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Abstract

The aim of this study is to investigate the economic and technical teasibility of processing
platinum group metals (PGMs) and base metals (BMs) tfrom a low-grade ore concentrate
produced in the concentrator plant at Lonmin Ple. The PGMSs ot particular interest are platinum.

palladium. ruthenium and rhodium. while the BMs of interest are copper and nickel.

The ore concentrate. as a by-product, represents only 3 % of the total PGM value but as much as
70 % of the total tonnage of material processed in the concentrator plant. Further upgrading this
material is not considered a viable route. However. even this low PGM content in the concentrate
material accumulates to appreciable value on an annual basis motivating the need to develop
alternative methods of extracting value from it. Initial estimates indicate that extraction levels of
at least 30 % of the PGMs and 50 % of the BMs would need to be achieved. using low cost
hvdrometallurgical processes. to make the venture economically viable. These methods would
exclude treatment via the smelter and pressure leaching: which are costly. energy intensive and

result in leaching of large quantities of non-valuable elements.

Previous studies revealed that organic acids had the potential to economically extract the PGMs
under alkaline conditions. and BMs under acidic conditions. from various ores and concentrate
materials. A literature survey confirmed that certain organic acids can be used to leach metals
from ores and concentrates via chemical complexation. It further revealed that other chemical
agents. namely cvanide. thiosulphate and bisulphide. were similarly capable ot strongly
complexing PGMs under various conditions of pH and temperature. The survey also revealed
industrially established methods for extracting BMs trom low-grade ores and concentrates.
Based on this material. this study experimentally evaluated these options with the intent to
propose a flowsheet to treat the concentrate material. This was conducted in two phases of

experimental work.

The preliminary test work was conducted on PtS, (73% platinum) which served as a proxyv
material for the platinum group minerals in the concentrate. The main reason for using this salt
was that the economic viability of any process to treat the concentrate material was critically

dependant on the levels of platinum extracted. Several small scale batch experiments were

v



conducted in which the PtS, was dissolved in solutions ot organic acids. cyanide. thiosulphate
and bisulphide in a batch stirred tank reactor varving conditions ot reagent concentration.
temperature. pH and chemical oxidisers. Cyanide solution and a combination of tartaric and

malic acids were tfound to be the most effective methods ot dissolving the platinum from the salt.

These options were tested on the ore concentrate in batch stirred tank. granular bed and packed

bed reactors in a series of experiments. From the results it was concluded that:

e (yanide was the most etfective chemical treatment for leaching the PGMs: extracting 20 %
Pt. 87 % Pd and 46 % Rh using a packed bed reactor in a space of 21 days.

e A bioleach process using thermophilic microorganisms in a packed bed reactor and at an
operating temperature of >65°C. was the best option for extracting copper (32 %) and nickel
(93 %) trom options including organic acids and ferric/sulphuric acid.

e Pre-treating the material to extract BMs was shown only to be beneticial to Pd extraction and
this was conclusively linked to high nickel extractions.

e A packed bed reactor. which at industrial level would take the form of a heap. was the best

reactor configuration for both the above processes.

A cost analysis. based on projected extractions of BMs and PGMs on longer leach times in heap
reactors. revealed that a tlowsheet combining the above processes was economically viable. It
was therefore recommended that turther bench scale test work be conducted on the above
processes over longer operating times to contirm the projected extractions. and the inclusion of
mineralogical analysis of the ore concentrate test samples before and after leach tests. The data

can then be used to proceed to pilot scale test work if initial projections can be confirmed.
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Chapter 1: Introduction

1.1 Overview of Project

Current flowsheets prohibit the mining industry from economically recovering platinum group
metals (PGMs) from low-grade materials such as tailings and intermediates. Due to the high
production tonnage of these materials. the low concentrations of PGMs accumulate to
appreciable value and a potentially high revenue stream is lost annually as they go unprocessed.
Unlike the copper. uranium and gold industry where heap and dump leaching of waste and low-
grade ores (with and without microbial assistance) have tound widespread application in this

regard. similar approaches have not been established in the PGM industry.

To that effect the aim of the study was to demonstrate the feasibility of developing a low cost
hvdrometallurgical process to directly leach the PGMs from a low-grade ore concentrate
originating from Lonmin Plc. Any such process should eliminate the need for further
concentration (milling and tlotation). treatment via the smelter: aggressive chemical treatments
and the use of acid pressure leaching. The reasons for this are that these methods of treatment are
costly. energy intensive and result in the leaching of non-valuable metals: making them
unsuitable for low-grade ore materials. The ore concentrate. reportedly containing 15 ¢/t PGMs.
represents 70% of the total tonnage from the Lonmin concentrator plant but only 5% of the PGM

value (see Figure 1).

The study experimentally evaluated various chemical reagents and reactor configurations for
leaching the PGMs. The leaching of base metals (BMs) using commercially established
techniques (chemical and microbially assisted). was also investigated to determine its influence
on PGM leaching and to add additional value to the process by recovering the BMs in addition to

the PGMs.
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Figure 1: Source of low-grade concentrate

1.2 Project Background

Previous research conducted by Biomedy corporation of Russia and Mineral Solutions Ltd
(MSL) in England revealed a potential route for directly leaching the metals from the concentrate
(Evans 2007). It was discovered that an indigenous community of microorganisms found on
various ores and concentrates trom Lonmin mine sites are capable of producing solutions
containing various organic acids. When applied to the Lonmin ores and concentrates these
solutions were tound to leach considerable amounts of PGMs and BMs through the process of
complexation. at atmospheric temperature and pressure. When the microbes were cultured under
anaerobic conditions an acidic solution was produced which leached BMs (maximums of 60%
Cu. 62% Ni and 37% Co) and some PGMs. and when cultured under aerobic conditions they
produced an alkaline solution which leached PGMs (maximums of 36% Pt. 79% Pd and 49%

Ru) at an optimal pH of 8.

1.3 Key Questions

The Key questions for this investigation that arose from the tindings ot this work were:
e  Would maintaining the observed optimal pH for PGM leaching in the organic acids alone
result in significant levels ot extraction from the low-grade ore concentrate?
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Given that the ore concentrate is from the Bushveld Igneous Complex. in which case the
PGMs may be occluded in base metal sulphide minerals: would a BM extraction stage be
required to precede PGM leaching to increase exposure ot the PGMs?

Considering that the organic acids leached the PGMs by complexation: can other chemical
complexing agents be as eftective as the organic acids in leaching PGMs?

Similarly can other commercially established methods for leaching BMs from low-grade ores

and concentrates (chemically or biologically aided) be just as etfective as the organic acids?

1.4 Objectives

It has been recognized that the previous work was not a focused attempt to optimize metal

leaching but only served to prove the existence of an indigenous community of microorganisms

on the Lonmin ores and concentrates, and identify their possible role in bioleaching metals from

these various materials. This study was a more systematic etfort which aimed to:

Investigate PGM (specifically platinum, palladium. ruthenium and rhodium) and BM (copper
and nickel.) leaching via organic acids from a low-grade ore concentrate originating from
Lonmin’s concentrator plant. [ron was also of some tocus due to its etfect on the processing
of the other metals of interest and not tor its value.

Compare PGM leaching results using organic acids to other potentially effective chemical
treatments.

Benchmark BM leaching results using organic acids against commercially established
techniques tor leaching BMs from low-grade ores and concentrates.

Assess the feasibility of taking any or a combination of the successtul options to industrial
scale.

Produce a preliminary process tlow-sheet including possible recovery methods and systems
for environmental remediation.

Use the above outputs to assess the potential of the process to proceed to demonstration plant

level.

(V9]



1.5 Extractive Metallurgy of Platinum Group Metals

A general and summarized version of the processing of PGMs and BMs from Merensky ores at
Lonmin Ple is presented below (Figure 2): This is not a detailed account but brietly describes the
major steps in the process and how the new proposed process for treating the low-grade ore

concentrate contrasts with this standard procedure.

In the concentrator plant. mined ore containing 4-8 ¢/t of PGMs is crushed and milled followed
by flotation. The flotation process produces a high grade stream (560 ¢/t PGMs) and a low-grade

stream (1-15g/t PGMs) that is stored in ponds or dams.

The high grade tlotation stream is put through thickeners. filtered. dried and charged with fluxes
and sent to the smelters. This stage produces two streams: slag containing primarily oxides
(silica and iron) and a matte consisting ot copper. nickel. iron sulphides and PGMs (1000-2500
¢/t). The matte is then treated in the base metal refinery (BMR) using the Sherrit-Gordon
process. in a series of agitated leach tanks at atmospheric pressure and temperature range 85-
93"C. Copper is precipitated out as a sulphate. leaving nickel in the leach liquor to be recovered
as nickel sulphate crystals using crystallisers. From here the solid residue undergoes a two stage
pressure leach at 60 kPa and temperature range 113-140°C. The leachate undergoes a selenium
removal stage (via precipitation) and then an electrowinning process to produce copper cathodes.
The solid residue from this stage undergoes a high-pressure oxidising caustic leach to upgrade
the PGM concentration. The residue undergoes a further upgrade by means of an alkaline
pressure leach to remove metalloids such as selenium. tellurium. arsenic and sulphur. This is
followed by an atmospheric formic acid reduction leach to remove any nickel and iron. The
product is a low volume extremely high-grade concentrate consisting of at least 65% PGMs as
metallics and allovs. The solid residue (precipitates) from the selenium removal stage may
contain some PGMs and hence they are subjected to a low-pressure oxidising leach to remove
the selenium and tellurium. This residue is then put through a tourth stage leach under oxygen

pressure and then sent to the high-pressure caustic leach.

Due to the high market value of PGMs and the fact that 70 % of the world’s supply comes from
South Africa (Seymour and O'Farrelly 2001). the exact processes in various PMRs are

confidential. As a result the processes in Lonmin’s PMR cannot be accurately reported and the
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following description is general information based on literature (Sevmour and O'Farrelly 2001).
In the PMR the high-grade PGM concentrate undergoes a complex hydrometallurgical circuit
consisting of various leaching and separation processes to selectively recover the six PGMs. The
first stage is treatment by an extremely aggressive HCI/HNO; ( “aqua regia ™ leach) to dissolve
platinum and palladium. which are subsequently recovered by solvent extraction. stripping with
concentrated HCl and then precipitation. The remaining solid residue is dissolved in hot nitric
acid and rhodium is recovered using crystallisation. The rest of the solid residue is fused with
sodium peroxide to dissolve. ruthenium. osmium and iridium which are then recovered by

distillation. reduction and precipitation.

