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ABSTRACT

The dissolution of platinum-group metals (PGMs) requires a high chloride ion

concentration in an acidic solution and a suitable oxidant. At Impala Platinum Refinery,

the concentrate is leached in a hydrochloric acid solution using chlorine gas as the

oxidant. The goal of this leaching step is a total dissolution of the PGMs and gold. The

silver precipitates as silver chloride. The efficiency of this stage is crucial for the

performance of the precious metals refinery.

The aim of this project is to investigate the factors that influence the efficiency of the

PGM leaching operation and to model for the results obtained. In order to investigate

and evaluate the total dissolution of the PGt;~; in HClICl2 leach system, it is necessary

to establish the effective conditions for the dissolution of chlorine gas in hydrochloric

acid solution. The results showed that the solubility of chlorine gas increases with an

increase in the acid concentration and chlorine gas concentration but decreases as the

temperature increases. The HCI solution is almost saturated with chlorine after about

50 minutes. The chlorine mass' msfer coefficient is dependent on the temperature, the

stirrer speed, the concentration of the HCI solution and that of the chlorine.

The dissolution rates of PGMs and gold were investigated in hydrochloric acid with

chlorine at ambient pressure under various conditions in a bench-scale stirred reactor.

The PGMs dissolution rates were found to depend on the temperature, the acid

concentration, the chlorine concentration, the initial particle size, agitation speed and

the pressure. The PGMs dissolution in the HCI solution without chlorine revealed the

presence of acid soluble PGMs which do not require chlorine or any oxidant to dissolve

them. The results for both the chlorine soluble and acid soluble PGMs dissolutions

were fitted into the shrinking particle kinetic model and the activation energies were

determined.

The activation energies of the chlorine soluble PGMs dissolution for the temperature
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range of 30°C to 80°C was found to be 42.36 klmol" for Pt, 40.19 klmol? for Pd, Rh

was 44.56 klmol", Ru was 46.62 kJmoll , Ir was 47.60 klmol' and Au was 40.44

kJmott• The reaction mechanisms were found to be generally chemical reaction control

in conditions of full suspension of the particles. The PGMs dissolution reactions had

an average of 0.77 order of dependence on the Hel concentration in the range 1.00 M

to 10.0 M and 0.65 order of dependence on the chlorine concentration. Passivation of

the PGMs by AgCl was also found to be evident.

The mineralogy and physical characteristics of the sample together with the reaction

mechanism, the surface area change during leaching and the 'primary factors that affect

the rate of reaction were considered in the development of the overall rate expression

for the PGMs dissolution. Based on the sample analysis, a shrinking-particle model

combined with the activation energy is used to show the dissolution behaviour of the

PGMs in a batch reactor that would be useful for the Precious Metals Refineries. A

computer program is developed to run the overall PGMs conversion model from the

energy balance and chlorine mass balance based on the Impala refinery reactor.
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CHAPTERl

1.0 INTRODUCTION

The platinum-group metals (PGMs) are finding increasing application in modern

technology. The PGMs are important for their special chemical properties as catalysts

and thus fill a special industrial need. The PGMs serve as electro catalysts in fuel cells

and batteries, as electrical conductors in the electronics industry and as catalysts in the

petroleum refining industry. Their use in the motor industry as catalysts to reduce

automotive exhaust emissions accounts for nearly 50 % of the platinum and palladium

consumption. The consumption of rhodium by the auto industry is 73% of production'",

The utilization of the precious metals is likely to increase the future demand for the

platinum-group metals. Therefore, the price of platinum-group metals will undoubtedly

continue to experience a high increase with the demand. The metal extraction industry

can take advantage of this opportunity by generating more efficient extraction schemes

for precious metal extraction from ores and concentrates, as well as horn scrap .d

waste materials. The scrap recovery is an essential economic activity, owing to the

rarity of the metals and their elevated prices. Because of their noble character, the

PGMs are not lost in most industrial uses and they can therefore be recycled by

secondary refining. Hoffmann'" and Vermaalc'' reported that the recycling and refining
of scrap PGM materials account for approximately one third of the annual PGM

production that enters the supply market, and cons uutes a significant source of the

PGM worldwide. With the escalating capital and running costs and decreasing ore

grades, improved efficiencies have become essential. These factors have contributed

to a new emphasis on the search for technological advances in the PGMs extraction

process. The Republic of South Africa and Russia accounts for about 95% of the

worlds platinum-group metals production'".

Althour h many techniques exist for the leaching of platinum-group metals with
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different lixiviants, the most successful method uses chlorine gas. This has been shown

by different investigators'' - 10). The leaching efficiencies that have been reported are

quite different and their dissolution rates have not been properly established. In

addition, there has been little systematic work to establish the dissolution mechanism.

For instance, the platinum-group metals' extraction from this concentrate is claimed to

be more than 98% in a test work conducted at the Impala Platinum refinery while in

some cases the reported recovery of PGMs is between 80 and 90%[11).Therefore this

research is intended to present an original contribution on the kinetics of the dissolution

of PGMs and gold from the concentrate materials by determining factors that affect

their leaching rates.

The PGM concentrate materials are normally leached in a hydrochloric acid solution

using chlorine gas as an oxidant. The rate of PGM dissolution in hydrochloric acid

solution with chlorine gas is greatly influenced by the temperature of the leaching

system, the concentration of the hydrochloric acid, the chlorine gas concentration and

the particle size. The agitation speed also has an effect on the reaction rate. This work

monitored these factors in both the chlorine dissolution in hydrochloric acid and the

concentrate leaching experiments to look at the way they affect the leaching efficiency

of platinum-group metals.

In the remaining section of this chapter, the literature on the leaching of platinum-group

metals and gold is reviewed and the aims and scope of this research are discussed.

1.1 Literature Survey

There is considerable interest in the oxidative leaching of platinum-group metals.

Research on the dissolution and recovery of platinum-group metals from both

concentrate materials obtained from mined platinum-group metals bearing copper-nickel

sulphide ores and from scrapped automotive catalysts and electronic scrap using an

acidic chloride medium with different oxidants has been reported [2, S - 10,20),
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1.1.1 Description of Processes for the Recovery of PGMs.

Several different processes for the recovery and refining of raw material source of

platinum group metals have been practiced industrially. The method chosen depends

on the physical form of the source, its precious metal content and the nature of the

other elements present.

Normally, the platinum-group metals in the spent catalysts and the electronic scraps are

brought into solution with aqua regia or hydrochloric acid solution with oxidizing

agents like NaOCI, HOCI, H202 or CIt gas. The respective metals are recoverc by

electrowinning or ion-exchange techniques.

The conventional methods used for the recovery of platinum-group metals from the ores

involves concentration, smelting and refining processing techniques. The ore is milled

and a gravity concentrate is extracted. The valuable sulphides are concentrated by

flotation. Verrnaak'f pointed out that this flotation concentrate has a PGM content of

100 to ~',O('gr', depending on the ori=nal nature and concentration of the copper-nickel

sulphide. with which the platinum-group metals are associated in the ore. The flotation

concentrate is smelted to produce a copper-nickel matte with an estimated PGMs

content of 30 % [3J. Other than concentrating the metal content, the are minerals also

loose their identity in the furnace at the smelting temperatures. Accordingly l the

thermodynamics and the mass transfer kinetics are the main parameters which control

the process. The PGMs are then recovered from the base metal matte by known

hydrometallurgical techniques+ 9, 14J.

The traditional hydrometallurgical process of leaching and relining of PGMs is the

treatment using aqua regia, followed by a series of precipitation and purification

processes. However, due to numerous problems associated with the aqua regia process,

considerable research and development effort has been directed towards the replacement

of this traditional process with the use of chlorine in hydrochloric acid solution
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followed by solvent extraction. Three commercial refineries, namely the INCO Acton

Refmery, the Matthey Rustenourg Refmery and the Lonrho Refmery, have incorporated

this technology into their operations, employing various newly developed solvent

extraction processes'".

These new processes use hydrochloric acid solution together with chlorine gas as the

oxidising agent to totally dissolve the POMs into solution. When this is achieved

different separation and refining processes are employed to produce the pure metals.

These processes are all based on the physico-chemical characteristics of the precious

metals solution chemistry, such as the nature of the complex-ionic species and their

redox potentials.

1.1.1.1 Leaching of PGM Concentrate using Aqua regia.

It is known that a mixture of hydrochloric acid (HCl) and nitric acid (HN03) which is

commonly called aqua regia is an effective leachant for platinum group metals. The

aqua regia is a mixture of concentrated hydrochloric and nitric acids in the proportion

([HCI] : [HN03]) of 3; 1.

The raw material is attacked with aqua regia to dissolve platinum, palladium and gold.

The secondary PGMs which are Rh, Ru, Ir and Os are left as an insoluble residue. The

aqua regia solution is treated with ferrous sulphate. Gold is precipitated and separated

for its recovery by reduction with oxalic acid and for further purification'".

A saturated ammonium chloride solution is added to the gold-free solution to precipitate

ammonium hexachloroplutinate. This precipitate is separated and calcined to form

platinum metal sponge of 98% purity. This sponge is further refined by repeated

dissolution and reprecipitation'",

The fi .rate from the ammonium hexachloroplatinate is treated with ammonium
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hydroxide solution and bydrochloric acid is then added. Diammine palladium dichloride
is precipitated, separated and calcined in a hydrogen atmosphere'", The crude palladium
metal obtained is further purified by repeated dissolution and precipitation.

The original insoluble residue from the aqua regia attack is fused with fluxes composed
of litharge, soda ash, borax and carbon. This is alloyed with lead, which collects all the
precious metals including the secondary platinum group metals. The lead alloy is
leached in hot nitric acid solution to dissolve silver and lead. The lead in the leach
liquor is precipitated as lead sulphate, and the silver as silver chloride. The nitric acid
insoluble residue is fused with sodium bisulphate at 500°C to form a water soluble
rhodium sulphate salt. This salt is treated with an ammonium nitrite solution which
precipitates ammonium rhodium nitrite, (NH4)3Rh(N~).,. The nitrite salt is later treated
with hydrochloric acid to form ammonium rhodium chloride, (NH4)3RhCI6'which is
further refmed by formic acid reduction, or precipitated repeatedly as the (NH4)3RhCI6
salt followed by a reduction with hydrogen gas at 1000°C to produce a pure rhodium
metal powder!".

The water-insoluble residue from the sodium bisulphate fusion is then fused with a
mixture of sodium hydroxide and potassium nitrate. Osmium and ruthenium form water
soluble potassium salts, potassium osmate and potassium ruthenate. Iridium forms an
oxide that is soluble in aqua regia solution. After the potassium salts of osmium and
ruthenium are dissolved in water, the solution is treated with hydrochloric acid and
chlorine gas. The volatile tetroxides of osmium (OS04) and ruthenium (RuOol) are
evolved and they are absorbed into a mixture of dilute hydrochloric acid and methanol.
When the hydrochloric acid/methanol solution is heated, only osmium tetroxide is
evolved. This is absorbed into a solution of sodium hydroxide and methanol, from

which ammonium osmium chloride is precipitated by the addition of ammonium
chloride. This chloride salt is then calcined in a hydrogen atmosphere to produce crude
osmium. This is further refined by repeated distillation and precipitation.

The ruthenium remains as ruthenium oxychloride in solution and is treated with
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ammonium chloride to precipitate an ammonium ruthenium chloride salt. This is
reduced by heating in a hydrogen atmosphere at lOOO°Cto obtain a crude ruthenium.
This is also further treated for purification to obtain pure ruthenium metal.

Raw Material

!
Dissolution with Aqua Regia

Insolubles (Rh, Ir, Ru, Os) .t .
Smelting with PbCt and C

!

Solubles (Au, Pt, Pd)
t

Precipitation with FeS04 --_
{-

Precipitation
with NH4Cl addition

t
Precipitation
with NH40H and Hel

Au

Pt

Lead Alloy

~
Pd

Dissolution
withHN03

~
---~- S .bles Pb.Ag

Leaching with H20

1
Fusion with NaOH and Na202

!
Leaching and Distillation

1
Absorption
(dil HCI/CH30H) Redistillation -)to Os

Ru

Dissolution with Aqua Regia _ Preclpltatlon with NH4~1 .,----~---joo lr

Fig. 1.1 Aqua regia leaching of PGM concentrate process flow.

The iridium oxide that is formed during the previous fusion treatment is dissolved in

aqua regia and precipitated with ammonium chloride solution as ammonium hexa-
chloroiridate. Crude iridium is obtained by calcining the ammonium iridium chloride
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componnd in a hydrogen atmosphere at lOOO°C. Further purification of the crude

iridium requires repeated dissolution and reprecipitation,

This process which is shown in Figure 1.1 is quite tedious, requiring a large number

of steps together with recycles in order to achieve the desired degree of purity and even

at a relatively low temperature of between 70°C and 90°C, leaching with aqua regia is

extremely difficult. This is due to the instability of the solution which is characterised

by a high partial pressure of gaseous hydrogen chloride (HC1(g))and substantial nitric

acid decomposition resulting in evolution of gaseous nitrogen oxides'!":

3HCl + HN03 .... NOCI + C12 + 2HzO 1.1

The side reactions for the above equation are:

1.2

NOCl .... NO(g) + Cl 1.3

The main problem of leaching with aqua regia is the loss of the volatile source of

chloride ions (HC1(g) which are essential for the formation of the soluble platinum

group metal complex ions in solution. This loss of chlorine ions is detrimental to the

leaching efficiency by reducing the leaching rate and the process requiring specialised

installation of equipment to absorb these toxic gases from the reagent decomposition.

As a result of these conditions, aqua regia leaching is an extremely expensive procedure

which does not readily result in an acceptably high recovery of PGMs.

1.1.1.2 Leaching of PGM Concentrate using Chlorine as oxidant.

The degree of recovery attained with the aqua regia method cannot be considered to be

efficient in terms of the yields, the complexity of the operation and the labour
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expended. Many precious metal refmeries have switched to the hydrochloric acid and

chlorine gas leaching of PGMs followed by solvent extraction process. This switch is

due to the fact that leaching with hydrochloric acid and chlorine gas effectively bring

all the PGMs into solution and reduces the processing time'",

In this process which is shown in Figure 1.2, the precious metal raw materials are

leached in hydrochloric acid solution with chlorine gas to dissolve all the PGMs. The

silver forms insoluble silver chloride which is separated and recovered.

The gold in the form of AuCI4-in solution is extracted by either the solvent extraction

with tributyl phosphate (TBP) or with methyl isobutyl ketone (MIBK), into the organic

phase. The extraction reaction may be described as[8]:

1.4

The other impurities like Fe and Te are also extracted, so that the organic phase is next

scrubbed with hydrochloric acid for impurity removal. The gold is reduced and

recovered from the organic phase with iron powder. Kahn and Morris[22]have shown

in laboratory experiments that the recovery of gold from PGM~containing solutions is

almost quantitative and that the gold metal produced is 99.99% pure.

Palladium can be extracted by beta-hydroxyoxime by the ligand exchange reaction:

Since the extraction rate (ie, the ligand exchange rate) is small, an organic amine

reagent is added to accelerate the extraction. After the organic phase has been scrubbed

with weak hydrochloric acid to remove base metal impurities, palladium is stripped

with aqueous ammonium hydroxide solution. The palladium is precipitated as

(NH4)2PdC16with hydrochloric acid'",



Solvent Extraction
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t
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~
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Osmium and ruthenium are then separated as their volatile tetroxides after the solution

has been neutralised with alkaline hydroxide. The tetroxides are absorbed into a dilute

Scrubbing Stripping -_ It

Fig. 1.2 Process flow for PGM concentrate leach with HCI/CI2 gas
followed by solvent extraction
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hydrochloric acid solution. This solution is redistilled for separation of osmium from

ruthenium,

After reducing the iridium (IV) to its (III) state, platinum is extracted by the tertiary

amine, tri-n-octyl amine into the organic phase as[9]:

1.6

The platinum is stripped from the organic phase with 10.00 M to 12.00 M hydrochloric

acid. The platinum is precipitated as (NH4)2PtC16 with ammonium chloride.

After oxidising iridium (III) back to its (Iv) state and adjusting the acid strength to

about 4 mole per litre, iridium is extracted into the organic phase of the tri-n-octyl

amine phase in the same way as the platinum. The organic phase is scrubbed with dilute

acid. The iridium is stripped into the aqueous phase after reducing it to its (III) valency

state and recovered.

Finally, rhodium is separated and recovered from the solution containing other element

impurities.

The commercial and industrial operation of solvent extraction processes are established

with respect to efficiency and the rate of stripping, the degradation and loss of

extractants, flexibility and versatility of the process. Depending on the differences in

the forms of the raw materials, the contents and grade of precious metals and the

pretreatment procedures, the respective commercial refineries have developed and

appiied different solvent extraction technologies and processes based on the influences

of the thermodynamic and kinetic behaviour. The major advantages of these solvent

extraction processes are the fact that the overall processing time is reduced, the

separation efficiency and the product purity is higher and yields are improvec'" 91.
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1.1.2 Chemistry of the Dissolution of PGM Concentrates

The platinum-group metals comprise of platinum (Pt), palladium (Pd), rhodium (Rh) ,

ruthenium (Ru), iridium (Ir) and osmium (Os). Platirr:" and palladium are the major

constituents and are referred to as the primary platinum group metals; rhodium,

ruthenium, iridium and osmium in smaller amounts, and are called the secondary

platinum group metals. Their nobility is shared to a large extent with gold and silver,

and are characterised by their reluctance to dissolve inmedia that will corrode any base

metall'".

Mishra[5] and Bautista et al[?] reviewed the available literature for the dissolution of

PGM from automobile catalytic converters by hydrometallurgical methods and reported

on the chemistry oi " assolution process. Platinum-group metals, in general, are

very resistant to acid dissolution and only a very strong hydrochloric acid solution is

able to slowly dissolve them under non-oxidizing conditions. Therefore, a high chloride

ion concentration in acidic medium strongly promotes the rate of PGMs dissolution'!",

Based on this fact, almost all process chemistry of PGMs involves the use of a chloride

and an oxidant. The most common oxidants are chlorine and aqua regia. Chlorine is

provided by sparging a solution of hydrochloric acid with chlorine gas, and aqua regia

is provided by the reaction of nitric acid and hydrochloric acid. The platinum-group

metals are solubilised as PtClt, PdClt, RhCI/, RuClt, IrCIt and AuClt in the

chloride solution'!".

Considerable attention has been focussed on the thermodynamic basis of the stability

domains of the platinum-group metals. In 1986, Osseo-Asare''" presented a number of

stability diagrams for process design and analysis to link a solid PGM material and the

product aqueous solutions to the overall chemical reactions which represents the

reaction path for the dissolution process of platinum-group metals and gold.
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In order to ascertain the feasibility of the PGM dissolution, each solid metal can be

compared with the stable chlorocomplex formed in the various solubility regions.

Osseo-Asare and LUO[18] prepared the Eh-pH diagrams for the systems Au-, Ag-, Pt-,

Pd-CI-H20 at a condition [M'] =10-6M, [Cl] = 1.00 M. In this systems which involve

a higher chlori to metal activity ratio show chlorocomplex solubility region for the

PGMs. This is presented in Figures 1.3 to 1.6. The relatively high solubility of Pd

compared with Pt is indicated by the larger Pd chlorocomplex stability domain and the

stability field of the neutral hydrocomplex, Pd(OH)2 (aq): The relative positions of the

metal chlorocomplex stability boundaries show that a solution containing chlorides of

Au (III) , Pt(IV), and Pd(IV) can be treated with a reductant to selectively precipitate

metallic gold and platinum will remain unchanged in solution as PtClt, whereas

palladium will undergo reduction from PdCl{ to PdCl/".

2.0

1.5

1.0

,....._ 0.5
::>
'-'

~
0.0

.(l.5

-1.0

-1.5

-2.0
0

Fig. 1.3 Eh - pH diagram for Pt-Cl-HP system. [Pt]:= 10.6 M, [Cn = 1.00 M.

Figures 1.5 and 1.6 show Eh-pH diagrams for the Au-CI-H20 and Ag-CI-H20 systems

for [Au] = [Ag] = 10.6 M and [Cn = 1.00 M. The gold system shows a small AuCl4'
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Fig. 1.6 E, - pH diagram for Ag-Cl-H20 system at [Ag]= 10-6M, [Cn = 1.00 M.

stability field under highly oxidizing and acidic conditions. In contrast, there is a wider
stability field for AgCI(s)' This difference in Au and Ag behaviour is exploited when
high gold alloys « 8% Ag) are refined by treatment with aqua regia'"'.

Basically, the chemical leaching of platinum group metals like any other metal depends
on the thermodynamics of the dissolution and the kinetics of the leaching. The
thermodynamic information are used to predict the general conditions that enhance the
dissolution of the metals. This shows the tendency of the reaction to occur in a
particular direction but provides no information on the rate of the reaction nor the

mechanism that governs it. From the Eh-pH diagrams, the presence of chlorine creates
a stability region for the chlorocomplexes of platinum-group elements which are formed

at lower pHs and higher oxidation potentials above 740 mV as illustrated clearly in the

Figure 1.3.
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In 1989, Mishra'" reported that, for a mixture of platinum-group elements, the standard

potential for the formation of the chlorocomplexes requires an oxidizing agent with a

reduction potential of greater than 0.74V which agrees with the PGMs phase diagrams

given above. The standard reduction potential of commonly used oxidants are'":

EO = +1.45V 1.7

EO = +1.49V 1.8

,.,. 2et EO = +1.35V 1.9

EO = +1.77V 1.10

EO = +1.44V 1.11

EO = +0.96V 1.12

Examination of the above reduction potentials indicate that any of the above oxidants

are thermodynamically capable of oxidizing platinum-group metals provided the

kinetics of dissolution is favourable. The choice of a lixiviant and an oxidant must be

determined by balancing increases in the reaction speed or the efficiency of metal

extraction with the additional costs and downstream processing difficulties incurred by

[heir use.

The dissolution of PGMs by aqua regia in reality is not as simple as presented by the

N03- reduction potential since the HNQ decomposes to release NO gas therefore

bringing the potential down. The HCl gas produced as a result of the aqua regia

reaction which is the source of chloride ions also escape during the leaching'",

Bradford'!" studied various oxidants for the leaching of PGMs and found chlorine gas

to be the most effective oxidant which is more capable to totally dissolve and bring all

the PGMs into solution.
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The dissolution of metallic platinum-group metals in hydrochloric acid solution and
chlorine gas system is generally straight-forward. The chlorine gas is used solely as an
oxidizing agent which dissolves into solution to oxidise and convert the PGMs to their
chlorocomplexes. There is no intermediary side reaction for the chlorine and the
hydrochloric acid solution.

The reaction can be generally presented as:

+ 4HCI "'" M'el/" + 4H+ + 2e- 1.13

1.14

(where M* can be Pt, Pd, Rh, Ru, lr or Au.)

+ 2e- "'" 2Cl" 1.15

The oxidizing agent is not only important for dissolving the PGEs but to convert and
maintain any PGE ions from the +2 to the +4 oxidation state which is the requirement
for the next processing step.

For solubilization of the platinum-group metals, the standard potentials in aqueous
chloride media are shown for some of the PGMs as[16):

Pt + 4Cl" "'" PtCI/" + 2e- EO = - O.73V 1.16

EO:: - O.74V 1.17

EO = - O.62V 1.18

EO:::: - 1.29V 1.19

PtCI/" + 2Cl" "" PtCIl" + 2e-

Pd + 4Cl" "" PdClt + 2e-

PdCI/" -I- 2Cr .... PdCI/" + 2e-
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Rh + 6Cl" "'" RhCIl + 2e- EO = - 0.44V 1.20

The first reaction is the dissolution reaction whereas the second is the oxidation reaction

which occurs in solution. The oxidation reactions are able to take place because of the

high enough potentials of these reduction reactions. D'Aniello'''" postulated that a high

chloride concentration and a value of the pH less than one must be maintained in the

leach solution in order to prevent the monochlorocomplexes of PGMs (PtCl, PdCl,

RhCl, RuCl and IrCl) from forming which sometimes hydrolyse to create hydroxo

complexes.

The dissolution of platinum-group metals can also be considered to occur through an

electrochemical mechanism in which the anodic oxidation of the PGE is coupled to

cathodic reaction of the chlorine on the surface. In 1952, Llopis and Tordesillas'P'

studied extensively on the anodic dissolution of platinum in hydrochloric acid and

expressed the corrosion product as PtClt. Hawkins and Nicol[13]in 1976 investigated

the electrochemical dissolution and passivation of platinum in acid solutions. These

researchers found out that a high overpotential is required to accomplish the anodic

corrosion of platinum. The attack on platinum by direct current is enhanced by

increasing temperature, high chloride concentration and high acidity.

Palladium dissolves relatively easily as an anode in acidic solutions unless the electrode

potential is sufficiently positive that palladium is passivated by an oxide layer.

Corrosion is practically zero under passivation conditions. In chloride solutions,

palladium dissolves at low anodic potentials or by passing chlorine gas through the

solution.

The anodic dissolution of rhodium occurs at very high overpotentials even in

concentrated HCI solutions; therefore a very low current density is required to avoid

passivation. Under these conditions, anodic corrosion leads to the formation of Rh (III)

complexes and is enhanced by increasing the HCI concentration at .gher

temperatures. [21)
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1.1.3 DissolutionReactions.

Most of the mineral acids do not readily attack platinum-group metals. The resistance
of PGMs to acid dissolution is due to the thermodynamic stability of their crystal lattice
which is of low concentration of free electronsl'". Another possibility is the effect of
protective mono-atomic oxide films which further passivate the surface of the metal
during dissolution(21]. The part played by oxygen in the reaction of the platinum-group

metals with hydrochloric acid solution without an oxidant could be attributed to the fact
that it oxidises the acid and liberates chlorinef". This free chlorine then oxidises the
PGMs into solution. This possibly explains why some PGMs partially dissolves in
hydrochloric acid solution without chlorine oxidant. The hydrated oxides of the PGMs
readily dissolve in hydrochloric acid solution to form their stable chlorocomplexes.

The dominant mechanism of dissolution of platinum-group metals depends on the
relative concentrations of oxidant and the acid. The reactivity of the PGMs in acidic
medium is largely determined by the degree of their dispersity and the formation of
intermctallic compounds with other elements that are pr esent in the concentrate or the
metal as alloy(21).This depends most of the time on the presence of foreign impurities,
normally base metals whicb probably have a catalytic effect on the dissolution process.
For instance, when the PGMs are alloyed with zinc or tin, they can then be dissolved
in acids in which they are insoluble under ordinary condltions'i". This may be due to
galvanic interactions where the PGMs and zinc or tin placed in the acid facilitates
charge transfer which results in the rate of PGMs dissolution being enhanced and that

of zinc or tin being retarded''" . This may be one of the most important electrochemical
factors which governs the dissolution rate of platinum- group metals and some minerals

in hydrometallurgical systems.

Platinum:

Most acids do not attack platinum. Chlorine generated by aqua regia or from gaseous
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chlorine reacts with platinum as[81:

1.21

Platinum is usually soluble in aqua regia which combines the oxidising action of HN03
with the complexing ability of HCI to form platinum hexachloride salt (161.

3Pt + 18HCl + 4HN03 .... 3H2PtC16 + 4NO + 8H20 1.22

Palladium:

Palladium is readily soluble in aqua regia and partially soluble in hydrochloric acid

containing no oxidizing agents. It is soluble in chlorine and is also the only PGM that
is readily soluble in nitric acid. The reactions are(81:

1.23

1.24

1.25

It is apparent from the above reactions that the stable state for platinum is tetravalent
while that of palladium is divalent'i", Palladium metal is slightly attacked in HCl
.olution in the presence of oxygen and the attack is enhanced by increasing the
hydrochloric acid concentration and temperature. In contrast, palladium is not acted

upon by alkaline solutions even in the presence of an oxidizing agents.

Rhodium:

The dissolution of rhodium is an extremely difficult task since it is a very noble metal.
The general rhodium dissolution methods are as follows(81:
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(i) Rhodium is first fused with potassium bisulphate to produce water soluble
rhodium sulphate.

(ii) After alloying this sulphate salt with a ten-fold excess of zinc or lead, this alloy
is treated with hydrochloric or nitric acid. After removing the solution, the
residue is dissolved easily in aqua regia to yield rhodium chloride.

1.27

Rhodium is insoluble in nitric acid but when alloyed with zinc dissolves in a mixture
of boiling hydrochloric and nitric acids[211.Rhodium partially dissolves in HCI solution
bubbled with au' at high pressure at ambient temperature. It also dissolves in Hei with
HP2 present as oxidantl'", The presence of dissolved palladium in HCl solution under
a strong oxidizing conditions has been shown to enhance rhodium dissolution at
temperatures around 60°C[211.Rhodium sponge has the tendency of forming an oxide

layer at the metal surface (probably RhPJ) when heated at lOO°C.This oxide is highly
insoluble and renders rhodium insoluble for all practical purposes'"',

Other Platinum-group Metals;.

Ruthenium and iridium are partially soluble in HCl in the presence of atmospheric
oxygen. Ruthenium and iridium are hardly attacked by aqua regia even when they are
finely divided. Alloys of iridium with platinum and palladium are soluble in aqua regia.
The dissolution of the alloy decreases remarkably when it contains over 10% of
iridium[211.The iridium, ruthenium and osmium cannot be directly dissolved in acids

so alkaline peroxide fusion with NaOH, KN03 or KCl; or chlorination in the presence
of chlorine gas and NaC! is used[2il. The oxidative roasting of osmium to produce its

vapour which is absorbed into hydrochloric acid is used[2l).Ruthenium and Osmium are
dissolved readily by alkaline hypochlorite solution which is not effective towards the
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other PGMs as they form protective layers at high potentials and pH.

Osmium reacts more rapidly with chlorine than any other platinum-group metal even

at a lower temperature. The most aggressive reagent for the PGMs are fluorine and

chlorine at elevated temperature.

The dissolution reactions for the other platinum group metals and some base metals

with hydrochloric acid and chlorine gas that occur in the leaching vessel are the

following:

1.28

Ru + 2Cl2 + 2HCl ..... 2H+ + RuClt 1.29

It + 2Cl2 + 2HCl ..... 2H+ + IrClt 1.30

Ag + 1/2Cl2 ..... AgCl 1.31

N· + Cl '"' Nl'2+ + 2CI-1 J 2 1.32

1.33

Fe -I- 3/2Cl2 ..... Fe3+ + 3CI- 1.34

The silver and the base metals also consume some of the dissolved chlorine in the

reactor so the concentration of chlorine must be in excess to account for this.
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1.2 Aims and Scope of this Research Work.

The main aim of this research goes beyond the academic level into the industrial

operations to achieve the goals set for it. While the industrial processes intermingle

with the academic works, more research is needed to come out with an improved

processing operations for the metal refineries. This will make the total recovery of

metals from ores a reality in our days.

1.2.1 ResearchObjective.

The present research work was undertaken with a view to systematically investigate and

evaluate the dissolution efficiencies of the PGMs and gold from the concentrate material

to uncover new knowledge so as to provide a better understanding of the mechanisms

and kinetics of reaction involved in the PGM dissolution in hydrochloric acid and

chlorine gas. It was also structured to investigate the applicability of the shrinking

particle model to the leaching kinetics of PGM concentrate and to model the kinetics

of PGMs dissolution in HClIC12 leach system to fit the experimental data obtained. A

general model to scale up the plant results to industrial scale is also established.

Bearing in mind the importance attached to the improvement of the leaching process,

imperative for the economical recovery of PGM from the concentrate, it is natural that

a greater amount of theoretical and practical study be carried out in this field. The

contribution of this research to improve the platinum-group metals extraction process

is to provide detailed information on the leaching behaviour of the platinum-group

metals in hydrochloric acid solution with chlorine. The results of this studies serve as

a building block which can be used to obtain improved understanding of the more

complex natural systems at the PGM refineries.

The project was split into two separate phases. The first phase consisted of a very

thorough study of chlorine gas solubility in hydrochloric acid solution under different
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conditions to establish an effective concentration of chlorine gas for a total dissolution

of the platinum-group metals and gold with the intention of bringing an understanding

to the medium for the dissolution processes. The second phase of the work concentrated

on the practical Ieachin ; test of the PGMs with the view to substantiate and further

develop the existing knowledge.

1.2.2 Motivation and Scope of the Study.

With the Impala Precious Metal Refinery in mind, the present study is designed to

investigate and ascertain the dissolution efficiencies of platinum, palladium and gold

which have been shown by researchers= 6. 10] to be good whereas those of rhodium,

ruthenium and iridium were lower. The dissolution process at most precious metal

refineries are empirical process which is based on experience.

The leaching efficiencies of these platinum-group metals are crucial to the operating

performance of the Precious Metal Refmeries since poor leaching efficiencies result in

increased recycle loads and increase lock-up of PGMs within the refineries. Thus

leaching problems bring about high operational costs to the production of the PGMs and

gold and therefore bringing down the profits of these companies.

In view of this, the economic situation in the precious metal industry has called for

more research into these areas to improve the dissolution of PGMs and gold since their

leaching operations have been in use for many years but the kinetics and mechanisms

involved in this process are not fully understood. A good understanding of the kinetics

and mechanisms of the dissolution of PGMs would aid in the choice of flowsheet for

the precious metal plants and in the design and the operation of the plants. When a

better leaching conditions are uncovered, the new knowledge of the leaching

efficiencies together with the kinetics of reaction for the leaching of the PGMs will

enable Plant Operators to optimize the dissolution operation.
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CHAPTER 2

2.0 THEORETICAL ANALYSIS ANDMODELLING

The leaching of the platinum-group metal concentrate in hydrochloric acid solution with

dissolved chlorine is a three-phase system. It consists of solid PGMs, hydrochloric acid

solution and chlorine in gaseous and dissolved forms in the stirred reactor as shown for

platinum by the leaching equation

Pt (s) + 2HCl (1) + 2C12 (g) """ H2PtC16 (aq) 2.1

The PGM leach reaction complexes with chloride ions to produce chloro-complexes of

the PGEs in solution. The dissolved chlorine oxidises the PGMs.

Levenspiel'P' stated that the factors controlling the rate of solid-fluid reactions can be

broadly classified into three groups:

1. The mass transport between the bulk of the solution and the solid surface.

This involves the rate of supply of the chlorine to the solid PGE surface and the

reverse process where the dissolved solids are transported into the bulk solution.

This is a diffusion (mass transfer) process which is determined by:

- Surface area of the solid particle,

- Hydrodynamics (rate of mixing of the solid and liquid),

- Diffusion through the boundary layer, governed by the Pick's law.

- Pressure which contributes to the dissolution of chlorine gas in the

hydrochloric acid solution.

There is no product layer in this particular case to offer any resistance to the

transport of reactants to and products from the surface.

2. The formation of coatings of insoluble products like silver chloride on the

surface of the platinum-group elements.

3. The control by the rate of chemical reaction at the mineral surface or in the
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solution. This is a chemical process and is affected by:

- Surface area of the solid particle,

- Temperature from which the activation energy can be determined,

- Concentration of the reagents and the stoichiometry of the reaction.

Anyone of these factors may be the rate-determining step.

If a suitable mathematical model of a leaching process is to be a useful tool for a full-

scale process design, it must account for a mineralogical and physical characteristics

of the feed. Therefore the minerals present in the sample material must be known. The

mineralogy and physical characteristics c; the concentrate sample were considered. The

sample particle size distribution must also be known along with the distribution of the

various minerals and the alloy phases between the particle sizes.

2.1 Modelling of the Leaching Kinetics of the PG:MS

The kinetic model considered must be able to describe the simultaneous leaching of

different minerals. The leaching model must be based on. the correct fundamental

reaction mechanism which must describe the effect of changes in the leaching solution

on the leaching rate. The appropriate rate-controlling step should be used. These basic

factors were greatly considered as the background for the kinetic m.odelling of the

leaching rate of PGMs in this work.

The changing effect of the size of the PGE particle during dissolution is described by

the shrinking-particle model. This kinetic model can be used to describe the leaching

bel.sviour of PGMs dissolution in the hydrochloric acid solution with chlorine and ..0

determine which parameter affects the dissolution rate. This mathe .•ratical model

assumes that the reaction rate is proportional to the mineral surface area. It also

accounts for the change in the metal surface area as the reaction proceeds. The rate

controlling step may be either chemicst (surface) reaction or film diffusion.
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2.1.1 Shrinking-Particle Model

When the reaction product does not form a layer around the unreacted solids but instead
flakes off or forms a fluid product which becomes part of the bulk solution, the process
is expressed as shrinking particle model. If the effect of temperature on the leaching
rate is high, then the leaching rate is controlled by chemical reaction at the interface.
If, on the other hand, the effect of temperature is low, then the leaching rate is
controlled by film transport of fluid reactants or product to Of from the reacting
interface which is referred to as diffusion control of the shrinking particle model.

The leaching of a PGE particle n the sample occurs at the particle surface. The
reaction zone moves towards the centre of the particle, leaving behind reaction products
and inert materials such as Agel. The reacting particle shrinks in size as the reaction

proceeds and finally disappears.

2.1.1.1 Chemical Reaction Control

In the case of chemical reaction control, the rate determining (limiting) step is the
reaction at the interface. The dissolution rate expression for this is[2)J:

2.2

where,
k, = overall reaction rate constant for the surface controlled reaction, and

is dependent on the temperarire, concentrations of HCl and Cl, and the

particle size.
t = time of dissolution,

X = (rn, - m)/mo, the degree of dissolution,

and
m = undissolved mass of the metal in the solid phase,
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m, == initial mass of metal in solid pl.ase

If a plot of [1 - (1 - X)'h] against t gives a straight line then the chemical or surface

reaction is the rate determining step and the reaction is thus chemically or surface

reaction controlled. Therefore, the products of the reaction do not inhibit the reaction.

2.1.1.2 Solution Film Diffusion Control

In the case of the film diffusion control, the rate may be controlled either by diffusion

of reactants to or reaction products from the surface of the solid through the film into

the bulk fluid. There is no product layer here to contribute any resistance. The film

diffusion controlled reaction is expressed as[231:

2.2

for small particles in the Stokes regime, and

2.3

for large particles

where,
kd = overall reaction rate constant for the film diffusion controlled reaction,

t = time of dissolution,

X = (m, - m)/mo. the fraction of the PGE extracted from the sample.

If a plot of [1 ~(1 - X)'1 or [1 - (1 .. X)1/2] against t gives a straight line then the film

diffusion reaction is the rate determining step. The reactant then has to pass through a

film into the metal surface for the dissolution to occur.
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2.2 Proposed Kinetic Model describing the PGM dissolution

2.4

The PGMs dissolution process involves a reacting chloride solution which penetrates

through the silica matrix of the concentrate sample to the spherical particle of the

reacting platinum-group metal surface for a chemical reaction to take place. Since the

PGMs dissolution reaction leaves no solid product on the surface of the attacked metals,

the leaching process is entirely chemical or surface reaction control. Therefore, the

leaching rate should be linear in a well agitated system.

If the leaching rate from the experiment is established to be temperature dependant,

then the reaction would be confirmed to be chemically controlled as opposed to

diffusion control. In view of this, the rate equation of the shrinking-particle model

which would be used to describe the PGMs dissolution is:

The whole process is regulated by an overall reaction rate coefficient k, which is a

function of temperature, particle size and the concentrations of the HCI and Chlorine.

Therefore,

2.5

where,

= the overall constant determined from the product of the constants

of initial particle size, [HCI], [CI:J and temperature relationships;

the reciprocal relationship between the initial particle size and the

reaction rate constant, ie, the larger the surface area per unit

volume of solids (small particle size) the larger the rate of reaction;

the relationship between the temperature and the reaction rate

constant which is determined from an Arrhenius plot, and

=

exp{-Ea/RT} ==
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a, b. = the reaction orders with respect to [HCI] and [Clz] respectively.

When a chemical reaction at the mineral surface is the rate determining factor, the

dissolution rate then depends on the temperature of the reaction. The dissolution values

obtained for different leaching temperatures are used to calculate the activation energy,

E, of the reaction from an Arrhenius plot.

It is also known that the smaller the particle size, dQ'the higher the rate of dissolution.

Therefore, particle size h?'l an important role in the modelling of the rate of dissolution

of the platinum-group metals.
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CHAPTER 3

3.0 EXPERIMENTAL APPARATUS AND PROCEDURE

Elements % Elements %

Pt 24.60 Fe 2.60

Pd 13.30 Pb 1.90

Au 1.12 Si02 12.90

Rh 4.12 As 0.43

Ru 5.03 Se 1.20

Ir 1.49 Te 2.40

Ag 2.20 Ba <200QmJ_m

Ni 1.20 Na 1.70

eu 3.00

3.1 Concentrate Sample Preparation

A single sample of platinum-group metal concentrate, dried and blended was obtained
from Impala Platinum Refinery (Springs) for the test work. This sample was thoroughly
characterized, using chemical and mineralogical analyses. Particle size analysis was
also performed on the sample and each of the size fractions were chemically analysed.

3.1.1 Chemical Analysis cf the Bulk concentrate Sample

The concentrate sample was analysed chemically and the results are given below.

Table 3.1 : Chemical analysis of the bulk concentrate sample.

This analysis indicates that Pt and Pd are the major platinum-group metals in the
concentrate sample. There is a significant component of silica in this sample.
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3.1.2 Mineralogical Analysis of the Concentrate Sample

A number of polished sections of the concentrate sample were prepared and

mineralogical analyses were investigated using the scanning electron microscope (SEM)

utilising back-scattering electron microscopy and energy dispersive analysis (EDS). The

mineralogy of the crystalline phases was determined by X-ray diffraction (XRD)

analysis.

In the identification of the various phases by the EDS, the electron beam not only

excites the atoms of the elements of the target grain but also the surrounding minerals.

The XRD, EDS and the relative brightness of the back-scattering image were used to

differentiate between the phases.

The sample consisted mainly of a porous silicate matrix in which the platinum-group

elements (PGE) and other minerals were embedded. These silicate particles have a size

range up to about 0.5 mm. A number of particles of Rh and Ru sulphide were detected

in the silicate matrix and some of the Si present is alloyed to Pt and Ru, Alloys of PGE

are disseminated in the silicate matrix. Pt is generally alloyed in varying proportions

with other PGE and Se (also with Te to a limited extent). The predominant alloy is an

alloy of Pt and Pd with some Rh and Ru. This phase typically occurs as particles less

than 5 microns in size.

Within the matrix are large (up to 70 J,im) particles of Pt-Cu, Pd-Rh-Ru and Ru-Si-Pt

phases. There are round inclusions of Pd-Sb, Rh-Pd-Sb, and Rh-Pt-Fe found in the

matrix together with Ru-Ir and Pt-Ru-Te alloys. Pd-Te and Os metals were also

present. Minor quantities of oxides of the PGMs were identified. The PdO which was

found seems to form the matrix in which the PGMs occur as very small particles. The

concentration of PdO varies from particle to particle. The oxides (excluding Si02)

observed in minor quantities are Pe-Ni oxides with varying proportions of Fe and Ni

("ferrites"), Cr-Fe oxides (Cr spinel) and Fe-Al-Si oxides (rare phase).
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3.1.3 Particle Size Analysis of the Concentrate Sample

The concentrate sample was sized into fractions using the Malvern ;~JasterSizer) and
the results are presented below.

Table 3.2 : Particle size analysis of the sample by the Malvern.

