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ABSTRACT
The Platreef is located in the northem limb of the Bushveld Complex of South Africa. This reef

consists of a complex assemblage of rock types, with pyroxenites, serpentinites and calc-
silicates being the most abundant. The predominant PGMs are the tellurides, arsenides, alloys
and sulphides. The Pt and Pd tellurides contribute between 20-45% of the PGMs present in the
Platreef ore followed by the alloys (26%), arsenides (21%) and sulphides (19%). Flotation is
used in the processing of the Platreef ore to separate the siliceous gangue from the platinum
group minerals (PGM) and base metal sulphides. The PGE arsenide and telluride minerals are
considered to be slow floating when compared to other PGMs as there is evidence of them

reporting to the tailings.

This thesis aimed to investigate the flotation behaviour of these minerals and presents results
which characterise the surface properties of synthetic cooperite (PtS), vysotskite (PdS),
sperrylite (PtAs;), palladoarsenide (Pd.As), moncheite (PtPd(BiTe), and PtTe;) and
merenskyite (PdPt(BiTe), and PdTe;) and attempts to relate the flotation behaviour of the
various minerals to these characteristics.

In addressing these questions it was hypothesised that the differences in the floatability
between the Pt and Pd arsenide, telluride and sulphide mineral species may be due to one or
more of the following effects:

e The hydrophobicity of the synthesised Pt and Pd mineral species may be influenced by
their crystal structure, specifically the different crystal planes and/or morphology of the
minerals.

e The lower floatability reported for the PGE mineral species may be due the presence of
oxidation products on the surface which will influence their floatability.

e When the PGE mineral species are in contact with oxidation products produced during
grinding, inadvertent depression may occur due to the presence of precipitating ions.

e Copper sulphate may not be promoting the flotation of the PGE mineral species as it
does in the case of the sulphides.

e Oxidation of bismuth and tellurium present in the minerals occurs readily and these

passivating layers may influence the flotation response.
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e Calcium and magnesium ions may have a negative effect on flotation present in the
process water of the minerals.

Zeta potential determinations, ToF-SIMS analyses (time of flight secondary ion mass
spectrometry) and X-ray photoelectron spectroscopy (XPS) were used to characterise the
mineral surface. Microflotation was used to determine the hydrophobicity of the synthetic

minerals.

For all the synthetically prepared minerals, except for palladoarsenide, there was good
agreement between the measured and calculated crystal structures and they corresponded
well to the information contained in the ICSD database. However, the results of this research
have not shown that the hydrophobicity of the synthesised Pt and Pd mineral species are
related in any way to the crystal structure or resulting planes and/or morphology of the

minerals.

In general, it has been shown that the PGE minerals float readily when treated with SIBX and
the XPS and ToF-SIMS results showed clearly that xanthate is adsorbed on the mineral
surfaces at a higher concentration compared to the copper activated minerals, except for the
sperrylite (NS146) and cooperite (NS144) samples. The ToF-SIMS has indicated the
presence of dixanthogen on the mineral surfaces studied and it is believed that diaxthogen is

the active species for flotation.

Zeta potential determinations have shown that the surface charge differs considerably
between the Pt and Pd mineral species which may be due to the significant surface oxidation
observed for the Pd minerals. Oxidation of the PGE telluride minerals was shown to
negatively affect the flotation performance of the bismuth-rich samples but not the pure Pt and
Pd telluride samples. This appears to support the thermodynamically expected hypothesis
that bismuth species readily oxidise and that the oxidation products of this reaction negatively
affect the floatability of the mineral.
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Conditioning of moncheite (PtTez) in the presence of pentlandite reduced the recovery by
around 47%. This was associated with pentlandite dissolution products (iron and nickel
hydroxy species) being observed to form overlayers on the mineral surfaces thereby inhibiting
the adsorption of collector. In addition, further grinding of these samples, with and without
pentlandite conditioning, showed a negative effect on the recovery, probably due to the
fineness of the particle size distribution and no advantage appeared to be gained from
grinding promoting the possible exposure of fresh sites in the sample.

Copper sulphate, the standard activator used in concentrators for the recovery of PGMs by
flotation, was found to have a negative effect on the recovery of all of the synthetic PGE
mineral samples, with the exception of vysotskite, when compared with the resuits obtained in
the presence of xanthate on its own. It is speculated that the negative effect of copper on the
recovery may be due to Cu(OH), precipitation on the mineral surfaces. Thus when xanthate
ions are subsequently added, most of the active sites are already occupied by the hydrophilic
Cu(OH). which reduces the degree of xanthate adsorbing directly onto the vacant Pt and Pd
mineral surface sites. EDA additions have shown that the copper and copper xanthate
species are not strongly bound to the mineral surfaces except for vysotskite. This observation
confirms the copper speciation on the mineral surface thereby indicating that the copper is
present on the surface as a result of the precipitation of Cu(OH), colloids rather than a
chemical reaction between the copper and metal ions in the PGE mineral structure.

Further testwork on the PGE telluride mineral samples has shown that the fiotation rates as
well as the overall recovery for both minerals were negatively affected when ground with
bismuth powder, especially for the PdTe, sample. This result confirms the hypothesis that
bismuth is more susceptible to oxidation and that the oxidation products (Bi oxide and
hydroxide species) negatively affect the flotation response of the PGE telluride mineral

species.

Calcium ions, which are present in process water, did not negatively affect the flotation

response of the PdTe, mineral species.
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Furthermore, the research showed that in the presence of xanthate, that it is not only the grain
size distribution that plays a role in flotation but also the mineral surface chemistry. For
example, for the same size distribution of +38 -38um for the Pt mineral species, the order of
flotation rate (in decreasing order) was moncheite, cooperite and sperrylite and for the Pd
mineral species, the order of flotation rate was merenskyite, palladoarsenide and vysotskite.

In conclusion it is clear that Pt and Pd arsenide and telluride minerals can be recovered in
significant quantities using xanthate as the collector.

Keywords: Microflotation, PGE, surface characterisation, copper activation and SIBX.
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CHAPTER 1

LITERATURE REVIEW

The recovery of the PGEs in South Africa began in earnest at several of the large gold mines
around June 1919  The recovery of platinum group minerals {PGM) improved significantly
from 1823 omwards, Teday, the Bushveld Complex contains the world's |argest deposit of

PGMs and Figure 1.1 shows a simplified geological map of the Bushveld Complex.
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Figure 1.1. Simplified geological map of the Bushveld Complex. The green shades represent
the Bushveld rocks, the rose shades are the granite cover rocks, the blue and
brown shades represent the pre- and post-Bushveld rocks, respectively. The red
circufar shape near Rustenburg is the Pilanshurg atkali complex (Schouwstra et
al., 2000).

The upper Critical Zone of the Bushveld Complex (Figure 1.1) hosts the largest concentration
of PGEs in the world. Apart from the Upper Group Chromitite No. 2 (UG-2) and Merensky
Reef. the Zone alsc hosts the Platreef mineralisation of the northern limb of the Bushveld

Complex {Schouwstra et al., 2000).




The Merensky Reef is generally regarded as a uniform reef type; however, large variations
occur in reef thickness, reef composition, as well the position of the mineralisation. The Reef
comprise approximately equal amounts of dark iron-magnesium silicate minerals (feldspathic
pyroxenite) and lighter calcium-aluminium-sodium silicate minerals under- and overlain by thin
(5 to 15mm) often discontinuous layers of chromite concentrations. The Merensky Pegmatoid
Zone contains the base metal sulphide grains and associated PGM. The Merensky Reef
consists predominantly of orthopyroxene (~80%), plagioclase feldspar (~20%), pyroxene
(~15%), phlogopite (5%) and occasional olivine. Secondary minerals such as talc,
serpentine, chlorite and magnetite have widespread occurrence. The base metal sulphides
consist predominantly of pyrrohtite (~40%), pentlandite (~30%) and chalcopyrite (~15%). The
major platinum group minerals are cooperite (PtS), braggite [(Pt,Pd)NiS], sperrylite (PtAs;)
and PGE alloy. In some areas minerals such as laurite (RuS;) can be abundant (Schouwstra
et al., 2000). |

The UG-2 Reef is a platinuferous chromitite layer which, depending on the geographic
location within the Complex, is developed some 20 to 400 meters below the Merensky Reef.
The UG-2 consists predominantly of chromite (between 60 — 90% by volume) with lesser
silicate minerals (6 — 30% pyroxene and 1 — 10% plagiociase). Other minerals present in
minor concentrations, can include silicates and oxides and base metal sulphides. Secondary
minerals include quartz, serpentine and talc. The Cr;03 content of the UG-2 Reef varies from
30 to 55%. Total PGE varies from locality to locality, but on average range, between 4 and
7g/t. The base metal distribution follows a similar trend to that of the PGE, with most of the
values occurring in the bottom and top part of the reef. The base metal content of a typical
UG-2 Reef is around 200 — 300ppm Ni, occurring as nickel sulphide and <200ppm copper
occurring as copper sulphide. The PGMs present in the UG-2 Reef are highly variable, but
generally the UG-2 is characterised by the abundant PGE sulphides [laurite (RuSz), cooperite
(PtS), braggite [(Pt,Pd)NiS], and an unnamed PtRhCuS]. The base metal sulphides consist
predominantly of chalcopyrite, pentlandite and pyrrohtite (Schouwstra et al., 2000).

The Platreef is discussed in detail in Section 1.1.




Flotation is used for concentrating sulphide and PGE minerals at PGM concentrators.  With
the depletion of high-grade ore deposits it has become necessary to treat low-grade complex
polymetallic ores. This often involves processing of fine particles that are more difficult to float

due to their low mass and high surface area amongst others.

in order to maximise the overall valuable minerals recovery from the Bushveld Complex, a
better understanding of surface oxidation. collector adsorption and distribution as well as ionic

activation of mineral surfaces is needed to maximise valuable minerais recovery.

A typical process circuit used across the South Afncan PGM industry consists of two or three
stages of milling. Each comminution stage is followed by flotation (Figure 1.2}, Autogenous

mills can be used in primary milling circuits while ball mills are employed in secondary milling

stages.
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Figure 1.2. A typical concentrator flowsheet,




A large variety of flotation circuits are currently used across the industry in South Africa as the
primary method for the upgrading of valuable minerals. The roughing and scavenging stages
are complemented by a number of clearning circuits.  In the new flotation plants. trends have
leaned towards using iarger cells. Lately. tank cells {eg. OK150) have been used more
extensively. Typically. flotation is carried out at a pH of between 8 and 9. whigh is the natural
pH of the Bushveld Complex ore. Various collectors, depressants and frothers are used. The
most common collectors utilised by the PGM industry are xanthates and dithiophosphates.
These collectors are typically used for the concentration of sulphide minerals and it is
generally accepted that these reagents will also recover the PGE mingral specigs. In terms of
gangue mineral depressants, carboxymethyl cellulose and guar based reagents have been
found to be effective in depressing siliceous gangue, In a number of operations, copper
sulphate is used as an activator, It is widely speculated that copper sulphate activates the
base metal sulphide and PGM minerals. However, the addition of copper sulphate can also
contribute to the recovery of gangue minerals due to the inadvertent activation of these
minerals (Malysiak, 2003; Shackleton, 2003}

The major loss of PGM in the beneficiation of the Bushveld Complex occurs during the
separation of the siliceous gangue from the PGM and sulphide minerals by selective flotation:
therefore flotation remains the main metallurgical focus for the South African PGM producers.
This may partially be aftributed to the belief that the PGMs will behave in a similar way as

base metal sulphides in terms of pulp and mineral surface chermistry.

The areas reviewed below focus on the existing knowledge of the Platreef from a geological
perspective, as well as the mineralogy of the reef. Fiotation of ores, the role of the reagents,
and the speciation of the elements of interest were also reviewed. |t should be pointed out
that there is a limited armount of information available in the published literature in terms of the
PGE minerals species and that despite the fact that these minerals are of significant
economic importance. very little résearch has been carried out to date, worldwide, on the

recavery of these minerals.




1.4 Platreef

The Platreef is located in the northern limb of the Bushveld Complex north of Mckopane
(formerly Potgietersrus) in South Africa. This reef consists of a complex assamblage of rock
types, with pyroxenites, serpentinites and calc-silicates being the most abundant, Base
metal mineralisation and platinum group element (PGE) concentrations are found to be highly
irregular. both in value as well as in distribution {Schouwstra et al., 2000). The Potgietersrus
or northemn limb is partially covered beneath younger Waterberg-aged rocks, with exposures
confined to the eastern edge of the limb near Potgietersrus and in the north near Villa Nora
(Cawthorn et al., 2002).

The Bushveld Complex shows a range of rock types from dunite and pyroxenite through
norite, gebbro and ancrthsite to magnetic gabbro and apatite and olivine diorite and so
demonstrates the complete differentiation sequence for & basic magma. The use of zonal
stratigraphy is more convenient when discussing widely separated areas with similar rock
types. The following zonal stratigraphy of the Bushveld Complex is taken from the summary
of Eales and Cawthorn, 1896 (Figure 1.3).

Younger rocks

Granite

Felsic Rocks
Granophyre

\_‘hl

Upper Zone > Bushveld Complex

Main Zone

Critical Zone Mafic Rocks
Lower Zone

Marginal Zone

Transvaal Supergroup

Figure 1.3. Zonal siratigraphy of the Bushvefd Complex.




The critical zore includes the world's largest platinum bearing ore bodies of which the
Platreef is one and will be the only zone discussed below due to its relevance to the study
The cntical zone displays spectacular layenng of chremitite, norite and anorthsite on all
scales from certimetres to tens of meters. Significant lithological and chemical variations
prevail along the strike in the critical zone. A variably mineralised (PGE, Cu, Ni) composite
pyroxenite zone forms the eastern floor contact of the Potgietersrus limb and Is regarded as
the local equivakent of the Marensky reef This pyroxenite zone has been termed the Platreef
and has been traced for 35 km along the eastern contact. where it transgresses from the
Trarsvaal Supergroup sedimantary rocks in the south to Archaen granite and gneiss in the

north (Figure 1.£).
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Figure 1.4. Map of the Platreef.




The Platreef strikes north — northwest and dips at 40° to the southwest. The pyroxenite
sequence varies in thickness from several meters to over 150 m and has an irregular footwall
contact and an upper contact with overlying gabbro, norite and anorthosite at the base of the
main zone. The Platreef has been divided into three major pyroxenite units, based on texture
and mode and the thickness of each unit is variable with some units being totally absent in

places;

e The upper pyroxenite termed ‘C’ reef is usually extremely poor in PGE mineralisation.

o The underlying pyroxenite, termed ‘B’ reef comprises a coarse-grained pyroxenite with
minor intercumulus plagioclase. This phase contains a significant portion of
clinopyroxene that can reach 90%. The pyroxenite contains virtually no olivine,
minimal chromitite and fair to good grades of disseminated base metal mineralisation.

e The lowermost pyroxenitic phase, known as ‘A’ reef, comprises a highly feldspathic
unit with a marked heterogeneous texture and grain size. Graphic intergrowth of
plagioclase feldspar and quartz is frequently noted and the pyroxenite contains
disseminated mineralisation and commonly some fairly large blebs of composite base
metal sulphide (Cawthorn et al., 2002).

The distribution of mineralisation in the Platreef is variable, but has a strong tendency to be
richer on top of the ‘B’ reef and to decrease gradually downward. The ‘A’ reef, in general, has
lower values than the 'B’ reef and may be barren in places. There is a tendency for a limited
amount of footwall concentration of sulphides. The ‘C’ reef is invariably barren of
mineralisation (Cawthorn et al., 2002).

1.2  Mineralogy

The predominant platinum group minerals (PGM) in the mined area of the Platreef are the
PGE tellurides, alloys, arsenides and sulphides. The Pt and Pd tellurides, being the most
important, contribute to around 20-30% and up to 45% of the PGMs present in the Platreef
ore followed by the alloys (26%), arsenides (21%) and sulphides (19%). Their abundances
vary from north to south and from section to section. The major sulphide minerals are
pyrrhotite, pentlandite and chalcopyrite (Viljoen and Schirmann, 1998). Non-sulphide




gangue minerals consist mainly of pyroxene and feldspar along with guantities of chiorite.

tremolite, talc, and mica

1.2.1 Platinum and Pafladium Sulphides

Cooperite is a rare platinum-bearing sulphide mineral. In cooperite, platinum is
caordinated with four sulphurs in a square planar arrangement. Sulphurs are tetrahedrally
coordinated by four platinum ions.  The crystal structure is of PtS type, with strong and
directed covalent bonds M (M = Pt Pd) forms four co-planar bonds with X (X = O 5§},
which itself is coordinated by four M in a distorted tetrahedral environment. Cabn 2002
Figure 1.5 shows the solid state crystal structure for PtS; "Source: WebElements
[http.//www. webelements.com/]”

platinum {IV)sulfida

Figure 1.5. Solid state crystal structure for PIS "Source: WebElements
fhttp.Awww.webelements com/”

Cooperite crystallography;
« Axial Ratios: ac= 1.1.75792
e« Cell Dimensions a=347 ¢=6.1,Z=2:V =7345 Den(Calc)= 8.45
« Crystal System: Tetragonal - Ditetragonal DipyramidalH-M Symbol (4/m 2im 2/m;
Space Group: P 41/mmc
« X-Ray Diffraction: By Intensity(l/lo): 3.03(1), 1.51(0.8). 1.818(0.7)




The mineral is found in the Bushveld Complex, north of Mokopane {formerly
Potgietersrus) in South Africa. It is also present in the Merensky and UG-2 reefs,
Bushveld Complex. Cogperite occurs with pentlandite, silicates. chromite, and in

complex intergrowths with Pt-Fe alloys (Bannister and Hey, 1832).

Vysotskite has the PdS structure, which has distorted Pd tetrahedral coordination about
S, and three distorted sguare planar environments about the Pd. The square-planar
cogrdination geometries are more regular than previously reparted. The mineral is found
in the UG-2 Reef, Bushveld Complex, {Cabri, 2002). Figure 1.6 shows the solid state

crystal structure for PdS; "Sowrce: WebElements [hitp Awww webefements.comyd]”

Figure 1.6 Solid state crystal structure for Pd5."Source: WebElemerits
[hitp:AAvww. webelements. com"

Vysotskite crystallography:
s Axial Ratios: a:c = 1:1.02652
« Cell Dimensions: a=6.2371,c=654, 7 =5,V =26546 Den(Calc)= 3.96
+ Crystal System: Tetragonal - DipyramidalM-M Symbol {4/m) Space Group: P 41/m
o X-Ray Diffraction: By Intensity(l/le): 2.86{1), 2.81(1), 2.61(0.8)




1.2.2 Flatinum and Palladium Arsenidos

The PGE arsenides do not have the same variation in composition as seen for the PGE
tellurides below {Section 1.2.3}. Sperrylite is a rare mineral and besides native platinum,
it 15 the only platinum mineral of any significance of the arsenide group. It is a platinum
diarsenide (FtAs;) and has the pyrite-type structure with distorted octahedral coordination

around Ft and distorted tetrahedral coordination around As {Cabri, 2002).

Sperrylite has been a major ore mineral in the very productive platinum deposits of the
Merensky zone or "reef’ of the Bushveld Complex, South Africa, including those of the
Rustenburg. Filanesberg, Lydenburg, and Potgietersrus districts. In general. the
mineralogy of these deposits is extremely complex, with the list of associated platinum
minerals being quite extensive. There is a large number of inadequately characterised

platinum-group phases recorded from the Bushveld Complex (Gait, 1982}

Sperrylite and the well known mineral, pyrite both belong to the Pyrite Group of minerals
and share a similar structure. They cannot be mistaken for each other however since
pyrite is brassy yellow and sperrylite s tin white in color.  The structure of pyrite and
sperryiite is analogous to galena with a formula of PbS although galena has a higher
symmetry. The difference between the two structures is that the single sulphur atom of
galena is replaced by a pair of sulphur atoms in sperrylite. The sulphur pair is covalently
konded together. This pair disrupts the four fold symmetry that a single atom of sulphur
wolld have preserved and thus gives sperrylite a lower symmetry than galena [(Gait,
18823, Mo crystal structure in the solid state has been sourced for sperrylite but Figure
1.7 shows the sclid state crystal structure for PhS, which is similar to galena; "Source.

WebEfemenis [hitp iwww. webelemeniis.comi]"
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Figure 1.7, Solid state crystaf structure for PbS, "Source. WebElemenis
fhito Awww webelements. comyl”

Sperrylite crystallography;
¢« (ell Dimensions; a=5967. 2=4,V=21246 Den(Calc)=10.78
= Crystal System: [sometric - DiploidalH-M Symbol (2/m 3) Space Group: P a3
» X-Ray Diffraction: By Intensity{lflo): 1.801(1), 1.148(0.7), 2.98().6}

Crystal structure for palladoarsenide (PdaAs) is a FesP structure type. No crystal structure
in the sclid state has been sourced for paltadoarsenide.
Palladoarsenide crystallography;

e Axial Ratios. aic=1082:1:12325

o Cell Dimensions: a = 925 b =847 ¢ = 1044 72 = 18; beta = 547 WV = 81586

Den{Calc)= 10.54
¢ Crystal System: Monoclinic - PrismaticH-M Symbol (2/m) Space Group: F 2/m
s X-Ray Diffraction: By Intensity({lo): 2.14(1), 2.21(1.9), 2.6{0.7)

1.2.3 Platinum and Palladium Tellurides

The PGE telluride minerals composition varies considerably and is typically in association

with bismuth. Figure 1.8 shows an example of a ternary diagram for a Pd-Te-Bi system,
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which shows the variation in composition. The solid black triangles represent paricles
that are depleted in tellurium and bismuth and enriched in palladium. This enrichment

may be as a result of the weathering of the ore body {(Hey and Malysiak, 2004).

J{'II '._‘ . ¥, Y l"‘\.
Range of Merenskyire ;‘ --------- e
compozitions TS S .

~ange of Kotulskte /777
compagitions =

Range of M.chkengtie
composiions

Fd Range of Zobclevskite  Range of Paiznte
Ccompositions Comzositizns

Froodile

Figure 1.8, Pd-Bi-Te ternary diagraim hghlighfng the vanation in compasition of BdBiTe particles iblack
symbais). The known naturally occurng PobBi-teliunides are Michenerite (BdBiTe) Kotulskite
iPdTel Merenskylle (PiTe,) Sobolevskite (FdiTaeShl8!), Folarte (FdiPbTeBiy. and Froodis
(FPdBi.g. The composifional ranges (normatsed n ferms af the three components anly) of Hess
mineral compositions (Cabr, 2002) are shown by e colotred areas

The crystal structure for synthetic merenskyite (PdTe:) is layered, with the layering along
the [001] direction, similar to that of Cd{OH):. Figure 1.9 shows the solid state crystal
structure for PtTes; "Source. WebElements fhttp /Avww.webelements.com/]”.

12



paliadium (11} telluride

Figure 1.9: Sofid state crystal sfructure for PdTe: "Source! WebElements
thito:Aevewe webelemeants, com/J"

Merenskyite crystallography;
« Axial Ratios: ac = 1:1.28833
o Cell Dimensions: a=3.978 ¢=5125 2= 1, ¥ =7024 Den(Calc)= 9.14
+ Crystal System:. Trigonal - Ditrigonal PyramidalH-kt Symbol {3m) Space Group: P
3m
« X-Ray Diffraction: By Intensity(lflo): 2.92(1}, 2.1(0 6}, 3.07(0.3)

The crystal structure for moncheite (PtTes) is a layer-lattice structure similar to that of
brucite (Cabri, 2002). Figure 1.10 shows the solid state crystal structure for PiTes

"Saurce: WebElements fhitp:/Avww webeslements cormed”.
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platingm (IV) telluride

Figure 1.10; Solid sfate crystal structure for PiTe, "Source: WebElements
{httpAvww webelernents. com/j"

Moncheite Crystallography:;
a  Axial Ratios: a:¢ = 1:1.308
+ Cell Dimensions: a=4.049, ¢=5288, 2= 1.V = 75.08 Den{Calc)= 10.37
« Crystal System: Trigonal - Hexagonal ScalenchedralH-M Symbal {3 2/m) Space
Group: P 3m1
« X-Ray Diffraction: By Intensity{l/lo): 2.83{1), 2.11{0.8), 2.02(0.7}

1.3 Synthesis of the Platinuny and Palladium Minerals

The availability of natural cooperite, vysotskite, sperrylite, palladoarsenide, monchsite and
merenskyite is limited due to the low content and small grain size of the Pt and Pd suiphide,
arsenide and telluride minerals found in the ore body and hence the only realistic way to study
the flotation behaviour of these minerals is to synthesise the mineral and fo assume that the
synthetic sample generally reflects the behaviour of the naturally occurring mingral. At the

very least if all the minerals are synthesised in a similar manner the relative effects of various

parameters on their behaviour will be valid.

14



Glasstone (1946) describes metallic alloys where the fused metals are frequently miscible
and on cooling the liquid, the two components may either,;

e each separate in the pure state

o form a continuous series of solid solutions

o form two solid solutions because of partial miscibility of the solids or

o combine to produce intermetallic compounds

X-ray examination has shown that in solid solutions, the atoms of one metal replace those of
the other, at random, in the space lattice; provided the two metals have the same lattice
structure and their atoms do not differ appreciably in size then, as a general rule, a
continuous series of solid solutions is possible. If one atom is larger than the other, its
introduction to the lattice will result in a strain, and a given concentration will be reached when
further introduction of foreign atoms will no longer be possible; each element will then have a
limited solubility in the other. Sometimes miscibility occurs with two metals that normally have
different space lattices; eg. Nickel has a faced-centred cubic and chromium, a body-centred
cubic structure. Nickel will dissolve in solid chromium to the extent of 37 atomic %, the alloys
being body-centred. Any attempt to increase the proportion of nickel results in a change to
the face-centred type of lattice characteristic of pure nickel. Although the two metals are
completely miscible the solid solutions do not have the same structures.

There are a few papers describing the synthesis of the PGE arsenide, telluride and sulphide
minerals with the aim of studying them mineralogically. The focus of these papers are on the
identification, structures, properties and phase relationships of the minerals, viz. Groeneveld
Meijer (1955) reported on the synthesis, structures and properties of platinum metal tellurides.
The paper describes the synthesis by dry and wet fusion methods and characterisation of the
minerals using x-ray and optical methods. Verryn and Merkle (1999) discuss the results
obtained on experimental investigations in a dry system PtS-PdS-NiS at 1100°C. Synthetic
cooperite, braggite and vysotskite phases were observed at various temperatures profiles.
Pikl et al., (1999) and Merkle et al., (1999) described Raman spectroscopic identification of
synthetic braggite, comparing the results obtained for braggite to cooperite and vysotskite,

respectively.
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1.4 Synthetic versus Naturally Occurring Minerals

It is important to know whether the synthetically prepared mineral behaves in a similar
manner to that found in nature. This is not always possible to test due to size and distribution
of these minerals in the ore. A few studies have been carried out comparing synthetic and
naturally occurring minerals and one which is of particular relevance to this study is by
Shamaila, 2007 where batch flotation tests were carried out using natural ores spiked with the
synthetic PGE tellurides and arsenides. The flotation responses of, specifically, synthetic
moncheite(Pt(BiTe),), merenskyite(Pd(BiTe)2) and sperrylite(PtAs,) spiked into various ore
types was investigated. The synthetic PGMs were prepared to a size range approximating
that of liberated PGMs in a 60% -75um feed to float. They were spiked to a flotation feed of a
Platreef ore sample previously batch ground to 60% -75um and conditioned for 30 minutes
before reagent addition and flotation using a 4.5litre D12 Denver flotation cell. The results
showed similarities in the flotation response observed between synthetic and natural PGMs
and support the use of synthetic minerals in simulating the flotation behaviour of naturally
occurring PGMs. It can also be deduced that if sufficiently liberated the naturally occurring
PGMs should be able to float as well as the synthetic PGMs which by definition are fully

liberated.

Cabri et al., (1975) reported on a study where natural specimens of palladoarsenide and
spernylite were compared to synthetically prepared ones. It was reported that the natural
minerals were more difficult to characterise due to their diffraction patterns being generally
weaker compared to those of the synthetically prepared material. The natural
palladoarsenide, however, was equivalent to the low-temperature polymorph of the synthetic
Pd.As originally defined by Bergizov et al., (1974).

In another study, Forssberg and Jonsson (1981) carried out experiments that have shown
that relatively large amounts of heavy metal ions can adsorb on both synthetic and natural
pyrrhotite in an acidic pH. The possible cause is the presence of iron vacancies in the crystal
lattice, as indicated by the chemical formula of pyrrhotite, Fe;xS. The vacancies can be filled
by metal ions of suitable size. Pyrrhotite releases fairly large quantities of Fe?* and Fe*" ions
under oxidising conditions. This can adversely affect the adsorption of heavy metals.
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Synthetic samples showed a higher specific adsorption, probably due to pores, which give

them a higher adsorption rate.

1.5 The Flotation of the PGE Sulphides, Arsenides and Tellurides

Flotation is used to separate the valuable minerals from the siliceous gangue, with selective
separation achieved by the adsorption of a collector onto the surface of the platinum group
and sulphide minerals. PGM flotation research has mainly focused on the flotation of base
metal sulphides due to the association of the PGMs with these minerals, even though, in the
Platreef there is a lack of sulphide-associated PGM and they account for <20% of the PGMs
present (Howell et al., 2005).

A study carried out by Penberthy et al., (1999) on the recovery of platinum group elements
(PGE) from a UG-2 reef showed that PGMs associated with liberated base metal sulphides
have been identified as the fastest floating species. In the flotation feed of a normal UG-2
Reef, 17% of the total PGM was associated with the base metal sulphides. Although the
liberated PGMs (63% in the flotation feed) were difficult to predict due to their small grain size,
they did float and reported to the concentrates but at a slower flotation rate compared to that
of the base metal sulphides. The rank of PGM (liberated) flotation rate was, in decreasing
order, braggite, cooperite, malanite, ferroplatinum and lastly other non-sulphide platinum
mineral phases and laurite. The non-sulphide platinum mineral phases refer to Pt and/or Pd
tellurides, PGE arsenides and sulpharsenides, e.g. PtAsS excluding Pt-Fe alloys.

1.5.1 PGE Sulphides

The effect of oxidation on base metal sulphides, surface alteration, reagent adsorption
and base metal sulphide flotation has been studied extensively. However, very little
research has been carried out on the PGE sulphide minerals which may be due; firstly,
that the majority of these minerals are located in South Africa and are therefore not of
interest to the worldwide community; secondly, the research performed on PGE type
minerals are in-house which is not available to the public domain due to confidentiality.

Surface oxidation is one of the most important factors that influence the flotation
selectivity and recovery in the processing of complex sulphide ores. The degree of
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oxidation determines whether the sulphide mineral surface will be hydrophobic or
hydrophilic. Evidence from the combination of techniques has now shown that the
mechanisms of oxidation are considerably more complex than those represented by

simple reactions such as;
MS + xH20 + '/,x02 — My, S + xM(OH); (1)

The chemical nature of the M,S product, the spatial distribution of the oxidation
products, dissolved and reprecipitated species, other higher oxidation products and
interactions with other dissolved species all complicate the real situation (Smart et al.,
2003).

Moderate oxidation of the surface of sulphide minerals has been shown to be beneficial
for the adsorption of collectors and the formation of hydrophobic sulphur species,
excessive oxidation is detrimental to the effective separation of these minerals. Oxidation |
arises from the dissolution of minerals and grinding media and dissolved metal ions
hydrolyse and sulphide ions oxidise. These ions can re-adsorb on the mineral surfaces
or react with each other or the dissolved gas molecules before precipitation (Clarke et al.,
1995).

it is well established (Smart et al., 2003), that the surface products of excessive oxidation
have a profound effect on surface hydrophobicity. Mild oxidation however, appears to be
necessary for the flotation of sulphide minerals and is often a requirement for self-induced
flotation by the formation of hydrophobic sulphur species. On the other hand, excessive
oxidation inhibits flotation by forming surface layers of oxide, hydroxide and oxy-
hydroxide species. The rate of oxidation of sulphide minerals depends on the surface
area available for reaction, the partial pressure of oxygen, the type and composition of the
sulphide mineral, solution pH and temperature (Ralston, 1991).

Xanthates are one of the major classes of collectors used in flotation of sulphide minerals.
They have been successfully employed in the industry to separate sulphides from gangue
minerals such as silicates. These collectors adsorb on sulphide through a mixed potential
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mechanism which involves the anodic oxidation of the collector and cathodic reduction of
oxygen. The anodic oxidation of xanthate either involves xanthate chemisorption, metal
xanthate formation or catalytic oxidation to dixanthogen, which is dependent on the
minerals involved. Yoon and Basilio (1993) discuss the four classes of electrochemical
mechanisms involving xanthate. The first mechanism, which is referred to as the under
potential deposition or chemisorption, is the formation of a monolayer of the thiol oxidation
product at potentials below the thermodynamic potential for the metal thiol compound
formation. In the catalytic oxidation mechanism, the mineral provides a passage for the
transfer of electrons from the site where the collector is oxidised to the site where oxygen
is reduced but does not participate in the reaction itself. The third mechanism, the mineral
participates in the adsorption process to form a metal thiol compound on the surface. The
mechanism for formation of the metal thiol complex can be viewed as an electrochemical

reaction, viz.
MS — M? + S° + 2e (E), (2)
and a chemical reaction (C), viz.

M2 + 22X — MX, (3)

in which X represents a thiol collector. The overall adsorption mechanism can be
represented by an electrochemical reaction (EC):

MS +2X — MX, + S° + 2e (4)

The electrochemical reaction mechanism occurs when the mineral is sufficiently oxidised
to liberate metal ions to form metal-xanthates. The mineral oxidation is controlled by the
electrochemical potential (Ep), while the chemical step is controlled by the stability
constant (pK) of the metal-thiol compound. The fourth mechanism involves a metathetical
substitution of the oxidation product on a mineral surface by a thiol collector. The
mechanism does not directly involve a charge transfer process but the oxidation products
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are formed by an electrochemical process. These mechanisms are discussed due to their

relevance to this study.

The presence of metal ions in solution can have a major influence on the flotation and
separation of sulphide minerals. Metal ion contamination of surfaces is frequently
suspected of playing a detrimental role in selective flotation.

Copper activation has been reviewed a number of times over the last thirty years by
.interalia, Finkelstein and Allison (1976), Fuerstenau (1982) and Wang et al., (1989). More
recently Finkelstein (1997) gave an in depth review of curmrent theories on copper
activation. The main emphasis of the review is the effect on sphalerite, with a few
references to pyrrhotite and other sulphides. There has been no significant study of

copper activation of PGE sulphide minerals.

Finkelstein and Allison (1976) suggested that, in addition to ion exchange for copper
activation, there is an oxidation - reduction reaction in which Cu(ll) is reduced to Cu(l) and
the sulphide of the mineral is oxidised. The activation of sulphide minerals with Cu?* and
other cations induces collectorless flotation, i.e. the minerals become hydrophobic and can
be floated without the addition of a conventional collecting reagent. It has been
demonstrated that the floatability of copper acitivated sphalerite at neutral and mildly
alkaline pH values is significantly depressed with respect to that of more acidic or more

alkaline conditions.

Most of the observations and conclusions made to date have been based on classical
chemical methods of measuring adsorption. Recently more studies have been conducted
using instrumental techniques (Auger, XPS, ToF-SIMS) to identify surface species before
and after copper activation. One of the major concerns related to information from these
techniques is that they are ex-situ technigues and the surface can be significantly altered
depending on the methods used to prepare the sample prior to analysis. In particular
hydrolysis and oxidation products that are reversibly adsorbed on the surface can easily be
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removed by washing procedures prior to analysis, and are alternatively easily deposited on
the surface from the solution when the samples are dried prior to analysis.

There is further controversy with regards to the form of the oxidised sulphide generally
referred to as COS (complex oxidised sulphide) which is formed as a result of the
oxidation — reduction reaction involved in copper activation. It is either a polysulphide or
a metal deficient lattice. Finkelstein (1997) argues that the difference between the two
forms is not merely about semantics, but rather about the difference between a localised
increase in sulphur concentration (polysulphide) and a homogeneous distribution over an
entire lattice. Finkelstein (1997) concludes that depending on the conditions either or
both can be formed.

