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ABSTRACT

South Africa is the world’s largest producer oftplam group elements (PGEs). Mining
takes place in the Bushveld Complex, and recetistts, (Mudd, 2010), showed that the
UG2 reef is the main source of production, accagntior approximately 60% of world

mining production. However, recovery by flotatios complicated by variations in the
mineral composition, the need to grind fine andrantnent of chromite, which has an
adverse effect on the subsequent smelting of tmeerdrate. The recovery of PGEs is
variable, and it is influenced by PGE feed progsrtsuch as degree of liberation, mineral
type and grain size. Conventional rougher batctafilon tests on drill core samples do not

provide sufficient information for predicting plaperformance.

The aim of this research was to develop a rigoraathod for the testing of UG2 drill core
samples. A rougher-cleaner flotation test procedvaes developed, and statistical tests were
applied to select an appropriate model, which idethentrainment of hydrophilic minerals.
Fifty UG2 samples from across the Bushveld werdeghibt a fixed energy input, and the
new test procedure was applied to derive modelnpeters for all samples. There was a
significant variability in the PGE recovery, angbigal feed characteristics such as PGE feed
grade and grind did not show a clear link to theeR€covery. This was due to the complex
mineralogy of the PGE minerals and variations i lserdness. Hence, a statistical modelling
algorithm was used to determine the factors atigcHGE recovery, and an empirical model
was developed, which relates the PGE recoverydd peoperties. The model can be used to
estimate PGE recovery based on feed propertiespl8amvhich had a high base metal
content (e.g. high nickel to iron ratio) had a hig8E recovery, and samples which were

altered (e.g. high Rb/Sr ratio and loss on ignjtioad a low PGE recovery.

Depressant addition is used in PGE flotation totrabrine recovery of gangue, but it also
affects the flotation of composite PGE/gangue pkedi Seven of the fifty UG2 samples were
selected for a more detailed investigation, usingare advanced batch flotation test and a
mineralogical liberation analysis. The advancedadiotation test was a new development,
in which flotation model parameters were deriveshidtaneously for flotation after two
stages of grinding and a combined cleaning stadpe dffect of a range of depressant

additions was also modelled. The floatable PGEtifvac determined from batch modelling,



was linked to the mineralogical liberation analysishe feed. The model is the first of its
kind, and it makes it possible to predict the mahagical characteristics of the feed from
flotation data.

A spread-sheet simulator was developed, to denaiagtiow batch data (from the advanced
flotation test) could be used to predict plant perfance. Scale-up parameters were derived
by using pilot-plant data for one of the ores. Bpeead-sheet was then used to optimise the
plant design and depressant addition for an ordewelonstraining, the mass of concentrate
and the chromite content. The example showed thatetwas an optimum depressant

addition and rougher-cleaner volume capacity fooin

The gambit of this study was the linking of feeatical assay and mineralogical properties
to PGE recovery. The application of mineralogicadts and modelling of data from the

advanced flotation test has demonstrated thairtked relatively complex.
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CHAPTER 1. INTRODUCTION

1.1. Background to study

The rate of mining of UG2 ore has increased drarabyiin the last decade, due to dwindling
reserves of Merensky ore and an increase in theadénfor platinum group metals.
According to Mudd (2010), the UG2 reef accountsriearly 60% of production. The new
platinum mines on the Eastern Limb of the Bushy&iunplex are all mining only one reef,
namely the UG2 reef. However, there is a significaoatter in feed grades and the
mineralogy of PGMs in the UG2 reef, and this resuit a variable recovery of PGMs.
Mintek has carried out extensive test work for @asi platinum miners across the Bushveld
Complex over the years, and these studies haversti@t many operations are not aware of
the variability inherent in their deposit. Accordinto Gaylard (2012), metallurgical
inefficiencies can have a significant influence platinum operations. Therefore, an
additional 1% improvement in PGM recovery makeggaificant difference to the valuation
of the mining operation, and their ability to reman production during difficult economic

periods. The inefficiencies in PGM recovery candiated to variable feed properties.

Historical records have shown that the laboratesy methods, which were used in the past to
assess drill core samples, were not adequate f&inganeaningful predictions of plant
performance. The batch tests and modelling thevesrfe limited to rougher tests, with
occasional cleaner tests. Some geological and alowcal tests were done but these were
not linked to flotation data. Furthermore, no atpnvas made to ascertain the geological and

mineralogical factors affecting PGM recovery (frdlotation) for a problematic UG2 ore.

Hence, this study was initiated in order to devedopimple bench-scale test methodology,
which links geology (through feed chemical assay)jeralogy and batch flotation data, so
that more value is created in the feasibility phasa project. Therefore, the objective is to
develop a more structured approach to understarid{®g ore variability, and this will be

elaborated in the next section.

1.2. Thesis objectives
Figure 1 illustrates the scope of the study. Thennparpose of this study is to link the
variation in the recovery of PGMs to measurablerattaristics of the feed, such as feed



chemical assay and mineralogy. Models will be reggd to batch flotation data as a means
of characterising ore samples. The batch flotattmdel parameters will be used to predict
and quantify the effect of ore variability on plg@rformance.

The key outcome of addressing the objectives igrgomovement in the current knowledge
base on UG2 processing, since value can be addbd teasibility phase of a mining project.
Furthermore, by increasing the value at the feltsibphase, the risks involved in the
important early part of the life of the mine can feeluced, by identifying regions in the

deposit which are problematic with respect to nhetgy.

Geology Batch flotation

(Linking feed chemical assay to| (Method and modelling)

PGM recovery)

variability

Simulation Mineralogy
(Evaluation of flotation plant (Linking PGM mineralogy to
performance) PGM recovery)

Figure 1: lllustration of scope of study

1.3. Structure of thesis

A brief discussion of each chapter will be giverihe subsections to follow.

1.3.1. Chapter 2
The main purpose of this chapter is to, reviewditigre on the influence of ore variability on

project feasibility during exploration, the prodegsof PGMs in South Africa (mainly with



respect to the UG2 reef), and the flotation proeessl to recover the economic metals. The
effect of ore variability on project feasibility dmmine profitability is also discussed. South
Africa is the foremost producer of PGEs in the wpds a result of the PGM reefs in the
Bushveld Complex. The review is focused mainly lo& UG2 reef, which is the subject of
this study. Geological, mineralogical and metalicayjaspects are discussed. The review also
covers certain aspects of flotation, particulargtdh flotation, modelling of flotation and

simulation of flotation plant performance.

1.3.2. Chapter 3

A generic procedure for highlighting the extentR§8M recovery variability is developed in
this chapter. The procedure was designed to beesiamal economical so that a large number
of samples from the Bushveld Complex could be eranhi Based on literature the key
factors considered in the procedure were samplectsah, feed chemical assay, batch
flotation test method, reproducibility of the batest and the chemical assays, and lastly,
selection of the flotation models for species rergvThe term species in this study refers to
PGMs, gangue and chromite. Gangue refers to allerais which are not PGMs and
chromite, and is calculated using the PGM and clteassays, together with the mass flows.
Various batch entrainment models are reviewed, andew approach to entrainment
modelling is proposed. The entrainment model, togretvith several batch flotation recovery

models, is evaluated using statistical methods.

1.3.3. Chapter 4

The procedure formulated in Chapter 3 is appliefifty UG2 samples selected from across
the Bushveld Complex, and the results are discugssde from illustrating the extent of ore

variability and its effect on recovery, attemptsravenade to link the PGM recovery to feed
chemical assays. The feed chemical assays were asquoxies for geological events,

therefore, links to PGM recovery can be interpretgt respect to these events. A statistical
approach called predictive modelling was used terdane the relationship between PGM

recovery and feed chemical assay.

1.3.4. Chapter 5
Results from Chapter 4 indicated that feed chemasshys can be used to estimate PGM
recovery. However, the mineralogical propertieshef PGMs, such as liberation and mineral

associations, provide a more quantitative meastdir¢h® potential recovery of PGMs.



Therefore, a smaller set of samples, which coveregread of grade and mineralogy, were
examined using additional batch flotation tests aniheralogy. The objective was to

establish a link between mineralogy and flotatiBnmore sophisticated batch flotation test
procedure is discussed in this chapter, involving stages of grinding/rougher flotation and
cleaning. Batch flotation recovery models from Qa8 are extended in this chapter, to
include re-grinding and depressant addition (indleaner). The modelling approach is a new
development, which considers rougher and cleantar simultaneously. A depressant model

which relates the effect of depressant additiomiteeral floatability is also discussed.

1.3.5. Chapter 6

The floatable fraction of PGMs, determined fromchatiotation modelling in Chapter 5, is
linked to PGM liberation data, which was obtaingdsbanning electron microscope tests on
ground ore samples. The effect of depressant orpasite particle flotation is also included
in the mineralogy-flotation model. The model wasdated and application of the model in
assessing factors affecting PGM recovery weretrttisd and discussed.

1.3.6. Chapter 7

The flotation and entrainment parameters obtaine@hapter 5, for a sample called A, are
used in this chapter for simulating plant perforceanA simple spread-sheet flotation
simulator, which uses batch data together with tpthta (for calibration) was developed.
Applications of the simulator are illustrated. lust be noted that the simulator is not as
advanced as other simulators that are commercalbilable, but it does illustrate the
application of a well-designed batch test in obtgjnparameters for evaluating plant
performance. This closes the loop in the study,pbyiding a means of assessing the

variability observed at batch scale with respedinaulation exercises on a continuous scale.

1.3.7. Chapter 8
The key outcomes of the study is summarised indhépter. Furthermore, all aspects shown

in Figure 1 are discussed with respect to devetppitool for assessing UG2 ore variability.

1.3.8. Chapter 9
Recommendations are made in this chapter basdtearutcomes presented in Chapter 8.



CHAPTER 2. LITERATURE REVIEW

2.1. Introduction

Variation in the geological process across the giép@sults in varying degrees of alteration,
lithology and metal grades. A repercussion of ggicll variation is variability in minerals
recovery and ore hardness, which affects the #tabil the minerals processing circuit. The
field of geometallurgy addresses the problem of vaeability. Geometallurgy attempts to
link metallurgical variability such as variation ore hardness, recovery and upgrading to
intrinsic measures of the ore such as feed graoeralogy and lithology.

The main purpose of this chapter is to presentalitee, which can be used to explain ore
variability. The literature is presented in threect®ns; the concept of ore variability,

platinum processing and batch flotation testinguofore. A discussion on ore variability is
necessary to illustrate the influence on mineracpssing operations and project feasibility.
A review of platinum processing with respect to Btesky, UG2 and Platreef ore is essential
for understanding geological factors that formedsth reefs and the influence it has on
beneficiation. Lastly, batch flotation tests areedigo recover PGMs from a UG2 ore at
laboratory scale. Therefore, a review of batchation tests and modelling was carried out,
since this is important for developing a test mdthor investigating PGM recovery

variability.

2.2. Significance of ore variability on project feaibility

The main purpose of exploration is to identify arewhich contain material of intrinsic
economic interest. However, the form, quantity guodlity of the material will determine if
there exist reasonable prospects for eventual eccnextraction. In addition, investors
require attestation that the economic metals odaouisufficient quantity and can be
economically extracted. Hence three internationalgognised reporting codes were

developed:

» South African code for reporting exploration resulinineral resources and mineral
reserves (SAMREC, 2009)
» Australasian Joint Ore Reserves Committee (JOR@)20



> National Instrument 43—-101 (NI 43-101, 2010) whics developed by the Canadian
Institute of Mining, Metallurgy and Petroleum

The three codes have similar requirements. Theretunified code called the Committee
for Mineral International Reporting Standards (CB®O) was introduced. The codes are
regarded as good practice and are used in thadlistiles for many stock exchanges. A
discussion on the common points from the codeshagilbresented.

Figure 2 shows a graphical illustration of the detgiven in the codes and presents a general
relationship between exploration results and minexsources and reserves. As mentioned
earlier, exploration identifies an area, which ntayitain material of intrinsic interest. The
area is referred to as a mineral resource. Theralinesource provides an estimation of the
amount of economic metals in a deposit, howevas; it subdivided into three categories

based on the level of geological confidence:

» The “inferred mineral resource” refers to that pafita resource which is estimated
with a low level of confidence. The reason for tlosv level of confidence is;
inadequate geological knowledge, limited sampliataddata is uncertain or of poor
guality and uncertain geological and/or grade cunty. Technical and economic
studies cannot be carried out because of the legl t& confidence.

> An “indicated mineral resource” provides a moresog®mble estimation of the
resource than an inferred mineral resource. Theores that more geological data is
available. Hence, technical and economic studies e carried out to enable an
evaluation of the economic feasibility of the ressu

> A “measured mineral resource” refers to the parthef resource which is measured
with a high level of confidence. Technical and emuoit studies can be carried out to
evaluate the economic feasibility because of tleatgr level of confidence for this

resource.
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Figure 2: General relationship between exploratesults, mineral resources and mineral reserves, af
McKenzie (2009)

Once an area is elevated to resource status, muglifgctors need to be considered in order
to classify the resource into a mineral reservee Té&rm mineral reserve refers to the
mineable part of a mineral resource, which canndéated or measured. A mineral reserve
is derived from detailed technical and economicdiss; which consider realistically
assumed; mining, metallurgical, economic, marketifegal, environmental, social and
governmental factors. The mineral reserve can hssifled into two categories based on

confidence in the estimation of the resource andifyiog factors:

> A “probable mineral reserve” refers to the minegtdet of an indicated and in some
cases a measured resource; it considers the additid loss of material that may
occur when it is mined. Determination of a probatvimeral reserve is based on
appropriate technical and economic studies, whighsicler realistically assumed
modifying factors.

> A “proved mineral reserve” refers to the mineabltpof a measured mineral
resource. This reserve has a higher level of cenfid than the probable mineral
reserve, since it is based on a resource whichah&sgher level of geological
confidence. Furthermore, the applied modifying desthave a higher degree of
confidence.



Once a deposit is elevated to reserve statuscdrbes an economic entity and an asset, upon
which loans and equity can be drawn for the extmacdf the material. However, there are
problems, which may be encountered once miningstaitace. One such problem is the
metallurgical factor, which may not be fully undexsd, when generating the bankable
document for the deposit. Mineral deposits are rbgeneous and variability in the ore
mineralogy and metal grades can occur across tphesde Hence, adequate metallurgical
testing of samples needs to be carried out, faerdenation of the expected recovery of the

economic metals, with respect to feed propertiesh sas mineralogy and metal grades.

Samples processed early in the life of the mine, aiten used as a projection of future
production estimates when, in fact, the materiahedilater in the life of the operation is
significantly different. It follows that the metatical variability must be investigated with a
high degree of confidence during the determinatmhn the mineral reserve. If the
metallurgical variability is understood sufficigntlappropriate actions can be taken so that
production estimates can be met. Furthermore, stateting ore variability earlier on in a
project life cycle assists in designing metalluagicircuits, which are flexible in processing

the variable feed.

Many authors have noted the importance of varigbdn project feasibility and the need to

guantify the influence on metallurgy:

> Dobbyet al. (2002) stated that “Variability is a significamoplem to address during
the design phase of a flotation circuit. For ergtoperating plants variability needs
to be clearly understood and accounted for if ppemformance is to be optimised.”

» Williams and Richardson (2004) stated that “Geothetgical mapping is a new
team—based approach that documents variabilityinvgh ore body and quantifies the
impact of geology (host rock, alteration and sue} and mineralogy on grinding,
metallurgical response and metal recovery procedsess it is an important tool to
reduce the technical risk associated with new rdaelopments or expansions.”

> Bulled and Mclnnes (2005) stated that “The keyuocessful flotation plant design,
production planning and mine/mill optimisation issalid understanding of the
resource to be processed.”



» Dunham and Vann (2007) stated that “Incorrect attarsation of the metallurgical
recovery/throughput can (and has) led to misspatibn of the scale of the projects,
and thus can be seriously value destructive.”

» Cowardet al. (2009) stated that “The value proposition of getath&rgy is simple
and compelling. By improving the understandinghaf spatial nature of relevant rock
properties the mining and ore treatment operaticars be improved, both at the
design phase and operation of mineral projects.”

2.3. Platinum processing

The review will begin with a discussion on the glbplatinum ore resources and reserves;
this will be followed by a review on the geologicatting of platinum ore in South Africa,
i.e. major ore types, geology, metal grades anceralagy. Lastly, the beneficiation process

will be discussed.

2.3.1. Global resources and reserves of platinum gup elements

Generally, ores that have platinum (Pt) has a magonomic metal have five other metals
that occur in addition to platinum, which are pdilan (Pd), rhodium (Rh), ruthenium (Ru),
iridium (Ir) and osmium (Os). The six metals ardlemdively referred to as platinum group
elements (PGEs). Hoffman and Dunn (2002) discusisedgeological settings of primary
PGE deposits, which varies from low—grade larg@age (Lac des Isles Complex in Canada)
to high—grade, narrow reef type deposits (Merensky and UG2 in South Africa, Stillwater
Complex in the United States and Great Dyke in ZAbwe); and nickel-copper ores
(Norilsk—=Talnakh in Russia, Sudbury in Canada, &wr Lightfoot and Kambalda in
Australia). The major reserves are in South AfriRassia and Canada. South Africa is the
world’s foremost supplier of platinum, producingnalst 80% of the world’s platinum, as
indicated by Table 1. On the other hand, Russiaksil®k—Talnak deposit is the largest
producer of palladium.



Table 1: Pt, Pd and Rh production in 2006, afteac&tket al. (2008a)

PGE South Africa/ Russia/ North America/ Total Supply/
[tonnes] [tonnes] [tonnes] [tonnes]
Pt 170.0 29.0 13.3 221.0
Pd 85.0 98.4 28.4 224.0
Rh 21.8 2.8 0.5 25.6

South Africa dominates platinum and rhodium producbecause of a massive reserve base
called the Bushveld Complex. Table 2 shows Southic&ts dominance over other PGE
producing countries as a result of the Bushveld plerm The PGEs are extracted from three
mineralised horizons, which are the repositoryifothe order of 75 to 80% of the worlds’
reserves of PGEs (Merkle and McKenzie, 2002). Tireet mineralised horizons are the

Merensky reef, Platreef and UG2 reef.

Table 2: PGE resources and reserves for primary $UpRliers, after Pincoait al. (2008b)

Country Reserves/ [tonnes] Resources/ [tonnes]
South Africa 63 000 70 000
Russia 6200 6600
United States 900 2000
Canada 310 390
Other Countries 800 850
World Total 71 000 80 000

2.3.2. Geological setting of PGEs in South Africa

The PGEs in South Africa are mined and beneficiftaah the Bushveld Complex, which is
more than 2 billion years old. The Bushveld Igne@Qmmnplex was formed by a series of
geological events taking place over an extensiveoge Lava or magma was injected
repeatedly into a sub—volcanic shallow level chambke cooling and crystallisation of the
magma was extremely slow because of the large wlofmmmagma involved. The slow
cooling resulted in different minerals being préafed when the temperature decreased; the
minerals precipitated in a sequence determined Hase relations and the instantaneous
composition of the magma. Minerals accumulated mineralised horizons building from
the base of the shallow chamber. Intermittent r@plenent by hotter magma, due to
repeated volcanic activity, led to repetition of ttrystallisation sequence, which repeated the

mineral layering (Cawthorn, 1999).
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A series of geological events together with agieguited in an irregular saucer-shaped
feature, which covers 65 000 kmith thickness reaching 7 km (Cawthorn and Webl®020
and Schouwstrat al, 2000). It is the world’s largest layered intrusiand at its current
levels of erosion, there are three Limbs that exnst Eastern, Western and Northern Limbs,
as shown in Figure 3. The Merensky reef and UGZapoited primarily in the Western and
Eastern Limbs. Economically exploited PGEs in thagktersrus (Northern Limb) are
limited to the Platreef.
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Figure 3: Geology of the Bushveld Complex, afterrigg and Maier (2002)

The Bushveld Complex is characterised by largeeskalering, which formed the basis for
the subdivisions of the complex into upper, maiitioal and lower zones. Figure 4 illustrates
the subdivisions which maintain their individual{iye. laterally continuous) except for minor
magmatic erosional discontinuities known as potholéne critical zone hosts the Merensky
reef and UG2 (Schouwsted al, 2000).
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9000 m Merensky and UG2 Platreef

Upper zone

7660 m

Main zone

3150 m Merensky ree Fjatreef (on contact)

UG24")

Critical zone .~

.

UG Middle group
1700 m Lower group
Lower zone ,
2 Archaean granite
Transvaal Sequence
om ’ Footwall

Transvaal Sequence

Figure 4: Stratigraphic column of the reefs, rejicet] after Schouwstet al. (2000). The figure illustrates the
position of the UG2 reef relative to the Merenskgft the Platreef is interpreted as the Merenskf re

equivalent.

The middle and lower group are also chromitite tayevhich have a lower PGE content
relative to the Merensky and UG2 reef. The Platliesfdirectly on the rocks of the Archaean
sediments and granites, and the Merensky reebhdate Bushveld rocks of the critical zone.
In the subsections that follow the three minerdlikgers will be discussed. A more detailed
discussion will be given for the UG2 reef, sincesithe subject of this study.

2.3.2.1. The Merensky reef

This reef was exploited since 1925 and for seveealdes, it was the principal source of
PGEs. In 1999, the reef accounted for just over ®0%ll PGE bearing ores processed in
South Africa (Matthey, 2008). At any locality inetlBushveld Complex the Merensky reef is
developed above the UG2 reef; the vertical distdrateveen the two can vary from 20 m to
about 350 to 400 m (Cawthorn, 1999; Schouwstrd.e2@00 and Merkle and McKenzie,

2002). Although the Merensky reef is continuous,géa variations in thickness, reef

composition and mineralisation are present. Théisegypically less than 30 cm and can be
traced for 300 km across Bushveld Complex and pahdeof 5 km. The reef has a number of
favourable characteristics that justified its m@irand Table 3 shows some of the

characteristics.
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Table 3: Characteristics of Merensky reef, moditdter Merkle and McKenzie (2002)

Parameter Merensky reef
Rock type pyroxenite
PGE content 4-10 ppm
Ni content 1300 ppm
Cu content 800 ppm
BMS content 1-10%
BMS grain size Up to 10 mm
PGM grain size Up to 350m
Density 3.2¢gm?
PGE Prill distribution
Pt 59.4
Pd 25.2
Rh 3.0
Ru 8.1
Ir 1.0
Os 0.8
Au (associated element) 2.5

The main rock type for the reef is pyroxenite, #mtbnsists predominately of orthopyroxene
(60%), plagioclase feldspar (20%), pyroxene (15@hlogopite (5%) and occasionally
olivine. The reef is characterised by high conaaiins of PGEs, nickel (Ni) and copper
(Cu) relative to the other reefs. The Ni and Cu enap the base metal sulphides (BMS).
Schouwstra et al. (2000) reported that the BMS istets of pyrrhotite (40%), pentlandite
(30%), chalcopyrite (15%) and trace amounts oferitk (NiS), troilite (FeS), pyrite (Feb
and cubanite (GeS). The PGMs are mostly, cooperite (PtS), bragoft, [Pd) NiS],
sperrylite (PtAs), PGE alloys and in some areas laurite (Rusay be abundant. The PGMs
in the reef are typically associated with BMS tlfiere, the higher BMS content and PGM
grain size, relative to the UG2 and the Platrezgults in higher PGM recovery by flotation.
The Merensky reef has a lower density than the WBRjt has a higher comminution work
index. The income from base metals in the Meremsky constitutes approximately 10% of
the revenue, compared to 5% from the UG2 and 358 fthe Platreef (Merkle and
McKenzie, 2002).
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2.3.2.2. The UG2 reef

The relatively high grade of PGEs in the UG2 reaswnown for some time. However, the
processing of this reef had to wait, until a suéggirocessing technique was available for the
separation of the PGEs from the refractory hosdtedahromite (FeGO,). The higher PGE
content and lower comminution work index, compa@the Merensky reef, made this reef
an attractive resource for mining. However, thipastially offsetted by the abrasive nature of
chromite and the high chromite content in the fipedducts, which affects smeltingrhe
processing of the reef commenced in 1970 and b9,li9@ccounted for just over 42% of all
PGE bearing ores processed in South Africa (Ma;tB@g8).

The reef is typically 1 m thick although, it mayrydrom about 0.4 to 2.5 m. It dips at an
angle ranging from 5 to 70 degraewards the centre of the Bushveld Compl€abri, 1981).
Chromite seams may be found in the hanging wallfantivall of the main chromitite seam
and are generally less than 20 cm; in some instartbese chromitite stringers may be
assimilated into the mining program and fed to flegation plant. Figure 5 shows an
idealistic view of the reef typically, there is glher concentration of PGEs and base metal
sulphides at the top and bottom of the main seahigchwis referred to as bottom and top

loading.

Hanging wall pyroxenite

Footwall seam—— | :
WO T

Grade PGE+AuU/ [g]
Footwall pyroxenite

Figure 5: Idealistic view of the UG2 reef, reproddafter Schouwstret al. (2000)

" Chromite is a spinel mineral which accumulateshenwalls of the smelter; over time this reducesfthrnace

capacity which consequently results in a lower potidn of PGEs and other economic metals.
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Table 4 shows the characteristics of the reef. Mm@ rock type is chromitite (60—90%v/v)
with minor amounts of silicate minerals, typicaflyroxene (5—30%v/v) and plagioclase (1-
10%v/v) (McLaren and De Villiers, 1982; Penberttyal, 2000; Merkle and McKenzie,
2002; Schouwstraet al, 2000 and Cole and Ferron, 2002). Other minera¢semt in
subordinate concentrations include phlogopite,iteiotlinopyroxene, talc, chlorite, quartz,
serpentine, ilmenite, magnetite, rutile and cal@Renberthyet al, 2000). The reef has the
lowest Ni and Cu content from all the reefs minedRGEs. The PGE content is marginally
higher than the Merensky reef but variable acrbesBushveld Complex. The BMS consists
primarily of pentlandite, chalcopyrite, pyrrhotiged to a lesser extent pyrite (Millet al,
2005). The PGMs are primarily associated with thelSB (Cabri, 1981; Merkle and
McKenzie, 2002 and Bryson, 2004a). Furthermore,hdatand Mey (2005) indicated that
90% of the PGMs occur in an interstitial assemblagesisting of base metal and PGE
sulphides, sulfosalts, tellurides and bismuthi@sne of the PGEs, usually laurite and Ir-Os
alloys, are found as microscopic inclusions in ahite (Von Gruenewaldet al, 1986). The
PGMs, which remain enclosed in chromite after gngdare virtually non-recoverable,
except by sophisticated pyrometallurgical techngquggure 6 shows a microscope view of

the chromite, silicate and base metal sulphidenalsisgye in a UG2 ore.

Table 4: Characteristics of UG2, modified after Merand McKenzie (2002)

Parameter UG2 chromitite
Rock type chromite
PGE content 4-10 ppm
Ni content 700 ppm
Cu content 180 ppm
BMS content <1%
BMS grain size 3@m
PGM grain size up to 10m
Density 4 eem’®
PGE Prill distribution
Pt 41.0
Pd 34.0
Rh 9.0
Ru 12.0
Ir 1.9
Os 1.7
Au (associated element) 0.4
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Figure 6: General view of UG2, after Hay and Roy1(@)

Penberthy (2001) discussed a number of differen2 0@ types, which formed as a result of
different geological events. The different ore ty@ee discussed briefly in the subsections

below.

a.Normal or unaltered UG2

Normal UG2 ore has few signs of replacement, casi) recrystallisation and talcification.
Furthermore, approximately 60-90%v/v of chromitews with interstitial orthopyroxene
and plagioclase. The major base metal sulphideschwbccur in minor amounts, are
chalcopyrite, pyrrhotite, pyrite and pentlanditéie$e minerals occur at the chromite—silicate
grain boundaries. The PGMs occur preferentiallyhat grain boundaries of the base metal

sulphides with chromite and/or silicates.

b. Pegmatoid footwall UG2 chromitite

This type of UG2 is underlain by a coarse—grairaspathic pegmatoid. The pegmatoid has
the same texture and mineralogy as the underlyymgxenite, but the grain size is coarser.
The chromitite layer is also affected by sinterimgnich is the annealing or densification of

the chromite. This occurs due to injection of molteaterial. Sintering results in enlarging of

* Cataclasis is the process were broken minerahgrare cemented together by secondary silicates lik

pumpellyite, epidote, albite, talc, chlorite ancaga.
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the chrome grains that boarder each other and wbartsequently, eliminates the interstitial

silicates and PGMs.

c. UG2 affect by iron—rich ultramafic replacement pegnatoid (IRUP)

IRUP is caused when fluid containing Fe, Ti, V &d is introduced into the chromitite
layer. This results in an increase in the chronsitdphides and possibly PGE minerals’ grain
size. There is an alteration of orthopyroxene aadipclase, which results in the formation
of low temperature hydrous silicates such as angbhitchlorite, talc, serpentine and clay.
Experiments carried out by Mintek (Makhanya, 200@b)an ore affected by IRUP showed
that the naturally floatable gangue minerals predua large mass recovery to the final
concentrate[(30%). However, the PGM recovery was low$%). The low PGM recovery
combined with a high mass recovery to concentrate attributed to the PGM assemblage
being dominated by alteration minerals such asysllarsenides and Pt and Pd compounds
associated with Te, Bi, Sb, Hg and Pb.

d. UG2 associated with pothole structures

Potholes are circular structures, which disturbW&? and surrounding lithologies. An area
affected by potholes has the UG2 reef displacedvbe¢he normal stratigraphic elevation.
Some potholes have been found having diametergadwendred meters wide and a few
meters deep (Penberthy, 2001). Mining is not caraet near potholes because of the earth

being unstable near these structures.

e. UG2 associated with faulting and fracturing
The UG2 reef here is characterised by cataclastareeand an increase in the concentration
of hydrous phyllosilicate phases like talc.

f. UG2 associated with surface weathering

UG2 from areas exposed to surface weathering hapergene alteration. Samples tested
from near surface at Mintek (Marais and Nisbett8§%9Fletcher and Bryson, 2004 and

McLaren and Duarte, 2004) showed that the orefiersthan normal UG2 ore and required

significantly less energy to achieve the converaigrind of 80% passing 75 pm. This is an
indication of surface alteration. Furthermore, B@M recovery was low; due to the PGMs
occurring has alloys and non—sulphides. Flotatxpeaments carried out at Mintek (Marais
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and Nisbett, 1989 and Fletcher and Bryson, 200d)vell that the mass of concentrate was
large, due to the presence of floatable gangue.cbneentrate had a low PGM grade and
when attempts were made to reduce the mass recdverdding more gangue depressant,
the PGM recovery decreased significantly. The neagiwen by the authors was that the
PGMs occurred mainly as composites associated silittates therefore, when depressant

was added the PGE recovery decreased.

2.3.2.3. The Platreef

The Platreef was mined since 1920, but it was mat 1993 that the reef was mined on a
large scale (Matthey, 2008). The Platreef is mimet¢he Northern Limb of the Bushveld
Complex using open cast mining because it is mhickér than other reefs (generally 5 to 90
m). The reef consists of a complex assemblage obxeyites, serpentinites and calc—
silicates, and it differs from the other reefshattthe magma reacted with the lime rich floor
rock, which resulted in the formation of abundame rich minerals. The base metal and
PGE concentrations are variable and there is afisigmt amount of PGE telluride minerals,
that contribute between 20 and 45% of the PGMseptteim the Platreef. Shackleten al.
(2007) showed that the PGE tellurides are diffitoltecover by flotation. Table 5 shows the
characteristics of the Platreef. Since this reafVaxiable characteristics no specific value or
range can be assigned to the BMS content, BMS griam, PGM grain size and the ore
density.
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Table 5: Characteristics of Platreef, modified ialiterkle and McKenzie (2002)

Parameter Platreef
Rock type Pyroxenite
PGE content 3 ppm
Ni content 3600 ppm
Cu content 1800 ppm
BMS content n/a
BMS grain size n/a
PGM grain size n/a
Density n/a
PGE Prill distribution
Pt 421
Pd 46.1
Rh 3.0
Ru 4.0
Ir 0.8
Os 0.6
Au (associated element) 3.4

2.3.3. Beneficiation of PGE ores

As mentioned earlier, the Merensky reef was thaggal source of PGEs since 1925. The
beneficiation of this ore was carried out by a Ersggage mill operated at a grind between 55
and 65% passing 75 um. The PGMs in the milled podeere concentrated using a simple
flotation circuit, having a rougher stage followey two stages of concentrate cleaning. This

was called the mill-float circuit or MF1 circuigfer to Figure 7.

It was realised in the 70s that there was goirgetan increase in the demand for platinum to
meet the expected growth in the autocatalysis ingu@eeplaul and Bryson, 2004).
Furthermore, it was apparent that the dwindling éneky reef reserves would not be able to
support the demand for platinum hence; other reseimad to be mined to meet the demand.
At the time, processing of the UG2 ore was not teed because of the lower BMS content
and high chromite content in the final concentrdtintek, in collaboration with Lonhro,
carried out extensive experiments at pilot—scalent@stigate a processing route for the
PGMs from the UG2 ore.
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The same metallurgical flow sheet used to concentre PGMs from the Merensky reef was
used as a starting point, but it became apparettaHiner grind was required to achieve
adequate liberation of the PGMs. A grind of 80%spas 75 um was used, together with a
number of cleaning stages, to produce a concentsdiich had a suitable PGM grade and
chromite content (typically less than 2.5%). Howewvehnis processing route showed a
significant loss in PGMs, with recovery varying Ween 70 and 80 furthermore; the final

concentrate had high chromite content.

The MF1 circuit may also overgrind actively flogfigangue minerals such as talc. Talc has
the disproportionate effect of enhancing froth gitgband increasing entrainment of other
gangue minerals (Martinoviet al., 2005). To circumvent this problem of high PGMdps
high chromite grade and low final concentrate gradietek introduced the mill-float—mill—
float circuit or the MF2 circuit, shown in Figure Bhe purpose of this circuit was to address

the shortcomings of the mill—float circuit, partiatly the overgrinding of chromite.

