxidation species that were not apparently amenable to
sulfidisation. As noted earlier, in the case of thermal oxidation followed by hydrolysis,
ferric oxy-hydroxides were clearly not produced. After chemical oxidation, FeO.OH would
be expected to have formed (Warner et al, 1996), and noting that most forms of FeO.OH
interact with hydrosulfide ions and indeed goethite has been sulfidised, it was surprising

that no interaction occurred.

NiOg
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Figure 6-7: Stability relationship between nickel sulfide and nickel ‘oxide’ species
(total dissolved sulfur of 10"°M at 25°C) (after Garrels and Christ, 1990)
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Figure 6-8: Stability relationship between nickel sulfide and nickel ‘oxide’ species
(total dissolved sulfur of 10'M at 25°C) (after Garrels and Christ, 1990)

The proposed sulfidisation mechanism for oxidised pentlandite, particularly at sulfidisation
potentials between -600 and -700 mV, is based on the formation of iron and copper
sulfides on the oxidised pentlandite surfaces. This mechanism occurs as a reaction between
the surface adsorbed hydrosulfide ions and iron and copper ions in solution as well as
direct precipitation. The first reaction would be the reduction of the cations in solution,
namely Fe(IIT) to Fe(Il) ions and Cu(Il) to Cu(l) ions, followed by surface adsorption of

the hydrosulfide ions onto the oxidised surfaces as found by electrophoresis :

NiO.OH + HS" > NiO.OH.HS .........ooromriricrccirrrrrarnnen (6-13)
Fe?* + NiO.OH.HS s — NiO.OH.FeSpp+ H'........oooomrivnrnn.n(6-14)
Cu* + NiO.OH.HS ¢, — NiO.OH.CuSpp + H'.....oovvnvrnn, (6-15)

As secondary mechanisms, base-metal sulfide species precipitate onto the oxidised

surfaces:
Fe™* +HS — FeSpp +H oo (6-16)

Cu®+HS > CuSpp+ H' oo, (6-17)
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Thermodynamically, both these latter reactions are strongly favoured (refer to Tables 6-9

and 6-17) and it is expected that reactions 6-14 and 6-15 share similar thermodynamics.

The flotation rate of the sulfidised oxidised pentlandite as a single mineral was much
slower than that found after the sulfidisation in the presence of other sulfide minerals. The
slower flotation rate may well be associated with the formation of a less coherent and
patchier sulfide surface. In the more complex chemical environment encountered during
the sulfidisation of the oxidised Nkomati ore sample, a number of complementary
precipitation reactions may have enhanced both the extent and coherency of the sulfidised

surfaces, resulting in faster flotation rates.

6.4.3.3 Comparison to base-metal ‘oxide’ minerals

There are no reported sulfidisation and flotation studies with nickel ‘oxide’ minerals, and
although the sulfidisation of a nickel arsenide mineral was reported, no direct comparisons
can be made. It is interesting to note that while nickel exists as a number of ‘oxide’
minerals (particularly hydroxy-carbonates), unlike the ‘oxide’ minerals of copper, lead and
zinc, they clearly have not been of economic interest and subsequently attracted little
mineral processing attention. Based on the behaviour of oxidised pentlandite, it would be
expected that some difficulties would be encountered in the treatment of nickel ‘oxide’

minerals using sulfidisation.

6.5 Merensky ore gangue minerals

6.5.1 Effect of oxidation

The oxidation or weathering had little effect on the flotation recovery with Merensky ore
gangue minerals. The small flotation response found was attributed to both the naturally
floating mineral talc as well as talc-rimmed composites of pyroxene, since talc only makes
up 2% of the typical mineral assemblage (Becker et al, 2006). This was corroborated by
microscopic studies as well as X-ray diffractograms of the flotation feed and the
concentrate samples (refer to Appendix D1). The latter showed that both samples were
similar and consisted of both pyroxene and feldspar.
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6.5.2 Effect of sulfidisation

The sulfidisation process did not have any effect on the floatability of either the unoxidised
or oxidised (weathered) Merensky ore gangue minerals. This is principally due to the low
reactivity of the gangue mineral surfaces and the fact that any potential surface
sulfidisation product would be soluble (Na,S or CaS).
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CONCLUSIONS

7.1  The effect of oxidation upon sulfide mineral flotation

7.1.1 Nature of the fiotation response

Oxidation had a dramatic effect upon the flotation recovery of oxidised sulfide minerals.
After 27 days of thermal oxidation, the flotation recovery of the Nkomati ore sample had
fallen to 50% and after 121 days it was below 10%. A similar trend was found with
chemical oxidation whereby increased oxidation intensity decreased the flotation recovery
to 50% (1 minute @ 10® M H,0,) to effectively complete depression (10 minutes @ 10
M H;0»).