Ralston et al., (1981) found that as the pH of the solution increased, the amount of
elemental sulphur on the surface of sphalerite decreased with no elemental sulphur being
detected above pH 7.5. Under normal flotation conditions employed, which are alkaline,
elemental sulphur species are not expected, and the oxidation of the sulphide surface
would result in the formation of sulphoxy compounds.

Perry et al., (1984), using Auger spectroscopy, found for copper activation of sphalerite
that patches of copper rich islands are formed only after a few monolayers of evenly
distributed copper have been adsorbed. Prestidge et al., (1994), using XPS, found that
the copper is not evenly distributed for the same mineral.

Finkelstein (1997) discussed the kinetics and reaction mechanisms in depth. It is
generally accepted that the reaction takes place in two stages, a rapid stage where a few
monolayers are deposited on the surface and then a slower stage where the rate is
controlled by diffusion into the sulphide lattice.

One of the findings highlighted by Finkelstein (1997) as being of importance for the
application of metal activation to flotation is the extent to which the “lattice cations, the
adsorbed cations and the induced acceptor states are mobile”. Activation and oxidation of
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the surfaces results in a surface layer that is significantly different in chemical
composition from the bulk. The surface is described as being metastable and alters
significantly with time. The implication of this is that the surface, which defines floatability,
may change significantly during the passage through the flotation circuit. The time
between activation and collector adsorption could therefore be used to improve the
selectivity of flotation. With time the copper adsorbed on, say, pyrrhotite may diffuse into
the bulk, leaving a surface without copper.

An important component in understanding copper activation is a thorough knowledge of
the ionic species in the water used. The temperature, pH, E, and ions present in the
aqueous environment will dictate the chemistry of activation.

Wang et al., (1989) reviewed the aqueous and surface chemistry in the flotation of
sulphide minerails. It is well known that heavy metal ions undergo a series of pH-
controlled hydrolysis reactions in a binary metal cation-water system. For example in the
case of Cu(ll), the following reactions occur spontaneously:

Cu®" + OH « Cu(OH)* (initial hydrolysis) (5)
2Cu?" + 20H « Cuy(OH) > (dimer formation) (6)
Cu?* + 20H « Cu(OH); (aq) (7)
Cu?* + 20H « Cu(OH) 2 (s) (precipitation) (8)
Cu?* + 30H <> Cu(OH) 5" (9)
Cu?" + 40H « Cu(OH) s* (10)

The distribution of these species at varying pH values can be caiculated from their
equilibrium constants. Free metal ions dominate only at very acidic pH values. At highly
alkaline pH, their dominant species metal hydroxides. In medium pH range, the systems
are highly complicated by the formation of soluble hydroxyls and even dimers. Thus,
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different interactions between the mineral surface and metal ions should be expected,
depending on the solution pH and total metal ion concentration.

Numerous speciation diagrams are available in the literature (Figure 1.11). Most of this
data is produced at 25°C rather than the higher temperatures (~40°C) often typical of
flotation circuits.
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Figure 1.11: Log(Conc.)-pH Diagram for metal-water system of Cu(ll) activator at a total
metal concentration of 1.00E-05M

From Figure 1.11 it is evident that at the pH typical of Platreef ore flotation circuits,
namely pH 9, the Cu species present in decreasing order are Cu(OH)z (s) >>Cu(OH); (aq)
> Cu(OH)3> Cu(OH)*> Cu(OH)s*> Cux(OH).,**. The addition of copper sulphate at pH 9
is therefore expected to produce a copper hydroxide precipitate.

Wang et al. (1989) have studied the stability of the ternary Fe(lll)-OH-EX complexes and
have shown that the intermediate pH depression of pyrite in its flotation with xanthate is
very strongly correlated with the presence of ternary compounds. They have also shown
that these ternary compounds are not strongly hydrophobic; however, if excess collector
is present, they will be associated on the mineral surfaces and make the mineral particle
sufficiently hydrophobic for flotation. The stability of Cu(OH)EX(s) would be expected to
lie between that of Cu(EX)2(s) and that of Cu(OH)2(s). The equilibrium potential (pE) vs.
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pH diagram of the Cu-EX-H;0 system at a total concentration of 1.00E-04 M copper and
ethyl xanthate is shown in Figure 1.12.

Low pE values represent a reducing environment while high pE values an oxidising
environment. The pE scale is intended to represent the concentration of the standard
reducing agent (the €) analogously to the pH scale representing the concentration of
standard acid (H"). The pE values are obtained from reduction potentials by dividing E°
by 0.058. Hence, for example, the pE value of 5 indicates an E° value of 0.295V.

The stability constants were taken from Kakovskii (1957) and Kakovskii and Arashkevich
(1968) and that of Cu(OH)EX(s) was estimated. From Figure 1.12 it can be seen that
there is a large area of stability for Cu(OH)EX(s), thus if the redox potential of the system
falls into this area flotation will be inhibited.
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Figure 1.12: pE-pH Diagram for Cu-Ex system at a fotal concentration of Cu = 1.00E-04M
and EX = 1.00E-04M, showing possible stability area of the compound
Cu(OH)EX.
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Notwithstanding the literature review above, many questions remain regarding the issue
of copper activation. In particular, little attention has been paid to the aspect of copper
activation on PGE sulphides.

1.5.2 PGE Arsenides

There does not appear to be any published research dealing with the oxidation of
sperrylite surfaces and its effect on flotation. Nakazawa et al., (1986) described how
nickel arsenide minerals were slow floating due to the oxidation of the mineral surfaces.

The reaction of sulphydryl collectors with the surface of sperrylite was studied by
Volyanskii et al., (1985). Their conclusions were that potassium butyl xanthate is
absorbed on the mineral surface in the form of dixanthide (oxidised form of xanthate, KX3).
In addition, they showed that sodium butyl dithiophosphate is also adsorbed (both in
molecular and ionic form) on the surface of sperrylite. They suggested that varying the
liguid phase pH may be a way of regulating the sulphydryl collector adsorption on the
surface and thereby regulating the floatability of the mineral to a certain extent.

Unlike the PGE arsenides, the base metal arsenide, arsenopyrite (FeAsS), has been
extensively studied. Most of the investigations to date have dealt with the separation of
arsenopyrite from pyrite (Wang et al., 1992; Qiming et al., 1993; Monte et al., 2002).
These studies have shown that the oxidised surface properties of these minerals can be
utilised in developing methods for effective separation of these minerals. The oxidation
product layer of pyrite consists mainly of sulphate and ferric hydroxide while the
arsenopyrite surfaces, under moderately oxidising environment, are covered by stable,
thick layers of oxidation products composed of ferric hydroxide and arsenate (AsO,) on
the outer surfaces.

The floatability of nickel arsenide was studied by Iwasaki et al., (1986) by salting a sample
with synthetic nickel arsenide for bench flotation tests. The results indicated that
oxidation by air virtually inhibited the flotation of nickel arsenide but, the use of nitrogen
during grinding and flotation combined with copper activation restored its floatability.
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Copper activation followed by sulphidising helped the recovery of the sulphide minerals
and cursory analyses of the flotation products showed that the precious metal recoveries

improved by the proposed flotation procedure.

Investigations describing the effect of xanthate, dithiocarbamate and copper sulphate on
arsenopyrite surface alteration and floatability which may be applicable to PGE arsenide
flotation have also been reported. Adsorption of isopropyl xanthate ions onto arsenopyrite
and its effect on flotation has been studied by, amongst others, Valdivieso et al., (2003).
They have shown that adsorption occurred first as isopropyl dixanthogen through an
anodic oxidation reaction of the xanthate ions on arsenopyrite, with no effect on zeta
potential of arsenopyrite, and then as isopropyl xanthate ions through hydrophobic
bonding with the dixanthogen adsorbed at the arsenopyrite/aqueous solution interface,
increasing negatively the zeta potential of arsenopyrite. Microflotation studies showed
that arsenopyrite floated well due to the dixanthogen mineral surface coverage. This
observation is consistent with a previous study by Allison et al., (1972). Who reported that
the anodic oxidation reaction of xanthate ions to dixanthogen lead to a hydrophobic

arsenopyrite surface.

O'Connor et al., (1990) tested various alkyl functional groups of collectors and showed
that the best separations of arsenopyrite from pyrite were obtained using sodium isobutyl
dithiophosphate and a mixture of 10%:90% sodium cyclohexyl : n-propyl dithiocarbamate.
This reagent combination gave a recovery of 74.8% arsenopyrite and 8.4% pyrite with
grades of 38% arsenopyrite and 11.6% pyrite, respectively.

In terms of copper activation of arsenopyrite, a number of studies have dealt with the
mechanisms and products of Cu(ll) activation. Abeidu et al., (1980) suggested that Cu(ll)
reacts preferentially with the arsenic sites on arsenopyrite surface to form an insoluble
copper arsenide, either CusAs or CusAs,. However, Wang et al., (1992) reported that the
formation of copper arsenide is kinetically unfavourable, since the formation of these
compounds requires a change of structure. As demonstrated in their electrochemical and

XPS studies, the surfaces of arsenopyrite are readily oxidised to arsenate. Cu(ll) then
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reacts with the surface arsenate groups to form copper arsenate and arsenite [e.g.
Cus(AsOq)2, CuOHASO2, Cu(AsQs);] depending on the degree of surface oxidation and
solution pH. All the copper arsenate and arsenite compounds have very low solubility and
will remain on the mineral surface.

From the other base metal arsenides, cobalt arsenide was studied by Formanek and
Lauvernier (1963). They reported that cobalt arsenides were quite sensitive to
conditioning and the presence of a few percent iron necessitated copper activation with
amyl xanthate as collector for flotation.

1.5.3  PGE Tellurides

It is well established that the surface products from excessive oxidation have a profound
effect on mineral surface alteration which in turn has an effect on the flotation of those
minerals and the Pd-Te-Bi system is no exception. Elvy et al., (1996) reported on the
oxidation of the minerals in the Pd-Te-Bi system. This oxidation led to the formation of
layers of tellurium and/or bismuth oxide covering the palladium-rich substrate.

Recently, Vermaak et al., (2004), described the electrochemical and Raman
spectroscopic studies of the interaction of ethyl xanthate with Pd-Bi-Te. The study
investigates whether the lack of collector interaction with the palladium bismuth tellurides
is the reason for the poor flotation recoveries observed in practical applications. The
results of the investigation showed that dixanthogen was present on the mineral surfaces
when the surfaces were anodically polarized. This suggests that the poor flotation
recovery of the Pd-Bi-Te minerals from flotation feeds cannot be attributed to a lack of
interaction of the collector with the surface.

Separation of pyrite and gold tellurides by selective flotation was described by Yan and
Hariyasa (1997). Flotation tests were carried out to test the natural floatability of the
tellurides in the North Kalgoorlie samples and at natural pH, the tellurides floated readily
with the addition of frother only. This recovery could be enhanced by the further addition
of an activator and xanthate while some dithiophosphate collectors decreased the natural
floatability of the tellurides.
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1.6 Characterisation of the surface of mineral ores using zeta potential
determinations, ToF-SIMS and XPS analyses

This section briefly describes the various surface analysis techniques as well as the
applications related to these techniques in an attempt to show that the data from these

analyses provide vital information in the understanding of flotation processes.

1.6.1 Zeta potential determinations

1.6.1.1 Brief description on the theory of zeta potential

Fuerstenau (1982) has reviewed these general concepts of the mineral-water interface
and the electrical double layer. There are two factors which are important regarding
the mineral-water interfaces, namely; the interaction of water molecules with the
mineral surface, both in liquid and gaseous environments and the electrical double
layer at the solid-water interface. Orientated water layers at mineral surfaces have a
significant effect on the wettability of solids and also the nature of adsorption at an
interface and the electrical double layer can affect the flotation process in many ways,
e.g. flocculation and dispersion of mineral suspensions are controlled by the double
layer, a high surface charge can inhibit the chemisorption of chemically adsorbing
collectors, slime coatings are determined by electrical double layer interactions and
flotation kinetics relate directly to the effect of double layers on the kinetics of the film

thinning.

The electrical double layer develops upon immersion of a mineral in an agueous
solution, since charged species will migrate across the mineral/water interface until
equilibrium conditions are established and the mineral surfaces will acquire a charge
with respect to the aqueous phase. As a result, a region of electrical homogeneity
forms at the mineral/water interface. The excess (positive and negative) charge fixed
at the mineral surface is exactly balanced by the diffuse region of equal but opposite
charge on the liquid side. The surface charge and diffuse region constitute the
electrical double layer. Figure 1.13 shows a schematic representation of the electrical
double layer and the potential drop across the double layer.
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Figure 1.13; Schematic reprasentation of the electrical double fayer and the potential
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The electrical charge on a mineral surface can be generated by a number of
mechanisms. including chemisorption, preferential dissolution of surface ions, selective
adsorption of ions and mineral lattice substitution.  lonic species piay a predominant
role in establishing the nature of the double layer. lons that give nse io the surface
charge are called potential-determining ions and are special to gach mineral. |ons that
are adsorbed only to maintain electro-neutrality in the system are called counter jons
and any kind of electrolyte ions can function as counter ions.  The first layer of counter
ions lies at a distance from the surface in the Stern plane and this distance is
determined by the ionic radius. The surface charge is generally a complex function of
the ionic strength and the activity of potential-determining ions in solution. It is given by
the difference in adsorption of positive and negative potential-determining ons. The
definition of surface charge: requires that all positive and negative potential-determining
ions be adsorbed cnto the surface and not occur in the diffuse layer. At the point of
zero charge {pzc), the adsorption densities of potential-determining ions are equal,
The pzc of a mineral is the single most important parameter that describes the double-

layer phenomenon at the mineral-water interface. The importance of the pzc resides
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on the fact that the sign of the surface charge has a major effect on the adsorption of all
ions and particularly those ions charged oppositely to the surfaces. If an ion present in
a solution functions as a counter ion to maintain electro-neutrality and if it adsorbs only
by electrostatic attraction, it is called an indifferent ion. Some ions exhibit surface
activity in addition to electrostatic attraction and these ions are called surface active
counter ions and flotation collectors generally fall into this category.

The two most commonly used methods in flotation chemistry research for the
evaluation of electrokinetic potentials are electrophoresis and streaming potential.
Electrophoresis involves the measurement of the rate at which fine particles move in an
electric field, whereas evaluation of streaming potentials is based on the measurement
of the potential setup when a liquid is forced through a bed of particles. From the
appropriate theory, one evaluates the potential at the slipping plane, which is generally
considered to be just outside the Stern plane. The potential at the slipping plane is
referred to as the zeta potential and is generally assumed to approximate the Stern
layer potential. Besides the electrokinetic phenomena themselves, electrokinetic
techniques provide a method for measuring the electrical effects due to adsorption. In
addition to controlling collector adsorption, the double layer controls the stability of
suspensions and the kinetics of bubble-particle contact (Aplan and Fuerstenau, 1962).

it is customary to interpret electrokinetic data in terms of {-potential. This is the
potential of the slipping plane between the moving and stationary phase, when the
liquid far away from the interface is considered to be at zero potential.

When an electrical field is applied across an electrolyte, charged particles suspended
in the electrolyte are attracted towards the electrode of opposite charge. Viscous
forces acting on the particles tend to oppose this movement. When equilibrium is
reached between these two opposing forces, the particles move with constant velocity
and this phenomenon is called electrophoretic mobility. The velocity of a particle is
related to the dielectric constant and viscosity of the suspending liquid and to the
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electrical potential at the boundary between the moving particle and the liquid (Malvern
Instruments Training Manual, 1996).

Zeta potential is related to the electrophoretic mobility by the Henry equation (Hunter,
1993):

Ug = L f(xa) (11)
167
where ug is the electrophoretic mobility, ¢ is the fluid dielectric constant, ¢ is the zeta
potential, n is the dynamic viscosity, k is the Debye-Huckel parameter and a is the
particle radius. For large particles in more concentrated electrolyte solutions xa >>1
and f(xa) = 1.5. This transforms Henry's equation (11) into Smoluchowski's equation
(12):

ge
Ve = 12
. (12)

At 25°C this reduces to:
= 12.85 x ug (mV) (13)

1.6.2 Time of Flight Secondary lon Mass Spectrometry (ToF-SIMS)

1.6.2.1 Brief description on the theory of ToF-SIMS

Benninghoven (1975) describes secondary ion mass spectroscopy (SIMS) as
positively and negatively charged atomic and molecular particles that are emitted from
a surface during ion bombardment and are mass analysed. These secondary ions
give important information about the chemical composition and structure of the solid
surface. The SIMS technique is widely employed for bulk, thin film and surface
analysis. Time of flight SIMS (ToF-SIMS) is the dominant experimental variant of
static SIMS that emerged as a technique of potential importance in surface science.
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Conceptually the process is very simple and is shown is Figure 1.14 {Vickerman,
2001},
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Figure 1.14: A schemalic diagram of the SIMS process (Physical Electronics. 2006)

The ToF-5IMS uses a pulsed primary ion beam to desorb and ionize species from a
sample surface. The primary ion dose is low (<10 ions/cm?) and it uses shor
pulses of <1ns.  In other words, less than 1.0 1000 surface atoms or molecules s
struck by a primary ion. The actual desorption s caused by a "collision cascade” ie.:
collisions occurring between the atoms of the solid. The term "secondary ions” is
used to distinguish them from the primary bombarding 1ons, A smalt percentage of
the secondary ions are charged and can therefore be extracted by an electric fisld
(accelerating field) into a mass spectrometer. The kinetic energy (Eyy of the ions

can be expressed as:
Evn =eVo= hmv? (14)

where V., is the accelerating potential, m the mass of the ion and e its charge.
Lighter ions have higher velocities than the heavier lons and will therefore arrive at

the detector first The mass separation is obtained by the flight time (t} from the
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sample to the detector. This can be determined using equation 15 where L, s the
effective length of the spectrometer,

b= Lofv = Lo (Mf2eV,)"? (15)

Gallium Liquid 3
Metal Ton Gun / B
Eleetrostatic Analyser
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--F-'-i-l‘:-‘-l- .......... »..--.:_._:.: .;;-irl'll
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Sample with reagent

molecule Microchanoel plate detector

Figure 1.15. ToF-SIMS layout (Physical Electronics, 1997).

The mass spectra are recorded by measuring the time difference between pulsing
the primary ion gun and the arrival of secondary ions on a fast dual
microchannelplate detector at the spectrometer by means of a multistop time-to-
digital converter (TDC) (Figure 1.15). Neighbouring masses m, and m,+Am can only
be resolved if the relationship between time width and separation are correct. Using
equation (16) il can be shown that for small mass differences the relationship
between flight times and mass resolution is given by

miAm = 1,24t (16)

From equation (19) it can be seen that in order to obtain high mass resoclution, a
short primary ion pulse (t,) has to be used (Figure 1.18).
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Figure 1.16° The separation of jons by Time of Flight (Physical Electronics, 1987).

The energy transferred when a primary ion impacts with the sample suface resulis in
fragmentation of the original surface in the vicinity of the impact, resulting in the
reiease of atomic species. Further away from the impact site, higher mass molecular
species are released as a result of the energy transferred by the impact throughout
the substrate. A heavy energetic primary ion cannot be stopped immediately by the
first atoms it encounters and will therefore continue into the surface until it has |ost all
its energy due to elastic scattering off atomic cores and inelastic scattering off
electronic shells and free electrons. The tons that are collided with will recoit and
displace other atoms, which will in turn collide with other atoms, setting up a complex
sequence of collisions. Some atoms will be permanently displaced from their
positions while others will return elastically to their original lattice positions. The
collision cascade will eventually result in the surface atoms being displaced
(Schueler. 1892: Reich, 1987).

The PHI TRIFT I"T instrument used during this study operates in the static SIMS
regime. The term static refers to the number of primary ions impacting the surface
per Unit area.  The static SIMS regime is accepted to be about 10'%-10" primary
ions/cm?. The density of a silicon surface is approximately 10°® atoms/em®  The PHI
TRIFT N ToF-SIMS features state of the art primary ion gun technology, including a
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focused liguid metal ion gun with three orders of magnitude range of beam current,
frem 20 nA (fast spectroscopy} to 20 pA (high lateral resolution, 0.1 um analytical
probe). The ToF-SIMS is capable of analysing small features of interest on both
conducting and insulating samples due to automatic electron charge compensation
(Reich, 1997).

An image is generated by rastering a finely focused beam across the sample
surface. The entire mass spectrum is acquired from every pixel in the image. The
mass spectrum and secondary ien images are used to determine the composition
and distnbution of the sample constituents (Physical Electronics, 2006} Figure 1.17
shows a schematic representatiton of the process for obtaining mass spectrum and

secondary ion images.

Pulsed fon Beam

___Total lon Image

Total Area Spectrum

Figure 1,17 Schemalic represernitation of the process for obtaining mass spectrum
and secondary fon fmages using ToF-5IMS (Physical Electronics,
1997}

The ToF-SIMS is capable of shallow sputter depth profiling where an 1on gun 1s
operated in direct current {DC) mode for sputtering, and the same ion gun or second
gun is operated in pulsed mode for data acguisition. Depth profiling by ToF-SIMS

allows monitoring of all species of interest simultaneously, with high mass resolution

{Physical Electronics, 2006).
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1.6.3 X-ray Photoelectron Spectroscopy (XP3)

1.6.3.1 Brief description on the theory of XPS

Surface analysis by X-ray Photoelectron Spectroscopy (XP3) invelves irradiating a
solid i vacuo with monoenergetic saft x-rays and analysing the emitted electrons by
gnergy. The spectrum is obtained as 3 plot of the number of detected electrons per
energy interval versus their kinetic energy. Each element has a unique spectrum.
The spectrum from a mixture of elements is approximately the sum of the peaks of
the individual constituents. Because the mean free path of electrons in solids is very
small, the detected electrons originate from only the top few atomic layers.
Cluantitative anaiysis can be obtained from peak heights or peak area. and
identification of chemical states often can be made from the exact measurement of
peak positions and separations, as well as from certain spectrai features (Moulder st
al. 1995).

APS was developed in the mid 1960s by K. Siegbahn and his research group. K.
Sieghahn was awarded the Nobel Prize for Physics in 1981 for his work in XPS.
Sieghahn (1890} has described the fundamentals of XPS as well as new trends. The
phenomenon is based on the photoelectric effect outlined by Einstein in 1805 where
the concept of the photon was used to descnbe the egjection of electrons fram a

surface when photons impinge upor it.

The photoelectric effect which was discovered by Hertz in 1887, lead to the
development of the X-ray photoelectron spectrometer. Hertz discovered that some
metallic metals emitted electrons from their sufaces when exposed to light. This

phencmenon is now commonly known as the photeoelectric effect and is described by

eguation 17,

EK= h".-'—EB -111 {1?}

Where Ex is the kinetic energy of the photoelectrons emitted from the sample into

cantinuum, h is Plank's constant, v is the frequency of the incident radiation, Egis the
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binding energy of the photoelectron and ¢ is the spectrometer work function of the

material being examined.

The adsorption of energy, in the form of a photon, by a material gives rise to the
gjection of an electron from that atom into continuum {(Figure 1.18). The binding
energy may be regardad as the energy difference between the initial static and the

final state after a photoelectron has left the atom.
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Figure 1.18. Photoslectric effect {Smart et .al., 2006).

The atom left in the excited state may then relax via two processes: X-ray
fluprescence or the Auger process. The Auger electron and process of emission is
named after Pierre Auger. These processes involve an electron from an outer energy
level filling the core hole, The resulting energy difference between these two levels is
then emitted wia a photon, or, alternatively the excess energy may be transferred to

another electron (Auger glectron) gjecting it from the atom.
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Figure 1. 19, X-ray fluorescence and Auger process.

Both photoelectrons and Auger electrons appear in the XPS spectra. Complicating
features derived from these transiions also appear in the APS spectra, eg
secondary electrons, initial and final state shake-ups and shake-offs. intrinsic and
extrinsic plasmons, plasmon gain psaks and sateilite peaks which all assist in the

identification of peaks {Figure 1.19).

The XPS technique was developed to detect and analyse the photoelectrons emitied
from materials. The initial function of XP5 was to determineg the atomic structure,
however, the chemical shifts in the specira brought about the development of electron
spectroscopy for chemical analysis (ESCA). Chemical shift is the change n the
binding energy of a core electron of an element due to a change in the chemical
bonding of that element. i.e. the interaction of core electrons with electrostatic
potential fram valence electrons. This oceurs by a change in oxidation state, lattice

sites {coordination, defects). electron density changes and interfacial fields.

38



From a qualitative view, core binding energies are determined by the electrostatic
interaction between it and the nucleus, and reduced by the electrostatic shielding of
the nuclear charge from all other electrons in the atom (including valence electrons).
Removal or addition of electronic charge as a result of changes in bonding will alter
the shielding, i.e.

e  Withdrawal of valence electron charge: - increase in binding energy (BE)

o  Addition of valence electron charge: - decrease in BE

Photoemission process can be thought of as the following 3 steps:
® Photon absorption and ionisation (initial state effects)
° Response of atom and creation of photoelectron (final state effects)

° Transport of electron to surface (extrinsic effects)

XPS is a surface sensitive technique capable of analysing up to a depth of 4 nm. The
depth analysis (escape depth) is dependent on the inelastic mean free path (IMFP) of
the emitted photons. The IMPF of an electron moving in a solid is the average
distance travelled by the electron before it looses energy via undergoing an inelastic
collision. The escape depth of a photoelectron depends on its path within the solid
and its angle of emission to the surface (equation 18). Electrons emitted
perpendicular to the surface has the maximum escape depth.

d=Acoso (18)

Where d is the escape depth of an emitted electron, A; is the IMFP of the electron for
a particular energy and material, and ¢ is the angle of emission of the electron with

respect to the normal sample surfaces.

Sampling depth is defined as the depth at which 956% of all photoelectrons are
scattered by the time they reach the surface. For electrons emitted perpendicular to
the surface, 63% of the signal originates from 1 A, 86% originates from 2 A, and 85%

originates from within 3 A, as the signal from below the surface is proportional to e,
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Decreasing the angle of the detector relative to the surface decreases the sampling

depth allowing more surface sensitive analysis. Angle-resolved XPS is commonly

used to study optically flat materials, due to its ability to detect changes in chemical

speciation at various depth analyses.

1.6.4 Research studies using zeta potential, ToF-SIMS and XPS

There are many examples in the literature of papers describing the use of these surface

techniques to give a general insight into flotation responses. A few examples of such

investigations are reported here to illustrate this type of research with reference to the

current study but are by no means exhaustive.

1.6.4.1 Oxidation studies

Xanthate adsorption on selected sulphides in the virtual absence and presence of
oxygen was study by Fuerstenau et al, (1989), using zeta potential
measurements. The results showed that oxygen was adsorbed more readily than
xanthate onto the galena surface and that it effectively blocks the xanthate ion from
adsorbing onto the lead sites. Hence, in the absence of oxygen or very little
oxygen, xanthate adsorbs at mono layer coverage only and adsorption is
independent of pH. In the presence of oxygen, multi-layers of xanthate are noted
on the surface and these multi-layers comprised of precipitated lead xanthate in a
1:2 coordination of lead to xanthate.

Mycroft et al., (1990) studied the electrochemical oxidation of pyrite surfaces in
near-neutral aqueous chloride solutions using XPS and Raman spectroscopy.
The results displayed the presence of a polysulphide species not previously
identified which forms over a potential range of 150-750 mV. According to the
Pourbaix diagram, these polysulphide species are metastable in this region, and

seem to be intermediates in the production of sulphur.

Mycroft et al., (1994) examined the distribution of oxidised species with depth on
air-oxidised pyrrhotite. The results have shown that at the surface of the
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alteration zone of the mineral, a thin iron oxide zone forms. This layer overlays
the second alteration zone, a sulphur rich zone with a composition of FeS; at the
top of the zone. The sulphur to iron ratio decreases to bulk pyrrhotite with
increasing depth. Only minor amounts of thiosulphate and sulphates were
detected in the study. The formation of the iron oxy-hydroxide layer appears to
drive the diffusion of iron from the underlying iron sulphide. The depletion of iron
from this zone produces the sulphur rich or polysulphide rich layer. XPS evidence
presented shows that disulphide and polysulphide accumulate in the zone, along
with minor amounts of elemental sulphur and oxy-sulphur species, all of which are
products of monosulphide oxidation.

Knipe et al., (1994) carried out a XPS study of water adsorption on iron sulphide
minerals. Samples of natural pyrrhotite and pyrite were fractured within the
analytical chamber of the XPS. Theses mineral surfaces were exposed, in the
absence of oxygen, to the various doses of D;O. XPS was performed between
each water dose to investigate the interaction of the iron sulphide surfaces with
water vapour. Recorded Fe and S photoelectron spectra showed no evidence of
oxidation products on either mineral. Conclusions were that pyrrhotite and pyrite
interact with water via fundamentally different processes. Pyrrhotite reaction
involves the donation of electron charge through Fe vacancies, whereas the water
species detected on pyrite interact with the Fe 3d molecular orbital, and it is
suggested that hydrogen bonding with the disulphide moiety may be important.

The effect of oxidation on the collectoriess flotation of chalcopyrite was studied by
Fairthorn et al., (1996) using zeta potential measurements and XPS. The results
show that iron and to a lesser extent copper dissolve from the chalcopyrite lattice
leaving a metal deficient sulphur rich surface and these metals reabsorb or
precipitate as hydroxide species on the chalcopyrite surface. The hydrophobicity
of the surface and therefore the chalcopyrite flotation are controlled by these two

processes.
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Schauful et al., (1998) studied the incipient oxidation of fractured pyrite surfaces
in air. Synchrotron and conventional XPS was used to study the initial oxidation
of pyrite. The synchrotron radiation significantly enhanced the surface sensitivity
obtained and allowed the detection of intermediate sulphur species. It has been
shown that the surface components that are directly exposed to atmospheric
gases undergo oxidation to sulphate, whereas the bulk sulphur mainly forms
‘electron deficient’ disulphides. These results were used to propose an oxidation
mechanism including the oxidation of different iron as well as sulphur sites.

Smart et al., (1999) used the XPS to study sulphide mineral surfaces under
different conditions of preparation, oxidation and reaction. This paper presents
evidence for the assignment of components of the S 2p XPS spectra to metal-
deficient sulphide surfaces, polysulphides and elemental sulphur.

The correlation between the surface composition and collectorless flotation of
chalcopyrite was examined by Zachwieja et al., (1998). The flotation response of
air-oxidised chalcopyrite in alkaline solutions in the absence of a collector has
been correlated with the surface composition as determined by XPS. Iron-
oxygen species are removed from the surface of the oxidised mineral during
conditioning in nitrogen-saturated alkaline solution to leave an iron-deficient
sulphide lattice at the solid/liquid interface. The floatability of the conditioned
mineral is consistent with the sulphﬁr—rich sulphide lattice being hydrophobic.
Oxidised chalcopyrite surfaces subjected to an applied reducing potential
became sulphur-deficient and were un-floatable.

Smart et al., (2000) performed SIMS studies on oxidation products and
polysulphide formation in reacted sulphide surfaces. This paper compared the
data obtained using SIMS and XPS. Tests were carried out on air-oxidised
galena, solution oxidised galena, statistical analysis of oxidised ground galena
particles, polysulphide identification in troilite/pyrrhotite/pyrite comparison. The
SIMS results appeared to directly reflect the surface chemistry of the metal and
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the sulphur species and were not consistent with the recombination or
fragmentation of secondary neutral or ionic species. The results strongly
suggested increasing polymerisation of S-S species with increasing oxidation in
accordance with the XPS assignment to polysulphide of increasing chain length.

O’Dea et al., (2000) studied the interaction of xanthate with galena using Static
SIMS. Three xanthate fragments together with O and S negative images were
compared. Oxidised galena surfaces had relatively low concentrations of
adsorbed xanthate compared to freshly cleaved galena surfaces at both low and
high xanthate concentrations which was apparently due to surface oxidation
products passivating against continuing dissolution.

Smart et al., (2003) studied the oxidation and collector adsorption in sulphide
mineral flotation using XPS. They studied surface speciation as a function of
time, pH, En and collector adsorption related to mineral flotation. The study
revealed that the mechanisms of oxidation are considerably more complex than
those represented by simple reactions such as:

MS + xH.0 + 1/2x02 —  M4S + xM(OH)2 (19)

The chemical nature of the MyxS products, spatial distribution of the oxidation
products and the interaction with other dissolved species all complicate the real
situation. It was found that hydroxide products were not formed uniformly over
the surface of the sulphide mineral and the chemical form of the metal-deficient
or sulphide rich surface was highly variable. The results also indicated that
collector adsorption occurred in many different modes, i.e.; on specific surface
sites, colloidal precipitation from solution, the detachment of small sulphide
particles from larger particle surfaces, the detachment of small oxide/hydroxide
particles, removal of adsorbed and amorphous oxidised surface layers, inhibition
of oxidation, disaggregation of larger particles and patch wise or face-specific

coverage.
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Smart et al., (2003) described surface analytical studies of oxidation and
collector adsorption in sulphide mineral flotation. The initial surfaces and
oxidation products were studied using various techniques including XPS and
ToF-SIMS. Changes to surface speciation were followed as a function of time,
pH, En, and collector adsorption related to mineral flotation. The results showed
that oxidation products are formed in different processes, viz. metal deficient
sulphides, polysulphides and sulphur; oxidised fine sulphide particles; colloidal
hydroxide particles and flocs; continuous surface layers of varying depth;
sulphate and carbonate species; isolated and patch wise and face-specific oxide,
hydroxide and hydroxycarbonate development. The actions of collector
molecules have been identified in several modes, viz. adsorption to specific
sites; colloidal precipitation from solution; detachment of small sulphide particles
from larger particle surfaces; detachment of small oxide/hydroxide particles;
removal of adsorbed and amorphous oxidised surface layers; inhibition of
oxidation; disaggregation of larger particles; and patch wise or face-specific

coverage.

1.6.4.2 Copper speciation studies

Van der Laan et al., (1992) studied the oxidation state variations in copper
minerals with Cu 2p XPS. Divalent and monovalent spectra were presented.
Divalent Cu gave a narrow, single line due to excitation into the empty 3d density
of stats, whereas monovalent Cu gave a broad band at higher energy due to
transitions to the empty metal s and ligand states. The differences in the spectra
can be used to distinguish between the two-oxidation states, which have been
applied to copper sulphide tetrahedrite complexes.

Laajalehto et al., (1995) examined copper sulphide surfaces using synchrotron
radiation XPS. The conventional XPS excitation is not very sensitive for sulphur
emission, because of the high kinetic energy of S 2p or S 2s photoelectrons.
The synchrotron allows the choice of excitation energy within a large energy
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range and the high intensity available in the synchrotron storage ring aliows a
choice of the excitation energy, which yields an optimum kinetic energy for
excited photoelectrons, from a point of surface sensitivity. Hence, the inelastic
mean free path of S 2p photoelectrons is about 15 atomic layers for ALKa
excitation which can be reduced to ~1.5 atomic layers for synchrotron radiation.
The resuits showed a surface core level shift of sulphur bonded to copper in
planar CuS; coordination observed in the S 2p spectrum for CuS. The
behaviour was different for other copper sulphide studied.

Nagaraj and Brinen (1995) studied the adsorption of sulphide collectors on
pyroxene. SIMS and XPS were used to study the interaction between pyroxene
and xanthate and thionocarbamate at pH 8. No collector adsorption was evident
on untreated pyroxene. Collector adsorption was observed only after pyroxene
that had been treated with Cu(ll) ions and then with collector. XPS results
showed that copper on pyroxene was reduced from cupric to cuprous upon
collector adsorption suggesting the formation of a cuprous complex of the
collector. The SIMS imaging suggested that the copper adsorption occurs at
copper sites on the surface.

