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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 (PtAS2), palladoarsenide (Pd2As), moncheite (PtPd(BiTe)2 and PtTe2) and 

merenskyite (PdPt(BiTe)2 and PdTe2) 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: 

• 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. 

• 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. 

• 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. 

• Copper sulphate may not be promoting the flotation of the PGE mineral species as it 

does in the case of the sulphides. 

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

passivating layers may influence the flotation response. 
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• 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 ICSO 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 (PtTe2) 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 results 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(OHh precipitation on the mineral surfaces. Thus when xanthate 

ions are subsequently added, most of the active sites are already occupied by the hydrophilic 

Cu(OHh 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(OHh 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 flotation rates as 

well as the overall recovery for both minerals were negatively affected when ground with 

bismuth powder, especially for the PdTe2 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 PdTe2 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 -381.1m 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. 

xxv 

can 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 1 

LITERATURE REVIEW 

The recoyery of the PGEs in South Africa began in earnest at seyeral of the large gold mines 

around June 1919 The recoyery of platinum group minerals (PGM) improyed significantly 

from 1923 onwards, Today, the Bushyeld Complex contains the world's largest deposit of 

PGMs and Figure 1 1 shows a simplified ge~ogical map of the Bushyeld Complex, 

IBUSHVELD COMPLEX 

~~ 
I 

N 

t 

Figure 1.1. Simplified geological map of the Bushyeld 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-Bush veld rocks, respectively The red 
circular shape near Rustenburg is the Pilansburg alkali complex (Schouwstra et 
al., 2000). 

The upper Cntleal Zone of the Bushyeld 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 also hosts the Platreef mineralisation of the northern limb of the Bushlleld 

Complex (Schouwstra et al , 2000). 
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PGMs and Figure 1 1 shows a simplified geological map of the Bushyeld Complex, 

BUSHVELD COMPLEX 

N 

t 

Figure 1.1. Simplified geological map of the Bushyeld 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-Bush veld rocks, respectively The red 
circular shape near Rustenburg IS the Pilansburg alkali complex (Schouwstra et 
al., 2000). 

The upper Cntlcal Zone of the Bushyeld Complex (Figure 1 1) hosts the largest concentration 

of PGEs in the world Apart from the Upper Group ChrOiTIItite NO,2 (UG-2) and Merensky 

Reef the Zone also hosts the Platreef mineralisation of the northern limb of the Bushlleld 

Complex (Schouwstra et al . 20(0). 
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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 (-60%), 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 (PtAs2) 

and PGE alloy. In some areas minerals such as laurite (RuS2) can be abundant (Schouwstra 

et aI., 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 (5 - 30% pyroxene and 1 - 10% plagioclase). Other minerals present in 

minor concentrations, can include silicates and oxides and base metal sulphides. Secondary 

minerals include quartz, serpentine and talc. The Cr203 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 

7gft. 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 [Iaurite (RuS2), 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. 
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Flotation is used for concentrating sulphide and PGE minerals at PGM concentrators With 

the depletion of high-grade are deposits it has become necessary to treat low-grade complex 

polymetallic ores. This often invofves 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 minerals recovery 

A typical process circuit used across the South African 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 

Figure 1.2. A typical concentrator flowsheet. 
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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 cleaning circuits In the new flotation plants trends have 

leaned towards using larger cells. Lately. tank cells (eg OK150) have been used more 

extensively Typically flotation is carried out at a pH of between 8 and 9, which 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 mineral species. In terms of 

gangue minerai 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 1055 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 attributed to the belief that the PGMs will behave in a similar way as 

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

The areas reviewed below focus on the existing knowledge of the Platreef from a geological 

perspective, as well as the mineralogy of the reef Flotation of ores, the role of the reagents, 

and the speciation of the elements of interest were also reviewed. It should be pointed out 

that there is a limited amount 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 research has been carried out to date, worldwide, on the 

recovery of these minerals 
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1.1 Platreef 

The Platreef is located in the northern limb of the Bushveld Complex north of Mokopane 

(formerly Potgietersrus) in South Africa, This reef consists of a complex assemblage of rock 

types, with pyroxenites, serpentinites and catc-silicates being the most abundant. Base 

metal mineral'lsation 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 northern 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, gabbro and anorthsite to magnetic gabbro and apatite and olivine dicrite and so 

demonstrates the complete differentiation sequence for a 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, 1996 (Figure 1 3). 

Younger rocks 

Granite 
Granophyre 

Upper Zone 
Main Zone 
Critical Zone 
lower Zone 
Marginal Zone 
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Transvaal Supergroup 

Felsic Rocks 

Bushveld Complex 
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Figure 1 3, Zonal stratigraphy of the Bushveld Complex 
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The critical zor e Includes the wor1d's largesl platinum beanng are bodies of which Ihe 

Plat reef IS one and will be the only zone discussed below due to Its relevance to the sludy 

The critical zone displays spectacular layeflf"lg of chrornitite, nome and anonhsite on all 

scales from certimetres to tens of meters. Significant lithological and chemical variations 

prevai, along the strike in the critical zone , A variably mineralised (PGE, Cu , NI) compOSite 

pyrox.aM~ zone forms the eastern floor contact of the Potgietersrus limb and IS fegardoo as 

the local eQuivalent of the Merensk.y reef This pyrox>'Inile zone has been termed the Platreef 

and has bee n traced for 35 km along the eastern contact. where It transgresses from the 

Trars','aal Supergroup sedimentary rocks ,n the south to Archaen granite and gneiss in the 

nanh ',F lQure 1,"-) , 

FIglife 1 4. Map of Ih& Plalfeef. 
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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; 

• The upper pyroxenite termed 'C' reef is usually extremely poor in PGE mineralisation. 

• 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. 

• 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 aI., 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 Schurmann, 1998). Non-sulphide 
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gangue minerals consist mainly of pyroxene aM feldspar along with quantities of chlorite. 

tremohte, talc, and mica 

1.2.1 Platinum and Palladium Sulphides 

Cooperite IS a rare platlnum-beanng su lphide mineral. In cooperite. plaunum IS 

coordinated with four sulphurs in a square planar arrangement. Sulphurs are tetrahedrally 

coordinated by four platinum ions. The crysta l structure is of PtS type. with strong and 

directed covalent borxls M (M " Pt, Pd) fOlTl1s four co-planar bondS With X (X '" 0 S). 

which itself is coordinated by four M In a distorted tetrahedral enVIronment Cabn 2002 

Figure , 5 shows the solid state crystal structure for PIS; ·Source: WebEI&mellrs 

/http://www.webelemenfs.CDIflIj" 

, I. '", m (IV) sulfi de 

. , 
FlQure 1.5. Solid state crystal stnlcrure for Pts. "Source WebElemems 

(ht/p'/fwww.webelemenlscom/]" 

Cooperite crysta llography; 

• AXial Ratios: a·c " 1:1.75792 

• 

• 

Cell DimenSions a" 3.47 C" 6 1. Z ,., 2: V " 7345 Oen(Catc)" 8.45 

Crystal System. Tetragonal - Dltetfagonal DlpyramldatH-M Symbol (4/m 21m 2/mj 

Space Group P 41lmmc 

• X-Ray Diffraction: By Inlenslty(l llo) 3 03(l j 1.51 (0 8) 1.918(0.7) 
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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. Cooperite occurs with pentiandite, silicates chromite, and in 

complex intergrowths with Pt-Fe alloys (Bannister and Hey, 1932) 

Vysotskite has the PdS structure, which has distorted Pd tetrahedral coordination about 

S, and three distorted square planar environments about the Pd The square-planar 

coordination geometries are more regular than previously reported The mineral is found 

in the UG-2 Reef. Bushveld Complex, (Cabri, 2002). Figure 1,6 shows the solid state 

crystal structure for PdS, "Source. WebElements [http.//w\'>W,webelements.coml}" 

palladium (II) sulfide 

r"""'F===r'T 

, 
« 1, 

Figure 1 6 Solid state crystal structure for PdS "Source' WebElements 
[htlp'/Avww.webelements,coml}" 

Vysotskite crystallography: 

• Axial Ratios. a:c" 1 1.02652 

• Cell Dimensions: a = 6,371, C" 6.54. Z = 5: V = 265.46 Den{Calc)= 3 96 

• Crystal System, Tetragonal- DipyramidalH-M Symbol (4/m) Space Group P 41/m 

• X-Ray Diffraction By Intenslty(lIlo) 2 86(1). 2,91 (1).261(08) 
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1.2.2 Platinum and Palladium Arsenides 

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 minerai and besides native platinum. 

it is the only platinum mineral of any significance of the arsenide group It is a platinum 

diarsenide (PtAs,) and has the pyrite-type structure with distoried octahedral coordination 

around Pt and distorted tetrahedral coordination around As (Cabri 2002) 

Sperrylite has been a major are mineral in the very productive platinum deposits of the 

Merensky zone or "reef' of the Bushveld Complex. South Africa. including those of the 

Rustenburg Pilanesberg. Lydenburg. and Potgietersrus districts. In general the 

mineralogy of these deposits is extremely complex, with the list of associated platinum 

Illinerals 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 sperry1ite is tin white in color The structure of pyrite and 

sperrylite is analogous to galena wrth 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 sperry1ite The sulphur pair is covalently 

bonded together This pair disrupts the four fold sylllilletry that a single atom of sulphur 

would have preserved and thus gives sperrylite a lower symmetry Ihan galena (Gait. 

1982) No crystal structure in the solid state has been sourced for sperrylite but Figure 

1 7 shows the solid state crystal structure for PbS, which is similar to galena, "Source 

WebElements [http.Jlwwwwebelements.com/]" 
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Figure 1,7, Solid state crystal structure for PbS, "Source. WebElements 

[http//wwwwebelementscom/]" 

Sperrylite crystallography; 

• Cell Dimensions: a = 5,967. Z = 4: V = 212.46 Den(Calc)= 10 78 

• Crystal System Isometric - DiploidalH-M Symbol (21m 3) Space Group' P a3 

• X-Ray Diffraction: By Intensity(lllo) 1801(1),1.148(0.7), 2,98(06) 

Crystal structure for palladoarsenide (Pd2As) is a Fe2P structure type No crystal structure 

in the solid state has been sourced for palladoarsenide 

Palladoarsenide crystallography: 

• Axial Ratios. ab:c =1 ,092.1 1,2325 

• Cell Dimensions a = 9.25, b = 8.47 c = 10.44 Z = 18; beta = 94" V = 81596 

Den(Calc)= 10.54 

• Crystal System: MonOCliniC - PrismaticH-M Symbol (21m) Space Group P 21m 

• X-Ray Diffraction By Intensity(l/lo): 2,14(1), 2,21 (0,9), 2 6(0.7) 

1.2.3 Platinum and Palladium Tellurides 

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

with bismuth Figure 1 8 shows an example of a ternary diagram for a Pd-Te-Bi system, 

11 

Figure 1.7. Solid state crystal structure for PbS. "Source. WebElements 
[http//wwwwebelements.com/]" 

Sperrylite crystallography; 

• Cell DimenSions: a = 5.967. Z = 4 V = 212 46 Den(Calc)= 10 78 

• Crystal System Isometric - DlploldalH-M Symbol (21m 3) Space Group' P a3 

• X-Ray Diffraction: By Intensity(lllo) 1801(1),1.148(0.7). 2.98(06) 

Crystal structure for palladoarsenide (Pd2As) is a Fe2P structure type No crystal structure 

in the solid state has been sourced for palladoarsenide 

Palladoarsenide crystallography; 

• AXial RatiOS. ab:c =1 .092.1 1.2325 

• Cell Dimensions a = 9.25, b = 847 c = 10.44 Z = 18; beta = 94" V = 81596 

Den(Calc)= 10.54 

• Crystal System: MonOClinic - PrismalicH-M Symbol (21m) Space Group P 21m 

• X-Ray Diffraction By Intensity(l/lo): 2.14(1), 2.21 (0.9), 2 6(0.7) 

1.2.3 Platinum and Palladium Tellurides 

The PGE telluride minerals composillon 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 particles 

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)_ 
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mineral compc!sitions (Cab';, 2002} ~re shawn 11y iile coloured Jr6JS 

The crystal structure for synthetic merenskyite (PdTe2) is layered, with the layering along 

the [001] direction, similar to that of Cd{OHh Figure 1.9 shows the solid state crystal 

structure for PtTe2: "SoU/ce. WebElements [http./,www.webelements_comiJ" 
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which shows the variation in composltlon_ The solid black triangles represent particles 

that are depleted in tellurium and bismuth and enriched in palladium This enrichment 

may be as a result of the weathering of the are body (Hey and Matysiak, 2004)_ 
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The crystal structure for synthetic merenskyite (PdTe2) is layered, with the layering along 

the [001] direction, Similar to that of Cd{OHh Figure 1.9 shows the solid state crystal 

structure for PlTe2: "SoU/ce, WebElements [http./,www.webelements_comiJ" 
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Figure 1 g- Solid state crystal structure for PdTe2 "Source: WebElements 

[httpi/wwwwebelements,com/]" 

MerenskYlte crystallography; 

• Axial Ratios' a'c" 1'1.28833 

• Cell Dimensions. a = 3.978, C" 5 125. Z" 1, V = 70.24 Den(Calc)= 9 14 

• Crystal System: Trigonal - Ditrigonal PyramidalH-M Symbol (3m) Space Group P 

3m1 

• X-Ray Diffraction By Intensity(l/lo): 2,92(1), 2,1 (06), 3 07(03) 

The crystal structure for moncheite (PtTe2) is a layer-lattice structure similar to that of 

brucite (Cabri, 2002), Figure 1.10 shows the solid state crystal structure for PtTe2' 

"Soufce- WebElemenls [ilttpi/ivlVlV. webelements_ coml]"_ 

13 

Figure 1 9- Solid state crystal structure for PdTe2 "Soufce: WebElements 
[httpi/wwwwebelements,coml}" 

MerenskYlte crystallography; 

• Axial Ratios' a'c" 1'1.28833 

• Cell Dimensions. a = 3.978, c = 5 125. Z" 1, V = 70.24 Den(Calc)= 9 14 

• Crystal System: Trigonal - Ditngonal PyramidalH-M Symbol (3m) Space Group P 

3m1 

• X-Ray Diffraction By Intensity(l/lo): 2,92(1), 2,1 (0 6), 3 07(03) 

The crystal structure for moncheite (PtTe2) is a layer-lattice structure Similar to that of 

brucite (Cabri, 2002), Figure 1.10 shows the solid state crystal structure for PtTe2: 

"Soufce- WebElements [ilttpi/ivwIV. weDelements_ coml}"_ 
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pl"tic~ m (IV) telluride 

Figure 110 Solid state crystal structure for PtTe:!_ ' Source- WebElements 
[llttp:liWww weoolemenls_ com!]" 

Moncheite Crystallography: 

• Axial Ratios a:c = 1 1 306 

• Cell Dimensions: a '" 4 049, C" 5.288, Z" 1: V '" 75.08 Den(Calc)= 10.37 

• Crystal System: Trigonal - HexagO/lal ScalenohedralH-M Symbol (321m) Space 

Group: P 3m1 

• X-Ray Diffraction: By Intenslty(llIo)' 2 93(1 ) 2.11(08) 202(07) 

1.3 Synthesis of the Platinum and Palladium Minerals 

The availability of natural cooperite. vysotski te, sperrylite palladoarsenide, moncheite and 

merenskyite is limited due to the low content and small grain size of the PI and Pd sulphide, 

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 to assume that the 

synthetic sample generally reflects the behaviour of the naturally occurring mineral 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_ 
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1.3 Synthesis of the Platinum and Palladium Minerals 

The a\lailability of natural coopente. vysotskite, sperryllte palladoarsenlde, monchelte and 

merenskYlte 15 limited due to the low content and small grain size of the PI and Pd sulphide, 

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 to assume that the 

synthetic sample generally reflects the behaviour of the naturally OCCUrring mineral 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 valld_ 
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Glasstone (1946) describes metallic alloys where the fused metals are frequently miscible 

and on cooling the liquid, the two components may either; 

• each separate in the pure state 

• form a continuous series of solid solutions 

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

• 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; ego 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 ai., (1999) and Merkle et aI., (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 vefSUS Naturally Occumng 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(BiTeh), merenskyite(Pd(BiTe)2) and sperrylite(PtAs2) spiked into various ore 

types was investigated. The synthetic PGMs were prepared to a size range approximating 

that of liberated PGMs in a 60% -75~m feed to float. They were spiked to a flotation feed of a 

Platreef ore sample previously batch ground to 60% -75~m 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 

sperrylite 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 

Pd2As 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, Fe1-xS. The vacancies can be filled 

by metal ions of suitable size. Pyrrhotite releases fairly large quantities of Fe2
+ and Fe3

+ 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 aI., (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 + 1hx02 ---+ M1-xS + xM(OH)2 (1) 

The chemical nature of the M1-xS 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 aI., 

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 --+ M2 + So + 2e (E), (2) 

and a chemical reaction (C), viz. 

(3) 

in which X represents a thiol collector. The overall adsorption mechanism can be 

represented by an electrochemical reaction (EC): 

MS + 2X- --+ MX2 + So + 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 (Eh), 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 aI., (1989). More 

recently Finkelstein (1997) gave an in depth review of current 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(lI) is reduced to Cu(l) and 

the sulphide of the mineral is oxidised. The activation of sulphide minerals with Cu2
+ 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 techniques 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 aI., (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 aI., (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 aI., (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 

mono layers 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, Eh and ions present in the 

aqueous environment will dictate the chemistry of activation. 

Wang et aJ., (1989) reviewed the aqueous and surface chemistry in the flotation of 

sulphide minerals. 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("), the following reactions occur spontaneously: 

Cu2
+ + OH ~ Cu(OHt 

2Cu2+ + 20H ~ CU2(OH) l+ 

Cu2
+ + 20H ~ CU(OH)2 (aq) 

Cu2+ + 20H ~ Cu(OH) 2 (s) 

Cu2+ + 30H ~ Cu(OH) 3-

Cu2+ + 40H ~ Cu(OH) l-

(initial hydrolysis) 

(dimer formation) 

(precipitation) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

The distribution of these species at varying pH values can be calculated 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(l1) activator at a total 
metal concentration of 1. OOE-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)2 (s) »CU(OH)2 (aq) 

> Cu(OHh-> Cu(OHt> Cu(OH)i-> CU2(OH)i+. 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(III)-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-H20 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 e-) analogously to the pH scale representing the concentration of 

standard acid (H+). The pE values are obtained from reduction potentials by dividing EO 

by 0.059. Hence, for example, the pE value of 5 indicates an EO 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. 

10r-------_:----------, 

CuEXz(s) 

5 
CuEX(s) 

+ 

W 0 CU(OH)2(S) 

Cl ~------------------~ 

CuEX (s)+cu 

Cu 

Figure 1. 12: pE-pH Diagram for Cu-Ex system at a total 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 aI., (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 aI., (1985). Their conclusions were that potassium butyl xanthate is 

absorbed on the mineral surface in the form of dixanthide (oxidised form of xanthate, KX2)' 

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 

liquid 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 aI., 1992; aiming et al., 1993; Monte et aI., 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 (As04) 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 aI., (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 aI., (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(lI) activation. Abeidu et al., (1980) suggested that Cu(lI) 

reacts preferentially with the arsenic sites on arsenopyrite surface to form an insoluble 

copper arsenide, either Cu:As or CU:AS2. 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(lI) then 
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reacts with the surface arsenate groups to form copper arsenate and arsenite [e.g. 

CU3(As04)2, CuOHAs02, CU(AS04)2] 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 aI., (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 aI., (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 Van 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 aqueous 

solution, since charged species will migrate across the minerallwater 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 minerallwater 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 representation of the electrical double layer and the potenlial 
drop across the double layer 

The electrical charge Ort a mineral surface can be generated by a rtumber of 

mecnanisms, including chemisorption, preferential dissolutiort of surface iorts, selective 

adsorptiort of iorts artd mirteral lattice substitution Ionic species playa predomirtartt 

role in establishing the r18ture of the double layer. Ions thai give rise 10 the surface 

charge are called poterttial-determirtirtg ions and are special to each mirteral. Ions that 

are adsorbed ortly to mairttairt electro-neutrality irt the system are called courtter iorts 

and arty kind of electrolyte ions can function as COUrtter ions The firsllayer of counter 

ions lies at a distance from the surface In the Stern plane artd this distance is 

determined by the ionic radius The surface charge IS generally a complex function of 

the ionic strength artd the activity of potential-determining ions in solution. It is given by 

the difference in adsorption of pOSitive and negative potential-determining ions The 

defirtition of surface charge: requires that all positive and negative potential-determining 

ions be adsorbed Ortto the surface and not occur irt 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 mirteral-water interface The importance of the pzc resides 
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Figure 1,13: Schematic representation of the electrical double layer and the potenlial 
drop across the double layer 

The electrical charge on a mineral surface can be generated by a rtumber of 

mechanisms, induding chemisorption, preferential dissolution of surface iOl1s, selective 

adsorptiol1 of iOl1s al1d mil1eral lattice substitution Ionic species playa predomil1al1t 

role in establishing the l1ature of the double layer. Ions that give rise to the surface 

charge are called potel1tial-determil1il1g ions and are special to each mil1eral. Ions that 

are adsorbed only to maintain electro-neutrality in the system are called counter ions 

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 al1d the activity of potential-determining ions in solution. It is given by 

the difference in adsorption of positive and negative potential-determining ions The 

definition of surface charge: requires that all positive and negative potential-determining 

ions be adsorbed onto 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 mll1eral-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 s-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): 

(6 
UE = -- !(Ka) 

1.5 1] 
(11) 

where UE is the electrophoretic mobility, 6 is the fluid dielectric constant, (is the zeta 

potential, 1] is the dynamic viscosity, K is the Debye-Huckel parameter and a is the 

particle radius. For large particles in more concentrated electrolyte solutions Ka »1 

and f(Ka) = 1.5. This transforms Henry's equation (11) into Smoluchowski's equation 

(12): 

At 25°C this reduces to: 

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

1.6.2.1 Brief description on the theory of ToF-SIMS 

(12) 

(13) 

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 ) 

Pri rmry Ion SeCfJooC/ry Ions 

o 
o 

damage 

Figure 1 14,' A schematic diagram of the SIMS process (Physical Electronics 2006) 

The ToF-SIMS uses a pulsed primary ion beam to desorb and ionize species from a 

sample surface The primary ion dose is low «10 12 ions/cm2) and it uses short 

pulses of <1 ns In other words. less tnan 1 in 1000 surface atoms or molecules is 

struck by a primary ion. The actual desorption IS caused by a "collision cascade" i.e . 

collisions occurring between the atoms of the solid. The term "secondary ions" is 

used to distinguish them from the primary bombarding ions. A small percentage of 

the secondary ions are charged and can therefore be extracted by an electric field 

(accelerating fiekJ) into a mass spectrometer The kinetic energy (E • ..,) of the ions 

can be expressed as: 

(14) 

where V" is the accelerating potential, m the mass of the ion and e its charge. 

Lighter ions have higher Yelocities than the heavier ions and will therefore arrive at 

the detector first The mass separation is obtained by the flight time It) from the 
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Figure 1 14' A schematic diagram of the SIMS process (Physical Electronics 2006) 

The ToF-SIMS uses a pulsed primary ion beam to desorb and ionize species from a 

sa1lple sulface The primary ion dose IS low «10 12 ions/cm2) and it uses short 

pulses of <1 ns In other words. less tnan 1 in 1000 sulface atoms or molecules is 

struck by a primary ion. The actual desorption IS caused by a "collision cascade" i.e . 

collisions occurring between the atoms of the solid. The term "secondary ions" is 

used to distinguish them from the primary bombarding Ions . A small percentage of 

the secondary ions are charged and can therefore be extracted by an electric field 

(accelerating fiekJ) into a mass spectrometer The kinetiC energy (E, ..,) of the ions 

can be expressed as: 

(14) 

where Vo is the accelerating potential, m the mass of the ion and e its charge. 

Lighter IOns have higher Yelocitles than the heavier ions and will therefore arrive at 

the detector first The mass separation is obtained by the flight time It) from the 
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sample 10 the detector. This can be determined USing equallon 15 whefe L.., Is the 

effective length of the spectrometer. 

Galli~1n l.ioqllid 
MfCallon Gua 

[."'cfro:<itafic A n al~ ~~r 

.: , 

~ 
, : 

.. . .. ~;;:.I:~ ....... + ........................ _~~. 

(15) 

Samp'" "'hh r~acut 
molt'Cul~ 

)licrochanD~1 pial' detector 

Figur& 1.15. ToF-SIMS layouf (Physical Electronics, 1997). 

The mass spectra are recorded by measuring the time diff!!ft:!flC8 between pulsing 

the primary ion gun and the arrival of secondary lOriS on a fast dual 

microChannelplate detector at the spectrometer by means of a multistop time·to­

digital convei18( (TOC) (Figure 1.15). NeighbOlxing masses mD and m.,+l1nJ can only 

be resolved if the rela ~onshlp between time width and separation are correct. Using 

equatron (16) II can be shown loo! lor small mass differences the relationship 

between flight limes and mass resolution is given by 

mlt.m " t,/2,).t ( 16) 

From equation (19) It can be seen ihal In order 10 obtain high mass resolution, a 

short primary ion pulse (10) has 10 be used (Figure 1.16). 
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Figure 1. 15. ToF-SIMS layout (Physical Electronics, 1997). 