Water

SIBX Frother

CuSQ

Roughers

Cleaners Return to conditioner

----- > Dilution water for spirals classifier

ReCleangr

bmmmee - - >To primary mill

ReReCleand
Final concentrate

Figure 7: Typical mill-float circuit used initiall{p concentrate the PGMs from a UG2 ore, reprodadied
Deeplaul and Bryson (2004)
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Water

Primary mill SIBX  Frother

—]

Dewatering cyclone

Settling tan
Secondary mill

Secondary roughers

Primary roughers

Tank overflow

Depress@ Primary cleaner Secondary cleaners

Primary recleaner

Depressant Secondary recleaner

Low grade concentrate
High grade concentrate

Figure 8: Typical MF2 circuit used to concentrate PGMs from a UG2 ore, reproduced after Deepladl a
Bryson (2004)

In the first stage, the mill is operated in clos@duit with a screen classifying at a size of 30
to 40% passing 7pm (Hay and Schroeder, 2005). The undersize matsr@ncentrated in

a primary rougher. The coarse primary grind is usechuse of the mineralogy of the UG2
ore. PGMs are largely associated with the BMS aedoéten present at the grain boundary
between sulphide and silicate (Cabri, 1981; BrystiQ4a; Hay and Schroeder, 2005 and
Hay and Roy, 2010). The PGMs attached to the gediges of large sulphide minerals,
generally 20 to 7um, have a higher probability of reporting to thetdition concentrate than
a liberated 1Qum PGM. Hence the first stage of the MF2 circuitvergs the unnecessary

detachment of PGMs from large base metal sulphidenals.

A significant proportion of the PGMs after the pam concentrator is locked in the silicate
phase and fine grinding is required for liberatidime secondary mill is operated in open
circuit, since classification results in a densedimeeffect that displaces the silicates. The
target grind in the secondary mill is typically @80% passing 7bm (Hay and Schroeder,
2005 and Dunne, 2007). The objective of secondaltingis liberation of remaining PGMs
locked within the silicates. The milled ore fromckacircuit, primary and secondary, is
concentrated in separate roughers. The roughereotnates are combined based on
floatability, such that the fast and slow floatingterial from each rougher stage is treated
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separately. This results in two concentrates bphnoegluced, a high-grade concentrate and a
low-grade concentrate. The PGM recovery from timsud is typically between 80 to 85%;
having a concentrate mass recovery of 1.3% andacong 300 to 600 g/t of PGMs
(Woodcocket al, 2007).

Dunne (2007) indicated that the reagents usedaifiokation of UG2 ore are:

» Copper sulphate (CuSPwhich is added to the milling stages as an aftiva

» Xanthate (sodium isobutyl xanthate, SIBX) whichadded to the two rougher stages
as a sulphide and metallic collector;

» Depressant (carboxyl methyl cellulose, CMC) whishadded to the rougher and
cleaner stages for control of the floatable gangue;

> Frother (Dow200) which is added to the rougher @edner stages;

» And flocculants (anionic) which are added to theaamtrate thickeners to achieve the
desired density.

The reagents are added using peristaltic pumpsflatadion is carried out at a pH of 8.5,

which is the natural pH of the ore.

2.4. The flotation process

Since the purpose of this study is to investighte @ffect of UG2 ore variability on PGM
recovery by flotation; a review of literature ontdda flotation testing and modelling is
necessary. The review will commence with a degorpbf flotation and the factors which
affect the process. The models which describe #hi@ws mechanisms by which particles are
recovered will also be discussed. Batch flotaterhhiques used for obtaining parameters for
plant design will be reviewed; since attempts w8l made in this study to investigate the
performance of an ore processed by a flotatiort-pikant.

2.4.1. Overview of flotation

Flotation is a process used to separate a finehdeti solid suspension into a product
containing economic metals and a reject contairgaggue. The approach is based on
contacting the suspended economic metal minerahsthe rising air bubbles. A reagent suite
consisting typically of a collector, depressant drather is used to create a favourable

chemical environment for the recovery of minerdlse flotation process can be summarised
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by the interaction between two zones, the pulpo(allled collection zone) and the froth
zone. The pulp and froth zone collectively influes the recovery and grade of the product.
Air is charged into the pulp zone and the actiorthaf impeller together with the frother,
which reduces surface tension, disperses thetairsimall bubbles, which rise to the surface.
A collector is added to create minerals with a bythobic layer. Particles collide with the air
bubbles, and the hydrophobic particles form bulideticle aggregates. As the bubble—
particle aggregate travels in the pulp the partislswept from the front to the rear of the
bubble, due to the relative motion of the bubbleisTesults in more capacity being available
at the front for further particle adhesion (Jamesioal, 1977).

When bubbles enter the froth layer, some liquidd(anspended solids) follows the water,
resulting in unselective recovery of gangue pasiclThe recovery mechanism is called
entrainment and as the froth ages the liquid anchieed material drain into the preceding
froth layers. The drainage causes the films betwkerbubbles to be thin, leading to bubble
coalescence, which results in the releasing of ralsewith the liquid. If the particles are

sufficiently hydrophobic, they can reattach, othisenit drains into the pulp. The process of

particle attachment and recovery is affected byynamiables.

2.4.2. Factors affecting flotation

A number of factors affect the flotation process amany of these interact with one another
making it extremely difficult, if not impossible tnodel the flotation process. Sutherland and
Wark (1955) discussed some of the variables tHattathe flotation process and concluded
that modelling of the flotation process is compkchby a number of variables that occur
simultaneously. Klimpel (1984) summarised theseiabdes into three components, the
chemical, equipment and operational, refer to Fglr Depending on the settings of the
various components in Figure 9 it is possible thieaee a wide range of flotation

performances.
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Chemistry component

Collector
Frother

Depressant activator

pH modifier
Equipment componentg Operational components
Cell design Feed rate/grade
Agitation Mineralogy
Air flow Particle size
Bank configuration Pulp density
Bank control Temperature

Figure 9: Interaction among the three compondasdrive the flotation process, reproduced afténpgel
(1984)

Schubert (1999) showed that smaller particles reqgmore turbulence so that a higher
frequency of collision can occur between the plsiand the bubbles. Deglet al. (2000)

carried out an investigation on the hydrodynamm®ss various platinum concentrators and
concluded that the concentrators are operatedyaehturbulence so that more collisions can

be created between bubbles and particles.

Laplante (1983) cited in Ek (1991) showed that,rtdie of flotationncreased with increasing
air flow rate to a maximum and then decreased mdlaw rate was increased further.

Jamesoret al. (1977) found that the rate of flotation increasgten bubble size decreased.

Crawford and Ralston (1988) suggested that parsiae, together with contact angle, leads
to the concept of flotation domain a region whicktedlmines whether a particle can be
recovered by flotation. Morris (1952) found tha¢ ttlnaximum flotation rate was obtained in
intermediate particle size fractions; the rate eased in the coarse and fine sizes. Trahar and
Warren (1976) confirmed this when they found thet tecovery is greatest for particles of

intermediate size, i.e. in the 10-10 size range.
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Klimpel (1984) stated that chemistry in flotatios important, and its addition needs to be
regulated to prevent overdosing. The author fotmad dverdosing with collector can have the
disproportionate effect of reducing the flotatiate, which means that additional flotation

volume is required to recover the economic metals.

2.4.3. Discussion on batch flotation models

In the platinum industry many, mineral depositgently being developed are deep level and
bankable feasibility studies have to rely entirety batch experiments, carried out on drill

core samples (Hay and Roy, 2010). Barbetral. (1986) discussed the application of batch
flotation tests for flotation circuit design andnctuded that, there are significant differences
between batch and plant data. However, despitdiffezences, the authors accepted that the

simplicity of the batch test makes it favourabledee characterisation.

The various models used to characterise mineraisvesy from a batch test will be
discussed. This review is instrumental in deterngnthe most appropriate model for batch

data, since it influences the interpretation ofrttieerals recovery variability.

2.4.4. Pulp phase models
The review on pulp flotation models is based upaonaaicle presented by Fichera and
Chudacek (1992). The review is expanded by inclygublications after 1992.

a. The first order model and description of the raé coefficient

Zuniga (1935) cited in Fichera and Chudacek (1993jle the first attempt to model the
mineral recovery with time from a batch test. Thghar assumed that the flotation rate
constant was governed by first-order kinetics. Tdgsumption is analogous to a first-order

chemical reaction which is given by:

dd—? =-kC" (2.1)

For a mineral concentration C in the feed withtfosder kinetics (i.e. n= 1) the recovery

with time is:
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R=1&X (2.2)

Higher orders were considered, but Fichera and @teld(1992) stated that the deviation
from the first-order relationship was most likelyed to the inherent heterogeneous
characteristics of the flotation feed. Morris (1952ated that it was not unusual for all
particles to be capable of floating due to surfaxilation, liberation, etc. Hence a limiting
recovery parameter called maximum recovernyfRwas introduced to account for non—

recoverable material:
_ Kkt
R=Rinax( 16%) (2.3)

Schuhmann (1942) cited in Fichera and Chudacek 2)1%®nsidered the rate to be
determined by particle—bubble collision. The raeswiven by an analytical equation, which
considered the probability of particle collision@nd adhesion (Pto a bubble. A fruitless

factor (@ was also included to account for the detachingasfigles during flotation:
k=R.Rg (2.4)

Bloom and Heindel (1999, 2002); Sarret al. (2005); Newell and Grano (2006, 2007);
Ralstonet al. (2007); Koh and Schwarz (2008) and Shahkaai. (2008) have all carried out

investigations which used models for the collisiattachment and detachment probability.

Sutherland (1948) cited in Fichera and ChudaceRZ)1@ssumed direct encounter between a

particle and bubble and arrived at the followinglgttical expression for the rate:

K= @3t RbrpVbN'sec@(ivatfj (2.5)

¢ Fruitless factor similar to that defined in Equati4
Ry— Bubble radius

r—Particle radius

V— Bubble velocity relative to particles

N’— Number of bubbles
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&— Induction time

Nguyen and Nguyen (2008) studied the generalisetheBand equation, which is an
extension of Equation 2.5.

Experiments carried out by Goragh al (1997) and Krachet al. (2005) showed that the rate
can be related to gas dispersion parameters aloatalility parameter, which describes the

surface characteristics of a mineral.

b. Distributed models

Gaudin and Plato Malozemoff (1933) cited in Fichanal Chudacek (1992) was the first to
carry out tests, which considered particle size.sdggested that the rate was distributed
across the particle size range for a mineral. gt-farder model was used to determine the rate

for each particle size class, and the total regowas given by:
S ki

R=>qq (1€"") (2.6)
1

Where i refers to the different particle size cdssavhich varies from 1 to s, amglrefers to

the mass fraction of the mineral having particiegilass i in the feed.

c. Distributed floatability models
The distributed floatability model considers thantined properties of a mineral such as
size, shape, surface properties, etc. The basicrg®n is that the more floatable particles

are recovered first, and the least floatable pgagiare recovered towards the end of the test.

Kelsall (1961) acknowledged a floatability distrilmin and suggested that for modelling

purposes particles may be classified into two gsoup. fast and slow floating particles:

Ro =Riasi(Le¥fastt )+Ry, (1&¥ slowt 2.7)

Rfast + Rsiow=10C
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R, -Overallrecovery

Riast-fast floating fraction
Rsiow - Slow floating fraction
Kast-fast floating rate constant
Ksiow-Slow floating rate consta

At an infinite time for flotation the exponentia¢értn approaches unity and the overall

recovery is equal to the sum of the fast and slawetions, i.e. 100%.

Imaizumi and Inoue (1963) applied a graphical tepi to determine the mineral
floatabilities. The total recovery is the sum of tlecovery from each floatability class:

Pt
R=) g (1€ 1) (2.8)
1

Where | indicates the different floatabilities, whivaries from 1 to p for the feed, aop

refers to the mass fraction of the mineral haviriigpatability j in the feed.
Loveday (1966) recognised that the feed has ailtlision of floatabilities and proposed a

parametric solution, which assumed that the ratestemt distribution can be approximated
by a gamma function. The recovery equation witimfit parameters a and b was:

b a+l
R=1 1 (2.9)
sl

Klimpel (1980) assumed a rectangular distributionthe floatability which varies from zero

to a maximum flotation rate calleghk. A maximum recovery term was introduced:

R=Rma{1 - mlaxt(l-ekmaxt)} (2.10)
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d. Double distributed models
Double distributed models consider the distributafnthe rate constant has a function of

particle size and particle floatability. Hence, &wMery particle size class there is a floatability
distribution:

s b &t
R=> 0> aj(1e™) (2.11)
1 1

2.4.5. Froth phase models

An extensive review on the various froth models wessented by Mathet al. (2000) and
Veraet al. (2002). Therefore, the review presented here seda@n the literature presented
by these authors.

The froth phase classifies particles based on Ipjaroicity. Particles, which are strongly

hydrophobic, will most likely be retained in thetin and eventually recovered but particles,
which are weakly hydrophobic, will most likely drdgack into the pulp phase. However,

particle size and reagents influence the classificaprocess. Finch and Dobby (1990)

modelled the interaction between the pulp/collectoihase and the froth phase. Figure 10
illustrates this interaction, which was mathemadliycaxpressed as:

R = RiRe

= 2.12
° 1-R.+R.Rf (212)

R, -Overallrecovery
R -Collection/pulp phase recove
R¢ - Froth phase recovery

Froth Zone |— Concentrate
) R.R,
Rc(1-R;) R
Yy
Feed =1 Collection
—_— ]
Zone
> Tailings
(1-Re)

Figure 10: Interaction between pulp/collection ghaed the froth phase for a single cell, after \é&ral. (2002)
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Veraet al. (2002) illustrated the influence of the pulp anatti phase recovery on the overall

recovery, refer to Figure 11. It was shown thatadgulp phase having recovery between 60
and 99%, and froth phase having recovery betweesntl0®0%; the overall recovery can be
as low as 50%.

Figure 11: Graphical illustration of Equation 2.a%er Veraet al. (2002)

Various methods are available for determining tla¢hfrecovery from a batch flotation test.
The most common method is that proposed by \&ral. (1999), which simultaneously
predicts the pulp phase rate constant and the featbvery by varying the froth height. The
froth recovery was given by:

Ry _K (2.13)
kC

Where k is the apparent rate constant apdskthe pulp phase rate constant. The rate
constants can be determined by varying the froighteand fitting the recovery data to a
conventional model. The apparent rate constantaep against froth height, which was
shown by various authors to be a linear relatigndBktrapolation to a zero froth height gives
the pulp phase rate constant. However, Yianatd87Pstated that the froth recovery factor
given by Equation 2.13 assumes that the colleatioparticles in the pulp phase is a first-
order process, with 100% maximum recovery, whiamoisstrictly true.
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Mathe et al. (2000) suggested an exponential decay functionfifoth recovery with
increasing froth retention time (FRT), which can used for relating batch to continuous
froth performance. The model proposed has a nanidgafraction ¢7) and a froth stability

parameterf):
Ry =(17)6 P FRD 4y 2.14)

Gorainet al. (1998a) presented a model for estimating the fretantion time, which is a

function of the froth height (FH) and the supe€elajas velocity (y:

FRT="1 (2.15)

Jg

The superficial gas velocity can be estimated utiiegvolumetric gas flow rate (Qand the
cross sectional area of the flotation cell)(A

==9 216)

2.4.6. Entrainment models

Entrainment is an unselective recovery processotatfon that can result in an undesirable
dilution of the concentrate grade and/or desiraidecase in the recovery of values. Several
authors (Warren, 1985; Cilek and Umucu, 2001; Zhengl, 2006b, Gilsoy, 2005; and
Yianatos and Contreras, 2009) have used the re#tip that gangue recovery by
entrainment (B is proportional to the recovery of water R which can be expressed

mathematically as:
Re=CFx R, (2.17)

CF refers to the classification function, which céses the degree of entrainment. Since
entrainment is strongly related to particle sizee above equation can be expanded for

particle size classes i:
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Re,i=Ch* Ry (2.18)

Georgeet al. (2004) reviewed three conventional techniquesaisessing the recovery by

true flotation and entrainment. These techniqudisbeibriefly discussed.

2.4.6.1. The method of Trahar and Warren (1976)

This method compares the water and solids recavang two flotation tests. In the first test,

both collector and frother are used, and in theors@ctest only frother is used. It is

hypothesised that the recovery in the second tastdue to entrainment only therefore, the
minerals that were recovered by true flotation esgémated by the difference in recovery
between test one and two. The method assumesritiainenent occurs only when frother is

added, which is not strictly true, since the freghinfluenced by the presence of floatable
particles.

2.4.6.2. The method of Warren (1985)

This method fits a linear relationship to data oi#d from tests at various froth depths and
froth removal rates. The linear water—solids recpuelationship is extrapolated to zero

water recovery to estimate the recovery by truetafion. The technique can be

mathematically expressed as the total recoveryigh is the sum of the recovery by true

flotation (R;,e and the entrainment recoveryR

R=Riyye +Re (2.19)

The entrainment recovery was obtained by plottihg solids recovery against water
recovery. The relationship is assumed to be litlearefore; the slope of the line gives the
degree of entrainment. The degree of entrainmemhutiplied by the water recovery to

obtain the recovery by entrainment, similar to Eoum2.17.

2.4.6.3. The method of Ross and Van Deventer (1988)

In this method, the concentration of particleshia water contained in the froth is assumed to
be identical to the concentration of particles lie pulp. The recovery by entrainment is

estimated by multiplying the water recovery to teecentrate by the concentration of solids
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in the pulp at that time. The overall recoveryimikar to that given by Equation 2.19 but the

entrainment recovery is estimated by the followaggation:

Re (1)=W(t) (C-bt) (2.20)
Re(t)— Entrained recovery at time t

W(t)— Mass recovery of water at time t

C- Initial concentration of mineral in pulp i.e.tat O

b— Is a model derived parameter which is determiinech the slope of the graph of the

mineral concentration remaining in the pulp versue

Georgeet al. (2004) compared the above techniques in additc technique developed by

the authors. They concluded that all these teclesignave drawbacks, which include

changing froth structure, changing particle morplggland changing surface chemistry.

The entrainment models discussed above are aléssgd in terms of water recovery. Gllsoy

(2005) and Shivakumar and Nikkam (2005) proposddnatic model for estimating the

water recovery in a batch test. The model propbse@ulsoy was:
R, = y(1-e*t) (2.21)

Where y and xk are the model fitting parameters. The model pregdsy Shivakumar and

Nikkam was:
Ry = Rw,max(l— e¢ (“¢)) (2.22)

Where R, max is the model-fit derived maximum water recovegy|s the model-fit derived

water rate constant argl is the experimental time lag.

2.4.7. Discussion on scale—up in flotation
Scale—up of batch results are important for estimgathe residence time for the various
stages of the plant. Yianates$ al. (2010) stated that from a metallurgical perspectihe
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problem of scale—up has not been completely solBmVeral authors have investigated

flotation scale—up and some of these investigataiide discussed.

Kalapudas (1985) investigated the scale—up faethich was defined as the ratio between
the plant and batch flotation retention time. A ilmrate constant was used for both the
plant and batch system. He stated that the scal&aipr was between 1.5 and 3.5, and
longer residence times are required for the pldun, to residence time distribution, i.e. short—

circuiting in continuous operations.

Gorainet al. (1998b) suggested the use of bubble fluy €S the scale—up criterion for ores
having similar floatability. The authors found tllae flotation rate was linearly related tg S

which is:

Skt (2.23)

The bubble flux is a function of the gas velocitsh{ch was defined in § 2.4.5) and the Sauter

mean bubble diameteryd

Yianatoset al. (2003) fitted a conventional batch model (EquatoiO from § 2.4.4c), and
continuous model to data obtained from batch arahtptests respectively. The authors

obtained the scale—up factors at the optimum misegaration point according to:

7 _[kmaxdbaten (2.24)
t [kmax]plant

R(7) _ [Rmax]plant
R(t) [R

(2.25)
max] batch

Equation 2.24 indicates that the residence time tatween the plantt and batch (t) is
equal to the ratio between the maximum rate from blatch and the plant at optimal
separation. Optimal separation refers to the polmn the concentrate grade is equal to the
feed grade to the bank. The plant and batch tinusesl to determine the maximum recovery

for the plant, provided that the maximum recovenythe batch test is known.
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Dobby and Savassi (2005) and Amelunxen and Amelur(2909b, c) proposed similar
techniques for the scale—up of batch rates of tftwia The batch data was fitted to
conventional pulp models, and the pulp rate obthiwas applied directly (i.e. no scale—up)
in evaluating plant performance. Variation in plant batch performance was related to the

froth recovery.

Recently, Yianatost al. (2010) presented an empirical scale—up model:

k
W0 _ ¢ (2.26)
Kp

Kapp is the apparent flotation rate for an industriell evhich is also called the overall rate
constant; k is the batch rate constantjs a scale—up factor which is the ratio between th
actual flotation pulp rate constant in a plant #m&lbatch rate constam, is the froth factor,
X is the cell mixing factor an@/is the particle segregation factor. The authors gseg

empirical equations for estimating each factor.

2.4.8. Application of batch flotation tests in evalating flotation plant performance

The ability to understand ore variability is imprdvagnificantly if batch data can be used to
determine plant performance. However, there are ymdifficulties encountered when

attempting to extrapolate batch data for underst@nglant performance; these were
discussed in § 2.4.2. Four flotation simulators|viaé discussed in this section. The
simulators, in the author’s opinion, are the mosliaknown and have significant publications
that illustrate its application. The simulators eadled MinnovEx Flotation Test (MFT) also
called FLEET, Aminpro’s Full Kinetic Test (FKT), SUPASI®nd JKSimFloat. A brief

review of these simulators will be presented.

2.4.8.1. MinnovEx (FLEET) Flotation Test
This simulator was proposed by Dobby and Savas€i52énd uses a simple batch flotation
test to derive parameters for evaluating plantgearnce. The methodology is divided into

three steps:
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1. Direct measurement of the rate of true flotatiorthie pulp which is independent of
hydraulic entrainment and other froth effects ia biatch cell;

2. Benchmarking of the industrial plant over a broadge of ore types and operating
conditions;

3.  And model calibration to describe the froth effeictgshe plant with a minimal number

of parameters.

The procedure for the batch test can be summaaiséallows:

1. A size-by-size assay is carried out on the feeahbawed concentrate and tail. The
combined concentrate is composed of four individimadcentrates, taken at different
times during the test.

2. The test is carried out with a shallow froth, whistscraped at a rapid rate so that the
effect of the froth phase on recovery is minimised.

3. The results are then interpreted as minerals rathen metal recovery. A
phenomenological approach is used to decoupleet®very by true flotation from
the recovery by entrainment.

4. The rates for true flotation are modelled usingeqgdiency distribution of the rate
constants, which is mathematically similar to thesiR—Rammler equation used in
particle size distribution analysis.

5. Since mineral recovery information is available aasinction of particle size, the rate
frequency distribution can be used to predict theovery for changes in the feed
grind. The assumption used here, is that mine@very per size interval remains
constant, with changes in grind affecting the dstion in mass between the
intervals.

6. The pulp rates from the batch test are used dyre&dth calibrated froth parameters,
which are determined from plant survey data. Tharpaters are used to optimise the
mineral recovery from the plant. Historical frotarameters are used in conjunction

with the batch generated pulp rate frequency 8istion for designing of a new plant.
2.4.8.2. Aminpro’s Full Kinetic test

This method was proposed by Amelunxen and Amelur{809b, c) and is similar to the
MFT (FLEET) method described above, the procedorghis test is:
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1. Only the feed and tail are sized from a batch flotatest therefore, the recovery of
minerals to the concentrate is determined by maksbe.

2. The minerals recovery in the pulp phase is modeltambrding to size, with each size
class having a maximum recovery and rate (Equaiérirom 8 2.4.4b). The sum of
the recovery from each size class gives the totakerals recovery in the pulp;
entrainment and froth recovery parameters areiatdaded in the batch model.

3. No formal froth recovery model is used when fittthg model to batch data.

4. The degree of entrainment for each size class teitenl using a Swebrec function.

5. The pulp rate constants and entrainment parameterused directly in plant
simulation. Historical froth recovery factors arged to evaluate the recovery and to
determine the water recovery through a calibrafimetion.

2.4.8.3. SUPASIM

This method was proposed by Hay (2005) and use$ lolata to diagnose and understand the
flotation behaviour for plant design. The Kelsalbael given by Equation 2.7 in § 2.4.4c is
fitted to batch flotation data for each mineralcEanineral has a fast and slow fraction and
corresponding rate constant, which describes tbevery. The author mentioned that many
factors affected the scale—up between plant anchbddta. The parameters obtained from
batch scale tests are used to predict larger—bedlaviour by applying suitable froth factors

from a database.

2.4.8.4. JKSimFloat

JKSimFloat is the most widely used of the simulatiscussed thus far. It is the product of
several years of research (Rurggeal, 1998; Alexandeet al, 2000; Harriset al, 2002 and
Schwarz and Kilgariff, 2005). The simulation of miaperformance is accomplished by
separating ore and machine factors. Batch flotatest together with plant survey data is
used to model the plant performance and to optimiserals recovery. Batch tests are used
to determine the floatable mass fractions for stean the plant. Plant data is used to
calibrate froth, entrainment and pulp models. Régewvaradi et al. (2010) proposed a
method that determines the floatable mass fradtoa new plant feed using batch tests; the
parameters were superimposed onto a historicat pladel to determine plant performance.
The historical plant model was calibrated in a pes plant survey, which determined froth,

entrainment and pulp parameters.
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2.5. Conclusions drawn from chapter

A review of literature pertaining to ore variabjiliand its influence on minerals processing,
processing of PGMs in South Africa and batch fiotatesting and modelling was presented.
The concept of ore variability with respect to nmale processing was discussed. Literature
shows that ores which are sufficiently characteris¢ the bench-scale (with respect to
mineralogy, geology and metallurgy) reduce thesriskolved in plant design and operation.
A review on PGM processing in South Africa showédttthe UG2 ore has a diverse
mineralogy, due to various geological events, &mglihfluences the PGM recovery. Lastly, a
review of literature on batch flotation testing anddelling showed that batch flotation tests
are favoured in characterising an ore, becausea#l sample mass can be used and various

test conditions can be examined.

However, the large number of batch flotation modelsilable, presents a problem when
attempting to model batch tests; since no particoiadel has been identified as the most
appropriate for modelling batch tests. The parammdt®em the batch models are important
for creating a link to mineralogy and geology henite selection of a suitable model is
crucial in understanding PGM recovery variabiliffhe information obtained from this
review will be used in subsequent chapters to agvaltest program for illustrating the PGM
recovery variability from UG2 samples. Furthermoleks to feed properties will be
examined, and attempts will be made to relate bdtotation parameters to plant

performance.
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CHAPTER 3. FORMULATION OF A PROCEDURE FOR ILLUSTRAT ING THE
EXTENT OF PGM RECOVERY VARIABILITY

3.1. Introduction

The main purpose of this chapter is to formulapeacedure for illustrating the effect of UG2
ore variability on the PGM recovery by flotatiorhd procedure will consider various factors
such as batch flotation test method, feed chenasshys, reproducibility of batch flotation
test setup and assay techniques and appropriatellngdf the minerals recovery from the
batch flotation test. These factors were considdyedause it facilitates an examination
between the variable PGM recovery observed (frootafion) and the variable feed
properties (through feed chemical assay). Howetles, relationship will be discussed in
Chapter 4.

3.2. General theory for designing a variability tes
Literature pertaining to the subject of ore valigdpitesting will be briefly discussed in this

section.

Dunneet al. (2002) discussed the interpretation of flotati@atadfor the design of the process
plant. The authors stated that the first step Bigieng the flotation plant is sample selection,
which gives an indication of the geology and mifegg of the deposit. The samples are
evaluated using a simple and reproducible laboydtatch flotation test, because a process

with unnecessary steps or reagents is difficustrtalyse.

Williams and Richardson (2004) noted that geologyemistry, geotechnical, mineralogy,
metallurgical response and physical propertieshefdre, are the various disciplines which
are important in understanding ore variability. [Bab presents a summary of the various
tests proposed by the authors. Application ofteltests proposed is not practical, since there
are a number of samples in a variability study kenbis will be uneconomical and time
consuming. Furthermore, these tests require a kEag®le mass, which is often difficult to

source during the feasibility phase of a project.

Laneet al. (2005) discussed the design and engineering tEtito circuits; the authors noted
that mineralogy, liberation and chemical properbéshe ore are key parameters to consider

when designing flotation circuits.
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Dunham and Vann (2007) gave an economic discussiaihe importance of understanding
ore variability. The authors stated that in additio the traditional measures such as feed
grade, other aspects must also be measured. SontBeomeasures suggested were
concentration of deleterious elements, hardnessdajility, mineralogy and metallurgical

recovery.

Table 6: Summary of various tests that can be tesgdantify ore variability, after Williams
and Richardson (2004)

Discipline Parameter Testing possible
Geology Field relationships Mapping, drilling, deel
Chemistry Grade Assay

Mineral identification, association,

size, textural and liberation data

Mineralogy Zonation o
by quantitative electron
microscopy scan (QEMSCAN)
Bond Work Indices, JK drop weight
Physical properties Hardness—grinding test, SPI Index, MacPherson 18"
mill test
Metallurgical response Recovery Flotation kinetlosked cycle tests

) Site preparation and environmental Solid density, ground water flow, slope
Geotechnical measures ] -
review stability

The literature presented indicates that there ameumber of factors, which must be
considered when carrying out a variability studywgver, it is not practical to have a
complex study which has a number of samples tlptires mineralogy, feed chemical assay,
rock breakage testing and extensive flotationnigstTherefore, it was necessary to develop a
simple test procedure, which could be applied targe number of UG2 samples collected
from across the Bushveld Complex.

Since the objective of this study is to illustr@&M recovery variability and to relate this to

feed properties; the test procedure will consi@enge selection, batch flotation test method,
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feed chemical assay and batch flotation recovergetiog. Mineralogy is an essential test
but due to the high cost of carrying out this téstyas decided that a limited number of
samples would be evaluated, to determine the nlogical factors influencing PGM

recovery. This will be discussed further in Chajtend 6.

3.3. Formulation of a procedure for investigating ariability

Figure 12 shows the factors that were considerddrmulating a procedure for determining

the PGM recovery variability. The reproducibilityf ¢the batch flotation test and feed

chemical assays will also be examined. Each ofatiers will be discussed in the sections to

follow.

Sample selection

Batch flotation recovery
modelling

PGM recovery variability Batch flotation test

Feed chemical assays

Figure 12:Factors considered in variability study

3.3.1. Sample selection

Williams et al. (2002) stated that the selection of samples mestcdnsidered before
metallurgical test work, and a corollary of this p@or sample selection can lead to poor or
misleading metallurgical results. The selectiosanples for characterisation is composed of

two requirements, sampling methodology and samyitaion.
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With regards to sampling methodology, operationsstmaelect samples that reflect the
characteristics in the deposit, which are lithologsade and geology. The metallurgical test
work is compromised if the samples selected areemesentative of the characteristics in a
deposit.

Sample extraction is also an important aspect tsider when selecting samples. There three
common sampling techniques employed are core rdjllreverse circulation drilling and
channel sampling.

Core drilling is the most expensive of the threehteques, but this sampling is usually
preferred, because the sample is more resistantitiation. For UG2 samples this is not a
major concern, since the sample has low minerghsté content and can be stored as
crushed material in closed containers, which istad at Mintek.

Reverse circulation is the least-expensive metHodxtracting samples, but the sample is
contacted with fluid that circulates down the imgerof the drill. This may result in
contamination of the sample.

Channel samples are usually taken from two paralied in the reef, using a pick or rock
hammer. The benefit of this technique is that legmples can be taken economically unlike

core drilling.

For this study, the following constraints were agWwhen selecting samples:

» Correct mining depth- This avoided the selectiomeér surface material, which is
generally oxidised material that has poor PGM recgv Material from near the
surface will not be considered, since it is knowattthe poor recovery is due to
surface alteration.

» Typical mining width- Mining widths are realisti@siples, which are similar to the
plant feed. This constraint prevents the situatidmere only the reef material is
provided, which generally has good metallurgicahrelateristics, since there is no
dilution waste. This constraint is also importdrthe waste contains floatable gangue
and PGMs.

» Sample supervision- The selection and extractiosamhples were supervised by a
senior geologist. This gave more confidence in sheples selected, since the

geologists are aware of locations in the deposithvhave varying properties.
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» Sampling technique- Samples were taken as corkngdslor rock chippings. Core
drilling enabled the inclusion of Greenfield operas that could not take large
samples, but could source material from cores us#tkir basic/definitive feasibility

study. For established operations, rock chippingewsed to obtain large samples.

3.3.2. Feed chemical assay

3.3.2.1. General

Feed chemical assay is the most preferred facteariability studies, since it is inexpensive
and can be carried out promptly. Table 7 showsch®mical assays which were selected for
characterising each feed sample. These are typisalys used in geochemical stud{®®n
Gruenewaldtet al, 1986; Barnes, 1990; Wilsoat al. 1999; Barnes and Maier, 2002;
McSweenet al., 2003; McDonaldet al, 2005; Hanley, 2005 and Mungall, 2005). It is
believed that having detailed assays, as those msgéochemical studies, may assist in

interpreting the variability in PGM recovery.

Table 7: Summary of feed chemical assays

Assays
Pt, Pd, Rh, Ru, Ir and Au
Total sulphur and sulphide sulphur
Cr,Os3, A/sNi, A/sCu, A/sFe
MgO, Al,Os, SIO;, TiO,, V,0s, MNO, Fe, P, Cl, Ca,
Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr
LOI: 1050, 900, 600, 36C
and SG

Reproducibility is important when designing a tpsbcedure because; tests that are not
reproducible can give results which lead to inodrreonclusions. The reproducibility for
each assay was determined by assaying one UG2 esaemptimes. The results were used to

determine the mean and confidence interval for eesday. The confidence interval was

* Geochemistry is the study of the chemical chamgethe earth (Krauskopf, 1967). It involves studythe
absolute and relative abundances of chemical eleniethe; minerals, soils, ores, rocks, water atmiosphere
of the earth. This study focuses on understandiagrtovement of elements from one place to anothaniore
deposit, as a result of their chemical and physgitaperties. This has important implications in gmecting

since it determines the age of rocks.
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determined at a 95% level using a student’s tiOistion. A brief description of the assay

techniques will be presented here; a more detdi#sdription can be found in Appendix Al.

3.3.2.2. PGE assay
There are four PGE assay techniques available mieklihese are total PGE+Au, 2PGE+AuU,
3PGE+Au and 5PGE+Au.