The refinery is more the size ot a large laboratory because ot the low volume feeds. usually with
a monthly tonnage of 4-5 tons as compared to the 33 kilotons of the low-grade concentrate. Also
in direct contrast is the PGM concentration of the feed which stands at 65% as compared to the
15 ¢/t in the concentrate. Therein lies the novelty of this project: the attempt to leach PGMs
directly from the low-grade ore concentrate without further concentration or processing through
the smelter and pressure leach circuit. It is envisaged that the new process can be incorporated
into the current Lonmin tlowsheet to treat the low-grade concentrate (See Figure 3). The process
should produce soluble forms of the PGMs and BMs either in the form of leach liquors or low

volume solid residues that can be sent to the PMR and BMR.
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Chapter 2: Literature Review

This chapter opens with a briet layout of boundaries that the process parameters must adhere to
in order for the metals to be extracted economically. This was meant to guide the literature
search for suitable methods of treating the low-grade ore concentrate. The rest of the chapter
consists of a brief characterisation ot the test material: an in-depth discussion on the mechanisms
of potential leaching processes for evaluation: including empirical studies and data conducted
from similar studies and any industrial applications similar to the proposed process, possible

recovery methods and finally suitable reactor configurations for the process.

2.1 Preliminary Selection Criteria

It has been initially estimated that for the process to be economically teasible. it should
hydrometallurgically extract and recover at least 50% of the PGMs and. if possible but not a
priority. 50% ot the BMs. Suitable processes tor evaluation were selected based on the following
preliminary selection criteria. These were established based on the nature of the material. low-
grade and high throughput and also on current practices tor metal leaching from low-grade ores
in the copper and gold industry. The PGM industry currently does not have any commercial
routes ot extracting PGMs from low-grade sources hence the copper and gold routes were used
as a reference and contrasted with current PGM processing methods. Selection of suitable

options to evaluate was based on the following:

o [deally. reagents must selectively and directly leach PGMs and BMs from the concentrate
material. in contrast to the standard process which involves treatment via the smelter. a series
of high temperature and high pressure acid leaches followed by the aggressive “aqua regia”™
(HNO3/HCL) or (CIo/HCl) treatment. These methods are costly. energy intensive and result
in the leaching of non-valuable metals. restricting them for use on high grade materials.

e [deal operating conditions should be at atmospheric pressure. given the prohibitive capital
and operating costs of high pressure and high temperature (above 100°C) leaching for this
grade of material at high throughput.

e The leaching time should not exceed a space of two days at the most: and for this application
it will be practical it the lixiviants can be re-circulated amongst difterent batches

accumulating an appreciable amount of metals over a longer time.
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e Relatively easy recovery from solution. preferably using existing infrastructure within the
PMR and BMR at Lonmin.

e A strong factor is the reagents” potential to allow for direct re-use or regeneration (for re-use)
after the metals have been recovered from the solution.

e From an environmental perspective the process must vield by-products that are easily
handled or disposed of so as not to incur extra costs. Alternatively these by-products should

have some commercial value either directly or after processing.

2.2 Characterisation of the Concentrate

The mineralogy of an ore or concentrate undeniably aftects the success ot the type of
hydrometallurgical treatment used (Castro et al 2000: Veglid et al 1997: Bosecker 1997; Valix.
Usai and Malik 2001: Evans 2007: Mclnnes. Sparrow and Woodcock. 1994). PGMs exist in a
variety of minerals and these can be expected to have different responses to ditterent lixiviants.
This may mean more than one form of treatment may be required to extract the target amount of
PGMs from the various minerals in the ore concentrate. Other factors aftecting the
hvdrometallurgical treatment are exposed surface area of the minerals in the particles and the

pulp density.

The concentrate material under investigation consists of ore mined from the Bushveld Igneous
Complex (BIC) in the Transvaal area: either from the Merensky Reef or the Upper Group 2
(UG2) or it may be a blend of both. The major difference between these two ores is that the UG2
has a higher chromite content and lower PGM content as compared to the lower chromite and
higher PGM content of the Merensky Reef (Schouwstra and Kinloch 2000: Seymour and
O'Farrelly 2001). The PGMs from these areas are found in the form ot ferroplatinum alloy.
sulphides. arsenides or tellurides. A briet summary of these forms is laid down in Table 1

(Schouwstra and Kinloch 2000: Seymour and O'Farrelly 2001).



Table 1: Suspected PGM and BM minerals present in the ore concentrate

Platinum Group Minerals Base Metal Sulphides Others

Cooperite (PtS) Pyrrhotite (FeS) Silicates (various primary
Braggite [(Pt. Pd)NiS] Pentlandite [(Fe. Ni1)ySg] and secondary)

Sperrvlite (PtAsS-) Chalcopyrite (CuFeS,)

Laurite (RuS») Millerite (NiS) Chromite

Ferroplatinum (Pt;Fe) Troilite (FeS)

Moncheite (PtTes) Pvrite (FeS»)

Unamed (PtRhCuS) Cubanite (CusFeSy)

Laurite (RuOslr sulphide)

An important aspect that influences the success of a hydrometallurgical treatment in leaching a
metal is the oxidation state of the metal in its mineral. Some states are more favourable than

others to specitic lixiviants and hence a process may require an oxidizing agent to either:

e Change the oxidation state of the target metal:
e Or oxidise the element that is chemically bonded to the target metal in the compound. in

order to release the target metal ion.

Further to this conditions such as pH and temperature also intluence the success of the leaching
process of the metals in specitic oxidation states. One or a combination of the above must be

considered for the success of the leaching process.

Of the PGMs of interest in this study: Platinum and palladium may occur in a variety of
oxidation states. but +2 and +4 states are the most important for complexation in aqeous
solutions and are reported to represent the most stability in a variety of compounds (Pourbaix
1966: Mountain and Wood 1987; Seymour and O'Farrelly 2001). Similarly ruthenium and
rhodium are also multivalent. although stability is highest in the +2. +3 and +4 oxidation states
(Pourbaix 1966: Mountain and Wood 1987: Seymour and O'Farrelly 2001: Bard et al 1985). The
relative proportions of PGMs in a Merensky and UG2 ores can be viewed in Table 2 (Seymour
and O'Farrelly 2001). Platinum constituting the most by content and being the second most

valuable metal (second to rhodium) of the group. dictates the economic viability ot any process
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tor treating the low-grade concentrate in the South African environment. South African mining
companies are the only detined PGM producers in the world. other major PGM producers are

primarily BM producers with PGMs being side or by-products.

Table 2: Relative content of precious metals in Merensky and UG2 ores

% Content

Precious Metal Merensky Reef UG2
Platinum 59 42
Palladium 25 35
Ruthenium 8 12
Rhodium 3 8
Irdium 1 2.3
Osmium 0.8

Gold 3.2 0.7

2.3 Potential Routes of Extraction

This section outlines the basic mechanisms behind the selected routes of leaching the metals to
be evaluated. along with any experimental work that has been conducted with similar objectives
to this project. Additionally. current industrial practices for extracting BMs and gold trom

similar materials as the concentrate are discussed for their applicability to the project’s aims.

2.3.1 Organic Acids

When microorganisms facilitate the dissolution of metals from ores and concentrates. the process
is referred to as bioleaching. There are two known forms ot bioleaching. one is described below

and the other is discussed in section 2.3.5 of this chapter.

Previous research work commissioned by Lonmin Plc revealed the presence ot an indigenous
community of microorganisms on various ores and concentrates at Lonmin mine sites. It was
tound that the metabolic products of these microorganisms were capable of leaching

considerable quantities of PGMs and BMs from various Lonmin ores and concentrates (Figure
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4). Further inquiry revealed that this form ot bioleaching has been researched for the past two
decades for the extraction of nickel and zinc. and to some small extent other BMs trom low-
grade ores (Barathi et al 2004; Valix, Usai and Malik 2001: Tang and Valik 2006: Tang. Ryan
and Valx 2006: Castro et al 2000: Tzeferis 1994: Alibhai et al 1993: Cameselle et al 2003: Golab

and Orlowska 1988: Burgstaller and Schinner 1993) and more recently PGMs (Evans 2007).

The microorganisms involved in this process include tungi such as Aspergillus Niger.
Penicillium. Botrvtis. Mucor and Trichoderma: and bacteria from the genera Bacillus.
Pseudomonas. Erwinia. Bacterium and Sarcina ureae genus. These organisms are called
heterotrophs because they need to and are capable of termenting saccharine materials (glucose.
sucrose. and molasses). as a carbon source. into a wide range of metabolic products namely
organic acids. amino acids. enzymes, proteins. peptides. hydrocarbons and vitamins. From the
various metabolites produced. the bulk of mineral dissolution is caused specifically by the
hvdroxyl carboxyvlic and amino acids. Further to this Holgersen (2006). Wood (1996). Wood et
al (1994). Wood (1990) and Wilkinson (1987). have all demonstrated that PGMs can be
dissolved by simple carboxylic acids and more complex ones such as fulvic and humic acids

(which also contain the carboxylic functional group).

The work done by Golab and Orlowska (1988) on zinc. copper and aluminium shows that
overall. organic acids (citric. oxalic, lactic. malic. gluconic. acetic. butyric. tartaric and salicylic)
are capable of leaching up to ten times more than amino acids. Although Golab and Orlowska
(1988) have suggested that the other metabolites do play a part in the leaching process but are
unable to identity exactly what role they play and prove it with experimental evidence. Given the
high cost of producing amino acids. in comparison to their relatively much lower leaching
capabilities. it is clear they are not an economic option. Given also that the other metabolic
products appear to play no part in metal dissolution: this investigation thus focused only on the

organic acids out ot all the metabolites.
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Figure 4: Organic acid bioleaching

2.3.1.1 The Leaching Mechanism

The leaching mechanism involves the processes ot acidolysis. complexolysis and chelation.
redoxolysis. and biosorption (Cameselle et al 2003: Tzeferis 1994: Alibhai et al 1993:
Burgstaller and Schinner 1993: Evans 2007). Some researchers have concluded that of these. the
acidolysis. complexolysis and chelation are the processes responsible for most of the metal
dissolution. Acidolysis involves metal ions being directly displaced trom the ore matrix by
hydrogen ions from the acid. specifically the carboxyl group. This process is described by others
as oxvgen protonation. in which oxygen atoms covering the surface of the metal are protonated
very fast. Protons and oxygen atoms covering the surface of the metal combine with water to

detach the metal ion. The process can be summarised by the general reaction below (Rossi

1990):

(minera)M" + H[COO-R]” — H (mineral) + [MCOO-R]



The liberated metal ions then undergo the processes of complexolysis or chelation. Solubilisation
of metal ions is enhanced due to the capacity of a molecule to form a complex or chelate. [n
aqueous media organic acids are known to form complexes and chelates. through coordinate
covalent bonding. with many multivalent metal ions depending on pH and ionic strength (Lopez-
Garcia 2002: Blair and Defraties 1995). The liberated metal ions are stabilised in solution by
acidolysis (preventing them from re-precipitating into insoluble form). long enough for them to

be recovered. The process can be represented as follows (Rosst 1990):

(minerah)M™ + H'L™ — H'(mineral) + LM

HL +LM — [L-M] + H”

where L is an organic ligand

The organic (carboxylic and hydroxy carboxyvlic) acids have their characteristic chemical
behaviour determined by the carboxyl functional group (—COOH). This group consists of the
carbonyl group (C=0) and a hydroxyl group (—OH). It is the (—OH) group that virtually
undergoes all reactions by loss of the H™ and/or replacement by another group (Morrison and
Bovd 1966). The number of carboxyl groups (electron donor atoms) will determine the type of
reaction: if there is only one (monodentate) the metal is complexed whereas in the case of two or
more (bidentate. tridentate or tetradentate) the metal ion will be chelated (Howard and Wilson

2003).