Upper Lower % %
size Size In Under

600 492 26.3 73.7
492 404 22.5 51.2
404 332 17.9 33.3
332 ~?'72 9.0 ?A 3
272 224 5.0 j

224 183 1.9 4
183 151. 1.0 .J.4
151 124 os 15.9
124 101 0.3 15.6
101 83.3 0.2 15.4
83.3 68.3 0.2 15.2
68.3 56.1 0.2 15.0
56.1 46.0 0.2 14.8
46.0 37.8 0.2 14.6
37.8 31.0 0.3 14.3
31.0 25.5 0.3 14.0
255 20.9 0.4 13.5
20.9 17.1 0.5 13.0
~~1 14.1 0.7 12.3
14.1 11.6 0.8 11.6
11.6 9048 0.9 10.6
9.48 7.78 1.0 9.6
7.78 6.39 1.1 8.5
6.39 5.24 1.2 7.3
5.24 4.30 1.1 6.2
4.30 3.53 1.1 5.1
3.53 2.90 1.0 4.1
2.90 2.38 0.9 3.2
2.38 1.95 0.8 2.3
1.95 1.60 0.7 1.6
1.60 1.32 0.7 0.9

The results indicated that 90% of the concentrate sample is below 556.75 microns, 50%

is below 396.62 microns and 10% is below the size of 8.41 microns.
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The particle size distribution for the Malvern analysis is shown in Figures 3.1 and 3.2.

The bulk concentrate sample was also split into thirteen fractions by dry screening using

ASTM standard sieves and a selected size fractions were leached separately, The

relative amount of each fraction size is presented in Table 3.3 and the distribution is

shown in Figures 3.1 and 3.3.

Table 3.3: Particle size distribution of the PGM sample (Dry screening)

Fractions Size % Mass CummuL%

(Mm) retained retained

0 850 - -
1 710 3.17 100.00

2 600 4.27 96.85

3 500 8.08 92.58

4 425 5.06 84.50

5 300 12.88 79.44

6 250 5.09 66.56

7 212 6.44 61.47

8 150 8.09 55.03

9 125 7.24 46.94

10 90 6.90 39.70

11 53 11.03 32.80

12 38 5.92 21.77

13 -38 15.85 15.85

Total 100

From the dry screening, the results indicate that 90% of the sample is below 500

microns, 50% is below 150 microns and 10% of the sample is below the size of -38

microns.
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The particle size distribution from the dry screening results as shown in Figure 3.3

differs from that obtained from the Malvern. The Malvern measures individual particle

sizes optically (ie, a laser beam), while the screens separates particles of differing sizes

or density by means of shaking them. Since there is a possibility of a particle missing

a hole on the screen, these results show that the screening was satisfactorily done

because the results are quite close as shown in Tables 3.2 and 3.3. The difference in

particle size measurements for 90% of the concentrate sample by Malvern and dry

screen analysis is 56.75 microns.

15
Particle size distribution

(Dry screen analysis)

O~~~_'--~~-L~~~~~~~~~~~~~
o ~ m D ~ D ~ ~ G ~

Partide sUe (f.lm)

5

Fig. 3.3 Percentage Particle-size distribution for the Dry screen analysis.

3.1.4 Chemical Composition of the Concentrate Sample

The chemical composition of each size fraction was analysed by Inductively Coupled

Plasma-Atomic Emission Spectrometry (ICP) and are presented in Table 3.4 below.
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Table 3.4: PGM Sample - Chemical composition of the size fractions.

Size Composition: Mass %
Fractions

Pt Pd Rh Ru Ir Au Ag Ni Cu Fe Pb
(gIll)

710 24.1 13.0 3.9 4.8 1.4 1.1 3.3 0.94 1.9 2.0 1.7

600 23.9 12.9 3.8 4.7 1.4 1.1 3.3 0.92 1.9 1.9 1.7

500 24.4 13.2 4.0 4.8 1.4 1.1 3.4 0.93 1.9 1.9 1.7

425 24.3 13.2 3.9 4.8 1.4 1.1 3.4 0.91 1.9 1.9 1.7

300 23.3 12.6 38 4.6 1.4 1.1 3.1 0.88 1.9 1.9 1.7

250 24.0 13.0 4.0 5.0 1.4 1,) 3.3 1.00 1.9 2.3 1.7

212 23.9 12.9 4.0 5.1 1.5 1.1 3.3 1.00 1.9 2.4 1.7

150 23.3 12.6 4.0 5.0 1.5 1.1 3.0 1.00 2.0 2.4 1.6

125 23.5 12.6 4.0 5.1 1.5 1.1 3.2 1.00 1.9 2.6 1.7

90 22.8 12.2 4.3 5.6 1.8 1.1 3.0 1.30 1.9 3.9 1.6

53 23.3 12.4 4.4 5.6 1.8 1.1 3.1 1.30 1.9 3.7 1.7

38 23.2 12.4 4.4 5.7 1.8 1.1 3.1 1.30 1.9 3.8 1.7

-38 20.1 11.2 4.2 5.3 1.6 1.03 2.6 1.80 1.7 3.8 1.5

Bulk 23.0 12.5 4.1 5.1 1.5 1.1 3.1 1.20 1.5 2.7 1.6

Table 3.4 indicates that the mineral proportions in the bulk sample is almost the same

as each size fractions with an average deviation of ±O. 75% from the bulk sample .

.Among the size fractions, the percentage mass of Rh, Ru and Ir increases as the particle

size decreases, whereas the trend reverses for Pt and Pd. The percentage mass of Au

remained the same for all the size fractions. The limits of measurement is ±0.01 % for

all the elements.

Therefore, it is concluded that the chemical composition of the size fractions is about

the same for all the PGMs in the concentrate sample.
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3.2 Apparatus:

The leaching experiments were conducted in a 2-litre glass 'Vessel equipped with an

overhead stirrer (Heidolph RZR 50) in a thermostaticallv controlled water bath with a

constant temperature circulator. Figures 3.4 and 3.5 are the diagrams of the reaction

vessel and its internals.

Stirrer motor o

Polyethylene tubing

/

I4>=7.0mm
1$ =10.0mm

N2 gas sparge

Thermometer

Slurry level

Constant temperature
water bath

1.0cm
1~13.0cm~1

It!>
Fig. 3.4 Schematic diagram of the Leach Reactor. J
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Fig. 3.5 Schematic diagram of the Constant-temperature

batch Leach equipment.
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Two glass baffles were attached to the inside of the leaching vessel. The lid of the

vessel has 5 ports. The central port is for the stirrer and one port for a thermometer and
also for withdrawing samples. The other ports are for nitrogen gas sparge and the redox

electrode together in one port, chlorine gas sparge and the reference electrode in one

and the last port for the gas exhaust. The gas exhaust passes through a series of vessels
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comaining NaOH solution in which the excess chlorine gas is absorbed.

The agitation was supplied by a flat two-bladed stirrer of teflon coated stainless steel

(6.20 em blade length). The stirrer was driven by a "Variablespeed motor, and the speed

was set by a tachometer.

An Orion platinum combination redox electrode (AT! type) of AgiAgCl (3 M KCl) was

used to measure the corrosion potential of the leaching solution, which was read on an

Orion 420 pHlm V meter. The pH of the leaching solution was measured by an Orion

pH triode. For the tests during which redox potential measurements were taken, a

glassy carbon electrode and a double junction AgIAgCI reference electrode were

immersed to a sufficient depth in the leaching solution. The redox potentials were

measured on a Copenhengen Radiometer PHM84 pHlmV meter. All the experimental

tests were conducted at ambient pressure and a constant chlorine flowrate of

825cm3min-1 except when chlorine concentration and pressure effects were being

monitored.

3.3 ChemicalReagents

For each group of the leaching experiments, analytical grade of hydrochloric acid of

32.0 % purity were used. Deionised water was used to prepare all the HCI solutic

and reagents to their desired concentrations.

3.4 ExperimentalProcedure

The experimental work can be divided into two parts, namely, the chlorine solubility

tests and the PGMs leaching experiments. The chlorine solubility investigation was

planned specifically to establish the effective conditions for the application of the

leaching solution. The batch leaching tests were also designed to investigate the factors

that affect the dissolution of PGMs and also to test the applicability of some
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mathematical models. The redox potentials were also measured together with the

leaching.

3.4.1 Procedure for the Chlorine Dissolution in HCI solution

The dissolution of C12 gas in hydrochloric acid solution was de .ermined by bubbling

chlorine gas through the hydrochloric acid solution under different temperatures,

hydrochloric acid concentrations, chlorine fiowrates and agitation speeds. The agitation

speed was set at 125 rpm for all the chlorine dissolution tests except when the effect of

agitation was investigated.

Two litres of the hydrochloric acid solution of a particular concentration was poured

into the leaching vessel in a constant temperature bath. The bath was set at the required

temperature and controlled to within ±0.5°C. The temperature of the solution was

allowed to rise and once it had stabilised, the chlorine gas purge was supplied from a

high pressure cylinder through a pressure regulator and a rotameter to the hydrochloric

acid solution. The stop-watch was started.

Solution samples of 10 ml were extracted using a pipette at a regular intervals of 10

minutes. The samples were titrated for chlorine gas concentration. The chlorine

concentrations were determined by iodometric titration with sodium thiosulphate

(Na2SZ03) solution.

3.4.1.1 Chemical Analysis: Titration method for Chlorine Concentration

The total chlorine concentration in solution was determined by iodine and sodium

thiosulphate titration method.

The titration involved the addition of a stoichiometric excess of 1" (typically in the form

of KI) to the solution sample to be analysedl'" 371. The Oct in the solution then oxidises
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3.1

The 13- was then reacted with the ~ 0.J2- during which a colour change occurs from a

dark black (due to the 13-) to an almost colourless solution [36]. The determination of the

equivalence point was simplified by the addition of a starch indicator to the solution.

3.2

A standard 0.100 M sodium thiosulphate solution and starch indicator were prepared.

The standardisation was performed by titrating the thiosulphate solution against a

known mass of potassium dichromate according to the reactions'F';

3.3

3.4

About 1 g of pure potassium dichromate (K2Cr207) in a watch glass was placed into an

oven at 170°C for an hour and three 0.2 g portions of the dried potassium dichromate

were accurately weighed into 500 ml flasks [37]. A volume of 100ml distilled water was

added to the content of each flask.

The three solution samples were treated separately from now on. A freshly prepared

solution containing 4 gms of potassium iodide, 2 ml of HCI and 50 ml of distilled water

was added to the dichromate solution. The solution was gently swirled and left to stand

in a dark place for about 5 minutes. This was necessary to allow for the complete

oxidation of the 1" to 13-,

A clean 50 ml burette was filled with the standardised solution. The thiosulphate
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solution was titrated with the 13-solution until the dark yellow-orange colour of the f3

ion had almost disappeared. A starch solution of 5 ml was added and the solution

darken immediately,

The titration was continued until the deep purple colour of the starch-tri-iodide complex

had changed to a light blue colour. The end point to the nearest 0.05 ml was recorded.

The other two samples were titrated in the same mam, • with the average standard

deviation not more than 2 ppt.

Determination of the total concentration of chlorine in He} solution was then

determined by pipetting the solution sample to be analysed into a 500 ml Erlenmeyer

flask. The burette was filled with the standardised thiosulphate solution. A prepared

solution containing 3 gms of potassium iodide, 10 ml of distilled water was added to

the solution sample and swirled to mix. Glacial acetic acid of 10 ml was added to the

sample.

The sample was titrated with the sodium thiosulphate solution until the dark yellow-

orange colour of the tri-iodide ion had almost disappeared and 5 ml of starch solution

was added. The solution immediately darkens due to the formation of a starch-tri-iodide

complex. The titration was continued until the solution became colourless and the end

point volume was recorded to the nearest 0.05 ml.

3.4.2 Procedure for Leaching the PGM concentrate sample

For each leaching experiment, 2.0 litres of the hydrochloric acid solution of a particular

concentration was poured into the leaching vessel in the constant temperature water

bath. The bath heater and the leach vessel stirrer were switched on and when the

temperature of the leach solution had stabilised at the required temperature, the chlorine

gas sparge was started from the same high pressure cylinder through the pressure

regulator system into the Hel solution and the stop-watch was started. A stirrer speed
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of 150 rpm was used for all the experiments unless otherwise stated.

The chlorine gas was allowed to pass through the hydrochloric acid solution for 30

minutes to ensure that the solution is saturated with chlorine after which a 10 ml

solution sample was taken for iodometric titration to determine the initial chlorine

concentration. The initial pH and corrosion potential were measured. The chlorine gas

was continually supplied to the leaching system throughout the experimentation.

Twenty grams of the PGM concentrate sample was weighed out on a plastic sheet to

within ±0.01 g accuracy on an electronic balance. This sample was poured into the

leaching system immediately after taking the sample and the stop watch was started. It

took about 5 to 10 seconds to pour all the sample into the leach vessel. Time zero was

taken as the start of pouring the sample into the vessel.

Solution samples of 15 m1 were drawn with a pipette at selected time intervals and

immediately filtered under pressure in a Millipore filter using 0.44 micron teflon filter

membranes. The filtered liquid samples were divided into two. One was bottled for

analysis of the platinum-group elements and the other was used to determine the pH and

the corrosion potential of the leaching solution at that dissolution time. Every time a

solution was taken, redox potential measurements were also read on the Radiometer

PHM84 and recorded. The solids from the filter membrane were combined for assay

for the overall material balance.

The Millipore filter system was washed with water and dried for the next sample draw.

The samples were taken at 10 minute intervals for the first 2 hours and thereafter at 30

minute intervals for the rest of the 6 hour leaching period.

At the end of the leach, the leach vessel was removed from the hot water bath and the

contents were filtered hot in the Millipore filter system with the 0.44 micron teflon

filter membrane. The last sample was also taken for the pH, corrosion potential analysis

and 10 mls of it for analysis of the platinum-group elements.
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The leach vessel was thoroughly rinsed with a known volume of deionised water. The
wash water from this was used for the first residue wash and filtered. This leach residue
was washed again by deionised water, filtered, dried and then weighed for analysis.
These wash liquor were bottled and added to the solution samples for analysis.

3.4.2.1 Sample Analysis

The leach solution samples taken during and after the leaches were analysed for Pt, pd,
Rh, Ru, Ir and Au concentrations. This analysis of the leach solutions for the platinum-
group elements was done by Inducti vely Coupled Plasma - Atomic Emission
Spectrometry (ICP-AES) at Impala Analytical laboratory (Springs). The wash water
samples were also analysed for Pt, Pd, Rh, Ru, Ir and Au in the same way. Solid
samples were fused with peroxide prior to HCl/Cl2 leach before analysed in the same
way as the solution samples.

3.4.2.2 Calculations of extractions during the leaching

The extraction of Pt, Pd, Rh, Ru, Ir and Au during any given time of the leach were

calculated as follows:

(i) % Extractions during leaching = XM(t)

(v - ~ ~)CM(I) +f VjCM(I)
X = J=t }=1 X 100

M(I) me
M

3.5

where,
V == Initial volume of the solution into leach (litres)
1.) = Volume of solution sample j drawn at time t (litres)

GM(I) = Concentration of Pt, Pd, Rh, Ru, Ir or Au
in the solution sample j drawn at time t (g/I)
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m = Mass of the solid concentrate sample added into the reactor (g)

CM= Weight % of the Pt, Pd, Rh, Ru, Ir or Alf in the solids into leach.

j = the I" sample taken during leaching

J = Total number of samples taken

(i) Overall % Extraction = J¥

VCXI = f M(f) x 100
mCM

3.6

where,

fJ = Volume of pregnant liquor out (litres)

CM(/) = Concentration of the sample after leach (gil)

3.4.3 Procedure for PGM Leach Tests in Autoclave

The autoclave used for the pressure variation experiments was a 2 litre PARR series

4520' bench top reactor. This autoclave was equipped with a stirring system for

agitating the leaching solution system vigorously under pressure. It had an electric

heater with automatic temperature controller, a spout for withdrawing solution samples

in the course of the leaching, a pressure gauge and an LCD temperature monitor. The

autoclave was constructed from 316 stainless steel and titanium. The leaching was done

in the glass bottle inside the autoclave. The areas where serious corrosion would affect

the autoclave were covered with teflon.

The autoclave was filled with 2.00 litres of 6.00 M hydrochloric acid solution and 20

gran mes of the PGM concentrate sample was carefully weighed out on a plastic sheet

to within ± 0.01 g accuracy on an electronic balance and was poured into the

autoclave. The autoclave was covered tightly and the connection to the chlorine gas

cylinder was fitted. The leaching system in the autoclave was heated to 50°C and the
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stirrer speed was adjusted to 150 rpm to offer an excellent gas dispersion into the

mixture. The start of the stirrer and heater was taken for time zero.

Solution samples were withdrawn from the autoclave at selected time intervals and

immediately filtered with the Millipore filtration system. The samples were bottled for

analysis of the platinum-group elements and the gold using the ICP-AES,

3.5 Etch Tests

A number of polished sections were prepared by cementing the PGM concentrate

sample in an Araldite epoxy resin. The specimens surface were fine wet ground with

emery paper and polished with 1 ,urn alumina.

The exposed surface areas were photographed and leached in hydrochloric acid solution

of6.00 M concentration for 1 hour and 2 hours. Chlorine gas flow of750 cm'mirr' was

allowed to pass through the solution at a temperature of 30°C. The agitation of the

solutions were accomplished with a magnetic stirrer at a speed of 140 rpm.

Two polished sections were leached for 1 hour and another two sections were also

leached for 2 hours and photographs of the small circle on each section were taken. The

attacked sections were analysed using XRD analytical techniques. The morphology of

the leached surface of the polished PGM sections were examined by SEM.

Photomicrographs 3.1 to 3.4 show the morphology of the polished PGM surface before

and after leaching for 1 hour and 2 hours in 6.00 M hydrochloric acid solution at 30°C.

Photomicrographs 3.1 and 3.2 show the distribution of the PGM particles in a fresh

concentrate sample. The central particle focussed in photo 3.1 is Pt-Pd alloy which is

about 0.5 mm in size. Most of the identified particles are described in section 3.1.2.

This can be compared with the photomicrographs 3.3 and 3.4 which were leached for

1 hour and 2 hours respectively. The mineralogical studies of these leached sections
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Photo 3.1 Scanning electron micrographs of the initial PGM particles of the

concentrate before leaching.

Photo 3.2 Scanning electron micrographs of the PGM particles of fresh concentrate

sample before leaching.
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Photo 3.3 Scanning electron micrograph of the PGM sample after 1 hour leach in

6.00 M hydrochloric acid solution at 30°C.

Photo 3.4 Scanning electron micrograph of the PGM sample after 2 hour leach in

6.00 M hydrochloric acid solution at 30°C.
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indicated that the sample consists mainly of silicate material with AgCl particles

disseminated in them which might coat some of the PGM particles to hinder them from

dissolving in the HClleach solution. The investigated surfaces also show that most of

the Pt and Pd occur together as alloys and dissolved quite fast during the etching. The

Pt-Pd alloy particle (Photo 3.1) which was selected for observation was leached out

completely (Photo 3.3). The particles which remained were identified to be Rh-Ir-Pe,

Ru-Pt and Ru-Fe alloys. These particles ranged in size from 100 /Lmto 200 /Lffi.Ru and

If are the more abundant elements in both alloys. To a lesser extent, particles ('f Pt-Ru-

Fe alloys were found. The proportion of Fe and Pt varied in these samples, but Ru was

always the most abundant element in the alloys. Some of these Pt-Ru-Fe alloy particles

are extremely large in size, up to 300 /Lmand 400 /Lffiin some cases.

A few amounts of Pt, Rh and Ir were also detected in the leached sections. The Rh is

not abundant and is present as either Rh-As alloy or Rh sulphide.

3.6 SEM Analysis of the Leach Residue Samples

Three polished sections of the leach residue sample fro ". .he experimentation work

were also prepared and a small circle inscribed on each section was investigated using

the scanning electron microscope (Cambridge Instrument - Stereoscan 360). The

general composition of the residue samples is shown with the SEM photo-micrographs,
in Photos 3.5 to 3.8 below. Photomicrograph 3.5 and 3.6 are from the residue of the

dissolution of unscreened sample with 6.00 M HCI solution at chlorine :flowrate of

825cm3min-1 at 30'C. The residue from the leaching test at a higher temperature of 80 e
was used for the sections from which the photomicrographs 3.7 and 3.8 were taken.

The particles that were photographed are from sam.ples with different types of particles

present. It is interesting to note that most of the particles present on the sections were

Rh-Fe-Ir, Ru-Fe-Pt-Rh and Fe-Rh-Ru-Si alloys. Few particles of Pt alloys were

identified. There was no Pd particle found in photo 3.7 and 3.8. A large number of
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particles of AgCI were identified to be disseminated in the silicate matrix in all of the

sections.

Photo 3.5 Scanning electron micrograph of a 6 hour leached residue from

the laboratory leach test in 6.00 M HCI at 30°C.

Photo 3.6 Scanning electron micrograph of a 6 hour leached residue from

the laboratory leach test in 6.00 M HCI at 30°C.
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Photo 3. 7 Scanning electron micrograph of a 6 hour leached residue from

the laboratory leach test in 6.00 M HCI at 80aC.

Photo 3.8 Scanning electron micrograph of a 6 hour leached residue from

the laboratory leach test in 6.00 M HCI at 80°C.
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3.7 Procedure for the Impala Refinery Plant Tests

The plant leach test was conducted using the Impala Precious Metal Refinery (PMR)

reactor 2101. The reactor is made of titanium and is equipped with instrumentation and

sampling device for accurate determination of temperature, pressure, agitation speed

and flowrate of the cooling water. The reactor has a fluid capacity of 1500 litres with

a diameter of 1.20 m, a height of 1.705 m and has a jacket for heating and cooling. The

same jacket is used for both operations. A solution agitation speed of 140 rpm was

considered for all the plant tests.

(i) Determination of Mass Transfer Coefficient Test.

The chlorine dissolution test was conducted using this plant reactor to determine the

mass transfer coefficient of the reactor 2101. The temperature of the reactor was set at

50°C and controlled to within ± 2.5°C at an ambient pressure. The hydrochloric acid

solution used for this test work was 6.00 M. The solution samples were withdrawn at

10 minutes intervals by the automatic sampler attached to the reactor.

The chlorine dissolution profile in the hydrochloric acid solution in the reactor is

plotted and the mass transfer coefficient is determined.

(ii) Determination of Heat Transfer Coefficient Test

The heat transfer coefficient of the PMR reactor 2101 was also determined by heating

the reactor from the initial temperature of 15°C to 85°C and was cooled to 32°C. The

reactor was charged with 1200 litres of 6.00 M hydrochloric acid solution and ambient

pressure was considered for this test. The average temperature of the steam was

116.8°C and the cooling water temperature was 11.8 °C. The average flowrate of the

cooling water was 13.4 m'hr".
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The heating and cooling curves were measured in order to obtain values for the overall

heat transfer coefficients for the reactor.

(iii) Plant Leach Test

The reactor was fined with 1200 litres of 6.00M hydrochloric acid solution and 320 kg

of the dried PGM concentrate was charged into the reactor. Chlorine gas was sparged

into the vessel at an average massfiow of 1.20 kgmin". As soon as the chlorine gas was

allowed into the reactor, the watch was started for time zero for the leaching process.

The temperature used for this test was 70°C which was controlled to within ±4.0 °C

and the pressure was set at 80 kPaG.

The first sample was taken after i() minutes of leaching when the reactor pressure was

enough for sampling through the automatic sampler. The samples were taken at time

intervals of 20 minutes for 2 hours and 30 minutes interval thereafter for the other 4

hours. The solution samples were filtered immediately they were taken using the

Millipcre filtration system and were bottled. The solution samples together with the

residue samples were sei.; for ICP-AES analysis of PGEs and gold.

The laboratory leach test conducted at the same condition as the plant leach test was

used to scale-up the laboratory results to the plant level. This assists in intepretation of

the overall results so that they can be applied at the industrial scale. A scale-up model

is developed to simulate the results to optimise the conditions for the refinery.
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CHAPTER 4

4.0 RESULTS OF fHE EXPERTh1ENTALWORK

The observations made in the e tperiments are reported here. The deductions and

applications made from these results axe reported in subsequent chapters. The

procedures outlined in Section 3.4 were followed and the raw data are presented in the

Appendix E.

4.1 Experimental Results for the Chlorine dissolution

4.1.1 Reproducibility of the Chlorine dissolution

The first three experiments for the dissolution of chlorine in HCI were used to test the

repi cducibility of the experimental results.

Fig. 4.1 Reproducibility of Chlorine dissolution in Hydrochloric acid results.
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These three tests used the same experimental conditions and the results show the degree

of reproducibility obtained in the experiments. Figure 4.1 shows that the experimental

technique is reproducible.

The experimental factors studied were the effect of temperature, concentration of the

hydrochloric acid solution, concentration of total chlorine and agitation speed. The

chlorine dissolution tests were conducted over a period of 180 minutes by Which time

the hydrochloric acid solution was fully saturated with chlorine.

4.1.2 Effect of Temperature on the Rate - Shlorine dissolution in Hel

The effect of temperature was tested and the results are shown in Figures 4.2,4.3 and

4.4 which indicate that the solubility of chlorine gas in hydrochloric acid solution

decreases as the temperature increases from 30°C to the boiling point of the acid.

0.08

Fig. 4.2 Effect of Temperature on the rate of Chlorine dissolution in 11.50 M

Hydrochloric acid solution.
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Fig. 4.3 Effect of Temperature on the rate of Chlorine dissolution in 6.00 M HCI.
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The dissolution of the chlorine gas into solution is described by the following material

balance:

de ( \-=-k C-C)dt II! S

The integration of this differential equation gives the expression:

where,

4.1

4.2

C is the chlorine concentration at time t, C, is the saturated chlorine concentation

and km is the mass transfer coefficient for chlorine dissolution.

Thus a plot of In(l-CICs) versus time t should be linear with slope -km•
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Fig. 4.5 Variation of In(l-C/Cs) with time to determine Mass transfer coefficients.

Conditions: [HCl]= 1l.50M, Stir.spd= 125rpm, C~flow. = 825cm3min-J
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The L'1(1- C/CJ versus t graphs were plotted (Fig. 4.5, 4.6 and 4.7) to determine the

mass transfer coefficients (km) for the chlorine dissolution. The values of the mass

transfer coefficients were determined by regression analysis for the acid strengths of

11.50 M, 6.00 M and 2.00 M at different temperatures. These are presented in Table

4.1 below.

Table 4.1: Temperature influence on Mass transfer coefficient or Cl, dissolution in HCI

30
40
50
60
70

[HCl1= 11.50 M
~. (S-l)

6.44 X 10'4

7.97 X 10.4

1.11 X 10.3

1.48 X 10.3
2.23 X 10.3

Temperature
eC)

Mass Transfer Coefficient of the Chlorine dissolution

4.53 X 10-4
5.30 X 10-4
6.21 X 10'1

7.89 X 10-4
9.59 X 10.4

IRCl] ::::6.00 M
km (S·l)

4.83 X 10-4
6.93 X 10-4
9.10 X 10-4
1.15 X 10.3

1.53 X 10.3

[BCll ::::2.00. M
km (8"1,

The mass transfer coefficient of the chlorine dissolution is a function of the chemical

and physical characteristics of the system such as the temperature, the hydrochloric acid

concentration and agitation of the solution. It is shown in Table 4.1 that the mass

transfer coefficient of the chlorine dissolution is increased by increasing the temperature

and reducing the hydrochloric acid concentration at constant agitation. However, the

chlorine dissolution in hydrochloric acid solution decreases with temperature despite

the increase ill the mass transfer coefficient.

The mass transfer coefficient may be expressed as a function of temperature in the

manner of an Arrhenius type relationship:

(-E '~
kill ::::«: exp 'YRT) 4.3

From the gradients of In(l-C/Cs) against time graphs, an Arrhenius plot was

constructed to determine the activation energy and is shown in Figure 4.8.
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The mass transfer coefficient, ~ results obtained in the three sets of acid concentrations

([Hel] = 11.50 M, 6.00 M and 2.00 M) were used for the Arrhenius plot. The slope

is -·EalR and the intercept is In(k m,o)' From the slope of the Arrhenius graph, the

activation energy, Ea, was calculated.
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Fig. 4.8 Arrhenius plot for the Chlorine dissolution in HCl solution at diff. Cone.

Conditions: Stir.spd= 125rpm, Cldlowrate:= 825cm3min-1

•........ )(

From the slope of the graph in Figure 4.8, the activation energy for chlorine dissolution

in the hydrochloric add concentration of 11.50 M was found to be 16.34 klmol". The

activation energies for the chlorine dissolution in 6.00 M and 2.00 M HCI solutions are

24.38 klmol" and 26.71 klmol" respectively. The results show that the lower the

concentration of the hydrochloric acid solution the higher the activation energy required

to effect the chlorine dissolution. The activation energy values obtained for the

dissolution of chlorine in hydrochloric acid solutions indicate a solubility process which

is controlled entirely by diffusion of the chlorine gas through the gas-liquid interface

into the hydrochloric acid solution.

0.0029 0.0030 0.0031
I/Temp. (K)

0.0032 0.0033

60



4.1.3 Effect of HeI concentration on the Saturated Cl, concentration.

The tests were performed at constant agitation speed of 125 rpm and chlorine flowrate

of 825 cnr'min" over a period of 180 minutes to make sure that the hydrochloric acid

solutions under the experiments were fully saturated with chlorine in order to be

compared. The results, plotted in Figure 4.9, indicate that the rate of chlorine

dissolution depends on the concentration of the acid solution.

The saturated chlorine gas dissolution was compared with different hydrochloric acid

concentrations at different temperatures.
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Fig. 4.9 Effect of HCl concentration on the saturated Chlorine concentration,
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From Figure 4.9, the results show that the dissolution of the chlorine gas increases as

the hydrochloric acid concentration increases. This is probably due to the reduction of

the degree of hydrolysis of the chlorine. High concentrations of hydrochloric acid

enhance the dissolution of chlorine.
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A plot of In(km) as a function of In[HCl] is shown in Figure 4.10. The reaction order

of the chlorine dissolution witt respect to the hydrochloric acid concentration is 0.21

for 30°C and the value increases to 0.47 for the acid solution temperature of 70 a C.

From Figure 4.10, it is shown that the reaction order of the chlorine solubility in

hydrochloric acid solution increases with an increase in temperature.
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Fig. 4.10 Relationship between the Mass transfer coefficient and HCI concentration

at different temperatures and Cl2 flowrate of 825 cnr'min".

Table 4.1 also shows that the mass transfer coefficient increases with a decrease in the

hydrochloric acid concentration. This is due to the fact that a dilute hydrochloric acid

solution absorbs more chlorine than the concentrated acid therefore increasing the

diffusion transfer in the solution. It is therefore certain that the mass transfer coefficient

for chlorine dissolution in hydrochloric acid solution depends greatly on the acid

concentration and temperature. This observation suggests tha~ the acid strength plays

a major role in the rate of chlorine dissolution.
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4.1.4 Effect of Chlorine flowrate on the Rate of Chlorine dissolution in Hel.

The effect of chlorine concentration on the rate of dissolution which depends on the gas

flowrate was investigated by diluting the chlorine gas with different flowrates of

nitrogen into the 6.00 M HCl solution at constant temperature of SO°C. The agitation

speed was maintained at 125 rpm and the results are presented in Figure 4.11.
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FigA.11 Effect of Chlorine concentration on the rate of dissolution in Hel solution.

-- No nitrogen
- -)(- . Nz tlowrate= 9(knfrnin·1

- .. - • N2 tlowrate== 200cnjlmin·1

_. ~- Nz tlov.rate= 310cnfmin·1

The results indicate that both the initial rate of chlorine dissolutton and the final

saturated concentration increase with increased partial pressure of chlorine sparged into

the HCI solution. Therefore, the Figure 4.11 also shows that as the concentration of

total chlorine in the acid depends on the chlorine massflow, the ultimate concentration

of chlorine for all flowrates approaches saturation. This is when the hydrochloric acid

solution at that concentration cannot absorb any more chlorine gas. Therefore, at that

stage the acid solution is in equilibrium with the chlorine gas flow, that is, the amount

of chlorine gas absorbed is equal to the amount of gas released from the acid. solution.

[Ha] =6.00M
Stirrer speed = 1251}ml
Temperature =50°C
a2 flowrate = 720cnfmin·1

0.00 _--'----'..__,_--L-..___,_-~_._. -'---L_..__--'-_'----'---'-'
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Time (min)
150 1755025
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4.1.5 Effect of Agitation speed on the Rate of Chlorine dissolution in Hel.

The effect of agitation speed on the rate of dissolution of chlorine gas in HCl solution

was also investigated and the results are plotted as Figure 4.12. The results show that

an increase in the stirrer speed has a slight influence on the rate of chlorine dissolution

in hydrochloric acid. As the agitation speed increases the rate of chlorine dissolution

also increases as they converge to a common saturated point of concentration.

0.06

175

0.05

0.04

0.02 - .. - . Stirrer speed = 125 lpm
__ Stirrer speed = 190 rpm
- -l(- • Stirrer speed = 300 !pm
- ..- Stirrer:;peed = 500 !plll

lHO] = 6.00 M

Fig. 4.12 Effect of Agitation on the rate of Chlorine dissolution in HCI solution.

Conditions: [HCl]= 6.00 M, Temperature= 4(fC, Cl.flow,» 825 cm'min"

0.01
Temperature = 40°C
O2 flowrate = 825 crrr'mln"

The effect of agitation on the mass transfer coefficient is shown in Figure 4.13. The

relationship between the mass transfer coefficient (km) and the stirrer speed is shown

in Figure 4.14 and the result from the plot indicates an increase in mass transfer

coefficient with increase in agitation. The mass transfer coefficient for the chlorine

dissolution in hydrochloric acid solution strongly depends on the stirrer speed. The

diffusion layer thickness is effectively reduced by increasing the solution agitation.
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Time (min)

150
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4.2 Experimental results for the Leaching of the Platinum-group metals.

The procedure for the leaching experiments outlined in Section 3.4.2 were followed and

the results including the material balances for the leaching tests are presented in

Appendix C. All these experiments were conducted using the unscreened concentrate

sample except for the particle size leaching. The PGM leaching experiments were

conducted under different conditions of temperatures, hydrochloric acid concentrations

chlorine concentrations, initial particle size, agitation and reactor pressure

4.2.1 Reproducibility of the PGMs Leaching

The reproducibility of the leach results was tested on the unscreened sample in 6.00 M

hydrochloric acid solution at an agitation speed of 150 rpm and a temperature of 30°C.

Figures 4.15 and 4.16 show tt results of the first run repeated three times for platinum

IOOr-
80 ~

Platinum

-<>-"Run IA
A Run 18
• Run Ie20

[HCI] = 6.00M
Temperature = 30°C
Stirrer speed = 150lpm
at flowrate = 825cnfmin'l

G~~~~--L-,~~~~~~--~~~--~,~~
o 50 100 150 200 250 300 350

Time (min)

Fig. 4.15 Reproducibility of the Leaching results - Platinum.
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Fig. 4.16 Reproducibility of the Leaching results ~Rhodium.

and rhodium. These leaching tests used the same experimental conditions and the

reproducibility of the measurements were reasonably satisfactory. The maximum

difference between the curve points for platinum is 8.69% and 5.99% for rhodium.

Similar results were obtained for the rest of the PGMs. The reproducibility results for

palladium was the best and ruthenium had the lowest with 12.50% difference between

the extraction points of the tests. The iridium and gold results were also reproducible.

4.2.2 Effect of Temperature on the PGMs dissolution rate

Figures 4.17 to 4.22 show the effect of temperature on the dissolution rate of the PGMs

and gold. A hydrochloric acid solution strength of 6.00M was maintained for all the

different temperatures monitored at a constant stirrer speed of 150 rpm. The increase

in temperature from 300e to 800e does increase the rate of reaction remarkably despite

the fact that chlorine solubility in hydrochloric acid decreases with temperature.
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Fig.4.17 Effect of Temperature on Platinum dissolution rate.
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Fig. 4.18 Effect of Temperature on Palladium dissolution rate.
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Fig. 4.19 Effect of Temperature on Rhodium dissolution rate.
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Fig. 4.20 Effect of Temperature on Ruthenium dissolution rate.
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Fig. 4.21

100

80

Q

'1 60

~
..!::i 40
~

20

0
0

- It- --- - .•-

_B- __...- -III

[Ha) =6.00M
Stirrer speed = 150Ipm
a2 flowrate = 825cnrmin,I

-'V -Terrp.=3(J'C
- ...- Terrp. = 4(J'C
_" - Terrp. = 5a'C
- .. - Terrp. = ffi'C
__ Terrp.=70'C
-. ~ Terrp. =8O'C

100 150 200 450
Time (min)

35050 300

Effect of Temperature on Iridium dissolution rate.

40

[Ha) =6.00M
Stirrer speed = 150IpOl
a2 flowrate = 825cnrmin,I

GIld

--. - Terrp, =3(J'C
- ... - Terrp. = 4Q'C
_" - Terrp, = 5a'C
- .. - Terrp, = 6O'C
__ Terrp. =7O'C
-. - Terrp. =8O'C

20

150 200 250
Time (min)

35050 100 300

Fig. 4.22 Effect of Temperature on Gold dissolution rate.



This is probably a balance between the increase in the rate of leaching with temperature

and a decrease in the chlorine saturation with temperature. It is worth noting that the

extraction of platinum and palladium approach completion at higher temperatures,

whereas the extraction of the other PGMs is much lower. The rate of dissolution of

palladium is almost zero after three hours of leac, •.'1g at a temperature of 80aC and is

expected that the dissolution reaction is almost complete. For most of the other PGMs,

a prolonged leaching period together with higher hydrochloric acid concentration would

extend their extraction to completion.

4j •.2.3 Effect of HCI Concentration on the PGMs dissolution rate

The experiments to establish the effect of hydrochloric acid concentration on the rate

and extent o ' dissolution were performed with acid strengths of 1.0, 2.0, 4.0,

6.0, 8.0 and 10.0 M at a temperature of 60°C and an agitation speed of 150 rpm. A

constant chlorine flow of 825 cm'min" with initial average concentration of 0.035 M

was used for all the experiments. Figures 4.23 to 4.28 illustrate the results for Pt, Pd,

Rh, Ru, Ir and Au. The results are modelled and analysed in cha-ter 5 and the raw data

are given in Appendix C.

As expected, these results indicate that increasing the hydrochloric acid concentration

increases the rate of dissolution of all the platinum-group metals and gold. High acid

concentration has a positive effect on the rate of reaction up to 8.00 M. As seen from

all the graphs, the rate of dissolution of the PGMs and gold in the 10.0 M hydrochloric

acid is almost zero after about 1 hour of leaching as the reactions slow down,

This implies that the dissolution reactions are complete and the metals recovered are

the maximum that can be achieved under this acid concentration. This is considered to

be due to the fact that more silver chloride are formed in the 10.0 M hydrochloric acid

solution to cover the surface of the PGMs in the sample which passivate them as the

reaction proceed.
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Fig. 4.23 Effect of HCI concentration on Platinum dissolution rate.
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Fig.4.24 Effec, ofHCI concentration on Palladium dissolution rate.
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Fig. 4.25 Effect of HCI concentration on Rhodium dissolution rate.
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Fig. 4.26 Effect of HCI concentration on Rutherutuc dissolution rate.

20
Temperature =600e
Stirrer speed ,,150lpm
a2 flowrate = 825cffilmin"t

50 300100 150 200 250
Time (min)

00~~~5~0~--1~00--~-1~50--~~200~~-250~~--300~~~ I
Time (min) __j

L- ~ . ~ ___

60

Ruthenium

-" - [Ha] = 1.00M
- ....- " [Ha] = 2.00M
--6~ " [Ha] = 4.00M
- .. - • [Ha] == 6.00M
_,.......[Hel] = 8.00M
-()- [Ha] = IO.OM

20
Temperature =; 60°C
Stirrer speed = 150lpm
CI2 flowrate = 825cffilmin"t

73



100

350

8O~

Iridium

-... ~ [Hd] = l.OOM
~ ..,.- . [Hd] = 2.00M
-6- • :Hd] = 4.00M
- .. - . [ULl} '" 6.00M
-- [Hd] = 8.00M
-0- [Hel] == lOO~

Temperature == 60°C
Stirrer ~eed = 150rpm
d2 flowrate = 825cnrmill1

o
Q 50 150 200 250

Time (min)
300100

Fig. 4.27 Effect of HCl concentration on Iridium dissolution rate.
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Fig. 4.28 Effect of HCl concentration 011 Gold dissolution rate.
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4.2.4 Effect of Chlorine Flowrate on the PGMs dissolution tate

The PGMs leaching reactions are strongly dependent upon the concentration of the
chlorine oxidant. Accordingly, the effect of the chlorine concentration on the platinum-
group metals dissolution was investigated at 50°C in hydrochloric acid concentration
of 6.00 M. The concentration of the chlorine was varied by diluting it with nitrogen gas
at different flowrates and a constant solution agitation of 150 rpm was maintained. The
effect of the chlorine concentration on the individual PGMs dissolution is depicted in
Figures 4.29 to 4.34. It can be seen clearly that the effect of increasing the chlorine

100

80

8 60
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i5:: 40
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20

0
0

[HCI] = 6.00M
Temperature = 50"C
Stirrer speed = lSOlpm

~~----~~~--~.--~~--~~~----~~----~~
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Tirre (min)
300 35050

Fig. 4.29 Effect of Chlorine concentration on Platinum dissolution rate.
Conditions: [HCl]= 6.00M, Temperature= 50°C, Stir. Spd= 150rpm

concentration has a strong response on the individual PGM dissolution inHCI solution.

The higher the chlorine f1owrate, the larger was the chlorine concentration to effect the

dissolution of the PGMs and therefore the reaction rate increased more rapidly.
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Fig. 4.31 Effect of Chlorine concentration on Rhodium d.ssolution rate.
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Fig. 4.32 Effect of Chlorine concentration on Ruthenium dissolution rate.
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Fig. 4.34 Effect of Chlorine concentration on Gold dissolution rate.
Conditions: [HCI]= 6.00M, Temperature= 50DC, Stir. Spd= 150rpm

50

It is interesting to note that there is significant dissolution in the absence of chlorine,
a result that is not expected. This is due to the pretreatment steps in the preparation of
the sample used. This concentrate sample used has undergone a sulphuric acid leach
with oxygen to remove some of the base metals, followed by a caustic leach to remove
selenium and silica. These processes attack some of the PGMs and leave them as oxides
in a form of salts in the concentrate which become acid soluble. These acid soluble
PGMs do not require chlorine or any form of oxidant to dissolve them.

This was investigated and proved by leaching different materials generated from this
concentrate. These are the 401 and Sit stage materials from the Base Metal Refinery

process line and a material ,1wcuced from a dry chlorination of the concentrate
followed by hydrogen reduction, The results for their dissolutions are presented in

section 5.1 of chapter 5.
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4.2.5 Effect of Initial Particle Size on the Rate of PGMs dissolution

The effect of initial particle size on the rate of PGMs extraction was also examined by

measuring the reaction rate for the size fractions -38 .urn, +90 -150 .urn, 300 p.m,
+420+500.um, and 600 +850 .urnunder 6.00 M hydrochloric acid solution with the

initial total chlorine concentration of 0.036 M at 60°C and a stirrer speed of 150 rpm.

The results are presented in Figures 4.35 to 4.40 for all the PGMs and gold.
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Fig. 4.35 Effect of the initial Particle size on Platinum dissolution rate.