Gerson et al., (1998) described the mechanism of copper activation of sphalerite
using data obtained from SIMS, XAFS and XPS. The model proposed that, on
surface adsorption of Cu, the Zn(ll) atoms are replaced by Cu(ll) atoms which
are reduced in situ to Cu(l). This reduction is accompanied by the oxidation of
the three neighbouring S atoms to an oxidation state of approximately -1.5. On
bulk adsorption of Cu atoms into the sphalerite lattice a distorted trigonal planar
configuration is achieved through the breakage of a formally tetrahedral Zn-S
bond. The breakage of this bond results in a 3-fold coordinated Cu plus one S
3-fold coordinated to Zn atoms. The breakage of this bond leads to a greater
reduction of the Cu than on surface adsorption and also oxidation of the 3-fold
coordinated S atom to approximately -0.5 oxidation state.
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Fornasiero and Ralston (2005) have investigated the effect of surface
oxide/hydroxide products on the collectorless flotation of copper-activated
sphalerite using zeta potential measurements and XPS. An optimum copper
concentration for maximum sphalerite flotation was identified, beyond which
flotation decreased. The decrease in flotation coincided with the precipitation of
copper hydroxide in neutral to mildly alkaline pH conditions. The hydrophobic
polysulphide and hydrophilic copper hydroxide species were the main surface
species influencing sphalerite flotation.

The depression mechanisms of sodium bisulphite in the xanthate-induced
flotation of copper activated sphalerite were researched by Khmeleva et al.,
(2006). They used batch flotation, XPS and ToF-SIMS surface techniques and
FTIR to identify the mechanisms of interaction of sulphite ions with both
collector and the sphalerite surface. The data has suggested that copper
xanthate decomposition on the surface of the activated sphalerite and the
decomposition of the hydrophobic copper-sulphide species on the shalerite
surface are the active mechanisms for sphalerite depression by sodium

bisulphite.

1.6.4.3 Characterisation of base metal suiphides

A few examples of mineral characterisation have been included to demonstrate
the ability of the surface analysis techniques, in particular, XPS. Pentlandite
has been used as an example since there was no evidence of this type
research performed on PGE type minerals.

Buckley and Woods (1991) used XPS to investigate the surface oxidation of
pentlandite. The XPS spectra indicated that the initial reaction on exposure to
air is the removal of iron from the pentlandite lattice to form a hydrated iron
oxide overlayer and leave a metal ion-deficient pentlandite in addition to a
restructured nickel-iron sulphide. Further oxidation resulted in some nickel
being transferred to the oxide. Pentlandite behaved in a similar manner to that
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established for pyrrhotite, indicating that the iron in pentlandite is preferentially
removed on anodic oxidation to leave a metal deficient sulphide layer. The
formation of sulphate was also indicated on scans to high potentials in basic
media.

Legrand et al., (1997) describes the surface characterisation of pentlandite by
XPS. Natural pentlandite was used for the study. The Fe 2p, Ni 2p, S 2p and O
1s spectra were discussed. The main feature of interest was found in the S 2p
spectrum where two major doublets were found, one with a S 2p,3 binding
energy of 161.44 eV and the other at 162.19 eV. These doublets are
interpreted as being due to sulphur in a 4 coordinate environment and a 5
coordinate environment, respectively. They obtained a ratio of 1:2.5 for the two
species, in agreement with the theoretical ratio of 1:3 predicted from the
pentlandite structure. Natural pentlandite samples were exposed to deionised
water for 1.5 and 6 hours. The pentlandite surfaces were oxidised to give
surfaces that were rich in iron oxy-hydroxide species depleted in nickel and

sulphur.

Legrand et al., (1998) also characterised millerite because of its relationship to
pentlandite. Millerite only contains one metal and is not as complicated as
pentlandite and studying its surface may be useful in understanding some of the
possible reactions that pentlandite can undergo under various conditions. The
millerite Ni 2p and S 2p2s binding energies are reported as 853.1 and 161.7 +/-
0.2 eV, respectively. Millerite exposed to air and water for 24 hours will react to
form various species; namely, hydroxy nickel and oxysulphur nickel species
(mainly hydrated NiSO,4). The sulphur in NiS is oxidised to polysulphide and
oxysulphur species (mainly sulphate), while nickel oxidation remains Ni(ll).
Similar reactions occur in air and water. Oxidation products either form islands

or very thin layers at the millerite surface.
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Nesbitt et al., (2001) studied the fivefold and sixfold coordinated sulphur in
pyrrhotite with evidence for millerite and pyrrhotite surface species. Collection
of S 2p XPS spectra of millerite using conventional XPS and a synchrotron
photon source, demonstrated the presence of one surface species on millerite
and spectral deconvolution indicates a second surface contribution. Core level
shift is attributed to a surface monomeric species (S*) wheras the second
contribution is probably a surface dimeric species (S.%). Surface dimers
indicate surface reconstruction of millerite surfaces upon cleavage.

1.6.4.4 Plant related studies

A number of plant studies were examined showing how surface chemistry
surveys play a role in establishing problems in the plant and how to overcome

them.

The flotation of a copper and lead-zinc sulphide ore from Mt. Isa has been
studied by Grano et al, (1990), in the absence and presence of specific
collectors and depressants over a range of grinding and flotation Ey, conditions.
XPS was used to determine the surface composition of the flotation products.
The results show that a substantial portion of the iron sulphide minerals is
naturally floatable due to a surface coating of graphite carbon formed during ore
genesis. Flotation of both ores showed a strong dependency on E,. The
collector selectivity removes ferric hydroxides and carbonates from the surface
of the chalcopyrite. Grinding in an oxidising environment reduced selectivity due
to an increased flotation of the iron sulphide minerals.

Kristall et al., (1994) examined the flotation of sphalerite in the Murchison zinc
concentrator. XPS was used to examine samples taken during the pulp
chemical survey where important chemical changes occurring during
preconditioning (aerated) and conditioning sections of the plant were monitored.
XPS results for sulphur showed an increase in the proportion of sulphur
occurring as sulphate through preconditioning which is a result of sulphide
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mineral oxidation. The results for zinc showed an increase in the amount of zinc
hydroxide species present through preconditioning, which were not necessarily
adsorbed on the sphalerite surface as shown by XPS of the sample after
solution replacement. Direct evidence for pyrite oxidation through
preconditioning was provided by the XPS, which showed an increase in the
amount of oxidised ion, relative to pyrite. There was evidence for modification of
the sphalerite surface to form a metal deficient surface. Conditioning the sample
with lime to a pH of 11.5 revealed a clean sphalerite surface indicating the
dispersion of zinc hydroxides at high pH and this enhanced flotation kinetics and
recovery of sphalerite contained in other ore bodies.

Smart and Judd (1994) showed during a surface analysis survey how the poor
performance in the re-flotation circuit at Olympic Dam Operation was related to
ineffective operation of the Lasta filter. Samples were collected when the circuit
was performing well and when the circuit was performing poorly. Surface
analysis on these samples showed significant differences that could be related
to plant performance. Maintaining the specified pressures and wash volumes

were found to be critical to optimum filter operation.

The detection and control of calcium sulphate precipitation in the lead circuit of
the Hilton concentrator of Mount Isa mines limited in Australia was studied by
Grano et al., 1996. They used XPS to identify the presence of an overlayer of
precipitated calcium sulphate at the surface of the sulphide minerals. There was
a decrease in surface concentration of calcium sulphate on the concentrates
compared to the tailing samples, which suggested that the flotation process was
selective against minerals, which have calcium sulphate predominating at the
surface thereby reducing the galena flotation rate. Methods to control calcium

sulphate precipitation were discussed.
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1.6.4.5 General

This section considers a variety of studies including the effect of collectors,
gangue minerals and surface passivating layers originating from water sources.

Mackenzie and O'Brien (1969) used zeta potential determinations to investigate
the adsorption of nickel and cobalt ions from aqueous solution onto the quartz
surface. They concluded that Ni?* and Co* are only weakly adsorbed onto the
quartz surface and that NiOH" and CoOH" were the main Ni (1) and Co (ll) ionic
species adsorbed. They suggested that the adsorption of these ions might involve
a combination of Coulombic forces between the negative Si-O” sites at the quartz
surface and the positive NiOH* and CoOH* ions as well as hydrogen bonding
between the OH groups of the hydroxide complex and the Si-OH and Si-O” groups
at the quartz surface; i.e. the latter being the dominant mechanism. They also
pointed out that positively charged Ni(OH), and Co(OH), colloids could explain
the positive zeta potential values at high pH values (less than 11).

Fuerstenau (1975) investigated the role of metal ion hydrolysis in oxide and
silicate flotation systems. Electrophoretic data showed that a greater charge was
left at the surface after hydroxy complex adsorption than was present prior to
adsorption. Either of the two mechanisms could account for this phenomenon,
namely, hydrogen bonding between the hydroxy complex and an oxide site, or
water formation from the hydroxyl of the hydroxy complex and adsorbed hydrogen
ions. In the case of water formation, he suggested that the hydrogen ion could
adsorb onto oxide sites while hydroxyl ion could adsorb onto silicon sites.
Adsorption of hydroxy complexes, such as CuOH*, could occur by splitting out
water. In the presence of collector, this could lead to collector adsorption onto this

site.

Fuerstenau et al., (1977) also studied the mechanism of pyroxene (augite,
diopside) flotation with potassium oleate. Electrophoretic data indicated that the
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hydroxy complexes FeOH', MgOH®, and CaOH' were responsible for the
flotation of these pyroxenes.

Hodgson and Agar (1989) camied out electrochemical studies to determine a
possible effect of Ca**, S,0,* and SO.* ions on pentlandite and pyrrhotite
floatability and xanthate interactions. It was found that these ions were
significantly surface active at the normal process pH. It was concluded that these
ions would influence the extent of X adsorption by the sulphide minerals as well
as control the onset of hydrophobicity. S;0s> and Ca®* ions competed with
xanthate for adsorption on the surface sites of pentlandite, whereas only Ca**
increased the xanthate dosage required rendering pyrrhotite hydrophobic. The
calcium ions adsorbed onto the surface sulphur sites, sulphate also being
adsorbed onto the Fe sites. The S,0:% ion was considered to be coordinated
onto surface via the oxidised Fe sites or the Ca (S;) product. lron and
polysulphides were considered to be surface-active forms, which form part of the
pyrrhotite surface. Ca®* cations can chemisorb onto the pentlandite surface,
replacing metal ions at the pentlandite surface. The initial oxidation reaction for
pentlandite is pH independent and to be of the following form

FessNissSs > (Fess«Niss<Ss) + xFe?* + xNi** + 4xe (20)

Presence of Ca®* ions modifies this reaction by replacing the metal cation at the

surface.

Kartio et al., (1992) described a technique for XPS measurements of volatile
adsorbed layers with particular application to the studies of sulphide flotation.
Desorption and reactions with atmospheric gases prior to the measurement are
avoided by repeated exposure of the sample to an inert atmosphere at room
temperature followed by cooling to liquid nitrogen temperature and subsequent
evacuation to spectrometer temperature. This method was applied to pyrite
treated in aqueous potassium ethyl xanthate solutions. The presence of
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dixanthogen adsorption layers on FeS; was observed by XPS and confirmed
using infrared and electrochemical measurements.

Static SIMS measurements of galena mineral surfaces after diisobutyl
dthiophosphinate adsorption show the presence of a 1:1 complex of the reagent
and lead. No evidence was found for the possibility of S-S bonding between PbS
and dithiophosphinate. This assignment was not only based on the observed
mass but on the observed isotope ratio (Brinen and Nagaraj, 1994).

A statistical comparison of hydrophobic and hydrophilic species on galena and
pyrite particles in flotation concentrates and tails was carried out using the
evidence from ToF-SIMS data (Piantadosi and Smart, 2001). The data showed
that there was approximately 12 times more collector on galena compared to
pyrite. Galena particles in the concentrate showed less calcium, lead hydroxide
and oxy-sulphur species on their surfaces compared to the tailings particles.
Reduced collector adsorption and increased hydrophilic species concentrations
inhibited the flotation of pyrite.

Goh et al., (2005) has shown that ToF-SIMS has the ability to differentiate
between monolayer and multilayer thiol collector adsorption in sulphide systems.

The above literature review has summarised the type of information that can be
obtained using various combinations of zeta potential, ToF-SIMS and XPS
characterisation techniques with particular reference to flotation processes. This
information is fundamental in nature and provides an in-depth knowledge of the
nature of mineral surfaces with respect their surface charge, top monolayer, as
well as a few nanometers into the surface, and surface speciation.

1.7 Comments Regarding the Literature Review

There is very little published literature relating to the PGE arsenides, tellurides and sulphides
in terms of their flotation properties, in general, or their behaviour relative to copper activation
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and/or xanthate adsorption on the mineral surfaces. As mentioned above, however, the
mechanisms contributing to the flotation of the PGE minerals are of considerable interest at
operating circuits treating Platreef type ore and hence the importance of this present study.
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CHAPTER 2
OBJECTIVES OF THE RESEARCH

As described in Chapter 1 the Bushveld Complex, located in the northern limb of the
Bushveld Complex north of Mokopane (formerly Potgietersrus) in South Africa, contains
platinum, palladium, rhodium, ruthenium, iridium, osmium, gold, as well as copper, nickel and

cobalt in economically recoverable quantities.

Platinum group minerals (PGM) flotation research has mainly focused on the flotation of base
metal sulphides since generally PGMs are associated with sulphides. Anecdotally it has also
been somewhat naively assumed that all PGMs would have a similar flotation response to the
base metal sulphides. However, in the Platreef, there is a lack of sulphide-associated PGMs
and they account for <20% of the PGMs present (Howell et al., 2005).

it has also been proposed that the Pt and Pd arsenide and telluride minerals in the Platreef
ore are slow floating when compared to other PGE minerals. This has been concluded on the
basis of the relative amounts reporting in the feed and tailings. The key questions that are
addressed in the thesis relate to determining whether the Pt and Pd arsenide and telluride are
indeed slow floating and, if this is found to be the case, to what extent this can be related to

the surface characteristics of the minerals.

it is hypothesised in this study that the flotation behaviour of the minerals could be influenced
by a range of factors which include the following:

» The hydrophobicity of the synthesised Pt and Pd mineral species may be influenced
by the crystal planes and/or morphology of the minerals. There are papers (Vaughan
et. al., 1997; Nesbitt et al., 1998) that refer to the cleavage surface of the minerals
which suggest that for S-rich surface stoichiometries for ZnS, the [111] surface,
becomes more stable, whereas for the S-poor compositions, the [111] surface, has the
lowest energy. The synthesis procedure may influence the dominant crystal planes

and/or morphology present in the mineral.
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There are indications that the PGE arsenide and telluride mineral species are slow
floating as they are evident in the tailings. The lower floatability observed for the PGE
mineral species may be due the presence of oxidation products (air induced oxidation)
which will influence their floatability. Due to the nobility of platinum this is only likely to
occur for the palladium mineral species.

When the PGE mineral species are in contact with oxidation products produced during
grinding, inadvertent depression may occur due to precipitating ions, for example, from
pentlandite, NiOH* and FeOH".

it is widely known (Finkelstein, 1997) that copper sulphate is used as a promoter of the
base metal sulphide minerals. It is also speculated that it will promote the flotation of
the PGE mineral species. It is proposed that since these tests were carried out in a
frothless environment this would eliminate any effect copper sulphate may have on
froth structure.

Bismuth and tellurium readily oxidise and these passivating oxide layers may influence
the flotation response.

It is well known (Malysiak, 2003) that calcium and magnesium ions can have a
negative effect on flotation and since process water contains these ions it is proposed
that changing the ionic strength of the synthetic water will impact on the flotation

response of the PGE minerals.

Thus the objectives of this research are

To determine whether the crystal structure and/or composition or surface structure
and/or composition of the various Pt and Pd mineral species resulting in their not being
hydrophobic or amenable to collector adsorption.

To examine whether the Pt and Pd mineral species readily oxidise and whether the
oxidation products affect the mineral surface composition and floatability.

To determine if the oxidation products from other minerals and grinding media
inadvertently affect the mineral surface composition and thus floatability by
precipitation onto the mineral surfaces.

To investigate whether the Pt and Pd mineral species are not amenable to copper
activation because they have differing crystal structures compared, for example, to
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sulphides like pentlandite as there are no sulphur atoms available to which copper may
bond.

To examine whether the PGE mineral surfaces become passivated by Bi and Te oxide
and hydroxide species which may reduce the floatability of the Pt and Pd mineral
species.

To evaluate whether the ion species in the pulp affect the PGE mineral surfaces which
will impact on the floatability of the Pt and Pd mineral species, e.g. Ca and Mg ions
passivating the mineral surfaces.
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CHAPTER 3
EXPERIMENTAL METHODS

This research proposes that there is g difference in the floatability between the Pt and Pd
arsenide, telluride and sulphide mineral species as g result of one or mare of the following
hypothesis listed in Table 1. Table 1 iHustrates the experimental methods that will be used to

evaluate each hypothesis listed.

Table 3.1: Hypotheses link ta experimental methads.

spenmental Method

« Differing crystal structure/composttion or surface | xRD - crystal structure
structure/composition of the varicus Pt and Pd
mineral species resulting in their baing not
hydrophobic  or amenable to  collector | Zeta potential - adsorption studies
adsorption.

ToF-SIMS ~ surfaces composition

« The Pt and Pd mingral species readily oxidise
and the oxidation products negatively affect the
mineral surface composition and floatability.

s Similarly, oxidation products from other minerals
and grinding media alse negatively affect the
mineral surface composition and floatability by
precipitation onto the mineral surfaces.

« The Pt and Pd mineral species are not | Microflotation — flotation recovery
amenable to copper activation because they | and kinetics
have differing crystal structures compared, for "
examples, to sulphides like pentiandite as there | XPS ~ surface composition and
are no sulphur atoms available for the copper to | SPeCiation
bond to.

+ Passivation of the mineral surfaces by Bi and Te
oxide and hydroxide species is occurring which
reduces the floatabiiity of the Pt and Pd mineral
species.

s lon species in the pulp as well as the pH, affect
mineral surfaces which impacts on  the
floatability of the Pt and Pd mineral species, e.g.
Ca and Mg Ions passivating the mineral
surfaces.

ToF-SIMS — surfaces composition
Zeta potential - adsorption studies
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3.7 Minerals
The PGE minerals were synthesised using at methods developed by Angio Research. The

methods involved the weighing of stoichiometric amounts of the pure metal powders which
are finely ground for each mineral species and transferred to a guartz ampoule.  The
evacuated, sealed ampoule was heated in a vertical furnace then cooled to ambient
temperature. Details of the materials and thermal treatment conditions are shown in Tables
32 - 34 The pure platinum and palladium sponge (89.85%) was obtaingd from Anglo
Platinum's Precious Metal Refiners (PMR), tellurium, bismuth and arsenic was supplied by
Alfa Aesar at > 98.9% purity. Other chemicals used in this study were of analytical grade and

the gases were of instrumeant grade.

Table 3.2: Platinum and palladium sulphide composition and thermal treatment.

Cooperite Pt2.0052 00 Ampoule heated to 1000°C at a rate W09@
{NS144)} (34 35q Pt 565g S) of 20%min. held for 98 hours, then =99% purity
PtS aliowed cooling naturally at a rate of i
10%/min. Break tube. regrind, reseal
and reheat to 1000°C at a rate of
20°fmin, held for 26 hours, then
aliowed cooling naturally at a rate of

10%min
Vysotskite Pdsoo Ss g Ampoule heated to 800°C at a rate 40g @
M5148) {30.74g Pd, 8.269 5} of 20°/min, held for 30 minutes and 97.4% purity
PdE sublected to g controlled linear
slow-cooling down to 350°C aver €0
hours.
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Table 3 3: Platinum and paltadium arsemide composition and thermaf treatment.

Niineral Stoichiometric Thermal Treatmeant Product

Campasihicn Selecied Froduced

Sperrylite (NS145) Pta oo Se oo Ampoule heated to 800°C at a rate of 80g @
FtAs; {33.93g Ft. 26.06g As) 10%min, held for 6 hours then slowly  90.6% purity
cooled to ambient temp at a rate of
5%min.
Sperrylite (N5146) PlaandiSs oo Ampoule heated to 800°C at a rate of 60g @
PLA s {33.93g Pt, 26.08g As) 10°min, held for 12 hours then slowly = 83.5% purity
cocled to ambient temp at a rate of
5%min. _
Pafladoarsenide Pdyashs Ampouis heated to BO0°C at a rate of 60g @
fNS147) (44.38g Pd, 1562g As)  10%min, held for 12 hours then slowly =~ =%5% punty
Pa,As cocled to ambient temp at a rate of
5%/min.

Table 3.4. Platinum and paftadium telfuride compaosition and thermal freatment

Mfrers! Stoisiiometiig Themmal Tragtment

e

Compasthon Selected

Moncherte PlosaPdosBlosTer 50 Ampoule heated to 1150°C at a rate of 60g @
(NS142) (23 46q Pt 0.068g Pd. 207min, held for 15 minutes then slowly 86.9% purity

FPiPd{BiTe); 11.22¢ Bi, 24.4g Te) cooled to ambient temp at a rate of 107/min.

The sample was further treated by heating

the ampoule to 1150°C at a rate of 20%min,

hetd for 15 minutes then slowly cocled ta
480°C and held at that temp for 4 weeks then
slawly cooled to ambient temp at a rate of

107/min.
Merenskyite Pdoe:FPlesBin w5 Ampoule heated to BOO'C at a rate of 00y @
NS143) {16.3g Pd, 2 44g Pt, 20%min, held for 30 minutes and subjected to 87 1% puity
PdPHBITe); 7.15q Bi, 35.08qg Te) a contrelled linear slow-cooling down to

350°C over B0 hours then slowly cooled to
ambient ternp at a rate of 10'Ymin.

Maoncheite Pt TBs m Ampoule heated o 1150°C at a rate of 60g @@
{NS153) {20g Pt, 40g Te} 20%min, held for 30 minutes. and subjected ~ 75.7% purity
PiTe, to a controlled hinear slow-cooling down to

350°C over 60 hours then slowly coolad o
ambient temp at a rate of 10°%/min.

Merenskyite PdimTe:m Ampoule heated to 800"'C at a rate of 50g @
fNS152) {20g Pd, 40g Te) 20“/min, held for 30 minutes and subiected to 68 7% purity
PdTe, g controlled [ingar slow-cooling dawn o

3507°C over 60 hours then slowly coaled to
ambient temp at a rate of 10%/min.
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The PGE minerals that were produced were not all homegeneous even though the methods
for the preparation and thermal treatment of the material were followed meticulously. The

final product was sent for mineralogical analysis to verify the homogeneity of the sample.

ali mineral samples were stored under argon and freshiy ground in an agate just prior to each
experiment. The products were screened to obiain size fractions of —25um for zeta potential

determinations and +38 — 106um for microfiotation tests.

Using the BET method, the surface area of the +38 -106um size fraction of all the synthesised
minerals was determined. The results are shown in Table 3.5,

Table 3.5. Surface area of the +38 — 108um size fraction of all the synthesised minsrals.

ifireral

Cooperife 0077 Vysotskite 0.068

{NS5144) (NS5148)
PtS PdS
Sperrliyio 0.04 Palladoarsenide 0.26
(NS145) (NS147)
PiAs; Pd:As
Sperriiyte 0.06
(NS146)
Pihs,
Moncheite .20 Merenshyite 013
(NS142) {N5143)
PiPd({BiTe), PdPi{BiTe},
Moncheite G2 Merenshyite 014
(NS153) {NS152)
Ptle, PdTe;

3.2 X-Ray Diffraction {(XRD)

The aim of the XRD investigation is to idaentify the phases present in the samples and (o
analyse the X-Ray diffractograms by means of the Rietveld method to obtain further

crystallographic information.  Quantitative phase analysis (Rietveld Quantification) is a
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powerful method for determining the quantities of crystalline and amorphous components N

multiphase mixtures, The amarphous phase s calculated by difference,

Paowder XRD was employed during this investigation. XRD data was collected utilising a
PANanalytical X'Pert Pro diffractometer with X Cellerator detector using the following

diffractometer settings:

Start Position [*2Th.] 4.000
End Positian [*2Th ] 110.000
Steop Size [°2Th ] 0.0170
Scan Step Time [¢] 10068952
P5D Mode Scanning
FSD Length [°2Th ] 212
Divergence Slit Size [7] 0.2500
apecimen Length [mm] 1000
Measurement Temperature [°C] 25.00
Anode Material Cu
K-Alphat [A] 1.54060
K-Alpha2 [A] 154443
K-Beta [A] 1.38225
K-A2 { K-A1 Ratio {.50000
Generator Settings 40mA, 40kV

A search-match routine based on peak and profile data and utilising the PDF2 database was
used to identify the best fitting phases in the database. The search was limited so that anly
phases cantaining the expected elements were displayed. The elements H, © and Si wers
added to the list of possibie elements; this was dong to include phases that were formed by
oxidation. hydration or contamination from the vessel. The SemiQuant values from the
database only give a rough indication of the amaournt of each phase present in the samples.
The SemiQuant values are normalised and if the sample contains an amoarphous component,
this guantification method will lead to overestimated values.

The crystal structure data related to the best-fitting phases were retrieved from the |CSD
database (Inorganic Crystal Structure Database) and imported into the PANanalytical

HighScore Plus software. In certain cases, where substitutions of elements were known to exist,
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atoms were added to the structure. The Rietveld parameters were subsequently refined to a

point where agreement betwsen the calculated and observed pattern were as good as possible.

3.2 Reagents

During the study, water with a specific conductance of 0,75 cm! and a surface tension of 72.8
mN m at 20°C, produced by a MILLI-RO PLUS apparatus. was Used ta prepare synthatic water
(f = 3.8E-02). High purity argon (Afrox) was used during storage to minimise mineral oxidation.
Purified collector, sodium isobutyl xanthate, was obtained from SENMIN, Other chemicals were
of analytical grade quality. Copper sulphate {(Saarchem) was used as activator.  Sodium

carbonate (Saarchern) and hydrochloric acid (Riedel-de Haen) were used for pH adjustment.

3.3 Synthetic Water Composition

Water with a specific conductance of 0.7uS cm’' was modified by the addition of vanous
chemical compounds of analytical grade quality (Table 3 6) to produce synthetic process water
[l {tonic strength) = 3.3E-02]. The synthetic water contained amounts of key ions similar to
those typically found in circuit water {Ca®™ 80ppm. Mg®™ 80ppm. Na*135ppm. CI° 270ppm,
S04 250ppm, NO3 135ppm, COs™ 40ppm, TDS 990ppm).

Table 3.6 Synthetic waler composition, | = 3.5E-02.

Chemical Compound Formula r:a,lsﬁi?e} Mol/dm®
Calcium chioride (BDH Chemicals) CaCly.2H:0 0.147 0.0M
Calcium nitrate (BDH Chemicals) Ca{NQ3z)z. 4H0 0,238 0.001
Magnesium suiphate (Saarchem) MgS04.7H;0 0.6815 0.0025
Magrnesium nitrate (BDOH Chemicalis) Mg{NO1}».6H,0 0107  0.0004
Sodium chioride {Saarchem) NaCl 0.356  0.0081
Sodijum carbonate {Saarchem) a0 05 0,058 0.0005
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3.4 Microflotation Tests

Mineral recovery in a microfiotation cell can be used as an indicatar of hydrophobicity in a
given chemical and electrochemical system. Small-scale flotation experiments have been
found to be a useful tool to investigate the relative hydrophabicity and hence potential flotation
behaviour of the various constituents of the ore. A study of the effect of reagent adsorption on

a specific mineral can be carmed out, since the influence of froth phase and hydrodynamics in

the pulp phase are not present.

3.4.1 Micrafiotation Cell Description

The cell consists of a conical tapered cylindrical tube with air intraduced through a needle at
the base of the cell Mineral loaded bubbles rise through the cell and are dsflected off the
cone at the top of the cell, after which they burst, resulting in the minerals dropping into the
concentrate launder, After a set time the needle is removed and the particles in the launder
are collected as a concentrate. During the study, Tlotation was camed out by introducing air
at a flowrate of 5 em™min. The mean bubble size diameter was 0.96mm {Bradshaw and
O'Connor, 1988). The peristaltic pump speed was kept constant and set to maintain a good

particle suspension. The microflotation apparatus used during the study is shawn in Figure
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3.4.2 Microflotation Procedire

Microflotation tests were conducied in synthetic water. A 2g sample was added to 250ml of
the required solution, which had been adjusted to the desired pH. The desired pH was
maintained throughout flotation by adiusting with either sodium carbonate or hydrochloric
acid. Concentrates were collected at time intervals of 2, 4. 6, 8 and 20 minutes. The
floated and non-floated fractions were allowed to dry in air and weighed The
microflotation products were weighed, thus enabling the recovery of each individusl
mineral to be determined. The reagents used during the study are listed in Table 3.7, which

includes the reagent abbreviations.

Table 3.7: Chemical reagents and abbreviations used during fthe sfudy.

Chemical Reagent Abbreviation

Copper Sulphate CuSQy
Sodium isobuty! xanthate SIBX
Senkoi 65 DTC
Ethlylenediamine EDA
Hydrochloric acid HCI
Sodium carbonate Na:CO4
Sodium hydroxide NaOH

Ouring the tests, various combinations of reagents were investigated at concentrations of
5.00E-05M uniess otherwise stated These were SIBX. [CuS0O4 + SIBX], [CuS0, + EDA +
SIBX]. [CuS04 + SIBX + EDA), DTC, [SIBX + DTC], [CuSQ4 + DTC], Senkol 85, [SIBX +
Senkol 85] and [CuB0, + Senkol 65). The sequence of reagent addition was as indicated
by the sequence of reference in brackets, Conditioning periods for the reagents tested
were 2 minutes for SIBX and BDTC and 5 minutes for CuS0,and EDA

Further microflotation trials were conducted to test the hypothesis that oxidation praducts
from other minerals negatively affect the mineral surface composition and floatability by

precipitation onta the PGE mineral surfaces where 1;1 mixtures of moncheite, NS142, and
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pentlandite were floated using SIBX. The two trials, A and B, are described in Figures 3.2
and 3.3

Trial A
1 gram of
Moncheite
(N3142) ;
(+38 -36um) ¢ =
+ i — | time clrves
5 z for
grad o Pentlanidite fraction was Mancheits
Pentlandite Baniitiased Transferred to  separated by screening from
(-38um) I e microflotation cell. the concentrates and tailings
Added xanthate - and discarded
Conditaned fay 2
minutes,

Figure 3.2: Microfiotation trial conducted with 1.1 mixtures of moncheite, NS142, and

pentlandite.
Trial B
1 gram af
Moncheite
N5 142) ;
{+33 —33|.IITI} = Determine
d recavery
-
1 gram of CUMNVES f_c}r
Pentlandite conditioned entiandite fraction  Transferred Moncheite Moncheite
: {-38pum) for 10 was separated by fraction to microfictation cell,
screening and Added xanthate -
discarded Canditioned for 2 minutes.

Figure 3 3: Microffotation trial conducted with 11 mixtures of moncheite, N5142, and
pentiandite.

Another set of experiments involved a 10 minute conditioning period of 1:1 mixtures of
moncheite (NS142) and pentlandite, where varying size fractions of moncheite and
pentlandite were used for the mixtures, e -10um, -10 +3Bum and +38 -38um size
fractions in synthetic water, After conditioning, the pentlandite fraction was removed by

screening and discarded. The moncheite fractions were combined and floated in the
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presence of xanthate and the products were screened to obtain the recovery for each size
fraction. The results of these experiments are presented on Section 4.3.6.4.

3.5 Surface Characterisation Techniques
3.5.1 Zeta Potential Determinations

Zeta potential determinations are used to study the electrokinetic phenomena at mineral-
collector interfaces. This information can thus be used to assist in predicting flotation
behaviour of a mineral in an aqueous system. This technique has been described in
Section 1.6.1. In this study, the zeta potential determinations were carried out on dilute
dispersions of the individual minerals studied using a Malvern Zetasizer 4. The instrument
gives the electrophoretic mobility from which the zeta potential was calculated using the
Smoluchowski equation. The zeta potential determinations were carried out at pH 6, 8
and 10 at 25°C using synthetic water as the background electrolyte. During the
experiments, the effect of SIBX (5.00E-05M) and CuSO4 (5.00E-05M) on the mineral
surface alteration was investigated. A mineral sample weighing 0.17g was dispersed in
120cm® of synthetic water and the pH was adjusted to the desired value. Conditioning of
the mineral for zeta potential determinations was carried out for 20 minutes. The pH was
checked prior to taking the reading. The E, was allowed to vary naturally.

3.5.2 Time of Flight Secondary lon Mass Spectrometry (ToF-SIMS)

ToF-SIMS analysis is known to be a technique used to determine the occurrence of
atomic/molecular species on the surface of mineral samples. This technique has been
described in Section 1.6.2. In this study, mineral mixtures, which were conditioned in
synthetic water in the presence of the desired reagents, were analysed using ToF-SIMS PHI
TRIFT IINT instrument operating in the static SIMS regime (10'%-10" primary ions/cm?) at
Anglo Research — Germiston Campus).

ToF-SIMS analysis was carried out on stirred trial products (samples were conditioned in
synthetic water (pH 9) for 1 minute prior to reagent addition; conditioning periods for the
reagents tested were 2 minutes for SIBX at a concentration 5.00E-05M and 5 minutes for




CuS0. at a concentration of 5 00E-05M and ethylenediamine (EDA) at a concentration of
5.00E-05M,

Further stirred trials were conducted with 1:1 mixtures of mancheite, N5142, and pentiandite.
As mentioned in Section 3.4 2, the rationale for these triais 15 to test the hypothesis that
gxidation products from other minerals negatively affect the mineral surface compaosition and
fioatability by precipitation onio the PGE mineral surfaces, These {wo trials, A and B, are

described in Figures 3.4 and 3.5 below.

Trial A

1 gram of i
Moncheite

(NS142)
[+38-106pm)

& —

1 grarm of 4
Se-tlandite "‘5

~ ; ; Soreened out the
Conditi d for 140
(-38pm;} R AIR I Added xanthate - oentlandite fraction

Rl Cenditioned for 2 R
minutes

Figure 3.4. Stirred trial conducted with 1.1 mixtures of mancheite, N5142, and pentfandite.

Trial B

1 grarm of ]

Maorcheite ;
(NE142)

(+38-106(m) . .

1 gra™ of LS

FPentlandite o
(-3 Conditiarad for 19 Sereened odtthe Added zarhate - Analysed

minutes pentlandite fractien Conditioned for 2 Mencheitg fragtion
and discarded minutes on ToF-SIMS

Figure 3.5 Sfirred trial conducted with 1.1 mixtures of moncheite, N5142, and pentiandite.

The samples were filtered and washed with water {conductivity 0.7umS em™), adjusted to
the desired pH, 1o remove any physically attached ions. All samples were dried in an argon
atmosphere at ambient temperature. The 15 kV bunched, 800pA gallium beam was used
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throughout the investigation unless otherwise stated. Ten areas (300X300um) of each
mineral were imaged and analysed for the elements of interest in the positive and negative
SIMS modes. The data obtained were evaluated using Statistica. The intensities obtained
are normalised for the elements of interest and presented as a normalised vield.

3.5.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic technique that
measures the empirical formula, chemical state and electronic state of the elements that
exist within a material. XPS is a surface chemical analysis technique that can be used to
analyse the chemistry of the surface of a material in its "as received" state, or after some
treatment such as: fracturing, cutting or scraping in air or UHV to expose the bulk
chemistry, ion beam etching to clean off some of the surface contamination, exposure to
heat to study the changes due to heating, exposure to reactive gases or solutions,
exposure to ion beam implant, exposure to UV light, for example. This technique has
been described in detail in Section 1.6.3. The XPS analyses were carried out with a
Kratos Axis Ultra spectrometer using a monochromatic Al Kalpha source (15 mA, 14 kV).
The instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for
the Au 4f7/2 line for metallic gold and the spectrometer dispersion was adjusted to give a
BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. Binding energy accuracy is
$0.025 eV. The Kratos charge neutraliser system was used on all specimens. Survey
spectra were collected with a pass energy of 160 eV and an analysis area of 300-700 Im.
High-resolution spectra were obtained using either a 20 eV or 40 eV pass energy and an
analysis area of 300-700 Im. Spectra were analysed using CasaXP$S software (version
2.2.107). The samples were prepared according to the following sequence where a new
ground sample was used at each stage and XPS measurements were carried out at each
stage for the synthetic minerals.