Due to differences between the sulfide minerals in terms of chemical reactivity, differences
in the oxidative behaviour as measured by floatability were found. Pyrrhotite was the most
significantly affected while chalcopyrite was the least. Under thermally oxidising
conditions, pentlandite exhibited a similar flotation response to that of pyrrhotite. With
chemical oxidation, pyrrhotite was more reactive than pentlandite. It was shown that the
flotation behaviour of pentlandite, as an individual mineral, was the same after either

heavy thermal or chemical oxidation.

7.2.2 Nature of the oxidation

The nature of the oxidation layer was characterised in terms of the thickness and the
elemental composition as function of time for the thermally oxidised ore Nkomati samples.
For oxidised pyrrhotite, the most readily detected sulfide mineral species, the oxide layer
grew substantially in thickness with time and also incorporated more iron and oxygen.
Similar characterisations were made for pentlandite and chalcopyrite, however in the latter
case, the oxide layers were not particularly thick nor substantially enriched in iron and
sulfur.

Chemically oxidised Nkomati samples were more difficult to characterise with the

SEM/EDX techniques and it was concluded the oxidised layers after heavy oxidation were
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less than 100 nanometers thick. After ultrasonic treatment, the thermally heavily oxidised

samples also were difficult to characterise with this technique.

The degree of oxidation was characterised by the flotation response for the oxidised
Nkomati ore samples. The full profile of the flotation behaviour of the Nkomati ore sample
as well as the individual sulfide minerals was established as a function of the extent of
surface oxidation, for both thermally and chemically oxidised samples. Subsequently, the

terms ‘moderate’ and ‘heavily’ were defined based on the flotation response.

Finally, the degree of oxidation, namely unoxidised, moderate and heavy, for the oxidised
Nkomati ore and the individual sulfide minerals were readily characterised by
electrophoresis, where the oxidised surfaces caused the zeta potential to exhibit more

positive values.

It appears that thermal oxidation and chemical oxidation produce similar surfaces, however
this is not conclusive. There are conditions where differences between the two methods are
found as measured by bulk surface techniques, particularly for moderately oxidised
pentlandite. This is associated with the nature of the oxidation, where different
mechanisms are in operation at different stages of oxidation. The surfaces of Nkomati
samples, after heavy thermal oxidation, followed by ultrasonic treatment and hydrolysis,

were however similar to those produced by chemical oxidation.

While similar flotation responses were obtained after sulfidisation with Nkomati ore
samples for the two oxidation methods, there maybe a trade-off between the variety and
quantity of oxidation products and the associated degree of solubility. It is conjectured that
the chemical method may have produced fewer oxidation products but with higher
solubilities while the thermal/ultrasonic treatment/hydrolysis approach may have yielded
larger quantities and varieties of oxidation species with lower but adequate solubilities for

successful sulfidisation.
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7.3 The effect of sulfidisation upon oxidised sulfide mineral flotation

7.3.1 Nature of the sulfidisation response

Sulfidisation was found to restore the floatability of the three oxidised sulfide minerals
present in the oxidised Nkomati ore, particularly between the sulfidisation potentials of -
600 and -700 mV. Peak flotation recoveries for all sulfide minerals occurred at a
sulfidisation potential of -650 mV, where the hydrosulfide ion concentration met all the
reaction requirements of the oxidised minerals system. With increasing sulfidisation
potentials, sulfide mineral flotation recoveries fell away due to the depressive effect caused
the adsorption of both hydrosulfide ions and base-metal hydrosulfide complexes. For the
oxidised Nkomati ore, the flotation recovery of chalcopyrite was nearly completely
restored, while pyrrhotite and pentlandite exhibited satisfactory but lower recoveries.

As an individual mineral, oxidised pentlandite did not readily respond to sulfidisation. At
very high sulfidisation potentials, some flotation recovery was noted, particularly for
chemically oxidised samples. This was associated with the presence of elemental

sulfur/polysulfides.

No significant difference in the flotation recoveries after sulfidisation was found between

chemically and thermally oxidised Nkomati ore and pentlandite samples.

7.3.2 Response under Merensky ore flotation conditions

The presence of calcium ions (102 18) during sulfidisation did not affect the sulfidisation
process of the oxidised sulfide minerals as reflected by the flotation recoveries. No
statistical difference in terms of individual sulfide mineral flotation recoveries with and

without calcium ions was found.