Conditions: [HClj= 6.00M, Temperature= 6(fC, Stir. Spd= 150rpm
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From these figures it is observed that as the particle size decreases, the rate of

dissolution of the platinum group metals increases remarkably. The rate of dissolution

of the POMs is dependent on the surface area of the particles to be leached by the

chlorine in the 6.00 M hydrochloric acid solution. An inverse relationship exists

between the particle size and the rate of dissolution. Therefore, the smaller particle size

results in a faster dissolution rate because of the increasing surface area.
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Fig. 4.36 Effect of the initial Particle size on Palladium dissolution rate.
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Fig. 4.37 Effect of the initial Particle size on Rhodium dissolution rate.
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Fig. 4.38 Effect of me initial Particle size on Ruthenium dissolutior; rate.
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Fig. 4.39 Effect of the initial Particle size on Iridium dissolution rate.
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Fig. 4.40 Effect of the initial Particle size on Gold dissolution rate.

Conditions: [HClj= 6.00M, Temperature= 6(J'C,Stir. Spd= 150/pm

4.2.6 Effect of Agitation speed on the Rate of PGMs dissolution

The effect of stirring speed on the extraction of PGMs was tested on the unscreened

sample at the same initial conditions of hydrochloric acid concentration of 6.00 M, with

an initial chlorine concentration of 0.036 M and a temperature of 60°C. The difference

between the runs show clearly that the agitation speed has a marked effect on the rate

of dissolution of platinum-group metals to some extent. The results are shown in

Figures 4.41 to 4.46. These results show an increase in the rate of dissolution for an

increase in stirringspeed for the five runs at 80, 150,210,320 and 450 rpm.

The results of the agitation effect for all the PGMs indicate a very close extraction rate

after about 300 rpm. This may suggest that the rate of dissolution is independent of

agitation at higher speeds when all the particles are in suspension. The optimum speed
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Fig. 4.43 Effect of Agitation speed on Rhodium dissolution rate.
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Fig. 4.44 Effect of Agitation speed on Ruthenium dissolution rate.
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Fig. 4.45 Effect of Agitation speed on Iridium dissolution rate.
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Fig. 4.46 Effect of Agitation speed on Gold dissolution rate.
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for full suspension of the sample particles are around 300 rpm. Therefore the influence

of agitation predicts that at lower agitation below 300 rpm the rate of PGM dissolution

is controlled by transport whereas at higher agitation speed it is independent.

4.2.7 Effect of Reactor Pressure on the Rate of PGMs dissolution

The effect of the reactor pressure on the rate of PGMs dissolution was investigated.

The experiments were performed in an autoclave with 6.00 M hydrochloric acid

solution at a constant temperature of 50°C. The agitation speed was maintained at 150

rpm and chlorine flow of 825 cnr'min" was used throughout the tests. The autoclave

pressure was varied from 345 kPa to 1034 kPa. The results obtained are shown in

Figures 4.47 to 4.52 which indicates an increase in the dissolution rate of PGMs with

increasing pressure.

L 00 50 100 150 200 7.50 300 350
Time (min) .

---------------------------~~--------------.----~~

l

-. - Gloss reactor pressure = Anulent
Autoclave

- '" - Autoclave pressure= 345 kPa
-<>- Autoclave pressure= 6CJOkPa
_- AUloclrvepressure= 1034kPa

Fig. 4.47 Effect of Reactor pressure on Platinum dissolution rate.

Conditions: [fICt]-::=.6.00M, Temperature= 50°C, Stir. Spd= 150rp111

20

[Hal =6.00M
&irrcr speed ;: 150ll'm
Tenperauire =5CI'C
02 flowrate =825cm1rrin·1
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The redox and corrosion potentials of the leach solutions were monitored during the
PGM dissolutions. The raw data for the redox potentials measured with each of the
laboratory leach test is presented with the PGM extractions in Appendix C The redox
potentials results for the leach to monitor temperature effect on the PGM dissolutions

are shown in Figure 4.53. The redox and corrosion potentials measurements made
during the dissolution of PGMs without chlorine is presented as Figure 4.54.

50 100 150 200 250
Time (min)

300

From the Figure 4.53, it is observed that the redox potential of the leach solution

decreases initially before it increases and stabilises as the PGMs dissolve. This
observation is seen clearly in the leach without chlorine which shows that there is a link

between chlorine concentration and redox potential as shown in Figures 5.25 to 5.27.

Redox potentials measurement during the Leach test
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4.3 Results for the Impala plant Reactor Test

The procedure for the plant tests outlined in section 3.7 to determine the mass transfer

coefficient, the heat transfer coefficient and the percentage ex raction of PGMs were

followed. All the tests were conducted in the same Impala plant reactor 2101. The test

results are presented below. This industrial test results are used to scale up the

laboratory test results and to derive a computer program for the plant leaching process.

4.3.1 Heat Transfer Coefficient of the Impala Plant Reactor

The heating and the cooling curves for the Impala PMR reactor 2101 were measured

in order to obtain values for the overall heat transfer coefficients for the heating and the

cooling operations. The measured temperature curves are shown below in Figure 4.55.

lOOr----------------------------------------,
Impala PMR Reactor21Ql

Reactor nuke Titanium
Reactor VoJ. lSOOL
Content 6.00M· HCI
AgIUllion l40rpm80

.--,

~
60

e
~
~ 40
~

20 ___...~
0 5 10 15

Time (min)
20 25

Fig. 4.55 Heating and Cooling curves for the Impala PMR reactor 2101.

The heating and cooling curves may be described by the energy balance which is
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derived and solved in Appendix El . The solution of the energy balance is given by:

where

(
T. -T) U AIn J =:_ III t
Tj-~ L~Cp,

i

4.4

1j = Temperature of the fluid in the reactor jacket

To = Initial temperature of the vessel fluid

Uht= Overall heat transfer coefficient

A = Heat transfer area

N[ = Number of moles of component i [n ",~ reactor

Cpl= Specific heat capacity of the COffi}JO '

The plot of the left hand side of this equation 4.4 against time t is a straight line, and

the heat transfer coefficient can be evaluated from the slope of this line. Figure 4.56

shows the plot of the data for this equation.
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o 5 ill ~ W ~
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Fig. 4.56 Overall Heat transfer coefficient for the Impr'a PMR reactor 2101.
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From the slopes of the graph, the heat transfer coefficients for the Impala PMR reactor

2101 during the test are calculated in Appendix E1 and are given as:

For the cooling,

Uht= 647.60 Wrn-2K1 4.5
For the heating,

Uht= 507.55 Wm-2K1 4.6

Therefore, the rate of heat generation in the reactor as a result of heating is given by

the equation of the heat transfer in an agitated reactor having an external jacket:

= 507.55 x 6.3(116.8 -11.8)

= 335:74kJs-1
4.7

This is the rate at which energy is generated in the PMR reactor 2101 in the course of

the leaching reaction when the reactor is at an initial temperature of 11.8°C in winter.

4.3.2 Mass Transfer Coefficient of the Impala Plant Reactor.

The procedure for the determination of the mass transfer coefficient for the plant

reactor 2101 outlined at section 3.7 (i) was followed and the chlorine concentration in

the 6.00 M hydrochloric acid solution in the reactor was measured at selected time

intervals. The results for the chlorine dissolution in the acid is plotted as Figure 4.57.

From the equation 4.1, the value of In(1 - C/Cs) was plotted against time in order to

determine the mass transfer coefficient for the plant reactor. The result is shown in the

Figure 4.58 below. The mass transfer coefficient for the Impala PMR glass-lined

reactor 2101 was found to be 0.0312 min-I. The mass trar fer coefficient for the

laboratory glass reactor used for the experiments under similar conditions as the plant

gave a value of 0.0546 min-I. This shows that the mass transfer in the laboratory reactor

is better than that of the plant and therefore gives a better chlorine transport to the

hydrochloric acid solution to effect the dissolution.
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4.3.3 The Impala plant Leach Test Results

The procedure for the full-scale plant reactor leach test outlined at section 3.7 (iii) was

followed systematically. The results for the 6 hour plant leach test of the same platinum

group metal concentrate material is presented as Figure 4.59.

80

Irrpala PMRReactor2101

[HO] "'6.00M
Tenperamre '" 7ri'C
Stirrer speed = 140 rpm
O2 massflow = 1.20 kgrnln'!
Reactor pressure= 80 kPa __ Redox POIr.~al I

850
_'---'-J
350

1100

- e>- Pl.
-1(- Pd.
-. -Rh,

o~~~~~~--~~~--~~--~~~
o 50 100 150 200 250 300

Time (min)

Fig. 4.59 Dissolution of PGMs with Redox potentials in the Impala PMR reactor.

The results from the PGM dissolution indicated that 93.22% of the platinum is

extracted at the plant scale. The palladium extraction is 96.14%, rhodium is 88.49%,

ruthenium is 83.24 % and that of iridium is 80.35 %. The gold extraction is 91.28 %.

The redox potential of the PGM dissolution in the plant reactor was monitored

alongside of the leach at 70°C and the result is incorporated in the Figure 4.59. It is

observed during the leach that the redox potential decreases at the start of the leach as

the PGMs quickly consume the dissolved chlorine in the solution. It then increases

dramatically after 30 minutes as the chlorine concentration increases.
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CHAPTER 5

5.0 ANALYSIS OF THE EXPERIMENTAL RESULTS

In this chapter all the experimental results for the dissolution of the PGMs are analysed
to determine the kinetics of the leaching. The leaching models to simulate the leaching
kinetics are also considered here.

5.1 Applications of the Model to the Experimental Results

The results obtained indicated that the rate of PGMs dissolution in hydrochloric acid
solution with chlorine is strongly dependent on the temperature of the leaching solution,
the concentrations of the acid and that of the chlorine. The particle sizes also have a
positive effect on the rate of dissolution.

A typical graph of the chemical reaction control of the shrinking-particle model for
platinum in the concentrate sample is shown in Figure 5.1 with a low activation energy
of 12.53 klmol''. The shrinldng-particle model did not adequately fit the data obtained
from the direct dissolution of the PGMs since the concentrate sample used for this work
was realised to contain two classes of PGM particles. The first type of PGM particles
present in the concentrate sample is acid-soluble which did not require chlorine to
dissolve them and the second type is the chlorine soluble particles.

The nature of the concentrate sample used for the experiments is due to the processing
stages that the material had gone through. At the Impala Platinum Refineries, the

residue from the 4th and 5 th stages of the Base Metal Refinery operation line is the
concentrate feed for the Precious Metal Refinery from which the platinum-group metals
and gold are recovered. The 5th stage material, which has undergone a sulphuric acid

and caustic leaches, is the concentrate material used for all the experiment reported in

this thesis. In view of this, tile two different components of PGM particles present in

96



..,>,,/'»:
;3
,-._

:x:
I

......._..
I

......

/'

Fig. 5.1

0.8

0.6

0.4

0.2

o 150 200 250
Time (min)

50 100 300 350

Plot of 1-(1-X)1/3vs Time for Platinum on total HCl/C121each.

the concentrate sample which was used for all the testwork were investigated. This was
done by leaching the 4th stage concentrate material (before caustic leach), the 51h stage
material (after caustic leach) and a concentrate sample after dry chlorination of the
same concentrate with hydrogen reduction. These three materials were subjected to the
same leaching conditions for 6 hours in 6.00 M hydrochloric acid solution without
chlorine or an oxidant at a temperature of 60°C and agitation of 150 rpm.

The results from this investigation are presented as Figures 5.2 to 5.4. These results

indicate that 40.79% of the platinum is recovered from the 5thstage material whereas
24.26% is recovered [rom the 4th stage material and only O.f21 % is obtained from the
leaching of the dry chlorinated material with hydrogen reduction. These results also
explain the fact that the hydrogen reduced material contaizs pure platinum-group

metals, which requires chlorine or an oxidant to be able to dissolved them in a
uydrochloric acid solution. The dissolution results are tabulated below (Table 5.1).
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Table 5.1 Percentage PGM Extraction of different Stages material without Chlorine.
Conditions: [Hq7== 6.00 M, Agitation speed= 150 rpm, Temp. = 6(JC

% PGM Extraction without Chlorine . •••••••••••••.•••••••.••.••..•1

5th Stage Material 41h Stage Material Dry Chlorinated.Mat.
(after caustic leach) (afterH2S04 leach)

Platinum-Group
Metals

(afterH2 leduction)

Pt. 40.79

Pd. 56.63

Rh. 24.14
Ru. 26.88

Yr. 20.84

Au. 0.790

24.26

37.16

20.50

17.60

16.65

0.647

0.623

3.108

0.725

0.513

0.540

0.641

The acid soluble PGMs :11 the residue after the 4th and 5th stages may be an oxide in a
form of a salt which dissolves easily in acid solution. TIllS does not give the true picture
of the rate of dissolution of the PGMs in hydrochloric acid solution with chlorine.

,l!!! Stage concentmte sample
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Fig. 5.2 Dissolution of the 501 stage PGM concentrate material without Chlorine.
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The mineralogical analysis of the concentrate sample revealed some oxides of PGMs

which might not need an oxidant like chlorine to dissolve them in hydrochloric acid

solution. The oxide formation may be due to either the sulphuric acid leach, the caustic

leach or some other processes at the Base Metal refmery operational line.

It is therefore believed that the sulphuric acid with oxygen leach at a high temperature

and pressure to remove nickel, copper, cobalt and iron together with the caustic leach

to remove selenium and tellurium in the concentrate produce the acid-soluble PGM

fraction. In view of this, it was then decided to subtract the acid-soluble PGMs

extraction part from the total chlorine leach results before applying the shrinking

particle model on the resulting data to look at the dissolution reaction involving

chlorine. There was a good agreement between the resulting data and the surface

chemical reaction control of the shrinking particle model expression for all tbe

parameters controlling the reaction.

The equation used to calculate the conversion for the chlorine soluble PGM fractions

from the total dissolution of the platinum-group metal is derived as illustrated below.

If the acid soluble PGMs are denoted by A and the chlorine soluble ones are

represented by C then XA and X c are the conversions of the acid soluble and chlorine

soluble PGM fractions respectively. Therefore, X represent the overall. conversion of

the platinum-group metals.

x == Mass ofPGM dissolved
Total mass of PGM

Mass of A dissolved Total mass of A Mass of C dissolved Total mass of C- x + X """'-;----;;-=;-,- Total mass of A Total mass of PGM Total mass of C Total mass of PGM

5.1

Therefore,
5.2

where,

fA = the fraction of the concentrate material that is acid soluble, and
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fc == the fraction of the concentrate material that is chlorine soluble.

But,

fA + fc = 1

Therefore
5.3

5.4

From the leaching of the platinum-group metals in only acid without chlorine, fA= XA
at the end of the acid soluble leach Vias determined. However, at every point in time,

5.5

Therefore, equation 5.5 is substituted in all tne shrinking particle model equations

expressed in chapter 2. The equation of the chemical reaction control of the shrinking

particle model finally becomes

5.6

for the chlorine soluble PGM fractions in the concentrate material. A similar rate

equation is obtained for the acid soluble PGM fractions and is expressed as

5.7

The results for the rate of conversions of the acid soluble PGMs fractions, chlorine

soluble PGMs and the total dissolution of the platinum-group metals with chlorine in

bydrochloric acid solution for the same set of data is shown for platinum inFigure 5.5.

The graph indicated that even at the initial leaching period, the rate of dissolution of the

chlorine soluble PGM fraction is much more faster than the dissolution of the acid

soluble PGMs in only hydrochloric acid solution. This observation explains the fact that

the rate of conversion of pure PGMs into their soluble chloro-complexes require

chloride ions to quickly drive the dissolution reactions. This also supports the argument

that the acid soluble PGMs may be in the form of oxides which were produced during
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Fig.5.5 Comparison of Acid soluble, Chlorine soluble and Total Platinum extraction.

the nickel, copper and cobalt removal from the concentrate by sulphuric acid with

oxygen pressure leach. The sum of the acid soluble and the chlorine soluble PGM

extractions is equal to the total extraction of the platinum-group metals with chlorine

as illustrated by equation 5.2. Therefore, the ratio of the conversion of the acid soluble

platinum to the conversion of the total platinum dissolution in the material is the amount

of the leachable acid soluble platinum in the concentrate. This also applies to all the

other platinum-group metals. It is shown from Figure 5.5 that almost all the acid

soluble platinum dissolves within two hours of leaching with good agitation.

Similar graphs to compare (he acid soluble PGMs, the chlorine soluble PGMs and the

total extraction of the platinum group metals as explained above were obtained for

palladium and the other platinum-group metals. They all show the same characteristic

behaviour as plotted for platinum. The amount of acid soluble gold in the concentrate

material was very negligible.
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5.2 The Leaching Rate Model

The rate models presented in Chapter 2 were considered and tested on the dissolution

of the chlorine soluble PGMs. This is shown for platinum in Figures 5.6 to 5.9 below.

The results depicted that the diffusion models either through a reaction product or film

layer do not fit the data ohtained. This agrees with the fact that the platinum group

metals dissolution process leaves no product layer to affect the leaching rate. The

reactants and products transfer through a film layer into the main solution also do not

control the process.

Since the rate of dissolution of the platinum-group metals was observed to increase

remarkably with increasing temperature, the chemical reaction control was then

considered to be the rate driving step. The chlorine soluble PGMs extraction data

generated according to equation 5.5 from the experimental results for the dissolution

-" • TeI11l, = 3O"C
- ." - TeI11l. = 4O"C jJ ~

_,. - TeI11l. =' 5O"C /
-.- TeIr(I.= 6O"C if
__ TeI11l.=7O"C /
-0 - TeI11l. = 8O"C l/o

l
r

I'

0.3

350

~;x: 0.2
t

.-<
'-'
I

~" 0.1,
.-<

0.0

150 200 250
Time (min)

300

Fig. 5.6 Product layer diffusion [1-2/3Xc-(1-Xc?,3] control model plot for the

Chlorine soluble Platinum dissolution.

50 100o

103



1.0
_.,. - Terrp, '" 30"C /

0.9 - .. - Terrp. '" 4O"C .J> .....
-" - Terrp, '" 50"C ,/ _... -
- .. - Terrp.= I!fJ'C

0'
... CO"""

0.8 d
-l<- Terrp, '" 70"C Ii K

-0 -Terrp.= 8O"C If _.- _.A- _.A-
0.7 P' ,.'"

,.. -- - _.A-s rf - _..A--~ -
~ 0.6 « - - ,A-

« .- _,A- -)1-- _-J(« _A' _..A-,_,
0-5 - -~ _"" -'-' !I • ;t'- -'" -,_, / fI~ A-" -"'-
0.4 o I to"'"' ,,-

/ ... ~ ,..-
_"- ",-l .....lit' ......... _- _..-

• .A'/' )rt..'«~" .-1'- __,. -
0.3 • Po '" ... -... __ 'r _,..- [HO] =6.00M

;rt )It ~ ...W"' .",........,,,, ~ .,. • Stirrer speed = 150 rpm
0.2 ~ ...... ...- Platinllm O2 ftcwrate = 825 cffilmin·1

50 100 150 200
Time (min)

250o 300 350

Fig. 5.7 A plot of Film layer diffusion control model for large particles - Platinum.

0.9

0.8

0.7

100 150 200 250
Time (min)

300 350

Fig. 5.8 A plot of Film-layer diffusion control model for small particles - Platinum.

o 50

104



of the platinum-group metals which were presented in Chapter 4 are analysed in terms

of the chemical reaction control of the shrinking-particle model. The chemical reaction

control of the shrinking-particle model at the mineral surface was found to control the

leaching reaction adequately for all the chlorine soluble platinum-group metals. The

apparent dissolution rate constants, k, were obtained from the slope of the lines of the

representative plots of 1-(1-Xc)1/3 against time. These rate constants are used to

determine the activation energy, the order of reaction with respect to the hydrochloric

acid concentration, the order of reaction with respect to the concentration of chlorine

and the effect of the particle size.

The chlorine soluble PGMs results at different dissolution temperatures for the chemical

reaction control of the shrinking particle model (equation 5.6) were plotted for platinum.

and is presented as Figure 5.9. The same graphs were plotted for the other PGMs and
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0.8 · 'Ienp.e= 6O"e
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,.-... -MJde!lin", /
~ 0.6

......
'-'
I...... 0.4

0.2 =6.00M

Platinum

0.0
250 300 3500 50 100 150 200

Time (min)

Fig. 5.9 Chemical reaction [1-(1-Xc)113] control model plot for the Chlorine soluble

Platinum dissolution.
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are shown in section 5.3. The rate model [1-(1-Xc)!J3] versus t graphs for the

dissolution of the chlorine soluble PGMs have non-zero intercepts as shown in Figure

5.9. This identification clearly confirms the complexity of the dissolution of platinum

group metals in this concentrate used. The reason for this phenomena is thought to be

that during the leaching process, both the chlorine soluble and acid soluble PGMs

dissolve together under the influence of the chlorine oxidant. Their rate of dissolutions

in hydrochloric acid solution with chlorine, however are not the same since the acid

soluble PGMs are believed to be oxides. Obviously, the initial rate of dissolution of the

acid soluble PGMs in the presence of the chlorine oxidant would be much more faster

than that of the chlorine soluble PGMs which are pure metals.

Now, when the dissolution of the acid soluble PGMs in only hydrochloric acid is

subtracted from the total PGM dissolution in hydrochloric acid solution with chlorine,

it raises the initial rate of dissolution of the chlorine soluble PGMs by a factor equal to

the value of their intercepts on the rate equation graphs. This means that the values of

the [ 1-(1-Xc)1/3] intercept on the chlorine soluble PGM rate model graph is the final

rate of the acid soluble PGM dissolution. This is confirmed by the rate model graphs

for the acid soluble PGMs which start from the origin of the graph. This condition

prevails during the total dissolution of the POMs for just the initial period of about less

than one hour, when the chlorine soluble PGMs pick up their true dissolution behaviour

as the amount of the acid soluble PGMs in the concentrate gets depleted. In view of

this, the values of the intercept on the rate model graph for the chlorine soluble PGMs

depend on the compositions of the platinum group metal fractions in the concentrate

together with the change in conditions of the leach.

The chemical reaction control of the shrinking particle model (equation 5.7) was also

applied to the acid soluble platinum group metals data and the results for platinum are

shown in Figure 5.10 for different temperatures. The graph shows that the model fits

the data obtained for the acid soluble PGMs perfectly well from the origin. This model

was applied to all the data obtained for the effect of the parameters that affected the

dissolution of the acid soluble PGMs to determine the order of reaction with respect to
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the hydrochloric acid concentration and the activation energy for the individual metals.
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Fig. 5.10 Chemical reaction [1-(1-XA)1/3] control model plot for the Acid soluble

Platinum dissolution.

Both graphs for the chlorine soluble and acid soluble platinum, for instance, show a fit

for the surface chemical reaction control but the combine effect is different as seen in

Figure 5.1. This graph (Figure 5.1) shows a break in the model fit. The initial fit is the

rate effect on the acid soluble platinum which basically takes about two hours to

completely dissolve, thereafter the effect on the chlorine soluble platinum is shown

clearly. The initial jump from the graph origin on the [1_(1_X)1I3] intercepts of the

inodel rate plot for the total platinum group metals dissolution is the combined effect

of the initial dissolution of the chlorine soluble PGMs and that of the acid soluble

PGMs dissolution. This trend is seen in all the analysis {or the dissolution of the

platinum group metals in the concentrate used for this work.
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5.3 Analysis of the Rate of Cl, soluble PGM dissolution with Temperature.

The chemical reaction control of the shrinking particle model was applied on the

dissolution data obtained for the chlorine soluble fraction of the PGMs in the

concentrate sample for different temperatures. Therefore, from equation 2.1, a plot of

1-(1-XC)1/3 against time t gives a linear relationship. The slope given by k; is related
to the activation energy by the Arrhenius equation:

5.8

where,

Ao = Arrhenius pre-exponential factor,

E, =; Activation energy, (klmol")

R = gas constant, (8.314 JmotlKi),

T = absolute temperature (K).

By taking logarithms of the equation 5.8, we get:

Ink = - Ea +lnA
s RT 0 5.9

Therefore, a plot of In(\) against liT for the chlorine soluble PGMs is a straight line

with a slope of -EalR and an intercept of In(Ao)'

The effect of temperature on the rate of reaction is illustrated for the chlorine soluble

: I Pd, Rh, Ru, Ir and total Au as Figures 5.11 to 5.16. An Arrhenius plot of the

reaction rate constants k, from equation 5.9 is modified to In(kJ[CI2]b) to correct the

temperature dependence 011 the chlorine solubility ill hydrochloric acid solution which

also has an influence on the rate of dissolution of PGMs. This graph is presented in

Figure 5.17. It is well to note that this Arrhenius plot exhibited excellent linearity over

the entire temperature range for all the PGMs and gold. The linearity of all the plots

with correlation coefficients greater than 0.98 are illustrative of good linear fits.
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The figures above show good agreement between the experimental data and the model

equation for all the chlorine soluble PGMs fractions in the concentrate sample.

Therefore, it is concluded that the dissolution rate is described by the chemical reaction

control of the shrinking particle model.

A plot of In(kJ[Cl:Jb) versus liT is shown in Figure 5.17 below. From the Arrhenius

graph, the activation energy for the chlorine soluble platinum was calculated to be

42.36 klmol", the palladium was 40.19 klmol; rhodium was 44.56 kJmol -~ruthenium

was 46.62 klmol", iridium was 47.60 klmol" and gold was 40.44 klmol"
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-6.5 ~ Ilowrate = 825cffilnin·1

-3.0

-3.5

4.0
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Fig. 5.17 Arrhenius plot for dissolution of Cl, soluble PGMs and Au in HCI/Clzmedia.

These values of activation energy for the chlorine soluble PGMs and gold lie within the

range for surface chemical reaction control that is, they are above 40 klmol",

Therefore, ilis concluded that the rate-controlling step is a chemical reaction occurring

at the surface of the PGMs particles.
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5.4 Analysis of the Rate of Cl, soluble PGM dissolution with lIel cone.

The results for the leaching of PGMs under different HeI concentrations in Chapter 4
have established that increasing the acid strength increases the rate of dissolution. The
relationship between the acid concentration and the rate of reaction for a spherical
particle reacting according to the snrface chemical reaction control of the shrinking
particle model is given by:

5.10

where k,' is the apparent rate constant for the surface reaction control at different Hel
concentrations. Therefore, the graphs of 1-(1~Xc) 1/3 against time, t, for the various

Fig. 5.18
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Bffect of Hel concentration on the Rate of el2 soluble Pt. dissolution.

hydrochloric acid concentrations which produced a linear relationships were plotted for

all the chlorine soluble fractions of the PGMs in the concentrate and are presented as

Figures 5.18 to 5.23. The values of the rate constants k's were determined by regression
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Fig. 5.22 Effect of HCI concentration on the Rate of C12 soluble Ir. dissolution.
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Fig. 5.23
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analysis of the model plots for the different acid concentrations. A plot of In(k'J against

In[HCI] yields a straight line whose slope is equal to the reaction order, a, with respect

to hydrochloric acid concentration. For the vast majority of the experimental graphs

shown, it was found that the correlation coefficient is greater than 0.90 with most of

them in excess of 0.98. Such values are of good linear fits. In view of the high

correlation coefficient values obtained for all the chlorine soluble platinum group metals

and gold, it is reasonable to conclude that the chemical reaction control which was

applied as the rate-driving step gives a good representation of the experimental data.
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The reaction order of the chlorine soluble platinum with respect to hydrochloric acid

concentration is 0.70 and 0.94 was obtained for palladium. The order of reaction for

the rest of the chlorine soluble PGMs are 0.81 for rhodium, 0.68 for ruthenium and

iridium was 0.75. The order of reaction for gold was 0.76. These reaction orders are

within the range of values which are normally surface chemical reaction control.

150 200 250
Time (min)

300 350

Effect of H'Cl concentration on the Rate of total Gold dissolution.

116



~.Or-------------~~~------~--------------~
Temperature = 600C
Stirrer speed = 150Ipm
C12 flowrate = 825cm'lmin-1

InCks') = - InA + I11n[HCl
-5.5

2.5

-6.0

-6.5

~ -7.0d.......

-7.5

Fig. 5.24 Reaction order with respect to Hel conc. for chlorine soluble PGMs and Au.

o Pt, (Rxn order= 0.70)
• N. (Rxn order= 0.94)
• Rh, (Rxn order= 0.81)
, Ru, (Rxn order= 0.68)
o Jr. (Rxn order= 0.75)L Au. (Rxn order= 0.76)

~.5[L__-L__~ __-L__~ __~ ~__1===Fl=lt=lin=~~==~~
~.O

0.0 0.5 1.0
In[HCl]

1.5 2.0

5.5 Analysis of the Rate of PGM dissolution with Chlorine concentration.

(i) Determination of the Chlorine concentration in the PGM leach solution

The various amounts of chlorine gas that were passed into the 6.00 M hydrochloric acid

solution dissolved to produce different chlorine concentrations. Itwas very difficult to

calculate the actual chlorine concentration in the PGM leach solution by the iodometric

titration due to the dark colour of the solution which makes it difficult to determine the

end point accurately. In view of this, the concentration of chlorine added into the

hydrochloric acid solution at different flowrates during the leaching of the platinum

group metals were determined from the relationship between the chlorine concentration

and the redox potentials. The two fundamental parameters that were used to control the

behaviour of the metals in aqueous solution are the pH and the oxidation potential of

the solution.
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2Ct ,- .11

The redox potential of the leach solution was measured for each test. All these redox

potential measurements of the solutions in the reactor during the experiments were done
using the glassy carbon electrode so as not to contaminate the leach solutions with the
platinum electrode which was used to check the corrosion potential of the solutions.
The measured redox potentials were used to estimate the chlorine concentrations in the
solution during the leaching process.

From the half reaction of the chlorine dissolution;

the redox potential is related to the chlorine concentration by an equation similar to the

Nernst equation:

5.12

where,
E == the solution redox potential,
EO= the standard redox potential,
R = the gas constant (= 8.314 JI(-Imol-l)

F = the Faraday's constant (= 96500 Cmuyl)

n = the number of moles of chlorine (= 2)

The equation 5.12 therefore becomes

E = EO + RT In[Cl ] _ RT1n[Cl-]2
2F 2 2F 5.13

which reduces to

5.14
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where the constant,

5.1.5

The redox potentials B of the chlorine in hydrochloric acid solutions were measured and
the results are plotted as Figures 5.25 to 5.27 for temperatures of 30, 50 and 60°C.

These data were fitted into equation 5.14 and a plot of the redox potential Bred of the
solution against In[Clii gives a linear relationship with (RT/2F) being the gradient. This
is shown in Figure 5.28.

Fig 5.25
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Relationship between Chlorine concentration and Redox potential with
time for [Hel] = 6.00 M and Temperature= 30°C

Now, the values of the redox ~' -teatials of the leach solution which were monitored

during the platinum-group metals dissolution process were used to calculate the chlorine
concentration of the leach solution from the 60°C line of Figure 5.28. This is because

the effect of chlorine concentration on the dissolution of platinum-group metals were

a
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conducted with 6 00 M hydrochloric acid at a temperature of 60oC. The equation of the

line describing the condition is;

Ered = 1085.48 + 14.48 In[C12] 5.16

from which the chlorine concentrations were calculated with the measured redox

potentials of the leach solution. The calculated chlorine concentrations are presented in

Table 5.2 below.

Table 5.2 Chlorine concentrations from Redox potentials during PGM dissolution.

Condition: [HCl}= 6.00M, Temperature= 6(fC, Agitation speed= 150rpm

Average

condition

0.0109

.

0.0924

C12=825

N2 =90

0.0374

C12=825

N2 =200

0.0214

C12=825

N2 =310

C12=825

N2 =0

E,ed. (mV) 1051.00 1037.90 1029.80 1020.10

Now, by substituting equation 5.16 into equation 5.15, the standard redox potential EO
for the PGM dissolution in 6.00 M hydrochloric acid solution at 60°C is calculated to

be 36.90mV.

The redox potential also plays a vital role in the PGM dissolution. The kinetic

limitations generally require significant overpotential to drive the reactions. This is

always the case when using potentials in predicting redox behaviour. For instance, the

platinum dissolution reaction;

5.17

is related to the equilibrium redox potential of the solution with an equation similar to
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Fig. 5.28 Relationship between the Redox potential and the Chlorine concentration.

the Nernst equation (equation 5.18)

5.18

From a thermodynamic point of view, in an HCI solution of unit activity Pt(IV), Pt and
Cl', the Pt(IV) is reduced to Pt metal at potentials below 0.76 V and the Pt metal is
oxidised at potentials above 0.76 V. The Pt(IV) is the most stable state of platinum so
a redox potential of more than 0.76 V must be ensured during the dissolution (equation
5.17). A similar expression can be written for the other platinum-group metals to

establish the potentials at which the chloro-complexes of the platinum-group metals are

stable in solution. In practice, the potentials are measured using a reference electrode
such as the saturated calomel electrode (SCE) which has a potential of 0.245 V versus
the normal hydrogen electrode (NHE). Therefore, the conversion of the potentials

versus NHE involves adding 0.245 V to the observed value.
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5.19

(ii) Rate of Chlorine soluble PGMs dissolution with Chlorine concentration

The results of the variation of chlorine flowrate as shown in chapter 4 indicated that

leaching at higher flow rates of chlorine resulted in greater rates of dissolution of the

platinum group metals. The chlorine concentrations were determined from the chlorine

flowrates. The various amounts of chlorine added into the 6.00 M hydrochloric acid

solution during the leaching experiments were calculated from the relationship between

the chlorine dissolution rate and the redox potential of the solution as explained in

section 5.5(i).

The relationship between the chlorine concentration and the rate of reaction according

to the chemical reaction control of the shrinking particle model is expressed as:

for the chlorine soluble PGMs in the concentrate. The constant k," is the intrinsic rate

COD stant which depends on temp-rature and the hydrochloric acid concentration. The

plots ')f 1-(1-XC)1/3versus time presented as Figures 5.29 to 5.34 for all the platinum-

group metals and gold show that the experimental results adequately fit the shrinking-

particle model for the chlorine soluble fractions. The gold in the concentrate material

had no acid soluble fraction. The apparent rate constants obtained from the slopes of

these plots were used to determine the order of reaction, b, with respect to the chlorine

concentration.

The graphs of lnCks")against In[Cl2] were also plotted and the gradients obtained from

the linear relationships are the order of reaction for the individual chlorine soluble

PGMs with respect to chlorine concentration. According to Figure 5.35, the order of

reaction of the chlorine soluble platinum with respect to chlorine concentration is found

to be 0.49, palladium is 0.78 and rhodium is 0.77. The chlorine soluble ruthenium had

0.79 order of reaction with respect to chlorine concentration whereas iridium is 0.71

and the gold is in the order of 0.50.
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The high value of activation energy together with these reaction orders of the PGMs

dependency on the chlorine concentration also support that the dissolution process is

controlled entirely by the rate c , " surface chemical reaction .

.{j.0 [Hal =6.00M
Terrperamre =(JJ'C
Sirrer speed = l50rpm
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• Rh, (Rxn order= 0.77)
e Ru, (Rxn order= 0.79)
+ lr, (Rxn order» 0.71)
x Au. (Rxn 0;,1e(= 0.50)

--Model lin".

Fig. 5.35 Reaction order with respect to Cl2 cone. for the Cl2 soluble PGMs and Au.

4.0 -3.5 -3.0
In[C12] (M)

-2.5 -2.0

5.6 Effect of Initial particle size on the rate of Cl2 soluble PGM dissolution

The effect of the initial particle size on the rate of PGM dissolution was studied by

applying the shrinking particle model on the chlorine soluble PGMs which were

analysed according to the surface reaction control. The rate model relationship with the

initial particle diameter can be expressed by the following function:

l-(l-Xc)>§ = ~+ t
o

5.20

where k/ is the apparent rate constant and dois the initial particle diameter. The results

obtained from plots of 1-(1-Xc)1I3 against time for the different initial particle diameters
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are shown in Figures 5.36 to 5.41 for the chlorine soluble PGMs and gold. The

apparent rate constants, k,", determined from the gradients are plotted against the

reciprocal of the initial particle diameter, do, and is presented as Figure 5.42.

0.0010

",6.00M
Tenperamre = (/J'c
Stirrer speed = 150rpm
02 flowrate .= 825cnilmin·1

Fig. 5.42

0.0025
PI.

• Pd.
Rh.

o Ru.
• Ir.
II Au.

~ .

A plot of the reaction rate constant versus the inverse of the initial particle

diameter for the Chlorine soluble PGMs and the Au.

From the Figure 5.42, the correlation coefficients which express the linearity of the

plots were determined by regression analysis. The -38 ILmpoints were eliminated since

they deviated from the trend. The correlation coefficients were found to be more than

0.98. This really implies a good linear fit. In view of the high values of correlation

coefficient, it is reasonable to conclude that the chemical reaction control model at the

surface of the particle gives a good representation of the chlorine soluble PGMs data.

The linear relationship between the k," and lido again confirms that the proposed

surface chemical reaction control of the shrinking particle model is indeed the rate

limiting step in the P(i~"ls dissolution process.

0.0020

0.0015

0.0005
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5.7 Analysis of Acid soluble PGMs to the Fit of the Shrinking particle Model

The results from the acid soluble PGM dissolution were also analysed with the chemical

reaction control of the shrinking particle model expressed in equation 5.7. The rate

model ([, ,1-XA) 1/3] vs t) plots for the individual acid-soluble platinum-group metals

indicated that their dissolution depends on the leaching temperature, hydrochloric acid

concentration and the particle size. There was negligible amount of acid soluble gold

in the concentrate material.

(i) Dependence of Temperature on the dissolution of the Acid-solublePGMs

The acid soluble PGMs results at different dissolution temperatures also satisfy the

chemical reaction control of the shrinking particle model and were plotted as Figures

5.43 to 5.47. The values of the apparent rate constants, ks' obtained from the gradients

of the lines of fit of these rate model ([1-(1-XJ1I3] vs t) plots were used to establish the

Arrhenius plot for the acid soluble PGMs. This is presented in Figure 5.48. The

regression analysis of all the rate model graphs together with the Arrhenius plot

exhibited a good linear relationship with correlation coefficient of more than 0.98.

From Figure 5.48, the activation energies for the acid soluble PGMs were calculated.

':he activation energy of the acid soluble platinum was calculated to be 23.05 klmol",

the acid soluble palladium was 19.59 klmol", rhodium was 23.82 klmol", ruthenium

was 18.76 klmol" and iridium was calculated to be 18.22 klmol". The low activation

energies for the acid soluble PGMs indicate that their dissolution is controlled by

diffusion. The increase in the dissolution rates with temperature would be a result of

the higher diffusion rates of the metals in the leaching solution at higher temperatures.

The value of Ao which is the In(~) intercept on the Arrhenius plot is analogous to the

rate of diffusion (crrrmin"). This also supports the assumption that the acid solubles are

oxides in the form of salts.
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(ii) Dependence of Hel cone. on dissolution of the Acid-soluble PGMs

The results obtained for the dissolution of the acid soluble PGMs under different

hydrochloric acid concentrations were fitted into the surface chemical reaction control

of the shrinking particle model expressed in equation 5.10. The model [1-(1-XA) vs t]

plots which are shown in Figures 5.49 to 5.53 are in good linear relationship for all the

metals with a high correlation coefficient of more than 0.98. The apparent rate

constants, k', were determined by regression analysis and a plot of ip(k ) against

In[HCl] were also established to determine the reaction orders of the acid soluble PGMs

with respect to the hydrochloric acid concentration.

The reaction order of the acid soluble platinum was determined to be 0.56 with respect

to the HCI concentration. The acid soluble palladium has an order of 0.58 with rhodium

being 0.66 whereas ruthenium is 0.60. The order of reaction with respect to the Hel

concentration for the acid soluble iridium is 0.56.
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Fig. 5.49 Effect of Hel concentration on the Acid soluble P . dissolution rate.
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(iii) Dependence of Initial Particle size on dissolution of Acid-soluble PGMs
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The chemical reaction control of the shrinking particle model was also applied on the

leaching data obtained for the effect of initial particle size on the rate of dissolution of

the acid soluble PGMs. From the model rate equation 5.20, 1-(1-XA)1/3 was plotted

against t for the different initial particle sizes and the graphs for the individual

platinum-group metals are presented as Figures 5.55 to 5.59. The apparent rate

constants, k\, determined from the gradients of the lines were plotted against the

inverse of the initial particle diameter, do and is shown in Figure 5.60.

1.5

The linearity of the k", and lido plots with high average correlation coefficients of 0.99

indicate a good relationship with the model. Therefore, it is concluded from the graphs

that the proposed chernical reaction control of the shrinking particle model is really the

rate determining step which also controls the dissolution of the acid soluble PGMs.
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5.8 Comparison between the Experimental Results and the Plant Tests
Results for the Fit of the Proposed Models

The plant leach test whl,·:t was conducted with a 6.00 M hydrochloric acid solution at

70°C and agitation speed of 140 rpm was compared with the laboratory test with the

same experimental conditions. The leaching extractions of the plant and the laboratory

tests were compared and their results are shown inFigures 5.61 and 5.62. The results

100

80

j 60

~ 40

~

20'

0
0

Irrpala PMRReactor2101

350

Fig. 5.61

[HOl =6.00M
Terrperature = 7rf'C
Stirrer speed = 140rpm
O2 massflow = 1.2kglmin
Reactor pressure = 80kPa

....... -Rh,

- "'- Ru.
-"~Ir.
_..,._Au.

PGM dissolution in6.00 M Hel solution with the Impala Reactor 2101.

indicated that the bench scale experiments are in very good agreement with the results

from the plant test. The extent of extraction of the PGMs in the bench scale experiment

follows the same order as that in the plant, although the extractions achieved in the

bench scale experiments are higher than those achieved in the plant as presented in

Table 5.3. The laboratory test work has shown that the leaching of the platinum group

metals with 6.00 M hydrochloric acid solution at 70°C and a stirrer speed of 150 rpm

100 150 200 250
Time (min)

30050
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Fig. 5.62
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achieved a good extraction from the concentrate.

PGM dissolution in 6.00 M HCI solution with the Laboratory reactor
at ambient pressure.

% Final lIfrxtraction
pt Pd Rh Rll Ir Au

99.48 100.7 92.87 84.52 85.71 94.79

93.22 96.14 88.49 83.24 80.35 91.28

Lab. Reactor dissolut.
(2-L GlasSjeactor)

Impala Reactor dissol.
(1500-L Glass lined reactor)

Table 5.3 Comparison of the PGM dissolutions with the laboratory reactor and
Impala plant reactor 2101.

Condition: [HClj= 6.00M, Temperature= 7ffC, Agitation speed= 140 and 150 rpm

6hourPGM
Dissolution inlIet

The improvement of the bench scale dissolution of the platinum group metals may be

due to the fact that the solid-liquid ratio of 1:100 which was used for the laboratory
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tests was far dilute as compared to about 1:4 used at the plant operations, therefore the
consumption of chlorine in the laboratory reactor had minor effect on the rate of the
PGMs dissolution. The higher dissolution at the bench scale may also come from the
higher chlorine mass transfer coefficient obtained in the laboratory reactor, together
with an increase in the stirrer speed of 150 rpm as compared to the 140 rpm used
during the plant leach test.