The mass spectra are recorded by measuring the lime difference between pulsing 

the primary ion gun and the arrl .... al 01 secondary Ions on a fast dual 

microChannelplate detector at the spectrometer by means of a multistop time-to­

digilal converter (TOC) (Figure 1.15). Neighbotxing masses m.. and m.,+M1 can only 

be resolved il the reladonshlp between lime wIdth and separation are CO/Tecl Using 

equation (16) II can be shown that lor small mass differences the relalionshlp 

between f tight times and mass resolution is given by 

mlt.m " t,/26.t ( 16) 

From equalion (19) it can be seen lhat In order to obtain hogh mass resolutIOn, a 

short primary IOn putse (to) has to be used (Figure 1.16). 

33 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Length of Primary Ion Pulse 
(tp) 

Detector 

; .. ·· ...... ····· ........ ······························ .. ····EJ 
L Tim. It) [riC 

Figure 1,16. The separation of ions by Time of Flight (Physical Electronics, 1997), 

The energy transferred when a primary ion impacts with the sample surface results in 

fragmentation of the original surface in the vicinity of the impact, resulting in the 

release of atomic species. Further away from the impact site, higher mass molecular 

species are released as a resul t of the energy transferred by the Impact throughout 

the substrate, A heavy energetic primary ion cannot be stopped immediately by the 

first atoms il encounters and will therefore continue into the suliace until It has lost all 

its energy due to elastic scattering off atomic cores and inelastic scattering off 

electronic shells and free electrons The ions that are collided with will recoil and 

displace other atoms. which will in turn collide wi th 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 suliace atoms being displaced 

(Sch ueler. 1992: Reich. 1997) 

The PHI TRIFT II ~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 12_10'" primary 

ions/cm2 _ The density of a silicon surface is approximately 10" atoms/cm 2 The PHI 

TRI FT II'" ToF-SIMS features state of the art primary ion gun technology, IIlcludlllg a 
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Figure 1,16. The separation of ions by Time of Flight (Physical Electronics, 1997), 

The energy transferred when a primary ion impacts with the sample surface results in 

fragmentation of the original surface in the vicinity of the impact, resulting in the 

release 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 energelic primary ion cannot be stopped immediately by the 

first atoms il encounters and will therefore continue Into the surface until It has lost all 

Its energy due to elastiC scattering off atomic cores and InelastiC scattering off 

electronic shells and free electrons The Ions that are collided with will recoil 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. 1992: Reich. 1997) 

The PHI TRIFT II ~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 12_10'" primary 

lonslcm2_ The density of a silicon surface is approximately 10" atoms/cm 2 The PHI 

TRIFT II'" ToF-SIMS features state of the art primary Ion gun technology, IIlcludlllg a 
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focused liquid metal ion gun with three orders of magnitude range of beam current. 

from 20 nA (fast spectroscopy) to 20 pA (high lateral resolution, 0.1 ,Lm 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 ion images are used to determine the composition 

and distribution of the sample constituents (Physical Electronics, 2006) Figure 1 17 

shows a schematic representation of the process for obtaining mass spectrum and 

secondary ion images. 

Pulsed fon Beam 

Total Area 

Figure 1.17 __ Schematic representation of the process for obtaining mass spectrum 
and secondary ion images using ToF-SIMS (Physical Electronics, 
1997) 

The ToF-SIMS is capable of shallow sputter depth profiling where an Ion gun is 

operated in direct current (DC) mode for sputtering, and the same ion gun or second 

gun is operated in pulsed mode for data acquisition. Depth profiling by ToF-SIMS 

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

(Physical Electronics, 2006). 
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The ToF-SIMS is capable of shallow sputter depth profiling where an Ion gun IS 

operated in direct current (DC) mode for sputtering, and the same ion gun or second 

gun is operated in pulsed mode for data acquisition. 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 (XPS) 

1.6.3.1 Brief description on the theory of XPS 

Surface analysis by X-ray Photoelectron Spectroscopy (XPS) involves irradiating a 

solid in vacuo with mOrloerlergetic soft x-rays and analysirlg the emitted electrons by 

energy. The spectrum is obtalrled as a plot of the number of detected electrons per 

erlergy irlterval versus their kinetic erlergy Each element has a urlique spectrum. 

The spectrum from a mixture of elemerlts is approximately the sum of the peaks of 

the individual constituents. Because the mearl free path of electrorls in solids is very 

small, the detected electrons originate from only the top few atomic layers 

Quarltitative arlalysis can be obtairled from peak heights or peak area arld 

identificatiorl of chemical states often can be made from the exact measuremerlt of 

peak positiorls arld separatiorls, as well as trom certain spectral features (Moulder et 

al 1995). 

XPS was developed irl the mid 1960s by K. Siegbahn arld his research 9rouP. K. 

Sie9bahn was awarded the Nobel Prize for Physics irl 1981 for his work in XPS. 

Siegbahn (1990) has described the fundamentals of XPS as well as rlew trerlds. The 

pherlomerlon is based on the photoelectric effect outlirled by Einsteirl in 1905 where 

the concept of the photon was used to describe the ejection of electrons from a 

surface when photorls impil1ge UpOrl it 

The photoelectric effect which was discovered by Hertz in 1887, lead to the 

development of the X-ray photoeiectrorl spectrometer. Hertz discovered that some 

metallic metals emitted electrorls from their surfaces when exposed to light This 

phenomenorl is now commonly krlown as the photoelectriC effect and is described by 

equation 17, 

Er=hv-Es - " (17) 

Where EK is the kinetic energy ot the photoelectrons emitted from the sample into 

continuum. h is Plank's constarl\' v is the frequerlcy of the incident radia tion, Es is 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 

ejection of an electron from that atom into continuum (Figure 1.18) The binding 

energy may be regarded 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. Photoelectric effect (Smal1 et.ar, 2006). 

The atom left in the excited state may then relax via two processes X-ray 

fluorescence 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 via a photon, or, alternatively the excess energy may be transferred to 

another electron (Auger electron) ejecting it from the atom 
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Figure 1.19. X-ray fluorescence and Auger process. 

80th photoelectrons and Auger electrons appear in the XPS spectra Complicating 

features derived from these transitions also appear in the XPS spectra, e.g. 

secondary electrons, initial and final state shake-ups and shake-offs intrinsic and 

extrinsic plasmons, plasmon gain peaks and satellite peaks which all assist in the 

identification of peaks (Figure 1.19) 

The XPS tecrlnique was developed to detect and analyse the photoelectrons emitted 

from materials. The initial function of XPS was to determine the atomic structure. 

however, the cIlemical shifts in the spectra brought about the development of electron 

spectroscopy for chemical analysis (ESCA). Chemical shift is the change In 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 from valence electrons. This occurs by a change in oxidation state, lattice 

sites (coordination. defects) electron density changes and Intenacial fields 
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80th photoelectrons and Auger electrons appear In the XPS spectra Complicating 

features derived from these transitions also appear in the XPS spectra, e.g. 

secondary electrons, initial and final state shake-ups and shake-offs IntrinSIC and 

extrinsic plasmons, plasmOrl gain peaks and satellite peaks which all assist in the 

identification of peaks (Figure 1.1 g) 

The XPS tecrlnique was developed to detect and analyse the photoelectrons emitted 

from materials The initial functIOn of XPS was to determine the atomic structure. 

however, the chemical shifts in the spectra brought about the development of electron 

spectroscopy for chemical analYSIs (ESCA). Chemical shift IS the change In 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 from valence electrons. This occurs by a change in oXidation state, lattice 

sites (coordination. defects) electron density changes and Intenacial fields 
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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. 

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

• 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=Acos<p (18) 

Where d is the escape depth of an emitted electron, Ai is the IMFP of the electron for 

a particular energy and material, and <p is the angle of emission of the electron with 

respect to the normal sample surfaces. 

Sampling depth is defined as the depth at which 95% 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 95% 

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

depth allowing more surface sensitive analysis. Angie-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 aI., (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 aI., (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 aI., (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 FeS2 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 aI., (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 020. 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 collectorless flotation of chalcopyrite was studied by 

Fairthorn et aI., (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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SchaufuB et aI., (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 aI., (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 sulphur-rich sulphide lattice being hydrophobic. 

Oxidised chalcopyrite surfaces subjected to an applied reducing potential 

became sulphur-deficient and were un-floatable. 

Smart et aI., (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 aI., (2000) studied the interaction of xanthate with galena using Static 

SIMS. Three xanthate fragments together with 0 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, Eh 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: 

(19) 

The chemical nature of the M1-xS 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 aI., (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, Eh, 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 floes; 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 aI., (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 allows 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 results showed a surface core level shift of sulphur bonded to copper in 

planar CUS3 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 9. No collector adsorption was evident 

on untreated pyroxene. Collector adsorption was observed only after pyroxene 

that had been treated with Cu(lI) 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 aI., (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(lI) atoms are replaced by Cu(lI) atoms which 

are reduced in situ to Cu(I). 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 a!., 

(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 sulphides 

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 aI., (1997) describes the surface characterisation of pentlandite by 

XPS. Natural pentlandite was used for the study. The Fe 2p, Ni 2p, S 2p and 0 

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 2P213 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 2P213 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 NiS04). The sulphur in NiS is oxidised to polysulphide and 

oxysulphur species (mainly sulphate), while nickel oxidation remains Ni(II). 

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 (S2-) wheras the second 

contribution is probably a surface dimeric species (S22-). 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 aI., (1990), in the absence and presence of specific 

collectors and depressants over a range of grinding and flotation Eh 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 Eh. 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 aI., (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 Ni2+ and C02+ are only weakly adsorbed onto the 

quartz surface and that NiOH+ and CoOH+ were the main Ni (II) and Co (II) 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)2 and CO(OH)2 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 aI., (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) carried out electrochemical studies to determine a 

possible effect of Ca2+, 520l- and 50l- 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. 520l- and Ca2+ ions competed with 

xanthate for adsorption on the surface sites of pentlandite, whereas only Ca2+ 

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 520l- ion was considered to be coordinated 

onto surface via the oxidised Fe sites or the Ca (52) product. Iron and 

polysulphides were considered to be surface-active forms, which form part of the 

pyrrhotite surface. Ca2+ 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 

(20) 

Presence of Ca2+ ions modifies this reaction by replacing the metal cation at the 

surface. 

Kartio et aI., (1992) described a technique for XP5 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 FeS2 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 aI., 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. aI., 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 

55 

• are indicatiorlS 

as are eVICJelnr 

occur 

• 

• It 

• It 

• 

• 

• 

• 

It 

are 

or 

SDE~CIEtS are 

lSUt=(,,;,It=lS are 

it 

on 

a 

on 

a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

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 a difference in the floatability between the Pt and Pd 

arsenide, telluride and sulphide mineral species as a result of one or more of the following 

hypothesis listed in Table 1 Table 1 illustrates the experimental methods that will be used to 

evaluate each hypothesis listed 

Table 3.1: Hypotheses link to experimental methods. 

• Differing crystal structure/composition or surface 
structure/composition of the varrous Pt and Pd 
mineral species resulting in their being not 
hydrophobic or amenable to c~lector 

adsorption. 

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

• Similarly, oxidation prcxJucts from other minerals 
and grinding media also negativ~y affect the 
mineral surface composition and floatability by 
precIPItation onto the mineral surfaces 

• The Pt and Pd mineral species are not 
amenable to copper activation because they 
have differing crystal structures compared, for 
examples, to sulphides like pentlandite as there 
are no sulphur atoms available for the copper to 
bond to 

• Passivation of the mineral surfaces by Bi and Te 
oxide and hydroxide species is occurring which 
reduces the floatability of the Pt and Pd mineral 
species 

• Ion 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, 
Ga and Mg 'IOns passivating the mineral 
surfaces 
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3.1 Minerals 

The PGE minerals were synthesised using at methods developed by Anglo Research The 

methods involved the weighing of stoichiometric amounts of the pure metal powders which 

are finely ground for each mineral spedes and transferred to a quartz 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 

3,2 - 3.4, The pure platinum and palladium sponge (99,95%) was obtained from Anglo 

Platinum's Precious Metal Refiners (PMR), tellurium, bismuth and arsenic was supplied by 

Alfa Aesar at > 99.9% purity Other chemicals used in this study were of analytical grade and 

the gases were of instrument grade 

Table 32: Platinum and palladi(Jm sulphide composition and thermal treatment 

Vysotskite 
(NS148) 

PdS 

Pel" 00 s" 00 

(30.74g Pd, 926g 5) 

allowed cooling naltirany at a rate 01 
10-lmin Break tube. regrind, reseal 
and reheat to 1Q(XYC at a rate of 
20'lmill, held for 96 hours, then 

allowed cooling natura~y at a rate of 
10·,/min 

Ampoule heated to 800T at a rate 
of 20o/min, held for 30 minutes and 

Subjected to a controtted linear 
sIow'-coolillg down to 350'C over 60 

hours 
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Table 3.3.' Platinum and pal/adium arsenide composition and thermal treatment 

',~;:;'; '". ~he~Id~:'OC;~6t hourn then slowly temp at a rate of 
S''imin 

Sperry/Ite (NS146) 
PtA" 

Pt..ooAs' .oo 
(33.93g Pt, 2606g As) 

Ampoule heated to 800'C at a rate of 
10' /min, held for 12 hours then slowly 

cooled to ambient temp at a rate of 

Palladoarsenicle 
(NS147) 
Pd,As 

Pd,o"As 
(44,38g Pd, 15.62g As) 

SO/min 
Ampoule heated to 800'C at a rate of 
10o/min held for 12 holfi then slowly 

cooled to aml:>tent temp at a rate of 
5'/min 

Table 3,4 Platinum and pal/adium te/luride composition and thermal treatment 

Merenskyite 
(N5143) 

PdPt(SrT e)z 

Monchelte 
(N5153) 

PtTe, 

Merenskyite 
(N5152) 
PdTe, 

pdo "2PIo""B~"Te, " 
(15.3g Pd, 2 44g Pt, 
7,159 Bi, 3508g Te) 

Ptu:oTe,.oo 
(209 Pt, 409 Te) 

Pdu:" T ev:" 
(20g Pd, 409 Te) 

?~;~:~:; ',.,:h~"'::d,:foc~,,1:;5~minutes then slowly 
~ at a rate of 10'/mm, 
The sample was l urthertreated by heating 
the ampoule to 1150°C at a rate of 20o/min, 

held for 1S minutes then slowly cooled to 
480°C and held at that temp for 4 weeks then 

slowly cooled to ambient temp at a rate 01 
10o/mill, 

Ampoule heated to 800'C at a rate of 
20"/min, hekJ for 30 minutes and subjected to 

a controlled linear sIow-cooling down to 
350°C over 50 hours then slowly cooled to 

aml:>tent temp at a rate of 10"/mll1 
Ampoule heated to 1150' C at a rate of 

20'lmin, held for 30 minutes, and subjected 
to a controlled IlI1ear slow-cooling down to 
350'C over 60 hours then slowly coolec! to 

ambient temp at a rate of 10o/min. 
Ampoule heated to 800"C at a rate of 

20''imin, held for 30 minutes and subjected to 
a cootrolled linear slow-coding down to 

350"C over 60 hours then slowly coolec! to 
ambient temp at a rate of 10' /min. 
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Table 3,4 Platinum and pal/adium telluride composition and thermal treatment 
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PdTe, 

pdo.,plo""Bk",Te, " 
(15.3g Pd, 2,44g Pt, 
7,159 81, 3508g Te) 

Ptt.ooTe"oo 
(20g Pt, 40g Te) 

Pd1.ooTe "OO 
(20g Pd, 40g Te) 

~;~:~:; ',. ,:h~"'::d,:foc~t;':;5~minutes then sloVoiy 
~ at a rate of 10'/mIIl, 
The sample was lurthertreated by heating 
the ampoule to 1150°C at a rate of 20'lm;n, 

held lor 15 minutes then slowly cooled to 
480°C and held at that temp for 4 weeks then 

slowly cooled to ambient temp at a rate 01 
10o/min, 

Ampoule heated to 8OO'C at a rate of 
20"lmin, held for 30 minutes and subjected to 

a contrDlled linear slow-cooling down to 
350°C over 60 hours then slowiy cooled to 

amt>tent temp at a rate of 10"lmll1 
Ampoule heated to 1150°C at a rate 01 

20'lmin, held for 30 mll1utes and subjected 
to a controlled IlI1ear slow-cooling down to 
350'C over 60 hours then slowly cooled to 

ambient temp at a rate of 10olmin. 
Ampoule heated to 800"C at a rate of 

20''imin, held for 30 minutes and subjected to 
a controlled linear slow-cooling down to 

350"C over 60 hours then slowly cooled to 
ambient temp at a rate of 10'lmin. 
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The PGE minerals that were produced were not all homogeneous even though the methods 

for the preparation and thermal treatment of the material were follO\Ned meticulously The 

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

All mineral samples were stored mder argon and freshly ground in an agate jusl prior to each 

experiment. The products were screened to obtain size fractions of -2~m for zeta potential 

determinations and +38 - 1 06jJm for microflotation tests 

USing the BET method, the surface area of the +38 -1 06jJm 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 - 106pm size fraction of all the synthesised minerals 

PtS 
SperrUyte 
(NS145) 
PtAs2 

Sperrliyte 
(NS146) 
PtA" 

Moncheite 
(NS142) 

PtPd(BiTeJz 

Moncheite 
(N5153) 

PtTez 

3.2 X-Ray Diffraction (XRD) 

0,04 

000 

0,20 

0,22 

PdS 
Paltadoarsenide 

(NS147) 
Pd;As 

Merenskyite 
(NS143) 

PdPt(BiTeJ2 

Morenskyite 
(NS152) 
PdTo, 

0,26 

0,13 

0,14 

The aim of the XRD investigation is to identify the phases present in the samples and to 

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 In 

multi phase mixtures, The amorphous phase is calculated by difference 

Powder 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 [02Th.] 
End Position [02Th,] 
Steop Size ['2Th,] 
Scan Step Time [s] 
PSD Mode 
PSD Length ['2Th,] 
Divergence Slit Size ["] 
Specimen Length [mm] 
Measurement Temperature ['CI 
Anode Material 
K-Alpha1 [AJ 
K-Alpha2 [AJ 
K-Beta [AJ 
K-A2! K-A1 Ratio 
Generator Senings 

4,000 
110000 
0,0170 
100,6952 
Scanning 
2.12 
0,2500 
1000 
25.00 
Cc 
1,54060 
1,54443 
1 39225 
050000 
40mA,40kV 

A search-match routine based on peak and profile data and utilising the POF2 database was 

used to identify the best fitting phases in the database, The search was limited so that only 

phases containing the expected elements were displayed, The elements H, a and Si were 

added to the list of possible elements; this was done to include phases that were formed by 

oxidallon, hydration or contamir1ation from the vessel. The SemiQuant values from the 

database only give a rough indication of the amount of each phase present in the samples 

The Semi Quant values are normalised and if the sample contains an amorphous componenl. 

this quantification method will lead to overestimated values 

The crystal structure data related to the best-fitting phases were retrieved from the ICSD 

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 vmere agreement between the calculated and observed pattern were as good as possible, 

3.2 Reagents 

During the study water vvith a specific conductance of O.7~S em·1 and a suface tension of 72,8 

mN m·1 at 20"C. produced by a MILLI-RO PLUS apparatus was used to prepare synthetic water 

(I" 3,5E-02) High purity argon (Afrox) was used during storage to minimise minerai oxidation 

Purifted collector, sodium isobutyl xanthate, was obtained from SENMIN, Other chemicals were 

of analytICal grade quality Copper sulphate (Saarchem) was used as activator, Sodium 

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

3.3 Synthetic Water Composition 

Water with a specific conductance of 07~S cm" was modified by the additIOn of various 

chemical compounds of analytical grade quality (Table 36) to produce synthetic process water 

[I (Ionic strength) = 35E-02J The synthetic water contained amounts of key ions sim'lIar to 

those typically found in circuit water (Ca2+ 80ppm. MgZ
- 80ppm. Na+135ppm. CI' 27Oppm, 

sOi' 25Oppm, N03' 135ppm. CO}· 4Oppm, TDS 990ppm) 

Table 3,6, Synthetic water composition. 1= 3,5E-02, 

Chemical Compound Formula ~Jla''''{tg) Mol/dm' 
In Ire 

Calcium chloride (BOH Chemicals) CaCI 2,2H2O 0,147 0,001 

Calcium nitrate (BOH Chemicals) Ca(NOJhAHzO 0,236 0,001 

Magnesium sulphate (Saarchem) MgSO • .7H2O 0,615 0,0025 

Magnesium nitrate (BOH Chemicals) Mg(N03)2,6H;>O 0107 0.0004 

Sodium chloride (Saarchem) NaCI 0356 0.0061 

Sodium carbonate (Saarchem) Na2COJ 0058 00005 
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3.4 Microf/otation Tests 

Mineral recovery in a microflotation cell can be used as an indicator 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 hydrophobicity and hence potential flotation 

behaviour of the various constituents of the are. A study of the effect of reagent adsorption on 

a specific mineral can be carried out. since the influence of froth phase and hydrodynamics in 

the pulp phase are not present 

3.4.1 Microflotation Cell Description 

The cell consists of a conical tapered cylindrical tube with air introduced through a needle at 

the base of the cell. Mineral loaded bubbles rise through the cell and are deflected 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, flotation was carried out by introducing air 

at a flowrate of 5 cm3/min The mean bubble size diameter was O,96mm (Bradshaw and 

O·Connor, 1996). The peristaltic pump speed was kept constant and set to maintain a good 

particle suspension. The miacflotation apparatus used during the study is shown in FigLN'e 

3,1. 

r-I<}ure ::J, l' MlCro/lotatlOn apparatus IWassa/dljk at al .• 10/99) 
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3.4.2 Microflotation Procedure 

Microflotation tests were conducted 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 adjusting with either sodium carbonate or hydrochloric 

acid Concentrates were cotlected at time interyals 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 eam indiyidual 

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 abbreyiatlons used during the study 

Chemical Reagent AbbreYlation 

Copper Sulphate CuSO. 

Sodium isobutyl xanthate SIBX 

Senko/55 DTC 

Ethlylenediamine EDA 

Hydrochloric acid HCI 

Sodium carbonate Na2C03 

Sodium hydroxide NaOH 

During the tests, various combinations of reagents were investigated at concentrations of 

5,OOE--05M unless otherwise stated, These were SIBX. [CuSO< + SIBXj, [CuSO. + EDA + 

SIBXj, [CuSO .... SIBX + EDAJ, DTC, [SIBX + DTC], [CuSO. + DTC], Senko! 65, [SIBX + 

Senkol65J and [CuSO. + Senkol 65J. 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 DTC and 5 minutes for CuS04and EDA 

Further microflotation trials Vll8re conducted to test the hypothesis that oxidation products 

from other minerals negatiyely affect the mineral surface composition and floatability by 

precipitation onto 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 
Moocheite 
(NSH 2) 

(~38 -38~m) 

1 gam of 
Pentlandite 
(-38~m) Conditiot\ed 

for 10 moMs 

Delermined 
reGovery 

__ time Cl.J(ves 

j;;;::::;:~;" separated by screening from 
~ the concentrates arid t1lilings 
Added .anthate - and disoarded 
CC>nd~ion"d for 2 

minl.ll" ", 

'" Moncheile 

Figure 3.2. Mlcroflotalion trial conducted with 1:1 mixtures of moncheite, NS142, and 
pentlandile 

Trial B 

1 gram of 
Moncheite 

(NS142) 

(~38 -38~) 'i';:l~ 
---.~--'--' _ 1 _ 

-~ 

l1g,amof 
! p~~iiandite 

(-38~m) 
Conditioned 

for f 0 

Pentlandite fraction Transferred Moncheite 
was separated by fraction to rnicronotation cell, 

screening and Added xanthate-
discarded Conditioned for 2 minutes 

Determine 
d recovery 

time 
curves for 
Morrcheite 

Figure 3,3: Microflolation Ina/ conducted with l' 1 mixtures of moncheite, NS142, and 
pent/andUe 

Another set of experiments in\lol\led a 10 minute conditioning period of 1 1 mixtures of 

moncheite (NS142) and pentlandite, where varYing size fractions of mOr1Cheite and 

pentlandite were used for the mixtures, i.e -10iJm, -10 -+38iJm and -+38 -38iJm size 

fractions in synthetic water, After conditioning, the pentlandite fraction was remo\led by 

screening and discarded. The mOrlCheite 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 2SoC using synthetic water as the background electrolyte. During the 

experiments, the effect of SIBX (S.OOE-OSM) and CUS04 (S.OOE-OSM) on the mineral 

surface alteration was investigated. A mineral sample weighing 0.17g was dispersed in 

12Ocm3 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 Eh was allowed to vary naturally. 

3.5.2 Time of Flight Secondary /on 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 liNT instrument operating in the static SIMS regime (1012_1013 primary ions/cm2) 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 S.OOE-OSM and S minutes for 
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CUS04 at a concentration of S.OOE-OSM and ethylenediamine (EDA) at a concentration of 

S.OOE-05M, 

Further stirred trials were conducted with 1 1 mixtures of moncheite, NS142, and pentlandite 

As mentioned in Section 3.4.2, the rationale for these trials IS to test the hypothesis that 

oxidation products from other minerals negatively affect the mineral surface composition and 

floatability by precipitation onto the PGE mineral SUliaces, These two trials, A and B, are 

described in Figures 3.4 and 3.S below 

Trial A 

1 g'"m 01 
Mooch. i1 . 
(NS142) 

('38.lOe~ml 

1 gram <:l 
O ~-tIMdit e 

H8).n1) Cooditooed for 10 
mn~'os 

Added xanthate· 
Condill",ed lor 2 

mi1d"" 

Screen M ootth ~ 
~11. ndite 1rllCliC<1 

and di$carded 

Figure 3.4. Stirred trial conducted with 1:1 mixtures of moncheite, NS142, and pentlandite. 