Total PGE+Au refers to the total platinum group ahebntent of a sample, i.e. Pt, Pd, Rh,
Ru, Ir and Au. The drawback of using this methothes high metal detection limit (which is
0.28 g/t), and individual assays for each metahoabe determined.

2PGE+AuU refers to the Pt, Pd and Au content ofnapda Only the major metals Pt, Pd and
associated Au are measured. The lower detectiahfimeach metal is 0.1 g/t.

3PGE+Au refers to the Pt, Pd, Rh and Au conterat sdimple. Individual assays are obtained
for each of the metals mentioned, and the lowezdiein limit for each metal is 0.1 g/t.
5PGE+Au refers to the Pt, Pd, Rh, Ru, Ir and Auteahof a sample. Individual assays are
obtained for each of the metals mentioned, andotier detection limit for each metal is 0.1
glt.

Table 8 shows the reproducibility statistics foe four PGE assay techniques discussed. The
2PGE+Au assay has the lowest mean assay valughignchn be attributed to Rh not being
assayed. The 5PGE+Au assay has the highest mean eaisie, and this is due to the
assaying of more PGEs. The assay techniques hagenable reproducibility, since the
confidence interval for each assay is narrow. TR&E+Au assay will be used to determine

the PGE content of the feed samples.

Table 8: Statistics for PGE assay techniques

Total PGE+Au [g/t] 2PGE+Au [g/tf] 3PGE+Au[g/tf] 5PGE+Au [g/t]

Mean 3.10 2.76 2.89 3.22
Confidence Level (95.0%) +0.10 +0.05 +0.06 +0.11

3.3.2.3. Total sulphur and sulphide sulphur
The total sulphur content was determined usingctireventional LECO technique, and the

sulphide sulphur was determined by difference betwstal sulphur and sulphate sulphur
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content. Table 9 shows total sulphur and sulphidehsir reproducibility statistics, both

techniques have similar confidence levels, whichciseptable for this study.

Table 9: Statistics for total sulphur and sulphsdgphur assay

Total sulphur [%]  Sulphide sulphur [%]
Mean 0.13 0.09
Confidence Level (95.0%) +0.01 +0.01

3.3.2.4. CpO3 and acid soluble base metals

The feed samples were assayed for chrome oxidgO{Cand acid soluble base metals-
A/sNi, A/sCu and A/sFe. The @b; assay is normally carried out for UG2 samples;esihis
related to the chromite (Fef,;) content. Table 10 shows the statistics for thessays

which are acceptable for this study.

Table 10: Statistics for @D; and acid soluble base metal assays

Cr,03 [%] A/sNi [ght] A/sCu [g/t] AlsFe [ght]
Mean 16.54 303.95 85.85 8131.00
Confidence Level (95.0%) +0.16 +3.40 +1.83 +98.00

3.3.2.5. X—Ray fluorescence scan

The feed samples were scanned using X—Ray florescetRF) to determine the major and
minor elements. The XRF scan gave assays for Mdg);ASIO;, TiO,, V205, MNO, Fe, P,
Cl, Ca, Co, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y amdTable 11 shows the statistics for the
XRF scan.
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Table 11: Statistics for assays from the XRF scan

MgO Al,O, Sio, TiO, V,0s5
(%] (%] [%] [%] [%]
Mean 17.53 12.89 33.10 0.72 0.17
Confidence Level (95.0%) +1.63x10'  #2.36x10'  #6.50x10' +1.37x10° +7.75x10°
MnO Fe P Cl Ca
[%] [%] [%] [%] [%]
Mean 0.18 12.88 0.31 0.04 2.57
Confidence Level (95.0%) +3.43x10°  #3.71x10'  #1.55x10° +1.80x10° +1.03x10"
Co Ni Cu Zn Ga
[%] [%] [%] [%] [%]
Mean 2.59x10 8.99x10° 1.06x10° 2.74x10 3.08x10°
Confidence Level (95.0%) +1.61x10°  +7.07x10°  +7.30x10° +1.48x10° +1.72x10°
As Se Rb Sr Y Zr
[%] [%] [%] [%] [%] [%]
Mean 3.62x10 9.04x10° 3.63x10 6.94x10° 3.85x1( 1.11x10°

Confidence Level (95.0%) +6.04x10°  +2.97x10°  +2.34x10° +3.13x10"° +3.64x10° +1.37x10"

3.3.2.6. LOl and SG

Loss on ignition (LOI) was carried out on each feadhple. According to literature (Lewis,
1996; Christidis, 1998; Chen and Xia, 2008 and Nganal, 2010) LOI can be used to
determine alteration in a sample. A high LOI vahaicates the presence of large amounts of
secondary silicates and other volatiles such &3, IH, Cl, etc. Alteration occurs as a result of
late injection of hydrothermal fluid. The LOI wastdrmined at four temperatures- 300, 600,
900 and 1050C. In some instances mass can be gained instdadtpthis is called gain on
ignition (GOI), which is reported as a negativeslas ignition. GOI is not uncommon and
occurs when the volatile species form oxidationdpiis with air in the oven; this increases
the mass of the sample. Reproducibility for thisagswas determined at the two end
temperatures (300 and 105Q). Table 12 shows the statistics for LOI and tpecfic

gravity (SG), which was determined using a pycne@met

Table 12: Statistics on LOI and SG analysis
LOI
300°C 1050°C

Mean 0.14 0.07 3.56
Confidence Level (95.0%) 2.32x10° 2.36x10°  3.69x10°

SG
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3.3.3. Batch flotation test procedure

3.3.3.1. Flow sheet selection

Batch flotation tests can vary from a simple rougtest to a more complicated multistage
cleaning test. The test can have a single recoypaint or progressive collection of
concentrate with time, which is called a rate t@&$tere can be various batch flotation test
permutations therefore; the selection of a teshotkis based on simplicity, and the need to

get maximum information from a limited mass of séenp

The simple rougher test does not provide sufficiefdrmation on the upgrading of minerals
in an ore and the effect of gangue depressant orerais recovery. In UG2 flotation,

depressant is important for constraining the floltagangue therefore, a test method with
rougher concentrate cleaning will be used. Furtloeema prolonged rate test will be carried
out because it provides more information than glsimecovery point test. Figure 13 shows
the flow sheet that was selected for investigaff@@M recovery variability. The milled

sample is concentrated in a rougher stage, ana¢dheentrate is re—floated in a cleaning

stage. The experimental conditions will be discdseghe next section.

Mill Rougher

T~

N

Cleaner
=

Figure 13: Flow sheet selected for investigatingath&rgical variability

3.3.3.2. Experimental

A conventional Denver D12 laboratory flotation misehwas used to carry out flotation tests,
refer to Figure 14. The machine has a variableegsprere and the air flow rate to the
machine was controlled and measured using a rogavehich has a linear scale with 100%
referring to 21 N/min at a line pressure of 4.85 bar absolute. Tihe pressure was

maintained using a pressure regulator. The air lmgpvas filtered using an in—line air

cleaner, which prevents dust and oil from entetirgflotation cell from the air compressor.
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Figure 14: Laboratory batch experiment for UG2dtain

Typical UG2 reagents which are, collector (SIBXangue depressant (KU5) and frother
(Dow200) were used. The reagents were prepareéot@/\i standards using distilled water.
The samples were milled in a rubber lined rod milth a defined stainless steel rod
distribution and mass charge, refer to Appendix R8d mills are preferred for laboratory
flotation tests because it is easier to dischahgentill product, by comparison to a ball or
stirred media mill. Furthermore, a ball and stirneedia mill requires more water to wash the
pulp off the media, and as a result the milled damgquires filtering, to obtain the correct

solids concentration for flotation.

A milling curve could not be generated for each gi@ndue to the limited mass available.
Since the objective of this study is to find redaships between feed properties and PGM
recovery, it is more logical to have a large numitiesamples evaluated, irrespective of the
limited sample mass available. Hence, a fixed ngllenergy was used. The energy was
determined by generating a milling curve on onemamwhich had a sufficient mass, this
sample was also used in investigating the feed watnassay reproducibility discussed
earlier. The sample required 16 kWh/t of energgdtbieve a grind of 80% passing 75 pum.
The test was also partially optimised for each lmyevarying the depressant dosage in the

cleaner stage.
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The experimental procedure is as follows:

1. A1 kg sample was milled to a fixed energy of 16H¥\(i.e. 43 minutes) using a rod
mill and water from the local municipality (Rand WaBoard). The milled sample
was transferred into a 2/6flotation cell and more water was added to achitnee
correct pulp level; Figure 15 shows the flotati@ll ased for the tests. The cell has a
perspex window for observing and controlling thdpplevel. The pulp level was
maintained at a height of 108 mm from the bas&efflotation cell.

2. The pulp was agitated at an impeller speed of Xpé@Q The first reagent added was
sodium isobutyl xanthate (SIBX) this reagent wadeatat a dosage of 150 g/t, and
the pulp was conditioned for 2 minutes. KU5 waseatldt a dosage of 30 g/t, and the
pulp was conditioned for 3 minutes. The last reageildled was Dow200 at a dosage
of 20 g/t; the pulp was conditioned for a minute.

3. After reagent conditioning, air was charged inte tell at 6.3 N/min. The rougher
was floated for 20 minutes to produce a bulk cotre¢s the rougher test was
repeated to generate sufficient mass for the ctestage and for chemical assay. The
bulk concentrate was obtained by scraping the fethry 15 seconds with two
paddles. The paddles were used to scrape theffooththe back of the flotation cell

and into a froth collector tray.

Figure 15: Description of the 2f5float cell which has a window for observing (ahdg allowing controlling)

of the pulp level
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4. The duplicate bulk rougher concentrates were teasirexd into another 2.5 flotation
cell for cleaning. The depressant additions wereedain the cleaner stage.
Preliminary development of the froth, with the eduction of air, gave an indication
of the froth stability and if too stable, the aiasvswitched off and more depressant
was added. The test was started once the frotbtsteuwas satisfactory. The premise
of adding an incremental amount of depressant,arsérving the influence on the
froth structure, was based on maximising the selgcbetween PGMs and gangue.
This is an empirical exercise, and Figure 16 itlaists the method. The froth was
stable at 0 g/t KU5 due to floatable gangue, buthasdepressant dosage increased,
the floatable gangue was depressed. At the finsdgi® of 80 g/t KU5 it was believed
that the selectively was maximised, further de@esaddition would have created an
unstable froth.

5. Five sequential concentrates were collected froenctbaner stage at flotation times;
1, 3, 7, 20 and 30 minutes. When collecting theceatrates separate wash bottles
(which were weighed prior to the test) were usedéan the scrapers. The additional
water used for cleaning the scrapers was subtraitted the wet mass of the
concentrate to determine the water recovered vaith €oncentrate.

6. All samples were filtered, dried and weighed ptmsample preparation for assaying.

7. The samples were pulverised in a steel bowl anayasisfor CsO; and major PGEs,
Pt, Pd and associated Au (2PGE+Au).

8. The grind of the samples was estimated by siziagdhgher tail at 75 pm.
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Figure 16: Variation of froth structure in the atea stage with depressant addition, (a) 0 g/t KWb50 g/t
KUS5 and (c) 80 g/t KU5

3.3.3.3. Batch flotation reproducibility

The reproducibility of the batch flotation methode( scraping and pulp level control

technique) was evaluated by carrying out ten rougiée tests. The sample used for
determining the assay reproducibility and the mglcurve was used for batch flotation test
work. The reproducibility of the rate of recoverly BGMs, gangue, chromite and water is
shown in Figure 17, Figure 18, Figure 19 and Fig@aespectively. The average recovery
from the ten tests is given as a solid line; thehdd lines give the lower and upper 95%
confidence interval, which was determined fromuwdsnt’s t-distribution. The experimental

data for each test is also shown in the figures.

In general, the batch flotation test method giveggraducible data because the deviation in
the recovery points from each test is minimal. Mafsthe data occurs within the confidence
range. However, the chromite data shows some i@rjgparticularly towards the end of the
flotation test. The variation may be due to thetaiple froth, which occurred towards the end
of the test. The unstable froth results in an iaseein water recovery, which carries a
variable amount of chromite by entrainment. Thee raf recovery of water was fairly

consistent however; marginal variations in the wegeovery and froth conditions can affect
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the recovery by entrainment. Nevertheless, thenethod gave reasonably consistent data,

which indicates that the scraping and level corteohniques are reproducible.
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Figure 17: 2PGE+Au recovery reproducibility for &farougher flotation test
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Figure 18: Gangue recovery reproducibility for batougher flotation test
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Figure 20: Water recovery reproducibility for batclugher flotation test

3.3.4. Selection of flotation model for mineral reavery

3.3.4.1. Models evaluated

Fitting of batch flotation models to recovery dasaessential for determining flotation
parameters such as floatable fractions and ratetaois. The parameters can be related to
feed properties such as feed chemical assay anefatogy to explain the flotation recovery
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variability observed. However, there are many bdlatation models presented in literature
and some of these models were discussed in Chapfeisuitable model, which provides a
meaningful description of the recovery, for thefehént species (PGMs, gangue and

chromite) in UG2 flotation is required.

Various recovery models will be evaluated statljcto determine the most appropriate
model for the rate of recovery of the different@pe in UG2 flotation. Table 13 shows the
flotation models which will be evaluated. Mateeal. (2000) and Verat al. (2002) showed

that for batch flotation tests the shallow frothdis give a 100% froth recovery. Hence, in
this study modelling of the batch flotation frothllwnot be considered. The recovery by
entrainment will be considered in the evaluationtted different models, and this will be

discussed in the next section.

Table 13: Flotation recovery models evaluated

Model Equations
Classic R =Rmax (1—e_kt)
: 1 - Kmaxt
Klimpel R= Rmax{l' (1-e~ *max )}
Kmaxt
Second order Klimpel R = Rmax{l' In(1+ kt)}
Kmaxt
RZ, okt
Second order model —__Mmax®

R = Reast| 1- e'kfastt) + Rslow( + ékslovxi)
Kelsall

Rfastt R slow~ 100%

R = Rfast

Kineit )
1- € fast)+ (1- Ekslovxi)
Modified Kelsall Rslow

Rfastt R slow= R max

3.3.4.2. Modelling of entrainment in batch flotatiom
Cilek and Umucu (2001presented the conventional equation used in modeltiatch

entrainment recove ry.

R,=ENTxR,, (3.1)
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Re is the recovery by entrainment, ENT is the entrant factor and R is the water
recovery. Equation 3.1 is similar to Equation 2pt&@sented in Chapter 2 however; ENT is an

average entrainment factor for the batch test.

Gllsoy (1999) proposed a modified form of the daafistation model, which considered the

recovery by flotation and entrainment:

R= Rmax(l'e-kt) +( r I%nax) & (3-2)
Another model commonly used for recovery by flatatand entrainment is:

R= Rioat +(l_ Rﬂoat) R, (3.3)

Rroat IS the recovery by flotation, which can be modeglising any one of the equations given
in Table 13.

The major concern in using Equation 3.2 is matesiaich is not recovered by flotation (1-
Rmay IS assumed to be recovered by entrainment, wisichot strictly true. The model
assumes that the recovery (R) for a mineral cahO886, which is unlikely since some non-
floatable particles can have a large particle dteerefore, it may not be recovered by
entrainment. Furthermore, particles which are #bkt can be recovered by entrainment
(Rungeet al, 1998) and this is not considered in the modelcstire.

Equation 3.3 assumes that floatable material, wisictot recovered by flotation, is recovered
by entrainment, which is also not strictly true.eTimodel does not consider particles, which
have no floatable properties (i.e. hydrophilic) bcdn be recovered by entrainment.
Furthermore, in using Equation 3.3 the floatabéetion is usually determined first, and the
entrainment fraction is calculated as an add-otHferoverall recovery. Recovery by flotation

and entrainment occurs simultaneously therefoliagubis approach is also incorrect.

The assumptions made in modelling entrainment usiiegabove equations can result in
flotation parameters and rates, which have wronignases. A new approach for modelling

entrainment in batch flotation is proposed heree Titethod will be developed for a batch test
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that has mineral and water rate recovery data, wisi¢the typical data obtained from batch

tests.

Figure 21 illustrates the logic used in developing batch flotation model. The UG2 feed
containing PGMs, gangue and chromite are appodiont® three different classes, called
floatable, entrainable and non-recoverable matefia¢ floatable class can be expanded to
describe the heterogeneous characteristics ofldla¢able mineral fraction, due to varying
mineral surface properties, particle size and dgns$iowever, expanding the floatable
fraction depends on the number of data points abklfrom the batch flotation test. A
floatable particle can be recovered by entrainmiérihe particle detaches from the bubble
and goes into the interstitial water between bufibte if the particle is trapped in the
interstitial water between bubbles, due to the upgwaovement of the floatable particles.
Entrainable particles are assumed to be recoveyeithdo mechanism of entrainment only,
which is logical since these particles do not hamg floatable properties, according to the
model definition of classes. The non-recoverabléemsl refers to material which is not
recoverable by flotation and entrainment, and tkiggenerally minerals locked in large
unfloatable gangue patrticles or large gangue pestievhich cannot be entrained. The classes
described, will be used to develop an approacmimdelling entrainment and flotation for a
batch flotation test.

| Concentrate | | Tail

Y [y A [y

| Entrained | | Not entrained

s

Rw

Recovered by
true flotation | Not recoverec1 """"" >

p 'y

| Floatable class n| | Entrainable class| | Non-recoverable Clafis

] PGMs/Gangue/Chromite]

UG2 ore

Figure 21: lllustration of mineral classes adoptethodelling batch tests for UG2 ore
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Using the definition of floatable, entrainable amah-recoverable material given earlier, the

recovery of a mineral (R) can be expressed matheatigtas:

t
R=Rfloat * jo[(l_ Rfloat) + Rent] XENT x Ry ()t 4B

The mineral recovery is made up of material receddny flotation (Ro.a), Which can be
modelled using any of the equations given in Tdl8e The floatable material fraction not
recovered by flotation at time t (14§ and the entrainable material fraction at tim&d.§
presents the fraction of material which can bea@éméd. ENT is the average degree of
entrainment, and Ris the water recovery. An integral is used to deiee the recovery by
entrainment because of the time-varying naturenefliatch test. This approach is different
from other methods, which use a direct determimatb recovery by entrainment, without

considering the time-varying characteristic of ia¢ch test.

A suitable batch flotation water recovery modetaguired for application of Equation 3.4.
Two batch models were discussed in Chapter two,batkd assume an exponential model
structure for the water rate of recovery. For miaism only one of the models will be
discussed. The model proposed by Giulsoy (Equatidh 2om Chapter 2) has two fitting

parameterys andx :
Ry =y(L-e™)

The model was applied to the water rate of recodatg, and the model fit and residual plot
is shown in Figure 22 and Figure 23 respectivekarination of both the fit and residual
plot indicates that the model is not appropriate foodelling water recovery data. The
recovery residuals were calculated by taking tHéemdince between the experimental and
model simulated recovery. According to the resicalat, the model under predicts most of
the water recovery data and this gives a systensaticture in the residuals. Tsei al.
(1998) examined various residual plots and condubat systematic structures in a residual
plot indicate that the model is incorrect for tlystem and that an alternate model is required.
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Figure 23: Gilsoy water model residual plot for exmental data

It was decided that a discrete approach will bel isesolve Equation 3.4, since there was no
suitable model for batch flotation water recoveoyrid in literature. The discrete approach
considers the incremental recovery between the dtintencentrates collected. The
incremental recovery at each time interval can thensummed to obtain the cumulative

recovery. The changd) in the mineral recovery for Equation 3.4 betwéere t; and ¢ is:
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AR=ARfiot +| A(1-Rfoat) + AR gnt | ENTXAR |, 5)
35
0 R(t.t2)=Raoat (t1.t2)H ( 1-Reoat (t1.t2) + Rent(tntz] ENTXRy,(tyt;

However, the average mineral content in the putpvéen { and t must be used to determine
the incremental recovery by flotation and entrainmé\ log-mean average (Equation 3.6)
will be used for the floatable mineral recoverylidear average (Equation 3.7) will be used

for the entrainable mineral recovery since the rhettacture is linear.

[ (1= Reloat (t2)) = (1~ Reoar (t) ]
1-Rgoat (t1,1)) = a6
(o (02) = {(1— Rioa az»} &9
(1_ Rfloat (tl))
Ren(tyty)=ent! 2); Ren(t ) @

Figure 24 illustrates the calculation of the averagineral content not floated and not
entrained in a time interval. The average was usedetermine the amount of material
available for incremental recovery by entrainmentl dlotation in a time interval. The

maximum recovery is the sum of the floatable andagmable fraction.
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Figure 24: lllustration of average floatable antr@nable material used to determine the increnheatmvery

3.3.4.3. Statistical methods used in evaluating recery models
Various batch flotation models (with and withoutramment) will be examined. Statistical

measures will be used to determine the most apptepmodel for each species in UG2
flotation. The measures are adjusted coefficierded&érmination l(azdj), mean square error of

model (MSE), model selection criterion (MSC) andi@erion.

The adjusted coefficient of determination descrithes fit of a model to the experimental

data. Equation 3.8 gives the mathematical formhefdtatistic, which considers the number
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of experimental data pointsgjdand the number of model parameters (m)e3&fers to the
sum of the squared residuals between the experaingestovery (Ry) and the simulated
recovery (Rm). SSow IS the squared error of the model with averageeempental

recoverﬁexp. The statistic weighs the fit with respect to thegrees of freedom for the

model. Hence, the benefit of additional model pat@ms can be assessed from the fit. The
statistic varies between 0 and 1. At 0, the modeisdhot fit the experimental data and at 1,
the model fits the experimental data completelye ©bjective is to get a model that fits the

data completely i.e. to get close to 1.

SSes
d,-m-1
2 _1_|_P
radj 1 —S Sota| (38)
dp -1
dp
— 2
SSes= Z (Rexpj - Rsim,i )
i=1
dp
= 2
SSotal = Z(Rexpj - Rexp)

i=1

The mean square error describes the standard idevia¢tween the simulated data from a
model and the experimental data therefore, a smadleie for MSE is preferred. According
to Brown (2001), the MSE value can be used to coasthe confidence interval for the
model parameters using a student’s t-distributiiiquation 3.9 gives the mathematical form

of the statistic. All parameters have the same imgaas above.

dp
2
Z(Rexpj _Rsim,i)
MSE = | =L (3.9)
df
df = dIO -m

There are many criteria available from informatidmeory that can be used when
discriminating between models. Some commonly usedeainselection equations are the

Akaike information criterion (AIC), the Schwartzterion (SC), the model selection criterion
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(MSC) and the scriterion (Leeb, 2008). Due to commonality betwélee equations, two

model selection equations will be considered. Thithe model selection criterion (Equation
3.10) and the Scriterion (Equation 3.11). The parameters havesdmae meaning as those
presented above. Both equations consider the degredreedom in the model being
investigated; however, when comparing models adrighlue for MSC and a lower value for

S, implies a better model.

MSC = Ln(mj—z—m (3.10)
SSes dp
d, -1
S :[ SSes J[ P J (3.11)
dp—mjldp-1-m
3.3.4.4. Model selection for the PGM recovery data
a. Model fit

The PGM recovery data from the ten batch roughss tpresent in 8 3.3.3.3 was used for
evaluating the various flotation models (with anitheut entrainment recovery). The models
were fitted simultaneously to the data. This gaveeerage parameter estimate for the data.
The adjusted coefficient of determination was mas@u for each constrained regression.
The constraints applied were logical bounds suchosgive rate constants. The maximum
recovery (floatable + entrainment fraction) wasetixto be less than 100% but greater than

the recovery at 30 minutes. The recovery at 30 fasis the last data point for the rate test.

Figure 25 shows the fit of the various models te #xperimental data. For models which
have entrainment, the recovery estimate by flabadod entrainment is also given in the
figure. Figure 26 shows the recovery residual fdothe various models. The fit and residual

plots will be used to discuss the models.

In general, models which do not consider entrairtrhame a poor fit to the experimental data
than models which consider entrainment. This magiueeto the use of additional parameters
for entrainment modelling however; the adjustedfoment of determination (refer to Figure

27) was larger for the models with entrainment.sTimplies that the use of the additional

parameters, for entrainment modelling, is bendfiima modelling the PGM recovery from
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the batch system. Also the incremental water ragoyestifies the use of the additional

entrainment parameters.

For models without entrainment (a to f from Fig@Beand Figure 26) the fit and residual plot
indicates that the models have difficulty in figirsome of the data points. This can be

summarised as follows:

» The classical model has the worse fit; the initglovery point is underestimated, and
all recovery points thereafter are overestimatdw: poor fit may be attributed to the
existence of another class of recovery (i.e. arsdlmatable class or an entrainment
class), which cannot be approximated by the simgiere slope proposed by the
model.

» The Klimpel model also has a poor fit to the dataen though the adjusted coefficient
of determination indicates that the model accouiots more than 88% of the
experimental recovery variation. The model showslar fitting problems displayed
by the classical model hence; the argument of anadtovery class may apply here.

» The second-order Klimpel and second order modeh#t experimental data better
than the previous models, as indicated by the smaibdel residuals. However, the
models underestimate the recovery of the first enotrate and overestimate the
recovery of the second and third concentrates.believed that the assumption of the
rate of recovery being second-order results indrnighcovery estimate for second and
third concentrates.

» The Kelsall model (which assumes 100% mineral repgvand the modified Kelsall
model (which assumes a maximum mineral recoveryhsider the varying
characteristics of the feed material in a flotattest. The feed material contains
minerals which have a distribution of floatabilgieThis is attributed to variation in
surface properties, absorption of reagents andcfearsize. Both models gave a
satisfactory fit to the data.

» However, the problem with applying the Kelsall mbdethat the assumption of a
100% minerals recovery. This is not entirely corsgnce minerals can be completely
enclosed in large non-floatable gangue therebydewng it non-recoverable by
flotation and entrainment. The model fit and realdplot indicates that the model
provides a good fit to the first two concentratedjch intuitively are fast floating

minerals, but the fit worsens for latter recovenings, which are intuitively slow
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floating minerals. The poor fit to the latter paing due to the assumption of a 100%
mineral recovery; this assumption results in theveslope being flatter, as a result of
the model assuming a larger amount of slow floatimigerals. Therefore, the latter

data points are underestimated.

» The modified Kelsall model overcomes the modeinfitissues displayed by the
Kelsall model and fits the experimental data equalell. There is, however, a
marginal underestimation of the third recovery poifhis may be due to the
transitioning from fast to slow floating mineralwhich the model as difficulty in

differentiating.

The recovery by entrainment was modelled for edatiation model discussed above (g to n
for Figure 25 and Figure 26). These models gavettembfit to the experimental data, with
smaller recovery residuals than the models whidhndit consider entrainment. The flotation
estimate is greater than the entrainment estimatehws logical, since the PGMs are mainly
floatable. The entrainment estimate shows a sligatk in the recovery during the initial
phase of the test (i.e. within 5 minutes) the recg\then flattens out approaching a linear
approximation. Moys (1984) presented a mass transéelel for the froth and indicated that
minerals are carried to an interface between thHp and froth. For floatable minerals, the
transfer of material to this interface results meariched mineral zone, which provides more
material for entrainment. Therefore, during thdiahiperiod of the test the zone is highly
enriched with PGMs, which if not attached to bubkblean be carried with the water
recovered. Conversely, for latter periods of thet the zone contains fewer minerals, due to
most being recovered at the beginning of the s result, the recovery by entrainment is

lower.

For the models which assume two floatabilities §&#land modified Kelsall), entrainment
was model on both floatabilities and on the slosathbility only. Considering entrainment
on the slow floating minerals assumes that floatabineral drops off from the slow floating
minerals and is available for entrainment. As alltgshere is a lower entrainment estimate,
according to Figure 25| and Figure 25n, by comparito the Figure 25k and Figure 25m. It
is difficult to resolve in a batch system if entn@ient is mainly from slow floating minerals
or from both the fast and slow floating mineralctrans. For this reason, the assumption of
entrainment occurring from slow floating mineralgl wot be considered for PGM recovery

modelling.
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Figure 26: Residual plot of various flotation ma@dith and without entrainment) to batch roughé&MPdata

b. Model statistics

Figure 27 to Figure 30 provides a summary of tlaistics for the models evaluated. The

adjusted coefficient of determination summaries rtiedel fit, to each experimental data,

with a single index. The larger the index the bettee fit, however; this index does not

provide information about the fit to each data poilmformation on the fit to each

experimental data point can be obtained from te&lual plot which was discussed earlier. It
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follows from Figure 27 that the models with entraent fit the experimental data better than
the models without entrainment. The models, whighsalered entrainment, accounted for
more than 90% of the variation in the experimedtth. Furthermore, aside from the classic
model with entrainment (which has a poor fit); narticular model stands out from the
entrainment models, since all have similar fittoagfficients. Hence, other statistics will be

examined.
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Modified Kelsall model

2nd order model
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0.50
Models

Figure 27: Comparison of adjusted coefficient akdaination for models fitted to PGM recovery data

Figure 28 shows the model squared error. The madéi®ut entrainment have large model
errors, while the models with entrainment have smmaldel errors. Aside from the classic
model with entrainment the other entrainment mobaise similar model errors. The Klimpel
model with entrainment and modified Kelsall withtramment have marginally lower model

errors than the other models.

Figure 29 and Figure 30 compares the model setectiterion (MSC) and Scriterion for
the various models respectively. According to bsthtistics, the entrainment models are
better suited for representing a batch system. Mewdhe models with entrainment have

similar values for both statistics, and no modahds out completely from the rest.
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In summary, the models which consider entrainmeoxige a better description of the batch
PGM recovery. The statistical measures used terédiftiate between models gave similar
results for most of the entrainment models. Theegfan intuitive argument can be used to
select the most appropriate batch PGM recovery moblee modified Kelsall model
considers the heterogeneous characteristics ofete and has a maximum recovery term
which implies that some PGMs are non-recoverabe dther models do not consider the
heterogeneous characteristics of the feed. TheaKet®del considers a heterogeneous feed
but assumes that all PGMs are recoverable, whiemligely. Hence, the modified Kelsall
model will be used for modelling PGM recovery. Tgaameter estimates for all models with

95% confidence intervals are given in Appendix A5.

3.3.4.5. Model selection for the gangue recovery @a

a. Model fit

Figure 31 and Figure 32 shows the fit and resigiatlfor the various models. All models fit
the experimental data well, since the adjustedfiooaft of determination indicates that the

models account for more than 90% of the variatiothe experimental data.

The models with a single floatable fraction and emrainment show a good fit to the
experimental data. But, examination of the resiquat indicates that these models are not
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appropriate for modelling gangue recovery. The rndave a systematic pattern in the
residuals, i.e. the model underestimates the re@gamethe initial parts of the test and then
compensates by overestimating other recovery poisss mentioned earlier, systematic
patterns in the residual plot indicate that the ehod incorrect for the system being

investigated.

The distributed models (Kelsall and modified Kdlsalodel) overcome the systematic
residual pattern observed for the single floatgbdlass, by assuming the latter recovery can
be modelled as slow floating material. Howevers thaises the question of whether the
material is slow floating or recovered by entraimtnd he recovery by entrainment may be a
more correct recovery mechanism for this matesalce the plot is approximately linear
between the 7 and 30 minute recovery. This will d@mined further by using the

entrainment model with each flotation model.

The models which considered entrainment and flatagiave a better fit to the experimental
data. Furthermore, these models have smaller msidwhich are randomly distributed
across the zero residual line. This implies thata@gmment is important in modelling the
gangue recovery because, a random distributionhefrésiduals means that there is no
systematic error in the model hypothesis. Therefogeovery by entrainment is necessary.
Likewise for the PGM recovery, the entrainmentraate for gangue shows an increase in the
estimate for the initial period. Hence, the samguarent can be applied here. During the
initial period of the flotation test, large amourdk floatable material (together with non-
floatable gangue trapped in water interstitial tbltdes) are carried to the interface between
pulp and froth. This results in the interface besmyiched with gangue minerals, which
provides more material for entrainment. The slopehe entrainment recovery decreases
towards the end of the batch test, owing to intafaaving fewer gangue minerals. The
material in the pulp is mainly non-floatable theref the depletion of frother and floatable
material reduces the chance of this material regcthie interface. As a result, entrainment is
lower. Entrainment recovery can increase if thepplevel is increased (which generally
occurs for secondary rougher stages in a UG2 pharttjor consistency in the batch test, the

level was maintained at a fixed height and withadditional frother added.

The classic model with entrainment gave a goodluésa of the overall recovery. The

flotation estimate approximates the sharp slopemesl for the initial data points, which is
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mainly due to floatable gangue like talc. At thédapoints, the recovery is mainly due to
entrainment. The other models with entrainment sleovgreater recovery estimate by
flotation than by entrainment. This may be possibldlotation. However, in UG2 ores
secondary minerals such as talc and amphiboles Hesmtable characteristics and are
recovered quickly (regardless of particle size)t Bwese constitute a small proportion of the
feed, i.e. < 6%w/w (Penberthy, 2001). Hence, mdsthe gangue is entrainable. The
occurrence of a slow floating gangue fraction (adow to the Kelsall and modified Kelsall
models) is believed to be due to model interactetween the floatable and entrainable
parameters. A suitable gangue model will be deteechirom the model statistics, which will

be discussed next.
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Figure 31: Fit of various flotation models (withdawithout entrainment) to batch rougher gangue data
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Figure 32: Residual plot of various flotation magl@kith and without entrainment) to batch roughemgpue

data

b. Model statistics

The discussion on the model fit and residual plogether with the statistics (Figure 33 to

Figure 36), will be used to determine the most appate model for gangue recovery. The
models with entrainment gave a better descriptioa fit for gangue recovery. There are

marginal variations in the statistics for the eimmzent models. Based on the statistics, the
model fit and residual plot, the classic model estdr suited for modelling gangue recovery

from a batch test, because:
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» The model provides a good fit to the experimentdhdand the residual plot has small
residuals, which are randomly distributed acrosszéro residual line.

» The model has fewer parameters than the Kelsalleimatth entrainment and the
modified Kelsall model with entrainment and prowde similar fit to the
experimental data.

» The model gives a logical description of the gangeeovery by resolving the
recovery into a floatable fraction, which is domrmbéan the initial part of the test, and

an entrainment fraction which is dominant towalusend of the test.