= Sample 1 - Conditioned for 1 minute in synthetic water (pH 9); settled, the supematant
was decanted, the solid was washed with pH 9 adjusted deionised water (NaOH); two
sedimentation/decantation cycles were carried out.

= Sample 2 - Conditioned for 1 minute in synthetic water (pH 9); then conditioned for 5
minutes with 5.00E-05M CuSOy; settled, the supernatant was decanted, the solid was
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washed with pH 9 adjusted deionised water (NaOH), two sedimentation/decantation
cycles were carried out.

= Sample 3 - Conditioned for 1 minute in synthetic water (pH 9); then conditioned for 5
minutes with 5.00E-05M CuSQ,, then conditioned for 2 minutes with 5.00E-05M sodium
isobutyl xanthate; settled, the supermatant was decanted, the solid was washed with pH
9 adjusted deionised water (NaOH), two sedimentation/decantation cycles were carried
out.

=« Sample 4 - Conditioned for 1 minute in synthetic water (pH 9); then condition for 2
minutes with 5.00E-05M sodium isobutyl xanthate; settled, the supematant was
decanted, the solid was washed with pH 9 adjusted deionised water (NaOH), two
sedimentation/decantation cycles were carried out.

It should be noted that the decantation and washing processes were carried out in such a
manner that would mimimise the removal of any physically adsorbed species from the
surfaces. Immediately after the preparation of each sample, the solution was degassed
(oxygen) with argon bubbling, capped, frozen in liquid nitrogen and stored frozen until the
XPS analysis. immediately after thawing each sample, a spatula end was used to place
concentrated slurry from the bottom of the tube on to conductive sticky tape on an XPS
stub. A tissue edge was used to remove excess solution by capillary action still leaving
the mineral surfaces covered without exposure to air. This sample was placed in the XPS
fore-vacuum within 3 minutes and the remaining solution evaporated.

3.6 HSC Chemistry® Software

HSC Chemistry® is designed for various kinds of chemical reactions and equilibria
calculation. Version 4.1 of the software was used to obtain the AG-diagram (Ellingham). The
program uses an extensive thermochemical database which contains enthalpy (H), entropy
(S) and heat capacity (C) data for more than 15000 chemical compounds. The AG-diagram
module presents the basic thermochemical data for the given species in graphical format as a
function of temperature. The AG-diagram (Ellingham) shows the relative stability of various

oxides, sulphates, chlorides, etc.

69



CHAPTER 4
RESULTS

4.1. MINERALOGICAL CHARACTERISATION
4.1.1 EDS Results

Energy dispersive spectroscopy (EDS) was used to characterise and check the homogeneity
of the synthetic samples that were produced. Figures 4.1 - 4.9 show the back scattered
electron (BSE) micrographs for the products produced. These figures depict the different
phases found in the products and are described in Tables 4.1 - 4.5.

Synthesis of cooperite (PtS), named NS144, was performed by weighing stoichiometric
amounts of the pure material (platinum sponge and sulphur powder) into a silica tube which
was evacuated ovemnight, sealed, the contents mixed and thermally treated. The thermal
treatment involved heating the ampoule to 1000°C for 96 hours followed by natural cooling to
ambient temperature. The ampoule was broken and the meit was reground to a fine powder,
transferred to a silica ampoule which was evacuated overnight, sealed and thermally treated.
The thermal treatment involved heating the ampoule to 1000°C for 96 hours followed by
natural cooling to ambient temperature. Figure 4.1 presents a BSE micrograph of cooperite
which shows a homogeneous product. Table 4.1 displays the EDS results obtained.

Synthesis of vysotskite (PdS), termed NS148 involved weighing stoichiometric amounts of the
pure material (palladium sponge and sulphur powder) into a silica tube which was evacuated
overnight, sealed and thermally treated. The thermal treatment involved heating the ampoule
to 800°C, holding at that temperature for 30 minutes, and then subjected to a controlled linear
slow cooling to 350°C over 60 hours. The fumnace was then switched off and cooling allowed
to occur naturally to ambient temperature. The Back Scattered Electron (BSE) micrograph of
this sample is shown in Figure 4.2. Please note that in Figure 4.2 the black colour represents
part of the polished section matrix and not the mineral. Table 4.1 displays the EDS results
which show the percentages obtained for the three phases observed.
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Figure 4. 1: BSE micrograph of Cooperite {NST144).  Figure 4.2: BSE micrograph of Vysotskife (N5 148).

Table 4.1 Energy Dispersive Spectroscopy (EDS) results for coopernite and vysatskite.

mample EI;I?":E;;[.SIJ Composition EDE Results
: 85 9% Pt 3 ﬂ
NS 144 Cooperite 14.1% S 86% Pt 14% S
76.9% Pd Bright Phase: 78% Pd, 22% 3
NS 148  Vysotskite 23 1% § Intermediate Phase; 88% Pd, 11% S

Dark Phase: 92% Pd, 8% S

Synthesis of the spemrylite (Ptas;) samples (50g) involved weighing stoichiometric amounts of
the pure matertal (platinum sponge and arsenic powder) intc a silica tube which was
evacuated overnight, sealed, the contents mixed and thermally treated. The thermal
treatment of the first sample (NS145) involved heating the ampoute to 800°C for 6 hours
followed by natural cooling to ambient temperature (Vermaak. 2008). The ampoute could not
be heated sufficiently enough to melt the contents due to the high partial pressure of arsenic
o sperrylite (Weast et al, 1881). This product was loosely sintered and very porous; when
characterised mineralogically, showed Pt specks with a size range of 2-5 pm within the
sperrylite phase. Many studies have described methods where re-grinding andfor leaving the
charge at temperature for extended periods of time improves homogeneity of the meft
[Groeneveld Meter, 1855 Makovicky et al., 1982; Vermaak et al, 2004} This product was
then further treated by grinding the matenal to a fine powder and transferring to a silica tube,

which was evacuated overnight, sealed and the contents mixed. The ampoule was again
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thermally treated by heating to 800°C and keeping at that temperature for 1 week followed by
natural cooling to ambient temperature. The mineralogical composition of this product had
not altered and still contained pure Pt phases as illustrated by the bright specks in Figure 4.3.
Therefore a second sample (NS148) was prepared in the same manner except that the
thermal treatment invoived heating the ampoule to 800°C for 12 hours followed by natural
cocling to ambient temperature. This product (Figure 4.4} contained much fewer Pt specks
(bright particles) compared to the case of NS145 and was less porous. Ciearly. the longer
initial heating time at 800°C vielded a more homoegenecus product whereas re-treatment of
the first sample for 1 week did not aiter the sampie composition. Please note that in Figure
4.3 and 4.4 the black colour represents part of the polished section matrix and not the
mineral. Further samples were produced for another application using the same thermal
treatment method as described for NS146 and similar products were produced which

behaved in the same manner during microflotation which show the robustness of the thermai

treatment method.

j_. ‘iﬂ_}:\f ,uu& X .--_, 1IZ:'_EIpm__,:"?'

Figure 4.3: BSE micrograph of Sperrylite (N8145). Figure 4.4: BSE micrograph of Sperryfite (NS146).

Table 4.2 below shows the composition cbtained for each sampie from the Energy Dispersive
Spectroscopy (EDS) results obtained from the scanning electron microscope investigation. It
should be noted that in the case of sampie N5146 the Pt specks are relatively much richer in

arsenic relative in the case of N5145,
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Table 4.2: Energy Dispersive Spectroscopy (EDS) results for sperrylife.

Sample ﬁ;g;’gmd Composition EDS Results
56 6% Pt 55.9% Pt, 44.1% As
NS145 Sperrylite 43'4% As (99.8% Pt, 0.2% As for the Pt specks in
' the sample)
56.6% Pt 57 5% Pt, 42 5% As
NS146 Sperrylite 43 4% As (97 5% Pt, 2.5% As for the Pt specks in
: the sample)

Synthesis of palladecarsenide (80g sample) was performed by wsaighing stoichiometric
amaounts of the pure material {palladium sponge and arsenic powder) inte a silica tube which
was evacuated overnight, sealed the contents mixed and thermally treated. The thermal
treatment method for palladoarsenide is the same as described for sperrylite, N3148. Figure
4.5 presents a BSE micrograph of palladoarsenide (N3147) which shows that two phases are
present and Table 4.3 displays the EDS3 results which show the percentages obtained for the
two phases. Please note that in Frgure 4.5 the black cotour represents part of the polished

section matrix and not the mineral.

206V X850 500um

Figure 4. 5° BSE micragraph of Palladoarsenide {(W5147).
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Table 4.3. Energy Dispersive Spectroscapy (EDS) results for paffadoarsenide.

Samplte Composjtion EDS Resulits
73.9% Pd Dark phase: 62% Pd. 38% As
28.1% As Light Phase: 89.9% Pd, 30 1% As

Expected Phase
NS147 Palladoarsenide

Synthesis of moncheite PIPd{BiTe),. termed NS142, was prepared by placing stoichiometric
amounts of the pure components, viz. platinum and palladium sponge and bismuth and
tellurium powder, inte a silica tube which was evacuated overnight, seaied, the contents
mixed and thermaily treated. The thermal treatment involved heating the ampouie to 1150°C,
holding at that temperature for 15 minutes and then switching off the furnace and aliowing
cooling 1o ambient temperature. Due {0 s inherent inhomogeneity this product was further
treated by grinding the material to a fine powder and transferning to a silica tube, which was
gvacuated overnight and sealed. The ampoule was thermally treated by heating to 1150°C
and then coeling to 480°C, holding at that temperature for 4 weeks, switching off the furnace
and allgwing cooling to ambient temperature. The Back Scattered Eiectron (BSE) micrograph

of this sample is shown in Figure 4.6.

A second sample of moncheite PiTezviz. NS153, was prepared in the same manner as
NS142 except that after being thermally treated by heating to 1150°C, the sample
temperature was held at that temperature for 30 minutes, and then subjected to a controtled
linear slow cooling to 350°C over 60 hours. Thereafter the furnace was switched off and the
sampie allowed to cool naturally to ambient temperature. The Back Scattered Electron (BSE)
micrograph of this sample is shown in Figure 4.7. Flease note that in Figure 4.6 and 4.7 the
black colour represents part of the polished section mairix and not the mineral.
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Fiqure 4.6: BSE micrograph of Moncheile NS 142). Figure 4.7: BSE micrograph of Moncheife (NS153)

Table 4 4 shows the compositions obtained for each of these samples from the Energy
Dispersive Spectroscopy {EDS) resulis obtained from the scanning electren microscope

investigation.

Tabie 4.4: Energy Dispersive Spectroscopy (EDS) resuits for moncheite

Sample g Camposition E0S Resufts

Bright Phase’ 39 6% Bi, 22 2% Te, 1.2% Pd,
18.9% B 37% Pt
. 41 3% Te Intermediate Phase: 36 7% Bi, 24. 1% Te, 0%
NS14e Monchede  naieb Py 3029 pt
39.6% Pt Dark Phase: 6.4% Bi 52.5% Te. 0% Pd, 41 2%
Pt

66.7% Te

NS 153 Moncheite 33 2 Pi

58% Te, 42% Pt

synthesis of merenskyite PdPt(BiTe)> termed N3143, was prepared by placing
stoichiometric amounts of the pure components, viz. platinum and palladium spenge and
bismuth and tellurium powder, into a silica tube which was evacuated overnight. sealed, the
contents mixed and thermally treated. The thermal treatment involved heating the ampoule to
800°C, holding at that temperature for 30 minutes, and then subjected to a controlled linear

slow cooling to 350°C over 80 hours. As for NS153 the furnace was then switched off and
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cooling allowed to occur naturally to ambient temperature. The Back Scattered Electron

(BSE) micrograph of this sample is shown in Figure 4 8.

A secend sample of merenskyite PdTes, viz. NS152, was prepared in 8 manner identical to
NS143. The Back Scattered Electron {BSE) micrograph of this sample is shown in Figure 4.8,
Flease note that in Figure 4.8 and 4.9 the black colour represents part of the polished section

matrix and not the mineral,

208N X100

Figure 4.8 BSE migrograph of Merenskyte Figure 4.8 BSE micrograph of Merenskyite
NG T143). (NS 152),

Table 4.5 shows the compositions obtained for each of these samples from the Energy
Dispersive Spectroscopy (EDS) results obtained from the scanning electron microscope
investigation.

Sample

Bright Phase: 11.3% Bi. 59.2% Te,
11.8% Bi 23.6% Pd 8% Pt
58 5% Te Intermediate Phase: 8 8% Bi. B3 5%
25 5% Pd Te 24.2% Pd, 3 4% Pt
4.1% Pt Dark Phase: 11.7% Bi, 57 9% Te,
24.3% Pd 61% Pt

NS 143 Merenskyite

68.7% Te

NS 152  Merenskyite 33 3% P 72.2% Te, 27.8% Pd
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4.1.2 XRD Analysis

ARD analyses were performed to quantify the mineral phases as well as to determine the
crystal structure ¢f the syrthesised minerals and t¢ compare it to those found in nature. In all
cases, the phases that were expected 10 be present in the samplé could be positively
identified: however, none of the samples were pure, The individual XRD and Ristveld

refinement raesults for all the synthatic samples are detailed below in Tables 46 - 4.16.

Table 4,6: XRD results for cooperite and vysotskite.

Fretveld Quantificatian (%)

Cooperite Unknown

NS144 Cooperite (PtS)

Impurity
: Vysotskite 97.4
N§148  Vysotskite (PdS) Pallad}ifu:wsﬁiilphide 2.65

Table 4 7: XRD results for sperryiite and palladoarsenide,

Sample fe
i Sperrylite 90 6
At Sp;;};me Platinum 45
C Quartz 4.8
Sperrylite SPGfFF”tE‘ 935
NS 740 PtAs; Platinum 4.5
e e i i s i Quartz 20
Palladoarsenide .
s Pd.As Palladoarsenide -
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Table 4.8: XRD results for moncheite and merenskyite.

. o E.:'i'_ﬂel:.fﬁ‘d ‘tantified Eietveld
Sample KABAT hosas Quantificatian (%)
. Moncheite 82549
NS142 ;:;;fgﬁ,’;j Platinum Telluride 12.3
4 Bismuth Tellurium Oxide 0.8
. Moncheite TR
NS153 M";gf" i Tellurium 23 .1
2 .
- FParateliurite 1.2
" i Merenskyite 37.1
erenskyite :
NS143 PAPL(BITe), Tsumclt? 17
Michenerite = 1.2
Merenskyite Merenskyite 687
NS152
S PdTe; Kotulskite 31.3

4.1.2.1 Rietveld Refinement for Cooperite NS144 and Vysostkite NS148

The most similar crystal structure for cooperite was retrieved from the 1CSD database ref 031
131 and no atoms were added to the structure.  The refinement procedure resulted in a
surprnisingly bad agresment between the measured and the calculated profiles. The peak
positions are good, but the intensity agreements are bad. The problem might be related to
preferred orientation and therefore, the sample should be milled in a micronising mill, side-
inaded and re-analysed. A summary of the data obtained from the refinement 15 given In

Table 4.9, but accuracy is not expected to be high.

The crystal structure most similar to vysotskite and paltadium sulphide was retrieved from the
ICSD database ref 061 063 and ref 0032 053, respectively. No atoms were added to either
structure, The refinement procedure resulted in reasonably good agreament between the
measurgd and the caleulated profiles. A summary of the data obtained from the refinement is

given in Table 4,10,
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Table 4.9: Summary of refinerment data for cooperite sampte N5144.

Refevant

Refirrement Data parameters
of Cooperite

Formula sum P2 0uS2.00
Formula mass g/mof 454 3000
Density (calculated} g/em’ 10.2446
Weight fraction/ % 100000000
Space group (No.) P 42im mc{131)
Lattice parameters
a’'h 3.47089(4)
b/ A 3.47099(4)
/A 8.11124(6)
alpha/*® 90
beta/® 90
gamma/ ® <0
R (Bragg)/ % 1883510

Table 4.10;: Summary of refinement dalta for vysotskite sample NS148.

Relevant
parametors

Refavani
Refinement Data parameaters

of Vysotskite of Palladium

Suiphide

Formula sum PdacnS2m Pdsz00S1a00
Formula mass g/mol 1107 6800 3853.6400
Density (calculated) grf’cm3 GAd5 8.9823
Weight fraction/ % 97.4(3) 2.65(8)
Space group (No.) P 42/m {84) f-43m(217)

Laltice parameters

al A 6.42938(4) 8.9308(4)
b/ A 6.42938(4) 8.9308{4)
e/ A 6 60926(6) 8.9308{4)
aiphal ® S0 a0
betals ° a0 20
gamma/’® S0 20

R {Bragg)/ % 484577 11.05858
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4.1.2.2 Rietveld Refinement for Sperrylite NS 145 and NS145 and Palladoarsenide N5147

The crystal structures most similar to sperrylte, platinum and quartz were retneved from the
ICSD database, ref 043 104, ref 076 153 and ref 079 634, respectively. No atoms were
added to the sperrylite structure. For palladoarsenide, it was possibie to identify
palladoarsenide as the main phase in the sample frem the diffractogram. However, the scan
was not good enough for a Rietveld refinement procedure to be performed on this sample and

therefore no crystallegraphic information is available.

The refinement procedure resuited in reasonably good agreement between the measured and
the calculated profiles. A summary of the data obtained from the refinement is given in Table
4,11 for NS145 and Table 4,12 for NS146. Very similar results are seen in Table 4.11 and

412 with respect to density and space groups for sperrylite.  The weight fraction gives the
composition of the mineral as shown in Table 4.2.

Table 4 11: Summary of refinement data for sperrviite sample N5145.

Relevant

A Refevant Relevant
Refinement Data paramf G parameters parameters
Spe?ry lite of Platinum of Quartz
Formula sum PiAs: oo Pt Si0am
Formula mass g/mol 1379.7330 780.3600 180.2528
Density {calcufated) 10.7796 21.3736 2.6468
g/em’ Weight fraction/ % 90 6(3) 4.5(1) 4 8(4)
Space group {No.) P a-3 (205) Fm-3m(225) P31 21 (152)
al £ 5.96751({3) 3.9283{2) 4 914(1)
b/ A 586751(3) 3.9283{2) 4.914(1)
c/ A 5.86751(3) 3.9283(2) 5.406(2)
aipha/® a0 a0 30
beta/’ ® 80 80 30
gamma/® a0 g0 120
R (Bragg)/ % 8. 66367 4.593460 2.90206
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Table 4.12: Summary of refinement data for sperrylite sample NS148.

Refevant Reflevant Relevant

Refinement Data paratieters parameters parameters
of Sperrylite of Platinum of Quartz

Formula sum PtAs:.00 P Si02 00

Formula mass g/mol 137837330 780.3600 180 2525

Density (calculated) g/cnr’ 10.7870 21.4208 2.6612

Weight fraction/ % 93 5(3) 4.5(1) 2.0{2)

Space group (No.} Pa-3({205) Fm-3m(225) P3221(1564)
a/ A 5 96615(3) 3.9254(2) 3.8254(2)
b/ A 5.96615(3) 3.9254(2) 3.9254(2)
c/ A 5.96615(3) 3.8254(2) 3.9254(2)
alpha/* S0 20 S0
beta/® 80 a0 g0
gamma/ * S0 80 a0

R (Bragg)/ % 7.53097 3.33346 3.33346

4.1.2.3 Ristveld Refinement for Moncheite NS{42 and NS153

The most similar crystal structure for moncheite NS142 and NS153 was retrieved from the
ICSD database ref 041 385 The structure is for pure moncheite, PiTes, therefore two atoms
were added to the structure (Pd and Bi) for NS142. The site occupancy of Pd was linked to
Pt and the site cccupancy of Bi was linked to Te, The most similar crystal structure for PtaTes,
Bismuth Tellurium Oxide, tellurium and paratellurite was retrieved from the 1ICSD database.
ref 041 371, ref 085 725, ref 040 042 and ref 025 7086, respectively. No atoms were added to

these structures.

The refinement procedure resulted In a reéasonably good agreement between the measured
and the calculated profiles. A summary of the data obtained from the refinement is given in
Table 4. 13 for N§142 and Table 4.14 for N5153, The weight fraction gives the composition of

the mineral as shown in Table 4.4
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Table 4.13: Summary of refinement data for moncheite sample NS142.

Relevant Relevant
parameters parameters of

Relevart
Refinement Data parameters of

; of Platintin Bismuth
Monchene o

Telliuride Tellurium Oxide
Pt.zonTe1aoo  BlazonTe2000112.m

Formula sum Pty o= Teg pPdonsBis 10

Formula mass g/mo 535,3739 4637 8800 12562.5100
Density (calculated) 11.8414 10.7750 7.5061
giem’ Weight fraction/% 86.9(4) 12.3(4) 0.8(1}
Space group {No.) P-3m1(164) R -3 m(168) Pbcn(B0)
Lattice parameters
a’ f 4.04136(8) 4.0104(6) 22782390
b/ A 4,04136(8) 4.0104(6} 5514000
o/ A 5.3071(1) 51.31(1) 22119800
alpha/ 30 90 a0
beta/® S0 90 90
gamma/ 120 120 a0
R (Bragg)/ % 518055 6.29091 6.84145

Table 4.14: Summary of refinement data for moncheife sample NS153.

Refevant Relevant Relevant
Refinrement Data parameters of  parameters of parameters of
Moncheite Telluriuam Paratellurite
Formula sum PticoTes Teso TesonCans
Formiufa mass g/mol 450,2900 382.8000 538.3952
Density (calculated) g/om’ 10.2079 B.2447 6.0426
Weight fraction/Se 75.7(3) 23.13) 1.2(1)

P41212(92

4.02442(8) 4.454000 4796000
b/ A 4 02442(8) 4 454000 4 796000
o/ A 5.2216(2) 5.924000 7.626000
alpha/ ® 90 90 a0
betal ° 50 90 90
gammar ® 120 120 a0
R (Bragg)/ % 5.01399 433725 3.75821

4.1.2 4 Rietveld Refinement for Merenskyite N5143 and N5152

The most similar crystal structure for merenskyite was retrieved from the ICSD database ref
041 385, The structure is for pure merenskyite, PdTez, therefore two atoms were added to the

structure {Pd and Bi). The site cccupancy of Pd was linked to Pt and the site ocoupancy of Bi

82



was linked to Te. The mest similar crystal structure for tsumoite and michenerite was
retrieved from the |[CSD database, ref 030 525 and ref 070 080, respectively and ne atoms
were added to these structures. The refinement procedure resulted in a reasonably good
agreement between the measured and the calculated profiles. A summary of the data
cbtained from the refinement is giver in Table 4.15 for N§143 and Table 4 16 for NS152.

Tabie 4.15; Summary of refinement data for merenskyite sample N5143

Relevant Relavant Relevant

Refinement Data paranieters of parameters parameters of
of Tsumoite Minchenerite
Formufa sum Ptz 10Te1 80PdoenBiozo Tes0oBisno PdisoTesno Bizoo
Formufa mass g/mof 3868 7451 2019.4820 1771.8220
Density (calculated) g/om® 87144 82975 10.0454
Weight fraction/%e g97.1(8] 1.7(2) i
Space group (Vo ) P-3m1(164) R-3m1{164 P213{198)
Lattice parameters

a 4 0477(2) 4 403332 6 640815
he A 4.0477(2) 4 403332 6640815
o/ A 5 1930{4) 24065150 6.640815
aiphas® 20 a0 a0
hetars ® 20 a0 30
gammea/ " 120 120 a0
R (Braggl/ % 7.96708 7.09082 5.81689

Table 4. 16; Summary of refinement data for merenskyifte sample NS152.

Relevant Relevant

Refinement Data parameilers of parameters of
Merenskyite Kotulskite

Formiila sum PticoTer oo PdzmoTeao
Farmufa mass g/mol 361.6000 468 0000
Density (calcutated) g/om?® 8.2767 G 2485
Weight fraction/% B&.7(3) 31.3(4)
Space group (No. ) P-3m1{164) P&3fmmc (194)
al A 4 0383(2) 4 1394(2)
b/ A 4.0383(2) 4.1394(2)
o/ A 5.136130 56637(3)
alphal*® 20 a0
beta/ ® a0 a0
gamma/ 120 120

R (Bragg)/ % 6.33495 4 38998
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In summary, the XRD data has shown that for all the synthetic PGE mineral samples the
phases that were expected to be present in the sample could positively be identified, however,
none of the samples were pure. The most pure samples were sample NS143, which is
composed of 97% merenskyite and sample NS148 which is composed of 97% vysotskite.
Sample NS144 seemed to be pure cooperite, but an impurity was present which could not be
identified and therefore quantification of this sample could not be achieved. X-ray diffraction of
sample NS147 produced a very poor diffractogram, with low intensities, a high background
and overlapping peaks; Rietveld refinement could not be done on this sample.

The EDS and XRD results for all the synthetic minerals did not highlight differences between
the synthetic minerals that would explain the varying results obtained during the surface
analyses and microflotation testwork.

4.2 SURFACE ANALYSIS
4.2.1 Zeta Potential Determinations

Zeta potential determinations are used to study the electrokinetic phenomena at mineral-
collector interfaces. It is believed that this information can thus be used to assist in predicting
flotation behaviour of a mineral in an aqueous system.

4.2.1.1 Reproducibility

The aim of the reproducibility tests was to establish the reliability of the zeta potential
determination procedure used during the study. Any possible error includes the variability of
the mineral samples, the consistency of the Malvemn Zetasizer operation as well as the
operator’s ability to be consistent.

In order to determine the reproducibility and standard deviation, zeta potential determinations
were carried out on a sample of spemrylite, in the absence of any reagent addition. The zeta
potential determinations and standard deviations for each pH investigated are given in Table
4.17. The results obtained are graphically summarised by zeta potential-pH curves in Figure
4.10.




Table 4 17 Zeta potential deferminations and standard deviations for nH 4. 6, 8. and 10 in
synthetic water, | = 3.2£-02

Relative

pH Zeta Potential Determinations (mV/) Std Dev

(%)

4 171 -156 -164 -162 -168 166 -168 032 182
6 -168 -162 -161 171 -164 -163 -165 038 2.34
8 127 134 136 <128 -128 -128 -130 043 3.31
¢ 123 121 122 128 137 -128 -127 0860 4.71

Spemrylite
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Figure 4.10. Zeta potential reproducibifify curves over a pH range 4-10 for sperrylite.

As demonstrated by the zeta potential-pH curves and the low standard deviation for each

measured pH, the technique and the procedure used gave reproducible results.
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4.2.2.2 Zeta Potential Determinatiaons far the Individual Reagents used in the Study

Zeta potential studies were carried out to investigate the effect of copper sulphate and

xanthate and combinations of these reagent regimes on the surface charge,

4.2.2.2.1 Cooperite and Vysotshite

In the absence of reagents, the zeta potential for cooperite is around -5mV for the entire pH
range studied (Figure 4.11). Cooperite's surface charge is much mare positive compared with
vysotskite (Figure 4 12) which is around -25mV. In the presence of xanthate there is 8 small
shift in the zeta potential versus pH curves observed for cooperite and vysotskite especially
around pH 9. The zeta potential versus pH curve shifts to more positive values when CuSQ,
is added compared to the no reagent curve for both PGE sulphide minerals with vysotskite
showing a large shift to more positive values. When xanthate is added after the copper
sulphate addition; the zeta potential versus pH curve shifts to more negative values. This

indicates that xanthate is baing adsorbed on the copper covered mineral surfaces.

_ 5
Coopentel P S in Synthetic Water '
5 ==z — i i = ——
" . : . o _H_d_#___f—."..
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= /
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& -0 % -
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20 b s
) g a 10
9 pH
—#— No Reagents i QUS04 = HEX —o— QU304+ 5IBY

Frgure 4.11.; Zeta potential curves aver a pH range 6-10 for Cooperite (NS144) treated with no
reagents, SIBX, CuS0, CuS04+8I18BX.
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Figure 4.12; Zeta potenfial curves over a pH range 6-10 for Vysotskite (NS148} treated with
no reagents, SIBX, CuS0;, CuSO+318X

4.2.2.2.2 Sperrylite and Palladoarsenide

In the case of the sperrylite sample, NS145, when CuS0. is added, the zeta polential versus
pH curve shifts to more positive values, compared to the no reagent curve. This shift is
attributed to the electrostatic adsorption of the positive Cuf{ll) ion species, which are
predeminant below pH 7. At the higher pH of 10 the precipitation of Cu{OH)z or Cu{OH}X
(C'Conner et al,, 2005) calloids [ead to g slight decrease in zeta potential as observed in
Figure 4.13. When SIBX is added and compared to the no reagent’ curve the zeta potential
versus pH curve shifts to more negative values indicating that xanthate is being adsorbed
onto the mineral surfaces. When xanthate is added to the copper activated mineral surface,
the shift in zeta potential is much larger compared to the xanthate only zeta potential versus
pH curve as the precipitated colleidal Cu{GH}z is likely to be converted to and Cu{l)X collcids
{Malysiak, 2003).

The results for sperrylite sample NS146 (Figure 4.14) are very similar to those observed for
sperrvlite sample NS145, except that there was not much xanthate adsorption onto the

mineral surface when xanthate was added and compared to the ‘'no reagents’ curve. These
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results correspond to those obtained for XPS and Tof-SIMS analyses, which will be

discussed in Chapter 5.

‘ Sperrdite (NS145) in Synthetic Water |
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Figure 4.13. Zeta potential curves over a pH range 6-10 for Sperrylite (NS T145) freated with no
reagents. SIBX, CuSQy, CuSO.+8IBX
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Figure 4.14. Zeta potential curves over a pH range 6-10 for Sperrylite (NS1486} treafed with no
reagents, SIBX, CuSQy, CuS04+518X.
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The zeta potential data for the palladoarsenide sample NS147 show very different trends
compared to those seen for the sperrylite samples. In this case, the palladoarsenide surface
charge is fairly neutral for the entire pH range tested (Figure 4.15). The neutral
palladoarsenide surface charge rules out the possibility of electrostatic adsorption of positively
charged Cufil) species at the lower pH  Based on the copper speciation diagram
(Fuerstenau, 1976), it can be assumed that the Cu{OH) colloids are precipitating onto the
mineral surface above pH 8. The assumption is supported by a significant shift in the zeta
potential versus pH curve in the prasence of Cu(ll) ions and SIBX. which can be attnbuted to
the conversion of hydrophilic CU{OH)z to weakly hydrephobic Cu{i)X species, This is further
supported by the significant shift in the zeta potential versus pH curve when companng the
zeta potential data obtained for the copper and SIBX treated palladoarsenide to the SIBX only

trial.

Palladoarsenide (NS147) in Synthetic Waler
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Figure 4.15; Zeta pofential curves over 8 pH range 6-10 for Palladoarsenide (NS147) freated
with no reagents, SIBX, Cu5Q0, CuSO,+51BX

4.2.2.2.3 Moncheite and Merenskyite

Figures 4,16 — 4. 19 show the zeta potential pH curves for moncheite, N5142 and NS153 and
merenskyite, N5143 and NS152, respectively. In the case of the moncheite sample, NS142,
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the zeta potential versus pH curve shifts o more positive values in the presence of copper
ions, comparad to the no reagent curve (Figure 4.16). This shift is attributed to the
electrostatic adsorption of the positive Cu{ll) ion species, which are predominant below pH 7.
At the higher pH, the precipitation of Cu(OB): colloids lead to a slight decrease in zeta
potential as observed in Figure 4.18. When SIBX is added and compared to the no reagents
curve, the zeta potential versus pH curve shifts to slightly more negative values indicating that
xanthate s being adsorbed onto the mineral surfaces. When xanthate is added in the
presence of copper species, the shift in zeta potential is much larger compared to the
xanthate only zeta potential versus pH curve indicating that xanthate ions must be adsorbing
onto the copper ion activated mineral surfaces. One possible mechanism s a chemical
reaction, which invoives the formation of Cu(l)-X complexes at pH%. The second mechanism
could be electrostabic attraction between the positively charged copper species and the

negatively charged xanthate ions.

Zeta Fotantial {mi}

g B 10

=—r— CUSCE + SEX

‘ —— No Reagents —A— US04 —s— SIBX

Figure 4.16. Zeta potential curves over a pH range 6-10 for Moncheite (N5142) treated with
no reagents, SIBX. CuS0s CuS0+5IBX.

The results for moncheite samole NS153 {Figure 4.17) are different from the results obtained

for N5142. The sample, N5153. is more negatively charged compared to NS142 when
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conditioned in synthetic water only. There is copper adsarption on the mineral surfaces when
Cu30Q, is added as the zeta potential pH curve shifts to more positive values compared to the
no reagent trial, The shift in the zeta potential curve is more prominent from pH B indicating a
higher affinity of the mineral surfaces for the copper species. Xanthate adsarptien is shown to
tre minimal, however, there is xanthate adsorption accurring onto the copper activated mineral
surfaces as the reta potential pH curves shifts to more negative values compared to the
CuS0, addition case but a much smaller shift is observed compared to the result obtained for
N5142

Moncheite (PtTe,) in Synthetic Water
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Figure 4.17; Zeta potential curvas over a pH range 6-10 for Moncheife (NS153) treated with
no reagents, SIBX, CuSC., CuSO.+SIBEX

The merenskyite samples also show differences between the two mineral compositions
{(Figures 418 and 4.18). The more pure mineral, PdTe;, is more negative when conditioned
with no reagents. Both samples show very little xanthate adsorption onto the mineral surface
compared o the no reagents zeta potential pH curve.  |In the presence of CUSQ,, both
samples show copper adsorption onto mineral surfaces due to the positive shift in the zeta

potential pH curve compared to the no reagent curve, There s xanthate adsorption onto the
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copper activated mineral surfaces for both merenskyite samples as the zeta potential pH
curves shifis to more negative values compared to the CuSQO, addition case.
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Figure 4.18; Zeta pofential curves over a pH range 6-10 for Merenskyite (NS143) treated with
no reagents, SIBX, CuSQ,, CuSO.+SIBX.
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Figure 4.19: Zefa potantial curvas over a pH range 6-10 for Merenskyife (NS152) treated with
no reagents, SIBX, CuSQs, CuS0:+5IBX.
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In summary, the most striking difference cbserved is between the Pt and Pd mineral species
in the absence of reagents and in the presence of xanthate, where the zeta potential versus
pH curves are on opposite ends of the scale for the Pt and Pd suiphides minerals (cooperite
and vysotskite! and the Pt and Pd arsemde minerals (sperrylite and palladoarsenide).
Another difference observed is between the Pt mineral species where cooperite’'s surface
charge is much more positive compared with the other mineral types. There is also a mirimal
shift in the zeta potenhal versus pH curves observed in the presence of xanthate for ail

mineral spacies.

The zeta potential results alse show that ali of the synthetic minerals except for
palladearsenide and cooperite show a significant shift to more positive zeta potential values in
the presence of copper sulphate. This indicates the presence of positively charged copper
species on the mineral surfaces andfor the formation of neutral Cu{OH}, colloids which may
partially cover the negative mineral surface above pH 7.5 When xanthate 15 added to the
various mineral mixtures after the copper sulphate addition. the zeta potential versus pH curve
shifts to more negative values: this includes the curves obtained for palladoarsenide and
coopefite. This iIndicates that xanthate is being adsorbed on the copper ‘activated mineral

surfaces.

4.2.2 ToF-SIMS Analyses

Tor-5IMS analysis 15 a well-established techrnigus In determiring the occurrence of
atomic/molecular species on the surface of mineral samples. The testwork was camied
out with the aim af gaining an understanding of mineral surface alteration and link those to
flotation recovery. It must be noted that the ToF-SIMS technique is gualitative; hence the
reslits obtained are to be interpreted as relative effects rather than giving absolute values.
The intensities (signals) obiained during analysis are normalised to the total on yisld in
positive and negative SIMS for the elements of interest and are presented as normalised

vield. The normalised data obtained were then evaluated using Statistica.
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4.2.2.1 Comparative Surface Analysis of Reagent Additions
4.2.2.1.1 Cooperite

The copper and xanthate icn normalised yields for cooperite are shown in Figures 4.20 and
421, respectively. A higher copper ions yield was observed for the CuSQu+SIBX frial
compared to the CuSQ. only case. This may be due to a reaction between copper and
xanthate in solution which causes precipitation of copper-xanthate colloids onte the mineral
surface. The data also shows the presence of xanthate before and after copper sulphate
addition and the results show a higher yield of xanthate on the copper activated mineral

surfaces compared the xanthate only case (Figure 4.21).
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Figure 4 20: Copper fons normalised vield Figure 4.21: Xanthate ilons nammalised wvield
for cooperie NST144, for cooperiie N57144.
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4.2.2.1.2 Vysoiskite

Figures 4.22 and 4.23 show the copper and xanthate jon normalised yields for vysotskite,
respectively. A high copper yield is observed for the CuS04 and CuS04+5IBX trials and the
data shows xanthate adsorption before and after copper suiphate addition and as seen for
cooperite; a higher adsorption of xanthate on the copper activated mineral surfaces compared

the xanthate anly case (Figure 4 23).
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Figure 4.22: Copper ions normalised yield for Figure 4.23. Xanthate ions normalised yield for
vysolskite NS148. vysolskite NST148.