The apparent decrease in ruthenium extraction in both reactors is possibly explained by
the volatile nature of the ruthenium tetroxide during acid dissolution. It is therefore
believed that some of the ruthenium is oxidised to the tetroxide form which then escape
from the reactor. The sodium hydroxide scrubbers used during all the laboratory
experiments were analysed for ruthenium and osmium. The concentrations of ruthenium
and osmium in the six. litre caustic solution used during the laboratory test run 21 was
18.60 ppm and 24.37 ppm respectively. From these concentrations, the mass of the
ruthenium and osmium metals in the scrubbers are 0.112 g and 0.146 g respectively.
Therefore, the mass balance for the ruthenium in this test is tabulated below.

Table 5.4 Ruthenium mass balance for the laboratory PGM leach test. 21.
Condition: [HClj= 6.00M, Temperature= 6rYC, Agitation speed= 80 rpm

Metal Mass inSample Mass. leached
(g) (g)

Mass escaped into. NaOII Mass in resi111e
(g) (g)

Ru 1.02 0.720 0.112 0.289

The accountability of ruthenium in this particular leaching test is 98.90%. This implies
that the total amount of ruthenium leached into solution and the residue is less than
what was in the sample leached. Therefore, the difference is the amount of ruthenium

escaped into the sodium hydroxide scrubber during the leaching.
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5.9 Overall Leaching rate Model for the PGM dissolution.

The surface chemical reaction control of hie shrinking particle model which was
proposed in Chapter 2 as the probable leaching kinetic rate model to describe the
dissolution of the PGMs in the various concentrations of hydrochloric acid solution at
different chlorine concentrations and temperatures were successfully applied on the
leaching results. From the results of the rate model [ 1-(1-X)1/3=kst] plots above, the
order of reactions with respect to HCI and chlorine concentrations together with the
activation energies for the individual PGMs and gold were obtained to establish the
overall leaching kinetic equations which is written as

5.21

for platinum. The final leaching rate expressions for both the chlorine soluble PGMs
and the acid soluble PGM fractions and the total gold are presented in the Tables 6.3

and 6.4 of Chapter 6.

The overall rate constant, ko, in the rate model equation 5.21 can be calculated from
the relationship that exists between the apparent rate constants, ks, and the various
experimental parr-meters that affect the dissolution of the platinum group metals which
is shown by the following function:

5.22

Now, from equation 5.22, a plot of k, against {do-llHCW[Cl~bexp[-EiRT] } for all the

parameters produces a straight line expected from the origin. The graph of this relation
is shown as Figure 5.63 for the chlorine soluble platinum. The average rate constant,
ko• value from the temperature, HCI and chlorine concentration lines were taken for all

the metals, The k, values obtained from the particle size lines were discarded since they

differ from the rest. The value of the rate constant, k; for the chlorine soluble platinum
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0.004
Rate constant

• k.= 3.20 X 106

• k.= 3.30 X 106

0.003 • k,,= 3.11 X 106

• k.=2.0()x 106
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,!:.!.'" 0.002
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dllorine ooluble Pt.
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[lido [HCW[C12]bexp(-E'/R1)] X 10-10

Fig. 5.63 Determination of the overall rate constant, ko' for the chlorine soluble Pt.

is 3.20 x 1O~min" and the average k, values for the rest of the chlorine soluble PGMs,

the acid soluble PGMs and gold are given in the Table 5.5 below. These rate constants
are put in the overall rate model equations presented in the conclusion of this work.

Table 5.5 Values of k, for the Chlorine soluble ana Acid soluble PG~Is and gold.----.----.----~----------------------~------------~
Values of the Overall rate constants, k;,

Platinum-Group
Metals

Chlorine soluble PGM
(min-I)

Acid soluble PGM
(mini)

Pt.
Pd.
Rh.
Ru.

Ir.

Au.

3.20xl06

4.15xl06

1.30xl07

2.90xl07

2.30x107

2.96xl03

7.20xl02

3.73xl03

5.65xl02

5.65xl02

1.80x106------~-----------------,~
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The energy balance equation used in this plant reactor modelling expression is

S.lO Combined Model for the Plant Reactor

The surface chemical reaction control of the shrinking particle model used to describe
all the laboratory dissolution of the chlorine soluble and the acid soluble PGM fractions
were combined with the energy balance and the chlorine mass balance from the plant
reactor to generate a scale-up overall leaching model for the plant. The plant reactor
modelling exercise involved in assembling differential rate equations and solving them.

5.23

where
Tsteam= Temperature of the' steam,
T = Temperature at time t,

ilHRi = Heat of reaction of the itll reaction,
Xi = Conversion of the PGE from the ith reaction,

and the rest of the symbols have their usual meanings explained at the Nomenclature.

LLlH~ :!XL (initial moles)
I iu

is the heat generated by the reactic is.

The chlorine mass balance equation applied in this modelling is expressed as follows

5.24

where
kla = Chlorine mass transfer coefficient,
Vi = Stoichiometric coefficient, and
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dXc = 3k (1- X )YJdt s,c c 5.25

LVI dX1 (initialmoies)
i dt is the amount of chlorine consumed by

the reaction. The meaning of the rest of the symbols are explained at the Nomenclature.

The differential equation of the shrinking particle model applied on the chlorine soluble

PGM fractions used for the C++ computer program on the plant model is expressed as

which becomes 1-(1-Xc)JJ3=ks,ct after integration. The same equation was applied for

the acid soluble PGMs, where Xc is changed to XA and X=fcXc+(l-fc)XA'

The data obtained for the dissolution of the PGM concentrate leached in the Impala

plant reactor was modelled to generate an overall expression to describe the kinetics

and. mechanism of the leaching. The energy balance and the chlorine mass balance

results were automatically put in the C++ computer program written by Frank

Crundwell to solve the 14 differential equations for the development of the overall

leaching model for the Impala plant reactor. All these equations are incorporated in the

C++ computer program shown in the Appendix E.

In the computer program, a distinction is made between the sub-models that compute

the energy balance, the chlorine mass balance and the rate of conversion of the

platinum-group metals from both the chlorine soluble PGM and acid soluble PGM

fractions. The known values from the Impala plant testwork are supplied to the GH

computer program which runs the data through the differential equations and the

combine model to provide the final output of the total extractions for the platinum

group metals in the plant reactor. This combined model computes the total extractions

of the individual PGMs, the temperature profile and the chlorine concentrations during

the leaching process as a function of time for the plant batch process.
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The data obtained during the Impala refinery plant tests were used to run the model of

the compute- program named Yaw cpp and the output is presented below. The graph

for the conversion of all the PGMs and gold from the output of the computer program

is shown as Figure 5.64 and is compared with the plant leach test.

1.0

0.8
c:I
0
'I?J

~
0.6

~ 0.4

0.2

0.0
0

Conputer rrodcl output
Impala PMRReaclor2101

- .. - Pl
_-Pd.

[HOl =6.00M
Terrperature =7Cf'C
Stirrer speed ;= 140 rpm
O2 rmssflow ;= 1.20 kgmin·t

Reactor pressure e 80 kPa

- -Rh.
-.,.- Ru.
-"-Jr.
-<1-Au.

94 5
Time (hr)

2 6 7 8

Fig. 5.64 A Plot of the PGMs conversion from the computer program output for the

Impala plant test results.

3

The c++ computer program results for the conversion of the PGMs and gold for the

Impala plant leach as shown in Figure 5.64 is compared with the results obtained from

the actual Impala plant leach test which is also shown in Figure 5.61 to check the

overall computer model. The results were almost the same for all the platinum group

metals and gold. This proves that the C++ computer model developed from this work

for the PGMs dissolution in the Impala plant reactor is good for the implementation on

the industrial level. This model scaled up the laboratory test to the industrial scale

which can be used to estimate the PGMs conversions during the plant leach by

supplying the necessary initial leach data.
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, ,.",

YAW ASAMOAH-BEKOE ==========~~============~
* PGM Chlorine Leach *

by F. K. Crundwell
University of the Witwatersrand, uohannesburg

Program solves 14 differential equations for the leaching reactions,
the energy balance and the chlorine mass balance.

Press the ENTER key

OUTPUT

Hours Temp Pt PO Rh Ru Ir Au Base C12

0 32 0 0 0 0 0 0 0 0
0.5 80.929 0.255 0.338 0.08 0.187 0.165 0.12 0.05 0.008
1 81.028 0.44 0.608 0.178 0.341 0.297 0,268 0.117 0.009 .
1.5 80.12 0.515 0.749 0.274 0.431 0.375 0,405 0.184 0.009
2 80.192 0,555 0.817 0.366 0.492 0.435 0.527 0.25 0.011
2.5 80.1G2 0.595 0.868 0.457 0.552 0.496 0,639 0,317 0.012
3 .80.788 0.636 0.911 0.543 0.611 0.557 0.735 0.382 0.014
3.5 81.324 0.678 0.947 0.626 0.671 0.617 0.817 0.446 0.016
4 80.487 0.722 0.974 0.704 0.73 0.678 0.885 0.511 0.018
4.5 81.5% 0.764 0.991 0.773 0.786 0.735 0.935 0.573 0.022
5 82.29 0.808 0.999 0.837 0.841 0.793 0.971 0.636 0.024
5.5 80.976 0.851 1 0.889 0.89 0.847 0.991 0.696 0.028
6 80.161 0.888 1 0.927 0.93 0.892 0.999 0.751 0.031
6.5 80.961 0.923 1 0.954 0.963 0.932 1 0.803 0.033
7 81.075 0.949 1 0.9G8 0.983 0.96 1 0.846 0.039

1

7.5 85.9'78 0.972 1 0.976 0.996 0.982 1 0.888 0.041
8 84.172 0.988 1 0.981 J. 0.995 1 0.925 0.044
8.5 82.612 0.996 1 0.986 l 0.999 1 0.95 0.048
press the ENTER key
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CHAPTER 6

6.0 CONCLUSION ANDRECOMl\1ENDATIC~·.

152

In this chapter a summary of all the conclusici-, hl'lde in this project is given.

Recommendations are also made for industrial implementation which may be beneficial
for the optimum control strategy of the primary PGM leach. Further study in this field
is recommended to look at the electrochemical aspect of the PGMs dissolution in detail
to give a broader spectrum to this research.

6.1 Conclusion

The studies on the chemical and m'<eralogical effects on the dissolution of the Impala
PGM concentrate have developed the ability to manipulate the factors that affect
leaching and the conditions used in this project for the benefit of improving the plant
recovery. From the analysis of the results of this investigation, the following
conclusions can be drawn,

1. The SEM photomicrographs indicated the presence of silver chloride in the
residue. Therefore, there is a likelihood that the silver chloride precipitate formed in
the reactor during the leaching may coats the PGM particles and passivates them to
prevent their total dissolution in the hydrochloric acid solution with chlorine.

2. The chlorine concentration in the PGM leach solution can be calculated from
an equation similar to :,,~ Nernst equation with the relationship between the chlorine

concentration and the redox potential of the solution.

3. The dissolution of PGMr; in the .oncercrate sample in HeI solution without
chlorine or any oxidant revealed the precence of acid soluble PGM fractions which do
not require chlorine or any form of oxidant to dissolve them. The results are shown in



Table 6.1. the results indicated that there were no acid soluble gold in the concentrate

material, Itwas also shown that when the acid soluble PGMs extraction is subtracted

from the total PGMs extraction, the resulting value is the extraction of the chlorine

soluble PGMs.

Table 6.1 Comparison of the dissolution of the PGMs with and without chlorine

Condition: [HClj= 6.00M, Temperature= 6CfC, Agitation speed= 150rpm

..... % FinatExtraction --
pt Pd Rh Ru Ii' Au

40.36 56.58 23.60 26.88 20.74 0.79

98.48 99.82 90.34 82.15 81.07 93.57

6hourPGM
Dissolution inHel

No Cl2 dissolution
(Acid soluble PGMs)

With elz dissolution
(Total PGMs lit Sample)

4. The dissolution of the platinum-group metals and gold is electrochemical in

nature. Therefore, the dissolution of PGMs can be modelled by a shrinking particle

model and electrochemical rate expression could also be considered.

5. The use of the various kinetic models of the shrinking-particle to analyse the

PGMs dissolution results made it clear that the concentrate material was so porous .hat

the diffusion through the material pores had no effect on the rate of dissolution. This

supported the assumption that the dissolution process leaves no product layer after the

reaction. The chlorine dissolution rate in the HCI solution was quite fast so the leach

solutions were saturated with chlorine before '(he concentrate samples were added so

the reactants diffusion through the leach solution never controlled the reaction rate.

6. The results obtained by the application of the kinetic models indicated that the

rate of dissolution is controlled by the chemical reaction of the shrinking particle

model. Therefore, this PGMs leaching investigation explained that the reacting chloride

solution penetrates through the silica matrix of the material to the reacting rOM surface

for a chemical reaction to take place.
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9. The activation energy for the chlorine dissolution in 11.50 M hydrochloric

acid solution was found to be 16.34 klmol", The values for the 6.00 M HCI was

calculated to be 24.38 klmol" and 26.71 klmol ' was obtained for the 2.00 M. This

shows that the activation energy for the dissolution increases with reduction in the acid

concentration.

7. The dissolution data for the chlorine soluble PGM fractions fit the surface

chemical reaction control of the shrinking particle model very well with a non-zero

intercept which is equal to the final dissolution rate of the acid soluble PGMs. This is

confirmed by the dissolution results for the acid soluble PGM fractions also obeying the

applied shrinking particle model from the origin of the plots.

8. It is concluded from the results that platinum, palladium, and gold in the

concentrate material can be completely dissolved in the HCI/C12 media under a

controlled condition with a good redox potential value. The redox potential of the leach

solution plays a major role in the PGM dissolution process. The rate of chemical

reaction of the PGM dissolution increases with an increase in the solution redox

potential and must be more than 1000 mV (vs Ag/AgCl) to maintain a good chlorine

concentration ill the reactor to ensure their total dissolution. In view of this, a total

PGM dissolution was achieved for most of the metals by reducing the particle size

below 38 /Lmwith a temperature of 80aC at a stirrer speed of 450 rpm.

10. The dissolution rates of the PGMs were significantly dependant on the

temperature. The values of the activation energy for the chlorine soluble PGMs and

gold calculated from the reaction rate constants supported the fact that chemical

reaction mechanism is the rate-limiting step throughout the leaching process. The low

activation energies obtained for the acid soluble PGMs indicated that their dissolution

is controlled by diffusion of the metal ions in the leach solution. All the activation

energies are presented in Table 6.2.

11. The results of this investigation have shown that the rate of dissolution of the
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PGMs and gold is dependent on the initial concentration of the hydrochloric acid

solution. The concentration of chlorine gas in the leach solution also has a great

influence on the rate of PGMs dissolution. The PGMs order of reactions with respect

to the concentration of HCr and that of chlorine are summarised in Table 6.2 below.

Table 6.2

Activation.Energy Order of Reaction Order of reaction

(kJmol"i) with tespectto [HCl] with respect to IC~l

A summary of activation energies, the order of reactions with respect to

HCl and C12 concentrations for the PGMs fractions and gold.

23.05 0.56
19.59 0.58

23.82 0.66
18.76 0.60

18.22 0.56

Platinum-Group

Metals

Pd.

Rh.

Ru.
Ir.

Au.

Based. on the Chlorine soluble.PGM Extraction

42.36 0.70 0.49
40.19 0.94 0.78

44.56 0.81 0.77

46.62 0.68 0.79

47.60 0.75 0.71------1
40.44 0.76 0.50

PGMs

Pt.

Pd.

Rh.

Ru.

Ir.

Baaed On the Acid soluble paM Extraction

12. The dissolution rate for all the PGMs were increased by reducing the initial

particle size of the concentrate sample. The smaller particles of below 38 J.tmdissolved

much faster than the large particle sizes. The linear relationship between the rate

constant, ks+ and the inverse initial particle diameter was also observed.

13. The rates ofPGM dissolution at stirrer speed above 300 rpm are independent

of the agitation. Therefore, agitation speed had no remarkable effect on the rate of the
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PGM dissolution if all the particles are in suspension. The effect experienced with the

change ')f agitation speed is to lift all the particles into suspension. It was observed that

all the particles are kept in suspension with the agitation speed of above 300 rpm.

Table 6.4 A summary of the leaching rate expressions for the Acid soluble PGMs.

14. The overall leaching rate expressions developed from this work for both the

chlorine soluble and acid soluble PGM fractions are given in Tables 6.3 and 6.4 below.

Table 6.3 Summary of the leaching rate expressions for the Cl2 soluble PGMs and Au

Based on the Chlorine soluble PGM Extractions
Platinnm-Gr .

Metals
Act. Energy General Rate equation for the.leaching
(kJilla!"l) r= k"do"IHC1]"[ClzJbexpG EalRT)

Pt. 42.36 1·(I·Xc)/3 = 3 .20xl 06do·1[HCI]o.7°[CI2]0.4gexp( -42. 36/RT)t

Pd. 40.19 1-(I-Xc)'/3 =4. 15x106do·1[HCI]o.94[CI2]o.78exp(.de) .19/RT)t

Rh. 44.56 1.-(I-Xc)/3 == 1.30xl07 do'1[HCl]o.81[Clz]°·77exp{ -44. 56/RT)t

Ru. 46.62 1-(I-Xc)/3 =2 .90xl 07do" [HCI]o.68[CI2]o.7gexp(-46. 62/RT)t

Ir. 47.60 1-(I-Xc)/3 =2. 30xl07 do·1[HCI]o.75[CI2]O.71exp( A7. 60/RT)t

Au. 40.44 1_(I_X)/3 = 1. soxi 06do·I[HCI]o.76[CI2]o.50exp(-40.44/RT)t

BaSel!. on the Acid soluble PGM Extraction

Platinum-Gr.

Metals
Activation Bner, General Rate equation for the leaching

(klmol") r = kudo'![HCJrexp(-En/RT)

Pt. 23.05 1-(I-XA)113= 2.96x103do·'[HCI]o.56exp(-23.05/RT)t

Pd. 19.59 1-(I-XA)1IJ= 7.20xl02do·'[I·ICW58exp(-19.59/Kf)t

Rh. 23.82 1-(I·XA)/3 = 3. 73xl03do·l[HCl]o.66exp(-2~ .82/RT)t

Ru. 18.76 1-(I-XA)/3 = 5 .65x102do"'[HCI]o·60exp(-18. 76/RT)t

Ir. 18.22 1-(I-XA)/3= 5.65x102do·'[HCI]o.56exp(-18.22/RT)t

The shrinking particle model which combined the activation energies of the r.letals

predicted the leaching rates for all the individual PGMs in this Impala concentrate.
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15. The C++ computer program developed to run the overall platinum group

metals conversion model from the energy balance and chlorine mass balance of the

plant reactor as shown in section 5.10 was successfully done to scale up the laboratory

test results to the plant level. The output ootained from the computer run was in

agreement with the actual plant results. This is a good leach model which can be used

at the industrial level to predict the extraction of the PGMs from the initial data from

the reactor and the reactants. The Impala plant operators can also apply this model to

check the dissolution efficiencies of the PGMs.

6.2 Recommendation

1. The possibility of the PGMs leaching kinetics being modelled with an

electrochemical rate expression cannot be ruled out on tI:·~basis vi this project. It is

therefore recommended that platinum-group elements electrodes be designed to give a

true account of the surface potential of the PGMs in the ore and also to investigate the

electrochemical aspect of the dissolution that this research could not touch.

2. The effect of galvanic interactions or charge transfer due to the PGM particles

coming into direct contact with other base metals can be investigated to determine the

role that some of these metals can play to enhance the platinum group metals

dissolution rate. This may be a good source of information for the initial prediction of

tile PGM dissolution operation at the plant level.

3. The platinum-group metals dissolution with chlorine gas at atmospheric

pressure as most of this tests were done released the excess chlorine in the reactor out

through a scrubber into the atmosphere, therefore, it is suggested w1atleaching in a

closed reactor or a pressurized reactor would be better for the most effective utilisation

of chlorine.

4. Itmight be worth doing some more experiments by leaching pure platinum-
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group metals in hydrochloric acid solutions with chlorine to investigate the applicability

of the shrinking particle model on the obtained data from the direct dissolutions. This

will draw the distinction between the nature of the acid soluble PGMs and the chlorine

soluble fractions of the PGMs experienced in the concentrate sample used for this

experiments. Itmight be possible also to give a better explanation to the presence and

the nature of the acid soluble PGMs fraction in the concentrate sample used. This will

spell out clearly how the various metals respond to both the diffusion and surface

chemical reaction control mechanisms of the shrinking particle models.

5. '1he work was done with a more dilute solid to liquid ratio of 1:100 for a

constant lesching period of 6 hours so different solid to liquid ratios can be used to

detennine the effect of this on the rate and extent of dissolution of PGMs in

hydrochloric acid solution with a constant chlorine concentration. The leaching duration

may also be varied to establish an optimum period which would yield the highest

extraction or a total dissolution of all the PGMs.
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Table Al: Some Physical Properties of the Platinum-Group Metals

Light Group Heavy Group

Property Ruthenium Rhodium Palladium Osmium Iridium Platinum

Ru Rh Pd Os Ir Pt

Atomic number 44 45 46 76 77 78

Atomic mass 101.07 102.91 106.40 190.20 192.22 195.07

Boiling point. °C 4150 3695 2963 5012 4428 3825

Bonding energy, eV 6.63 5.76 3.91 8.20 6.94 5.65

Brinell hardness 220 139 49 400 164 47
Bulk modulus, kPa 28.40 21.40 18.63 37.20 37.20 27.40

Coeff. of linear expansion, urs: 5.05 8.30 11.80 2.60 6.80 9.10

Density (at 20°C), gem! 12.450 12.414 12.020 22.583 22.650 21.450

Ductility, % 1.70 1.80 4.10 1.70 1.80 4.50

Electrical resistivity, ](y8Q..m 6.80 4.33 9.93 8.12 4.71 I 9.85

Enthalpy of fusion, klmol" 38.59 26.59 16.74 57.85 41.12 22.17

Hardness (Mohs) 6.50 5.70 4.80 7.00 6.50 4.30

Heat of evaporation, klmot' 568.15 495.72 376.81 628.02 563.96 510.79

Latent heat of fusion, kJmoZ-! 26.00 21.60 17.60 31.70 26.40 19.70

Mean specific heat, Jkg-! 234.0 243.0 247.0 130.0 130.6 134.4

Melting point, °C 2334.0 1964.0 1554.9 3013.0 2446.0 1768.4

Normal elastic modulus, MPa 4.81 3.26 1.28 5.91 5.30 1.77

Specific heat capacity, J(g-Kr1 0.238 0.243 0.244 0.130 0.131 0.133

Standard entropy at 25°C, Jmot' 1850 31.50 37.90 32.60 35.50 41.60

Thermal conductivity, W(m-[()-I 107.50 150.00 73.00 73.80 147.50 72.10

Thermal expansion at 25°C, IrfK' 6.40 8.20 11.80 .dO 6.40 8.80

Work function, eV 4.71 4.98 5.12 4.83 5.40 5.65

165



Appendix B

Raw Data for the Chlorine dissolution tests

166



Table Bl: Raw Data for the ChlorineDissolutlon

[HCI] = 11.50M
Effect of Temperature on Cl2 dissolution inHCI solution Stirrer speed= 125rpm

Cl2 flowrate = 825cm3min-1

Time Temp.= 30°C Temp. = 40°C Temp. = 50nC Temp.= 60°C Temp.r= 70°C

(min) Titr.Val [CIJ In TitrVal [CIJ In TitrVai [CIJ In Titr.Val [CIJ In TitrVal [CIJ In
(ml) M (I-CtC,) (ml) M (I-CtC,) (ml) M (I-CtC,) (ml) M (l-etC,) (ml) M (l-etC,)

0 0.00 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000
10 11.80 0.0288 -0.4232 9.10 0.0222 -0.4227 7.40 0.0181 -0.4680 5.20 0.0127 -0.4520 4.50 0.0110 -0.5897
20 17.40 0.0425 -0.7109 13.80 0.0337 -0.7397 11.20 0.0274 -0.8340 8.'20 0.0200 -0.8519 6.70 0.0164 -1.0887
30 21.00 0.0513 -0.9521 17.30 0.0423 -1.0652 13.90 0..D340 -1.2108 10.40 0.0254 -1.2991 8.50 0.0208 -1.8424
40 14.00 0.0586 -1.2099 19.60 0.0479 -1.3565 16.10 0.0393 -1.6775 11.90 0.0291 -1.7845 9.10 0.0222 -2.3123
50 26.60 0.0650 -1.5042 21.60 0.0528 -1.7049 17.30 0.0423 -2.0696 12.90 0.0315 -2.3232 9.60 0.0235 -3.0052
60 28.20 0.0689 -1.7407 22.80 0.0557 -1.9927 17.90 0.0437 -2.3442 13.40 0.0327 -2.7647 9.80 0.0239 -3.5156
70 29.80 0.0728 -2.0509 23.80 0.0581 -2.3182 18.60 0.0454 -2.8039 13.80 0.0337 -3.3517 9.95 0.0243 -4.2079
80 30.80 0.0752 -2.3089 24.50 0.0598 -2.6320 18.90 0.0462 -3.0918 14.00 0.0342 -3.8614 10.01 0.0245 -4.7176
90 31.50 0.0769 -2.5395 25.00 0.0611 -2.9375 19.20 0.0469 -3.4976 14.05 0.0344 -4.1263 10.05 0.0246 -5.3030
100 32.20 0.0787 -2.8398 25.40 0.0620 -3.2743 19.40 0.0474 -3.9037 14.15 0.0346 -4.6203 10.07 0.0246 -5.8103
110 32.70 0.0799 -3.1278 25.70 0.0628 -3.6316 19.50 0.0476 -4.1919 14.20 0.0347 -5.1753 10.08 0.0246 -6.2114
120 33.00 I u.J806 -3.3512 25.85 0.0631 -3.8729 19.60 0.0479 -4.5986 14.25 0.0348 -5.6389 10.09 0.0246 -6.8915
130 33.30 o ('-:'3 -3.6393 26.0" 0.0635 -4.1919 19.65 0.0480 -4.8874 14.27 0.0349 -6.l385 10.10 0.0247 -",1.

140 33.50 0.u8!;)' -3.8911 26.10 0.0638 -4.4804 19.70 0.0481 -5.2952 14.28 0.0349 -6.5301 10.10 0.0247 -
150 33.70 0.0823 -4.2285 26.20 0.0640 -4.8874 19.75 0.0482 -5.6549 14.30 0.0349 - 10.10 0.0247 -
160 33.80 0.0826 -4.4524 26.40 0.0645 - 19.80 0.0484 - 14.30 0.0349 - 10.10 0.0247 -
170 34.20 0.0835 - 26.40 0.0645 - 19.80 0.0484 - 14.30 0.0349 - 10.10 0.0247 -
180 34.20 0.0835 - 26.40 0.0645 - 19.80 0.0484 - 14.30 0.0349 - 10.10 0.0247 -

-- ----_ .. _-----
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[HCI] = 6.00M
Effect of Temperature on CI2 dissolution in HCI solution Stirrer speed = 125rpm

Cl, flowrate :=: 825cmJmin·j

Time Temp. = 30°C Temp. = 40°C Temp.= 50°C Te.np. = 60°C Temp. = 70°C

(min) TitrVal [Clz] In TitrVal [Clz] In TitrVal fClz] In TitrVal [Clz] In TitrVal [Clz] In
(ml) M (l-C/C,) (ml) M (l-C/C,) (ml) M (l-C/C,) (ml) M (I-CtC,) (ml) M (l-C/C,)

0 0.00 0.00000 0.0000 0.00 0.0000 o )(J(J(J 0.00 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000
2 4.80 0.01172 -0.1911 - - - - - - - - - - - -
4 7.50 0.01832 -0.3171 - - - - - - - - - - - -
5 - - - 5.80 0.0142 -0.3250 3.90 0.00953 -0.2965 4.20 0.01026 -0.4699 4.20 0.01026 ·0.6700
6 8.70 0.02125 ·0.3787 - - - - - - - - - - - -
8 9.60 0.02345 -0.4275 - - - - - - - - - - - -
10 10.70 0.02613 -0.4905 8.50 0.Q208 -0.5220 7.20 0.01759 -0.6418 5.90 0.01441 -0.7480 5.80 0.01417 -1.1217
12 11.50 0.02809 -0.5390 - - - - - - - - - - - -
14 12.20 0.02~80 ·0.5835 - - - - - - - - - - - -
15 - - - 10.10 0.0247 -0.6602 8.60 0.02101 -0.8341 7.80 0.01905 -1.1918 6.80 0.01661 -1.5632
16 12.80 0.03126 -0.6232 - - - - - - - - - - - -
18 13.40 0.03273 -0.6646 - - - - - - - - - - - -
20 14.10 0.03444 ·0.7152 11.60 0.0283 -0.8097 10.20 0.02491 -1.1116 8.60 0.0210! -1.4599 7.30 0.01703 -1.8882
25 - - - 13.10 0.0320 -0.9856 11.50 0.02809 -1.4126 9.30 0.02272 -1.7734 7.90 0.01930 -2.5061
30 17.80 0.04348 -1.0355 '4.50 0.0354 -1.1834 12.10 0.02955 -1.5895 10.00 0.02443 -2.2324 8.10 0.01978 -2.84.15
40 20.10 0.04909 -1.3030 16.40 0.0401 -1.5356 13.50 0.03297 -2.18518 10 50 0.02565 -2.7705 8.40 0.02052 -3.7524
50 21.90 0.05349 -1.5775 17.80 0.0435 -1.9082 14.20 0.03468 -2.7198 10.90 0.02662 -3.6147 8.53 0.02083 4.7857
60 23.20 0.05667 -1.8365 19.10 0.0467 -2.4516 14.60 0.03566 -32296 11.05 0.02699 4.3026 8.57 0.02093 ·5.6000
70 24.60 0.06009 -2.2196 19.60 0.0479 -2.7769 14.90 0.03639 -3.9201 11.12 0.02716 4.9221 8.59 0.02098 -6.5910
80 25.20 0.06155 -2.4429 20.10 0.0491 -3.2621 15.00 0.03664 4.3230 11.16 0.02726 -5.5959 8.60 0.02101 -
90 25.80 0.06302 -2.7307 20.40 0.0498 -3.7317 15.10 0.03688 -5.0084 11.18 0.02731 -6.2515 8.60 0.02101 -
100 26.20 0.06399 -2.9823 20.60 0.0503 4.2417 15.14 0.03698 -5.5089 11.20 0.02736 - 8.60 0.02101 -
110 26.60 0.06497 -3.3191 20.70 0.0506 4.6461 15.16 0.03703 -5.9016 11.20 0.02736 - 8.60 0.02101 -
120 26.80 0.06546 -3.5426 20.75 0.0507 4.9327 15.18 0.03708 -6.5576 11.20 0.02736 - 8.60 0.02101 -
130 27.00 0.06595 -3.8308 20.80 0.050& -5.3351 15.19 0.03710 -7.1803 11.20 0.02736 - 8.60 0.02101 -
140 27.20 0.06644 4.2374 20.85 0.0509 -6.0230 15.20 0.03713 - 11.20 0.02736 - 8.60 0.02101 -
150 27.30 0.06668 4.5262 20.86 0.0510 -6.2430 15.20 0.03713 - 11.20 0.02736 - 8.60 0.02101 -
160 27.40 0.06692 4.9339 20.87 0.0510 -6.5255 15.20 0.03713 - 11.20 0.02736 - 8.60 0.02101 -
170 27.60 0.06741 - 20.90 0.0511 - 15.20 0.03713 - 11.20 0.02736 - 8.60 0.021O! -
180 27.60 0.06741 - 20.90 0.0511 - 15.20 0.03713 - 11.20 0.02736 - 8.60 0.02101 -

-~---
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[HC11 = 2.00M
Effect of Temperature on Cl2 dissolution inHel solution Stirrer speed= 125rpm

Cl2 flo wrate = 825cm3min-1

Time Temp. = 30°C Temp.= 40°C Temp. = 50°C Temp. = 6CJC Temp.= 70°C

(min) TitrVal [CI;] In TitrVai [eI;] In TitrVal [eJ;] In TitrVal [eI;] In TitrVal [eI;] In
(ml) M (l-CtC.) (ml) M (I-CtC,) (ml) M (l-CtC,) (m!) M (I-CtC,) (m!) M (l-CtC,)

0 0.00 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000 0.00 0.0000 0.0000
5 7.10 0.0173 -0.4527 5.70 0.0139 -0.4404 4.30 0.0105 -0.4581 3.60 0.0088 -0.5034 3.50 0.0086 -0.7729
10 10.10 0.0247 -0.7297 7.90 0.0193 -0.6807 6.30 0.0154 -0.7731 5.50 0.0134 -0.9271 4.90 0.0120 -1.4011
15 11.60 0.0283 -0.9035 9.80 0.0239 -0.9480 7.70 0.0188 -1.0731 6.70 0.0164 -1.3324 5.70 0.0139 -2.0933
20 12.90 0.0315 -1.0833 11.20 0.0274 -1.2040 8.80 0.0215 -1.3946 7.60 0.0186 -1.8021 6.10 0.0149 -2.7846
25 14.30 0.0349 -1.3217 12.10 0.0296 -1.4116 9.70 0.0237 -1.7660 8.10 0.0198 -2.2071 6.30 0.Oi54 -3.4740
30 :i5.20 0.0371 -1.5117 13.00 0.0318 -1.6740 10.20 0.0249 -2.0535 8.40 0.0205 -2.5632 6.40 0.0156 -4.1596
40 Hi.50 0.0403 -1.8717 14.10 0.0344 -2.1308 10.80 0.0264 -2.5638 8.80 0.0215 -3.4081 6.47 0.Q158 -5.3295
50 17.50 0.0427 -2.2771 14.80 0.0362 -2.5903 11.30 0.0276 . -3.3733 9.00 0.0220 -4.4982 6.50 0.0159 -
60 18.10 0.0442 -2.6337 15.20 0.0371 2.9958 11.50 0.0281 -4.0637 9.06 0.0221 -5.3955 6.50 0.0159 -
70 18.50 0.0452 -2.9700 15.50 0.0379 -3.4659 11.60 0.0283 -4.7515 9.10 0.0222 - 6.50 0.0159 -
80 18.30 0.0459 -3.3265 15.70 0.0384 -3.9768 11.65 0.0285 -5.4341 9.10 0.0222 - 6.50 0.0159 -
90 19.00 0.0464 -3.6627 15.80 0.0386 -4.3824 11.70 0.0286 - 9.10 0.0222 - 6.50 0.0159 -
100 19.20 0.0469 -4.1730 15.90 0.0388 -5.0758 11.70 0.0286 - 9.10 0.0222 - 6.50 0.0159 -
110 19.3(1 0.0471 -4.5777 16.00 0.0391 - 11 ~I) 0.0286 - 9.10 0.0222 - 6.50 0.0159 -
120 19.35 0.0473 -4.8647 16.00 0.0391 - 11 -o 0.0286 - 9.10 0.0222 - 6.50 0.0159 -
130 19.40 0.0474 -5.2687 16.00 0.0391 I ° lID' ·0.0286 - 9.10 0.0222 - 6.50 0.0159 -
140 19.50 0.0476 - 16.00 0.0391 - 11.70 0.0286 - 9.10 0.0222 - 6.10 0.0159 -
150 19.50 0.0476 I - 16.00 0.0391 - 11.70 0.0286 - 9.10 0.0222 - 6.50 0.0159 -
160 19.50 .I 0.04761 - 16.00 0.0391 - 11. 70 0.0286 - 9.10 0.0222 - 6.50 0.0159 -
170 19.50 0.0476 - 16.00 0.0391 - 11.70 0.0286 - 9.10 0.0222 - 6.50 0.0159

19.50 J().0476 __ - __ I 16,00
-

180 0.0391 - 11.70 0.0286 - 9.10 0.0222 - 6.50 0.0159 -
----- -- --
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[RCl] = 6.00M
Effect of Cl2 concentration on dissolution in Hel solution Temperature= 50°C

Stirrer speed = I25rpm

Time No Nitrogen N2 f1owrate= 90cm3min"1 N2 f1owrate= 20Ucm'min"1 N? flowrate= 31OC'm3min"1
(min) Cl2 flowrate= 720cm3miIi1 Cl2 flowrate= 720cm3min"1 el2 flowrate= 720 ..:m3min"1 C~ flowrate= 720cm3min"1

Titr Val [CI;! In Titr Val [Clz_] In Titr Val [(;121 In TitrVal (CI;! In
(ml) eM) (I-C/Cs) (ml) (M) (I-CtCs) (ml) (M) (I-CtCs) (ml) eM) (I-CtCs)

0 0.00 o.()<}()(){) 0.0000 0.00 0.00000 0.0000 0.00 0.00000 0.0000 0.00 0.0000 0.0000
5 3.90 0.00953 -0.2965 3.50 0.00855 -0.2617 2.80 0.00684 -0.2036 L70 0.00415 -0.1186
10 7.20 0.01759 -0.6418 6.00 0.01466 I -0.5020 5.20 0.01270 -0.4187 4.00 0.00977 -0.3053
15 8.60 0.02101 -0.8341 7.50 0.01832 -0.6800 6.70 D.01636 -0.5811 5.20 0.01270 -0.4187
20 10.20 0.02491 -1.1116 8.70 0.02125 -0.8494 7.80 0.01905 -0.7197 6.30 0.01539 -0.5352
25 11.50 0.02809 -1.4126 9.80 0.02394 -1.0347 8.50 0.02076 -0.8191 7.00 0.01710 -0.6171
30 12.30 0.03004 -1.6561 10.50 0.02565 -1.1735 9.00 0.02198 -0.8966 7.60 0.01856 -0.6930
40 13.50 0.03297 -2.1898 11.60 0.02833 -1.4400 9.90 0.02418 -1.0534 8.50 0.02076 -0.8191
50 14.20 0.03468 I -2.7198 12.40 0.03029 -1.6912 10.50 0.02565 -1.1735 9.10 0.02223 -0.9129
60 14.60 0.03566 -3.2296 12.90 0.03151 -1.8878 11.00 0.02687 -1.2859 9.50 0.02320 -0.9807
70 14.90 0.03639 -3.9201 13.40 0.03273 -2.1327 11.40 0.02784 -1.3860 9.90 0.01418 -1.0534
80 15.00 0.03664 -4.3230 13.70 0.03346 -2.3149 11.70 0.02858 -1.4682 10.20 0.02491 -1.1116
90 15.10 0.03688 -5.0084 13.90 0.03395 -2.4578 12.00 0.02931 -1.5578 10.60 0.02589 -1.1950
100 15.14 0.03698 -5.5089 14.W 0.03444 -2.6247 12.30 0.03004 -1.6561 10.90 0.02662 -1.2624
110 15.16 0.03703 -5.9016 14.30 0.03493 -2.8250 12.60 0.03078 -1.7653 11.20 0.02736 -1.3347
120 15.18 0.03708 -6.5576 14.40 0.03517 -2.9426 12.80 OJ)3126 -1.8453 11.40 0.02784 -1.3860
130 15.19 0.03710 -7.1803 14.50 0.03542 -3.0758 13.10 I.....!13200 -1.9787 11.70 0.02858 -1.4682
140 15.20 0.03713 - 14.60 0.03566 -3.2296 13.30 0.03249 -2.0787 11.90 0.02907 -1.5270
150 15.20 0.03713 - 14.70 0.03590 -3.4114 13.40 0.03273 -2.1327 12.10 0.02955 -1.5895
160 15.20 0.03713

I
- 14.80 0.03615 -3.6338 13.60 0.03322 -2.2504 12.30 0.03004 I -1.6:1)1

170 15.20 0.03713 - 14.90 0.03639 -3.9201 13.80 0.03371 -2.3838 12.50 0.03053 -1.7276
180 15.20 0.03713 - 15.00 0.03664 - 13.90 0.03395 -2.4578 12.80 0.03126 -1.8453

---- . ... ".
_ . -------- , .
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[HCI] = 6.00M
Effect of Stirrer speed on elz dissolution inHCI solution Temperature= 40°C

Cl2 flowrate = 825cm3min-1

Time I Stirrer speed = 150rpm Stirrer speed = 190rpm Stirrer speed = 300rpm Stirrer speed = 500rpm
(min)

TitrVal [Clz] In TitrVal [CIz] In Titr Val [CIz] In Titr Val [Clz] In
(ml) (M) (I-C/Cs) (ml) (M) (I-C/Cs) (ml) (iYI) (I-C/Cs) (ml) (M) (I-C/Cs)

0 0.00 0.00000 0.0000 0.00 0.0000 0.0000 0.00 O.uOOO 0.0000 0.00 0.00000 0.0000
5 5.80 0.01417 -0.2834 6.10 0.01490 -0.3005 6.50 0.01588 -0.3238 7.50 0.01832 -0.3844
10 8.50 0.02076 -0.4489 9.50 0.02320 -0.5179 9.80 0.02394 -0.5396 11.60 0.02833 -0.6804
15 10.10 0.02467 -0.5617 11.20 0.02736 -0.6474 12.00 0.02931 -0.7146 14.20 0.03468 -0.9270 :
20 11.60 0.02833 -0.6804 12.80 0.03126 -0.7867 13.80 0.03371 -0.8848 15.90 0.03884 -1.1288 I
25 13.10 0.03200 -0.8152 14.30 0.03493 -0.9378 15.40 0.03761 -1.0651 17.50 0.04274 -1.3652
30 14.50 0.03542 I -0.9597 15.70 0.03835 -1.1028 16.50 0.04030 -1.2110 18.60 0.04543 -1.5677
40 16.40 0.04006 -1.1969 17.60 0.04299 -1.3820 18.30 0.04470 -1.5083 20.00 0.04885 -1.9041
50 17.80 0.04348 -1.4165 19.]0 0.04665 -1.6753 19.60 0.04787 -1.7959 20.50 0.05007 -2.0583
60 19.10 0.04665 -1.6753 19.90 0.04861 -1.8760 20.10 0.04909 -1.9331 20.60 0.05032 -2.0922
70 19.90 0.04861 -1.8760 20.20 0.04934 -1.9630 20.20 0.04934 -1.9630 20.70 0.05056 -2.1273
80 20.20 0.04934 -1.9630 20.50 0.05007 -2.0583 20.40 0.04983 ~2.0255 20.72 0.05061 -2.1344
90 20.40 0.04983 -2.0255 20.60 . 0.05032 -2.0922 20.50 0.05007 -2.0583 20.74 0.05066 -2.1416
100 20.60 0.05032 -2.0922 20.70 0.05056 -2.1273 20.60 0.05032 -2.0922 20.76 0.05071 -2.1489
110 20.70 D.05056 -2.1273 20.80 0.05080 -2.1636 20.70 0.05056 -2.1273 20.80 0.05080 -2.1636
120 20.75 0.05068 -2.1453 20.90 0.05105 - 20.80 0.05080 -2.1636 20.82 0.05085 -2.1710
130 20.80 0.05080 -2.1636 20.90 0.05105 - 20.90 0.05105 - 20.84 0.05090 -2.1785
140 20.85 0.05093 -2.1823 20.90 0.05105 - 2090 0.05105 - 20.86 0.05095 -2.1861
150 20.86 0.05095 -2.1861 20.90 0.05105 - 20.90 0.05105 - 20.88 0.05100 -2.1937
160 20.87 0.05098 -2.1899 20.90 0.05105 - 20.90 0.05IG5 - 20.90 0.05105 -
170 20.90 0.05105 - 20.90 0.05105 - 20.90 0.05105 - 20.90 0.05105 -
180 20.90 0.05105 - 20.90 0.05105 - 20.90 0.05105 - 20.90 0.05105 -

-- --------- ._ ..
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[HCI] = 6.00M
Comparison of Redox potential and Cil concentration inHCI solution Stirrer speed = 125rpm

Cll flowrate = 825crrfmin-1

Time Temperature = 30°C Temperature = 50°C Temperature = 60°C I

(min)
Titr. Value [CI~ Redox Pot. Titr. Value [Cl~ Redox Pot. Titr. Value (Cl~ Redox Pot.