The exploratory work on the Lonmin ores and concentrates (Evans 2007) supports the above

literature data on two counts:

It would appear that organic acid containing solutions effectively leached the PGMs and BMs
from the ore materials because the PGMs were already in an oxidised state (typically as.
sulphides. selenides and tellurides) and the BMs as sulphides. Hence they only needed an
etfective complexing agent to stabilise them in aqueous solution. Leaching also occurred from
terroplatinum alloys possibly because the oxidative state of the platinum was favourable to

organic actd complexation. Analysis of the material left over from the leach process revealed that

the different platinum group minerals responded difterently to the leach: some like the unnamed
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PtRhS and possibly the Pt-Pd tellurides were significantly leached where as others. namely PtS
were unaftected. Possibly because the oxidative state of platinum in this mineral was not
tavourable for complexation with the organic acids or requires an oxidising agent to oxidise the
sulphur thus releasing the platinum ions to be complexed. BM leaching occurred mainly from the
minerals chalcopyrite and pentlandite which account for a large portion of the base metal

sulphides in Merensky/UG?2 ore (Schouwstra and Kinloch 2000).

Secondly. on the importance of pH to the process: under acidic conditions only 30% PGMs were
leached and some BMs. In a near neutral to alkaline media (pH 8) the PGMs leached optimally.
but no leaching of BMs occurred. As the leach progressed and the solution became more acidic.
PGM leaching came to a stop. In terms of the PGMs there are several proposed theories for this

(Evans 2007). but the ones that were investigated by this study were:

e The eftfects of pH. and other process conditions (temperature and concentration).

o The use of other leaching agents.

e The possibility that the platinum group minerals are locked within base metal sulphide
matrices having insutticient exposure to the organic acids.

e The need for an oxidising agent to oxidise the sulphur and liberate the metal ions to be
complexed in solution or to change the oxidative state of the PGMs to ones that are more

favourable to the lixiviant.

2.3.1.2 Other Process Considerations

A major tfeature of this tyvpe of bioleach is that leaching of metals can be done either: “Directly™
(one step process) in which case the ore. substrate and microorganisms are all contacted in the
reactor. Or “indirectly”™ (two step process) in which case the microorganisms have no physical
contact with the ore or concentrate but are cultured separately and then the metabolites are

separated from the biomass and the filtrate applied to the ore or concentrate.

Opinions amongst authors differ over which is the best method for carrving out the process.
Valix. Usai and Malik (2001) concluded that the direct method was more effective and
postulated that this type of leaching was not just a chemical attack by the organic acid on the ore.

but benetited from the presence of the fungi. This would certainly appear to be the case with
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MSL and Biomedy. Evans (2007) noted that in their experiments. the PGMs being positively
charged. would be attracted to the negatively charged microbial cell walls. and then precipitate
out on the biomass or some other mineral form. MSL. which did not employ a wash technique to
recover the metals from the biomass like Biomedy. may thus have reported lower recoveries.
Tzeferis (1994) and Cameselle et al (2003) have on the other hand supported the viability of both
techniques but tinally lean towards the “indirect™ method to counter problems ot metal ion and
microbial contamination (in heap. dump or in-situ scenarios). The work by Castro et al (2000.
p+1) on zinc and nickel showed the effectiveness of the two methods was dependent on the metal
leached and the type of microorganism used. It must also be noted that the two-step process has
the advantage that the reactor can be heated (up to 95°C) to improve reaction kinetics and does
not suffer from the problem ot losing and having to recover metals accumulated in mycelial

biomass (Tzeteris 1994: Evans 2007).

No researchers have been able to show that biosorption results in increased metal recoveries.
Possibly the biomass may simply compete with the organic ligands for the liberated metal ions
and result in the need tor an extra separation stage. This investigation did not focus on the aspect
of which method is better. Whether used as a direct or indirect method. this route consists of two
different processes: production of metabolites by the microorganisms and mineral dissolution by
the organic acids. The study tocused on the aspect of mineral dissolution by the organic acids as
most of the literature has indicated that the bulk of the mineral dissolution is achieved by this
mechanism. Making use of analytically reagent grade organic acids. the objectives entailed
determining whether significant levels of extraction (>50%) could be achieved using the organic
acids. identifving the most effective organic acids and the optimal conditions under which the

organic acids leach metals from the concentrate.

Involving the microorganisms in the production of the organic acids will have to take into
consideration a number of tactors and hence before embarking on such a study. it must be shown
that signiticant levels of extraction can be achieved using organic acids. Additionally the most
effective acids have to be identified before a study into their production using microorganisms is

conducted.

Although there is a general agreement that citric acid is the most effective in almost all cases:

others dispute this. claiming that the choice of acid depends on a number of factors such as type
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of metal being leached. the mineralogy of the ore material. pH (intluencing amongst other things
the acid activity ot the organic acids). acid concentration. pulp density and metal concentration
(Tang and Valix 2006: Castro et al 2000). This would imply that other organic acids can be as
effective as or more etfective than citric acid under their individual optimal conditions. This
warranted the study to consider the different classes (one. two or more carboxyl groups) of
organic acids and their etfectiveness in leaching metals from the low-grade ore concentrate as no

literature can conclusively identify one.

There are currently no full scale industrial applications for leaching any metals from ore through
this torm of bioleaching. Burgstaller and Schinner (1993) ¢give the following as some reasons

why it is so:

e The cost of the organic feed stocks required by heterotrophic microorganisms is considered
uneconomical for low grade ores;

e widespread untamiliarity in handling fungi amongst biohydrometallurgists:

e the production rate of the leach solutions (metabolites) is slow in comparison to sulphur
reducing/terric oxidising bacterial processes. naturally resulting in slower recovery of metals:

¢ limited experience regarding genetic approaches.

Counter to this Burgstaller and Schinner (1993) offer many arguments in favour of further
investigation and development of this form of bioleaching. among which is the fact that this form
can ofter niche applications. as is currently being investigated for PGM and BM leaching in this

study.

2.3.2 Cyanidation

2.3.2.1 Overview

The cyvanidation process has proved to be an etfective and economical option tor successtul gold
extraction over the vears. It works optimally at ambient conditions and depending on the grade of
ore. cyanide leaching can be carried out in open vats or open dumps and heaps (Chamberlain and

Pojar 1984). In conjunction with this. adsorption to carbon is an economic and efticient recovery
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method. As a bonus it is possible to reclaim and regenerate the sodium cyanide in all the
processes (Cohn et al 2001). Similarly. in the adsorption to carbon process. the stripped carbon
can be used up to two to three times without regenerating or can be regenerated for re-use

(Chamberlain and Pojar 1984).
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Figure 5: The gold cyanidation-adsorption to carbon process

2.3.2.2 Leaching Mechanism

Gold will be used to illustrate this mechanism as it is literally the only metal that currently
extensively uses cvanidation for recovery trom ores [silver only to some extent and the exception
of the Coronation Hill process for PGMs (Mclnnes et al 1994: Bruckard et al 1992 )]. O, is
added by either adding hvdrogen peroxide solution to pulp or bubbling pure oxygen or air
through the pulp. The dissolved O- oxidises the metallic gold to torm soluble Au” cations which
are in turn strongly complexed by cyanide ligands (CN™ anions) forming the aurocyanide

complex ion [Au(CN)-] (Grosse et al. 2003):
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AU + 05 + 8CN™ + 2H.0 — 4[Au(CN)-] + 4OH

Alkali salts such as calcium hydroxide or sodium hydroxide are added to keep the pH of the

reaction above 9.6 to ensure that the lethal hydrogen cvanide gas does not form:

+ INTT —
H (aq) +CN (aq) — HCN(g)

2.3.2.3 PGM Cyanidation

Experimentally it has been shown that PGM cyanidation occurs in the same manner as that of
gold. Platinum(Il) and palladium(Il) torm stable complexes with cyanide. namely [Pt(CN)4J3‘
and [Pd((.‘N)4]3' (Mclnnes et al 1994). As in the case of gold the reactions for PGMs can take
place at ambient conditions (Torres and Costa 1997: McInnes. Sparrow and Woodcock 1994)

and the reactions reported follow the Elsner equation (Chen and Huang 2006):
2Pty + 8NaC Ny + Oag) + 2Ha0) — 2Naa[PHCN)y ]y + 4NaOH
2Pds) + 8NaCNiyg) + Oxey + 2H-0y — 2Nax[PA(CN)4]ag) + 4NaOH,y
4Rhy;, + 24NaCNiyq) + 302 + 6H20.1y — 4Na3;[Rh(CN)g]iaq) + 12NaOHyg

However cyanidation of PGMs at ambient temperature and pressure. specitically platinum. has
always reported to result in relatively poor extractions averaging 15% for Pt and 44% tor Pd
(Torres and Costa 1997: Mclnnes et al 1994: Bruckard et al 1992). Chen and Huang (2006)
contend that at ambient conditions the reaction does not even take place at all due to poor
kinetics. and that it will only occur at elevated temperatures (100-125"C) and pressures (1.5-
1.8Mpa). These conditions have reported excellent extractions in the order 60-96% for Pt. 70-
98% for Pd. and 92% for Rh (Torres and Costa 1997: Chen and Huang 2006: Bruckard et al
1992). Based on a study conducted by Wadsworth et al (2000) on gold dissolution in cyanide.
Cheng and Huang (2006) propose the following on the rate ot PGM dissolution in cyanide. They
propose that PGM dissolution in cyanide is controlled by aqueous boundary layer diffusion

(external mass transter) ot cvanide and oxygen to the surface of the PGMs. The reaction rate is
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controlled by a surtace chemical reaction and the high metallic bonding strength ot PGMs results
in the formation ot a surface oxide passivating layer. It is for this reason that cyanide leaching of
PGMSs can only occur at higher temperatures and pressure. The tact that Chen and Huang (2006)
could not achieve a reaction at ambient conditions might be explained by the difterent
mineralogy of the ore to the ones used by Torres and Costa (1997) and Mclnnes et al (1994) who
achieved some noticeable dissolution of PGMs at ambient temperature. However. their assertions

would explain the overall general poor recoveries ot PGM cvanidation at ambient conditions.

[t must be noted that both studies were conducted on platinum alloy bearing ores: hence the need
to introduce oxidizing conditions to bring the platinum ions into solution. The concentrate
material in this study contains PGMs largely in form of sulphide. telluride and selenide minerals:
hence they are already in an oxidised state. This means that autoclave conditions may not be
needed to achieve the desired extractions. However. some of the PGM minerals. such as the
ferroplatinum alloys. may require the presence of an oxidizing agent to aid in the liberation of
metal ions to be complexed by the cyanide or to change the oxidative state to one that is amiable

to cvanide leaching.