Trial B 

1 gram <:l 
Mo"·ooeite 
(NS1 42j 

1+38·1Oe~.,-,) 

1 gra.,-, <:l 
Pentlandite 
("38~m) Coodltl~."·ed I~r 10 

"';nutes 
Scr~enM ""tth ~ 

pentlandite l'lICtion 
Md di$C""de(l 

Add ed ,a"·:hale " AMly.ed 
CoodilionM for 2 MC<1ch .. t. lroctiC<1 

mn u!e. on ToF-SIMS 

Figure 3.5· Stirred trial conducted with 1 1 mixtures of monchelte. NS142, and pentlandite 

The samples were filtered and washed with water (conductivity O.7~mS C/T,-\ adjusted to 

the deSired pH, to remove any physically attached ions, All samples were dried in an argon 

atmosphere at ambient temperature The 15 kV bunched, 600pA gallium beam was used 
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throughout the investigation unless otherwise stated. Ten areas (300X300lJm) 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 yield. 

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 desaibed in detail in Section 1.6.3. The XPS analyses were carried out with a 

Kratos Axis Ultra spectrometer using a monochromatic AI Kalpha source (15 rnA, 14 kV). 

The instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for 

the Au 4f1/2 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 

±O.025 eV. The Kratos charge neutraliser system was used on all specimens. Survey 

spectra were collected with a pass energy of 160 eVand an analysis area of 300-700 1m. 

High-resolution spectra were obtained using either a 20 eV or 40 eV pass energy and an 

analysis area of 300-700 1m. Spectra were analysed using CasaXPS 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 CUS04; settled, the supematant 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 CUS04, then conditioned for 2 minutes with 5.00E-05M sodium 

isobutyl xanthate; settled, the supernatant was decanted, the solid was washed with pH 

9 adjusted deionised water (NaOH), two sedimentation/decantation cydes 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 supernatant was 

decanted, the solid was washed with pH 9 adjusted deionised water (NaOH), two 

sedimentation/decantation cydes 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 Chemistrye 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 ~G-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 ~G-diagram 

module presents the basic thermochemical data for the given species in graphical format as a 

function of temperature. The ~G-diagram (Ellingham) shows the relative stability of various 

oxides, sulphates, chlorides, etc. 
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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 overnight, sealed, the contents mixed and thermally treated. The thermal 

treatment involved heating the ampoule to 10000 e for 96 hours followed by natural cooling to 

ambient temperature. The ampoule was broken and the melt 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 10000 e 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 800oe, holding at that temperature for 30 minutes, and then subjected to a controlled linear 

slow cooling to 3500 e over 60 hours. The furnace 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; SSE micrograph of Cooperite (NSI44). Figure 42. SSE micrograph of Vysolskite (NSI48) 

Table 4,1.- Energy Dispersive Spectroscopy (EDS) results for cooperi/e and vysotskite 

NS 144 Cooperite 

NS148 Vysotskite 

14.1% S 

76,9% Pd 
23.1% S 

86% Pt, 14% S 

Bright Phase 78% Pd, 22% S 
Intermediate Phase: 89% Pd, 11 % S 
Dark Phase: 92% Pd , 8% S 

Synthesis of the sperrylite (PtAs2) samples (60g) involved weighing stoichiometric amounts of 

the pure material (platinum sponge and arsenic powder) into 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 ampoule to 800"C for 6 hours 

followed by natural cooling to ambient temperature (Vermaak 2005), The ampoule could not 

be heated sufficiently enough to melt the contents due to the high partial pressure of arsenic 

in sperrylite (Weast et ai, 1981). This product was loosely sintered and very porous: wnen 

charactensed mineralogically, showed Pt specks with a size range of 2-5 IJm within the 

sperrylite phase Many studies have described methods where re-grinding and/or leaving the 

charge at temperature for extended periods of time improves homogeneity of the melt 

[Groeneveld Meijer, 1955; Makovicky et ai, 1992, Vermaak et aI., 2004] This product was 

then further treated by grinding the material 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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Figure 4, 1; SSE micrograph of Cooperite (NSI44). Figure 4 2. SSE micrograph of Vysolskite (NSI48) 

Table 4,1.- Energy Dispersive Spectroscopy (EDS) results for coopen/e and vysotsMe 

NS 144 Cooperite 

NS148 Vysotskite 

14.1% S 

76,9% Pd 
23.1% S 

86% Pt, 14% S 

Bright Phase 78% Pd, 22% S 
Intermediate Phase: 89% Pd, 11 % S 
Dark Phase: 92% Pd, 8% S 

SynthesIs of the sperryllte (PIAs2) samples (60g) involved weighing stoichiometric amounts of 

the pure matenal (platinum sponge and arsenic powder) into 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 ampoule to 800"C for 6 hours 

followed by natural cooling to ambient temperature (Vermaak 2005), The ampoule could not 

be heated suffiClen~y enough to melt the contents due to the high partial pressure of arsenic 

In sperryllte (Weast et ai, 1981). This product was loosely sintered and very porous: wnen 

charactensed mineralogically, showed Pt specks with a size range of 2-5 IJm within the 

sperrylite phase Many studies have desCIlbed methods where re-grindlng and/or leaving the 

charge at temperature for extended periods of time improves homogeneity of the melt 

[Groeneveld Meijer, 1955; MakovlCky et ai, 1992, Vermaak et aI., 2004] ThiS product was 

then further treated by grinding the material to a fine powder and transferring to a sitica tube, 

which was evacuated overnight, sealed and the contents mixed The ampoule was again 
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thermally treated by heating to 8()()OC and keeping at that temperature fO( 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 (NS146) was prepared In the same manner except that the 

thermal treatment involved heating the ampoule to BOOT for 12 hours followed by natural 

cooling to ambient temperature. This product (Figure 44) contained much fewer Pt specks 

(bright particles) compared to the case of NS145 and was less porous. Clearly. the longer 

initial heating time at 8DOb C yielded a more homogeneous product whereas re-treatment of 

the first sample for 1 week did not alter the sample composition. Please note that in Figure 

4.3 and 4.4 the black colour represents pari 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 thermal 

treatment method. 

Figure 4.3,' BSE micr0fT8{}h of Sperry/ite (NS145) Figl¥e 4,4, BSE micr0(f'8p/1 of Sperrylile (NS146). 

Table 4.2 below shows the composition obtained for each sample from the Energy Dispersive 

Spectroscopy (EDS) results obtained from the scanning electron microscope investigation It 

should be noted that in the case of sample NS146 the Pt specks are relatively much richer in 

arsenic relative in the case of NS145. 
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Table 4.2: Energy Dispersive Spectroscopy (EDS) results for sperry/ite. 

Expected 
Sample PIJ<Jse ComposItIOn EOS Results 

NS145 Sperrylite 

NS146 Sperry/ite 

56.6% Pt 
43.4% As 

56.6% Pt 
43.4% As 

55.9% Pt, 44.1 % As 
(99.8% PI, 0.2% As for the Pt specks in 
the sample) 
575% Pt, 42.5% As 
(97.5% Pt, 2.5% As for the Pt specks In 
the sample) 

Synthesis of palladoarsenide (60g sample) was performed by weighing stoichiometric 

amounts of the pure material (palladium sponge and arsenic powder) into 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, NS146. Figure 

4.5 presents a BSE micrograph of palladoarsenide (NS147) which shows that two phases are 

present and Table 4.3 displays the EDS results which show the percentages obtained for the 

two phases. Please note that in Figure 4.5 the black colour represents part of the polished 

section matrix and not the mineral 

Figure 4.5. BSE microg-aph of Palladoarsenide (NS147) 
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Table 4,3. Energy Dispersive Spectroscopy (EDS) results for palladoarsenide. 

Sample Expected Phase Composition EDS Results 

NS147 Palladoarsenida 
73.9% Pd 
26,1%As 

Dark phase' 62% Pd. 38% As 
Light Phase 69,9% Pd, 30,1% As 

Synthesis of moncheite PtPd(BiTe)z. termed NS142, was prepared by placing stoichiometric 

amounts of the pure components, viz, platinum and palladium sponge 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 11S0·C. 

holding at that temperature for 15 minutes and then switching off the furnace and allowing 

cooling to ambient temperature, Due to its inherent inhomogeneity this product was further 

treated by grinding the material to a fine powder and transfemng to a silica tube, which was 

evacuated overnight and sealed, The ampoule was thermally treated by heating to 1150T 

and then cooling to 480°C. holding at that temperature for 4 weeks, switching off the furnace 

and allowing cooling to ambient temperature The Back Scattered Electron (BSE) micrograph 

of this sample is shown in Figure 4,6 

A second sample of moncheite PtTe2viz, NS1S3, 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 controlled 

linear slow cooling to 350°C over 60 hours. Thereafter the furnace was switched off and the 

sample allowed to cool naturally to ambient temperature The Back Scattered Electron (BSE) 

micrograph of this sample is shown in Figure 4.7. Please note that in Figure 4,6 and 4,7 the 

black colour represents part of the polished section matrix and not the mineral. 
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Figure 4.6: SSE micro'Jl<lp/1 of MOlJchf!ilf! (NS 142) FigUf"f! 4_ 7,- BSE micrograph of Moncheile (NS 153) 

Table 4.4 shows the compositions obtained for each of these samples from the Energy 

Dispersive Spectroscopy (EDS) results obtained from the scanning electron microscope 

investigation, 

Table 4.4: Energy Dispersive Spectroscopy (EDS) results for monchelte 

NS 142 Moncheite 

18,9% Bi 
413% Te 
0,14% Pd 
39,6% Pt 

Intermediate Phase- 36,7% Bi, 241% Te, 0% 
Pd, 39,2% Pt 
Dark Phase, 6,4% Bi, 52,5% Te, 0% Pd, 41.2% 

------------------~~---.------------------
NS 153 Moncheite 66.7% Te 

33,3% Pt 58% Te, 42% Pt 

Synthesis of merenskyite PdPt(BiTe)2, termed NS143, was prepared by placing 

stoichiometric amounts of the pure components, viz ~atinum and palladium sponge 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 

SOO°C, holding at that temperature for 30 minutes, and then subjected to a controlled linear 

slow cool ing to 350°C over 60 hours_ As for NS153 the furnace was then switched off and 
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Figure 4.6: SSE micro'Jl<lP1 of MOlJchf!ilf! (NS 142) FigUff! 4_ 7,- BSE mICrograph of Moncheile (NS 153) 

Table 44 shows the compositions obtained for each of these samples from the Energy 

Dispersive Spectroscopy (EDS) results obtained from the scanning electron microscope 

investigation, 

Table 4.4: Energy Dispersive Spectroscopy (EDS) results for monchelte 

NS 142 Moncheite 

18,9% Bi 
413% Te 
0,14% Pd 
39,6% Pt 

Intermediate Phase- 36 7% Bi, 241% Te, 0% 
Pd, 39,2% Pt 
Dark. Phase, 6,4% BI, 52,5% Te, 0% Pd, 41.2% 

------------------~~---.------------------
NS 153 Moncheite 66.7% Te 

33,3% PI 58% Te, 42% Pt 

Synthesis of merenskYlte PdPt(BiTe)2, termed NS143, was prepared by placing 

stoichiometric amounts of the pure components, viz platinum and palladium sponge and 

bismuth and tellurium powder. Into a silica tube which was evacuated overnight. sealed , the 

contents mixed and thermalty treated, The thermal treatment involved heating the ampoule to 

SOO°C, holding at that temperature for 30 minutes, and then subjected to a controlled linear 

slow cool ing to 350°C over 60 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 48. 

A second sample of merenskyite PdTe2, lIiz, NS152, was prepared in a manner identical to 

NS143, The Back Scattered Electron (BSE) micrograph of this sample IS shown in Figure 4,9, 

Please note that in Figure 4,8 and 4,9 the black colour represents part of the polished section 

matrix and not the mineral. 

Figure 4.8: BSE miorogaph of MerefJsAyite 
(NS143) 

Figure 49: BSE microfTep/1 of Merenskyite 
(NS/52), 

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 

Table 4 5: Energy Dispersive Spectroscopy (EDS) results for merenskylte, 

11.9%Bi 

NS143 Merenskyite 
58,5% Te Intermediate Phase 89% Bi. 635% 
25,5% Pd Te 24.2% Pd; 3.4% Pt 
4.1% Pt Dark Phase: 11 7% Bi, 579% Te. 

24.3% Pd 6,1% Pt 

NS 152 Merenskyite 
66,7% Te 
33,3'~ Pd 72.2% Te, 27.8% Pd 
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Figure 49: BSE mJerofTeph of Merenskyite 
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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 

Invesugation 

Table 4 5: Energy DisperSIVe Spectroscopy (EDS) results for merenskYlte, 

11.9%Bi 

NS143 Merenskyite 
585% Te Intermediate Phase 89% Bi. 635% 
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 152 Merenskyite 
667% Te 
33,3'~ Pd 72.2% Te, 27.8% Pd 
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4.1.2 XRD Analysis 

XRD analyses were performed to quantify the mineral phases as well as to determine the 

crystal structure of the synthesised minerals and to compare it to those found in nature. tn all 

cases, the phases that were expected to be present in the sample could be positively 

identified, however, none of the samples were pure, The individual XRD and Rietveld 

refinement results for all the synthetic samples are detailed below in Tables 4.6 - 4.16. 

Table 4,6: XRD results for cooperite and vysotskite 

NS144 Cooperite (PtS) 

NS148 Vysotskite (PdS) 

Impurity 
Vysotskite 

Palladium Sulphide 

Table 4,7: XRD results for sperrylite and palladoarsenide, 

Sperrylite 
U 

NS145 Platinum 
PtAsz Quartz 

Sperry/ite Sperrylite 
N$146 

PtAsz Platinum 
Quartz 

-- .. ---------.~---.-.. --, --"._-
NS147 Palladoarsenide Palladoarsenide 

PdzA,s 

77 

97.4 
2.65 

4.5 
4.8 

93.5 
4.5 
2.0 

-------

4.1.2 XRD Analysis 

XRD analyses were performed to quantify the mineral phases as well as to determine the 

crystal structure of the synthesised minerals and to compare It to those found in nature. tn all 

cases, the phases that were expected to be present in the sample could be positively 

identified, however, none of the samples were pure, The individual XRD and Rietveld 

refinement results for all the synthetic samples are detailed below in Tables 4.6 - 416. 

Table 4,6: XRD results for cooperite and vysotsk/te 

NS144 Cooperite (PtS) 

NS148 Vysotskite (PdS) 

Impurity 
Vysotskite 

Palladium SUl phide 
97.4 
2.65 

Table 4,7: XRD results for sperrylite and palladoarsenide, 

NS145 

N$146 

Sperrylite 
PtAsz 

p,c"u 
Platinum 4.5 
Quartz 4.8 

Sperry/ite Sperrylite 93 5 
PtAsz Platinum 4.5 

._. ____ ._. _______ . ___ . ~ .. __ , ______ w,; ____ ---'Q""c'.rto''---______ --=' ,. 0,-__ 
NS147 Palladoarsenide Palladoarsenide 
_____ Pd-As 
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Table 4.8: XRD results for monchelte and merenskyite. 

NS142 

NS153 

NS143 

Moncheite 
PtPd(BiTeh 

Moncheite 
PtTe~ 

Merenskyite 
PdPt(BiTe)z 

, 

Platinum Telluride 12.3 
Bismuth Tellurium Oxide 08 

Moncheile 75.7 
Tellurium 23,1 

Paratellurite 12 
Merenskyite 97.1 

Tsumoite 1 7 

Mlchenerite 1.2 

-_._--_ .. 

-----.===----~~~~ -~-~----~--------~--- . 

Merenskyite Merenskyite 68.7 
NS152 

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 ICSD database ref 031 

131 and no atoms were added 10 the structure The refinement procedure resulted in a 

surprisingly bad agreement 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

loaded and re-analysed, A summary of the data obtained from the refinement is given in 

Table 4.9, but accuracy is not expected to be high 

The crystal structure most similar to vysotskite and palladium sulphide was retrieved from the 

ICSD database ref 061 063 and ref 0032 053, respectively. No atoms were added to either 

structure, The refmement procedure resulted 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, 1 0, 
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4.1.2.1 Rietveld Refinement for Cooperite NS144 and Vysostkite NS148 

The most similar crystal structure for cooperite was retrieved from the leso database ref 031 

131 and no atoms were added to the structure The refinement procedure resulted in a 

surprisingly bad agreement 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 orientallon and therefore, the sample should be milled in a mlcronislng mill, side­

loaded and re-analysed, A summary of the data obtained from the refinement IS given in 

Table 4_9, but accuracy is not expected to be high 

The crystal structure most similar to vysotskite and palladium sulphide was retrieved from the 

Ie so database ref 00 1 063 and ref 0032 053, respectively No atoms were added to either 

structure, The refinement procedure resulted in reasonably good agreement belween Ihe 

measured and the calculated proflles_ A summary of the data obtained from the refi nement is 

given in Table 4, 1 0, 
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Table 4.9: Summary of refinement data for coopente sample NS144. 

Relevant 
Refinement Data parameters 

Formula sum 
Formula mass glmol 
Density (calculated) glcm3 

Weight fractionl % 

alpha/' 
beta/ • 

gammal" 
R (Bragg)1 % 

of Cooperite 

PhOOS2C(l 
454,3000 
10,2446 

100.000000 
P 42/m m c (131) 

61 
90 
90 
90 

18.83510 

Table 4. 10; Summary of refinement data for vysotsklte sample NS148. 

Formula sum 
Formula mass glmol 
Density (calculated) g!cm3 

Weight fractionl % 

alpha/' 
beta!° 
gamma!' 

R(Bragg)!% 

79 

Pd~,OOS200 
1107.6800 

6,7315 

90 
90 
90 

) 

4,84577 

P~2Q{lS14.00 
3853,6400 

8.9823 
( 

1-43 m 

90 
90 
90 

11 05858 

Table 4 9: Summary of refinement data for coopente sample NS144, 

Relevant 
Refinemellf Data parameters 

Formula sum 
Formula mass glmol 
Density (calculated) glcm3 

Weight fractionl % 

alpha/' 
beta/ • 

gammal· 
R (Bragg)1 % 

of Coopeflfe 

PhOOS2C(l 
454,3000 
10,2446 

100.000000 
P 42/m m c (131) 

61 
90 
90 
90 

18,83510 

Table 4. 10; Summary of refinement data for vysotskite sample NS148. 

. Relevant :f~~;e~~:s 
Refmement Data pa,ameter~:1 PalladIUm 

Formula sum 
Formula mass glmol 
Density (calculated) g!cm3 

Weight fractionl % 

alpha/' 
beta/" 
gamma!' 

R(Bragg)!% 

79 

of Vysotslote SUlp/lide 

Pd~,OOS200 
1107,6800 

6,7315 

90 
90 
90 

) 

4,84577 

P~2Il\lS14,OO 
3853,6400 

8.9823 
( 

1-43 m 

90 
90 
90 

11,05858 
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4.1.2.2 Rietveld Refinement for Sperry/ite NS145 and NS145 and Palladoarsenide NS147 

The crystal structures most similar to sperrylite, platinum and quartz were retrieved from the 

leSD database. ref 043 104, ref 076 153 and ref 079 634, respectively. No atoms were 

added to the sperrylite structure For palladoarsenide, it was possible to identify 

palladoarsenide as the main phase in the sample from the diffractogram, However, the scan 

was not good enough for a Rietveld refinement procedure to be performed on this sample and 

therefore no crystallographic information is available. 

The refinement procedure resulted 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 

4.12 with respect to density and space groups for sperryiite. The weight fraction gives the 

composition of the mineral as shown in Table 4,2 

Table 4, 11: Summary of refinement data for sperrylite sample NS145. 

Formufasum 
Formula mass glmol 
Density (calculated) 
g/crrr Weight fractionl % 
Space group (No.) 

alpha!" 
beta! • 
gamma! · 

R(8ragg)l% 

PtAs200 

1379.7330 
107796 
90,6(3) 

P a -3 (205) 

90 
90 
90 

8,66367 

80 

PI 
780,3600 
21.3736 
4,5(1) 

Fm-3m(225) 

90 
90 
90 

4.93460 

Si0200 
180,2529 
2.6468 
4.8(4) 

P3121 (152) 

( 
5406(2) 

90 
90 

120 
2.90206 

4.1.2.2 Rietveld Refinement for Sperry/ite NS145 and NS145 and Palladoarsenide NS147 

The crystal structures most similar to sperrylite, platinum and quartz were retrieved from the 

leSD database. ref 043 104, ref 076 153 and ref 079 634, respectively. No atoms were 

added to the sperrylite structure For palladoarsenlde, it was possible to identify 

palladoarsenlde as the main phase in the sample from the dlffractogram. However, the scan 

was not good enough for a Rietveld refinement procedure to be performed on this sample and 

therefore no crystallographic Information is available. 

The refinement procedure resulted 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 

4.12 with respect to denSity and space groups for sperryllte. The weight fraction gives the 

composition of the mineral as shown in Table 4.2 

Table 4 11: Summary of refinement data for sperrylite sample NS145. 

Formufasum 
Formula mass glmol 
Density (calculated) 
g/crrr Weight fractionl % 
Space group (No.) 

alpha!" 
beta! • 
gamma! · 

R(8ragg)/% 

PtAs200 
1379.7330 

107796 
90.6(3) 

P a -3 (205) 

90 
90 
90 

8.66367 

80 

PI 
780.3600 
21.3736 
4.5(1) 

Fm-3m(225) 

90 
90 
90 

4.93460 

Si0200 
1802529 
2.6468 
4.8(4) 

P3121 (152) 

( 
5406(2) 

90 
90 

120 
2.90206 
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Table 4.12: Summary of refinement data for sperrylite sample NS146 

Formula mass g/mol 
Density (calculated) g/cm3 
Weight fraction! % 
Space group (No.) 

alpha!" 
beta/ • 
gamma/" 

R(Bragg)!% 

107870 
93.5(3) 

P a·3 (205) 

5.9661 
5,9661 

90 
9() 

9() 

7.53097 

780.3600 
21.4209 
4.5(1) 

Fm-3m(225) 

90 
90 
90 

3.33346 

4.1.2.3 Rietveld Refinement forMoncheite NS142 and NS153 

2.6612 
2.0(2) 

P3221 (154) 

90 
9() 

90 
3,33346 

The most similar crystal structure for moncheite NS142 and NS153 was retrieved from the 

leSD database ref 041 385. The structure is for pure moncheite, PtT8:2, 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 occupancy of Bi was linked to Te, The most similar crystat structure for PtzTe3, 

Bismuth Tellurium Oxide, tetlurium and paratellurite was retrieved from the leSD database, 

ref 041 371 ref 085 725. ref 040 042 and ref 025 706, respectively. No 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 obtained from the refinement is given in 

Table 4.13 for NS142 and Table 4.14 for NS153, The weight fraction gives the composition of 

the mineral as shown in Table 4.4 
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Table 4 12: Summary of refinement data for sperrylite sample NS146 

Formula mass g/mol 
Density (calculated) g/cm3 
Weight fraction! % 
Space group (No.) 

alpha!" 
beta/ • 
gamma!" 

R(Bragg)!% 

107870 
93.5(3) 

P a·3 (205) 

59661 
5,9661 

90 
go 
go 

753097 

780.3600 
21.4209 
4.5(1) 

Fm-3m(225) 

90 
90 
90 

3.33346 

4.1.2.3 Rietveld Refinement forMoncheite NS142 and NS153 

2.6612 
2.0(2) 

P3221 (154) 

90 
go 
90 

3,33346 

The most similar crystal structure for morteheite NS142 and NS153 was retrieved from the 

leSD database ref 041 385. The structure is for pure moncheite, PtTtl:2, 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 occupancy of Bi was linked to Te, The most similar crystat structure for PtzTe3, 

Bismuth Tellurium OXide, tetlurium and paratellurite was retrieved from the leSD database, 

ref 041 371 ref 085 725. ref 040 042 and ref 025 706, respectively. No atoms were added to 

Ihese structures, 

The refinement procedure resulted in a reasonably 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 NS142 and Table 4.14 for NS153, The weight fraction gives the composition of 

the mineral as shown in Table 4 4 

81 
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Table 4.13: Summary of refinement data for moncheile sample NS142. 

R I Relevant Relevant 
. e evant arameters arameters of 

Refmement Data P%ame:ers of ~f Platinum P Bismuth 
one lelte Tel/(mde Tellurium OXide 

Formula sum Pto 9')TeoooPdo05Bi'IQ Pt'2 00 Te18 00 Bi32 00 Te3.000112.00 
Formula mass g/mo 535.3739 46378800 12562.5100 

(calculated) 11.8414 10.7750 7.5061 
Weight fractionfOA, ( 1 ( 08(1 

( 

5.514000 
51.31 22.119800 

alpha/ ' 90 90 90 
beta/ ' 90 90 90 
gamma! ' 120 120 90 
R (Bra2fJ)/ % 5.18055 6.29091 6.84145 

Table 4.14: Summary Of refinement data for monchelte sample NS153. 

Relevant Relevallt Relevant 
Refmement Data parameters of parameters of parameters of 

Moncllelfe Tellurium Paratel/uflte 
Formula sum PtlooTe2 00 Te~oo Te4 0008 00 
Formula mass g!mol 450.2900 382.8000 638.3952 
Density (calculated) g!cmJ 10.2079 6.0426 
Weight fraction.!% ) 

) 
402442(8) 4454000 4.796000 

ciA 5.2216(2) 5.924000 7.626000 
alpha! ' 90 90 90 
beta/ " 90 90 90 
gamma! ' 120 120 90 
R (8ragg)/% 5.01399 4.33725 3.75821 

4.1.2.4 Rietveld Refinement for Merenskyite NS143 and NS152 

The most similar crystal structure for merenskyite was retrieved from the ICSD database ref 

041 385. The structlXe is for pure merenskyite, PdTe2, therefore two atoms were added to the 

structure (Pd and Bi) The site occupancy of Pd was linked to Pt and the site occupancy of Bi 

S2 

Table 4.13: Summary of refinement data for moncheite sample NS142. 