(ml) eM) (mY) (ml) (M) (mV) (ml) (M) (mV)

0.0 0.00 0.00000 961.0 0.00 0.0000 954.3 0.00 0.0000 950.1
5.0 8.10 0.01978 1031.2 3.90 0.00953 1019.8 3.60 0.00879 1017.4
10.0 11.20 0.02736 1035.4 6.80 0.01661 1027.5 5.80 0.01417 1023.6
15.0 13.20 0.03224 1037.3 8.60 0.02101 1030.7 7.40 0.01807 1027.1
20.0 15.10 0.03688 1039.4 10.20 0.02491 1033.1 8.50 0.02076 1029.0

I 25.0 16.90 0.04128 1040.9 11.50 0.02809 1034.5 9.20 0.02247 1030.0
30.0 18.20 0.04445 1042.1 12.30 0.03004 1035.4 9.80 0.02394 1031.2
40.0 20.40 0.04983 1043.6 13.50 0.03297 1036.8 10.50 0.02565 1032.1
50.0 22.10 0.05398 1044.7 14.20 0.03468 1037.5 10.90 0.02662 1032.2
60.0 23.60 0.05764 1045.6 14.60 0.03566 1037.7 11.05 0.02699 1032.3
70.0 24.80 0.06057 1(}46.0 14.90 0.03639 1037.8 11.12 0.02716 1032.5
80.0 25.60 0.06253 1046.2 15.00 0.03664 1037.9 11.16 0.02726 1032.7
90.0 26.20 0.06399 1046.4 15.10 0.03688 1038.0 1Ll8 0.02731 1032.9
100.0 26.60 0.06497 1046.5 15.14 0.03698 1038.2 1l.20 0.02736 1033.1
110.0 26.90 0.06570 1046.6 15.16 0.03703 1038.3 11.20 0.02736 1033.3
120.0 27.10 0.06619 1046.7 15.18 0.03708 1038.5 11.20 0.02736 1033.5
130.0 27.20 0.06644 1046.8 15.19 0.03710 1038.6 11.20 0.02736 1033.7
140.0 27.30 0.06668 1046.9 15.20 0.03713 1038.9 11.20 0.02736 1033.8
150.0 27.40 0.06692 1047.2 15.20 0.03713 1039.5 11.20 0.02736 1034.1
]6U.O 27.50 0.06717 1047.5 15.20 0.03713 1039.9 11.20 0.02736 1034.3
170.0 27.60 0.06741 1047.6 15.20 0.03713 1040.1 11.20 0.02736 1034.5
180.0 27.60 0.06741 1047.6 15.20 0.03713 1040.1 11.20 0.02736 1034.8

-----
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Appendix C

Results of the Leaching experiments of the Platinum-Group Metals

Raw Data:
(i) Experimental measurements
(ii) Mass balances
(iii) Extractions versus time and redox potential data
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RUN 1

Leaching Condition:

Mass of sample

Volume of Hel used

HCl concentration

Temperature

C12flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00L

= 6.00M

= 30°C

= 825 cm'min"

= 150 rpm

== 6.00 hours

TableCLl Raw Data for the Leaching Experiment 1.

~

Sample Sample Analysis results in % aud ppm
) Vol.

(ml) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 0.072 0.0623 157 156 45 42
15 15 0.100 0.0702 194 176 59 46
2~ 15 0.110 0.0753 2l() 213 62 ~1

30 15 0.125 0.0812 225 249 69 .;;.:;t

40 15 0.135 0.0851 235 260 72 5,
50 15 0.145 0.0878 248 277 75

,,,
60 15 0.152 0.0926 260 288 77 6:.
70 15 0.158 0.0954 266 293 79 67
80 15 0.163 0.1000 277 301 81 68
90 15 0.169 0.1034 282 308 83 69
100 15 0.175 0.1056 288 311 84 71
llO 15 0.179 0.1078 292 s.: 85 72
120 15 0184 0.1090 295

I
328 86 73

150 15 0.192 0.1140 306 339 88 76
180 15 0.200 0.1180 310 346 90 78
210 15 0.203 0.1200 314 ?~1 I 91 80
240 15 0.208 0.1207 319 355 92 82
270 15 0.210 0.1225 320 359 93 83
300 15 0.215 0.1235 324 36& 94 84
330 15 0.218 0.1242 328 376 95 85
360 15 0.220 0.1258 329 379 96 86

Pregn. 0.220 0.= ~ I ,~ 96 86
Wash. A in (ppm) 66 56 14 8 3 2IWash. B in (ppm) 1 <1 <1 1 <1 <1
Residue in (%) 7.96 _l.lL _3.84 _ 6.28_ 2.38 1.12 i

.~
Volume of Iiq. (HCI) into Leach = 2.00 L

Volume ofliq. (HCI) ex-leach = 1.680 L

Wash water volume (Wash A) = 500 mI

Wash water volume (Wash BJ = 1500 mi.
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TableC1.2: Assay values for Leach 1 solids

Assays, Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 7.96 1.18 3.84 6.28 2.38 1.12

Solids in sample 056 L... 0.31_ 0.50 0.78 0.29 0.48

TableCl.4: Extraction vs time data for Leach 1.

Solids dissolved in solution = 14.97 g

Time % Extraction RedoxPot.

(min) Pt Pd Rh Ru If Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 1018.0

5 3!.304 49.840 38.293 30.588 30.000 38.1&2 1019.6

15 43.387 56.113 47.249 34.480 39.263 41.791 1020.2

20 47.670 60.131 51.093 41.627 41.233 46.268 1022.0

30 54.044 64.745 54.670 48.527 45.795 49.823 1022.8

40 58.262 67.772 57.035 50.619 47.735 51.586 1022.8

50 62.447 69.851 60.087 53.827 49.660 55.961 10235

60 65.353 73.5i8 62.882 55.887 50.933 58.566 1024.2

70 67.825 75.640 6U69 56.816 52.197 60.289 1024.7

80 69.869 79.099 66.791 58.290 53.450 61.143 1025.4

90 72.301 81.636 67.928 59.570 54.693 61.991 1026.4

100 74.714 83.264 69.282 60.114 55.310 63.673 1027.5

110 76.310 84.879 70.177 61.014 55.922 64.507 1028.0

120 78.288 85.752 70.843 63.155 56.528 65.334 1029.1

150 81.427 89.362 73.264 65.102 57.732 67.796 1029.8

i80 8454r '26 74.137 66.330 58.925 69.423 1031.1

210 85.698 J46 75.003 67.200 59.:'17 71.036 1031.7

240 87.611 94.139 76.076 67.890 60.103 72.636 t033.5

270 88.370 95.395 76.289 68.575 60.685 73.430 1034.1

300 90250 96.087 77.133 70.101 61.262 74.216 1034.5

730 9l.369 96.567 77.970 71.446 61.833 74.996 1035':J
_____1@ 92.108 .97.G5~~17I_ 71.946 62.400 75.7~~1

Masses Recorded
Sample into Leach

Re ••due

Solids in sample

= 20.0 g
=451 g

=052g

Table Cl.3: Mass Balance for Leach 1

Mass (g)

Pt Pd Rh Ru Ir Au

Into LEach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 03590 0.0532 0.1732 0.2832 0.1073 0.0505
Solids in sample 0.0029 0.0016 0.0026 0.0041 0.0015 0.0025
Pregn, Solution 3.6960 2.1134 05527 0.6367 0.1613 0.1445
Wash A Liquor 0.0330 0.0280 0.0070 0.0040 0.0015 0.0010
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.4970 0.3028 0.0818 0.0896 0.0240 0.0105

Total Out 4.5894 2.5006 0.8188 1.0191 0.2971 0.2205

Mass Balance % .,(OutlIn) 99.77 100.02 99.85 99.91 99.04

% Extraction 92.11 97.81 78.53 71.81 63.31_ _]5.96]
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RUN 2

Leaching Condition:

Mass of sample

Volume of HCI used

HCI concentration

Temperature

Cl2 flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00 L

= 6.00M

= 40°C

= 825 cnr'min'
= 150 rpm

= 6.00 hours

Table C2.1: Raw Data for the Leaching Experiment 2.

Time Sample Sample Analysis results in ppm
(min) Vol.

(ml) Pl Pd Rh Ru Ir Au

0 - - - - - - -
5 15 738 537 145 148 44 42
15 i5 1079 689 196 190 64 50
20 15 1220 770 218 220 70 56
30 15 1365 841 231 266 74- 60
4-0 15 1457 897 240 276 78 62
51) 15 1540 920 250 294 81 66
60 15 1610 972 266 300 84 69
70 15 1672 1006 270 311 85 71
80 15 1710 1045 283 321 88 72
90 15 1777 1070 290 324 90 73
100 15 1820 1080 295 332 91 75
110 15 1865 1110 302 335 92 76
120 15 1908 1129 307 341 94 78
150 15 1980 1165 316 350 95 80
180 15 2043 1201 318 355 96 81
210 15 2090 1213 326 370 97 83
240 15 2135 12:4 330 374 98 84-
270 15 2170 1236 338 380 99 86
300 15 2212 1241 341 381 100 87
330 15 2227 1258 343 382 101 88
360 15 2247 1267 346 386 102 89

Pregn, 2247 1267 346 386 102 89
Wash A in (ppm) 48 54 15 15 2 3
WashB in (ppm) I <1 <I <I <I <I
Residue in(%) 5.98 0.96 3.4-6 6.32 2.35 ..!.:QI__

Liquids= Volume of liq, (HCl) into Leach = 2.000 L

Volume of Iiq, (HCI) ex-leach = 1.674 L

Wash water volume (Wash A) = 500 m1

Wash water volume (Wash B) = 1500 mI.
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Table C2.2: Assay values for Leach 2 solids

Assays, Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 LlO

Residue 5.98 0.96 3.46 6.32 2.35 1.07

Solids in sample 0.54 0.28 0.41 0.77 0.26 0.32

TableC2.4; Extraction vs time data for Leach 2.

Solids dissolved in solution = 15.31 g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mY) _

fJ 0.000 0.000 0.000 0.000 0.000 0.000 1021.7

5 32.087 42.960 35.366 29.020 29.333 38.18:>. 1021.7

15 46.802 55.029 47.712 37.193 42.567 45.400 1027.9

20 52.840 61.412 52.997 42.987 46.507 50.773 1030.2

30 59.003 66.964 56.096 51.804 49.113 54.327 1032.6

40 62.883 71.309 58.226 53.706 51.700 56.091 1032.6

50 66.356 73.080 60.573 57.103 53.625 59.591 1033.9

60 69.263 77.053 64.300 58.227 55.535 62.196 1034.6

70 171.817 79.630 65.224 60.270 56.167 63.918 1035.2

80 73.370 81.563 63.205 62.113 58.047 64.773 1035.5

90 76.086 84.428 69.797 62.662 59.290 65.621 1036.0

100 77.816 85.168 70.925 64.113 59.907 67.302 1036.3

110 79.611 87.370 72.492 64.6525 60.518 68.136 1C36.7

120 81.312 88.753 73.601 65.723 61.732 69.791 1037.2

150 84.137 91.353 75.582 67.316 62.333 71.432 1037.3

180 86.589 93.930 76.019 68.193 62.930 72.246 1038.3~
210 88.402 94.782 77.751 70.80 .,.·..·2 73.859 1039.4

140 90.124 95.557 78.609 71.494 I 64.108 74.659 1039.5 I
:70 91.452 96.394 80.312 zz.szo ".600 ".,..iioss.s
300 93.031 96.740 80.945 72.690 65.267 77.032 1043.8 I

330 93.591 97.906 81.363 72.858 65.838 77.811 1043.U

360__ 94.~0 ~8.~!i ~85_ 73.525 66.402_ L18.584 1043.8

Masses Recorded
Sample into Leach
Residue
Solids in sample

= 20.0g
=4.24g
= 0.45 g

TableC2.3· Mass Balance for Leach 2

Mass (2)

Pt Pd Rh Ru Ir Au

Tnto Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 ().OOOO 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 0.2536 0.0407 0.1467 0.2680 0.0996 0.0454
Solids in sample 0.0024 0.0013 0.0019 0.0035 0.0012 0.0014
Pregn. Solution 3.7615 2.1210 0.5792 0.6462 0.1708 0.1490
Wash A Liquor 0.0240 0.0270 0.0075 0.0075 0.0010 0.0015 !

Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.00151

Samples 0.5193 0.3091 0.0841 0.0938 0.0258 0.0216. Total Out 4.5622 2.5005 0.8208 1.0204 0.2999 0.2204 !

Mass Balance %
100.181(Out/In) 99.18 100.02 100.10 100.03 99.96

% Extraction
..- 94.39 98.32 81.90 73.40 66.38 78.76 I
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RUN 3

Leaching Condition:

Mass of sample

Volume of HCI used

HCI concentration

Temperature

Cl2 flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00L

= 6.00M

= 50°C

== 825 cm'min'
= 150 rpm

= 6.00 hours

Table C3.1: Raw Data for the Leaching Experiment 3.

,--
Time Sample Sample Analysis results in ppm
(min) Vol.

(rnl) Pt Pd RIt Ru Ir Au

0 - - - - - - -
5 15 837 654 161 175 55 47
15 15 1224 750 204 207 67 58
20 15 1348 848 227 255 74 63
30 15 1482 911 245 282 81 68
40 15 1540 947 257 302 84 72
50 15 1660 975 264 311 87 74
60 15 1707 990 272 325 89 77
70 15 1754 1045 284 330 92 79
80 15 1850 1078 289 338 95 81
90 15 1861 1091 297 346 97 82
100 15 1910 1!18 298 347 98 84
110 15 1938 1136 308 352 101 86
120 15 1970 1155 312 363 102 88
150 15 2041 1172 323 369 104 90
180 15 2080 1204 334 378 107 92
210 15 2138 1225 338 390 107 94
240 15 2190 1232 342 393 109 96
270 15 2216 124£ 346 400 109 97
300 15 2265 1254 348 401 111 98
330 15 2290 1263 350 404 112 99
360 15 2325 1275 354 406 113 100

Pregn, 2325 1275 354 406 113 100
Wash A in (ppm) 51 57 17 14 7 5
WasbB in (ppm) 1 1 1 <1 <1 <1
Residue in (%) 3.20 0.52 3.25 5.74 1.98 0.62

Liquids

- Volume of liq. (H21) into Leach = 2.000 L

Volume ofliq. (HCI) ex-leach = 1.670 L

Wash ,tet volume (Wash A) = 500 mI

Wash water volume (Wash B) = 1500 ml.
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TableC3.2: Assay values for Leach 3 solids

Assays, Mass %
Solids Pt Pd Rh Rll Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 3.20 0.52 3.25 5.74 1.98 0.62

Solids in sample 0.49 0.23 0.43 0.74 J 0:23 _ O._~

Table C3A: Extraction vs time data for Leach 3.

Solids diss rlveo n, non = 15.60g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mY)

0 0.000 0.000 0.000 0.000 0.000 O.()()I) 1032.6

5 36.391 52.320 39.268 34.314 36.667 42.727 970.0

15 53.091 59.942 49.677 40.541 44.607 52.652 976.5

20 58.402 67.665 55.203 49.812 49.203 57.130 990.6

30 64.097 72.591 59.495 54.987 53.765 61.573 1000.6

40 66.543 75.385 62.334 58.791 55.705 65.100 1003.8

50 71.565 77.541 63.977 60.489 57.630 66.850 1005.5

60 73.516 78.687 65.840 63.111 58.903 69.455 1006.1

70 75.452 82.856 68.613 64.040 60.798 71.177 1008.5

80 79.376 R5.338 69.760 65.514 62.678 72.8R6 1008.3

90 79.822 86.307 71.579 66.977 63.922 73.734 1009.5

100 81.792 88.305 71.804 67158 64.538 75.416 1010.2

110 82.909 89.627 74.043 68.058 66.373 77.084 1010.7

120 84.175 91.010 74.931 70.021 66.980 78.739 101L8 I
150 86.961 92.237 77.352 71.082 68.183 80.380 1012.2 I
180 88.479 94.528 79.753 72.662 69.973 82.007 1012.6

210 90.717 96.019 80.619 74.750 69.973 83.621 1014.4

240 92.707 96.512 81.477 75.268 71 147 85.221 1015.3

270 93.693 97.489 82.329 76.465 71.147 86.014 1015.9

300 95.536 98.043 82.751 76.635 72.300 86.800 1017.4

330 96.468 98.660 83.169 77.139 72.872 87.580 1018.5

-
3(0)_ _2_7.7§.L .29.476_~3·221?_ _77_.473, 73.41.8 _81?_.352_ 102_0.8

Masses Recorded
Sample into Leach

Re~!~lIe
Solids in sas "-<ll>;

=20.0g
= 4.01 g

= 0.39 g

TableC3.3: Mass Balance for Leach 3

Mass (I!)
I

Pt Pd Rh Ru Ir Au

Into Leach.
4.6000 12 )G\rJ I J.82oo I

I

Sample in 1.0200 0.3000 0.22~ I

Leaching Solution 0.0,,"00 0.0()()() 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.300v 0.2200_

Ex-Leach,
Residue 0.1283 0.0209 0.1303 0.2302 0.0794 0.0249
Solids in sample 0.0019 0.000)' 0.0017 0.0029 0.0009 0.0010
Pregn. Solution 3.8828 2.1293 0.5912 0.6780 0.1887 0.1670
Wash A Liquor 0.0255 0.0285 0.0085 0.0070 0.0035 0.0025
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.5445 0.3194 0.0870 0.1000 0.0282 0.0244

Total Out 4.58·;5 2.5004 0.8202 1.0196 0.3022 0.2212

Mass Balance %
(Out/In) 99.66 100.02 100.02 99.96 100.74 100.55

% Extraction 97.16 99.13 8].~ 77.14 73.43 88.32
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RUN 4

Leaching Condition:

Mass of sample

Volume ofRCI used

RCI concentration

Temperature

Ciz flowrate

Stirrer speed

Totalleaching period

= 20.0 g

= 2.00L

= 6.00M

= 60°C

= 825 crrr'min"
= 150 rpm

= 6.00 hours

TableC4.1; Raw Data for the Leaching Experiment 4.

Time Sample Sample Analysis results in ppm I
(min) Vol.

(ml) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 898 711 180 192 59 451
15 15 1333 802 221 227 71 60
20 15 1469 895 241 275 80 66
30 15 1596 960 253 298 87 71
40 15 1682 995 2()5 314 90 73
50 15 1730 1024 281 328 93 77
60 15 1802 1059 291 340 97 81
70 15 1840 1088 298 348 98 83 I

80 15 1904 1114 305 356 101 85
90 15 1960 1136 315 361 104 87

'00 15 1974 1149 321 365 106 89
110 15 2014 1161 328 371 110 90
120 15 2055 1176 337 376 113 92
150 15 2080 12U5 350 387 116 95
180 15 2145 1230 361 396 117 98
210 15 2180 1240 365 406 119 100
240 15 2213 1243 370 413 120 102
270 15 2242 1256 373 418 121 103
300 15 2283 1265 375 422 122 104
330 15 2312 1271 378 424 124 105
360 15 2332 1274 381 431 125 106

Pregn. 2332 1274 381 431 125 106
Wash A in (ppm) 45 52 14 12 5 4
WashB in (ppm) 1 2 1 t <1 <1
Residue in(%) --

2.10____ ().42 _ 2.2()_l____'f._78 l.50 0.36

Liquids= Volume of liq. (HCI) into Leach = 2.000 L

Volume of Iiq. (HCI) ex-leach = 1.668 L

Wash water volume (Wash A) = 500 ml
Wash water volume (Wash B) = 1500 ml,
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TableC4.2. Assay values for Leach 4 solids

Assays, Mass %
Solids Pt Pd Rh R~ Ir Au

J
150. Sample into Leach 23.00 12.50 4.10 5.10 1.10

Residue 2.10 0.42 2.20 4.78 1.50 0.36

SoIidsjn sa~.___pA" 0.24 0.36 0.71 0.21 0.20

TableC4.4: Extraction vs time data for Leach 4.

Solids dissolved in solution = 15.90 g

Time % Extraction Redoxl'ot I

(min) Pt Pd Rh Ru Ir Au (mY) I

0 0.000 0.000 0.00u 0.000 0.000 0.000 1024.6

5 39.044 56.880 43.902 37.647 39.333 44.546 980.3

15 57.815 64.IOi 53.827 44.458 47.273 54.471 1005.7

20 63.639 71.434 58.632 53.729 53.183 59.843 1007.2

30 69.037 76.517 61.493 58.137 57.745 64.286 1009.1

40 72.664 79.233 64.332 61.180 59.685 66.050 1008.9

50 74.672 81.466 68.088 63.823 61.610 69.550 1008.6

60 77.662 84.140 70.418 66.070 64.157 73.023 1012.6

70 79.227 86.338 72.035 67.556 64.788 74.74< 1015.2

80 81.843 88.293 73640 69.030 66.6fi8 76.455 1011.5

90 84.113 89.934 75.915 69.945 68.533 78.1::0 1015.2

100 84.676 90.896 77.268 70.670 69.767 79.832 1015.3

110 86.272 91.777 78.835 71.750 72.213 80.~6fj 1016.1

120 87.894192.%9 80.832 72.642 74.033 1;2.321 1021.6

150 88.875 . 4.963 83.694 74.588 75.838 84.782 1016.8

180 91.405 96.753 86.095 76.168 76.435 87.223 1014.6

210 92.755 97.463 86.961 77.908 77.618 88.836 1018.6

240 94.018 97.674 88.034 79.116 78.205 90.436 1019.3

270 95.118 98.582 88.673 79.971 78.787 91.230 1019.8

300 96.660 99.204 89.095 80.650 79.363 92.016 1020.3

330 97.741 99.616 89.722 80.986 80.507 92.796 1020.5

360 98.480 99.820 90.344 82.153 81.073 93.568 1020.8

Masses Recorded

Sample into Leach
Residue

Solids in sample

= 20.0g
= 3.72g

= 0.38 g

TableC4.3: Mass Balance for Leach 4

Mass (g)

Pt Pd Rh Ru Ir Au-
Into Leach.

Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 0.0781 0.0156 0.0818 0.1778 0.0558 0.0134
Solids in sample O.OOl7 0.0009 0.C014 0.0027 0.0008 0.0008
Pregn. Solution 3.8898 2.U50 0.6355 0.7189 0.2085 0.1768
Wash A Liquor 0.0225 0.0260 0.0070 0.C060 0.0025 O.OC ~O
Wash B Liquor 0.0015 0.0030 0.0015 0.0015 0.0015 0.0015
Samples 0.5657 0.3297 0.0931 0.1053 0.0307 0.0257

Total Out 4.5593 2.5003 0.8203 1.0P2 0.2998 0.2201

Mass Balance %
(Out/In) 99.11 100.01 100.04 9923 99.94 100.05

% Extraction 98.25 99.34 89.86 82.17 81.12 93.57
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RUNS

Leaching Condition:

Mass of sample

Volume ofHCl used

HCl concentration

Temperature

Clz flowrate

Stirrer speed

Totalleacbing period

= 20.0 g

= 2.00L

= 6.00M

= 70°C

= 825 cnr'min'
= 150 rpm

= 6.00 hours

Table C5.1: Raw Data for the Leaching EXFeriment 5.

Time Sample Sample Analysis results in ppm
(min) Vol.

(ml) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 967 771 184 210 65 51
15 15 1426 854 219 247 77 65
20 15 1574 944 255 296 87 ! 71
30 15 1716 1009 267 315 93 76
40 15 1750 1043 232 332 96 78
50 15 1854 1073 290 346 101 83
60 15 1896 1102 310 356 104 85
70 15 1927 1132 312 367 106 87
80 15 1995 1160 321 374 109 89
90 15 2032 1170 334 378 1I0 91
100 15 um 1180 338 382 114 93
110 15 2088 1188 349 389 116 94
120 15 2125 1204 352 393 118 95
150 15 1160 1226 358 404 122 98
180 15 2192 1235 370 415 123 100
210 15 2211 1253 375 425 125 102
240 15 2265 1255 380 433 127 103
270 15 2282 1269 384 437 128 104
300 15 2311 1272 386 439 130 !OS
330 15 2331 1278 390 441 131 106
360 15 2346 1282 391 442 132 107

Pregn. 2346 1282 391 442 132 107
Wash A in (ppm) 41 41 25 28 8 6
WashB in (ppm) 1 1 1 1 <1 <1
Residu~tin (%) 2.23 _ 0.1l __ L_1.53 __ L_ 4.18 -- 1.13 --- 0.29_

Liquids== Volume of liq. (HCI) into Leacn = 2.000 L

Volume of 1iq. (HCI) ex-leach = 1.665 L

Wash water volume (Wash A) = 500 m1

Wash water volume (Wash B) '" 1500 mi.
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TableCS.2: Assay values for Leach 5 solids

Assays. Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 2.23 0.11 1.53 4.18 1.13 0.29

._§oJids in sample 0.38 0.06 0.33 0.62 0.18 0.18

Table C5.4; Extraction vs time data for Leach 5.

Solids dissolved in solution = 15.89 g

Time % Extraction PedoxPot

(min) Pt Pd Rh Ru Ir Au (mY)

0 0.000 0.000 0.000 0.000 0.000 0.000 1012.2

5 42.044 61.680 44.878 41.17"; 43.333 46.364 988.5

15 61.850 68.270 53.351 48.377 51.273 5~.996 997.2

20 68.189 75.362 61.999 57.841 57.840 64.368 1002.5

30 74.224 80.445 64.860 61.482 61.750 68.811 1007.8

40 75.658 83.084 68.409 64.716 63.690 70,575 1008.0

50 80.010 85.394 70.287 67.358 66.898 74.950 lQ08.9

60 81.754 87.609 74.946 69.230 68.808 76.686 1009.5

70 83.031 89.883 75.408 71.274 70.072 78.409 1008.6

80 85.810 91.989 77.471 72.564 71.952 80.118 1009.2

90 87.310 92.735 80.428 73.296 72.573 81.814 1010.6

100 88.878 93.475 81.331 74.021 75.040 83.496 1011.0

110 89.557 94.062 83.792 15.280 76.263 84.330 1011.8

120 91.020 95.227 84.458 75.994 77.477 85.157 1012.5

150 92.394 96.815 85.779 77.941 79.883 87618 1014.2

180 93.639 97.460 88.398 79. 71 80.480 89.246 1014.4

210 94.758 98.738 89.481 81.611 81.663 90.859 1015.2

240 96.442 98.878 90,554 82.992 82.837 91.659 1016.4

270 97.086 99.856 91.405 83.676 83.418 92.452 1017.8

300 98.177 100.06 91.827 84.015 84.572 93.239 1017.9

330 98.923 100.48 92.663 84.352 !J5.143 94.018 1017.8

360 99.477 100.75 92.871 84.518 85,710 94.791 1017.6

Masses Recorded
Sample jn'() Leach

Residue

Solids in sample

= 20.0g

= 3.72g

=039g

TableC5.3: Mass Balance for Leach 5

Mass (g)

Pc Pd Rh Ru IT Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200 -
li!::T&ach.

Residue 0.0330 0.0041 0.0569 0.1555 0.0420 o.oios
Solids in sample 0.0013 0.0002 0.0013 0.0024 0.0007 0.0007
Pregn. Solution 3.906: 2.1345 0.6510 0.7359 0.2198 0.1782
W::shALiquo, 0.0205 0.0205 0.0125 0.0140 0.0040 0.0030
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.5878 0.3393 0.0968 0.1107 0.0327 0.0266

Total Out 4.6001 2.5001 0.8201 1.0200 0.3008 0.2208

Mass Balance %
(OUllIn) )00.00 100.01 100.01 100.00 100.25 100.36

% Extraction 98.17 99.33 92.90 84.52 85.79 94.80
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RUN 6

Leaching Condition:

Mass of sample

Volume of HCI used

HCI concentration

Temperature

Cl2 flowrate

Stirrer speed

Total leaching period

= 20.0g

= 2.00L

= 6.00M

= 80·C

= 825 cm'rnin'

= 150 rpm

= 6.00 hours

Table C6.1: Raw Data for the Leaching Experiment 6.

Time Sample Sample Analysis results in ppm
(min) Vol.

(mI) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 1009 820 195 227 71 43
15 1:- 1624 908 225 268 84 66
20 15 1730 992 261 316 92 72
30 15 1829 1035 275 331 98 78
40 15 1900 1091 295 351 102 83
50 15 1965 1112 304 362 108 86
60 15 1998 1147 318 374 113 90
70 15 2025 1160 324 385 115 92
80 15 2088 1191 335 392 118 94
90 15 2120 1200 342 396 120 95
100 15 2137 1213 349 400 122 97
110 15 2167 1216 358 407 123 98
120 15 2199 1234 360 412 125 99
ISO 15 2223 1246 371 422 126 101
180 15 2243 1257 380 433 128 103
210 15 2264 1264 389 445 130 104
240 15 2297 126& 392 454 132 106
270 15 2314 1273 394 459 134

I 107
300 15 2344 1281 398 462 136 108
330 15 2368 [286 402 464 138 109
360 15 2370 1290 407 466 139 110

Pregn. 2370 1290 407 466 139 110
Wash A in (ppm) 43 10 32 38 12 8
WashB in (ppm) 1 <1 1 1 I <1
Residue in(%) 0.82 0.12 0.73 2.96 0.77 0.14

Liquids

= Volume of liq (HCl) into Leach = 2.000 L

Volume of liq. (HCI) ex-leach = 1.660 L

Wash water volume (Wash A) = 500 mI

Wash water volume (Wash B) = 1500 mI.
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TableC62: Assay values for Leach j) solids

Assays, Mass %
Solids Pt Pd Rh Rc Ir Au

Sample into Leach 23.00 12.50 4.10 s.io L50 1.10

Residue I 0.82 0.12 0.73 2.96 0.77 0.14

Solids in sample i 0.32 0.06 0.30 0.58 0.19 0.11

Table C6.4: Extraction ~s time data for Leach 6.

Solids dissolved ill soludon = 15.94 g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 10')8.3 '

5 43.870 65.6 47.561 44.510 47.333 43.636 954.2

15 70.408 72.587 54.823 52.489 55.935 59.&77 973.5

20 74.948 79.206 63.472 61.759 61.188 65.250 979.2

30 79.155 82.569 66.810 64.634 65.098 70.582 981.8

40 82.150 86.915 71.542 68.438 67.685 74.991 980.6

50 84.870 88.532 73.654 70.5i4 71.535 77.616 979.5

60 86.240 91.206 76.915 72.761 74.718 81.089 980.7

70 87.352 92.191 78.302 74.805 75.982 82.811 994.0

&0 R9.927 94522 80.824 76.095 77.862 R4521 993.0

90 91.224 95.194 82.416 76.827 79.105 85.368 994.5

100 91.908 96.156 83.995 77.552 80.338 87.050 993.1

110 93.105 96.376 86.009 78.811 80.950 87.884 998.4

120 94.371 97.686 86.453 79.703 82.163 88.711 999.1

150 95.313 98.553 88.874 81.473 82.765 90.352 1001.2

180 96.091 99.340 90 839 83.403 83.958 91.980 1002.4

210 96.901 99.837 92.787 85.492 85.142 9: ~86 1002.8

240 98.164 100.12 93.431 87.045 86.315 94.386 1003.5

:70 98.809 100.47 93.857 87.900 87.478 95.180 1005.3

300 99.937 101.02 94.701 88.409 88.632 95.%6 1007.6

330 100.83 101.36 95.537 88.745 89.775 96.746 1008.2

360 100.91 _1Q!,_64 96.574 89.078 90.342 97.518 1009.6

Masses Recorded

Sample Into Leach

Residue

Solids in sample

=20.0g

= 3.70g

= 0.36 g

TableB6.3: Mass FAanee for Leach 6

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 1.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.1200

Ex-Leach.
Residue 0.0303 0.0044 0.0270 0.1095 0.W85 O.lJ052
Solids in sample 0.0011 0.0002 O.OOll o.ooz: 0.0007 0.0004
Pregn. Solution 3.9341 2.1414 0.6756 0.7736 02301 0.1826
Wash A Liquor 0.0210 0.0050 0.0160 0.0190 0.0060 0.0040
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 ,

Samples 0.6127 0.3479 0.1000 0.1164 0.0341 0.0275 ,

Total Out 4.6009 2.5005 0.8212 1.0121 0.3021 0.1211lMass Balance %
,

(QurfIn) 100.02 lOO.01 100.15 100.20 100.715 100.55 !

_% Extraction 99.32 99.81 96.5~ 89.08 90.34 97.48 I

196 197



RVN7

Leaching Condition:

Mass of sample

Volume ofHCl used

HCI concentration

Temperature

Cl, flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.ooL
= LOOM

= 60·C

= 1125 cm'mia'

= 150 rpm

= 6.(ii) hours

Table C7.1 Raw Data for the Leachlog Experiment 7.

Time Sample Sample Analysis results in % and ppm
(min) Vol.

(rnl) Pt Pd Rh Ru Ir Au

0 . 0 0 0 0 0 0
5 15 490 570 94 99 19 26
15 15 840 694 160 160 31 44
20 15 1020 790 186 190 48 53
30 15 1230 824 204 210 54 58
40 15 1340 890 215 230 62 62
50 15 1410 904 235 253 66 64
60 15 1470 960 242 268 68 67
70 15 1530 981 254 272 70 69
80 15 1590 1008 262 282 72 71
so 15 1620 1015 270 288 75 72
100 15 1660 1034 274 292 77 74

I 110 15 1700 1050 j 277 296 78 76
120 15 1720 1065 280 308 79 77
150 15 1780 1090 285 321 80 79

- 15 1820 HOO 290 332 81 81
210 15 1840 Hoo 295 340 82 83
240 15 1860 1110 300 345 83 85
270 15 1880 H2O 305 350 84 87
300 15 1900 H30 310 355 85 88
330 IS 1930 1140 315 360 87 89
360 15 1950 1150 320 365 89 90

Pregn j 1950 1150 320 365 89 90
Wash A in (ppm) 15 I 9

6 4 2 1
Wash B in (ppm) 1 <1 <1 1 <I <1

~Uf: in(%) 9.23 . 3.20~ L_2.21 ___l.5_4 1.42 _. 0.43

Liquids

- Volume of liq, (HCI) into Leach = 2.00 L

Volume of Iiq. (HCI) ex-leach "" 1.665 L

Wash water volume (Wash A) = 500 ml

Wash water volume (Wash B) = 1500 mi.
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Table::'7.2: Assay values for Leach 7 solids

Assays, Mass %
Solids Pt I'd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue ;).23 3.20 2.21 3.54 1.42 0.43

Solids in sample 2.86 1.62 1.85 1.9~ r 0.98 1.49

Table C7.4: Extraction vs time data for Leach 7.

Solids dissolved in solution '" 10.77 g

Time % Extraction Redoxl'ot. I

(min) Pt I'd Rh Ru Ir Au (mV)

0 0.000 0.000 :>.000 0.000 0.000 0.000 1126.9

5 21.304 45.600 22.927 19.412 12.667 23.636 1094.2

15 36.408 55.446 38.904 31.283 20.607 39.877 1092.5

20 44.116 63.010 45.150 37.077 31.770 47.936 1099.3

30 53.041 65.669 49.442 40.910 35.680 52.380 1092.6

40 57.680 7(,•. 91 52.044 44.714 40.853 55.907 1096.1

50 60.610 7i.869 56.739 49.055 43.420 57.657 1095.8

60 63.101 76.147 58.370 51.864 44.693 60.261 1096.2

70 65.573 77.739 61.143 52.607 45.957 61.984 1096.5

80 68.025 79.769 62.977 54.450 47.210 63.693 1096.8

90 69.241 80.292 64.796 55.547 49.075 64.' 1097.2

100 70.850 81.698 65.699 56.273 50.308 66.223 1096.8

110 72.446 82.872 66.370 56.992 50.920 67.891 1096.6

120 73.237 83.964 67.036 59.133 51.527 68.718 1097.4

150 75.591 85.769 68.137 61.434 52.128 70.359 1099.1

180 77.148 86.485 69.228 63.364 52.725 71.986 1099.4

2tO 77.920 86.485 70.310 64.756 53.317 73.600 1098.9

240 78.685 87.189 71.384 65.619 53.903 75.200 1099.2

270 79.444 87.8&7 72.448 66.475 54.485 76.786 1099.3

300 8(1196 88.579 73.502 67.323 55.062 77.573 1098.3

330 81314 89.265 74.548 68.163 56.205 78.352 1099.6

360 82.053 89.945 75.585 68.997 57.338 79.125 1099.5

Masses Recorded

Sample into Leach

Residue

Solids in sample

'" 20.0g

'" 8.62g

'" 0.61 g

TableC7.3: Mass Balance for Leach 7

Mass (g)

Pt I'd Rh Ru Ir Au

Into Leach,
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3{''{)(l 0.2200

Ex-Leach.
Residue 0.7956 0.2758 0.1905 0.3052 0.1224 0.0371
Solids in sample 0,0175 0.0099 0.0113 0.0118 0.0060 0.0091
Pregn. Solution 3.246.: 1.9148 0.5328 0.6077 0.1482 0.1499
Wash A Liquor 0.0075 0.0045 0.0030 0.0020 0.0010 0.0005
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.4595 0.2936 0.0758 0.0833 0.0207 0.0211

Total Out 4.5283 2.5001 0.8149 1.0115 0.2998 0.2191

Mass Balance %
(Outlln) 98.44 100.00 99.38 99.16 99.93 99.58

% Extraction 112.04 88.57 75.24 68.66 57.18 78.93
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RUNS

Leaching Condition:

Mass of sample

Volume of He! used

He! concentration

Temperature

el2 flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.ooL

= 2.00M

= 60°C

= 825 cm'min'
= 150 rpm

= 6.00 hours

TableC8.1: Raw Data for the Leaching Experiment 8.

Time Sample Sample Analysis results in ppm
(min) Vol.

(mI) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 736 585 127 120 40 38
15 15 963 752 170 172 49 <Ui
20 15 1190 805 198 202 56 56
30 15 1360 860 214 233 62 62
40 15 1480 920 228 246 66 65
50 15 1560 945 240 265 69 70
60 15 1640 980 250 271 72 72
70 15 1690 1000 260 280 75 74
80 15 1720 1020 266 291 77 76
90 15 1760 \031 276 295 80 78
100 15 1790 1042 280 300 81 80
110 15 1820 1060 284 310 83 81
120 15 1860 1080 290 316 85 82
150 15 1890 1115 297 330 88 84
180 15 1920 114O 304 336 90 86
210 15 1940 1160 308 348 92 88
240 15 1960 1175 313 355 94 89
270 15 1980 1190 318 364 96 90
300 15 2000 1205 323 369 98 91
330 15 2020 1220 326 374 100 92
360 15 2030 1240 329 378 102 93

Pregn. 2030 1240 329 378 102 93
WasbA in (ppm) 28 13 11 8 5 4
WashB in (ppm) 1 <1 <1 <I <1 <1
R_esidue in (%) 7.98 1.35 2.18 3.46 1.22 0.40

Liquids:

- Volume of Iiq, (HCI) into Leach = 2.000 L

Volume of liq, (HCI) ex-leach '" 1.670 L

Wash water volume (Wash A) '" 500 mI

Wasb water volume (Wasb B) = 1500 rnl,
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fable C8.2: Assay values for Leach 8 solids

Assays. Mass %
c_

Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 7.98 1.35 2.18 3.46 1.22 lO.4O
~ids in~ample _ _~.19 1.67 1.75 1.84- 0.90 _1.36

Table C8.4: Extraction vs time data for Leach 8.

Solids dissolved in solution = 11.42g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 ! 0.000 0.000 0.000 0.000 0.000 1094.6

5 32.000 46.800 30.976 23.529 26.667 34.546 1043.1

15 41.796 60.060 41.385 33.649 32.622 41.764 1050.6

20 51.517 64.236 48.112 39.443 37.218 50.718 1052.3

30 58.742 68.537 51.926 45.385 41.128 56.050 1054.2

40 63.803 73.193 55.238 47.857 43.715 58.696 1056.8

50 67.151 75.118 58.056 51.443 45.640 63.071 1055.4

60 70.473 77.792 60.385 52.567 47.550 64.807 1054.9

70 72.532 79.308 62.696 54.239 49.445 66.530 1055.0

80 73.758 80.812 64.071 56.266 50.698 68.239 1056.2

90 75.380 81.633 66.346 56.998 52.563 69.934 1056.1

100 76.587 82.447 67.248 57.904 53.180 71.616 1056.2

110 77.783 83.768 68.143 59.703 54.403 72.450 1055.6

120 79.366 85.224 69.475 60.774 55.617 73.277 10557

150 80.543 87.751 71.016 63.252 57.422 74.918 1056.4

180 81.711 89.541 72.544 64.304 58.615 76.546 1056.8

210 82.482 90.961 73.410 66.393 59.798 78.159 1056.5

240 83.248 92.017 74.483 67.601 60.972 78.959 1055.8

270 84.006 93.064- 75.547 69.140 62.135 79.752 1056.2

300 84.758 94.102 76.602 69.988 63.288 80.539 1055.8

330 85.504 95.131 77.229 70.829 64.432 81.318 1056.6
31j() 85.874 96.491 77.851 71.496 65.565 82.091 1056.8

MasSes Recorded:

Sample into Leach
Residue

Solids in sample

=20.0g

= 8.05 g

= 0.53 g

Table C8.3: Mass Balance for Leach 8

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex·Leach.
Residue 0.6424 0.1087 0.1755 0.2785 0.0982

0.
0322

1
Solids in sample 0.0116 0.0089 0.0093 0.0098 0.0048 0.0072
Pregn. Solution 3.3901 2.0708 0.5494 0.6313 0.1703 0.1553
Wash A Liquor 0.0140 0.0065 0.0055 0.0040 0.0025 0.0020
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.4992 0.3043 0.0791 0.0867 0.0233 0.0225

Total Out 4.5588 2.5006 0.8203 1.0117 0.3006 02207

Mass Balance %
(Out/In) 99.10 100.02 100.03 99.19 100.21 100.33

% Extraction 85.65 95.30 77.48 71.51 65.74 82.15
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RUN 9

Leaching Condition:

Mass of sample

Volume of HCI used

HCI concentration

Temperature

CI2 flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00 L

=4.00M

= 60°C

= 825 crn'min'

= 150 rpm

= 6.00 hours

Table C9.1: Raw Data fer the Leaching Experiment 9.

Time Sample Sample Analysis results in ppm
(min) Vol.