The parameter estimates for each model togetharthdt confidence interval is presented
in Appendix A5.
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Figure 33: Comparison of adjusted coefficient akdaination for models fitted to gangue recovertada
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Figure 36: Comparison of,8riterion for models fitted to gangue recoveryedat

3.3.4.6. Model selection for the chromite recovergata

a. Model fit

Batch flotation models (with and without entrainrhenodelling) were fitted to rougher
chromite recovery data. An additional model whiskwaned that all chromite is recovered by

entrainment was also examined.

Figure 37 and Figure 38 shows the model fit togkperimental data and the residual plot.
The models with entrainment have a better fit tatted experimental recovery points. The
model, which considers recovery by entrainment ofitg the experimental data well,
however; the model residual plot indicates a patofof the initial data points. There is a
variation in the initial period of the test, whiobsults in a peak in the recovery. This may be
due to rapid changes in the froth structure, duthmg initial period, which influences the
water recovery and consequently, the chromite rego\During this period floatable material
transports water (in spaces between bubbles) tirdtiewhich is recovered by scraping. The
high floatable content transports more chromiteaater (in bubble spaces) to the pulp-froth
interface. The scraping of the froth results ifharp increase in the chromite recovery during

this period.
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Models with more than one floatable fraction andhwentrainment were also fitted to the
data. The regression did not converge to a soludince either the rate or mass fraction of
one of the floatabilities was forced to zero. Matlagically, this indicates that a single
floatable fraction is sufficient for representingetinitial recovery period and entrainment
modelling is sufficient for the latter recovery.i$ls a logical result since chromite does not
have a distribution of floatabilities like PGMs la@se it is recovered mainly by entrainment.
The strong linear approximation obtained for theza@nment estimate for all models justifies

the chromite recovery being largely the resultmf@&nment.
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— Klimpel model fit
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Second order model with
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Figure 38: Residual plot of various flotation maékith and without entrainment) to batch rough@omite

data

b. Model statistics
Based on the statistical measures (Figure 39 tor€&ig2) and the model fitting discussion
given earlier; the classic model with entrainmemsvselected for modelling the chromite

recovery, because:

» The model provides a good fit to the chromite resgvdata, and it estimates the
recovery at each period in the batch test fairlit.we

» It describes the rapid changes in the initial pemainly recovery by flotation) and
the entrainment recovery towards the end of the tes

> Both model selection statistics (MSC ary) iidicate that this is a suitable model for

modelling the chromite recovery.
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Figure 40: Comparison of model squared error fode®fitted to chromite recovery data
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0.006

0.005+

0.004

0.003+

S criterion

0.002

only
model with entrainment

del with entrainment
odel with entrainment

Klimpel model with

ntrainment

0.001 1

Models

Figure 42: Comparison of,8riterion for models fitted to chromite recoversta

3.4. Chapter summary

A procedure for determining the PGM recovery vahgbfrom UG2 ore was presented. In

developing the procedure economics and sample mwass considered. Therefore, the
procedure can be applied to more samples from tisf\&Ild Complex. This made the study

more generic. The procedure considered sample teeledeed chemical assays, batch

87



flotation test, reproducibility of chemical assagad batch flotation method and lastly,
models for the rate of mineral recovery. The repoildility of the chemical assay and batch
flotation test was satisfactory for the study. das batch flotation models were applied to
the reproducibility data for PGMs, gangue and chterno determine suitable models for the

rate of recovery. Gangue and chromite recoveryimasded to make the study complete.

Models which considered recovery by flotation antta@nment were found to be better for
modelling the rate data. A new approach was prap&seentrainment modelling in a batch
system. The approach was logical, and this wagigdsby the fitting and residual statistics.
From the statistical evaluation of models, the P@9dovery will be modelled using the
modified Kelsall model with entrainment. The gangaed chromite recovery will be

modelled using a single floatable fraction withramment. The models will be applied in the

next chapter to illustrate the recovery variability
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CHAPTER 4. RESULTS AND DISCUSSION ON UG2 VARIABILIT Y

4.1. Introduction

A test procedure was formulated in Chapter 3 folasneng flotation performance. The
procedure was applied to fifty UG2 samples collédr®m across the Bushveld Complex.
The variability with respect to PGM feed gradendrand recovery of PGMs will be shown
and discussed here. Since the primary focus ofsthey is to determine factors affecting
PGM recovery; the variability of gangue and chr@micovery will be shown in Appendix
B- to reduce the size of the main body of the theBepression of gangue is an important
feature of platinum flotation, and the recoverygahgue and chromite will be considered in
the simulation example presented in Chapter 7.

Attempts will be made to link the PGM floatable aeery to feed chemical assay. A simple
statistical methodology, called predictive modgliwill be used to develop an empirical
relationship between PGM recovery and feed cheragsdy.

4.2. Sample selection

Figure 43 illustrates the location of the fifty UG2mples that were received from the various
operations situated in the Bushveld Complex. Mwammples were received from the Western
Limb than the Eastern Limb because there are mtatnpm operations in the Western
Limb. Points on the map which have the same caludicate operations that belong to the
same company, e.g. Anglo Platinum, Lonmin, Impata, Some operations submitted more

samples, and this is shown as clusters on the map.

Potgietersrus

Western Limb Eastern Limb

Figure 43: lllustration of the locations from whittte samples were collected for the study
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4.3. 2PGE+Au feed variability

Figure 44 shows the feed 2PGE+Au assay variabititysamples from the Western and

Eastern Limb of the Bushveld Complex. The 2PGE+£adg is shown since this assay was
used for flotation test work presented later irs tbhapter. The Western Limb has a higher
PGE grade than Eastern Limb, which corroboratesalitire (Cawthorn, 1999). The PGE

grade depends strongly on mining cut. The EastémbLhas larger mining cuts than the

Western Limb, due to a greater mineralisation afthotwall. Therefore, these samples have
a lower PGE grade than the Western Limb samplegsir&i45 shows the influence of silicate

content on the PGE grade. Samples with higherasdicontent (i.e. a greater dilution of the

reef, due to larger mining cuts) have a lower P&dsifgrade.
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Figure 44: Variation in 2PGE+Au feed grade for slasfrom the Western and Eastern Limb
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4.4. Grind variability

A fixed energy was used to mill all samples fottdloon test work; therefore, the grind (per
cent passing 75 um) varied. The grind for each &nvps estimated by sizing the rougher
tail from the flotation test at 75 um. Figure 46owis the variation in the grind for the

samples. The Eastern Limb samples are softer tltmlViestern Limb samples. According to
Fletcher and Bryson (2004) softer ores have mocerstary silicates, which are clay-like

minerals like talc, chlorites, amphiboles, serpesti etc. The clay-like minerals are derived

from chemical alteration of primary silicates.

Geochemical proxies make use of changes in buk geochemical composition caused by
alteration. According to Bahlburg and DobrzinskD@®2), a simple proxy that describes
alteration is the Ruxton Ratio R (SIBl,03). The ratio assumes that ,85 remains
immobile during alteration; therefore, changes irrelRect silica loss due to alteration. A
lower value for R implies that there are more séeoy silicate minerals. Figure 47 shows
the relationship between grind and the R ratio,cWwhalthough moderate, suggests that

samples with more secondary silicates (i.e. lowgaRes) have finer grind.
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Figure 46: Variation in grind for samples from thestern and Eastern Limb
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4.5. PGM recovery variability

4.5.1. lllustration of PGM recovery variability

The modified Kelsall model with entrainment wasridustatistically to be the most suitable
model for representing the batch PGM recovery dat@hapter 3. The model was fitted to
overall recovery to cleaner concentrate for eachpsa, and the model curves are shown in
Figure 48. The quality of the model fit for eacmgde is shown in the parity chart of Figure
49. The figure compares the recovery obtained fittven model with the experimental
recovery; the comparative line (in red) providemeasure of the simulated data variation
from the experimental data. The model gave a gitdd &ll experimental data points and for
all samples.

The premise of fitting the model to the recoveryadavas to determine the flotation
parameters that illustrate the extent of PGM reppwariability. Furthermore, it enables
links between flotation recovery and feed chemasday to be examined. The parameters
obtained were the fast floating fractionid® slow floating fraction (R.), entrainable
fraction (Rny, fast floating rate constant:{K), slow floating rate constant (k,) and the
average degree of entrainment factor (ENT). Thes@arameters were fitted to a total of
thirteen independent data inputs for each ore tyfee independent data points were
calculated from five cleaner concentrate sampigs, rougher tailings samples, one cleaner
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tailing sample, and five measurements of water ntag®ncentrate. In some cases, it was
necessary to combine dried concentrate samplegrdeide sufficient mass for PGM
analysis. Figure 50 illustrates the statisticahgigance of the regressions using a histogram

of the adjusted?rvalues.
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Figure 48: Overall recovery of PGMs to cleaner entiate
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Figure 50: Histogram of adjustetifor model fits to PGM recovery data

Figure 51 shows the extent of the PGM variabilitfhwespect to the model parameters for
samples from the Eastern and Western Limb. TheeEakimb samples have larger fractions
of the PGMs that are fast floating and entrainahbn the Western Limb. However, both
Limbs have a similar distribution of slow floatilgGMs. The distribution of the rate

constants and the degree of entrainment for sanigles each Limb is also similar. The

factors influencing the variation observed willdiscussed in the next section.
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Figure 51: Variability of batch flotation parametdor PGM recovery

4.5.2. Linking PGM recovery variability to feed chenical assay

4.5.2.1. General

There is a significant variation in the flotaticgsponse of the PGMs. Samples have different
floatable and entrainable fractions, rate constants degree of entrainment. The variation
may be attributed to various factors such as gand feed chemical assay. It was initially

thought that samples with finer grind would havegher recovery due to better liberation of
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PGMs, and that higher PGE feed grades give bettmvery of PGMs. However, the study

showed some surprising results of these two vasabl

The recovery profile for two samples (B8 and L1jthwsimilar grinds, are shown in Figure
52. Sample L1 had a lower recovery despite havingieh higher PGM content. This can be
attributed to two factors; insufficient liberatioh PGMs and minerals may have been altered.
Both factors are shown and discussed in Chapt®Yith regards to liberation, a UG2 ore
may have a fine grind (e.g. 80% passing 75 um)thitactual platinum group mineral can
have poor liberation, i.e. the minerals can be éocik gangue such as chromite and silicates.
According to Penberthy (2001), the poor liberatadnPGMs at fine grinding is due to the
minerals having undergone alteration, i.e. silicaterprint of the minerals. Hence, ultra-fine
grinding of the ore is required for liberation oGMs. With regards to feed grade, higher
PGE grade does not necessary imply better minecalvery by flotation. Voordouwt al.
(2010) examined the platinum group minerals in U2 and found that more than a 100
minerals occur. This is significant by comparisorahy ore body. Furthermore, he found that
some of the sulphide mineral had been altered dugjéction of hydrothermal fluid. The
result was an alteration of the sulphide mineralsatsenides, tellurides and alloys- also
known as secondary platinum group minerals. Shawkket al. (2007) found these minerals
to have poor floatability and are lost to the ftaia tail.
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Figure 52: Significance of feed PGE grade on PGdvery at similar feed grinds
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Figure 53 illustrates that samples which have sinfiGE feed grade do not necessarily have
better performance at fine grinds. This justifiee explanation given earlier regarding the
key mineralogical characteristics affecting recgyevhich is poor liberation of PGMs (even

at a fine grind) and alteration of PGMs to secondainerals with poor floatability.
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Figure 53: Significance of feed grind on PGM reag\at similar feed PGE grade

The premise of understanding PGM recovery varighidi the ability to relate the variability
to a discernible characteristic of the sample. Whalck assays indicate changes in the
geology therefore; changes in recovery may be exgaawith respect to geological variation.
However, there is no structured method for deteimginsuch a relationship. For a
metallurgist the problem is determining what whadek assays and ratios should be used.
On the other hand, for a geologist the problemeteminining the necessary metallurgical

parameters.

Furthermore, the functional form of the relatiomsbetween whole rock assay and recovery
by flotation may be linear, non-linear or a comhio of several variables. A statistical
method will be presented in the next section fdaedeining the link between PGM recovery
and geochemical assays. This is a new developnmehtan be applied for other types of

mineralisations.
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4.5.2.2. Predictive modelling- linking PGM recovenyto feed properties

a. General theory

A brief discussion on predictive modelling will Ipeesented followed by application of the
method. NIST (2012) gives a complete discussioprexdicting modelling; an illustration of
the procedure is given by Figure 54. The first s¢efine selection of an appropriate response
variable and predictor variable(s) for modelling.this study, the response variable will be
the floatable mass fractions, i.e. fast and slmatfhg. The predictor variables will be assays
and ratios of assays. Only the floatable fractitre (sum of the fast and slow floating
fractions) was chosen as the response variable. ffdction is recovered by attachment to
bubbles, unlike the unfloatable, but entrainabkction which does not have any mineral
properties that enable attachment to a bubble. eftiinment fraction is relatively small,
and it tends to get lost in multiple-stage cleanifige link to various measurable features of

the ore will be investigated using statistics.

START

A J

Select variables i.e. response
and predictor variables

'

Select initial model structure
between response and predictor
variables

' :

Fit model to data and assess
fit

' ' v

Determine if any Determine if any
Residual plot predictor variables predictor variables
left out are unnecessary

Is model
satisfactory?

Figure 54: Algorithm used for linking PGM recoveoyfeed chemical assay

Refine model based
on fit assessment

The second step involves determining an appropnaddel structure between the recovery

and chemical assays. According to NIST (2012) ntloelel structure can be determined from
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theory. However, the literature reviewed in thisdston UG2 beneficiation did not show any
relationships between PGM recovery and chemicayassTherefore, a simple multi-linear

model structure was assumed between recovery ardical assay. This assumption may be
incorrect, since some chemical assays may havedimear relationship with the recovery.

Nevertheless, the model fit and assessment stdpesnan evaluation of the functional form

of the chemical assays in the proposed model. Ghested coefficient of determination was

used as a fitting statistic for the multi-lineagression analysis.

Residual plots serve two purposes in predictive efiog); it enables an assessment of the
functional form of the predictor variables, anéritables an assessment of predictor variables,
which may have been left from the initial modelusture. Residual plots for each predictor
variable can indicate if the variable is incorréctthe model. Generally, a random and
scattered distribution of the residuals across zbe residual line indicates a correctly
modelled variable. On the other hand, residualsplghich have a systematic pattern, like
large residuals for small values of the variabld amall residuals for large values of the
variable, indicate an incorrect functional form tbe variable in the model. NIST (2012)
indicates that transformation of the variable udimgs, inverse or square roots can rectify
most incorrect functional forms. The residual plah also be used to determine if predictor
variables were left out of the model structure.alfplot of the residuals with potential
predictor variables (i.e. other chemical assays)wsh systematic pattern, then the variable
should be included in the model proposed. In otherds, the systematic pattern indicates
that the variable should be included but its funrzi form needs to be corrected in the model

structure.

Lastly, a T-statistic can be used to determindéf tnodel has unnecessary variables in the
structure. This is important since a model with esessary variables can result in smoothing
of the ‘noise’ in the experimental data. In otherds, unnecessary variables compensate for
noise in a causal manner rather than actuallyndjtthe data meaningfully. This is typically
seen for polynomials of higher order having fivenoore inflection points. The absolute T-

statistic is calculated using:

c=| Coefficiert of variable |

T —statisti :
|Standard!rrorof varlablé

(4.1)
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The coefficient and standard error of the variaddle obtained from the model fit to the
experimental data. Since the t-distribution is sygtral the absolute value of the T-statistic
from Equation 4.1 can be used. The T-statistic ammared to the value from the t-
distribution having a model degree of freedom @fyl a confidence level of 95%. If the T-
statistic is less than the value from the t-disttidtn, the variable is unnecessary and can be
removed from the model structure (i.e. the null dtipesis). However, if the T-statistic is
greater than the value from the t-distributionnthige null hypothesis cannot be rejected at a

95% confidence level.

b. Application of predictive modelling
In UG2 flotation, several chemical assays and sati@ay be considered for describing the
recovery of PGMs. Based on literature and bivanddés of PGM recovery by flotation with

chemical assays, the following variables were $etefor the initial model:

» 2PGE+Au- Refers to the PGE feed grade of the samplke flotation products were
assayed for Pt, Pd and associated Au hence, tde2fR@E+Au content needs to be
considered only.

» Grind— This variable influences the liberation betPGMs and consequently the
recovery.

» Pt/Pd ratio — Oberthir and Melcher (2005) stated Bd is more mobile than Pt and
is dispersed in the supergene environment. In oteds, deposits which have
undergone some form of geological alteration orthex@ng, have less Pd in the reef
since it is removed during alteration. A higherP®@lt/ratio indicates a supergene
environment. Farrovet al. (2005) stated that “The genetic implications @ thgher
Pt/Pd trend with decreasing sulphur content istduet solubility being lower than
that of Pd in most aqueous halogen-bearing fluidss possible that Pt-bearing
sulphides precipitated before the higher sulphide, lower Pt mineralisation.”
Cameron and Hattori (2005) stated that in mosts;dkere is an increase in the Pt/Pd
ratio in altered material.

» Ni/[Ni+Fe]- Guoet al (1999) used the Ni/[Ni+Fe] ratio to describe threse metal
content in sulphide ores. This ratio is considdoetle important since the PGMs are
generally associated with BMS therefore, a high Bds&tent will inherently imply
better PGM recovery. Furthermore, higher Fe costealative to Ni (i.e. smaller

Ni/[Ni+Fe] ratio) implies that there is more pyrtite present in the sample.
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Pyrrhotite has a lower floatability than pentlaeddnd occurs mainly in altered
environments, i.e. Fe-rich hydrothermal fluid ad@environments. In this study, the
acid soluble Ni and Fe assay will be used becauiseassay is directly related to
sulphide Ni and Fe minerals, unlike Ni and Fe, Wwhitwludes oxide minerals.

» Rb/Sr— Xuet al. (2010) used this ratio for determining the extehtchemical
weathering in deposits. During fractional crysttion Sr tends to become
concentrated in the solid phase while Rb remairtkerliquid phase. The Rb/Sr ratio
in residual magma may increase over time resuitingpcks with increasing Rb/Sr
ratios with increasing differentiation. With respém chemical weathering, Sr will be
higher in the solid phase for weathered samples foa samples with minimal
weathering, i.e. a lower ratio.

» LOI- Loss on ignition refers to the decrease inrttass of the sample when heated in
a controlled environment. The more volatile specsich occur due to alteration,
are removed when heated. Therefore, samples whigla LOI value have more

volatiles, which indicate a higher degree of aliera

Figure 55 shows bivariate plots of the variablescassed above with the floatable PGM
recovery, which is the sum of the fast and slowatilag fraction. In some plots, trend lines are

included to highlight relationships. The plots icate:

» The feed grade, grind and Pt/Pd ratio do not hasigraficant influence on the PGM
recovery.

» The base metal ratio (A/sNi/[A/sNi+A/sFe]), Rb/Satio and LOIl have weak to
moderate relationships with the recovery.

» Samples with a high base metal ratio (Figure 5%dehetter recovery of PGMs than
samples with a lower ratio.

» Samples which have a small Rb/Sr ratio have a loeeovery, which implies that
these samples are more weathered hence, the rgcevawer.

» Samples with a high LOI value have a lower recoyevitich implies that these

samples are more altered hence, the recovery &rlow
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Figure 55: Plots of potential predictor variabldsiah may influence PGM recovery
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Multi-linear regression was used to link the reagvand assays described above. Figure 56

presents the model fit to the experimental datajaign 4.2 gives the multi-linear model
and, Figure 57 shows the residual plot for eacllipter variable. Using these three sets of

information the following summary can be made fa initial model:



2.

PGM recovery data. This may be due to mineralodgmetiors of the samples, which
are not sufficiently represented by the assays useaniodelling, such as mineral
association and degree of liberation.

The residual plots indicate that the 2PGE+Au, famal grind, Pt/Pd and [A/sNi]/
[A/sNi + A/sFe] ratio have random and scattereddress hence; these variables have
a correct functional form in the model.

On the other hand, Rb/Sr and LOI have scatteraduals but larger residuals occur
at lower values of the variables, and smaller red&loccur at the larger values of the
variables. This indicates that the functional foofmthe variables is incorrect. The
variables may need to be transformed using Ln(bkja 1/variable or variabf&®
transformations, to correct the functional formtlodé variable such that the residuals
are not structured.

In Equation 4.2 the 2PGE+Au grade is in g/t; thedjis fractional and LOI is in per
cent. The coefficient for each variable was useddt®rmine the absolute T-statistic
(according to Equation 4.1); this statistic was pamed to the value from a t-
distribution having 43 degrees of freedom at a ¥¥#fidence level- this was 2.02.
The 43 degrees of freedom is the difference betwbendata points (50) and the
model parameters (7). The analysis (refer to Tadeindicates that the 2PGE+Au,
fractional grind and Pt/Pd ratio are unnecessanabies in the model. Since their
absolute T-statistic was less than the value frioentidistribution. This was expected
since the bivariate plots (Figure 55) showed thase¢ variables had no significant

influence on the PGM recovery.
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Table 14: Summary of model parameters for detertioinaf T-statistic

Variable Coefficients  Standard Error Absolute Ttisti
Intercept 50.50 10.58 4.77
2PGE+Au -0.27 0.75 0.36
Fractional grind 9.46 10.91 0.87
Pt/Pd -3.25 2.02 1.61
AsNi/[A/sNi+A/sFe] 146.93 15.70 9.36
Rb/Sr 82.02 26.47 3.10
LOI -14.79 5.78 2.56

The predictive modelling approach was repeated, thet unnecessary variables were
removed, and the incorrect functional form of thariables was corrected using
transformations of the variable. The transformatiamich gave the best model fit and scatter
in the residuals was used. Equation 4.3 preseatsrtproved model and Figure 58 shows the
improved model fit.

: -0.5
Rﬂoat:14o.6%—A.’SN' }—1.32{5'0} ~3.3a Lol o |+54.08 (4.3)
A/sNi+ A/sFe Sr 300°C

The model has an adjusted coefficient of 0.80, tvlasiccording to NIST (2012) is not large
enough to conclude that the model may be used rfedigtion. Generally, an adjusted
coefficient >0.92 indicates that the model can Bedufor prediction. Nevertheless, it is
believed that the model provides a reasonable tqtiaé correlation between PGM floatable
recovery and chemical assay. The model indicatas samples with a high base metal
sulphide ratio have high PGM recovery. This impligeater association of the PGMs with
pentlandite. On the other hand, samples with higliSRratio and LOI value, which are

proxies for weathering and alteration respectiviegye a poor PGM recovery.
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4.6. Chapter summary
The variability of the PGM recovery from cleanetdbaflotation tests was illustrated for fifty

UG2 samples. A suitable model was fitted to themmée recovery data, and the parameters
obtained were used to illustrate the extent ofRK&M variability, with respect to floatable
and entrainable fractions. Attempts were made terdene the feed chemical assays which
influence the PGM floatable recovery, i.e. the fastd slow floating PGM fractions.
However, no significant relationship could be fourRtedictive modelling was used to
determine an empirical link between PGM recoverg taed chemical assay. The empirical
model obtained can be used to determine qualitgtive UG2 sample has recovery issues. It
is believed that the poor recovery predictabilifytioe model is due to bulk assays not
providing sufficient information on the mineralogy the PGMs, i.e. liberation, associations
and PGM speciation. Therefore, in the next chaptegsinfluence of mineralogy on PGM
recovery will be investigated, with the primary pase of determining a more rigorous

model for determining the factors influencing PG&d¢avery.
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CHAPTER 5. MODELLING OF BATCH FLOTATION TESTS WITH GRINDING
AND DEPRESSANT EFFECTS

5.1. Introduction

The variability in the flotation properties of salep of UG2 ore was illustrated in the
previous chapter. An empirical link between fee@raltal assay and PGM recovery was
developed, but there was significant scatter. Hason is that feed chemical assay does not
account for the spectrum of platinum group minasalociations with gangue and base metal

sulphides.

Mineralogy can be used to identify the mode of o@nce of PGMs and its contribution to

recovery by flotation. The objective of this chapgeto develop and model a batch flotation
test method, which quantifies the effects of stggading and depressant addition, i.e. an
advanced batch flotation test. Both grinding angreesant addition are important in UG2
flotation. The link between model parameters andema@logy will then be investigated. The
experimental method, which includes sample selecéind batch flotation tests, will be

discussed. The methods for model selection usethepter 3 will be extended to include

regrinding and gangue depression.

5.2. Experimental

5.2.1. Sample selection

Seven samples were selected for further test wieidgire 59 shows the location of the
samples in the Bushveld Complex. The selectiohefsamples was based on the amount of
drill core material available for additional testdevertheless, they do represent a reasonable

spread of mineralogy and feed grade.

Potgietersrus

Western Limb Eastern Limb

Figure 59: Location of samples selected for furtest work
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5.2.2. Batch flotation tests

The importance of characterising a sample usinghbifdtation tests has been recognised by
many authors, (Kaya and Laplante, 1986; Barletral, 1986; Gochin and Smith, 1987;
Villas Bbas, 1991; Agaet al, 1998; Brown and Hall, 1999; Dune¢ al, 2002; Yianato®t

al., 2003; Hay and Rule, 2003; Williams and Richards2004; Dobby and Savassi, 2005;
Alves and Gongalves, 2006; Mpapwetal, 2008; Amelunxen and Amelunxen, 2009b & c;
Torreset al, 2009; Varadet al, 2010 and Suazet al, 2010). However, there are limitations
to the batch flotation test, including the use aofip@ical scale-up parameters, periodic
removal of the froth by scraping and the relativielyw loading of the bubbles in a typical
laboratory flotation machine. Nevertheless, thecldtotation test is still considered the
principal method for characterising a sample besaimple standard procedures can be

used, and the effects of reagents can be testethalh sample masses.

A simple rougher test is normally carried out tdedmine the recovery attributes of the
sample. However, rougher test work does not proaidall understanding of the process,
particularly when the gangue must be depresseldeirtleaning stages. This is demonstrated
for a simple rougher and cleaner tastrigure 60. A sample was milled to a fine grind o
80% passing 75 pum and material was collected &rdiit times. Another test was carried
out, but the rougher concentrate was cleaned waimal amount of depressant (50 g/t KU5
based on feed to rougher). The overall recoveryPiBMs, gangue and chromite is shown.
All species in the cleaner stage were recoverea sibwer rate than that observed in the
rougher stage. The addition of depressant impedHedflotation of floatable gangue and
composite PGM particles, resulting in a lower reagv Therefore, roughing together with
cleaning tests (at different depressant additieagcessary for obtaining better estimates of
mineral floatable mass fractions, rates and entrait parameters. Clearly, rates of flotation

should be measured in both roughing and cleaning.
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Figure 60: Comparison of the overall recovery oM&>gangue and chromite from rougher and clearss te

Figure 61 shows the batch flotation experimentsl usecharacterise the samples. A primary

rougher, secondary rougher and four cleaner testslifferent depressant additions) were
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carried out for all samples. In carrying out theacler tests, sufficient mass from each cleaner
concentrate is required to create a prill for asgpyTherefore, roughing was carried out
twice with the masses combined and used for sulesgqtleaning tests. This gave an
additional rougher tail for each cleaner test, Wwhigcas used in determining the mineral

recovery.

Primary and secondary roughing was carried oufinwlate the process used in most UG2
plants. A coarse grind was used to liberate lamgeng?GMs attached to BMS thereafter, a
finer grind was used to liberate smaller grain PAbtked in gangue. The application of
stage grinding prevents the unnecessary detachoh&®Ms from BMS, which results in a
smaller particle that has a lower probability oingerecovered. Stage grinding also limits the
overgrinding of chromite, and prevents the genenatif fine chromite particles, which have
a higher probability of being recovered by entraemi Depressant addition to the cleaner
stage was also examined, since it was shown e#libi¢rdepressant impedes the flotation of
minerals and affects the recovery.

The experimental procedure for the primary roughage was as follows:

1. A1 kg sample was milled to a target grind of 408s9ng 75 um, which is a typical
primary grind used in UG2 flotation, (Hay and Sader, 2005 and Dunne, 2007).

2. Thereatfter, the milled sample was transferred smt5¢ flotation cell, and the pulp
was agitated at an impeller speed of 1200 rpm.plike was conditioned with typical
reagents using dosages that were found from tlemsixe historical test work carried
out by Mintek on UG2 samples (Overbeekal, 1980; Liddell and Dunne, 1984;
Liddell and Burger, 1988; Hinde and Joosub, 199&rrid et al, 2000; Naik, 2000;
Darley, 2000; Hlahane, 2002; Fickling and Maha&{02; Dass, 2003; Morgan,
2003; Maharagt al, 2004; Powell, 2004; Bowers and Maharaj, 2004; ,R2H05;
Roy and Dhilwayo, 2006; Powell and Stallknecht, @0®bonambi and Mogosetsi,
2006; Makhanya, 2007a Sibanyoni, 2007; Mahatal, 2007 and Mbonamtat al,
2009).

3. The first reagent added was the collector SIBX dbsage of 150 g/t, the pulp was
conditioned for 2 minutes. It should be noted th#ypical amount of depressant was

added to the primary rougher stage (KU5 at 20agit) the pulp was conditioned for a
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further 3 minutes. Lastly, Dow200 frother was adttethe pulp at a dosage of 40 g/t
and the pulp was conditioned for a minute.

4. After conditioning, air was introduced into the tagggd pulp at a rate of 8.4¢Knin.
The froth was scraped every 15 seconds, and fineertdrates were collected at times
1, 3, 7, 20 and 30 minutes. The description oftkgerimental apparatus, i.e. flotation

cell and machine were presented in 8 3.3.3.2.

Once rate information in the primary rougher hadrbebtained the next test was carried out

on the secondary rougher:

1. A1 kg sample was milled and concentrated as petetst procedure described for the
primary rougher, but in the primary rougher a conicde was collected for 5 minutes
only. This flotation time was chosen based on tG&MRate of recovery observed for
the various UG2 samples from the variability stunlyfChapter 4. The rate response
(Figure 48 in 8§ 4.5.1) indicated that at 5 minuték curve ‘kneed’ suggesting a
transitioned from fast floating PGMs to slow floajiPGMs.

2. Grinding tests on the primary rougher tail sampkrevperformed to determine the
time required to obtain the typical grind of 80%sgiag 75 um (Hay and Schroeder,
2005 and Dunne, 2007).

3. The milled sample was then transferred into a 2.Hotation cell, and it was
conditioned at an impeller speed of 1200 rpm with g/t SIBX, for 2 minutes,
followed by a typical depressant dosage (KU5 atgZ) for 3 minutes. Dow200
frother at a dosage of 40 g/t was added and thewas$ conditioned for a minute.

4. After conditioning, air was introduced into thetfiton cell at a rate of 8.4 min;
the froth was scraped every 15 seconds, and fimeesdrates were collected at times
1, 3, 7, 20 and 30 minutes.

Lastly, cleaner tests at different depressant eiditwere carried out according to the

following procedure:
1. The rougher stages, both primary and secondarye waried out according to the

procedure outlined above. But, it was carried ouduplicate to generate sufficient

mass for cleaner test work and for assaying. Safftonass is required to generate a
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prill for assaying and the mass requirement in@eagth a lower grade concentrate
and tail hence, the rougher was carried out twice.

In the cleaner stage, four depressant dosagesevateated. The first dosage was 0
g/t, this can be considered as a blank test, wkitibles the linking of the rate
information from the rougher to the cleaner stafferee other depressant dosages
were evaluated, the dosages selected dependedeosathple being tested. For
instance, a sample with significant floatable gangaquires a higher amount of
depressant than a sample with a smaller amoumbatbble gangue. The initial test at
0 g/t depressant was used to identify samples, whad abnormal amounts of
floatable gangue. This was determined by examithegnass recovery with time and
adjusting the depressant incrementally for eact) tes more depressant was added

for tests, which had a higher cleaner mass recovery
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Collector (SIBX): 150 g/t rougher
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Primary stage conditions Primary mill Secondary mill

Mill
Grind: 40% -75 um

T~

Secondary
rougher

71

Flotation
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Flotation time: 5 min
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Collector (SIBX): 75 g/t
Depressant (KUS5): 20 g/t
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Frother (Dow200): 40 g/t
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Depressant (KUS): Four depressant dosages
evaluated the first was 0 g/t. The rest was set
visually based on amount of floatable gangue
observed

Flotation time: 30 min

Figure 61: Batch flotation tests used to charasgettie effects of grind and depressant addition

5.3. Modelling of batch flotation tests with grindand depressant effects

Suitable models for PGM, gangue and chromite ragowere chosen in Chapter 3 based on
statistical discrimination. It was found that a mbanhich includes entrainment of particles
provides a better description of the minerals recpvThe inclusion of additional parameters
for entrainment was justified by additional datatie form of incremental water recovery.
However, the flotation test work proposed in thimter has stage grinding and depressant
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addition effects that extend across both roughind aleaning. Therefore, a modelling

methodology which encapsulates these effects isnes)

Models for simulation of flotation such as JKSim&tilgRungeet al, 1998 and Harrigt al.,
2002), SUPASIM (Hay and Rule, 2003) and FLEET (Dobhd Savassi, 2005) assume that
the flotation characteristics are maintained atsédiges. The JKSimFloat method uses a
global regression of data from batch tests on uarjgant products. The data is linked via a
mass balance for the plant. An alternative apprasehdirect regression of a model to plant
data. The latter was used by Loveday and Hem@iiD§) for modelling a platinum flotation
circuit. They accounted for the effects of regrmgliby assuming a new set of parameters

(mass fractions and rate constants) for materiaregny the secondary rougher.

The various batch tests in this work will be linkeda global regression, which is similar to
the method developed at the Julius KruttschnittdvshResearch Centre (JKMRC) (Rurege
al., 1998; Alexandeet al, 2000 and Harrigt al, 2002) However, development of a new

model was required to incorporate the effects gfineling and addition of depressant.