R I Relevant Relevant 
. e evant arameters arameters of 

Refmement Data p~</lne:ers of ~f Platmum P Bismuth 
one wlte TeJlUfide TelhmulII O)(lde 

Formula Sum Pto9')TeoooPdoosBi ,lo Pt'2 00 Te18 00 Bi3200 Te3.000112.00 
Formula mass g/mo 535.3739 46378800 12562.5100 

(calculated) 11.8414 10.7750 7.5061 
Weight fractionfOA, 86 ( 1 ( 08(1 

( 

5.514000 
51.31 22.119800 

alpha/ ' 90 90 90 
beta/ ' 90 90 90 
gamma! ' 120 120 90 
R (Bra9.9.)/ % 5.18055 6.29091 6.84145 

Table 4.14: Summary Of refinement data for monche/fe sample NS153. 

Relevant Relevant Relevant 
Refmemell! Data parameters of parameters of parameters of 

Monellelfe Tellurium Paratciluflle 
Formula sum PtlooTe 2:JJ Te~oo Te4oo0aoo 
Formula mass g/mol 450.2900 382.8000 638.3952 
Density (calculated) g/cml 10.2079 6.0426 
Weight fractionl% ) 

) 
402442(8) 4454000 4.796000 

ciA 5.2216(2) 5.924000 7.626000 
alphal' 90 90 90 
betal" 90 90 90 
gammal ' 120 120 90 
R (Bra9.gY% 501399 4.33725 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 strucltse is for pure merenskyite, PdTe2, therefore two atoms were added to the 

structure (Pd and Bi) The site occupancy of Pd was linked to Pt and the site occupancy of 81 

S2 
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was linked to Te The most similar crystal structure for tsumoite and micheneri te was 

retrieved from the ICSD database, ref 030 525 and ref 070 060, respectively and no 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 

obtained from the refinement is given in Table 4, 15 for NS143 and Table 4,16 for NS152. 

Table 4.15: Summary of refinement data for merenskylte sample NS143 

Relevant Relevant Relevant 
Refmement Data parameters of parameters parameters of 

Formula sum 
Formula mass glmol 
Density (calculated) glcm3 

Weight fraction/% 

alpha! · 
beta/ " 
gamma! " 
R (Bragg)! % 

MerenSK Ite of TsumO/fe Mmcheneflro 
Plo, 10 T e18o Pdo, 9QBkuo 

386,7451 
8.7144 

) 

5 
9() 

9() 

120 
7,96708 

Te600Bisoo 
2019,4820 

8,2975 
1 

4,403332 
24.065150 

90 
90 
120 

7.09082 

Pd4,ooTe3,00 Bb,oo 
1771 9220 

10,0454 
1 . 

6,640815 
6,640815 

90 
90 
90 

5.81689 

Table 4. 16: Summary of refinement data for merenskyite sample NS152. 

Relevanr Relevant 
Refmemellt Data parameters of parameters of 

Formula sum 
Formula mass gfmol 
DenSity (calculated) g/cm' 
Weight fractionl"/O 
~::.E:~ (No) 

alpha/ " 
beta/ • 
gamma! ' 
R (Bragg)/% 

MerellsK lie KotulsKlte 
Pt, 00 Te2 00 
361.6000 

8,2767 
68 7(3) 

P-3m1(164) 

9() 

90 
120 

6,33495 

83 

Pd2,ooTe200 

468 0000 
9,2455 
313(4) 

P 631m m c (19·4) 

90 
120 

4.38998 

was linked to Te The most similar crystal structure for tsumoite and michenerite was 

retrieved from the ICSD database, ref 030 525 and ref 070 060, respectively and no 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 

obtained from the refinement IS given in Table 415 for NS143 and Table 4 16 for NS152. 

Table 4.15: Summary of refinement data for merenskylte sample NS143 

Relevant Relevam Relevant 
Reflfll'ment Data palametels of palameters parameters of 

formula sum 
Formula mass glmol 
Density (calculated) glcm3 

Weight fractionl% 

alpha/ ' 
betal ' 
gamma/ ' 
R (Bragg)! % 

Melellsk Ite of Tsulllo/te Mmch(Hlefire 
pio. 10 T euoPdo, QQBio,2Q 

386,7451 
8.7144 

) 

5 
9() 

9() 

120 
7,96708 

Te600Bisoo 
2019,4820 

8,2975 
1 

4403332 
24.065150 

90 
90 
120 

7.09082 

Pd4ooTe3, (XJ Bb,oo 
1771 9220 

100454 
1 . 

6,640815 
6640815 

90 
90 
90 

5.81689 

Table 4. 16: Summary of refillement data for merenskyite sample NS152. 

Re/evam RC'IC'valll 
Refmemelll Data parameters of parameffHs of 

Formula sum 
Formula mass glmol 
DenSity (calculated) glcm' 
Weight fraction!"/o 
~::.E:~ (No) 

alpha/ ' 
betal ' 
gamma/ ' 
R (Bragg)/% 

MC'rCllsk It I' Kotu/sklte 
Pt, 00 Te200 

361.6000 
82767 
68 7(3) 

P-3m1(164) 

9() 

90 
120 

6,33495 

83 

Pdz,ooTe200 

468 0000 
9,2455 
313(4) 

P 631m m c (19·4) 

90 
120 

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 ANAL YSIS 

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 indudes the variability of 

the mineral samples, the consistency of the Malvern 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 sperrylite, 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. 
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Table 4.17.' Zeta potential determinations and standard deviations for pH 4, 6, 8. and 10 In 

synthetiC water, I" 3.2E-02 

6 -16.8 -16.2 -16.1 -17,1 -16.4 -16.3 -16.5 0.39 2.34 

8 -12.7 -13.4 -13.6 -129 -12.8 -12,6 -13,0 0.43 3.31 

10 -12.3 -12.1 -12.2 -12,9 -13,7 -12.8 -12.7 0.60 4.71 

.- - --.-~ 

Sperryfite 
-8 ~--

" 
-10 l-----

..: -12 t----- ----
•• 'E -14 +-- --____ _ • ~ -15 1---

~ '--- =--.~ -18 1 

-20 
4 6 • 10 

pH 

! .--Test 1 ___ Test 2 ----.- Test 3 """'*- T, s! 4 --+- Tes! 5 ____ T~-4 

Figure 4 10. Zeta potenllal reproducibility 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 

85 

Table 4 fT' Zeta potential determinations and standard deviations for pH 4, 6, 8. and 10 in 

synthetJc water, I" 3.2E-02 

6 -16.8 -16.2 -16.1 -17,1 -16.4 -16,3 -16,5 0,39 2.34 

8 -12.7 -13.4 -13.6 -12,9 -12.8 -12,6 -13,0 0.43 3.31 

10 -12.3 -12.1 -12.2 -12,9 -13,7 -12,8 -12 7 060 471 

Sperryfite 
-8 ~--

" 
-10 +----

~ -12 +----- ----- -::~~~~~ 
'E -14 l-------------­• ~ -15 1----

~ I ____ =~-.~ -18 1 

-20 L ______________ -.-J 

4 6 • 10 
pH 

! -+- Test 1 ___ Test 2 ---.- Test 3 .......... TlSt 4 ~ Test 5 ____ T~-4 

Figure 4 10. Zeta potential reproducibility 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 

85 
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4.2.2.2 Zeta Potential Determinations for 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 Vysotskite 

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 more positive compared with 

vysotskite (Figure 4 12) which is around -25mV In the presence of xanthate there is a 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 CUS04 

is added compared to the no reagent curve for both PGE sulphide minerals with vysotskite 

showing a large shift to more positive values. Vv'hen xanthate is added after the copper 

sulphate addition: the zeta potential versus pH curve shifts to more negative values This 

indicates that xanthate is being adsorbed on the copper covered mineral surfaces 

Coopeote{ R S) 10 Sj'nt he! ie \I\oater , - - .. 

. .. _. -~ ------
" ~ .~ /' 

/ /' -

/ -, 

, , 
&. ·1 0 
• 
~ 

." ---------

, " 
" L= ~_"_"_~_'c~_'_" _____ ~_'"~'~ ~,~ 

Figure 4.11. Zeta potential curves over a pH range 6-10 for Cooperife (NS144) treated with no 
reagents. SIBX, CUS04, CuSO~+SIBX. 
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4.2.2.2 Zeta Potential Determinations for 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 Vysotskite 

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 more positive compared with 

vysotsklte (Figure 4 12) which IS around -25mV In the presence of xanthate there is a small 

shift in the zeta potenllal versus pH curves observed for coopente and vysotsklte espeCially 

around pH 9. The zeta potential versus pH curve shifts to more positive values when CUS04 

is added compared to the no reagent curve for both PGE sulphide minerals with vysotskite 

showing a large shift to more positive values. Vv'hen xanthate is added after the copper 

sulphate addition: the zeta potential versus pH curve shifts to more negative values This 

Indicates that xanthate is being adsorbed on the copper covered minerai surfaces 

Coopeot e{ FI S) 10 Sj'nt he! Ie \!'M er , - - - -
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" ~ .~ / 

/ -/ -
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&. ·10 
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Figure 4.11. Zeta potential curves over a pH range 6-10 for Cooperite (NS144) treated With no 

reagents. SIBX, CUS04, CuSO~+SIBX. 
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Figure 4,12, Zeta potential curves over a pH range 6-10 for Vysotskite (NS14B) treated with 
no reagents, SIBX, CuSO;, CuS04+SIBX. 

4.2.2.2.2 Sperrylite and Palladoarsenide 

In the case of the sperrylite sample. NS145, when CuSO. is added, the zeta potential 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 Cu(lI) ion species, which are 

predominant below pH 7 At the higher pH of 10 the precipitation of Cu(OHlz or Cu(OH)X 

(O'Connor et al" 2005) colloids lead to a slight decrease in zeta potential as Observed in 

Figure 413, When SIBX is added and compared to the no reagent' curve the zeta potenllal 

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 colloidal Cu(OHlz is likely to be converted to and Cu(I)X colloids 

(Malysiak, 2003) 

The results for sperrylite sample NS146 (Figure 4_14) are very similar to those observed for 

sperrylite sample NS145, except that there was not much xanthate adsorption onto the 

minerai surface when xanthate was added and compared to the 'no reagents' curve_ These 
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Figure 4.12. Zeta potential curves over a pH range 6-10 for Vysotskite (NS148) treated with 
no reagents, SIBX, CuSO;, CuS04+SIBX. 

4.2.2.2.2 Sperrylite and Palladoarsenide 

In the case of the sperryllte sample. NS145, when CuSO. IS added, the zeta potential versus 

pH curve shifts to more positive values, compared to the no reagent curve This shift is 

attributed to the electrostatic adsorption of the posiuve Cu(lI) ion spedes, which are 

predominant below pH 7 At the higher pH of 10 the preCIpitation of Cu(OHlz or Cu(OH)X 

(O'Connor et al" 2005) colloids lead to a slight decrease in zeta potential as observed in 

Figure 413, When SIBX IS added and compared to the no reagenf curve the zeta potenllal 

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 minerai surface, 

the shift In zeta potential IS much larger compared to the xanthate only zeta potential versus 

pH curve as the precipitated colloidal Cu(OHlz is likely to be converted to and Cu(I)X colloids 

(Malysiak, 2003) 

The results for sperrylite sample NS146 (Figure 4.14) are very similar to those observed for 

sperrylite sample NS145, except that there was not much xanthate adSorption onto the 