(m!) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 785 632 128 156 46 43
15 15 1120 736 180 195 60 54
20 15 1258 840 208 226 68 60
30 15 1442 900 225 248 72 66
40 15 1525 942 236 264 75 69
50 15 1628 975 252 274 73 73
60 15 1684 1018 264 282 80 76
70 15 1725 1045 270 290 82 77
80 15 1772 1070 275 298 84 78
90 15 1845 1095 286 308 85 80
100 15 1898 1110 290 317 86 82
110 15 1920 1128 294 320 88 84
120 15 1945 1143 300 328 90 86
150 15 1996 1170 308 336 93 88
180 15 2068 1193 314 345 96 89
210 15 2100 1209 318 356 98 90
240 15 2128 1218 322 364 100 91
270 15 2180 1230 326 372 104 92
300 15 2208 1238 330 384 105 93
330 15 2224 1250 334 390 107 94
360 15 2242 1258 338 396 109 95

Pregn. 2242 1258 338 396 109 95
Wash A in (ppm) 45 27 19 11 10 7
Wash B in (ppm) 1 1 1 <1 <1 <1
Residue i in (%) 4.28 1.01 2.56 4.02 1.36 0.45

Liquids:= Volume of llq. (HCI) into Leach > 2.000 L
Volume ofliq. (Hel) ex-leach = 1.670 L
Wash water volume (Wash A) '" 500 ml
Wash water volume (Wash B) = 1500mi.
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TableC9.2: Assay values for Leach 9 solids

Assays, Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 4.28 1.01 2.56 4.02 1.36 0.45

Solids in sample 1.74 1.02 1.15 1.17 0.81 1.31

Table e9.4: Extraction vs time data for Leach 9.

TableC9.3: Mass Balance for Leach S

Time I---- % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 1032.6

5 34.130 50.560 31.220 30.588 30.667 39.091 1019.0

15 48.586 58.818 43.807 38.178 39.930 49.016 1006.2

20 54.496 67.013 50.534 44.165 45.183 54.389 1008.3

30 62.316 71.705 54.587 48.382 47.790 59.721 1009.5

40 65.817 74.964 57.190 51.425 4~.730 62.366 1011.2

50 70.127 77.505 60.946 53.312 51.655 65.866 1012.7

60 72.452 80.790 63.741 54.810 52.928 68.471 1012.8

70 74.141 82.837 65.127 56.297 54.192 69.332 1013.2

80 76.062 84.717 66.274 57.771 55445 70.186 1013.6

90 79.022 86.582 68.776 59.600 56.067 71.882 1014.4

100 81.154 87.692 69.678 61.232 56.683 73.564 1015.3

110 82.031 89.013 70.573 61.772 57.907 75.232 1015.9

120 83.020 90.105 71.905 63.199 59.120 76.886 1017.4

150 85.021 92.054 73.666 64.615 60.925 78.527 1018.5

180 87.823 93.701 74.976 66.194 62.715 79.341 1020.8

210 89.058 94.837 75.842 68.10S 631;98 80,148 1024.2

240 90.129 95.471 76.700 69.489 Ii- "2 80.948 1024.6

270 92.102 96.308 77.551 70.857 .398 81.741 1025.3

300 93,155 96.862 78.395 72.893167,975 82.527 10263

330 93.751 97.685 79.232 73.902 69.118 83.307 1026.4

360 __ 94.417 98.229 _8().Q§L_74.902 70.25_2c 84.080 _ 1_026.5__

Masses Recorded :

Sample into Leach = 20.0 g

Residue = 6.17 g
Solids in sample = 0.51 g

Solids dissolved in solution = 13.32 g

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0100 0.3000 0.2200

Ex-Leach.
Residue 0.2641 0.0623 0.1580 0.2480 0.0839 0.0278
Solids in sample 0.0089 0.0052 0.0059 0.0060 0.0041 0.0067
Pregn. Solution 3.7441 2.1009 0.5645 0.6613 0.1820 0.1587
Wash A Liquor 0.0225 0.0135 0.0095 0.0055 0.0050 0.0035
Wash B Liquor 0.0015 0.0015 I 0.0015 0.0015 0.0015 0.0015
Samples 0.5318 0.3171 0.0819 0.0908 0.0255 0.0235

Total Out 4.5729 2.5005 0.8212 1.0131 0.3020 0.2216

Mass Balance %
(Out/In) 99.41 100.02 100.14 99.33 100.68 100.72

% Extraction 94.03 97.30 80.05 74.93 70.85 84.45
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RUN 10

Leaching Condition

Mass of sample

Volume of Her used
ncr concentration

Temperature

el2 flowrate
Stirrer speed

Total leaching period

= 20.0 g

= 2.00 L

= 8.00M

= 6Qoe
= 825 cm'mirr'

= 150 rpm

= 6.00 hours

Table CIO.I: Raw Data for the Leaching Experiment 10.

Time Sample Sample Analysis results in ppm
(min) Vol.

(ml) PI Pd Rh Ru Ir All ,

0 - - - - - . -
5 15 1400 850 242 248 66 73
15 15 1550 980 260 308 79 78
20 15 1670 1020 270 ~'lO 85 80
30 15 1750 1060 280 92 83
40 15 1840 1090 290 364 96 85
50 15 1930 1120 298 380 102 88
60 IS 2010 1140 310 388 105 90
70 15 2050 1160 320 392 107 91
80 15 2090 1170 325 400 109 92
90 15 2120 1180 330 405 112 93
100 15 2140 1190 336 408 114 94
110 15 2170 1200 340 412 116 95
120 15 2200 1210 347 416 118 96
150 15 2230 1220 355 420 120 98
180 15 2250 1230 360 425 122 100
210 15 2280 1240 365 430 !24 101
240 IS 2310 1250 370 438 126 102
270 IS 2320 1260 375 446 128 103
300 15 2330 1270 380 450 129 104
330 15 2350 1280 385 455 130 105
360 IS 2360 1290 390 460 131 106

Pregn. 2360 1290 390 460 131 'M ,
Wash A in (ppm) 72 51 36 24 17 14
WashB in (ppm) 1 2 1 1 <1 <1
Residue in (%) 0.13 0.01 I 2.23 4.73 1.9_6 Q.37_

Liquids:

- Volume of Iiq. (Hel) into Leach = 2.000 L

Vzlume of liq. (Hel) ex-leach = 1.670 L
Wash water volume (Wash A) = 500 mI
Wash water volume (Wash B) = 1500 ml
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Table CIO.2; Assay values for Leach 10 solids

Assays, Mass %
Solids Pt PJ Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue G.13 0.01 2.23 4.73 1.96 0.37

Solids in sample 0.12 om 2.50 3.94 0.68 0.95

Table CIO.4; Extraction vs time data for Leach 10.

Masses Recorded ;
Sample into Leach

Residue

Solids in sample

= 20.0 g
=2.15g

= 0.45 g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mY)

0 0.000 0.000 0.000 0.000 0.000 0.000 1023.5

5 60.870 68.000 59.024 48.628 44.000 66.364 991.3

15 67.342 78.322 63.382 60.304 52.602 70.875 1002.8

20 72.482 81.474 65.784 64.553 56.542 72.006 1008.3

30 75.882 84.602 68.W! 68.386 6U03 75.332 1012.8

40 79.677 86.930 70.534 71.049 63.690 77.096 1014.2

50 83.444 89.240 72.412 74.069 67.540 79.721 1017.2

60 86.765 90.768 75.207 75.567 69.450 81.457 1017.6

70 88.413 92.284 77.518 76.310 70.713 82.318 1020.8

80 90.048 93.036 7R.665 77.784 71.967 83,173 1021.3

90 91.264 93.782 79.802 78.699 73.832 84.02i 1021.8

100 92.069 94.522 81.156 79.243 75.065 84.861 1021.4

110 93.265 95.256 82.051 79.962 76.288 85.696 1021.6

120 94.452 95.984 83.604 80.676 77.502 86.523 1021.2

150 95.629 96.706 85.365 81.384 78.705 88.164 1022.6

180 96.408 97.422 86.457 82.261 79.898 89.791 1023.1

210 97.565 98.132 87.539 83.131 81.082 90.598 1022.4

240 98.713 98.836 88.612 84.512 82.255 91.398 1022.6

270 99.092 99.534 89.676 85.880 83.418 92.191 1022.4

300 99.469 100.226 90.731 86.559 83.995 92.977 1023.2

330 100.21 100.912 91.777 87.400 84.567 93.757 1023.4

360 100.58 101.592 92.813 ~d.233 85.133 94.530 j 1023.6

Solids dissolved in solution = 17.40g

Table CIO.3: Mass Balance for Leach 10

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex·Leach.
Residue 0.0028 0.0002 0.(~80 0.1017 0.0421 0.0080
Solids in sample 0.0005 o.ooo; ;:0113 0.0177 0.0031 0.iJ043
Prep-r, Solution 3.9412 2.1543 0.6513 0.7682 0.2188 0.1770
Wa- ',ALiquor (1.0360 0.0255 0.0180 0.0120 0.0085 0.0070
Wa,h B Liquor 0.0015 0.J015 0.0015 0.0015 0.0015 0.0015
Samples 0.6149 0.3468 0.0981 0.1180 0.0327 0.01.78

Total Out 4.5969 2.5284 0.8281 LOl91 0.3067 0.2255

Mass Balance %
(OutiIn) 99.93 101.13 100.98 99.91 102.22 102.51

% Extraction 99.93 99,99 92.85 88.28 85.26 94.58
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RUN 11

Leaching Condition:

Mass of sample

Volume ofHCI used

HCl concentration

Temperature

Cl, flowrate

Stirrer speed

Total leaching period

= 20.0 g

== 2.00L

= 10.OM

= 60°C

= 825 cm'min.'

= 150 rpm

= 6.00 hours

Table C ILl: Raw Data for the Leaching Experiment 11.

Time Sample Sarrple Analysis results in ppm
(min) Vol.

(ml) Pt Pd Rh Ru II" Au
1-'

0 - - - - - - -
5 15 1517 926 251 278 87 66
15 15 1595 980 275 318 96 75
20 15 1720 1022 289 332 100 78
30 15 1760 1030 292 356 102 81
40 15 1783 1063 306 362 104 84
50 15 1842 1092 310 36& 106 85
60 15 1910 1095 314 372 108 86
70 15 1920 1147 316 376 109 87
80 15 1934 1151 318 378 110 88
90 15 1943 1167 320 380 111 89
100 15 195(; 1171 322 383 112 90
110 15 1968 !l80 324 386 113 91
120 15 2000 U88 326 389 113 92
150 15 2034 11\18 330 395 114 93
180 15 2110 1206 335 400 114 94
210 15 2138 1212 338 402 115 95
240 15 2180 1223 342 404 116 96
270 15 2194 1230 344 406 117 97
300 15 2215 1240 346 408 118 98
330 15 2230 1250 350 410 119 99
360 15 2242 1262 355 412 120 100

,

I'·" 2242 1262 355 412 120 100
Wash A in (ppm) 84 69 47

I
42 29 21

WashB in (ppm) 1 1 1 1 <1 <1
Residue in{%) 5.23 0.39 3.24 5.45 1.72 0.54

Liquids:

- Volume of Jig. (HCI) into Leach = 2.CJO L
Volume of Jig (HCI) ex-leach = 1.670 L

Wash water volume (Wash A) = 500 mJ

Wash water volume (Wash B) = 1500 ml.
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Table Cll.2: Assay valnes for Leach 11 solids

Assays. Mass %
Solids Pt Pd Rh Rn Ir An

Sample into Leach 23.00 12.50 4.10 5.10 1.30 1.10

Residue 5.23 0.39 3.24 5.45 1.72 0.54

Solids in sample 2.86
- 0.16 1.18 2.66 0.89 1.06

TableC1L4: Extraction vs time data for Leach 11.

Solids dissolved in solution = 15.93 g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 1028.6

5 65.957 74.080 61.219 54.510 58.000 60.000 996.8

15 69.322 78.368 67.029 62.294 63.95.5 68.121 ~64.2

20 74.676 81.677 70.393 64.998 66.582 70.807 1000.5

30 76.376 82.303 71.108 69.598 67.885 73.473 1006.7

40 77.346 84.864 74.420 70.739 69.178 76.118 1007.2

50 79.815 87.097 75.359 71.872 70.462 76.993 1011.2

60 82.638 87.3;::; 76.291 72.621 71.735 77.861 1012.1

70 83.050 91.267 76.753 73.364 72.367 78.723 1012.4

80 83.622 91.56S 77.212 73.732 72.993 79.577 10125

90 83.987 92.762 77.667 74.098 73.615 80.425 1013.4

100 84.510 93.058 78.118 74.642 74.232 81.266 1014.6

110 84.989 93.718 78.565 75.182 74.843 82.100 1013.8

120 86.255 94.301 79.009 75.717 74.843 82.927 1014.2

150 87.589 95.023 79.890 76.779 75.445 83.748 1014.6

180 90.546 95.596 80.~81 77.656 75.445 84.561 1014.3

210 91.627 96.022 81.631 78.004 76.037 85.368 1014.8

240 93.234 96.796 82.489 78.350 76.623 86.168 1014.6

270 93.765 97.285 82.915 78.692 77.205 86.961 1015.2

300 94.555 97.977 83.337 79.031 77.782 87.748 1014.2

330 95.114 98.663 84.173 79.367 78.353 88.527 1015.3

360 95.557 99.479 85.210 79.701 78.920 89.300 1()"5.4

Masses Recorded :

Sample into Leach

Residue

Solids in sample

=20.08
= 3.65g

= 0.42 g

Table C1l.3: M= Balance for Leach 11

Mass (I!)
-

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3()()() 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

'rotal In 4.6lJOO 2.5000 0.8200 1.0200 0.3000 0.2200

fu:L,each.
Residue 0.1909 0.0142 0.1183 0.1989 0.0628 0.0197
Solids in sample 0.0120 0.0007 0.0050 0.0112 0.00374 0.0045
Pregn, Solution 3.7441 2.1075 0.5929 0.6880 0.2004 0.1670
Wash A Liquor 0.0420 0.0345 0.0235 0.0210 0.0145 0.0105
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.5842 0.3416 0.0952 0.1126 0.0328 0.0265

Total Out 4.5748 2.5000 0.8363 1.0332 0.3157 0.2296

Mass Balance %
COutlIn) 99.45 100.00 101.99 101.29 105.23 104.37

% Extraction 95.56 99.40 85.27 79.67 78.93 89.48
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RUN 12

Leaching Condition

Mass of sample

Volume of HCI used

HCI concentration

Temperature

CI2 flowrate

N2 flowrate

Stirrer speed

Tota11eaching period

= 20.0 g

= 2.00L

== 6.00M

=50"C

= 825 crrr'min"
= 310 cm'min '

= 150 rpm

= 6.00 hours

Table e12.! Raw Data for the Leaching Experiment U.

Time Sample Sample Analysis results in % and ppm
(min) Vol.

(mJ) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 665 436 85 124 45 30
15 15 1025 637 115 163 56 41
20 15 1124 680 128 181 60 48
30 15 1242 761 146 206 67 54
40 15 1365 812 160 226 71 60
50 15 1428 852 172 246 76 64
60 15 1504 885 184 260 80 68
70 15 1567 916 191 274 83 70
80 IS 1611 938 201 283 85 72
90 i5 1686 970 206 292 87 74
100 15 1718 1000 215 302 89 76
110 15 1762 1020 221 310 90 77 I120 15 1795 1042 228 317 92 79
150 15 1870 1092 242 334 94 sz
180 15 191B nrs 255 345 95 84
210 15 1952 113~ 263 354 96 86
240 15 1980 1145 270 360 97 88
270 15 2004 1162 275 365 98 89
300 15 2038 1174 280 370 99 90
330 15 2072 1186 285 373 100 91
360 15 2098 1192 288 375 101 92

Pregn. 2098 1192 288 375 10J 92
Wash A in (ppm) 32 19 11 7 4 3
WashB in (ppm) I <1 <I _4~J <1 <1
Residue in (%) 8.38 2.85 3.99_ 1.55 0.57

LiquidS:

- Volume of liq (Hel) into Leach = 2.w L

Volume of liq. (Hel) ex-leach = 1.672 L

Wash water volume (Wasb A) = 500 rnl

Wash water volume (Wash B) = 1500 mi.
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Table CI2.2: Assay values (or Leach 12 solids

Assays. Mass %
Solids PI Pa Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 8.38 2.85 3S9 4.49 1.55 0.57

Solids in sample 2.14 1.61 1.78 1.94 0.84 1.32

Table Cl2.4: Extraction vs time data for Leach 12.

Solids dissolved in solution = 13.16g

Time % Extraction RedoxPot.

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.0u"O 0.000 0.000 1032.6

5 128.913 34.880 20.732 24,314 30.000 27.273 986.9

15 44.448 50.839 27.994 31.903 37.278 37.198 980.4

20 ,48.688 54.228 3U17 as.sso 39.905 43.466 1000.4

30 53.703 60.562 35.409 40.172 44.467 48.798 [002.2

40 58.890 64.520 3&.721 43.976 47.053 54.089 1003.5

50 61.526 67.600 41.538 47.750 50.262 57.589 1004.2

60 64.682 70.121 44.333 50.372 52.808 61.061 1005.1

70 67.277 72,471 45.951 52.973 54.703 62.784 1007.9

80 69.076 74.125 48.243 54.631 55.957 64493 101l.2

90 72.116 76.512 49.381 56.277 57.200 66.189 1012.4

100 73.403 78.732 51.41l 58.091 58.433 67.871 1012.9

110 75.159 80.200 52.754 59.530 59.045 68.705 1014.2

120 76.464 81.802 54.307 60.779 60.258 70.359 1015.4

150 79.407 85.412 57.389 63.787 61.462 72.821 1016.2

180 81.275 87.273 6O:n.7 65.718 62.058 74.4<'8 1017.5

210 82.587 88.409 61.959 67.284 62.650 76.061 1018.4

240 83.658 89,184 63.461 68.319 63.237 77.661 1018.6

270 84.569 90.370 64.525 69.175 63.818 78.455 1018.4

300 35.847 91.201 65.580 70.022 64.395 79.241 1018.1

330 87.115 92.024 66.626 70.527 64.967 80.021 1018.4

360 88.076 92.432 67.248 70.860 65.533 80.793 1018.4

Masses Recorded :
Sample into Leach

Residue

Solids in sample

=20.0g

= 6.36g

= 0.4& g

Table cu,s. Mass Balance for Leach 1:

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 • 0.0000 0.0000 0.0000 O.(J(){)O

Total In 4,6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 0.5330 0.1813 0.2538 0.2856 0.0986 0.0363
Solids in sample 0.0103 0.0077 0.0085 o.ocss 0.0040 0.0063
Pregn. Solution 3.5079 1.9930 0.4815 0,6270 0.1689 0.1538
Wash A Liquor O.01oo 0.0095 0.0055 0.0035 0.0020 0.0015
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.4849 0.2844 0.0618 0.0853 0.0249 0.0214

Total Out 4.5535 2.4774 0.8127 1.0122 0.2999 0.22081

Mass Balance %
I
I

(OutlIn) 98.99 99.10 99.11 99.23 99.96 100.35 i

% El'traction 88.07 92.37 67.72 70.87 65.78 80.71 1
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RUN 13

Leaching Condition:

Mass of sample

Volume of Heused

Hel concenuanon

Temperature

elz flowrate

N2 flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.OOL

= 6.00M

= :50De
= 825 cnr'min"

= 200 cm'min'
= 150 rpm

= 6.00 hours

Table Cl3.1: Raw Data for the Leaching Experiment 13.

Time Sample Sample Analysis results in ppm
(min) Vol.

(m!) PI Pd Rh Ru If Au

0 - - - - - - -
5 15 724 496 108 141 49 35
15 15 1096 680 146 182 64 49
20 15 1232 750 162 199 69 54
30 15 1344 828 180 234 74 60
40 15 1460 874 192 250 79 65
50 15 1528 914 207 268 84 68
60 15 1608 950 216 282 87 71
70 15 1658 972 223 299 90 74
80 15 1708 996 228 306 92 76
90 15 1765 1022 234 317 94 78
100 15 1788 1()q4 242 325 % 79
110 15 1830 1064 244 330 I 97 81
120 15 1860 1075 252 336 98 82
150 15 1942 1114 262 352 100 85
180 IS 2010 1145 269 364 100 87
210 15 2050 1168 278 370 101 89
240 15 2090 1178 284 375 102 90
270 15 2120 1188 290 378 103 91
300 IS 2130 1197 295 381 103 92
330 15 2140 1210 302 383 104 93
360 15 2150 1216 306 386 105 94

Pregn, 2150 1216 306 386 105 94
Wash A in (ppm) 46 21 18 10 6 4
WashB in (Ppm) 1 <1 <1 <1 <1 <1
Residue in(%) 7.15 2.15 3.80 4.45 1.52 0.53

Liquids:= Volume of liq. (HCI) into Leach = 2.000 L

Volume of 1iq. (Hel) ex-leach = 1.672 L

Wash water volume (Wash A) = 500 mI

Wash water volume (Wash B) = 1500 mI.
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Table C13.2: Assay values for Leach 13 solids

Assavs, Mass %
Solids Pt ru Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue I 7.15 2.15 3.80 4.45 1.52 0.53

Solids in sample I 2.02 1.42 1.56 1.81 0.72 1.26

Table CI3A: Extracticn vs time data for Leach 13.

Masses Recorded:

Sample into Leach

Residue

Solids in sample

= 20.0 g

=5.87 g

= 0.54g

....·~"11.e % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 1026.7

5 31.478 39.680 26.342 27.647 32.667 31.818 1000.4

15 47.531 54.290 35.540 35.626 42.592 44.450 1001.2

20 53.355 59.806 39.384 38.909 45.875 48.927 1007.2

30 58.115 65.905 43.676 45.618 49.133 54.259 1005.6

40 63.007 69.475 46.515 48.661 52.367 58.668 1009.6

50 65.853 72.555 50.036 52.058 55.575 61.293 1012.9

60 69.050 75.305 52.132 54.679 57.485 63.898 1014.6 I

70 71.234 76.973 53.750 57.838 59.380 66.482 1012.2

80 73.277 78.778 54.896 59.128 60.633 68.191 1013.5 I

90 75.588 80.717 56.261 61.139 61.877 69.886 1014.0

100 76.513 82.345 58.066 62.590 63.110 70.727 1015.3

110 78.]89 83.813 58.513 63.490 63.722 72.396 1016.7
I

120 79.375 84.614 60.289 64.560 64.328 73.223 1017.2 I

150 82.593 87.430 62.490 67.391 65.532 75.684 1017.3 I

180 85.239 89.649 64.018 69.498 65.531 77.311 1018.3 I

210 86.783 91281 65.967 70.542 66.123 78.925 10]9.4 I

240 88.313 91.986 67.254 71.404 66.710 79.725 1019.5

270 89.451 92.684 68.531 71.918 67.292 80.518 1019.9 !

300 89.827 93.307 69.586 72.427 67.292 81.305 1013.8

330 90.200 94.199 71.050 72.673 67.863 82.084 1013.8

360 90.570 94,607 71.879 73.263 68.430 82.857 1013.8

Solids dissolved in solution = 13.59 g

Table CI3.3: Mass Balance for Leech 13

Mass (I!) 1
PI Pd Rb Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.000') 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200 !

Ex-Leach.
0.22:1 I0.2612Residue 0.4197 0.1262 0.0892 0.0311

Solids in sample 0.0109 0.0077 0.0084 0.0098 0.0039 0.0068
Pregn. Solution 3.5948 2.0332 0.5116 0.6454 01756 0.1571
Wash A Liquor 0.0230 0,0105 0.0090 0.0050 0.0030 0.0020
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.5112 0.2980 0.0692 0.0911 0.026& 0.0225

Total Out 4.5611 2.4770 0.8228 1.0140 0.3000 0.2211

Mass Balance %
(OutlIn) 99.15 99.08 100.35 ;;;1.41 99.99 100.49

% Extraction 90.56 94.60 71.87 73.27 68.96 82.85
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RUN 14

Leaching Condition:

Mass of sample

Volume ofHClused

HCI concentration

Temperamre

Cll flowrate

N2 flowrate

Stirrer speed

Tota11eaching period

= 20.0 g

= 2.00L

= 6.00M

= 50°C

= 825 cnr'min"
= 90 cnr'min'

= 150 rpm

= 6.00 hours

Clt-.I: Raw Data for the Leaching Experiment 14.

Time Sample Sample Analysis results in ppm
(min) Vol.

(rnl) Pt Pd Rh Ru Ir Au

0 - - - - . - -
5 15 795 572 133 161 52 41
15 15 1J78 740 178 217 68 54
20 IS 1328 821 192 238 70 59
30 15 1468 905 208 273 76 65
40 15 1597 945 225 291 85 71
50 15 1662 992 236 310 87 74
60 IS 1738 1022 246 326 89 76
70 15 1790 1040 255 336 94 78
80 15 1830 1068 260 342 96 80
90 15 1878 1084 265 348 98 82
100 15 1900 1106 270 354 99 83
110 15 1938 1126 274 358 100 84
120 15 2000 1138 278 365 101 85
ISO 15 2060 II70 286 370 102 87
180 15 2090 1196 294 378 103 89
210 15 2110 1208 300 384 104 91
240 15 2120 1216 305 390 105 93
270 15 2130 1226 314 396 106 94
300 15 2160 1231 320 400 107 95
330 15 2170 1236 324 408 108 96
360 15 2180 1240 328 412 109 97

Pregn. 2180 1240 328 412 109 97
Wash A in (ppm) 52 25 20 12 7 5
WashB in (ppm) I 1 1 <I <1 <I
Residue in(%) __6.69 1.36 3.49 4.11 1.65 0.51

--- --_._--

Liquids:

- Volume of Iiq. (HCI) into Leach = 2.000 L

V"lume of Jiq. (HCI) ex-leach = 1.670 L

Wash water volume (Wash A) = 500 mI

Wash water volume (Wash B) '" 1500 m!.

226 227



Table C14.2: Assay valuesIer Leach 14 solids

Assays. Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.5e 4.10 5.10 1.50 1.10

Residue 6.69 1.36 3.49 4.11 1.65 0.51

Solids in sample 1.97 1.28 1.48 1.78 0.69 I L19

Masses Recorded :
Sample into Leach

Residue

Solids in sample

=20.0g

=5.12g

= 0.46 g

Solids dissolved in solution = 14.42 g

Table CI4.3: Mass Balance Cor Leach 14

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 02200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
0.0261 IResidue 0.3425 0,0696 0.1787 0.2104 0.0845

Solids in sample 0.0091 0.0059 0.0068 0.0082 0.0032 0.0055
Pregn. Solution 3.6406 2.0708 0.5478 0.6880 0.1820 0.1620
Wash A Liquor 0.0260 0.0125 U.OIOO 0.0060 0.0035 0,0025
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.5391 0.3156 0.0775 0.0997 0.0278 0.0237

Total Out 4.5588 2.4760 0,R222 1.0138 0.3024 0.2212

Mass Balance %
(OurlIn) 99.10 99.04 100.27 99.40 100.81 100.56

% Extraction 9b2~ 96.95 17,41_ 78.44 , 71.02 85.72

Table CI4.4: Extraction vs time data for Leach 14.

Time % Extraction RedoxPot

(min) PI Pd Rh Ru Ir Au (mY)

0 0.000 0.000 0.000 0.000 0.000 0.000 1032.6

5 34.565 45.760 32.439 31.569 34.667 37.273 974.0

15 51.093 59.099 43.332 42.467 45.253 49.002 971.5

20 57516 65.482 46.696 46.523 46.567 53.480 992,6

30 63.466 72.051 50.510 53.231 50.477 58.811 1005.6

40 68.907 75.155 54.532 56.654 56.297 64.102 1008.8

50 71.627 78.774 57.1146 60.240 57.580 66.727 1007.5 I
60 74.783 81.066 59.444 63.236 58.853 68.464 1011.1

70 76,925 82.430 61.524 65.094 62.012 70.186 1012.5

RO 7R,560 84.536 62,670 66200 63,265 71.896 1012.3

90 80.506 85.729 63.807 67.297 64.508 73.591 1013.5

100 81.390 87.357 64.935 68.385 65.125

1

74.4-32 1014.2

no 82.906 88.825 65.831 69.105 65.737 75.266 1015.7

120 8535') 89,699 66.718 70,3<' 66.343 76.093 1016.8

150 87.714 92.009 68.479 71.239 66,945 I 77.734 1017.2

180 88.881 93,871 70.226 72.643 67.542 79.361 1017.6

210 89.653 94.723 71.524 73.687 68,133 80.975 1017.4

240 90,035 95.286 72.598 74.722 68.720 82.575 1017.3

270 90.415 95,984 74.513 75.749 69.302 83.368 1016.9

300 91.543 96.330 75.779 76.427 69.878 84.155 1017.4

330 91.916 96.673 76.615 77.772 70.450 84.934 1018.5

360 92.285 96.945 77.445 78.439 71.017 85.707 1019.8
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RUN 15

Leaching Condition:

Mass of sample

Volume ofHCl used

HCl concentration

Temperature

Cl2 fIowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00L

= 6.00M

= 50aC

= No Chlorine

= 150 rpm
= 6.00 hours

TableC15.1: Raw Data for the Leaching Experiment 15.

Time Sample Sample Analysis results in ppm
(min) Vol.

(ml) PI Pd Rh Ru Ir Au

0 - - - - - - -
5 15 480 300 42 52 12 0.1
15 15 600 405 54 78 17 0.1
20 15 650 432 63 86 20 0.2
30 15 710 46D 72 98 22 0.2
40 15 760 500 80 104 24 0.3
50 15 790 520 85 110 21> 0.3
60 15 820 544 88 114 27 0.4
70 15 860 564 90 117 28 0.5
80 15 880 572 92 121 29 0.6
90 15 895 586 93 126 30 0.7 !

100 15 910 598 94 128 30 0.8
110 15 920 607 95 131 30 0.9
120 15 930 618 96 133 31 1.0
150 15 935 641 97 134 31 1.0
180 15 937 658 98 135 31 1.0
210 15 939 675 98 136 31 1.0
240 15 940 692 98 137 32 1.0
270 15 940 103 98 138 32 1.0
300 15 940 712 98 138 32 LO
330 15 940 720 98 139 32 1.0
360 15 940 725 98 140 32 1.0 I

Pregn. 940 725 98 140 32 1.0
Wash A in (ppm) 45 52 14 12 5 4
WashB in (ppm) 1 2 1 1 <1 <1

~i!ItJe in (%) 2.10 OR_ __ 2.2Q_ 4.78 1.50 _c____<).36

Liquids:

= Volume ofUq. (HCI) into Leach = 2.000 L

Volume of Iiq. (HCI) ex-leach = 1.668 L

Wash water volume (Wash A) = 500 mI

Wash water volume (Wash B) = 1500 mi.
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Table ClS.2: Assay values for Leach 15 solids

Assays, Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 I 1.50 1.10

Residue 2.10 0.42 2.20 4.78 1.50 0.36

Solids in sample 0.45 0.24 0.36 o.n 0.21 0.20

Table ClSA: Extraction vs time data for Leach 15.

Solids dissolved in solution = 15.90g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mY)

0 0.000 0.000 0.000 0.000 0.000 0.000 860.9

5 20.870 24.000 10.244 10,196 11.308 0.091 614.8

15 26.048 32.337 13.149 15.256 13.278 0.091 524.6

20 28.189 34.465 15.311 16.801 14.582 0.180 436.2

30 30.739 36.654 17.457 19.101 15.875 0.180 410.6

40 32.848 39.758 19.349 20.242 17.158 0.269 398.8

50 34.103 41.298 20.523 21.375 17.79" , 0.269 388.4

60 35.349 43.132 21.222 22.124 18.427 ; 1).355 382.6

70 36.997 44.648 21.684 22.681 19.053 0.442 378.4

80 37.814 45.249 22.143 23.418 19.075 0.527 380.1

90 38.422 46.294 22.370 24.332 19.675 0612 380.0

100 39.026 47.182 22.596 24.695 19.6751 0.696 380.1

110 39.425 47.842 22.820 2'.:lj~ I 20.282 0.779 385.4

120 39.820 48.643 23.042 25.592 20.282 I 0.862 390.1

150 40.016 50.304 23.262 25,769 20.282 0.862 392.5

180 40.094 51.521 23.480 25.944 20.282 0.862 392.8

210 40.171 'i2.728 23.480 26.1!8 20.282 0.862 392.6

240 40.210 53.925 23.480 26.291 20.868 0.862 392.8

270 40.210 54.693 23.480 26.462 20,868 0.862 394.2

300 40.210 55.315 23.480 26.462 20.868 0.1162 394.4

330 40.210 55.864 23.480 26.630 20.868 0.862 394.8

360 40.210 56.204 23.480 26.7':17 20.868 0.862 395.6

Masses Recorded:

Sample into Leach
Residue

Solids in sample

=20.0g

= 3.72g

= 0.38g

Table CI5.3: Mass Balance for Leach 15

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0 ...:200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.000i)

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach
Residue 0.G781 0.0156 0.0818 0.1778 0.0558 0.0134
Solids in sample 0.0017 0.0009 0.0014 0.0027 0.0008 0.0008
Pregn. Solution 3.8898 2.1250 0.6355 0.7189 0.20~~ 0.1768
Wash A Liquor 0.0225 0.0260 0.0070 0.0060 0.0025 0.0020
Wash B Liquor 0.0015 0.0030 0.0015 0.0015 0.0015 0.0015
Samples 0.5657 0.3297 0,0931 0.1053 0.0307 0.0257

Total Out 4.5593 2.5003 0.8203 1.0122 0.2998 0.2201

Mass Balance %
(OutlIn) 99.11 100.01 100.04 99.23 99.94 100.05

% Extraction 98.25 99.34 89.86 82.17 81.12 93.57
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RUN 16

Leaching Condition:

Mass of sample

Volume ofHCI used

HCI concentration

Temperature

Cl2 flowrate

Stirrer speed

Particle size

Total leaching period

= 20.0 g

= 2.ooL

= 6.ooM

= 60°C

= 825 cm'min"

= 150 rpm

= -38 fLm

= 6.00 hours

Table CI6.1: Raw Data for the Leaching Experiment 16.

Time Sample Sample Analysis results in ppm
(min) Vol.

(inl) Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 1793 1070 282 307 90 91
15 15 1890 1108 290 315 92 93
20 15 1925 lJ29 300 328 97 95
30 15 1965 1142 298 339 98 97
40 15 2003 1158 307 343 105 98
50 15 2024 1167 305 351 104 99
60 15 2042 il86 310 357 109 100
70 15 2074 1200 320 370 108 101
80 is 2088 1206 318 369 112 102
90 15 2086 1213 331 381 113 103
100 15 2136 1231 334 379 114 !O3
110 15 2130 1238 339 384 115 104
120 15 2160 1248 343 395 116 !O5
150 15 2192 1254 350 405 ll~ 106
180 l~ 2218 1262 356 415 120 107
210 15 2242 1268 362 423 122 107
240 15 2265 1272 368 426 124 108
270 15 2286 1278 374 428 126 109
300 15 2306 1282 376 432 128 110
330 15 2338 1286 380 435 129 111
360 15 2342 1292 381 442 131 112

Pregn. 2342 1292 381 442 131 112
Wash A in (ppm) 68 54 21 18

I
12 8

WashB in (ppm) I 1 1 1 <1 <1
I Residue in (%) 0.32 0.06 2.70 5.95 1.62 0.08

Liquids:

- Volume of liq (HCl) into Leach = 2.000 L

Volume ofliq. (HCI) ex-leach = 1.665 L

Wash water volume (Wash A) = 500 rnl

Wash water volume (Wash B) = 1500 mi.
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Table CI6.2: Assay values for Leach 16 solids

Assays, Mass %
-

Solids PI Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.'n 5.10 1.50 1.10

Residue 0.32 0.06 2.70 5.95 1.62 0.08

Solids in sample 0.26 0.09 1.28 0.94 0.85 0.05

Tahir C16.4: Extraction vs time data for Leach 16.

Solids dissolved in solution = 17.16g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 ;023.5

5 77.957 85.600 68.781 6b :96 60.000 82.727 991.2

15 82.142 88.617 70.717 61~}.;3 61.323 84.532 1002.8

20 83.641 90.272 73.120 64.264 64.607 86.323 1008.3

30 85.341 91.289 72.643 66.372 65.258 88.100 1012.4

40 86.944 92.530 74.772 67.133 69.785 88.982 1011.9 !
50 87.823 93.223 74.302 68.643 69.143 89.85~ 1012.6

60 88.570 94.675 75.467 69.766 72.327 90.725 1017.2

70 89.888 95.736 77.778 72.181 71.695 91.586 W20.6

80 90.460 96.187 77.320 71.997 74.202 92.441 1016.2

90 90.379 96.709 80.276 74.191 174.823 93.289 1012.8

100 92.390 98.041 80.953 73.828 75.440 93.289 1012.5

110 92.1:1 98.555 82.072 74.728 76.052 94.123 1012.2

120 93.338 99.283 82.960 76.691 76.658 'N.950 1014.3

150 94.594 99.716 84.501 78.460 77.862 95.771 I 1013.4

180 95.605 100.29 85.810 80.215 79.055 '16.584 1015.2 i

2IG 96.531 100.72 87.109 81.607 80.238 96.584 1\)15.4

240 97.411 100.99 88.397 82.125 81.412 97.384 1015.1

270 98.208 101.42 89.674 82.467 82.575 98.177 1016.4

I
300 ~8.960 101.69 90.0% 83.146 83.728 98.964 1017.2,

330 100.15 101.97 90.932 83.650 84.300 99.743 LOlS.3 I
360 100.30 102.38 91.140 84.817 85.433 ~ 1018.6 j

Masses Recorded:

Sample into Leach
Residue

Solids in sample

= 20.0 g
= 2.54 g

= 0.30g

TableCI6.3: Mass Balance for Leach 16

Mass (g)

PI Pd Rh Ru Ir Au

Into Letch.
Sample in 4.6000 2.5000 . 0.8200 1.0200 0.3000 0.2200
Le?"'!lil1g Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 t.~

E3·Lpach.
Residue 0.0081 0.0015 0.0636 0.1511 0.0412 0.0020
Solids in sample 0.0008 0.0003 0.0038 0.0028 0.0il26 0.0002
Pregn. Solution 3.8994 2.1512 0.6344 0.7359 0.2181 0.1865
Wash A Liquor 0.0340 0.0270 0.0105 0.0090 0.0060 0.0040
Wash B Liquor 0.00,5 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.6325 0.3630 0.0997 0.1137 0.0336 0.0307

Total Out 4.5763 2.5444 0.8184 1.0141 0.3029 0.2249

Mass Balance %
(OutlIn) 99.48 101.78 99.81 99.42 100.97 102.22

% Extraction 99.31 99 ,,~ 91.15 84.81 85.57 99.03
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RUN 17

Leaching Condition:

Mass of sample

Volume ofHCl used

HCl concentration

Temperature

Cl2 flowrate

Stirrer speed

Particle size

Total leaching period

= 20.0 g

= 2.00L

=6.00M

= 60°C

= 825 cnr'min'

= 150 rpm

= -150 +90 pm

= 6.00 hours

Table C17.1 Raw Data for the Leaching Experiment 17.

Time Sample Sample Analysis results in % and ppm
(min) Vol. ,--

(mil Pt Pd Rh Ru Ir Au

0 - . - - - - -
5 15 1525 1005 248 265 84 64

,
15 15 1676 1098 271 291 90 76
20 15 1790 1110 286 300 95 80
30 15 1885 1130 288 317 96 84
40 15 1938 li32 293 332 99 87
50 15 2016 1160 304 345 103 90
60 15

I
2024 1158 314 352 107 92

70 15 2048 1187 305 365 106 94
80 15 2072 1189 318 368 Hl7 9tJ
90 15 2093 !204 323 372 109 97
100 15 2106 1212 334 376 110 98
110 15 2138 1218 328 381 112 99
120 15 2160 1228 338 388 114 100
150 15 2186 1236 342 396 116 102
180 I IS 22!5 1243 348 402 :18 104
210 15 22.,\J 1252 355 408 120 106
240 I 15 2242 1253 359 415 122 107
270 15 2256 1256 363 419 124 108
300 IS 22"4 1259 366 421 125 109
330 15 2300 1261 369 423 126 110
360 15 2304 1262 371 425 127 111

Pregn. 2304 1262 371 425 127 111IWash A in (ppm) 32 11 23 20 8 4
Wash B in (ppm) I <1 <:: 1 <1 <1
Residue in (%) 1.68 0.08 2.34 --4.80 1,29._. 0.07

Liquids:

- Volume of liq. (HCI) :nlOLeach = 2.00 L

:Volume ofJiq. (HCI) ex-leach = 1.668 L

Wash water volume (Wash A) = 500 mI

Wash water volume (Wash B) '" 1500 mi.
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Table Cl1.2: Assay values for Leach 17 solids

Assavs, Mass %
-

Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 1.68 0.08 2.34 4.80 1.29 0.01

Solids insample 0.42 1.07 1.45 1.84 0.96 0.08

Tabie CI7.4: Extraction vs time data for Leach 11.

Solids dissolved in solution = 15.92g

Time % Extraction RedoxPot.

(min) Pt Pd Rh Ru It Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 1025.8

5 , 65.304 8Q.400 60.488 51.961 56.000 58.182 986.3

15 72.820 87.784 66.056 57.021 59.970 69009 989.9

20 17.103 88.130 69.659 58.159 63.253 12.591 1002.8

30 81.740 90.294 70.136 62.011 63.905 76146 1007.8

40 83.975 90.449 11.319 64.870 65.845 78.791 1009.2

50 87.239 92.605 73.901 67.324 68.412 81.416 1009.4

60 87.572 92.452 76.231 68.634 70.958 83.152 1009.5

70 88.560 94.650 74.151 11.050 70.327 84.875 1010.2

80 89.541 94801 77.131 71603 70_953 86.584 1010.6

90 90.393 95.920 78.268 72.334 72.191 87.432 1011.2

100 90.915 96.512 80.750 73.059 12.813 88.273 1012.3

110 92.192 96.952 79.407 73.959 74.037 89.107 1012.5

120 93.062 97.680 81.627 75.208 75.250 89.934 1015.2

150 94.083 98.258 82.507 16.624 76.453 91.575 1016.3

180 95.211 98.159 83.817 77.617 77.647 93.202 1018.6

210 95.790 99.398 85.332 18.721 78.830 94.816 1020 I I
240 96.249 99.468 86.191 79.928 80.003 95.616 102(\ •

270 96.780 99.678 87.042 80.613 8U67 96.409 1021••

300 98.209 99.885 87.615 80.952 81.743 97.196 1021.3

330 98.433 100.02 88.302 81.288 82.315 97.975 1020.4

_?§O_ 98~ 100.09 8!2!Z_ 8L6R ~.882 I 98.748 1020.8

Masses Recorded :
Sample into Leach

Residu

Solids in sample

=20.0g

= 3.76g

= O.32g

Table CI7.3: Mass Balance for Leach 17

Mass (g)

Pc Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 J.8200 1.0200 0.3000 0.2200

Ex·Leach.
Residue 0.0632 0.0030 0.0880 0.1805 0.0485 0.0026
Solids in sample O.COI3 0.0034 0.0046 0.0059 0.0031 0.0003
Pregn. Solution 3.8431 2.1050 0.6188 0.7089 0.2118 0.1852
Wash A Liquor 0.0160 0.0055 0.0115 0.0100 O.ooro 0.0020
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.6179 0.3569 0.0968 0.1100 0.0328 0.0286

Total Out 4.5430 2.4753 0.8212 1.0168 0.3017 0.2201

Mass Balance %
(Out/Jn) 98.76 99.01 100.15 99.69 100.55 11JO.04

% Extraction 98.58 99.74 88.72 81.67 82.90 9~.69 i

240 241



RUN 18

Leaching Condition:

Mass of sample

Volume of HCI used

HCl concentration

Temperature

CI2 flowrate

Stirrer speed

Particle size

Total Jeaching period

= 20.0 g

= 2.ooL

= 6.00M

= 60°C

= 825 cm'min'

= 150 rpm

= 300 /-1m

= 6.00 hours

Table CI8.!: Raw Data for the Leaching Experiment 18.