Mclnnes et al (1994) systematically studied the effects of pH. time. particle size of ore. leach
additives. and oxidative pre-treatment at ambient temperatures to an ore bearing a gold-platinum-
palladium alloy. They reported the maximum dissolution rate tor both PGMs was at around pH
10. The addition of thallium salts improved only the extraction ot platinum (up to 30%) whereas
other additives such as sodium sulphite. sodium thiosulphate. lead salts and hydrogen peroxide
had little or no eftect. No rationale was provided for the choice of the additives. Thallium on the
other hand was chosen as a result of its” reported ability to improve gold extraction by preventing
passivation of the surface of gold during cyanidation (McInnes et al 1994). However Mclnnes et
al (1994) are quick to point out that due to associated health hazards. practical use ot thallium
salts 1s not possible. No explanation has been offered as to how thallium prevents passivation in
gold or platinum ores. and considering the health risk relative to the small improvement in

platinum extraction. this route was not further pursued in this investigation.



2.3.2.4 Other Process Considerations

There are challenges to processing gold. using cvanide. trom BM bearing ores such as the

concentrate material in this study and these may similarly impact the processing of PGMs from

this material:

o Firstly it must be noted that cyanide is not selective to PGMs and will also readily complex
with copper and the other BMs (which have a significantly greater presence in the
concentrate than the PGMs). As much as 40% of the cyvanide solution can be consumed by
copper In these ores if they are not pre-treated tirst (Aylmore 2001) (See Figure 6 for various
pre-treatment processes for gold cyanidation). The type of treatment used depends on the
type of ore (high sulphide content. arsenopyrite. telluride) and the gold content in the ore
(high or low). Similarly. for the present application. it is viewed that the cyanidation process
can be used in combination with a BM removal process to first extract the BMs trom the
concentrate material. and then proceed with PGM extraction and recovery by the cyanidation

and adsorption to carbon processes.

e Secondly BMs also readily adsorb to carbon, hence the use of activated carbon in puritying
waste waters of BM ions (Marsden and House 2006). However BM cyanide complexes do
not adsorb to carbon as well as gold (to commercial extraction levels). but they do adsorb to

some extent. and this generally interferes with gold recovery (Marsden and House 2006).
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Figure 6: Various pre-treatment steps before gold cyanidation

However a BM removal step may not be necessary as the copper in the concentrate material
occurs mainly as chalcopyrite and cubanite. These copper bearing minerals have been observed
to leach very slowly in cyanide solution (Adams et al 2008: Gupta and Mukherjee 1990) and it
their leaching rate is low. relative to the leaching rate of the PGMs. It means the solution

consumption may not be signiticant enough to warrant a copper removal step first.

On the other hand even if consumption of cyanide by the copper is high. but the desired
extractions of PGMs are still achieved; an indiscriminate leach to extract both the PGMs and
copper can be employed. Cvanide being a relatively inexpensive and commercially available
reagent. is a viable method to extract the copper. Focus can thus be shifted to exploring the

following theoretical selective recovery methods for the PGMs and BMs:

o At high pH and free cyanide concentration copper in the form of Cu(CN);> adsorbs poorly to
carbon and reportedly nickel and iron cvanide complexes have less adsorptive capacity than
the copper cyanide complex (Marsden and House 2006). Under these conditions an
evaluation can be conducted to determine if the PGMs will adsorb to carbon better than the
BM cyanide complexes. The copper can then be recovered by aciditication which leads to
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sulphide precipitation (Cu-S) according to the following reaction (Gupta and Mukherjee

1990):

3Ca”™ + 2 Cw(CN);> + S+ 3H-SO, — 3CaSO; + CusS + 6HCN

Subsequently the precipitate can be sent to a smelter matte or pressure leach operation.
Alternatively copper can be recovered by electrolysis (Gupta and Mukherjee 1990: Lien
2008) to produce cathodes and the HCN-bearing liquor processed to regenerate cyanide. The

order of metal recovery can be switched around it the copper interteres with PGM recovery.

The second alternative is to explore whether cementation (Chen and Huang 2006) will
preferentially recover the PGMs or not, and then recovery ot the copper subsequently, using

the methods suggested above.

The tinal alternative can be exploration of membrane technology currently in use in the gold
industry. The Engineered Membrane System (EMS") developed by H W Process
Technologies. uses a thin-film membrane. to separate ions based on absolute size. shape ot
specific non-charged molecules. the charge. charge density and degree of hydration of
charged inorganic salts or organics (Lien 2008). It can additionallv be used to recover the
free cyanide. Membrane technology has tound wide spread use in waste water treatment. but
now lends itselt to hydrometallurgical applications. One successful application is in the
fractionation. concentration and purification ot a gold-silver-copper pregnant leach solution
(PLS) (Figure 7). The membrane fractionates the PLS into a large volume gold-silver PLS
stream and a small volume “copper concentrate™ stream for individual recovery of the metals.

A similar approach can be evaluated for a PGM-BM PLS.

The obvious motivation for investigating a direct cvanide leach and selective recovery is faster

recovery of PGMs to generate faster profits. This is dependent on one of the above theoretical

selective recovery methods being successtully realised at an industrial scale and a profitable

operation from the recovery ot the PGMs and copper alone. due to the tact that the literature does

not indicate any methods (at laboratory. pilot or industrial scale) for successtully recovering

nickel and cobalt from cyanide solutions.

2
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Figure 7: Principle behind separation of ions using membrane technology

2.3.3 Copper-Ammoniacal Thiosulphate System

2.3.3.1 Overview

Leaching via the copper-ammonia thiosulphate system has for sometime now been investigated
as an economical and more environmentally friendly alternative to gold cvanidation (Grosse et al
2003: Abbruzzese et al 1995: Aylmore 2001). Other advantages of this system are that (Aylmore

2001: Abbruzzese et al 1993: Grosse et al 2003):

e [t can be used without pre-treatment on auriterous sulphide ores containing copper and a
wide array of refractory gold ores.

¢ The ammonia can easily be recycled after the precious metals have been recovered

e Ammoniacal thiosulphate is less vulnerable than cyanide solutions to contamination by
unwanted cations as the presence of ammonia has the eftect of hindering dissolution of

undesirable ions like iron oxides. silicates and carbonates
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e The copper sulphate consumption is virtually nil owing to the copper acting as a reversible

redox couple.

These advantages make this a very attractive option for treating the low-grade ore concentrate

which has appreciably higher amounts of copper. silica and iron than the PGMs.

However this svstem does have several problems associated with it. Amongst them: are that the
leaching mechanism (solution chemistry and mineralogical tactors) of thiosulphate solutions is
not fully understood (Grosse et al 2003: Feng and Van Deventer 2002). This is partly due to the
ease with which thiosulphate undergoes oxidation in aqueous solutions forming various other
species including sulfite. sultate. di-, tri- and higher polvthionates. as a function of pH and Eh
(Grosse et al 2003). In addition the metallo-thiosulphate complexes are susceptible to
decomposition into metallic sulphides and other species (Grosse et al 2003). Apart trom this. it is
reported that gold leaching with thiosulphate solutions consumes large amounts of the solution.
as a result of the relative instability of the thiosulphate ligand as compared to cyanide. This also
limits leaching times. A severe drawback to thiosulphate leaching. is that metal recovery through
adsorption to carbon. which is standard in the gold industry. is not possible as the [Au(Sng,)g]B'
reportedly cannot be adsorbed by carbon (Grosse et al 2003). This leaves options such as solvent

extraction. cementation and ion exchange to be explored.

2.3.3.2 PGM Thiosulphate Leaching

At 25°C and pH 7 the reactions between thiosulphate solutions and platinum and palladium are
known to vield the more stable [Pt(S;O;)g]Z' and [Pd(s:()}):]z_ ions. and [Pt(8303)4]6' and
[Pd(SgO3)4](" which are thermodynamically less stable and slowly decompose to insoluble S-
bridged oligomers (Grosse et al 2003: Mountain and Wood 1987). Mountain and Wood (1987)
contend that thiosulphate ion stays stable longer at a more basic pH and lower temperatures
having reported solubilities of Pt and Pd as [Pt(S:03)3]" and [Pd(S-03)4]" in the range 10ppb in
near neutral to basic solutions at 23°C. Further to this. leaching experiments have shown the
effectiveness of thiosulphate solutions in dissolving metallic platinum and palladium at 25°C and
pH range 6-9 (Anthony and Williams 1992). The reported achieved solubilities were 111ppm
after 75 days for palladium and 23ppm after 46 days for platinum. Anthony and Williams (1994)

observed that PGM dissolution rates varied inversely with the concentration of thiosulphate. i.e.
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the rates of dissolution increase with decreasing concentration and that in pH range 6-9
dissolution rates are independent of pH. The small quantities and long recovery times do not
discount his method immediately as these experiments were in a geochemical context and not

intended to optimise the leach process for hydrometallurgical application.

2.3.3.3 Leaching Mechanism

Given the extremely slow rates of dissolution of metallic PGMs in plain thiosulphate solutions. it
is proposed that first the dissolution of PGMs trom sulphide minerals be observed. and then
copper-ammoniacal thiosulphate system be investigated. to ascertain its effectiveness in
catalysing PGM thiosulphate leaching. Aside from catalysing what would be a slow dissolution
process of metals in plain thiosulphate solution. it has been experimentally proven that the
presence of ammonia and cupric ions greatly reduces solution consumption tor gold and silver
leaching by forming readily soluble ammine complexes (Grosse et al 2003: Feng and Van

Deventer 2002).

Looking at this system for gold. the process proceeds via the catalyvtic oxidation of the zerovalent
gold and silver by the copper(Il) tetra-ammine complex acting as the primary oxidant. The
reduction of the copper(Il) ammine complex is believed to transfer two ammonia ligands.
allowing the kinetically favoured diaminoaurate(l) complex to torm. This exchanges ligands with
the free thiosulphate ions to form the more thermodynamically stable aurothiosulphate complex.