In view of significant parameter inter-action beémemass fractions and rate constants
observed in Chapter 3, it was decided that theajjlobgression should use the same rate
constants for primary and secondary rougher flotatHence, the effect of re-grinding would
be shown in an understandable way, by changeseinmifiss fractions. The finer particles
produced by regrinding are recovered more readilgritrainment. For modelling purposes,
it is expected that regrinding will increase theoamt of entrainable material { and that
the value of ENT may also be affected. The parammd®g: and ENT interact in regression
and some simplifying assumptions are required fiplieation of a global regression. The
entrainment factor (ENT) for the cleaner stage ag&oximated by using the average of the
values obtained in the two roughing stages, wegymteterms of the mass fractions of
entrainable material:

(Rent*ENT) (R

Primary rougher+ enthNT) Secondary rough :03

ENTcleaner
Rent,Primary roughe'li'R ent, Secondary rougher
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The modelling exercise will be illustrated on orfele seven samples, and the best method

will be applied to the rest of the samples. Theamselected is referred to as sample A.

5.3.1. PGM modelling

5.3.1.1. Model hypothesis

A basic requirement for modelling of a flotatiorratiit is that the particles retain their
flotation or entrainment characteristics when thapve from one stage to the next.
Regrinding changes all the particles and a newosgtarameters are required. However,
where significant parameter interaction occursjsitpossible to assume some common
parameters (Loveday and Marchant, 1972). Figureillé®@trates the total number of
parameters (grimary rougher + 8secondary rougher + ¥6leaner stage}} = 36). The total
number of data points, for each mineral type, iditlg the water recovery is 62. The
behaviour in the cleaning stage must be linkechéorhodel parameters in the two roughing

stages. Various approaches are discussed below.

Primary mill Secondary mill

T

Secondary
rougher —>

Primary rougher

Reust.a
Rsjow, d
Rent,a
kfusb d
Kstows a

N

Figure 62: Parameters used in modelling PGMs fogher—cleaner test work

Approach One— This approach has 13 parameterdR{ise prim Rsiow, prim Rent, prim  ENTprim,
Riast, see Rsiow, see Rent, see ENTseo Rsiow, da Rsiow, d3 Rsiow, da Ksiow and kas), which are
determined by a global regression to the timedfion tests, linked by a mass balance. The
mass fractions (fast, slow and entrainable) arémastd for each rougher stage. The
entrainment factor was also determined for primamyg secondary roughing, and this was
used to determine the entrainment factor in thande stage using Equation 5.1. The mass
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fractions sum up to a maximum recovery for eachestdso; the mass fractions together with
the rate constants and entrainment factors carsée 10 model the feed flotation properties
to the cleaner stage. Note, the primary rougher wasied out for a prolonged time.

However, for secondary roughing and cleaning tedisminute primary rougher concentrate
was taken. The prolonged primary rougher test piessimore data points for modelling this

stage.

Since additional depressant,(ds and d) was added to the cleaner, it was hypothesized tha
depressant influences the slow floating materidy,owhich is mainly composite material.
The fast floating material is mainly liberated largrain PGMs and PGMs attached to BMS
therefore; these particles should intuitively not fluence by depressant addition.
Depressant acts on gangue. Therefore, the assumgitithe slow floating material being
affected by depressant addition is logical. Thesiesction of the slow floating PGMs in the
cleaner at each depressant additioRofRdz Rsiow, d3 Rsiow, d9 Was estimated from the
regression. A global fast and slow rate constarst also determined.

Approach Two— This approach also has 13 paramétersRast, prim Rsiow, prim Rent, prim
ENTprim, Reast, see Rsiow, see Rent, see ENTseo Ksiow, d2 Ksiow, d3 Ksiow, d4 Ksiow @nd kasy. In this
approach, the slow floating mass fractions in flearmer stage are assumed to be constant, but
the rate of flotation of the slow floating materiahs allowed to vary for each depressant
addition. The other parameters are calculated éensdme way as mentioned for Approach
One.

Approach Three — This approach has 16 parameters_fs, prim Rsiow, prim Rent, prim ENTprim,
Riast, see Rslow, ses Rent, see ENTseo Ksiow, da Kslow, d3 Ksiow, d4 Rsiow, d2 Rsiow, d3 Rsiow, d4 Ksiow and
kiasp. In this approach, both the rate of flotation amalss fraction of the slow floating PGMs
in the cleaner are assumed to be variable with egnressant addition. The rest of the

parameters were calculated as above.

5.3.1.2. Model evaluation

The fit of the modelling approaches with respecth® experimental data is shown by the
parity charts in Figure 63. All the approaches gawgood fit to the experimental data. The
adjusted coefficient of determination, which coessgdthe parameters used in modelling,

indicated that more than 90% of the data variatvas accounted by the approaches.
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There are significant differences between model @attd in the recovery range 40 to 60%,
this corresponds to the first concentrate from ghemary rougher and cleaner tests. These
data points occurred when there were rapid chamgéise froth structure. The two points
tending to 60% are for the primary rougher and r@eaat O g/t; these points are
underestimated by the approaches, and this mayééoda large amount of floatable gangue
occurring in this period. The floatable gangue esuke material to be recovered at a faster
rate; this was also observed during the experim@ihts froth was stable and the bubbles on
the surface of the froth were very large and hgawiineralised. On the other hand, with
increasing depressant dosage the initial concestrdtom the cleaner tests were
overestimated. The froth structure was less staidethe bubbles on the surface of the froth
were smaller when the depressant dosage was iedreas shown by Figure 16 in Chapter 3.
When the depressant dosage was increased some ftdatable gangue was suppressed, and

this caused the froth to be less stable. Hence? @M recovery was lower.

Modelling of the froth using techniques discussgd\Veraet al (2002) may resolve this
issue, however, the froth structure changes rapidhing a batch flotation test. This is due to
depletion of the frother and the floatable gangu®e depletion is greatest at the beginning
but decreases with time over the duration of tisé fehis is a challenge in the modelling of
the batch froth, since it is time varying and deget on frother and floatable gangue content
in the pulp. Nevertheless, the marginal variatiothie initial concentrates does not affect the

overall model fits significantly, as indicated thetparity charts.

Approach Two shows a poor fit at the lower PGM xexes (<20%); this corresponds to the
secondary rougher data. Examination of this davael that the approach, by comparison to
the others, over predicts the entrainable matémah the secondary rougher. This can be
attributed to a constant slow floating mass fracticsed in the cleaners. The approach
apportions more material to the entrainable fractd®s more material is apportioned, to the
entrainable fraction, less material was classiisdslow floating and this provided a better

cleaner fit, but poor secondary rougher fit.
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Figure 63: Parity charts for modelling approachgsliad to rougher—cleaner PGM data

Figure 64 shows the flotation estimate obtainedthftbe modelling approaches. The primary

rougher flotation estimate is for a test carried aeer a prolonged time, and the secondary
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rougher flotation estimate is based on a 5 minttegry rougher concentrate. Therefore, the
material sent to the cleaner stage is composetieobtminute primary rougher and the 30
minute secondary rougher flotation and entrainnestimate. Material that detaches during

flotation can be entrained.

In general, the approaches indicate that depresstimtts the rate of recovery. Both
Approach Two and Three suggest that if the time esended the recovery for a high
depressant test would approach the recovery fowadepressant test. This is unlikely since
the recovery should intuitively be lower for higheepressant additions. Therefore,
application of Approach Two and Three is not logic@n the other hand, Approach One

presents a better description of the PGM rate @jvery for depressant addition.
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Figure 64: Flotation estimates from modelling aguttes applied to rougher—cleaner PGM data

Figure 65 shows the entrainment model estimatéhapproaches with time and with water

recovery. The recovery by entrainment is small emyparison with the recovery by flotation.
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Konopacka and Drzymala (2010) investigated diffetgpes of water recovery-entrainment
plots and indicated that curves such as that sedfigure 65 is due to less frother in the
system and the feed containing coarse particles.PiBMs have a small grain size therefore;
the bending of the curves cannot be attributetiégoresence of coarse particles. Less frother
may be a more rational explanation, since the chergls around 5 minutes into the flotation
test. Frother concentrations may be low at thisetimue to most of the material being
collected by flotation, which contains most of thether with the water collected to the

concentrates.

A further reason for the bending of the curve mayhe concentration of PGMs in the pulp.
During the test, most of the PGMs are recoveredtively quickly by flotation, and this
reduces the PGM concentration in the pulp. The foeancentration limits the material
available for entrainment. This is shown by theankr test at 0 g/t, for this test the curve
asymptotes due to most of the PGMs being recoveydtbtation. On the other hand, for the
cleaners at higher depressant addition the curseaHawer degree of asymptoting, because
depressant addition impedes the composite paftatition. Hence, more PGMs are present

in the pulp for entrainment.

The same behaviour is exhibited by the primary hengwhich has a lower degree of
asymptoting by comparison to the secondary roughes.believed that the primary rougher
has more PGMs in the pulp, and this material cbuates to the entrainment estimate with
time. On the other hand, the secondary rougher deathins less PGMs due to the recovery
of most of the PGMs from the primary rougher. There the limited amounts of PGMs in

the pulp results in an asymptoting of the entraiminestimate with time and water recovery.
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Figure 65: Model entrainment estimates for appreaapplied to rougher—cleaner PGM data

Figure 66 presents the variation in the cleanearpaters for the three approaches. For

Approach One an exponential function correlated wéh the slow floating fraction. No

notable trend exists for the parameters obtainethépther approaches. However, the model

fitting indicates that depressant reduces thedluity of the slow floating material; since the
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rate of flotation and the slow floating fractioncdeases with increasing depressant dosage.
Approach One offers insight into the tighteningloé modelling of the rougher-cleaner data;
a single parameter model which fits the mass foastican be used to reduce the number of
parameters. The result of this is a more compactetting approach. This will be examined
in the next section, when the selection of the Mimdeapproach for PGMs will be evaluated

using statistical methods presented in Chapter ghfdel selection.
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5.3.1.3. Model selection

Three approaches for modelling the rougher-cleala¢a were evaluated in the previous
section. The approaches, which considered variatidine slow floating rate constant, do not
provide a logical interpretation of the action @pdessant in flotation. Hence, the approach
which assumes a variation in the slow floating mfaastion was selected, since it gave a
better description of the test. Examination ofihagation in the mass fraction indicates it can
be correlated with depressant addition, using gomeential function. This correlation was

examined as another modelling approach, called dgutr Four.

Figure 67 presents a summary of the model fit, #nedflotation and entrainment model
estimates. The parity chart indicates that Apprdaalr offers a good fit to the experimental
data. This is expected since the application of&xonential function should not result in a
significant loss in the fit, because it is modejlithe observation for an unconstrained
regression, i.e. Approach One. The flotation anttragmment estimates do not deviate
significantly from those observed for Approach One.
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Figure 67: Summary of modelling approach assumimgxaonential decay for variation in slow PGM mass

fraction
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Table 15 presents a summary of the statisticshemtiodelling approaches. Approach Two
and Three are included in this summary, even thaudid not provide a logical description

of the rate of flotation of the PGMs. Approach QmeFour can be used to model the PGM
data. Approach Four is a compact model, which gargsod fit to the data by comparison to
Approach One. Furthermore, the model selectionthads criteria, indicate that Approach

Four is marginally better than Approach One. Theedlomodel squared error for Approach
Four implies that the parameters obtained fromeggjon have a narrow range of variation,
which is due to the fewer parameters used in miodelHence, Approach Four is the best

approach because it is mathematically compactsasthtistically better than Approach One.

Table 15: Summary of statistics for model approadmplied to PGM rougher—cleaner data

Statistic Approach One Approach Two Approach Three Approach Four
2
r= ..
adj 0.986 0.977 0.990 0.988
MSC 4.093 3.586 4.378 4,237
S 0.152 0.250 0.118 0.129
MSE 2.725 3.568 2.301 2.542

Table 16 shows the parameter estimate from theerdifit modelling approaches. The
parameters for the primary rougher are for an @ddrflotation test, and the parameters for

the secondary rougher are for a primary rougheinigea 5 minute concentrate collected.

Approach Four, which is the approach selected fodeting PGM data, indicates that most
of the PGMs are recovered from the primary rouglhecause there is a larger floating
component at this stage. The secondary roughersloager floating material, which is

reasonable, since this stage has composite PGM#@his with a smaller grain size, by
comparison to the primary rougher.

The parameteB is an exponential parameter, which links deprdsdasage to the slow
floating PGM mass fraction. Equation 5.2 expregbesrelation between mass fraction and
depressant dosage. This indicates that for a degredosage;dhe fraction of slow floating
material available for recovery by flotation, istproduct of the slow floating fraction at a
dosage of 0 g/t in the cleanersd, 49, and the value from the exponential function for

depressant addition;.dThe relationship has many advantages such asjidprg a
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mathematical relationship for modelling depressaadition on flotation mineral recovery.
This is attractive for understanding the effectiepressant addition with respect to composite
particles (mineralogy) and for plant simulation. apter 6 and 7 will discuss these

applications in greater detail.

Relowq _ (-ox)

(5.2)
RsIow,cb

Table 16: Summary of parameter estimates obtamed §lobal regression for PGM

rougher—cleaner data

Parameter Approach One Approach Two Approach Three Approach Four
Réast, prim 57.62 58.12 56.46 56.41
Resiow, prim 25.82 22.72 26.47 28.13
Rent, prim 0.74 0.87 2.25 0.74
ENTim 2.64x10° 1.61x10° 7.10x10* 2.54x10°
Reast, sec 6.24 6.29 6.23 6.23
Rsiow, sec 12.59 12.61 11.06 12.50

Rent, sec 1.09 1.04 1.61 1.09
ENTsec 3.63x10° 3.0310? 1.00x10° 3.6210°
Rslow, d2 28.48 - 23.29 -
Rslow, d3 19.29 - 23.17 -
Rslow, d4 17.57 - 21.10 -
kslow, d2 - 0.14 0.16 -
kslow, d3 - 0.09 0.11 -
kslow, da - 0.09 0.11 -
Krast[min ] 1.26 1.29 1.34 1.33
Ksiow [min"] 0.22 0.30 0.24 0.19
6 [t/g] - - - -1.60x10°

128



5.3.2. Gangue modelling
5.3.2.1. Model hypothesis
The gangue species, which are minerals that arehoimite or PGMs, was modelled in
Chapter 3 using a single floatable fraction andovecy by entrainment. The methods
developed earlier for evaluation of the PGM mode&revrepeated for gangue recovery.

However, fewer parameters were used, since thersiiggle floatable fraction.

5.3.2.2. Model evaluation
The fit for the different approaches with respecthte experimental data is shown in Figure

68. The fit to the data is significantly worse fgoproach Two.

There is more deviation for the modelling of thegae data than that observed for the PGM
modelling. Gangue is recovered mainly by entrainin@s indicated by Figure 69 and Figure
70. It is believed that the use of a single entrant factor does not account for the various
silicate minerals, which have different densiti#ge gangue can be resolved into several
dominant silicate phases to improve the modellimgt, this would require mineralogical
examination, which will be expensive to implement @ach flotation product. Modelling,
according to particle size, may improve the dabnitof the entrainment factor. Harris (2000)
modelled the UG2 gangue recovery for pilot plartadeccording to particle size, but found
that the fit was under or overestimated in cerfzants of the plant. The resolution of the
gangue into several dominant silicate species,thegavith modelling according to particle
size, will offer a more improved model for gangeeavery. However, this approach will
result in an expensive batch flotation method, Whiom an industrial perspective is not
favourable, due to cost and time constraints. Nbetss, Approach One and Three offer a

reasonable fit to the data despite the gangue davspectrum of densities and particle sizes.
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Figure 68: Parity charts for approaches used toemgaihgue for rougher—cleaner test work
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Figure 69 and Figure 70 shows the flotation andagmnent estimates for the different
approaches. Approach One provides a logical desgmmipf the flotation and entrainment
estimate than Approach Three. Approach Three fotisesrate of flotation at the highest
cleaner depressant dosage to zero; this meanghtratis no gangue recovery by flotation.
This is unlikely since depressant was added incnéalg such that the froth was not
completely depressed and as a result there walfleagangue present. The low floatable
estimate is likely due to interaction between timéraenment and flotation terms in the

modelling approaches.

Approach One is better suited for describing thegga recovery. The approach indicates
that the flotation estimate in the cleaner stagaadses when depressant dosage increases.
The gangue recovery reaches an asymptote withdsgmessant dosage, which is typical for
depressant addition. The higher gangue recovefy @t depressant addition is due to the

gangue recovered from both the primary and secgndagher.

The slope of the entrainment estimate with waterovery increases with increasing
depressant in the cleaner. This can be attribubedepressant suppressing the floatable
gangue, which results in a loose froth structue¢ tas more water in the spaces between the
bubbles. The water contains entrainable matemal this is recovered with each scrape to the
concentrate collector tray. The secondary roughsrehhigher entrainment estimate than the
primary rougher. The higher secondary rougher gmtrant is due to finer grinding of the
primary rougher tails, which generates more madterithe finer particle range. This material
has a higher probability of being entrained.

Figure 71 shows the variation in the cleaner patarsewith depressant for the different
approaches. Approach One indicates that the vamiati the floatable gangue fraction can be
modelled using an exponential function, similathtat observed for the PGM modelling. The
variation in the rate constant could also be medelising an exponential function but the
function does not model the rate at the lower deganet dosages sufficiently. Approach Three
shows that the rate and mass fraction decreasamithasing depressant addition. However,
it does not follow any notable trend. A polynomddl order n may be used to model the
variation in rate and mass fraction, as appliedmelunxen and Amelunxen (2009b) in the
modelling of reagent effects for a molybdenum dieis does not simplify the model if the

order is greater than two.
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Figure 69: Gangue model flotation estimate for farecleaner test work
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5.3.2.3. Model Selection

The approach which considered a variation in thesnfi@ction with depressant addition gave
a good fit and description of the rougher-cleanatadIn addition, it was found that an
exponential function describes the variation in tass fraction with depressant addition. A
fourth modelling approach with an exponential vidoiain the mass fractions was applied to
the data; Figure 72 presents a summary of thenfitfeotation and entrainment estimate for
this approach. This approach has a good fit to ékperimental data in addition, the

description of the flotation and entrainment estasavas logical.

Table 17 presents the statistical measures foappeoaches. The second and third approach
did not provide a good fit and/or description o€ ttougher-cleaner data therefore; these
approaches cannot be used to model the data. atigtisal measures suggest that Approach
One is better than Approach Four, but the diffeeenic the measures is marginal.
Furthermore, as discussed in the PGM data, a cdmpadelling approach is preferred. Since
fewer parameters infer that fewer data points arpiired in regression, and there is less

parameter interaction. Hence, Approach Four wilubed to model the gangue data.

Table 18 gives a summary of the parameters obtairmed the approaches. The primary
rougher parameters are for a prolonged test, angdhameters for the secondary rougher and
cleaner tests are based on a primary rougher daot¢ for 5 minutes. The sum of the
floatable and entrainable fraction gives the maxmrecovery for the rougher stage; material
not recovered may be too coarse for entrainmertase no floatable properties. In both
rougher stages, there is more entrainable matiaal floatable material, which is expected
since the modal proportion of floatable ganguec(talerpentine, amphiboles and most
secondary silicates) is smaller by comparison te tion-floatable gangue (pyroxene,
feldspar, quartz and most primary silicates). Mdshe floatable gangue is obtained from the
primary rougher, and a smaller fraction is obtailaé@r finer grinding. This concurs with
industrial and pilot plant operations, which operttese stages with a shallow froth height
and additional frother, so that a stable froth lsarobtained, due to less floatable gandiies

a fitting parameter for the exponential modelling tbe floatable mass fractions with

depressant addition.

135



20
< 18
Ea
16 -
<
14 =
°
Q 12 o, °
g 10 -
< ° o
8 8 + o
B
'E 6 ° 3 o
G 4 o 2 °
<
2 -
o T T T T T T T T
o 2 4 6 8 10 12 14 16 18 20
Experimental gangue recovery)] (a)
20 T T T T
184 — Primary rougher — Secondary rougher |
X Cleaner (O g/t depressant) Cleaner (75 depressant)
g — Cleaner (200 g/t depressant) — Cleaner (300 g/t depressant) — — — -
| | | | |
g T F====== === H-- ===
| | | |
| | | |
S | | L I}
g - - I—————= d4-=-——==—
| | | |
= | | | |
g I I I ]
IR [E [ - __
| | | |
o o o T
! ! ! I
| | | |
! ! ! !
15 20 25 30 35
Time [min] (b)
10
= —Primary rougher —Secondary rougher
g 9 A Cleaner (O g/t depressant) Cleaner (75 depressant)
g 8 —~Cleaner (200 g/t depressant) —~Cleaner (300 g/t depressant)
B —
8 7
T 6
£
5 4 —
@ D
% % e— |
6 2 / —
1
(0] +
(0] 5 10 15 20 25 30 35
Time [min] ©)
10 T T T T
< — Primary rougher — Secondary rougher
[ 9+ Cleaner (O g/t depressant) Cleaner (75 depressant) -
g s — Cleaner (200 g/t depressant) — Cleaner (300 g/t depressant)
7 | | | | d I |
'ﬁ I I I I I I I
79 I I I | I I I
| | | | | |
61 -——--- [ [ 1T 7 . T T T T T T T T T
| | | | | | |
| S+ ----- [ [ e . T T T T T T T T T
| | | | | | |
o 4 | | I I I I I
Q | | | | |
31 | | | | | |
| | | 1 | |
e e~ [ — S B E e E
| T ! T | |
11+ - = = [ [ i e
o 1 1 1 1 1 1 1
o 10 20 30 40 50 60 70 80
Water recovery [%] (d)

Figure 72: Summary of modelling approach assumimexaonential function for variation in gangue fhiale

mass fraction

136



Table 17: Summary of statistics for model approacmplied to gangue rougher—cleaner

data
Statistic Approach One Approach Two Approach Three Approach Four
2
r~ ..
adj 0.962 0.740 0.972 0.939
MSC 3.122 1.207 3.386 2.678
S 0.010 0.070 0.008 0.016
MSE 0.730 1.902 0.628 0.937

Table 18: Summary of parameter estimates obtanoea §lobal regression for gangue

rougher—cleaner data

Parameter Approach One Approach Two Approach Three Approach Four
Rioat, prim 11.10 8.32 11.09 11.10
Rent, prim 17.83 28.49 31.68 12.30
ENTrim 4.08x10° 5.47%10° 2.30x10° 4.7%10°
Rioat, sec 6.14 2.42 4.61 4.26
Rent, sec 83.23 86.95 84.70 85.01
ENTsec 1.51x10° 2.37%10° 2.03%10° 1.9%10°
Riioat, a2 5.35 - 3.39 -
Riioat, a3 2.44 - 2.37 -
Rioat, d4 0.86 - 0.88 -
Koat, d2[min ] - 0.47 0.38 -
Kioat, d3[min ] - 3.87x10° 0.19 -
Ksioat, dalmin ] - 1.47%10° 2.1%10° -
Keoat [min ] 0.44 0.48 0.54 0.48
6 [t/g] - - - -9.44x10°

5.3.3. Chromite modelling

5.3.3.1. Model hypothesis

The modelling approach used for the gangue speeassapplied in the modelling of the
chromite data. Since chromite and gangue haveaime $atch models, i.e. a single floatable

fraction and an entrainment component.
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5.3.3.2. Model evaluation

The fit of the approaches to the experimental datbown in Figure 73. Approach One and

Three have a better fit than Approach Two. As wami for the PGM and gangue data,

assumption of a variable rate constant only doetsfuldy describe cleaner depressant

addition. Therefore, modelling of the chromite datan be accomplished using Approach

One or Three, since Approach Two does not provideaaonable description of the chromite

recovery. Figure 74 describes the flotation ediniar the approaches. In Approach Three,
the interaction between the floatable rate consiadtmass fraction indicates that the cleaner
at 200 g/t depressant approaches the same recasehg 75 g/t test, which is not possible.

Approach One, on the other hand, gives a bettarigéion of the flotation estimate, which

shows a decrease in the chromite rate of recovihyimcreasing depressant addition.

Figure 75 shows the entrainment estimates for tbeefling approaches. Approach One will
be considered because of the good model fit anddbfotation and entrainment estimate.
The higher recovery with depressant was also obdefiar the PGMs and gangue, and is due
to a brittle froth structure. A brittle froth coma more water in the bubble voids, and this
water carries entrainable material, which is recedevith scraping. Furthermore, at higher
depressant dosages, there is less floatable gathguefore; the froth is less stable at
prolonged flotation times, which was observed fones greater than 20 minutes. No
additional frother was used to stabilise the fitotlcause this affects the recovery and result in
an additional variable in the batch modelling. Turestable froth promotes water recovery,

which consequently, encourages recovery by entmim
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Figure 75: Chromite model entrainment estimateadogher-cleaner test work

Figure 76 shows the variation in the cleaner patarador the approaches. The variation in

the chromite floatable fraction can be correlateithvan exponential function. The rate

constant can also be correlated with an exponefutiation, but it overestimates the rate at

zero depressant addition. No trend exists for theable rate and mass fraction from

Approach Three but both parameters decrease wipnesigant, indicating a decrease in

floatability.
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Figure 76: Variation in cleaner chromite model paeters for rougher-cleaner test work

5.3.3.3. Model Selection
The rougher-cleaner species modelling indicatesttievariation in floatable mass fraction
gives a good representation of the data. In additam exponential model correlates the
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variable mass fractions with depressant. This jpleia significant simplification in the
modelling and enables the evaluation of the effdctiepressant on mineral recovery at

dosages not tested.

Figure 77 shows the results for modelling of theoatite data using an exponential function
for the mass fractions in the cleaner stage. Ther® significant loss in the model fit by
comparison to Approach One, and the flotation artcaénment estimates from the model are
reasonable. The approaches are compared statistinalTable 19. Approach Four by

comparison to Approach One does not show a sigmfidifference in the statistical

measures, since the fitting statistiRi(dj) and the model selection statistics (MSC agd S

vary marginally. Hence, model Approach Four willdsed to model chromite recovery.

Table 20 presents a summary of the parameter dssrfa the different approaches. There is
a small amount of floatable chromite present inftb&tion tests, and this may be chromite
that is associated with floatable gangue or PGM$ @8 Laurite (Von Gruenewaldt al,

1986). The maximum recovery of chromite in bothgetais less than that predicted for
PGMs and gangue, and is due to chromite particd@sgbcoarse and having a high mineral

density.
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Figure 77: Summary of modelling approach assummegxonential decay for variation in chromite fefale

mass fraction
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Table 19: Summary of statistics for model approacmplied to chromite rougher—cleaner

data
Statistic Approach One Approach Two Approach Three Approach Four
rgdj 0.946 0.872 0.946 0.939
MSC 2.778 1.913 2.736 2.651
S 1.0%10° 2.3710° 1.06x10° 1.13%10°
MSE 0.228 0.351 0.208 0.243

Table 20: Summary of parameter estimates obtanoed §lobal regression for chromite
rougher—cleaner data

Parameter Approach One Approach Two Approach Three Approach Four
Rioat, prim 1.99 1.90 1.89 1.92
Rent, prim 20.70 21.24 37.78 11.33
ENTrim 1.85¢10° 1.72x10° 9.96x10" 3.5%10°
Riioat, sec 2.14 1.57 212 2.10

Rent, sec 22.64 72.34 20.59 21.10
ENTsec 2.15¢10° 8.30x10* 2.4%10° 2.3410°
Réioat, d2 1.64 - 1.53 -
Réioat, a3 1.06 - 1.50 -
Riioat, da 0.30 - 0.31 -

Kiioat, azlmin '] - 0.25 0.23 ,

Kiioat, dalmin '] - 0.07 0.11 ,

Kiioat, dalmin '] - 0.02 2.21x10° -

Kioat [min ] 0.23 0.25 0.23 0.22

6 [t/g] - - - -8.04x10°

5.4. Application of modelling to UG2 samples

The PGMs, gangue and chromite were modelled ugpgaches that considered a variation
in the floatable mass fraction, rate constant amith Imass fraction and rate constant in the
cleaner stage for depressant addition. The besbagip was a variation in the floatable mass

fraction, since it gave a good model fit and logaascription of the rougher-cleaner flotation
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data. Furthermore, the approach was simplified byetiing the floatable mass fraction as a
function of depressant using an exponential madided. simplified approach, called Approach

Four, will be applied to the other samples to detee the flotation parameters. The model
fits and parameter estimates will be discussethennext sections. Reasons for the variation

in the PGM parameters will also be discussed im# chapter.

5.4.1. PGM model fit

Figure 78 shows the model fit to the PGM rougheankr data for all the samples evaluated.
The model provides a good fit to the data andusitates the ability of the model to model
samples with different feed characteristics. Table presents a summary of the PGM
parameters. The slow floating fraction in the ckyastage at O g/t is also shown, since this
together with the exponential depressant modeliflgea parameted) was used to model the
variation in the slow floating recovery with depgast addition. The recovery in the primary
rougher consists mainly of fast floating PGMs, whitave a large grain size or is associated
with larger BMS. The secondary rougher has slowmating PGMs and entrainable PGMs,
which is due to finer grinding.
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Table 21: PGM parameter estimates for other sangvalsiated

Parameter Sample B Sample C Sample D Sample E  8&mpl Sample G

Riast, prim 57.11 55.51 44.07 38.05 66.23 53.49
Rsiow, prim 29.46 25.67 22.25 34.88 23.94 28.13
Rent, prim 0.96 0.39 1.37 0.99 1.00 0.74
ENTprim 8.54¢10°  5.55¢10° 2.43%10°  531x10° 3.4510° 1.1%10°
Riast, sec 15.87 9.96 10.75 4.28 4.04 6.35
Rsiow, sec 7.20 6.04 14.07 18.32 10.02 14.41
Rent, sec 1.01 2.79 4.96 1.15 2.30 4.90
ENTeec 1.70x10%? 2.6810* 7.15%10°  2.9810% 1.80x10° 1.00x10*
Ksast[min ] 1.48 1.94 1.21 2.00 1.78 1.92
Kstow [min"] 0.17 0.32 0.12 0.49 0.26 0.15
6 [t/g] -3.5%10° -1.62%10°  -2.5%10°  -2.05¢10° -2.64x10° -2.88<10°
Rsiowel [0 9/t] 22.42 27.31 24.03 44.32 25.20 30.19

5.4.2. Gangue model fit

The model fit, and the parameter estimates frommtbdel regression are shown in Figure 79
and Table 22 respectively. The model fit chartswsimore variation than that observed for
the PGMs, and this may be due to the gangue beidenup of minerals with varying
densities. The variation in mineral density influes the calculation of the entrainable
material, which is the major contributor to gangaeovery. The gangue entrainment factors
(for primary and secondary roughing) are less than calculated for the chromite discussed
later, refer to Table 23. This is due to the gangureerals having a lower density (SG = 2.8-
3.4) by comparison to the chromite (SG =4.6). Thever density results in a lower

entrainment throughout the size classes.
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Table 22: Gangue parameter estimates for otherlsarapaluated

Parameter Sample B Sample C Sample D Sample E  8&mpl Sample G

Rioat, prim 4.56 6.21 10.14 7.45 7.42 7.69
Rent, prim 17.43 69.86 45.35 46.45 37.05 50.09
ENTprim 1.54x10° 1.41x10° 1.6x10°  1.11x10° 1.36x10° 1.53«10°
Ritoat, sec 5.91 5.48 6.74 6.09 4.59 4.44
Rent, sec 65.78 86.95 83.74 70.65 88.73 53.54
ENTsec 9.95¢x10* 2.2%10° 1.7810° 1.28x10°  1.40x<10°  2.04x10°

Keioat [min ] 0.27 0.40 0.34 0.50 0.30 0.26
6 [t/g] -1.8%10% -9.75¢10°  -6.4810°  -8.64x10° -2.79%x10° -1.29%107
Rioatcl [0 9/t] 9.25 10.68 14.89 12.79 10.27 9.92

5.4.3. Chromite model fit

The model fit to the chromite data is shown in IFgg80, and the parameters obtained from
the model are given in Table 23. There is a snmathunt of floatable chromite occurring in
the roughers. Most of the chromite is recoveretthéoconcentrate by entrainment, but there is
a proportion of chromite which is non-recoverablging to large particle size and its
inability to attach to a bubble. There is more @&migble chromite occurring in the secondary
rougher due to finer grinding, which increasesghabability of entrainment of this mineral.
The flotation rate for chromite is lower than tludiserved for the gangue and for the slow
floating PGMs.
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Table 23: Chromite parameter estimates for othmipses evaluated

Parameter Sample B Sample C Sample D Sample E  8&mpl Sample G
Rioat, prim 0.86 1.01 1.92 2.70 0.91 1.39
Rent, prim 11.23 10.48 5.82 14.16 17.66 14.19
ENTprim 2.24¢10°  2.21x10° 6.8510°  1.66x10°  1.3810° 1.7410°
Rioat, sec 1.85 1.82 3.18 2.34 1.29 2.01
Rent, sec 21.24 27.01 53.91 40.22 40.94 35.86
ENTgec 1.5210° 3.01x10° 2.3410°  1.9x%10° 1.5810° 3.15¢10°

Keoat [min ] 0.15 0.30 0.17 0.31 0.14 0.13
6 [t/g] -5.06¢10°  -4.71x10°  -550x<10°  -8.2%10° -1.13x10° -2.1%10°

Rioavc [0 9/t] 2.23 2.53 4.17 4.38 1.68 2.60

5.5. Conclusions

Batch rougher and cleaner data were modelled samedtusly for PGMs, gangue and
chromite. The model considered the effect of grratiation in the rougher stage and
depressant addition in the cleaner stage. The maoaeides a logical description of the

flotation and entrainment of minerals in the batekts. The following observations were

made from the modelling of PGMs, gangue and ch&mit

» The rate of flotation in increasing order is, chitexgangue<PGMs (fast and slow)

» The effect of depressant on the species floatghilds linked using the exponential
parameter,d. The larger the parameter, the greater the etiedepressant on the
floatable mass fraction, i.e. less material isthb&e with depressant addition. The

parameter increased in the order, PGMs<chromitegg@anThis indicates gangue is

more sensitive to the depressant than chromiteskwdfloating PGMs.

The flotation parameters estimated from this chraptdl be used in the next chapter to
determine if there is a link between the feed nalogyy and the batch flotation recovery of

PGMs. Furthermore, the PGM, gangue and chromitanpaters will be used in simulation

exercises (Chapter 7).
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CHAPTER 6. LINKING MINERALOGY TO PGM FLOTATION

6.1. Introduction

Batch flotation tests are used to determine thewenry attributes of the minerals in a sample.
However, it does not provide details for the recgveariability. Attempts were made to
relate the PGM recovery variability to feed cherh&ssay in Chapter 4 but the relationship
was scattered. The feed chemical assay does nddirexpe mineral properties such as,
associations with other minerals and the degrdbefation of minerals. Mineralogy, on the
other hand, provides these key mineral propertiaeralogy provides information on the
PGMs in the samples such as, the mode of occurrarteh refers to the association of the
PGMs with other minerals, like gangue and base Insatphides.