Time Sample S,:mple Analysis results in ppm
(min) Yol.

(ml) Pt Pd Rh Ru Ir Au

0 - - - - - - - I
5 15 1439 1005 260 285 80 64
15 15 1657 1042 280 298 85 72
10 15 1712 100 284 312 88 75
30 15 1842 1097 292 326 90 80
40 15 1898 1115 300 336 93 84
50 15 1991 1132 305 343 96 86
60 15 2018 11<:5 310 350 98 88
70 15 2036 1151 314 362 100 90
80 15 2058 1173 315 361 102 92
90 15 2 >68 1186 318 368 103 94
100 15 2097 1192 324 374 104 96
110 15 2125 1204 328 378 106 97
110 15 2148 1210 330 387 107 98
150 15 2172 1218 336 390 no 100
180 15 2190 1230 340 394 112 102
210 15 2224 1238 346 399 114 103
240 15 2236 1247 351 402 115 105
270 15 2243 1260 355 406 116 106
300 15 2260 1261 360 410 118 107
330 15 2284 1262 361 413 119 108
360 15 2290 1264 362 415 120 109

Pregn. 2290 1264 362 415 120 109
Wash A in (ppm) 35 25 21 16 7 4
WashB ill (ppm) 1 <1 <1 <1 <1 <1
Residue in (%) 2.37 0.Q7 2.65 5.09 1.54 0.16 ,

Liquids:= Volume of lio (HCI) into Leach = 2.000 L

Volumeofliq. (HCl)ex-leach = 1.667 L

Wash water volume (Wash A) = 500 ml

Wash water volume (Wash B) = 1500 rnl,
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1 able C18.2: Assay values for Leach 18 solids

Assays, Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 2.37 0.'17

I
2.65 5.09 1.54 0.16

Solids in sample 0.64 0.03 1.1!L__ 1.17 _ 1.28 0.18

Table C18.4: Extraction vs time data for Leach 18.

Masses Recorded:
Sample into Leati
Residue

Solids in sample

=20.0g
= 3.92g

= 0.38 g

Time % Extraction RedoxPot I

(min) Pt Pd Rh Ru Ir Au (mV) i

0 0.000 0.000 0.000 0.000 0.000 0.000 1028.4 '

5 62.565 80.400 63.415 55.382 53.333 58.182 993.2

15 71.972 83.338 68.256 58.412 56.642 65.400 1010.2 I
20 74.328 84.914 69.217 61.116 58.612 68.086 1018.3

30 79.853 87.65i 71.124 63.800 59.915 72.530 1018.7

40 82.215 89.048 73.017 65.702 61.855 76.057 1019.2

50 86.to6 90.357 74.191 57.023 63.780 77.807 1020.9

60 87.228 91.350 75.356 68.333 65.053 79.543 102:4.1

70 87.969 91 )5 76.280 70.563 66.317 81.266 1025.2

80 88.86R 93.459 76509 I 70.378 67.570 82.975 1022.~

90 89.274 94.429 77.192 71.658 68.192 84.671 1023.2

100 90.440 94.873 78.545 72.747 68.808 86.352 1019.6

110 91.557 95.754 79.440 73.466 70.032 87.186 1018.9

lZt.I 92.467 96.190 79.884 74.180 70.638 88.014 (019.7

150 93.409 96.768 81.205 75.596 72.443 89.655 1020.4

180 94.109 97.627 82.078 76.298 73.637 91.282 1021.6

210 95.421 98.195 83.377 77.168 74.820 92.089 1022.6

240 95.880 98.829 84.450 77.685 75.407 93.689 1022.6

270 96.146 99.736 85.301 78.370 75.988 94.482 10252

300 96.785 99.805 86.356 79.048 77.142 95.268 1024.0I 330 97.680 99.874 86.565 79.553 77.713 96.048 1023.4

__16()__ 97,~, 100.01 .~ ._12-886 _ _78~ 96.~I _1024.1

Solids dissolved in solution = I5.70g

Table C18.3: Mass Balance for Leach 18

Mass (g)

Pt Pd .Rh Ru Ir Au

Tnto Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching So;u1;on 0.0000 0.0000 0.0000 0.0000 O.{)()()() 0.0000

Tola! In 4.6000 2.500c 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 0.0929 0.0027 0.1039 0.1995 0.0604 0.0063
Solids in sample 0.0024 0.0001 0.0045 0.0045 0.0049 0.0007
Pregn, Solution 3.8174 2.1071 0.6035 0.6918 0.2000 0.1817
Wash A Liquor 0.0175 0.0125 0.0105 0.0080 0.0035 0.0020
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.6105 0.3515 0.0961 0.1093 0.Q308 0.0277

Total Out 4.5422 2.4754 0.8200 1.0146 0.3011 0.2199

Mass Balance %
(QutlIn) 98.74 99.02 100.00 99.47 100.37 99.94

% Extraction ---- 97.90 99.88 86.78 , 79.90 78.34 96.84
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RUN 19

Leaching Condition:

Mass of sample

Volume ofRCl used

RCI concentration

Temperature

Cl, flowrate

Stirrer speed

Particle size

Total leaching period

Table C19.1: Raw Data for the Leaching Experiment 19.

= 20.0 g

=2.00 L

= 6.00M

= 60°C

= 825 cm'min"

Time Sample Sample Analysis results in ppm
(min) Vol.

(ml) PI Pd Rh Ru Ir Au

o - - - - - - -
5 15 962 610 140 186 56 46
15 15 1160 700 185 212 65 54
20 15 1316 780 200 248 72 60
30 15 1420 860 220 260 78 67
40 15 1510 920 235 284 81 70
50 15 1630 980 242 300 84 74
60 IS 1680 1010 255 308 87 78
70 15 1710 1050

I
267 316 90 81

80 15 1780 1080 280 327 92 83
90 15 1810 1100 286 335 94 85
100 15 1840 1120 292 342 96 88
110 15 1870 1137 298 35() 97 90
120 15 1920 1152 304 358 98 91
150 15 198!) 1174 312 368 100 93
180 IS 202:) !l95 319 378 102 95
210 IS 2070 1206 327 383 104 97
240 15 2120 1212 332 388 105 99
270 15 2160 1220 340 392 106 100
300 15 2200 1225 347 398 108 101
330 15 2230 1230 350 402 109 102
360 15 2260 1235 352 406 110 W3

Pregn, 2260 1235 352 406 110
t~3 J

Wash A in (ppm) 27 17 15 13 5
WashB in (ppm) 1 1 1 <1 <1 <1 J
Residue in (%) 4.69 1.78 2.71 4.79 1.71 0.4()_

= 150 rpm

= +500 +425 p.m

= 6.00 hours

Liquids:

= Volume of Iiq. (HCI) into Leach = 2.000 L

Volumeofliq. (HCI) ex-leach = 1.667L

Wash water volume (Wash A) = 500 ml
Wash water volume (Wash B) = 1500 rnl,
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Table C19.2: Assay values for Leach 19 solids

Assays. Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 4.69 1.78 2.71 4.79 1.71 0.40

_Soli_dsin_salllJll!:.... __!l:l~ !1i!_..._2.50 1.41 1.31 0.31

Tabl~ C19.4: Extraction vs time data for Leach 19.

Masses Recorded:

Sample into Leach

Residue

Solids in sample

=20.0g

= 4.67 g

= 0.45 g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.600 0.000 I 0.000 0.000 0.000 0.000 1026.0

5 41.826 48.800 34.146 36.471 37.333 41.818 1007.1

15 50.370 55.946 45.040 41.530 43.288 49.036 1009.7

20 57.051 62.250 48.643 48.483 47.885 54.4G9 1010.2

30 61.471 68.506 53.412 50.7H3 51.795 60.630 1012.3

4G 65.267 73.162 56.960 55.348 53.735 63.275 1020.6

50 70.289 77.782 58.604 58.368 55.660 66.775 1025.1

60 72.365 80.074 61.632 59.866 57.570 70.248 1024.6

70 73.600 83.106 64.405 61.352 59.465 72.832 1024.3

80 76.461 85.31)2 67385 03.379 60.718 74.541 1024.1

90 77.678 86.854 68.750 64.842 61.962 76.236 1021.3

100 78.884 88.334 70.104 66.112 63.195 78.759 1020.8

110 80.081 89582 71.446 67.551 63.807 80.427 1020.1

120 82.059 90.674 72.77b 68.978 64.413 81.255 1019.8

150 84.414 92.262 74.539 70.748 65.617 82.896 1018.8

180 85.970 93.766 76.067 72.503 66.810 84.523 1018.4

210 87.899 94.547 77.799 73.37' 67.993 86136 W18.4

240 89.812 94.969 78.872 74.236 68.580 87.736 1018.4

270 91.330 95.528 80.574 74.920 69.162 88.530 1019.4

300 92.834 95.874 82.051 75.938 70.315 89.316 1019.5

330 93.953 96.217 82.6.7Q 76.610 70.887 90.096 1019.8

360 95.061 96.557 83.093 77.277 71.453 90.868 1019.5

Solids dissolved in solution = 14.88 g

Table C19.3: Mass Balance for Leach 19

Mass (~)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample: in 4.6000 2.5000 0.8200 1.0200 0.3000 02200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Tomlln 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Resid ie 0.2190 0.0831 0.1266 0.2237 0.0799 0.0187
Solids in sample 0.0032 0.0019 0.0113 0.0064 0.OD59 0.0014
Pregn. Solution 3.7674 2.0588 0.5868 0.6768 0.1834 0.1717
Wa;h A Liquor 0.0135 0.0085 0.0075

1
0.0065 00025 0.0020

Wash D Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 05308 0.3144 0.0830 0.0980 0.0274 0.0248

Total Out 4.5355 2.4681 0.8166 1.0129 0.3005 0.2201

Mass Balance %
(OurlIn) 98.60 98.73 99.58 99.30 i 100.16 100.04

% Extraction 95.10 96.56 ~3.12 77.29 71.46 90.88
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RUN 20

Leaching Condition:

Mass of sample

Volume ofRCl used

RCI concentration

Temperature

Cil flowrate

Stirrer sneed

Particle s ize

Total leaching period

Table C20.i: Raw Data for the Leaching Experiment 20.

= 20.0 g

= 2.00 L

= 6.ooM
= 60°C

= 825 cm'min?

Time Sample Sample Analysis results in l?pm
(min) Vol.

(mil Pt l'd Rh Ru Ir Au
0 - - - - - - -
5 15 672 448 99 115 41 28
15 15 924 578 126 174 50 36
20 15 1012 670 158 190 58 47
30 15 1238 748 181 211 61 55
40 15 1360 812 195 228 69 62
50 15 1460 856 203 241 74 69
60 15 1540 880 211 250 77 74
70 15 1580 932 230 261 82 78
80 15 1632 964 244 272 83 82
90 15 1660 992 256 280 86 84
100 15 1710 1020 261 289 89 86
110 15 1760 1045 264 298 91 88
120 15 1790 1070 270 305 93 89 !

150 15 1872 1098 282 320 95 92
130 15 1942 1118 290 333 97 94 I

210 15 2026 1142 300 345 98 95
240 15 2040 1168 304 354 99 96
270 15 2100 1189 315 366 100 97 !

300 15 2115 1208 320 372 100
98 I330 IS 2130 1215 332 380 100 99

360 15 2150 1224 340 388 100 100

rregn. 2150 1224 340 388 100 100
I

• ash A in (ppm) 24 16 12 8 6
3 IWashB in (ppm) 1 2 1 1 <I <I

Residue in(%) 7.97 2.21 2.98 4.92 1.83 0.41

= 150 rpm

= -850 +600 I'm

= 6.00 hours

Liquids:
- Volume of Iiq. (HCI) into Leach = 2.000 L

Volume ofliq. (HCi) ex-teach = 1.668 L
Wash water volume (Wash A)
Wash water volume (Wash B)

'i,C' nI

mi.
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Table C20.2: Assay values for Leach 20 solids

Assavs, Mass %
Solids Pt Pd Rh Ru Ir ~

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 7.97 221 2.98 4.92 1.83 0.41

. Solids in sall1Ple 2.64 1.76 1.03 1.06 1.19 0.82

Table C20.4: Extractfcn vs time data for Leach 20.

Solids dissolved in solution = 14.02g

Time % Extraction RedoxI'ot

(min) Pt Pd Rll Ru lr Au (mV)

o 0.000 0.000 0.000 0.000 0.000 0.000 1018.6

5 29.217 35.840 24.146 22.549 27.333 25.455 1015.3

15 40.092 46.162 30.682 34.031 33.288 32.673 1015.4

20 43.860 53.412 38.370 37.121 38.542 42.523 1016.2

30 53.465 59.511 43.854 41.146 40.497 49.632 1016.2

40 58.611 64.478 47.166 44.379 45.670 55.805 1016.6

50 62.795 67.866 49.044 46.833 48.878 61.930 1016.9 I
60 66.117 69.699 50.907 48.518 50.788 66.271 1017.2

70 67.765 73.641 55.298 50.562 53.947 69.716 1017.4

RO 69.890 76.047 58.508 52.5R9 54573 73 134 10175

90 71.025 78.136 61.237 54.052 56.438 74.830 1017.8

I 100 73.0>5 80.208 62.365 55.684 58.288 76.511 1017.2

1'0 75.031 82.043 63.037 57.303 59.512 78.180 1017.9

120 76.218 83.863 64.368 58.553 60.725 79.007 1017.8

150 79.435 85.885 67.010 61.207 61.928 81.468 1018.4

180 82 159 87.317 68.756 63.488 63.122 83.096 1019.4

210 85401 89.021 70.921 65.577 63.713 83.902 1018.1

240 85.936 90.851 71.779 67.129 64.3OJ 84.702 1017.4

I 270 88.212 92.317 74.120 69.182 64.882 85.496 1017.6

L: 88.777 93.632 75.175 70.200 64.882 86.282 1018.1

89336 94.112 77.685 71.545 64.882 87.061 1018.6

90.075 94.724 79.343 77..878 64.882 87.834 1018.2

------ Sample into Leach
Masses Recorded :

Residue
Solids in sample

=2().Og

= ~.46g
= 0.52g

Table e20.3: Mass Balance for Leach 20

Mass (2) i

Pc Pd Rh Ru IT Au

Into Leach
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total1n 4.6000 2.5000 0.8200 1.02()1) 0.3000 0.2200

Ex-Leach.
Residue 0.4352 0.1207 0.1627 0.2686 0.0999 0.0224
Solids in sample 0.0137 0.0092 0.0054 0.0055 0.0062 0.0043
Pregn. Solution 3.5862 2.0416 0.5671 0.6472 0.1668 O.I66S
Wash A Liquor 0.0120 0.0080 0.0060 0.0040 0.0030 0.0015
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples OA885 0.2873 0.0726 0.0838 0.0247 0.0232

Total Out 4.5370 2.4683 0.8153 1.0106 0.3021 0.2197

Mas. Balance %
(Out/In) 98.63 98.73 99.43 99.08 100.69 99.86

% Extra_flion 90.11 94.74 79.39 72.87 64.87 87.87

252 253



RUN 21

Leaching Condition:

Mass of sample

Vo[umeofHCI used

HCI concentration

Temperature

Cl, flowrate

Stirrer speed

Totalleaching period

= 20.0 g

= 2.00L

= 6.00M

= 60°C

= 825 cm'min'
= 80 rpm

= 6.00 hours

Table C21.1: Raw Data for the Leaching Experiment 21.

Time Sample Sample Analysis results in ppm
(min) Vol.

(ml) PI Pd Rh Ru IT Au

0 - - - - - - -
5 J5 724 552 102 108 28 38
15 15 998 660 140 160 50 42
20 15 1120 725 170 187 54 48
30 15 1230 789 188 207 65 54
40 15 1346 842 2Gl 226 69 59
50 15 1398 868 210 240 75 63
60 15 1534 915 225 248 78 66
70 IS 1565 946 230 257 80 68
80 15 1625 960 242 270 82 70
90 15 1648 982 248 278 84 72
100 15 1698 1005 253 290 86 74
110 15 1736 1018 260 297 88 76
120 15 1758 1027 265 306 89 77
150 15 1798 1068 278 32S 91 ~O
180 15 1841 1087 288 341 93 83
210 15 1868 1115 296 352 95 85
240 15 1892 1127 304 359 97 87
270 15 1913 1140 311 368 99 89
300 15 1945 1152 318 373 100 90 I

I

330 15 1960 1164 327 376 101 91
360 15 1970 1170 332 379 102 92

Pregn. 1970 1170 332 379 102 92
Wash A in (ppm) 18 11 6 4 2 4
WashB in (ppm) 1 1 1 1 <1 <I
Residue .n (%) 9.11 2.56 2.07 3.42 1.19 .0.42

Liquids:

= Volume ofliq. (HCI) into Leach = 2.000 L
Volume of liq, (HCl) ex-leach = 1.670 L

Wash water volume (Wash A) "" 500 mI

Wash Water volume (Wash B) = 1500 mI.
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Table C21.2: Assay values for Leach 21 solids

Assays. Mass %
~

Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23JX> 12.50 4.10 5.10 1.50 1.10

Residue 9.11 2.56 2.07 3.42 1.19 0.42

I
Solids in sample 2.36 1.57 1.74 1.03 0.58 1.35 I

Table C21.4: Extraction vs time data for Leach 21.

Solids dissolved in solution = 11.15 g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 1019.5

5 31.478 44.160 24.878 21.177 18.667 34.546 970.3

15 43.302 52.735 34.077 31.296 33.223 38.155 10!0.3

20 48.527 57.857 41.184 36.511 35.850 43.527 1012.3

30 53.202 62.862 45.57<> 40.344 43.018 48.859 1012.9

40 58.094 66.975 48.651 43.958 45.605 53.268 1012.4

50 60.270 68.977 50.764 46.600 49.455 56.768 1013.4

60 65.917 72.568 54.258 48.098 51.365 59.373 1013.7

70 67.194 74.917 55.413 49.770 52.628 61.096 1016.4 !

80 69.646 75.970 58.165 52.166 53.R82 62.&05 1017.6

90 70.579 77.611 59.529 53.629 55.125 64.500 1017.1

100 72.590 79.313 60.657 55.805 56.358 66.182 1017.2 I

110 74.105 30268 62.224 57.065 57.582 67.850 1016.8

120 74.976 80.923 63.334 58.671 58.188 68.677 1017.0

150 76.545 83.883 66.195 62.564 59.392 71.139 1016.9

180 18.219 85.243 68.378 64.845 60.585 73.580 1017.2

210 79.261 87.231 70.110 66.759 61.768 75.193 1017.1

240 80.179 88.076 71.827 67.967 62.942 76.793 1017.0

270 80.975 88.984 73.317 69.507 64.105 78.380 1017.2

300 82.179 89.814 74.793 70.355 64.682 79.166 1017.3

330 82.738 90.637 76.676 70.859 65.253 79.946 1017.4

360 83.108 91.045 77.712 71.359 65.82 80.718 1018.0

Masses Recorded:

Sample into Leach

Residue

Solids in sample

= 20.0g

= 8.27g

= 0.58g

Table czi.s. Mass Balance for Leach 21

I Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 0.7534 0.2117 0.1712 0.2828 0.0984 0.0347
Solids in sample 0.0137 0.0091 0,0101 0.0060 0.0034 0.0078
Pregn. Solution 3.2899 1.9539 0.5544 0.6329 0.1703 0.1536
Wash A Liquor 0.0090 0.0055 0.0030 0.0020 0.0010 0.0020
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.4740 0.2871 0.0728 0.0836 0.0241 0.0212

Total Out 4.5415 2.4689 0.8131 1.0088 0.2987 0.2209

Mass Balance %
(OutlIn) 98.73 9~.75 99.15 98.90 99.56 100.40

__% Extraction 83.11 91.06 77.70 71.37 65.92 80.73
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RUN 22

Leaching Condition:

Mass of sample

Volume of Hel used

Hel concentration

Temperature

Cl, flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00 L

= 6.ooM
= 60°C

= 825 cm'min?

= 210 rpm

= 6.00 hours

Table e22.1 Raw Data for the Leaching Experiment 22.

Time I Sample Sample Analysis results in % an" ppm
(min) Vol.

Pd Rh Ru Ir Au i
(mil Pt

0 - - - - - - -
5 15 960 658 140 145 51 41
15 15 1120 752 175 178 58 52
20 15 1210 800 188 200 66 58
30 15 1345 850 208 224 73 63
40 15 1438 910 223 242 78 68
50 15 1520 928 241 272 82 73
60 15 1610 962 250 286 ~S 76
70 15 1685 980 260 295 79
80 15 1740 1012 270 305 b9 82
90 15 1770 1042 278 314 91 84
100 15 1824 1068 285 325 93 86
110 15 1845 1072 292 332 94 88
120 15 1870 1086 300 338 95 90
150 15 1010 1132 310 353 ~8 93
180 :5 1972 Il50 320 362 100 96
210 15 1~6 1163 330 369 103 98
240 15 2026 1181 336 375 106 100
270 15 2048 U88 340 380 108 102
300 15 2082 1193 345 386 109 L03
330 15 2H2 1208 350 390 110 104
360 15 2131 1217 354 393 III 105

Pregn. 2131 1217 354 ';' '!' LJWash A in (ppm. I 46 21 11
Wash B in (ppm) 1 <1 <1 1 <1 <1

Residue I in (%l • 7.84 I 2.05 2.21 4.3L. __ 1.31_, 0.21

Liquids:

- Volume of liq. (Hel) into Leach = 2.00 L

Volume ofliq. (Hel) ex-leach = J.670 L

Wash water volume (Wash A) = 500 mI

Wash water volume (Wash B) = 1500 mi.
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Table C22.2: Assay values for Leach 22 solids

Assavs, Mass %
Solids PI Pd Rh Ru I Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 ! 1.50 LtO

Residue 7.84 2.05 2.21 4.31 I 1.31 021

I I

Solids in sample 1.87 1.31 1.65 1.84 I 1.90 1.05

Table C22.4: Extraction vs time data for Leach 22.

Solids dissolved in solution = 13.75 g

Time % Extraction RedoxPot.

(min) Pt Pd Rh Ru Ir Au (mY)

0 0.000 0.000 0.000 0.000 0.000 0.000 1018.0

5 41.739 52.640 34.146 28.431 34.000 37.273 989.6

15 48.644 60.104 42.619 34.853 38632 47.198 1004.6

20 52.498 63.886 45.742 39.103 43.885 52.571 1006.2

30 58.235 67.796 50.510 43.703 48.447 57.014 1007.(1

40 62.158 72.452 54.059 47.126 51.680 61.423 1008.8

50 65.589 73.838 58.285 52.788 54.247 65.798 1008.1t

60 69.316 76.436 60.381 55.409 56.157 68.402 1009.5

70 72.416 77.800 62.692 57.081 57.420 70.986 1011.4

80 74.664 80.206 64.985 58.925 5R.673 73.550 1012.5

90 75.880 82.444 66.804 60.570 59.917 75.246 1013.0

100 78.052 84.368 68.384 62.565 61.150 76.927 1014.1

110 78.889 84.662 69.950 63.825 61.762 78.596 1015.8

120 79.878 85.681 71.726 64.8r5 62.368 80.250 1016.1 i
150 81.448 89.002 73.927 67550 64.173 82.711 1015.7

180 83.861 90.291 76110 69.129 65.367 85.152 1016.1
I

2IG 84.787 91.214 78.274 71).347 67.142 86.766 1017.1 I

240 85.935 92.481 79.562 71.382 68.902 88.36( 1017.5

270 86.769 92.970 80.413 72.238 70.065 89.952 1017.3

300 88.048 93.316 81.468 73.255 70.642 90.739 1018.1

330 89.166 94.345 82.51'. l73 928 -l.213 91.518 11)18.4 I

360 89.868 94.957 83.343 74.428 71.780 92.291 1018.6 I

Masses Recorded:
S","ple into Leach

Residue

Solids in sample

=20.0g

= 5.78 g

= 0.47 g

Table C22.3: Mass Balance for Leach 22

Mass (~)
!

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 O.22~ I
Leaching Solution 0.0000 o.ooca 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 0.4532 0.1185 0.1277 0.2497 0.0757 0.0121
Solids in sample 0.0088 0.0062 0.0078 0.0087 0.0089 0.0049
Pregn, Solution 3.5588 2.0324 0.5912 0.6563 0.1854 0.1754
Wash A Liquor 0.0230 0.0105 0.0055 0.0035 0.0020 0.0030
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.5113 0.3050 0.0816 0.0911 0.0266 0.0245

Total Out 4.5565 2.4741 0.8153 1.0107 0.300Z 0.2215

Mass Balance %I (OutlIn) 99.05 98.96 ~).43 99.09 100.05 100.67

% Extraction 89.86 94.~§ 83.38 74.44 71.80 92.29
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RUN 23

Leaching Condition:

Mass of sample

Volume ofHCl used

HCI concentration

Temperature

Ciz fIowrate

Stirrer speed

Total leaching period

= 20.0g

= 2.00L

= 6.00M

= 60°C

= 825 cm'min'
= 320 rpm

= 6.00 hours

Table C23.1 rRaw Data for the Leaching Experiment 23.

Time I Samp.; Sample Analysis results in ppm
I

(min) Vol.
(ml) :>t Pd Rh Ru rr Au

0 - - - - - - -
5 15 1050 712 148 180 58 45
15 15 1192 788 186 224 63 58

I20 15 1298 853 198 248 70 65
30 15 1416 884 221 274 78 72
40 15 1492 932 240 286 82 75
50 15 1586 965 256 310 86 81
60 IS 1642 1016 264 321 89 84
70 IS 1732 1048 276 332 92 86
80 15 1784 1076 284 340 94 88
90 15 1830 1090 292 350 96 90
100 15 1880 [ 1112 301 360 98 92
no 15 1915 1124 308 365 99 94
120 15 1942 1142 315 370 100 96
150 15 2010 116~ 327 3H2 103 '19
180 15 2065 1192 337 388 106 102
210 15 2l!J8 1212 346 394 108 104
240 15 2150 1236 351 400 110 106
270 15 2184 J245 354 404 111 107
300 15 2226 1254 358 408 112 109
330 15 2265 1262 360 410 113 110
360 15 2300 1266 362 412 114 III

Pregn. 2300 1266 362 412 114
l~l IWash A in (ppm) 54 18 16 9 7

WashB in (ppm) 1 <1 <1 <I <1 <1 I
Residue in (%) 3B._ 0.52 2.43 4.51 1.53 0.09

Liquids:
- Volume of liq, (Hel) into Leach = 2.000 L

Volume of liq. (Hel ex-leach = 1.668 L
Wash water volume (Wash A) = 500 ml

Wash water volume (Wash B) = 1500 mI.
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Table C23.2: Assay values for Leach 23 solids

Assays. Mass %
Solids Pt Pd Rh Ru Ir Au

Sample Into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 3.12 0.52 2.43 4.51 1.53 0.09

ISolids in sample 1.54 0.89 1.21 1.39 1.81 0.21

Table C23.4: Extraction vs time data for Leach 23.

Masses Recorded :

Sample into Leach

Residue

Solids in sample

= 20.0g

= 4.68g
= O.39g

Time % Extraction Redoxl'ot

(min) Pc Pd Rh Ru Ir Au (mV) .

0 0.000 0.000 0.000 0.000 0.000 0.000 1024.7

5 45.652 56.%0 36.098 35.294 38.667 40.909 973.9

15 51.780 62.994 45.296 43.857 41.975 52.639 1009.9

20 56.319 68.116 48.179 48.492 46.572 58.907 1010.2

30 61.334 70.541 53.663 53.476 51.785 65.127 10ll.6

40 )64540 74.265 58.158 55.758 54.372 67.773 1012.6

50 68.473 76.806 61.914 60.287 56.938 73.023 1013.9

60 70.799 80.703 63.777 62.347 58.848 75.627 1014.6

70 74.506 83.128 66.551 64.391 60.743 77.350 1015.2

80 7f 631 85.234 68.3R5 65.865 61.997 79.059 10155

90 78.496 86.278 70.204 67.694 63.240 80.755 1016.0

100 80.507 87.906 72.235 69.507 64.473 82.436 1016.3

110 81.903 88.787 73.801 70.407 65.085 84.105 1016.7

120 82.972 90.098 75.355 71.299 65.692 85.759 1017.2

150 85.640 91.975 77.996 73.423 67.497 88.221 1017.3

180 87.780 93.693 80.179 74.476 69.287 9O.U61 1018.3

210 89.439 95.113 82.127 75.520 70.470 92.275 !O19.4

240 91.046 96.803 83.201 76.555 71.643 93.875 1019.5

270 92.336 97.431 83.839 77.239 72.225 94.668 1020.9

300 93.916 98.054 84.683 77.918 72.802 96.241 1021.8

330 95.370 98.603 85.101 78.254 73.373 97.021 1022.8

360 96.663 98.875 85.516 78.587 73.940 97.793 1022.8

Solids dissolved in solution = 14.93 g

Table C23.3: Mass Balance for Leach 23

Mass (g)

Pc Pd Rh Ru Ir Au I
Into Leach. 1

Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200 I

Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Tota1ln 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

E~ Leach.
Residue 0.1460 0.0243 0.1137 0.2111 0.0716 0.0042
Solids in sample 0.0060 0.0035 0.0047 0.0054 0.0071 0.0008
Pregn, Solution 3.8364 2.1117 0.6038 0.6872 0.1902 0.1852
Wash A Liquor 0.0270 0.0090 0.0080 0.0045 0.0035 0.0025
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.53(5 0.3197 0.0858 0.1012 0.0280 0.0264

TotalOue 4.5534 2.4697 0.8176 1.0109 0.3018 0.2206 I

Mass Balance %
100.281(Outlln) 98.99 98.79 99.71 99.11 100.61

% Extraction 96.66 98.87 85.51 78.58 73.94 97.72
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RUN 24

Leaching Condition:

Mass of sample

Volume ofHCl used

HCl concentration

Temperature

Cl2 flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00L

= 6.00M

= 60DC

= 825 cnr'min"

= 450 rpm

= 6.00 hours

Table C24.1: Raw nata for the Leaching Experiment 24.

Time Sample Sample Analysis results in ppm
(min) Vol.

~ ft N ~ b k ~
-----.~~_+-----+----_+----_+----_r----_r-----

0-- - - - - -
5 15 1284 732 200 215 65 58
15 15 1411 882 242 280 82 62
20 15 1524 904 261 308 90 68
30 15 1652 972 270 324 98 75
40 15 1724 1012 285 336 102 78
50 15 1820 1045 302 342 108 84
60 15 1854 1072 312 360 112 88
70 15 1892 I11S 321 372 115 92
80 IS 1932 1140 332 379 116 94
90 15 1991 1162 340 384 118 96
100 15 2012 1173 345 390 120 98
110 15 2040 1186 351 395 121 100
120 15 2092 1204 356 405 122 102
150 15 2132 1230 362 418 123 104
180 15 2186 1248 367 427 124 106
210 15 2224 1252 370 434 125 108 I

240 15 2264 1266 372 438 126 109
270 15 2308 1269 374 445 127 110
300 15 2335 1272 376 449 128 111
330 15 2352 1276 378 451 129 112 I
360 15 2362 1280 380 453 130 113

Pregn. 2362 1280 380 453 130 113 I
Wash A in (ppm) 62 20 18 II 8 6 I
WashB in (ppm) 1 1 1 <1 <1 <1
Residue in (%) 0.04 0.01 2.19 4.1!..____ _I_.1L _O.O1__

Liquids:

- Volume of liq, (Hel) into Leach = 2.000 L

Volume of liq. (Hel) ex-leach = 1.667 L

Wash water volume (Wash A) = 500 ml

Wasb water volume (Wash B) = 1500mi.
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Table C24.2: Ass~y values for Leach 24 solids

Assays. Mass %
Solids Pt ~d Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 0.04 0.01 2.19 4.11 1.43 O.oI

Solids in sample 0.06 0.01 2.50 2.12 0.15 0.02

Table C24.4: Extraction vs time data for Leach 1~.

Masses Recorded :

Sample into Leach

Residue

Solids in sample

=20.0g

=3.15g
= 0.28 g

Time % Extraction Redoxf'ot

(min) Pt Pd Rh Ru Ir Au (mV)

0 0.000 0.000 0.000 0.000 0.000 0.000 1032.8 I

5 55.876 58.560 48.781 42.157 43.333 52.727 980.0

15 61.306 70.470 58.948 54.806 54.582 56.336 976.5

20 66.146 72.204 63.512 60.214 59.835 61.709 997.6

30 71.586 77.521 65.658 63.281 65.048 61.930 1008.6

40 74.622 80.625 69.207 65.563 67.635 70.575 1012.8

50 78.640 83.166 73.198 66.696 71.485 75.825 lO12.51
60 80.051 85.229 75.527 70.066 74.032 19.298 1014.1

70 81.617 88.716 71.607 72.296 75.927 82.743 1015.5

80 83.2.'i2 90.370 80,129 73.586 76.553 84.452 10163

90 85.644 92.0ll 81.948 74.500 77.797 86.148 1018.5

h..'O 86.488 92.825 83.076 75.588 79.030 87.830 1020.2

110 I 87.605 93.780 84.419 76.488 79.642 89.498 1022.7

120 89.663 95.090 85.529 78.272 80.248 91-152 1023.8

150 91.232 96.967 86.849 80.573 80.850 92.793 1024.2

180 93.334 98.256 87.941 82.152 81.447 94.421 1025.6

210 94.800 98.540 88.590 ~3.370 82.038 96.034 1026.4

240 96.330 99.526 89.020 84.060 82.625 %.834 1027.3

270 97.999 99.735 89.445 85.258 83.207 97.627 1028.9

300 99.015 99.943 89,867 85.936 83.783 98.414 1030.4

330 99.649 100.22 90.285 86.273 84.355 99.193 1032.5

360 100.02 100.49 90.700 86.606 84.922 99.966 1032.8

Solids dissolved in solution = 16.57 g

Table C24.3: Mass Balance fa!' Leach 24

Mass (g)

Pt Pd Rb Ru Ir Au

Into Leach
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach,
Residue 0.0013 0.0003 0.0690 0.1195 0.0451 0.0003
Solids in sample 0.0002 0.0000 0.0070 0.0059 0.0004 0.0000
Pregn. Solution 3.9375 2.\338 0.6335 0.7552 0.Zi67 0.1884
Wash A Liquor !l.031O 0.0100 0.0090 0.iivj5 0.0040 0.0030
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.5854 0.3362 0.0977 0.1133 0.0338 0.0278

TomlOut 4.5568 2.4818 0.8177 1.0108 0.3015 0.2211

Mass Balance %
(Gut/In) 99.06 99.27 99.72 99.1(' 100.48 100.49

% Extraction 99.97 99.99 90.71 86.61 84.92 99.83
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RUN 25

Leaching Condition:

Mass of sample

Volume of HCl used

HCI concentration

Temperature

Cl2 flowrate

Stirrer speed

Reactor pressure

Total leaching period

= 20.0 g

= 2.00L

= 6.00M

= 50°C

= 825 cm'min'
= 150 rpm

= 345 KPa

= 6.00 hours

Table C25.1: Raw Data for the Leaching Experiment 25.

Time Sample Sample Analysis results in ppm
(min) Vol.

(ml) Pt Pd Rh Ru Ir Au

0 - - - . - - -
5 15 1492 904 222 309 71 72
15 15 1624 990 262 336 79 79
20 15 1702 1032 284 354 83 82
30 15 1786 1082 298 370 87 87
4U 15 1832 1110 310 387 91 91
50 15 1912 1138 323 397 94 94
60 15 1944 1154 330 406 97 96
70 15 1964 uss 337 412 99 98
80 15 2020 1192 343 418 101 100
90 15 2035 1198 347 424 102 101
100 15 2045 1212 352 428 105 102
110 15 2082 1225 356 433 106 103
120 15 2104 1238 360 438 108 104
150 15 2152 1253 366 444 110 105
180 15 2196 1261 372 450 112 106
210 15 2222 1264 377 456 113 107
240 15 2258 1268 380 459 114 108
270 15 2275 1273 384 461 115 109
300 15 2306 1276 388 464 116 110
330 15 2331 1278 391 466 117 111
360 15 2336 1280 395 470 118 112

Pregn. 2336

I
1280 39. 470 li8 112

Wash A in (ppm) 37 12 25 21 8 9
WashB in (ppm) 1 2 1 1 <I <1
Residue In (%) 0.61 0.01 1.14 2.44 1.76 I 0.01

Liquids:

= Volume of liq, (HCI) into Leach = 2.000 L

Volume ofliq. (HCI) ex-leach = 1.672 L

Wash water volume (Wash A) = 500 ml
Wash water volume (Wash B) = bilO ml.
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Table C25.2: Assay values for Leach.25 solids

Assavs • Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 0.61 O.oI 1.14 2.44 1.76 0.01

Solids in sample 0.45 0.01 1.27 1.41 1.15 0.01

Table C25.4: Extraction vs time data for Leach 25.

Solids dissolved in solution = 15.92g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (mY)

0 0.000 0.000 0.000 0.000 0.000 0.000 1023.6

5 64.870 72.320 54.146 60.588 47.333 65.455 1007.3

15 70.566 79.148 63.829 65.843 52.627 71.771 1016.7

20 73.906 82.458 69.115 69.319 55.253 74.457 1017.2

30 77.476 86.368 72.452 72.386 57.860 78.900 1018.!

40 79.416 88.541 75.292 75.619 60.447 82.427 1019.9 I
50 82.764 90.697 78.343 77.506 62.372 85.052 1020.6

60 84.093 91.919 79.974 79.192 64.282 86.789 1021.6

70 84.917 92.980 81.592 80.306 65.545 88.511 1022.2

80 87.205 94785 82.967 81.412 66.798 90.221 10235

90 87.813 95.233 83.877 82.509 67.420 91.068 1023.2

100 88.216 96.269 85.005 83.235 69.270 91.909 1024.3

110 89.692 97.223 85.900 84.134 69.882 92.743 1025.1

120 90.562 98.169 86.788 85.027 71.095 93.571 1026.6

150 92.445 99.252 88.109 86.088 72.298 94.391 10259

180 94.158 99.825 89.418 87.141 73.492 95.205 1026.4

210 95.161 100.04 90.501 88.185 74.083 96.011 1027.6

240 96.538 100.32 91.145 88.703 74.670 96.811 1028.4

270 97.183 100.67 91.996 89.045 75.252 97.605 1029.1

300 98.349 100.88 92.840 89.554 75.828 98.391 1030.1

330 99.281 101.01 93.467 89.890 76.400 99.171 1030.6

360 99.466 101.15 94.296 90.557 76.967 99.943 1030.5

Masses Recorded :

Sample into Leach

Residue

Solids in sample

= 20.0g

= 3.76g

= 0.32g

Table C25.3: Mass Balance for Leach 25

Mass (g)

Pt Pd Rh Ru Ir Au

Tnto Lea
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach.
Residue 0.0229 0.0004 0.0429 0.0917 0.0662 0.0004
Solids in sample 0.0014 0.0000 iJ.0041 0.0045 0.0037 0.0000
Pregn. Solution 3.9058 2.1402 0.6604 ').7858 0.1973 0.1873
Wash A Liquor 0.0185 0.0060 0.0125 0.0105 0.0040 0.0045
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.6042 0.3527 0.1017 0.1247 0.0303 0.0295

Total Out 4.5544 2.5008 0.8231 1.0188 0.3030 0.2232I Mass Balance %
(Out/In) 99.CI 100.03 100.38 99.88 100.98 101.43

_& Extraction ___ 99.46 99.98 94.30 90.55 76.94 99.82
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RUN 26

Leaching Condition:

Mass of sample

Volume ofHCI used

HCI concentration

Temperature

Clz flowrate

Stirrer speed

Reactor pressure

Total leaching period

=: 20.0 g

=: 2.00L

= 6.ooM

= 50°C

=: 825 cm'min'
= 150 rpm

=: 690KPl!

= 6.00 hours

Table C26.1: Raw Data for the Leaching Experiment 26.

Time Sample Sample Analysis results in ppm
(min) Ve'

(ml) PI Pd Rh Ru Ir Au

0 - - - - - - -
5 15 1687 994 256 336 78 82
15 15 1800 1065 304 368 87 89
20 15 1872 1112 318 384 92 93
3D 15 1950 U28 332 399 96 96
40 15 200S 1173 342 408 99 99
50 15 2050 1214 350 418 102 101
60 15 2095 1226 356 424 105 103
70 15 2120 1233 364 431 107 105
80 15 2148 1244 368 436 109 106
90 15 2180 1252 371 440 III 107
100 15 2186 1258 375 443 U3 108
110 15 'I 11'!4 1260 380 446 114 109
120 15 22111 1264 382 449 115 110
150 15 224U 1270 387 455 lIB III
180 15 2275 1272 390 458 120 112
210 15 2290 1278 392 462 122 112
240 15 2300 1230 395 465 124 113
270 15 2321 1282 398 468 125 114
300 15 2332 1284 402 471 126 115
330 15 2341 1286 406 474 127 116
360 15 2,50 1288 409 476 128 117

Pregn. I 235(J 1288 409 476 128 117

Wash A in (ppm) I 37 54 21 18 12 8
Wash B in (ppm) I 1 I 1 <I <1
Residue in (%) 0.02 I 0.01 0.69 3.45 2.08 0.01

Liquids:

= Volume of liq. (HCI) imo Leach = 2.000 L

Volume of Iiq. (HCI) ex-Ieach = 1.885 L

Wash water volume (Wash A) ~ 500 ml

Wash water volume (Wash B) = 1500 ml,
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Table C26.2, A.osay values fOT each 26 solids

Assays, Mass %
Solids Pt Pd Rh Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue o.oz 0.01 0.69 3.45 2.08 0.01

~lids L1sample 0.01 0.01 0.13 1.74 1.59 0.01

Table C26.4: Extraction vs time data for Leach 26.

Masses Recorded :

Sample ir.to Leach

Residue

Solids In sample

= 20.0 g

= 7.45 g

= 0.30g

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (my)

0 0.000 0.000 0.000 0.000 0.000 0.000 1027.2

5 73.348 79.5:20 62.44 65.882 52.000 74.546 1026.0

IS 78.224 85.157 74.059 72.110 57.955 80.861 1026.8

20 81.308 88.861 77.422 75.200 61.238 84.443 1026.7

30 84.623 90.112 80.760 78.075 153.845 B7.109 1027.3

40 87.069 93.604 83.126 79.787 65.785 89.755 1027.4 I

50 88.826 96.761 85.004 81.674 67.710 91.505 10279
I

60 90.695 97.678 86.401 82.798 69.620 93.241 1027.8 I

70 91.725 98.209 88.250 84.098 70.883 94.964 1028.! !