The reactions are described below (Grosse et al. 2003):

Au’+ [Cu(NH3)4]™" + 382057 — [Au(NH;)|" + [Cu(S205):] + 2NH;

[AuNH;)2] + 28:057 — [Au(S:05)2]" + 2NH;

HCw(S-05)3] + 16NH; + O5 + 2H>0 — 4[Cu(NH;3),7 + 128057 + JOH

Net Reaction: 4Au” + 88,057 + 05 + 2H,0 — 4[Au(S:05)-] + 4OH

In the case of the concentrate material it is postulated that the copper and ammonia will take the

role of oxidising the ferroplatinum alloy. sulphide. telluride and selenide minerals to liberate the
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platinum metal ions to be complexed by the thiosulphate. Additionally it may change the
oxidative state of the PGMs to ones that are more tavourably complexed by the thiosulphate. It is
unknown if. as in the case of gold. platinum metal ammine complexes will be formed as a
transitional state before thiosulphate complexation and whether this will in fact speed up and/or

increase PGM leaching.
2.3.3.4 Other Process Considerations

An important factor in maintaining the stability of thiosulphate is the pH of the solution. since
thiosulphate rapidly decomposes in acidic media (Grosse et al 2003). In addition Abbruzzese et
al (1993) experimentally observed that temperatures higher than 23°C retarded thiosulphate
leaching of gold: postulating that this was due to a cupric sulphide passivating layer tormed by

the thermal reaction between Cu(Il) ions and thiosulphate:
Cu™™+ $,057+ H20 — CuS + SO, + 20H

Theyv also attributed this to the fact that at higher temperatures thiosulphate decomposes to

sulphur compounds reducing the amount of thiosulphate ions available for gold complexation:

28,057+ Hy0 + 0.50, — S,04 + 201

28,057 + HaO — 48057 + 287 + 6H”

Additionally Mountain and Wood (1987) observed that thiosulphate is only an eftective ligand to
PGMs at lower temperatures in the area of 25"C. Certain metal ions and reagents have also been
known to cause the breakdown ot thiosulphate according to the reactions below (Grosse et al.
2003):

48,057 +4H" + 01 — 28,04 + 2H-0

82032- + 2H+ - S()(ppt) + Sol(gus) + HZO

48,057 +2H,0 + 02 — 28,047 + 4OH
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S$,0;7 + Cu™" + 20H — SO, + H20 + CuS,ppi;
2CuT +28:057 — 2Cu” + $,0,™

Grosse et al (2003) report further that thiosulphate is also consumed by peroxides. phosphines.
polysultides. permanganates. chromates. the halogens and their oxyanions: leaving copper ions
as the logical choice for an oxidizing agent. Likewise many iron minerals like pyrite and
haematite will catalvse the oxidative degradation of thiosulphate ions into tetrathionate (Grosse
et al 2003). Grosse et al (2003) also recommend the allowance for natural degradation of

thiosulphates by O-. H;O". trace Fe’" and other oxidants.

The gradual but inevitable loss of thiosulphate from leaching solutions necessitates relatively
speedy leaching and handling operations to optimise leaching and minimise precipitation (Grosse

et al 2003). This would also suggest that recovery must be done promptly.

2.3.4 Sodium Bisulphide

2.3.4.1 Overview

Research has been conducted into the use of bisulphide solutions for applications in the
extraction of gold from refractory ores as well as for recovery. by precipitation, of copper and
zinc from waste waters. Geology/geochemical studies have experimentally proven that PGMs
can dissolve in bisulphide solutions under acidic conditions forming complexes as stable as those

formed with cvanide (Mountain and Wood 1994).
2.3.4.2 PGM Leaching

Wood et al (1994) have reported solubilities ot 4-22 ppb for Pt and 0.5-14 ppb for Pd. over a
temperature range of 23-90°C. a pH range of 3-3 and constant pressure of 1 bar in bisulphide
solutions. In their experimental work Wood et al (1994) saturated distilled. deionised water with

H-S gas to produce the bisulphide ions:



HQS + Hzo - HS> + HQ

It is postulated that similar to an acidolysis process it is the hvdrogen ions that displace the
PGMs from the ore matrix to be complexed by bisulphide ions. The overall general reaction

equation suggested by Wood et al (1994) was:
MS + xH2S = M(HS); '™ + (x-DH™  (M=Pt. Pd)

and the suspected complexes tormed were [Pt(HS);]" and [Pd(HS)4]3': [Pt(HS)]" and [Pd(HS)]":
[PyHS)]" and [PdA(HS)-]": and [Pt(HS);] and [PA(HS);]. Wood et al (1994) suggest that at 25°C
the dominant species were [Pt(HS);]” and [Pd(HS);]". and at much higher temperatures (200-
300°C) this shifts to [Pt(HS):]” and [Pd(HS)-]". However at basic to alkaline conditions it is
highly probable that the species present are ditferent from those present in acidic conditions over

the same temperature ranges (Wood et al 1994),

However these experiments were not tocused on optimising PGM dissolution. A more focused
etfort is presented by the patent of Hunter et al (1997). which incorporates the leaching of
sulphide. oxidised or refractory ores containing PGMs using a lixiviant containing bisulphide
ions and having a low fugacity ot hydrogen gas. The operation would preferably take place at
alkaline or neutral pH under anaerobic conditions. Anaerobic conditions are achieved by
submerging the ore under water in a tank or vat. For this patent the source ot the bisulphide
solution is an anaerobic bioreactor that requires sulphur reducing bacteria and a number of
expensive additives which are not economical for this investigation’s application. It has been

seen as more practical to evaluate the use ot plain sodium bisulphide solution.

2.3.4.3 Process Considerations

[t must however be noted that a bisulphide system has the disadvantage that the leach slurry
needs to be fully contained due to the stench of the solution. and the danger ot evolving H-S gas
which is toxic. This presents a dilemma because the tonnage of this material is more suited to
open heap or vat leaching. However it is nevertheless an option worth considering. especially for
leaching of precious metals from difficult ores. and taking into account the limited number of
PGM leaching options available it is worth exploring.
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2.3.5 Ferrous-Ferric Cycle

2.3.5.1 Overview

The ferrous-ferric cycle. biologically or chemically aided. is a well established technology in the
economical recovery of copper, gold and uranium from low-grade ores. as well as in the pre-
treatment of refractory gold ores (Dresher 2004: Gonzalez et al 2004). It is proposed that this
process be investigated (biologically aided and as a pure chemical process) as an economical
method for extracting the BMs from the low-grade ore concentrate. Furthermore. it a significant
portion of the PGMs are occluded in BM sulphide matrices. a BM leach would better expose
them for subsequent PGM leaching. Early experimental work on organic acid PGM leaching
revealed that certain platinum group minerals were resistant to organic acid leaching (Evans
2007). It has been postulated that this may be that these minerals are occluded in the base metal
sulphide matrices. PGMs are known to occur mostly in association with sulphides (Schouwstra
and Kinloch 2000). Sulphur and BM removal is a critical pre-treatment step in PGM processing
and has been observed in other studies by Torres and Costa (1997). Chen and Huang (2006) and
Hunter et al (1997).

2.3.5.2 Leaching Mechanism
This process involves the oxidation of ferrous ion (Fe}) to ferric ion (Fe}):
Feo — Fe'™ +¢
The terric 10on oxidises the sulphur in the sulphide minerals thus liberating the metal ions:
MeS + Fe’'— Me™ + Fe’ + 8"
[n so doing. Fe'™ is reduced back to Fe™" to be re-oxidised and hence propagates the cycle.

This cyele can be achieved in two ways:



2.3.5.2.1 Biologically Aided

In this form ot bioleaching the microorganisms obtain their carbon source from carbon dioxide
in the atmosphere (as opposed to the one discussed in section 2.3.1) and their energy from the
oxidation of sulphur compounds such as sulphates. sulphides. and elemental sulphur. Hence their
role in catalyzing the oxidation of these compounds in a bioleach process. The commercially
exploited iron oxidizing bacteria strains are Acidithiobacillus terrooxidans and/or Leptospirillum
ferrooxidans.  Sulphur oxidizing bacteria are emploved to catalyse oxidation of elemental
sulphur to produce sulphuric acid. This provides the acidic media for the process to take place.
and aids mineral dissolution as well. In this case the commercial choice is Acidithiobacillus
thiooxidans or Archaea Sulfolobus. The process can be summarised by the equations below

(Gonzalez et al 2004: Bosecker 1997):

FCSOJ, + 02 + ZHQSO4 i 2F€3(SO4)3 + 2H3$O4

MeS + 2Fex(SOy); — MeSO, + 2FeSO, + S

28"+ 30, + H-O — 2H-S0,

The microorganisms involved in this process can be categorised according to the optimal
temperature range in which they operate: Mesophiles (23-40°C). thermophiles (40-75°C) and
hyperthermophiles or extreme thermophiles (>75°C). Of particular interest to this study are the
thermophiles which are reported to etfectively facilitate the leaching of copper from chalcopyrite
(Bosecker 1997: Petersen and Dixon 2002: Kelly et al 2008) at temperatures higher than 40°C.
Normally chalcopyrite does not leach effectively at temperatures below 40°C due to the
formation ot a “passivating” laver on the surface of the unreacted material: coating it and
preventing further leaching (Gupta and Mukherjee 1990). The laver restricts tlow of bacteria.
nutrients. oxidants and reaction products to and trom the mineral surface (Stott et al 2000). This
laver comes either in the form of jarosite (KFe;(SO4)-(OH),). iron-hydroxy precipitates (such as
Fe(OH)3) or elemental sulphur formed in the reaction (Gupta and Mukherjee 1990: Leahy and
Schwarz 2009). Additionally. jarosite formation can cause loss of ferric 1ons from solution. and
clogging of pore spaces. preventing solution flow on both a micro and macro-scale (Leahy and

-
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Schwarz 2009). However. clevated temperatures have been observed to destabilize the
passivating layer and allow leaching from chalcopyrite (Gupta and Mukherjee 1990).
Chalcopyrite is of special relevance as it is suspected to contain a significant portion of the

copper 1n the concentrate material (Evans 2007: Schouwstra and Kinloch 2000).

Industrially. bioleaching can be carried out as (Bosecker 1997):

e Heap or dump leaching: A full description of this process is described in section 2.5.1 of this
chapter.

e Underground/in situ leaching: This is done in abandoned mines or when ore deposits are too
low-grade or too small to be mined. Solutions with the appropriate bacteria are flooded into
galleries of the ore body or injected into boreholes in the fractured ore body. After sufticient
time for reaction the pregnant liquor solution (PLS) is pumped to the surface.

o Agitated Tanks: Is more expensive to construct and operate than heap. dump or in situ

methods: but the rate of extraction and the yields are much higher.

2.3.5.2.2 Chemically Aided

By using chemicals as direct oxidisers of terrous ions. current industrial practice makes use of
pyrolusite. which contains mainly managanese dioxide (MnO-). sodium chlorate (NaClOs)
(Lottering and Lorenzen 2007: Ring 1980). as well as direct oxidation by oxvgen at temperatures

above 63°C.

(U9
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Figure 8: Ferrous-ferric cycle chemically and biologically aided

2.3.5.3 Leaching of BMs from the Concentrate

The major component of copper and nickel in the concentrate material is in the form of
chalcopyrite (CuFeS») and pentlandite ((FeNi)ySg ) respectively. Chalcopyrite is not soluble in
either dilute sulphuric acid or ferric sulphate solutions under conditions of ambient temperature
and pressure (Gupta and Mukherjee 1990). For low grade ores commercial extraction rates are
achieved under oxidising conditions; using bacteria or oxygen at temperatures above 40°C for
terric solutions. and using ferric ions as an oxidising agent in dilute sulphuric acid. The processes

follow the reactions below:

CuFeS, + 4Fe’" — Cu”™ + 5Fe” +2S

CuFeS- +4Fe’ + 2H,0 + 30> — Cu™™ + 3Fe” + 2H-S0,

CuFeS->+ 2H-SO, + O> — CuSO; + FeSO; + 28 + 2H-0

L2
L2



CuFeS>+ 3.5Fe»(SOy); + H.SO, — CuSO, + 8FeSO, + 4.5S0-> + H-O

Unlike copper. nickel sulphides (such as pentlandite) are known to be soluble in both terric

sulphate and dilute sulphuric acid solutions (Gupta and Mukherjee 1990):

34H-SO4 + (FeNi)ySy — 4.5NiSO; + 34H-0 + 4.5FeSO, + 3350,

17Fex(SOy); + (FeN1)oSy — 4.5NiSO, + 38.5FeSO, + 1650,

[n practice. however the above two processes are carried out in the presence of oxygen normally
at temperatures above 100°C. These conditions are not viable for the intermediate material hence
it is suggested a system using dilute sulphuric acid in the presence of ferric ions as an oxidising

agent be emploved.