The objective of this chapter is to develop a l@tween the floatable PGM fractionq{R+

Rsiow), Obtained in the previous chapter, and the mingyaof the PGMs in the feed. The
model hypothesis for linking recovery with mineigowill be discussed. The model will be
validated and the application of the model in ustierding PGM recovery/loss will be

illustrated.

6.2. Model development

6.2.1. Model hypothesis

The mineralogy of PGMs in UG2 ore is more compleant the mineralogy of minerals in a
massive sulphide ore. Massive sulphide ores hagaosgic metals occurring in a limited
range of minerals. For example, copper samples ffomgo have copper minerals that occur
mainly has chalcopyrite, chalcocite and malachNekel samples from Botswana have
nickel minerals that occur mainly as pentlanditendierite. The UG2 ore on the other hand,
has PGMs which occur in a broad spectrum of mise@ahd which also have associations
with other minerals such as, gangue and base mefathides. Hence, in Chapter 4 it was
difficult to derive a qualitative correlation. Fhermore, typical factors such as, PGE grade
and grind were not significant in the correlatismce the platinum group minerals have a
complex mineralogy, which chemical assay cannotrites completely. In PGM mineralogy,
four factors influence the floatability of a PGM danthese are particle size, degree of

liberation, speciation and mode of occurrence.
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Particle size influences the probability of cothisiof a particle with an air bubble. Heindel
and Bloom (1999) examined the exact and approxineddtgions for particle-bubble collision,
and showed that smaller particles have a lower mtung by comparison to larger particles.
The lower momentum results in a lower probabilifycollision with an air bubble, which

results in a lower recovery.

The degree of liberation refers to the proportiéra garticle which is floatability and it is
calculated using Equation 6.1. The floatable asedetermined using the equivalent circular
diameter of the PGM and BMS. The non-floatable amghich is generally gangue, is
determined using the gangue equivalent circulamdtar. The ratio of the floatable area to
the entire particle area provides an index, catleel degree of liberation, which varies
between zero and unity. An index closer to zeracetes that the particle is mostly gangue
and an index equal to zero indicates that the P&Mdadked in gangue. For a liberation index
approaching unity the particle is primarily floa&aland an index equal to one indicates that
the PGM (or host BMS) is fully liberated. The amata is obtained by viewing polished
sections of particles mounted in epoxy. The catautaof the floatable and non—floatable
area for three-dimensional particles requires nmattieal transformations. The equivalent
circular diameter maps the areas onto a Carte$sane and ignores the depth occupied by the
particle occurring outside the plane. Stereologh&n used to infer 3-dimensional geometric
features from a particle with a 2-dimensional measient (Napier-Muneet al, 2005). More
advanced methods, which map the particle into &etdimensional plane, are being
examined by mineralogists, but to the author's Kedge, these methods are still being

developed.

Degree of liberation = Floatable Area (6.1)

Floatable Area + Non-floatable Ar

The quantification of mineral associations for PGiglgarticularly challenging, due to the
low concentrations and small particle size of tHeMR. Figure 86 illustrates the PGM
concentration relative to BMS and gangue contenlar§e number of samples mounted in
epoxy are scanned automatically, using a scanriggren microscope (SEM). The PGM
mineralogical analyses was carried out using a QEMS that consisted of a Zeiss scanning
electron microscope and Bruker energy dispersiveyxspectrometer, which was controlled

by custom hardware and software system developé@Ebyustralia.
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The mineralogy of the seven samples, which weirtedesxtensively by flotation (Chapter 5),
was determined at the final grind of 80% passingug as this would determine ultimate
recovery.

The procedure was as follows:

1. The UG2 sample was milled in a laboratory batch molll to 80% passing 75 um.
The mill product, which was dried overnight, wasadglomerated using an 850 pum
screen to break the lumps. The sample was homagess that a 200 g subsample
could be taken for the analysis. The subsample pregared into several polished
sections for the analysis.

2. The QEMSCAN was used to automatically search fa& BGM particles in the
sample. However, due to the low grade and submi&@&M grain sizes; PGM
particles are very difficult to locate without sugh instrument.

3. The backscattered electron detector (BSD) on thd Bibvided an input image to the
system; in which a mineral’s brightness was deteechi by its average atomic
number. PGMs are distinguishable from gangue misenasuch an image, due to
their high average atomic number. Once a possiGlel s detected, the EDS system
is used to determine its chemical composition bhygaring the analysis obtained to a
previously established database of PGM compositions

4. Several carefully prepared polished sections fahesample were automatically
scanned overnight. By gathering information on anber of PGM particles in a
sample, it was possible to report on the compasitgize, and relationships of the
PGM particles to other minerals.

5. The analysis was carried out by the mineralogicasn at Mintek.

Speciation refers to the different platinum grouipenals which occur in a sample. In a UG2
sample, a plethora of platinum group minerals isspnt and in many cases a formal
identification of the PGM types is difficult. Voasdw et al. (2010) acknowledged the
scarcity of many PGM types and proposed that raple and statically significant
differences can be greatly reduced by grouping R@&Ms as indicated by Table 24.
Furthermore, the authors discussed the geologigcphdt on the generation of the minerals
and indicated that some minerals originate underatlon conditions such as PGE tellurides,
arsenides, ferroplatinum and alloys. These araregfeo as secondary PGMs. Conversely,

primary PGMs originate under normal conditions aasle a good floatability. The alteration
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minerals have poor floatability and Penbertéty al. (2000) found that the floatability
decreases in the order, Braggite [Pt—Pd]S > Compf?itS] > Malanite [Pt, Rh, iCuS >
Ferroplatinum [Fe—Pt] and non-sulphide platinumcsge > Laurite. However, it stands to
reason that if the PGMs with a poor floatabilitye aassociated with a larger base metal
sulphide particle (such as chalcopyrite, pentlanadit pyrite), then the floatability of that
particle is improved significantly. Hence, the modé occurrence also needs to be
considered.

Table 24: PGM groups, after Voordouw et al. (2010)

Group Typical composition
Pt(£Ni)S
Pt sulphide PtPbS
PtSnS

Pt—Pd sulphide Pd(xNi)S

Pt—-Rh—-Cu sulphide PtRhCuS

Laurite Ru(xFe)S

FePt
FeCuPt

Fe—Pt

PdTe
PdTeBi
PGE telluride PtTeBi
PtTe
PdPtBiTe

PtAs
PtRhRuSAs
PGE (S-)As PtSAs
RhSAs
Pd(Ni)As

PdPb
PdAsSb
PdSb
PtPdSb
PdHg
PdSn
PtSb
PdTeHg
PtSbAs
PdTePb

PGE alloys
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The mode of occurrence refers to the associatibtied® GMs with other minerals. There are

six modes of occurrence for PGMs, and Figure 8&tithtes these modes:

L refers to PGMs that are liberated.
SL refers to PGMs that are associated with liberatese metal sulphides.
AG refers to PGMs that are attached to silicatexide gangue particles.

vV V V V

SAG refers to PGMs that are associated with badal me@phides that are attached to

silicate or oxide gangue patrticles.

> SG refers to PGMs that are associated with basal maphides that are enclosed in
silicate or oxide gangue particles.

» G refers to PGMs that are enclosed in gangue pestic
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Figure 81: Mode of occurrence of PGMs
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The development of a link between mineralogy anthflon of PGMs requires mineralogical
characteristics such as, particle size, the degfeéberation, speciation and mode of
occurrence. This approach requires a significarduarnof mineralogy and flotation data, i.e.
an analysis of the mineralogy of the feed, tailsl @oncentrate would be required. For
example, the feed would need to be apportionedtivealifferent modes of occurrence, then
for each mode of occurrence the PGM speciation néede considered. A simplification
can be made by dividing the speciation into primemg secondary PGMs for each mode of
occurrence- due to the large number of PGMs. Tleeiafpon for each mode would need to
be further divided into classes for particle sind &beration. This type of modelling is called
a nested model and requires knowledge of the vadlmtation products, to determine the
proportion of each PGM in that class, which canrésovered. The economics of such a

modelling approach is not practical.

The model can be simplified by considering comhbaret of the six modes of occurrence into
three groups, as shown in Figure 82. The PGMs syapgd according to their degree of
liberation as follows, liberated PGMs (L and SL9mposite PGMs (AG and SAG) and non-
recoverable PGMs (SG and G). The liberated PGMd Kaxst BMS) are defined as not being
attached to any gangue mineral. Hence, compositeclpa have a reduced probability of
attachment, and their recovery may depend upoinydeophobicity of the adjacent gangue
minerals. The recovery of PGMs in composite paticls expected to be affected by the
addition of depressant. PGMs locked in gangue (86G@) are non-recoverable. Therefore,
these particles will not contribute to the recovieyflotation, but possibly to the recovery by

entrainment.

Furthermore, only the PGM recovery by flotation.{Rand R from Chapter 5) will be
considered because the recovery by entrainmenbtdmenlinked to mineralogy in a logical
way. Entrainment recovery is complicated by physpraperties in the batch flotation test
such as, particle size and froth stability, whiohturn are affected by the concentration of
frother and depressant, as shown in Chapter 5.eTineperties, together with the water rate
of recovery, determine recovery by entrainment.t@nother hand, the mode of occurrence
will determine the probability of particle attachmieto air bubbles and ultimately the

recovery to the concentrate.
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Figure 82: Simplified model for linking mineralogy flotation

A simple linear model is proposed as a link betws®neralogy and floatability; Equation
6.2 shows the model. The PGM feed mineralogy isrdehed as volume per cent
apportioned to the various modes, this is stanstahastry practice. Therefore, the parameters
in the model should vary between zero and one. dissumed that the liberated particles are
not influenced by depressant and should be fultpvered. Hence, parameter $hould be
close to unity. This is logical since depressarttasigned to act on silicate gangue minerals.
Therefore, for liberated PGMs, which do not hawgaague component, there should not be
any effect on the floatability in the pulp when degsant is added. However, depressant does
change the froth structure, and smaller liberat€aMP may have difficulty in being
recovered, due to brittle froth structures. Nevadhs, tests (both laboratory and plant) are
not operated at brittle froth structures, i.e. hidgepressant dosages, which depressant
floatable gangue that stabilises the froth. Herke, assumption of having no depressant

addition effects on the liberated PGMs is logicaitie model hypothesis.

The composite particles, on the other hand, alse lafraction (F) which is recovered but

this fraction is a function of depressant addedtlitively at higher depressant dosages the
recovery of the composite particles should be lessshown in Chapter 5 for the slow
floating PGM fraction. The floatable PGM recoverasvdetermined in Chapter 5, and it is
the sum of the fast (R) and slow (Row) floating PGMs at different cleaner depressant

dosages.
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RfloatzF)lx{ L+S|—] +B (d )’E AG+SA(]5
Rfioat =Rfast TRsiow (d;)

(6.2)
The parameters from the modeldhd B will be determined by regression to the floatable
PGM recovery (obtained from batch flotation tedt€bapter 5) and the feed mineralogical

data. This will be shown in the next section.

6.2.2. Model fit

Mineralogy was carried out on each feed sampleethilb 80% passing 75 um. The single-
stage milling of the sample may result in somehef PGMs detaching from the BMS, but
this approach was necessary in order to limit et of analysis. One of the samples, called
sample G, was not included in the regression. $ample will be used to determine if the

model hypothesis is valid.

Table 25 shows the data used for the regressiom pahameters for flotation were extracted
from data in Chapter 5. The mode of occurrenceraurngd feed samples is also shown. The
mode of occurrence is generally determined in teomthe estimated per cent by volume
(Napier-Munnet al, 2005), instead of number or mass per cent. Mddecurrence based
on number per cent is clearly inappropriate, agivies a disproportionate weight to small
particles. Mode of occurrence based on mass perceamot be used for the PGMs because
of the many species and the difficulty in identiflyiminerals using an electron microprobe.
The proportions by volume can be estimated diredtym the mineralogical data,

irrespective of mineral density and is thereforbetier estimate of mode of occurrence.

It should be noted that the flotation data, whicdswextracted from Chapter 5, is based on the
model for floatable PGMs, which was regressed tia dieom two stages of grinding and
flotation. Recovery refers to the potential overattovery by flotation (and not entrainment)
at infinite time, and it is the sum of the fast asldw floating fractions. Hence, the
‘experimental’ recovery of the slow floating framti is 100% when the depressant dosage is
zero. It should also be noted that the depressasdaige shown in Table 25 refers to the
depressant added to the cleaner, and it does doiden the standard 20 g/t of depressant,
which was added to both the rougher stages. Thisorsistent with the modelling of

depressant addition in Chapter 5.
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Table 25: Summary of data used for linking minegglto flotation

Flotation Mineralogy

Depressant Per cent recovery by L SL AG SAG SG G

[oft] flotation % viv % viv % viv % viv % viv % viv
0 92
75 88

Sample A 48.04 17.84 1040 1581 0.00 7.91
200 84
300 81
0 94
40 91

Sample B 60 % 25.60 6541 2.63 191 050 3.95
80 89
0 93
100 89

Sample C 38.01 13.79 21.20 21.33 0.00 5.67
200 85
275 83
0 79
100 73

Sample D 23.75 326 36.00 17.17 0.00 19.82
350 65
500 61
0 86
75 80

Sample E 35.20 3.15 31.00 15.81 0.38 14.46
200 71
300 66
0 95
25 94

Sample F 50 9 32.20 26.00 15.10 23.60 0.00 3.10
100 89

The mineralogical and flotation data were fitted Hquation 6.2 to determine the model
parameters fand B(d). There were 24 data points and two model parasiele and B.

The initial regression was done by making no assiomp about the model for,Ras a
function of depressant addition. Values gfaPthe selected depressant additions were used as
parameters in the regression, giving a total ofphdameters. Figure 83 shows the parity
chart. The adjusted coefficient of determinatiomlicates that 92% of the variation in
recovery is accounted for by the mineralogy moaeblue). The prediction based on a larger
number of chemical assays, developed in Chaptsralso shown for comparison (in green).

It follows that the mineralogy-flotation model ister for predicting PGM recovery, because
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it considers the liberation and mineral associatiovhich is the key to PGM recovery from a
UG2 ore.

100

© Mineralogy-flotation model
Chemical assay-flotation model < ©
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Figure 83: Parity chart for mineralogy-flotation deb fit. The chemical assay-flotation model is shdar

comparison

The parameter Pwas found to be 0.96, which implies that 96% & liberated PGMs are
recovered by flotation. The remaining liberatecdtiplas may be too small to be recovered by
flotation but may be recoverable by entrainmente Nariation in parameter,Rwith
depressant addition;fds shown in Figure 84. Initial effect of deprasisas strong, but “the
effect becomes less, with increasing depressantti@ud The variation was correlated
empirically with three equations. Other models sashpolynomials of n-order can also be
examined however; these models have various loeadima and minima, which is not a
logical description of the data. Therefore, addited depressant should reduce the composite
PGM floatability to a point that further depressadtition does not affect floatability. The
additional depressant cannot attach to a partitietwalready contains depressant. Hence,
higher-order polynomials do not consider this, avitl indicate improved floatability at

higher depressant additions, which is intuitivehpbssible.
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The objective was to have a simple equation with farameters, and which describes the
variation in a logical way. The linear and expomantnodels do not give a good fit to the
data, as indicated by Figure 84 and Table 26.

A two fraction model, with a fraction affect by depsant and another fraction not affected
by depressant, gave a better fit and descriptidhe¥ariation of Pwith depressant addition.
The model indicates that depressant does not af@coportion of the composite particles.
This is logical since this proportion may have @gdaliberation index (i.e. larger BMS and
PGM area relative to the adjacent gangue). Heleerecovery is not significantly affected
by depressant addition. The model will be used ¢talehthe variation in Pwith depressant
addition. Therefore, the mathematically compactaratogical-flotation model is:

Roat=R[ L+SU +B (d | AG+SAG (6.3)
P, =0.96

£—3.43<10_3di )
P, =0.57+0.43

1.00
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Figure 84: Variation in composite particle lineargmeter (B with depressant addition;}d

It is worth noting that grinding of the ore influsmss the liberation of PGMs. Therefore, finer

grinding will liberate locked and composite PGM tpaes, but various factors will influence
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the recovery of the liberated PGM. These factoctunte particle size and PGM type, i.e.
secondary PGMs (altered minerals with poor floditgdpi and primary PGMs (normal

unaltered minerals with good floatability).

Table 26: Summary of equations used to model effedepressant addition on composite

particle recovery

Adjusted
Equation type Equation coefficient of

determination

Linear P(d)=-7.46x10 ( d +9.65x1t 0.92
4
Exponential P(d) =0 97(9'9-24"10 ‘i’) 0.93
i ~3.4310"3d;
Two fraction model : i 0.96
P(dj) =0.57+0.43

Figure 85 shows the model fit for Equation 6.3, thedel fit with no depressant equation,
and the chemical assay-flotation model. The apijptineof the two fraction model (with one
exponential effect), for variation in parametersthwdepressant, does not result in a
significant loss in fit. The approach gives a cootpaineralogical-flotation model, which
can be used to predict flotation recovery givendfemineralogical properties. The two
fraction model was derived in the depressant amditange 0 to 500 g/t. To the author’'s
knowledge the upper dosage of 500 g/t is the highesage applied to a UG2 ore. Due to the

stability in the two fraction model, PGM recoveny tlosages above 500 g/t can be predicted.

Given the flotation recovery at two depressant @itk the liberated and composite PGM
content can be estimated. The PGMs locked in ganguée determined by difference, i.e.
100-liberated PGMs-composite PGMs. This relatiomshki essential for understanding the
factors constraining PGM recovery. However, the etadll be evaluated in the next section
using sample G, which was omitted from the regogssihe objective will be to determine if

the model proposed for linking mineralogy to fladatis valid.
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Figure 85: Parity chart for mineralogy-flotation da fit using an empirical equation for depressaidition

6.2.3. Model validation

Table 27 shows the mineralogical data for sampleth®s data was used to predict the
floatable PGM recovery using the model developediesai.e. Equation 6.3. Table 28

presents a comparison between floatable PGM regowartained from batch cleaner

flotation tests, carried out in Chapter 5, and tloatable recovery predicted from feed
mineralogy. The results compare well although, phedicted recovery is marginally but

consistently lower than the recovery from the bdlotation tests. This was also observed in
the regression results. It is believed that thglskistage milling of the sample for mineralogy
resulted in overgrinding of some of the PGMs hercemaller grain size, which is more
difficult to recover by flotation. Therefore, thecovery is marginally lower. Nevertheless,
the model proposed for linking mineralogy to fladat is simple and gives a reasonable
prediction of the floatable PGM recovery, despite tomplex mineralogy of the UG2 ore.

Applications of this model will be discussed in tihext section.
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Table 27: Summary of feed mineralogy for sample G

Mode of occurrence volume
Per cent

L 21.3

SL 3.0

AG 40.7

SAG 24.0

SG 0.4

G 10.6

Table 28: Comparison of flotation recovery fromdbafiotation tests on sample G and the

recovery predicted using mineralogy

Depressant Flotation recovery  Predicted recovery
0 89.95 89.00
80 83.75 82.32
140 79.96 78.39
200 76.76 75.19

6.3. Applications of model

The mineralogy-flotation model can be used to examiactors influencing the loss in
recovery. This is illustrated by way of an examydéng sample D from Table 25. Figure 86
shows the mineralogy false colour map of the PGKigas in general, this sample has most

of the PGMs locked in gangue or associated witlggar{composite particles).

Table 29 presents a summary of the analysis. Usqgation 6.3 at a depressant dosage of
100 g/t in the cleaner enables determination oflteable recovery. The loss in recovery (to
both the rougher and cleaner tail) is determineddifference between the feed mode of
occurrence mineralogy, and the recovery predictededch mode using Equation 6.3. The
normalised loss in recovery was determined, aspitugides a better assessment of the loss,
which is mainly due to locked PGMs and PGMs assediavith gangue. Mineralogy was
carried out on the combined rougher and cleankrféaithe batch test carried out in Chapter
5, to determine the nature of the losses and tokcagainst the model prediction. The results
are presented in Table 29. The predicted valuestimatch the experimental values exactly,

but illustrates the same logic, that the loss isipalue to locked PGMs and composites.
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It must be noted that the tailings mineralogy isr@xely difficult to analyse because there

are fewer PGMs particles in tailing samples. Sdvaraeralogical sections of the tails were

examined to improve the reliability of the measueets. Nevertheless, the mineralogical-

flotation model proposed gives a meaningful desiompof the recovery variability and the

nature of the PGM losses.

Table 29: Loss of PGMs to tail for Sample D

Predicted ) . Normalised Tails
Mode of Feed/ Predicted losg ) ,
recovery at 100 predicted loss  mineralogy/
occurrence  [%)] [%0] )

g/t/ [%] to tail/ [%0] [%0]

L 23.75 22.80 0.95 3.45 6.3
SL 3.26 3.13 0.13 0.47 0.0
AG 36.00 31.51 4.49 16.32 21.2
SAG 17.17 15.03 2.14 7.78 8.2
SG 0.00 0.00 0.00 0.00 15
G 19.82 0.00 19.82 71.97 62.8
100.00 72.46 27.54 100 100

"Predicted loss determined by difference between Ee®umn 2) and predicted recovery (column 3)
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6.4. Conclusions

A model was developed, which links mineralogy tcoreery by flotation. The model enables
predictions of floatable PGM recovery when usirdparation analysis of the feed at the final
grind of 80% passing 75 um, which is a typical driar UG2 ore. The model was validated
using independent data, and it was concluded thataiccuracy of the prediction was
adequate. Application of the model was also exadhirend it was shown that the
mineralogical factors influencing PGM loss in flote can be determined by the model.

It was noted that finer grinding of a UG2 ore willsult in improved liberation, but the
recovery of the liberated particles is influenceg diher factors. These factors include
particle size and mineral type, i.e. primary PGMghiCh have good floatability) and
secondary PGMs, which are altered and have poaoatatbiity (Penberthy, 2001).
Nevertheless, the complexities in UG2 ore minemalagre related to PGM recovery by
flotation, using a simple mathematical expressiamich considered PGM mode of
occurrence. The effect of depressant on mineradbgibaracteristics of the feed and it
relation to PGM floatability was included in the d®b. This is a significant finding, with

respect to plant operation.
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CHAPTER 7. EVALUATION OF PLANT PERFORMANCE USING BA TCH
DERIVED FLOTATION PARAMETERS

7.1. Introduction

The simulation of flotation circuit performance mgibatch flotation data has been examined
by many authors. The key flotation simulators i thuthor's opinion are, JKSimFloat
(Rungeet al, 1998; Alexandeet al, 2000; Harriset al, 2002 and Schwarz and Kilgariff,
2005), SUPASIM (Hay and Rule, 2003; Hay and Scheoed005; Hay, 2005 and Hay and
Roy, 2010), Aminproc (Amelunxen and Amelunxen, 2809, c) and MinnovEx (Dobby and
Savassi, 2005). These flotation simulators wereudised in Chapter 2. The simulators make
use of batch flotation tests together with planasugements to determine plant performance.
In the event that plant data is not available,adlé historical parameters are used from a
database. The models used in these simulators sisgke correction factor (i.e. froth factor)
to link plant performance to batch tests. Theséofacare empirical and may differ for each
mineral. If this is the case, the batch data isaively force-fitted to the plant data, but the
parameters derived from batch tests, neverthelpssyide a reasonable basis for

extrapolation of plant performance.

Simulation provides an opportunity for case studaesl automatic optimisation of plant
operating conditions, particularly the flow of fnotfrom cleaners and re-cleaners. The
automatic search for optimum conditions can be ttaimed to fix conditions such as, mass
of final concentrate and/or concentration of impes. Practical limits on operating
conditions, such as froth flow per launder lengih also be imposed. A simple spread-sheet
flotation simulator is proposed here for evaluajotgnt performance. The simulator is not as
advanced as the approaches mentioned above, pravides individuals who do not have
access to these simulators with a means of evafualant performance, given batch tests
and plant data. The simulator methodology and eafiiin will be illustrated by way of an

example.

The evaluation of plant performance will be shownwo steps in this chapter. The first step
is to configure the spread-sheet, so that it matgiant configuration. The batch rougher
tests described in Chapter 5 were used to calctiateates of flotation and entrainment, and
the associated mass fractions. The batch paranmeteiigserted into the simulator, and the

simulator is regressed to plant stream data tormi@te the froth parameters. The froth
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parameters link the batch data to the plant anéssentially ‘scale-up’ factors. The next step
in evaluating plant performance, involved carryiogt optimisation studies using the
calibrated plant model. Various plant design andrafing conditions can be simulated. It
was decided that the distribution of cell volumeahe plant and the use of depressant in the
cleaners would be of interest for UG2 flotationr Folume distribution, incremental changes
were made for one flotation bank at a time andfitted PGM recovery was optimised in the
simulator, by varying the froth residence time (dhce the ‘pull’ rate) for each flotation
bank. The froth residence time can be varied famupation studies, since the froth model
parameters were obtained during the calibrationratsse The final concentrate was
constrained to typical industrial values, i.e. 1.68% mass recovery and 2.5% for chromite
grade. Plots for the effect of volume distribution final PGM recovery was generated for

each flotation bank.

Depressant addition to the cleaner stage was alssstigated. Incremental changes were
made for depressant addition to the cleaner stagkthe PGM recovery was maximised, by
varying the froth residence time for each bank. plaat volume distribution was fixed for

this exercise. The final concentrate was constdhiag discussed above for the volume

distribution simulations.

The simulations produced relative optimums andghatbal. The EXCEL® search procedure
uses gradients and a constrained search will deygemial the starting point, particularly when
there are a large number of variables. Interactomtween variables is a common
phenomenon. Nevertheless, the simulations for epehating variable provided a means for
evaluating the flotation plant sensitivity with pest to volume and depressant for a UG2

feed.

7.2. Simulator algorithm

7.2.1. Modelling of bank recovery

Finch and Dobby (1990) showed that the recovemnfeoflotation bank having n mechanical
cells with the same pulp residence time per ceil lma modelled according to Figure 87. In
practice, the pulp residence time per cell increas®mvn the flotation bank and other factors
come into play, such as changes in froth stabiitgood model of froth flow as a function of

froth depth is vital for the successful applicatminparameters obtained from hand-scraped
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batch flotation tests. A simple model was selectedyhich the froth flow is specified per

flotation bank, (not per cell), to reduce the numdievariables in the simulator.

Rt s —FeellRe) Rl oL, _ - Reai(1-Reg)™
R et —
Cell 1 Cell 2 v Cell 3 v Celln N
Feed=4) L oF LS L > (LR,
(1-Reen) (1-Reen)(1-Reer) (1-Reen)(1-Rcell) (1-Ren)

Figure 87: Conceptual configuration of the pulp &ath phase for a bank having n cells

The recovery of floatable or entrainable matenaht a bank (R.n) having n cells can be

modelled using the equation:

Rbank =1- (1_ Rcell)1 (7-1)

Rcel refers to the recovery by flotation or entrainmiam each cell. The floatable recovery
per cell (Roat cel) Was modelled using the model proposed by FinchRuobby (1990):

Rf,cell |:\)c,cell
l'Rc,ceII +Rc,ceIIRf,ceII

Riloat,cell= (7.2)

Ricen and R cen is the froth and collection/pulp zone recovery petl respectively. The
recovery by entrainment per cell {&e) Was modelled using the conventional model, but
froth recovery was included. A high froth recovemyplies a shallow froth therefore, the

recovery by entrainment should be greater and ppesite applies for low froth recovery.

Rent,celm ENTXRy cel*Rf cel (7.3)

ENT is the entrainment factor and, R is the water recovery per cell; & is the froth

recovery per cell, which is analogous to Equati¢h 7
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The model for the froth proposed by Matbeal (2000) was used, because it links froth
recovery to froth residence time and hence to fogpth. The froth levels in the pilot-plant
test, which will be used to calibrate the simulataere automatically controlled. Froth
recovery is expressed in terms of froth resideimoe aand two empirical parametersandp.

The models for each species (PGMs, gangue and dkjomill be discussed next.

7.2.1.1. PGMs

A recovery model, which assumes two floatable fomst (fast and slow), together with
entrainment, was found in Chapter 3 to be sufficienmodelling PGM recovery. The model
was also extended in Chapter 5 for modelling stageling and depressant addition. Hence,

it will be used in plant simulations as well.

a. Floatable PGMs

The recovery of fast and slow floating PGMs forleaell was modelled using Equation 7.4
and 7.6. The recovery from the collection/pulp zeves modelled using the equation for a
continuous stirred tank reactor. The rates of fiota kastand kjow are used to characterise
PGM flotation. The average residence time was tsektermine the recovery from a cell in
the flotation bank hence, the overall flotation kaesidence timet] is divided by the
number of cells (n) in the flotation bank. The alkefflotation bank residence time was
calculated using the flotation bank volume{} and the linear average of the feed and talil

slurry volumetric flow rate eeqgand s ). The froth was modelled using Equation 7.9,

which was proposed by Mathet al. (2000) and used by Harris (2000) in UG2 plant

simulations. The parameterg and p are the average froth non-drainage fraction aathfr

stability term for the entire plant respectivelyarfls (2000) used different froth parameters
for cleaning and roughing stages because of tlieréifce in froth loading. However, in this
study, a single set of froth parameters is propdsedach species in the circuit, and these are
called scale-up parameters. A new set can be esdclfor cleaning and roughing and this
will most probably improve the fit, but due to paeter interaction, a reduced set of
parameters is recommended. Since this will havettebstatistical significance.

The average froth residence time (FRT) for a flotatbank was calculated according to

Equation 7.10; pank IS the cross-sectional area of the cells in tb&aflon bank; FH is the
average froth height, and,fJs the average volumetric air flow rate.
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Rf,ceII Rc,fast,cell (7 4)

Refast cell™
:I-'Rc,fast,cell"'R c,fast,ce'R f,cel
_ 1
Re fast,cel 1-—r Ry
1+kenet—
fast n
Rf,ceII Rc,slow,cell (7 6)

R —
slow,cell
1 ac,slow,cell"'I 2c,slow,cel‘ 2 f,cel

1
Re slow,celi™ 1_—1 (7.7)
1+kslowﬁ
r=— Vbank _ (7.8)
Steed T Stail

2
Ry cen =(11) P T (7.9)

air

It is worth noting that if the froth recovery wassamed to be 100%, the recovery from a cell
is just the recovery from the collection zone (Begua 7.5 and 7.7). Substitution of the

collection zone model into the flotation bank reegvmodel, given by Equation 7.1, gives:

n

Rpank=1- (7.11)

1+k£
n

Equation 7.11 is the traditional flotation bankoeery model used by Loveday and Marchant

(1972) in simulating flotation circuits.

b. Entrainable PGMs
The recovery by entrainment for a cell was deteedlinsing Equation 7.12. The average

flotation bank water recovery () is used to determine the entrainment recoveryéch
cell. The froth recovery is the same as that ddatexchfor the fast and slow floating PGMs.

174



R
Rent,cellz( ENTXTW ><Rf,cellj (7.12)

The overall PGM recovery from a flotation bank, (R4 is given by:

Ro,bank: m fastl:l'(l'R fast,ceID~I :| +m S|O\L 1'(1'R slow,ceID:|

(7.13)
+{ mfastl:(l'Rfast,cellfJ +ms|om[ (l'RsIow,ceII)]:| +me}t|: l'(l'Rent,ceIrl):|

The fast and slow floating PGM recovery is mulepliby the fast and slow mass fractions
(mrast @and myoy) in the feed to each flotation bank. This gives floatable recovery to the
concentrate of the flotation bank. The recoveryP@Ms by entrainment was determined
using the entrainment recovery for a flotation hawkich is multiplied by the entrainable
material, which consists of PGMs not recovered Ibtafion and locked PGMs which are
entrainable (). The recovery of PGMs by flotation and entraintnsna simultaneous
process therefore; the assumption of entrainmesurdag for PGMs, which are not floated,
is not strictly true. However, this assumptionés@ssary in order to facilitate simulation, and

is used by JKSimFloat in carrying out simulatioRsiigeet al, 1998).

7.2.1.2. Gangue and chromite
Gangue and chromite are modelled in the same w#yeaBGMs, but with a single floatable
fraction and entrainment. This modelling approads fiound to be suitable for both species

in Chapter 3. The overall flotation bank recovesydach species is:

n n n
Ro,bank:mfloat[l'( 1'Rﬂoat,cel) } *{ mfloa( 1‘Rfloat,ce)l +me}{ 1(' 1‘Rent,cazll} (7.14)

Mroat IS the floatable mass fraction in the feed toftbtion bank and Ratcen and RntcenisS
the floatable and entrainable recovery per celpeesvely. The floatable and entrainment

recovery was modelled in the same way as the PGMs.
7.2.2. Executing simulation

The simulation of a flotation circuit was carriedtdy writing the equations in mass balance

form for each flotation bank in the circuit. Howeydhe recovery models had to be
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populated, and this was done by using batch depeedmeters determined in Chapter 5 and
regression to smoothed plant data for the sameTbeebatch parameters from Chapter 5 are
the rate constants (k), entrainment factor ENT,ghmary and secondary rougher floatable
and entrainable mass fractions. The smoothed plat& was used to determine the froth

recovery model parameters, i.andp for each species. Depressant was also modelled in

the cleaner stage using Equation 5.2 presentedhapt€r 5, which relates the floatable mass

fraction for each species (only slow for PGMs) épiéssant addition.

However, the simulation cannot proceed until siiatoncentrate solids concentration for
each flotation bank is assumed. This assumptiaisis used in JKSimFloat (Rung¢ al,
1998). A review of plant data makes it possiblsdtect a suitable concentration of solids in
the concentrate, for estimating the flow of watethe concentrate. Hence, a water balance
can be generated for the simulation. Table 30 ptese/erage pilot plant solids concentration
for UG2 ores processed (Harris, 2001a; Harris, BQUhiele and Sibanyoni, 2003; Bowers
and Maharaj, 2004; Maharat al, 2004, Maharagt al, 2007 and Mabaso and Bryson,
2009).