minerai 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, 

Sper')4ite (NS145) in Synlllebo Water , -- -I 
, 

_~ L-____________________________ ~ 

~ B 10 

"" j ":;:' No R.ag.ots ----6- CUS04 ---'!I(-- S llX -4-CuS04+S11X 
~~~~~ 

Figure 4. 13. Zeta potential curves over a pH range 6-10 for Sperrylite (NS145) treated with no 
reagents. SIBX, CUS04, CuS04+SIBX 

Figure 4.14. Zeta potential curves over a pH range 6-10 for Sperryllte (NS146) treated with no 
reagents. SIBX, CUS04, CuS04+SIBX 
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results correspond to those obtained for XPS and ToF-SIMS analyses, which will be 

discussed In Chapter 5, 

, 
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~ _51-__ 

-e _15 
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Sper')4Jle (NS145) in Synlhebo Waler 

/ /'------ -

-- -I 
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_~ L.--------------~ 
~ B 10 

----------- "" j ":;" No R.ag.ots ----o---- CUS04 --+-- SIlX -4-CUS04+SI3X I 
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Figure 4. 13. Zeta potential curves over a pH range 6-10 for Sperrylite (NS145) treated with no 
reagents. SIBX, CUS04, CuS04+$IBX ,- ---

l spo')1,to (NS 1 46) in Syntrwtic Water , , 
---~ , .. _--, --

, -, / • / / ¢-J " , ,/ • • " N 

-~ 

-" , 
~ " ---------

___ No Ro"ll"1'" ----o---- CUS04 --+-SIBX --e-CuS04+SIlX , 

Figure 4.14. Zeta potential curves over a pH range 6-10 for Sperrylite (NS146) treated with no 
reagents, SIBX, CUS04, CuS04+$IBX 
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The zeta potential data for the palladoarsenlde sample NS147 show very different trends 

compared to those seen for the sperrylite samples. In this case, the palladoarsenioo 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 Cu(ll) species at the lower pH. Based on the copper speciation diagram 

(Fuerstenau, 1976), it can be assumed that the Cu(OH)2 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 presence of Cu(lI) ions and SIBX, which can be attributed to 

the conversion of hydrophilic Cu(OHh to weakly hydrophobic Cu(I)X species. This is further 

supported by the significant shift in the zeta potential versus pH curve when comparing the 

zeta potential data obtained for the copper and SIBX treated palladoarsenlde to the SIBX only 

trial. 
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Figure 4.15; Zeta potential cUlYes over a pH range 6-10 for Palladoarsenide (NS147) treated 
with no reagents, SIBX, CUS04, CuS04+SIBX 

4.2.2.2.3 Moncheite and Merenskyite 

Figures 4.16 -- 4 19 show the zeta potential pH curves for moncheite, NS 142 and NS153 and 

merenskyite, NS143 and NS152, respectively In the case of the moncheite sample, NS142, 
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the zeta potential versus pH curve shifts to more positive values in the presence of copper 

ions, compared to the no reagent curve (Figure 416). This shift is attributed to the 

electrostatic adsorption of the positive Cu(iI) ion species, which are predominant below pH 7 

At the higher pH, the precipitation of Cu(OHh coll~ds lead to a slight decrease in zeta 

potential as observed in Figure 4.16. When SIBX is added and compared to the no reagents 

curve, the zeta potential versus pH curve shifts to slightly more negative values indicabng that 

xanthate is 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 is a chemical 

reaction, which involves the formation of Cu(I)-X complexes at pH9. The second mechanism 

could be electrostatic attraction between the positively charged copper species and the 

negatively chaeged xanthate ions. 

MOllCheH e (F1 Fti:8iTe), ) In Sy rt het ,c Wat er 

., ____________ ~L-----------------~ 

___ No Feagents -A-- CUOO4 

Figure 4. 16 Zeta potential curves oller a pH range 6-10 for Moncheite (NS142) treiJted with 
no reiJgents, SIBX CUS04_ CuS04+SIBX 
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conditioned in synthetic water only. There is copper adsorption on the mineral surfaces when 

CuSO. 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 8 indicating a 

higher affinity of the mineral surfaces for the copper species. Xanthate adsorption is shown to 

be minimal, however, there is xanthate adsorption occurring onto the copper activated mineral 

surfaces as the zeta potential pH curves shifts to more negative values compared to the 

CuSO. addition case but a much smaller shift is observed compared to the result obtained for 

NS142 

_ .. -
MOJICheit e (fHe;,) In Sy rt het io Wat er 

----
., ~~~------

" L. _________________ .J 

-4-CuSOHSlBX 

Figure 4.17, Zeta potential cUlVes over a pH range 6-10 for Moncheite (NS153) treated WIth 
no reagents, SIBX, CuSO., CuSO.+SIBX. 

The merenskyite samples also show differences between the two mineral compositions 

(Figures 4.18 and 419) The more pure mineral. PdTe., is more negative when conditioned 

with no reagents. Both samples show very little xanthate adsorption onto the minerai surface 

compared to the no reagents zeta potential pH curve, In the presence of CuSO., 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 is xanthate adsorption onto the 
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copper activated mineral surfaces for both merenskyite samples as the zeta potential pH 

curves shifts to more negative values compared to the CuSO. addition case 
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Figure 4. 18: Zeta potential curves over a pH range 6- 10 for Merenskyite (NS143) treated with 
no reagents. SIBX, CuSO., CuSO.+SIBX 
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Figure 4.19. Zeta potential curves over a pH range 6-10 for Merenskyite (NS152) treated with 
no reagents, SIBX, CuSO., CuSO.+SIBX 

92 

copper activated mineral surfaces for both merenskyite samples as the zeta potential pH 

curves shifts to more negative values compared to the CuSO. addition case 

" 

, • '-.... , 

~ 
- - -

< • 
&-13 
• • N 

. 

• '" 

Figure 4. 18: Zeta potential curves over a pH range 6-10 for Merenskyite (NS143) treated with 
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Figure 4.19. Zeta potential curves over a pH range 6-10 for Merenskyite (NS152) treated with 
no reagents, SIBX, CuSO., CuSO.+SIBX 
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In summary, the most striking difference observed 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 sulphides minerals (cooperite 

and vysotskite) and the Pt and Pd arsenide 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 minimal 

shift in the zeta potential versus pH ClXves observed in the presence of xanthate for all 

mineral species. 

The zeta potential results also show that all of the synthetic minerals except for 

palladoarsenlde 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 and/or the formation of neutral Cu(OH)7 colloids which may 

partially cover the negative mineral surface above pH 7.5. When xanthate is added to the 

various minerai 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 

cooperite This indicates that xanthate is being adsorbed on the copper 'activated' mineral 

surfaces. 

4.2.2 ToF-SIMS Analyses 

ToF-SIMS analysis is a well·established technique in determinmg the occurrence of 

atomic/molecular species on the surface of mineral samples. The testwork was earned 

out with the aim of gaining an understanding of mineral surface alteration and link those to 

flotation recovery It must be noted that the ToF-SIMS technique is qualitative: hence the 

results obtained are to be interpreted as relative effects rather than giving absolute values. 

The intensities (signals) obtained dlXing analysis are normalised to the total ion yi~d in 

positive and negative SIMS for the elements of interest and are presented as normalised 

yield. 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 ion normalised yields for cooperite are shown in Figures 4.20 and 

421. respectively. A higher copper ions yield was observed for the CuS04+SIBX trial 

compared to the CUS04 only case This may be due 10 a reaction between copper and 

xanthate in solution which causes precipitation of copper-xanthate colloids onto 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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4.2.2.1.2 Vysotskite 

Figures 4.22 and 4.23 show the copper and xanthate ion normalised yields for vysotskite, 

respectively. A high copper yield is observed for the CUS04 and CuS04+SIBX trials and the 

data shows xanthate adsorption before and after copper sulphate addition and as seen for 

cooperite; a higher adsorption of xanthate on the copper activated mineral surfaces compared 

the xanthate only case (Figure 423) 
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The copper and xanthate ion normalised yields for both spelTylite samples are shown in 

Figures 4.24 and 425, respectively In the case of the sperrylite sample NS145, a higher Cu 
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yield was observed for the CuSO. and CuSO.+SI8X trials compared to those results obtained 

for sperrylite sample NS146. Both sperryllte samples show xanthate adsorption on the copper 

activated mineral surfaces. In the presence of SIBX only, NS145 shows xanthate adsorption 

where NS146 does not show any xanthate adsorption. However, the sulphur ion yield, which 

is also an indicator of xanthate adsorption, shows higher sulphur IonS surface concentration 

for the SIBX and CuS04+SIBX trials for both samples (Figure 4.26) compared to the no 

reagents and CUS04 addition trials. 
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Figure 4.26 Sulphur ions normalised yield for sperry/ile NS145 and NS146. 

4.2.2.1.4 Palladoarsenide 

The copper and xanthate ions normalised yields for palladoarsenide are shown in Figures 

4.27 and 4 28. respectively. The results for the palladoarsenide sample NS147 are similar to 

those observed for the sperrylite sample NS145. i.e .. a higher suiace coverage of Cu and 

xanthate ions was observed. The data also shows a reduction in the concentration of the 

Cu(II) colloids present on the mineral surface when xanthate is added In the presence of 

CuSQ, 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 26 Sulphur ions normalised yield for sperry/ile NS145 and NS146. 
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those observed for the sperrylite sample NS145. i.e .. a higher suiace coverage of Cu and 
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Figure 4.27. Copper ions normalised yield for 
palladoarsenide NS147 
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Figure 4.28: Xanthate ions normalised yield for 
pa/fadoarsenide N5147. 

I , 

, 
, 

, 

I 

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

Figures 4.29 and 4,30, respectively. In the case of the moncheite sample N5142, a higher Cu 

ions Yield was obseNed for the CuSO. and CuSO.+-SIBX trials compared to those results 

obtained for moncheile sample NS153 (Figure 429) Both moncheite samples show xanthate 

adsorption before and after copper sulphate addition (Figure 430). 
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Figure 427. Copper ions normalised Yield for 

palladoarsenide NS147 
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Figure 4,28: Xanthate ions normalised yield for 
palladoarsemde NS147. 
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The copper and xanthate ion normalised yield for both moncheite samples are shown in 

Figures 4,29 and 4,30, respectively. In the case of the moncheite sample N5142, a higher Cu 

ions Yield was obsEll>'ed for the CuSO. and CuSO.+SIBX trials compared to those results 

obtained for moncheite sample NS153 (Figure 429) Both moncheite samples show xanthate 

adsorption before and after copper sulphate addition (Figure 4 30). 
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Figure 4.29. Copper ions normalised yield for 
moncheite NS142 and NS153. 
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Figure 4.30. Xanthate ions nonnalised yield for 
moncheite NS142 and NS153 

The sulphur ions normalised yield, which is also an indicator of xanthate adsorption, shows a 

much higher sulphur ions surface concentration for moncheite. NS153, compared to 

monchelte. NS142, for the SIBX and CuSO.+SIBX trials (Figure 4.31). 
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Figure 4.29. Copper IOns normalised yield for 
monch€ite NS142 and NS153. 
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Figure 4.30, Xanthate ions nonnalised yield for 
moncheite NS142 and NS153 

The sulphur ions normalised yield, which is also an indicator of xanthate adsorption, shows a 

much higher sulphur ions surface concentration for moncheile. NS153, compared to 

monchelte. NS142, for the SIBX and CuSO.+StBX trials (Figure 4.31). 
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Figure 4.31- Sulphur ions normalised yield for moncheite NS142 and NS153 

The effect of copper sulphate concentration was evaluated due to the reduction In recovery 

observed with the addition of copper sulphate (5,OOE-OSM) 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 xanthate ion surface coverage for the moncheite (PITe2) sample, 

respectively. The results show a lower copper ions surface coverage with the reduced copper 

sulphate addition compared to the standard 5.00E-OSM CUS04 concentration normally used 

(Figure 4.32. The xanthate surface coverage has significantly increased with the lower copper 

sulphate (5.00E-C6M) addition (Figure 4,33) compared to the 5,OOE-05M copper sulphate 

addition 
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Figure 4.31- Sulphur ions normalised yield for moncheite NS142 and NS153 

The effect of copper sulphate concentration was evaluated due to the reduction In recovery 

observed with the addition of copper sulphate (5.QOE-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 xanthate Ion surface coverage for the moncheite (PITe2) sample, 

respectively. The results show a lower copper ions surface coverage With the reduced copper 

sulphate addition compared to the standard 5.00E-OSM CUS04 concentration normally used 

(Figure 4 32. The xanthate surface coverage has significantly increased With the lower copper 

sulphate (5.00E-C6M) addi tion (Figure 4,33) compared to the 5,OOE-05M copper sulphate 

addition 
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Figure 4.32' Copper ions nonnalised yield for 
monchelte NS153 when the 
CuSO. concentration was varied. 
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Figure 4.33: Xanthate ions normalised yield for 
moncheile NS153 when the 
CuSO. concentration was varied. 

Figure 4 34 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, 

NS142, is conditioned in the presence of pentlandite and xanthate (Trial A) the normalised 

yield of Ca+Mg+AI+Si, 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 ftotation of the 

moncheite showed lower surface concentrations of Ca+Mg+AI+Si, Ni and Fe, while the 

xanthate Ion suiace concentration increased slightly compared to the trial where pentlandite 

was floated with moncheite. 
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Figure 4.32' Copper ions nonnalised yield for 
monchelte NS153 when the 
CuSO. concentration was varied. 

Figure 4.33: Xanthate ions normalised yield for 
moncheile NS153 when the 
CuSO. concentration was varied. 

Figure 4 34 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, 

NS142, is conditioned in the presence of pentlandite and xanthate (Trial A) the normalised 

yield of Ca+Mg+AI+SI, 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 ftotation of the 

moncheite showed lower surface concentrations of Ca+Mg+AI+Si, NI and Fe, while the 

xanthate Ion suiace concentration Increased slightly compared to the tnal where pentlandite 

was floated with moncheite. 
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B - Nickel ions norm1Jlised yield for moncheite NS142 conditioned with and without 
pentlandile and floated with (mix A) and without (mix B) pentlandite in the 
presence of xanthate 

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

D - Xanthale ions 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 

I 

I 

, 

I 

The effect of oxidation was examined on both mOilChelte samples and the ToF-SIMS data 

showed minor suriace concentrations of oXidation products (Bi and Te) for NS142 compared 

to NS153 which shOlNed no oxidation products The oxidising conditions involved exposing 

the minerals to 100'C for 7 days with purgill9 of air at regular intervals These results are 
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the presence of xanfhate 

B - Nickel ions rlOrm~lised yield for moncheite NS142 conditioned with and without 
pentlandile and floated wilh (mix A) and without (mix B) pentlandite in the 
presence of xanthate 

C - Iron Ions normalised yield for monciJerte NS142 conditioned with and wlthoot 
pentlandile and floated wilh (mix A) and without (IniX 8) pentlandite in the 
presence of xanthate 

D - Xanthate Ions normalised Yield for monchel!e NS142 conditioned With and 
without pentlandite and floated With (mix A) and Without (mix 8) pentlandite m 
the presence of xanthate 
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The effect of OXidation was examined on both monchelte samples and the ToF-SIMS data 

showed minor suriace concentrations of OXidation products (Bi and Te) for NS142 compared 

to NS153 which shOlNed no oxidation products The oxidising conditions involved exposing 

the minerals to 100'C for 7 days with purglll9 of air at regular Intervals These results are 
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consistent with those obtained for the microflotation data which is discussed later 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 4.36. respectively 

Merenskyite 
(95"", Conidence Int""",l) 

-~ 
°L~~ 

·'0 

" K • • " K 
z ill 0 ill Z ill 

0 
, 0 , w 

0 N • • 0 • • , w • , ~ w z , • z W z , 0 z 
z • • , 

z 

o _, 

D ~SE 
I ~'.96·SE 

! , , . 
! , 
i , 

I 
0.5 I 

Merenskyite 
(95% eoon""tlC8 Interval) 

1 

I 
o Moon 

D ±SE 
I ±'OO'SE, 

Figura 4.35' Copper ions normalised yield for 
merenskyite NS143 and NS152 

Figure 4.36, Xanthate ions normalised Yield for 
merenskyite NS143 and NS152. 

The Cu ions suriace coverage was similar for both merenskyite samples (Figure 4 35). 80th 

merenskyile samples show xanthate adsorption before and after copper sulphate addition 

(Figure 4.36) 
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consistent with those obtained for the microflotallon data which is discussed later 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 4.36. respectively 
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Figure 4.35' Copper ions normalised Yield for 
merenskyite NS143 and NS152 

Figure 4.36, Xanthate ions normalised yield for 
merenskyite NS143 and NS152. 

The Cu Ions 3uriace coverage was similar for both merenskyite samples (Figure 4 35). 80th 

merenskYlte samples show xanthate adsorptIOn before and after copper sulphate addition 

(Figure 4 36) 
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The sulphur ion normalised yield, which is also an indicator of xanthate adsorphon, shows a 

much higher sutphur ions surface concentration for merenskyile, NS152, compared to the 

ITI€renskyite NS143, for the SIBX and CuS04+SIBX triats (Figure 437)_ 
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Figure 4,37: Sulphur ions normalised yield for merenskylte NS143 and NS152 

4.2.2.3 Ethylenediamine (EDA) Addition 

Further lestwork was conducted with the addition of a complexing agent ethylenediamine 

(EDA), after the CuSO. addition and after the CuSO.+SIBX addition, in an attempt to remove 

any of the unconverted Cu(OH)2 colloids thereby determining the speCIation and the bonding 

mechanism of the copper Ions to the mineral surface, Figures 4 38 and 4,39 show the copper 

normalised yield obtained for the Pt and Pd minerals with and without ethylenediamine 

addition, respectively These tests were carried out in synthetic water at pH 9 and all the 

reagents were added at a concentration of 5,OOE-05 M The ToF-SIMS data shows that when 

EDA is added to the system in either sequence. before and after xanthate addition, there is a 

removal of copper ions from both the sperrylite (NS145 and NS146), moncheite (NS142) and 
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The sulphur Ion normalised yield, which IS also an Indicator of xanthate adsorption, shows a 

much higher sutphur ions surface concentration for merenskyile, NS152, compared to the 

merenskyite NS143, for the SIBX and CuS04+SIBX triats (Figure 4 37)_ 
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Figure 4,37: Sulphur ions normalised Yield for merenskylte NS143 and NS152 

4.2.2.3 Ethylenediamine (EDA) Addition 

Further lestwork was conducted with the addillon of a complexlng agent ethylenediamine 

(EDA), after the CuSO. addition and after the CuSO.+SIBX addition, in an attempt to remove 

any of the unconverted Cu(OH)2 colloids thereby determining the speCIation and the bonding 

mechanism of the copper Ions to the minerai surface, Figures 4 38 and 4,39 show the copper 

normalised Yield obtained for the Pt and Pd minerals With and without ethylenediamine 

addition, respectively These tests were carried out in synthetic water at pH 9 and all the 

reagents were added at a concentration of 5,OOE-05 M The ToF-SIMS data shows that when 

EDA is added to the system in either sequence. before and after xanthate addition, there IS a 

removal of copper Ions from both the sperrylite (NS145 and NS146), monchelle (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 CuSO.+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 to the sperrylite samples With the 

addition of EDA after CUS04 and prior to SIBX there is removal of the copper hydroxyl 

species. 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 EDA for the CuS04+SIBX+EDA sequence 

but cooperite shows copper removal when EDA IS added after 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 
addition 
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both merenskyite (NS143 and NS152) minerai surfaces The palladoarsenide (NS147) does 

not exhibit any copper removal with the addluon of EDA for the CuSO.+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 to the sperrylite samples With the 

addition of EDA after CUS04 and prior to SIBX there is removal of the copper hydroxyl 

species. Monchelte, 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 solullon available for reaction With EDA Both Pt and Pd sulphide minerals do 

not exhibit any copper removal With the addition of EDA for the CuSO.+SIBX+EDA sequence 

but cooperite shows copper removal when EDA IS added after the CUS04 addition and prior to 
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Figure 4,38, Copper ions normalised yield for pt minerals lwth and Without ethylenediamine 
addition 
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Figure 4.39. Copper ions normalised yield for Pd mmera/s With and without ethylenediamine 
addition 

4.2.3 XPS Analyses 

XPS studies were carried out to determine the chemical speciation of the species present on 

the mineral surfaces and Ihe results are summarised hereunder in Table 4,18 for the Pt 

minerals and Table 4.19 for the Pd minerals It is interesting to note that the Pd minerals 

species surfaces are significanlly altered and show heavily oxidlsed surfaces when compared 

to the Pt mineral species Vllhicll show minimal oxidation even though they were all stored 

under an inert atmosphere, The XPS results obtained during copper sulphate addition for 

PdTe2 (NS152) is not consistent with those observed during the zeta potential, T of-SIMS and 

microflotation testwork This may be due to the extensive oxidation observed for the PdTe2 

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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Figure 4 39_ Copper IOns normalised Yield for Pd minerals WIth and without ethylenediamine 
addition 

4.2.3 XPS Analyses 
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PdTe2 (NS152) is not consistent with those observed during the zeta potential. T of-SIMS and 
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T?ble 4.18. Summary of the XPS data obtained for the pt mineral samples 
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Table 4 19, Summary of the XPS data obtained for the Pd mineral samples 
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As an example of the conversion of Cu(lI) to Cu(l) with addillon of xanthate Figures 4.40 

and 4.41 show the Cu 2p spectra for NS145 with the addition of CuSO. and with the 

addition of CUS04 followed by xanthate, respectively. \Nhen xanthate is added after the 

CUS04 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 NS14S. Figure 4.40 clearly 

shows the satellite peak due to Cu(lI) whereas in Figure 4.41 when xanthate is added to 

the copper activated mineral surface there is no satellite peak which shows that any Cu(ll) 

present on the surface was converted to Cu(I). 

,., . 
• 

Figure 4.40 XPS analysis of sperrylire 
NS145 condiboned with 
copper sulphate at pH 9. 

4.3 MICROFLOTATfON TESTWORK 

, 

,_. , .. ~ ,.~ .. "'" '" """ 

\ " • 
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Figure 4.41: XPS analysis of sperryli/e 
NS145 conditioned with 
copper sulphate followed by 
xanlhate at pH 9. 

Microflotation testwork was performed at pH 9 for all the minerals unless 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 (II) ion 

activated mineral surfaces for the PGE minerals were studied. To evaluate the contribution of 

entrainment and natural floatability, flotation tests were conducted wi thout any reagent 

addition In general. entrainment did not contribute significantly to the total recovery of the 
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minerals studied in the +38 ·38lJm fraction These tests were labeled as the standard reagent 

regime 

4.3.1 Reproducibility 

The objective of the reproducibility tests was to evaluate the reliabilily of the procedure and 

apparatus used for the mlcroflotation testwork. Any possible error includes the variability of 

the mineral samples and the operato(s ability to be consistent. 

In order to determine the reprodudbility and standard deviation the microflotation tests were 

carried out on a sperrylite sample NS145 in the presence of sodium isobutyl xanthate in 

synthetic water, Concentrates were collected at 2, 4. 6, 8 and 20 minute mtervals and the 

results are displayed in Table 4,20. The results are also graphically represented in Figure 

4.42 As demonstrated by the recovery-time curves and the low standard deviation for each 

concentrate collected, the procedure and apparatus used gave very reprodUCible results 

Tab/e 4,20. Sperry/ite recovery for microtlotation tests and standard deviations for 
concentrates collected at 2, 4, 6, 8 and 20 minute intervals in synthetiC water, I 
" 3.SE-02 
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Figure 4.42 Sperrylite reproducibility recovery-time curves for concentrates collected at 2, 4, 
6, 8 and 20 minute intervals in synthetic water, 1= 3_5E-02 

In T"ble 4.21, the dos;oges used for copper sulphate, x"nth"te "nd ethylenediamine (EDA) 

have been converted into grams, moles "nd psuedo-monolayers for the active Ingredients of 

the re"gents for each of the synthetic miner"ls. The calculation for the copper and x"nth"te 

surface coverage C<:ln be found in Appendix A 
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In T"ble 4.21, the doscges used for copper sulphate, x<:lnth"te "nd ethylenediamme (EDA) 

have been converted into grams, moles "nd p$uedo-monolayers for the active Ingredients of 

the re<:lgents for each of the synthetic miner"ls, The calculation for the copper and x<:lnth"te 

surface coverage C<:in be found in AppendiX A 
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Table 4 21, Reagent concentrations in grams, moles and pseudo-mono/ayers for all the active 
Ingredients of the chemicals used during the study 

Gram of Moles of Psuedo- monolayer of 
Cllenllcal Reagent Reagent Reagent Reagent 

Copper Sulphate, (CUS04), 
Mw = 159.6 

Sodium isobutyl xanthate, 
(SIBX), Mw = 172.2 

Ethylenediamine, (EOA), Mw 
= 60.1 

. -

Cooperite NS144 - 20.5 
Vysotskite NS148 - 23.2 
Sperrylite NS145 - 39.5 
Sperrylite NS146 - 26.3 

0,0008 1,26E-05 Palladoarsenide NS147 - 6.1 
Moncheite NS142 - 7.9 
Moncheite NS153 - 7.2 

it NS143-12.1 

Vysotskite NS148 - 41.8 
Sperrylite NS145 -71.0 
Sperrylite NS146 - 47.4 

0,0019 128E-05 Palladoarsenide NS147 -10.9 
Moncheite NS142 -14.2 
Moncheite NS153 -12.9 
Merenskyite NS143 - 21.9 

Vysotskite NS 148 - 23.0' 
Sperrylite NS145 - 39.1' 
Sperrylite NS146 - 26.1* 

0,00075 1,25E-05 Palladoarsenide NS147 - 6.0* 
Moncheite NS 142 - 7.8' 
Moncheite NS153 - 7.1" 

NS143-12.0' 

The values in Table 4,21 show that copper and xanthate coverage for the sperrytite samptes 

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 

to the minerals after copper sulphate addition to remove any weakly attached copper spedes 

by complexation in solution 
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4.3.2 Cooperite 

4.3.2.1 Standard Reagent Regime 

The microflotation data shows a good flotation response of 94% if no reagents are added 

(Figure 4.43). wtlen xanthate is added, the recovery for cooperite does not Improve any 

further In the presence of copper sulphate and xanthate. the flotation kinetics is slower and 

the overall recovery drops to 89%. 

• 

~ "" 
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Figure 4.43. Cooperiie (NS144) recovery-time curves at pH 9 comparing no reagents, SIBX 
and CuS04+SIBX In synthetic water, I "3.SE-02. 

4.3.3 Vysotskite 

4.3.3.1 Standard Reagent Regime 

Figure 444 shows the recovery-time curves for vysotskite (NS148). In the absence 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 flotation kinetics and recovery increased to 99% 
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Figure 4 43. Cooperile (NS144) recovery-time curves at pH 9 comparing no reagents, SIBX 
and CuSO.+SIBX In synthetic water, I "3.5E-02. 

4.3.3 Vysotskite 

4.3.3.1 Standard Reagent Regime 

Figure 444 shows the recovery-time curves for vysotskite (NS148). In the absence of 

reagents. a moderate fiotatlon recovery of 64% is obtall1ed In the presence of xanthate. the 

flotation recovery increased to 95% and with the addition of copper sulphate followed by 

xanthate the flotation kinetics and recovery Increased to 99% 
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Figure 4 44- Vysotskite (NS148) recovery-time cUlYes at pH 9 comparing no reagents, SIBX 

and CuS04+SIBX in synthetic water, I = 3,5E--02, 

4.3.4 Sperrylite 

4.3.4.1 Standard Reagent Regime 

The microflotation data shows that both sperrylite samples have a poor flotation response if 

rlO reagents are added: NS145 aOO NS146 show a recovery of 7,14% and 0,9%, respectiveJy 

(Figures 445 and 446) Vvtten SIBX, is used as the collector, the recovery for NS145 

increases to -74%_ where NS146 gave a recovery of only 1,9% With the addition of copper 

sutphate followed by xanthate, the recovery drops off marginally for NS145 (69%) and 

increases slightly for NS146 (8,5%), These treOOs are consistent with those observed dlJing 

the surface analyses, where xanthate adsorption was lower for NS146 compared to NS145, 

thereby linking the flotation response to the suface chemistry_ 
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and CuSO. +SIBX in synthetic water, I = 3.5E-02. 
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Figure 4,45. Sperry/ite (NS145) recovery-time curves at pH 9 comparing no reagents, S/BX 

and CuS04+S/BX in synthetic water, I " 3,5E-02 

.~ .-

• 

, . 
__ NSI4i NR 

__ NS1" SIBX 
__ NSI " C,S04.SIEIX 

I ~I_---

Sperry~le Mloroftotalion 
pH', Synlhlio Woler 

-- -- --- ---

l ;-" .. -~.=,=*.= •• =~,,~~==,:, ::==:.._! __ _ 
1" .. 1· .. ·· ·) ---

Figure 4.46: Sperry/ite (NS146) recovery-time curves at pH 9 comparing no reagents, S/BX 
and CuSO.+S/BX in synthetic water, /" 3,5E-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 collector screening 

and pH adjustment Figure 4.47 shows the total recovery when comparing various collectors 

and combinations of collectors and activator for sperrylite sample NS146 The sample 

responded sl'lghtly better to the addition of Senkol 65 which is a dithocarbonate as the 

collector compared with SIBX, The dosage for Senkol 65 was 5,OOE-5M, The highest 

recovery (20%) was obtained at double the Senkol 65 and SIBX concentrations, OTe 

(Oithiocarbamate) 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 (Nagaraj_ et 

al" 1988). 

-
" " • , 
0 • • 

l 

" 
'" 
" 

" 
, 
0 

Sperry lite Microflotation 
pH 9. Synthetic Wllter 

" 
.N~""",,, •• ",- - ____ ·!mJe.i'!in~"~S'~6 Sen-koIGii" - - - ~ 
'11 '1:5'45 SIBX+SenkoI65 0 'JS'46 SIBX+Sen'oI e5 2X o.o.ag u I 
. NS'46 CuS04+SBX 111 '1:5146 CuS04+SenkoI65 , 
'II NS146 DTC [] NS146 SI8X+DTC 2XDo ... ~,~" ~~~"-_ 

Figure 4.47.- Sperrylite (NS146) total recoveries compan'ng various colledors. 
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In addition, microflotation testwork was carried out at pH 6 with CuS04+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 9 trial (Figure 4.46) to 15% for the pH 6 trial. This is probably 

due to a lower concentration of Cu(OH)2 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 