2.3.5.4 Other Process Considerations

This process must be run at a pH below 2 to ensure that ferric does not precipitate as the

hvdroxide and to favour formation of the most etticient ferric complex FeSO," (Ring 1980).

2.4 Methods of Recovery

2.4.1 Adsorption to carbon

This process can be carried out in two ways depending on the reactor configuration used for

leaching:

e Carbon in pulp process (CIP): This form is used for agitated tank leaching of metals. In this
case porous granules of carbon are added to the pulp in a tlow counter-current to the pulp in a
series of agitated tanks. The metal cyanide complex adsorbs onto the carbon and the pulp is
then filtered through a mesh to remove ore particles. The adsorbed metals can then be
recovered by desorption/elution in hot caustic solution (NaOH or NaOH-NaCN) otten under

pressure and high pH followed by electrolysis/electrowinning (Chamberlain and Pojar 1984).
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o For heap leaching the leach solution is passed through a series ot columns containing tixed or
fluidised beds of carbon (Chamberlain and Pojar 1984). After which the pregnant carbon is

removed from the columns to recover the metals in the same manner as detailed above.

Adsorption to carbon has proved successtul tor the recovery of PGMs from cyvanide leach liquors
at bench scale (Grosse et al 2003: Torres and Costa 1997: Bruckard et al 1992). The leach liquors
did not contain BMs because of mineralogy ot ore or they had been extracted trom the ore before
cvanide leaching via a pressure and atmospheric acid leach. The adsorption to carbon method is
proposed for evaluation on PGM leach liquors of bisulphide (Hunter et al 2004) and

thiosulphate.

Chamberlain and Pojar (1984) report that it is possible to regenerate the stripped carbon by
washing with aqueous acid. and then heating in an oven. kiln or chamber at 700'C for several
hours under a non oxidising atmosphere such as steam. While the lite expectancy of carbon is
not well documented some operators have reported 25% reduction in adsorptive capacity after
eight to nine cycles of re-use while others have reported 33% reduction in adsorptive capacity

after eight to nine years ot continuous use (Chamberlain and Pojar 1984).
2.4.2 Merrill-Crowe Process (Zinc Cementation)

The process (Gupta and Mukherjee 1990) (see Figure 9) starts with the filtration ot pregnant
solution in media filters (pressure leat filters. filter presses. and vacuum leat filters) or
countercurrent decantation (CCD). Generally. a precoat ot diatomaceous earth is used to produce
a sparkling clear solution. Clarified solution is then passed through a vacuum deaeration tower
where oxvgen is removed from the solution. The precipitation is a reduction process hence
removal of an oxidant (O>) improves the etticiency of the process. Zinc powder. or other metal
powders such as copper. iron or aluminium (Grosse et al 2003) are then added to the solution
with a dry chemical feeder and an emulsitication cone. The reaction ot the special fine metal
powder with the solution is almost instantaneous. This technique involves a redox reaction
between the zerovalent base metal grains and the target precious metal. The precipitant

stoichiometrically displaces the precious metals in solution according to the tollowing equation:

2+ 0 ¢ 2-
Pt + Mty = Pppn + M
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Precipitation occurs in the pipeline between the press teed pumps and the filter presses. The
precipitated metal is then typically recovered in a recessed plate or plate and frame filter press.
Chen and Huang (2006) used this procedure to successtully recover PGMs from a cyanide
solution after pressure leaching. In this case the leach liquor did not contain BMs. they had been
extracted from the ore using an acid pressure leach process. Considering that this method has had
varving degrees of success with recovery of gold tfrom thiosulphate solutions (Grosse et al 2003).
it is proposed that it can be evaluated to recover PGMs trom thiosulphate and bisulphide

solutions.

The disadvantage ot this process is that the separation step typically involves a series of
expensive gravity separation thickeners or continuous filters arranged tor countercurrent washing
or filtration of the solids. For ores exhibiting slow settling or filtration rates. such as ores with
high clay content. the countercurrent decantation (CCD) step can become cost prohibitive. Thus
in many cases in industry. the adsorption to carbon method is preferred over the Merrill-Crowe
process because it eliminates the need for the leached ore solids and liquid separation unit

operations.

COUNTER CURRENT
DECANTATION THICKENER
CIRCUIT METAL DUST

FEEDER

MIXING CONE

FILTER
. PRESS
PRESSURE DEARATION
CLARIFIERS TOWER
PRESS
FEED
PUMP

BARREN

SOLUTION
PRECIPITATE
TO REFINERY

Figure 9: Merrill-Crowe process/Cementation



2.4.3 Recovery from Organic Acids

There are no recovery methods on record tor this form ot leaching: however since Evans (2007)

suggests that PGMs do not complex very well in organic acids under highly acidic conditions the

tollowing theory of how to achieve recovery is proposed in the interim:

Similar to the stripping stage in a solvent extraction process a solution of HCI and Chloride could
be used to lower the pH to acidic levels in which case the PGMs may preferentially complex
with the chloride ions to form the standard PGM chloride complexes. A solution like this can
then be sent to the PMR as it is similar in constitution to the standard treatments used in PGM
recovery. Since the BMs are leached in acidic media it may be that only an acid such as HCI or
H-SO; would be required. For the latter acid. the solution can be sent to the BMR directly as it is
the acid used in the pressure leach circuit of BMs. In the case ot the fterrous-terric cycle. it is also
proposed that recovery may take place in the BMR (For methods of recovery used in the PMR

and BMR see Chapter 1 section 1.5).

2.5 Reactor Configurations

Considering the grade and the tonnage of the material. the reactor choice was critical. Even at
bench scale it was decided that the choice of reactor should be one that is viable on an industrial
scale. Conventional reactors such as stirred tank. tluidised bed. plug-tlow. were initially viewed

as unsuitable for the following reasons:

e They require a high solid to liquid ratio. around 10 % (e.g. 10 tons of liquid to 1 ton
material).
e They are energy intensive: requiring some form of mechanical agitation. Hence the need to

keep the solid to liquid ratio in the area of 10 %.

For these reasons the following reactors were proposed tor evaluation:



2.5.1 Packed Bed

A packed bed reactor (Sinnott 1999) is one in which special structured objects are used to
improve the contact between liquid-solid (reactant). gas-liquid or gas-gas phases. The latter two
are more common in the chemicals production industry where the packing may be a catalyst:
while the first type is more common in the extractive metallurgy industry in the form of heap
leaching. The packed bed configuration is such that the inter-spatial channels in the packing
allow for easy tlow of fluid allowing for improved contact between fluids or fluids and solid.

The packing is contained in a vessel such as a tube. pipe. and column or stacked as an open heap.

Heap and dump leaching are perhaps the oldest method for recovering copper from low-grade
oxide and sulphide ores. It has also found application in pre-treating of refractory gold ores
betore cvanidation as well as for the recovery ot gold. silver and uranium from low grade ores
(Figure 10). It provides a protitable route for treating copper. gold and uranium ores whose
grades are considered too low for the usual methods ot concentration before treatment
(crushing—milling—tlotation). Typically grades are copper <0.5 % (Gupta and Mukherjee
1990) and gold <1 g/t (Chamberlain and Pojar 1984). Operations can be purely chemical
employving the use of dilute sulphuric acid or cyanide solutions: or they can be assisted by

microbial agents in a ferric-terrous system.

The site for constructing the heap is inclined and cleared ot any growth before it is rolled and
packed with clay or slimes to make it as waterproot as possible. The alternative to this is using
plastic or rubber lining over the area. Culverts are built for ventilation and drainage towards a
common collecting site. The ore. sometimes uncrushed. is piled into heaps and leaching solution
is evenly sprayed on top of the heap to percolate through the heap: tlowing through the drainage

svstem for collection and metal recovery.

[n this case the ore is in slurry form and hence a GEOCOATR styvle procedure will be emploved.
The GEOCOATR' process. developed by GeoBiotics LLC. uses iron and sulfur oxidising
microorganisms to facilitate the oxidation and leaching of sulfide minerals in an engineered heap
environment. It uses a combination of mesophiles and thermophiles. Unlike regular heap

leaching it uses specially designed heap pads (made of high density polvethylene HDPE) and an

"http: “www.geobiotics.com page.cfm/ID/27/Process-Description
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algorithmic computerised process control system to regulate air tlow and solution irrigation rates
in the heap to maintain desired operating temperatures (as part ot the HotHeap™ control
philosophy). It additionally differs from conventional heap leaching (which may only employ
chemical reagents: without the aid of biological agents) in that it was designed to treat tlotation
or gravity concentrate as opposed to whole ore in regular heap leaching. The concentrate is
coated onto a sterile support media which is usually barren or waste rock. or waste sulphide ore.
The mass ratio ot concentrate to media is typically in the range of 1:5 to 1:10 and the support
media is carefully and uniformly sized (+25-6mm). This results in sufficient inter-spatial
channels in the heap to provide low resistance to air and solution tlow. The support media (rock)
is reclaimed for re-use by using a front-loader to transter the contents of the heap to a conveyor
for delivery to a vibrating washing screen or trommel. where the coating is washed off using

water sprayvers.

A heap leach operation will typically result in slower recovery of metals and is most protitable

tor huge tonnages of ore or concentrate (Gupta and Mukherjee 1990).
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Figure 1k Typical heap leaching nperation

2.5.2 Granular Bed

The granular bed (Richardson and Harker 2002) tvpe reactor is a common occurrence in the
chemical process industry; it takes the form of a bed of statonary granular particles through

which a fluid flows for the purposc ol [iltration, drying a pas or calalvlic reactions.

This idea originates from a belt ilter operation to de-water tailings (Figure 11). A layer of slurry
is spread on a convever belt made of filter cloth and water 15 extraciled under vacuum. A typical

operation handles 100 tons of slurry per hour. Tailings de-watering 1s very much a physical
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process, but bench scale test work will show if a sumilar operation can be vsed to hundle the
tonnages of the low-grade ore concentrale produced while at the same time providing sufhicient
contact with the leaching reagent while on the beli. o this case leach solution will be sprayed on
top of a laver of slumy and allowed o pereolate under gravity and re-cireulated as often as s
needed to achieve the required leaching largets. Ounce a batch of concentrate material has been
tully processed, it cun be moved along the conveyor belt to make room for another batch. n this
manmer, the operation allows for conlacting large amounts of material with a small amount of
liquid and has the potential for operation af elevated temperatures to achieve quicker recovenes

abf metals.