The determination of the froth parametensd g ) is iterative. The parameters are varied in

the calibration, and this gives a froth recoverychitalculates the mass flow rate (sum of all
species mass flows). The mass flow rate is usedatoulate the water flow for each
concentrate, which is then used to determine thteritow rate across a flotation bank. The
calibration continues until suitable froth parametare determined, and which minimises the
difference between the smoothed experimental datale simulation output.

The froth parameters for each species can be wasedrty out simulation exercises, which
vary the froth residence time for each bank sulifpebme constraint. Variation of volume in
each bank and effect of depressant addition toneleavas investigated for a fixed final
concentrate mass recovery and chromite grade, venell.0% and 2.5% respectively. These
values are industrial constraints and both infleesmelter operations, which require a low

mass of concentrate and a low chromite grade.
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Table 30: Average solids concentration in conceéatr@btained from Mintek reports for UG2

pilot plant campaigns

Stage Percentage solids concentration
Roughers 10
Scavenger 10
Cleaners 15
Recleaner 25

7.3. Model calibration

Figure 89 shows the circuit which will be used ltastrate the calibration of the flotation
model discussed above and for investigation of malichanges on PGM recovery. The UG2
ore processed by this circuit was referred to agpp&a A in Chapter 5. The sample was taken
during a pilot plant campaign carried out at Min{@kabaso and Bryson, 2009) hence, the
pilot plant data is from that study. The circuitaigypical UG2 flotation circuit having stage
grinding with depressant added to the primary adeastage. The concentrates from the
rougher stage are matched such that fast and dtating PGMs are treated in separate
cleaning circuits. Collector, frother and depressar also added into the rougher stage, and
this was the same as the dosages used in thetbatahork presented in Chapter 5.

The simulator was calibrated according to procedilustrated by Figure 89. The species
flow rates from the plant were smoothed to prond&anced data; this was carried out using
a spread-sheet, and the mass smoothing technidieel ¢he matrix method, which was
applied by Harris (2000) in UG2 plant optimisatistudies. The smoothened data together
with the batch parameters obtained from Chaptesr Sdmple A were used to calibrate the
model. The calibration was achieved by fitting gient model with batch parameters to the
smoothened plant data, such that the froth parasm@jand ) for each species was varied
until the difference in the smoothed plant and $ated data was minimised. The froth
residence time for each flotation bank provideditmthl data for the calibration. The froth
model essentially ‘scales-up’ the batch paramesmd provides a link between flotation
batch tests and the plant. This is analogous tapipeoach used in SUPASIM (Hay and Rule,
2003). The SUPASIM simulator is more mature andaastabase of froth scale-up factors

between batch flotation and plant data.
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Figure 88: Flow sheet used in simulation exercise
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Figure 89: Approach for calibration of flotationmsilator

178



Figure 90 shows the parity chart which comparesstheothed species distribution with the
experimental (plant) species distribution in thesmamoothing exercise. The species
distribution was calculated relative to the plageéd, i.e. to the primary mill in Figure 88.
Hence, all the species can be observed on the Bgune. Significant deviation between the
data is circled in the figure; additional streanmtadéor this plant configuration was not
available; therefore, the deviation could not barmeied further to determine if it was a
sampling or assay error. Nevertheless, the renqi@ihdata points compared well with the
plant data and showed a small deviation from thé@ypkne; therefore, the plant was stable

and can be used for calibration to determine tleeisp froth parameters.
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Figure 90: Parity chart for experimental and smedtbpecies distribution, which is relative to plesd flow

rate

Figure 91 shows the parity chart which comparessihalated species distribution (from

model calibration) for each stream with the smo#tespecies distribution. The simulated
data compares well with the smoothened data, hawévwere is significant deviation for the

PGM data which is circled in the figure. This dataresponds to the primary cleaner (PC)
flotation bank feed and concentrate. The two paanésthe PGM data which had a poor fit in
the mass smoothing exercise given by Figure 90refbee, it may be a sampling problem
that resulted in the data being anomalous. The oidt@ points were modelled sufficiently by

the simulator since their deviation from the smasyhcies distribution was small.
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Table 31 shows the froth parameters obtained frioendalibration of the simulator. The
parameters have a physical meanifigrefers to froth stability and) refers to the non-
draining material fraction in the froth. The fratiodel is an exponential function therefore;
higher values fof (chromite and gangue) imply that the froth is meekective towards these
species than the PGMs. The non-draining parametemner for gangue and chromite, which
is logical since these species detach in the frotine readily than the PGMs resulting in
better PGM upgrading.
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Figure 91: Parity chart for smoothed and simulaeekies distribution after model calibration

Table 31: Froth parameters obtained from simuleddibration

B/[min_l] n
PGMs 1.61 1.81x10"
Gangue 4.98 6.18x10?
Chromite 2.32 2.74x10*

7.4. Evaluation of effect of volume on PGM recovery

Figure 92 shows the approach used to evaluate ethgitiwity of final PGM recovery for
variations in flotation bank volume distributionhd calibrated simulator discussed earlier
was used to carry out simulations. The volume ofheé#lotation bank was changed

incrementally, and the simulator was used to opnfinal PGM recovery subject to final
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product constraints. The constraints were a fixedswecovery of 1.0% and a chromite grade
less than 2.5%; the depressant dosage to the pricteaner was fixed at 70 g/t, which was
the dosage used for the actual pilot-plant campaige mass recovery and chromite grade
are typical industrial constraints, which are uded proper operation of the smelter.
Optimisation of the final PGM recovery was deteresirusing SOLVER®, which varies the
froth residence time per flotation bank. The PGRbreery obtained is a relative optimum. A
profile for the final PGM recovery with variation flotation bank volume was generated to

determine the sensitivity of PGM recovery with 8ton bank volume.

START

Objective: Evaluation of

sensitivity of final PGM

recovery to bank volume
distribution

Constraints: Mass recover
to final product must be 19
and chromite grade must b
<2.5%. Depressant is fixed
at 70 g/t to primary cleane

D

Solver variables: Froth
residence time for each bar'k

Output: Generate a final
PGM recovery-volume
variation profile for each
bank

END

Figure 92: Approach for evaluating effect of voludistribution on final PGM recovery

The graphs in Figure 93 show the effect of changimgvolume of selected flotation banks
on the final PGM recovery. The volume of each bignéxpressed as a percentage of the total
cell volume in the plant. The dotted red line i timulated optimum recovery for the

existing distribution of cell volume. Thereforeetimtersection of the lines with the dotted red
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line gives the existing flotation bank volume relatto the total plant volume. Plant

conditions are listed in Appendix E.

The rougher stage makes up a significant amouriheftotal plant capacity. Final PGM
recovery is relatively insensitive to volume chamgeprimary roughers (PRF and PRS). The
most significant change to the final PGM recovelsvobserved for the cleaner stages, i.e.
PC, PRC, SC and SRC. These flotation banks maka small amount of the total plant
capacity but have the most influence on the fifraMPrecovery. For example, if the primary
cleaner (PC) volume is increased from 5.9% to 6.8&&] PGM recovery is increased by
2.5%. Furthermore, decreasing the original capdmitalmost 3% gives a PGM loss of more
than 15%. Changen the volume of other cleaner stages show sinitards, but the effects
on the final PGM recovery are less pronounceds lbelieved that sensitivity of PGM
recovery to cleaner volume is due to the importaoteéhe cleaner stage in improving
selectivity between gangue and PGMs, and for reduchromite entrainment, by making it
possible to increase circulation, without lossanavery. Hence, additional capacity is crucial
in these stages since it provides more residenog, tivhich improves selectivity subject to

final concentrate constraints.
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7.5. Effect of depressant addition on PGM recovery

Figure 94 shows the approach used to evaluateftbet ®f cleaner depressant addition on
the final PGM recovery. In this simulation exercike plant volume distribution was fixed at
the original plant distribution. The depressanti® cleaner stage was changed incrementally,
and the simulator was used to find an optimum P&Wovery, using changes in froth
residence time. The final product was constraireed fixed mass recovery of 1.0% and a
chromite grade less than 2.5%. The effect of clealepressant addition on final PGM
recovery is shown in Figure 95. The results givelative optimum for the cleaner depressant
addition. At low dosages the PGM recovery is lowd ahis may be attributed to poor
selectivity between gangue and PGMs. The selegtiniproves with depressant addition
since more gangue is depressed; therefore, thevagc@f PGMs improves to a relative
optimum. At higher depressant additions, the regodecreases and this may be attributed to

depression of composite PGM particles.

START

Objective: Evaluation of

sensitivity of final PGM
recovery to cleaner depressaift
addition

Constraints: Mass recovery tg
final product must be 1% and
chromite grade must be <2.5%.
Bank volume distribution was
fixed to original distribution
used in calibration

Solver variables: Froth
residence time for each bar'k

Output: Generate a final
PGM recovery-cleaner
depressant addition profilg

END

Figure 94: Approach for evaluating effect of cleatiepressant addition on final PGM recovery
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7.6. Conclusions

A method of using batch and plant data to simudaig optimise plant performance has been
presented. The simulator uses batch flotation datta calibration to plant flotation data to
determine froth parameterg @ndf3) for each species. The parameters link batchtitsta
tests to plant performance by accounting for thiedince in the froth behaviour. The froth
height and hence the average froth residence tiaeemeasured in the flotation pilot-plant
and incorporated in the model. This is considecete an improvement on the simple froth
factors used in other simulators such as JKSImF®EPASIM, Aminproc and FLEET (also
known as MinnoVex). It offers individuals who dotrimave access to these simulators an
opportunity to develop their own simulators usingpaead-sheet. Furthermore, the simulator
relates well with the batch flotation test work seeted earlier and enables an extrapolation

of the parameters from these tests, together wiitalde froth parameters, for evaluating

plant performance.

Applications for this simulator include simulatiarfi plant performance based on drill core
samples of future mining of UG2 ore, and identiiiwa of problematic ores in the deposit.
This is important for developing strategies foratneg different plant feeds, i.e. change in
plant volume, change in circuit configuration, opBation of depressant addition and

identifying liberation issues. Hence, PGM recoveayiability is investigated on plant-scale.
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CHAPTER 8. CONCLUSIONS

This study was focused upon the development oebeétist procedures for UG2 ore. The

following conclusions were reached:

Preliminary batch flotation model development

A set of ten batch rougher flotation tests, onralsi sample, was used to evaluate batch
flotation models. Statistical tests were used teestigate different batch flotation models,
and it was concluded that a two rate constant medsladequate to represent floatable PGM
particles. A single rate constant model was adeqt@atrepresent floatable gangue and
chromite particles. However, it was found that teeovery of unfloatable and floatable
particles by entrainment was significant for PGMgmngue and chromite therefore;

parameters for entrainment of these minerals wealeded in the batch flotation model.

Application of the preliminary batch flotation testillustrate UG2 variability

A standard rougher-cleaner batch flotation test aggslied to fifty UG2 samples obtained
from across the Bushveld Complex. A fixed energg @&pplied in grinding therefore, grind
(per cent passing 75 um) varied due to changeeeimardness. Depressant was added to the
cleaner stage to achieve a suitable froth structlihe batch flotation models discussed
earlier (for PGMs, gangue and chromite) were respaédo the rougher-cleaner data. There
was significant scatter in the regressed parametadsthis can be attributed to the feed being

variable.

Linking PGM recovery variability to feed chemicdlaracteristics

The floatable PGM mass fractions, obtained from ehodgression to rougher-cleaner data,
were related to feed properties. Initially, it wiasind that there was no simple relationship
between the mass fraction of floatable PGM pagi@ad the grind and PGE feed grade. It
was concluded that this was due to the complex raiogy of the UG2 feeds, which have
varying degrees of liberation, mineral associagod mineral texture. A statistical algorithm
was used to develop a relationship between PGMaltda recovery and feed characteristics.
It was found that the recovery of floatable PGMtigkes was affected positively by base
metal content and negatively by alteration indicatsuch as high Rb/Sr ratio and loss on

ignition.
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Development of an advanced flotation test procedure

A more advanced batch flotation test procedure aea®loped, with two stages of grinding
and flotation. The primary grind was 40% -75 pm aadondary grind was 80% -75 um. The
concentrates were combined and floated in a clestage, where the effect of a progressive
increase in depressant addition was measured. oAdte constant model (and entrainment)
was found to fit the data well, with the same naéeameters used in all three stages. The
effect of regrind was to increase the mass fractibthe floatable minerals. A new model
was used to link depressant addition to the masdidn of slow floating PGMs and the
floatable mass fractions for gangue and chromiteis Twas a new development. The
advanced batch flotation test and modelling werdusr developing a link to mineralogy

and for simulation of flotation circuit performance

Linking the PGM floatable recovery from the advahckatch flotation test to feed

mineralogy
Seven samples of UG2 ore were selected for moeglegttests. The advanced flotation test

was used on these samples, and mineralogicalvieses carried out on feed samples milled
to the final grind of 80% -75 um. Data from autoeth6EM analyses of size fractions were
collected on PGM degree of liberation, mineral agg®mn, mineral type and grain size. A
simple link between floatable PGM recovery and Pldidration was found. The model also
included the effect of depressant addition on caitpd®GM particle flotation. The model
can be used to estimate PGM liberation data (tylgicdtained from mineralogy) using the

less expensive advanced batch flotation test.

Simulation of flotation circuit performance

Parameters for one of the ores, obtained from dvaraced batch flotation test, were used to
simulate flotation circuit performance. Two constesl simulation exercises were carried
out, the first examined the effect of flotation karmlume on the final PGM recovery, and the
second examined the effect of depressant additiorthe final PGM recovery. In both
simulations, the recovery of mass and chromiteardnivere constrained to typical operating
values. The simulator is a new development andtitites how batch testing can be used for
making a preliminary assessment of plant perforrambis is important when developing a
mining schedule for a deposit.
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CHAPTER 9. RECOMMENDATIONS

The advanced test procedure developed in this stadybe used to estimate the mineralogy
of PGMs in UG2 samples and to predict plant pertorae. However, the latter requires more

comparative tests, and it is recommended thatdi@afing additional work be done:

* The effect of a range of secondary grinds was nweestigated. This can be an
important operating variable, particularly for gredich have significant ‘locking’ of
PGMs in gangue or ores, which liberate at coarsadg than that typically used for
secondary grinding. One avenue of future test vebibuld be an examination of the
effect of changes in the amount of secondary gnmdpreferably on one of the
selected samples. This effect should be linkechéonhineralogical-flotation model
developed in this study. The effect of secondamdyng on entrainment of particles
is also an important factor, and it should be ex&ahi Excessive grinding can lead to
overgrinding of the chromite and its entrainmentthe final concentrate. Hence,
future test work should examine the influence @bselary grinding on entrainment.

e It is recommended that the advanced flotation bbesépplied to plant feed samples,
and that plant surveys be used to calculate sgal@&ctors. This is an important
phase to validate the test procedure and to makpredictions of plant performance
more accurate. Tests on known problematic oresldhalso be done to validate

model predictions.
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APPENDIX A

Al. Description of assay techniques

Al.1l. Total PGE+Au analysis

This section describes the method that was useditgk’s analytical division to determine
the total PGE+Au content in a UG2 sample, (Mukwe\2a5).

1. A subsample was taken from a pulverised bulk sanaplé mixed with a flux
consisting of: fused borax, sodium carbonate, aillead oxide and reducing agent
(maize meal). The ratio of the lead oxide to th#uoeng agent was fixed between
10:1 and 11:1.

2. A silver nitrate solution was then added to the tom& before being heated in a
furnace. The borax and sodium carbonate fused twélsample to release the PGEs
which were collected by the metallic lead. Metalead forms from the reduction of
lead oxide by maize meal and since it has a higtsiteit falls to the bottom of the
crucible.

3. The molten lead and slag was then poured intoamnrould and allowed to solidify.
The lead was separated from the slag and placedicupel which was then placed
into a muffle oven. A cupel is a porous cup thatised in cupellation which is the
metallurgical process for separating noble metalsubing high temperatures. A
muffle oven is a high temperature oven that isslabe subject material, in this case
the cupel contents, from fuel and products of costiba like gases and flying ash.

4. In the oven the lead becomes oxidised and is sulsdy absorbed by the cupel
material, a prill then forms which contains the BRGE

5. The prill was weighed and the ratio of the prill seao the total mass taken for

analysis was used to determine the total PGE+Atecdm g/t.

Al.2. 2PGE+Au analysis

In this section the method used by Mintek’s anegjtidepartment for determination of the
2PGE+Au content in a UG2 sample will be discusgétijkwevho, 2005 and Maluleke,
2009). The method is similar to that describedtl@rtotal PGE+Au method except, the prill
is not analysed by gravimetric methods.
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1. The prill obtained from the gravimetric analysidransferred into a small beaker and
3 mt of concentrated nitric acid is added.

2. The beaker contents are then heated on a hotfptaieminutes.

3. The contents are cooled and @ of concentrated hydrochloric acid was added, the
contents was reheated until no nitrous oxide fuwee visible.

4. The contents was cooled and transferred into a 25a@umetric flask containing
1.25 nt of a 0.2 gl scandium and 5 fnconcentrated hydrochloric acid.

5. The solution was diluted with distilled water sattlthe PGEs could be read using
inductive coupled plasma spectroscopy (ICP-OES).

6. The solution from the 25 tvolumetric flask was transferred into a clean 16 m
plastic auto sampler tube and the ICP—OES instrtimvas used to read the solution
for elements: Pt, Pd and Au.

7. In the event that the elements exceeded the higitastlard used to calibrate the

instrument the solution was diluted.

Al.3. 3PGE+Au analysis

In this section the method used by Mintek’s anegjtidepartment for determination of the
3PGE+Au content in a UG2 sample will be discusg&tijkwevho, 2005 and Maluleke,
2010). The method is similar to that describestliertotal PGE+Au method except, the prill

is not analysed by a gravimetric method.

1. The prill was transferred into a clean 28 wolumetric flask containing 1.25 fof a
0.2 gk scandium solution.

2. A 1:1 hydrochloric acid solution was used to maketie volume in the flask; the
contents of the flask were then agitated by shagkmthat the prill dissolved.

3. The solution was then read for elements: Pt, PdariRhAu using the ICP—-OES.

Al.4. 5PGE+Au analysis
In this section the method used by Mintek’s anegltidepartment for determination of the
5PGE+Au content in a UG2 sample will be discusfiéajuleke, 2011).

1. A conventional fire assay method, similar to thefcdssed in 8§ Al1.1 was used to
produce a NiS button which contains the noble rseid, Pd, Rh, Ru, Ir and Au.

2. The button was crushed into small pieces by a lwidrpress.
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3. 10 g of ammonium chloride was transferred into @ B0 glass beaker.

4. The crushed button was also transferred into thekdreand 300 ith of a 37%
analytical grade (i.e. AR grade) hydrochloric astdution was added.

5. The beaker was covered immediately with a watclssglend placed on a boiling
steam batch that was placed in a fume cupboarapjoroximately 16 hours.

6. The beaker was then removed from the steam batlclaacked to ensure complete
dissolution of the crushed button; this is usuadljicated by a clear green colour with
black residue at the bottom.

7. The watch glass and sides of the beaker were wakhed with a 40% hydrochloric
acid solution.

8. The solution was then filtered using a Buchner &inmder vacuum through a 0.45
pm Durapore membrane filter.

9. The sides of the funnel were washed with a 40%dugfdoric acid solution to remove
all traces of Ni. The membrane filter (with pretape) was transferred into the
original 600 nf beaker and 20 fnof a 37% AR grade hydrochloric acid and 10 of
a 65% AR grade nitric acid solution was addedfittrate was discarded.

10.The beaker was covered with a watch glass and wasygheated until the entire
residue dissolved. Thereafter 2 to 3 drops of hyenoperoxide was added and the
beaker contents were heat for a few minutes torigeof the excess hydrogen
peroxide.

11.The beaker was removed from the hot plate andillee membrane was removed
using a glass rod. The filter was then washed séwenes with a 40% hydrochloric
acid solution into the beaker.

12.The beaker solution was then heated until a volwheapproximately 20
remained; a 40% hydrochloric acid solution was usettansfer the solution into a
100 m beaker.

13.The solution was then heated so that a volume fosgmately 5 ni remained in the
beaker, then 3.5 tnof 37% AR grade hydrochloric acid and 0.3 wf AR grade
nitric acid was added; the solution was boiledajpproximately a minute.

14.The solution was cooled and transferred into a 2ofumetric flask.

15.5 mt of 37% AR grade hydrochloric acid and 1.28 ai a 0.2 gf scandium solution
was added. The volume was then made up to the ékgskcity using deionised water

and was agitated. The solution was read using BRGES instrument.
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A1.5. Total sulphur and sulphide sulphur analysis
The total sulphur and sulphide sulphur conteniefch sample was determined using a Leco
sulphur analyser.

For determination of the total sulphur content mp@l@ with mass between 0.5 and 1.0 g was
heated to approximately 135Q in an induction furnace while passing a streanmgfgen
through the sample. The sulphur dioxide releasenh fthe sample was measured by an IR
detection system and the total sulphide contentpragded.

For determination of the sulphide sulphur contaréample with mass between 0.5 and 1.0 g
was selectively leached in a warm sodium carbosakation to convert the metal sulphate
into insoluble carbonates and soluble sulphate. Stbikphate residue was removed by
filtration and was washed free of the carbonatetsmi. The solution was then analysed by

Leco sulphur analyser to determine the sulphidehaulcontent.

Al.6. Cr,0O3 analysis

A 1to 2 g subsample was taken from a pulverisdkl $mample, usually 200 g, and was placed
into a beaker with 9 hof concentrated hydrochloric acid and 8 af nitric acid. The solid—
liquid mixture was then refluxed (using a glas9 kol approximately 15 minutes on a hot
plate so that the solids dissolve completely. Tidewas washed into the beaker using
millipore water and the solution was transferretb ia 50 ni plastic beaker having 10m
hydrochloric acid and 2.5 inSc. Millipore water was used to transfer the sotuinto the
flask and to make up the solution to the flask wadu The solution was then read using an
ICP-OES instrument which was calibrated for readingThe Cr reading was then converted
to CrO3 using the molecular weight of the elements andafsimption that all the Cr occurs
has CsOs. The assumption that all the Cr occurs ha®©¢is logical since the UG2 sample is

a chromitite ore.

Al.7. Acid soluble base metal sulphides

The acid soluble base metal sulphides: A/sNi, A/g%¥eCu and A/sCo were determined for
each feed sample using a diagnostic leach. A X&bgample of the pulverised feed was
added to a 250 fnlixiviant. The lixiviant was made from 37.5% amnmmacetate and 0.5%
ammonia chloride. The lixiviant dissolves only thexides, hydroxides, carbonates and

sulphates, but not the sulphides. The reactor waged with nitrogen for a period of 1 hour.
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On completion of the reaction the residual samplese filtered; the feed assay and the
residual samples were analysed for: Ni, Cu, Fe@mdising the ICP—OES instrument. The
assay for each stream: feed, residue and filtrate wsed to carry out a mass balance to

determine the base metal sulphide content.

Al1.8. X—ray fluorescence scan

A quantitative X—ray fluorescence (XRF) scan wasied out to determine some of elements
present in the feed like: MgO, Abs, SI0,, TIO,, V.05, MNO, Fe, P, CI, Ca, Co, Ni, Cu, Zn,
Ga, As, Se, Rb, Sr, Y and Zr. The instrument wapeoted prior to analysing for the
elements, the inspection list was used to checlhen the X-ray, spectrometer pressure,
cooling water conductivity and temperature. On@séhchecks were found to be satisfactory
an 8 g subsample was transferred into the samptehfor analysis. The sample was then
bombarded with high energy X-rays which resultedeacth element emitting its own
characteristic wavelength. The wavelength was jpnéted with a database which allowed for
the determination of the element content.

A1.9. Loss on ignition analysis

A 2 g subsample from a pulverised feed sample wiesl dver night in a hot—air cabinet
operating between 105-11%. This pre-heating step removes moisture from ferel
sample. A muffle oven was pre—heated to the tenmerat which the analysis was to be
carried out, for this study four temperatures wiesestigated: 300, 600, 900 and 10%D

The mass of the crucible and crucible and subsampmeasured before placing into the
oven. The sample in the crucible was heated foour thereafter it was removed from the
oven and allowed to cool for 15 minutes before @#sweweighed. The difference in the
sample mass at the start and end of the test wasidlss loss, which can be express has the

LOI value which is a percent loss relative to teed used.

A1.10. Specific gravity analysis
A 15 g subsample for each feed was analysed tondiete the specific gravity (SG). The
specific density of each sample was relative todéesity of water at ambient temperature

and pressure. The specific density was determisgdja pyconmeter.
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A2. Raw data for assay reproducibility on base cassample (Sample A)

Assay Total PGE+Au/ 2PGE+AU/ 3PGE+AU/ 5PGE+Au/
lo/] lo/] [o/t] lo/]
1 3.00 2.72 2.98 3.19
2 3.03 2.73 2.94 3.08
3 3.00 2.70 2.96 3.08
4 3.09 2.71 2.75 3.21
5 3.14 2.75 2.95 3.49
6 3.00 2.81 2.98 3.44
7 2.97 2.89 2.83 3.30
8 3.11 2.68 2.88 3.10
9 3.11 2.85 2.83 3.12
10 3.00 2.73 2.79 3.23
Sulphide Total AsNi/ AsCu/l AsFel AsCd'/ CrOJ LOI/ [%]
Assay SG
sulphur/ [%] sulphur/ [%]  [g/] [gf] [a/t] [o/1] [%0] 1050°C  300°C
1 0.130 0.197 298.50 83.00 7965.0010.00 16.45 3.56 0.05 0.14
2 0.092 0.139 299.00 83.00 8000.0010.00 16.60 3.57 0.06 0.14
3 0.083 0.125 298.00 85.00 7980.0010.00 16.90 3.56 0.10 0.09
4 0.088 0.134 309.00 88.00 8100.0010.00 16.40 3.57 0.07 0.14
5 0.079 0.120 311.00 88.00 8090.0010.00 16.30 3.56 0.08 0.21
6 0.079 0.119 305.00 83.50 8005.0010.00 16.70 3.57 0.10 0.11
7 0.079 0.119 302.00 83.00 7930.0010.00 16.80 3.57 0.03 0.15
8 0.083 0.125 306.00 88.00 8240.0010.00 16.40 3.56 0.04 0.14
9 0.086 0.130 309.00 88.00 8670.0010.00 16.20 3.56 0.06 0.11
10 0.083 0.125 302.00 89.00 8330.000L0.00 16.60 3.56 0.14 0.12
pssay MgO/ Al,OJ SiOJ TiOJ V,0J MnO/ Fel P/ CII cCal
%]  [%]  [%]  [%]  [%]  [%]  [%] [%] [%] [%]
1 1792 13.01 3199 0.72 0.173 0.17 1287 034 0241
2 17.23 13.06 3252 0.73 0.173 0.18 13.06 0.32 0D2%2
3 17.87 1246 3390 0.71 0.160 0.18 1297 0.33 0252
4 17.44 13.19 3257 0.72 0.171 0.17 1292 0.29 0249
5 1754 1290 33.14 0.71 0.168 0.17 1281 0.29 0247
6 17.44 1299 33.03 0.73 0.172 0.18 1257 0.30 0DR42

* Assay below detection limit which is 10 g/t.
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17.36 12.76 33.03 0.74 0.175 0.17 1248 0.30 0249
1758 13.21 3293 0.72 0.170 0.17 1247 0.31 02%2
17.60 12.19 3520 0.67 0.141 0.18 1421 0.34 0231
10 1729 13.08 32.38 0.72 0.179 0.17 12.44 0.294 0249
Assay Co/ Ni/ Cu/ Zn/ Ga/
(%] (%] (%] (%] (%]
1 2.61E-02 7.32E-02 9.29E-03 2.42E-02 3.11E-03
2 2.57E-02 8.93E-02 1.03E-02 2.67E-02 2.92E-03
3 2.91E-02 9.20E-02 1.15E-02 2.99E-02 3.29E-03
4 2.16E-02 9.38E-02 9.85E-03 2.69E-02 2.94E-03
5 2.64E-02 8.35E-02 1.04E-02 2.62E-02 3.10E-03
6 2.55E-02 9.93E-02 1.02E-02 2.68E-02 3.01E-03
7 2.73E-02 9.80E-02 1.10E-02 2.97E-02 3.12E-03
8 2.73E-02 8.24E-02 1.04E-02 2.65E-02 3.00E-03
9 2.72E-02 1.06E-01 1.30E-02 3.08E-02 3.63E-03
10 2.27E-02 8.16E-02 1.05E-02 2.61E-02 2.74E-03
Assay As/ Se/ Rb/ Sr/ Y/ Zrl
[%6] (%] (%] [%6] [%6] [%6]
1 3.15E-04 6.48E-05 3.70E-04 6.32E-03 4.63E-04 B-GB
2 3.15E-04 6.48E-05 3.33E-04 6.65E-03 3.80E-04 D026
3 2.25E-04 1.94E-04 4.19E-04 7.50E-03 4.39E-04 H-05
4 4.71E-04 7.38E-05 3.78E-04 6.72E-03 3.32E-04 B-@5
5 2.88E-04 9.28E-05 3.25E-04 7.08E-03 4.27E-04 H-Q5
6 4.73E-04 1.11E-04 3.80E-04 6.72E-03 3.25E-04 B-03
7 3.47E-04 751E-05 3.57E-04 6.96E-03 3.47E-04 B-03
8 3.53E-04 1.02E-04 3.63E-04 6.96E-03 3.26E-04 BH-03
9 4.66E-04 4.24E-05 3.92E-04 7.81E-03 4.13E-04 BOZF
10 3.66E-04 8.23E-05 3.11E-04 6.71E-03 4.02E-04 5B.04

A3. Mill setup and milling curve for base case sanip

Rod diameter size/ [mm] Number of rods Total mégls/
20 10 5405.9
15 10 3269.7
10 15 1847.3
5 9 456.0
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Specific energy/ [KWh/t] =75 um +75um
6.19 695.0 311.2
11.99 394.4 590.6
18.38 80.0 907.6
A4. Raw data for flotation reproducibility tests
Mass recovery for tests/ [g]

Stream Time 1 2 3 4 5 6 7 8 9 10
RC-1 1 50.70 48.60 4420 4460 53.40 51.70 49.70 .5063 52.00 50.20
RC-2 3 35.00 3290 4320 31.10 40.80 35.30 33.20 .32 39.00 34.70
RC-3 7 3390 37.80 28.20 4090 33.90 4420 45.30 .743 35.10 41.30
RC-4 20 50.20 48.70 59.70 53.30 50.70 49.00 49.300.506 54.60 48.30
RC-5 30 27.60 2450 2770 2150 2720 26.80 22.105.8® 23.70 21.00
RT 798.30 803.70 796.00 804.40 790.60 790.50 T195.890.80 790.30 800.30
RC- Rougher concentrate
RT- Rougher tail

2PGE+Au assay for tests/ [g/t]

Stream  Time 1 2 3 4 5 6 7 8 9 10
RC-1 1 30.92 3400 3560 36.32 28,52 30.12 32.12 9130 31.60 31.60
RC-2 3 8.84 12.09 1146 1147 10.53 11.94 13.05 1512. 13.26 13.26
RC-3 7 6.12 4.45 6.21 6.88 6.29 6.00 5.78 6.54 6.2%.29
RC-4 20 4.21 4.10 3.65 3.51 3.71 3.36 3.09 409 33.93.93
RC-5 30 2.28 2.47 2.32 2.59 2.80 2.02 2.14 261 9262.69
RT 0.40 0.31 0.39 0.46 0.37 0.37 0.37 0.39 0.50 500.