4.2.2.1.3 Sperrylite

The copper and xanthate ion normalised yields for both sperylite samples are shown in
Figures 424 and 4 25 respectively. |n the case of the sperrylite sample N§145, a higher Cu

95



yield was observed for the CuS0,4 and CuS0O,+S8IBX trials compared to those results obtained
for spernrylite sample NS146. Both sperrylite samples show xanthate adsorption on the copper
activated mineral surfaces. In the presence of SIBX only, N5145 shows xanthate adsorption
where N5146 does not show any xanthate adserpticn. However, the sulphur ion yield, which
is also an indicator of xanthate adsorption. shows higher sulphur 1ons surface concentration
for the SIBX and CuSQC4+SIBX trials for both samples (Figure 4.28) compared to the no

reagents and CuSQ0, addition trials,
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Figure 4.24: Copper ions normalised yield Figure 4.25; Xanthate ions normalised
for sperrylite NS145 and wield for spemdite N5T145
NS 146 and 5146
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Figure 4. 26 Suiphur jons normaiised vield for spemylite N5145 and N5146.

4.2 2 1.4 Palladoarsernide

The copper ang xanthate ions normalised yieids for palladoarsenide are shown in Figures
4 27 and 428, respectively. Tha results for the palladoarsenide sample NS147 are similar to
those observed for the sperrylite sample NS145, i.e.. a higher surface coverage of Cu and
xanthate ions was observed. The data also shows a raduction in the concentration of the
Cu(ll} colicids present on the mineral surface when xanthate 15 added in the presence of
Cu3SQ,; The xanthate surface coverage is not significantly different even though there is less

copper present on the mineral surface.
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Figure 4. 27, Copper jons normalised yeld for
paffadoarsenide N5T147.

4.2.2.1.5 Mancheite

Figure 4.28: Xanthate ions normalised vield for

paliadearsenide NST47.

The copper and xanthate ion nermalised yield for both moncheite samples are shown in

Figures 4.29 and 4 30, respectively. In the case of the moncheite sampie NS142, a higher Cu

ions yield was observed for the CuSOs and Cub04+5I1BX trials compared to those resuits

obtained for moncheite sample NS1353 (Figure 4.29). Both mancheite samples show xanthate

acdsarption before and after copper sulphate addition (Figure 4 30).
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Figure 4.29; Copper fons normalised vield for Figure 4,30 Xanthate ions nommalised vield for
rmoncheite NS142 and NS153. rmonchaite MS 142 and NS153.

The sulphur ions normalised yield, which is alsa an indicator of xanthate adsorption, shows a
much higher sulphur ions surface concentration for moncheite, NS153, compared ta
moncheite, NS142, for the SIBX and CuSQO.+SIBX frials (Figure 4.31).
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Figure 4.31 Sulfphur ions normalised yield for moncheite NS142 and NS153.

The effect of copper sulphate concentration was evaluated due to the reduction In recovery
cbserved with the addition of copper sulphate (5.00E-05M) compared to the xanthate only
trial. The surface analyses for these trials are shown in Figures 4.32 and 4.33, for the relative
percent copper and xarnthate ion surface coverage for the moncheite (PiTe:) sample,
respectively. The results show 3 lower copper ions surface coverage with the reduced capper
sulphate addition compared to the standard 5.00E-05M CuS04 concentration normally used
(Figure 4.32. The xanthate surface coverage has significantly increased with the tower copper
sulphate (5.00E-06M)Y addition (Figure 4.33) compared to the 5.00E-05M copper sulphate

additior.
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Figure 4.32: Copper ions normalised veld for

Figure 434 A B. C and D shows the normalised yield for [Calcium. Magnesium. Aluminum,
Silicon]. Ni, Fe and xanthate ions, respectively. The results show that when moncheite,
NS5142, is conditioned in the presence of pentlandite and xanthate (Trial A) the normalised
yield of Ca+Mg+Al+S), Ni and Fe ions increases and the xanthate ion surface concentration
decreases compared to the results obtained for moncheite on its own. The test (Trial B)
where the pentlandite was removed by screening and discarded before the flotation of the
moncheite showed lower surface concenfrations of Ca+Mg+Al+&i, Ni and fe while the

xanthate 1on surface concentration increased slightly compared to the trial where pentlandite

moncheite NSTES when fhe
CuS0, concemntration was vaned.

was floated with moncheite.

moncheite

Figure 4.33. Xanthate jons normalised yield for
NS183  when

the

CuS0, concentration was vaned.
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Figure 4.34. A- Ca+Mg+A+Siions normalised vield for moncheife N5142 conditioned with and
without pentfandite and floated with (mix A) and without (mix B} pentlandite in
the presence of xanthats,

B - Nicke! ions normafised vield for moncheite NS 142 conditioned with and without
pentlandite and foated with (mix A) and without {mix B) pentlandite in the
presence of xanthalfe.

C- iron fons normalised yield for moncheite NS142 conditioned with and without
pentlandite and floated with {mix A) and without (mix B) pentlandite in the
presence of xanthate.

D - Xanthate fons normalised veld for moncheife NST42 conditioned with and

without pentlancite and fioated with (mix A} and without (mix B} pentlandite in
the presence of xanthate.

The effect of oxidation was examined on both moncheite samples and the ToF-SIMS data
showed minor surface concentrations of oxidation products (Bi and Te) for NS142 compared
to NS153 which showed ne oxidation products. The oxidising conditions involved exposing

the minerals to 100°C for 7 days with purging of air at regular intervals. These results are
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consistent with those obtained for the microflotation data which is discussed |ater in this

section.

4.2.2.1.6 Merenskyite

The copper and xanthate ion normalised yield for both merenskyite samples are shown in

Figures 4.35 and 4,35, respectively.
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Figure 4.35: Copper ions nommalised yisld for  Figure 4.36; Xanthate ions normalised vield for
merenskyite NS143 anct N5152 meranshyite NS143 and NS152.

The Cu ions surface coverage was similar for both meranskyite samples (Figure 4.35). Bath
merenskyite samples show xanthate adsorption before and after copper sulphate addition
(Figure 4.36).
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The sulphur ion normatised yield, which is also an indicator of xanthate adsorption, shows a
much higher sulphur ions surface concentration for merenskyite, NS152, compared to the
merenskyite. NS143, for the SIBX and CuS04+8IBX trials (Figure 4.27).
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Figure 4.37; Sulphur ions nornmalised yield for merenskyite NS143 and N5152.

4.2.2.3 Ethylenediamine (EDA)} Addition

Further testwork was conducted with the addition of a complexing agent, ethylenediamine
(EDA), after the CuSQ. addition and after the CuSQ4+8IBX addition, in an attempt to remove
any of the unconverted Cu(QH): colloigs thereby determining the speoiation and the bonding
mechanism of the copperons to the mineral surface. Figures 4 38 and 4.39 show the copper
normalised yield obtaineg for the Pt and Pd minerals with and without sthylenediamine
addition, respectively. These tests were carried out in synthetic water at pH 9 and all the
reagenis were added at a concentration of 5.00E-05 M. The ToF-5IMS data shows that when
EDA is added to the system. in either sequence. before and after xanthate addition, there is a

removal of copper icns from both the sperrylite {NS145 and NS146), moncheite {NS142) and
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both merenskyite (NS143 and NS152) mineral surfaces. The palladoarsenide {NS147) does
not exhibit any copper removal with the addition of EDA for the CuSQ.+SIBX+EDA sequence.
However, it should be noted that a significantly lower copper normalised yield was observed
on the mineral prior to the addition of EDA compared {o the sperrylite samples. With the
addition of EDA after CuSQ4 and prior to SIBX there is removal of the copper hydroxyl
specias. Moncheite, NS153, does not exhibit any copper removal with the addition of EDA
which may be due to the lower initial copper adsorption and thus a higher concentration of
copper ions in solution available for reaction with EDA. Both Pt and Pd sulphide minerals do
not exhibit any copper removal with the addition of ERA for the CuS0O,+SIBX+EDA sequence
but cooperite shows copper removal when EDA is added aiter the CuS04 addition and prior to
SIBX.
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Figure 4.38. Copper ions normalised yield for Pt minerals with and without ethylenediamine
acldition.
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Figure 4.39: Copper tons normaiised yield for Fd minerals with and without ethylenediamine
addition.

4.2.3 XPS Analyses

XPS studies were carried out to determine the chemical speciation of the species present an
the mineral surfaces and the results are summarised hereunder in Table 4.18 for the Pt
minerals and Table 418 for the Pd minerals. It s interesting to nate that the Pd minerals
species surfaces are significartly altered and show heavily oxidised surfaces when compared
to the Pt mineral species which show minimal oxidation even though they were all stored
unger an inert atmosphere. The XPS resulis obtained during copper sulphate addition for
PdTe: (NS152) is not consistent with those observed during the zeta potential, ToF-3IMS and
microflotation testwork. This may be due o the extensive oxidation observed for the PdTe;
mineral surface which may have inhibited the adsorption of the copper ions (Table 4.19).
Appendix E shows the relevant spectra for the various elements of interest and detailed

interpretation of the results.
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Teble 4.18; Summary of the XPS data oblained for the Pt mineral sampies.
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Table 4.18; Summary of the XPS data obtained for the Fd mineral samples.
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As an example of the conversion of Cu(ll) to Cu(l) with addition of xanthate Figures 4.40
and 4.41 show the Cu 2p spectra for NS145 with the addition of CuSQ0,s and with the
addition of Cu8Q, followed by xanthate, respectively. When xanthate is added after the
CuSQy4 addition, the chemical state of the copper changed dramatically from between
=80% Cu(ll) to 100% Cu(l) as seen in the Cu 2p spectra for N3145. Figure 4.40 clearly
shows the satellite peak due to Cufll) whereas in Figure 4.41 when xanthate is added to
the copper activatad mineral surface there is no satellite peak which shows that any Cu(ll)

prasent on the suiface was converted to Cu(l).
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Figure 4 40: XF&5 analysis of sperrylite Figure 4.41: XPS anafysis of spemylite
NST145 conditioned with NET45  conditioned  with
copper sufphate at pH 5. copper sulphate foltowed by

xanthate at pH 9.

4.3 MICROFLOTATION TESTWORK

Microflotation testwork was performed at pH 9 for all the minerals uniess otherwise stated with
the aim of linking the trends observed from the surface analysis experiments to floatability. In
particular. the effect of xanthate and the subsequent addition of xanthate on copper (1) ion
activated mineral surfaces for the PGE minerais were studied. To evaluate the contribution of
entrainment and natural floatability, flotation tests were conducted without any reagent

addition. |n general, entrainment did not contribute significantly to the total recovery of the
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minerals studied in the +38 -38um fraction. These tests were labeled as the standard reagent

regqime.

4.3.1 Reproducibility

The cbjective of the reproducibility tesis was to evaluate the reliality of the procedure and
apparatus used for the microflotation testwork. Any possible error includes the variapility of

the mineral samplas and the operater's ability 10 be consistent,

In order to determine the reproducibility and standard deviation, the microflotation tests were
carried out on a sperrylite sample N3145 in the presence of sodium isobutyl xanthate in
synihetic water, Concenirates were collected at 2, 4, 6, 8 and 20 minute intervals and the
results are displayed in Tabie 420 The results are also graphically represented in Figure
4.42. As demonstrated by the recovery-lime curves and the |ow standard deviation for each

concentrate collected, the procedure and apparatus used gave very reproducible results.

Table 4.20. Spernyite recovery for microflotation tests and standard dewviations for
concentrates collected at 2, 4, 8, 8 and 20 minute intervals i1 synthetic water, |

= 3.5E-02,
(E::; Spe;-ry.f;'teafecover}r isan Std Dev g?%?ﬁ:ﬁ
2
2 151 163 157 157 0.6 3.82
4 291 331 315 312 2.03 6.50
6 410 406 420 412 0.72 1.74
8 501 487 480 483 0.71 1.45
20 735 721 71 72.2 1.23 1.71
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Sperrylite Microflotation
pH 8 Synthetic Water
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Figure 4.42: Sperryhite reproducibility recavery-time curves for concentrales colfected at 2, 4,
8, 8 and 20 mmute infervals in synthefic water, { = 3.5E-02.

In Table 4,21, the dosages used for copper sulphate, xanthate and ethylenediamine (EDA)
have been converted into grams, moles and psuedo-monclayers for the active ingredients of
the reagents for each of the synthetic minerals. The calculztion for the copper and xanthate

surface coverage can be found in Appendix A.
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Table 4. 21 Reagent concentrations in grams, moies and pseudo-rmonolayers for all the aclive
ingredients of the chemicals used during the study.

Gram of Moles of Psuedo- monolayer of

Chemical Reagent Reagent Reagent Reagent

Cooperite NS144 — 20.5
Vysotskite NS148 — 23.2
Sperrylite NS145 — 39.5
Sperrylite NS146 — 26.3
Copper Sulphate, (CuS0y), 0.0008 | 1.28E-05 | Palladoarsenide NS147 — 6.1
Mw = 159.6 Moncheite NS142 — 7.9
Moncheite N§153 - 7.2
Merenskyite NS143 - 12.1
Merenskyite N5143 - 11.3
000008 | 1.26E-06 | Moncheite NS§142 - 0.79
Cooperite NS144 — 36.9
Vysotskite NS148 — 41.8
Sperrylite NS145 - 71.0
Sperrylite NS146 — 47.4
00019 | 1.28E-05 | Palladoarsenide NS147 — 10.9
Moncheite NS142 — 14.2
Moncheite NS153 — 12,9
Merenskyite N$143 - 21,9
Merenskyite NS152 — 20.3
Cooperite NS144 — 20.3*
Vysotskite NS148 — 23.0*
Sperrylite N5145 — 39.1*
Sperrylite NS146 - 26.1*
0.00075 | 1.25E-05 | Palladoarsenide NS147 — 8.0*
Moncheite N$142 - 7.8*
Moncheite NS153 — 7.1*
Merenskyite N§143 — 12.0*
Merenskyite NS152 — 11.2*

* = Atom size of the EDA is based on the copper atom size (20.8 A%, Gaudin et al. 1959)

Sodium isobutyl xanthate,
(SIBX), Mw =172.2

Ethylenediamine, (EDA}), Mw
= 60.1

The values in Table 4 21 show that copper and xanthate coverage for the sperrylite sampies
were highest followed by the PGE sulphides, Pd tellurides, Pt tellurides and palladoarsenide.
The pseudo-monolayers is an approximation and show that there was sufficient EDA added
o the minerais after copper sulphate addition to remove any weakly attached copper species
by complexation in soiution.
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4.3.2 Cooperite

4.3.2.1 Standard Reagent Regime

The microflotation data shows a good flotation response of 24% if no reagents are added
(Figure 4.43). When xanthate is added, the recovery for cooperite does not improve any
further. In the presence of copper sulphate and xantbate, the flotation kinetics is slower and

the averall recovery drops to 89%.

Cooperite (PL3) Microflotatlon
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160 -
e |-
E a0 1 o
-
Z oan- —ll \ €
e
<0 F T —m—SEX ==
—ir— Tu5 04 ~-518X
| e i iateidd :
L e & RERYS -

0 it 5 2 25
Thme [minUtes)

Figure 4,43 Cooperite (NST144) recovery-time curves at pH 8 comparing no reagents, SIBX
and CuSOQ+818X i synthetic water, | = 3.5E-02.

4.3.3 Vysotskite

4.3 3.1 Standard Reagent Regime

Figure 444 shows the recovery-time curves for vysolskite (NS148) In the abserce of
reagents. a moderate flotation recovery of 64% is obtained. In the presence of xanthate. the
flotation recovery increased to 95% and with the addition of copper sulphate followed by

xanthate the fiotation kinetics and recovery increased to 889%.
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Figure 4 44 Vysotskite (NS148) recovery-bime curves af pH 8 comparing no reagents, SIBX
and CuSO+S1BX in synthelic water, | = 3.5E-02.

4.3.4 Sperrylite
4.3.4.7 Standard Reagent Regime

The microfiotation data shows that both sperrylite samples have a poor flotation response if
no reagents are added: N5145 and NS146 show a recovery of 7.14% and 0.9%. respectively
(Figures 4.45 and 4.46). When SIBX, is used as the collector, the recovery for NS145
increases to ~74%. where N5146 gave a recovery of anly 1.8% . With the addition of copper
sulphate followed by xanthaie, the recovery drops off marginally for N3145 (69%} and
increases slightly for NS146 (8.5%). These trends are consistent with those observed during
the surface analyses where xanthate adsorption was lower for NS146 compared to N5145,

thereby linking the flotation response to the surface chemistry.
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Figure 4.45. Sperrylite (NS145) recovery-fime curves at pH 8 comparing no reagents, SIBX
and CuSO~+SIBX in synthetic water, | = 3. 5E-02
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Figure 4.468; Sperrylite (NS148) recovery-time curves af pH 8 comparing no reagents, SIBX
and CuSQ.+SIBX in synthetic water, { = 3.5F-02
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4.3.4.2 Collector Screening

Due to the low recovery obtained for sperrylite NS146 further testwork was conducted in an
attempt to improve the flotation response of this mineral. This included collecior screening
and pH adjustment. Figure 4.47 shows the {ofal recovery when comparing various collectors
and combinations of collectors and activator for sperrylite sample NS146.  The sample
responded slightly better to the addition of Senkel 65 which is a dithocarbonate as the
collector compared with SIBX. The dosage for Senkol 65 was 5.00E-5M. The highest
recovery (20%) was oblained at double the Senkol 85 and SIBX concentrations. DTC
(Dithiocarbamate) was also screened as an alternate collector as it is known to be more
specific for PGE minerals but did not improve the flotation response significantly (Nagara). et
al., 1888).

Sperrylite Microflotation
pH 9, Synthetic Water
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Figure 4.47: Sperrylite (NS1486) total recoveries comparing various coffectors.
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In addition, microflotation testwork was carried out at pH 6 with CuSO.+SIBX additions for
NS146 and compared to the corresponding pH 9 trial. The results show that the recovery
increased from 8.5% for the pH 8 trial (Figure 4.46) to 15% for the pH 6 trial. This is probably
due to a lower concentration of Cu(OH), colloids, which are predominant above pH 8. When
carrying out the microflotation test at pH 10 with SIBX for NS146, the recovery was reduced to
0.58%, which may be due to the high concentration of hydroxide ions on the mineral surface
which does not allow much xanthate adsorption due to competition for sites. This trend was
also observed during the zeta potential determinations.

4.3.4.3 Varying Size Fraction Flotation

It is well known that poor recoveries can often be ascribed to either the effect of inadequate
liberation of the mineral or to particle size effects and therefore these tests were included in
the study. With respect to liberation, self-evidently the samples used in the present study are
fully liberated in terms of their separation from gangue which is absent. The microflotation
trials that were conducted on both spermrylite samples at a -38um size fraction is shown in
Figure 4.48 and these results were compared to those obtained for the +38 -38um size
fraction. The results show that the recovery for NS145 was reduced by 31% for the -38um
fraction and the recovery for NS146 was increased by 35% for the -38um fraction when
compared to the respective +38 -38um size fractions.
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Figure 4.48: Sperrylite (NS146) recovery-time curves at pH 9 comparing differing size
fractions with SIBX.

4.3.5 Palladoarsenide
4.3.5.1 Standard Reagent Regime

Figure 4 43 shows the recovery-time curves for palladoarsenide (NS147). NS147 gave a
recovery of 27% in the absence of reagents. With the addition of SIBX, N5147 gave a
recovery of ~96% and with the addition of copper sulphate followed by xanthate, the recovery
dropped off to 67%. The ToF-5IMS data follows similar trends to those seen in the
microflotation data where the average xanthate adsorption was higher for the SIBX only case
compared to the CuS0.+5IBX case.
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Frgure 4.49: Palladoarsemde (NS147) recovery-time curves at pH 8 comparing no reagents,
SIBX and CuSQO.+31BX in synthetic water, | = 3.5E-02.

4.3.6 Moncheite
4.3.6.1 Standard Reagent Regime

The microflotation data shows that both moncheite samples have a low to moderate flotation
response if no reagents are added. N5142 and N3153 show a recovery of 17 8% and 49%,
respectively {Figures 4.50 and 451} When SIBX is used as the collector, the recovery for
both moncheite samples, N$142 and NS153, increases to >99%. With the addition of copper
sulphate followed by xanthate, the recovery drops off compared to the xanthate only trials, e :
N5142 and NS153 gave recoveries of 48.5% and 41.3%. respectively. These trends are
consistent with those observed during the surface analyses, where xanthate adsorption was
tower for both moncheite samples in the presence of CuSO4+8IBX compared to the SIBX only

case, thereby linking the flotation response to the surface chemistry.
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Figure 4.5 Moncheite (NS142) recovery-time curves at pH § comparnnig no reagents, SI1BX
and CuSQ+8IEX in synthetic water, | = 3.5E-02.
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Frgure 4.51. Moncheite (NS153) recovery-time curves af pH & comparing no reagents, SIBX
and CuSQ+8IBX in synthefic water, [ = 3.85-02,
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4.3.6.2 Effect of Lower Copper Sulphate Conceniration

The effect of copper sulphate concentration was evaluated due 1o the reduction in recovery
observed with the addition of copper sulphate (5.00E-05M) compared to the xanthate only
trial (Figure 4.52). The results show that the addition of a lower copper sulphate
concentration (5.00E-06M) improved the recovery of moncheite (NS153) from around 48% to
93% which shows that the Cu{OH}: colioids are preventing xanthate adsorption (Figure 4.43).
These trends are consistent with those observed during the surface analyses, where xanthate
adsorption was higher for the moncheite sample in the presence of a lower CuS0,
concentration of 500E-06M compared to the CuSO4 concentration of 5.00E-05M case.

tnereby linking the flotation response {o the surface chemistry.
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Figure 4.52. Moncheite (NS153) recovery-time curves at pH 9 comparing CuS0y
concentrations in synthefic water, { = 3. 56-02.

Due to the good floatability obtained for both synthetic moncheite samples in the presence of
xanthate; testwork was conducted with the aim of evaluating various condittons, which may
have a deleterious effect on the fiotation response of the synthetic minerals examined. These

included; simulated oxidation, oxidation due to grinding environment and size distribution.
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4.3.6.3 Effect of Oxidation

The effect of oxidation was examined on both moncheite samples and the recovery-time
curves arg displayed in Figure 4.53. The oxidising conditions involved exposing the minerals
to 100°C for 7 days with the purging of air at regular intervals. The results showed that the
recovery of the platinum bismuth telluride sample, NS142, was negatively impacied on when
exposing the sample to oxidising conditions compared to the platinum telluride sample,
NS153, which was unaffected by the oxidising conditions.
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Figure 4.53: Moncheite (NS142 and NS153) recovery-time curves at pH 9 comparing the
minerals with and without oxidation in the presence of 5I8X in synthetic water, |
= 3 BE-02.

4.3.6.4 Effect of Varying Size Fractions With and Without Pentlandite Conditioning

Microfiotation trials were conducted on both moncheite samples at -10um, =10um -38um size
fractions and compared to the +38 -38um size fraction {Figure 4.54). The data shows that the

recovery for both moncheite samples decreases with the decrease in the size fraction size.
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Figure 4.54: Moncheite (NS142 and NS153) recovery-fime ciirves at pH 9 comparing varnous

size fractions of the minerals in the presence of 51BX in synthetic water, | = 3 5E-
(24

Further microflotation tests were conducted on the moncheite, NS142, sample with and

without conditioning with pentlandite and the results are displayed in Figure 4 55.
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Figure 4.55: Mancheite (NS142) recovery-time curves at pH @ comparing with and without
pentlandite in the mixture in the presence of 318X in synthefic water, | = 3 5E-02.
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The results show that when NS142 i1s conditioned for 10 minutes in the presence of
pentlandite and floated together in the presence of xanthate, the recovery of moncheite
decreases significantly from =25% to 58% (Trial A} This effect is not as profound when the
pentlandite fraction is screened out prior to flotation {Trial B) and the moncheite fraction is

floated in the presence of xanthate, the recovery of moncheite decreases from >88% to 73%.

Figure 4.56 shows the comparigon of -10pm, +10um -38um and +38 -106pm size fractions of
moncheite, NS142, with and without conditioning with pentlandite, where the pentlandite
fraction was removed by screening prior to flotation. The results show that the recovery of the
moncheite is negatively affected when conditioned in the presence of pentlandite for the
+10pm -38pm and +38um -106pm size fractions. The -10um size fraction showed an
improvement In the recovery which may be due to the alteration of the minerals surface
charge causing the particies {0 aggregate,
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Figure 4.56: Mancheite (NS142) recovery-time curves at pH 9 comparing size with and
without pentfandite in the mixture with S1BX in synthetic water, | = 3.5E-02
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4.3.7 Merenskyite
4.3.7.1 Standard Reagent Regime

The microfiotation data shows that both merenskyite sampies have & reasonably good
flotation response in the absence of reagents. NS143 and NS152 show a recovery of 75%
and 63%, respectively (Frgures 4.57 and 4.58) When SIBX. 58 used as the collector. the
recovery for both merenskyite samples, N5143 and NS152, increases to =99%. With the
addition of copper sulphate followed by xanthate. the flotation kinetics drops off sharply.
However, the reduction in the ullimate recovery is not so significant, especially for
merenskyite, N3152 compared to the xanthate cnly trials, ie; NS143 and NS152 gave

recoveries of 87 % and 96%, respectively.
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Figure 4. 57 Merenskyite (NS 143} recovery-time curves at pH 9 companng no reagents, SIBX
and CuS04+3IBX in synthetic walter. | = 3 5£8-02.
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Figure 4.58: Merenskyite (NS182) recovery-time curves af pH 9 companng no reagents, S5IBX
and CuSQ+&IBX in synthelic water, | = 3. 56-02

Once again due to the good floatability obtained for both synthetic merenskyite samples in the
presence of xanthate; testwork was conducted with the aim of evaluating various conditions,
which may have a delsterious effect on the flotation response of the synthetic minerals

examined.

4.3.7.2 Effect of Calcium lon Concentration

it was proposed that the ion species .9, Ca ions, presant in the putp affect mineral surfaces
which impacts on the floatability of the Pt and Pd mineral species thereby passivating the
mineral swfaces. Figure 4 52 shows the data obtained for merenskyite. N3153, when varying
the calcium ion concentration in the synthetic water. The resulis show that increasing the
caicium concentration from 80ppm to 500ppem did not negativeiy affect the flotation response
of the merenskyite sample. This is consisient with the ToF-5IMS and XFPS data which have
also shown that the ions found in synthetic water do not appear to be strongly adsorbed onto

the mineral surfaces,
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Figure 4.59. Merenskyite (NS153) recovery-time curves at pH 9 comparing a higher calcium
concentration in the presence of SIBX

4.3.7.3 Effect of Bismuth on Moncheite and Merenskyite

This testwork was conducted under the premise that Bi oxidises readily therefore if the pure Pt
ar Pd telluride samples were ground with Bi powder. a lower flotation response would be
expected. The flotation kinetics of the samples with Bi in the structure was lower compared to
the pure PGE telluride samples; however the overall recovery was not nsgatively affected.
Figure 4.60 shows the recovery-time curves far moncheite, NS153 and merenskyite. NS152
samples. The resulis show that when samples of PiTe:; and PdTe: are ground with bismuth
powder the flotation kinetics as welt as the overall recovery for both mineral samples is

negatively affected, especially for the PdTe; sample.
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Figure 4.60; Maoncheite (N5 153) and merenskyite (NS 152} recovery-time curves at pH 9 with
and withaut bismuth powder ground with the sample in synthetic water, { = 3.5E-
Q2.

The microfiotation data can be summarised as follows for the standard reagent regime:

in the absence of reagents:

Both sperrylite samples showed a poor flotation response; NS145 and NS146 showed

arecovery of 7.14% and 0. 9%, respectively.

The moncheite samples gave a low to moderate flotation response; N§142 and NS153

showed a recovery of 17 8% and 49%. respectively.

Cooperite showed the best fiotation response and obtained a 84% recovery.

Palladoarsenide (NS147) gave a recovery of 27%.

Both merenskyite samples showed a reasonably good flotation response, where

N5143 and NS152 showed a recovery of 75% and 63%, respectively.

In the presence of xanthale:

a recovery of only 1.9%.

Vysotskite gave a reasonably good recovery of 64%.

The recovery for sperrylite (NS145) increased to ~7 4%, where sperryitte (NS148) gave
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The recovery for both moncheite samples, NS142 and NS153, increased to >99%.
No additional recovery was obtained for cooperite in the presence of xanthate and
remained at 94%.

Palladoarsenide (NS147) gave a recovery of ~96%.

Both merenskyite samples showed a good flotation response with SIBX addition, where
NS143 and NS152, increased to >99%.
The recovery for vysotskite increased to 95%.

in the presence of copper sulphate followed by xanthate addition:

e The recovery for sperrylite drops off marginally for NS145 (69%) and increased slightly
for NS146 (8.5%).
For both moncheite minerals the recovery drops off significantly compared to the
xanthate only trials, i.e.; NS142 and NS153 gave recoveries of 48.5% and 41.3%,
respectively.

A slight drop in recovery (88%) was observed for cooperite.

The recovery for palladoarsenide (NS147) dropped off to 67%.

For merenskyite, the flotation kinetics dropped off sharply. However, the reduction in
the ultimate recovery is not so significant, especially for merenskyite, NS152 compared
to the xanthate only trials, i.e.; NS143 and NS152 gave recoveries of 87% and 96%,
respectively.

Vysotskite's recovery improved to 99%.

The effect of oxidation, size and/or pentlandite conditioning, copper sulphate and calcium ion
concentration is summarised as follows:
=  QOxidation of the minerals negatively affected the flotation performance of the Pt and Pd
bismuth telluride samples but not the Pt and Pd telluride samples.
= The data showed that the recovery for both moncheite samples decreased with the
decrease in the size fraction size.
= Conditioning of the minerals in the presence of pentiandite reduced the recovery of
moncheite by around 47%.
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= | owering the copper sulphate concentration by an order of magnitude, from 5.00E-5M
to 5.00E-6M, improved the recovery of moncheite (NS153) from 48% to 93%.
= Increasing the calcium ion concentration in the synthetic water did not negatively affect

the flotation response of the PdTe,; (NS152) mineral.
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CHAPTER §
DISCUSSION

This research proposes that the floatability of the Pt and Pd arsenide, telluride and sulphide
mineral species may be influenced by one or more of the following effects,

¢ Differing crystal structure and/or composition or surface structure and/or composition of
the various Pt and Pd mineral species resulting in their being not hydrophobic or
amenable to collector adsorption.

e The Pt and Pd mineral species readily oxidises and the oxidation products negatively
affect their floatability.

e Oxidation products from other minerals and grinding media also affect the mineral
surface composition and floatability by precipitation onto the mineral surfaces.

e The Pt and Pd mineral species may not be amenable to copper activation because
they have differing crystal structures compared, for example, to sulphides like
pentlandite as there is no sulphur atoms available in which copper may bond.

o [Passivation of the mineral surfaces by Bi and Te oxide and hydroxide species may
occur which would reduce the floatability of the Pt and Pd mineral species.

o lon species in the pulp may affect mineral surfaces which impacts on the floatability of
the Pt and Pd mineral species, e.g. Ca and Mg ions passivating the mineral surfaces.

The key questions that were addressed in this study were whether the Pt and Pd arsenide
and telluride minerals either do not float or float slowly and, if so, what are the reasons
contributing to this phenomenon and to interrogate the extent to which these results are
similar to those obtained for the PGE sulphide minerals and link these flotation responses to
the surface characteristics of the minerals.

The comparison between the Pt and Pd mineral species has highlighted significant
differences between the minerals in question.
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5.1 MINERALOGICAL CHARACTERISATION

EDS was used to characterise and check the homogeneity of the synthetic samples that were
produced. XRD analyses were performed to determine the mineral phases present as well as
to determine the crystal structure of the synthesised minerals and to compare the data
obtained for the synthetic samples to those found in nature.

The XRD data has shown that for all the synthetic PGE mineral samples the phases that were
expected to be present in the sample could positively be identified. None of the samples,
however, were pure.

For the PGE sulphide minerals the XRD data has shown that sample NS144 was mostly pure
cooperite, but an impurity was present which could not be identified and therefore
quantification of this sample could not be achieved (Table 4.6). The EDS data, however, has
shown a homogeneous product with the correct ratio of Pt.S viz. 86:14 (Table 4.1). The XRD
data showed that NS148 was composed of 97% vysotskite and was one of the purest
minerals synthesised in this study. The EDS data indicated that three phases were present;
viz. two were minor phases with low sulphur content and the third contained the major phase
with very similar Pd:S ratios (78:22) compared to the expected composition of Pd:S (77:23)
(Table 4.1).

The XRD analyses for sperrylite confirmed the results obtained by EDS, which showed that
there were Pt specks within the sperrylite phase for both samples (Tables 4.2 and 4.7).
Sperrylite NS145 contained more of the Pt specks compared to sperrylite NS146 and these
specks varied in purity with the Pt specks in NS146 contaminated with a higher percentage of
arsenic. The palladoarsenide sample was difficult to quantify due to the poor diffractogram
obtained, although, the majority of the mineral was identified as palladoarsenide. The
difficulty in quantifying the mineral may be due to it being extremely fine grained which may
also be attributed to the fact that the sample is extremely hard and therefore difficult to crush.
The EDS data showed that there were two phases present; viz. the one phase was minor with
a higher content of arsenic and the second contained the major phase with similar Pd:As
ratios (74.26) compared to the expected composition of Pd:As (70:30) (Table 4.3).
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The XRD analyses of the moncheite and merenskyite samples showed that samples NS142,
NS1563, NS143 and NS152 contained around 87% moncheite (PtPd(BiTe),), 76% moncheite
(PtTe2), 97% merenskyite (PdPt(BiTe,)) and 67% merenskyite (PdTe,), respectively (Table
4.8). The EDS results for the PGE bismuth tellurides showed a large variation in composition
(Tables 4.4 and 4.5). This variation in composition was acceptable as it is prevalent in the
naturally occurring minerals (see Section 1.2.3). The EDS results for the PGE tellurides
showed a lower concentration of tellurium for moncheite (PtTe2) with ratios of Pt:Te (58:42)
and a higher concentration of tellurium for Pd for merenskyite (PdTe,) with ratios of Pd:Te (72:
28) in composition (Tables 4.4 and 4.5).

For all the synthetically prepared minerals except palladoarsenide, there was good agreement
between the measured and calculated crystal structures and they corresponded well to the
information contained in the ICSD database. However, the data has not shown that the
hydrophobicity of the synthesised Pt and Pd mineral species are influenced by the crystal
planes and/or morphology of the minerals. Therefore these resuits do not highlight or explain
the varying results obtained between the minerals during the surface analyses and
microflotation testwork.

5.2 SURFACE CHARACTERISATION AND FLOTATION BEHAVIOUR OF THE PGE
MINERALS

The observations made in the surface analysis experiments, viz. zeta potential
determinations, ToF-SIMS and XPS measurements and their relationship to the flotation
behaviour of the samples has particular interest in this study.