0.59%, 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 sperrylite samples at a -381Jm size fraction is shown in 

Figure 4.48 and these results were compared to those obtained for the +38 -38lJm size 

fraction. The results show that the recovery for NS145 was reduced by 31% for the -381Jm 

fraction and the recovery for NS146 was increased by 35% for the -38lJm fraction when 

compared to the respective +38 -381Jm size fractions. 
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Figure 4.48 Sperry/ite (NS146) recovery-time curves at pH 9 comparing differing size 
fractions with SIBX 

4.3.5 PafJadoarsenide 

4.3.5.1 Standard Reagent Regime 

Figure 449 shows the recovery-time curves for palladoarsenide (NS147) NS147 gave a 

recovery of 27% In the absence of reagents, With the addition of SIBX, NS147 gave a 

recovery of -96% and with the addition of copper sulphate followed by xanthate, the recovery 

dropped off to 67% The ToF-SIMS 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 CuS04+SIBX case, 
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Figure 4.48 Sperry/ite (NS146) recovery-time curves at pH 9 comparing differing size 
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4.3.5 PafJadoarsenide 

4.3.5.1 Standard Reagent Regime 

Figure 449 shows the recovery-time curves for palladoarsenide (NS147) NS147 gave a 

recovery of 27% In the absence of reagents. With the addition of SIBX, NS147 gave a 

recovery of -96% and with the addition of copper sulphate followed by xanthate, the recovery 

dropped off to 67% The ToF-SIMS 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 CuS04+SIBX case. 
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Figure 4.49: Palladoarsenide (NS147) recovery-lime curves at pH 9 comparing no reagents. 

SIBX and CuSO.+SIBX in synthetic water, I " 3.5E-02 

4.3.8 Moncheite 

4.3.6.1 Standard Reagent Regime 

The microflotation data shows that both monchelte samples have a low to moderate flotation 

response if no reagents are added. NS142 and NS153 show a recovery of 17 8% and 49%, 

respectively (Figures 4.50 and 4.51) When SI8X is used as the collector. the recovery for 

both moncheite samples, NS142 and NS153, increases to >99%. With the addition of copper 

sulphate followed by xanthate. the recovery drops off compared to the xanthate only tnals. i e.: 

NS142 and NS153 gave recoveries of 48.5% and 41 3%. respectively. These trends are 

consistent with those observed during the surface analyses. INhere xanthate adsorption was 

lower for both moocheite samples in the presence of CuSO.+SIBX compared to the SIBX only 

case. thereby linking the flotation response to the surface chemistry 
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4.3.8 Moncheite 

4.3.6.1 Standard Reagent Regime 

The microflotation data shows that both monchelle samples have a low to moderate flotation 

response if no reagents are added. NS142 and NS153 show a recovery of 17 8% and 49%, 

respectively (Figures 4.50 and 4.51) When SI8X is used as the collector, the recovery for 

both monch8lle samples, NS142 and NS153, increases to 0-99%. With the addition of copper 

sulphate followed by xanthate, the recovery drops off compared to the xanthate only tnals, i e : 

NS142 and NS153 gave recoveries of 48,5% and 41 3%. respectivety. These trends are 

consistent with those observed dUring the surface analyses, INhere xanthate adsorption was 

lower for both moncheite samples in the presence of CuSO.+StBX compared to the SIBX onty 

case. thereby linking the flotation response to the surface chemistry 
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Figure 4.51. Moncheite (NS153) recovery-time curves at pH 9 comparing no reagents, SIBX 
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4.3.8.2 Effect of Lower Copper Sulphate Concentration 

The effect of copper sulphate concentration was evaluated due to the reduction in recovery 

observed with the addition of copper sulphate (S.OOE-05M) compared to the xanthate only 

trial (Figure 4.S2). 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)z colloids 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 CUS04 

concentration of 500E·06M compared to the CUS04 concentration of 5.00E-OSM case. 

thereby linking the flotation response to the surface chemistry. 
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Fig(lre 4.52 Moncheite (NS153) recovery-time C(lfves at pH 9 comparing C(lSO. 
concentrations in synthetiC water, I" 3.SE-02. 

Due to the good fioatability obtained for both synthetic moncheite samptes in the presence of 

xanthate; testwork was conducted with the aim of evaluating various conditions, 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 are 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 impacted 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: Monch8lfe (NS142 and NS153) recovery-time curves at pH 9 comparing the 
minerals with and without oxidation in the presence of SIBX in synthetic water, f 
= 3.5E-02 

4.3.6.4 Effect of Varying Size Fractions With and Without Pentlandita Conditioning 

Microflotation trials were conducted on both moncheite samples at -1Of.lffi >10f.lm -38f.1m size 

fractions and compared to the +38 -38f.1m size fraction (Figure 4.54). The data shows that the 

recovery for both moncheite samples decreases With the decrease in the size fraction si"e 
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Figure 4.S4· Moncheite (NS142 and NS1S3) recovery-time curves at pH 9 comparing various 
size fractions of the minerals in the presence of SIBX in synthetic water, I '" 3. SE-
02 

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

wilhout conditioning with pentlandite and the results are displayed in Figure 4.55. 
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Figure 4.55. Moncheite (NS142) recovery-time curves at pH 9 comparing with and without 
pent/andite in the mixture in the presence of SIBX in synthetic water. I " 3, SE-02 
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Further microflotal!on tests were conducted on the moocheite, NS142. sample with and 

wilhout conditioning with pentlandile and the results are displayed in Figure 4.55. 
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The results show that when NS142 is conditioned for 10 minutes in the presence of 

pentlandite and floated together in the presence of xanthate, the recovery of moncheite 

decreases significantly from >99% to 56% (Trial A) This effect is not as profound when the 

pentlandi te 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 >99% to 73"'" 

Figure 4.56 shows the comparison of -1 OjJm. -+-10jJm -38jJm and -+-38 -1 C6jJm 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 penllandite for the 

-+-10jJm -38jJm and -+-38jJm -106jJm size fractions The -10jJm size fraction showed an 

improvement in the recovery which may be due to the al teration of the minerals surface 

charge causing the partides to aggregate, 
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The results show that when NS142 is conditioned for 10 minutes In the presence of 
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4.3.7 Merenskyite 

4.3.7.1 Standard Reagent Regime 

The microflotalion dala shows that both merenskyite samples have a reasonably good 

flotation response in the absence of reagents. NS143 and NS152 show a recovery of 75% 

and 63%, respectively (FiglTes 4.57 and 4.58) When SIBX. is used as Ihe collector. the 

recovery for both merenskyile samples, NS143 and NS152, increases to >99%. Wilh the 

addition of copper sulphate followed by xanthate. the flotation kinetics drops off sharply. 

However, the reduction in the ultimate recovery is not so significant. especially for 

merenskyite, NS152 compared 10 the xanthate only trials. i e" NS143 and NS152 gave 

recoveries of 87% and 96%; respectively 
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Figure 4.57 Merenskyite (NS143) recovery-time curves at pH 9 comparing no reagents, SIBX 
and CuSO~+SIBX in synthetic water_ I = 3.5E-02 
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flotation response In the absence of reagents NS143 and NS152 show a recovery of 75% 

and 63%, respectively (FiglTes 4.57 and 4.58) When SIBX. IS used as the collector. the 

recovery for both merenskyite samples, NS143 and NS152, increases to >99°ft,. With the 

addition of copper sulphate followed by xanthate. the flotation kinetics drops off sharply. 

However, the reduction in the ultimate recovery is not so Significant, especially for 

merenskyite, NS152 compared 10 the xanthate only trials. i e" NS143 and NS152 gave 

recovenes of 87% and 96%; respectively 
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125 



Univ
ers

ity
 of

  C
ap

e T
ow

n, 

M.r.n5~y~' iPdTo,) Mloronototion 
pH I. Synthetlo Wat., 

--, 
I 

.. -~ 

~-.- ----~ 
, . X ~ 

T ... ·I .. ' .... ·I 

Figure 4.58' Merenskyite (NS152) recovery-time cUives at pH 9 cvmparing no reagents. SIBX 
and CuS04+SIBX in synthetic water, I" 3,5E-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 deleterious effect on the flotation response of the synthetic minerals 

examined. 

4.3.7.2 Effect of Calcium Ion Concentration 

It was proposed thai the ion species e,g. Ca ions. present in the pulp affect mineral surfaces 

which impacts on the floatability of the PI and Pd mineral speaes thereby passivalmg the 

mineral surfaces Figure 4.59 shows the data obtained for merenskyite. NS153. when varying 

the caldum ion concentration in the synthetic water. The results show that increasing the 

calcium concentration from 80ppm to SOOppm did not negatively affect the flotation response 

of the merenskyite sample. This is consistent with the ToF-SIMS and XPS 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 4.58' Merenskyite (NS152) recovery-time wIVes at pH 9 cvmpanng no reagents. SIBX 
and CuS04+SIBX in synthetic water, I" 3.5E-02 

Once again due to Ihe 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 deleterious effect on the flotation response of the synthetic minerals 

examined. 

4.3.7.2 Effect of Calcium Ion Concentration 

It was proposed that the ion species e,g, Ca ions. present in the pulp affect minerai surfaces 

which impacts on the floatability of the Pt and Pd minerai speaes thereby passivalmg the 

minerai surfaces FlglXe 4 59 shows the data obtained for merenskyite. NS153, when varying 

the caldum ion concentration in the synthetic water The results show that increaSing the 

calcium concentration from 80ppm to SOOppm did not negatively affect the flotation response 

ot the merenskYlte sample. ThiS is consistent with the ToF-SIMS and XPS 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 caiCl(lm 
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 

or 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 negatively affected 

Figure 4,60 shows the recovery-time curves for monchelte, NS153 and merenskyite, NS152 

samples The results show that when samples of PtTe2 and PdTe2 are ground with bismuth 

powder the flotation kinelics as weil as the overall recovery for both mineral samples is 

negatively affected, especially for the PdTez sample, 
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Figure 4.59, Merenskyite (NS153) recovery-time curves at pH 9 companng a higher ca/Cl(lm 
concentration in the presence of SIBX 

4.3.7.3 Effect of Bismuth on Moncheite and Merenskyite 

This lestwork was conducted under the premise that Bi oxidlses readily therefore if the pure Pt 

or 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 10 

the pure PGE telluride samples, however the overall recovery was not negatively affected 

Figure 4,60 shows the recovery-time curves for monchelte, NS153 and merenskyite, NS152 

samples The results show that when samples of PtTe2 and PdTe2 are ground with bismuth 

powder the flotation klJ)ehcs as well as the overall recovery for both mineral samples is 

negatively affected, especially for the PdTez sample, 
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Figure 4.60: Moncheite (NS153) and merenskyite (NS152) recovery-time CUNes at pH 9 with 
and without bismuth powder ground with the sample in synthetic water, / = 3.5E-
02_ 

The microflotation 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 

a recovery of 7. 14% and 0.9%, respectively. 

• The moncheite samples gave a low to moderate flotation response: NS142 and NS 153 

showed a recovery of 17.8% and 49%. respectively 

• Cooperite showed the best flotation response and obtained a 94% recovery 

• Palladoarsenide (NS147) gave a recovery of 27%. 

• Both merenskyite samples showed a reasonably good flotation response, where 

NS143 and NS152 showed a recovery of 75% and 63%, respectively 

• Vysotskite gave a reasonably good recovery of 64%. 

In the presence of xanthate: 

• The recovery for sperrylite (NS145) increased to -74%. where sperrylite (NS146) gave 

a recovery of only 1.9%. 
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Figure 4.60: MoncheJte (NS153) and merenskyite (NS152) recovery-time CUNes at pH 9 with 
and without bismuth powder ground with the sample in synthetic water, I = 3.5E-
02. 

The microflotation 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 

a recovery of 7. 14% and 0.9%, respectively. 

• The moncheite samples gave a low to moderate flotation response. NS142 and NS 153 

showed a recovery of 17 8% and 49% respectively 

• Cooperite showed the best flotation response and obtained a 94% recovery 

• Palladoarsenlde (NS147) gave a recovery of 27%. 

• Both merenskYlte samples showed a reasonably good flotation response, where 

NS143 and NS152 showed a recovery of 75% and 63%, respectively 

• Vysotskite gave a reasonably good recovery of 64%. 

In the presence of xanthate: 

• The recovery for sperrylite (NS145) Increased to -74%, where sperrylite (NS146) gave 

a recovery of only 1,9%, 

128 



Univ
ers

ity
 of

  C
ap

e T
ow

n

• 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: 

• 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, Le.; 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: 

• Oxidation 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 pentlandite reduced the recovery of 

moncheite by around 47%. 
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• Lowering 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!2 (NS152) mineral. 
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CHAPTERS 

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. 

• The Pt and Pd mineral species readily oxidises and the oxidation products negatively 

affect their floatability. 

• Oxidation products from other minerals and grinding media also affect the mineral 

surface composition and floatability by precipitation onto the mineral surfaces. 

• 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. 

• 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. 

• Ion 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, 

NS153, NS143 and NS152 contained around 87°,f, moncheite (PtPd(BiTe)2), 76°,f, moncheite 

(PtTe2), 97% merenskyite (PdPt(BiT~» and 67% merenskyite (PdT~), 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 (PdT~) 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 results 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 Eh 

(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 Eh conditions and is 

shown in Figure 5.1 (Malysiak, 2003). Eh is referenced to the standard hydrogen 

electrode (SHE). 

.... -::E -

-3 0 

Eh (mV) 

-200 -100 o 

-ir- Etx-

-o-(EtX)2 

..........- (EtX)2 (I) 

Figure 5. 1: Speciation diagram for ethyl xanthate (Et><) at pH 9. 

F or the PGE mineral species the Eh values measured during the study were above 

200mV, which would therefore favour the formation of dixanthogen (Vermaak et aI., 2004). 
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To confirm the speciation of xanthate. testwork was performed on the Pt mineral species 

where these minerals were conditioned for 5 minutes in the presence of xanthate (SIBX) 

at a concentration of 5, OOE-04M. The samples were analysed usi ng PHI TRIFT IV"~ ToF­

SIMS fitted with an Au source which has three Au clusters (Au,. AU2 and AU3) A 

30kVAu3-400~m bunched beam was used for the dixanthogen trials, The AU3 cluster was 

used for these analyses as it is more sensitive for organic molecules due to the low dose 

of primary ions used to bombard the surface of the sample The cold stage facility 

(cooling of introduction 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 conclusively the presence of dixanthogen 

on all the PI mineral species except for sperrylite NS146. which correlates well wi th 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)V(. 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 (III) 

site generated through oxidation of the mineral surface as illustrated in the following 

reactions: 

(21) 

Fe(OH)[St + X· ~ Fe(OH)[S]X (22) 

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

surface 

(23) 

(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+ e (25) 

If' 
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NiX + X-~ Ni(X)2 ~ NiX2 + e (26) 

The formation of dixanthogen would occur concurrently with the adsorption of xanthate on 

pentlandite 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 results 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 95% 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 collectorless 

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 P~, viz. NS145, and of the Pd2As 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 ease of sample NS145 and essentially 

absent in the ease 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 ease 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 ease 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 NS 145 which are associated with 

high recoveries. It should also be noted that in the.:ase of NS146 the Pt specks have a 

tenfold greater concentration of arsenic than in the ease of NS145. Thus it ean 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 ease 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 PtAS2 
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to the Pd2As 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 Pd2As 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-T e 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 microflotation studies (Figures 4.50, 4.51, 4.57 and 4.58). This was 

relative to the natural f10atabilities 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 T of-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 sperry lite samples, i.e. NS145 

and NSA146, mineralogical analyses were carried out using the Mineral Liberation 

Analyser (MLA). The MLA examination of the +38 -381Jm 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 -38lJm size fraction 

is finer for NS145 tailings compared with NS146 tailings (Figures 5.4 and 5.6). As seen in 

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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Figure 5.3 Sperrylite NS145 concentrate 

mineral map 
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Figure 5_5: Sperrylite NS146 concentrate 
mineral map 

Figure 5.4_ Sperry/ite NS145 tailings 
mineral map 

Figure 5.6 Sperryille NS146 tailings 
minerai map 

The above results have also alluded to possible reasons for the respective decreases and 

increases in the flotation recovery observed for NS145 and NS146 samples, respectively, 

for the -38i-Jm Size fraction when compared to the +38 -106i-Jm matenal (Figure 4 39) It is 

well know that fine particles have a reduced flotation rate and thus the total recovery 

observed wilt be lower at a given residence time compared to the relatively coarser size 

fractlons_ This phenomenon clearly plays a role when comparing the recovery of the 

-381-Jm (42%) to the +38 -106l-Jm size fraction (74%) for sampte NS145 On the other 
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The above results have also alluded to possible reasons for the respective decreases and 

Increases in the flotation recovery observed for NS145 and NS146 samples, respectively, 

for the -38i-Jm size fraction when compared to the +38 -106i-Jm matenal (Figure 4 39) It is 

well know that fine particles have a reduced flotation rate and thus the total recovery 

observed wilt be lower at a given reSidence time compared to the relatively coarser size 

fractions, This phenomenon clearly plays a role when comparing the recovery of the 

-38jJm (42%) to the +38 -106jJm size fraction (74%) tor sampte NS145 On the other 
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hand, the increase in the recovery observed for NS146, for the -38iJm 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 -38iJm 

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 sperrylite NS 146 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, 2(07). 
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5.2.2 The role of copper sulphate 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 Cu2+ 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 CUS04 

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 Eh are 

shown in Figure 5.7. Eh is referenced to the standard hydrogen electrode (SHE). 
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Figure 5.7: Speciation diagrams at pH 9 for 5.0E-05 Methyl xanthate and copper. 

At pH 9, three competing processes are likely to be occurring in terms of adsorption of 

copper (II) ions from solution. This could occur due to chemical adsorption (oxidation­

reduction reaction during which Cu2+ ion oxidises the sulphur of PGE sulphides and is 

143 

COlmClle):es are t'nrmQ,n 

on COIDDE~r 

0.00006 

0.00005 

0.00004 
U 
c 
0 0.00003 u 

0.00002 

0.00001 

0 200 

Eh 

......... 'I"II"III"l.atinn orC)ceSSE~S are 

copJ;ler (II) 

1 It 

400 600 

--D-(EtX)2 

--.-(EtX)2 s 

-,6-CuEtXs 

-tl-Cu(EtX)28 

-.-cu(OH)28 

a 
are 



Univ
ers

ity
 of

  C
ap

e T
ow

n

itself reduced to Cu1+), 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)2 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)2 

and either Cu(l) and/or Cu(lI) 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)2 colloids, 

which are likely to be converted to hydrophobic Cu(l)-X colloids according to the following 

mechanism: 

2Cu(OH)2 ~ 2Cu(II)X2 ~ 2Cu(l)X +X2 (26) 

The copper speciation diagram at pH 9 for a solution containing 5.00E-05M copper (II) 

ions is shown in Figure 5.8. At oxidising Eh values (i.e. above 0 mV) the concentration of 

copper (II) ions in solution is approximately equal to the concentration of Cu(OH)2 species 

in solution which is 7.9E-07M. The remainder of the copper (II) ions added, i.e. 4.92E-

05M from an initial solution concentration of 5.00E-05M, would then be present as 

CU(OH)2 precipitate, assuming no adsorption onto the mineral surfaces, which would drive 

the equilibrium in the direction of CU(OH)2. Cu(OHh precipitate would first appear at 

about pH 7 (Figure 5.9). Although the data in Figure 5.9 were determined at an Eh of 300 

mV, the onset of Cu(OHh is not considered to be strongly dependent on Eh (Gerson, 

personal communication). At low pH «6) the positive copper (II) ion species predominate 

and at high pH (>6 ), the precipitation of CU(OH)2 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 5.8: Copper speciation diagram for pH 9 over a range of Eh conditions. 
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Figure 5.9: Copper speciation for copper concentration of 5.00E-05M as a function of pH 
at constant Eh 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 possible 

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). 

"0 OH ........... . 

" / Si 

/ " /0 OH 

Figure 5.10: Hydrogen bonding (Copper Ions). 

He also proposed that an alternative mechanism could be the adsorption of the copper 

hydroxy complex by the formation and splitting out of water (Figure 5.11 ). 
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Figure 5. 11: Hydroxy complex formation (Copper Ions). 

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 will playa role in copper ion adsorption for 

the siliceous minerals. 
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Nagaraj and Brinen (1996), using XPS, found that copper was present as Cu1
+ rather than 

Cu2
+ 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(I)-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. 

"0 0········ Cu ....... X 

" / Si 

/ " /0 OH 

Figure 5. 12: Schematic representation of xanthate adsorption onto 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 also 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 aI., 2003). 

In the present study, the minerals being floated are fully liberated samples of platinum or 

palladium 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(OHt or CU(OH)2 

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 Cu2+ state and so it can be assumed that these ions 

serve to partially neutralise the negative surface. Although Cu2+ can be hydrolysed to form 

Cu2+(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)2 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 to 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 Cu1
+ oxidation state without the addition of 

xanthate. When xanthate is added to the arsenide copper treated minerals, all the 

remaining Cu2
+ species is converted to Cu(l)xanthate species. Even though the 

Cu(l)xanthate species were formed this did not result 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)2), NS153, the XPS has data shown that copper 

sulphate/xanthate treatment results in 36% of the existing copper being present in the 

Cu1
+ state. For moncheite (PtT82), 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(lI) 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 Cu2
+ to Cu1

+ 

which seems to occur fairly readily on PtT82 (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 Cu2
+ to Cu1

+ 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 

tnese 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(OHkcolioids 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 aI., 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(lI) to Cu(I)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 playa 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( II) 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 results 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 CUS04 addition and after the addition of 

CuS04+SIBX, in an attempt to remove any of the weakly bound unconverted Cu(OH)2 

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 (F uerstenau et at 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(lI) ions: i.e. Cu(EDA)2+, Cu(EDA)l+ and 

Cu(OH)(EDAt. 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 Eh-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)l+ species at 

Eh >0.2 V. The Eh for the system studied was above 0.200 mV. 
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Figure 5.13 Ell-pH diagram for the copper-water-ethylenediamine (EOA) system at 25"C 
and 1 aim Tolal EDA activity, {EOAr} = 1E-2M; Tolal dissolved copper 
activity {Cur} " 1E-6M, (Aksu and Doyle, 20(0) 

The ToF-SIMS data has shown that when EDA IS added to the sperrylite system in either 

sequence, 'IlL before or after xanthate addition, there is removal of copper from the 

surfaces of both samples (Figures 4_38 and 439). 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 is removed as a result of the preferential complexallon 

with EDA in solution. For palladoarsenide the addition of EDA after CUS04 and prior to 

SIBX there is removal of the copper hydroxyl species ThiS reduction in the solution 

concentration of copper ions consequently causes copper species on the surface to 

undergo dissolution (O'Connor et ai, 20[6) 

It IS interesting to speculate on the role of the bismuth for the moncheite and merenskyite 

samples There is little difference between the flotatim behaviour of the samples with or 

without bismuth The EDA data shows that the Cu(ll) species are more readily removed 

from the Pt and Pd bismuth telluride surfaces compared to the more pure Pt and Pd 

telluride 111ineral species It could thus be deduced that the copper xanthate binds more 
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Figure 5.13 Eh-pH diagram for the copper-water-ethy/enediamine (EOA) system at 25"C 
and 1 aIm Tolal EDA activity, {EOAr} = fE-2M; Tolal dissolved copper 
activity {Cur} " 1E-6M, (Aksu and Doyle, 20(0) 

The ToF-SIMS data has shown that when EDA IS added to the sperryllte system in either 

sequence, VIZ before or after xanthate addition, there is removal of copper from the 

surfaces of both samples (Figures 4.38 and 439). This suggests that the copper xanthate 

or hydroxyl species are not strongly bound to the mineral surface for both sperryllte 

samples. It is possible that copper is removed as a result of the preferential complexallon 

with EDA in solution. For palladoarsenide the addition of EDA after CUS04 and prior to 

SIBX there is removal of the copper hydroxyl species This reduction in the solution 

concentration of copper ions consequently causes copper species on the surface to 

undergo dissolution (O'Connor et ai, 20[6) 

It IS interesting to speculate on the role of the bismuth for the moncheite and merenskyite 

samples There is little difference between the flotatlm behaviour of the samples with or 

without bismuth The EDA data shows that the Cu(ll) species are more readily removed 

from the Pt and Pd bismuth telluride surfaces compared to the more pure Pt and Pd 

telluride nlineral 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)2 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 CuS04+SIBX+EDA sequence which is consistent 

with Cu(I)X being more strongly bound than the CU(OH)2. 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 

CuS04+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 CUS04+ 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(lI) with some limited 

Cu(l) only evident after xanthate adsorption. This lower degree of adsorbed copper (II) 

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)2 precipitate at alkaline pH (Figure 5.3). The hydrophilic precipitate 

[CU(OH)2] 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(lI) hydroxide (as colloidal and ionic species) followed by in situ reduction to 

Cu(l)xanthate. 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 pallacloarsenide 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. 

5.2.3 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)2 

and NS153-PtT~]. 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, NS153, 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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Investigation [E' values from CRC Handbook of Chemistry and Physics (1985-1986)] 

The data shows that Pt is the least oXldised and 81 is readily oxidised 

Table 5.22: Electrochemical series for Pt, Pd, Bi and Te. 

pcr + 2e ·-+Pt 0,951 

Te4++4e >Te 0,568 

0.226 

Pt(OH);, + 2e ) Pt + 20ff 0,14 

Pd(OH);, + 2e > Pd + 20ff 0,07 

Teol· + 3H20 + 4e --+ Te + 60ff ·0.57 

BhO; + 3H~ + 6e --+ 2Bi + 60ff ·0.46 Most oxidisable 

This is further supported by the LiG values shown in Figure 5.14 The :'..G·diagram 

(Ellingham) shows the relative stability of Bi, Te, Pd and Pt oxides in decreasing order 

in terms of oxidation [:'..G values taken from Outokumpu HSC Chemistry@ for 

Windows. Version 4.1, 1999]. 
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The data shows that Pt is the least oXldised and 81 is readily oxidlsed 

Table 5.22: Electrochemical senes for Pt, Pd, Bi and Te. 

Per + 2e ·-+Pt 0,951 

Te4++4e >Te 0,568 

0.226 

Pt(OH);, + 2e ) Pt + 20ff 0,14 

Pd(OH);, + 2e > Pd + 20ff 0,07 

Teol· + 3H~ + 4e --+ Te + 60ff ·0.57 

8hO; + 3H~ + 6e --+ 2Si + 60ff ·0.46 Most oxidisable 

This IS further supported by the liG values shown in Figure 5.14 The :'..G·dlagram 

(Ellingham) shows the relative stability of Bi, Te, Pd and Pt oxides in decreasing order 

In terms of oxidation [:'..G values taken from Outokumpu HSC Chemlstr.,.e for 

Windows. Version 4.1, 1999]. 
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Figure 5.14: .... G-diagram (Ellingham) showing the relative stability of Bi, Te, Pd and pt 

oxides. 

These results are also consistent with the results of Elvy (1996) 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(llI) and Te(IV) oxides 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 does 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 spedes which showed minimal 

oxidatioo (Tables 4.18 and 4.19) It is interesting to note that the oxidation observed 

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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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(llI) and Te(IV) oxides 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 does not appear to have an effect on the 

flotation response. 

As slated 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 

oXldlsed surfaces when compared to the Pt mineral speCJes which showed minimal 
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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 cleaning and dispersing agent, displacing the 

oxidised iron species from the pyrite surface. The interaction between the oxidation 

products and the sulphide mineral surface is generally weak (electrostatic and/or 

hydrophobic in nature) as sonicatior.ldecantation removes these oxidation products 

(Clarke, et al.. 1995). It may be speculated that the oxidation products formed on the 