80 92.869 99.03G 89.167 85.020 72.137 95.818 1028.9

90 94.166 99.633 89.849 85.751 73.380 96.666 1028.8

100 94.408 100.08 90.752 86.2Q5 74.613 97.507 1029.4

110 94.727 100.22 91.871 86.835 75.225 98.341 1030.2

120 95.360 100.52 92.315 87.370 75.832 99.168 1030.6

150 96.537 100.95 93.415 88.432 77.637 99.989 1031.2

180 97.899 101.09 94.070 88.958 78.830 ..00.80 1031.6

210 98.478 101.52 94.503 89.654 80.013 1CD.80 1031.8

240 98.860 101.66 95.147 90.172 81.187 101.60 1031.8

270 99.657 101.80 95.785 90.685 81.768 102.40 1032.4

300 100.07 101.94 96.629 91.194 82.345 103.18 1032.8

330 100.41 102.07 97.466191.699 82.917 103.96 1033.1

360 100.74 102.21 98.088 92.C32 83.483 104.73 1032.8

Solids dissolved in solution = 17.25 g

Table C26.3: Mass Balance foi' Leach 26

Mass l~)

Pt Pd Rh Ru Ir Au I
Into Leach.

0.22001Sample in 4.6000 2.5000 0.8200 1.0200 0.3000
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200

E,,:-Leac,,~
Residue 0.0005 0.GOO3 00169 0.G345 0.0510 0.0003
Solids in sample 0.0000 0.0000 0.0005 0.0052 0.0048 0.0000

I
Pregn. Solution 4.4298 2.4279 0.7710 0.8973 0.2413 0.2206
Wash A Liquor 0.0185 0.0270 omos 0.0090 0.0060 0.0040
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015

I Samples 0.6390 0.3656 n 'NY> 0.1295 0.0329 0.0315U~.lV;;tv

Total Out 5.0893 2.8223 0.9094 1.1270 0.3374 0.2578

Mas, Balance %
(OutlIn) 110.64 112.89 110.91 110.49 112.45 117.20

% Extraction - _~_j~99.99 99.99 98.08 92.04 83.48 99.89
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RUN 27

Leaching Condition:

Mass of sample

Volume oiRCI used

RCI concentration

Temperature

Cl2 flowrate

Stirrer speed

Reactor pressure

Total leaching period

= 20.0 g

= 2.00L

= 6.00M

= 50°C

= 825 cm'min'

= 150 rpm

= 1034KPa

= 6.00 hours

TableC27.1 Raw Data for the Leaching Experiment 27.

Time Sample Sample Analysis results in % and ppm
(min) Vol.

(mil Pt Pd Rh Ru Ir Au

0 - - - - - - -
5 15 1876 1066 320 369 85 89 I

15 15 1986 1130 350 400 95 9.5
20 15 2054 1178 360 417 99 97
30 15 2104 1221 368 429 106 100
40 15 2156 1242 374 435 109 103
50 15 2167 1256 378 442 112 106
60 15 2208 1261 380 447 115 107
70 15 2223 1266 382 449 117 109
80 15 2242 1269 385 453 119 110
90 15 2256 1272 388 455 121 III
100 15 2272 1274 389 460 123 111
110 15 2295 1276 391 462 125 112
120 IS 2310 1278 393 464 126 113

I
ISO IS 2317 1279 395 468 129 114
180 15 2323 1280 397 472 132 115
210 15 2332 1284 399 478 133 116
240 15 2338 1286 401 482 135 117
270 IS 2342 1290 405 486 137 118
300 15 2346 1294 407 490 138 118
330 15 2348 1296 409 493 139 119
360 15 2350 1298 410 496 140 120

Pregn. 2350 1298 410 496 140 120
Wash A in (ppm) 42 33 25 12 10 8
WashB in (ppm) I <I <1 1 <1 <1
Residue in (%) 0.01 0.01 0.35 1.96 --

LI 7__ __().() 1

Liquids:

- Volume oflig. (Hel) into Leach = 2.00 I.
Volume of liq. (1IC'1)ex-leach = 1.885 L
Wash water volume (Wash A) = 500 bll
Wash water volume (Wash B) = 1500 nil.
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Table C27.2: Assay values for Leach 27 .solids

Assa vs, Mass %
Solids Pt Pd Rf, Ru Ir Au

Sample into Leach 23.00 12.50 4.10 5.10 1.50 1.10

Residue 0.01 0.01 0.35 1.96 1.17 0.01

Solids in sample 0.01 0.01 0.25 0.57 1.24 0.01

Table C27.4: Extraction vs time data for Leach 27.

Solids dissolved in solution = 17.51 g

---
Time % Extraction RedoxPot.

(min) Pt Pd Rh Ru Ir Au (m'l)

0 0.000 0.000 0.000 0.000 0.000 0.000 989.6

5 81.565 85.280 78.049 72.353 56.667 80.909 1005.1
15 8".312 90.362 85.311 '18.386 63.283 86.323 1006.8
20 89.224 94.144 87713 81.669 65.910 88.114 1010.2
30 91.349 97.507 89.621 83.969 70.472 90.780 1010.8
40 93.542 99.136 91.040 85.110 72.412 93.425 1011.2
50 94.003 100.21 91.979 86.431 74.337 96.050 1012.6
60 95.705 100.60 92.445 87.368 76.247 96.918 1014.8
70 96.323 100.98 92.907 87.739 77.510 98.641 1016.1
80 97.099 101.20 93.595 88.477 78.763 99.496 10186

90 97.667 101.43 94.277 88.842 80.007 100.34 1020.4

100 98.310 101.57 94.503 89.749 81.240 100.34 1022.7
110 99.228 101.72 94.951 90.109 82.463 101.18 1024.7
120 99.821 101.87 95.395 90.466 83.070 102.01 1026.6
150 100.10 101.94 95.835 91.174 84.875 102.83 1031.6
180 100.33 102.01 96.271 91.876 86.665 103.64 1032.2
210 100.68 102.29 96.704 92.920 87.257 104.45 1032.6
240 100.91 102.43 97.134 93.610 88.430 105.25 1032.8
270 101.06 102.71 97.985 94.294 89.593 106.04 1033.8
300 101.21 102.99198.407 94.973 90.170 106.04 1034.4
330 101.28 103.13 98.825 95.477 90.742 106.82 1034.8
360 101.36 103.26 99.032 95.977 91.308 107.59 1035.6

Masses Recorded :
Sample into Leach
Residue
Solids in sample

= 20.n g

= 2.24g
= 0.25g

Table C27. 3: Mass Balance for Leach 27

Mass (g)

Pt Pd Rh Ru Ir Au

Into Leach.
Sample in 4.6000 2.5000 0.8200 1.0200 0.3000 0.2200
Leaching Solution 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Total In r-4,£:,:!:2. 2.5000 0.8200 1.0200 0.3000 0.2200

Ex-Leach. i

Residue o.oooz i 'i.OOO2 0.0078 0.0439 0.0262 0.0002
Solids in sample 0.0000 0.0000 0.0006 0.0014 0.0031 0.0000
Pregn. Solution 4.4298 2.4467 0.7719 0.9350 0.2639 0.2262
Wash A Liquor 0.0210 0.0165 0.0125 0.0060 0.0050 0.0040
Wash B Liquor 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Samples 0.6674 0.3750 0.1151 0.1358 0.0359 0.0327

Tor.IOut 5.1199 2.8400 0.9104 1.1236 0.3356 02647

Mass Balance ,."
(Outlln; 111.30 113.60 111.02 110.15 111.88 120.30

% Extraction _ _ 100.00 100.00 99.07 95.97 91.27 99.91

280 281



ACID & CHLORINE SOLUBLE PGMs

Leaching Condition;

Mass of sample

Volume ofHCl used

HCI concentration

Temperature

CI2 flowrate

Stirrer speed

Total leaching period

= 20.0 g

= 2.00L

"" 6.00:rvr

= 50°C

= 825 cnr'min"

= 150 rpm

= 6.00 hours

Table C28.1: Evaluation of the Chlorine soluble Platinum.

Platinum

[HCI]= 6.ooM Stir spd. = 150 rpm Temp.=30'C

Time Extraction NoCI, CI,-No cr, X(Clz· 1·0-X)'"

(min) (%) % % No CI,)

0 0.000 0.000 0.000 0.000 0.0000

5 31.304 9.217 22.087 0_366 0.1407

10 43.387 20.825 22562 0.373 0.1443 I
20 47.670 24.508 23.161 0.383 0.1488

30 54.045 10586 23.459 0.388 0.1511

40 58.262 34.255 24.007 0.397 0.1553

50 62.447 37.896 24.551 0.406 0.15995

60 65.353 40.180 25.174 0,417 0.1644

70 67.825 41.827 25.998 0.430 0.1710

80 ';9.869 43.462 26.406 0.437 0.1743

90 72.301 45.449 26.852 0.444 0.1779

100 74.714 47.339 27.375 0.453 0.1822

110 76.310 48.695 27.615 0.457 0.1842

120 78.288 49.843 28.445 0.471 0.1911

150 81.427 51.608 29.819 0.493 0.2029

130 84540 53.282 31.259 0.517 0.2156

210 85.698 52.857 32.841 0.543 0.2300

240 87.611 53.852 33.759 0.559 0.2386

270 88.370 52.752 35.618 0589 0.2568

300 90.250 53.843 36.408 0." lo.u.,
330 91.369 53.246 38.123 0.631. 0.2827

360 92.103 40.572 __ 52~36 0.869 0.4926
------ - -----
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Table C28.2: Evaluation of the Chlorine soluble Platinum. Table C28.3: Evaluation of the Chlorine soluble Platinum.

Platinum

[RCIJ= 6.00M Stir spd.=J50 rpm Temp. =4O"C

Time Extraction NoCI! CI, - No CI, X (CI,· 1-(1-X)1IJ

(min) (% ) % % No CI,)

0 0.000 0.000 0.000 0.000 0.0000

5 31.087 9.348 22.739 0.379 0.1470

10 46.801 22.811 23.991 0.400 0.1567

20 52.840 27.608 25.233 0.421 0.1665

30 59.003 32.750 26.253 0.438 0.1747

40 62.883 35.239 27.644 0.462 0.1863

51) 66.356 37.875 28.481 0.475 0.1934

60 69.263 39.744 29.519 0.492 0.2023

70 71.817 41.474 30.343 0.506 0.7.096

80 73.370 42.414 30.956 0.516 0.!l51

90 76.086 43.954 32.132 0.536 0.2259

100 77.816 44.759 33.057 0.551 0.2345

110 79.611 45.716 33.895 0.565 0.2426

120 81.312 46.428 34.884 0.582 0.2523

150 84.137 46.781 37.356 0.623 0.2777

180 86.589 46.820 39.769 0.663 0.3044

210 88.402 46.743 41.659 0.695 0.3269

240 90.124 46.39<; 43.725 0.729 0.3532

270 91.452 45.982 45.470 0.758 0.3773

300 93.031 45.869 47.163 0.787 0.4026

330 93.591 44.862 48.729 0.813 0.4281

360 94.330 40.058 54.272 0.905 0.5444
- - --_ .._-

Platinum

[HClj= 6.00M Stir spd.= 150 rpm Temp.=5Q"C

Time Extraction NoCl, CI,' No CI, X (CI,- 1_(l_X)'~

(min) (%) % r: NoCI,)

0 0.000 0.000 0.000 0.000 0.0000

5 36.391 9.870 26.522 0.444 0.1775

10 53.091 25.706 27.385 0.458 0.1847

20 58.402 28.190 30.211 0.505 0.2091

30 64.097 32.738 31.359 0.524 0.2195

40 66.543 33.497 33.046 0.55~ 0.2'152

50 71.565 36.468 35.096 0.587 0.2553

60 73.516 37.340 36.176 0.605 0.2663

70 75.452 37.958 37.494 0.61.7 0.2802

80 79.376 39.838 39.538 0.661 0.3029

90 79.822 39.960 39.862 0.667 0.3067

100 81.792 40.040 41.752 0.698 1).3293

110 82.909 40.718 42.191 0.706 0.3348

120 84.175 40.837 43.338 0.725 0.3496

150 86.961 40.798 46.164 0.772 0.3892

180 88.479 40.097 48.382 0.809 0.4243

210 90.717 40.175 50.543 0.845 0.4632

240 92.707 40.213 52.494 0.878 0.5040

270 93.693 40.023 53.670 0.898 0.5322

300 95.536 I 40.2il 55.325 0.925 0.5789

330 96.468 I 40.025 56.443 0.944 0.6174

360 97.761 40.210 57.552 0.963 ()6655-
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Appendix D

(i) Raw data for the Heat transfer coefficient for the
Impala reactor 2101

(ii) Raw data for the Mass Transfer Coefficient of the
Impala plant reactor 2101

(iii) Raw data for the Impala plant leach test
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Table D1.1 Raw data for the Heat transfer coefficient of the

Impala reactor 2101

Table D1.2 Raw data for the Chlorine mass transfer

coefficient for the Impala reactor 2101

Heating Cooling

Time
(min) Temp. ITiL> l!!!I;To Temp. ITiL> lncr.-To

("C) T,-T) T,-T) ("C) T,-T) T,-T)

0 15.4 - - 92.0 - -
I 15.4 - - 91.0 - -
2 I 15.5 - - 89.1 - -
3 16.0 - - 86,8 - -
4 16.9 - - 84.2 1.03576 0.03514

5 18.3 - - 81.0 1.08345 0.08015

6 20.2 1.01547 0.01535 78.4 1.12556 0.11828

7 22.6 1.03571 0.03509 75.4 1.17840 0.16416

8 25.5 1.06128 0.05947 72.4 1.23645 0.21225

9 28.8 1.09194 0.08796 695 1.29828 0.26104

10 32.3 1.12647 0.11909 66.6 1.36661 0.31233

11 36.1 1.16651 0.15402 63.7 1.44253 0.36640

12 40.1 1.21186 0.19215 60.6 1.53360 0.42762

13 44.2 1.26215 0.23281 58.4 1.60554 0.47346

14 48.4 1.31818 0.27625 56.0 1.69213 0.52599

15 52.6 1.37942 0.32167 53.6 1.78860 0.58143

16 56.9 1.44832 0.37040 51.3 1.89196 0.63761

17 61.1 1.52259 0.42041 49.2 1.99735 0.69182

18 65.2 1.60283 0.47177 I 47.3 2.10335 0.74353

19 69.2 1.68970 0.52455 44.9 2.25449 0.81292

20 73.2 1.78653 0.58028 42.7 2.41346 0.88106

21 77.0 1.88939 0.63626 40.6 258762 0.95074

22 80.6 1.99840 0.69235 38.6 2.77860 1.02195

23 83.0 2.07833 0.73157 37.2 2.92996 1.07499 I

24 I 85.4 2.16493 0.77239 35.6 3.12448 1.13927!

25 87.8 2.25906 _o.81495 _ 34.2 ~.317l8 1.1991lJ

Chlorine dissolution inHCl solution

[HCl] ==: 6.00 M, Stirrer speed ::= 140 rpm, Temp. = 50°C

Time Titr. Value [Clz] In(l-C/C,)

(min) (ml) (M)

0 0.0 0.00000 0.0000
10 9.2 0.02274 -0.5620
20 13.3 0.03283 -0.9716
30 15.8 0.03906 -1.3408
40 17.6 0.04351 -1.7287
50 18.8 0.04648 -2.1083

60 1904 0.04796 -2.3708
70 19.8 0.04895 -2.5942

80 20.2 0.04994 -2.8821

90 2004 0.05043 -3.0647

100 20.6 0.05093 -3.2881 I
110 20.7 0.05117 -3.4219
120 20.9 0.05167 -3.7591
130 21.1 0.05216 -4.2717
140 21.2 0.05241 -4.6794
150 21.3 0.05266 -5.3793
160 21.4 0.05290 -

170 21.4 0.05290 -
180 21.4 0.05290 -
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Table D1.3 Raw Data for the Impala plant Leach test.

Time Sample Sample Analysis results in gl'
(min) Vol.

Pt Pd Rh Ru Ir Au
(I)

0 - - - - - - J -,
10 0.50 15.60 11.20 2.10 3.20 0.70 0.80
20 0.50 26.70 17.50 3.60 4.50 1.20 1.30
30 0.50 35.80 20.80 4.40 5.80 1.50 1.50
40 0.50 41.10 22.30 5.10 7.20 1.75 1.60
60 0.50 47.20 24.60 5.92 7.62 2.04 1.92

80 0.50 50.80 26.50 6.32 8.20 2.23 1.98
100 0.50 53.40 27.80 6.70 8.82 2.38 2.15

120 0.50 55.20 28.70 6.94 9.10 2.48 2.17
150 0.50 56.80 29.50 7.24 9.42 2.60 2.29

180 0.50 58.00 30.00 7.41 9.70 2.67 2.36

210 0.50 58.90 30.50 7.56 9.90 2.72 2.40
240 0.50 59.70 30.80 7.70 10.00 2.75 2.43

270 0.50 60.60 31.10 7.84 10.10 2.79 2.48

300 0.50 61.10 31.40 7.90 10.20 2.81 2.53
330 0.50 61.80 31.60 8.06 . 10.30 2.83 2.56

I
360 0.50 62.50 • 31.85 8. 12__L_l(2AO _ _2JlLL 2.59

Table D1.4: Extraction vs time data for the Impala

plant Leach test.

~
Volume of liq, (HCI) into Leach =1400.0 L

Time % Extraction RedoxPot

(min) Pt Pd Rh Ru Ir Au (my)

0 0.000 0.000 0.000 0.000 0.000 0.000 930

10 23.294 33.840 22.912 25.641 19.758 28.226 914

20 39.862 52.868 39.271 36.054 33.866 45.861 905

30 53.440 62.831 47.993 46.463 42.328 52.912 900

40 61.345 67.359 55.622 57.669 49.377 56.437 928

60 70.441 74.298 64.556 61.030 57.550 67.711 1063

80 '75.807 80.028 68.912 65.669 62.904 69.824 1096

100 79.681 83.948 73.049 70.626 67.128 75.809 1100

120 82.362 86.660 75.661 72.864 69.944 76.513 1102

150 84.744 89.071 78.924 75.421 73.321 80.735 1104

180 86.530 90.576 80.773 77.657 75.291 83.196 1110

210 87.869 92.082 82.404 79.254 76.697 84.603' 1118

240 89.059 92.985183.925 80.052 77.541 85.657 1121

270 90.397 93.887 85.446 80.850 78.665 87.414 1126

300 91.140 94.789 86.098 81.648 79.227 89.170 1130

330 92.180 95.391 87.835 82.445 79.788 90.223 1131

360 93.220 96.142 88.486 83.242 80.350 91.276 1131

Volume ofliq. (HC!) ex-leach = 1392.5L
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Appendix E

(i) Derivation and calculation of the Heat transfer coefficient for the
Impala reactor 2101

(ii) Derivation of the equation of Mass Transfer Coefficient
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Appendix El

Derivation and Calculation of the Overall Heat Transfer Coefficient for
the Impala PMR Reactor 2101.

Heat transfer in an agitated vessel having an external jacket like the Impala PMR

reactor 2101 follows the relationship:

Q = U",AI.lT El.l

Where,

ViiI = heat transfer coefficient

A = heat transfer area

Energy balance equation for cooling curves is of the form:

E1.2

where,

II = LNJ u, = LNi(Hi- p~)
1=0 1=0 E1.3

For a Liquid system,
dV/
- <= 0
dt

E1.4

Now,

El.5
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Since there is no reaction in the reactor, dNi-- = 0
dt

.' T'

HI::: H.o,IT. + J C"dt
Ji . rtj T,q I

Integrating using Liebnitz's rule for differentiating definite i

Integrate

r dT ::::- UilIA. Idt
7;, T- T, "N C. 0

II L.J I p,
1=0

From the energy balance equation,

1 (
T - 1',. ) UlnAn :::: .-t
1;, - 1',. " N CLJ I P,

;=G

.als gives:

E1.6

E1.7

E1.8

E1.9

E1.l0

E1.11
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N = S50l x 1000g I I = 30 55556 '
Water 18g I I ,. mot

550 l of 33% w/v Rel = 550 l (0.33) HeI

= 550 l (1 - 0.33) HP

N = 550kg + 550(1- 0.33)kg x 1000. / k
Water 18g I mol g g

= 51,027.78 mol H20

N = 550l x 0.33kg It x 1000 I k
RCI 36.5g I mol g g

= 4,972.6 mol fICt

Cp(HCI) "" 28.1 eal/mol K

= 28.1 cal/mol K X 4.186 J/eal

= 117.63 Jmol" Kl

CP(Water) = 18 cal/mol K X 4.186 J/cal

= 75.35 Jmol" Kl
NoW,

L:NiCPi = (51,027.78 x 75.35) + (4,972.6 x 117.63)J / K
1=0

= 3,844,943.223 + 584,926.938

.:::4.4298 X 106 JK-1

E1.12

E1.13

E1.14

E1.15

E1.16

E1.17

El.18

E1.19

E1.20

E1.21

E1.22

E1.23
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Now,

Cooling

Heating

UIIIA == grad». LNiCP1
;=0

E1.24

(0.05526 Ymin) x (4.4298 X 106)J / K
U A = "'---_:--===----'--;--~--.:....--

III 60s/ .
,mm

E1.25

= 4,079.85 WK-1 for Cooling

(0.04331 Ymin) x (4.4298 x 106)J / K
U A = -'---_:-==='-___:_-;-------'---

ht 60 1~in
=-: 3,197.58 WK-1 for Heating

El.26

A = 6.3 m2

Uht = 647.6 Wm-2K1

Uht = 507.55 Wm-2K-1
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AppendixE2
Derivation of the equation of Mass Transfer Coefficient

From the mass transport rate equation

dC- = -km( C - Cs)r{t
E2.1

where,

C = Chlorine concentration at time t

Cs= Saturated chlorine concentration

dC-~,-=k dt
C -C III

S

E2.2

f __!}£__ = kill!dt
C.-C

E2.3

-In( C~- C)I ~ = k,,/ E2.4

-[ In(C. - C) - InCs] = k,,/ E2.S

(C -C)-In sC. = k/llt E2.6

-In(1 - _£) = k tC /II
S E2.7

In(l - _£J = -·k tC /II
s

E2.8
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Appendix F

c++ computer program for solving 14 differential equations for the
(i) Energy balance,
(ii) Chlorine mass balance and
(iii) PGM leaching reactions ,

to calculate the overall PGM dissolution conversion from the Chlorine
soluble and Acid soluble PGM fractions for the Impala PMR reactor 2101

297



1* Yaw.cpp

1* prograrn yaw - to model the temperature profile in a batch reactor
1* to mod.el Yaw's plant results for his MSc - 14/2/98
1* written by FK Crundwell using objects for initial value problems
1* (ivp) and for presentation of results (border)
1* Use of this program must acknowledge the authorlll

#inc1ude < stdio.h >
#include <iostream.h >
#include <io.h>
#include <conio.h >
#include <: stdlib.h >
#include <rnath.h>
#inciude "c:\tc\pl'ograms\ftoc.h"
#include "c: \tc\programs\ivp _oop.cpp"
#include "c:\tc\programs\border.cpp"

#defme MP 3 /Inumber of parameters-l-I
#defme NP 2 //number of parameters
#defIne FTOL 1.0e-4

static float sqrarg, cubearg;
#defIne SQR(a) «sqrarg=(a» = = 0.0 ? 0.0 : sqrarg+sqrarg)
#defIne CUBE(a) «cubearg=(a» = = O.O? 0.0: cubearg*cubearg*cubearg)

1* global parameters

float TotaJilA:ass,WaterMass,HClMass;
float Stark. Temperature, SteamTemperature ,HeatTransfer UA;
float CoolingWaterSwitchOnTemp ,MassTransferKLA, ChlorineSat, Volume:
float FracChlorineSoluble[20];

1* ++++++++++++++cIass batch leach++++++++++++++*/

class BatchLeach {

private:

public:

float Time [20] .Temp [20] ,Pt[20] ,Pd[20] ,Rh[20] ,Ru[20] ,1r[20] .Au [20] ,
BaseMetals[20] ,Clllorine[20];

1* Member functions of class BatchLeach

*/

*/
*/
*/
*1
*/

*/

*/
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Batchl.eaclu);
void leach (void);
void Batchl.eachl'arametersr void);
void BatchLeachResults(void);

II this function is use by class ivp (de's that are initial-value problems)
II and derivative evaluates dx/dt

friend int PrimaryLeach(float,float D, float 0);
};

1*++ + + ++++++ +Members of class BatchLeach+ +++++++++++*1

1*= = == = = = = = = = = = = = == = = = = = = = = = = = = ;::::= = = = == = *1
BatchLeach: .Batchl.eacht)
{
I I constructor function
I I create. an input and out environment for data

char s[80];
wintype w2(0,0,80,25,1," YAW ASAMOAH-BEKOE ");
w2. winput();
w2. setcolor(yellow);
w2. setbkcolor(blue);
w2. wincls();
II
w2.winxy(1,1);
w2.winxy(29,2);
cout< < "* PGM Chlorine Leach *";
w2.winxy(31,5);cout< < "by F. K. Crundwell";
w2.winxy(19,7);cout< < "University of the Witwatersrand, Johannesburg";
w2.winxy(6,1l);cout< < "Program solves 14 differential equations for the leaching

reactions, ";
w2.winxy(14,13);cOt~t< < "the energy balance and the C',1' irine mass balance. ";
w2.winxy(2,22);cout< < "Press the ENTER key";
w2. winxy(16,22);
w2> >s;W2.winremove();

/1 declare object wl

}
I*====================================~
void BatchLeach: :leach (void)

{
float a,b,xIl4],tout,tin,u, v;
float abserr.relerr, work[lOOO];
int i.j ,iwork[500] .ibug.neq.iter .ans;
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II create an input and out environment for data

char s[80];
wintype wl(0,0,80,25,1," OUTPUT "); II declare object wl
wl ,winput(); wI.setcolor(white);w1.setbkcolor(blue); wl. winclst);

1/ wl > >s;llw1.winremoveO;

1* declare rkf object */

ivp de;

1* initial values for the integration */

tin=O.;
for (i=Oji < == 14;i+ +) {x[i]=O.O;}
x[12] =StartUpTemperature; /Itemperature Celcius

/* runge-kutta parameters */

ibug=l;
neq = 14; /1 number of differential equations
abserr==O.l;relerr=O.Ol;

Time[O] =0.0;
Pt[O] =x[O];
Pd[0]=x[1];
Rh[O] ==x(2];
Ru[O] =x[3];
Ir[0]=x[4];
Au[O]=x(5];
BaseMetals[O] =x[6];
Chlorine[O] =x[13];
Temp[O] ==x[12];
w1.winxy(1,2);
cout< < 10 Hours" < < "\tTemp" < < "\tPt" < < lI\tPd" < < "\tRh" < < "\tRull

< < "\tlr" < < "\tAull < < lI\tBasell < < "\t CI2\n";
wl ,winxy(2,4);
cout< <Time[O] < < "\t" < <Temp [0] < < "\t" < <Pt[O] < < "\t" < <Pd[O] < < "\t"

< < Rh[O] < < "\t" < <Ru[O]< < "W' < < Ir[O]< < "\t" < <Au[O] < < "\tll
< <BaseMetals[O] < < "\t" < <Chlorine [0] < < "tn";

tin=O.O;
tout=0.5*3600. ;
forG == 1;j < 18;j+ +)

{
ifttout >0.0)
{
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de. rkf(neq ,x ,&tin, &tout,relerr ,abserr ,&ibug, work, iwork.Primary Leach);
if' (ibug>2) {printf ("ibug= %d\n" ,ibug); getch();return;}
}
Timelj] =tout;
Pt[j] = FracChlorineSoluble[O] *x[O]+ (1. ~FracChlorineSoluble[0])*x[7];
Pd[j] =FracChlorineSoluble[1] *x[1] + (1.-FracChlorineSoluble[1])*x[8];
Rh[j] = FracChlorineSoluble[2] *x[2]+(1.-FracChlodneSoluble[2])*x[9];
Rum =FracChlorineSoluble[3] *x[3]+(1.··FracChlorineSoluble[3])*x[10];
Ir[j] = FracChlorineSoluble[4}*x(4] + (1.-FracChlorineSoluble(4])*x[II];
AuO] ::::FracChlorineSoluble[5] *x[5] +(1. -FracChlorineSoluble[5])*!). 0;
BaseMetalsO] =x[6];
Chlorine[j] =x[13J;
TempO] =x[12J;
wl ,winxy(2,4 +j);

cout-c < TimeO]/3600. < < "\t" < < Temp[j] < < "\t" < <PtU] < < "\t"
< <PdO] < < "\t" < <RhO] < < "\t" < <Ru[jJ < < "\t" < <11'0]< < "\t"
< < AuO] < < "\t" < < BaseMetals[j] < < "\t" < < Chlorine OJ < < "\n";

tout=tout+0.5 "3600.;
}

wl .winxy(2,22);cout < < "Press the ENTER key":
w1.winxy(23,22);
wl > > s; wl .winremove();
return;

}

I*======::::=============================~

void BatchLeach: :BatchLeachParameters(void)
{

TotalMass=320.;
WaterMass = O.8* 1200. ;
HClMass=O.2*1200.;
StartUpTemperature = 30.;
SteamTemperature = 116. R;
HeatTransferUA=5.07e2*6.3;
MassTransferKLA =0 .0312/30.;
CoolingWaterSwitchOnTemp =78.;
ChlorineSat =0.0527 ;

char s(80];
wintype w3(0,0,80,25,1," INPUT PARAMETERS ");
w3.winputO·
w3,setcolor(jellow);
w3.setbkcolor(blue);

/ / declare object wI
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w3.winclsO;
1/
w3. winxy(l,l);
w3.winxy(19,2);
cout < < "* Enter values of parameters and press ENTER :I- ';

w3.winxy(lO,4);
cout< < "Mass concentrate (kg) "<. <TotaIMass;
w3.winxy(lO,S); cin> >TotaIMass;
w3.winxy(lO,6);
cout< < "Mass water (kg) "< <WaterMass;
w3.winxy(lO,7);
cln> > WaterMass;
w3. winxy(10,8);
cout< < "Mass HCI (kg) "< <HCIMass;
w3.winxy(1O,9);
cin > >HCIMass;
w3.winxy(lO,lO);
cout < < "Start up temperature (C) "< < StartUpTemperature;
w3.winxy(lO,1l);
cin > > StartUpTemperature;
w3.winxy(lO,12);
cout< < "Temperature at which cooling water is switched on (C) "

< <CoolingWaterSwitchOnTemp;
w3.winxy(lO,13);
cin > > CoolingWaterSwitchOnTemp;
w3,winxy(lO,14);
cout < < "Steam temperature (C) "< < StcamTemperature;
w3.winxy(lO,15);
cin> > Steam'I'emperature;
w3.winxy(lO,16);
cout-c < "Heat transfer coefficient (W/rn2C) times area II < <HeatTransferUA;
w3.winxy(1O,17):
cin> > Heat TransferUA;
w3. winxy(lO, 18);cout.precision(S);
cout < < "Mass transfer coefficient" < < MassTransferKLA;
w3. winxy(lO, 19);
cin> > MassTransferKLA;cout.precision(3);
w3. winxy(10,20);cout. precision(5):
cout < < "Sat. Chlorine concentration II < < ChlorineSat;
w3.winxy(lO,21);
cin> > ChI orineSa t;cout. precision(3);

Volume =WaterMass +1.169*HC.1Mass;
w3.winxy(lO,22);
cout-c < "Press the ENTER key again";
w3.winxy(32,23);
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1* Chlorine soluble fractions at 70 deg C */

FtacChlorineSolub le [0] = 1.-0 .4091 ;
FracChlorin"!Soluble[l] = 1.-0.5752;
FracChlorineSoluble[2] = 1.-0.2498;
FracChlorineSoluble[3] = 1.-0.2714;
FracChlorineSoluble[4] = 1.-0.2103;
FracChlorineSoluble[5] == 1.-0.0;
FracChlorineSoluble[6] = 1.-0.0;
FracChlorineSoluble[7] = 1.-0.0;
FracChlorineSoluble[8] = 1.-0.0;
FracChlorineSoluble[9] = 1.-0.0;
w3 > > s;w3.winremovet);

IIPt
IIPd
IIRh
ffRu
IIIr
IIAu
flAg
IINi
IICu
fIFe

return;
}

~====================================~

void Batchl.each: :BatchLeachResults (void)
{
int i,j;
float Yl,y2,y3,y4,y5,y6,y7 ,y8,y9,t;
FILE *f)'.J;
if «fp =,fopen("YA W5. ODT", "w") =: =, .ILL)
{
pri.ntf("Cannot open file - Exit to system\n");
exitfl):
}

fortj =O:j < 18jj + +)
{
t=TimeOl/3600. ;
yl=Temp[j];
y2=ptm;
y3=Pd[j];
y4=RhO];
y5=Ru[j];
y6=Ir[j];
y7=Au[jJ;
y8 =BaseMetals[j];
y9::::Chlorineij];
fprintf(fp," %12.6f\t% 12.6f\t% 12.6f\t%12.6f\t% 12.6f\t% 12.6f\t% 12.6f\t% 12.6f\t

%12.6f\t% 12.6f\n" ,t,yl,y2,y3,y4,y5,y6,y7 ,y8,y9);
}

fclose(fp);
return;
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}

1*++ +++ + +End of member functions ofBatchLeach++++ ++ + ++++*1

~=====================================~
int PrimaryLeach(float t,float xO,float xdotO)

{
int I;
float ul.sum:
float temp,c12,InitiaIMoles[23] ,Moles[23], Conversion[23] ,cp[23];
float rate[23] ,sumCp, sumHeat,HeatTransfer ,HeatReaction[23], tau[23] ,Stoich[23];
float sumChlorine;

temp=x[12];
c12=x[13];

1* Initial number of moles of each component

lnitiaIMoles[O] = 0.246*TotaIMass* 1000 .1195.09;
InitiaIMoles[l] =0. 133*TotaIMass*1000.l106.4;
InitiaIMoles[2] =0.0412*TotaIMass*1000.l102.9;
InitiaIMoles(3] =0.0503*TotaIMass*1000.l101.07;
InitiaIMoles[4] =0.0149*TotaIMass*1000.l192.22;
InitialMoles[5]=0.0112*TotalMass*1000./196.9;
InitiaIMoles[6] =0.022 *TotalMass*1000.!107 .87;
InitiaIMoles[7] = O.012*TotalMass*1000 ./58. 7;
InltialMoles[8] =0. 03*TotalMass*1000. 163 .546;
lnitialMoles[9] =0.026*TotalMass*1000./55.847;
InitiaIMoles[lO] =0. 129*TotalMass*1000.l60.086;
lnitialMoles[11] = HCIMass*1000.!36.45 ;
InitialMoles[12] = WaterMass*1000./18.;

1* Specfie Heats in cal/deg mol

cp[O]=5.92+0.001l6*(temp +273.);
cpjl] =5.41 +0.00184*(temp+273.);
cp[2] =5.40 +0.00219*(temp+273 .);
cp[3] =5.61 +0.00144*(temp+273.);
cp[4] =5.50+0.00148*(temp+273.);
cp[5] =5.61 +0.00144*(temp +273 .);
cp[6]=5.60+0.00150*(temp+273.);
cp[7] =4.26 +0.00640*(temp +273.);
cp[8] =5.44+0.00146*(temp+273.);
cp[9] =4.13 +0.00638*(temp +273.);
cp[10] = 10.87 +0.0087*(temp +273.)-241200.lSQR(temp +273.);

l/temperature
Ilchlorine

*1

/lPt
IIPd
/lRh
IIRu
IIIr
IIAu
IIAg
IfNi
IICu
liFe
IISi02
IIHCl
IIH20

*1

IIPt
IIPd
/IRh
IIRu
IIIr
IIAu
/IAg
IINi
IICu
liFe
I/Si02
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cp[ll]=28.1;
cp[12] = 18.0;

!lHCI
/IH20

1* Calculate conversion for the chlorine soluble fraction

1*= = = = = = = = = = Chlorine-soluble fraction= = = = = = = = = = = = = == =*1

1* Heats of reaction for the reactions that are believed to occur
1* in kcal/mol

HeatReaction[O] = -75.35;
HeatReaction[ 1]= -64.65;
HeatReaction[2] = -69.73;
HeatReaction[3] =-62.95;
HeatReaction[4] =-62.95;
HeatReaction[ 5] = -28.77;
HeatReaction[6] =-27.36;
HeatReaction[7] = -89.35;
Heatkeactionl'S] =-58.66;
HeatReaction(9) =-118.9;

1* Calculate rates

*1

*1
*1

IIPt
IIPd
I/Rh
IIRu
1111'
IIAu
IIAg
IINi
IICu
liFe

*1

tau[0]=3.2e6/60.l300.*pow(6.,.94)*pow(fabs(cl2),O.78)*exp(-42360.18. 314/(temp +273.»;
tau[l] =4. 15e6/60./300. *pow(6., .94)*pow(fabs(c12) ,0. 78)*exp(-40190.l8 .314/(temp +273. »;
tau[2] = l.3e7 160.1300.*pow(6., .81)*pow(fabs(c12),0. 77)*exp(-44560.l8.314/(temp +273 .»;
tau[3] =2.ge7/60J300 ..*pow(6., .68)*pow(fabs(c12),0. 79)*exp(-46620.l8.314/(temp +273 .»;
tau[4] =2.3e7/60.l300. *pow(6.,. 75)*pow(fabs(c12),0. 71)*exp(-47600.l8.314/(temp +273 .»;
tau[S] = 1.8e6/60.l300. *pow(6., .67)*pow(fabs(cI2),0.5)*exp(-40440.l8.314/(temp +273 .»;
tau[6] =1.3e6160.l300. *pow(6.,. 7)*pow(fabs(cI2),0.49)*exp( -42360.18. 314/(temp +273.»;

for (1=O;i < 7;i ++)
{
xdot(iJ =3. *tau[i]*pow(fabs(l.-x[i]),2.13.);
if(x[i] > 1.0)xdot[i) =0.0;
}

rate [0]=-FracChlorineSoluble[O] *InitialMoies [0]*xdot[O];
rate[l] = -FracChlorineSoluble[l] "'InitialMoles[l] *xdot[l];
rate[2] =-FracChlorineSoluble[2] *InitialMoles [2]*xdot[2];
rate[3] = -Pracflhlorinefiolublelf] *InitialMoles[3] *xdot[3];
rater 4] = -Fl'acChlorineSoluble[ 4]*InitiaIMoles[ 4] *xdot[4];
raterS] = -FracChiorineSoluble[5] *InitialMoles[5] *xdot[5];
rate[6] =-FracChlorineSoluble[6] *InitialMoles[6] *xdot[6];
rate[7] = -FracChlorineSoluble[7] *InitiaiMoles[7] *xdot[6];
rate[8] =-FracChiorineSoluble[8] *InitiaIMoles[8]*xdot[6];

IIPt
IIPd
!IAu
IIRu
IIRh
IIII'
IIAg
IINi
IICu
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rate[9] ==-FracChlorineSoluble[9] *InitiaIMoies[9] *xdot[6]; lIFe

1* Calculate conversion *1

Conversion[O} = x[O] ;
Conversion[l] =x[~];
Converst ;)n[2]=x[2];
Conversion[3] =x[3];
Conversion[4] =x[4];
Conversion[5] = x[5];
Conversion[6] =x[6];
Conversion[7] =x[6];
Conversion[8] =x[6];
Conversion[9] = x[6];

IIPt
IIPd
IIRh
IIRu
IIIr
IIAu
flAg
IINi
IICu
lIFe

1*== = === = = = = =====Acid-soluble fraction=== == == = == = = =*1

1* Now calculate the conversion for the acid-soluble fraction
1* Heats of reaction for the reactions that are believed to occur
1* in kcal/mol

*1
*1
*1

IIPt
IIPd
IIRh
IIRu
IIIr

*1

HeatReaction[10] =23.28;
HeatReaction[ll) =38.88;
HeatReaction[12] = -72. 02;
HeatReaction[13] =-11.42;
HeatReaction[14] =-11.42; -,

1* Calculate rates

tau[7] =2.96e3/60./300. *pow(6., .56)*exp(-23050.l8.314/(temp + 273.»;
tau[8] =7 .2e2/60./300. *pow(6., .58)*exp(-19590.l8.314/(temp +273.»;
tau[9] =3. 73e2/60.l300. *pow(6., .66)*exp(-23820.l8.314/(temp +273.»;
taull0] =5 .65e2/60.l300. *pow(6., .6)*exp(-18760.l8.314/(temp +273.»;
tau[ll] =5 .65c2/60.l300. *pow(6., .56)*exp(-18220.l8.314/(temp +273 .j);

for (i=7;i<12;i++)
{
xdot[i] =3. *tau[i]*pow(fabs(1.-x[i]),2.13.);
if(x[i] > 1.0)xdot[i] =0.0;
}

rate[lO] =-(1. -FracChlorineSoluble[O])*InitiaIMoles[O] *xdot[7]; IIPt
rate [11] =-(1.-FracChlorineSoluble[1])*InitiaIMoles[1]*xdot[8]; IIPd
rate[12] = -(1. -FracChlorineSoluble[2])*InitiaIMoles[2] *xdot[9]; IIRh
rate[13] =-(1. -FracChlorineSoluble[3])*InitiaIMoles[3] *xdot[lO]; IIRu
rate[14] =-(1.-FracChlorineSoluble[4])*InitiaIMoles[4]*xdot[11]; IIIr
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1* Calculate conversion *1

Conversion[10] =x[7];
Conversion[ll) =x[8];
Conversion[12] = x[9];
Conversion[13] =x[10];
Conversion[14] =x[11];
Conversion[15] =0.0;

IIPt
IIPd
IIRl:!
IIRu
IIIr
IIAu

1* Calculate Number of moles *1

for (i=O;i < 10;i+ +)
{
Moles[i] = lnitialMoles[i] *FracChlorineSoluble[i] *(1. O-Conversion[i]) ;11 *1
}

for (i=0;i<6;i++)
{
Moles[i] =Moles[i] + InitiaIMoles[i]*(1.0-FracChlorineSoluble[i])*(1.0-Conversion[i + 10));
}

Moles [10] =InitialMoles[lO];
Moles[ll] = lnitialMoles [11);
Moles[12] == InitiaIMoles[12];

1* Calculate Sigma NiCpi *1

sumCp=O.O;
for (i=O;i < 13;i + +)
{
sumCp =sumCp + Moles[i] *4. 18*cp(i];
}

I*Ca1culate Sigma (Heat of reaction * rate) *1

sumHtat=O.O;
for (i=0;i<15;i++)
{
sumHeat = sumHeat +4 .18 *1000. *HeatReaction[i] *rate [i] ;
}

1* Calculate Heat transfer term *1

HeatTransfer=HeatTransferUA *(SteamTemperature-temp);
if(temp >CoolingWaterSwitchOnTemp)HeatTransfer=647 .6*(11.8-temp);
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I*' calculation of temperature from the energy balance *1

xdot[12] = (HeatTransfer + sumHeat)/sumCp;

1* calculation of chlorine equation */

Stoich[O] =2.0;
Stoich[l] :;0-;.2.0;
Stoich[2] ;:::1.5;
Stoich[3] =2.0;
Stoich[4] =1.5;
Stoich[5] =2.0;
Stoich[6]=0.5j
Stoich[7] =1.0;
Stoich[8] =1.0;
Stoich[9] = 1.5;

sumChlorine=O.O;
for(i =O;i < lO;i + +)
{
sumChlorine = sumChlorine +Stoich[i] *rate[i];
}

xdot[13] =MassTransferKLA *(ChlorineSat-c12) +sumChlorine!Volume;

return (0);
}
~=====================================~
void main (void)
{
coutoprecision(3);
set_ v_ptrO;

BatchLeach oh;
ob.BatchLeachParameters();
ob.leach/):
ob.BatchLeachResultsO;
I/write _dataO;

1* end of program */

return;
}

I*=====================================~
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