5.2.1 The role of the xanthate collector in the floatability of the PGE minerals

Xanthates are the most commonly used sulphydryl collectors in the flotation of the
valuable minerals. They have long been successfully employed in the mineral processing
industry to separate sulphides from gangue minerals such as silicates. The selectivity is
attributed to the reagent structure, which incorporates a functional group with specific
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affinity for one and/or more cations present on the mineral surfaces. As discussed in
Section 1.5, these collectors adsorb on sulphides through a mixed potential mechanism
which involves the anodic oxidation of the collector and cathodic reduction of surface
oxygen. The anodic oxidation of xanthate either involves xanthate chemisorption, metal
xanthate formation or catalytic oxidation to dixanthogen all of which are dependent on the

minerals involved (Yoon and Basilio, 1993).

Due to the lack of reliable equilibrium constant values in the literature for sodium isobutyl
xanthate species, ethyl xanthate was used to demonstrate possible xanthate speciation. It
was assumed that the ethyl and isobutyl species would behave similarly due to their
related molecular structure. However, due to the higher insolubility of sodium isobutyl
xanthate compared with ethyl xanthate, the formation of the dimer may occur at a lower Ej,
(i.e. under less oxidising conditions) than for ethyl xanthate. A calculation of the
speciation of ethyl xanthate at pH 9 was performed for a range of E, conditions and is
shown in Figure 5.1 (Malysiak, 2003). E, is referenced to the standard hydrogen
electrode (SHE).

Eh {mY)

—py— B -

e { EEX)2

—a— (EtX)2 (1)

Log [C (M)]

Figure 5.1: Speciation diagram for ethyl xanthate (EtX) at pH 9.

For the PGE mineral species the E, values measured during the study were above
200mV, which would therefore favour the formation of dixanthogen (Vermaak et al., 2004).
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To cordirm the speciation of xanthate, testwork was performed on the Pt mineral species
where these minerais were conditioned for 5 minutes in the presence of xanthate (SIBX)
at a concentration of 5.00E-04M. The samples were analysed using PHI TRIFT VY ToF-
SIMS fitted with an Au source which has three Au clusters [Auy. Al and Ausd A
JOKVAU-400um bunched beam was used for the dixanthogen trials. The Aus cluster was
used for these analyses as it is more sensitive for organic molecules due to the tow dose
of primary ions used to bombard the swface of the sample. The cold stage facility
{conling of introducstion and analytical chamber) on the instrument was also used so that
the samples could be kept frozen during analysis as dixanthogen is volatile under high
vacuum.  The results in Figure 5.2 have shown conciusively the presence of dixanthogen
on all the Pt mineral species excapt for sperrylite N5145, which correlates well with the
surface analyses and microflotation data presented in the thesis. This is a most important

observation in the context of this investigation.
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The ToF-SIMS and XPS data showed xanthate adsorption for both PGE sulphide mineral
species (Figures 4.21 and 4.23). The adsorption of xanthate and dixanthogen onto the
base metal sulphide minerals has been studied extensively compared to such sparse
information for the PGE minerals. For example, Hodgson and Agar (1989) investigated
the adsorption of xanthate at pH 9 onto the pyrrhotite and pentlandite surfaces. They
concluded that the product forming on the minerals was Fe(OH)2X. Unlike chemisorption,
no electron transfer was considered to arise through the adsorption of xanthate on the
surface. The collector was adsorbed through coulombic attraction with cationic iron (i)
site generated through oxidation of the mineral surface as illustrated in the following

reactions:
FeS + 2H,0 — Fe(OH)[S]" + 2H" + 2e (21)
Fe(OH)[S]" + X - Fe(OH)[S]X (22)

Xanthate then oxidised to dixanthogen through the reduction of oxygen at the pyrrhotite

surface
2X — Xo + 2e (23)
O, + 2H0 + 4e —» 40H" (24)

Dixanthogen formation was considered to take place adjacent to the oxidised pyrrhotite
surface and be physisorbed via the alkyl groups of the Fe(OH)[S]X complex. Dixanthogen
was the species that conferred hydrophobicity on the surface of pyrrhotite and oxygen was
required to promote the bubble contact. In the case of pentlandite it was concluded that
the collector directly chemisorbed on to the nickel sites (pH 9). The addition of xanthate
reduced the degree of oxidation of the pentlandite surfaces. Dixanthogen is formed from
chemisorbed xanthate on the pentlandite surface according to the following reactions

Ni +X —> NiX + | (25)

e
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NiX + X — Ni(X)2 — NiXa2+e (26)

The formation of dixanthogen would occur concurrently with the adsorption of xanthate on
pentiandite during the oxidation process and enhance hydrophobicity. From the above
literature and the ToF-SIMS data presented in this study, it can be reasonably concluded
that at the conditions prevailing in this study both xanthate and dixanthogen are present
on the surfaces of the minerals studied (except NS146).

The microflotation resuits showed that the addition of xanthate did not result in any
additional recovery for cooperite which remained at 94% when compared to the case
where ‘no reagents’ were added (Figure 4.43). The recovery of vysotskite, however, did
improve by an additional 30% to 85% in the presence of xanthate (Figure 4.44). The
cooperite results indicated that the best flotation response was obtained without the
addition of a collector. In 1987, Hayes et al. reported that sulphide minerals which are
amenable to collectorless flotation form metal-deficient sulphides and/or elemental sulphur
on the mineral surfaces. For collectorless flotation to take place the minerals should be
exposed to some form of mild oxidation so that elemental sulphur, and/or metal deficient
lattice, and/or polysulphide are present on the mineral surfaces, which would induce
hydrophobicity. However, the identity and stability, under both thermodynamic and kinetic
controlled regime and the involvement of the hydrophobic species given in collectoriess
flotation have been topics of considerable debate and there is still no single acceptable
interpretation.

The addition of xanthate for the PGE arsenide minerals has been shown to yield high
recoveries of one sample of PtAs,, viz. NS§145, and of the Pd,As sample (NS147) and yet
did not increase the poor recovery of sperrylite sample NS146 (Figures 4.45, 4.46 and
4.47).

With respect to the platinum samples (NS145 and NS146) the only major difference
between the two essentially pure fully liberated mineral samples is the deportment of pure
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specks of surface Pt which are abundant in the case of sample NS145 and essentially
absent in the case of sample NS146. This characteristic of Pt occurrence correlates well
with the flotation behaviour and hence it is not unreasonable to speculate that these Pt
specks are playing a role in the flotation behaviour of the samples.

ToF-SIMS clearly showed that xanthate adsorbed to a much greater extent on sample
NS145 than NS146 (Figures 4.25 and 5.2). This difference is also reflected in the ToF-
SIMS analyses with respect to sulphur (Figure 4.26). In terms of the flotation response,
addition of SIBX to sample NS145 resulted in a recovery of 74% whereas in the case of
NS146 there is virtually no recovery of the mineral (Figures 4.45 and 4.46). The ToF-
SIMS results thus correlate well with the flotation recovery results. It has been shown that
xanthate forms a type of covalent bond with gold and it is possible that this is the case with
Pt as well (Smart, 2006). In the presence of xanthate, it is known that platinum floats very
readily and this would also support the hypothesis that it is the presence of the pure Pt
specks which result in NS145 being so much more hydrophobic in the presence of SIBX
than NS146. These specks may act as favourable sites for reaction with xanthate and thus
promote hydrophobicity.

Thus it is difficult to explain conclusively the different responses of the two samples to
xanthate treatment other than to refer to the only major difference between the two
samples, viz. the greater abundance of Pt specks in NS145 which are associated with
high recoveries. It should also be noted that in the case of NS146 the Pt specks have a
tenfold greater concentration of arsenic than in the case of NS145. Thus it can be
deduced that the arsenic may in some way inhibit the formation of dixanthogen. Even if
dixanthogen is formed on the Pt specks the ratio of hydrophilic surface to hydrophobic
surface is too low to induce sufficient hydrophobicity on the mineral surface (Shackleton et
al. 2007).

In the case of palladoarsenide the high recovery of the mineral after xanthate treatment
correlates well with the ToF-SIMS results with respect to xanthate coverage (Figures 4.27,
4.28 and 4.49). It is, however, not logical to extrapolate the argument in the case of PtAs;
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to the Pd-As case since the BSE micrograph for the latter shows that there are no highly
pure Pd specks present compared to the Pt specks in the case of sample NS145. It can
only be speculated that the solid state properties of Pd,As are more conducive to the
electron transfer reaction involved in the formation of dixanthogen from xanthate ions. This
is an interesting solid state physics question which deserves greater investigation in a
subsequent study.

For the Pt and Pd telluride samples, the ToF-SIMS experiments have also clearly shown
that xanthate was present on the surface of all the telluride samples studied (Figures 4.30
and 4.36). The ToF-SIMS has also shown the presence of dixanthogen on the Pt mineral
species (Figure 5.2). Vermaak et al., (2004) has shown the presence of dixanthogen on
the Pd-Bi-Te mineral species. The XPS experiments also found that xanthate had
adsorbed on the surface of the moncheite and merenskyite samples, as indicated by there
being 0.6% S on NS142, 0.7% S on NS143, 3.8% S on NS153 and 1.2% S on NS152,
with higher values for the samples in which there is no bismuth present. In terms of the
flotation response, the addition of SIBX to the PGE telluride samples resulted in >99%
recovery in the microfiotation studies (Figures 4.50, 4.51, 4.57 and 4.58). This was
relative to the natural floatabilities obtained after 20 minutes microflotation of between 40-
50% for moncheite and between 60-75% for merenskyite. In all cases the rates of flotation
were high with essentially final recoveries being obtained after 7 minutes.

The zeta potential results for the PGE sulphide and telluride mineral species have shown
that when xanthate is added there is hardly an effect on the zeta potential values over the
pH range 6-10 (Figures 4.11, 4.12, 4.16 - 4.19) indicating little or no xanthate adsorption
on the mineral surfaces. The PGE arsenide minerals on the other hand show a small shift
in the zeta potential versus pH curves to more negative values (Figures 4.13 - 4.15) which
would indicate either xanthate adsorption onto the mineral surfaces or that the slightly
more negative charge observed may be due to electron transfer from xanthate ions to the
sperrylite surface during the formation of dixanthogen. However, this trend to a slightly
more negative charge occurs in both NS145 and NS146. It can be reasonably deduced
from the results presented above that the presence or absence of xanthate species on the
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surface does not or hardly affects the surface charge of the minerals. This is an important
observation when seen in the context of much literature showing the effect of xanthate on
the zeta potential of especially base metal sulphides. It is important to point out that most
of the studies on base metal sulphide minerals have been carried out in a simple
electrolyte and thus the double layer compression will not be affected. For this study the
double layer compression occurs since synthetic water with an ionic strength of 3.5E-02M
was used throughout the study.

The ToF-SIMS, XPS and microflotation data did not correlate with the zeta potential
results with respect to xanthate adsorption and therefore the zeta potential measurements
did not prove to be a good indicator of flotation behaviour compared, for example, with
what is often observed to be the case with the base metal sulphide minerals. This can be
explained by the formation of dixanthogen (Figure 5.2), which is a neutral species and
does not alter the minerals surface charge.

It is well known that poor recoveries can often be ascribed to either the effect of
inadequate liberation of the mineral or to particle size effects. With respect to liberation,
self-evidently the samples used in the present study are fully liberated in terms of their
separation from gangue which is obviously absent. The tests in which the samples of
sperrylite were further comminuted are, however, revealing. In order to ascertain the
cause of the variable flotation response between the two sperrylite samples, i.e. NS145
and NSA146, mineralogical analyses were carried out using the Mineral Liberation
Analyser (MLA). The MLA examination of the +38 -38um size fractions of the first flotation
concentrate (2 minutes of flotation in the presence of SIBX) and tailings samples for each
sperrylite sample (Figures 5.3, 5.4, 5.5 and 5.6) has shown that there is a difference in the
size distribution between the two mineral samples during crushing prior to flotation, i.e.
NS145 is more friable than NS146, so the size distribution of the +38 -38um size fraction
is finer for NS145 tailings compared with NS146 tailings (Figures 5.4 and 5.6). As seenin
these Figures, and as discussed earlier, there is also a difference in the population of the
Pt specks between the sperrylite samples investigated.
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The above resuits have also alluded to possible reasons for the respective decreases and
increases in the flotation recovery observed for NG145 and NS146 samples, respectively,
for the -38um size fraction when compared to the +38 -10Gum matenal (Figure 4 38). It is
well know that fine particles have a reduced flotation rate and thus the total recovery
observed will be tower at a given residence tme compared to the relatively coarser size
fractions. This phenomenon clearly plays a role when comparing the recovery of the
-38um {42%) to the +38 -1068pm size fraction (Y4%) for sample N§145  On the other
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hand, the increase in the recovery observed for NS146, for the -38um size fraction, may
be attributed to a higher degree of liberation of Pt specks in this finer size fraction which
led to an increase in the recovery from 1.9% for the coarse size fraction to 37% for -38um

size fraction.

in summary, in terms of the flotation response, the addition of SIBX to all PGE samples
resulted in recoveries of between 74% and 99% except for sperrylite NS146. The ToF-
SIMS data has clearly shown that the active species for flotation was dixanthogen. In the
case of spemrylite NS146 there is virtually no recovery of the mineral which is consistent
with the ToF-SIMS and XPS results which shows low xanthate and no dixathogen surface
coverage. It is difficult to explain conclusively the different response obtained for sperrylite
NS146 compared to all the other PGE samples to xanthate treatment other than to refer to
the two major differences; viz. firstly, the greater abundance of Pt specks in NS145 which
are associated with high recoveries. It should also be noted that in the case of NS146 the
Pt specks have a tenfold greater concentration of arsenic than in the case of NS145, and
secondly, that the arsenic in some way may inhibit the formation of dixanthogen or even if
dixanthogen is formed on the Pt specks the ratio of hydrophilic surface to hydrophobic
surface is too low to induce sufficient hydrophobicity on the mineral surface. This
observation clearly indicates the importance of platinum group mineral composition and
distribution during the formation of these minerals in geological time. When a large body
of mafic magma is emplaced in the earth’s crust, slow cooling takes place. Silicate, oxide
and sulphide minerals crystallize and sink to the bottom of the magma chamber to form
texturally distinctive layers. The magma thus changes composition continuously until
solidification is complete. As a result, elements such as the platinum group metals, nickel
and copper when in the presence of a sulphide phase, can become sufficiently enriched to
form mineralised horizons at predictable levels within the intrusion. A prime example of
such a body of igneous rock is the Bushveld Complex of South Africa (Buchanan, 1988).
At lower temperatures the platinum group elements become immicible with the base metal
sulphides and therefore crystallize as separate platinum group minerals associated with
sulphides. Subsequent alteration processes could further impact on the platinum group
mineral composition and distribution (Schouwstra, 2007).
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5.2.2 The role of copper suiphate in the floatability of the PGE minerals in the
presence of xanthate

The influence of copper sulphate on the flotation behaviour of the synthesised minerals is
of significant interest. As is well known copper sulphate is widely used as an activator of
base metal sulphide minerals. Its role in these cases has been extensively reviewed by
Finkelstein (1997). In the case of base metal sulphides, the role of copper sulphate is
generally interpreted to involve redox reactions between the Cu?* and the sulphide
resulting in the formation of Cu® and S(ox) in the presence of xanthate ions, Cu(l)-X
complexes are formed (Hodgson and Agar, 1989). It is also widely believed that CuSQ,
may affect the behaviour of the froth phase.

To highlight the possible interactions between copper and xanthate ions and the
subsequent effect on copper and xanthate speciation, the speciation diagrams for a
solution containing 5.00E-05M SIBX and copper ions at pH 9 as a function of E, are
shown in Figure 5.7. E;, is referenced to the standard hydrogen electrode (SHE).
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Figure 5.7: Speciation diagrams at pH 9 for 5.0E-05 M ethyl xanthate and copper.
At pH 9, three competing processes are likely to be occurring in terms of adsorption of

copper (ll) ions from solution. This could occur due to chemical adsorption (oxidation-
reduction reaction during which Cu® ion oxidises the sulphur of PGE sulphides and is
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itself reduced to Cu'), or in the case of PGE sulphide, arsenide and telluride minerals
electrostatic attraction (attraction between the mineral surface and copper due to opposite
charges) and/or Cu(OH), precipitation (non-selective process at alkaline pH). The
predominant copper-xanthate species present at pH 9 is likely to be a mixture of Cu(OH),
and either Cu(l) and/or Cu(ll) xanthate species. Since the system is kinetically controlled,
copper ions in solution will adsorb readily onto the sulphide ions on the PGE sulphide
surfaces before any equilibrium concentration of the copper hydroxy species is reached.
Residual xanthate ions in solution will then react with the precipitated Cu(OH), colloids,
which are likely to be converted to hydrophobic Cu(l}-X colloids according to the following
mechanism:

2Cu(OH)2 — 2Cu(l)Xz — 2Cu(X +X2 (26)

The copper speciation diagram at pH 9 for a solution containing 5.00E-05M copper (Il)
ions is shown in Figure 5.8. At oxidising E, values (i.e. above 0 mV) the concentration of
copper (1) ions in solution is approximately equal to the concentration of Cu(OH). species
in solution which is 7.9E-07M. The remainder of the copper (ll) ions added, i.e. 4.92E-
O5M from an initial solution concentration of 5.00E-05M, would then be present as
Cu(OH),, precipitate, assuming no adsorption onto the mineral surfaces, which would drive
the equilibrium in the direction of Cu(OH),. Cu(OH), precipitate would first appear at
about pH 7 (Figure 5.9). Although the data in Figure 5.9 were determined at an E;, of 300
mV, the onset of Cu(OH), is not considered to be strongly dependent on E, {(Gerson,
personal communication). At low pH (<6) the positive copper (ll) ion species predominate
and at high pH (>6 ), the precipitation of Cu(OH), would lead to a marked decrease in zeta
potential observed above pH 8, due to the fact that Cu(OH)2 does not carry charge.
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Figure 5.9: Copper speciation for copper concentration of 5.00E-05M as a function of pH
at constant Ep of 300 mV.

At alkaline pHs, the interpretation of copper adsorption is largely dependent on an
understanding of the speciation behaviour of copper. These show that at pH=9 copper
exists predominantly in the hydroxide form as either cuprous or cupric hydroxide.

Copper sulphate has also been shown to be able to inadvertently activate gangue
minerals. Numerous investigations have been carried out to investigate this phenomenon
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(e.g. Malysiak, 2003; Nagaraj and Brinen, 1995). The data obtained during those studies
revealed that unlike xanthate adsorption, copper ion adsorption is non-selective, i.e.
adsorption onto sulphide as well as siliceous minerals has been observed. The possibie
mechanisms for copper ion adsorption and inadvertent activation have been considered

by many researches and are discussed below.

Fuerstenau (1976) reported that adsorption of copper ions onto the quartz surfaces may
be a result of hydrogen bonding between adsorbed hydrogen ion and the copper hydroxy
complex (Figure 5.10).

Figure 5.10: Hydrogen bonding (Copper lons).

He also proposed that an alternative mechanism could be the adsorption of the copper
hydroxy complex by the formation and spilitting out of water (Figure 5.11).

Si + H,0
o) OH o) OH

Figure 5.11: Hydroxy complex formation (Copper lons).

The third possible mechanism involved nucleation and growth of a hydroxide precipitate at
the surface. These adsorption mechanisms would result in a more positive mineral surface
charge. It is assumed that these mechanisms wili play a role in copper ion adsorption for

the siliceous minerals.

146



Nagaraj and Brinen (1996), using XPS, found that copper was present as Cu' rather than
Cu* after collector treatment of copper activated pyroxene. This suggested that a
chemical reaction was occurring during the adsorption of xanthate onto the copper
activated silicate surfaces, which involved the formation of Cu(l)-X complexes. The second
possible mechanism could have been electrostatic attraction between positively charged
copper species and negatively charged xanthate ions. A schematic representation of the
xanthate interaction with the copper ion activated silicate mineral surfaces is given in
Figure 5.12.

No 0 Cu— X
N/
Si
0] OH
/
Figure 5.12: Schematic representation of xanthate adsorption onfo copper activated
silicate mineral.

In the case of siliceous gangue minerals where a chemical reaction between copper
species and the gangue mineral is unlikely to occur, it is generally assumed that activation
occurs as a result of an interaction between the precipitated copper hydroxide, which
exists as a colloidal or ionic species, and the xanthate ion. Smart (2005) has proposed
that such a reaction results in the formation of cuprous xanthate. It is ailso then proposed
that the redox reaction is accompanied by oxidation of xanthate ions to dixanthogen which
renders the gangue hydrophobic. In a study evaluating the effect of the inadvertent
activation of pyroxene, for example, it was shown that the recovery of pyroxene increased
from 5% when treated only with SIBX to 77% when treated sequentially with copper
sulphate and SIBX (Shackleton et al., 2003).

in the present study, the minerals being floated are fully liberated samples of piatinum or
pailadium arsenide, telluride and sulphide. It is not appropriate to suggest that the
mechanism proposed for sulphide minerals, which involve well-known chemical
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interactions with the sulphide surface layer, can be used to explain the observation made
in the present instance for the PGE arsenides and tellurides. Arguably, the observations
made in the case of the relatively inert surface of the siliceous gangue minerals may be of
greater relevance here although this does not imply at all that the PGE mineral surfaces
are chemically inert. Thus an explanation for the behaviour of the copper sulphate may be
related to interactions between copper hydroxide species such as Cu(OH)* or Cu(OH).
and the xanthate. If the redox reaction proposed in the case of the activation of siliceous
gangue minerals is to be considered then it should follow that the dixanthogen formed
would result in an enhanced recovery. However, counter-intuitively, it was repeatedly
observed that the addition of copper sulphate either hardly influenced recovery in the case
of sperrylite (NS145) and vysotskite (NS148) or in fact caused the recovery to decrease in
the case of palladoarsenide (NS147), both moncheite samples (NS142 and NS153), both
merenskyite samples (NS143 and NS152) and cooperite (NS144) samples. In the
absence of any further experimental data, it is presently only possible to speculate on why
this should be the case.

The zeta potential measurements all showed significant reductions in the negative charge
of the surfaces after the addition of copper sulphate except for palladoarsenide. At pH=6
the copper exists predominantly in the Cu®" state and so it can be assumed that these ions
serve to partially neutralise the negative surface. Aithough Cu® can be hydrolysed to form
Cu?*(H20)x species which would inhibit interference with the surface. The zeta potential
versus pH changes are, however, relatively modest in the case of moncheite and not
present in the case of palladoarsenide but quite significant in the case of sperrylite,
merenskyite, cooperite and vysotskite where the zeta potential increased by between 12 -
18mV. At pH=10 the zeta potential is close to zero and this may simply be due to a
deposition of Cu(OH)2 colloids, the dominant copper sulphate species at this pH, on the
surface thus essentially masking the surface charge. Confirmation of the fact that the
dominant effect of adding copper sulphate was simply to cause Cu(OH). species to block
access of xanthate to the surface was obtained in the experiments carried out at
concentrations of copper sulphate an order of magnitude lower (Figures 4.32, 4.33 and
4.52). These experiments showed as expected a much lower concentration of copper on
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the surface but also a concomitantly higher concentration of xanthate on the surface due
to a higher availability of surface active sites. Consistent with these observations, the
flotation recovery for the case where a lower copper concentration was employed was
markedly higher. When SIBX is added after the addition of copper sulphate, the zeta
potential becomes more negative fo varying extents on the different samples. Both ToF-
SIMS and XPS also show that this treatment results in less xanthate on the surface than
when only SIBX was added for most cases.

Copper activation of cooperite follows the well-established mechanism as observed for
other base metal sulphides in which the copper is reduced to Cu(l) on adsorption. The
classical activation mechanism seen with cooperite does not appear to be operating for
vysotskite. This may be partly due to the highly oxidised state of these surfaces before the
copper addition.

Furthermore for both sperrylite samples (NS145 and NS146) and palladoarsenide (NS147)
the XPS results show that when copper is added, approximately 20%, 33% and 13%,
respectively, of the copper is already in the Cu'* oxidation state without the addition of
xanthate. When xanthate is added to the arsenide copper treated minerals, all the
remaining Cu® species is converted to Cu(l)xanthate species. Even though the
Cu(l)xanthate species were formed this did not resuit in a good flotation response.

The effect of the presence of bismuth in the behaviour of the minerals is interesting. In the
case of moncheite (PtPd(BiTe).), NS153, the XPS has data shown that copper
sulphate/xanthate treatment results in 36% of the existing copper being present in the
Cu'* state. For moncheite (PtTe,), NS142, however, the equivalent value is only 6%. The
zeta potential of NS153 under the same conditions is also much less negative than
NS142. In addition, the ToF-SIMS also showed a lower Cu ions surface coverage for
NS153 compared to NS142. A significant conversion of Cu(ll) to Cu(l) can be also
associated with the formation of CuX. It could thus be inferred that the presence of Bi in
NS142 may somehow inhibit the electron transfer reaction which reduces Cu®* to Cu'*
which seems to occur fairly readily on PtTey (NS153). It also appears that the presence of
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Bi in the lattice of the mineral and Cu on the surface affects the adsorption of xanthate as
seen in the XPS results where a 10 fold lower %S is observed for NS142 compared to
NS153 (Table 4.18) (Shackleton et al. 2007). This lower xanthate concentration observed
on the mineral surface may also contribute to the lower conversion of Cu®** to Cu'* as
xanthate adsorption is the driving force for the conversion to take place. All these
observations however do not in any way predict the hydrophobicity of the treated samples.
Both NS142 and NS153 only show approximately 40% recovery after copper
sulphate/xanthate treatment and so the possible effect of the formation of CuX, as
indicated by XPS, on the surface charge provides little insight into the ultimate
hydrophobicity of the mineral samples and their flotation performance. What is clear from
these experiments is that the presence of copper sulphate in synthetic water, added as an
activator for the base metal sulphide minerals, is deleterious to the recovery of moncheite.
As proposed above this is probably due to the deposition of Cu(OH). colloids which inhibit
access of xanthate ions to the surface. The effect on merenskyite is less detrimental and
in fact although the rate of flotation is significantly lower when copper sulphate is used the
final recoveries after 20 minutes are close to 100%. This may be due to the fact that less
copper was adsorbed onto the Pd mineral surfaces due to the extensive oxidation
observed during the XPS analyses (Table 4.19). As seen for moncheite the lower copper
concentration (5.00E-06M) hardly affected the flotation response (Figure 4.52). Again,
however, zeta potential is a poor predictor of flotation behaviour other than showing that
when the zeta potential becomes relatively less negative the samples are also relatively
less hydrophobic as indicated by the microflotation tests.

The xanthate concentrations on the surface in the absence or presence of copper are not
significantly different and hence the mere presence of xanthate species on the surface is
not an indicator of floatability. It can therefore only be concluded that it is the chemical
nature of the xanthate and not the mere presence of a xanthate species on the surface
which is crucial to promoting flotation. When copper is absent it has been shown (Figure
5.2) that the xanthate is readily converted to dixanthogen resulting in the high recoveries
observed (Vermaak et al., 2004). As already stated, in the presence of copper ions,
however, XPS tests on moncheite and merenskyite suggest that part of the xanthate is
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converted via a redox reaction with Cu(ll) to Cu()X which, however, appears not to
contribute significantly to rendering the surface hydrophobic. This is particularly
demonstrated in the case of moncheite where the greater the amount of Cu(l) the less the
increase in flotation recovery relative to that observed in the absence of reagents.

in the case of sperrylite (NS145) and vysotskite (NS148), it is possible that the redox
reaction involving precipitated copper hydroxide and SIBX is kinetically controlled and that
the mineral surface either slows down the electron transfer process or indeed in the case
of palladoarsenide (NS147), moncheite (NS142 and NS153), merenskyite (NS143 and
NS152) and cooperite (NS144) may even inhibit such a redox reaction. It is beyond the
scope of the present study to speculate on the relative conductivity properties of the
samples such as the abundance of valence and/or conduction bands, etc., all of which
could play a role in the ability of electrons to migrate in a surface reaction involving such
solids.

A comparison of the XPS results for the PGE minerals have shown some interesting facts
about the minerals studied. In general, all of the palladium minerals are highly oxidised
after conditioning in synthetic water (Table 4.19). However, this fact did not seem to affect
their flotation response, if anything, their flotation rates and recovery were higher
compared to the Pt minerals. Surface concentrations of copper are low and inconsistent
for the Pd minerals compared to the Pt mineral species. Most of the copper is present as
hydrophilic Cu(ll) even after xanthate addition. The classical activation mechanism seen
with cooperite does not appear to be operating for the PGE arsenides, tellurides and even
for vysotskite. This may be partly due to the highly oxidised state of these surfaces before
copper addition. Xanthate adsorption, however, still occurs with and without copper
conditioning.

The resuits may explain the differences observed between the Pt and Pd minerals with
respect to flotation rates and recoveries. In general, in the presence of copper sulphate
the Pd minerals display a lower copper surface coverage when compared to the Pt
minerals (Tables 4.18 and 4.19). This may be attributed to surface oxidation products
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which interfere with and reduce the adsorption of copper species on the surfaces of the Pd
minerals. These oxidation products do not seem to affect the collector adsorption and
therefore higher flotation rates and recoveries were observed.

In order to gain some insight into the nature of the bonding of the copper species to the
mineral surface, tests were conducted in the presence of a complexing agent,
ethylenediamine (EDA), which was added after CuSO4 addition and after the addition of
CuSQ4+SIBX, in an attempt to remove any of the weakly bound unconverted Cu(OH),
colloids.

The formation of the copper chelate involves bonding of the copper ion through covalent
and coordination bonds with the electron-donor atoms of the functional group of the
chelating reagent (Fuerstenau et al. 1999). This occurs by the exchange of water
molecules, which are bound to the copper atom, for ligand molecules. EDA is a bidentate
ligand, which when unprotonated, can form two coordinate covalent bonds with a metal
atom through the lone pair electrons on both nitrogens. In its neutral form, it forms soluble
complexes with both copper(l) and copper(ll) ions: i.e. Cu(EDA)*, Cu(EDA),** and
Cu(OH)(EDA)'. Copper-EDA species form at pH values much lower than those at which
EDA is hydrolysed in water-EDA systems, reflecting their stability (Aksu and Doyle, 2000).

Figure 5.13 shows the En-pH diagram for the copper-water-EDA system and it can be
seen that at pH 9, copper is complexed by two EDA ligands to give Cu(EDA);** species at
En>0.2 V. The Ej, for the system studied was above 0.200 mV.
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Figure 5.13: Ex-pH diagram for the copper-water-ethylenediamme {EDA) system at 25°C
and 1 atm. Tofal EDA activily, {EDAr} = 1E-2M; Tofal dissolved copper
activity. {Cur} = 15-60M, [Aksu and Doyle, 2000).

The ToF-SIMS data has shown that when EDA s added to the sperrylite system. in either
seguence, viz. before or after xanthate addition, there is removal of copper from the
surfaces of both samples (Figures 4.38 and 4.39). This suggests that the copper xanthate
or hydroxyl species are not strongly bound to the mineral surface for both sperrylite
samples. It is possible that copper 15 removed as a result of the preferential complexation
with EDA in solution. For palladoarsenide the addition of EDA after CuSQ, and prior to
SIBX there is removal of the copper hydroxyl species. This reduction in the solution
concentration of copper 1ons consequently causes copper species on the surface to

undergo dissolution (O"Connor et al, 2006).

It is interesting to speculate on the role of the kismuth for the moncheite and mearenskyite
samples. There is little difference between the flotation behaviour of the samples with or
without bismuth. The EDA data shows that the Culll) species are more readily removed
from the Pt and Pd bismuth telluride surfaces compared te the more pure Pt and Pd

telluride mineral species. It could thus be deduced that the copper xanthate binds more
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strongly to the surface of the PGE telluride than to the PGE bismuth telluride. This is also
consistent with the proposal that it is the dixanthogen, which it is postulated, is solely
responsible for promoting flotation and that the only function of copper is to cause the
formation of Cu(OH). colloids which are not strongly bound to the surface but which may
mask or inhibit the hydrophobic rendering effect of the dixanthogen (Shackleton et al.
2007). The Bi free samples NS153 and NS152 did not exhibit any reduction in surface
copper with the addition of EDA for the CuSO4+SIBX+EDA sequence which is consistent
with Cu(l)X being more strongly bound than the Cu(OH).. It should however be noted that
a lower copper surface coverage was observed on the moncheite NS153 mineral surface
prior to the addition of EDA compared to the moncheite sample NS142. Palladoarsenide
(NS147) did not exhibit any copper removal with the addition of EDA for the
CuSO0.+SIBX+EDA sequence. It should be noted that a significantly lower copper surface
coverage was observed on the palladoarsenide mineral surface prior to the addition of
EDA compared to the other PGE minerals. The Pt and Pd sulphide minerals surface
analysis showed that vysotskite (NS148) did not exhibit any copper removal with the
addition of EDA for the either sequence while cooperite (NS144) did show copper removal
in the sequence of CuSO4+ EDA +SIBX.

In summary, the mechanisms of copper activation with the addition of SIBX appear to be
distinctly different between the PGE sulphide, arsenide and telluride samples. Copper
activation of cooperite follows the well-established mechanism of other mineral sulphides
in which the copper is reduced to Cu(l) on adsorption. Adsorbed copper on the tellurides,
however, is limited in surface concentration and predominantly Cu(ll) with some limited
Cu(l) only evident after xanthate adsorption. This lower degree of adsorbed copper (1)
ions onto the PGE telluride mineral surfaces will result in a higher concentration in solution
of copper ions and hence will result in a higher concentration of the thermodynamically
favoured Cu(OH). precipitate at alkaline pH (Figure 5.3). The hydrophilic precipitate
[Cu(OH)z] would not increase the mineral hydrophobicity but would reduce the number of
surface sites available for xanthate adsorption and will result in the reduction of the
floatability for the telluride minerals. For the arsenides, the main surface chemical
mechanism contributing to sperrylite and palladoarsenide flotation is adsorption of
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precipitated Cu(ll) hydroxide (as colloidal and ionic species) followed by in situ reduction to
Cu(hxanthate. This reaction will be accompanied in the redox couple by oxidation of some
xanthate ions to dixanthogen further adding to the hydrophobic species on the sperrylite
and palladoarsenide surfaces. However, xanthate is still adsorbed without copper
activation but in lower surface concentrations and therefore lower induced hydrophobicity.
The sperrylite surface appears to remain unreacted through all of the conditioning steps as
indicated particularly by the unchanged arsenic signals (as arsenide). Although
Cu(l)xanthate species were formed on the arsenide minerals, this did not necessarily
ensure a high recovery as was observed for sperrylite sample NS146.

§.2.3 Effect of oxidation on the floatability of the PGE minerals

Due to the good floatability obtained for both synthetic moncheite samples in the presence
of xanthate further testwork was conducted with the aim of evaluating various conditions,
which may have a deleterious effect on the flotation response of the synthetic minerals
examined. It is well established (Smart et al., 2003) that the surface products of excessive
oxidation (oxides and hydroxides) have a profound and generally negative effect on
surface hydrophobicity. Mild oxidation however, appears to enhance the flotation of
sulphide minerals (adsorption of collectors and the formation of hydrophobic sulphur
species) and is often a requirement for self-induced flotation. On the other hand,
excessive oxidation inhibits flotation.

5.2.3.1 Simulated oxidation

The effect of oxidation was examined on both moncheite samples [NS142-PtPd(BiTe),
and NS1563-PtTe,]. The oxidising conditions involved exposing the minerals to 100°C
for 7 days with the purging of air at regular intervals. The results showed that the
recovery of the platinum bismuth telluride sample, NS142, was negatively impacted on
when exposing the sample to oxidising conditions compared to the platinum telluride
sample, N§153, which was unaffected by the oxidising conditions. It can be inferred
that this may be due to bismuth possibly being more susceptible to oxidation which is
consistent with the relative oxidation potentials of the respective elements. Table 5.1
shows the electrochemical series at 25°C for the elements of interest to the
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nvestigation [E® values from CRC Handbook of Chemistry and Physics (1885-1886})].

The data shows that Pt is the least oxidised and Bi is readily oxidised.

Table 5 22: Electrochemcal series for Bt Pd, Bi and Te.