Figure 11: Delkor Belt Filter developed by Delkor Industries’
2.6 Hypotheses

Hased on the literature reviewed, the tollowing were hvpothesised:

-

* Pheastor taken Trom leipesseww hatemanengmeerinp, com G ke 72/ pep G207 2% 20p T2 201 jp
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e Pure chemical treatments such as cyanide. thiosulphate and bisulphide can achieve
comparable PGM extraction levels to those achieved by the organic acids.

e Established techniques for leaching BMs from low-grade sulphide ores. chemical and
biologically aided. can achieve comparable BM extraction levels to those achieved by the

organic acids.



Chapter 3: Methodology

The hypotheses were tested through experimental work and analysis of the generated data. This
chapter discusses details ot experimental procedures and analvtical methods. The experimental

work proceeded in two phases.
3.1 Phase 1: Preliminary Test Work on Proxy Material

This phase revolved around selection of the most suitable lixiviants for dissolving PGMs from a
selection of organic acids and comparison of results against those from using cyanide.
thiosulphate and bisulphide solutions. Additional process conditions explored included influence
of pH. temperature. reagent concentration and use of chemical oxidisers. A series ot small scale
batch experiments using a high grade platinum sulphide material (74.8% Pt). were used as a
preliminary screening process to identify the most promising routes betore proceeding to bench
scale evaluation using the concentrate material. PtS, was chosen as a proxy material because the
economical feasibility of any potential process is critically dependant on the quantities of
platinum extracted (the platinum constituents 60% of total PGM content in the low-grade ore
concentrate) and PGMs occur largely as sulphide. telluride and selenide minerals in the
concentrate. Also. because the work was conducted on a small scale it was doubtful that
measurable quantities of PGMs in leach solutions would be achieved given that the concentration
of PGMs in the ore concentrate is a mere 15 g/t. Finally. PtSs is readily available commercially.

whereas any PGM selenide or telluride compounds are not.
3.1.1 Experimental Plan
This is a consolidation of the extensive literature review (chapter 2) and how it was applied to

formulating an experimental plan for evaluating the various lixiviants identified in the literature

survey. Figure 12 illustrates the general overall path followed to identity the best options.
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Figure 12: General overall experimental plan for phase 1

3.1.1.1 Organic Acids

The experiments would proceed using analytical reagent grade acids varying in the number of
carboxylic groups (-COOH) present in the acids. Additionally various combinations ot the acids
will also be evaluated. As stated earlier. this avenue of research was originally started with the
observation that microorganisms could be the source of the organic acids. It has theretore been
postulated that with difterent organic feed stocks. the microorganisms are likely to produce

mixtures of organic acids.

The use of analytical reagent grade acids was chosen over the route of biologically producing
them because it was a convenient method to determine it they had the potential to leach the
target amounts of platinum. and to identity the most eftective acids or combination of acids

before exploring their biological production.

Process conditions varied were pH. reagent concentration. temperature (up to 500C) and

introduction ot chemical oxidisers.
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3.1.1.2 Cyanide

It had been concluded that the only viable routes for exploration with cyanide solutions were to
observe recoveries using plain solutions on platinum sulphide minerals. use of a chemical
oxidising agent and the influence of heating to a maximum of 50"C. Reagent concentrations were

varied but pH had to be above 9.6 to prevent evolution of the toxic HCN gas.

3.1.1.3 Thiosulphate

Dissolution of platinum would be explored using plain sodium thiosulphate solution. and in the

¢ agents. Additionally reagent concentration. pH

o Yo

presence of copper and ammonia. as oxidisin

and temperature were varied.

3.1.1.4 Bisulphide

Plain sodium bisulphide solution was explored with the bubbling ot H-S gas. as an additional
source of (HS") to increase platinum dissolution levels. Reagent concentration. pH and

temperature were also varied.

Process conditions were generally varied as follows:

e Reagent concentration- from 0.1 to 1 M. There are no commercial operations that currently
directly leach PGMs trom low-grade ore materials and hence there is no comparative data to
base these concentrations on. Considering the low concentration ot PGMs in the concentrate,
stoichiometrically. low reagent concentrations (>0.01 M) should be enough to leach the
PGMs. But it higher concentrations are needed. it may still be economically feasible to use
them considering the high market value of PGMs and the possibility of re-circulating the
lixiviant and regenerating it after recovery ot PGMs.

e Reagent pH- This varied according to the lixiviant. but was in all cases in the alkaline media
range (7-12). based on the literature. Solutions were buffered to maintain pH using various
combinations ot potassium phosphate. sodium carbonate. sodium hvdroxide and boric acid

solutions:

£
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o Temperature-was maintained with the aid of a water bath and up to a maximum of 50°C. For
this process it has been predicted only mild operating temperatures would be economically
justifiable given the tonnage and grade ot the ore material.

e Chemical oxidisers-at this stage chemical oxidisers were used as a proxy to determine if an

oxidising environment would aid PGM dissolution.

3.1.2 Materials and Methods

Small amounts of platinum(IV) sulphide salt (13-30mg) were weighed into a 500 mL
Erlenmeyer tlask/Beaker to which 250 ml of solution was added. The mixture was agitated using
a magnetic or overhead stirrer (Figure 13). For the experiments running at 500C. the desired
temperature was achieved and maintained using a water bath (Figure 14). To minimise
evaporation of solution and water from the water bath respectively. the top of the beaker was
covered with parafilm and the top ot the water bath was covered with bubble wrap. Samples
withdrawn at various intervals were vacuum filtered using a 0.22 micron membrane filter paper.
which was weighed betore hand. and then analysed through Atomic Absorption Spectrometry
(AAS) and Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). A sample
of solution was withdrawn before commencing with the experiment (Sample Blank) to ensure
the reading for a blank sample was zero for the desired elements. If it was not. this amount was
subtracted from the AAS/ICP readings to account for this discrepancy. Solution was replaced
with distilled water to maintain constant volume. At the end of each experiment the remaining
solids were recovered via vacuum filtration through the same 0.22 micron membrane filter paper
used during the experiment and then dried and digested using the Karbochem R and D laboratory

method (see Appendix 3) to perform a material balance.

% Extraction=E,

Sample Blank= SB

Concentration in leach sample (mg/L or pg/L) trom AAS/ICP reading = C
% of Pt in PtS>» = 0.748 (74.8 %)

Mass of PtS>used in test =M

Volume ot solution =V

Conversion of pg to mg =x 107
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Figurce 13: Phase 1 experiments

Figure 14: 50°C Temperature Experiments




Details of reagent preparation methods, standardisation procedures and risk management

protocol can be found in the Appendices in the CD attachment.

3.2 Phase 2: Final Test Work on Low-Grade Ore Concentrate

This phase involved the test work on the actual concentrate material to explore the most
promising routes identitied in phase 1 for leaching of PGMs from the material and as a

secondary objective. investigate BM leaching.

3.2.1 Preparation of Concentrate Material

The concentrate material was received in the form of a slurry in a 200L drum. To ensure
homogeneity before attempting to sample from the contamner. the slurry was processed as
tollows:

[t was dried in a 37°C incubation room to powder form: this caused some of it agglomerate. It
was laid out on a 2 x 6 m plastic sheet and mixed with a shovel and rake. It was then put through
an Osborn MMD cone crusher to reduce the lumps to fine dust. A Riftle splitter was then used to
split the ore into 20 kg samples and then 10 kg samples. The 10 kg samples were then split. using
a Dickie and Stockler (Pty) rotary splitter. into 1 kg samples. The samples were then packed into

2 kg samples in polyethylene bags.

3.2.2 Material Sampling

A Fritsch Rotary Sample divider and a Quantachrome Instruments™ Rotary Micro Riftler were

used to obtain samples:

e From the 2 kg samples tor the leaching tests. size analysis and BM solid assays.
¢ From the above samples before tests were conducted to carry out solid assays tor PGMs and
BMs.

e From the solid residue after the leaching tests to conduct solid assays for PGMs and BMs.
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3.2.3 Size Analysis

The ore concentrate was sized using a process known as wet screening. An analysis was
conducted using a Malvern. to give an estimate of the size distribution of the particles before

proceeding to the wet screening.

A sample of approximately 200 ¢ was weighed and placed on a 75 um screen. The screen was
vibrated and water was poured onto the sereen with the filtrate being collected in a 40 L bucket.
When the bucket was full. another was used until the water appeared clear. The remaining
residue on the screen was thoroughly washed off into a small dish. The filtrate in the buckets was
passed through a 43 pum screen (vibrating) and the filtrate similarly collected in separate 40 L
buckets. The residue on the screen was then washed oft into a separate small dish. Filter papers
were weighed and used to vacuum filter the samples in the small dishes and the filtrate in the 40
L. buckets. The samples were then oven dried at 96°C overnight and weighed. The % passing 43

and 75 um was calculated as follows:

Passing 75 um = Weight of Sample — residue collected from 75 pum screen x 100

Weight ot Sample

Passing 45 um = Weight ot Sample — residue collected trom 435 + 75 um screens x 100

Weight ot Sample

3.2.4 Ore Concentrate Split

In addition to the data provided by Lonmin on the percentages of the various elements in the ore
concentrate. it was decided that samples from the successtul experiments (before and after tests)
would be assayved externally for verification. However external assayving could not be conducted
on the samples before testing due to logistical problems and sheer number of experiments
conducted. Hence. for initial calculations. the data provided by Lonmin and from solid assays for
copper. nickel. cobalt and iron conducted at UCT were used. This data would be used in initial
calculations to determine the most successtul experiments and from these. samples put aside
before testing and samples obtained after testing would be sent otf to Mintek tor PGM and BM

assays (see Appendix O).
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For the BM solid assays conducted at UCT. 12 samples of 0.1 ¢ were digested using the
Karbochem R and D laboratory method and the percentage of the elements calculated using the

tformula tor E> (see Appendix 3).

3.2.5 Experimental Plan

The series of experiments proceeded as laid out in Figure 15. The best options identified in phase
1 were used to leach the PGMs directly from the concentrate material to further narrow down the
options. Parallel to this BM extraction leach experiments were conducted to add further value to
the process and to test the theory that a BM extraction stage preceding a PGM leach would lead
to increased extractions ot PGMs. The residual concentrate material from the best BM leach tests
were subjected to the best PGM leach processes and the extractions obtained were compared
with those from testing on untreated material. The data would be used to generate the best flow

sheet options.

PGM LEACHING BM LEACHING
UNTREATED ORGANIC
MATERIAL CHEMICAL ACID BIOLEACH
LEACH L EAGH

A 4

RESIDUAL MATERIAL
FROM BEST OPTIONS

COMPARISON

BEST OPTIONS OF PGM .| FLOW SHEET
FROM PHASE 1 EXTRACTION "| GENERATION
LEVELS

Figure 15: General overall experimental plan for phase 2
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3.2.6 Granular Bed-Operation Procedure

Figure |7 shows a general schematic of the experimental set-up while actual equipment can be
viewed 1n Figure 18 and Figure 19. Filter cloth was sewn on to the talse bottom of the column
and then placed on a larger piece of lilter cloih to hold the false bottom. Strips of cloth were
attached ta the larger picee and held in place i the column using masking tape, This
arrangement would fully contain the granular bed and leach solution preventing slurry from

spilling over the sides of the false hottom into the collecting vessel (Figure 16).