Pd minerai surfaces are only weakly attached to the surface and thus they can be 

more 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 oxidises 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 telluride samples: but the overall recovery was not negatively affected 

The resu~s showed that when samples of PITe" and PdTe~ were ground with bismuth 

powder the flotation rates as well as the overall recovery for both mineral samples is 

negatively affected, especially for the PdTe2 sampie (Figure 4.60) This 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 hYJXlthesised 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 hyctoxide species onto the mineral surfaces 

Conditioning of moncheite in the presence of pentlandite reduced the flotation 

resJXlnse of the +38 ·381Jm size fraction from >99% to 56%. This effect was not as 

profound when the pentlandite fradion was removed by screening and discarded prior 

to 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 concentratiO'1 of 

moncheite with respect to the nickel and irO'1 ions. The nickel and iron speciation 

diagrams are given in Figure 5,15 and Figure 5,16, respectively The diagrams show 

that the Ni(OHh NiOW Fe(OH)) and FeOH+ species are the dominant species 

present at pH 9. 

Based on the nickel and irm speciation diagrams, it is proposed that at pH 9. both Iron 

and nickel are adsorbing onto the moncheite surfaces as iron 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 

interactions, In a two component system PGE minerals act as a cathode while 

sulphide minerals act as an anode and thus metal hydroxides migrate onto PGE 

mineral surfaces It has been found that cathodiC polarizations adversely affect the 

flotation response of minerals such as pyrmotite (Adam and Iwasaki, 1984a) and 
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As expected, the testwork has shown that particle size plays a role in the flotation of 

the PG[ telluride minerals Subrahmanyam and Forssberg (1990) reviewed 

processing of fine particle and described the influeoce of particle size on the rate of 

recovery of minerals In general, it was found that fine partides «10iJm) 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 impro\le liberation In the present study there is no gangue present 

and so the samples are essentially fully liberated. However, it was speculated that 

exposing fresh sites in the matrix of the miooral after further grinding could possibly 

improve recoveries, As shown in Figure 4 54, however, the effect of further grindirlQ to 

finer particle sizes had the effect expected when floating fine particles, viz, a loss of 

recovery. ThiS was the case for both samples of moncheite. The results showed that 

the recovery decreased with a decrease in particle size, the finer fraction. -10~m. 

giving the lowest recovery, However, when conditioned in the presence of pentlandite, 

the -10~m size fraction showed an improvement in f lotation response (Figure 456) 

This IS probably due to the pentlandite dissolution products being adsorbed onto the 

160 

. 
! ,'-. , 

"'f ! 
Figure 5.15 

, " , " " 

SpeciatIOn diagram for 
1 OQE·05M Mi. (Acar and 
Somasundaran, 1992) 

, 
~,..., I 

I J • 

Figure 5 16. Speciation diagram for 
1 OOE-04MFe ~ 
(Fuerstenau, 1976) 
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the PGC telluride minerals Subrahmanyam and Forssberg (1990) reviewed 

processing of fine particle and described the influer.ce of particle size on the rate of 

recovery of minerals In general, it was found that fine partides «10iJm) 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 Impro\le liberation In the present study there IS no gangue present 

and so the samples are essentially fully liberated. However, it was speculated that 
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PGE mineral surface and causing a neutral surface charge This neutral charge will 

cause aggregation and it is well known that these larger aggregates would have a 

higher flotation response 

5.2.4 Effect of calcium ion concentration 

Calcium ions found in process water can have a major Impact on flotation of pentiandite 

and pyroxene minerals (Malysiak, 2003) The synthetic water formulation used during this 

study contained sodium magnesium, calcium, bicarbonate, chloride, nitrate and sulphate 

ions. It is accepted that sulphide mineral surfaces in pulp, in the absence or presence of a 

collector. are energetically and chemically heterogeneous and contain a variety of active 

sites (Ralston, 1991). Ralston also pointed out that the most energetic sites are likely to 

be hydrophilic. Clusters of water molecules will adhere to these sites Sulphide mineral 

surfaces typically consist of hydrophilic and hydrophobic patches and the relative 

population of each of these mineral sites would influence the sulphide minerai floatability. 

In the case of this study, all mineral surfaces came into oontact with the ions in synthetic 

water prior to the addition of copper (II) and/or xanthate ions. Thus e.g. Ca2
+ and Mg7

+ 

ions. which are predominant at the pH range of interest (Figures 5.17 and 5.18) adsorb 

onto the active sites of all minerals 
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In the present study changing the calcium concentration in the synthet ic water from 80ppm 

to 500ppm did not affect the flotation response of the PdTe" (NS152) mineral species 

Subsequent ToF-SIMS and XPS analyses also showed that the ions found In synthetic 

water do not significantly affect the mineral surface characteristics of the PGEs at the 

concentrations tested and therefore do not have an influence on the f lotation response of 

the minerals studied However, it should be noted that the XPS results for cooperite 

showed considerable adsorbed Mg Ion surface concentration, hence, the PIS may 

specifically adsorb Mg2+ from synthetic water but this did not seem to affect the flotation 

response 

5.2.5 Other collectors 

Sperrylite sample NS146 has proved to be an extremely difficult sample to recover by 

flotation methodologies Various collectors and combinations of collectors. activator and 

pH environments were screened in an attempt to improve the flotation response for 

sperrylite sample NS146 
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In the present 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 

Subsequent ToF-SIMS and XPS analyses also showed that the ions found In synthetic 

water do not significantly affect the mineral surface characteristics of the PGEs at the 

concentrations tested and therefore do not ha\le an influence on the flotallon response of 

the minerals studied However, it should be noted that the XPS results for cooperite 

showed considerable adsorbed Mg Ion surface concentration, hence, the PIS may 

specifically adsorb Mg2+ from synthetic water but this did not seem to affect the flotation 

response 

5.2.5 Other collectors 

Sperrylite sample NS146 has proved to be an extremely difficult sample to recover by 

flotation methodologies Various collectors and combinations of collectors. activator and 

pH environments were screened in an attempt 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 SIBX. The dosage for Senkol 65 was 5.00E·05M The highest 

recovery (20%) was obtained at double the Senkol 65 and SIBX concentrations (Figure 

447) 

In addition, microflotation testwork was carried out at pH 6 with CuS04+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 9 trial to 15% for the pH 6 trial This is probably due to a 

lower concentration of Cu(OH)z colloids resulting on the surface, which are predominant 

above pH 8. When carrying out the microflotation test at pH 10 with SIBX for NS146 the 

recovery was reduced to 0.59%, which may be due to the high concentration of hydroxide 

ions on the mineral surface which negatively affects xanthate adsorption due to 

competition for sites 

determinations 

This trend was also observed during the zeta potential 

Since no significant improvements in sperrylite recovery was obtained using the above 

flotation conditions, further research is necessary in order to enhance the recovery of this 

mineral by flotation_ 
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CHAPTER 6 

CONCLUSIONS 

The aim of this study was to investigate wnether there was a difference in the floatability 

between the PGE sulphide arsenide and telluride minerals and if so to wnat can these 

differences be ascribed. It had been suggested, from empirical observations on plants, that 

PtAs, (sperrytite) and PtPd(BiTer.' (moncheite) are poorly floatable minerats compared to the 

PGE sulphide species and that this accomts for a significant loss of PGE in flotation 

processes. Since it is difficult to obtain suffICient amounts of these minerals. the present 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 f loatability of these PGE 

minerals may be due to a number of factors 

1 The crystat structure and/or morphology of the PGE minerals affect the hydrophobicity of 

these minerals 

For all the synthetically prepared minerals except pattadoarsenide, 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 synthesised Pt and 

Pd mineral species are influenced by the crystal planes and/or morphology of the minerals. 

Therefore these particular results do not highlight or explain the varying results obtained 

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 virtuatly identical butk compositions and crystallinity showed quite different 

flotation behaviour Recoveries of greater than 70% were obtained in the case of NS145 

whereas the highest recovery for NS146 sample was about 40% and this was only 

obtained after grinding to <381Jm 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 significantly 

greater recoveries. From this it could be deduced that It may be the presence of such free 

Pt specks which favours the flotation behaviour by providing appropriate sites for collector 

adsorption This may be ascribed either to the effect of xanthate being covalently bCYlded 

to the surface or to the effect of dixanthogen being formed at the flotation conditions This 

increase in recovery in the case of NS146 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 XPS and ToF-SIMS results showed clearly that xanthate is adsorbed on the 

mineral suliaces at a higher concentration compared to the copper activated minerals 

except for the sperrylite (NS146) md cooperite (NS144) samples The ToF-SIMS data 

have clearly shown that the active species for flotation was dixanthogen. 

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

species was the presence of oxidation proclucts (air induced oxidation) v.rrich would 

influence their floatability 

Platinum is a noble metal and is essentially non-oxidisable under normal conditions: 

hence, this is only likely to occur for the palladium mineral species The 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 suliace oXidation observed for 

the Pd minerals. There 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 

bismuth-rich samples but not the pure Pt and Pd telluride samples which supports the 

hypothesis that bismuth is readily oxidisecj and that the oxidation products negatively 

affect the floatability of these minerals. 
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3 The poor floatabilities of the PGE minergl species (PtTe2 and PtPd(BiTeh] may also be 

speculated to be a result of contact with oxidation products produced during grinding 

causing inadvertent depression due to precipitating ions for example from pentlandite 

NiQW and FeQH·. 

Conditioning of the minerals in the presence of pentlamite reduced the recovery of 

monmeite [PtPd(BiTehj by around 47%. This was ascribed to pentlandite dissolution 

products (iron and nickel hydroxy species) forming overtayers on the mineral surfaces 

thereby Inhibiting 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 onto the mineral surfaces. In addition, further 

grinding of moncheite [PtPd(BiTehl 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 sites in the sample However. the-

10f-lm 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. It is widely known (Finkelstein. 1997) that copper sulphate is used as a promoter of the 

bgse metal sulphide minerals. It was speculated that similarly copper sulphate would 

promote the flotation of the PGE mineral species. 

These tests were carried out in a frothless environment thus eliminating any effect copper 

sulphate may have on froth structure. There were no clear correlations between the 

observations 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 

correlate with the floatability of the minerals 

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

flotation, was found to have a negative effect on the recovery of all of the synthetic PGE 
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minerai samples, with the exception of vysotskite, when compared with the results 

obtained in the presence of xanthate on its own. Zeta potential, ToF-SIMS and XPS data 

have shown that PGE mineral surfaces are covered with Cu(OHh precipitate in trle 

presence of copper sul~ate and that the surface coverage is largely Cu(II). When 

xanthate ions interact with the copper(lI) species (colloidal and ionic) present on the 

surface of the minerals, the copper is slowly converted by an in-situ reduction to 

Cu(l)xanthate. The percentage conversion is low for the Pd arsenide, Pd sulphide and the 

PGE bismuth and pure telluride mineral samples compared to the situation with cooperite 

and both sperrylite samples where a 100% conversion from Cu(ll) to Cu(l) was obtained. 

Although there were indications that Cu(I)X was formed this was associated with a 

lowering in flotation recovery It is thus speOJlated that the negative effect of copper on 

the recovery of these minerals may be due to Cu(OHh precipitation on the mineral 

surfaces occurring in patches and thus when xanthate ions are subsequently added, most 

of the active sites are already oCOJpied by the hydrophilic Cu(OHh 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 suliaces except for vysotskite, This observation confirms the copper 

speciation on the mineral suliace thereby indicating that the copper is present on the 

surface as a result of the precipitation of Cu(OHh colloids rather than a chemical reaction 

between the copper and metal ions in the PGE mineral structure 

5 Testwork was conducted to investigate the possibility that bismuth oxidises readty and 

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

response 

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 PITe, 

and PdTe2 samples which were ground with bismuth powder the results showed that the 

flotation rates as well as the overall recovery for both mineral samples was negatively 

affected, especially for the PdTe, sample This result supports the hypothesis that 
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bismuth being more susceptible to oxidation, yields oxidation products (81 oxide 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 putp may 

affect the mineral surfaces gndlnfluence the floatability of the Pt and Pd mineral species 

by forming passivating layers on the mineral surfaces 

This hypothesis was not supported by the results obtained in this study as the calcium 

ions, vmich are always present in process water, did not negatively affect the flotation 

response of the PdTe2 mineral species 

The aim of this study was to Investigate whether there was a difference in the floatability 
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decreasing order) was moncheite. cooperite followed by sperrylite and for the Pd minerai 

species, the order of flotation rate was merenskyite, palladoarsenide and vysotskite The ions 

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

mineral surfaces and hinder flotation. 

In condusion it is clear that Pt and Pd arsenide and telllJide minerals can be recovered in 

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

It 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 xanlhate 

used during the study IS shown below as an example 

Mineral Surface Area Determined Using BET Method: 

Cooperite NS144: 0.077 m2'g" 0.077 x 10;:0 Nig 
Vysolskite NS148: 0.068 m"lg" 0.068 x 16){) N/g 
Sperrylite NS145 0.04 m"/g = 0.04 x 10;:0 Nig 
Sperrylite NS146: 0,06 m21g = 0.06 x 1020 Pig 
Palladoarsenide NS147 0.26 m')/g = 0.26 x 1020 A21g 

Moncheite NS142: 0,2 m21g = 0,20 x 10;:0 N/g 
Moncheite NS153: 0.22 m2'g" 0.22 x 16Xl Nig 
Merenskyite NS143 0.13 m21g = 0.13 x 1020 Nig 
MerenskYlte NS152 0.14 m21g = 0.14 x 10;:0 Nlg 

Copper Surface Coverage: 

Cu Concentration 5 x 10-5 mol.dm·J 

Grams of Cu in 250 cm3 (cell volume)' 8 x 10-' 

Number of Cu Moles' 8 x 10-"1635 = 1 2598 X 10.5 

Number of Cu Atoms 1 2598 x 10-5 x 6.023 x 10"J " 7.5878 x lO' e 

Gaudin et al. (1959) assumed that the possible copper uptake for sphalerite was one ion for 

each 20.8 N. 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 

75878 X 10'8 x 20.8 N = 1.5783 X 102Q Nlg 

This implies that 20.5. 23.21, 3946, 26,31, 6.07. 789, 7.17, 12.14 and 11.27 pseudo­

monolayers of copper could be formed on cooperite NS144, vysotskite NS148, sperrylite 

NS145, sperrylite NS146, palladoarsenide NS147, moncheite NS142. moncheite NS153 

merenskyite NS143 and merenskyile NS152. respectively 
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Monch€ite NS153: 0.22 m"lg" 0.22 x 1o'Xl Nig 
Merenskyite NS143 0.13 m21g = 0.13 x 1020 N ig 

Merenskylte NS152 0.14 m21g = 0 14 x 10;:0 Nlg 

Copper Surface Coverage: 

Cu Concentration 5 x 10-5 mol.dm') 

Grams of Cu In 250 cm3 (cell volume)' 8 x 10-1 

Number of Cu Moles' 8 x 10-"1635 = 1 2598 X 10.5 

Number of Cu Atoms 1 2598 x 10-5 x 6.023 x 10"J " 7.5878 x lO' e 

Gaudin et al. (1959) assumed that the possible copper uptake for sphalerite was one ion for 

each 20 8 Ai 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 

75878 X 10'8 x 20.8 N = 1.5783 X 1020 Nlg 

This implies that 20.5. 23.21 , 3946, 26,31, 607. 789, 717, 12.14 and 11.27 pseudo­

monolayers of copper could be formed on coopente NS144, vysotskite NS148, sperrylite 

NS145, sperrylrte NS146, palladoarsenide NS147, moncheite NS142. moncheite NS153 

merenskyite NS143 and merenskyile NS152. respectively 
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Xanthate Surface Coverage: 

Xanthate Concentration 

Grams of Xanthate in 250 cm3 

Number of Xanthate Moles 

Number of Xanthate Atoms: 

5xlO-~ moldm 3 

19x10-3 

19 x 10-"/149" 1 2752 X 10-5 

1,2752 X 10-5 x 6,023 x 1023 = 7,6805 x 10,t 

Bradshaw (1997) assumed that the possible thiol collector uptake for pyrite is one ion for 

each 37 A2 Assuming that the same xanthate surface area IS relevant for the pentlandite­

pyroxene and pentlandite-feldspar mixture uptake, the required surface area for pseudo­

monolayer coverage would be 

7.6805 X 10lB x 37 A2 = 2,8418 X 103) A2/g 

This Implies that 36,91, 41 79, 71 04, 4736,10,93,1421,12.92,2186 and 20,30 pseudo­

monolayers of xanthate could be formed on cooperite NS144, vysotskite NS148. sperrylite 

NS145, sperrylite NS146, palladoasenide NS147, moncheite NS142, moncheite NS153, 

merenskyite NS143 and merenskyite NS1S2. 'espectively. 
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APPENDIX 8: Zeta Potential Determination Procedure 

A detailed zeta potenllal determination procedure used throughout the study is shown below 

This procedure was used to ensure accuracy and repeatabili ty of zeta potential data. 

• Crush 0.3 g of a mineral sample to 100% -25i-Jm in an agate mortar and pestle. 

• Add 240 cm~ of synthetic water. 

• Stir well and split Into 4 beakers (60 cm'). 

• Adjust pH to 6 , 8 and 10 with Na2C03 or HCI. 

• Condi tion for 20 minutes. 

• Measure electrophoretic mobili ty, (volume used -+/-10 cm 3
). 

• Add reagent, e.g. copper sulphate (SOOE-OSM), and condition for 5 minutes 

• Measure electrophoretic mobility 
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APPENDIX C: Microflotation Test Procedure 

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

obtain reproducible data 

• For a single mineral study, weigh 2 grams of a mineral sample after crushing and 

screening (+38 -381Jm size fraction) Add the mineral sample to 50 cm) of synthetic 

water adjusted to the desired pH 

• Transfer the solution to the microflotation cell and fill the cell to just below the overflow 

lip 

• Circulate pulp with peristaltic pump, set at 60 rpm 11 min, 

• Condition for 1 minute, add reagents as required and condition for the time required 

• Top up the cell volume to 250 cm), put cone in place and introduce the air (5 cm31minj 

through a syringe at the base of the cell 

• Remove the syringe and collect flotation products after 

2 min _1 "' Cone 

4 min -~ Conc, 

6 min - 3'" Cone 

10 min - 4'" Conc 

20 min - 5tl1 Cone 

• Collect tailings sample, 

• Filter each product on weighed filter paper and rinse with deionised water adjusted to 

the desired pH 

• Dry under argon if ToF-SIMS analysis is required 

• Weigh dried product and calculate recoveries obtained 

• Conditioning times used during the study: 

SIBX: 2 min 

5min 

5min 
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APPENDIX 0 ; Example of ToF·SIMS Analvsis 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 normalised 
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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, S. 0, C signals. 

Note in the C 1s spectra for each 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 NS 144: Cooperite PtS. 

NS144-1. Synthetic water conditioning. 
• The survey spectrum shows Pt, S, 0 and C with a SIPt 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 Mg2+ 
from synthetic water. Similar evidence for measurable Na. Ca, bicarbonate. CI and 
nitrate ion concentrations could not be found 

• The C 1 s 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 S 2p region which does not show any significant 
sulfate speciation near 168 eV 

• The S 2p spin-orbit components (doublet) are not consistent with a single species. The 
2p312:2p1i2 ratio should be 2'1 for a single species but the fit for 2 components in the 
figure is near 1 5 1 It therefore seems likely that more than one species is present on 
this surface after synthetic water Conditioning 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 (2P:li2 at 163.6 eV corrected) corresponding to a higher 
order polysulfide Sr 2· with n>2. 

• The Pt signals is observed at 72 0 eV (corrected) corresponding to PI(II). 

NS144-2. Copper activation. 
• This sample has much higher adsorbed Cu at 1.6% compared with NS 142 at 0.8%. 
• The Cu 2p region analysis shows that almost all of the copper is present as 

Cu(lI) ions. There is no significant evidence of the Cu(lI) satellite near 940 eV. 
Adsorption of the Cu(lI) 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 polysulfide of lower 
order (n-3) consistent with the local oxidation of the S. 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 0 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 

5 concentration from 19% to 24% after xanthate addition. 
• Cu remains almost entirely as Cu{l) after xanthate addition. The Cu(l) complex is the 

most stable xanthate form. 
• The S2p again suggests additional species in the envelope but it is not possible to 

discriminate the contributions from polysulfides and xanthate 
• Again. there is no change in Pt spectra but the 0 1 s spectrum appears broader. 
• The C 1s 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 N8144-3 but with no Cu signal and lower %8 

(22%) compared with copper activation 
• There may be a higher proportion of additional species (polysulfides. xanthate) 

compared to the main doublet but the curve fit is not reliable for this estimation . 
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NS144-3. Xanthate with copper activation. 
• The Cu concentration remains at 1.6 "10 and there is now a distinct increase in the 

5 concentration from 19% to 24% after xanthate addition. 
• Cu remains almost entirety as Cu{l) after xanthate addition. The Cu(l) complex is the 

most stable xanthate form. 
• The S2p again suggests additional species in the envelope but it is not possible to 

discriminate the contributions from polysulfides and xanthate 
• Again. there is no change in Pt spectra but the 0 1 s spectrum appears broader. 
• The C 1s 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 N8144-3 but with no Cu signal and lower %8 

(22%) compared with copper activation 
• There may be a higher proportion of additional species (polysulfides. xanthate) 

compared to the main doublet but the curve fit is not reliable for this estimation . 
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Sample NS 148: Vysotskite PdS. 

NS148·1. Synthetic water conditioning. 
• The survey speclrum shows Pd, S. 0 , C and very minor Te (0.5%) with a S/Pd rQtio 

close to 1.7 The surface is heavily oxidized (49% 0 ). 
• SynthetiC water formutation contains Na, Mg, Ca, bicarbonate , CI, nitrate and sulfate 

ions. None of these are Sign ifican tly detected. These ions do not appeilr to be 
s trongly adsorbed from the synthotlc water. 

• T l'1 e C 15 adsorbed hydrocarbon Signal IS almost uncharged a1 285.0 eV 
• The o)(ygen appears to be largely associated with the Pd species which shows two 

components: unoxidised PdS at 335,7 eV (18%); and oxidized Pd~ at 336.6 eV (82%). 
The corfesponding 0 l s Signals are dominated by the 533 eV component likely to be 
from a covalent Pd~ 

• The S 2p region gives a doublet WIth the lowest BE corresponding closely to a sulphide 
S2. species (5 2P:1n 161.5 eV) II does not show any significam sulfate speciation due 
to oxidation neal 166 eV T he 5 2p spin-olbit components (doublet) are not consistent 
wilh a Single species The 2PJ,·i2p,'2 ratio should be 2:1 for a Single species but the tit 
for 2 componenls in the figure IS near 1.6:1 The spaCing or the 5 2Pl7 to S 2p,12 
doublet should be 1 8 eV and th is IS not correct here 0 1 In subsequent curve f ils, It 
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Sample NS 148: Vysotskite PdS. 

NS148·1. Syntflctic water conditioning 
• The survey speclrum shows Pd, S. 0 , C and very minor Te (0.5%) with a S/Pd rQUo 

close to 1.7 The surface is heavily oxidized (49% 0). 
• Synthetic water formulation contains Na, Mg, Ca, bicarbonate, CI, nitrate and sulfate 

ions None of these are Significantly' detected. These ions do not appear to be 
strongly adsorbed from the synthetic water. 

• Tl1e C 15 adsorbed hydrocarbon signal IS almost uncharged a1 285.0 eV 
• The o)(ygen appears to be largely associated with the Pd species which shows two 

components: unoxidised PdS at 335,7 eV (18%); and oxidized Pd~ at 336.6 eV (82%). 
The corresponding 0 ls Signals are dominated by the 533 eV component likely to be 
from a covalent Pd~ 

• The S 2p region gives a doublet WlItI the lowest BE corresponding closely to a sulphide 
~. species (S 2P3n 161 .5 eV) II does not show any significant sulfate speciation due 
to oxidation near 168 eV The S 2p spin-crbit components (doublet) are not consistent 
With a Single species The 2PJ.?·2P,.'2 rs tio should be 2:1 for a SIngle species but the til 
fo r 2 components in the figure IS near 1.6 :1 The spaCing or the S 2pJ12 to S 2p,12 
doublet should be 1 a eV and this IS not correct here or In subsequent curve fils . II 
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therefore seems likely that more than one species is present on this suliace after 
synthetic water conditioning and some suliace reactiOil This conclusion is also 
consistent with the SIPt ratio of 1.7. A suggested fit is shown in the figure with the 
second doublet (2pw at 163.6 eV corrected) corresponding to a higher order 
polysulfide So 2- with n>2 

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

• The minor Te is also oxidized to TeOrlike 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 284.7 eV. 
• In contrast to PtS (100% Cu(I)), the Cu 2p region analysis of PdS shows that only 

35% of the copper is present as Cu(l) ions. 
• The 5 2p fits now suggest a significant contribution from a polysulfide of lower 

order (n~3) with S 2p:ll2 near 162.8 eV consistent with the local oxidation of the S. 
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 0 signals 

NS148-3. Xanthate with copper activation. 
• The Cu concentration remains at 1.1 %. 
• The C 1 s adsorbed hydrocarbon signal is slightly Charged at 285 1 eV 
• Cu becomes predominantly Cu(l) (78%) after xanthate addi tion The Cu(l) complex is 

the most stable xanthate form. 
• The 82p agam suggests additional species in the envelope but it is not possi bie to 

discriminate the contribu tions 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. 

• Al though there is an increase in C concentration. the C 1s spectrum does not provide 
reliable evidence of xanthate adsorption making it difficul t to estimate the adsorbed 
concentration. 

NS148-4. Xanthate without copper activation. 
• These spectra are closely similar to NS148-C but with no Cu signal and only slightly 

lower %8 compared wi th copper activation 
• There may be a higher proportion of addi tional species (polysulfides. xanthate) 

compared to the main doublet but the curve fi t is not reliabie for thiS estimation 
• The Pd Signal shows a less significant increase in the PdS component from 12 to 

18 % of the signal cf. 31% for NS 148-C. This may indicate less surface cleaning due 
to less xanthate adsorption. 
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therefore seems likely that more than one species is present on this surface after 
synthetic water conditioning and some surface reaction This conclusion is also 
consistent with the SIPt ratio of 1.7. A suggested fit is shown in the figure with the 
second doublet (2pJ.'2 at 163.6 eV corrected) corresponding to a higher order 
polysulfide So 2- with n>2 

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

• The minor Te is also oxidized to TeOTlike species 

NS148-2. Copper activation. 
• This sample also has relatively low adsorbed Cu at 1,0%. 
• The C ls adsorbed hydrocarbon signal is almost uncharged at 284.7 eV, 
• In contrast to PtS (100% Cu(I)), the Cu 2p region analysis of PdS shows that only 

35% of the copper is present as Cu(l) ions. 
• The 5 2p fits now suggest a significant contribution from a polysulfide of lower 

order (n~3) with S 2p:ll2 near 162.8 eV consistent with the local oxidation of the S. 
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 0 signals 

NS148-3. Xanthate with copper activation. 
• The Cu concentration remains at 1.1 %. 
• The C 1 s adsorbed hydrocarbon Signal IS slightly Charged at 285 1 eV 
• Cu becomes predominantly Cu(l) (78%) after xanthate addition The Cu(l ) complex is 

the most stable xanthate form. 
• The 82p agam suggests additional species in the envelope but rt is not possibie to 

discriminate the contribu tions 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 difficul t to estimate the adsorbed 
concentration. 

NS148-4. Xanthate without copper activation. 
• These spectra are closely similar to NS148-C but with no Cu Signal and only slightly 

lower %8 compared with copper activation 
• There may be a higher proportion of addi tional species (polysulfides, xanthate) 

compared to the main doublet but the curve fi t is not reliable for thiS estimation 
• The Pd Signal shows a less significant increase in the PdS component from 12 to 

18 % of the signal cf. 31% for NS 148-C. This may indicate tess surface cleaning due 
to less xanthate adsorptiOn. 
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NS148 - Vysotskite 
Xanthate with copper 
acUvation 
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Xanthate without copper 
activation 
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• This Amandelbult water formulation contains Na. Mg Ca. bicarbonate . CI. nitrate and 
sulfate Ions None of these are Significantly deteded although the S of sulfate is 
dltficun 10 resolve from the 8 1 signals near 164eV These ions do not aplX'ar to be 
strongly adsorbed. 

• Thele is no significant change in atomic %9 or As or C signals 
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• This Amandelbult water fOflTlulat lon contains Na. Mg Ca. bicarbonate. CI. nitrate and 
5uHate Ions None of these are Significantly deteded although the 5 of s .. rlfate is 
dlfflCllIt to resolve from the 81 signals near 164eV These ions do not appear hI be 
IItronglyadsorbed. 

• There is no significant change in atomic %9 or As or C Signals 
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• There may be some minor shift in Pt intensities to the lower BE PI metal signals and to 
lower BE 0 1 s signals possibly due to removal of fine adherent particles 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 Cu(ll) The curve fit 

gives a ratio of Cu(II):Cu(l) of -5:1. Hence. the formation of precipitated, probably 
colloidal, Cu(OHh IS the main species identified on the sperrylite surface 

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

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

NS145-4. 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% Cu(l) as seen in the Cu 2p spectra. 
• There are no signifICant changes in the Pt or As spectra. Le. 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 before xanthate addition 
• There are also additional intensi ty increase in higher BE C 1s near 287eV (i e, -C-O-) 