Heaction
Pt + 20 > Pt 1118 Least oxidisable
Pd* + 20 —» Pt 0.951
Te**+4e »Te 0.568
BFP* + 3e Bi 0.226
PtfOH); + 22 » Pt + 20H 0.14
PdifCH): + 2e .+ Pd + 20H 0.07 =

TeO,” + 3H,O + de —» Te + 60H -0.57

Bi:0; + 3H-0 + 6e — 2Bi + 60H 046 Most oxidisable

This is further suppered by the AG values shown in Figure 5.14. The AG-diagram
(Ellingham) shows the relative stability of Bi, Te, Pd and Pt oxides in decreasing order
in terms of oxidation [AG values taken from Qutokumpu HSC Chemistry@ for
Windows, Version 4.1, 1998].
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oxides.

These results are also consistent with the results of Elvy {1998) who showed that the
oxidation of the minerals in the Pd-Te-Bi system led to the formation of layers of
tellurium and/or bismuth oxide covering the palladium-rich substrate. ToF-SIMS
results have shown that both moncheite samples exhibit surface oxidation products
and that these species were likely to be Bi(lll) and Te(lV) ocxides and hydroxides.
Separate XPS results, where the telluride mineral were conditioned in synthetic water,
have confirmed these oxidation products. This supports the proposal that bismuth is
readily oxidised and that these oxidation products negatively affect the recovery of the
PGE telluride minerals while tellurium Goes not appear to have an effect on the

flotation response.

As stated in Section 4.2.3, it was noted that the Pd minerals species surfaces (PGE
arsenide, telluride and sulphide) were significantly altered and showed heavily
oxidised surfaces when compared to the Pt mineral species which showed minimal
oxidation (Tables 4.18 and 4.19). It is interesting to note that the oxidation cbserved
for the palladium mineral species did not detrimentally affect the recovery of these

minerals; in fact. it appears as if the oxidation of the mineral surfaces enhanced the
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hydrophobicity of the mineral species in the presence of xanthate. Smart et al, {2003}
reported that xanthate may behave as a cleaming and dispersing agent, displacing the
axidised iron species from the pyrite surface. The interaction between the oxidation
products and the sulphide mineral surface is generally weak {electrostatic andfor
hydrophabic in nature} as scnicationfdecantation removes these oxidation products
(Clarke, et al., 1995). |t may be speculated that the oxidation products formed on the
Pd mineral surfaces are only weakly attached to the surface and thus they can be

mare readily exchanged for xanthate species compared to the platinum minerals.

5.2.3.2 Bismuth and surface alteration

Testwork was conducted under the premise that bismuth wadises readily and that
therefore if the pure Pt or Pd telluride samples were ground with bismuth powder, a
lower flotation response would be expected. As discussed in Section 5.2.3.1 the
flotation kinetics of the samples with bismuth in the structure was lower compared to
the pure PGE teliuride samples; but the overall recovery was not negatively affected.
The results showed that when samples of PiTe; and PdTe; were ground with bismuth
powder the flotaticn rates as weli as the overall recavery for both mineral sampies is
negatively affected, especially for the PdTe; sampie (Figure 4.60} Thg result
confirms the data results shown in Section 5.2.3.1 which suggested that bismuth was

more susceptible to oxidation.

5.2.3.3 Oxidation from grinding environment
It was hypathesised that oxidation products from other minerals and grinding media
would affect the mineral surface composition and floatability of the PGE minerals by

the precipitation of oxide and hydroxide species onta the mineral surfaces.

Conditioning of moncheite in the presence of pentlandite reduced the flotation
response of the +38 -38um size fraction from =899% to 58%. This effect was not as
profound when the pentlandite fraction was removed by screening and discarded prior
te flotation as the flotation recovery was reduced to 73%. The ToF-SIMS data showed

that the relative percent surface concentration of Fe and Ni increased while the
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xanthate ion surface concentration decreased on the moncheite mineral surfaces
(Figure 4. 34).

In this study, It was interesting to observe the changes in the surface concentration of
mecncheite with respect to the nickel and iront iens.  The nickel and iron speciation
diagrams are given in Figure 515 and Figure 5,16, respectively. The diagrams show
that the Ni{fQH); NIOH" Fe{OH): and FeOH™ species are the dominant species
present at pH 8.

Based on the nickel and fron speciation diagrams, it is proposed that at pH 3. both iran
and nickel are adsorbing onta the moncheite surdfaces as iren and nickel hydroxy
species, thus forming hydrophilic overlayers. The PGE minerals rest potentials are
generally higher than that observed for the base metal sulphides and thus these
overlayers of oxide, hydroxide and oxy-hydroxide are likely to be due to galvanic
imteractions. In a two component system, PGE minerals act as a cathede while
sulphide minerals act as an ancde and thus metal hydroxides migrate ocnte PGE
mineral surfaces. I has been found that cathodic polarizations adversely affect the
flotation response of minerals such as pyrrhotite (Adam and lwasaki, 1984a) and
chalcopyrite (Li and hwasaki, 19%2a).  |n addition the ToF-5IMS data also showed an
increase in the relative percent surface concentration for Ca+Mg+Al+51, which would

also contribute to the passivation of the mineral surfaces
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Figure 515 Specration dagram for
1 O0E-05M M {Acar and
Somasundlaran, 1852).

Figure 5 16 Specration daagram for
1 Q0E-04M Fe
fFuarstanau. 1976)

As expected, the testwork has shown that particle size plays a role in the flotation of

the PGLC reviewed

telluride minerals.  Subrahmanyam and Forssberg (1990)
pracessing of fine particle and described the influence of particle size on the rate of
recovery of minerals. In general, it was found that fine particles (<10pm) have low
collision efficiencies with gas bubbles and are accessible to mechanical entrainment.
Further grinding of the ore samples can have a twofold effect, viz, both to reduce
particle size and to improve liberation. I the present study there is mo gangue present
and so the samples are essertially fully liberated, However, it was speculated that
exposing fresh sites in the matnx of the mineral after further grinding could possibly
improve recovenes. As shown in Figure 4.54, however, the effect of further grinding to
finer particle sizes had the effect expected when fioating fine particles, viz. a loss of
recovery. [his was the case for both samples of moncheite. The results showed that
the recovery decreased with a decrease in particle size, the finer fraction. -10um.
giving the lowest recovery. However, when conditioned in the presence of pentlandite,
the -10pm size fraction showed an improvement in flotation response (Figure 4 .56).

This is probably due to the pentlandite dissclution products being adsorbed onto the
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PGE mineral surface and causing a neutral suface charge. This neutral charge will
cause aggregation and it is well known that these larger aggregates would have a

higher flctation response.

5.2.4 Effect of calcium jon concesntration

Calcium ions found in process water can have a major impact on flotation of pentlandite
and pyroxene minerals (Malysiak, 2003). The synthetic water formulation used during this
study contained sodium, magnesium, caicium, bicarbonate, chlonde, nitrate and sulphate
ions. It is accepted that sulphide mineral sufaces in puip, in the absence or presence of 8
collector. are energetically and chemically heterogenescus and contain a variety of active
sites (Ralston, 19891). Ralston aiso pointed out that the most energetic sites are likely to
be hydrophilic. Clusters of water molecules will adbhere to these sites. Sulphide mineral
surfaces typically consist of hydrophilic and hydrophotic patches and the relative
population of each of these mineral sites would influence the sulphide mineral floatability.
Im the case of this study, all mineral surfaces came Inte contact with the ions In synthetic
water prior to the addition of copper {Il} andfor xanthate ions. Thus e.g. Ca* and Mg?"
fons, which are predominant at the pH range of interest (Figures 517 and 5 18) adsorb

onto the active sites of all minarals.
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I the presert study changing the calcium concentration in the synthetic water from 80ppm
to 500ppm did not affect the flotation response of the PdTe: {(NS152) mineral species.
Subseguent ToF-SIMS and XPS analyses also showed that the ions found in synthetic
water do not significantly affect the mineral surface charactenstics of the PGEs at the
concentrations tested and therefore do not have an influence on the flatation response of
the minerals studied. However, it should be noted that the XPS resulis for cooperite
showed considerable adsarbed Mg 1en surface concentration, hence, the PtS may
specifically adsorb Mg™" from synthetic water but this did not seem to affect the flotation

respanse.

5.2.5 Other colflectors

Sperrylite sample N5S146 has proved to be an extremely difficult sample to recover by
flotation methodologies. Various collectors and combinations of collectors, activator and
pH envirocnments were screened in an altempt to improve the flotation response for

sperrylite sample NS146.
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The sample responded slightly better to the addition of Senkol 65 (Dithocarbonate) as the
collector compared with $IBX. The dosage for Senkol 65 was 3 00E-05M. The highest
recavery {20%) was obtained at double the Senkal 65 and SIBX concentrations (Figure

4.47).

In addition, microflotation testwork was carried out at pH 6 with Cus04+5IBX additions for
NS146 and compared to the corresponding pH € trial. The results show that the recavery
increasad from 8.5% for the pH 2 trnial to 15% for the pB 5 trial. This 1s probably due to a
lower concentration of CU{OH)z colloids resulting on the surface, which are predominant
above pH 8. When carrying ocut the microflotation test at pH 10 with SIBX for NS146 the
recovery was reduced to 0.58%, which may be due to the high concentration of hydroxide
ions on the mineral surface which negatively affects xanthate adsorption due o

competition for sites.  Ths trend was also observed dunng the zeta potenhal

determinations.

Since na aignificant improvements in sperrylite recovery was obtained using the above
flotation conditions, further research is necessary in order to enhance the recovery of this

rmirneral by flotation.
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CHAPTER 6
CONCLUSIONS

The aim of this study was to investigate whether there was a difference in the fioatability
between the PGE sulphide arsenide and telluride minerals and if so o what can these
differences be ascribed. It had been suggested, from empirical observations on plants, that
PtAs; (sperrylite) and PiPd{BiTe), (moncheite) are poorly floatable minerals compared to the
PGE sulphide species and that this accounts for a significant [oss of PGE in flotation
processes, Since it is difficult to obtain sufficient amounts of these minerals, the praesent study
has investigated the surface characteristics and flotation behaviour of synthetic cooperite.

vysotskite sperrylite. palladoarsenide, moncheite and merenskyite.

At the start of the study it was hypothesised that the difference in floatability of these PGE

minerals may be due o a number of factors.

1. The crystal structure andior morphology of the PGE minerals affect the hydrophaobicity of

these minerals.

For all the synthetically prepared minerals except palladoarsenide, there was good
agreement between the measured and calculated crystal structures and  they
corresponded well with the information contained in the ICSD database However, the
results of this research have not shown that the hydrophobicity of the synihesised Pi and
Pd mineratl species are influenced by the crystal planes and/or morphology of the minerals.
Therefare these particular results do not highlight or explain the varying resulis obiained

with these minerals during the surface analyses and microflotation testwork.

The study of the arsenide minerals has shown, remarkably, that two samples of sperrylite
which had virtually identical bulk compositions and crystallinity showed quite different
flotation behaviour. Recoveries of greater than 70% were abtained in the case of N§145
whereas the highest recovery for NS146 sample was about 40% and this was only
obtained after grinding to <38um. There was a strong correlation between the appearance

of Pt specks on the surface as observed in the EDS results and the recoveries of the two
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samples, the sample having more such specks on the surface showing sigmificantly
greater recovernies. From this it could be deduced that it may be the presence of such free
Pt specks which favours the flotation behaviour by providing appropnate sites for collector
adsorption. This may be ascribed either to the effect of xanthate being covalently bonded
to the surface or to the effect of dixanthogen being formed at the flotation conditions. This
increase in recovery in the case of N5146 after grinding may be due to the exposure of

new free Pt specks/sites.

In general, it has been shown that the PGE minerals float readily when treated with SIBX
and the XP5S and ToF-5IMS results showed clearly that xanthate 1s adsorbed on the
mineral surfaces at a higher concentration compared to the copper activated minerals
except for the sperrylite (NS146) and cooperite (NS144) samples. The ToF-SIMS data

have clearty shown that the active species for flotation was dixanthogen,

Another hypothesis proposed for the lower floatability observed for the PGE mineral

species was the presence of oxidation products (air induced oxidation) which would

influence therr floatability.

Platinum iz a noble metal and is essentially nen-oxidisable under normal conditions:
hence, this 1s only ikely to occur for the palladium mineral species. The zeta potential
determinations have shown that the surface charge differs considerably between the Pt
and Pd mingeral species which may be due to the significant surface oxidsation observed for
the Pd minerals. Thera were, however no clear correlations between the observations
made of the surface charges of the minerals and their flotation behaviour. Oxidation of the
PGE telluride minerals were shown to negatively affect the flotation performance of the
pismuth-rich samples but not the pure Pt and Pd telluride samples which supports the
hypothesis that bismuth 15 readily oxidised and that the oxidation products negatively

affect the floatability of these minerals.
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3. The poor fleatabilities of the PGE mineral species [PiTe: and FtPd{BiTe}:] may also be

speculated to be a result of contact with oxidation preducts produced during orinding

causing inadvertent depression due to precipitating ions. for example, from pentlandite,
NiOH" and FeQH".

Conditicning of the minerals in the presence of pentlandite reduced the recovery of
mencheite [PtPd{BiTe):] by around 47%. This was ascribed to pentlandite dissolution
products (iran and nickel hydroxy species) forming overiavers an the mineral surfaces
thereby inhiiting the adsorption of collector.  This observation supports the hypothesis
that oxidation products from other minerals and grinding media affect the mineral surface
composition and floatability by precipitation onte the mineral surfaces. In addition, further
grinding of moncheite [PtPd(BiTe);] conditioned with pentlandite showed a negative effect
on recovery due to the fineness of the particle size distribution and there was no
advantage gained from any possible exposure of fresh siles in the sample. However, the -
10pm size fraction showed an improvement in flotation response which was probably due
to the pentlandite dissolution products being adsorbed onto the PGE mineral surface and
causing a neutral surface charge. This neutral charge would promote aggregation and

these larger aggregates would have a higher flotation response.

4. 1t 15 widely known {Finkelstein, 1997} that copper sulphate is used as a promoter of the

base metal sulphide minerals. It was speculated that smilarly copper sulphate would

orormote the flotation of the PGE mineral species.

These tests were carried out in a frothless environment thus eliminating any effect copper
suiphate may have on frath structure, There were no clear correlations between the
ochservations made of the surface charges of the minerals and their flotation behaviour.
Copper sulphate addition had the expected effect on zeta potential values but this did not

correiate with the floatability of the minerals.

Copper sulphate, the standard activator used in concentrators for the recovery of PGMs by

flotation, was found to have a negative effect on the recovery of all of the synthsatic PGE
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mineral samples, with the exception of vysotskite, when compared with the results
obtained in the presence of xanthate on its own. Zeta potential, ToF-5IMS and XPS dats
have shown that PGE mineral surfaces are covered with Cu(OH),» precipitate in the
presence of copper sulphate and that the surface coverage is largely Cu(ll), Vithen
xanthate ions interact with the copper(ll} species (colloidal and ionic) present ornr the
surface of the minerals, the copper is slowly converted by an in-situ reduction to
Cuiljxanthate. The percentage conversion is low for the Pd arsenide, Pd sulphide and the
PGE bismuth and pure telluride mineral samples compared to the siuation with cooperite
and bath sperryiite samples where a 100% cenversion from Cu(ll) to Cu(l) was obtained.
Although there were indications that Cu{l}X was formed this was associated with a
lowering in flotation recovery. |t is thus speculated that the negative effect of copper on
the recovery of these minerals may be due to Cu{OH} precipitation on the mineral
surfaces occurring in patches and thus when xanthate ions are subseguently added, most
of the achve sites are already occupied by the hydrophilic Cu(OH)2 which reduces the

degree of xanthate adsorbing directly anto the vacant Pt and Pd mineral surface sites.

EDA additions have showrt that the copper and copper xanthate species are not strongly
bound to the mineral surfaces except for vwsotskite, This observation confirms the copper
speciation on the mineral surface thereby indicating that the copper is present on the
surface as a result of the precipitation of Cu{OH). colloids rather than a chemical reaction

between the copper and metal ions in the PGE mineral structure.

Testwork was conducted to investigate the possibility that bismuth oxidises readily and

these passivating layers of bismuth oxide and hydroxide mayv influence the flotation

respornse.

The flotation rates of the samples with bismuth in the structure were lower compared to
the pure PGE telluride samples; although the overall recovery was similar. For the PtTe,
and PdTe; samples which were ground with bismuth powder the results showad that the
flotation rates as well as the averall recovery for both mineral samples was negatively

affected, especially for the PdTe; sample.  This result supports the hypothesis that

167



bismuth being more susceptible to oxidation, yields oaxidation products {Bi cxide and
hydroxide species) which negatively affect the flotation response of the PGE telluride

mineral species.

6. Finally it was proposed that the ion species such as Ca ions, present in the pulp may

affect the mineral sufaces and influgnce the floatability of the Pt and Pd mineral spacigs

by forming passivating layers an the mineral surfaces.

This hypothesis was not supported by the results obtained in this study as the calcium
ions, which are always present in process water, did not negatively affect the flotation

response of the PdTes: mineral species.

The aim of this study was to investigate whether there was a difference in the floatability
between the PGE sulphide, arsenide and telluride minerals. The variation in their flatation
performance was due to either their surface properties or the nature of the flotation reagents
used. Although the mingrais used were synthetic samplas they have been shown in a
separate study (Shamaila. 2007) to behave in a similar way to the naturally occurring
mingrals, Their flotation responsea on concentrators may be due to variations in their surface

properties which resuit from the conditions prevailing during their farmation in geological {ime.

It was also shown that the use of copper sulphate which is subsequently present on PGM
flatation plants is nat conducive to the flotation of PGE arsenide and telluride minerals. The
additicn of copper sulphate could thus be re-evaluated and added during the later stages of
flotation. The PGE sulphides do not show any added benefit with the addition of copper
sulphate. This is a complex problem; however, it should be borme in mind that the capper
sulphate addition impraves the recoveries of the base metal sulphides especially at lower
pHs. The addition of xanthate showed a flotation recovery of at [east 85% for all the minerats
except sperrylite sample (NS146) despite the difference in their natural floatability. This
research showed that it 1s not anly the grain size distribution that piays a role in flotation but
also the mineral surface chemistry. For example, for the same size distribution of +38 -38um

far the Pt mineral species. in the presence of xanthate, the order of flotation rate {in
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decreasing order) was mencheite. cooperite followed by sperrylite and for the Pd mineral
species, the order of flotation rate was merenskyite, palladoarsenide and vysotskite. The ons

found in the synthetic water and at the concentrations used in the study did not affect the

mineral surfaces and hinder flotation.

I conclusion it s clear that Pt and Pd arsenide and {elluride minerals can be recovered in

significant gquantities using xanthate as the collector under the conditions tested.
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APPENDIX A: Copper and Xanthate Surface Coverage Calculations

i is instructive to carry out semi-quantitative exploratory calculations of estimates of the
particle surface coverage by various reagents. The case of copper sulphate and xanthate

used during the study 1s shown below as an example.

Mineral Surface Area Determined Using BET Method:

Cooperite NS144; 0.077 mg = 0077 x 10 A%g
Vysatskite NS148: 0.068 m'fg = 0.068 x 107" Alg
Sperrylite N§145; 0.04 m’fg = 0.04 x 10°° A%g
Sperrylite NS148; 0.06 mg = 0.06 x 10°° Alg
Palladoarsenide NS147: 0.26 m’fg = 0.26 x 107" A%g
Moncheite NS142; 0.2 m¥g = 0.20 x 107 A%g
Moncheite NS153; 0.22 m¥g = 0.22 % 107" A’tg
Merenskyite NS143: 0.13 m%g =013 x 107 A%lg
Merenskyite NS152 0.14 m¥g = 0.14 x 107 A’/g

Copper Surface Coverage:

Cu Concentration: 5% 107 mol.dm™

Grams of Cu in 250 cm® (cell volume): 8 x 107

Number of Cu Maies: Bx 107635 =1.2588 x 107

Number of Cu Atorms: 12598 x 10°x 6,023 x 1077 = 7.5878 x 10°®

Gaudin et al, {1959} assumed that the possible copper uptake for sphalerite was one ion far
gach 20.8 A", Assuming that the same copper surface area is relevant for each of the PGE

minerals uptake, the required surface area for pseudo-monolayer coverage would be:
7.5878 x 10°% x 20.8 A = 1.5783 x 107 A%g

This implies that 20.5, 2321, 39.48, 2631, 607. 7.89 717 1214 and 11.27 pseudo-
monolayers of copper could be farmed on cooperite NS144, vysotskite NS148, sperrylite
N5145, sperryite NS146, paliadoarsenide NS147, moncheite NS142, moncheite NS153.
merenskyite N5143 and merenskyite NS152, respectively




Xanthate Surface Coverage:

Xanthate Concentration: 5% 10° mol.dm?

Grams of Xanthate in 250 cm” 1.9x 107

Number of Xanthate Moles: 1.9 % 1071149 = 1.2752 x 10

Number of Xanthate Atoms: 1.2752 x 107°x 6.023 x 10°° = 7.6805 x 10

Bradshaw (1997} assumed that the possible thiol collector uptake for pynte s ane ton far
each 37 A® Assuming that the same xanthate surface area is relevant for the pentlandite-
pyroxene and pentlandite-feldspar mixture uptake, the required surface area for pseudo-

monglayer coverages would be;
7.68085 x 10" x 37 A® = 2. 8418 x 10% A¥g

This implies that 36.91, 4178, 71.04, 47 36, 1093, 1421, 12.92, 21.86 and 2030 pseudo-
monolayers of xanthate could be farmed on cooperite NS144 vysotskite NS148. sperrylite
NS145. sparrylite NS146, paliadoarsenide NS147, moncheite N3142, moncheite N3S153,
merenskyite N$143 and merenskyite NS152, respectively.
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APPENDIX B: Zeta Potential Determination Procedure

A detailed zeta potential determination procedure used througheout the study is shown below.

This procedure was used to ensure accuracy and repeatability of zeta potential data,

o Crush 0.3 g of a mineral sample to 100% -25pm in an agate mortar and pestle,
o Add 240 cm® of synthetic water.

= Stir well and split inio 4 beakers (80 CH’IS}.

+« Adust pH to 8, 8 and 10 with Na.C Q05 or HCL.

« Condition for 20 minutes.

« Measure electrophoretic mobility, (volume used +/- 10 cm3}_

« Add reagent, e.g. copper sulphate (5. 00E-05M), and condition for 5 minutes.

» Measure etectrophoretic mobility.
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APPENDIX C: Microflotation Test Procedure

The microflotation test procedure, given below, was followed during the study in order to

abtain reproducible data.

» For a single mineral study, weigh 2 grams of a mineral sample after crushing and
screening (+38 -38um size fraction). Add the mineral sample to 50 cm® of synthetic
water adjusted to the desired pH.

= Transfer the solution to the micraflotation cell and fill the cell to just below the overflow
lp.

+« Circulate pulp with peristaltic pump, set at 60 pem /1 min,

« Condition for 1 minute, add reagents as required and condition for the time reqguired.

» Top up the cell volume to 250 e, put cone in place and introduce the air (5 cm™min)
through a syringe at the base of the cell.

= Remove the syrninge and collect fiotation products after:

- 2min-1" Canc
-~ 4 min- 2" Conc.
- &min-3" Canc
- 10 min - 4" Cenc,
- 20min- 5" Conc.

o Collect tailings sample.

= Filter each product on weighed filter paper and rinse with deionised water adjusted to
the desired pH.

« Dry under argon f ToF-5IMS analysis is required.

= Woeigh dried product and calculate recoveries obtained.

o  Conditioning times used during the study:

- SIBX: 2 min
CusSQy 5min
- EDA: 5 min
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APPENDIX D: Example of ToF-SIMS Analysis Spreadsheet

A typical ToF-SIMS automated spectra evaluation report is shown below. The intensities
obtained would be normalised for the elements of interest and presented as the nermalised
yield

AUTOMATED GPECTRA (WA UANION RECORT

G sl ey = 2§ Bea DO =i & oy L o iy  @esoeh oy Byreovh Sg RS WS
e e X5 il 3 . 19 "= =n T mr b | k- 3 3 = o 3
gtk X7 5 ¢ M = Er i} He re 1 n 24 n ] 5 1 =0
0307y vie i 315 4 F "o i T =i W ¥ 5 -] '] b ] 1] o
Mapae 14700 X5 44 ' i o 0O MAs AR 1"s . k1 17 T8 a a0
(2455 Ide i % o 1 =3 g e an " g ] & 1 &£ a 2
At e AT SEE 4 b L 454 mz ™ o k. 4 " & Fy 0 g
243 1p. wlr 537 11 1] 1 n 2 748 ) 17 1 5 1 1 & ] 15
0243 e {ear m ] ] w T . 0. 147 M 1 o ] a 1 o 4]
(a3 4 1442 55 1 o 52 54 R4 m L 2 [} 1 a 13 [} a
[ 34p e 2638 M q 10 145 R s 7 162 1 % 1l ] 47 - 172
L34 e 158 kL a ] w® 154 &7 = ax | o 4 a 18 ] ]
a3 1 Ll 4] i % 1 o 28 5 u &7 i o o k b 5} 1
(45T we 111 167 " 41 4ng 1136 T4 1 My 45 40 x LY RE ] s
s e Exet] FiT4 55 ma 1M e 4530 iR Mar 2T ] -] 17 MB D r?
a3 we VERET s o 18 A o 7 2T w2 o g k-] EH) L] 12 o} &F
O e e .~ ] 4 4 206 e =7 ) | F ] T 2 7 ] o ]
adnp = = 4 5 LT oD s T e -] w 8 7 N 1] L]
(=T ik - win i 1} . 4 330 e e M0 ¥ 20 A 1 H £ ] ]
00l e THES s £ (] o 311 ] &l H k- ¥ 2 4 L] 1 el
(g w12 a8 n ] ] e pE T ks 1 ar z o 3 [ 2 a 1]
Gty de e -l o 1 1] 118 4T b | [ ] B a | [ r o 7
LA, e 5300 krd i 3 53 48 T Lol o8 n 7 & 1 44 0 i
Al s 1588 o2 1 1} 1at 20 it ] e 1 3 a 1 L il o bE
{Fi4atn v 1619 1652 7 ¥ e 60 ML il 15 i 1 13 ] 2% i 21}
LLATTL ST, |0 ) 1143 22 a0 LL] (] 15042 nie e i 55 < ] 1 i A
J250 He AGRAR | (] e f 127 iyl BN 2458 Lir) 13 aF s L] a 144
[adip e P17as 1146 fit] e 183 1073 b A 1] il T4 44 ul L 17 aar i] 145
[audy tde 1688 == i fi 92 b= 5 An7 LRl 15 il 0 1 a1 ] 114
(245% e A7 sl A B 1825 e L] 13 503 &2 a5 = 1 8 L 1
[2atdp s LT 183 1 12 b &74 T8 ™ {420 » 6 3 i 7 o ]
(24550 we 4]} 12 5 [ & 17 g8 R} 2 ] B T 1 <2 ] a
e =0 4 u 1 = bl 1 o L] 3 1 2 t 3 [ o
Ok L L= 3 1 = =1 e L = ] 4 1 - T o '
S e e 38 ] 8 M o5 [ ] 45 s = 1] 11 L] X [} 1
s e g <] H 2 1% a 0 51 W e T £ T 4 " o a7
R &0 285 13 e am 153G . A nas i & 52 . 1 1] 14 7 3y
gt -1 2 BEE] . 1" m 168 1258 1TEY p i) X0 AL ki 2 10 L 1 n
(a6t Ta TEd 3 14 fes 314 gish] 1180 Feol g 42 g =4 ] I o 1FE
(2 I 1BATT 108 b | n B 995 17 nyw g 131 H 3 fl Rl o Hd
O e 1873 nrg =i} ¥ firsc ] 2618 185 il it E5aT 13 o 6 103 ey a =
UPGS e 45580 441 :!.ﬁ w 1454 22 2254 o4 aim 108 A6 A g 154 1 #
M, o 6728 e T 11 o8 =1} M o 1207 B3 16 10 4 8B a &
(206 7p o 142 T 1 | 124 188 188 =1] gy x k) fil ) 12 x| E
[asnp we 56D 2 1] e 542 L g4 536 1 05 101 a2 1% ] ” &7 G481
[Raksp lae e & 4 5 £ £29 il s 230 " ! n 3 ] a7 s ]
047 toc p 549 ) ] 128 1 32 50 a5 | d ] 1 5 2 e
02T e 1 # | ] 2 i a L] wr 1 G '] ] 7 a o
T ke o e i o e sz i 40 amr ' H Ee] 1 10 = 176
Ty e 0 XA | n -] b nm 4 ot By - L o] & = 3 - 2
00740 e &1 [ = 'y F- 635 53 14 o] | 3 T} 1] 4 w 3 B0
FNT0 .~ &7 7 (1] Fy ] T4 L - ] 1] 061 k] T ] ] 0 71 s
UddREy, e a =t 1] '] o = ] ] a o a 1] L] 1] i F 3
24770 toxc 68 3441 & H + HIEE B - 6883 E 5 w -] n 4 162
OMTRp ie 53 [0 13 m il W2 i< tm ] L 13 48 i 14 i ]
U™ e (=57} ATE i A Lyl 58 54 1686 Tz EQ 5 m H 1 54 LR e
(12u80p o 1560 Wil Aalil L= 4 1118 132 5 e st | £33 7 i " 4 N
024840 tdn 1108 570 i Al .| 26T a57 balt 10001 a] 26 15 10 % 1 1005
(e Bl 212 2E32 | 44 B 1] il] i LRIk 4f | a ? n 1 4EG
424l o 261 ne L k) 125 BTE w4 ] 1 72 78 a4 ] i g 1062
[2an4p Ydo 74 T f B " 5 1] " 12 12 o ] 2 ] 15 o]
[i748% $dr 58 x4 n » i} BFA e i 4210 E 143 w ] E1} 13 1102
Laiep do 1 30 | " 4 506 T -] a2 | s ] L= 1] 1 e B =7
D247 wip = a8 2 4 WE 3 1 ™ ™ T 2 3 3 | a L]
s e 1263 Tl a m 2 557 W 2 oy L1 i {11 ] I . | ™
(2aB0 m T B 0 S &5 ] H L WA L m ¥ &4 " mz
g the tn E 1 o L '] ] 2 " 4oTE a 3 [} o 1 ¥ ar
o e ) AT L] 0 ) - B i 4 by ] o 8 = 1 12 4 175
a0 ke L] 27 n 51 =0 16 L) 108 £ & 5 B H i . S5
2N e 2 543 1 a g 55 ] ) £ B a .- 3 5 i 1] are!
A, i Q 4} [ q o e 1} b a ¥ 1} Q 1 o 7 g
{00 1de Q 2 o 4 a a o %] 0 o Q o} d 0 H 16

w
(o]



APPENDIX E: XPS Spectra and interpretation for each of the platinum and palladium

sulphide, arsenide and telluride mineral species.

The full set of spectra are attached for each sample including selected curve fitting for Cu, Te,
Bi, Pt 5 O, C sighals.

Note in the C 1s spectra for gach sample that the charge compensation can be different on
each surface. The C 1s peak should be referenced to uncharged hydrocarbon at 284.8 eV
and all other spectra for the sample corrected for this shift.

Sample N5 144: Cooperite Pi5S.

NS5144-1. Synthetic water conditioning.

The survey spectrum shows Pt, S, O and C with a 5/Pt ratio close to 1.5. There also
appears to be considerable adsorbed (or impurity) Mg ion surface concentration on
this sample. The peak near 50 eV is difficult to attribute to any other species and
corresponds closely to the Mg 2p BE. Hence, the PtS may specifically adsorb I'n'lg2+
from synthetic water. Similar evidence for measurable Na, Ca, bicarbonate, €l and
nitrate jon concentrations could not be found.

The C 1s adsorbed hydrocarbon signal is at 282.3 eV,

The oxygen concentration on this surface is relatively low suggesting only limited
oxidation. This is consistent with the § 2p region which does not show any significant
sulfate spaciation near 168 eV

The 8 2p spin-orhit components {doublet} are not consistent with 2 single species. The
2peidpae 1atio should be 2:1 for a single specias but the fit for 2 components in the
figure is near 1.5:1. It therefore seems likely that more than one species 18 present on
this surface after synthetic water cenditioning and some surface reaction. This
conclusion is also consistent with the S/Pt ratio of 1.5, A suggested fit is shown in the
figure with the second doublet (2ps; at 163.6 eV corrected) corresponding to a higher
arder polysulfide S, with n>2.

The Pt signals is observed at 72.0 &V {corrected) correspanding to P,

NE8144-2. Copper activation.

This sample has much higher adsorbed Cu at 1.8% compared with NS 142 at 0.8%.
The Cu 2p region analysis shows that almost all of the copper is present as
Cu(ll) ions. There is no significant evidence of the Cu(ll) satellite near 940 eV.
Adsorption of the Cufll} has followed the classical mechanism of local reduction
with oxidation of adjacent sulfide sites.

The S 2p fits now suggest a significant contribution from a pelysulfide of lower
order (n~3) consistent with the local oxidation of the 5. These fits are indicative
only since the overall envelope is not sufficiently differentiated to be confident of the
position of the second doublet.

There is no observable change to the Pt or O signals.
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NS144-3. Xanthate with copper activation.

« The Cu concentration remains at 1.6 % and there is now a distinct increase in the
8 concentration from 19% to 24% after xanthate addition.

o Cu remains almost entirely as Cu{l} after xanthate addition. The Cu(l) complex is the
most stable xanthate form.

« The 52p again suggests additional species in the envelope but it is not possible to
discriminate the contributions from polysulfides and xanthate.

s Again, there is no change in Pt spectra but the O 1s spectrum appears broader.

« The C 15 spectrum does not provide reliable evidence of xanthate adsorption making it
difficult to estimate the adsorbed concentration.

NS144-4, Xanthate without copper activation.
» These spectra are closely similar to NS5144-3 but with no Cu signal and lower %S
(22%) compared with copper activation.
« There may be a higher proportion of additional species {polysulfides, xanthate)
comparad 1o the main doublet but the curve fit is not reliabla for this estimation.
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Sample NS 148: Vysotskite PdS.

NS148-1. Synthetic water conditioning.

The survey spectrum shows Pd, S, O, C and very minor Te (0.5%) with a S/Pd ratio
close to 1.7 The surface is heavily oxidized (49% Q).

Synthetic water formulation contains Na, Mg, Ca, bicarbonate, Cl, nitrate and sulfate
ions. None of these are significantly detected. These ions do not appear to be
strongly adsorbed from the synthetic water.

The C 1s adsorbed hydrocarbon signal is almost uncharged at 285.0 eV

The oxygen appears to be largely asscciated with the Pd species which shows two
components: unoxidised PdS8 at 335.7 eV (18%); and oxidized PdO at 336.6 eV (82%).
The corresponding © 1s signals are dominated by the 533 eV component likely to be
from a covalent PdO

The S 2p region gives a doublel with the lowest BE comresponding closely to a sulphide
S% species (S 2pa» 161.5 eV) It does not show any significant sulfate speciation due
to oxidation near 168 eV. The S 2p spin-orbit components (doublet) are not consistent
with a single species. The 2pa2 2pi ratio should be 2:1 for a single species but the fit
for 2 components in the figure is near 1.6:1 The spacing of the S 2p3; to 8 2psz
doublet should be 1.8 eV and this is not correct here or in subsequent curve fits, |t
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therefore seems likely that more than one species is present on this surface after
syithetic water conditioning and some surface reaction. This conclusion is also
consistent with the S/Pt ratio of 1.7. A suggested fit is shown in the figure with the
second doublet (2py: at 183.6 eV corrected) corresponding to a higher order
polysulfide §.% with n=2.

There may be some additional component near 164 eV corresponding to elemental
sulphur.

The minor Te is alse exidized to TeQq-ike species.

NS148-2. Copper activation.

This sample also has relatively low adsorbed Cu at 1.0%.

The C 1s adsorbed hydrocarbon signal is almost uncharged at 2584.7 eV,

In contrast to PtS (100% Cu(l)}, the Cu 2p region analysis of PdS shows that only
35% of the copper is present as Cu{l) ions.

The 8 2p fits now suggest a significant contribution from a polysulfide of lower
order {n~3) with 8§ 2ps; near 162.8 eV consistent with the local oxidation of the 5.
These fits are indicative only since the overall envelope is not sufficiently differentiated
to be confident of the position of the second doublet.