Figure 16: Taping of support cloth for granular bed

The column was heated to the desired temperature using a heating jacket and the solution was
heated and maintained at the desired temperalure using a walter bath. The required amount of
concenirate material was mixed Lo form a slurry using deionised water, o cause it to saturate and
prevent consurnplion of lixiviant and maintain a constant volume as much as possible. The slurry
was then placed on the false hottom 1n the column, In carlier tnal runs it was observed that the
rate at which the solution percolated through the bed only became unitorm atter the first cyvele.
This was because the particles in the bed shifted and only setiled in therr hmal place afier the first
cvele. For this reason in the first insiance the solution was pumped from the Urlenmeyer flask
inte the column vsing a pump. and initiatly collected in a separate vessel. The solution was added

back (o the flask to give time zero.



The temperature of the granular bed was measured using a Major Tech MT 630 thermometer and
MT 660 probe. In the first tew hours temperature was measured and adjustments made to the
heating jacket until the temperature of the granular bed was the desired one. Samples were
withdrawn from the Erlenmeyer flask. using a syringe and tube for vacuum filtration using a 0.22
pwm membrane filter paper and collected in macarthy bottles for appropriate analysis (see section
3.2.10). A sample of solution was withdrawn before commencing with the experiment (Sample
Blank) to ensure the reading for a blank sample was zero for the desired elements. It it was not.
this amount was subtracted from the AAS/ICP readings to account for this discrepancy. The
temperature of the granular bed and the water bath were checked during sampling and regularly
during the course of the experiment. Solution samples were replaced with distilled water to
maintain a constant volume. On completion of the experiment. materials were collected via
filtration and oven dried to obtain samples (section 3.2.2) for solid assays to perform tull

material balances.

Temperature Probe In
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Temperature . B
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Heating

h Jacket

Granular bed Column

{Ore Slurry) el
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Parafiim
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Flask

Water Bath (500C)

Figure 17: Schematic drawing of equipment for granular bed leach
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Figure 18: Granular bed leaching of PGMs and BMs

53




Figure 19: Granular bed leaching of PGMs with eyanide in fume hood

3.2,7 Packed Bed Reactor Operating Procedure for Chemical Leaching

The conventivnal method of testing a heap leach process at bench seale is by using a packed
column (Figure 20). For this study a PVC pipe was placed in the glass columns used previously
for the granular bed experiments and supported upnight with newspaper packed on the sides
{(Figures 21 and 22). The cqupment was held in place using a metal [rame. Iy the case ol the

cvanide. the experiment was conducted in a fume hood.



3.2.7.1 Preparation of Sample

The method of creating a packed bed by coating the concentrate material as slurry onto a support
media results in significant loss of material (around 20 %). This is because in the process of
preparing the slurry. coating it on to the support media and packing it. some of it is left on the
difterent vessels used. To determine the exact amount of concentrate in the packed bed the
following procedure (Table 3) was tollowed to caretully account for the concentrate lost on route

to the packed bed:

Enough plastic tillers were placed at the bottom ot the column such that the bottom surtace

was completely covered.

e Granite pebbles were loaded until approximately 300ml volume short ot the top. and then
more plastic fillers were placed at the top. This is the amount of granite needed to coat the
slurry. The extra volume would be occupied by the slurry.

e A plastic tray was weighed.

e The contents of the column were released into a plastic bucket and the fillers removed.

e The granite was weighed in the pre-weighed plastic tray.

e A sample of concentrate material was weighed.

e Adry 500 mL glass beaker was weighed.

e Using the weighed sample and deionised water. slurry ot density representing solid to liquid
ratio 5:3 was made in the glass beaker and weighed.

e The granite in the tray was coated: using a long rod to mix and the tray was weighed. After

packing the column the empty tray would also be weighed

I
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Table 3: Masses weighed

Vessel Mass

Tray M,
Granite M-
Material M;
Dryv Beaker M,
Slurry M;
Empty Beaker M,
Empty Tray M,

Water used to make slurry Mg = M;s - M;

Liquid: Solid Ratio X = Mg
Ms

Actual mass of slurry coated onto media Mg = Ms — [(M7 - M) + (M, - My)]

Actual mass of concentrate in packed column = Mo — (My x X)

3.2.7.2 Packing of Column

¢ Two handfuls of plastic filler blocks were placed into column

e The column was then packed with the coated granite. slowly and caretully. using half a spade
at a time to ensure none of the coating was lost. The tray was not scraped: the remaining
slurry was weighed with the tray and accounted for in the above calculations.

e Another handful of filler blocks was placed on top of the packed bed

3.2.7.3 Start-up Procedure

o A collection vessel was filled with 1000 mL of the prepared teed solution and the exact
volume noted. The feed tubing was immersed such that the solution intake was near the
bottom of the container.

e The pump was switched on and was run at a rate of 1000 mL/24 hours (see section 5.2.7.6

for pump calibration procedure). Care was taken to ensure the solution was actually flowing
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from the reservoir through the tubing and pump in the feed shaft on the correct pump (this
was confirmed by the advancing meniscus through the clear tubing). The date and
approximate time when solution tlow into the column actually started was noted (about 20
minutes after switching on the pump) as the start-up point.

e Regular checks were made daily to ensure that solution was actually emerging at the bottom

of the column and being pumped from the holding and collection vessel.

3.2.7.4 Sampling Procedure

e Before sampling the level of effluent collected was noted and samples were collected in the
macarthy bottles for appropriate analysis. During the experiments pH was measured from

samples using a Hanna pH211 Microprocessor pH meter.

3.2.7.5 Recovery of Concentrate Material

On completion ot experiments the concentrate material was recovered as follows:

o Contents of the column were released into a 20 L bucket and any slurry that adhered to
surfaces was washed oft into the bucket with a small amount of water.

e Enough water was poured into the collection bucket for the fillers to tloat for collection. The
contents were mixed by gloved hand to bring up all the fillers and any slurry adhering to
them was washed oft into the bucket with a small amount of water.

e The slurry was washed oft the granite by placing it onto a 9 mm sieve and pouring water to
remove slurry into the 20 L bucket.

e Some filter paper was weighed and used to tilter contents of the bucket using a filter press.

e The filter cake was dried in an 80°C oven. weighed and sampled (see section 3.2.2) for PGM

and BM solid assays.

3.2.7.6 Pump Calibration Procedure

The pump was set to feed the columns at a rate of 1 I/day. This slow feed rate ensures that a

small quantity of feed solution is sent to the column to allow clear absorption to the coated
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granite. The teed rate 40 ml/hour translates to 3.5 ml of teed solution every 3> min. Using distilled

H-O to calibrate the pump: density of distilled H-O = 1g/ml therefore 1 ml of distilled H-O =1 ¢

of distilled H-O. Distilled H-O trom a small beaker was pumped into another small pre-weighed

beaker for 5 min and final mass is noted. Adjustments to pump speed were made until the final

reading is 3.5 ml of ditference between the empty beaker and the beaker filled after 5 min. Table

4 illustrates the calibration method with the readings tor the calibration of one of the pumps

used.

Table 4: Pump calibration calculations

Pump  Beaker Initial Beaker Final  Time Run Pump Speed Difference Volume
No. Weight (g) Weight (g) (mins) (rpm) In Weight (ml)
(2)

34.00 40.66 5 1.25 6.66 6.66
34.00 39.43 3 1.1 5.43 543
54.00 37.81 5 1.05 3.81 3.81
34.00 37.68 5 1.02 3.68 3.68
34.00 37.65 5 1.015 3.63 3.65
54.00 37.50 5 1.010 3.50 3.50
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Figure 20: Schematic diagram for chemical heap leach experiment




Figure 21: Cyanide heap leaching of PGMs in fume hood
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Figure 22: Organic acid heap leaching of BMs

3.2.8 Packed Bed Reactor Operating Procedure for Bioleach Process

The procedure lor this was exactly the same as the chemical heap leach procedure (see section

3.2.7 above) with a few notable additions:

o During the “Preparation of Sample” {see 3.2.7.1) and “Packing of Column™ (see 3.2.7.2) o

temperature probe was fastened into the packed hed when it was packed about two-thirds of
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the way. It was tilted so that the cable would run along the side ot the column and then it was

buried as the column was tully packed.

o The heating coil was switched on and the feed solution was allowed to tlow into the bed but
unlike the chemical heap leach it was not re-circulated but collected in a separate vessel from
the vessel from which it was pumped from. Sampling was done from the collection vessel
and the levels of solution in the feed and collection vessels were noted to account for

evaporation.

e  The mixed culture ot thermophiles in a broth was only inoculated into the column when the
bed temperature reached 65°C. Inoculation was done by removing the feed tube from the

teed holding vessel and placing it in the vessel holding the broth.

e From the samples taken pH was measured using a Metrohm 713 pH meter and Eh using

Crison redox meter.

A schematic diagram of the experimental set-up for the heap bioleach can be seen in Figure 23

while the actual equipment is pictured in Figure 24.
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Figure 23: Schematic drawing of bioleach process equipment




Figurc 24: Bioleaching of concentrate in packed columns

3.2.9 Batch Stirred Tank Reactor Operating Procedure

Figures 25 and 26 shows the general experimental set-up for the batch stired tank reactor

experiments and the procedure was identical to that which has been described in section 3.1.1.
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Figurce 25: BM batch stirred tank reactor leaching experiments

Figure 26: BM batch stivred tank reactor experiments at elevated temperatnres
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3.2.10 Analytical Methods

The amounts of metal extracted were determined by analysing all leach solution samples by
Atomic Absorption Spectrometry (AAS) and Inductively Coupled Plasma Spectrometry (ICPS)
at the University of Cape Town and solid assay of samples trom remaining solid residue was
conducted by Mintek. The PGM and BM solid assayvs were only conducted for a select few
experiments. mainly those that according to the amounts of metals in solution were judged as the

most successful.

Using this data the following calculations were made:

Amount of element leached (A ) was calculated by:
A=CV,

(= concentration of element in solution (mg/L or pg/L)

V= measured volume of solution in reactor/ettfluent collected (L)

Percentage leached (E;) was thus calculated:

A,
=100
YM X,

M->= mass ot ore concentrate used

(y=concentration of element in ore concentrate sample (% or ppm)

The data from the solid assays conducted by Mintek were reported as percentages (E;) and these

were used to calculate the amount of element left unleached (A-):
Agz E_; X IVI:
A mass balance over the system using IN-OUT = 0. was thus pertormed using:

Mj Cj,: Al + Ag
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McCartney bottles used to collect samples were rinsed in 10 % HCI solution to make