and 0 1s near 532.6eV both corresponding to components of the xanthate molecule 
Strong adsorption of xanthate as Cu(l)xanthate species can be confirmed by 
these changes. 

NS145-S. Xanthate addition without copper activation. 
• Comparison of the spectra with NS145-4 shows that there are additions to the S 2p, 0 

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 resolution 
measurement and advanced curve fitting to confirm 

• There is again no significant change in Pt or As signals 
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• There may be some minor shift in Pt intensities to the lower BE Pt metal signals and to 
lower BE 0 1 s signals possibly due to removal of fine adherent particles 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 Cu(ll) The curve fit 

gives a ratio of Cu(II):Cu(l) of -5:1. Hence. the formation of precipitated, probably 
colloidal, Cu(OHh IS the main species identified on the sperrylite surface 

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

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

NS145-4. Xanthate addition after copper activation. 
• Copper is still present at 3.2% of the surface composrtion 
• The chemical state of the copper has changed dramatic(lily from >80% Cu(ll) to 

100% Cu(l) as seen in the Cu 2p spectra. 
• There are no signifICant changes in the Pt or As spectra. Le. no significant reaction with 

the copper iOlls. 
• There is now a significant addition to the S 2p region near 164eV (overlapped with the 

Bi impurity) when compared with thiS region before xanthate addition 
• There are also additional intensi ty increase in higher BE C 1s near 287eV (i e -C-O-) 

and 0 1s near 532 .6eV both corresponding to components of the xanthate molecule 
Strong adsorption of xanthate as Cu(l)xanthate species can be confirmed by 
these changes. 

NS145-S. Xanthate addition without copper activation. 
• Comparison of the spectra with NS145-4 shows that there are additiOlls to the S 2p, 0 

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 resolution 
measurement and advanced curve fitting to confirm 

• There is again no significant change in Pt or As signals 
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NS146-Sperrylite PtAs2 

NS146-2. Synthetic water conditioning_ 
• There is some adsorbed 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. 

• The same increase in low BE Pt signals is observed as for NS145-2 
NS146-3. Copper activation. 

• This sample has higher adsorbed Cu at 4.6% 
• The majority of the copper is still present as Cu(lI) ions but the Cu(II):Cu(l) ratio 

in this sample is lower at -2:1 from the curve fit suggesting some Initial reaction with 
the surface. However, this may be due to charging of the colloidal Cu(OH)2 
precipitates. moving their BEs to higher values near 934eV, with some uncharged 
Cu(ll) adsorbed contributing the peak near 932eV. 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 components and possibly in the S 
2p region but no observable change in the As states, 
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NS146-Sperrylite PtAs2 

NS146-2. Synthetic water conditioning, 
• There is some adsorbed 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. 

• The same increase in low BE Pt signals is observed as for NS145-2 
NS146-3. Copper activation. 

• This sample has higher adsorbed Cu at 4,6% 
• The majority of the copper is still present as Cu(lI) ions but the Cu(II):Cu(l) ratio 

in this sample is lower at -2:1 from the curve fit suggesting some Initial reaction With 
the surface. However, this may be due to charging of the colloidal Cu(OH)2 
precipitates, moving their BEs to higher values near 934eV, with some uncharged 
Cu(ll) adsorbed contributing the peak near 932eV. 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 PI components and possibly in the S 
2p region but no observable change In the As states , 
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NS146-4. Xanthate with copper activation. 
• There is distinct addition to the S 2p. 0 1s and C 1s regions as for NS145-4 showing 

strong adsorption of xanthate. 
• Cu is present at 3 7% and again almost entirely as Cu(l) after xanthate addition There 

may be some minor «5%) contributions from Cu(lI) in the Cu 2p spectrum near 934 
and 942eV but it is difficult to resolve this from the background. 

• Again. no cI1ange in Pt or As spectra. 

NS146-S. Xanthate without copper activation. 
• These spectra are closely similar to NS145-5 with distinct but lower xanthate 

adsorption compared with copper activation. 
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NS146-4. Xanthate with copper activation. 
• There is distinct addition to the S 2p. 0 1s and C 1s regions as for NS145-4 showing 

strong adsorption of xanthate. 
• Cu is present at 3 7% and again almost entirely as Cu(IJ after xanthate addition There 

may be some minor «5%) contributions from Cu{lI) in the Cu 2p spectrum near 934 
and 942eV but It is difficult to resolve this from the background . 

• Again. no change in Pt or As spectra. 

NS146-S. Xanthate without copper activation. 
• These spectra are closely similar to NS145-5 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 cOIlcentrations are likely to have ur'ldereslimated the Pd 
concentrations by -10% due to overlapping signals. There are also unassigned sigr1als near 
400 eV (N?), 433 and 460 eV, 

NS147 -1. Synthetic water conditioning. 
• The survey spectrum shows Pd, As, 0, C, minor Te (0.1%) and trace PI with a PdlAs 

ratio close to 1.3 The surface i8 very heavily oxidized (58% 0). 
• The (Amandelbult) Standard Plant 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 substantially overcompensated in charge 
correction at 283 9 eV 
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Sample NS 147: synthetic Pd.As. 

In this sample, the survey cOIlcentrations are likely to have ur'ldereslimated the Pd 
concentrations by -10% due to overlapping Signals. There are also unassigned slgr18ls near 
400 eV (N?), 433 and 460 eV, 

NS147 -1. Synthetic water conditioning. 
• The survey spectrum shows Pd, As, 0, C, minor Te (0.1%) and trace PI with a PdlAs 

ratio close to 1.3 The surface is very heavily oxidized (58% 0). 
• The (Amandelbult) Standard Plant Water formulation contains Na, Mg, Ca, 

bicarbonate, CI, 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 substantially overcompensated in charge 
correction at 283 9 eV 
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• The oxidation appears to be partly associated with the Pd species which shows two 
components: unoxidised PdAs at 335.0 eV (16%); and oxidized Pd~ or Pd(OH)2 at 
336.6 eV (83%). 

• The As 3d signal also shows oxidation with the arsenide at 41.2 overlapped with an 
oxidized species (As(I)?) near 42.3 eV (72%) and an oxidized As(llI) species at 44.1 
eV (28%) corresponding to AsO£ or AS203. 

• The corresponding 0 1 s signal has both oxide/hydroxide component near 530.4 eV 
(56%) and a 532.1 eV component (44%) likely to be from covalent Pd~, AsO£ or 
AS203. 

NS147-2. Copper activation. 
• This sample has relatively low adsorbed Cu at 1.2%. 
• The C 1 s adsorbed hydrocarbon signal is again substantially overcompensated in 

charge correction at at 283.8 eV. 
• 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 PdQ or Pd(QHb 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 AS203 and a higher BE component at 45.7 
eV corresponding to As(V) species. 

• The corresponding 0 1 s 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 Pd~, 
AsO£ or AS203. 

• 
NS147-3. xanthate with copper activation. 

• The Cu concentration is reduced to 0.2% which is unlikely to be effective and is 
too low to reliably speciate. 

• The C 1 s adsorbed hydrocarbon signal is now uncharged at 284.8 eV. 
• Nevertheless, both the S2p and S 2s regions (2.0%) again show xanthate 

adsorption. 
• The Pd remains entirely oxidized Pd~ or Pd(OH)2 at 336.6 eV. 
• 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%). 

• The corresponding 0 1 s 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. 
• These spectra are closely similar to N5147-C (but with no Cu signal) and similar 

2.5%5. 
• The C 1 s adsorbed hydrocarbon signal is at 284.4 eV. 
• The 5 2p signal at 162.5 eV corresponds closely to the xanthate BE. 
• The Pd remains entirely oxidized Pd~ or Pd(OH)2 at 336.6 eV. 
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• 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 AsM species (58%). 

• The corresponding 0 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(BiTeh. 

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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o The symthetic water formulatioo contains Na, Mg, Ca. bicarbonate, CI, nitrate and 
sulfate ioos. NOlle of these are significantly detected although the S of sulfate is 
difficult to resolve from the Bi signals near 164eV. There may be minor Mg surface 
cOllcentratioo (Mg 2p overlapped with Pt 40 but there is no significant evidence of Mg 
2s signal. These ions do not appear to be strongly adsorbed from the synthetic 
water. 

o No Cu or S (as S 2s signal) is detected. 
o The Te 3d512 signal has 2 components at 573.2 and 575.7 eV likely to be from a 

telluride and an oxidized species (e.g. Te04 ion or Te(OHh) respectively. 
o This is consistent with the 0 1s signal with both oxide and hydroxide components at 

529.9 and 531.2 eV resp. 
o The Bi 4f signal, overlapped with the S 2p region, appears to have both oxidized Bi(lIl) 

(1582 eV) and more reduced Bi (I) or Bi(O) (157.2 eV) components again indicating 
some surface oxidation. 

o The Pt 4fl,'? signal appears to be Pt(II) at 72.3eV. There is no significant indication of 
more than ooe chemical state for the Pt 

o The Pd surface coocentration is small and the Pd 3d is overlapped with the strong PI 
4d doublet. The Pd 4p was used for quantitation but was too weak for reliable 
speciatiOll. 

o The C 1s appears to be ubiquitous hydrocarbon contaminatioo uncharged at 284.9 eV. 

NS142-2. Copper activation. 
o 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. 

o The C 1s hydrocarbon is shifted to 283 9 eV. 
o The Cu 2p region shows that almost all of this is in the form of Cu(II). The curve fit 

gives 99 0/0 Cu(lI) Hence, the formation of precipitated. probably colloidal, Cu(OH)z is 
the main species identified on this surface No signiffCant reduction to Cu(l) has 
occurred in the adsorption process. 

o There are no significant changes in the speciation of the Te, 0, Bi or Pt signals. There 
does not appear to have been significant interaClioo of the adsorbed Cu with these 
species. 

NS142-3. Xanthate addition after copper activation. 
o Copper is still present at 0.7% of the surface compositioo and a small signal is 

detected (0.3%) in the S 2s regioo correspooding to some xanthate adsorption. 
o The chemical state of the copper has changed slightly from 99% Cu(lI) to 94% 

Gu(lI) with 6% Gu(l) as seen in the Cu 2p spectra. Hence, the addition of the 
xanthate has reduced some of the Gu(lI) with corresponding production of some 
oxidized dixanthogen. However, the surface concentrations of both Cu(l) and 
xanthate S are low. 

o There are again no significant changes in the Te, 0, Bi or Pt spectra, i.e. no significant 
reaction with the copper or xanthate ions. 
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xanthate has reduced some of the Gu(lI) with corresponding production of some 
oxidized dixanthogen. However, the surface concentrations of both Cu(l) and 
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o There are again no significant changes in the Te, 0, Bi or Pt spectra, i.e. no significant 
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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 
correspond to the carbon atoms from the small adsorbed xanthate concentration 

NS142-4. XOiInthate addition without copper activation. 
• No Cu is detected in the sUl"lley spectrum but a small 5 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 5 2s regions, For the 
copper-xanthate system, the area estimate is 240 cis compared with the xanthate 
alone at 370 cis. 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 NS142-3 shows that there may be additions to the high 
BE shoulders in the 0 1s and C 1s regions but that these intensity increases are not 
large 

• There is again no significant change in Te or 0 signals but obvious broadening of the 
Bi and Pt signals This may be due to charge broadening since the C 1s is shifted to 
528.3 eV but, if so, it has affected the Pt and Bi sites more than the Te or a sites 
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Sample NS 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 %0 in this surface is much less (-2/3) than for 
Sample 142 . 

• None oflhe SYNTHETIC WATER ions are significantly detected There may be minor 
Mg surface Goncentratio rl (Mg 2p overlapped with PI 4f) but there is flO sigrlificant 
evidence of Mg 25 signal These ions do not appear to be strongly adsorbed from 
the synthetic water. 
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Sample NS 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 %0 in this surface is much less (-2/3) than for 
Sample 142 . 

• None oflhe SYNTHETIC WATER ions are significantly detected There may be minor 
Mg surface GoncentratlOrl (Mg 2p overlapped with PI 4f) but there is flO significant 
evidence of Mg 25 signal These ions do not appear to be strongly adsorbed from 
the synthetic water. 
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• No Cu or S is detected 
• The C 1s, like Sample 142, appears to be ubiquitous hydrocaroon contamination 

uncharged at 284.9 eV. 
• The Te 3d5l2 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(OHh) 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 0 1s signal has both oxide and hydroxide components at 529.9 and 5312 eV 
resp. 

• The Pt 4f7i2 signal still appears to be Pt(lI) at slightly higher BE of 72.8eV. There is 
no significant indication of more than one chemical state for the Pt 

NS153-2. Copper activation. 
• 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 2p region shows that all of this is in the form of Cu(II). The curve fit gives 

100% Cu(II). Hence, the formation of precipitated, probably colloidal, Cu(OH)2 is the 
main species identified on this surface No significant reduction to Cu(l) has occurred 
in the adsorption process. 

• There are no significant changes in the speciation of the Te, 0 or Pt signals. There 
does not appear to have been significant interaction of the adsorood Cu with these 
species 

NS153-3. 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 ubiquitous hydrocarbon contamination slightly charged at 
285.2 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 0 1s spectrum also has an obvious high BE addition probably from the C-O-S 
groups of the adsorbed xanthate. 

• The chemical state of the copper has changed from 100% Cu(lI) to 64% Cu(lI) 
with 36% Cu(l) in distinct forms as seen in the Cu 2p spectra. The separation of 
the two Cu(l) and Cu(lI) 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(lI) with corresponding production of 
oxidized dixanthogen. However. the surface concentrations of both Cu(l) and 
xanthate S are low. 

• There are significant changes in the Te and Pt spectra. The Te 3d5l2 component at 
575.7 eV likely to be from an oxidized species (e.g. Te04 ion or Te(OH)2) has reduced 
in relative intensity. Hence, this sample appears to be have less oxide/hydroxide 
after xanthate addition. This is consistent with the well-known ability of 
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main species Identified on this surface No significant reduction to Cu(l) has occurred 
in the adsorption process. 

• There are no significant changes in the speCiation of the Te, 0 or Pt signals, There 
does not appear to have been significant interaction of the adsorood Cu with these 
species 
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• 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 ubiquitous hydrocarbon contamination slightly charged at 
285.2 eV, There is an obvious increase in the higher BE shoulder near 288 5 eV that 
might correspond to the carboo atoms from the adsorbed xanthate concentration, 

• The 0 1s spectrum also has an obvious high BE addillon probably from the C-O-S 
groups of the adsorbed xanthate. 

• The chemical state of the copper has changed from 100% Cu(lI) to 64% Cu(U) 
with 36% Cu(l) in distinct forms as seen in the Cu 2p spectra. The separation of 
the two Cu(l) and Cu(lI) 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(U) with corresponding production of 
oxidized dixanthogen. However, the surface concentrations of both Cu(l) and 
xanthate S are low. 

• There are significant changes in the Te and Pt spectra. The Te 3d5l2 component at 
575.7 eV likely to be from an oxidized species (e.g. TeO. ioo or Te(OH)2) has reduced 
in relative intensity. Hence, this sample appears to be have less oxide/hydroxide 
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 aI., 2003). 

• The S 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 4fm has shifted slightly to lower BE (72 5 eV) after xanthate adsorption. 

NS153-4. Xanthate addition without copper activation. 
• No Cu is detected in the survey spectrum but a distinct S 2p concentration (3.8%) is 

recorded. 
• Comparison of the spectra with NS153·3 shows that there is again addition to the high 

BE shoulder in the 0 Is regions consistent with xanthate adsorption However. this is 
not obvious in the C Is spectrum 

• The Te 3d5i2 component at 575.7 eV likely to be from an oxidized species (e.g Te04 
ion or Te(OH)2) has reduced in peak intensi ty and broadened. Hence, this sample 
also appears to be have 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 (Smart et aI., 2003). 

• The S 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 0 spectra 

• Comparing the relative intensities of the xanthate 5 with and without copper activation 
suggests that more xanthate is adsorbed in this no-copper case. A fit to the 
complete 5 2p envelope gives 960 cis for 153-3 with 1780 cJs for this 153-4 sample. 
This is consistent with the %5 from the survey spectrum 
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suggests that more xanthate is adsorbed in this no-copper case. A fit to the 
complete 5 2p envelope gives 960 cis for 153-3 with 1760 cis for this 153-4 sample. 
This is consistent with the %5 from the survey spectrum 
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The survey spectra compositions have errors of ±1 0% in each estimate In this sample, these 
values are likely to have underestimated the Bi concentrations and overestimated Pt 
concentrations by similar percentages due to overlapping signats 

NS143-1. Synthetic water conditioning. 
The elementat 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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The survey spectra compositions have errors of ±1 0% in each estimate In this sample, these 
values are likely to have underestimated the Bi concentrations and overestimated Pt 
concentrations by Similar percentages due to overlappmg signats 

NS143-1. Synthetic water conditioning. 
The elementat 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 Water formulation contains Na, Mg, Ca, 
bicarbonate, CI, nitrate and sulfate iOllS, None of these are significantly detected. 
These ions do not appear to be strongly adsorbed from the synthetic water. 

• No eu or S (as S 2s signal) are detected, 
• The C 1 s appears to be ubiquitous hydrocarboo contamination uncharged at 284,7 eV, 
• The Te 3d~i" signal has 2 compooents at 573.0 and 576.0 eV likely to be from a 

telluride (44%) and an oxidized species (e,g, Te04 ion or Te(OH)2) (56%) 
respectively 

• This is consistent with the 0 1s signal with both ionic oxide and hydroxide or covalent 
oxide components at 530,0 and 532,6 eV resp. 

• The Bi 4f signal appears to have three components: oxidized Bi(V) as in BiD) (159,0 
eV) (72%), Bi(llI) as in BizO) (157,1 eV) (25%) and minor more reduced Bi as in 
PdPtBi" (156,1 eV) (3%) again indicating extensive surface oxidation, 

• The weak Pt 4f,,:, signal appears to be Pt(ll) at 72,3eV but not as the oxide PtO (74,2 
eV) There is no significant indication of more than one chemical state for the Pi. This 
signal does not change through the cooditioning sequence 

• The single Pd 3d~,~ signal is at 336,0 eV corresponding to arl oxidized species like 
PdO, This signal also does not change through the sequence 

NS143-2. 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 sufficient for effective copper activation 
In plant samples but it needs to be as Cu(l) species 

• The lower oxygen concentration is probably due to the higher hydrocarbon 
contamination on this surface. 

o The C 1s hydrocarbon is uncharged at 284 7 eV 
o The Cu 2p region shows that almost all of this is in the form of Cu(II). The curve fit 

gives 87% Cu(II). Hence, the formatiorl of precipitated. probably colloidal Cu(OHlz is 
the main species identified on this surface. 

• There are no significant changes in the speciation of the Te, 0 Pd, Bi or Pt sigrlals 
There does not appear to have been significant interaction of the adsorbed Cu 
with these species. 

NS143-3. 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. 
o The chemical state of the copper has changed slightly from 87% Cu(lI) to 70% 

Cu(lI) with 30% Cu(l) as seen in the Cu 2p spectra, Hence, the addition of the 
xanthate has reduced some of the Cu(lI) with corresponding production of some 
oxidized dixanthogen, However, the surface concentrations of both Cu(l) and 
xanthate S are low. 

o There is a relative increase in the 0 1s sigrlal rlear 532 eV corresponding to xanthate 
oxygen species. 
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species) Surface exposure of Bi and Pt is surprisingly low, obscured by the oxidized Te 
species. 

• The (Amandelbult) Standard Plant Water formulation contains Na, Mg, Ca, 
bicarbonate, CI, nitrate and sulfate IonS, NOrle 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 1 s appears to be ubiquitous hydrocarbon cOrltamirlation uncharged at 284,7 eV, 
• The Te 3d~i" signal has 2 componerlts at 573.0 and 576.0 eV likely to be from a 

telluride (44%) and an oxidized species (e,g, Te04 ion or Te(OH)2) (56%) 
respectively 

• This is cOrlsistent With the 0 1s sigrlal with both ionic oxide and hydroxide or covalerlt 
oxide components at 530,0 arid 532,6 eV resp. 

• The Bi 4f signal appears to have three comporlents: oxidized Bi(V) as in BiD) (159,0 
eV) (72%), Bi(llI) as in Bi 20) (157,1 eV) (25%) and mirlOr more reduced Bi as in 
PdPtBi2 (156,1 eV) (3%) again indicating extensive surface oxidation, 

• The weak Pt 4f,,:, signal appears to be Pt(ll) at 72,3eV but not as the oxide PtO (74,2 
eV) There is no Significant indication of more tharl one chemical state for the Pi. This 
signal does not change through the conditioning sequence 

• The single Pd 3d~,~ signal IS at 336,0 eV corresponding to an oxidized species like 
PdO This signal also does not change through the sequence 

NS143-2. 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 suffiCient for effective copper activatJon 
In plant samples but it needs to be as Cu(l) species 

• The lower oxygen concentratioo is probably due to the higher hydrocarbon 
contamination on this surface. 

o The C is hydrocarbon IS uncharged at 284 7 eV 
o The Cu 2p region shows that almost all of this is in the form of Cu(II). The curve fit 

gives 87% Cu(II). Hence, the formatiorl of precipitated. probably colloidal Cu(OHh IS 
the main species identified on this surface. 

• There are no significant changes in the speciation of the Te, 0 Pd, Bi or Pt sigrlals 
There does not appear to have been significant interaction of the adsorbed Cu 
with these species. 

NS143-3. Xanthate addition after copper activation, 
• Copper IS still present at 09% of the surface composition and a small signal is 

detected (1_1%) in the S 2s region corresponding to some xanthate adsorption. 
o The chemical state of the copper has changed slightly from 87% Cu(lI) to 70% 

Cu(lI) with 30% Cu(l) as seen in the Cu 2p spectra, Hence, the addition of the 
xanthate has reduced some of the Cu(lI) with corresponding production of some 
oxidized dixanthogen, However, the surtace concentrations of both Cu(l) and 
xanthate S are low. 

o There is a relative increase in the 0 1s sigrlal rlear 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{BiTelz 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 
284.6 eV, There is no obvious increase in the higher BE shoulder near 288 eV that 
might correspond to the carbon 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 S 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 S 2s regions For the 
copper-xanthate system the area estimate is 361 cis compared with the xanthate 
alone at 319 cis, The curve fits will show. however. that both estimates from this small 
concentratiOll are subject to background selection with probably >20% error. 

• The C 1s appears to be ubiquitous hydrocarbon cOIltamination at 284.6 eV. 
• The Te signal has a relative increase in the low BE component corresponding to the 

telluride species indicating surface cleaning This is consistent with the lower 0% 
• Comparison of the spectra with NS142-3 shows that there may be additions to the high 

BE shoulders in ttle 0 1s and C 1s regions but that these intensity increases are not 
large. 

• There is again no significant change in Pd or PI signals 
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o There are again no significant changes in the Te or Pt spectra. i e. no significant 
reaction with the copper or xanthate ions. 

o There is a slight Increase in the Bi signal corresponding to the PtPd{BiTelz surface 
possibly indicating some sulface cleaning action of the xanthate. i,e, oxidised product 
removal 

• The C 1s appears to be ubiquitous hydrocarbon contamination almost uncharged at 
284.6 eV, There is no obvious Increase in the higher BE shoulder near 288 eV that 
might correspood to the carbon atoms from the small adsorbed xanthate concentration. 

NS143-4. Xanthate addition without copper activation. 
o No Cu is detected in the survey spectrum but a small S 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 S 2s regions For the 
copper-xanthate system , the area estimate is 361 cis compared with the xanthate 
alone at 319 cis, The curve fits will show. however, that both estimates from this small 
concentratloo are subject to background selection with probably >20% error. 

o The C 1s appears to be ubiquitous hydrocarbon cootamination at 284.6 eV. 
o The Te signal has a relative increase In the low BE component corresponding to the 

telluride species indicating surface cleaning This is consistent with the lower 0% 
• Comparison of the spectra with NS142-3 shows that there may be additions to the high 

BE shoulders in ttle 0 1s and C 1s regiO/ls but that these intensity increases are not 
large. 

• There is again no significant change in Pd or PI signals 
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• The elemental percentages (survey speclrum: error -+-10% of each)} indicate Pd and 
Tewith some oxygen and carbon species only but again the sample is heavily oxidised 
(59% 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. 

• No Cu or S is detected. 
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NS152-A. Synthetic water conditioning. 
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• The elemental percentages (survey spectrum: error -+-10% of each)} Indicate Pd and 
Tewith some oxygen and carbon species only but again the sample is heavily oxidised 
(59% 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. 

• No Cu or S is detected. 
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• The C 1s appears to be ubiquitous hydrocarbon contamination with possibly two 
charge states at 2843 and 286.0 eV. 

• The Te 3d", signal has 3 components 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. 
TeO.ion or Te(OH),) (11%) respectively. 

• This is consistent with the 0 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 3d~'2 signal is at 336.0 eV corresponding to an oxidized species like 
PdO. This signal also does not change through the sequence 

NS1S2-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 1 s hydrocarbon is at 284,4 eV now with a single charge state 
• The Te 3d~'2 signal has a distinct increase in the component at 576 0 eV likely to be 

from an oxidized species (e.g. Te04 ion or Te(OH),) (11 to 20%) 
• There is also an increase in the lower BE 0 1s signal likely to be associated with ionic 

oxide or hydroxide species 
• There are no significant changes in the speciation of the oxidized Pd signals, 

NS1S2-C. Xanthate addition after copper activation. 
• Copper is still not detected in the survey composition above about 01%. 
• New weak 5 2p and 5 2s signals are detected (0.8%) 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 but the S 2s is a single peak which makes 
any sulfate unlikely. 

• The C Is appears to be ubiquitous hydrocarbon contamination slightly charged at 
285,1 eV, There is a small increase in the higher BE shoulder near 288,5 eV that might 
correspond to the carbon atoms from the adsorbed xanthate concentration. 

• The 0 Is spectrum also has an obvious high BE addition (86% to 95%) probably from 
the C-O-S groups of the adsorbed xanthate, (The apparent reduction in 0% is probably 
due to the increased C contamination in this sample.) 

• There are significant changes in the Te spectra The Te 3d'."2 component at 575.7 eV 
likely to be from an oxidized species (e,g TeO, ion or Te(OH12) 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 ofthe oxidized Pd signals 

NS1S2-D. Xanthate addition without copper activation. 
• Distinct but weak S 2p and S 2s spectra (1.2%) are recorded. 
• The C Is appears to be ubiquitous hydrocarbon contamination at 284.6 eV 
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• The C 1s appears to be ubiquitous hydrocarbon contamination with possibly two 
charge states at 2843 and 286.0 eV. 

• The Te 3d", signal has 3 components 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. 
TeO.ion or Te(OH),) (11%) respectively. 

• This is consistent with the 0 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 3d~'2 signal IS at 336.0 eV corresponding to an oxidized species like 
PdO. This signal also does not change through the sequence 

NS1S2-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 1 s hydrocarbon is at 284,4 eV now with a single charge state 
• The Te 3d~'2 signal has a distinct increase in the component at 576 0 eV likely to be 

from an oxidized species (e.g. Te04 ion or Te(OH),) (11 to 20%) 
• There is also an increase in the lower BE 0 1s signalilkeiy to be associated with ionic 

oxide or hydroxide species 
• There are no significant changes in the speciation of the oxidized Pd signals, 

NS1S2-C. Xanthate addition after copper activation. 
• Copper is still not detected in the survey composition above about 01%. 
• New weak S 2p and S 2s signals are detected (0.8%) 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 but the S 2s is a single peak which makes 
any sulfate unlikely. 

• The C Is appears to be ubiquitous hydrocarbon contamination slightly charged at 
285,1 eV, There IS a small increase in the higher BE shoulder near 288,5 eV that might 
correspond to the carbon atoms from the adsorbed xanthate concentration. 

• The 0 Is spectrum also has an obvious high BE addition (86% to 95%) probably from 
the C-O-S groups of the adsorbed xanthate (The apparent reduction in 0% is probably 
due to the increased C contamination in this sample.) 

• There are significant changes in the Te spectra The Te 3d',2 component at 575.7 eV 
likely to be from an oxidized species (e,g TeO, ion or Te(OH12) 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 ofthe oxidized Pd signals 

NS1S2-D. Xanthate addition without copper activation. 
• Distinct but weak S 2p and S 2s spectra (1.2%) are recorded. 
• The C Is appears to be ubiquitous hydrocarbon contamination at 284.6 eV 
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• Comparison of the spectra with NS 152-C shows that there is again addition to the high 
BE shoulder in the 0 1s regions consistent with xanthate adsorption. This is also 
obvious in the C 1s spectrum. 

• The Te 3do.'2 component at 575,7 eV likely to be from an oxidized species (e,g, Te04 
ion or Te{OHhl is again reduced in peak intensity and broadened. 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 relatiye 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 cis for 152-C with 130 cJs for this 152·0 
sample. These estimates are probably not sufficiently accurate to be reliable 
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• Comparison of the spectra with NS 152-C shows that there is again additloo to the high 
BE shoulder in the 0 1s regions consistent with xanthate adsorption. This is also 
obvious in the C 1s spectrum. 

• The Te 3do.'2 component at 575,7 eV likely to be from an oxidized species {e,g, Te04 
ion or Te{OHhl is agam reduced in peak intensity and broadened. 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 relatiye 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 cis for 152-C with 130 cJs for this 152·0 
sample. These estimates are probably not sufficiently accurate to be reliable 
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NS152 - Maranskylta 
Copper activation 
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