There is no observable change to the Pdt or O signals.

NS148-3. Xanthate with copper activation.

The Cu concentration remains at 1.1 %.

The C 1s adsorbed hydrocarbon signal is slightly charged at 285 1 eV,

Cu becomes predominantly Cull} {78%) after xanthate addition. The Cu(l) complex is
the most stable xanthate form.

The S2p agan suggests additional species in the envelope but it 1s not possible to
discriminate the contributions from polysulfides and xanthate.

The Pd signal shows a significant increase in the PdS component from 12 to
31% of the signal possibly indicating surface cleaning by the adsorbing
xanthate.

Although there is an increase in C concentration, the C 1s spectrum does not provide
reliable evidence of xanthate adsorption making it difficult to estimate the adscrbed
concentration.

NS148-4. Xanthate without copper activation.

These spectra are closely similar io NS145-C but with no Cu signal and only slightly
lower %S compared with copper activation.

There may be a higher propertion of additional species {polysulfides, xanthate}
compared to the main doublet but the curve fit is not reliable for this estimation.

The Pd signal shows a less significant increase in the Pd3 component from 12 to
18 % of the signal cf. 31% for NS 148-C. This may indicate less surface cleaning due
1o less xanthate adsorption.

182



HeLid A 52p4
Mt aun?
11
"
Yumbe HMuie  To o e A% Mare  Boi Falnd M fum Mua
q T3 STLAU LSS DA = Sip  LEEJT Do6 (E0: N 15
Gl SN WHT A3 Z Wiy eamT 1w ahads sha? Rl
MUl J1E00 IMERE B3 B3 16186 OTa EI0 00 194
CL 1MW 13%: 2840 1 s3e 16173 Q83 EOAE TIN50
wl Alp  ELED eis a2
. |.|
N5148 — Vysotskite : i |
Synthetic water conditioning
: kM
Koy o
F &
k
= i |
R |
i | |
; !
1) I\
1
L, f— 1
1 [ %_Jﬂ_\\\
e s =t o0 T
B (0] (3] o L] 1" I I 15 e 151 (5] 1%
Falpe i
pir e li”
" Menc. B FREM | e b Mrna  Tea PWITOLA . Ama e
Al 11854 0T QLML SOEEE pmd a| tRi HRLEG Eed idAln SIS0 ERA
FAI 1BRTA OOTL OLA0 1566 IR vn iR Zel el Beed M2
T y

s
Vs
—_
L3 I!_-
B
Eog
—_—
=

| A
8 | !'\ ¥

193



Alpd

Mad R
an’ o '
)
Vuule Mow P Ara S Mame  bon PREM L. Ans Ham
B Celp MLx IMAD  In 3 s3p GG LM LGN 518 14
Tell 4753 Bl 05 B AT IR T 1758 ITE R
d 01 MmIE WI0A eTd P ol LT R U T R B
I 3G WD kD Sh O IGIGEY DS LGN GST eTE
Cli RAM ISHRE WL
Sl IGLED IRA lia
=]
18]
NS148 — Vysotskite w]
Copper activaticn ! 1
0]
i
B S
- B r]
EN T
i e P
5
a 5,
] 'I|
i) H »
L] T
5
]
I
+ 1
TR & Shla et e
) a- Lol bt m I (L1}
Calpt Tl
il i u
]
Mow  Tor TRHB LR fusr o Yer T FWHM LR e Him M
o] Siip MamoCsm e ce2 ana B R T R PR P o e
H i e 16 Gan amA WS e wWii 1556 bGb G0 HAS B
ciip WIS LT E0 a9 158 " L
-4 1 a1 |
i e I I|I \
]
| |II I
! |
iy | ! |
! i
i | 18] ||I |
1
4 - I |l'
] 1 E
¢ 5 F f
1 1% [
0y £y /l
| | |I [ il i 'lll
1]
ul |1
i | .
ri ! 7 ) a8 gt A
el ik hJ | \ f |
1K i] J Y
Er | 1ix H.\_ﬂ__ﬁ' \V -//} .II 1
- i | |
' 2 o VY
e T T T T s T T T T T T T T T[T T Tyt T (e L I S I T
e L] Wy LEL y: - oo FLL] 44 lag £ g 1 A 1 =2 M flr i 2l L Er
Eurlirm, Eemeriat's Alding, Frayy s’

Umdey Caape B )

194



NS148 - Vysotskite
Xanthate with copper
activation

T
L]

T e
e W

LU L Ly Y ]

Bl e
Rip WA

-
g S
- -
(s
il 2 LF
Maw  Fus WA L A Fatums w Mum Fes WG LR
L T T T T I ST 0%

fudp BT L% olgMn e BT
pa fodp DRI LDW B dmas TER

S LT L

196



S UE -

= [_d'
* s Es P A Pty P Pl I A e
" Teld PN W [T | e BT T T T T
=L Il TR X ma o R
- Eh Jls Ml v s il uﬂ
Blp  MLah WY e
.l i ™
NS148 - Vysotskite
Xanthate without copper *
i i b i
activation o] :
£ 5
I
a] ! }
] ’I 4
] "'"’#r
: I
= T [
-
= J_l | \ ’
1 N Lo WA =
L e - o o - .‘_! 1-_'_'_'_"" [ * T 1 &
N = 1 \11;\“ i I [
il LI
P P i LW AW MAR i
Wl gl MEFE T GLEG EMIE d 4
1 dasd AT onT L |
_ ﬂ " 4
n] [
] gl '1
Hj ; 1
= Ny’ A
| 1
o | II
= 'I |
h \
g I £a
Lo | I
(1 ! / i
Wit { i
= | III Al f J | E
U f \ -
| 1 il i
] || II S o |I |
| %\
o \ Y
[} =S -u-L 1z
. £
AL ' '||1 |E . |h I le ™ :IJId 1!I III4:| II40 R TL-'-I- Lel) ih jiu P}‘ (1]
Piadins Vi (V) Tl o | v Y1
NS145-Sperrylite PtAs..

NS145-2. Synthetic water conditioning.
¢ This Amandelbult water formulation contains Na. Mg. Ca. bicarbonate. Cl, nitrate and
sulfate ions. None of these are significantly detected although the S of sulfate is
difficult to rescive from the Bi signals near 164eV These ions do not appear to be

strongly adsorbed.
« There is no significant change in atomic %s or As or C signals.
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There may be some miner shift in Pt intensities to the lower BE Pt metal signais and to
lower BE O 1s signals possibly due to removal of fine adherent padicles after dry
grinding.

NS145-3. Copper activation.

Copper is detected in the survey spectrum at 3 5%. This is a relatively high %: 1.5% is
usually sufficient for effective copper activation in plant sample.

The Cu 2p region shows that the large majority of this copper is as Cufll). The curve fit
gives a ratio of Cu(ll):Cu(l} of ~5:1. Hence, the formation of precipitated, probably
colloidal, Cu{OHJz is the main species identified on the sperrylite surface.

There appears to be a further minor increase in the low BE Pt(0) signals and narrowing
of the O 1s signal to lower BE.

There are no significant changes in the C, As or Bi (8) regions.

N5145-4. Xanthate addition after copper activation.

Copper is still present at 3.2% of the surface composition.

The chemical state of the copper has changed dramatically from >80% Cu(ll} to
100% Cufl) as seen in the Cu 2p spectra.

There are no significant changes in the Pt or As spectra, i.e. no significant reaction with
the copper ions.

There is now a significant addition to the S 2p region near 164eV (overlapped with the
Bi impurity) when compared with this region befere xanthate addition.

There are also additional intensity increase in higher BE C 1s near 287eV {i.e. —C-0-)
and O 1s near 532.6eV both corresponding to components of the xanthate molecule.
Strong adsorption of xanthate as Cu(ijxanthate species can be confirmed by

these changes.

NS145-5. Xanthate addition without copper activation.

Comparison of the spectra with NS145-4 shows that there are additions to the § 2p, O
1s and C 1s regions but that these intensity increases are not as large. A visual
estimate suggests ~60% but this would require more extensive high resclution
measurement and advanced curve fitting to confirm.

There is again no significant change in Pt or As sighals.

197



T A
LK [ E——a

R . NS145 — Sperrylite
T e A ' Synthetic water conditioning

- B Zeig BHE OB B by
it Ta ML dly 4
dal LW AT BB L
b .

| - | al

fgjw* hf“J“ [ ;

i : h -';I . ™
" i
J_‘_,-"" g W =

| | i f'lJ"]‘lrL. F“h'“il

L]

Ll
e
Al
i
g
=
L)
=
==

x ] R i I '
| H Wl A
H T l"‘”‘l.".'l“" i |IJ
i byEY % r|
" L
| L |U-..--"' W
i oot
- . - - I =N q L5 EY e A ad EN
o T o w sa b
2 b P
B !
-_
| !
| I 4
a

)
4 V1

| | i wf | ¥ )
| | i | :
| [ " a

| |I i | bt

/ ey = -In \

/ b L i

_H_,_,_"' L y Do
—i 3
o e | S N
- ) 4 il - el - . 1 [) 2 . [ & L 2

198



!

|
!

,
“eglpsapas

254
ik

srzzEeiec
'\_' iii’li;i e

sS=IRE

b
[

S

i,
:5‘_#

NS145 -
Sperrylite |

Copper
activation

199




200



Sat L

A | Bl Hee P TR LY. A faiem

ke 1R AH Th M ID AN 4511 Hia
Lol Bt

R

PR o LT e
D Wh ol r
1

v oy BRI
NS145 - bonen il H | IF
Sperrylite s J ‘
Aanthate without i /” 1i H H
l

Copper activation i i“ :

- e ]

C oL B - L [ f _J Hum P FAHH | B e S
o EME I G e 3 Sl Bt 1O WgHD LA AL
ro S LT AT Clp B b O a s

N5146-Sperrylite PtAs:

NS146-2. Synthetic water conditioning..

» There is some adscorbed Na and fewer hydrocarbons possibly due to minor differences
in washing effectiveness for this sample. There may also be some minor increase in
the S 2p region due to adsorbed sulfate for the same reason.

s+ The same increase in low BE Pt signals is observed as for N5145-2

N$146-3. Copper activation.

s This sample has higher adscrbed Cu at 4 6%

s The majority of the copper is still present as Cu(ll) ions but the Cu(ll):Cu{l) ratio
in this sample is lower at ~2:1 from the curve fit suggesting some initial reaction with
the surface. Howsever, this may be due to charging of the colloidal CufOH}2
precipitates, moving their BEs to higher values near 934eV, with some uncharged
Cu(ll) adsorbed contributing the peak near 832eV. Both forms would contribute to the
shake-up satellite near 942eV. Resolution of this possibility would require more
analysis.

« There is again a minor increase in the lower BE Pt componerts and possibly in the S
2p region but no observable change in the As states,
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NS5146-4. Xanthate with copper activation.
There is distinct addition to the S 2p, O 1s and C 1s regions as for NS145-4 showing

strong adsormption of xanthate.

Cu is present at 3.7% and again almost entirely as Cu{l) after xanthate addition. There
may be some minor {<5%) cantributions from Cufil} in the Cu 2p spectrum near §34
and 942eV but it is difficult to resolve this from the background,
Again, no change in Pt or As spectra.

NS146-5, Xanthate without copper activation.

» These spectra are closely similar to N3145-5 with distinct but lower xanthate
adsorption compared with copper activation,
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Sample NS 147; synthetic Pd:As.

In this sample, the survey concentrations are likely to have underestimated the Pd
cancentrations by ~10% due to overlapping signals, There are also unassigned signals near
400 eV (N7?), 433 and 460 eV,

NS147-1. Synthetic water conditioning..

« The survey spectrum shows Pd, As, O, C, minor Te {0.1%) and trace Pt with a PdiAs
ratio close to 1.3. The surface is very heavily oxidized {58% O}.

« The {Amandelbult)} Standard Plant Water formulation contains Na, Mg, Ca
hicarbonate, Cl. nitrate and sulfate ions. None of these are significantly detected,
These ions do hot appear to he strongly adsorbed from the synthetic water.

¢ The C 1s adsorbed hydrocarbon signal is substantially overcompensated in charge
correction at 283.9 eV.
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e The oxidation appears to be partly associated with the Pd species which shows two
components: unoxidised PdAs at 335.0 eV (16%); and oxidized PdO or Pd(OH), at
336.6 eV (83%).

e The As 3d signal also shows oxidation with the arsenide at 41.2 overlapped with an
oxidized species (As(l)?) near 42.3 eV (72%) and an oxidized As(lll) species at 44.1
eV (28%) corresponding to AsO3 or As,0s.

o The corresponding O 1s signal has both oxide/hydroxide component near 530.4 eV
(56%) and a 532.1 eV component (44%) likely to be from covalent PdO, AsOs or
A8203.

NS147-2. Copper activation.

e This sample has relatively low adsorbed Cu at 1.2%.

e The C 1s adsorbed hydrocarbon signal is again substantially overcompensated in
charge correction at at 283.8 eV.

o As with PtS, the Cu 2p region analysis of this sample shows that only 13% of the
copper is present as Cu(l) ions.
The Pd now appears to be entirely oxidized PdO or Pd(OH); at 336.6 eV.
The As 3d signal also shows more oxidation with less arsenide and oxidized As(l) at
42.3 eV (43%), and a very broad peak possibly including both the oxidized species at
44.1 eV (28%), corresponding to AsO; or As;0O; and a higher BE component at 45.7
eV corresponding to As(V) species.

¢ The corresponding O 1s signal has much less oxide/hydroxide component near 530.4
eV (12%) and much more 532.6 eV component (88%) likely to be from covalent PdO,
AsQy or As,0;.

NS147-3. Xanthate with copper activation.

e The Cu concentration is reduced to 0.2% which is unlikely to be effective and is

too low to reliably speciate.

The C 1s adsorbed hydrocarbon signal is now uncharged at 284.8 eV.

Nevertheless, both the $2p and S 2s regions (2.0%) again show xanthate
adsorption.

e The Pd remains entirely oxidized PdO or Pd(OH); at 336.6 eV.

e The As 3d signal also shows more oxidation with less arsenide at 41.7 eV (28%), the
oxidized species at 42.4 eV (33%) and a higher BE component at 45.2 eV
corresponding to As(V) species (39%).

e The corresponding O 1s signal also has much less oxide/hydroxide component near
530.4 eV (7%) and much more 532.6 eV component (93%).

NS147-4. Xanthate without copper activation.
e These spectra are closely similar to NS147-C (but with no Cu signal) and similar
2.5%S.
The C 1s adsorbed hydrocarbon signal is at 284.4 eV.
The S 2p signal at 162.5 eV corresponds closely to the xanthate BE.
The Pd remains entirely oxidized PdO or Pd(OH). at 336.6 eV.
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o The As 3d signal again shows more oxidation with less arsenide at 41.9 eV (15%), the
oxidized species at 42.7 eV (27%) and a higher BE component at 45.7 eV
corresponding to As(V) species (58%).

o The corresponding O 1s signal is closely similar to 147-C with much less
oxide/hydroxide component near 530.4 eV (7%) and much more 532.6 eV component
(93%).

 Estimates of relative S 2s concentrations could not be obtained due to overlaps in this
region.
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Sample NS 142: Moncheite PtPd(BiTe)..

NS142-1. Synthetic water conditioning.
« The elemental percentages (survey spectrum; error +-10% of each) indicate Pt, Te, Bi

and Pd with some oxygen and carbon species.
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The symthetic water formulation contains Na, Mg, Ca. bicarbonate, Ci, nitrate and
sulfate ions. Nene of these are significantly detected although the S of sulfate is
difficult to resolve from the Bi signals near 184eV. There may be minor Mg surface
concentration (Mg 2p everlapped with Pt 4f) but there is ne significant evidence of Mg
2s signal. These ions do not appear to be strongly adsorbed from the synthetic
water.

No Cu or S (as 8 2s signal) is detected.

The Te 3dse signal has 2 cemponents at 573.2 and 575.7 eV likely to be from a
telluride and an oxidized species (e.g. TeQ,ion or Te{OH);)} respectively.

This is consistent with the O 1s signat with both oxide and hydroxide components at
529.9 and 531.2 eV resp.

The Bi 41 signal, overlapped with the § 2p region, appears to have both oxidized Bi{ill)
(158 2 eV) and more reduced Bi (1) or Bi(0) (157.2 eV) components again indicating
some surface oxidation.

The Pt 4f;» signal appears to be PH{l1) at 72.3eV. There is no significant indication of
maore than one chemical state for the Pt

The Pd surface concentration is small and the Pd 3d is overlapped with the strong Pt
4d doublet. The Pd 4p was used for quantitation but was too weak for reliable
speciation.

The C 15 appears to be ubiquitous hydrocarbon contamination uncharged at 284.9 eV.

NS142-2. Copper activation.

Copper is detected in the survey spectrum at 0.8%. This is a relatively low surface
concentration for activation; 1.5% is usually sufficient for effective copper activation
in plant samples.

The C 1s hydrocarbon is shifted to 283.9 eV.

The Cu 2p region shows that almost all of this is in the form of Culll). The curve fit
gives 899% Cu(ll). Hence, the formation of precipitated. probably colloidal, Cu{QH)z i$
the main species identified on this surface. MNe significant reduction to Cull) has
occurred in the adsorption process.

There are no significant changes in the speciation of the Te, O, Bi or Pt signals. There
dogs not appear to nave been significant interaction of the adserbed Cu with these

species.

NS142-3. Xanthate addition after copper activation.

Copper is still present at 0.7% of the surface composition and a small signal is
detected (0.3%:) in the S 2s region corresponding to some xanthate adsorption.

The chemical state of the copper has changed slightly from 98% Cu(ll) to 94%
Cufll) with 8% Cu(l} as seen in the Cu 2p spectra. Hence, the addition of the
xanthate has reduced some of the Cu{ll) with corresponding production of some
oxidized dixanthogen. However, the surface concentrations of both Cul} and
xanthate 5 are low.

There are again no significant changes in the Te, O, Bi or Pt spectra, i.e. no significant
reaction with the copper or xanthate ions.
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« The C 1s appears to be ubiquitous hydrocarbon contamination uncharged at 285.0 eV,
There is no obvious increase in the higher BE shoulder near 288 eV that might
comespond to the carbon atoms from the small adsorbed xanthate concentration.

N&142-4. Xanthate addition without copper activation.

s No Cu is detected in the survey spectrum but a small 8 2s concentration (0.6%) is
recorded. This survey concentration estimate carries a large uncertainty. The more
direct comparison is probably the area estimates from the S 2s regions. For the
copper-xanthate system, the area estimate is 240 ofs compared with the xanthate
alone at 370 cofs. The curve fits will show, however, that both estimates from this small
concentration are subject to background selection with probably >20% error.

« Comparison of the spectra with N5142-3 shows that there may be additions to the high
EE shoulders in the O 1s and C 1s regions but that these intensity increases are not
large.

+ There is again no significant change in Te or O signals but obvious broadening of the
Bi and Pt signals. This may be due to charge broadening since the C 1s is shifted fo
528.3 eV but, if so, it has affected the P{ and Bi sites more than the Te or C sites.

213



LT

NS142 -
Moncheite
Synthetic water

=TT § - —
.. - - -
BT s ]
r i .,
-

o i

E
Inw"

A

Fen

I'wWihel | = .
s
(T C R TP T

(E1N 3

f

e

T P WM LWL e gy
dom PLF o Gyne DL IS
sl TLE LN A SN

214




__ .
4 _—
15 "1
555 o
2. JI||[H|II
“: i =

——

£2ZF453C —_— g
a

mil.ﬂﬂ! b ==y,
mummnmwu - -
dprsozes !
[y B e e L v A

=] T

5
FEEEUEE
Bgzsace
AR s-a5E
Bfso=ax

i .Hftlil | /V
|
|
f '1

I
[

i

Lt
1
11

NS142 —
Moncheite
Copper activation

215




e Taze? TR
b A i Harsc ”rn:a:. .::;:I:.M Gl'.n:*l:l] ;-;u S N$142 = Mﬂnchﬂite
1 Cedp W [ ] 1
! S:.?: E;- 5 e s smowom md e Wanthate with copper ;
- = activation I
T ol | |
] E (L1 | * Il LLY |f| | ‘
b = I s I [
,u T : | | | ;
f = L',-'I 4 E z ] | | | | |||
eyl g
o -
A 0] |
r'd | ah | I'-..-"I || | I'._,l' |
i I“/ | ] III l II |
Vrl"é u_,_,ﬁ-f'l | |
il ! i
; Fr3 !
J 1 ™ A \
e h : o ! i LR k'A:'....'
b = ] 1:.?!\'_:.\“:..»-:0‘ ! BE:FI_E;‘yrn
¢J S san 1% ol s new 1
& rn‘ ‘r |r1| " | I||
i i i |
- Jlu'll Ill |.'I a | | | || |
* il | I
Al R IOTH g
e J".'IFIJ’V]| : ELY | fl o
: I A | B
H /Iﬂ ||| i | II | | | | |
! ! |
‘ 1I|Ih_|'f’ ¥ | |I | | : | | | |
! | i || T | : | | | |
' |
|1 | | A |'I I'. i II i | l'. || I'n
17 |I h ||'P_,-I | by
ﬂ rJ ol I| I'II \ "I \
v Ao I| . ; ; B
| ﬁ " Gt 1 —— ko :
| o '
I' T DAl e ’ S "@T‘:F%T FSREREIR Po i B S P T i TR P
2 il 2 i :.sw -y . [ [} ] e b bty

216




lamm 3 n NS142
| clr 1 ol . Moncheite ;
JEe o |'| Xanthate without II'I
g 3 || copper activation | |
_ |
: I" - |
4 N Il | |
? H | A k. | |
) I || ¥ & | | | | I|| & I |
. / i f | ' !
|
M IR |
; SR AT
] MJ}’“' i '.-'I | | ”I | 'I |
' - I ) | ¥ E .i'll
| ;
= ﬂ“q S | Inl | /.-f ||
2 I-. ! | ."'K |
w LR ! 5 "I-l\.-__.l"""‘—""" i ]
, 1 n .Il. | . I\-. . . oy, N s
i Y B:;a_"q_y g kl ot ::4".‘". -'!1 ﬁ I!-;c-” Is]l”‘!:nl ;'-I!: s:l LE | h!ll Ii:nl
] T T e e
i II| |I.'III . |
el | | B ) II | EFT |1 I'”HIr*
I | I'
| TR e\ i A i
, | | it €] | i l 1"']1|"|
il m | | | fJ k) l'l |I
i [ [ ] " ’ /|
" Il | [ g |I L | i WJ !
= |I | | | ¥ | | | | 4
& || A WA ﬂ/
|| | | | o | |I"| lﬁ
| | | | I'-_I . '
| | | | | |l|
II i | I| | ) ﬂ'II
\ \\ Il o l."-h. | I h[ li'llﬂ I| '
| % [ty I' EL gl
L. ) ; g I. IIII I| |,||l]
i 1 hﬁ"" )
o . \ 7 I g
(L] '.;l! :1!4 [LH H" (L1 3 (L] | 5 | L 2 A - 1: ! 1:{‘ il !II ) IMII i ﬂ‘i :I" -I ! J.:;h ;

Sample N5 153: Moncheite PtTe;

NS153-1. Synthetic water conditioning.
The elemental percentages (survey spectrum: error +-10% of each)} indicate Pt and Te with

some oxygen and carbon species. The %O in this surface is much less (~2/3) than for
Sample 142,

None of the SYNTHETIC WATER iong are significantly detected. There may be minor
Mg surface concentration (Mg 2p overlapped with Pt 4f} but there is no significant
evidence of Mg 2= signal. These ions do not appear to be strongly adsorbed from

the synthetic water.
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Na Cu or S Is detected.

The C 1s, like Sample 142, appears to be ubiguitous hydrocarbon contamination
uncharged at 284.9 eV,

The Te 3dsp signal, like Sample 142, has 2 components at 573.2 and 575.7 eV likely to
be from a telluride and an oxidized species (e.g. TeO, ion or Te(OH}):) respectively.
But the ratio of these two species is very different between 142 (35:65) and 153
{60:40). Hence, this sample appears to be less oxidized after synthetic water
reaction.

The O 1s signal has both oxide and hydroxide components at 529.9 and 531.2 eV
resp.

The Pt 4f7» signal still appears to be PtIl) at slightly higher BE of 72.8eV. There is
no significant indication of more than one chemical state for the PL

NS153-2. Copper activation.

L ]

Copper is detected in the survey spectrum at 1.0%. This is still a relatively low
surface concentration for activation.

The C 1s hydrocarbon is uncharged at 284 8 eV,

The Cu Z2p region shows that all of this is in the form of Cu(ll). The curve fit gives
100% Cu{ll). Hence, the formation of precipitated, probably colloidal, Cu(OH); is the
main species jdentified on this surface. No significant reduction to Cu{l) has occurred
in the adsaorption process.

There are no significant changes in the speciation of the Te, O or Pt signals. There
does not appear to have been significant interaction of the adsorbed Cu with these
species.

N35153-3. Xanthate addition after copper activation.

Copper is still present at 0.7% of the surface composition and a new S 2p signal is
detected (2.8%) near 163 eV BE corresponding to xanthate adsorption. The higher
BE broad peak above the S 2p from the xanthate is from a Te 4s signal which overlaps
any sulfate signal.

The C 1s appears to be ubiguitous hydrocarbon contamination slightly charged at
2852 eV. There is an obvious increase in the higher BE shoulder near 288 5 eV that
might correspond to the carbon atoms from the adsorbed xanthate concentration.

The O 1s spectrum also has an obvious high BE addition probably from the C-O-5
groups of the adsorbed xanthate.

The chemical state of the copper has changed from 100% Cul(ll) to 64% Cu(ll}
with 36% Cull} in distinct forms as seen in the Cu 2p spectra. The separation of
the two Cu(l) and Cu{ll} contributions to the main peak is probably due to
differential charging of the more insulating Cu(OH).. Hence, the addition of the
xanthate has reduced much more of the Cu(ll} with corresponding production of
oxidized dixanthogen. However, the surface concentrations of both Cufl) and
xanthate S are low.

There are significant changes in the Te and Pt spectra. The Te 3ds; component at
575.7 eV likely to be from an oxidized species (e.g. TeOg4ion or Te(OH)z) has reduced
in relative intensity. Hence, this sample appears to be have less oxidefhydroxide
after xanthate addition. This is consistent with the well-known ability of
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collectors to displace attached oxidation products from surfaces in competitive
adsorption (Smart et al., 2003).

The & 2p peak is broad and undifferentiated suggesting more than just the xanthate
species but it may also be due to differential charge broadening.

The Pt 4f;2 has shifted slightly to lower BE (72.5 eV} after xanthate adsorption.

NS1534. Xanthate addition without copper activation.

Mo Cu is detected in the survey spectrum but a distinct S 2p concentration {3.8%) is
recorded.

Comparison of the spectra with N5153-3 shows that there is again addition to the high
BE shouldar in the O 1s regions consistent with xanthate adsorption. However, this is
not obvious in the C 1s spectrum.

The Te 3ds: component at 3757 eV likely to be from an oxidized species (e.g Tel,
ion or Te{OH)2) has reduced in peak intensity and broadened. Hence, this sample
also appears to be have less oxidefhydroxide after xanthate addition. This is
consistent with the well-known ability of collectors to displace attached
oxidation products from surfaces in competitive adsorption {Smart et al., 2003).
The § 2p peak is again broad and undifferentiated suggesting more than just the
xanthate species but it may also be due to differential charge broadening as seen in
the Te and O spectra.

Comparing the relative intensities of the xanthate S with and without copper activation
suggests that more xanthate is adsorbed in this no-copper case. A fit to the
complete S 2p envelope gives 960 cfs for 153-3 with 1780 ofs for this 1534 sample.
This is consistent with the %5 from the survey spectrum.
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Sample NS 143: Merenskyite PdPt(BiTe)..

The survey spectra compositions have errors of £10% in each estimate. In this sample, these
values are likely to have underestimated the Bi concentrations and overestimated Pt

cancentrations by similar percentages due to overlapping signals.

NS5143-1. Synthetic water conditioning.

The elemental percentages indicate extensive oxidation of these surfaces with predominantly
oxidized Te species and low concentrations of exposed Pd, Bi and Pt (and hydrocarbon
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species). Surface exposure of Bi and Pt is surprisingly low, obscured by the oxidized Te
species.

The {Amandelbult) Standard Plant VWater formulation containg Na, Mg, Ca,
bicarbonate, Gl nitrate and sulfate ions. Mone of these are significantly detected.
These ions do not appear to be strongly adsorbed from the synthetic water.

No Cu or S (as S 2s signal) are detected.

The C 1s appears to be ubiguitous hydrocarbon cortamination uncharged at 284.7 eV,
The Te 3ds: signal has 2 components at 573.0 and 576.0 eV likely to be from a
telluride (44%) and an oxidized species (e.g. TeOs ion or Te{OH):) (56%)
respectively.

This is consistent with the O 1s signai with beth ionic oxide and hydroxide or covalent
oxide compenents at 530.0 and 532.6 eV resp.

The Bi 4f signal appears to have three components: oxidized Bi(\V) as in BiO,; (158.0
eV) (72%), Bi(lil} as in BizOs {1571 V) (25%) and minor more reduced Bi as in
PdFtBi; (156.1 V) (3%:) again indicating extensive surface oxidation.

The weak Pt 4fr» signal appears to be Pi{ll} at 72,38V but not as the oxide PO (74.2
eV). There is no significant indication of more thar one chemical state for the Pt This
signal does not change through the conditicning sequence.

The =single Pd 3ds:; signal is at 336.0 eV corresponding to an oxidized species like
PdO. This signal also does not change through the sequeance.

NS5143-2. Copper activation.

Copper is detected in the survey spectrum at 1.1%. This is a relatively low surface
concentration for activation; 1.5% is usually suificient for effective copper activation
in plant samples but it needs to be as Cu{l) species.

The lower oxygen concenfration 1s probably due to the higher hydrocarbon
contamination on this surface.

The C 1s hydrocarbon is uncharged at 284 .7 eV,

The Cu 2p region shows that almoest all of this is in the form of Cu(ll). The curve fit
gives 87% Cu{ll). Hence, the formation of precipitated. probably colloidal, Cu{OH)z is
the main species identified on this surface.

There are no significant changes in the speciation of the Te. O. Pd, Bi or Pt signals.
There does not appear to have been significant interaction of the adsorhed Cu
with these species.

N&143-3. Xanthate addition after copper activation.

Copper is still present at 0.9% of the surface composition and a small signal is
detected (1.1%) in the S 2s region corresponding to some xanthate adsorption.
The chemical state of the copper has changed slightly from 87% Cu(ll) to 70%
Cuf(ll) with 30% Cu(l) as seen in the Cu 2p spectra. Hence, the addition of the
xanthate has reduced some of the Cu(ll} with corresponding production of some
oxidized dixanthogen. However, the surface concentrations of both Cu(l) and
xanthate 5 are low.

There is a relative increase in the O 1= sigral near 532 eV corresponding to xanthate

OXygen species.
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There are again no significant changes in the Te or Pt spectra. i.e. no significant
reaction with the copper or xanthate ions.

There is a slight increase in the Bi signal corresponding to the PtPd{BiTe): surface
possibly indicating some surface cleaning action of the xanthate, i.e. oxidised product
removal.

The C 1s appears to be ubiquitous hydrocarbon contamination almost uncharged at
2846 eV, There is no obvious increase in the higher BE shoulder near 288 eV that
might correspond to the carben atoms from the small adsorbed xanthate concentration.

NS143-4, Xanthate addition without copper activation.

No Cu is detected in the survey spectrum but a small § 2s concentration (0.7%]) is
recorded. This survey concentration estimate carries a large uncertainty. The more
direct comparison is probably the area estimates from the 5 2s regions. For the
copper-xanthate system. the area estimate s 361 ¢fs compared with the xanthate
alone at 312 cfs. The curve fits will show, however, that both estimates from this asmall
concentration are subject to background selection with probably »20% errar.

The C 1s appears to be ubiquitous hydrocarbon contamination at 284.6 eV.

The Te signal has a relative increase in the low BE companent carresponding to the
telluride species indicating surface cleaning. This is consistent with the lower O%.
Comparison of the spectra with NS142-3 shows that there may be additions to the high
BE shoulders in the O 1s and C 15 regions but that these intensity increases are not
large.

There is again no significant change in Pd or Pt signals.
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Sample NS 152: Merenskyite PdTe;

NS152-A. Synthetic water conditioning.
« The elemental percentages (survey spectrum; error +-10% of each}) indicate Pd and
Te with some oxygen and carbon species only but again the sample is heavily oxidised

(58% O} in this surface.
+ None of the synthetic water ions are significantly detected. These ions do not appear

to be strongly adsorbed from the synthetic water.
s No Cuor S is detected.
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The C 1s appears to be ubiquitous hydrocarbon contamination with possibly two
charge states at 284 .3 and 286.0 eV.

The Te 3d. signal has 3 componentis at 572 8, 573.5 and 576.0 eV likely to be from a
telluride {56%). possibly charged telluride areas (33%}, and an oxidized species (e.g.
TeQ,ion or Te(OH)z} (11%) respectively.

This is consistent with the O 1s signal with both ionic oxide and hydroxide or covalent
oxide components at 530.2 (7% and 533.0 {93%) eV resp.

The single Pd 3ds; signal is at 336.0 eV corresponding to an oxidized species like
PdO. This signal also does not change through the sequence.

N5152-B. Copper activation.

Copper is not detected in the survey spectrum or in the high resolution scan. It
does not appear to adsorb to this mineral or is covered by oxidized products.
The C 1s hydrocarbon is at 284.4 eV now with a single charge state.

The Te 3dsz signal has a distinct increase in the component at 576.0 eV likely to be
from an oxidized species (e.g. TeOg4ion or Te(OH),) (11 to 20%).

There is also an increase in the lower BE © 1s signal likely to he associated with ionic
oxide or hydroxide species.

There are no significant changes in the speciation of the oxidized Pd signals.

NS152-C. Xanthate addition after copper activation.

Copper Is still not detected in the survey composition above about 0.1%.

New weak 5 2p and 5 2s signals are detected (0.8%) corresponding to xanthate
adsorption. The higher BE broad peak above the 5 2p from the xanthate is from a Te
45 signal which overlaps any sulfate signal but the S 25 is a single peak which makes
any sulfate unlikely.

The C 1s appears to be ubiguitous hydrocarbon contamination slightly charged at
285.1 eV, There is a small increase in the higher BE shoulder near 285.5 eV that might
correspond to the carbon atoms from the adsorbed xanthate concentration.

The O 1s specirum also has an obvicus high BE addition (86% to 95%) probably from
the C-0-S groups of the adscrbed xanthate. (The apparent reduction in O% 15 probahly
dug to the increased C contamination in this sample.)

There are significant changes in the Te spectra. The Te 3d.. component at 575.7 eV
likely to be from an oxidized species {e.g. TeQaion or Te{OH)z) has reduced in relative
intensity {20% to 10%). Hence, this sample appears to be having less
oxide/hydroxide after xanthate addition. This is consistent with the well-known
ability of collectors to displace attached oxidation products from surfaces in
competitive adsorption.

There are no significant changes in the speciation of the oxidized Pd signals.

NS152-D. Xanthate addition without copper activation.

[ 2

Distinct but weak S 2p and 5 2s spectra (1.2%) are recorded.
The C 1s appears to be ubiguitous hydrocarbon contamination at 284.6 eV,
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« Comparison of the spectra with N5152-C shows that there is again addition to the high
BE shoulder in the O 1s regions consistent with xanthate adsorption. This 18 also
obyvious in the © 15 spectrum.

» The Te 3d:: component at 575.7 eV likely to be from an oxidized species {e.qg. Tel,
ion or Te{OH):) is again reduced in peak intensity and broadenad. Hence, this sample
also appears to be having less oxide/hydroxide after xanthate addition.

= There are no significant changes in the speciation of the oxidized Pd signals.

« Comparing the relative intensities of the xanthate S 2s with and without copper
activation suggests that less xanthate is adsorbed in this no-copper case. A fit to
the complete S 2p envelope gives 480 cofs for 152-C with 130 ¢fs for this 152-D
sample. These estimates are probably not sufficiently accurate to be reliable.
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