7.3.3 Nature of the sulfidisation mechanism

For thermally heavily oxidised sulfide minerals after hydrolysis, hydrated base-metal
oxides and oxy-hydroxides were detected on the oxidised chalcopyrite and pentlandite
surfaces. In the case of oxidised pyrrhotite surfaces, it was deduced that that a hydrated
Fe(IT) oxy-hydroxide was the major species.
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After sulfidisation, Cu,S-like and CuS-like phases as well as elemental sulfur/polysulfides
were identified on the sulfidised chalcopyrite surfaces in great abundance. For sulfidised
pyrrhotite surfaces, FeS-like and FeS,-like entities as well as elemental/polysulfides were
detected in moderate amounts. However, no significant quantities of sulfidisation products
were found on the sulfidised pentlandite surfaces. This was corroborated by cyclic
voltammograms, where after sulfidisation, a pre-oxidation-like surface had been restored to
heavily oxidised chalcopyrite and pyrrhotite samples. Sulfidisation failed to restore a pre-
oxidation surface to heavily oxidised pentlandite.

The interaction between the three heavily oxidised sulfide mineral surfaces and
hydrosulfide ions as measured by chronoamperometry also confirmed these observations.
The order of interaction was chalcopyrite > pyrrhotite > pentlandite, with effectively no
reaction occurring with heavily oxidised pentlandite surfaces. The reaction was interpreted

as the oxidation of hydrosulfide ions to elemental sulfur.

The sulfidisation mechanisms for the three oxidised sulfide minerals showed similarities to
those proposed for base-metal ‘oxide’ minerals, where an ionic exchange and precipitation
are the principal mechanisms. However an electrochemical reaction made a contribution to

the sulfidisation mechanisms, through the oxidation of the hydrosulfide ion species.

For oxidised chalcopyrite, the initial sulfidisation mechanism is interpreted as an anionic
mechanism based on copper oxide and hydroxide to form a chalcocite-like phase. The
formation of a covellite-like phase at higher sulfidisation potentials is also chemical in
nature and due to the dominance of Cu(Il) ions at this sulfidisation potential. The oxidation

of hydrosulfide ions occurred producing elemental sulfur/polysulfides.

Two sulfidisation mechanisms occur for oxidised pyrrhotite and are dependent upon the
sulfidisation intensity. The dominant one involves an ionic exchange reaction between the
hydrosulfide ions and surface iron oxide and hydroxide species to form a pyrrhotite-like
species. The second sulfidisation mechanism involves the interaction between the
pyrrhotite-like entity with elemental sulfur to form a pyrite-like phase. Pyrite was formed
in greater abundance at higher sulfidisation potentialslwhere more elemental sulfur was
available due to hydrosulfide oxidation. The release of ferrous ions during surface
interaction with water subsequently results in the precipitation of a pyrrhotite-like phase

onto the surfaces.
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Oxidised pentlandite as a single mineral sample did not respond to sulfidisation. In the
presence of other oxidised sulfide minerals, particularly oxidised pyrrhotite, it was
established that the precipitation of iron and copper sulfides onto the oxidised pentlandite
surfaces was the dominant mechanism. This was demonstrated with the addition of Fe(III)
ion during sulfidisation, where the flotation recovery of oxidised pentlandite mirrored that

found for oxidised pentlandite after the sulfidisation of oxidised Nkomati ore samples.

7.4 The effect of sulfidisation upon non-sulfide mineral flotation

Sulfidisation did not increase the floatability of either unweathered or weathered Merensky
gangue minerals. This confirms that there is process selectivity between the base-metal

sulfide and non-sulfide mineral types.

7.5 Further work and recommendations

It is recommended that further testwork be undertaken on pentlandite to study the effect of
oxidation, sulfidisation and base-metal ions on the flotation behaviour. The nature of the

oxidation mechanism as function of degree of oxidation deserves further scrutiny.

Furthermore, the application of sulfidisation should be tested upon an oxidised Merensky

ore based on the conditions found in this research.

There is considerable scope to apply this approach to other Merensky type ore sources and
the oxidised ores at Ngezi in the Great Dyke Zimbabwe fall into this category. These
sources also include current and old tailings dams as well as slag dumps. Moreover, a more
significant application may exist in the current treatment of underground Merensky ores.
This arises due to the susceptibility of the base-metal sulfides to oxidation during the

mining, milling and flotation stages, which would influence their recovery by flotation.

More generally, the improved understanding of the sulfidisation mechanisms for oxidised
sulfide minerals should be applied to the sulfidisation of other oxidised sulfide ores, such
as those that are currently stockpiled in preference to treatment of the underlying
unoxidised sulfide ores (e.g. Antamina (Cu-Zn), Peru). The subsequent flotation recovery

of the contained base-metal values would significantly contribute to project revenues with

lower mining and milling costs and maximise the exploitation of the mineral resource.
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