Cr,0O; assay for tests/ [%]

Stream  Time 1 2 3 4 5 6 7 8 9 10
RC-1 1 3.30 2.57 2.39 2.21 3.08 3.22 2.50 2.82 3.22.93
RC-2 3 4.57 3.43 3.42 3.09 4.28 3.69 4.14 3.50 4.38.97
RC-3 7 6.16 4.98 5.23 4.67 5.23 6.23 6.82 5.20 5.7%.37
RC-4 20 8.68 7.47 7.71 6.97 8.08 8.49 9.76 7.86 68.68.82
RC-5 30 10.70 9.29 9.82 8.85 9.74 10.10 10.90 9.2611.20 10.30
RT 1850 20.15 20.20 19.90 2045 20.75 20.85 21.130.70 20.70
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Water recovery for tests/ [g]

Stream Time 1 2 3 4 5 6 7 8 9 10
RC-1 1 159.70 140.70 164.60 165.30 155.10 153.70 9.005 141.50 14420 161.00
RC-2 3 118.60 134.70 127.80 118.90 181.40 150.20 5.708 144.80 160.30 152.40
RC-3 7 313.00 256.30 225.80 248.60 213.50 294.70 8.0B8 230.80 223.00 284.40
RC-4 20 487.00 52140 548.40 512.00 51950 519.5066.35 533.90 556.60 558.70
RC-5 30 397.00 418.00 41590 446.20 420.20 448.6019.88 473.00 394.70 373.30
RT 1791.40 194750 1808.50 1913.30 1918.60 1909.8837.00 1916.10 1818.40 1849.50
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A5. Parameter estimates and confidence intervals fd®atch models evaluated

PGMs

Model

Best fit parameter estimates

95% Confidence interval for best f

parameter estimates

] Rmax= 90.72 Rmax 74.47-100.00
Classic model ) )
k= 0.78 mirt k: 0.57-1.23 mit
_ Rmna= 90.72 Rinax 82.65-99.29
Klimpel model ) _
K ma= 2.08 mint Kmax 1.80-2.35 mit
Rma= 91.14 Rmax 87.67-94.63
2nd order Klimpel model e ) e _
K ma= 4.29 mint Kmax 3.95-4.64 mift
Rma= 90.97 Rimax 85.38-96.57
2nd order model N S
k= 1.5%10“ min k: 1.53102-1.65<10° min’
Riase= 71.43 Reast 67.75-74.63
Rsow= 28.57 Reow 25.37-32.25

Kelsall model

Kias= 1.49 mint

Kejow= 3.51x10% min™

Kast 1.40-1.61 mift
Kejow: 2.69%10%-5.01x10° min*

Modified Kelsall model

Rias= 67.04

Ryon= 23.93

Rma= 90.97
Kias= 1.68 mirt

Kejow= 9.16<102 min*

Riasi 63.49-70.60

Ryow 23.81-24.04

Rmax 87.30-94.64

Ktast 1.61-1.73 mift
Ksiow= 9.11x10%-9.20x10° min’*

Ruma= 67.09 Rumax 62.51-71.65
Ren= 32.91 Rent 28.35-37.49
Classic model with entrainment 4 )
k=1.39 min k: 1.38-1.40 mift
ENT=2.5%10? ENT: 2.5%10%2.61x102
Ruma= 68.50 Rioat,max 65.46-71.43
Ren= 31.50 Reni 28.57-34.54
Klimpel model with entrainment| - )
K ma=3.86 min Kmax 3.81-3.93 mit
ENT=2.60x107 ENT: 2.50x10%-2.63x102
Rma= 82.54 Rmax 81.06-83.93
2nd order Klimpel model with Ren= 17.46 Rent 16.07-18.94
entrainment Kma=5.45 mint Kmax 5.11-5.82 mit
ENT=9.0%10° ENT: 7.80x10°-1.05x10?
Rma= 73.38 Rmax 71.70-75.80
Ren= 26.62 Rent 24.20-28.30

2nd order model with entrainme

k=3.44x102 min*
ENT=1.81x107

k: 3.11x10%-4.09%102 min*
ENT: 1.4310%2.64x10°
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Kelsall model with entrainment

Rias= 55.85
Ryow= 15.00
Ren= 29.15

Kias= 2.02 mirt

Kejow= 0.25 mint

Riasi 53.05-58.40
Ryow 14.54-15.73
Rent 25.87-32.41
Kiasi 1.98-2.03 mift
Ksiow: 0.23-0.29 miit

ENT= 2.5510° ENT: 2.35¢10%2.95¢10°
Rras= 59.00 Rrast 56.34-61.54
Ryjow= 16.16 Rsows 15.54-16.86
Kelsall model with entrainment Ren= 24.84 Rent 21.60-28.12

on slow floatability only

Keas= 2.00 mint

Kejow= 0.22 mint

Kasi 1.99-2.02 mift
Kejow: 0.20-0.25 mift

ENT= 2.45102 ENT: 2.4%10%-2.49<10?
Rias= 60.65 Rest 58.34-62.96
Ryou= 14.66 Ryow 14.61-14.76
Ren= 15.66 Rent 15.56-15.71
Modified Kelsall model with
Rimax=90.97 Rmax 88.66-93.28

entrainment

Kias= 1.73 mint

Kejow= 1.24x10" min*

Kast 1.69-1.77 mift
Ksow: 1.23x10%-1.25¢10" min™

ENT= 2.6510° ENT: 2.5%10%2.6910°
Riase= 60.65 Riast 58.36-62.94
Rsiow= 20.74 Rsow 20.63-21.02
Modified Kelsall model with Ren= 9.59 Rent 9.31-9.70
entrainment on slow floatability Rma=90.97 Rimax 88.68-93.26

only

Kias= 1.81 mint
Keiow= 1.51x10* min™
ENT= 2.3410?

Kast 1.77-1.85 mift
Keiow: = 1.50x10%-1.52x10" min*
ENT: 2.21x10%-2.42107
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Gangue

Model

Best fit parameter estimates

95% Confidence interval for best f

parameter estimates

Classic model

Ra= 25.79
k= 0.15 mint

Rmax 21.51-30.06
k: 0.10-0.21 miit

Klimpel model

Ra= 25.79
Kmae= 0.40 mint

Rumax 24.10-28.61
Kmax 0.28-0.50 mift

2nd order Klimpel model

Rma= 29.77
K ma= 0.46 mint

Rmax 29.39-30.57
Kmax 0.33-0.63 mift

2nd order model

R 27.37
k= 8.21x10° min*

Rinax 26.51-28.60
k: 5.92x10°-1.07102 min*

Kelsall model

Re.= 13.13
Ryow= 86.87
Keas= 0.52 mint

Kejow= 4.93¢<10° min™

Riasi 12.46-14.18
Ryow 85.82-87.54

Kiasi 0.37-0.68 mift

Ksiow: 4.35¢10°-5.36x10° min™

Modified Kelsall model

Rias=8.66
Ryow= 18.61
Rma= 27.27

Kias= 0.90 mirt"

Kejow= 6.44x102 min™

Riasi 8.40-9.68
Row 17.75-19.99
Rmax 26.16-29.67
Ktasi 0.53-1.20 mift
Ksiow= 3.7810%-7.2310? min*

Classic model with entrainment

Rma= 10.02
Ren= 89.98
k=0.56 min*

ENT=4.8610°

Rmax 9.74-10.60
Reni 89.40-90.26
k: 0.42-0.70 mift
ENT: 4.4810°%5.14x10°

Klimpel model with entrainment

Rma= 12.26
Ren= 87.74
Kma=1.03 mint

ENT=4.21x10°

Rioatmax 12.07-12.62
Rent 87.38-87.93
Kmax 0.77-1.31 mift

ENT: 3.8410°%4.48x10°

2nd order Klimpel model with

entrainment

Rmac 17.01
Ren= 82.99
Kma=0.97 mint
ENT=3.1%10°

Rmac 16.81-17.67

Reni 82.33-83.19

Kmax 0.72-1.27 mit
ENT: 2.7510°%3.43¢10°

2nd order model with entrainment

Rma= 14.44
Ren= 85.56
k=3.56x102 min™*
ENT=3.6X%10°

k: 2.5%102%-4.56x102 min*

Rmax 14.10-14.80
Rent 85.20-85.90

ENT: 3.23103-3.92¢10°

Kelsall model with entrainment

Reas= 11.16
Rsiow= 35.02
Ren= 53.82

Rfast 10.95-11.77
Rsow 34.12-42.17
Rent 46.07-54.93
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Kias= 0.54 mint

Kejow= 4.15¢10° min™

Kast 0.42-0.66 mift
Keiow: 3.34x10°-5.00¢10° min'*

ENT= 3.10¢10° ENT: 2.5x10°-3.34x10°
Rioe= 11.16 Riast 10.16-11.77
Rgiow= 35.02 Rgows 34.71-35.93
Kelsall model with entrainment Ren= 53.82 Rent 53.52-53.92

on slow floatability only

Kias= 0.54 mint

Kejow= 3.51x10° min’

Krast 0.42-0.67 mift
Keiow: 3.37%10°-3.5710° min'*

ENT= 3.35%10° ENT: 2.3%103-3.57%10°
Rias= 6.99 Rt 6.02-7.95
Ryou= 11.67 Ryow 10.95-12.07
Ren= 36.50 Rent 36.04-37.15
Modified Kelsall model with
Rma=55.17 Rumax 53.01-57.17

entrainment

Kias= 1.00 mint

Kejow= 9.60<102 min*

Kast 0.84-1.14 mift
Kejow: 9.37102-9.98x10° min*

ENT= 4.8%10° ENT: 4.56¢10°%5.43x10°
Rias= 6.99 Riast 6.02-7.96
Ryou= 11.83 Ryow 11.45-12.48
Modified Kelsall model with Ren= 31.67 Rent 31.42-41.92
entrainment on slow floatability Rma=50.49 Rmax 48.89-62.36

only

Kias= 1.03 mint
Keiow= 9.60<102 min™
ENT= 5.9%10°

Kasi 0.87-1.15 mift
Keiow: 9.3710%-9.98<10° min'*
ENT: 4.6510°%-6.11x10°

223




Chromite

Model

Best fit parameter estimates

95% Confidence interval for best f

parameter estimates

Rma= 7.90 Rmax 6.92-11.59
Classic model S ) N
k= 6.21x10° min k: 2.29%10°-7.70x10“min’
_ Rma= 9.01 Rmax 8.89-14.44
Klimpel model ) _
K ma= 0.12 mint Kmax 0.04-0.21 mit
Rmac 12.47 Rmax 10.60-23.63
2nd order Klimpel model e ) e _
K ma= 0.10 mint Kmax 0.02-0.22 mit
Rma= 10.64 Rmax 9.48-18.89
2nd order model N . y
k=5.0%10" min k: 7.85¢107-1.21x10° min’
Rise= 2.11 Rrast 1.43-2.39
Rsiow= 97.89 Rsow 97.61-98.57

Kelsall model

Kias= 0.28 mint

Kejow= 1.63¢<10° min™

Kase 0.07-0.90 mift
Kejow: 1.30¢10°-1.90x10° min*

Modified Kelsall model

Rias=1.07
Ryjow= 10.12
Rma= 11.19

Ktas= 0.60 mint*

Kejow= 2.74¢10% min™*

Riasi 0.37-1.68
Row 9.02-13.02
Rmax 9.39-14.70
Kiasi 0.53-1.82 mift
Ksiow= 9.9310°-3.5%10? min™*

Entrainment only ENT=0.19 ENT: 0.16-0.21
Rma= 1.04 Rmax 0.47-1.61
Ren= 95.53 Rent 95.03-97.24
Classic model with entrainment N N N
k=1.7310" min k: 1.63x10" -2.22x10™ min’
ENT=1.66x10° ENT: 1.6%10°%1.94x10°
Rima= 1.32 Réioat max 1.15-1.67
Ren= 95.53 Rent 95.51-96.53

Klimpel model with entrainment

Kma=0.31 mint

ENT=1.61x10°

Kmax 0.07-2.26 mit
ENT: 1.30x10°3-1.81x10°

Rmac= 1.82 Rmax 1.32-2.77
2nd order Klimpel model with Ren= 95.53 Rent 95.50-96.13
entrainment Kma=0.29 mint Kmax 0.04-2.99 mift
ENT=1.56<10° ENT: 1.46<10°%1.78x10°
Rmac= 1.53 Rmax 1.01-2.07
Ren= 95.53 Rent 91.59-97.53
2nd order model with entrainment
k=1.03x10" min™ k: 9.60x10°-4.24x10" min™
ENT=1.5&10° ENT: 1.46<10%1.67%10°
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APPENDIX B

B1. Raw data for feed chemical assays

Sample MgO/ AlL,Of SiO,/ TiO,/ V,0s/ MnO/ Fe/ Total S/ Cr,O4f P/ %] Cl/ Ca/ Co/ Ni/ Cu/ zn/ Ga/ As/  Sel o o/ Zrl Pt/ Pd/ Rh/ Au/ Ir/ Ru/
[%0] (%] (%] (%] (%] (%] (%] [%0] (%] (%] (%] [%0] (%] (%] (%] ol [o/1 [on]  [9A] lo] o] [on] oMl [on] [of] [of] [9/]

1 12.72 18.22 14.92 0.86 0.33 0.18 17.02 0.10 33.64.26 0 0.02 1.46 0.04 0.14 0.03 0.05 51.17 3.70 3.90.202 34.04 2.10 1161 251 1.67 046 0.07 056 0.82
2 17.20 12.67 41.40 0.60 0.13 0.18 10.40 0.04 13.80.29 0 0.03 3.11 0.03 0.07 0.02 0.02 25.14 142 142 354 110.03 4.92 2070 114 045 0.18 0.03 0.43 0.27
3 12.49 19.87 15.74 0.74 0.32 0.17 15.74 0.03 32.45 .27 0 0.02 1.97 0.04 0.10 0.01 0.05 54.48 216 1.77 671 7356 2.16 3.44 264 125 049 0.06 1.20 0.60
4 19.28 11.13 42.83 0.63 0.13 0.18 11.22 0.04 11.50.26 0 0.02 2.64 0.02 0.07 0.01 0.02 2336 139 0.83.195 79.55 5.19 21.79 119 055 0.17 0.07 040 0.25
5 19.80 10.18 43.95 0.63 0.12 0.18 11.20 0.06 1092 .29 0 0.02 2.51 0.02 0.06 0.02 0.02 19.53 0.83 0.65.296 74.68 5.64 1832 080 030 0.13 0.03 0.44 0.19
6 12.34 19.51 17.70 0.81 0.31 0.17 15.40 0.02 31.29.26 0 0.02 1.98 0.03 0.09 0.01 0.05 50.65 351 341.811 100.70 2.01 6.82 257 102 051 004 105 o0.61
7 15.81 16.63 21.82 0.78 0.29 0.17 15.40 0.04 25.88.29 0 0.02 2.68 0.03 0.09 0.01 0.04 40.25 246 144 .772 30.71 3.80 483 236 200 040 0.02 0.13 0.68
8 16.07 14.43 26.17 0.67 0.23 0.17 13.47 0.06 26.55.26 0 0.02 1.71 0.03 0.10 0.01 0.04 4532 356 2.21.975 5292 3.66 1251 268 198 041 0.16 0.17 0.80
9 15.20 16.50 19.00 0.79 0.31 0.17 15.80 0.08 30.00.28 0 0.02 161 0.04 0.11 0.02 0.05 45.00 450 4.20.504 50.21 1.90 8.20 225 129 036 004 019 0.79
10 16.22 14.72 23.28 0.75 0.25 0.17 14.13 0.07 28.35.26 0 0.02 1.58 0.03 0.11 0.01 0.04 46.16 1.29 0.99.175 53.22 3.48 1343 221 137 038 0.03 019 0.80
11 13.60 17.71 18.01 0.95 0.31 0.17 15.21 0.05 31.81.30 0 0.02 1.66 0.04 0.09 0.01 0.04 4552 270 120.301 69.82 3.60 1621 240 188 044 0.03 016 092
12 13.68 15.89 24.79 1.54 0.27 0.18 14.93 0.15 23.73.29 0 0.02 4.33 0.03 0.08 0.01 0.06 37.61 583 0.40.722 2463 4.63 3288 187 089 034 001 012 0.71
13 13.13 19.55 23.74 0.65 0.27 0.16 13.04 0.05 25.68.27 0 0.02 3.24 0.03 0.10 0.01 0.03 4115 2.82 3.02.255 258.84 4.38 1323 227 145 033 0.02 016 0.70
14 16.66 14.90 24.65 0.82 0.24 0.17 14.22 0.04 2552 .26 0 0.03 2.27 0.03 0.11 0.01 0.06 39.75 127 088.661 7813 1.66 945 268 128 039 0.04 0.16 0.79
15 14.23 16.75 26.72 0.69 0.24 0.15 12.39 0.03 25.66 .28 0 0.02 2.66 0.03 0.07 0.00 0.04 40.18 184 136.712 8492 3.10 1201 188 0.73 031 0.02 0.15 0.69
16 16.26 15.64 19.68 0.69 0.26 0.21 16.15 0.01 29.04.28 0 0.02 1.57 0.03 0.10 0.00 0.05 4570 231 2.04.252 34.87 3.58 828 322 172 066 0.01 033 110
17 16.85 15.05 20.46 0.63 0.24 0.18 14.85 0.02 29.94 .27 0 0.02 131 0.03 0.10 0.00 0.04 4333 241 221.213 3872 3.11 863 345 140 058 0.01 0.22 1.00
18 20.39 12.34 35.84 0.59 0.17 0.17 11.63 0.03 15.35.63 0 0.02 2.69 0.02 0.09 0.01 0.02 29.29 0.94 0.66.922 5849 3.58 8.19 122 040 014 001 0.11 0.38
19 19.85 9.54 29.54 0.56 0.23 0.21 13.80 0.13 21.30 59 0. 0.03 3.98 0.03 0.13 0.03 0.03 35.83 145 0.97 124. 88.85 4.36 10.77 145 0.74 0212 001 0.12 0.57
20 18.31 13.91 32.61 0.64 0.19 0.18 12.73 0.06 1792 .50 0 0.02 2.75 0.03 0.10 0.01 0.03 3203 118 0.29.333 81.19 3.62 5.88 1.06 054 018 0.01 0.15 0.50
21 18.26 13.57 33.55 0.64 0.19 0.17 12.81 0.02 17.40 .47 0 0.02 2.76 0.02 0.08 0.01 0.03 31.64 249 124 962 80.96 3.06 1147 186 116 0.32 0.00 0.14 0.61
22 17.73 13.90 34.71 0.69 0.18 0.17 12.04 0.02 17.07 .49 0 0.03 2.83 0.02 0.07 0.01 0.03 29.11 261 0.75.273 84.25 3.36 8.68 105 055 020 001 0.12 044
23 16.43 15.82 25.45 0.74 0.24 0.18 14.32 0.03 2437 .24 0 0.01 1.94 0.03 0.12 0.01 0.04 4348 1.03 0.93.875 63.88 4.12 824 278 181 051 0.05 0.07 0.84
24 16.08 16.18 22.36 0.86 0.29 0.18 14.74 0.04 26.69.25 0 0.02 2.08 0.03 0.13 0.01 0.04 41.53 289 186.892 20.70 4.23 2968 261 172 050 0.04 0.12 0.83
25 13.25 14.70 41.67 0.63 0.16 0.18 12.37 0.03 13.56 .26 0 0.02 3.02 0.02 0.08 0.01 0.02 29.19 197 0.62.661 104.45 3.31 10.04 116 057 0.22 0.01 0.07 0.79
26 11.75 16.36 17.52 0.79 0.30 0.19 17.28 0.03 34.09.24 0 0.02 1.20 0.04 0.14 0.01 0.05 5424 158 222.840 27.12 2.85 538 217 150 046 0.02 0.00 0.70
27 11.86 16.35 11.40 2.50 0.48 0.17 18.88 0.06 36.32.30 0 0.03 1.43 0.04 0.08 0.02 0.06 65.20 340 155930 27.65 2.89 3.20 428 173 087 0.01 0.38 1.60
28 13.69 14.48 19.80 0.66 0.23 0.19 14.14 0.03 3417 .31 0 0.02 2.07 0.04 0.11 0.01 0.05 50.91 260 170910 60.64 3.05 9.84 3.07 159 059 001 0.27 0.72
29 14.52 15.96 16.58 0.99 0.32 0.19 17.30 0.03 32.12.23 0 0.02 1.55 0.04 0.10 0.01 0.05 4746 463 237.341 8891 2.88 793 38 175 079 0.04 040 129
30 17.84 14.11 28.62 0.74 0.22 0.18 14.11 0.02 21.66.25 0 0.02 2.06 0.02 0.10 0.01 0.04 38.71 098 1.18.742 66.45 2.45 9.31 242 518 059 0.01 028 0.82
31 12.54 19.11 16.38 0.68 0.28 0.17 15.27 0.02 3256.28 0 0.02 2.50 0.03 0.09 0.004 0.05 46.01 0.91 2.02.33 83.23 2.33 3.84 337 182 071 001 029 1.06
32 15.34 15.19 27.04 0.74 0.25 0.17 14.40 0.01 23.99.24 0 0.02 2.44 0.03 0.09 0.01 0.04 40.21 1.08 0.88.824 7148 2.95 855 234 139 048 0.03 0.26 0.87
33 13.45 18.96 15.86 0.73 0.28 0.17 16.01 0.02 32.31.23 0 0.02 1.77 0.04 0.10 0.01 0.05 4912 130 1.40.502 58.72 1.10 410 344 218 063 0.03 030 102
34 11.68 20.01 17.47 0.74 0.31 0.16 13.86 0.02 32.75.450 0.02 2.31 0.03 0.13 0.01 0.05 59.72 162 0.81.710 12856 2.44 10.77 272 1.04 049 001 045 0.77
35 11.95 19.38 16.47 0.78 0.30 0.17 14.96 0.04 33.44 .45 0 0.02 1.82 0.03 0.12 0.01 0.05 5854 221 090.600 76.01 191 1175 231 150 048 0.02 0.34 0.59
36 10.95 17.65 17.44 0.71 0.30 0.17 15.10 0.02 34.13.490 0.02 2.81 0.03 0.09 0.01 0.05 57.42 191 149911 8843 2.02 6.59 194 114 035 001 0.33 0.52

37 11.03 19.80 16.45 0.72 0.30 0.16 14.58 0.02 33.99.450 0.02 2.27 0.03 0.12 0.01 0.05 53.98 148 0.99.990 9250 1.08 7.19 247 151 049 005 034 o0.61
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38 19.18 12.39 32.86 0.68 0.15 0.18 12.63 0.02 18.75.47 0 0.03 2.49 0.03 0.10 0.01 0.02 3052 096 0.77.974 64.38 3.64 1091 222 118 046 0.02 0.10 0.55
39 19.75 8.06 30.49 0.48 0.10 0.23 13.83 0.02 23.58 57 0. 0.02 2.64 0.03 0.13 0.01 0.03 36.79 0.74 0.99 185. 76.17 4.07 10.12 235 106 047 0.01 0.12 0.63
40 18.52 13.64 34.50 0.55 0.17 0.17 11.60 0.03 17.64 .480 0.01 2.52 0.02 0.09 0.01 0.03 2836 244 058.680 7173 2.24 8.58 157 097 027 002 019 054
41 19.14 12.76 34.67 0.62 0.13 0.17 11.71 0.02 18.00.44 0 0.02 2.14 0.02 0.10 0.004 0.03 35.05 0.86 0.574.95 61.43 2.86 1200 203 121 045 001 0.20 0.59
42 17.94 15.04 33.56 0.59 0.16 0.17 11.67 0.02 17.46 .49 0 0.01 2.73 0.02 0.09 0.004 0.03 3202 116 0.32.89 84.77 2.80 3.09 162 074 033 001 0.17 0.52
43 14.94 14.48 29.07 0.77 0.20 0.18 14.13 0.02 23.30.490 0.02 2.19 0.03 0.12 0.01 0.03 4173 071 051.553 61.99 3.24 1195 293 235 063 003 012 0.73
44 18.47 14.21 31.04 0.66 0.16 0.17 12.47 0.02 20.01.430 0.02 2.15 0.02 0.11 0.01 0.03 39.26 184 1.74.003 66.62 3.67 9.48 238 275 053 000 0.22 0.76
45 20.18 12.15 32.62 0.67 0.15 0.18 13.20 0.05 18.08 .46 0 0.03 2.01 0.03 0.13 0.02 0.03 3252 153 0.77.492 80.84 2.49 8.42 190 155 041 0.03 0.10 0.55
46 19.04 13.42 32.94 0.65 0.16 0.18 12.38 0.02 18.52 .46 0 0.02 2.02 0.03 0.10 0.01 0.03 3399 190 143.762 890.55 3.71 1190 189 124 040 001 0.16 0.60
47 15.86 12.61 33.92 0.65 0.19 0.21 14.98 0.07 19.20.33 0 0.05 171 0.03 0.13 0.02 0.03 36.34 5.04 247 .241 3917 2.16 2.88 222 272 057 009 025 0.88
48 7.00 18.19 36.03 0.97 0.25 0.17 13.62 0.05 19.26 36 0. 0.05 3.91 0.02 0.06 0.01 0.03 4.17 6.00 0.30 5811. 165.44 8.03 3648 158 0.72 016 0.02 0.27 043
49 12.04 17.07 28.34 0.65 0.22 0.19 15.24 0.23 23.01.350 0.05 2.31 0.03 0.16 0.05 0.04 40.12 599 2.64.096 80.45 3.86 3433 287 244 058 010 0.12 0.55
50 13.99 16.60 24.12 0.74 0.26 0.18 14.40 0.04 26.96.3200 0.021 2.180 0.031 0.102 0.013 0.041 4290 2.281 3.27 77.17 3.46 1348 226 121 041 0.03 10.4.63
sample Sulphide S/ AsCu/ AsNi/ AsFe/ AsCo/ SG LOI/GOI @ 1050°C/ LOI/GOI @900°C/  LOI/GOI @ 600°C/ LOI/GOl @ 300°C/
[%] [o/t] lo/] [o/t] loAt] (%] [%] (%] [%]

1 0.070 306.00 671.00 6970.00 10.00 3.99 -0.50 -0.43 3.77 0.58

2 0.031 111.00 459.00 5980.00 10.00 3.41 -0.26 -0.04 0.57 0.12

3 0.019 41.00 380.00 4990.00 15.00 3.95 -1.03 -1.06 870 0.53

4 0.034 124.00 419.00 5110.00 10.00 3.41 -0.21 -0.14 0.96 0.15

5 0.043 230.00 820.00 6390.00 20.00 3.40 -0.22 -0.03 0.59 0.07

6 0.013 27.00 440.00 9520.00 10.00 3.90 -0.04 -0.07 970 0.56

7 0.011 69.00 485.00 3830.00 10.00 3.70 -0.99 -0.98 0.29- 0.09

8 0.021 36.00 837.00 4110.00 22.00 3.82 -0.84 -0.72 0.04- 0.28

9 0.038 75.00 659.50 5030.00 11.50 3.90 -1.27 -1.18 0.45- 0.05

10 0.020 106.00 1060.00 6570.00 10.00 3.84 -0.78 -0.44 0.50 0.10

11 0.014 110.00 307.00 9750.00 10.00 3.84 0.50 0.42 11 1. 0.39

12 0.059 30.50 509.50 7000.00 72.00 3.69 0.77 0.62 105 0.46

13 0.016 61.00 930.00 3020.00 10.00 3.70 -1.06 -0.01 0.46- 0.02

14 0.013 77.00 961.00 3900.00 50.00 3.80 -1.22 -0.69 -0.33 0.05

15 0.011 32.50 73.00 5455.00 51.00 3.70 -0.83 -0.56 .53-0 0.43

16 0.005 28.00 233.50 5455.00 10.00 3.92 -0.77 -0.05 570 0.14

17 0.012 44.50 224.50 5255.00 10.00 3.93 -0.74 -0.73 .76 0 0.16

18 0.019 55.00 880.00 4400.00 50.00 3.64 -0.03 0.37 11 0. 0.13

19 0.080 229.00 1093.00 6000.00 62.00 3.61 0.50 1.12 56 0 0.25

20 0.045 105.00 622.00 8000.00 48.00 3.63 -0.24 -0.11 -0.23 0.09

21 0.015 38.50 840.00 3895.00 35.00 3.63 -0.35 -0.62 2.59- 0.08

22 0.017 46.00 755.00 3900.00 36.00 3.64 -0.02 0.45 48 0. 0.42

23 0.028 57.00 750.00 9590.00 10.00 3.70 0.55 0.46 104 0.16

24 0.032 118.00 830.00 10850.00 10.00 3.83 -0.03 -0.08 0.40 0.17

25 0.018 69.00 481.00 18600.00 47.00 3.42 0.77 0.80 62 0. 0.42
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26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

0.025
0.036
0.028
0.021
0.020
0.011
0.014
0.014
0.011
0.037
0.018
0.014
0.01
0.02
0.02
0.01
0.01
0.02
0.01
0.03
0.020
0.067
0.04
0.155
0.027

53.00
136.00
60.00
80.00
74.00
46.00
84.00
64.00
48.00
119.00
60.00
73.00
61.50
68.00
108.00
32.00
27.00
70.00
34.00
155.00
67.00
147.50
89.00
635.50
95.53125

693.00
318.00
348.00
184.50
825.00
626.00
323.00
885.50
491.00
376.00
114.00
391.00
288.00
809.00
471.00
545.00
146.00
474.00
295.00
681.00
550.50
699.50
361.50
1245.00
468.969

4500.00
8900.00
10410.00
18150.00
5800.00
2370.00
19840.00
3805.00
4360.00
8490.00
3530.00
5580.00
4220.00
5060.00
5280.00
4070.00
6210.00
5290.00
3620.00
12800.00
6095.00
4300.00
4015.00
11100.00

6074.063

10.00
100.00
12.00
34.00
44.00
16.00
9.70
10.00
36.00
36.00
32.00
36.00
46.50
38.00
42.00
34.00
37.00
34.00
33.00
53.00
40.00
10.00
10.00
10.00

17.1875

4.06
4.25
3.86
3.95
3.95
3.71
3.76
4.04
3.90
3.95
3.91
3.94
3.67
3.67
3.62
3.68
3.61
3.79
3.73
3.66
3.71
3.72
3.44
3.65
3.79

-1.09
-1.77
-0.37
0.12
-0.81
-1.39
-0.75
0.08
-0.62
-0.71
-0.79
-0.78
-0.54
-0.76
-0.53
-0.84
-0.61
-1.17
-0.92
0.21
-0.74
-0.79
0.20
0.35
-0.44

-0.82
-1.19
0.22

0.19

-0.36
-0.45
-0.49
0.07

-0.90
-1.08
-0.65
-0.88
-0.26
-0.43
-0.37
-0.47
-0.33
-0.97
-0.78
-0.15
-0.55
-0.81
0.48

-0.56

-0.38

640
-0.73
36 0
73 0.
310
0.17-
110
805
0.01-
-0.31
0.26-
0.62-
53 0.
57 0.
620
310.
40 0.
68 0.
68 0.
0.50
210
0.56
0.24
-0.44
0.60

0.17
0.01
0.15
0.23
0.18
0.05
0.07
0.05
0.17
0.05
0.10
0.18
0.14
0.15
0.24
0.11
0.17
0.25
0.16
0.16
0.09
0.52
0.11
0.06
0.33

LOl is a positive percent mass loss while GOl is a negative mass loss
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B2. Raw data for 50 UG2 samples
Please refer to Excel fil&0 UG2 samples raw ddtan folder ‘Appendixon CD. This gives
the raw data for the fifty UG2 samples tested im@hr 4.

Grind estimate based on sizing of rougher tails.

Sample =75 um Sample -75um
1 98% 26 89%
2 78% 27 81%
3 95% 28 86%
4 78% 29 86%
5 86% 30 72%
6 77% 31 83%
7 81% 32 78%
8 77% 33 85%
9 86% 34 93%
10 86% 35 94%
11 88% 36 87%
12 88% 37 88%
13 84% 38 71%
14 81% 39 61%
15 84% 40 67%
16 73% 41 69%
17 75% 42 78%
18 82% 43 63%
19 88% 44 70%
20 88% 45 74%
21 85% 46 69%
22 85% 47 63%
23 95% 48 93%
24 94% 49 82%
25 83% 50 81%

228



B3. Summary of results for gangue and chromite vaability

The quality of the gangue model fit is shown in gagity chart and the histograms show the

spread in the model parameters, which describgahgue flotation.
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The quality of the chromite model fit is shown hetparity chart below and the histograms

show the spread in the model parameters, whichrideschromite flotation.
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APPENDIX C

C1. Processed data for rougher and cleaner compaon in Chapter 5

PGM

Time Rougher Cleaner
0 0.00 0.00
1 58.62 54.67
3 70.19 73.02
7 77.95 77.98
20 85.85 81.72
30 88.21 82.88

Gangue

Time Rougher Cleaner
0 0.00 0.00
1 6.35 2.23
3 10.65 5.08
7 14.71 7.81
20 20.47 11.71
30 23.53 13.25

Chromite

Time Rougher Cleaner
0 0.00 0.00
1 1.04 0.23
3 2.04 0.60
7 3.34 1.02
20 6.06 1.81
30 7.90 2.19

C2. Raw data for further batch test work in Chapter5

Please refer to foldeAppendix’and Excel spread-sheetSample A-float, Sample B-float,
Sample C-float, Sample D-float, Sample E-float, @ark-float and Sample G-floatn CD.
This gives the raw data for the samples testechagp€er 5.
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APPENDIX D

D1. Mineralogy raw data
Please refer to foldeAppendix and Excel spread-sheetSdmple A, Sample B, Sample C,
Sample D, Sample E, Sample F, Sample G and Sampkil'Don CD. This gives the

mineralogical data used in Chapter 6.
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APPENDIX E

E1l. Raw data for pilot plant in Chapter 7

PRF PRS SRF SRS
: N :
B 6 8 10 12

5
PRC SRC 21
14 20
16
3

Mass flow/ [kg/hr] PGE assay [g/t] Cr203 assay [%)] Water/ kg/hr
Stream Actual Smooth Actual Smooth Actual Smooth| Actual Smooth
1 699.72 | 699.72 3.06 3.06 18 18 1199.23 | 1452.85
2 4.38 4.81 336.35 336.04 2.37 2.4 23.73 23.53
3 0.99 0.89 36.44 36.36 2.94 2.34 7.9 7.92
4 561.1 615.99 0.47 0.48 18.88 18.75 1079 820.63
5 64.24 78.03 2.61 2.54 7.83 7.99 666.01 | 600.77
6 34.1 38.87 34.25 35.34 4.74 4.8 218.28 | 204.59
7 675.68 | 660.85 1.06 1.16 18.3 18.16 | 1019.19 | 1248.26
8 11.84 10.73 11.65 10.96 8.41 8.39 113.79 89.62
9 702.39 | 650.12 0.91 1.00 20.6 18.32 | 991.12 | 1158.64
10 3.25 3.96 71.58 64.81 7.66 7.68 112.93 54.75
11 655.19 | 646.16 0.62 0.61 19.3 18.39 | 1114.38 | 1103.89
12 32.53 30.17 3.58 3.29 11 10.93 | 481.11 | 283.26
13 64.08 57.1 61.6 49.36 5.31 5.13 702.02 | 445.04
14 9.69 10.62 210.29 231.12 3.72 3.51 107.03 95.21
15 50.86 46.48 7.83 7.85 5.7 5.51 529.69 | 349.83
16 4.76 5.81 146.99 144.26 4.27 4.43 65.1 71.68
17 95.6 87.38 6.05 6.68 7.83 7.73 | 1148.77| 722.71
18 9.62 8.46 49.06 41.48 5.86 5.95 98.88 114.02
19 75.98 78.92 3.01 2.92 7.66 7.92 774.08 | 608.69
20 7.5 6.3 15.81 17.68 4.98 5.14 155.32 | 146.33
21 4.77 5.41 16.31 14.6 5.79 5.6 131.92 | 13841
22 80.75 84.33 3.80 3.67 7.55 7.77 906 747.1
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Bank Vol.
Banks [L]
PRF 408
PRS 204
SRF 204
SRS 680
PC 153
PRC 25
Cscv 306
SC 544
SRC 48
] Length for ] )
bank Average air flow | Average froth cell in bank Width for cell | Cross sectional area of ce
rate [L/min] height [mm] - in bank [m] in bank [nf]
PRF 14 95 0.42 0.41 0.17
PRS 27.5 55 0.42 0.41 0.17
SRF 13 65 0.42 0.41 0.17
SRS 37 110 0.42 0.41 0.17
PC 8.5 85 0.30 0.30 0.09
PRC 3 60 0.18 0.15 0.03
cscv 32 95 0.30 0.30 0.09
SC 10 75 0.42 0.41 0.17
SRC 11 140 0.30 0.30 0.09
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